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MUTUAL Cu, Fe AND Mn SOLUBILITY
CONTROL UNDER DIFFERENTIATED
SOIL MOISTURE STATUS

Jean B. Diatta

Section of Biogeochemistry of Ecosystems
Poznan University of Life Sciences

Abstract

The effect of three different moisture statuses, i.e., 150, 200 and 300% FWC (Field
Water Capacity) on copper (Cu), iron (Fe) and manganese (Mn) solubility and solution acti-
vity was investigated on soil samples characterised by different levels of copper contamina-
tion. Soils (200 g) were weighted into polyethylene containers (500 cm3) and amounts of bi-
distilled water were properly added to reach the targeted moisture status of 150, 200 and
300% of the FWC. The incubation was held under laboratory conditions at the temperatu-
re of 19-20°C for a period of 30 days. Supernatants (10 cm3) were collected at given inte-
rvals of time, filtered and analysed for pH (potentiometrically) as well as for Cu, Fe, and
Mn (spectrophotometrically).

It was found that the activity of Cu2+ ions decreased gradually with increasing pH
of the solution, irrespective of the moisture status and that this process was more prono-
unced for 150 and 200% than for 300% FWC. The activity of Fe varied in a narrow range
i.e. =5.0 and -6.0 molcdm‘3 and was related to pH changes (in the range 4.0-7.5). The im-
pact of increased moisture status on the solubility process was less pronounced. Further
studies should be undertaken in order to elucidate such Fe behaviour. Manganese solution
activity varied mostly between — 4.0 and -7.0 molcdm’?’, and was found to be less sensitive
to pH changes. But it must be pointed out that the effect of high pH on the increase
of Mn activity was limited, which implied that Mn2*+ activity was moisture-dependent, basi-
cally. Care should be taken to avoid any submersion of soils subjected to contamination or
pollution by trace metals, since any excess of stagnant water (anoxic conditions) leads to
increased solubility and simultaneous activity of trace metals in the solution. This process
is greatly strengthened by significant amounts of soil-born Fe and organic matter.

dr hab. Jean B. Diatta, Section of Biogeochemistry of Ecosystems, Poznan University of Life
Sciences, Wojska Polskiego 71F, 60-625 Poznan, Poland, e-mail: Jeandiatta@yahoo.com
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WZAJEMNA KONTROLA ROZPUSZCZALNOSCI Cu, Fe I Mn W WARUNKACH
ZROZNICOWANEGO UWILGOTNIENIA GLEBY

Abstrakt

W pracy przedstawiono wplyw trzech réznych stanéw uwilgotnienia gleby, tzn. 150,
200 i 300% PPW (polowej pojemnosci wodnej), na dynamike rozpuszczalnosci oraz aktyw-
no$¢ miedzi (Cu), zelaza (Fe) i manganu (Mn) w glebach o zréznicowanym stopniu zanie-
czyszczenia miedzig. Probki gleb o masie 200 g umieszczono w polietylenowych pojemni-
kach (500 cm3), do ktérych dodano odpowiednia ilo§é wody podwéjnie destylowanej w celu
zapewnienia wlasciwej wilgotnosci, tj. 150, 200 i 300% PPW. Zawarto$¢ pojemnikow inku-
bowano w warunkach laboratoryjnych w temp. 19-20°C przez okres 30 dni. W wyznaczo-
nych odstepach czasu pobrano roztwory znad gleby (10 cm3), przesaczono i oznaczono
wnich pH (potencjometrycznie) oraz Cu, Fe i Mn (spektrofotometrycznie).

Wykazano, ze aktywnoéé jonéw Cu?* malata stopniowo wraz ze wzrostem pH roztwo-
row, niezaleznie od stanu uwilgotnienia, z tym ze ten proces zaznaczyl sie bardziej w przy-
padku 150 i 200% PPW w poréwnaniu z 300% PPW. Aktywno$¢ Fe wahala si¢ w waskim
przedziale, tzn. —-5.0 i —6.0 molcdm'3, i zalezala od zmian pH miedzy 4,0 a 7,5. Ponadto,
nalezy zaznaczyé, ze wzrost uwilgotnienia na jego rozpuszczalno$¢ byt stabo zaznaczony. Dal-
sze badania powinny byé przeprowadzone w celu wyjasnienia takiego zachowania zelaza.
Aktywno$¢ manganu w roztworze wahata sie miedzy — 4,0 a -7,0 molcdm'3 i byta mniej
wrazliwa na zmiany pH. Nalezy podkreslié, ze wptyw wysokiego pH na wzrost aktywnosSci
Mn byl ograniczony, co oznacza tym samym zaleznoéé aktywnosci jonéw Mn2*+ od uwilgot-
nienia gleby. Nalezy ostroznie postepowac z glebami zanieczyszczonymi lub skazonymi pier-
wiastkami §ladowymi w celu unikniecia ich zatapiania, gdyz nadmiar stojacej wody (wa-
runki beztlenowe) prowadzi do wzrostu rozpuszczalnoSci i jednocze$nie aktywnosci tych
metali w roztworze. Ten proces jest zdecydowanie silniejszy w warunkach wystepowania
znacznych ilosci Fe i materii organicznej.

Stowa kluczowe: miedz, zelazo, mangan, rozpuszczalno§é, aktywno$¢ metali, uwilgot-
nienie gleby.

INTRODUCTION

As a result of increased input from industry, traffic and agriculture, the
average trace metal content in soils worldwide is increasing considerably.
This has become a major point of concern during the last few decades since
metal contents have reached potentially toxic levels in urban as well as
agricultural soils in the vicinity of mining and metallurgical industries, thus
creating areas frequently depicted as hot spots (HELIOS-RYBICKA 1996). Metal
solubility, toxicity and transfer away from the contamination point depend
on many soil chemical and physical properties. However, risk assessment is
still entirely based on the total soil metal content. Ecotoxicological studies
revealed, however, that metal speciation in the solution phase is one of the
key factors that regulate metal toxicity in soil subjected to contamination
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(RENNER 1997, MEIBNER et al. 2008). Hence, metal toxicity (bioavailability) ap-
pears to be related closely to free metal activity in solution instead of the
total soil metal content in the solid phase (HARE, TEsSIER 1996). Consequent-
ly, changes in soil chemical conditions that control the concentration and
free metal activity (pH, solubility, desorption) induce changes in the availa-
bility without apparent changes in the total metal content (SPUrRGEON and
Horxin 1996, McBrIDE et al. 1997). Soil parameters that affect metal solubili-
ty and speciation in the soil solution include moisture status, total metal
content, pH, organic matter and clay content.

Soils may contain appreciable amounts of iron and manganese, which
under conditions of water excess, activate redox processes of soils. GoToH
and Patrick (1972, 1974) studied the distribution of different forms of Fe and
Mn in water logged soil over a wide range of closely controlled potential
and pH conditions. These researchers reported that increases in water-solu-
ble and exchangeable iron were favoured by a decrease in both redox poten-
tial and pH. Moreover, they found that at pH 5 almost all of the soil manga-
nese was converted from reducible into water-soluble plus exchangeable.
ScHwAB AND LiNDsaY (1983) plotted the Fe?* activity as a function of pH and
reported that the Fe3+ activity is controlled by FeCOg (siderite) at pH below
8 and by Fes(OH)g (ferrosic hydroxide) at pH above 8. According to Hassan
(1990), the solubility of manganese was controlled by MnO, at the beginning
of the flooding period, whereas MnCOg (rhodochrosite) controlled this solu-
bility up to 15 weeks.

Some reports have pointed out that contaminated soils are becoming
frequently subjected to flooding (HeLIOS-RYBIcKA and Apamiec 2001, SaHa and
ManpaL 2000, KeLLy et al. 2003).

This is of great concern since specific site contaminants are potentially
dispersed into neighboring areas, thus creating some environmental threat.
The monitoring of solubilized metals and their concentrations under flood-
ing conditions is still a matter of great challenge due to several constraints
(instability of bulk waters, continuous inputs of suspended organic and min-
eral particles, uncontrolled dilutions rates, etc.). Comprehensive investiga-
tions dealing with soil moisture status and how water excess induces the
solubility and controls metal ion activity in the soil solution are still absent
from scientific literature. Little is known about the effect of anoxic condi-
tions on metal solubility and the subject has been less intensively studied
because of experimental difficulties. With an increase in soil moisture, the
solution concentration of most cationic metals and calcium tentatively in-
creases due to strengthened solubility and desorption. But the commonly
observed rise in solution pH leads to a decrease in metal concentration and
ion activity in the solution due to adsorption processes (KaBATA-PENDIAS 1993,
DiaTTA et al. 2004).

The purpose of the current study was to evaluate the impact of three
soil moisture statuses, i.e., 150, 200 and 300% FWC (Field Water Capacity)
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on mutual Cu, Fe, and Mn solubility and solution activity control of four
soils under different levels of metal contamination, mainly that of copper.
Another aim was to elucidate the effect of equilibrium pH on the activity
of solubilized metals.

MATERIAL AND METHODS

Physical and chemical soil properties

Soil samples used in this study were collected (0-20 cm depth) from
lands subjected to the Glogow Copper Smelter activity (N 51°41°03” and E
15°57°12”, Poland). Prior to basic analyses, they were air-dried and crushed
to pass through a 1 mm mesh sieve. Particle size distribution was deter-
mined according to the method of Bouyoucos-Casagrande modified by
PrOszyNski (rok). Organic carbon was determined by the dichromate wet oxi-
dative method of Tiurin, in which soil organic carbon is oxidized with potas-
sium dichromate in the presence of sulphuric acid. The unreacted potassi-
um dichromate was back titrated with ferrous sulphate. Soil pH (in 0.01
mole CaCl,) was potentiometrically measured in the soil solution (ratio 1:5),
according to the Polish Standard (1994). Total dissolved solids (TDS) were
determined conductively in supernatants collected during the incubation time
and additionally in water extracts (soil/water ratio 1:5) at the end of the
study. The specific surface area (SSA) was estimated by the ethylene glycol
monoethyl ether (EGME) method as reported by CARTER et al. (1986). The
cation exchange capacity (CEC) of the soils at their initial pH was deter-
mined by the barium chloride (0.10 mole BaCl;) method as described by
HenpERSHOT and DuQUETTE (1986), whereas the summation of exchangeable
alkaline cations and acidity was done according to THoMAS (1982).

Experimental design and soils incubation

Prior to establishing the experiment, the water retention capacity of the
soils was determined by the method of the capillary rise of soil moisture
(LrtyNsk1 et al. 1962). The method consists of filling in with a weighted soil
a weighted metallic cylinder (diameter = 4 cm; length = 17 ¢cm) supplied with
a sieve located at 1 cm from the bottom of the cylinder, which is immersed
in a crystallizer containing distilled water as shown below (Figure 1).

Once moisture appears on the surface of the soil, the cylinder contain-
ing the moist soil is taken out of the crystallizer and weighted after 1/2
to 1 hour. The difference between the moist and dry soil gives the amount
of water the soil is able to retain.

The field water capacity (FWC) of soils used for the current experiment
was as follows: 22.5% (No. 1 — slightly loamy sand); 31.0% (No. 2 — light
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Fig. 1. Metallic cylinder and equipment used for the determination of the Field Water
Capacity (FWC) of soils

loamy sand); 36.9% (No. 3 — light loamy sand) and 47.5% (No. 4 — silty
medium loam). Soils (200 g) were weighted into polyethylene containers
(500 cm3) and amounts of bidistilled water were properly added to reach the
targeted moisture status of 150, 200 and 300% of the FWC. The incubation
was held under laboratory conditions at the temperature of 19-20°C for
a period of 30 days. All objects were duplicated.

Supernatant collection and analysis

Supernatants (10 cm3) were collected at given intervals of time, filtered
and analysed for pH (potentiometrically) as well as for Cu, Fe, and Mn by
the FAAS method (Flame Atomic Absorption Spectrophotometry, Varian
250 plus). The same amounts of bidistilled water (i.e., 10 cm3) were added
back to polyethylene containers in order to keep the moisture status con-
stant. Computation of the results and processing of the graphs were per-
formed by the use of Excel® sheet facilities.

RESULTS AND DISCUSSION

Some of the properties of the four soils used in the current study are
listed in Table 1. The soil reaction was mostly acidic to ca neutral and
varied within the range 4.3-6.5, in contrast to the organic carbon content,
which ranged widely from 2.1 to 31.5 g-kgl. The cation exchange (CEC) of
soils varied accordingly from 11.3 to 29.7 cmol(+) kg™!, which implied that
the buffer properties were sufficiently developed and could probably affect
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the solubility process. This could be related to a rather high level of both
silt and clay contents, whose amounts ranged between 300 and 610 g-kgl.
The content of metals as listed in Table 1 varied significantly, e.g. from
455 up to 10 710 mg kgl in the case of copper (Cu). According to the
guidelines elaborated by KaBaTa-PENDIAS et al. (1993), copper contents can be
classified as follows: Soil No. 1 — natural content (degree 0); No. 3 — slight
contamination (degree II) and for soils No. 2 and No. 3 — strong contamina-
tion (degree V) and pollution (degree V), respectively. Under conditions
of water excess (submerged soils), some complex interacting geochemical re-
actions could be expected which would reduce or enhancne the solubility,
desorption, diffusion of Cu, and interestingly iron (Fe) and manganese (Mn),
basically (RoMKENs et al. 1996).

Copper solubility (activity) and solution pH at 150, 200 and 300% FWC

While most studies in environmental soil chemistry have focused on the
adsorption or sorption of ions and molecules on soils, the solubility/desorp-
tion process is less studied but equally important. This is particularly true
for soils that are subjected to (i) contamination or already contaminated and
(i1) under conditions of temporary or permanent water excess. The results
illustrated in Figures 2a, 3a, 4a for the respective moisture status 150, 200,
300 % FWC (Field Water Capacity) report the course of copper (Cu?*) solu-
bility expressed in terms of Cu?+ activity versus the equilibrium solution pH
for the representative soils (No. 1, No. 2, No. 3 and No. 4). According to
Barrow et al. (1981) and DiMirkou et al. (2002), the first Cu hydrolysis con-
stant (pK,) is about 8.0, (i.e., 7.2-8.1), which means that copper ions in the
soil solution do not easily undergo hydrolysis process, which practically im-
plies that the activity of Cu?* ions should be significantly high throughout
the pH values up to 8. This is particularly important since under a high
contamination level and elevated moisture status, copper solubility, mobility
and possible toxicity may gradually rise. Copper solubility shown in Figures
2a, 3a, 4a suggests that several ions and compounds may control its dynam-
ics and activity in the soil solution. Most studies over the pH-dependence of
copper solubility indicated that solubility and activity decreased with increas-
ing pH (Ma, DonG 2004). This can be illustrated by the copper solubility
diagram reported by KaBata-PeEnDpias and PenDIiAS (1999), from which it could
be deduced that up to pH ca 9.0, Cu2*, CuOH*, CuO, Cuz(OH)22+ and even
CuCOgq are the potential Cu forms and ions inducing copper solubility and
solution activity. Some years ago HARTER (1983) assessed that at pH < 6.0,
copper in solution was virtually present (=98%) as Cu?* and at pH 4.0 about
0.01% of the copper ions should be present as CuOH*. This percentage may
increase 10-fold as the pH is raised to 5.0. Thus, the effect of pH in depress-
ing the activity of free ions in the soil solutions could also be attributed to
an increase in the pH-dependent charges of organic matter and also of alu-
minium, iron and manganese oxides (ABD-ELFATTAH, WADA 1981, Jarvis 1981,
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RitcHIE, JaRVIS 1986, KinGg 1988). Therefore, if we assume that an increase
of pH > 5.7 may lead to over 1.0% of copper ions hydrolyzing in a solution
(SmitH, MARTELL 1976), then the mechanism that could be involved in the
transformation can be presented as follows:

CuZ* ) + nHy0 — = Cu(OH), 27 + nHY

that is at n = 1, the hydrolysis may concern:

Cu?*(,, + HOH ———— CuOH* + H*

The activity of Cu2* ions decreased gradually with an increasing pH
of the solution, irrespective of the moisture status. This trend was more
pronounced for the 150 and 200% than for the 300% FWC, for which the
activity of Cu?* in soil No. 1 increased slightly, mainly in the pH range
from 4.5 to 6.5. Such copper behaviour was in close agreement with the fact
that in extremely diluted media the activity of ions increases and this reac-
tion is activated by a relatively low solution pH. The impact of pH on cop-
per activity in the case of the soils No. 3 deserves particular attention. As
listed in Table 1, this soil was characterised by the highest pH value (6.5)
and acid soluble copper amount of 114.3 mg-kgl. Theoretically, copper ac-
tivity in this medium could be expected to be similar to that observed for
soil No. 1, since the acid soluble Cu amount was only 3-fold higher. Unex-
pectedly and interestingly, the values of the log(Cu2*) fluctuated within
a similar range (from —4.3 to —5.8 molcdm'3) except that more than 95% of
all Cu activity values were comprised within the pH interval 7.0-7.5, irre-
spective of the soil moisture status. At such high pH, the dissolution
of organic compounds may take place and Cu complexation directly reduces
Cu activity levels according to the following reaction:

Cu2* + *HUM ———— = CuH®»HUM + nH*

where HUM expresses the organic compound.

Copper forms stable complexes with dissolved organic compounds in so-
lution and therefore higher levels will reduce the free ionic Cu?* activity.
According to RoMkENS and DorrinG (1998) at pH levels higher than 5 usually
more than 99% of the total dissolved copper concentration is bound to dis-
solved organic compounds, which by developing their net negative surface
charge acted as efficient carriers participating in copper solubility and mo-
bility in soils, particularly under high moisture status. Copper activity
of highly contaminated and polluted soils, i.e. No. 2 and No. 4, increased
gradually along with an increasing moisture status. This could be attributed
to the dilution effect, which practically strengthens Cu dissolution process
and. Additionally, to the rise of pH along with an increase in the moisture
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status, as shown in Table 2. Similar observations were pointed out by CHUAN
et al. (1996), SarA and MaNDAL (2004), KeLLy et al. (2003) and WaNG and STAUN-
TOoN (2005), who stated that soil submersion (flooding) rapidly induced strong-
ly reducing conditions, with a consequent increase in pH, which acts in
a dual way: on the one hand, it tends to lower Cu activity in the solution
and, on the other hand, simultaneously increases Cu solubility throughout
its complexation by pH-dependent dissolution of organic compounds.

Iron (Fe) and Mn solubility (activity) versus solution pH at 150, 200
and 300% FWC

The solubility and further activity of Fe and Mn in soil solutions pro-
ceed throughout redox processes, which are practically controlled by the soil
moisture status, the length of anoxic conditions (occurrence of ferric — Fe3+
and ferrous — Fe2* compounds) and simultaneously mediated by pH, whose
changes from acidic to alkaline reaction induce the following reactions of Fe
with hydroxide ions:

Fe3t (Fe?*) OH- Fe(OH>* OH" Fe(OH),* OH" Fe(OH),
— — —

simple cation hydroxy metal cations hydroxide

(soluble) (relatively soluble) (insoluble)

As shown in Figures 2b, 3b and 4b respectively for the moisture status
150, 200 and 300% FWC (Field Water Capacity), Fe activity varied in a nar-
row range i.e. -5.0 and -6.0 molcdm‘3, which implied that Fe transforma-
tions under current anoxic conditions could be related to more factors than
to moisture status, basically. Solution reaction (pH) was one of the funda-
mental factors which decidedly influenced Fe solubility and activity. Accord-
ing to ATTA et al. (1996) the Fe reduction rate increased along with decreas-
ing pH and was more pronounced at pH significantly below 7.0. This finding
agrees well with the results illustrated in Figures 2b, 3b and 4b, which
report the gradual decrease of Fe activity with increasing pH mainly for
soils No. 1, No. 2 and No. 4 for pH values varying roughly between 5.55
and 6.63 (Table 2). The data included in Table 2 unequivocally show that
anoxic conditions induced a slight rise in pH, which in turn could act as a
limiting factor for Fe activity. This confirms that the more acidic the soil
becomes, the more ferrous ions build up. As a consequence, larger ferrous
iron concentrations after submergence are to be expected in more acidic
soils since the hydrogen ion activity increases. This results in more iron
being released from the crystalline or amorphous forms, which are present
in the soil as free iron oxides, as earlier pointed out by PoNNaMPERUMA (1986).
Interestingly, pH changes recorded in the case of soil No. 3 (Table 2) de-
serve special attention, since they varied in a specifically close range i.e.
7.30-7.33, respectively for the soil moisture status 150-300% FWC. Impor-
tantly, Fe activity occurred at solution pH ca 7.5 (Figures 2b, 3b and 4b),
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Table 2

Mean concentrations of soluble Cu and pH changes of soils incubated for 30 days at 150, 200
and 300% FWC (Field Water Capacity)

Moisture status (% of FWC — Field Water Capacity)
150 200 300

Soil No.
Cu concentrations (mg-dm™) and solution pH

Cu pH Cu pH Cu pH
No. 1* 0.234 + 0.094 5.96 0.186 + 0.039 6.04 0.178 + 0.064 6.10
No. 2 0.773 + 0.641 6.46 0.724 + 0.564 6.55 0.578 + 0.222 6.63
No. 3 0.283 + 0.108 7.30 0.231 + 0.065 7.33 0.216 + 0.055 7.42
No. 4 2.603 + 0.985 5.55 2.489 + 0.624 5.54 1.772 + 0.216 5.72

*1 — slightly loamy sand; 2 — light loamy sand; 3 — light loamy sand; 4 — silty medium loam

which implied that under alkaline conditions Fe solubility may occur but
with a slightly lower Fe activity. This could be attributed to the formation of
less soluble compounds such as hydroxides, and — with higher pH — carbon-
ates. This observation is in line with the results reported by ScuwaB and
Linpsay (1983), who plotted the Fe2+ activity as a function of pH and pointed
out that Fe3* activity was controlled by FeCOj4 (siderite) at pH below 8.0
and by Feg(OH)g (ferrosic hydroxide) at pH above 8. Based on these state-
ments, it can be deduced that Fe activity was less dependent on the mois-
ture status but more on pH changes, which controlled the extent of Fe
solubility. Siderite was most probably the main compound regulating Fe con-
centrations in the water solution of soils, since the pH did vary up to ca
7.5. The fact that Fe activity did not vary much (practically between —5.0
and -6.0 molcdm's) for solution pH between 4.0 and even 7.5 was strikingly
unexpected. Further studies should be undertaken in order to elucidate this
Fe behaviour.

The geochemical transformation of manganese (Mn) is by essence more
complex than in the case of iron, due to the fact that the spectrum of Mn
redox potential involves several steps i.e. from Mn’* up to Mn2* (KaBATA-
-PENDIAS, PENDIAS 1999). According to Brabny (1984) in well-oxidized soils the
manganic (Mn**) form is dominating whereas under waterloggind conditions
the reduced manganous form (Mn2*) prevails. The results reported in Fig-
ures 2¢, 3¢ and 4c for the moisture status 150, 200 and 300% FWC (Field
Water Capacity), respectively, are basically quantitative, therefore the Mn2+
was considered to represent the overall reduced forms of Mn under anoxic
conditions of the current trial. Manganese solubility expressed in terms of
its solution activity (logMn2+) varied mostly between —4.0 and —7.0 molcdm'3,
irrespective of the effect of the moisture status and was found to be signifi-
cantly sensitive to pH changes. On the other hand manganese solubility
depended additionally on the soil-born manganese content (extracted in
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6 moles HCI), since soils characterized by highest content (i.e. No. 1 and
No. 4, Table 1) exhibited higher Mn activity, which gradually decreased along
with the pH increase as observed for the soil No. 1. Interestingly, manga-
nese solubility and activity course developed in the case of the soil No. 4,
seemed to be more complex and may not be related to its soil-born content
solely. A slight increase in Mn activity with a raise of pH was even unex-
pected, since the equilibrium solution pH of this soil did not exceed the pH
value of 6.5. Two assumptions may be formulated: i) the extremely high Fe
content detected in the soil No. 4 could be a substantial source of electrons,
which acted as efficient Mn reducing agents in one hand and ii) the signifi-
cantly high organic matter content (31.5 g-kg'l) as a potential precursor of
electrons, which could additionally strengthen Mn reduction, on the other
hand. This finding is in line with the data reported by Arrta et al. (1996) who
pointed out that the enrichment of submerged soils with organic matter
induced an increase in the water-soluble Mn fractions by simultaneously
decreasing the content of the residual Mn pool. According to Hassan (1990),
the solubility of manganese was controlled by MnO,, at the onset of flood-
ing, whereas the MnCOj (rhodochrosite) controlled this solubility in pro-
longed periods of water logging, i.e., up to 15 weeks. In the current study,
the suggested Mn solubility and activity could have been mediated by the
following reactions:

MnO, + 4H* + 26 —» Mn2+ + 2H,0
solid simple cation
(insoluble) (soluble)

MnOOH3+ + 3H* + 46 —» Mn2+ + 2H,0
hydroxycation simple cation

(relatively soluble) (soluble)

Manganese geochemical transformations observed for soil No. 3, as il-
lustrated in Figures 2c, 3c and 4c, operated basically within pH ranges 7.0
and 7.6, similarly to those reported earlier for Fe. Interestingly, Mn2+ activ-
ity in a soil solution tended to increase along with pH increase, in contrast
to the trends reported in many studies. Besides, it acted opposite to Fe. At
such slightly alkaline pH of the solution, the hydroxy manganese forms could
prevail, hence controlling the solubility as well as activity processes. The
high-pH inducing manganese solubility and activity observed in the current
study, which was characteristic for the slightly alkaline soil No. 3, agreed
with the data reported by Atrta et al. (1996) and WaNG and StaunToN (2005).
But it should be pointed out that the effect of high pH on the increase
of Mn activity was limited, which implied that this activity was basically
moisture-dependent. The occurrence of MnCO4 (Hassan 1990) as a manga-
nese solubility/activity controlling factor was less probable under the cur-
rent experimental conditions.
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CONCLUSIONS AND STATEMENTS

1. The activity of Cu?* ions decreased gradually with increasing pH of
the solution, irrespective of the moisture status. This trend was more pro-
nounced for the 150 and 200% than for 300% FWC (Field Water Capacity).
This was attributed to the dilution effect, which practically strengthened the
Cu dissolution process and, additionally, to the rise of pH along with the
increased moisture status.

2. The activity of Fe varied in a narrow range i.e., —5.0 and —6.0 molcdm'3,
which implied that its transformations under current anoxic conditions was
related more strongly to the solution pH than to the moisture status. The
fact that the Fe activity did not vary greatly for a solution pH between 4.0
and 7.5 was strikingly unexpected. Further studies should be undertaken in
order to elucidate such Fe behaviour.

3. Manganese solubility and solution activity varied mostly between
—4.0 and -7.0 molcdm'3, and was found to be less sensitive to pH changes.
But it should be decidedly pointed out that the effect of high pH on the
increase of Mn activity was limited, which implied that Mn2+* activity was
moisture-dependent, basically.

4. Care should be taken to avoid any submersion of soils subjected to
contamination and polluted by trace metals, since any excess of stagnant
water (anoxic conditons) leads to increased solubility and simultaneously high-
er activity of trace metals in the solution. This process is evidently strength-
ened by significant amounts of soil-born Fe and organic matter.
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Abstract

The aim of the experiments carried out in a high, polyethylene in the years 2004-
-2006 was to examine the influence of the algae preparation Bio-algeen S-90 on yield, mi-
neral composition of fruits, content of assimilatory pigments, intensity of assimilation and
transpiration and photosynthetic water use efficiency index of the cherry tomato cv. Con-
chita F;. The results on tomato yields proved significant differences in total and marketa-
ble yield under the influence of Bio-algeen. The biggest total and marketable yields were
obtained when plants were treated three times with Bio-algeen. Bio-algeen also caused
increase in content of mineral components in cherry tomato fruits. Three- and fourfold
sprays increased the content of total nitrogen, phosphorus, potassium, calcium, zinc, iron
and nitrates. Treating tomato plants with the preparation increased the content of assimi-
latory pigments of tomato. Increase in a number of Bio-algeen sprays led to higher con-
tents of total, a and b chlorophyll and carotenoids in leaves. Intensity of assimilation and
transpiration of the plants and water use efficiency index depended on number of plants
spraying with Bio-algeen. Plants sprayed two and three times with Bio-algeen were cha-
racterized by greater transpiration and assimilation intensity, but also by smaller efficiency
of water use index.
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OCENA PLONOWANIA I SKLADU MINERALNEGO OWOCOW POMIDORA
DROBNOOWOCOWEGO PO ZASTOSOWANIU PREPARATU BIO-ALGEEN S-90

Abstrakt

Celem badan prowadzonych w wysokim tunelu foliowym, w latach 2004-2006, byto
okreslenie wplywu stosowania preparatu z alg morskich Bio-algeen S-90 na plon, sktad
mineralny owocow, zawarto$¢ barwnikéw asymilacyjnych, intensywno$¢ asymilacji i trans-
piracji oraz wskaznik efektywnosci wykorzystania wody w procesie fotosyntezy roslin po-
midora drobnoowocowego odmiany Conchita F; Wykazano istotne réznice w plonie ogé-
tem i handlowym pod wptywem traktowania roslin preparatem Bio-algeen S-90. Najwiekszy
plon ogétem i handlowy owocow uzyskano w przypadku 3-krotnego oprysku preparatem.
Preparat Bio-algeen wplynatl réwniez na zwiekszenie zawartosci sktadnikéw mineralnych
w owocach pomidora drobnoowocowego. Opryskiwanie 3- i 4-krotne roslin zwiekszylo po-
ziom azotu ogélnego, fosforu, potasu, wapnia, cynku, zelaza oraz azotanéw. Traktowanie
roslin preparatem zwiekszylo zawarto§é barwnikow asymilacyjnych u pomidora. Zwigksza-
nie liczby opryskéw preparatem Bio-algeen wplyneto na wyzsza zawarto§é chlorofilu a, b
i catkowitego oraz karotenoidéw w liSciach. Intensywnos$¢ asymilacji i transpiracji roslin oraz
wskaznik efektywnosci wykorzystania wody zalezal od liczby opryskow preparatem Bio-
algeen. U ro§lin, ktore opryskiwano 2- i 3-krotnie, stwierdzono wigkszg intensywno$é trans-
piracji i asymilacji, ale mniejszy wskaznik efektywnosci wykorzystania wody.

Stowa kluczowe: warzywa, algi morskie, zawarto$¢ biopierwiastkow, wskaznik wykorzy-
stania wody.

INTRODUCTION

Bio-algeen is a natural extract from sea thallophytic algae containing
a brown pigment. It contains over seventy active components: macro and
microelements (Czeczko and Mikos-BieLak 2000). It is a source of the follow-
ing chemical elements: nitrogen (0.02%), potassium (0.096%), phosphorus
(0.006%), magnesium (0.21%), calcium (0.31%), iron (6.3 mg-kgl), boron
(16 mg-kg1), molybdenum, cobalt and selenium (PATIER et al. 1993).

The aim of using extracts from sea algae in tomato cultivation is to
form a strong, well developed root system (PeErTUIT 1995). Om addition, bios-
timulators enhance plants’ tolerance to uncomfortable growth conditions (wa-
ter deficiency, temperature changes, diseases attack). Another important role
of biostimulators is to increase assimilation rate and availability of nutri-
ents. They also improve plants’ growth, flowering and fruit setting as well
as increase yield and quality of fruits (BECKET and VAN STANDEN 1989, WysocKaA-
-Owczarek 2001).

Using extracts from sea algae in plants cultivation enhances the chloro-
phyll content in leaves. Chlorophyll level depends on betanine level in sea-
weed extract (BLUNDEN et al. 1996).
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MATERIAL AND METHODS

In 2004-2006 experiments were carried out at the Department of Vege-
table Crops of the University of Agriculture in Szczecin to examine the in-
fluence of the sea algae preparation Bio-algeen S-90 on yield, chemical com-
position of fruits, content of assimilatory pigments and intensity of plant
assimilation and transpiration in the cherry tomato cv. Conchita F;. Toma-
toes were cultivated in a high, unheated polyethylene tunnel.

Tomato seeds were sown in a greenhouse on 20th March and seedlings
were planted on 20th May 2004 and on 17th May 2005 and 2006 in an un-
heated foil tunnel in rows, using row spacing 1.4 x 0.25 m. The surface area
of every plot was 3.5 m?2 (10 plants on the plot of ground).

Bio-algeen S-90 preparation was used in concentration 0.3% in the form
of spraying conducted one, two, three and four times. A dose of 1 ml of Bio-
algeen was applied to each plot every time. The first spraying was carried
out at the stage of 2-3 proper leaves, second — before planting, third — at
the beginning of flowering, fourth — at the initial stage of plants yielding.

Plants were headed in the first decade of July behind the sixth cluster.
During the plant vegetation period the biometrical measurements were car-
ried out (height of plant, diameter of stem, number of leaves, number
of flowers and fruits).

Harvest of fruits was conducted from the third decade of July to the
first decade of September. After the harvest total and marketable yield were
evaluated.

Content of carotenoids and chlorophyll a and b were estimated in leaves.
After the harvest, chemical analyses of macro- and microelements content
were carried out. Total nitrogen was estimated according to the method
recommended by Kjeldahl, phosphorus — according to the colorimetric meth-
od, potassium, magnesium, calcium; iron and zinc were estimated in a plas-
ma spectrometer. Nitrate nitrogen (N-NOg) content was estimated according
to the potentiometric method. Chlorophyll content was estimated according
to the method recommended by ArRNON et al. (1956) in LICHTENTHALER and
WELLBURN modification (1983). The measurements of gas exchange were car-
ried out by the means of a gas analyser IRGA LCA-4 working in an open
system.

The experiment was conducted in a randomized blocks design, in four

replications. Results were statistically verified by Tukey’s test at the signifi-
cance level a = 0.05.
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RESULTS AND DISCUSSION

Results regarding tomato yielding proved significant differences in total
and marketable yield under the influence of Bio-algeen. The greatest total
and marketable tomato fruit yield was obtained in the years 2004-2006 when
plants were sprayed three times with the preparation (Figure 1). Synthesis
of the experimental results proved that the total yield in this case amount-
ed to 6.64 kg-m™? and was on average 1.2 kg-m™ greater than the yield of
a control combination and of the combination where Bio-algeen was used
once. The marketable yield, obtained from the control plants and from

those plants which were treated only once with Bio-algeen was significantly
smaller, by an average 1.27 kg-m2.
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Fig. 1. The influece of Bio-algeen treatment on the yield of small-sized tomato
in the years 2004-2006

Tomato is an important source of mineral salts, especially of potassium.
NurzyNsk1 and MicHaLod¢ (1998) determined 0.29-0.35% P, 3.84-3.95% K, 0.10-
-0.11% Ca and 0.17-0.18% Mg in tomato fruit dry matter. KoBryx (2002) no-
ticed the mineral composition of tomato fruits is highly variable between
cultivars. In the years 2002-2003 DoBromILsSKA and KuJaTH (2004) estimated
the levels of macroelements (g-kg?2) as N 22.6, P 5.43, K 31.2, Ca 1.63, Mg
1.4 and microelements (mg-kg! d.m.) as Fe 80 and Zn 24.13 in fruit of the
cherry tomato cv. Conchita F; cultivated in a high, polyethylene tunnel.

The chemical analyses of tomato fruits proved that in 2004 fruits con-
tained more total-N, P, Ca, Mg and Zn and less K and Fe in comparison
with 2005 (Table 1). During fruit ripening in 2004 the weather conditions
were very convenient (greater insolation). KozmiNski and MicHALSKA (2004)
observed that insolation in Poland is a highly varied factor. The results
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Table 1
The effect of Bio-algeen S-90 spraying on minerals and nitrates
in cherry tomato fruits cv. Conchita F;
Macroelements Microelements Nitrates

] it i g | g
N P K Ca | Mg | Zn Fe d.m)
2004 | 20.50 | 5.10 | 2490 | 1.70 | 140 | 20.0 60.0 205.0
Control 2005 | 16.10 | 4.86 | 31.85| 1.55 | 1.03 11.0 170.0 200.0
x 1830 | 4.98 | 2838 | 1.63 | 1.22 15.5 115.0 202.5
2004 | 20.80 | 5.90 | 26.70 | 1.70 | 140 | 20.0 80.0 220.0
1 treatment | 2005 | 15.89 | 554 | 31.85| 155 | 1.05 14.0 170.0 200.0
x 1835 | 572 | 29.28 | 1.63 | 1.23 17.0 125.0 210.0
2004 | 20.60 | 5.90 | 26.30 | 1.70 | 140 | 20.0 80.0 245.0
2 treatments | 2005 | 16.52 | 592 | 31.85 | 1.94 | 1.03 14.0 180.0 210.0
x 1856 | 591 | 29.08 | 1.82 | 1.22 17.0 130.0 227.5
2004 | 2165 | 6.40 | 2820 | 2.10 | 1.30 | 28.0 100.0 235.0
3 treatments | 2005 | 16.52 | 5.82 | 32.37 | 1.74 | 1.03 14.0 180.0 210.0
x 19.09 | 6.11 | 3029 | 192 | 1.17 | 21.0 140.0 222.5
2004 | 2350 | 6.40 | 28.60 | 1.90 | 1.30 | 26.0 80.0 245.0
4 treatments | 2005 | 17.64 | 5.28 | 32.79 | 155 | 1.00 14.0 180.0 230.0
x 2057 | 584 | 30.70 | 1.73 | 1.15 | 20.0 130.0 237.5
Mean 1897 | 571 | 2955 | 1.75 | 1.20 18.1 128.0 220.0
LSD,_ops 085 | 041 | 122 | 0.09 | ns 1.20 13.8 15.5

of our chemical analyses on samples obtained in 2004-2005 proved that total-
N content increased with increase of the preparation doses. Fruits obtained
from plants sprayed four times with Bio-algeen accumulated most total-N.
Content of total-N increased in comparison with the control object by
2.22 g-kgl d.m. Phosphorus content in fruits also increased from 4.98 g-kg'!
d.m. in the control object to 6.11 g-kg! d.m. when plants were treated
three times with Bio-algeen. All the sprayings increased significantly P con-
tent in comparison with control.

Bio-algeen sprays significantly differentiated potassium content in to-
mato fruits, which in turn affected their colour. The preparation used
three and four times increased K level in fruits to 30.49 g-kg!l d.m.
on average, whereas fruits of control plants contained by 2.11 g-kg'! d.m.
less potassium.
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Table 2

The influence of Bio-algeen S-90 spraying on the assimilatory pigments content
in small-sized tomato leaves (mg-g™fm.)

Content of assimilatory pigments (mg-g!fm.)
of g:;clrlzz;ts Years total .
chlorophyll a | chlorophyll b chlorophyll carotenoids
2004 0.94 0.42 1.36 0.45
Control 2005 1.39 0.56 1.94 0.56
x 1.17 0.49 1.65 0.51
2004 0.99 047 1.46 0.43
1 treatment 2005 142 0.56 1.98 0.57
x 1.21 0.52 1.72 0.50
2004 0.99 047 1.46 0.48
2 treatments 2005 1.52 0.62 2.15 0.62
x 1.26 0.55 1.81 0.55
2004 1.02 0.49 151 0.55
3 treatments 2005 1.51 0.62 2.13 0.60
X 1.27 0.56 1.82 0.58
2004 1.09 0.51 1.60 0.54
4 treatments 2005 1.57 0.64 2.22 0.62
x 1.33 0.58 191 0.58
Mean 1.25 0.60 1.78 0.54
LSD ,_q 0.11 0.07 0.13 n.s

Calcium content in fruits increased as a result of double, triple and
fourfold plant spraying with Bio-algeen. Fruits treated three times with the
preparation contained most Ca (1.93 g-kg'! d.m.).

Magnesium content did not depend on treatments involving the tested
preparation, reaching on average 1.19 g-kg! d.m. Zn level in tomato fruits
depended significantly on the number of sprays with Bio-algeen. As the
number of sprays increased, the contnet of this element in tomato fruit
likewise increased, especially when triple and fourfold sprays were used. As
a mineral component of foodstuffs, zinc is very important to human health
because it is included in an enzyme which reduces free radicals (MANGEL and
KireBY 1983). Fe deficiency causes poor tomato fruit setting (Wysocka-Owcza-
REK 2001). The Fe level in tomato fruit of cv. Conchita F; reached to
128 mg-kg! d.m. on average and was dependent on a number of sprays
with the preparation. A significantly smaller (115 mg-kg'! d.m.) content
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of this chemical component was estimated in control than in fruits of the
plants sprayed two, three and four times (on an average 133 mg-kg! d.m.).

Bio-algeen caused a significant increase in the content of nitrates in
fruits, especially in 2004. Fruits of the control plants contained on average,
for both years of the experiments, 26.7 mg NO3'-kg‘1 d.m. less than the
plants sprayed two, three and four times.

Our analysis of the determination of assimilatory pigments in tomato
leaves proved that chlorophyll and carotenoids were less abundant in 2004
than in the following year (Table 2). High temperature and higher insola-
tion in August 2004 accelerated fruit ripening, yellowing of leaves and earli-
er termination of the vegetative season. Leaves of plants treated four times
with Bio-algeen contained more total, a and b chlorophyll than leaves of the
control plants (0.19, 0.09 and 0.26 mg-g! f.m., respectively). Bio-algeen did
not differentiate the level of carotenoids in tomato leaves.

Table 3
The effect of Bio-algeen S-90 spraying on assimilation and transpiration
in cherry tomato
Water use
Number Years Assimilation Transpiration efﬁciency
of treatments (umol COy m?2-sh)| (mmol HyO-m?-s1) index
(mmol - mol ™)

2004 7.01 0.82 8.55

Control 2005 4.73 0.05 94.60
x 5.87 0.44 13.34

2004 7.22 0.98 7.37

1 treatment 2005 4.61 0.15 30.73
x 5.92 0.57 10.39

2004 8.39 1.87 4.49

2 treatments 2005 9.78 1.06 9.23
x 9.09 1.47 6.18

2004 11.46 1.99 5.76

3 treatments 2005 9.23 1.20 7.70
X 10.35 1.60 6.47

2004 7.74 0.94 8.23

4 treatments 2005 3.28 0.46 7.13
x 551 0.70 7.87

Mean 7.35 0.96 7.66
LSD ,_ges 1.21 0.12 3.97
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Photosynthetic water use efficiency index, defined as a relation of as-
similation (A) to transpiration (E), largely conditions plant productivity, es-
pecially under stress conditions of water deficit and deficient supply of nutri-
ents (Tuner 1997). No dependence of high water use efficiency and high
transpiration intensity was found, which confirms the assumption that to-
mato plants do not tolerate low supply of nutrients in soil (Table 3). Plants
treated two and three times with Bio-algeen were characterized by more
intense transpiration and assimilation, but also by the smaller photosyn-
thetic water use efficiency index.

Under suitable plant growth conditions, intensity of CO, assimilation
and transpiration are correlated with each other, as intense synthesis of
organic compounds increases demand for water and nutrients. Plants which
transpire more intensely are capable of nourishing all their organs better
(WROBEL 2006).

CONCLUSIONS

1. Triple spraying tomato plants with Bio-algeen S-90 in the concentra-
tion of 0.3% significantly increased total and marketable yield.

2. Bio-algeen increased mineral components in fruits of the cherry to-
mato cv. Conchita F; (N, P, K, Ca, Zn and Fe), especially when was used
several times.

3. Bio-algeen used in tomato cultivation increased a, b and total chloro-
phyll content in leaves.

4. Spraying of tomato plants with Bio-algeen two and three times de-
pressed water use efficiency index in the process of photosynthesis.
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POTASSIUM CONTENT IN MAIZE
AND SOIL FERTILIZED WITH ORGANIC
MATERIALS

Krzysztof Gondek, Michatl Kopeé
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Abstract

Since potassium is essential for plant nutrition, should this element be deficient in se-
wage sludge used for plant fertilization supplementary mineral potassium fertilization is ne-
cessary. The aim of the present study has been to evaluate the effect of fertilization with
organic materials on maize yield, its potassium concentrations and the content of bioava-
ilable forms of potassium in soil of different grain size distribution. The impact of fertiliza-
tion on potassium concentrations in maize was examined in a 3-year, two-factor pot expe-
riment (the factors were soil and fertilization). The grain size distribution of the test soil
material was weakly loamy sand (psg), sandy silt loam (gpp) and medium silt loam (gsp).
Sewage sludge originated from two different municipal mechanical and biological sewage
treatment plants. Mixtures of sewage sludge with peat were prepared at a gravimetric ra-
tio 1:1 converted to material dry matter. For chemical analyses the plant material was mi-
neralized in a muffle furnace (at 450°C for 5 hrs) and the remains were dissolved in dilu-
ted nitric acid. Bioavailable potassium was determined with Egner-Riehm method in the
soil material, which was dried and sifted through a 1mm mesh sieve. Potassium was de-
termined by flame photometry in solutions of the plant material and soil extracts. Fertili-
zation with sewage sludge and mixtures with peat had a more positive effect on maize
yield than fertilization with mineral salts. In comparison with organic materials supplied to
the soil, mineral salt treatment significantly increased potassium content in maize biomass.
Mineral supplementation of potassium introduced with organic materials and its balancing
did not increase soil abundance in bioavailable potassium in comparison with the initial
abundance, although a diversified soil response to the applied fertilization was observed.

Key words: potassium, sewage sludge, maize.
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ZAWARTOSC POTASU W KUKURYDZY I GLEBACH NAWOZONYCH
MATERIALAMI ORGANICZNYMI

Abstrakt

Biorac pod uwage niezbedno$é potasu w zywieniu ros§lin, deficytowa zawarto$é tego
sktadnika w osadach Sciekowych wykorzystywanych do nawozenia ro§lin wymaga jego uzu-
petnienia w formie mineralnej. Celem badan byla ocena wplywu nawozenia materialami
organicznymi na plon czesci nadziemnych i korzeni kukurydzy, zawartoSci w nim potasu
oraz zawarto$ci form przyswajalnych tego skladnika w glebach o réznym sktadzie granulo-
metrycznym. Ocene wplywu nawozenia na zawarto$¢ potasu w kukurydzy przeprowadzo-
no w 3-letnim dwuczynnikowym do§wiadczeniu wazonowym (czynniki: gleba, nawozenie).
Do badan uzyto materiatu glebowego o skladzie granulometrycznym piasku stabo gliniaste-
go (psg), gliny piaszczystej pylastej (gpp) i gliny Sredniej pylastej (g$p). Osady Sciekowe po-
chodzity z dwéch réznych komunalnych oczyszczalni mechaniczno-biologicznych. Mieszani-
ny osadow Sciekowych z torfem sporzadzono w stosunku wagowym 1:1, w przeliczeniu na
suchg mase materialow. W celu oznaczenia potasu material roslinny mineralizowano w pie-
cu muflowym (temp. 450°C, 5 h), pozostato$¢ roztworzono w rozcienczonym kwasie azoto-
wym. W materiale glebowym wysuszonym i przesianym przez sito o Srednicy oczek 1 mm
potas przyswajalny oznaczono metoda Egnera-Riehma. W uzyskanych roztworach materia-
tu roslinnego oraz ekstraktach glebowych potas oznaczono metodsg fotometrii plomienio-
wej. Nawozenie osadami Sciekowymi i mieszaninami osadoéw z torfem dziatalo korzystniej
na plony kukurydzy niz nawozenie solami mineralnymi. W poréwnaniu z zastosowanymi
doglebowo materiatami organicznymi, nawozenie solami mineralnymi istotnie zwiekszyto za-
warto§é potasu w biomasie kukurydzy. Zréwnowazenie solami mineralnymi ilo$ci potasu
wprowadzanego z materiatami organicznymi i jego zbilansowanie nie zwiekszylo zasobnosci
gleby w potas przyswajalny, w porownaniu z zasobnosScig wyjSciows, chociaz zaobserwowa-
no rézne zmiany w glebach po zastosowanym nawozeniu.

Stowa kluczowe: potas, osady Sciekowe, kukurydza.

INTRODUCTION

Good fertilization value of sewage sludge has been confirmed in numer-
ous investigations (Mazur 1995, Woroszyk and Krzywy 1999, Krzywy et al.
2004). Sewage sludge can be used for soil and plant fertilization mainly be-
cause of the significant concentrations of organic matter and nutrients it
contains (BARAN et al. 2002). If all rules for safe application of sewage sludge
in agriculture are observed, this material may supplement or replace farm-
yard manure.

Sewage sludge may have a highly different chemical composition, some-
times comprising high amounts of nitrogen or phosphorus content but hav-
ing little potassium (Mazur 1996, KaLEMmBASA et al. 2001). Such low concentra-
tions of this element in sewage sludge are due to the fact that potassium
occurs in the form of easily soluble salts (KALEMBASA et al. 1999) which disso-
ciate in water solutions, and this favours retention of potassium in sewage
waters during the technological process of sludge separation.
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Considering the crucial role of potassium in animal nutrition, deficit
of this element in sewage sludge used for plant fertilization requires its sup-
plementation in the mineral form.

The present research intended to asses the effect of fertilization with
organic materials on the yield of maize shoot and root dry mass, their po-
tassium concentrations and the content of bioavailable forms of this ele-
ment in soils different in the grain size composition.

MATERIAL AND METHODS

The effect of fertilization on potassium content in maize was assessed in
a two-factor (factors: soil and fertilization) pot experiment conducted in 2003-
-2005. The research was carried out on three soils and the experimental
design, identical for each soil, comprised 7 treatments in three replications:
without fertilization — (0); fertilization with c}}emically pure salts — (NPK);
farmyard manure — (OB); sewage sludge A (OSA); mixture of sewage sludge
A with peat — (MOSA); sewage sludge B (OSB) and mixture of sewage sludge
B with peat (MOSB). The following soil material was used for the experi-
ment: weakly loamy sand (psg), sandy silt loam (gpp) and medium silt loam
(g$p), all collected from the arable layer (0-20 cm) of plough lands near Kra-
kow. Sewage sludge originating from two different mechanical and biological
municipal treatment plants and mixtures with peat were used for the exper-
iment. Sewage sludge was mixed with peat at a weight ratio 1:1 per dry
mass of organic materials. Peat containing 408 g-kg! d.m. comprised
88 g-kgl ash, 34.4 g N-kg'ld.m., 0.91g P-kg'ld.m. and 1.14 g K-kg'ld.m.
The chemical composition of the organic materials and soil material (values
per dry mass assessed at 105°C) is given in Tables 1 and 2.

Plastic pots used for the experiment contained 5.50 kg of air-dried soil
material. Before the experiment, the soils were gradually moistened to 30%
of maximum water capacity. Afterwards, sandy loam and medium silt loam
were limed to obtain the reaction recommended in the Ministry decree (soil
pH in agricultural areas no less than 5.6) (Rozporzqdzenie... 2002). Liming
was applied separately in each pot. Chemically pure CaO was used in a dose
calculated on the basis of soil hydrolytic acidity. Next, all the soils were left
for 4 weeks and water loss was occasionally supplemented. Finally, organic
fertilization was carried out in doses corresponding to 1.20 g N-potl. Phos-
phorus and potassium were supplemented with solutions of chemically pure
salts [P — Ca(HoPO,)y-Hy0 and K — KCI] to equalize quantities of these
elements supplied with the organic materials. In the mineral (NPK) treat-
ment the doses of nitrogen, phosphorus and potassium were identical to the
ones in the organic material treatments. Doses of N, P and K were, respec-
tively, 1.20 g N-pot! as NH,NOg, 1.26 g P-pot'! as Ca(H,PO,),-H,0 and
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Table 1
Chemical composition of materials used in the experiment
Specification FYM szrjggee SSTr;gge y Ss’lal‘inggee SSTr;gge y
OB | osa) | SRt | (osB) | Rt
(MOSA) (MOSB)
Dry matter (g-kg™) 189 310 343 418 372
pH (Hy0) 6.22 6.12 5.57 5.73 5.20
Organic matter (g-kg? d.m.) 679 353 652 552 771
Total forms

N 21.6 17.0 24.7 374 35.1
S 7.24 8.81 6.23 14.62 7.85
P 22.60 5.48 3.00 19.32 7.64
K g-kgldm. 26.69 2.71 1.88 2.81 1.64

Ca 4.83 15.66 13.31 9.22 11.95
Mg 6.26 4.86 2.82 2.55 1.59
Na 4.60 0.54 0.40 0.70 0.44

Cr 6.07 19.74 10.25 37.88 17.47
Zn 531 899 488 1684 821
Pb 3.99 65.9 38.2 29.4 17.5
Cu mg-kgldm. 338.0 78.3 40.6 119.4 51.8
Cd 1.28 2.71 1.45 2.25 1.03

Ni 11.74 13.32 7.14 25.36 12.07
Hg * 3.58 1.80 2.29 1.07

*trace

1.48 g K-potl as KCL In the second and third year of the experiment,
because of the subsequent fertilizer effect and the abundance of the soils in
bioavailable phosphorus and potassium, the applied doses were as follows:
0.80 g N; 0.2 g P and 1.40 g K-potl-year! as chemically pure salts.

Maize cv. San (FAO 240) was cultivated as a test plant, with five plants
per pot left to grow. Maize (grown for green forage) was harvested at the
7-9 leaves stage. The growing season lasted 47 days in the first year, 66 days
in the second year and 54 days in the third year. Throughout the experi-
ment the plants were watered with distilled water to 50% of maximum wa-
ter capacity. Once harvested, the plants were dried (at 70°C) to constant
weight and the yield of dry mass of shoots and roots was determined. After
crushing in a laboratory mill, the plant material was mineralized for 5 hours
in a muffle furnace at 450°C. The remains were dissolved in diluted nitric
acid 1:2 (v/v) (OstrowskaA et al. 1991). The soil material collected each year
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Table 2
Some properties of soils before the establishment of the experiment
Soil
Specification -
(psg) (gpp) (gsp)

1.0-0.1 mm 78 42 28
Granulometric [y 1 6 59 ;ym % 13 33 29
composition ¥4]

< 0.02 mm 9 25 43
pH KC1 6.21 5.69 5.30
Hydrolitic acidity 11.2 234 33.2

mmol(+)-kg?td.m
Sum of alkaline cations 39.9 86.8 128.4
Total N 0.96 1.25 1.72
Organic C g-kgldm 9.37 13.36 17.68
Total S 0.16 0.28 0.32
Available forms
P 79 217 29
K 166 359 138
mg-kg1d.m.

Mg 134 154 126
S-S0, 134 11.9 114

after the growing season was analyzed to determine changes in the physico-
chemical properties caused by the fertilization. In the dried material sifted
through a 1Imm mesh sieve, bioavailable potassium was determined using
Egner-Riehm method (OsTrowskA et al. 1991). In the plant material solu-
tions and soil extracts, potassium was determined with the flame photome-
try method (FES) on a Philips PU 9100X apparatus. Plant reference material
NCS D(C73348 (China National Analysis Center for Iron & Steel) and soil
reference material AG-2 (AgroMAT) were attached to each analytical series.
The results were verified statistically using a fixed model, in which soil or
fertilization was the factor. The statistical computations involved one-way
ANOVA and the significance of differences was estimated using NIR Fisher
test at significance level p < 0.05 (Stanisz 1998).

RESULTS AND DISCUSSION

The organic materials used for the experiment differed in the chemical
composition, including potassium content, which was very small in sewage
sludge and its mixtures with peat (Table 1). Peat added to sludge generally



506

diminished the contents of individual elements in comparison with their con-
centrations in sludge alone.

The soil material used for the experiment belonged to various texture
groups. In addition, it significantly differed in the chemical properties, in-
cluding the content of available potassium forms (Table 2). A considerably
high potassium content was assessed in the medium soil.

Yields of maize biomass (roots and shoots), as averages for all the treat-
ments in the three years, were significantly smaller on the light soil (psg)
(over 20% irrespective of the plant part) than the yields on the other two
(heavier) soils (Figure 1). The difference in the yield harvested from sandy
loam (gpp) and medium loam (g$p) was not significant for the shoots, where-

60.0

b b

50.0 Ea T
s00 | [T

30.0

_1)

- pot

20.0

(g d.m.

b b

a N

10.0 § § §

0.0 .
psg grp gsp
soil
[ parts above ground roots
T mean + 0.95 confidence interval

Fig. 1. Yields of aerial parts and roots of maize from fertilization objects
(3-year period mean). Means followed by the same letters did not differ significantly
at p < 0.01 according to Fisher test

as the average root biomass yield did not differ at all between these soils.
Analysis of variance confirmed a favourable effect of organic fertilization on
maize biomass yield (Table 3). Treatment with sewage sludge or its mix-
tures with peat as well as fertilization with farmyard manure produced much
higher yields than exclusive mineral fertilization. Larger yields from the
mineral salt treatments occurred only in the first year of the experiment
(Figure 2). In the subsequent years, the response to fertilization with organ-
ic materials was positive despite the differences noticed on the lighter soils,
which obscured the overall effect. Larger yields were produced when sew-
age sludge and peat mixture was applied compared to sludge alone. Fertili-
zation efficiency of organic materials is determined mainly by their nitrogen
content, particularly nitrogen mineral forms (Szurc et al. 2004). Nitrogen
largely determines biomass yield. However, limited availability of other fer-
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Table 3

Yields of dry mass of parts above ground and roots plants, total potassium content
in maize and potassium available in soils (3-year period mean)

Yield of biomass Kin the plant Ii{nazﬁélzcl;lle
Object (g d.m.-poth (g K-kgldm.) (mg K-kg!
(Cz.n.) (K) (Cz.n.) (K) d.m.)
Control (0) 22.1¢ 740 1754 99¢ 80 @
NPK 4250 1010 3754 18.9¢ 127 b
FYM (OB) 48.0°¢ 13.1« 30.5¢ 168k 143°¢
Sewage sludge (OSA) 47.3¢ 11.8¢ 29.4 b 168 & 109 ax
(Slf;["g‘sgz)smdge*peat 49.3 o 11.8¢ 29.1 b 1590 116
Sewage sludge (OSB) 50.4 « 14.1% 28.7 b 15470 99
(Sl\e;lvgiégl‘;fl“dge*peat 55.6 4 15.8¢ 2560 1560 108 abe

(Cz.n.) — aerial parts; (K) — roots
Means followed by the same letters in columns did not differ significantly at p < 0.01

according to Fisher test.

year I
W~
1Sy
a

(g d.m. - pot_l)

year II1

0 OB , MOSA MOSB 0
NPK OSA 0SB

soil
psg

T parts above ground

X roots

T mean + 0.95 confidence interval

OB MOSA MOSB 0
NPK OSA OSB

soil
gpp

OB MOSA MOSB
NPK OSA OS$B

soil
gsp

Fig. 2. Yield of aerial parts and roots of maize in each year of the experiment
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tilizer components, such as potassium, directly influences mineral economy
in crops. Over the three-year period of our investigations, fertilization with
organic materials produced better results expressed by the biomass yields
than treatments with mineral salts. This effect is not fully attributable to
the activity of the applied sewage sludge or its mixtures with peat. It is also
a subsequent effect of the activity of organic materials and supplementary
fertilization with mineral salts in the second and third year of the experi-
ment. Plant yields might have been affected by other components, such as
sulphur, magnesium or microelements supplied to soil with organic materi-
als, whose amounts were not balanced. According to Woroszyk (2003) appli-
cation of natural or organic fertilizer, due to the so-called subsequent effect,
does not always raise crop yields. DrRaB and DERENGOWSKA (2003) demonstrat-
ed a positive effect of sewage sludge on crop yielding while proving that
yield, irrespective of the soil type, was conditioned by a dose of sewage
sludge. According to WIATER et al. (2004), immediate fertilizer effect of sew-
age sludge on maize yield may be worse than that produced by mineral
fertilization, although the subsequent effect of sewage sludge fertilizer activ-
ity could be more beneficial.

Irrespective of the type of soil and year of the experiment, the highest
amounts of potassium were found in shoots and roots of maize fertilized
with mineral salts (Table 3, Figures 3 and 4). The mean potassium content
for the three years in this treatment was 37.5 g K-kg'ld.m. in shoots, thus
being over 7 g-kg! d.m. larger than the content determined in shoots
of plants fertilized with organic materials. Smaller differences occurred in the

36.0
34.0 b

32.0 ‘E ab
300

280 | [ %
26.0
24.0
22.0
20.0
18.0
16.0
14.0

12.0
10.0

gK- kg_1 d.m.)

a

B

gpp g$p
soil

] parts above ground XN roots
mean * 0.95 confidence interval

Fig. 3. Content of potassium in aerial parts and roots of maize from fertilization objects
(3-year period mean). Means followed by the same letters did not differ significantly
at p < 0.01 according to Fisher test
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year II year I

(g d.m. - potgl)

year IIT

75
60
45
30
15

75
60
45
30
15

75
60
45
30
15

OB MOSA MOSB 0

NPK OSA OSB
soil
psg

OB  MOSA, MOSB 0
NPK OSA OSB
soil
gpp

OB  MOSA MOSB
NPK OSA OSB
soil
gsp

T parts above ground
X roots
T mean = 0.95 confidence interval

Fig. 4. Content of potassium in aerial parts and roots of maize in each year
of the experiment

potassium content in roots. Significant variation was also noticed in the
potassium content in maize biomass depending on the kind of soil (Figure 3).
The content was the highest in sandy silt loam (gpp), but the average potas-
sium content for all the treatments and years did not differ significantly in
biomass of maize cultivated on weakly loamy sand (psg) and medium silt
loam (g$p). This effect was certainly produced by the content of bioavailable
potassium in soil. Application of macroelements as mineral fertilizers usual-
ly affects their concentrations in plants to a greater degree than fertiliza-
tion with these elements in the form of natural and organic fertilizers or
waste materials. It is so mainly because of the form in which the elements
occur in these fertilizers as well as due to their occasionally low content
(KaLEMBASA et al. 2001). According to KaLEMBASA and SymaNowicz (1999), sew-
age sludge has a beneficial effect on the content of macroelements in plants.
Woroszyk (2003) claims that even when sewage sludge contains little potas-
sium, it is not always necessary to supplement this component in the min-
eral form, and this depends on soil abundance in bioavailable potassium
forms and the kind of crop. DrAB and DErENGOWSKA (2003) revealed that even
if nitrogen and phosphorus content in plants increased proportionately to



510

the applied dose of sewage sludge, potassium content in the plant biomass
did not change much, also when an additional dose of this element in the
mineral form was used. On the other hand, WiATER et al. (2004) demonstrat-
ed a subsequent effect of fertilization with sewage sludge granulate on po-
tassium content in maize.

The mean content of bioavailable potassium in the soil from all the
treatments differed significantly (Figure 5). The highest amount of bioavail-
able forms of this element was determined in the soil amended with farm-
yard manure, whereas the lowest level of bioavailable potassium, apart from

200

180 j

b
-
1

HH-

psg gpp gsp
soil
T mean * 0.95 confidence interval

Fig. 5. Content of available potassium forms in soils from fertilization objects
(3-year period mean). Means followed by the same letters did not differ significantly
at p < 0.01 according to Fisher test

the control treatments, occurred after application of sewage sludge. Consid-
erable variation was also observed in the content of bioavailable potassium
forms in the soil in individual years (Figure 6). The research reveals that
on average the content of bioavailable potassium in soil after the application
of organic materials, particularly sewage sludge (OSA and OSB), was small-
er in the soil amended with mineral salts (NPK) (Table 3). However, the
analysis of variance did not confirm the significance of differences. The high-
est mean content of bioavailable potassium in soil, in comparison with the
unfertilized treatment, was found after farmyard manure application (OB).
Likewise, Woroszyk (2003), who tested composts and sewage sludge, noticed
that the content of bioavailable potassium forms diminished in comparison
with the bioavailable forms of this element in soil prior to the experiment.
According to McLEAaN and Brypon (1971), small doses of potassium do not
always ensure proper plant supply with this element and the causes of this
phenomenon are connected with unchangeable sorption of potassium ions.
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Fig. 6. Content of available potassium forms in soils in each year of the experiment

CONCLUSIONS

1. Fertilization with sewage sludge and mixtures of sludge with peat
affected maize yields more favourably than mineral salt treatment.

2. Sludge mixtures with peat (in comparison with sludge used separate-
ly) influenced slightly more advantageously maize biomass yield and com-
parative potassium content in the plant biomass.

3. In comparison with the organic materials applied to the soil, mineral
salt fertilization significantly increased potassium content in maize biomass.

4. Equalizing potassium quantities supplied with the organic materials
by mineral salts and its balancing did not increase the soil abundance in
bioavailable potassium in comparison with the initial abundance, although
various changes were observed in the soils after the applied fertilization.
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EFFECT OF SELENIUM ON SELECTED
MACRONUTRIENTS IN MAIZE PLANTS
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Abstract

Selenium is an essential element for humans, animals and some species of microor-
ganisms. In higher plants, however, the role of selenium is still unclear. Because selenium
enrichment may influence the nutrient balance of plants, a study was done to test the
effects of selenite-Se (NaySeO3-5H,0) on selected macronutrients content in maize (Zea
mays L. var. saccharata Kcke. cv. Zlota Kartowa) seedlings. Plants were grown in Hoagland I
nutrient solution (pH 6,2) amended with selenite at 0 (control), 5, 25, 50 and 100 umol-dm
for 14 days. The dry weight of the shoots was then analyzed for phosphorus (P), potas-
sium (K), calcium (Ca) and magnesium (Mg) content. Phosphorus and calcium content
increased, while potassium content decreased with increasing selenium treatments. No si-
gnificant differences were found for magnesium level. Plant growth was affected by exces-
sive selenium concentration. At low concentration (5 umol-dm™3), selenium tended to sti-
mulate the plant growth and the root elongation but at higher concentrations (50 and
100 pmol-dm™3) the dry mass accumulation and root tolerance index severely decreased.

The study revealed that disturbances of growth and reduction of plant’s biomass at
the presence of high selenium concentrations in the nutrient solution may have resulted
from the disturbance of mineral balance of plants, namely accumulation of large amounts
of calcium and phosphorus in shoot tissues.

Key words: selenium, maize, chemical composition.

WPLYW SELENU NA ZAWARTOSC WYBRANYCH MAKROELEMENTOW
W ROSLINACH KUKURYDZY

Abstrakt

Selen jest pierwiastkiem niezbednym dla ludzi, zwierzat oraz niektérych mikroorgani-
zmow, jednak jego rola w roslinach wyzszych nie jest w pelni poznana. Poniewaz wzboga-
cenie podloza w selen moze wplywaé na réwnowage mineralng roslin, przeprowadzono ba-

dr Barbara Hawrylak-Nowak, Chair of Plant Physiology, University of Life Sciences in Lublin,
Akademicka 15, 20-950 Lublin, Poland, phone: (081) 4456879, e-mail: bhawrylak@yahoo.com
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dania dotyczace wplywu selenu w formie seleninu (NaySeO5:-5H,0) na zawartos¢ wybra-
nych makroelementéw w siewkach kukurydzy (Zea mays L. var. saccharata Kcke. cv. Zto-
ta Karlowa). Rosliny rosty przez 14 dni w pozywce Hoaglanda I (pH 6,2) wzbogaconej w se-
len, ktéry stosowano w nastepujacych stezeniach: 0 (kontrola), 5, 25, 50 i 100 pmol-dm™.
Po tym czasie w suchej masie organow nadziemnych analizowano zawartosé¢ fosforu (P),
magnezu (Mg), potasu (K) i wapnia (Ca). Stwierdzono, ze wraz ze wzrostem stezenia sele-
nu w pozywce, w organach nadziemnych roslin wzrastala zawartosé¢ fosforu i wapnia, ma-
lata za$§ zawarto§é potasu. Nie wykazano istotnych roéznic w zawartosci magnezu. Wprowa-
dzenie do podioza selenu wptywalo réwniez na wzrost roslin. Stwierdzono, ze selen w niskim
stezeniu (5 pmol-dm™) stymulowal wzrost siewek oraz elongacje systemu korzeniowego,
ale w jego wyzszych stezeniach tego pierwiastka (50 i 100 pmol-dm3) akumulacja biomasy
oraz indeks tolerancji korzenia drastycznie malaly. Z przeprowadzonych badan wynika,
ze zaburzenia wzrostu oraz redukcja biomasy ros§lin w obecnosci wysokich stezen selenu
w podlozu moze byé¢ zwigzana z zakléceniem réwnowagi mineralnej roslin, a zwtaszcza z gro-
madzeniem w tkankach pedow znacznej iloSci wapnia i fosforu.

Stowa kluczowe: selen, kukurydza, sktad chemiczny.

INTRODUCTION

Selenium — an element chemically similar to sulfur — is a micronutrient
essential for people, animals and some microorganisms. Traces of selenium
play a principal role in cellular metabolism, namely in anti-oxidation reac-
tions. However, selenium has quite a narrow spectrum of physiological ac-
tion because its deficiency as well as excess exert negative effects on func-
tions of an organism (SEMBRATOWICZ, GRELA 1997).

Although all plants are able to take up and metabolize selenium, the
assumption about its necessity for higher plants has not been fully con-
firmed yet. Plants differ in their ability to accumulate selenium in tissues,
therefore they were divided into species capable of active and specific selen-
ium accumulation (selenium accumulators) and those which cannot accumu-
late selenium (ADpriano 1986).

Accumulation of high selenium amounts in tissues of plants that have
no capability of its accumulation, inducing toxicity of the element, is strictly
associated with non-specific incorporation of selenocytein and selenomethion-
in into proteins instead of cystein and methionin, respectively. It was found
that the bond formed between selenium atoms in selenocystein is longer,
weaker and more labile than disulfide binding, which may have influence on
slight changes in the third-order structure of proteins and evoke disturbanc-
es of catalytic functions of enzymes (MazzaFERA 1998, TERRY et al. 2000). Re-
placing cystein by selenocystein in proteins may also disturb formation
of disulfide bridges. Furthermore, selenium has a negative effect on protein
synthesis because selenomethionin appearing instead of methionin probably
impairs formation of peptide binding (TERRY et al. 2000).
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It is suggested that interaction with general minerals is one of more
important factors due to which trace elements affect the plant’s metabolism.
Presence of heavy metals may induce deficiency of macronutrients and mi-
cronutrients necessary for a proper course of principal life processes
(BaraNowskA-MoRrek 2003). Interaction between selenium and a given element
depends on quantitative proportions and it may also cause synergistic
effects (PyrzyNska 2000). Selenium — like heavy metals — can modify uptake
and accumulation of minerals which are important for metabolism (KoPSELL
et al. 2000, Pazurkiewicz-Kocot et al. 2003). Moreover, positive influence
of selenium on changes in the activity and permeability of the cellular mem-
brane has been found, and this may be one of the earliest symptoms of the
influence of selenium on plants (KiNraDE 2003).

The present experiments were aimed at evaluating the influence of se-
lenium on plant growth and content of selected macronutrients (P, K, Mg,
Ca) in maize seedlings growing at the presence of varied sodium selenate
concentrations.

MATERIALS AND METHODS

The experiments were carried out in water cultures and their purpose
was to investigate the influence of selenium on contents of selected macro-
nutrients in maize plants (Zea mays L. var. saccharata Kcke. cv. Ztota
Kartowa). Seeds obtained from the Seed Center in Lublin were placed on
wet filter paper 1 em from the upper edge, covered with a wet filter band
and rolled up. The tubes thus prepared were placed vertically in beakers
filled with distilled water and left for 7 days at 25°C. Afterwards, healthy
and well-developed seedlings were placed in glass jars of 1 dm3 capacity
(two in each jar) filled with 1.5-fold concentrated Hoagland I nutrient solu-
tion (pH 6.2). After 3 days, selenium in the form of sodium selenate
(NagSeO3-5H,0) was introduced at following concentrations: 0 (control), 5,
25, 50, or 100 pmol-dm™3. The maize plants grew in an air-conditioned plant
growth room under controlled photon density stream within the photosyn-
thetically active range of 270 umol-m™2 s1 at a photoperiod of 14/10 h and
temperature 25/20°C (day/night).

After 14 days, the index of tolerance (IT), which defines the increase of
root length of experimental plants expressed as per cent relative to control,
was determined (Mc NEeiLLy 1994). Also dry matter of roots and shoots was
determined. Dry plant material was subjected to chemical analyses for de-
termination of the content of the following macronutrients in aerial plant
organs: phosphorus by vanadium-molybdate colorimetry; magnesium by color-
imetry using titanium yellow; potassium and calcium by the AAS technique
(NowosieLskl 1974). The experiment was performed in three time-independ-
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ent repetitions. In all the experiments, the least small difference (LSD)
between the means was calculated using Tukey’s test. Differences at P = 0.05
were considered as statistically significant.

RESULTS AND DISCUSSION

Due to chemical similarity of selenium to sulfur, most of the references
deal with interaction between these two elements. It was found that plants
take up, transport and metabolize sulfur and selenium using similar mecha-
nisms. It is a common opinion that both anions are transported by sulfur
carriers in cellular membranes, therefore the presence of sulfur may affect
selenium accumulation and vice versa (TERrRY et al. 2000, ErLis and SaLt
2003). However, selenium influence on other than sulfur macronutrients is
a subject of only small number of studies and their results are not always
univocal.

The current experiment revealed that introduction of selenium into the
medium significantly interacted with the chemical composition of aerial parts
of maize plants (Table 1). Phosphorus and calcium in dry matter manifested
an increasing tendency along with an increase in the selenium concentra-
tion in the nutrient solution. Amounts of phosphorus slightly increased at
the presence of 5 and 25 pmol Se-dm™; however, the differences were not
statistically significant. Selenium introduced into the medium at the levels
of 50 and 100 umol-dm™ caused about a 4-5-fold increase of phosphorus
content in dry matter in relation to the control. Similar dependence was
found for calcium. Its content in shoots was much elevated at the presence
of 50 and 100 pmol Se-dm™, exceeding by about 5-6-fold the control value.
Wu and Huane (1992), in their experiments on selenium affecting accumula-

Table 1
Influence of selenium on some macronutrients content in maize shoots
(mean of tree replications)
Selenium concentration (% d. w.)
in nutrient solution
(umol - dm™) Ca K Mg P
0 (control) 0.280“ 3.7050 0.275 0.375%
5 0.3407 4.210b°¢ 0.290 0.430%
25 0.3057 4.550¢ 0.295 0.505%
50 1.615° 3.400% 0.340 1.835°
100 1.3400 2.830¢ 0.340 1.4500
LSD (5 0.413 0.831 n.s. 0.546

Means in each column followed by the same letter are not significantly different.
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tion of macro- and micronutrients in fescue and clover, recorded similar
dependencies regarding calcium concentrations, while contrary results were
achieved for phosphorus. In experiments conducted by KoprstLL et al. (2000),
selenium did not have any effect on calcium accumulation; instead it caused
a decline in phosphorus in cabbage plants. SINGH and MALHOTRA (1976) as well
as MIKKELSEN et al. (1989) observed increased phosphorus content in plants
cultivated at the presence of selenium.

Our analysis of potassium content revealed that at the presence
of 25 nmol Se-dm3, the level of this macronutrient increased by 23%, while
after adding 100 pmol Se-dm™ into the nutrient solution, its content de-
creased by 24% as compared to the control. Other selenium rates did not
exert significant influence on potassium contents in aerial parts of maize
plants. Positive effects of selenium in the form of selenite on potassium
accumulation were also observed by Pazurkiewicz-Kocot et al. (2003), who
found that the content of potassium in maize leaves significantly increased
when introducing 10 pmol Se-dm™ into the medium, but a contrary de-
pendence was recorded in roots. KopseLL et al. (2000) revealed that the po-
tassium level in cabbage leaves increased linearly along as the selenium
concentration in the medium rose.

Our analysis of the influence of various selenium concentrations on mag-
nesium accumulation indicated that the content of the latter did not differ
considerably as compared to the control plants. Arvy et al. (1995) achieved
similar results when analyzing effects of selenium in forms of selenate and
selenite on ionic balance of suspended cultures of Catharanthus roseus L.

Influence of selenium on plants largely depends on its chemical form
and its concentration in nutrient solution. Our own studies revealed a stimu-
lating effect of selenium at the concentration of 5 umol-dm on plant growth
(Table 2). Dry matter of the maize roots and aerial organs exceeded the
control by 79% and 62%, respectively, at the presence of 5 pmol-dm sele-
nium. Also slight stimulation of root system elongation was observed under
these conditions (IT = 110%). Selenium concentrations above 25 umol-dm™
resulted in a dramatic biomass decrease, which resulted mainly from less
developed aerial organs (Table 2). After introducing selenium into the medi-
um at the rate of 100 pmol-dm3, root dry matter was lower by 56%, and
that of aerial parts by 78% in relation to the control. The two highest sele-
nium concentrations caused reduction of root growth potential. The IT
of roots reached only 68% and 57% of the control values at the presence of
50 and 100 pmol Se-dm3, respectively.

The results achieved by HARTIKAINEN et al. (2000) also confirm the fact
that selenium interaction with plants depends on its concentration. At lower
rates, selenium stimulated growth of ryegrass seedlings, while at high doses
it acted as pro-oxidant reducing yields and inducing metabolic disturbances.
Later experiments by XUE et al. (2001) on lettuce seedlings confirmed posi-
tive influence of low selenium concentrations on yielding of the species;
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Table 2
Influence of selenium on dry weight and IT of maize plants
(mean of tree replications)
Selenium concentration in nutrient solution Dry weight (g per jar)
1 dm?) Roots IT

(umo roots shoots
0 (control) 0.8310 2.899¢ 100.0
5 1.485¢ 4.6864 110.2¢
25 0.7920 2.389¢ 91.45¢
50 0.469% 1.184° 67.67°
100 0.367¢ 0.6492 56.73b
LSD (5 0.160 0.471 18.64

Means in each column followed by the same letter are not significantly different.

however, the effect depended on plant’s development stage. Phytotoxicity
of high selenium levels is associated mainly with non-specific replacement
of sulfur amino acids by their selenium analogues (TERRY et al. 2000). Moreo-
ver, this effect may result from disturbances in mineral balance, which is
indicated by analysis of chemical composition of maize shoots performed in
the present experiment. It was found that the largest differences in the
content of the macronutrients we determined, as compared to control plants,
were closely connected with a considerable decrease in the dry matter
of seedlings and reduction of root growth potential (Tables 1, 2).

CONCLUSIONS

1. Contents of macronutrients in aerial parts of maize depended on
a selenium concentration in the nutrient solution. Selenium at concentra-
tions of 50 and 100 pmol-dm™ caused a significant increase in phosphorus
and calcium. Potassium significantly increased at the presence of 25 pmol
Se-dm™, while decreasing under the influence of 100 pmol Se:-dm™. Pres-
ence of selenium in the medium did not have significant influence on mag-
nesium.

2. Selenium at 5 pmol-dm™ concentration stimulated maize seedling
growth, while rates 50 and 100 pmol-dm dramatically reduced dry matter
of plants and inhibited the root system elongation.
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EFFECT OF SULFUR ON THE QUALITY
OF WINTER RAPE SEEDS
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Abstract

The paper presents the results of three-year (2000-2003) experiments to determine
the effect of the date of sulfur application (fall + spring or spring only) and the fertilizer
rate (0, 30, 60, 90 kg-ha'l) on the usability of winter rape seeds.

The pre-sowing and the spring rates of sulfur as well as the rate applied entirely in
the spring did not lead to significant variations in crude fat concentrations, but a clear
tendency towards an increase in the total protein content was observed in rape seeds.
A one-way increase was reported to the level of 60 kg S-ha'l.

An increase in the sulfur rate (regardless of the date of application) to 90 kg-hal raised
the concentrations of alkene glucosinolates, mainly gluconapin and progoitrin, and — to a les-
ser degree — of indole glucosinolates, mainly 4-hydroxyglucobrassicin, in rape seed cv. Lisek.

The splitting of the total sulfur rate into two rates (fall + spring) caused a higher
increase in the concentrations of gluconapin, progoitrin and 4-hydroxyglucobrassicin than
a single rate application in the spring.

Key words: winter rape, sulfur fertilization, crude fat, total protein, gluosinolates.

SIARKA A JAKOSC NASION RZEPAKU OZIMEGO
Abstrakt

W pracy przedstawiono 3-letnie (2000-2003) wyniki badan nad wplywem terminu apli-
kacji siarki (jesiei + wiosna lub tylko wiosna) i poziomu dawki (0, 30, 60, 90 kg-ha'l) na
warto$¢ uzytkowa nasion rzepaku ozimego.
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Siarka aplikowana przedsiewnie i wiosng oraz wylacznie wiosng nie réznicowala istot-
nie zawartoSci ttuszczu surowego, powodujac jednak wyrazng tendencje do wzrostu zawarto-
§ci biatka ogétem w nasionach. Przyrost ten byl jednokierunkowy do dawki 60 kg S-ha'l.

Zastosowanie siarki (niezaleznie od terminu zabiegu) az do dawki 90 kg na 1 ha po-
wodowalo w nasionach odmiany Lisek przyrost zawartosci gléwnych glukozynolanéw alke-
nowych — glukonapiny i progoitryny, a w mniejszym stopniu indolowych, tj. 4-hydroksyglu-
kobrassicyny.

Warto podkreslié, iz podziat dawki siarki na cze$é jesienng i wiosenng w wiekszym
stopniu wptywal na zwiekszenie zawartosci progoitryny, glukonapiny oraz 4-hydroksygluko-
brassicyny niz jednokrotna wiosenna aplikacja tego skiadnika.

Stowa kluczowe: rzepak ozimy, nawozenie siarka, tltuszcz surowy, biatko ogotem, gluko-
zynolany.

INTRODUCTION

Sulfur fertilization increases the total fat content of rape seeds (BooTtH
et al. 1991ab, RotkiEwicz et al. 1996, Jankowskr 2007). Sulfur increases the
concentration of essential unsaturated fatty acids in oil and enhances the
usability of rapeseed oil (Krauze, Bowszys 2000).

Sulfur deficiency usually results in a lower quantity and quality of pro-
tein by reducing the levels of exogenous amino acids, which are an impor-
tant diet component (ScuNuUG, HANEKLAUS 1995, ZHAO et al. 1997, WIELEBSKI,
Woaarowicz 2000, Jankowskl 2007). Contrary results were reported in a study
conducted by RoTkiEwicz et al. (1996), where the application of 80 kg S-ha'l
lowered (by 0.2-0.8%) the total protein content in winter rape seeds. Sulfur
fertilization may increase the level of glucosinolates in defatted seed resi-
dues (WITHERS et al. 1995, BiLsBorrROW et al. 1995, BupzyNski, OJczyk 1995,
Rorkiewicz 1996, WiELEBSKI, MUSNIcKI 1998ab, FIMES et al. 2000, JANKOWSKI
2007), but it is less likely to induce such an increase in rapeseed oil (NIEWIA-
poMsKI 1984). Due to sulfur fertilization, the total concentrations of glucosi-
nolates in low-erucic acid double-zero (,,00”) rape varieties may increase by
20-30% (Rotkiewicz et al. 1996, WIELEBsKI, WoJdTowicz 2003, Jankowskl 2007)
and up to 80% (WieLEBskI, Wosrowicz 2003). Sulfur fertilization stimulates
the biosynthesis of alkene glucosinolates (ZHao et al. 1995, Rotkiewicz et al.
1996, WiELEBSKI 1997), mainly progoitrin and gluconapin (WIELEBSKI 1997) as
well as glucobrassiconapin (Rotkiewicz et al. 1996). This is because sulfur stim-
ulates mainly the synthesis of methionine, the precursor of alkene glucosi-
nolates (ZHAO et al. 1994). At low sulfur fertilization rates, the concentration
levels of those metabolites may decrease due to a heightened activity of my-
rosinase or a drop in the levels of available methionine (BonEs et al. 1994).

The objective of this study was to determine the effect of a fertilizer
rate (0, 30, 60 and 90 kg-hal) and the date of sulfur application on the
content of total protein and crude fat, the concentration levels and the struc-
ture of glucosinolates in winter rape seeds.
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METHODS

The study presents the results of three-year strict field and laboratory
experiments conducted at the Research and Experimental Station of the Uni-
versity of Warmia and Mazury, located in Balcyny (N =53°35'49"
E =19°51'20.3"). Field experiments were performed in a randomized split-
plot design, with four replications:

factor I — sulfur rate (kg-hal): (Ia) control without S fertilization; (Ib) 30;
(Ic) 60; (Id) 90;

factor II — date of sulfur application:
(ITa) fall (BBCH - 00) and spring (BBCH - 30),
(ITb) spring only (BBCH - 30).

- BBCH - 00 0 15 30 30
a

BBCH - 30 0 15 30 60
IIb BBCH - 30 0 30 60 90

The experiments were established on typical lessive silty soil developed
from light loam, of quality class IIla representing a very good rye complex
(2000 and 2001) or a good wheat complex (2002) — Table 1. The content
of available phosphorus was evaluated as average to very high, potassium —
as average, magnesium and sulfate sulfur — as low. Topsoil was acidic

Table 1
Description of soil conditions
Specification Growing season

20002001 | 20012002 |  2002/2003
Soil type typical lessive soil
Soil species light loam
Soil pH (1 M KCI) 5.3 | 5.9 | 5.9
Soil quality class IITa
Soil suitability complex very good rye complex good wheat

complex

Content of available nutrients (mg- kg soil)
-P 62.0 114.8 89.9
-K 107.9 103.8 207.5
- Mg 41 83 57
- 8-S0, 18.1 15.2 6.7
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or slightly acidic (pH 5.3-5.9 in 1 M KCl). The rape forecrop were grain
crops — spring barley (2000 and 2002) and winter wheat (2001). The experi-
mental plot covered an area of 18 m2.

A pre-sowing rate of 35 kg P-ha'l in the form of triple superphosphate
and 100 kg K-ha'! in the form of highly concentrated potash salt were ap-
plied. The autumn pre-sowing N rate was 20 kg-ha'l. The spring nitrogen
rate (160 kg-ha'l) was applied in two parts — 100 kg-ha'! at stage BBCH
30 and 60 kg-hal at stage BBCH 51. Nitrogen was applied in the form
of ammonium nitrate (-S) or ammonium sulfate and ammonium nitrate (+S)
as fertilizer balancing the nitrogen and sulfur rate.

Dressed winter rape seeds cv. Lisek were sown between the 10th and
20th of August (2001, 2002) and in the last week of August (2000) in the
quantity of 120 germinating seeds per m? of plot area, at spacing of 20 cm.

Dicotyledonous weeds were controlled with a post-sowing application
0f 999 g-ha'l metazachlorine and 249 g-hal of quinmerac, and monocotyle-
donous weeds — with 52 g-ha'! of haloxyphop-R. Insecticide was applied af-
ter the level of insect infestation had exceeded the standards given by the
Institute of Plant Protection in Poznan. During the spring growing season
in the first and second year of the experiment, a single treatment for the
control of the rape blossom beetle was applied (300 g-hal chloropiryphos +
+ 30 g-hal cypermetrine). During the third experimental cycle in the spring
growing season, three treatments for the control of rape pests were applied
(1 x cabbage curculio, 2 x rape blossom beetle) with the use of 7.5 g-ha'l
deltametrine, 7.5 g-ha'l cypermetrine and 10 g-hal alpha-cypermetrine.
Fungicides were not applied due to low disease incidence. Rape was harvest-
ed using a two-stage method at the beginning or end of the second week
of July.

Growth stages were determined with the use of the BBCH scale — Biolo-
gische Bundesanstalt, Bundessortenamt und Chemical Industry (MUSNICKI,
MrowcezyNskr 2006).

Seed samples (treatment average) were subjected to a chemical analysis
to determine the levels of crude fat (by electromagnetic resonance) and ni-
trogen (by Kjeldahl method, expressed as crude protein, according to the
Polish Standard PN-75/A-04018/Az3:2002). The concentrations of glucosi-
nolates were estimated by high-performance liquid chromatography (HPLC),
as described by HEANEY et al. (1986).

Chemical analyses of soil and seeds were performed at the laboratories
of the Chemical and Agricultural Station in Olsztyn, Institute of Animal Nu-
trition and Fodder Science, Department of Plant Raw Materials Processing
and Chemistry, University of Warmia and Mazury in Olsztyn and the Cent-
er for Excellence of the Institute of Animal Reproduction and Food Research
at the Polish Academy of Sciences in Olsztyn. The results of chemical analy-
ses were verified by an analysis of variance in accordance with the estab-
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lished experimental method. The mean values of the investigated parame-
ters in all treatments were compared with the use of Duncan’s test. LSD
values were stated for 5% error. Analyses of variance were performed with
the use of STATISTICA® applications, and the remaining calculations were
carried out in EXCEL® spreadsheet.

RESULTS

Agrometeorological conditions

Total atmospheric precipitation from August to October 2000, 2001 and
2002 exceeded the multi-year precipitation average by 2 to 54%. The above
is emphasized due to possible changes in sulfur translocation in soil. In the
fall of 2000, intense precipitation was reported only in the pre-sowing period
and at the beginning of germination (in August). In 2001, precipitation
in excess of the average monthly levels was noted in August and September,
and in 2002 — in all months of the fall growing season (Table 2).

Table 2

Moisture conditions during the autumn growing season (August — October)

Growing season Precipitation (mm) Per;f;ti;g:agif;)lﬁrtlizrm
VIII IX X z VIII IX X 2z
2000/2001 141 47 5 47 181 82 9 102
2001/2002 82 99 35 99 105 174 65 114
2002/2003 87 61 144 61 112 107 267 154

The winter dormancy period lasted from 153 to 172 days in subsequent
years of field experiments (2000-2003). Although according to multi-year sta-
tistics, January is the coldest month in Ostréda Lakeland, the coldest month
during the study was December (2001/2002, 2002/2003) and January in only
one of the experimental years (2000/2001). The drop in mean daily air tem-
perature (below 5°C) in the winter was always accompanied by snow cover
(with a depth of 5-10 ¢cm), which minimized the effect of low temperature on
plant wintering.

The spring and summer growing seasons in 2001-2003 were marked by
moderate precipitation, which covered the water demand of winter oilseed
rape. The highest precipitation was reported in the spring and summer sea-
son of 2000/2001 and 2002/2003. The monthly distribution of precipitation
was highly diversified in the studied years. Insufficient precipitation to cov-
er the water requirements of plants was reported annually only in April
(Table 3).
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Table 3
Moisture conditions during the spring growing season (April — August)

Growing Precipitation (mm) Per;f;g;%; ;)ifolr(ln;ft-;?rm
season v | vV | VI ‘2’31((12;5;) | | v | vI|vI| =
Water demand (acc. to Klatt)

- | 45 [ 70 | 75| 30 [0 | 120] 124 10| 37 | &1
Actual atmospheric precipitation (mm)

2000/2001 44 31 49 110 234 126 54 72 167 | 107

2001/2002 10 90 73 37 210 29 158 | 107 53 98

2002/2003 24 79 61 83 247 69 139 90 146 | 117

CONTENT AND BIOLOGICAL YIELD OF CRUDE FAT

Sulfur fertilization had a non-significant effect on the crude fat content
of rape seeds. In the first and third experimental cycle, sulfur fertilization
had an adverse effect on crude fat concentration. Those years were charac-
terized by relatively high precipitation in the period of rape ripening. The
date of sulfur application (fall + spring, spring only) did not lead to signifi-
cant variations in crude fat concentration levels in rape (Table 4).

Table 4
Crude fat content (% seed d.m.)
. . o S rate (kg-ha')
Growing season Time of S application Mean
0 30 60 90

BBCH 00 and BBCH 30 43.1 43.0 415 43.0 42.7
2000/2001

BBCH 30 43.1 41.9 41.7 42.6 42.3

BBCH 00 and BBCH 30 47.1 455 48.3 47.2 47.0
2001/2002

BBCH 30 47.1 47.3 48.2 47.3 475

BBCH 00 and BBCH 30 46.0 46.0 44.9 45.9 45.7
2002/2003

BBCH 30 46.0 45.5 46.6 44.8 45.7
2000/2001 - 43.1 42.5 41.6 42.8 42.5
2001/2002 - 47.1 46.4 48.3 47.3 47.3
2002/2003 - 46.0 45.8 45.9 454 45.8

- BBCH 00 and BBCH 30 45.4 44.8 449 454 45.1
- BBCH 30 454 449 45.7 44.9 45.2

Mean 45.4 449 45.3 45.2 -
LSD n.s.
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The biological yield of crude fat was determined by seed weight and the
fat content of seeds. As a result of sulfur fertilization, biological yield in-
creased by nearly 11% in the first year and by 4% in the two subsequent
years of the experiment. The date of sulfur application had no influence on
crude fat yield per hectare (Table 5).

Table 5
Biological yield of crude fat (Mg-ha™)
S rate (kg-ha®)
Growing season Time of S application Mean
0 30 60 90

BBCH 00 and BBCH 30 2.13 2.30 2.35 2.48 2.32
2000/2001

BBCH 30 2.13 2.37 2.34 2.28 2.28

BBCH 00 and BBCH 30 2.02 2.08 2.12 2.09 2.08
2001/2002

BBCH 30 2.02 2.09 2.13 2.08 2.08

BBCH 00 and BBCH 30 2.06 2.14 2.08 2.21 2.12
2002/2003

BBCH 30 2.06 2.13 2.25 2.09 2.13
2000/2001 - 2.13 2.34 2.35 2.38 2.30
2001/2002 - 2.02 2.09 2.13 2.09 2.08
2002/2003 - 2.06 2.14 2.17 2.15 2.13

- BBCH 00 and BBCH 30 2.07 2.17 2.18 2.26 2.17
- BBCH 30 2.07 2.20 2.24 2.15 2.17

Mean 2.07 2.19 2.21 2.21 -
LSD: S rate — 0.070

The data in Figure 1 indicate that crude fat yield per hectare increased
up to the fertilization rate of 60 kg S-ha'! on average in the studied years
(Figure 1). Nevertheless, a statistically significant increment, in comparison
with the control treatment, was reported only to the level of 30 kg S-ha'l
(Table 4).

CONTENT AND BIOLOGICAL YIELD OF PROTEIN

In comparison with the control, sulfur fertilization increased the total
protein content of rape seeds in the first and third experimental cycle (Ta-
ble 6). This increase varied over years and was observed only to the level of
60 kg S-ha'l. The date of sulfur application had only a minor effect (within
statistical error limits) on total protein content (Table 6).

Regardless of the rate and date of application, sulfur fertilization in-
creased the biological yield of protein by 190 kg-hal in the first year and
only by 10-60 kg-hal in the remaining two years of the experiment (Ta-
ble 7).



528

&
G
By
)
g o~
T g
S
—
= b0
Q
-
5
=
)
2
8

0 30

S rate (kg- ha_l)

R®=0.976

60

y = —3E—05x"+0.004x + 2.074

90

Fig. 1. Correlation between sulfur rate and the biological yield of crude fat, 2000-2003

Table 6
Total protein content (% seed d.m.)
S rate (kg-ha™)
Growing season Time of S application Mean
0 30 60 90

BBCH 00 and BBCH 30 21.0 21.4 22.4 22.3 21.8
2000/2001

BBCH 30 21.0 22.0 22.7 21.9 21.9

BBCH 00 and BBCH 30 21.1 20.4 21.1 21.2 21.0
2001/2002

BBCH 30 21.1 21.0 21.1 21.1 21.1

BBCH 00 and BBCH 30 194 19.7 20.0 19.8 19.7
2002/2003

BBCH 30 194 19.8 19.6 19.7 19.6
2000/2001 - 21.0 21.7 22.6 22.1 21.9
2001/2002 - 21.1 20.7 21.1 21.2 21.0
2002/2003 - 194 19.8 19.8 19.8 19.7

- BBCH 00 and BBCH 30 20.5 20.5 21.2 21.1 20.8
- BBCH 30 20.5 20.9 21.1 20.9 20.9

Mean 20.5 20.7 21.2 21.0 -
LSD ns.

Sulfur fertilization at the rate of 30 kg-halled to a significant increase

in protein yield per hectare (by around 9% in comparison with control) in the

experimental period. A successive increase in the sulfur rate (to 60 kg-ha'l)
resulted in an additional 3% growth in protein yield which remained within
statistical error limits (Table 7). The data in Figure 2 show that the contin-
ued increase in sulfur rate (to 90 kg-ha'l) did not affect the levels of this
qualitative trait.
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Table 7
Biological yield of total protein (Mg-ha)
S rate (kg-ha'l)
Growing season Time of S application Mean
0 30 60 90

BBCH 00 and BBCH 30 1.04 1.14 1.27 1.29 1.19
2000/2001

BBCH 30 1.04 1.24 1.27 1.17 1.18

BBCH 00 and BBCH 30 0.90 0.93 0.92 0.94 0.92
2001/2002

BBCH 30 0.90 0.93 0.93 0.93 0.92

BBCH 00 and BBCH 30 0.87 0.92 0.93 0.95 0.92
2002/2003

BBCH 30 0.87 0.93 0.94 0.92 0.92
2000/2001 - 1.04 1.19 1.27 1.23 1.18
2001/2002 - 0.90 0.93 0.93 0.94 0.93
2002/2003 - 0.87 0.93 0.94 0.94 0.92

- BBCH 00 and BBCH 30 0.94 1.00 1.04 1.06 1.01
- BBCH 30 0.94 1.03 1.05 1.01 1.01

Mean 0.94 1.02 1.05 1.04 -
LSD: S rate — 0.065

biological yield of proteim

=
-
o
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1.00

(Mg-ha_l)

0.95
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0 30

y = —3E—05x°+0.003x + 0.940
R*=0.999

60

S rate (kg-ha )

90

Fig. 2. Correlation between sulphur rate and the biological yield of total protein, 2000-2003

CONTENT AND COMPOSITION OF GLUCOSINOLATES

The total content of glucosinolates in rape seeds cv. Lisek was low.
Sulfur fertilization at the rate of 30 — 60 — 90 kg-ha'l gradually increased
the accumulation of glucosinolates in defatted residues of winter rape seeds

(Figure 3).
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Fig. 3. Effect of sulfur rate on glucosinolates structure in winter rape seeds, 2000-2003

Sulfur stimulated the biosynthesis of alkene and indole glucosinolates to
a similar extent (producing a similar ratio). The splitting of the total sulfur
rate into two rates (fall + spring) had a more stimulatory effect on the
accumulation of alkene and indole glucosinolates in defatted seed residues
than a single rate application in the spring (Table 8).

Table 8

Effect of the rate and application time of sulfur on the total glucosinolate content
of winter rape seeds (uM g7 seeds), 2000-2003

S rate (kg-ha'l)
Glucosinolates 30 60 90
control
a+s S a+s S a+s S

Alkene 6.74 7.43 6.82 8.30 7.90 8.45 8.15
Indole 2.55 2.88 2.73 3.12 3.07 3.10 3.09
Alkene 2.65 2.58 2.50 2.66 2.57 2.73 2.64
Indole

a+s — autumn + spring (BBCH 00 and BBCH 30)
s — spring (BBCH 30)

An increase in the content of alkene glucosinolates in winter rape seeds
fertilized with sulfur was reported mostly in respect of gluconapin and pro-
goitrin. In the group of compounds where tryptophan is the precursor,
a particularly high increase was observed in 4-hydroxuglucobrassicin. The
concentration of glucobrassicin increased to a lower degree, whereas the
level of neoglucobrassicin remained unchanged (Table 9).

The date of sulfur application at particular rates did not affect the con-
tent of alkene and indole glucosinolates. A detailed analysis of the results
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Table 9

Effect of the rate and application time of sulfur on the content of particular glucosinolates
in winter rape seeds (uM g seeds), 2000-2003

S rate (kg-hal)
Glucosinolates 30 60 90
control
a+s S a+s S a+s S

progoitrin 3.97 4.29 3.88 4.76 4.56 4.82 4.69

sinigrin 0.06 0.06 0.06 0.07 0.07 0.07 0.07

gluconapoliferin 0.13 0.15 0.15 0.19 0.18 0.19 0.18
Alkene

glucoalisin 0.20 0.21 0.24 0.27 0.22 0.29 0.25

gluconapin 1.58 1.78 1.63 1.96 1.91 2.02 1.97

glucobrassicanapin 0.80 0.94 0.86 1.05 0.96 1.06 0.99

4-hydroxyglucobrassicin | 2.41 2.72 2.58 2.96 291 2.97 2.94
Indole |glucobrassicin 0.09 0.11 0.10 0.11 0.11 0.08 0.10

neoglucobrassicin 0.05 0.05 0.05 0.05 0.05 0.05 0.05

a+s — fall + spring (BBCH 00 and BBCH 30)
s — spring (BBCH 30)

obtained indicates that sulfur application in the spring resulted in lower
concentrations of progoitrin, gluconapin and 4-hydorxyglucobrassicin in com-
parison with split dressing (fall + spring) (Table 9).

DISCUSSION

Deficiency of plant-available sulfur reduces the rate of protein biosyn-
thesis (ZHAO et al. 1997). A positive effect of sulfur on protein concentrations
in winter rape seeds of open-pollinated (traditional and double-zero varie-
ties) and hybrid varieties was reported by WiELEBsKI and MusNickr (1998a,b)
and Jankowski (2007). The results of the present experiments also indicate
that sulfur fertilization at a rate of up to 60 kg ha! had a beneficial effect
(which varied between the studied years) on the total protein content
of winter rape seeds.

The effect of sulfur on the oil content of winter rape seeds is ambigu-
ous. Krauze and Bowszys (2000) reported that sulfur fertilization, regardless
of the application method, decreased the crude fat content of rape seeds. In
the experiments performed by BupzyNski and OJsczyk (1995), RotkiEwicz et al.
(1996), ZuraLovA et al. (2001), WiELEBSKI and WdJTtowicz (2004), sulfur fertili-
zation had no significant effect on the accumulation of crude fat in winter
rape seeds. In a study conducted by Jankowski (2007), the increase in sulfur
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rate (up to 90 kg-hal) decreased the fat content of seeds by 0.6% d.m. In
the current study, sulfur fertilization was not shown to have a significant
effect on the fat content of rape seeds. It should be noted, however, that in
years marked by high precipitation, sulfur fertilization decreased the crude
fat content in seeds in the period of rape ripening (first and third experi-
mental cycle).

Sulfur fertilization primarily deteriorates the quality of rape seeds due
to elevated levels of glucosinolates (WITHERS et al. 1995, BILSBORROW et al.
1995, BupzyNski, OJczyk 1995, RoTkiewicz et al. 1996, WIELEBSKI, MUSNICKI
1998ab, FismEes et al. 2000, ZuraLovA et al. 2001, WieLEBsKI, WodTowicz 2003,
2004, Jankowskr 2007). Sulfur fertilization may increase the total concentra-
tions of glucosinolates in double-zero (,00”) rape varieties by as much as
30% (Rotkiewicz et al. 1996). The adverse effects of sulfur fertilization on
the usability of rape seeds were also noted in this study. Regardless of the
application time, an increase in the sulfur rate to the level of 90 kg-hal
raised the concentrations of alkene and indole glucosinolates in rape seeds.

Sulfur fertilization stimulates primarily the biosynthesis of alkene glu-
cosinolates (ZHao et al. 1995, BoorH et al. 1995, Rotkiewicz et al. 1996,
WitLEBSKI 1997, WIELEBSKI, WoJTowicz 2003, 2004), mainly progoitrin, gluco-
napin (WIELEBsKI 1997) and glucobrassicanapin (RoTkiewicz et al. 1996). In the
present study, sulfur fertilization had a stimulatory effect mainly on gluco-
napin and progoitrin (alkene glucosinolates), 4-hydroxyglucobrassicin and glu-
cobrassicin (indole glucosinolates). Sulfur application in the spring resulted
in lower concentrations of progoitrin, gluconapin and 4-hydroxyglucobrassicin
in comparison with the application in the fall and spring.

CONCLUSIONS

1. The pre-sowing and the spring rates of sulfur as well as the rate
applied entirely in the spring did not lead to significant variations in crude
fat concentrations, but a clear tendency towards an increase in the total
protein content was observed in rape seeds. This increase was reported to
the level of 60 kg S-ha'l.

2. An increase in the sulfur rate (regardless of the date of application)
to 90 kg-ha! raised the concentrations of alkene glucosinolates, mainly glu-
conapin and progoitrin, and — to a lesser degree — of indole glucosinolates,
mainly 4-hydroxyglucobrassicin, in rape seed cv. Lisek.

3. The splitting of the total sulfur rate into two rates (fall + spring)
caused a higher increase in the concentrations of gluconapin, progoitrin and
4-hydroxyglucobrassicin than a single rate application in the spring.
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Abstract

The aim of the study was to determine how dairy sewage sludge (DSS) sanitised with
coal fly ash affected microbiological properties of soil and level of heavy metals in soil. The
experiment was performed under laboratory conditions (pot experiment). The experiment
was carried out on grey-brown podzolic soil, formed from heavy loamy sand, of acidic reac-
tion. Pots were filled with 4 kg of soil. The investigations were performed in three replica-
tions. Two rates of dairy sewage sludge fertilization: 1 and 2.5% DSS-kgl of soil were
applied. The soil in pots was watered to 60% of the total water capacity and incubated for
4 months. Analyses included assays of the total number of bacteria and fungi, number
of cellulolytic bacteria, respiration and dehydrogenase activity and concentration of heavy
metals.

It was confirmed that dairy sewage sludge had a significant effect on properties of
soil. Tt positively affected microbiological activity of soil. The test doses (1; 2.5%-kgl) of
dairy sewage sludge sanitised with lignite ash caused stimulation of the growth of bacteria
and fungi in soil. Dairy sewage sludge had an inhibiting effect on the dehydrogenase acti-
vity and stimulated the respiratory activity in the soil under study. The incorporation of
dairy sewage sludge caused a non-significant increase of heavy metal content in soil, which
was much lower than the norms.
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WPLYW NAWOZENIA OSADEM SCIEKOW MLECZARSKICH HIGIENIZOWANYM
POPIOLEM WEGLA BRUNATNEGO NA AKTYWNOSC MIKROBIOLOGICZNA
1 ZAWARTOSC METALI CIEZKICH W GLEBIE PLOWEJ

Abstrakt

Celem badan bylto okreslenie wpltywu osadu $ciekéw mleczarskich higienizowanego po-
piotem wegla brunatnego na wlasciwosci mikrobiologiczne i zawartoS¢ metali ciezkich w gle-
bie. Badania przeprowadzono w warunkach laboratoryjnych, w do$wiadczeniu wazonowym.
Doséwiadczenie zatozono na glebie ptowej, wytworzonej z piasku gliniastego mocnego, o od-
czynie kwasnym. W wazonach umieszczono po 4 kg gleby. Badania prowadzono w trzech
powtorzeniach. W badaniach zastosowano dwie dawki osadu Sciekow mleczarskich: 1 i 2,5%
osadu - kgl gleby. Glebe w wazonach nawodniono do poziomu 60% catkowitej pojemnosci
wodnej i inkubowano przez 4 miesigce. Analizy obejmowaly oznaczenie: ogélnej liczebnosci
bakterii i grzybow, liczebnos$ci bakterii celulolitycznych oraz aktywno$ci respiracyjnej i de-
hydrogenaz, a takze poziomu metali ciezkich.

Stwierdzono, ze osad Sciekow mleczarskich istotnie wptywal na wiasciwosci gleby. Korzyst-
nie oddzialywat na mikrobiologiczne wtasciwosci gleby. Zastosowane dawki (1; 2,5% - kg'l) osa-
du higienizowanego popiotem weglowym stymulowaly rozwdj bakterii i grzybow w glebie.
Osad $ciekow mleczarskich spowodowatl zahamowanie aktywno$ci dehydrogenaz i stymula-
cje aktywnosci respiracyjnej gleby. Wprowadzenie osadu spowodowalo nieistotny wzrost za-
wartoSci metali ciezkich w badanej glebie, ktory byl znacznie nizszy niz przewiduja dopusz-
czalne normy.

Stowa kluczowe: osad $ciekéw mleczarskich, aktywno$é mikrobiologiczna, mikroorga-
nizmy, gleba.

INTRODUCTION

For productivity of agroecosystems and protection of the environment it
is necessary to develop and implement management strategies that main-
tain the quality of soil, and these include conserving the amount of organic
matter (Saviozzi et al. 1999). Sewage sludge is a useful source of major plant
nutrients (nitrogen, phosphorus, sulphur and magnesium) and organic mat-
ter. However, sewage sludge can contain larger concentrations of heavy met-
als than most soils. There is a concern that once metals have been added to
agricultural land and accumulate in the topsoil, they could have negative
effects on soil fertility and microbial activity (GiBBs et al. 2006). For this
reason it is very important to monitor the ecological state of soil after the
application of such wastes (Ros et al. 2003, KiziLkava, BAYRAKLI 2005).

In many EU countries a notable increase can be currently observed in
agricultural utilisation of sewage sludge from the food industry (BuTAREWICZ
2003, Davis, HaLL 1997, PrzEwrocKI et al. 2004). Sewage sludge, rich in or-
ganic matter and biogens, has an effect on soil environment, soil microor-
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ganisms included. Both counts of microorganisms and their biochemical ac-
tivity undergo changes in soils subjected to the effect of such waste (SuLLI-
vaN et al. 2005, JEZIERSKA-TYS, Frac 2005). Tests based on determination of
microbial populations and biochemical activity are used for estimation of the
fertility and productivity of soils, and provide us with comprehensive knowl-
edge on changes taking place in soil environment (GosTKOwska et al. 1998,
Kosus 1995, Myskow 1981). The concentration heavy metals in soil after
incorporation of dairy sewage sludge helps to evaluate the risk of soil con-
tamination by DSS (MorenNo et al. 1999).

The objective of the present study was estimation of the effect of dairy
sewage sludge sanitised with lignite ash on the total number of bacteria,
fungi, cellulolytic bacteria, respiration activity and dehydrogenase activity
and level of heavy metals in grey-brown podzolic soil.

MATERIALS AND METHODS

The study was conducted in a pot experiment in three replications. The
object of the study was soil characterised by the grain size composition of
sand fraction 65%, silt fraction 19%, fine silt and clay fraction 16%. The soil
contained 0.45% of organic carbon and 0.036% of total nitrogen. The soil
was amended with dairy sewage sludge sanitised with lignite ash. The sludge
doses applied were 1 and 2.5% kg'l. The soil in pots was brought to a mois-
ture level of 60% total water capacity and incubated for 4 months in aerobic
conditions. On the dates of analyses soil samples were taken from the pots
and microbiological analyses were performed. Analyses were completed after
7, 14, 30, 60, 90 and 120 days of soil incubation. The scope of the microbio-
logical analyses, performed with methods commonly used, covered total
counts of bacteria, fungi and cellulolytic bacteria (RopiNa 1968), the respira-
tion activity (RUHLING and TYLER 1973) and dehydrogenase activity (THALMANN
1968). In addition, the content of heavy metals in the soil samples was ana-
lysed using the AAS method after mineralization in concentrated nitric
acid (V).

The results were processed statistically with ANOVA. The LSDs were
calculated with Tukey’s test at significance level of ¢ = 0.05. All statistical
calculations were made with Statistica 7.1 Software.

RESULTS AND DISCUSSION

Figure 1 presents the results of the study on the effect of dairy sewage
sludge doses applied in the experiment on counts of bacteria on particular
dates of analysis, and their mean values for all experimental treatments.
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Fig. 1. Effect of dairy sewage sludge on total number of bacteria in soil

The data indicate that in the initial period of the experiment the sludge
dose of 2.5% caused a decrease in the bacterial populations to levels consid-
erably lower than the value obtained in the control treatment. The lower
sludge dose (1%), on the other hand, caused a significant increase in the
growth of the bacterial groups under study. In the subsequent stages of the
study, i.e. on analysis dates II and III, a significant increase was observed in
the bacterial populations under the effect of both sludge doses applied. On
analysis dates IV and V, the populations of the microbial groups in treat-
ments with sludge were similar or insignificantly higher than the values
obtained in the control treatment. At the final stage of the experiment, in
the treatment with the higher dose of sludge, a significant increase in the
number of bacteria was recorded. The mean values of bacterial populations
in the particular experimental treatments showed notable stimulation of the
microbial groups by both sludge doses applied.

The data concerning the size of fungal populations (Figure 2) indicate
that both sludge doses stimulated, throughout the whole study, the growth
of this microbial group. A significant seasonal increase in the population of
fungi affected the mean value for particular experimental treatments, as
illustrated in Figure 2.

The effect of the doses of dairy sewage sludge on the number of micro-
organisms participating in mineralisation of cellulose is illustrated in Fig-
ure 3. The data show that on all the dates of analyses, with the exception
of date V, stimulation was observed in the growth of cellulolytic bacteria,
especially in the treatment with the higher dose of sludge. This is con-
firmed by the mean values for the particular treatments concerning the
numbers of cellulolytic bacteria, as illustrated in Figure 3.
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Fig. 2. Effect of dairy sewage sludge on total number of fungi in soil
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Fig. 3. Effect of dairy sewage sludge on the number of cellulolytic bacteria in soil

The respiration activity in the experimental treatments for the particu-
lar dates of analysis is illustrated in Figure 4. The highest respiration activ-
ity was characteristic of the treatment with the sludge dose of 2.5% kg1,
but only until date III of analysis. A lower level of respiration activity was
observed in the treatment with the sludge dose of 1%, but nevertheless it
was higher than in the control treatment. On analysis dates IV and V the
respiration activity in the treatments with sludge was significantly higher
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Fig. 4. Effect of dairy sewage sludge on respiration activity of soil

compared to the control treatment. In the final stage of the study, the res-
piratory activity of grey-brown podzolic soil with dairy sewage sludge was on
a level slightly above the value obtained in the control. Mean values of
respiration activity for the particular experimental treatments are given in
Figure 4a. Notable stimulation of the respiration activity was caused by the
sludge dose of 2.5%.

Figure 5 illustrates the data concerning the effect of sludge on dehydro-
genase activity in the soil under study. Both the seasonal results and mean
values for the experimental treatments indicate a decrease in this activity
under the effect of both sludge doses (1 and 2.5%-kgl) compared to the
values obtained in the control treatment.

The dairy sewage sludge had influence on the concentration of heavy
metals in soil (Table 1). The highest values of heavy metals were observed
in the soil amended with the higher dose of DSS, but in all the treatments
the concentration of heavy metal was lower than permissible (Rozp. Min.
Srod. 2002).

The total number of bacteria and fungi is an index of the biological
activity of soil and is used for the determination of the biological status of
soil environment (KucHARSKI et al. 1992, Loc, GREINERT 2000, Loc, OBERTYNSKA
2003). The present study shows that the doses of dairy sewage sludge sani-
tised with lignite ash had a stimulating effect on the total number of bacte-
ria and fungi. The stimulation in the growth of the analysed microbial groups
should be attributed to enrichment of grey-brown podzolic soil with organic
matter and mineral components brought in with sludge. Increase in soil
microbial populations caused by dairy sewage sludge was also observed by
other authors (Furczak, JonNiec 2002, JEzIERSKA-TYS, Frac 2005, Liva et al.
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Fig. 5. Effect of dairy sewage sludge on dehydrogenase activity in soil

Table 1

Effect of dairy sewage sludge on concentration of heavy metals in soil (mg kg™ d.m. of soil)

Metal Treatments
Maximum concentration
of metal in grey-brown SO S+1%DSS S+2.5%DSS
podzolic soil control soil
(Rozp. Min. Srod. 2002)
Cd (1) 0.05 0.06 0.10
Cr (50) 2.45 2.44 12.8
Cu (25) 1.21 131 5.26
Ni (20) 1.00 1.10 3.62
Pb (40) 2.00 2.98 6.32
Zn (80) 2.23 5.26 17,1
Hg (0.8) 0.01 0.02 0.02
S — soil,

DSS — dairy sewage sludge

1996). The results obtained in our study indicate an effect of dairy sewage
sludge on bacteria participating in mineralisation of cellulose, as evidenced
by a significant increase in populations of cellulolytic bacteria following the
application of sludge at both doses. Also Furczak and Jonitc (2005) observed
increased populations of cellulolytic bacteria as a result of application
of municipal sewage sludge.
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Many authors (Myskéw 1981, NaNNIPIERI 1994, NANNIPIERI et al. 1999)
claim that dehydrogenase activity may be used as an index of changes in
biological activity in soil environment resulting from the application of min-
eral fertilisation, including amendment with sewage sludge. The results ob-
tained in this study indicate a decrease in the dehydrogenase activity of the
test soil under the effect of both doses of dairy sewage sludge sanitised with
lignite ash. Also Lar et al. (1999) found that coal ash added to sewage sludge
reduced dehydrogenase activity in soil. Examination of respiratory activity
of soil is one of the methods for determination of activity of soil micro-
organisms and changes taking place under the effect of both natural and
anthropogenic factors. The results of our study showed that dairy sewage
sludge doses of 30 and 75 t ha'! caused stimulation of respiratory activity
of grey-brown podzolic soil. This was probably caused by increased levels
of organic matter in the test soil owing to the introduction of organic mat-
ter with sludge. Our earlier study (JEziErska-Tys and Frac 2005) also re-
vealed a stimulating effect of dairy sewage sludge on the respiration activity
of soil.

CONCLUSIONS

1. The test doses (1 and 2.5%) of dairy sewage sludge sanitised with
lignite ash caused stimulation of the growth of bacteria and fungi in grey-
brown podzolic soil.

2. Dairy sewage sludge had an inhibiting effect on the dehydrogenase
activity and stimulated the respiratory activity in the soil under study.

3. The incorporation of dairy sewage sludge caused a non-significant in-
crease in the content of heavy metals, which remained on a permissible
level.
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IN NITROGEN TRANSFORMATIONS
IN SOIL, FOUR YEARS AFTER
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Abstract

The objective of the study was to determine the direction, intensity and duration
of changes in abundance and activity of certain microbial groups active in nitrogen trans-
formations in soil subjected to a 4-year fertilization treatment with municipal and indu-
strial sewage sludge. The study was conducted on podzolic soil, whose accumulation hori-
zon had been fertilized in 1998 with fermented sewage sludge at doses of 30 Mg-ha1(1%),
75 Mg-ha1(2.5%), 150 Mg-ha1(5%), 300 Mg-ha1(10%) and 600 Mg-ha1(20%) and planted
with willow (Salix viminalis L.). Four years after the application of sludge, microbiological
and biochemical analyses were made in two soil horizons (0-20 cm and 20-40 cm). It was
found that in the soil from the 0-20 cm depth significant stimulation of the growth of pro-
teolytic fungi and bacteria continued, but only under the effect of the highest dose of slud-
ge. Moreover, there was a notable stimulation of protease activity and nitrification process
alongside a slight inhibition of ammonification. In the soil from the 20-40 cm layer stimu-
lation of the growth of protein-decomposing fungi was observed as well as that of prote-
olytic and nitrification activity of soil, while ammonification was inhibited. However, the
effect of sludge was generally less pronounced in the deeper soil layer than in the surface
soil horizon.
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LICZEBNOSC I AKTYWNOSC MIKROORGANIZMOW CZYNNYCH
W PRZEMIANACH AZOTU W GLEBIE, W CZWARTYM ROKU OD WZBOGACENIA
JEJ OSADEM SCIEKOWYM

Abstrakt

Celem pracy bylo okreslenie kierunku, natezenia i czasu utrzymywania sie zmian w li-
czebnosci i aktywnosSci niektérych grup mikroorganizméw czynnych w przemianach azotu,
w glebie poddanej 4-letniemu oddzialywaniu osadu Sciekéw komunalno-przemystowych. Ba-
daniami objeto glebe bielicowa, ktérej poziom akumulacyjny nawieziono w 1998 r. przefer-
mentowanym osadem S§ciekowym w ilosci: 30 Mg-hal(1%), 75 Mg-ha'1(2,5%), 150 Mg-hal
(5%), 300 Mg-hal(10%) i 600 Mg-hal(20%). Nastepnie glebe obsadzono wierzba (Salix vi-
minalis L.) i w 4-tym roku od wprowadzenia osadu wykonano w dwu jej warstwach
(0-20cm i 20-40 cm) analizy mikrobiologiczne i biochemiczne. Stwierdzono, ze w glebie
z glebokosci 0-20 cm utrzymywalo sie nadal istotne pobudzenie rozwoju bakterii i grzybéw
proteolitycznych, ale tylko pod wplywem najwyzszej dawki osadu. Ponadto wystepowata wy-
razna stymulacja aktywnosci proteazy i procesu nitryfikacji oraz niewielkie hamowanie
amonifikacji. W glebie z warstwy 20-40 cm odnotowano réwniez stymulacje rozwoju grzy-
béw rozkladajacych biatko, aktywnosci proteolitycznej i nitryfikacyjnej gleby oraz hamowa-
nie amonifikacji. Jednak oddzialywanie osadu bylo w tych warunkach na ogot stabsze niz
w wierzchniej warstwie gleby.

Stowa kluczowe: osad $ciek6w komunalno-przemystowych, gleba bielicowa, mikrobiolo-
giczne przemiany azotu, zawarto$¢ N-NH, i N-NOg.

INTRODUCTION

Numerous studies, for example HaTTorI and Mukar (1986), Czexata (2002)
and BIELINSKA and Zukowska (2002), indicate that sewage sludge is a rich
source of both carbon and nitrogen organic matter, and of various mineral
components. Introduced to soil, it is a valuable source of nutrients for vari-
ous soilborne microbial groups, including the ones taking part in nitrogen
transformations, thus affecting their activity and consequently the fertility
of soils (Stuta 1998, BARAN et al. 1999, BIELINSKA, ZUKOWSKA 2002, ZUKOWSKA
et al. 2002, Furczak, Joniec 2007b, JonikEc, Furczak 2007b). Therefore, one pos-
sible utilisation method of such waste is its application in agriculture for
fertilisation of soils under alternative crop cultures (Stuta 1998), for example
willow (Salix viminalis). This species is characterized by high capacity for
absorption of nitrogen, phosphorus and water and - most importantly — also
of heavy metals, thus displaying phyto-remediation properties (Stuta 1998,
BaraN et al. 2000). The crop yield of willow is used in the furniture and
wicker-products industry, in power generation as a fuel which is less nox-
ious than coal, and in the chemical industry — as a source of cellulose and
raw material for production of bio-alcohol (Szczukowski et al. 2001). Studies
on the effect of sewage sludge on abundance and activity of microorganisms
involved in nitrogen transformations in soil are mainly fragmentary and
most often conducted under laboratory conditions (HatTori, Mukar 1986,
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Kosus et al. 1990, PascuaL et al. 2007), or else involve short-term field ex-
periments with a variety of plants (BArRaN et al. 1999, BIELINSKA, ZUKOWSKA
2002, GARrcIA-GIL et al. 2004, Furczak, JonNiEc 2007b,c, JoNiEc, Furczak 2007a).
The long-term effects of sewage sludge application on the a.m. microbiologi-
cal and biochemical parameters in soil under a culture of willow have not
been performed until present. Therefore, the objective of this study has
been to estimate the direction, dynamics and duration of changes in the
numbers of microbial groups and in the activity of biochemical processes
related to nitrogen transformations in soil from a long-term field experi-
ment, in the 4th year since soil amendment with sewage sludge.

Multi-year monitoring of microbiological effects of soil fertilisation with
sewage sludge is not only of theoretical interest but has a practical applica-
tion, such as estimating the possibility of utilisation of waste in a manner
that is safe for the micro-biocenosis. Moreover, our study can help to assess
to what extent the tests used here may be applicable to the estimation of
microbiological effects of multi-year influence of sewage sludge on the soil
environment.

MATERIAL AND METHODS

The study involved a field experiment set up in Konskie in 1998 by the
Institute of Soil Science and Natural Environment Management, Lublin Uni-
versity of Agriculture. The experiment comprised plots of a surface area of
15 m?2 each. The accumulation horizon of podzolic soil developed from weak-
ly loamy sand was fertilised with fermented sludge from municipal and in-
dustrial sewage produced at the Mechanical-Biological Sewage Treatment
Plant in Koriskie. The sludge, in accordance with the current standards in
Poland (Rozp. MOS 2002), met the requirements set up for agricultural uti-
lisation. It was applied at doses of 30 Mg-hal (1%), 75 Mg-hal(2.5%),
150 Mg-ha'l (5%), 300 Mg-ha'l (10%) and 600 Mg-ha1(20%). Next, four weeks
after the application, the soil was planted with willow (Salix viminalis L.).
The control treatment in the experiment was soil under the same crop cul-
ture but without sludge amendment. The grain size composition and certain
physicochemical and chemical properties of the soil and sludge used for the
amendment are given by BaraN et al. (2000).

In the fourth year of the experiment, i.e. 2001, samples of soil were
taken from the depths of 0-20 cm and 20-40 cm in three sampling seasons
(spring, summer and autumn) to perform the following determinations (with
three replications): counts of protein-decomposing bacteria and fungi on the
Frazier substrate (RopiNna 1968), to which — in the case of fungi — antibiotics
were added in accordance with the recommendations by MARTIN (1950); am-
monification intensity, in 25-gram weighed portions of soil containing 0.1%
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of asparagine, from which — after 3 days of incubation — ammonium ions
were extracted and their content was determined according to Nessler’s
method (NowosiELsKI 1974); nitrification intensity, in 25-gram weighed por-
tions of soil containing 0.1% of monobasic ammonium phosphate, from which
— after 7 days of incubation — nitrate ions were extracted and their level
was measured using the brucine method (NowosiELskr 1974); protease activi-
ty, according to the method of Ladd and Butler (Lapp, BUuTLER 1972); content
of N-NH, and N-NOj ions in the soil after extraction of 25-gram weighed
portions of the soil, following Nessler’s (NowosiELsKI 1974) and the brucine
(Nowosielski 1974) methods, respectively; soil reaction, potentiometrically in
1 mol-dm KCl, and soil moisture with the gravimetric method. During the
determinations of ammonification and nitrification, the moisture content of
the incubated soil was maintained at the level of 50-60% of total hydraulic
capacity. Mineral forms of nitrogen were extracted from the soil with 2%
KCl1 at the 1:5 ratio.

The results were processed statistically with the method of analysis
of variance. The significance of differences was determined with Tukey’s test
at p = 0.05.

Table 1
Moisture of soil
Dose Moisture (% w.w.)
of sludge ]Izept)h
(Mg ha® cm 24. 05 26. 07 25.10 Mean
0 16.10 13.07 13.96 14.38
30 19.25 12.97 15.73 15.98
75 17.81 14.61 17.04 16.49
0-20
150 22.40 15.38 22.49 20.09
300 22.39 18.93 17.97 19.76
600 28.02 22.68 20.86 23.85
0 12.97 11.37 14.28 12.87
30 15.72 10.90 14.34 13.65
75 14.76 14.29 15.96 15.00
20-40
150 14.70 12.80 18.62 15.37
300 16.92 11.17 18.32 15.47
600 24.53 19.17 21.97 21.89
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RESULTS AND DISCUSSION

The study performed in the fourth year of the experiment showed that
in the soil from 0-20 cm a significant stimulating effect of sewage sludge on
the growth of protein-decomposing bacteria and fungi occurred only under
the influence of the highest dose of sludge (Table 2). This indicates that the
effect of sludge on the microbial groups examined was notably weaker than
in the previous years of the experiment (Furczak, Joniec 2007b, JoNiec, Fur-
czAKk 2007a,c). Some changes in this respect were observable also in the soil
from the depth of 20-40 cm (Table 2). Although by then no effect of sludge
on the numbers of proteolytic bacteria was observed, the highest dose of
sludge caused stimulation of the growth of “proteolytic” fungi, which was
even stronger than in the soil from 0-20 cm (Table 2). While analysing peri-
odic oscillations (Table 2) in the soil from the two horizons, it was noticed
that generally both microbial groups occurred most abundantly in spring,
which was probably caused by a temperature increase after the winter sea-
son.

The stimulation of the growth of protein-decomposing bacteria and fungi
observed in the combination with the highest dose of sludge (Table 2) could
have been caused by the persistently increased level of nutrients — under
those conditions — for the microbial groups. This explanation is supported
by Zukowska et al. (2002), who showed a continuingly increasing content
of organic carbon and total nitrogen in soil treated with sludge. Those com-
pounds had certainly originated from the sludge added to soil and, addition-
ally, were a product of microbiological transformation of organic matter in-
troduced to soil with the sludge. It appears that also the growth of proteolytic
bacteria and fungi could have been supported by improvement of other liv-
ing conditions of these microbial groups, i.e. soil reaction and moisture (Ta-
bles 1, 3), and probably the water-air relations. Some authors report that in
soils amended with sewage sludge (at greater doses in particular) the soil
retention capacity increases, aggregate and semi-aggregate structure is
formed, soil density decreases while the full water capacity of soil increases
(BARAN et al. 1996a,b).

It has also been demonstrated that the proteolytic activity in the top
layer of the soil (0-20 cm) was stimulated by the higher levels of the sludge,
i.e. 150 Mg-ha'l, 300 Mg-ha'l and 600 Mg-hal (Table 4). Similar tendencies
were observed by Baran et al. (1999) in soil 0-20 cm deep originating from
a 4-year field experiment with sewage sludge. It has been demonstrated (Dick
1994) that the primary producers of proteases in soil are protein-decompos-
ing bacteria and fungi. Therefore, their stimulation in treatments with higher
doses of sludge, and especially with the highest one (Table 2), was accompa-
nied by an increase in the proteolytic activity (Table 4).
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In some of the treatments, the activity of proteases was also observed
to have increased in the soil from the deeper layer (20-40 cm), but the
stimulation was weaker than in the 0-20 cm deep soil horizon (Table 4). Our
comparison of the data given in Table 4 with the results obtained in the
previous years (Furczak, JoNiec 2007b,c, JoniEc, Furczak 2007b) shows that
the effect of sludge on the proteolytic activity in both soil layers weakened
with time.

It is commonly known that proteases play the main role in nitrogen
transformations in soil and their activity is largely dependent on the con-
tent of C org and total N (Cuazuew 1982, BIELINSKA, ZUKOWSKA 2002). The
present study confirms this relationship, similarly to Zukowska et al. (2002),
who demonstrated a continuing increase of the level of a.m. fractions of
organic matter in treatments with higher doses of sludge. This effect could
have also been facilitated by increased numbers of various microbial groups
(Table 2, Furczaxk, Joniec 2007a). KoBus (1995), SASTRE et al. (1996) and PauL
and CLARK (2000) report that dead micro-organisms are an important source
of carbon and mineralised nitrogen, affecting directly the growth in the pro-
teolytic activity of soil. Positive correlation of the proteolytic activity with
the content of microbial biomass carbon in soil is also reported by Wick et
al. (2002). While analysing periodic oscillations of the proteolytic activity, it
was noticed that, contrary to the most abundant occurrence of proteolytic
microorganisms in spring (Table 2), the proteolytic activity was the most
intensive in autumn (Table 4). Taking into account the protective function
of soil with respect to extracellular enzymes (KoBus 1995), it is likely that
this activity in autumn was a sum of the currently present proteolytic mi-
croorganisms and proteases released earlier.

The proteolytic activity of soil is also determined by such factors as soil
reaction, moisture, temperature and oxygenation (CHazIJEW 1982, CiesLa, Ko-
PER 1990). This is supported by the present study, which showed continued
improvement of living conditions of proteolytic microorganisms (especially
soil moisture and, to a certain extent, reaction) — Tables 1, 3. Also the
improvement of other soil properties (aggregate structure and water-air re-
lations), as indicated by studies by Baran et al. (1996a,b), could have provid-
ed an additional contribution to the stimulation of this activity.

Moreover, a slight although significant inhibition of the process of am-
monification was observed in the soil from 0-20 cm sampled from the plots
fertilized with the higher rates of sludge (150 Mg-ha! and 300 Mg-ha'l) —
Table 4. This effect was also noticed in the soil from the depth of 20-40 cm,
but it was less intensive than in the surface horizon and observable only in
the treatment with the 300 Mg-ha'! dose of the waste. It should be empha-
sized that the effect of sludge on the a.m. parameter weakened in compari-
son to the preceding years (Furczak, Joniec 2007b,c, JoNIEC, FURczak 2007Db).
As in the case of the protease activity, the intensity of ammonification in
samples from both horizons of the soil was the highest in autumn (Table 4).
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A decline in ammonification in incubated soil under the effect of in-
creased doses of sludge was probably attributable mainly to the simultane-
ous intensification of nitrification under these conditions. As a result of the
latter process, rapid oxidation of ammonium ions occurred, which caused
a reduction of their content in the soil samples (Table 4). Slight inhibition of
ammonification in the incubated soil was not accompanied by any reduction
in the level of ammonium ions under natural conditions (Table 3). In some
treatments a significantly higher content of these ions was even recorded.
KoBus et al. (1990) and HERRERO et al. (1998) reached similar conclusions
studying the effect of sewage sludge on intensification of the process of am-
monification.

Since N-NH, ions are generally more preferred by micro-organisms as
a source of nitrogen than N-NOj ions (PauL, CLARK 2000), it appears that the
depressed ammonifying power determined on the basis of the content of
ammonium ions could have also been, to some extent, an effect of its more
intensive incorporation by microorganisms into their own cells. The above
observation, as in the study by HERRERO et al. (1998), is supported by the
fact that the decrease in ammonification in the 4! year of the experiment
was accompanied by a simultaneous increase in the activity of dehydroge-
nases in soil (FUrczak, Joniec 2007a), as these enzymes are responsible for
transformations of ammonium ions in the processes of nitrification and their
immobilization via incorporation into microbial biomass (HERRERO et al. 1998,
Paur, Crark 2000).

During the study, the most pronounced changes caused by sludge oc-
curred in the process of nitrification (Table 4). This is indicated by a dis-
tinct, usually increasing with the dosage, stimulation of this process. This
effect persisted in both layers of the soil, but it was stronger in the soil
from 0-20 cm. Also the content of nitrate ions in the 0-20 cm layer was
higher in almost all treatments with sludge compared to the control soil
(Table 3), while in the soil from the deeper layer it was higher only in the
treatment with 600 Mg-hal content of the waste.

As in the case of the other biochemical tests under analysis, stimulation
of nitrification was weaker than in the preceding three years of the experi-
ment (Furczaxg, JoNiEc 2007b,c, JontEc, Furczak 2007b).

The results obtained for particular time periods of the study indicate
that in both layers of the soil the intensity of the process of nitrification
and the content of N-NO; ions were the highest in spring (Tables 3, 4).

In the soil with sludge, stimulation of oxidation of ammonium nitrogen
was most likely caused by the higher level of nutrient substrate for nitrifi-
ers, which is indicated by the content of N-NH, ions in the soil (Table 3)
and by the persisting favourable living conditions for those microorganisms,
i.e. increased soil moisture, somewhat higher reaction (Tables 1 and 4) and,
probably, improved oxygenation of the soil. Studies by BaraN et al. (1996a,b)
indicate that sewage sludge introduced to soil notably improves its water-air
relations.
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In the fourth year after the application of sludge, under the effect of the
in the presence higher sludge doses, a slight increase of pH in the soil from
0-20 cm appeared (Table 3). The effect was more pronounced in spring and
autumn. The effect of sludge on the reaction of the deeper layer of soil was
notably weaker and observable only in certain treatments of the experiment
(Table 3).

CONCLUSIONS

1. In the fourth year after the introduction of municipal and industrial
sewage sludge to soil, it was only the highest sludge dose that continued to
stimulate the growth of proteolytic bacteria and fungi in the soil from
0-20 cm. In the 20-40 cm layer the effect was observable only for “proteolytic”
fungi.

2. The higher doses of sludge (150 Mg-ha1, 300 Mg-ha! and 600 Mg-ha'l)
caused an increase in the proteolytic activity of the soil from 0-20 cm. In
the deeper layer of the soil (20-40 cm), stimulation of this enzymatic param-
eter was recorded as well, but it was notably weaker.

3. In some of the treatments, a slight inhibition of the process of ammo-
nification continued in the soil from the depth of 0-20 cm (150 Mg-ha'l,
300 Mg-ha'l). The effect was also noticed in the deeper layer of soil, where
it was distinctly weaker. The content of ammonium ions, on the other hand,
was higher in certain treatments in the 0-20 cm (dose of 600 Mg-ha'l) and
in the 20-40 cm layers (doses of 30 Mg-ha'l, 75 Mg-hal and 150 Mg-ha'l)
than in the control.

4. The most intensive changes persisted in the course of the process
of nitrification. In the soil from 0-20 cm a distinct stimulation of nitrification
was observed for all the doses of sewage applied, although larger at higher
fertilization rates. Also the content of nitrates was notably higher in almost
all the treatments with sludge. The positive effect of sludge on the process
of nitrification and on the concentration of N-NO; ions was observable also
in the deeper layer of the soil, but it was less pronounced. This process
turned out to be the most sensitive indicator of the analysed changes per-
sisting in the soil amended with sludge.

5. In the fourth year of the experiment, there was a continuing albeit
slight increase of soil pH in the 0-20 cm layer in all the treatments, while
in the 20-40 cm layer the effect of sludge on the soil reaction was nearly
absent.

6. The results indicate that the products of transformations of ferment-
ed sewage sludge introduced in the soil four years before continued to pro-
duce a generally stimulating effect on the analysed studied parameters of
microbiological activity of the soil environment. The study may be useful
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for comprehensive assessment of long-term effects of agricultural utilisation
of such waste. Therefore, it is recommended that research on this matter
be continued also in the future.
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CHANGES IN MAGNESIUM
CONCENTRATIONS AND LOAD
IN RUNOFF WATER FROM NITRATE
VULNERABLE ZONES*

Jozef Koc, Malgorzata Rafalowska,
Andrzej Skwierawski

Chair of Land Improvement and Environmental Management
University of Warmia and Mazury in Olsztyn

Abstract

The objective of this study was to investigate magnesium concentrations and load,
and to determine their seasonal changes in runoff water from catchments classified as ni-
trate vulnerable zones.

The results indicate that the average concentrations of 12.2 mg Mg-dm3, with fluctuations
within the range of 3.3 to 26.2 mg-dm3, and average annual load of 14.3 kg Mg-hal-year,
with fluctuations within the range of 4.8 to 41.6 kg Mg-hal-yearl, in runoff water from
agricultural areas are determined by weather conditions (season), type of drainage system
(ditches, drains) and fertilization intensity. In comparison with land drained by a network
of drainage ditches, intensive farming in drained areas increases magnesium loss 2.5-fold
from 10 kg per hectare of semi-intensively farmed area to 25 kg Mg-hal in an intensively
farmed area. The highest magnesium loss was reported in the non-growing season, and aro-
und 46% of total magnesium load was leached out in the winter. The magnesium loss was
minimized during harsh winters and summer draughts (to around 1.2 kg Mg-hal-year?l)
due to a seasonal absence of runoffs.

Key words: magnesium, load, nitrate vulnerable zone, agricultural sources.
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DYNAMIKA STEZEN I LADUNKU MAGNEZU W WODACH ODPLYWAJACYCH
Z OBSZAROW SZCZEGOLNIE ZAGROZONYCH SPLYWAMI AZOTU
ZE ZRODEL ROLNICZYCH

Abstrakt

Celem pracy byla analiza stezen i tadunkow magnezu oraz okreslenie ich sezonowych
zmian w wodach odptywajacych ze zlewni zakwalifikowanych do obszaréw szczegélnie na-
razonych na zanieczyszczenia wod azotanami ze zrédet rolniczych.

Uzyskane wyniki §wiadcza o tym, ze érednie stezenie 12,2 mg Mg-dm3, z wahaniami
od 3,3 do 26,1 mg-dm3, i éredni roczny ladunek 14,3 kg Mg-hal-rokl, z wahaniami od
4,8 do 41,6 kg Mg-hal-rokl, w wodach odptywajacych urzadzeniami melioracyjnymi z ob-
szar6ow rolniczych zalezg od warunkow meteorologicznych (pora roku), rodzaju systemu
melioracyjnego (rowy, dreny) oraz intensywnoS$ci nawozenia. Intensywne uzytkowanie zdre-
nowanych gruntéow ornych, w poréwnaniu z glebami odwadniajgcymi siecig rowéw, powo-
duje ponad 2,5-krotny wzrost wymycia magnezu z 10 kg z 1 ha obszaru o $rednio inten-
sywnym rolnictwie do 25 kg Mg-ha'l z obszaru intensywnego rolnictwa. Najwiekszy odplyw
wystepowal w okresie pozawegetacyjnym, ok. 46% ogdlnej masy tadunku odptyneto zimsg.
W okresie mroznych zim oraz suszy letnich nastepuje minimalizacja odptywu magnezu (do
ok. 1,2 kg Mg-hal-rok’l) w wyniku okresowego zaniku odptywu wéd.

Stowa kluczowe: magnez, stezenie, tadunek, obszar szczegdlnie zagrozony, zrodia rolnicze.

INTRODUCTION

In addition to the nutrient load carried by precipitation, surface water
also contains substances drained from the soil and transported with surface
runoffs from agricultural areas. The volume and intensity of nutrient mi-
gration is largely affected by the quantity of water runoff which, in turn, is
determined by the geological structure of the catchment, relief features, soil
class, soil’s buffering and sorption capacity, type of catchment use and cli-
matic conditions determining water flow and its availability for plants
(Sorarski et al. 2000, Koc et al. 2002, LipiNskr 2003). The quality of water
varies seasonally due to changes taking place in the soil, biological sorption
and changes in the soil’s water balance in different seasons of the year (Koc
et al. 1996, MiLER et al. 2001). Mineral and organic fertilizer nutrients which
are not plant available are partially leached out from the soil, transported
to water-bearing horizons or directly to surface water. Intensive farming
also leads to the evacuation of vital nutrients, including magnesium, a key
element, essential for life processes (Borowikc et al. 1993, Koc 1999). Large
quantities of magnesium are leached out from soils which are heavily ferti-
lized with potassium and ammonium nitrogen as these elements have an
antagonistic effect on exchange sorption. High level of mineral fertilization
and regular application of high slurry rates containing K* and NH,* could
speed up magnesium loss.
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The objective of this study was to investigate magnesium concentra-
tions and load, and to determine their seasonal changes in runoff water
from catchment areas classified as nitrate vulnerable zones.

MATERIALS AND METHODS

The study was carried out in 2005-2007 in the catchment of Lake Dob-
skie. The land in the lake’s catchment is used by a farming estate, which
covers a total area of 1,090 ha, including 841 ha of arable land. The farm
specializes in hog production (around 2,600 head). The study covered four
partial catchments of Lake Dobskie characterized by different fertilization
intensity (intensive, semi-intensive and low intensity) and type of drainage
system (ditches and drains — Figure 1):

Catchment no. 1 is an intensively farmed and drained catchment (521)
of an area of 15.1 ha of arable land, soil quality class IIIb and IVa. In 2005 it
was cropped with winter triticale. Mineral fertilization at a rate of
N —61 kg-hal and organic fertilization (animal slurry) at a rate of 20 m3-hal-year!
were applied. In 2006, spring barley was grown on these fields, fed with the

Legend: 0 1km
O lake = watercourses - roads
[\ builtupareas "v=me drains QO  sampling sites

Fig. 1. Sampling sites in the catchment of Lake Dobskie
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following fertilization rates: 98 kg N-hal, 46 kg P2O5-ha‘1, 60 kg KQO-ha'l.
Slurry was applied in June 2006. In 2007, winter rye was grown and fed
100 kg N-ha'l, 52 kg P,O;-ha'l, 50 kg K,0-ha'l.

Catchment no. 2 is a semi-intensively farmed and drained catchment
(523) of an area of 41.7 ha. Situated in the vicinity of build-up areas in the
village of Doba and a large farm, it consists of light soils of quality class V.
The drainage system carries water away from fertilized farm fields (68 kg
N-hal, 40 kg P,O5-ha’l, 55 kg K,0-ha'! in 2005 for oats, 88 kg N-ha'l,
41 kg P,O5-hal, 54 kg K,0-ha'l in 2006 for rye, and in 2007, the field was
also sown with winter rye and the following fertilizer rates were applied:
140 kg N-hal, 52 kg P,05-ha'l, 50 kg K;0-ha™!).

Catchment no. 3 is an intensively farmed catchment (528) covering the
supply area of Pilwa Bay in the western part of Lake Dobskie. A surface
watercourse drains an area of 1,616 ha which is 57%. afforested The water-
course was stagnant between July and October 2005 and between July and
August 2006. Arable land in catchment no. 3 consists mostly of light loamy
sands (soil quality class IV b). Triticale was grown in 2005, winter rape in
2006 and winter wheat in 2007. In the experimental period, the area was
fertilized with 130 kg N-hal and a spring — with slurry at the rate of
20 m3-hal in 2005, and 206 kg N-ha'l in 2006. In 2007, winter wheat was
fertilized with 130 kg N-ha'l, 52 kg P,O;-ha'l, 54 kg K,0-ha'l.

Catchment no. 4 is a semi-intensively farmed catchment (530) draining
the western part of Pilwa Bay catchment. It covers an area of 109 ha and is
60% afforested. The remaining parts of the catchment are covered by arable
land on loamy sands (soil quality class V). In the analyzed period, the water-
course was stagnant in the summer and autumn. In 2005, oat was fertilized
with 100 kg N-ha'l, 60 kg P205-ha'1 and 50 kg KZO-ha'l. In 2006 and
2007, rye was fertilized with 113 kg N 'ha'l, 44 KQO'ha'1 and 136 kg N ha'l,
52 kg P2O5-ha'1, 50 kg KZO-ha'l, respectively.

The investigated areas are made up of soils with an average magnesi-
um content of 3.4 to 7.0 Mg-100 g soil.

In line with the recommendations of the Nitrates Directive (DIRECTIVE
1991), the analyzed catchments were classified as a nitrate vulnerable zone
where nitrogen pollution from agricultural sources has to be limited. This
was determined in view of the nitrate content of underground water reach-
ing 95 mg-dm (Directive 2004a).

The following physical and chemical properties of water in the investi-
gated area were determined: pH by potentiometry, temperature with the
use of a thermometer integrated with an oxygen probe, oxygen saturation
with the use of a WI'W Multiline P3 meter, and electrolytic conductivity
with the use of a Hanna conductivity meter. The flow of drained water and
watercourses falling into the lake was measured according to a sample col-
lection with the use of a VALEPORT 801 electromagnetic flow meter. Water
samples were collected once a month in 2005-2007 and magnesium concen-
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trations were determined by colorimetry with the use of Titanium yellow.
Laboratory analyses were performed in accordance with the generally ob-
served standards (HErRMaNowICZ et al. 1999). The values of precipitation vol-
ume and ambient air temperatures were supplied by the Institute of Mete-
orology and Water Management based on the readouts of the meteorological
station in Ketrzyn. The results were verified statically with the use of the
Statistica 7 application.

Seasonal variations in water runoff, magnesium concentrations and load
were computed by classifying samples into groups according to the season
in which they were collected: winter (January — March), spring (April —
—June), summer (July — September) and autumn (October — December). Mag-
nesium loss was determined by multiplying magnesium levels and water
flow volume. Magnesium loss per ha was determined by dividing the ob-
tained loss values by the area of the drained catchment.

RESULTS AND DISCUSSION

Significant variations in weather conditions affecting plant development,
magnesium uptake, water runoff and the loss of waterborne nutrients were
observed in the investigated period. Based on the total volume and distribu-
tion of precipitation, the analyzed years were divided into two categories
(according to Kaczorowska 1962): normal year (2005 — 545 mm) and two wet
years (2006 — 640 mm; 2007 — 646 mm) — Figure 2. Variations in ambient
air temperature were also noted with the average of 7.7°C, 8.1°C and 8.8°C
in the successive years of the experiment. Periodic drying-up of the water-
courses was observed in the summer and in early autumn throughout the
entire experimental period. Below-zero air temperatures noted between De-
cember 2005 and March 2006 and in February 2007 led to the formation of
snow and ice cover on the ground surface. The thawing of precipitation
water in April 2006 and March 2007 resulted in the leaching of micronutri-
ents from the ground into the watercourse.

Magnesium concentrations in water are determined by the rate of mag-
nesium discharge from the soil and biosorption. The above processes are
affected by physical and chemical properties such as oxygen saturation of
water, temperature, pH and conductivity (Table 1). The highest oxygen satu-
ration was reported in the spring and summer due to the intensive growth
of vegetation, which significantly alters the properties of water.

Significant variations were also noted in water electrolytic conductivity
(550-815 1nS-cm ). Conductivity values indicate that the content of water-
soluble substances is higher in water evacuated via drains than via open
watercourses and ditches, particularly in the autumn (Koc et al. 2002).
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Fig. 2. Distribution of precipitation volume and ambient air temperature in 2005-2007

The fluctuations in Mg*?2 levels in runoffs from agricultural catchments
resulted from intensive farming as well as from the type of drainage system
and weather conditions.

In the analyzed period, the above factors contributed to high variations
in Mg*2 concentrations both in between and during the investigated years
and seasons (Table 2).

An analysis of magnesium levels in water runoffs indicates that increased
magnesium levels and the highest fluctuations in the range of 3.8 to
26.1 mg-dm™ (SD=3.52, CV=49.45%) were noted in 2005, and fluctuations in
the range of 3.3 to 15.7 mg dm™ (SD=3.52, CV=29.31%) were observed in
2007 in water drained from intensively farmed areas. Higher Mg*2 concen-
trations in runoffs from farming areas could be due to magnesium supple-
mentation treatments as well as intensified Mg leaching from the soil in
the non-growing season.

Lower fluctuations in magnesium levels (from 12.8 to 15.6 mg-dm™ in
2006, and from 7.2 to 17.0 mg-dm™ in 2007) were observed in watercourses
with semi-intensively farmed catchments, and these findings are validated
by the lowest standard deviation and coefficient of variation.

Throughout the entire experimental period, the highest magnesium lev-
els, at 14.8 mg-dm™ on average, were reported in the summer in water
drained from intensively farmed areas (slurry application), although the an-
alyzed nutrient was taken up by plants (Table 3). The above could be due to
the fact that substances were dissolved in smaller quantities of water in
seasons when more water was evaporated than precipitated (Koc et al. 2003).
This hypothesis is supported by the electrolytic conductivity of water in the
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Table 1
Seasonal variations in the physical and chemical properties of the inflows
to Lake Dobskie in 2005-2007
Parameter
Oxygep Temperature Conductivity
Inflow Season saturation pH 1
(°C) (uS-em™)
(Type of use) (%)
W 58.3 4.5 7.2 762
) Sp 50.2 11.3 7.2 762
Drain 521 Su 62.0 14.2 7.3 798
(intensive)
A 62.0 75 7.3 815
Y 58.1 9.1 7.3 782
W 91.3 4.5 7.5 638
) Sp 84.4 9.6 7.6 672
Drain 523 Su 92.4 136 76 681
(semi-intensive)
A 93.3 8.5 7.5 690
Y 89.6 8.8 7.6 669
w 75.6 1.0 7.3 611
Sp 73.0 17.0 7.8 612
Watercourse 528 Su 86.0 15.4 7.1 550
(intensive)
A 63.7 3.8 74 578
Y 73.6 8.2 7.5 595
W 89.2 1.3 7.7 580
Sp 93.7 144 7.9 597
Watercourse 530
.. . Su no flow
(semi-intensive)
A 84.0 3.2 7.7 663
Y 88.3 6.3 7.8 609

*W — winter; Sp — spring; Su-summer; A — autumn; Y — year

investigated period (Table 1). A slightly different trend was observed in wa-
ter drained via watercourses. The highest Mg*2 concentrations
of 14.1 mg-dm™ were reported in the autumn in the watercourse draining
semi- intensively farmed light soils, while the lowest levels at 11.3 mg-dm™
were noted in runoffs from intensively farmed medium-heavy soils due to
the biological sorption of magnesium by water vegetation. This process was
not observed in water evacuated via drainage systems.

The highest seasonal fluctuations in magnesium levels (8.3-19.2 mg-dm™)
were observed in water evacuated by the drainage system from the most
intensively farmed area (Table 3). The above was validated by the results
of prior research conducted in the Olsztyn Lakeland (Koc, Szymczyk 2003).

Based on an analysis of correlations between the investigated parame-
ters, a negative correlation was determined between temperature, conduc-
tivity and magnesium concentrations only in the drain evacuating water
from a semi-intensively farmed area (Table 4).
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Table 3
Average seasonal magnesium concentrations (mg-dm™) in the inflows
to Lake Dobskie in 2005-2007
S Type of inflow Year Mean for
eason
(type of use) 2005 2006 2007 2005-2007
drain 521 (intensive) 8.3 10.3 10.1 9.5
. drain 523 (semi-intensive) 9.3 10.8 15.5 11.9
Winter
watercourse 528 (intensive) 10.0 12.0 15.6 12.5
watercourse 530 (semi-intensive) 10.0 14.9 12.9 12.6
Mean 9.4 12.0 13.5 11.6
drain 521 (intensive) 17.2 13.7 11.8 14.3
. drain 523 (semi-intensive) 16.0 9.9 10.9 12.2
Spring - -
watercourse 528 (intensive) 11.3 14.3 12.0 12.6
watercourse 530 (semi-intensive) 10.5 12.8 8.8 10.7
Mean 13.8 12.7 10.9 124
drain 521 (intensive) 19.2 13.5 11.7 14.8
drain 523 (semi-intensive) 139 11.0 9.0 11.3
Summer - -
watercourse 528 (intensive) dry 12.3 10.3 11.3
watercourse 530 (semi-intensive) dry dry dry dry
Mean 16.5 12.3 10.3 12,5
drain 521 (intensive) 10.6 10.6 14.5 119
drain 523 (semi-intensive) 12.5 11.0 11.9 11.8
Autumn
watercourse 528 (intensive) 12.0 11.7 12.6 12.1
watercourse 530 (semi-intensive) 14.6 134 14.3 14.1
Mean 124 11.6 13.3 12,5
drain 521 (intensive) 13.8 12.2 12.0 12.7
v drain 523 (semi-intensive) 12.9 11.8 11.8 12.2
ear
watercourse 528 (intensive) 11.0 12.6 12.6 12.1
watercourse 530 (semi-intensive) 109 13.8 12.1 12.3
Mean 12.1 12.6 12.1 12.3

The above supports the role of vegetation in removing Mg*? from wa-

tercourses at favorable temperatures (Koc 1999).

A significant correlation (above 0.3) was observed between electrolytic
conductivity and magnesium levels in water drained from an intensively
farmed area. As confirmed by published sources, intensive fertilization sup-
ports the leaching of Mg*2 from the soil sorption complex (DOBRZANSKI,
Zawapzk1 1981).

The magnesium load evacuated by various means (ditches and drains)
from farming areas was determined mostly by the level of farming intensity
in the catchment (Table 5). Precipitation water collects and transports sub-
stances released from the soil into the water circulation system (Parka-
-GuTowska1996).
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Table 4

Matrix of coefficients of correlation between magnesium concentrations and the selected

physical and chemical properties of water in the inflows to Lake Dobskie

Parameter Oxyggn Temperature Conductivity
saturation pH :
(°C) (pS-cm?
Inflow (%)
Drain 521 (intensive) 0.02 0.24 0.13 0.39*
Drain 523 (semi-intensive) 0.26 -0.09 -0.12 0.30
Watercourse 528 (semi-intensive) 0.12 -0.05 -0.13 -0.38
Watercourse 530 (low intensity) -0.16 -0.57* -0.38 0.57*
*correlations were marked as significant at p< 0.05
Table 5

Seasonal and annual variation (kg-ha™l-year?) in magnesium outflows per area unit
in the investigated catchments

Season Type of inflow Year Mean for
(type of use) 2005 2006 2007 2005-2007
drain 521 (intensive) 14.9 19 5.2 7.3
. drain 523 (semi-intensive) 84 1.2 6.9 5.5
Winter - -
watercourse 528 (intensive) 6.9 0.60 12.0 6.5
watercourse 530 (semi-intensive) 9.7 0.8 10.8 7.1
Mean 10.0 1.1 8.7 6.6
drain 521 (intensive) 16.1 6.5 6.2 9.6
. drain 523 (semi-intensive) 3.2 0.7 14 1.8
Spring 5 ;
watercourse 528 (intensive) 3.7 0.5 1.9 2.1
watercourse 530 (semi-intensive) 2.1 0.2 0.7 1.0
Mean 6.3 2.0 2.5 3.6
drain 521 (intensive) 8.2 1.8 1.0 3.7
drain 523 (semi-intensive) 1.3 0.3 1.0 0.9
Summer - -
watercourse 528 (intensive) dry 0.3 0.7 0.3
watercourse 530 (semi-intensive) dry dry dry dry
Mean 2.4 0.6 0.7 1.2
drain 521 (intensive) 2.4 9.9 1.9 4.7
drain 523 (semi-intensive) 1.9 2.6 1.7 2.1
Autumn
watercourse 528 (intensive) 1.2 4.4 2.5 2.7
watercourse 530 (semi-intensive) 0.6 4.0 1.9 2.2
Mean 1.5 5.2 2.0 2.9
drain 521 (intensive) 41.6 20.0 14.2 25.3
- drain 523 (semi-intensive) 14.8 4.8 11.0 10.2
ear
watercourse 528 (intensive) 11.8 59 17.2 11.6
watercourse 530 (semi-intensive) 12.4 5.0 134 10.3
Mean 20.2 8.9 13.9 14.3
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The highest annual Mg*2 load (per area unit) of 41.6 kg Mg-hal-yearl
was evacuated in 2005 from an intensively farmed area, mostly in the win-
ter (38%) and in the spring (39%), as the highest water runoffs and magne-
sium concentrations were reported in those seasons.

In the course of the three experimental years, an average of 14.3 kg
Mg-year was discharged per ha of agricultural areas. As regards both ana-
lyzed drainage systems, the highest magnesium outflows were reported in
an intensively farmed area where the resulting loss was 2.5 times higher
than in watercourses draining intensively and semi-intensively farmed areas
as well the semi-intensively farmed area connected to a drainage network.
A similar dependency was noted by PuLikowski et al. (2006). The highest
Mg*2 loss was observed in the non-growing season, when around 46% of the
relevant load (average for all catchments) was discharged in the winter due
to magnesium leaching from the soil and the absence of magnesium uptake
by plants (BANAcH et al. 2007).

Water and magnesium runoffs may be inhibited during a harsh winter.
The absence of flow reported every summer in the two investigated water-
courses limited magnesium outflows and minimized the resulting loss to
1.2 kg Mg-ha'l-year over the investigated period.

CONCLUSIONS

1. The magnesium load evacuated with water runoffs from agricultural
areas is determined by weather conditions, which modify runoff volume, the
intensity of farming operations in the catchment and the type of drainage
system. The greatest magnesium losses are observed during mild winters in
drained and intensively fertilized areas.

2. Farming intensity in the catchment affected magnesium concentra-
tions in drainage outflows. The highest average magnesium level
of 12.7 mg-dm3 with fluctuations in the range of 3.3 to 26.1 mg-dm™ were
reported in water drained from an intensively farmed area. Variations in
the magnesium content of drainage water resulting from the level of farm-
ing intensity did not exceed 30%.

3. Around 50% of magnesium loss from drained areas was reported dur-
ing mild and wet winters. Magnesium outflows were not observed during
harsh winters. Summer loss accounted for around 26% of the average annu-
al magnesium load and it was inhibited during draughts.

4. Every year, an average of 14.3 kg of magnesium is drained to surface
water from 1 ha of agricultural catchments. The magnesium loss from in-
tensively farmed areas is 2.5 times higher than in catchments characterized
by semi-intensive farming.
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Abstract

This work presents the dynamics of E. fetida (Sav.) earthworm populations during
vermicomposting of duckweed (Lemna minor L.) biomass in small containers, and provides
properties of the vermicomposts produced. An experiment was conducted under laboratory
conditions (in darkness, at an average temperature 25+5°C, with substrate moisture
70-75%). Test pots (3 replications for each duckweed treatment) were filled with one litre
of garden soil, into which 100 individuals of E.fetida, of known biomass, were introduced
per pot. Duckweed was fed to earthworms regularly, in two treatments: (1) duckweed +
+ cattle manure (1:1), and (2) duckweed only.

Earthworm number and biomass of tested populations were determined after 4 mon-
ths of vermicomposting, and it was found that an average number of E.fetida in conta-
iners with duckweed and manure was 121+5 ind./container with a total biomass of
25.8+1.1 g. Populations in pure duckweed were significantly smaller (p<0.05), with 57+6
ind./container and a total biomass of 9.8+1 g. Cocoon production was also different across
treatments. Populations in duckweed alone produced 55+13 cocoons /per container, signifi-
cantly less (p<0.05) than the 231+37 cocoones when manure was added.

Duckweed vermicomposts were odourless and had good granular structure. Chemical
characteristics of both vermicompost types (with or without a manure supplement) were
desirable. Content of macroelements in duckweed vermicomposts was high, whereas mi-
croelements, cadmium and lead were within the permitted levels, making these vermicom-
posts extremely useful in environmental reclamation, including agriculture. The manure
addition was important for characteristics and chemical content of duckweed vermicompo-
sts. The vermicomposts produced from duckweed and manure contained more ash, N, P,
K, Mg, Zn, Cu, Ni, Cr, Cd and Pb.

Key words: Eisenia fetida (Sav.), duckweed Lemna minor L., vermicompost, chemical
composition.
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WERMIKOMPOSTOWANIE BIOMASY RZESY DROBNEJ (LEMNA MINOR L.)
Z UDZIALEM DZDZOWNICY EISENIA FETIDA (SAV.)

Abstrakt

W publikacji zaprezentowano stan populacji dzdzownic kompostowych E. fetida (Sav.)
podczas wermikompotowania biomasy rzesy drobnej Lemna minor L. Opisano takze cechy
wyprodukowanych wermikompostow. Doswiadczenie prowadzono w warunkach laborato-
ryjnych (w ciemnosci, §rednia temp. 25+5°C, wilgotno$é podtoza 70-75%). Wazony testowe
(w 3 powtorzeniach dla kazdej kombinacji z utylizowane] rzesy) wypelniono ziemig ogrodo-
wa o objetosci 1 dm3. Do tych podlozy wprowadzono po 100 osobnikéw E. fetide o znanej
biomasie. Do utylizacji podawano regularnie biomase rzesy, w dwoch kombinacjach: (1) rze-
sa + obornik bydlecy (1:1), (2) rzesa.

Liczebnosé i sume biomasy testowanych populacji dzdzownic wyznaczono po 4 miesig-
cach wermikompostowania. W wazonach z rzesg i obornikiem stwierdzono istotnie wyzszg
$rednig liczebno$¢ E.fetida (1215 os./wazon) i sume biomasy (25.8+1.1 g), w poréwnaniu
ze zredukowang populacja w czystej rzesie (57+6 os./wazon i 9.8+1 g biomasy). Podobne
zaleznoSci stwierdzono w przypadku produkcji kokonow. Dzdzownice ztozyly istotnie mniej
kokonow, utylizujac czysta rzese, bez dodatku obornika bydlecego (odpowiednio 55+13
1231+37 kokonow/wazon).

Dodatek obornika bydlecego réznicowat takze cechy wermikompostu z rzesy drobne;j.
Wermikompost z rzesy z dodatkiem obornika bydlecego zawieral wiecej popiotu, N, P, K,
Mg, Zn, Cu, Ni, Cr, Cd oraz Pb.

Stowa kluczowe: Eisenia fetida (Sav.), rzesa drobna Lemna minor L., wermikompost,
sktad chemiczny.

INTRODUCTION

Presently, natural methods of sewage treatment are preferred all over
the world. One possible method of communal wastewater treatment is to
employ a duckweed (Lemna minor. L.) system, which captures nutrients
present in wastewater (Bonomo et al. 1997, RicGLE 1998, STEEN et al. 1999).
Lemna-type systems are used mainly in natural, municipal sewage or agri-
cultural organic waste treatment systems. Duckweed grows profusely in stag-
nant water, demanding hardly any agro-technical operations, but its growth
is determined mainly by environmental resources (Hamm 1993). In clean
water, duckweed grows slowly and contains much fiber, ash and carbohy-
drates, whereas in sewage-fed ponds it grows quickly and contains more
protein (MI1zTAR, SLINGER 1976). In a biological sewage treatment plant, duck-
weed acts as a natural sewage treating factor by absorbing nutrients, main-
ly nitrogen and phosphorus. Depending on the climatic conditions, the sys-
tem works at various efficiency levels, but during the growing season a large
amount of biomass is created and becomes bio-waste. Duckweed requires
environmental utilization after being removed from the water.
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Since composting of duckweed biomass progresses slowly, an attempt
was undertaken to vermicompost it with an aid of Eisenia fetida (Sav.) earth-
worms. As described in numerous publications (BARAN et al. 1996, MAzUR et
al. 1996, Gasior et al. 1998, KosTEcka et al. 1998, ZaBtocki, Kiepras-Kokor
1998, Mazur et al. 2000, Bury et al. 2001, KaLEmBasa 2001, KaNtuczaxk et al.
2001), the nutrient value of vermicompost is significantly influenced by the
origin, type and proportions of the (mixed) organic wastes utilized.

MATERIAL AND METHODS

Earthworms and substrates

Earthworms of the species Eisenia fetida (Sav.) were obtained from
a culture bank (maintained since 1996) at the Institute of the Natural Basis
for Agriculture, Faculty of Biology and Agriculture — now Rzeszow University.

Duckweed (L. minor) was taken from the municipal wastewater treat-
ment plant located in Laka near Rzeszow. Cattle manure, also used in the
experiment, was obtained from a local farmyard and stored for several
months after a high temperature treatment. Garden soil, also utilized,
was characterized by pH (H50) of 6.6; 12.0 g N; 0.44 g P; 5.0 g K; 35.0 g Ca;
0.94 g Mg; 0.87g Na kg'! determined using standard laboratory procedures
(OsTtrROWSKA at al. 1991).

Experimental Design

Vermicomposting of duckweed biomass was conducted under laboratory
conditions (in darkness, at an average temperature of 25+5°C, and a sub-
strate moisture content of 70-75%). Ten-litre test pots (with 3 replications
for each duckweed combination) were filled with garden the soil described
above.

Into each pot, 100 individuals [15 adult and 85 immature of E. fetida of
known biomass (24.1+1.1 g)] were introduced. Two treatments were estab-
lished: (1) 500 ml of duckweed + cattle manure (1:1 dry weight), (2) 500 ml
of duckweed (dry weight). The duckweed biomass was supplied regularly (on
demand) as a feed to the earthworms.

Every month, June — October, earthworms were utilizing the same type
of wastes and the state of their populations was examined. Using manual
substrate segregation (with all specimens counted and weighed plus cocoons
counted), average numbers and total biomasses of earthworm populations
were determined. The data were expressed as means with standard devia-
tions. The hypothesis of equal variances in both studied populations was
tested using an appropriate version of Student #-test, at a significance lev-
el 0.05.



574

The composition of duckweed vermicomposts was also determined, with
10 samples of each vermicompost taken for analysis. Standard methodolo-
gies for chemical-agricultural research were used to perform the following
determinations: dry mass at a temperature of 105°C, raw ash at 550°C,
total organic carbon (TOC) by the wet dichromate potassium oxidation meth-
od, pH and electrical conductivity measured at a 1:5 sample/water ratio.

Total nitrogen was determined using Kiejdahl method in an automatic
Kiel-Foss device, while total phosphorus was measured by the vanado-mo-
lybdate method. The total amounts of Ca, K and Na were determined by
the photometric method having digested the samples in HNO4:HCIO,:H,SO,
at a ratio of 20:5:1 in a TECATOR device, whereas the elements Mg, Fe,
Mn, Cu, Zn, Co, Ni, Cr, Cd and Pb were determined by atomic absorption
spectrometry (AAS). The data were expressed as means with standard devi-
ations.

RESULTS

At the end of the experimental period an average number of E.fetida in
containers with duckweed and manure was 121+5 ind./container with a total
biomass of 25.8+1.1 g. Populations in pure duckweed were significantly small-
er (p<0.05) with 57+6 ind./container and a total biomass of 9.8+1 g (Fig-
ures 1, 2). Cocoon production was also different across treatments. Popula-
tions in duckweed alone produced 55+13 cocoons /per container, significantly
less (p<0.05) than the 231+37 cocoons /per container when manure was add-
ed (Figure 3). The duckweed vermicomposts produced were rich in plant
nutrients (Table 1).
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Fig. 1. Mean number (+ SD) of E. fetida within given vermicomposting treatments
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Fig. 2. Mean total biomass (+ SD) of E. fetida within
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Fig. 3. Cocoon production (mean + SD) of E. fetida within
given vermicomposting treatments

DISCUSSION

Vermiculture biotechnology functions efficiently and quickly when densi-
ty of earthworm is high (approximately 100 ind.-dm) (Gapbpik, DoucLas 1977).
It can be used to utilize different type of organic wastes (EDWARDS 1988,
Epwarps, BoHLEN 1996, ELvira et al 1997, 1999, NocarEs et al. 1999), and
vermicompost thus produced can be useful and effective as a plant growth
promoter (BUCKERFIELD et al. 1999, KosTtEcka, Brazes 2000). As soils in many
countries worldwide lose fertility and the amount of organic carbon and oth-
er minerals they contain is decreasing, we should use every opportunity to
utilize organic waste to improve soil conditions.

Vermicomposting of duckweed caused a swift and odourless transforma-
tion of the substrate, which acquired characteristics, such as granular struc-
ture and content of nutrients, suitable for plants. Duckweed, nevertheless,
was not a substrate that allowed populations of E. fetida to reproduce and
grow to maximum levels. After four months of duckweed vermicomposting,
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Table 1
Characteristics and chemical content of duckweed vermicomposts
Type of vermicompost Produce:-l Cﬁ;tg; %ﬁzzj::kwew Produced from fresh duck-weed
Properties average | SD min | max | average | SD min | max
ash 38.1 0.7 372 | 39.0 36.1 0.8 35 37
% TOC 36.5 0.3 360 | 3638 37.6 0.5 371 | 383
pH in H,O - - 55 6.0 - - 43 46
N 26.8 11 25 28 24.5 12 23 26
P 5.7 0.2 54 6.0 44 04 4.0 438
g-kg? of dry mass K 152 2.2 12.0 175 4.2 05 35 4.7
Ca 2.3 0.2 2.0 2.5 2.9 0.2 2.6 31
Mg 4.7 05 41 53 2.7 0.2 24 3.0
Na 844 214 600 | 1111 715 207 540 | 1055
Fe 2463 423 | 2000 | 3000 | 2862 223 | 2600 | 3200
Mn 638 34 600 680 665 35 635 726
Zn 106 13 90 120 82 9.3 70 92
mg kgL of dry mass Cu 52 8 40 60 45 17 225 | 65.0
Ni 6.5 05 6.0 72 59 0.8 5.0 6.9
Cr 53 13 4.0 7.0 3.84 111 | 255 | 502
Co 0.87 0.14 0.7 1.05 16 0.5 120 | 234
Cd 0.56 025 | 025 | 090 0.33 010 | 020 | 045
Pb 89 0.9 7.8 10.0 797 085 | 7.02 | 927

the initial number and biomass had decreased by approximately 50%. This
could have been a result of high earthworm density under experimental
conditions. A reduction in the reproductive capacity of earthworm popula-
tions in vermicomposting beds and small containers has previously been
recorded (MEYER, Loots 1999).

An addition of manure to the duckweed substrate supported mainte-
nance of biomass and number of E. fetida populations (it also improved co-
coon production). The presence of manure in the substrate also improved
the characteristics of the vermicompost produced (larger amounts of N, P,
K, Mg and Na than those produced with duckweed only). Manure also caused
an increase in the pH of the vermicompost.

All vermicomposts produced with duckweed were characterized by large
amounts of dry mass, including organic carbon and ash. However, these
vermicomposts still included less ash than the ones produced with manure
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(Gasior et al. 1998) and household organic waste (KosTEckaA et al. 1999), sew-
age sludge, tannery waste plus straw (Mazur et al. 2000), duckweed plus
sewage sludge 1:1 (Kantuczak et al. 2001). The total amount of organic car-
bon (TOC) in these vermicomposts was higher than in the ones produced
with manure (Gasior et al. 1998), household organic wastes (KosTECKA et al.
1999) and cattle manure (Nogales et al. 1999), sewage sludge (BaAraN et al.
1996), sewage sludge, tannery waste plus straw (Mazur et al. 2000), and
lower than in vermicomposts produced with other wastes such as dry olive
cake + cattle manure, olive cake + municipal biosolids, and dry olive cake +
cattle manure + municipal biosolids (NoGaLEs et al. 1999). Vermicomposting
improves the quality of organic wastes, particularly through an increase in
humic components which bind with heavy metals, making them less availa-
ble to other organisms in the food chain. Stability of these organic and
metallic complexes is highest at pH levels around 5, which are characteris-
tic of many vermicomposts (BARAN et al. 1996).

The pH level of all duckweed vermicomposts was lower than that
of manure vermicomposts (Gasior et al. 1998), household organic waste
(KosTECKA et al. 1999) and other wastes (NOGALES et al. 1999).

Fresh duckweed is characterized by high amounts of nitrogen and phos-
phorus (WoeNiaK, ZaworA 1999) and vermicomposts made from it generally
contain higher amounts of these elements than other vermicomposts (Gasior
et al. 1998, KosteEcka et al. 1999, NocGaLES et al. 1999). It is important to
stress that duckweed vermicomposts examined here contained more nitro-
gen, potassium and sometimes magnesium and sodium compared with ver-
micomposts produced by Mazur et al. (2000), or more nitrogen and potassi-
um compared with vermicomposts produced by Bury et al. (2001) and KALEMBASA
(2001). These vermicomposts contained more nitrogen, phosphorus, potassi-
um, magnesium and sodium compared with vermicomposts from duckweed
and sewage sludge (Kantuczak et al. 2001). The duckweed vermicomposts
had a low ratio of C/N, so in order to avoid nitrogen loss to soils, carbohy-
drates should be provided (straw, cellulose, etc.). Vermicomposts produced
from duckweed contained more microelements compared with household or-
ganic waste vermicomposts (KosTEcka et al. 1999). The vermicomposts pro-
duced here, from duckweed and manure, contained more magnesium than
vermicomposts from sewage sludge and tannery waste plus straw (Mazur
et al. 2000), and also compared with vermicomposts produced from sewage
sludge and sawdust (ZaBrocki, Kiepas-Kokor 1998). Chemical analyses of our
vermicomposts showed more magnesium and copper than found in vermi-
composts produced from sewage sludge and additions: peat, sawdust, peat
plus sawdust (KaLEmBAsA 2001). Levels of iron, magnesium, zinc, copper and
nickel were lower than in vermicomposts from sewage sludge plus addi-
tions: straw, hay, waste paper and leaves (BURry et al. 2001). Duckweed +
+ cattle manure vermicompost contained more zine, copper, nickel, chromi-
um, cadmium and lead and less iron and manganese than vermicomposts
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produced from pure duckweed. Vermicomposts produced from duckweed and
duckweed plus manure contained less lead, cadmium and chromium than
vermicomposts described by other authors (ZaBrLocki, Kieras-Kokor 1998,
Mazur et al. 2000, Bury et al. 2001, KaLEmBasA 2001). They also contained
less cobalt, nickel, cadmium, chromium and lead compared with vermicom-
posts from duckweed plus sewage sludge (Kaniuczak et al. 2001) and vermi-
composts produced from sewage sludge and sawdust (ZaBLocki, Kikpas-Kokor
1998). The levels of zine, copper, nickel, chromium, lead and cadmium in
duckweed vermicomposts was within the legal requirements for soil fertility
improvement products (Rozp. Min. Roln. i Rozw. Wsi, 2001).

CONCLUSIONS

1. The earthworm E. fetida utilized duckweed biomass from a Lemna-
type biological sewage treatment plant but had better population character-
istics when cattle manure was added.

2. Duckweed vermicomposts were odourless and had good granular struc-
ture. Chemical characteristics of both vermicompost types (with or without
a manure supplement) were desirable.

3. Content of macroelements in duckweed vermicomposts was high,
whereas microelements, cadmium and lead were within permitted levels,
thus making these vermicomposts extremely useful in environmental recla-
mation, including agriculture.
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RESPONSE OF BUTTER LETTUCE
(LACTUCA SATIVA L.) TO DIFFERENT
FORMS OF NITROGEN FERTILIZERS

WITH CHLORINE AND SULPHATES

Slawomir Krzebietke
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University of Warmia and Mazury in Olsztyn

Abstract

The objective of the experiment was to determine the effect of nutrients (different
doses of chlorine, sulphates and calcium as well as different forms of nitrogen fertilizers:
Ca(NOjy)y + NH/,NO;, NH,NOg, NH,NO; + CaCl,, NaNO3) on yield and content of
N-NOs, Nog', P, K, Ca, Mg and Na in butter lettuce (Lactuca sativa L.) cv. Vilmorin. A pot
experiment with four replications was repeated three times in 2007 (from 30th January
and from 30t March) and in 2008 (from 315t March). It was established in the ‘Plant Ho-
use’ of the Chair of Agricultural Chemistry and Environmental Protection UWM in Olsz-
tyn. Lettuce seedlings were planted into pots containing 2 dm3 substratum. Nitrogen was
applied three times, every 10 days, each dose consisting of 100 mg N-dm™ of substratum
applied to soil; identical doses of phosphorus, potassium and magnesium were introduced
to the substratum before planting lettuce. Irradiation period was 12 hours every day. Let-
tuce was harvested after 6 weeks. Determinations of N , (Kjedahl’'s method), P (vana-
dium-molybdenum method), K, Ca, Na (flame photometry — ESA), Mg (atomic absorption
spectrophometry — ASA) were performed having wet mineralised plant samples in HySO,.
Concentration of nitrates (V) was determined in fresh matter (potentiometrically, using
a ion-selective electrode) in a 0.03 mol-dm™ CH3COOH according to NowosieLski (1988). The
smallest number of lettuce heads (statistically significant) was obtained after NaNO; ferti-
lization. The concentration of N-NOj declined advantageously following an NaNOj treat-
ment. In contrast, the highest accumulation of nitrates(V) occurred after application of lime
saltpetre in conjunction with ammonium nitrate. The composition of minerals in butter
lettuce cv. Vilmorin, such as phosphorus, potassium, magnesium and sodium, was more
beneficially affected by fertilization with sulphate compounds (K;SO, + MgSO,) rather than
chlorine compounds (KCl + MgCl,). Soda nitre significantly depressed the content of ma-
gnesium and calcium in plants, had no effect on the concentration of phosphorus and in-
creased accumulation of sodium and potassium.

Key words: Lactuca sativa L., macroelements, N-NOg, nitrogen fertilizers.
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REAKCJA SALATY MASLOWEJ (LACTUCA SATIVA L.) NA ROZNE FORMY
NAWOZOW AZOTOWYCH Z UDZIALEM CHLORU I SIARCZANOW

Abstrakt

Celem pracy bylo okreslenie wptywu sktadnikow pokarmowych (zréznicowanych da-
wek chloru oraz siarczanéw i wapnia, a takze réznych form nawozéw azotowych: Ca(NOj),
+ NH/NO;, NH,NO;, NH,NO; + CaCly, NaNOg3) na plon oraz zawarto§¢ N-NO;, Nog., P,
K, Ca, Mg i Na w salacie mastowej (Lactuca sativa L.) odmiany 'Vilmorin'. Do$§wiadczenie
wazonowe w 4 powtérzeniach prowadzono 3-krotnie w 2007 r. (od 30.01. i od 30.03) i 2008 .
(od 31.03) w ,Rosliniarni" Katedry Chemii Rolnej i Ochrony Srodowiska UWM w Olsztynie.
Rozsade salaty wysadzono do wazonéw o pojemnosci 2 dm3 podloza. Azot aplikowano
3-krotnie, co 10 dni, w ilosci 100 mg N-dm™ podtoza; fosfor, potas i magnez w jednako-
wych dawkach stosowano przed wysadzeniem sataty. Dlugo$¢ naswietlania ro§lin wynosita
12 h dziennie. Zbiér przeprowadzono po 6 tygodniach. Oznaczenia zawartosci Nog. (metoda
Kjeldahla), P (metoda wanadowo-molibdenows), K, Ca, Na, (metodg fotometrii ptomienio-
wej — ESA), Mg (metoda absorpcyjnej spektrometrii atomowej — ASA) dokonano po mine-
ralizacji ,na mokro" w HySO,. Koncentracje azotanéw(V) oznaczono w $wiezej masie (po-
tencjometrycznie z uzyciem elektrody jonoselektywnej), w wyciagu 0,03 mol-dm3
CH3;COOH wg NowosiELSKIEGO (1988). Najmniejsza mase gléwek salaty (istotna statystycz-
nie) otrzymano po nawozeniu NaNO,. Korzystne zmniejszenie ilosci N-NO; nastapilo po
zastosowaniu NaNO,, natomiast najwieksze nagromadzenie azotanéw(V) stwierdzono po
aplikacji saletry wapniowej lacznie z saletrg amonowg. Na zawarto§¢ sktadnikéw mineral-
nych w salacie mastowej odmiany 'Vilmorin', takich jak fosfor, potas, magnez i séd, ko-
rzystniej wplywalo nawozenie zwiazkami siarczanowymi (KoSO, + MgSO,) niz chlorkowy-
mi (KCl + MgCl,). Saletra sodowa znaczaco wplyneta na zmniejszenie zawartoSci magnezu
i wapnia w roSlinach, nie miata wplywu na koncentracje fosforu, jednoczesnie zwiekszata
akumulacje sodu i potasu.

Stowa kluczowe: Lactuca sativa L., makroelementy, N-NOj, nawozy azotowe.

INTRODUCTION

Abundance and availability of mineral components in substratum condi-
tion the volume and quality of produced plant biomass. Wrongly balanced
fertilization, particularly nitrogen treatments, often leads to unfavourable
modifications of the chemical composition of crops. Excessive accumulation
of nitrates(V) in green matter of plants is especially dangerous. Relevant
references comprise many reports in the effect of substratum, agronomic
practice, climatic conditions as well as genetic traits of crops on accumula-
tion of nitrates and their effect on plant produce (DurmaN, Custic 1990,
Karmarr et al. 2004, Jarosz, Dzma 2006, KowaLska et al. 2006, Kozik 2006,
WoJciecHOWSKA et al. 2006).

The purpose of this study has been to determine the effect of nutrients
(different doses of chlorine, sulphates and lime as well as different forms of
nitrogen: Ca(NO3),+NH,NO5, NH,NO;, NH,NO5+CaCl,, NaNOg, on yield
and content of N-NOs, N, P, K, Ca, Mg and Na in butter lettuce (Lactuca

. . . 0g.’
sativa L.) cv. Vilmorin.
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MATERIAL AND METHODS

A two-factor fertilization experiment was established three times, in 2007
(on 30th January and 30th March) and in 2008 (on 315t March) in the Plant
House of the Chair of Agricultural Chemistry and Environmental Protec-
tion, University of Warmia and Mazury in Olsztyn. Butter lettuce (Lactuca
sativa L.) cv. Vilmorin served as the test plant. Lettuce seedlings were plant-
ed to pots containing 2 dm3 substratum. Nitrogen was applied three times,
at ten-day intervals, in doses consisting 100 mg N-dm™ substratum: identi-
cal doses of phosphorus, potassium and magnesium were introduced before
planting the lettuce (Table 1).

Table 1
Doses of nutrients in mg per dm3 of substratum
No |Objects N P K | Mg | Ca Cl S-SO4 | Na
0 0 0 0 0 0 0 0 0
1 Ca(NOg)s+NH,NO5 | 300 | 100 | 150 | 50 | 429 | 0 (94) | 75(0)| O
2 |sulphates NH/NO, 300 | 100 | 150 | 50 | O 0 (94) |75(0)| O
3 |or chlorides | N NO4+CaCl, | 300 | 100 | 150 | 50 | 429 | 381 475)| 75 (0)| 0
4 NaNO4 300 | 100 | 150 | 50 | O 0 (94) | 75(0)| 495

The irradiation period was 12 hours daily. Lettuce plants were harvest-
ed after 6 weeks. The determinations of Nog (Kjeldahl’s method), P (vanadi-
um molybdenum method), K, Ca, Na (flame photometry ESA), Mg (atomic
absorption spectrophotometry — ASA) were performed after wet mineraliza-
tion in HySO,. Concentration of nitrates (V) was determined in fresh matter
(potentiometrically using an ion selective electrode) in a 0.03 mol-dm™
CH3;COOH extract according to NowosieLskr (1988). The first experimental
factor consisted of two forms of potassium and magnesium fertilizer: sul-
phate and chloride (KH,PO,+K,SO,+MgSO,; KH,PO,+KCI+MgClL,). The sec-
ond factor encompassed 4 variants of nitrogen fertilizers, which involved
two forms of nitrogen fertilizers: NO5” i NH,*; (Ca(NOg)y+NH,NOs,,
NH/NOj, NH;NO5+CaCly, NaNOg). During the harvest, fresh matter of let-
tuce heads was weighed. The substratum prepared from mineral soil, before
fertilization treatments, possessed the following physical and chemical proper-
ties: pHyoyo — 6.3, EC — 0.51; in 0.03 mol-dm3 CH3COOH extract:
Ca — 1000.2 mg, Mg — 46.3 mg, K — 219.5 mg, Na — 185.6 mg, Cl — 66.1 mg,
P — 23.2 mg, S-SO, — 218.6 mg, N-NH, — 10, N-NOg — 58.5 mg dm3 of the
substratum.

The results were processed statistically using analysis of variance for
a two-factor experiment established in a completely randomized design, with
an aid of Statistica 7.0 software.
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RESULTS AND DISCUSSION

The fertilization treatments applied in this experiment significantly mod-
ified both yields and concentration of minerals in butter lettuce dry matter
(Figures 1 and 2). The highest yield of butter lettuce was obtained when
lime saltpetre was introduced to the substratum along with ammonium ni-
trate. The yield obtained when soda nitre had been applied was 18.7% lower
compared to the highest yield, but it was still 47.5 g higher than the con-
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Fig. 1. Yield and content of N, Ca and K in dry matter of butter lettuce leaves depending
on the form of nitrogen fertilizers
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trol. Although lettuce is not tolerant to chlorine, in this experiment no sig-
nificant changes in lettuce yield occurred as a result of introduction of am-
monium nitrate or ammonium nitrate with calcium chloride and consequent
increase in the concentration of chlorine in the substratum. These results
are further confirmed by tests conducted by Jarosz and Dzipa (2006) involv-
ing different forms of potassium fertilizer (KCl, KNOg, K;SO,).

The level of total nitrogen in lettuce leaves was slightly higher (by
2.75 g-kg'l d.m. on average) versus the control (Figure 1). The lowest con-
centration of this element occurred in the objects fertilized with soda nitre.
When this compound was added together with calcium chloride, no further
decrease in the total nitrogen concentration in lettuce leaves was recorded.
The significantly highest amount of total nitrogen in dry matter was found
following the fertilization treatment with Ca(NOg)o+NH,NO,, especially in
the objects to which sulphates were introduced.

Lime applied as calcium saltpetre did not cause increased levels of calci-
um in lettuce leaves (Figure 1). Significant increase, however, in the con-
centration of this element was found after introduction of calcium in the
form of CaCl,. Significant decrease in the content of calcium occurred after
an application of soda nitre (a 31.7% decline versus the control).

The forms of nitrogen fertilizers tested in the current experiment caused
a significant drop in the content of potassium in lettuce leaves as compared
to the control (Figure 1). Similar results are reported by Jarosz and Dzipa
(2006), who discovered that higher nitrogen rates were associated with de-
creasing concentrations of potassium in lettuce. The content of potassium in
lettuce dry matter was least affected by nitrogen added to the substratum
in the form of soda nitre. In the other experimental variants, the concen-
tration of potassium was depressed by 9.4 to 11.7 K kg'! d.m. relative to the
zero object.

The content of magnesium in lettuce heads rose significantly (by an
average 1.25 g-kg! d.m. versus the unfertilized lettuce) following the intro-
duction of lime saltpetre, ammonium nitrate as well as its combination with
calcium chloride (Figure 2). Soda nitre caused a much smaller increase
(0.2 g'kg'l d.m.). Similarly to the results reported by PERUCKA et al. (2007),
no effect of additionally introduced calcium ions on the concentration of mag-
nesium in lettuce leaves was determined.

The concentration of sodium in butter lettuce leaves depended primarily
on the form of nitrogen fertilizers applied (Figure 2). In the objects ferti-
lized with soda nitre, the content of sodium in lettuce leaves rose nearly
9.3-fold relative to the control object. In the other objects, the content
of Na was from two- to 2.5-fold higher than in the unfertilized object.

No statistically proven differences were found in the concentration of
phosphorus in lettuce, as dependent on the different forms of nitrogen ferti-
lizers tested in this experiment (Figure 2). Significant differences in the
magnesium content occurred in the concentration of this element appeared
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depending whether the lettuce was fertilized with chlorides or with sulphates
(Figure. 3). Sulphates stimulated accumulation of magnesium. The differ-
ences in the levels of the other macroelements (N, P, K, Ca, Mg and Na) in
lettuce leaves depending on sulphate or chloride fertilization were not sig-
nificant statistically.

The chloride and sulphate form did not have statistically verified effect
on the concentration of nitrates in lettuce. However, it was possible to no-
tice the influence of these two forms on the concentration of nitrates de-
pending on the age of the lettuce organs (Figure 4). The oldest leaves con-
tained more nitrates (V) following an application of chloride rather than
sulphate forms, whereas inner leaves accumulated more N-NO5 under the
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Fig. 3. Yield and content of N, Ca, K, P, Mg and Na in dry matter of butter lettuce leaves
depending on the sulphate and chloride fertilization
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influence of sulphate rather than chloride fertilizers. When CaCl,, was in-
cluded in a fertilization dose, the amount of N-NO; in lettuce leaves was
lower than in the ammonium nitrate fertilized objects. There are many re-
ports on the beneficial effect produced by chlorine used as KCI consisting
of depressed levels of nitrates in crops (MicHaroJ¢ 2000, NURzYNSKI et al. 2001,
Jarosz, Dzipa 2006, Kozik 2006). The highest levels of nitrates were found in
the lettuce fertilized with ammonium nitrate combined with lime saltpetre.
The lowest concentration of nitrates, four-fold less than caused by the
Ca(NO3)g+NH/NOs fertilization treatment, was found in lettuce plants treat-
ed with NaNOs.

CONCLUSIONS

1. The lowest lettuce yield was produced when the crop had been ferti-
lized with NaNOg.

2. Depressed amounts of N-NOg occurred as a result of using NaNO,.
In contrast, the highest accumulation of nitrates(V) was caused by an appli-
cation of lime saltpetre combined with ammonium nitrate.

3. Fertilization with sulphate compounds (KH,PO,+K,SO,+MgSO,) rath-
er than with chloride ones (KH,PO,+KCl+MgCl,) had a more beneficial ef-
fect on the concentration of mineral components in butter lettuce cv. Vil-
morin, such as nitrogen, phosphorus, potassium, magnesium and sodium.

4. Soda nitre significantly depressed the concentration of magnesium and
calcium in lettuce, increased accumulation of sodium and potassium, but
had no effect on the concentration of phosphorus.
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Abstract

The objective of this study was to determine the effect of manganese deficiency in
soil on the rate of photosynthesis and transpiration, water use efficiency, leaf greenness
and the yield of selected cultivars of perennial ryegrass (Lolium perenne L.) and orchard
grass (Dactylis glomerata L.). During the growing season, the rate of photosynthesis and
transpiration was measured using a LI-COR 6400 gas analyzer (Portable Photosynthesis
System), and leaf greenness was estimated with a Minolta SPAD-502 chlorophyll meter.
Water use efficiency (WUE) was calculated based on instantaneous values of photosynthe-
sis and transpiration. Dry matter yield was determined by green matter drying to constant
weight at 105°C. The results of the study indicate that the response of grasses to manga-
nese deficiency in soil was dependent on plant species and cultivar. In the present experi-
ment perennial ryegrass cultivars showed a stronger response to manganese deficit than
orchard grass cultivars. Their response involved a decrease in the rate of photosynthesis
and transpiration, and in the chlorophyll content of leaves. Among the tested cultivars,
perennial ryegrass cv. Maja was found to be most sensitive to manganese deficiency in
soil, as confirmed by the highest decrease in the values of all examined parameters.

Key words: manganese deficiency, perennial ryegrass, orchard grass, photosynthesis, tran-
spiration, water use efficiency (WUE), leaf greenness (SPAD), yield.
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WPLYW NIEDOBORU MANGANU NA WSKA+NIKI WYMIANY GAZOWEJ, INDEKS
ZIELONOSCI LISCI (SPAD) ORAZ PLONOWANIE ZYCICY TRWALEJ (LOLIUM
PERENNE L). I KUPKOWKI POSPOLITEJ (DACTYLIS GLOMERATA L.)

Abstrakt

Celem pracy byla ocena wplywu niedoboru manganu w glebie na intensywnosc foto-
syntezy i transpiracji, wspétczynnik wykorzystania wody, indeks zielono$ci lici oraz plono-
wanie wybranych odmian zycicy trwalej (Lolium perenne L.) i kupkowki pospolitej (Dacty-
lis glomerata L.). W okresie wegetacji mierzono intensywnos¢ fotosyntezy i transpiracji za
pomoca przenosnego analizatora gazowego LI-COR 6400 oraz indeks zielonoSci lisci za po-
moca optycznego chlorofilometru Minolta SPAD-502. Na podstawie chwilowych wartosci
fotosyntezy i transpiracji wyliczono wspéltezynnik wykorzystania wody (WUE). Plon suchej
masy okres§lono przez wysuszenie zielonej masy w temperaturze 105°C, do stalej wagi. Wy-
kazano, ze reakcja traw na niedobér manganu w glebie zalezy od gatunku rosliny i odmia-
ny. Wiekszg reakcje na deficyt manganu, polegajgca na ograniczeniu procesu fotosyntezy
itranspiracji oraz zmniejszeniu zawartosci chlorofilu w liSciach, wykazywaly odmiany zyci-
cy trwatej niz kupkowki pospolitej. Najbardziej wrazliwa na niedobér manganu w glebie
byta odmiana zycicy trwalej Maja, u ktorej stwierdzono w najwiekszym stopniu ogranicze-
nie wszystkich badanych parametrow.

Stowa kluczowe: niedobér manganu, zycica trwata, kupkowka pospolita, fotosynteza,
transpiracja, WUE, indeks SPAD, plonowanie.

INTRODUCTION

Manganese is essential for the growth and development of plants
(JankowskT et al. 2000, Ciorol, FLoreEA 2003). This element is a growth stimu-
lator and an activator of numerous enzymatic processes. It also participates
in nitrogen assimilation, the synthesis of proteins and vitamin C, respira-
tion, as well as in the reactions of splitting water to liberate oxygen during
photosynthesis (Grzy$ 2004). Moreover, manganese affects chlorophyll per-
sistence, and its deficiency causes chlorophyll breakdown under the influ-
ence of strong light. Manganese deficit disturbs normal growth and develop-
ment of plants. The symptoms of manganese deficiency in grasses include
leaf chlorosis, a slower growth rate and failure to response to nitrogen and
iron (FaLKowskKI et al. 1990). Manganese deficiency occurs most often in crops
grown on neutral carbonate soils and on soils with a high humus content
(KaBaTa-PENDIAS, PENDIAS 1999, JoDEEKA et al. 2000, Harasova et al. 2001,
KorirTkE, MENZIES 2004).

The objective of this study was to determine the effect of manganese
deficiency in soil on the rate of photosynthesis and transpiration, water use
efficiency, leaf greenness and the yield of selected cultivars of perennial rye-
grass and orchard grass.
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MATERIALS AND METHODS

The experiment was conducted in a greenhouse of the University
of Warmia and Mazury in Olsztyn. Kick-Brauckmann pots were filled with
10 kg of soil developed from loose sand, characterized by a low content of
phosphorus (31 mg-kg1), potassium (42 mg-kgl), magnesium (13 mg-kg!)
and manganese (8.7 mg-kg1). Soil reaction was slightly acidic — pH 5.8 dm™
in 1 mol KCI. The experiment was performed in four replications. In each
pot, 2 to 3 seeds of grass were sown at 10 points, and the plants were
thinned immediately after emergence, leaving 7 plants per pot. The experi-
ment involved two cultivars of perennial ryegrass (Lolium perenne L.): tetra-
ploid Maja and diploid Argona, and two cultivars of orchard grass (Dactylis
glomerata L.): tetraploid Dala and diploid Areda. Control pots were fertilized
with a nutrient solution containing 1.00 g N as CO(NH,),, 0.25 g P as
KH,PO,, 1.00 g K as K,SO, and 0.50 g Mg as MgSO,-7TH,0. A micronutri-
ent solution (30 ml-pot1), composed of 2.65 g Fe in EDTA, 0.09 g
MnCl,-4H50, 0.1 g ZnCly, 0.03 g CuCl,-2H,0, 0.12 g H3BOg and 0.01 g
(NHygMo,04,-4Hy0 per kg of soil, was also applied. The remaining pots
were not fertilized with manganese. During the growing season leaf green-
ness was estimated with a Minolta SPAD-502 chlorophyll meter, while the
rate of photosynthesis and transpiration was measured using a LI-COR 6400
gas analyzer (Portable Photosynthesis System), at air temperature of around
25°C, a constant CO,, concentration of 400 ppm and illumination of 1000 umol
m? g1, Four measurements were performed for each regrowth. Mean val-
ues for regrowths are presented in the paper. Water use efficiency (WUE)
was calculated based on instantaneous values of photosynthesis and transpi-
ration. The aboveground parts of plants were cut three times over the grow-
ing season. Dry matter yield was determined by green matter drying to
constant weight at 105°C. The results were processed statistically with the
use of Statistica software. The significance of differences was verified by
Tukey’s test at p = 0.99.

RESULTS AND DISCUSSION

The tested cultivars showed low intensity of photosynthesis, ranging
from 5.58 to 8.88 mmol CO, m2s! on average (Table 1). Cv. Argona was
marked by the highest rate of photosynthesis. Manganese deficiency in soil
significantly limited photosynthesis intensity in all tested cultivars. The
present results are consistent with the findings of other authors (Onx1 1985,
SiENKIEWICZ-CHOLEWA 2002) who also observed a lower rate of photosynthesis
in manganese-deficient treatments. In the present experiment the rate
of photosynthesis decreased by 23% under manganese deficit conditions, com-
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Table 1
Intensity of photosynthesis (umol CO, m?2gl)
Cultivars Fertilization 15t cut 2nd cut, 3rd cut Mean
Areda control object manganese 5.98 bc 9.174d 7.38¢ 7514
deficiency 6.49 bc 7434 4624 6.18 0
Dala control object manganese 7.16 ¢ 8.39 be 5.92¢ 7.16 <d
deficiency 5550 8.69 <d 6.594 6.95¢
Argona control object manganese 9.464d 10.25¢ 6.934d 8.88 ¢
g deficiency 5.81°% 8.00° 4514 6.11°%
Maia control object manganese 6.30 b¢ 10.43¢ 9.007 8.58 ¢
J deficiency 3.07 @ 8.13b 5,530 5.58 ¢
Mean for cultivars
Areda 6.23° 8.30 ¢ 6.00 6.84¢
Dala 6.36° 8.54 ¢ 6.26 ¢ 7.05 ¢
Argona 7.63¢ 9.13°% 5.72 @ 7490
Maja 4680 9.28 b 7.28d 7.08 ¢
Mean for fertilization
Control object 7.22°% 9.56°b 7.31° 8.03%
Manganese deficiency 5.23¢ 8.06 @ 531¢ 6.20 @
Mean for cuts 6.23 ¢ 8.81°% 6.31¢ 7.12¢

*homogeneous statistical groups (values marked with same letter did not differ statistically)

pared to control treatments. The response of perennial ryegrass cultivars to
manganese deficiency was stronger than that of orchard grass cultivars, as
confirmed by a higher decrease in photosynthesis intensity. This could be
due to the ability of orchard grass to accumulate and store large quantities
of manganese (DoBoszyNski, WASILEWSKI, 1983, MLYNARCZYK, OLKOWSKI 1986,
JARGIEELO et al. 1991). Cv. Maja was found to be least resistant to manga-
nese deficiency. The rate of photosynthesis decreased by 35% in this culti-
var. In both species and in all cultivars the highest rate of CO, assimilation
was recorded in the second regrowth.

Manganese deficiency limited water transpiration per unit leaf area. The
value of this indicator was on average 24% lower in manganese-deficient
treatments, in comparison with control treatments (Table 2). Orchard grass
responded only slightly to manganese deficiency — the rate of transpiration
in the tested cultivars of this species did not differ significantly subject to
the level of manganese fertilization. On the other hand, the value of this
parameter decreased by 34% and 42% in perennial ryegrass cultivars not
fertilized with manganese. The highest rate of transpiration and the highest
reduction in water evaporation under manganese deficit conditions were not-
ed in cv. Maja. These results contradict the findings of Ouki (1985) who
postulated that manganese deficiency had no effect on transpiration in com-
mon wheat. It should be also stressed that particular regrowths differed
with respect to the rate of transpiration per unit leaf area. The highest rate
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Table 2
Intensity of transpiration (m mol Hy,O m?2 sl
Cultivars Fertilization 1%t cut ond cut 3rd cut Mean
Areda control object manganese 0.90 @ 0924 0.52¢ 0.78 ¢
deficiency 1324 0.68 @ 0.28 @ 0.76 ¢
Dala control object manganese 1.04° 0.77% 0.53¢ 0.78¢
a deficiency 1.05% 0.80 ¢ 0.51¢ 0.79 ¢
Argona control object manganese 1.21°¢ 1.31f 0.38° 0.964
g deficiency 0.81¢ 0.81¢ 0.28 @ 0.64¢
Maia control object manganese 2.03¢ 1.19°¢ 0.36° 1.19¢
J deficiency 1.05°% 0.76 0 0.26 @ 0.69°
Mean for cultivars
Areda 1.11°b 0.80 @ 0.40 ¢ 0.77¢@
Dala 1.05¢ 0.78 @ 0.52 ¢ 0.78 @
Argona 1.01¢ 1.06 ¢ 0.33° 0.80°
Maja 1.54¢ 0.97°% 0.31¢ 0.94¢
Mean for fertilization
Control object 1290 1.04% 0450 0.93°
Manganese deficiency 1.06 @ 0.76 ¢ 0.33 ¢ 0.71¢
Mean for cuts 1.18¢ 0.90° 0.39 ¢ 0.82°

Explanations, see Table 1

of transpiration was recorded in the first regrowth, and then it gradually
decreased.

Manganese deficiency in soil had no considerable influence on water
relations in the investigated species and cultivars of grass. In the cultivars
Argona and Maja water use efficiency decreased only slightly, by 3% and 5%
respectively, while in the cultivars of orchard grass WUE increased to a slight
degree (Table 3). A comparison of water use efficiency in the tested cultivars
revealed that it reached the highest level in cv. Maja. In all cultivars the
highest water use efficiency was observed in the third regrowth, which re-
sulted from a low rate of transpiration.

Leaf greenness measurements showed that orchard grass cultivars con-
tained less chlorophyll in leaves than perennial ryegrass cultivars (Table 4).
Among the cultivars of perennial ryegrass, cv. Maja had a significantly high-
er chlorophyll content (44.83 SPAD units on average). Manganese deficit
resulted in a decrease in chlorophyll concentrations, by 5.5% on average.
Cv. Maja showed the strongest response to manganese deficiency, although
the chlorophyll content of leaves decreased in this cultivar by only 8% on
average. Literature on the subject provides no information on the impact of
manganese fertilization on the chlorophyll content of grasses, which makes
a detailed discussion of the results impossible. However, in a study conduct-



594

Table 3
Water use efficiency (umol CO, m2 sl -mmol Hy,O m2 gl

Cultivars Fertilization 15t cut 2nd eyt 3rd eyt Mean
Areda control object manganese 6.70 ¢ 10.02 © 14.26 ¢ | 10.33ab
deficiency 4930 10.96¢ | 16.649¢ | 10.84 ¢

Dala control object manganese 6.89 ¢ 10.93¢ 11.28 @ 9.70 ¢

deficiency 5290 10.90¢ | 12939 | 971¢@

Argona control object manganese 7.85¢ 7.84¢ 18.38¢ 11.36 ¢
g deficiency 7.16°¢ 9.88°% 15.99 <@ | 11.010¢
Maia control object manganese 3.10¢ 8.78 b 24.86 & 12.254
J deficiency 293¢ 10.78¢ | 2107/ | 11.56¢

Mean for cultivars

Areda 5.82°b 10.49¢ | 1545% | 1058°%

Dala 6.09 0 10914 | 12119 | 9.70¢
Argona 7.50¢ 8.86 ¢ 17.18¢ 11.18¢
Maja 3.01¢ 9.78 b 22964 | 119249

Mean for fertilization

Control object 6.13° 9.39 ¢ 17.19 ¢ 1091¢
Manganese deficiency 5.08 @ 10.63° 16.66 ¢ 10.79 @
Mean for cuts 5.60 @ 10.01% | 1693°¢ | 10.85°

Explanations, see Table 1
Table 4
Leaf greenness index (SPAD)

Cultivars Fertilization 15t cut ond et 3rd eyt Mean
Areda control object manganese 36.13 be 42.03 ¢ 40.85 ¢ 39.67°
deficiency 3445 | 40.05° | 38.38°0 | 37.63¢

Dala control object manganese 35.439b | 40.05°% 41.03 ¢ 38.84 0
deficiency 36.43%¢ | 38554 36.48 ¢ 37.15¢

Argona control object manganese 39.954 43.18 ¢ 41.58¢ 41.57¢
g deficiency 37.80¢ | 4043% | 41.30%¢ | 39.84°0
Maia control object manganese 4498 ¢ 48.10 ¢ 46.90 ¢ 46.66 ¢
J deficiency 40.45de | 45859 | 42609 | 43.009

Mean for cultivars

Areda 35.29 ¢ 41.04° 39.61¢ 38.64 ¢
Dala 35.93¢ 39.30¢ 38.75¢ 37.99¢
Argona 38880 | 41.80% | 41.44°% | 40.70°%
Maja 42.72 ¢ 46.98 ¢ 4475 ¢ 44.83¢

Mean for fertilization

Control object 39.12°% | 43340 | 42590 | 4169°%
Manganese deficiency 37.28¢ 4122 ¢ 39.69 ¢ 39.40¢
Mean for cuts 37.832 | 42.05% | 41.62°% | 4050°

Explanations, see Table 1
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Table 5
Dry matter yield (g -pot™)
Cultivars Fertilization 1%t cut ond cut 3rd cut Mean
Areda control object manganese 7.43 be 7.63¢ 5.45 ab 20.50 0
deficiency 6.80 ¢ 6.78 @ 453 ¢ 18.10 ¢
Dala control object manganese 8.15 be 743¢ 5.68 bc 21.25 be
a deficiency 8.18 be 7.08 @ 5.78b¢ | 21,08 bc
Argona control object manganese 7.50 be 7.13¢ 6.45 be 21.08 be
g deficiency 8.05 be 6.50 @ 6.10 5¢ | 20.65 bc
Maia control object manganese 8.73¢ 7.05¢ 6.70 ¢ 2248 ¢
J deficiency 6.48 ab 6.63 4 6255 | 19.36°
Mean for cultivars
Areda 7.11¢ 7209 4.99¢ 19.30¢
Dala 8.16% 725 5736 | 21.14°
Argona 7.78 ab 6.81¢ 6.285¢ | 20.86°
Maja 7.61 ab 6.844 6.48 ¢ 20.93 0
Mean for fertilization
Control object 7.95°0 7.31°0 6.07° 21.33°0
Manganese deficiency 7.38¢ 6.75 ¢ 5.66 ¢ 19.79 @
Mean for cuts 7.71% 7.06 b 587¢ | 20.64¢

Explanations, see Table 1

ed by Onxki (1985) manganese deficit in soil reduced chlorophyll concentra-
tions in the leaves of common wheat, similarly as in the tested grass spe-
cies. In the current experiment the lowest chlorophyll content of leaves was
recorded in the first regrowth, regardless of a cultivar.

The yield of orchard grass cv. Areda was found to be the lowest, while
the yields of the other investigated cultivars remained at a comparable level
(Table 5). A lower yield of this cultivar was also noted in our earlier studies
(Orszewska 2004, 2005, 2006). Manganese deficiency decreased the yield of
grasses, by around 7% on average. The greatest effect of manganese deficit
on yielding was observed in perennial ryegrass cv. Maja, whose yield de-
clined by approximately 14% in comparison with control treatments. It should
be stressed that this cultivar showed the strongest response to deficit in soil
Mn, reflected by the highest drop in the values of all examined parameters.

CONCLUSIONS

1. The response of grasses to manganese deficiency in soil was depend-
ent on plant species and cultivar. Perennial ryegrass cultivars showed
a stronger response to manganese deficit than orchard grass cultivars. Their
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response involved a decrease in the rate of photosynthesis and transpira-
tion, and in the chlorophyll content of leaves.

2. Among the tested cultivars, perennial ryegrass cv. Maja was found to
be most sensitive to manganese deficiency in soil, as confirmed by the high-
est decrease in the values of all examined parameters.
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Abstract

Copper is essential for the growth and development of plants. This micronutrient af-
fects chlorophyll content, photosynthesis process and water relations in the plant. The ob-
jective of this study was to determine the effect of copper deficiency in soil on the rate of
photosynthesis and transpiration, water use efficiency, leaf greenness and the yield of se-
lected cultivars of perennial ryegrass (Lolium perenne L.) and orchard grass (Dactylis glo-
merata L.). During the growing season, the rate of photosynthesis and transpiration was
measured using a LI-COR 6400 gas analyzer (Portable Photosynthesis System), and leaf
greenness was estimated with a Minolta SPAD-502 chlorophyll meter. Water use efficiency
(WUE) was calculated based on instantaneous values of photosynthesis and transpiration.
Dry matter yield was determined by green matter drying to constant weight at 105°C. The
results of the study indicate that copper deficiency significantly decreased the rate of pho-
tosynthesis and transpiration, chlorophyll concentration in leaves and the yield of all inve-
stigated cultivars. Perennial ryegrass cv. Maja was found to be most resistant to copper
deficiency — it was characterized by a high rate of photosynthesis and transpiration, and
by the highest chlorophyll content. The yield of cv. Maja attained under copper deficit con-
ditions was comparable to that of other cultivars grown under control conditions.

Key words: copper deficiency, perennial ryegrass, orchard grass, photosynthesis, transpi-
ration, water use efficiency (WUE), leaf greenness (SPAD), yield.
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WPLYW NIEDOBORU MIEDZI NA WSKAZNIKI WYMIANY GAZOWEJ, INDEKS
ZIELONOSCI LISCI (SPAD) ORAZ PLONOWANIE ZYCICY TRWALEJ (LOLIUM
PERENNE L). I KUPKOWKI POSPOLITEJ (DACTYLIS GLOMERATA L.)

Abstrakt

MiedZz jest mikroelementem niezbednym do prawidlowego wzrostu i rozwoju roslin.
Wplywa na zawarto$¢ chlorofilu, proces fotosyntezy oraz gospodarke wodng roslin. Celem
pracy byta ocena wplywu niedoboru miedzi w glebie na intensywno$¢ fotosyntezy i transpi-
racji, wspotezynnik wykorzystania wody, indeks zielono$ci lisci oraz plonowanie wybranych
odmian zycicy trwalej (Lolium perenne L.) i kupkéwki pospolitej (Dactylis glomerata L.).
W okresie wegetacji mierzono intensywnos¢ fotosyntezy i transpiracji za pomoca przeno-
$nego analizatora gazowego LI-COR 6400 i indeks zielonoSci liSci za pomoca optycznego
chlorofilometru Minolta SPAD-502. Na podstawie chwilowych wartosci fotosyntezy i trans-
piracji wyliczono wspétezynnik wykorzystania wody (WUE). Plon suchej masy okreslono
przez wysuszenie zielonej masy w temperaturze 105°C do statej wagi. Wykazano, ze niedo-
bor miedzi istotnie ograniczyt intensywnosé fotosyntezy, transpiracji, poziom chlorofilu w li-
Sciach oraz plonowanie wszystkich badanych odmian. Odmiang najbardziej odporna na nie-
dobdr miedzi byta Maja, ktéra odznaczala sie wysoka intensywnoscig fotosyntezy i transpiracji
oraz najwiekszg zawartoScig chlorofilu. W warunkach niedoboru miedzi plonowata ona na
poziomie pozostalych odmian uprawianych w warunkach kontrolnych.

Stowa kluczowe: niedobor miedzi, zycica trwata, kupkéwka pospolita, fotosynteza, tran-
spiracja, WUE, indeks SPAD, plonowanie.

INTRODUCTION

Copper is essential for the growth and development of plants. This mi-
cronutrient influences chlorophyll content, participates in the processes
of protein and carbohydrate synthesis, and positively affects the activity of
nitrate reductase (FaLkowskI et al. 1990, Kupuk 1996, TERELAK et al. 1998,
KaBaTta-PENDIAS, PENDIAS 1999, BARczAK et al. 2006). Moreover, copper has an
impact on the photosynthesis process and water relations in the plant. Cop-
per deficiency decreases the rate of photosynthesis and increases the rate of
respiration (Ruszkowska, WoJCIESKA-WYSKUPAJTYS 1996), and it induces chang-
es in the structure of leaf epidermis and stem tissue. Under copper deficit
conditions, stomata, parenchymal and sclerenchymal cells of the stem be-
come smaller, while xylem cells undergo deformations. These undesirable
changes limit water flow in the soil-plant system, leading to plant wilting
(Dyk1, Borkowski 2000). The copper content of plants varies widely depend-
ing on the part of plant, growth stage, species and variety, as well as on
copper concentrations in soil and climate conditions (KaBATA-PENDIAS 1996,
Ruszkowska et al. 1996a).

The objective of this study was to determine the effect of copper defi-
ciency in soil on the rate of photosynthesis and transpiration, water use
efficiency, leaf greenness and the yield of selected cultivars of perennial rye-
grass and orchard grass.
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MATERIALS AND METHODS

The experiment was conducted in a greenhouse of the University of
Warmia and Mazury in Olsztyn. Kick-Brauckmann pots were filled with 10 kg
of soil developed from loose sand, characterized by a low content of phos-
phorus (31 mg-kg1), potassium (42 mg-kgl), magnesium (13 mg-kg'!) and
copper (4.5 mg-kg1). Soil reaction was slightly acidic - pH 5.8 dm™ in 1 mol
KCI. The experiment was performed in four replications. In each pot, 2 to
3 seeds of grass were sown at 10 points, and the plants were thinned imme-
diately after emergence, leaving 7 plants per pot. The experiment involved
two cultivars of perennial ryegrass (Lolium perenne L.): tetraploid Maja and
diploid Argona, and two cultivars of orchard grass (Dactylis glomerata L.):
tetraploid Dala and diploid Areda. Control pots were fertilized with a nutri-
ent solution containing 1.00 g N as CO(NH,),, 0.25 g P as KH,PO,, 1.00 g
K as Ky,SO, and 0.50 g Mg as MgSO,-7H,0. A micronutrient solution
(30 mg-potl), composed of 2.65 mg Fe in EDTA, 0.09 mg MnCl,-4H,0,
0.1mg ZnCl,, 0.03 mg CuCl,-2H,0, 0.12 mg H3BO3 and 0.01 mg
(NHygMo,04,-4Hy0 per kg of soil, was also applied. The remaining pots
were not fertilized with copper. P, K and Mg were applied pre-sowing at
a single rate, while nitrogen and microelements were applied at three rates:
pre-sowing, after the first and second cutting. During the growing season
leaf greenness was estimated with a Minolta SPAD-502 chlorophyll meter,
while the rate of photosynthesis and transpiration was measured using a LI-
COR 6400 gas analyzer (Portable Photosynthesis System), at air tempera-
ture of around 25° C, a constant CO, concentration of 400 ppm, illumination
of 1000 pmol m2 s'! and soil moisture content of around 70% of field water
capacity. Measurements were taken on the youngest, fully developed leaf of
shoots selected randomly in each treatment. Four measurements were per-
formed for each regrowth, and readouts were taken at one-week intervals.
Mean values for regrowths are presented in the paper. Water use efficiency
(WUE) was calculated based on instantaneous values of photosynthesis and
transpiration. The aboveground parts of plants were cut three times over
the growing season: cut I — 9 July, cut II — 30 August, cut III — 25 October.
Dry matter yield was determined by green matter drying to constant weight
at 105°C. The results were processed statistically with the use of Statistica
software. The significance of differences was verified by Tukey's test at
p = 0.99.
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RESULTS AND DISCUSSION

Copper deficiency disturbs the conversion of light energy into chemical
energy, thus reducing the rate of photosynthesis and photosynthetic activity
in plants. The average rate of photosynthesis was low in the leaves of all
investigated grass cultivars, and it ranged from 5.59 to 8.88 nmol CO, mZsl
(Table 1). Cv. Maja was marked by the highest rate of photosynthesis. The
course of this process was widely differentiated in particular regrowths. The
lowest rate of photosynthesis was observed in the first regrowth, while the
highest — in the second regrowth. Copper deficiency in soil significantly lim-
ited photosynthesis intensity in the leaves of all tested cultivars. Compared
to control treatments, the rate of photosynthesis decreased by 25%. Tetra-
ploid cultivars were more resistant to copper deficiency than diploid culti-
vars. Among the tested cultivars, cv. Dala was found to be most resistant to
copper deficiency. The rate of photosynthesis decreased to the slightest de-
gree in this cultivar, i.e. by 15% on average, compared to 22-36% in the
other cultivars. Orchard grass is known for its ability to accumulate copper.
FarLkowski et al. (1990) reported that the concentration of this micronutrient
was substantially higher in orchard grass than in perennial ryegrass under
copper deficit conditions. This probably explains the weaker response of or-
chard grass to copper deficiency, in comparison with perennial ryegrass.

In the present study copper deficiency decreased transpiration intensity,
on average by 31% (Table 2). The investigated cultivars differed in their
responses to copper deficit. The weakest response was recorded in cv. Maja,
while the strongest in cv. Argona — the rate of transpiration decreased in
these cultivars by approximately 16% and 42% respectively. Dyka and
Borkowski (2000) demonstrated that in tomato plants copper deficiency caused
a reduction in the thickness of the xylem layer and deformation of xylem
cells as well as the closing of stomata, thus disturbing water transport and
limiting transpiration. Perennial ryegrass cultivars evaporated more water
than orchard grass cultivars. Particular regrowths differed with respect to
the rate of transpiration, which was the fastest in the first regrowth and
the slowest in the third regrowth.

Water relations in the plant can be determined based on water use effi-
ciency (WUE). The highest water use efficiency was observed in the third
regrowth, which resulted from a low rate of transpiration (Table 3). In or-
chard grass cultivars, higher values of WUE were recorded in treatments
not fertilized with copper, whereas in perennial grass cultivars — in control
treatments. Among the tested cultivars, the lowest WUE (mean value for
regrowths) was reported for cv. Argona, while differences between the re-
maining cultivars were statistically non-significant.

Copper participates in chlorophyll biosynthesis (Grzy$ 2004) — around 70%
of copper can be found in chloroplasts. Copper deficiency in soil had a signifi-
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Table 1
Intensity of photosynthesis (umol CO, m?2gl)
Cultivars Fertilization 1%t cut ond cut 3rd cut Mean
Areda control object copper 5.98%cd 9.17¢ 7.384d 7.51¢
deficiency 3.36¢ 8.29°0 5.12¢ 5.59 ¢
Dala control object copper 7.16¢ 8.39°b 5920 7.164d
deficiency 6.224d 6.98 @ 5.02 @ 6.07°%
Arcona control object copper 9467 10.25 4 6.93 ¢ 8.887
g deficiency 4.36° 6.82¢ 5870 5.69 @
Maia control object copper 6.304 10.43 4 9.01¢ 8581
J deficiency 5.13 bc 8.96°¢ 5910 6.66 ¢
Mean for cultivars
Areda 4,674 8730 6.250 6.55 ¢
Dala 6.69 ¢ 7.68 ¢ 547¢ 6.61¢
Argona 691°¢ 8540 6.40 0 7.28%
Maja 5710 9.69 ¢ 7.46 ¢ 7.62¢
Mean for fertilization
Control object 7.22°% 9560 7.31°% 8.03%
Copper deficiency 477 7.76 @ 548 6.00 @
Mean for cuts 5.60 ¢ 8.66 0 6.39 ¢ 7.02¢

*homogeneous statistical groups (values marked with same letter did not differ statistically)

Table 2
Intensity of transpiration (m mol H,O m?2 gl
Cultivars Fertilization 15t cut ond eyt 3rd cut Mean
Areda control object copper 0.90° 0.92¢ 0.52¢ 0.78d
deficiency 0.64 @ 0520 0.35¢ 0.50 @
Dala control object copper 1.04¢ 0.77 ¢ 0.53¢ 0.784
deficiency 0.92°% 044 0.36 @ 0.57°%
Argona control object copper 2.03 ¢ 119/ 0.36 ¢ 1.197
g deficiency 0.87° 0.844d 0.374 0.69°¢
Maia control object copper 1214 1318 0.38 @ 0.96 ¢
J deficiency 1.10°¢ 0.844d 0.48° 0.814
Mean for cultivars
Areda 0.77 @ 0.726 0.43°% 0.64 @
Dala 0.98 0 0.60 @ 0.44 b 0.68°
Argona 1454 1.01¢ 0.36 @ 0.94 ¢
Maja 1.15¢ 1.084 0.43°% 0.88¢
Mean for fertilization
Control object 1290 1.04° 045°% 0.93°%
Copper deficiency 0.88 @ 0.66 ¢ 0.39 ¢ 0.64¢
Mean for cuts 1.09 ¢ 0.850 0.42¢ 0.79 b

Explanations, see Table 1



602

Table 3
Water use efficiency (umol CO, m?Z s1-m mol Hy,O0 m?Zgl)

Cultivars Fertilization 18t cut 2nd eyt 3rd eyt Mean
Areda control object copper 6.70 0 10.02% | 1426°¢ | 10.33°
deficiency 5.28 @ 16.03¢ | 14.84¢ | 12,0549

Dala control object copper 6.89 % 10.93 ¢ 11.28a | 9.70ab
deficiency 6.74 15959 | 13.96°¢ | 12239

Argona control object copper 4.66 ¢ 8.63¢ 19.11°¢ 10.80 ¢
g deficiency 5.02 @ 8.17¢ 16.09¢ | 9.80a
Maia control object copper 5.23 @ 7.97 4 23897 | 123649
J deficiency 4679 10.63%¢ | 12384 | 923a

Mean for cultivars
Areda 5.99 b 13.02¢ | 1455% | 11.19°%
Dala 6.81°¢ 1344°¢ | 12629 | 10.96°
Argona 4830 8.40 @ 17.60¢ | 10.28¢
Maja 4950 9.30°% 18.14¢ | 10.80°
Mean for fertilization

Control object 5.87°% 9.39¢ 17.14% | 10.80¢
Copper deficiency 5439 13.70 ® 14.32 @ 10.81¢
Mean for cuts 5.65 ¢ 11.04% | 1573¢ | 10.81°%

Explanations, see Table 1

cant effect on chlorophyll concentrations in leaves. Leaf greenness (SPAD)
values decreased by approximately 7-8% in all regrowths under copper defi-
cit conditions (Table 4). Cv. Maja showed the strongest response to copper
deficiency, which was manifested by an 11% decrease in the chlorophyll con-
tent of leaves. At the same time, this cultivar had the highest chlorophyll
concentration (on average 42.73 SPAD). The lowest chlorophyll content of
leaves was recorded in the first regrowth, regardless of a cultivar. This is
consistent with our earlier findings (OLszEwska 2006, OLszEWSKA et al. 2008).

Perennial ryegrass cv. Maja was characterized by the highest yield of all
tested cultivars, both under optimum fertilization conditions and under cop-
per deficit conditions (Table 5). In this cultivar a high yield corresponded
with a high rate of photosynthesis and transpiration, and with the highest
chlorophyll content of leaves. Deficit in soil Cu caused a yield decline in all
the cultivars, but statistically significant differences were observed only with
regard to cv. Areda. Dry matter yield dropped on average by around 8%,
and the highest decline was noted in cv. Dala (approx. 11%). In all the ana-
lyzed cultivars the strongest response to copper deficiency was reported in
the second regrowth, which was reflected by the highest yield decrease.
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Table 4
Leaf greenness index (SPAD)
Cultivars Fertilization 15t cut 2nd eyt 3rd eyt Mean

Areda control object copper 36.13<4 | 40.85% | 42034 | 39.67°

deficiency 33.48¢ | 3890¢ | 40.45% | 37614

Dala control object copper 35.43bc | 41.050¢ | 42,039 | 39500

deficiency 34409 | 3725¢ | 388579 | 36.83¢

Arcona control object copper 39.95¢ | 43.189d | 4158 | 4157¢

g deficiency 36.88¢d | 41.43°%¢ | 39650 | 39320

Maia control object copper 41987 | 4810¢ | 4590¢ | 453349

J deficiency 37.854 42.2¢ | 40.38%c | 40.14°

Mean for cultivars

Areda 34.80¢ | 39.88¢ | 41.23% | 38640

Dala 3491¢ | 3995¢ | 3964 | 38179

Argona 34.41% | 42300 | 4061° | 4044°

Maja 3991¢ | 4515¢ | 43.14°¢ | 4273¢

Mean for fertilization

Control object 38370 | 43290 | 42880 | 4151°

Copper deficiency 35.63 ¢ 39.94 @ 39.83 ¢ 38.48 ¢

Mean for cuts 37.01¢ | 41.82% | 41.16°% | 39.99°
Explanations, see Table 1

Table 5
Dry matter yield (g-pot1)
Cultivars Fertilization 15t cut 2nd eyt 3rd eyt Mean

Areda control object copper 7.38¢ 7.63¢ 5.45 ab 20.45 be

deficiency 7234 6.50 ab 5.03 @ 18.75 @

Dala control object copper 8.15¢ 7.43 be 5.67 ab 21.25 be

deficiency 6.98 @ 6.40a | 562ab | 1900

Argona control object copper 7.50¢ 7.18 be 6.45¢cd 21.07 be

g deficiency 7.684 6.354 598¢<d | 20.00 e

Maia control object copper 8.73 ¢ 7.05 be 6.70 4 2248 ¢

J deficiency 7.93¢ 66505 | 6.35¢ | 20.930bc

Mean for cultivars

Areda 7.30¢ 7.06 ¢ 5.23 @ 19.60 @

Dala 7.56 ¢ 6.91¢ 5.65 @ 20.13 ¢

Argona 7594 6.74 @ 6.21% | 20549

Maja 8.33a 6.854 6.53° 21.70

Mean for fertilization

Control object 793¢a 7.31° 6.07° 21.31°%

Copper deficiency 7.45¢ 6.48 @ 5.74 ¢ 19.67¢

Mean for cuts 7.69 ¢ 6.89 0 591¢ 20.49 @

Explanations, see Table 1
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CONCLUSIONS

1. Copper deficiency significantly decreased the rate of photosynthesis
and transpiration, chlorophyll concentration in leaves and the yield of all
the investigated cultivars.

2. Perennial ryegrass cv. Maja was found to be most resistant to copper
deficiency — it was characterized by a high rate of photosynthesis and tran-
spiration, and by the highest chlorophyll content. The yield of cv. Maja at-
tained under copper deficit conditions was comparable to that of other culti-
vars grown under control conditions.
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Abstract

This paper discusses some aspects of the research conducted in the hydrological years
2000/2001-2002/2003 on arable areas around several small water bodies located on the out-
skirts of villages in the commune of Katy Wroctawskie. The aim of the paper was to as-
sess the content of selected chemical elements in the groundwater and small water bodies.

The water bodies included in the research appeared a few decades ago as a result of
human activity; in Zybiszéw and Bliz they are small post-mine water bodies, whereas in
Smolec and Rybnica they are ponds filling former clay excavation sites. Their surface ran-
ges widely between 0.05 and 2.2 ha, while the average depth reaches 1.2 to 3.5 m. Since
no flows come to these water bodies, they are fed only by ground and rain water. In the
research period the water level of the bodies fluctuated between 3 and 40 cm, while the
maximum changes in the groundwater level were above 1 m.

The examined waters contained elevated levels of elements, the fact which is directly
related to the kind of soils in the region. Another factor affecting the content of elements
is whether or not soils are used agriculturally. It has been observed that arable areas are
distinguished by positive correlation of magnesium, potassium and sodium concentrations
in ground and surface waters. Increased content of these elements in Rybnica suggests
that the waters receive pollutants from nearby houses.

In the groundwater examined the ratio of calcium and magnesium concentrations ran-
ged from 2.7 to 6.9, whereas in the surface water it varied from 1.2 to 5.1. Values below

dr inz. Wojciech Orzepowski, Institute of Environmental Development and Protection, Wro-
ctaw University of Environmental and Life Sciences, pl. Grunwaldzki 24, 50 — 363 Wroctaw,
Poland, e-mail: wojciech.orzepowski@up.wroc.pl
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3 were obtained for both types of water only in Rybnica, which proves the influx of sewage
from households.

Key words: water, magnesium, calcium, potassium, sodium.

ZAWARTOSC MAGNEZU, WAPNIA, POTASU I SODU W WODACH GRUNTOWYCH
ORAZ POWIERZCHNIOWYCH NA UZYTKACH ROLNYCH W GMINIE KATY
WROCLAWSKIE

Abstrakt

W pracy przedstawiono wybrane elementy badan prowadzonych w latach hydrologicz-
nych 2000/2001-2002/2003 na uzytkach rolnych wokét kilku niewielkich zbiornikéw wod-
nych zlokalizowanych na obrzezach wsi w gminie Katy Wroctawskie. Celem pracy byta oce-
na zawartosci wybranych pierwiastkow w wodach gruntowych i matych zbiornikach
wodnych.

Zbiorniki objete badaniami powstaly przed kilkudziesieciu laty w efekcie dziatalnosci
czlowieka — w Zybiszowie i Blizu sg to niewielkie zbiorniki kopane, natomiast w Smolcu
i Rybnicy powstaly w miejscach dawnych wyrobisk gliny. Ich powierzchnia jest zréznicowa-
na i wynosi od 0,05 do 2,2 ha, a $rednia gtebokos¢ od 1,2 do 3,5 m. Nie doptywaja do nich
zadne cieki, a zasilanie nastepuje jedynie przez doptyw wod gruntowych oraz opadowych.
W okresie badawczym potozenie zwierciadta wody w tych zbiornikach zmienialo sie w za-
kresie 3-40 cm, natomiast maksymalne zmiany potozenia zwierciadta wody gruntowej prze-
kraczaly 1 m.

Badane wody zawiaraja duze ilosci pierwiastkow, co ma bezposredni zwigzek z rodza-
jem gleb i uzytkowaniem ich jako pola orne. Na terenach uzytkowanych rolniczo obserwu-
je sie dodatnie skorelowanie stezenia magnezu, potasu i sodu w wodach gruntowych i po-
wierzchniowych. Podwyzszone zawartosci tych pierwiastkéw na obiekcie w Rybnicy
wskazujg na zanieczyszczenie wod splywem z terenéw zabudowanych.

W analizowanych wodach gruntowych stosunek stezenia wapnia do magnezu wynosit
od 2,7 do 6,9, natomiast w powierzchniowych od 1,2 do 5,1. Wartosci mniejsze od 3, dla obu
rodzajow wod, stwierdzono tylko na obiekcie w Rybnicy, co potwierdza hipoteze, ze dopty-
wajg tam zanieczyszczenia z terenow zabudowanych.

Stowa kluczowe: woda, magnez, wapn, potas, sod.

INTRODUCTION

The composition and concentration of substances in ground and surface
water is a resultant of two factors: the geological structure of the earth’s
crust, including the intensity with which it is leached, and anthropogenic
activity associated with agriculture, industry and public utilities. As water
travels through the soil’s profile, various water-soluble substances are re-
leased (PuLikowski et al. 2006). Most of them are macroelements and alkali
elements. Water acts as a solvent, enabling plants to absorb substances es-
sential for their growth. Any excess of water content in soil causes an ad-
verse outflow of nutrients. The actual mass of the components carried away
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depends mostly on the amount of water leaving particular surface
(PuLikowskr 2004). The amount of rainfall (Szymczyk, CymEs 2005), the type of
soil and the manner in which it is used (CyMEs, Szymczyk 2005) are indirectly
responsible for the load of components carried away from the soil. Leaching
calcium and magnesium is additionally made more intensive by draining
devices (KoBus, GLINSKA-LEwczUK 2005). In the case of heavily salted soils,
their profile is washed with clean water in order to reduce the concentra-
tion of, for instance, sodium (KELLENERS et al. 2000).

Calcium and magnesium are important macroelements, taken up by
plants in considerable amounts. Magnesium is a constituent of chlorophyll
and activates a number of enzymatic reactions. Calcium incrusts cell mem-
branes, influences the accumulation of oxalates, regulates water supply and
metabolic processes. It also favours the forming of cloddy structure, as it
triggers off coagulation of soil colloids (DoBRZANSKI, ZawADZKI 1981).

Alkali elements — sodium and potassium — also play a significant role in
vital processes of plants. Potassium plays a major role in synthesis and
respiration processes and, even more importantly, regulates the hydration
of tissues. Sodium, on the other hand, influences the physicochemical prop-
erties of plasma and water supply. The uptake of these elements is strictly
dependent on the relationship between their contents in soil (DOBRZANSKI,
Zawapzki 1981).

The purpose of this paper was to assess the content of selected ele-
ments in groundwater and small water bodies in the commune (gmina)
of Katy Wroctawskie.

CHARACTERISTICS OF SUBJECTS AND METHODOLOGY
OF RESEARCH

This paper discusses selected elements of the research conducted in the
hydrological years 2000/2001-2002/2003 in the commune (gmina) of Katy
Wroctawskie on arable areas around several small water bodies located on
the outskirts of the following villages: Bliz, Rybnica, Smolec and Zybiszow.
The area included in the research is located in the region of Wroctaw Plain
(Rownina Wroctawska) (KoNDRACKI 1994), west of Wroctaw. The surface of the
plain is distinguished by minor denivelations. The arable lands there are
mainly fertile black earth created mostly from silts and silty loams, sporadi-
cally lined with more permeable deposits.

The average long-term sum of rainfall in this area (on the basis of the
data obtained from the meteorological point of the Experimental Station for
Cultivar Testing in Zybiszéw) was 568 mm, out of which 371 mm (ca 65%)
fell during the vegetation period (April-September). Annual sums of rainfall
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in the following years of the research period 2000/2001-2002/2003 were
644 mm, 577 mm and 488 mm, while the sums of rainfall recorded during
the vegetation periods came to, respectively, 466 mm, 362 mm and 295 mm.
The subsequent hydrological years of the research period were character-
ized as a wet year (2001), a normal year (2002) and a dry year (2003). Vege-
tation periods (April-September) of these years were described, respectively,
as: medium wet, normal and medium dry. With regard to thermal condi-
tions, the analyzed period can be considered relatively warm, with average
air temperatures in summer semi-years (May-October) and winter semi-years
(November-April) usually somewhat above average. Only in 2002/2003 the
winter semi-year was cooler.

The water bodies included in the research has appeared a few decades
ago due to human activity; in Zybiszéw and Bliz they are small post-mine
water bodies, whereas in Smolec and Rybnica they are ponds filling in former
clay excavation sites. They differ in the surface area, with the largest pond
in Smolec (Sb) — ca 2.2 ha. Much smaller are the water bodies in Rybnica
(Rb) — ca 0.25 ha, in Zybiszéw (Zb) — ca 0.06 ha and three bodies in Bliz,
namely (Bbl), whose surface reaches 0.09 ha, Bb2 — 0.05 ha and Bb3 —
0.12 ha. The average depths of these bodies are: Sb — 3.5 m, Rb -1.4 m,
Zb — 1.8 m, Bbl — 1.8 m, Bb2 — 1.5 m and Bb3 — 1.2 m. Since no flows come
to these water bodies, they are fed only by ground and rain water. The
ponds in Bliz are connected and water flows from Bb1 through Bb2 to Bb3,
with the excess of water from the latter pond carried away through a ditch
to a small stream called the Kasina. Throughout the research period, the
level of groundwater was systematically monitored by means of installed
indicating devices. In piezometers situated on adjacent lands depths of the
groundwater table were recorded. For the purpose of chemical analyses wa-
ter samples were taken from all the bodies (Bz1, Bb2, Bb3, Rb, Sb, Zb) and
piezometers: Bp (Bliz); Zpl, Zp2 (Zybiszéw); Rpl, Rp2 (Rybnica) and Sp
(Smolec).

Annual fluctuations in the water level of the particular bodies fell into
the range from several to 40 cm at maximum. The water bodies were usu-
ally filled up to the maximum in spring or, briefly, after heavy summer
rains. In the following years of the research, the water table levels were
24 ¢cm, 14 cm and 30 cm in Rybnica; 31 ¢cm, 33 cm and 40 cm in Smolec;
and 34 cm, 32 cm and 36 cm in Zybiszéw. The water table of the bodies in
Bliz was generally very stable; small changes, oscillating around 3-15 cm,
were due to the fact that these bodies form a mutually connected system,
in which excess water can run freely to a nearby water flow.

The course of changes in the groundwater table in the piezometers lo-
cated near the water bodies coincided broadly with the changes in the at-
mospheric conditions. The groundwater table was usually nearest the ground
surface in spring after thaw. Later, the water level gradually decreased to
reach its maximum depth in the second half of the hydrological year. Occa-
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sionally, the groundwater table rose distinctly also after heavy summer rains,
as it happened in the end of July and the beginning of August 2001.

The groundwater table in the piezometers at particular test subjects
fluctuated within different ranges. In piezometer Rp1 the depth of the water
table altered within 78 and 175 cm, while in Rp2 the minimum and maxi-
mum depths were 109 and 184 cm. The groundwater table in piezometer Sp
in Smolec fluctuated during the research period from 97 to 210 cm. In pie-
zometer Zpl in Zybiszéw the depths changed from 62 from 110 cm, whereas
in Zp2 — from 185 to 234 cm. In Bliz in piezometer Bp the groundwater
table changed in individual years from the minimum value of 95 cm be-
neath the ground level to the maximum level of 180 cm.

In order to conduct physicochemical analyses, water samples were tak-
en once a month during the vegetation period (April-September). Calcium
and magnesium contents were marked by the versene method while sodium
and potassium were determined by flame photometry (HERMANOWICZ et al.
1999). The determinations were performed in the Water and Sewage Labo-
ratory at the Institute of Environmental Development and Protection, Uni-
versity of Environmental and Life Sciences, Wroctaw. The differences be-
tween average composition of the groundwater coming from various
measuring points were estimated by means of unidirectional variance analy-
sis (test F) at significance level p=0.05. Statistical calculations were per-
formed with an aid of Statistica 7.1 software.

RESULTS AND DISCUSSION

The groundwaters were characterized by pH ranging from 6.5 do 8.4;
a somewhat smaller range, from 7.2 to 8.3 pH, was observed for wells locat-
ed near households. The surface waters had a slightly higher pH, which
ranged from 7.3 to 8.8. On the whole, they are neutral or slightly alkaline
waters.

The content of magnesium in the groundwaters was significantly differ-
ent and it ranged from 25.0 mg Mg-dm™ in the well in Bliz to 74.0 mg
Mg-dm™ in Rpl in Rybnica (Figure 1). The values obtained in most of the
subjects were approximate to those provided in the literature (PULIKOWSKI
2004, FIEDLER, OTHERS 2005). It is noteworthy that the values obtained at the
piezometers in Rybnica were up to 2-3-fold higher than the remaining re-
sults. This is probably related to the local geological structure. The concen-
trations of magnesium in the surface waters were slightly depressed, indi-
cating a direct relationship with the concentration of this element in the
groundwater (Figure 2). The values obtained in our study are considerably
high in comparison to those reported by Koc et al. (2001) for water bodies of
similar dimensions located in Olsztyn Lake District (Pojezierze Olsztynskie)
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or MiLER et al. (2001) in Wielkopolska Region. The area examined in the
present research comprised black earth used as arable fields, thus the con-
ditions are favourable for the leaching of magnesium and calcium (CYMES,
Szymczyk 2005).

The concentration of calcium in the groundwater was characterized by
significantly weaker changeability, with the exception of well Zp2, where an
average concentration reached 280 mg Ca-dm, being evidently higher than
in the other wells (Figure 3). In the case of calcium no direct relationship
between the concentrations in ground and surface waters was discerned (Fig-
ure 4). It is the acidic pH that is crucial for the calcium content and this is
why processes increasing the pH, such as acid rains or nitrification, increase
the concentration of this element in water. (vaAN LonN, Durry 2007). As for
the bodies situated in Bliz, it may be presumed that the increased concen-
tration of this element is related to the waters that flow there from the
farmsteads and households (TANDYRAK et al. 2005).

In natural waters the content of calcium is 3-4-fold higher than that of
magnesium, whereas waters which are more heavily salted, e.g. seawater,
contain 3-4-fold more magnesium (GoMOLKA, SzAYNOK 1997). In the examined
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groundwaters, calcium and magnesium concentrations were in the ratio from
2.7 to 6.9; in the surface waters the ratio was from 1.2 to 5.1. Values small-
er than 3, for both types of water, were obtained only in Rybnica, which
may indicate that these waters are polluted by an inflow coming from the
local households.

Potassium content in the groundwaters varied substantially and ranged
from 6.0 mg K-dm™ in Bliz to 26.9 mg K-dm™ in well Rpl in Rybnica
(Figure 5). Similar values were obtained in other studies (MiLER et al. 2001,
Durkowskr 2005). An equally high potassium concentration occurred in sur-
face waters coming from the subject in Rybnica, where it reached 65 mg
K-dm™3. The research by Durkowsk1 (2005) demonstrates that such high po-
tassium concentrations occur in urban areas. An analogous situation was
observed with respect to the surface waters (Figure 6); potassium concen-
tration in body Rb was definitely higher than elsewhere and also diverged
from the values noted in agricultural lands (Durkowski, WoRONIECKI 2001,
Koc et al. 2001).

Also in the case of sodium the highest concentrations were obtained in
the subject located in Rybnica, with the values of 109.7 mg Na-dm™ for
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groundwaters and 59.6 mg Na-dm™ for surface waters (Figures 7 and 8).
Such high concentrations of this element do not occur on arable lands
(MiLER et al. 2001, PuLikowski 2004), the fact which confirms the assump-
tions that the composition of water in this subject may be influenced
by wastewater flowing to there from local households (OrzEPOwsKI et al. 2008).
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Fig. 7. Concentration of sodium in groundwater
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CONCLUSIONS

1. The tested waters are characterized by a significant content of the
examined elements, the finding which is directly related to the type of soils
and their use as arable fields.

2. On arable areas a positive correlation of magnesium, potassium and
sodium contents is observable, both in ground and surface waters.

3. Increased values of magnesium, potassium and sodium, as well as
a low ratio of calcium to magnesium concentrations in the subject in Rybni-
ca may be indicative of eutrophication of the waters in this area owing to
an influx of pollutants from farmsteads and households nearby.
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EFFECT OF FOLIAR AND SOIL
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ON THE LEVEL AND QUALITY
OF WINTER RAPESEED YIELDS
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Abstract

In Poland nearly 40% of land under agricultural use is characterised by a progressing
deficit of copper available to plants. Inventory studies revealed that 25% of rapeseed plan-
tations are undernourished with this component.

The objective of the study was to estimate the yield-forming effects of foliar and soil
fertilisation of rapeseed with copper, to identify the optimum dose of Cu for the crop spe-
cies, and to compare the effects of the two methods of application on the quality of the
seeds. The study comprised two three-year strict field experiments, in which pre-sowing
fertilisation of rapeseed with copper was applied at rates of 4, 8 and 12 kg Cu-ha’l, as
well as foliar spraying at the optimum dose of 250 Cu g-ha'l in the phase of closed bud.
The experiments were set up on light soils of acid and light acid reaction and with a low
or medium content of available copper.

Significant increases in rapeseed yields, compared to the control treatment (without
Cu), were obtained in treatments fertilised to the soil with doses of 8 and 12 kg Cu-ha'l
and in the treatment with foliar spraying. In plants from treatments without copper fertili-
sation, insufficient levels of the content of this component were found. Sufficient copper
nutrition of plants caused a significant increase in yields of rape seeds. In some of the
treatments, there was a tendency for the copper content in seeds to increase favourably,
especially in the case of foliar application and of the higher copper doses applied to the
soil. Also, some cases of increased oil content in seeds were recorded, even by several
percent compared to seeds from treatments without Cu fertilisation.

With the existing copper deficit in soils in Poland, fertilisation of rapeseed with this
component appears to be crucial.

Key words: rape, copper, fertilization, yield of seeds, oil content.
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WPLYW DOLISTNEGO I DOGLEBOWEGO NAWOZENIA MIEDZIA
NA WIELKOSC I JAKOSC PLONOW RZEPAKU OZIMEGO

Abstrakt

W kraju blisko 40% uzytkow rolnych cechuje poglebiajacy sie niedobor miedzi przy-
swajalnej dla roslin. Badania inwentaryzacyjne wykazaly 25% plantacji rzepaku niedozy-
wionych w ten sktadnik.

Celem badan byta ocena efektéw plonotwoérczych dolistnego i doglebowego nawozenia
rzepaku ozimego miedzia, wskazanie optymalnej dawki Cu dla tego gatunku oraz poréw-
nanie wpltywu obu sposobow aplikacji na cechy jakoSciowe nasion. Przeprowadzono 2 trzy-
letnie Sciste doswiadczenia polowe, w ktorych zastosowano przedsiewnie nawozenie rzepa-
ku miedzia dawka 4, 8 i 12 kg Cu-ha’l oraz oprysk dolistny o optymalnej dawce 250 Cu
g-hal w fazie zwartego paka Doswiadczenia prowadzono na glebach lekkich o odczynie
kwasnym i lekko kwasnym oraz niskiej badz Sredniej zawartosci przyswajalnej miedzi.

Istotne zwyzki plonéw nasion rzepaku w stosunku do obiektu kontrolnego (bez Cu)
uzyskano na obiektach nawozonych doglebowo dawka 8 i 12 kg Cu-hal oraz pod wpty-
wem dolistnej aplikacji. W roslinach z obiektow nie nawozonych miedzig stwierdzono nie-
dostateczne dla rzepaku zawartosci tego sktadnika. Optymalne odzywienie roslin miedzig
spowodowalo istotny wzrost plonow nasion rzepaku. W poszczegélnych doswiadczeniach po-
jawila sie tendencja do korzystnego zwigkszania sie zawartosci miedzi w nasionach szcze-
golnie po zastosowaniu dolistnego nawozenia oraz wyzszych dawek doglebowych.

Odnotowano réwniez przypadki zwiekszenia zawarto$ci ttuszczu w nasionach nawet
o kilka procent w stosunku do obiektéw bez nawozenia Cu.

Wobec niedoboréw miedzi w glebach kraju, nawozenie rzepaku tym skladnikiem staje
si¢ niezbedne.

Stowa kluczowe: rzepak, miedZ, nawozenie, plon nasion, zawartosé ttuszczu.

INTRODUCTION

In the nearest years, rapeseed may gain strategic importance for the
Polish agriculture and economy in general. Until now, the cultivation of the
crop species has been limited primarily by the demand of the national oil-
producing industry. Recently, a new major customer for rapeseed, i.e. the
industry producing ecological diesel fuel, bio-fuel, has appeared. In accord-
ance with the EU requirements, in the future Poland will be required to
systematically increase rapeseed production (Kus 2002). Rapeseed oil produc-
tion may be increased through reliable and high yields of rapeseed with the
required level of oil content.

Production of high crop yields, stimulated by basic fertilisation, causes
gradual depletion of nutrients from soil, mainly microelements which are
not added to soil by fertilisation. Microelemental deficiency grows, resulting
in limited plant growth and development. Copper is among the most defi-
cient components of soils in Poland (CzuBa 2000, GEMBARZEWSKI 2000). Studies
on the fertility of Polish soils of Poland in 1994-1999 showed that low cop-
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per content occurs in 36% of arable soils (DEBowski, KucHARZEWSKI 2000). In-
sufficient copper content for rapeseed plants was observed in 28% of fields
(SiENKIEWICZ-CHOLEWA 2001).

Rapeseed belongs to plants which are sensitive to excessive levels
of copper, yet — like cereals — it takes up approx. 40 g of Cu per 1 ha (10 g
per 1 ton of seed yield). This indicates a high requirement of rapeseed for
this element. As copper performs important physiological functions in the
plant, rapeseed fertilisation with this component appears to be crucial in
view of the existing deficit of copper in soils (KaryvaL, RaNDHAWA 1983, SHOR-
ROCKS 1990).

MATERIAL AND METHODS

In 2003-2006, two three-year strict experiments were carried out at the
Experimental Stations Baboréwko and Osiny, which included varied copper
fertilisation of rapeseed. Against the background of the optimum basic NPK
fertilisation as established in the IUNG Fertilisation Recommendations, the
experiments included soil fertilisation with increasing doses of copper and
foliar fertilisation at a dose accepted as optimum for plants (SzukaLskr 1987).
The experiments were set up in a random block system, with 4 replications,
and included the following experimental treatments:

1) control (without Cu) — K;

2) Cu to soil, at a dose of 4 kg-ha=1 — Cul;

3) Cu to soil, at a dose of 8 kg-ha™! — Cu2;

4) Cu to soil, at a dose of 12 kg-ha=1 — Cu3;

5) Cu in foliar application, at a dose of 250 g-ha~! — Cu4 (BBCH 50-59).

In the experiments two population cultivars of rapeseed were tested —
cv. Lisek at ES Baboréwko and cv. Californium at ES Osiny. The area of the
experimental plots was 24 m?2.

The plots were fertilised to soil with copper in the form of technical salt
— copper sulphate CuSO,-5H,0. Foliar fertilisation in the form of spraying
was performed at the budding phase of rapeseed (BBCH 50-59), using 0.2%
water solution of copper sulphate.

Content of macro- and micronutrients in the experimental soils and in
rape seeds was determined using the methods commonly applied at agro-
chemical stations (Metody Badan Laboratoryjnych w Stacjach Chemiczno-
-Rolniczych 1980). The content of copper was determined with the AAS method.
Crude fat in seeds was determined with the Soxlet method after extraction
with ethyl ether.
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The yields obtained have been worked out statistically using variance
analysis. The significance of cross-object differences in variance analysis were
evaluated with the Tukey’s test (¢ = 0.05).

The experiments were conducted on light soils, slightly acidic in reac-
tion and with low or medium content of available copper (Table 1). Determi-
nations made for the soils revealed high and medium levels of content
of available forms of P, K and Mg and high content of zinc and manganese,
fully covering the nutritional requirements of rapeseed. Estimation of the
content of the nutrients was performed on the basis of the valid limit val-
ues in accordance with the IUNG Fertilisation Recommendations (1985).

Table 1
Chemical characteristics of soils under trials
Experimental station . pH P K Mg Cu Mn Zn
(soil in KCI1
soil) (mg-kg'l)
I* 5.6 68" | 124m| 90k | 23m | 132m| 98"
Baboréwko h 1 ! m 1
(light loamy sand) 11 5.8 76 100 ,, | 100 1.5 96 10.4
111 6.4 65™ | 104™m| 98% | 45m | 112™m | 13.0%
I 6.0 65™ | 108™ | 105" | 16! | 168™m| 63™
Osiny I 60 | 64m | 124m| 93 | 25m | 201m | 12,04
(heavy loamy sand)
111 6.0 76 | 83m | 110" | 1.8m | 156™ | 14.3%

*LLILIIT — consecutive years of the experiment;
Concentration in soil: [ — low, m — medium, 4 — high

RESULTS

One of the approved indicators of rapeseed requirement for copper was
the effect of fertilisation with this component on the level of seed yields.
Rapeseed yields obtained in the particular experiments were varied, from
3.0 to 7.3 t-ha'l, and depended largely on the weather conditions. The low-
est yield at the level of 3.0-7.3 t-hal was obtained at Baboréwko II. Plant
emergence and growth was limited by drought conditions. Plant density in
autumn was low (50 per m2). Some of the population was destroyed by frost.
Relatively high yields within the range of 4.0-4.5 t-ha'l were achieved
at Baboréwko I, III and Osiny II, III. The highest yield of seed — 7.3 t-ha'l
was noted in a trial at Osiny Station after favourable winter survival. Weath-
er conditions during the vegetation period were conducive to plant develop-
ment.
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In the first two years of the experiments, a statistically proven increase
in rapeseed yields was obtained in treatments with soil fertilisation at the
highest dose of copper — 12 kg Cu-hal (Cu3) and under the effect of foliar
fertilisation with copper at the dose of 0.250 kg Cu-ha™! (Cu4). The increase
in seed yields was in the range of 2-6% (Table 2). Pre-sowing fertilisation
with the lowest doses, 4 and 8 kg Cu-ha’l (Cul), did not result in any in-
crease in rapeseed yields. In the 3™ year of the experiments no yield re-
sponse was recorded at either of the two experimental locations.

Table 2
Rape seed yields in separate trials in t-hal
Cultivar Fertilization
0 Cul Cu2 Cu3 Cu4 LSDy

I 409 | 413D | 417% | 4220 | 4220 0.111

Lisek II 296 | 2932 | 3.00% | 300% | 3170 0.205
111 4.00 4.08 4.07 4.10 4.18 n.s.

I 7.31% | 757% | 7719 | 7726 | 7930 0.392

Californium II 4529 | 456% | 460 | 483% | 4940 0.425
111 5.30 5.34 5.44 5.39 5.44 n.s.

Yields marked with the same letter are not significantly different acc. to Tukey's test;
n.s. — differences not significant

In the control treatments (without Cu) copper levels were insufficient
for plants — on average they reached 4.7 mg-kg! whereas the optimum
copper content for rapeseed given by Bergmann is 5-12 mg-kg! (BERGMANN
1986). Under the effect of the fertilisation applied in our experiments, the
concentration of copper in the plants increased reaching 4.9, 4.9, 5.4,
9.3 mg-kg! in treatments Cul, Cu2 , Cu3 and Cu4, respectively. Optimum
nutrition of rapeseed with copper was ensured by the soil fertilisation at the
dose of 12 kg Cu-ha'l and the foliar fertilisation.

Oil content in rapeseed without copper fertilisation was notably lower
than the mean values given by COBOR (Centre for Studies on Crop Plant
Cultivars): 44.6 and 45.2 % d.m in cv. Lisek and Californium, respectively.
Copper application, both to the soil and in the form of foliar fertilisation,
resulted in an increase in the oil content of seeds of both rapeseed culti-
vars. Pre-sowing application of the higher doses of copper — 8 and 12 kg
(Cu2 and Cu3) and foliar application at the dose of 0.250 kg Cu-ha’! caused
a significant increase in oil concentration with relation to the control treat-
ments. Fertilisation to the soil with the lowest dose of 4 kg Cu-hal (Cul)
did not result in any improvement in the oil content of seeds of the two
rapeseed cultivars. The highest increase in seed oil content, by 2.5-2.7%,
was recorded after the foliar application of copper on soils with low levels of
copper (Baboréwko II, Osiny I).



620

Table 3
Oil content in rapeseed (%)
Fertilization
Cultivar
0 Cul Cu2 Cu3 Cu4 LSDy
I 43.8 42.8 445 444 45.7 0.56
Lisek II 43.0 43.2 43.4 445 45.7 0.84
I1I 42.3 41.7 42.7 42.7 43.5 0.82
I 44.0 44.8 45.7 45.2 45.9 0.99
Californium II 43.3 43.3 43.7 43.0 43.5 0.95
I1I 43.0 43.0 43.8 44.0 44.6 0.93

Copper concentration in seeds of the two rapeseed cultivars was conside-
rably lower than the average of 3.1 mg-kg! d.m., recorded in Poland in
the 1970’s (KaMINSKA 1 in. 1976). Seeds harvested from the treatments with-
out copper fertilisation (K) contained on average 2.2 mg Cu-kg! for both
cultivars. Under the effect of the dose of 12 kg-hal applied to the soil, and
of the foliar fertilisation, the level of copper concentration increased to 2.8-
-3.0 mg-kg! d.m.

—e— Californium
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s 31
@)

2.5

2

0 Cul Cu2 Cu3 Cu4

Fig. 1. Mean copper content in the seeds of the rapeseed cultivars

DISCUSSIONS

The need of fertilising rapeseed with copper, at a high level of basic
fertilisation, on light soils with a low content of copper was indicated by the
results of a pot experiment conducted by Ruszkowska, Lyszcz (1975) with tra-
ditional rapeseed cultivars “0”. With a high level of NPK fertilisation, the
increase in rapeseed yields was as much as 40%. The yield-forming effect of
copper in the cultivation of “00” rapeseed cultivars is also indicated by the
results of a strict field experiment conducted by BoBRzECKA, SALAMONIK (1997).
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These authors found a significant increase in rapeseed yields on grey-brown
podzolic soil and alluvial soil with low and medium content of available cop-
per after the application of copper at 10 kg Cu-ha’l. In a study conducted
by SiENKIEWICZ-CHOLEWA (2001), on soils with a medium content of Cu, synthe-
sis of yields obtained in the experiments indicated a 6% increase in rape-
seed yields.

In this study, the best results were achieved with the foliar fertilisation
at the dose of 250 g Cu-ha’l. Increase in the dose of copper applied to the
soil resulted, in most of the experiments, in a slight increase of the seed
yield. This shows that on soils with pH in the range of 5.4-6.4 adsorption of
copper is high, which limits its availability to plants. Copper could have also
partly accumulated in plant roots, which happens when high doses of the
component are introduced in soil. Many authors argue that analysis of the
index parts of plants — leaves — is not an indicator that would reliably re-
flect the actual status of copper supply for plants (KORZENIOWSKA, STANISEAWSKA-
-GLUBIAK 2003, STANISEAWSKA-GLUBIAK, KORZENIOWSKA, IGRAS 2007).

Oil is the most important parameter of rapeseed quality. Apart from the
genetic factor, the content of oil in rape seeds is largely determined by
mineral fertilisation of the plants. Decrease in rapeseed oil content may
result from deficit of nutrients, among others of such microelements as zinc
and copper that control the metabolic transformations in the plants.

The pre-sowing fertilisation with copper applied in this study at the rates
of 8 and 12 kg Cu-ha'l and the foliar fertilisation at the dose of 0.250 kg
Cu-ha'l resulted, in most of the experiments, in a significant increase of oil
concentration in the final yield of rapeseed as compared to the control treat-
ments. A favourable increase in rapeseed oil content was also obtained by
BoBRrzZECKA, SALAMONIK (1997) on a light soil with low copper content. Under
the effect of foliar fertilisation with 0.200 kg Cu-hal, the level of oil con-
tent increased by 3.5% d.m.

Natural supplementation of the required amount of copper in fodders
and feeds is expected to maintain a suitable level of this component in plant
products. Analysis of rape seeds from the experiments showed that seeds
from treatments without copper fertilisation had a low copper content com-
pared to the national mean value used for comparison. This indicates a notable
deterioration of rapeseed quality over the years, which is due to an increas-
ing deficit of copper in soils. The chemical composition of seeds is determined
genetically but can be modified, to a certain extent, by the environmental
factors. Under the effect of the copper fertilisation applied in our trials,
a tendency towards increased copper concentration in rape seeds was observed
in the two test rapeseed cultivars. This is favourable in terms of the con-
sumption value of oil as well as of the fodder value of rapeseed oil cake and
meal. Studies indicate that the content of copper in plant products and its
consumption have decreased notably, resulting in increased incidence of sev-
eral human and animal diseases (ZEcHALKO-CzaJKOwsSKA 1992, KUBINSKI 1996).
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The favourable effect of copper fertilization on the level of yields, con-
tent of oil and concentration of copper in seeds provides evidence supporting
the necessity of including copper in rapeseed fertilisation.

CONCLUSIONS

1. The application of rapeseed fertilisation with copper under conditions
of low and medium level of this component in soil resulted in 2-6% increase
in rapeseed yields. A statistically significant increase in rapeseed yields was
obtained under the effect of foliar fertilisation with copper at 250 g-hal
and of the soil fertilisation with copper at 12 kg-ha'l.

2. The foliar fertilisation and pre-sowing fertilisation with copper at 8 and
12 kg-ha'l led to a significant increase in the concentration of oil in seeds
of the test rapeseed cultivars. Under the effect of copper fertilisation,
a favourable tendency towards increased copper concentration in seeds of the
test rapeseed cultivars was observed.

3. Foliar copper application produced a stronger effect on the concentra-
tion of this element and fat level in rape seed was more pronounced than
soil Cu fertilization
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Abstract

The paper dealt with the evaluation of concentration and spatial distribution of nitro-
gen and phosphorus forms in dug wells in selected farms in the upper Narew River valley.
The study was also aimed at assessing the influence of selected elements of a farm on
quality of well water. Examinations were carried out in 8 villages in Podlasie region. Three
farm dug wells were selected for examination in each village. All wells take water from
the first water-carrying level. The study included well waters within the section of the
Narew River from the villages Sobdtka to Ztotoria. The checkpoints were set in: Sobdétka,
Narew, Cietuszki, Kaniuki, Zawyki, Uhowo, Topilec, and Ztotoria localized along the Narew
and its adjacent lands. Water samples were collected in spring, summer and autumn 2006.
Ammonia, nitrates (III), nitrates (V), and phosphates were determined in water samples
filtered through micropore filters (d = 0.45 pm) by means of colorimetry applying a spec-
trometer HACH (DR-2000). Parameters of the analytical procedures were adjusted in ac-
cordance to the Decree of Minister for Environment (2004). In total, 288 determinations in
three series were made. For each of the three wells from every village, the arithmetic
means of the analyzed parameters were calculated on the basis of samples collected on
three dates. The assessment of underground water quality was made according to the De-
cree of Minister for Environment of 11 February 2004 on on surface and underground
water status, screening performance, interpretation and presentation of the status of such
waters. In addition, the Decree of the Minister for Health of 29 March 2007 (Rozporzadze-
nie Ministra Zdrowia, 2007) was referred to. The results were compared to concentrations
of forms of particular components (N-NH,, N-NO,, N-NOj) included in the Decree of the
Minister for Environment (2004) and the Decree of the Minister for Health (2007) in or-
der to designate water quality classes and principal chemical requirements to the well wa-
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ters examined. The study revealed that the analyzed waters did not meet standards set for
potable water due to exceeding permissible values for ammonia and nitrates (V) concen-
trations. The distance of a well from the nearest farm buildings affected ammonia concen-
tration in well water.

Keywords: well, nitrates, phosphates.

JAKOSC WOD STUDZIENNYCH W DOLINIE GORNEJ NARWI POD WZGLEDEM
STEZENIA ZWIAZKOW AZOTU I FOSFORANOW

Abstrakt

Celem pracy bylo okreSlenie stezenia oraz rozkladu przestrzennego form azotu i fos-
foranéw w studniach gospodarskich (kopanych) z wybranych gospodarstw wiejskich doliny
gornej Narwi. Dodatkowym celem pracy bylo okreslenie wptywu wybranych elementow
zagrody wiejskiej na jako$é wod studziennych. Badania prowadzono w 8 wsiach potozonych
w wojewodztwie podlaskim. W kazdej wsi do badan wybrano po 3 studnie. Wszystkie stud-
nie czerpiag wode z pierwszego poziomu wodono$nego. Badaniami objeto wody studzienne
na odcinku rzeki Narew od wsi Sobotka do wsi Zlotoria. Miejsca poboru prébek wody wy-
znaczono w miejscowosciach: Sobotka, Narew, Cietuszki, Kaniuki, Zawyki, Uhowo, Topi-
lec, Zlotoria zlokalizowanych wzdluz rzeki Narew w jej bezpo$rednim sgsiedztwie. Probki
wody pobierano 3-krotnie: wiosng, latem, jesienig 2006 r. W probkach wody przefiltrowa-
nych przez filtry mikroporowate o $rednicy poréw 0,45 pm oznaczono metods koloryme-
tryczna, na spektrofotometrze HACH typu DR-2000, azot amonowy, azotynowy, azotanowy
ifosforany. Parametry metod analitycznych dostosowano do zaleceri Rozporzadzenia Mini-
stra Srodowiska (2004). Ogotem wykonano 288 oznaczen w trzech seriach badawczych. Ob-
liczono $redniag arytmetyczng zawarto$¢ badanych parametréw w préobkach pobranych
z 3 studni kazdej wsi w trzech terminach. Ocene jakosci wod podziemnych oparto na Roz-
porzadzeniu Ministra Srodowiska z dnia 11 lutego 2004 r. w sprawie klasyfikacji dla pre-
zentowania stanu wod powierzchniowych i podziemnych, sposobu prowadzenia monitorin-
gu oraz sposobu interpretacji i prezentacji stanu tych wédd, z uwzglednieniem
Rozporzadzenia Ministra Zdrowia z dnia 29 marca 2007 r. Wyniki poréwnywano ze steze-
nirm form poszczegdlnych sktadnikéw (N- NH4, N-NO,, N-NOg) ujetych w Rozporzadze-
niach MS (2004) i MZ (2007) w celu przypisania badanym wodom klas jakosci oraz podsta-
wowych wymagan chemicznych. Wykazano, ze: wody nie odpowiadaly standardom wody
przeznaczonej do spozycia ze wzgledu na przekroczenia wartosci dopuszczalnych stezen azotu
amonowego i azotanowego, wody o najnizszej jakos$ci stwierdzono w studniach ze wsi
Zlotoria i Zawyki. W pracy okres§lono réwniez wpltyw odlegltosci studni od zabudowan
inwentarskich na stezenie azotu amonowego w ich wodach.

Stowa kluczowe: studnia, azotany, fosforany.

INTRODUCTION

Resources of underground waters in Podlasie region occur in Quater-
nary, Tertiary, Cretaceous, and Jurassic formations. Underground waters in
Quaternary formations are practically present all over the region (http://
WWWw.mos.gov.pl/).
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The depth of water surface in river valleys and depressions of the upper
Narew River valley ranges within 0.1-1.0 m, while the height can be up to
5-8 m; it is the main water source in dug wells. Waters at this level vary
greatly, depending on the intensity of rainfall and spring thawing (Stu-
dium... 2004).

Quality of ground water originating from farms is an indicator of this
point source of agricultural contamination, mainly associated with animal
production, whose influence on area pollution attracts more attention than
plant production (Sapek 2006).

Farms and adjacent land are closely associated with animal production.
Animal waste, such as solid and liquid manure as well as poultry droppings,
is potential source of ground water contamination with nutrients, mainly
nitrogen and phosphorus compounds (Durkowski et al. 1997).

The paper contains an evaluation of the concentration and spatial varia-
bility of nitrogen forms and phosphates in farm dug wells localized in the
upper Narew River valley. In addition, the purpose of this study has been to
assess the influence of selected elements of a farm on well water quality.

MATERIAL AND METHODS

The study was carried out in 8 villages situated in Podlasie region
(Figure 1). Three farm dug wells were selected for examination in each
village. All wells take water from the first water-carrying level. The study
included well waters within the section of the Narew from the villages Sobot-
ka to Ztotoria. The checkpoints were set in: Sobotka, Narew, Cietuszki, Ka-
niuki, Zawyki, Uhowo, Topilec, and Ztotoria, all lying along the Narew and
at its adjacent lands. Water samples were collected in spring, summer and
autumn 2006.

Samples were collected in such a way to preserve their native charac-
ter. When the wells were permanently covered, water was taken from pumps
or taps after letting some water out to ensure the same parameters as
those of underground water. The distance between the wells and the farm
buildings, houses and the Narew River was also measured. All the data are
presented in Table 1.

Ammonium nitrogen, nitrite nitrogen, nitrate nitrogen and phosphates
were determined in water samples filtered through micropore filters
(d =0.45 um) by means of colorimetry applying a spectrometer HACH
(DR-2000). Parameters of the analytical procedures were adjusted in accord-
ance to the Decree of the Minister for Environment (2004).

In total, 288 determinations in three series were made. For each of the
three wells from every village, the arithmetic means of the parameters were
calculated on a basis of samples collected on three dates.
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Fig. 1. Localization of checkpoints for well water sampling

The underground water quality was assessed in compliance with the
Decree of the Minister for Environment of 11 February 2004 (Rozporzg-
dzenie... 2004) on surface and underground water status, screening perform-
ance, interpretation and presentation of the status of such waters. In addi-
tion, the Decree of the Minister for Health of 29 March 2007 (Rozporzgdze-
nie... 2007) was referred to. The results were compared to concentrations
of forms of particular components (N-NH,, N-NO,, N-NOy) specified in the
Decree of the Minister for Environment (2004) and the Decree of the Minis-
ter for Health (2007) in order to designate water quality classes and princi-
pal chemical requirements to the well waters examined.

Pearson’s correlation coefficient was used to evaluate the dependence
of the parameters examined on a distance between a given well and the se-
lected characteristics of a farm. The dependence is illustrated by Figure 2.

The data clustering method, based on a notion of a distance between
objects or variables in multi-dimensional space, was also used to analyze
the results. The technique makes it possible to present grouped objects or
their traits in the form of a bundle diagram. Calculation of Euclidean dis-
tance is a direct way to estimate the distance between objects. This meas-
ure determines the real geometric distance between objects in space, and is
calculated using raw data. The method consists of presenting similarity be-
tween objects or their features (variables) as a function of distance. Objects
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Table 1
Localization of the wells
Distance from farm| Distance from Distance from
Village Well buildings houses the Narew
(m)
1 13 8 100
Zlotoria 2 8 15 50
3 10 30 100
1 6 5 100
Topilec 2 50 5 40
3 6 5 150
1 0 3 200
Uhowo 2 10 5 30
3 20 3 50
1 0 20 150
Zawyki 2 20 5 70
3 15 30 30
1 30 20 50
Kaniuki 2 3 20 30
3 25 1 50
1 30 3 10
Cietuszki 2 30 15 50
3 9 10 50
1 30 7 200
Narew 2 17 5 200
3 16 7 50
1 0 15 50
Sobétka 2 35 8 50
3 5 18 70

are grouped in sets called clusters that combine particular variables. The
variables are more similar to one another when the distance between them

is smaller.
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Fig. 2. Dependence of ammonia concentration in well waters on the distance
between well and farm buildings

RESULTS AND DISCUSSION

The quality of the well waters we studied differed in particular villages.
Most of the water samples were characterized by excessive content of am-
monium nitrogen (according to the Decree of the Minister for Environment
2004), which indicates direct contact of water intake points with organic
contaminants. They may originate not only from animal waste, but also
from household sewage wrongly managed on a farm. The highest concentra-
tions of ammonium nitrogen were found in the wells in Zlotoria
(1.6 mg-dm™ — IV quality class for underground waters), while the lowest
ones (0.52 mg-dm™3 — IV quality class) occurred in the wells in Topilec
(Figure 3). Both values, nevertheless, exceeded norms regulating the quality
of potable waters (0.39 N-NH, mg-dm™).

Ammonium nitrogen present in waters usually originates from biochem-
ical decomposition of organic nitrogen compounds, which proves a direct
contact of water intake point with organic contaminants (Braszczyk 1993).

Sapek and PieETRzAK (1996) as well as UrBaNiaK and Sapek (2003) claim
that concentration of ammonia in water from piezometric wells localized on
ploughed grounds is similar to that found on grasslands.
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Fig. 3. Mean values of ammonium nitrogen

The highest level of nitrite nitrogen was recorded in the wells in Za-
wyki village (0.14 mg-dm™ — out-of-class waters), whereas the lowest in
Cietuszki (0.02 mg-dm™ — III class of underground waters quality) — Fig-
ure 4. These values did not exceed permissible level (0.39 mg-dm™) set by
the Minister for Health (DECREE of 2007).
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Fig. 4. Mean values of nitrite nitrogen

The highest content of nitrate nitrogen was recorded in waters from
the wells localized in Zawyki (13.51 mg-dm™ — IV quality class), while the
lowest one in water samples collected in Uhowo (3.14 mg-dm™ — II quality
class for underground waters) — Figure 5. The concentration of nitrate ni-
trogen found in Zawyki village exceeded norms for potable waters
(11.3 mg-dm™3). The level of water saturation with nitrate nitrogen, which
is the most common nitrogen compound in well waters, is one of the princi-
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Fig. 5. Mean values of nitrate nitrogen

pal criteria for determination of well waters as potable waters (SADEJ, PRZEK-
was 2006). Skorsir.owicz et al. (2001) observed that the well waters we ana-
lyzed were primarily affected by factors related to the agricultural and resi-
dential character of the villages, which largely contributed to the
contamination of shallow waters supplied for consumption. Farmsteads and
households are the main sources of contamination of well waters with nitro-
gen and phosphorus compounds.

ZAauN and GriMM (1993) assumed that elevated concentration of chlorides
in ground water is an indicator of the presence of nitrate nitrogen.

The highest phosphate concentration was recorded in well waters col-
lected in Zawyki (3.07 mg-dm™=— III quality class), whereas the lowest one
appeared in water from Cietuszki village (0.84 mg-dm™ — II class of under-
ground water quality) — Figure 6. The content of phosphates in potable wa-
ter is not regulated by any decree.

Contamination of drinking water with nitrogen compounds is usually
accompanied by phosphate contamination. As phosphates can stimulate bio-
logical life, it is accepted that its presence at levels higher than 0.5 mg-dm™
is unwanted (Durkowskl et al. 1997). The elevated concentrations of phos-
phates in the well waters we studied, likewise increased ammonium nitro-
gen, may have been a result of wrong handling of household wastewater
and sewage, which contained residues of detergents (WIATER, SKOWRONSKA
2002).

SAPEK and SAPEK (2005) claim that toiletries used for personal hygiene on
a farm habitants, detergents for washing clothes and dishes, other deter-
gents used to clean houses and other farm buildings as well as veterinary
preparations, including those used for milking and washing milk containers
and tanks, are the main sources of farm and ground water contamination,
mainly with sodium and phosphorus.
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Fig. 6. Mean values of phosphates

A weak dependence of ammonia concentration in the well waters on the
distance of a well from a nearby farmstead was discovered. It was manifest-
ed by the negative value of Pearson’s coefficient r=-0.22 at p = 0.008. The
mathematical model generated for this dependence, presented in Figure 2,
makes it possible to predict the ammonium nitrogen concentration in well
waters on a basis of a known distance of a well from a farm building.

The dendrogram (Figure 7), which includes the analyzed parameters,
presents two arrangements: set I formed by phosphates, nitrite nitrogen,
and ammonium nitrogen; set II consisting of a single indicator — nitrate
nitrogen. The dendrogram illustrates a significant distance connecting set II
with set I, which considerably differentiates both bundles. The bundle form-
ing set II contains only one object called a separated point. The system
presents the arrangement of nitrogen and phosphorus forms, which indi-

euclidean distance
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14
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I I

distance between bundles

S N A~ O

nitrate phosphates nitrite ammonium
nitrogen nitrogen nitrogen

Fig, 7. Euclidean distances between parameters
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cates that the occurrence of these components in waters from the wells we
investigated results from the vicinity of organic contamination sources (am-
monium nitrogen, nitrite nitrogen, and phosphates — set I). Set II (nitrate
nitrogen) indicates that the concentration of this nitrogen form is deter-
mined by nitrification processes and its elution by runoffs from fields and
farms.

CONCLUSIONS

1. The well waters examined did not meet standards for potable waters
established by the Decree of Minister for Health because they exceeded per-
missible values of ammonium nitrogen and nitrate nitrogen concentrations.

2. The lowest quality waters were found in the wells in villages Ztotoria
and Zawyki.

3. The distance from a well to the nearest farm building had an influ-
ence on ammonium nitrogen concentration in the well water.
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Abstract

The study was carried out in the hydrologic year 2006 and comprised two small agri-
cultural catchments in the Masurian Lakeland. Both catchments possessed very large wa-
ter retention potential (presence of buffer zones and surface waters in the catchments)
but they differed in the intensity of agricultural production.

The study has demonstrated that the concentration of phosphorus in the surface wa-
ters flowing from the catchments ranged from 0.12 to 0.43 mg-dm3. The catchments were
characterised by low indices of water overland flow (0.32-1.67 dm3-s1-km), which was
a decisive factor shaping the runoff of phosphorus (from 0.013 to 0.060 kg-hal-yearl.
A subcatchment dewatered by a pipe drain system, which was used for comparison, had
awater flow of 3.54 dm3-s1-km? and exported much more phosphorus with its surface
waters (0.39 kg-hal-yearl). The results obtained during our study emphasise an impor-
tant role played by small landscape water retention elements in both catchments and the
efficiency of buffer zones at a contact of water bodies and fields in reducing the runoff
of biogenic substances, especially when agricultural production carried out on a given catch-
ment is intensive.

Key words: phosphorus, migration of biogenic substances, water flow, agricultural catch-
ments, biogeochemical barriers.
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STRATY FOSFORU Z MALYCH ZLEWNI ROLNICZYCH
O ROZNEJ INTENSYWNOSCI UZYTKOWANIA

Abstrakt

Badania prowadzono w roku hydrologicznym 2006, w dwoéch matych zlewniach rolni-
czych potozonych w obrebie Pojezierza Mazurskiego. Badane zlewnie charakteryzowaly sie
duzymi zdolno$ciami retencyjnymi (obecno§é stref buforowych i wéd powierzchniowych
w zlewni) oraz zréznicowanym poziomem intensywnosci rolniczego uzytkowania.

Wykazano, ze koncentracja fosforu w wodach odptywajacych z badanych zlewni rolni-
czych ksztaltowala sie w zakresie 0,120,483 mg-dm3. Zlewnie charakteryzowaly sie niski-
mi wskaznikami odplywu wody (0,32+1,67 dm3-s1-km?2), co w najwiekszym stopniu wpty-
nelo na odpltyw fosforu, ksztaltujacy sie na poziomie od 0,013 do 0,060 kg-hal-rok-l.
W poréwnawczej zlewni drenarskiej, o wskazniku odpltywu 3,54 dm3-s1-km2, wykazano
wielokrotnie wyzszy eksport fosforu z wodami — 0,39 kg-hal-rok!. Uzyskane wartosci
wskazuja na role malej retencji krajobrazowej w badanych zlewniach oraz skutecznosc stref
buforowych na styku wéd i p6l uprawnych, ograniczajacych odptyw biogenéw, zwlaszcza
w warunkach intensywnej produkcji rolniczej na obszarze zlewni.

Stowa kluczowe: fosfor, migracja biogenow, odptyw wody, zlewnie rolnicze, bariery bio-
geochemiczne.

INTRODUCTION

The runoff of phosphorus from drainage basins to surface waters
is a serious environmental threat associated with the increasing eutrophica-
tion of water bodies (Kajak 2001, ScHipPErs et al. 2006). In larger hydro-
graphic systems, owing to the gradual elimination of point pollution sources
achieved by constructing and developing wastewater treatment plants in ur-
banised areas, the volume of phosphorus load reaching surface waters will
typically depend now on the size of phosphorus runoff from agricultural catch-
ments (EkHoLM, MITIKKA 2006). The risk of contaminating surface waters by
non-point sources of pollution is most evident in farmlands under intensive
agricultural practice; this effect is accompanied by a large decrease in the
contribution of point sources of pollution (CARPENTER et al. 1998). Non-point
pollution sources are much more difficult to reduce, hence it is important to
monitor the runoff of phosphorus from agricultural drainage basins. The
actual amounts of phosphorus flowing from unit surface depend on several
factors, such as landscape features, type of soils, weather conditions, type
and intensity of agricultural production. Considering the diversity of such
conditions for different locations and their time-related variability, any at-
tempt at evaluating the volume of phosphorus that is not based on long-
term and systematic studies will be burdened with a large error, the fact
that has been supported by many reports published in our country (GIERCUSZ-
KIEWICZ-BAJTLIK 1990, Koc 1998, BAJKIEWICZ-GRABOWSKA 2002).
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The objective of this study has been to determine the volume of phos-
phorus exported from two catchments, both characterised by a relatively
low index of unit surface water runoff. The underlying hypothesis was that
the export of biogenic substances from areas characterised by the surface
water runoff being much lower than the average should be equally low.
Another aim of the research was to compare the phosphorus runoff index
values according to the intensity of agricultural use of both basins.

MATERIAL AND METHODS

The study was carried out in the hydrologic year 2006 and comprised
two catchments lying in geographical region of Masurian Lakeland (Pojezi-
erze Mazurskie). Although both objects — Setal and Doba — can be defined as
small agricultural drainage basins, they are clearly different in the intensity
of agricultural production. Setal basin is under extensive agricultural use,
whereas the area drained to Dobskie Lake is at a serious risk of being pollut-
ed by agricultural points of pollution, as it is farmed rather intensively.

Setal (Figure 1) is a subcatchment of a larger catchment of the middle
Lyna River, lying 20 km north of Olsztyn. It covers about 24 km? and is
drained by a surface stream called the Setalska Struga. The control plane
taken for our study (point 439) on this stream lies about 500 m away from
its flow into the Lyna River. The study also included the drainage basin
of the northern side of the Setalska Struga (point 440). The whole basin
covers 1,500 ha (Table 1), whereas the other, northern stream (nameless)
drains 980 ha in the northern part of the catchment. The land utilisation
structure of these objects is dominated by arable land (60%) and grassland
(25%), mostly under extensive farming. In the 1990s half of the land was
laid fallow. The catchment has a rather small contribution of wooded areas
(10%) and alarge share of surface waters (5%). Our study also comprised
the tributaries of Nowe Widki Lake (points 431A and 432A), lying in the
upper part of this basin, which drained 50 and 172 ha, respectively, and
consisted mainly of arable lands. All the above subcatchments are dominat-
ed by sandy loam and loamy sand soils, which were classified as soil valua-
tion classes IVa and IVb in the Polish soil classification system.

Doba object contained three subcatchments of Dobskie Lake (Figure 1).
The subcatchment designated as number 522 covered 28 ha. It contains
a surface stream which flows to the main basin of Dobskie Lake near the
village Doba and in its upper part is fed by pipe drains, which drain arable
lands. The farmland in this catchment lies on medium compact soils (loamy
sand) classified as IIIb and IV soil valuation classes. In the year of our
study, the arable lands received pre-sowing mineral fertilization correspond-
ing to 110 kg N-ha'l. In the spring and autumn of that year the fields were
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Fig. 1. Location and plans of Setal and Doba catchments

Table 1
Basic hydrologic data of the control planes of set at the examined watercourses
Setal Doba
Indicator

431A | 432A 439 440 522 528 530
Catchment area 50 | 172 | 1505 | 980 | 28 | 1616 | 109
(ha)
Mean water flow 025 | 053 | 239 | 312 | 099 | 122 | 041
(dm?®-s™)
Min-max flow 0.0 0.0 1.6 0.8 0.3 0.0 0.0
(dm3- 1) 1.9 29 | 1073 | 9.7 2.9 47.8 1.7
Water overland flow
(dm?- - km? 0.50 0.31 1.67 0.32 3.54 0.75 0.38
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also fertilized with FYM, in total 15 m3-ha'l. About 15% of the catchment
area is overgrown with groups of trees, mainly near the mouth of the wa-
tercourse.

The subcatchment of point number 528 contains the recharge area
of Pilwa Bay located at the westernmost end of Dobskie Lake. This surface
stream drains a large area (1,616 ha) mostly (57%) covered by forest. The
arable lands in this subcatchment are mainly light loamy sands (soil valua-
tion class IVb). The arable lands received mineral fertilization (130 kg N-ha'l
and 60 kg P-hal) and liquid manure (15 m3-ha'l) with the latter divided
into two rates: spring and autumn. The stream designated as number 530
dewaters the western part of the subcatchment of Pilwa Bay. The surface
area of this subcatchment is 109 ha and 60% of this land is afforested. The
remaining part consists of arable lands, which belong to the soil fraction of
light loamy sand and receive mineral fertilization only (100 kg N-ha'l and
60 kg P-hal).

Doba catchment contains an area distinguished by the Order of the Di-
rector of the Regional Water Management Board in Warsaw (Rozporzg-
dzenie... 2004) as being under a particularly severe ecological threat, where
the phosphorus runoff from agricultural sources should be limited. This area
comprises the whole basin dewatered by the pipe drains (no 522) and the
eastern part of the watercourse catchment no 528.

Our study on the migration of phosphorus in the above catchments was
carried out in the hydrologic year 2005/2006, which was characterised by
the rainfall rated as average on a long-term scale (654 mm) and an average
annual air temperature of 7.5°C. The year had low precipitation in early
spring (March, April), which reduced the thawing water runoff. Such a dis-
tribution of precipitation alongside the dry previous year meant that the
first half of the year was poor in rainfall, but the annual rainfall reached
the long-term average owing to heavy rains in August and September.

The study consisted of measurements of the intensity of water flows,
performed weekly using an electronic meter Valeport Model 550. In each
month water samples were collected from all the watercourses to perform
laboratory analyses. Total phosphorus and its mineral forms were deter-
mined by spectrophometry using ammonium molybdate and tin (II) chloride.

RESULTS

The results showed that the concentration of phosphorus in the analysed
water was only slightly variable, even though the research objects were high-
ly different in their basic drainage characteristics. All the control planes of
the watercourses were characterised by a low index of water outflow, ranging
from 0.31 to 3.54 dm3-sl-km? (Table 1). In the smaller subcatchments
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drained by periodic watercourses (431A, 432A, 530), the value of this index
was sometimes less than 0.5 dm3-s1-km=2 (Table 1). The runoff in water-
course 522, supplied in its upper section by a pipe drain system, was the
largest but even there the value of a unit flow was lower than an average
value for lake districts, which is assessed at 5.0-6.0 dm3-s1-km?2 (FaL 1993).

The mean annual concentrations of total phosphorus at the particular
control planes oscillated within 0.12-0.43 mg-dm™ (Table 2). The maximum
phosphorus concentration was found in the watercourse carrying the water
drained from heavily fertilized fields (522), but even in this case the phos-
phorus volume never reached the extremely high values cited in the litera-
ture (Koc, Skwierawski 2004). The waters flowing from the catchment of Do-
bskie Lake through the surface streams, which are separated from the fields
by marshes (points 528 and 530) contained much lower concentrations of
phosphorus, comparable to those in the waters from the other object, the
Setalska Struga, where the catchment surface area is under a much less
intensive agricultural production.

In the annual distribution, higher levels of phosphorus occurred in most

Table 2

Mean concentrations of total phosphorus (P, ;) and phosphate phosphorus (P-PO,)
in water flowing from Setal and Doba catchments (m-dm3)

Site Ptotal P_PO4
number winter half summer winter half summer
year half year year year half year year
Setal
431A 0.12 0.13 0.12 0.08 0.03 0.05
432A 0.12 0.37 0.24 0.10 0.31 0.20
439 0.11 0.27 0.19 0.04 0.07 0.0
440 0.22 0.29 0.26 0.04 0.04 0.04
Doba
522 0.48 0.36 0.43 0.11 0.19 0.14
528 0.22 0.26 0.24 0.06 0.05 0.06
530 0.15 - 0.15 0.02 - 0.02

of the sites during the summer half-year. This dependence was more pro-
nounced for total phosphorus amounts, whereas the levels of phosphorus
mineral forms were more diverse (Table 2).

The concentration of phosphate phosphorus was clearly the highest in
the watercourse flowing to the northern part of Nowe Wioki Lake (432A,
Table 2). The elevated levels of phosphorus in this stream should be attrib-
uted to the presence of built-up areas in this subcatchment.
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While analysing the results, no statistically significant differences were
discovered (using Duncan’s test at p = 0.05) in the concentrations of phos-
phorus between the objects located in Setal (on average 0.203 mg Ptot-dm'3)
and Doba catchments (0.195 mg Ptot-dm'3), although the agricultural use of
land in the catchment drained by the watercourses feeding Dobskie Lake
was much more intensive.

As the variability of the phosphorus concentration at the particular sites
was rather low, the volume of phosphorus flowing from the analysed catch-
ments depended mainly on the flow intensity, which in both catchments was
rather low, suggesting high water retention capacity. And this, in turn, was
a decisive factor affecting the volume of phosphorus runoff. The unit surface
phosphorus runoff in both catchments was very small, even at the control
planes of those watercourses where water continued to flow throughout the
whole year (439, 440).

The runoffs of P, ; (total phosphorus) were varied at the particular sites
(Table 3). Approximately similar and all very low runoffs were found in the
smallest subcatchments, dewatered by periodically flowing streams, i.e. the
subcatchments of the watercourses supplying Nowe Wioki Lake (431A and
432A) and the subcatchment of the stream flowing to Pilwa Bay in Dobskie
Lake (530). The runoffs of phosphorus from these subcatchments never ex-
ceeded 0.02 kg-hal-yearl. Also the northern part of the Setalska Struga
catchment (440), dewatered by a continually flowing watercourse character-
ised by very small annual water flow intensity variation, was determined to
carry away very small volumes of phosphorus: 0.023 kg-hal-year?! (Table 3).

Table 3

Loads of total phosphorus (P, ;) and phosphate phosphorus (P-PO,) in water flowing from
Setal and Doba catchments (kg-ha'1~year'1)

Site Piotal P-PO,
number winter half summer winter half summer
year half year year year half year year
Setal
431A 0.012 0.008 0.020 0.008 0.003 0.011
432A 0.005 0.015 0.020 0.004 0.012 0.016
439 0.014 0.046 0.060 0.004 0.012 0.016
440 0.013 0.010 0.023 0.002 0.001 0.003
Doba
522 0.284 0.108 0.391 0.074 0.060 0.134
528 0.044 0.015 0.058 0.010 0.007 0.017
530 0.013 - 0.013 0.002 - 0.002
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The watercourse fed by the pipe drains (522), taken as a comparative
object for the other sites, drained an area similar in the farming intensity
of arable lands but less afforested, where the water runoff was larger but
the volume of phosphorus removed with the surface water was lower by
several orders than in the other objects (0.39 kg-hal-yearl). Such a value
of phosphorus runoff can be regarded as typical for catchments dominated
by arable lands (Koc 1998, Koc, Szymczyk 2003). The variability in the amounts
of mineral phosphorus forms was shaped likewise (Table 3).

The results obtained during our study, being lower (except for site 522)
than the values reported in the literature (GiercuszkiEwicz-BastLik 1990, Koc,
Szymczyk 2003), did not show any relationship between the phosphorus run-
off and intensity of agricultural use of land. According to GrRANINSKA et al.
(2005), the largest export of phosphorus from a catchment can occur in are-
as which contain a large share of farmland used intensively or big urban
settlements. In contrast, the lowest loads of phosphorus in watercourses
were found in drainage basins covered with extensive grasslands, marshes
or lakes. The results obtained for Dobskie Lake catchment, considered to
be particularly vulnerable to an influx of pollutants from agricultural sourc-
es to its watercourses, suggest that migration of phosphorus can be reduced
in drainage basins which possess natural barriers to biogenic substances on
their way away from a catchment. Biogeochemical barriers can affect the
runoff of phosphorus mainly by halting the surface flow of waters. This is
important as phosphorus carried by surface streams travels much faster than
in underground waters (ARCHEIMER, LiDEN 2000).

The present study has shown that the average indices of the phospho-
rus runoff from a catchment to its surface streams do not take into consid-
eration the presence of buffer zones along the watercourses, which can act
as biogeochemical barriers, thus limiting the influx of pollutants to waters.
In one of the examined catchments, that is the drainage basin of Dobskie
Lake, the watercourses which dewater the area lie in close proximity to
intensively farmed lands at the total length equal 30% of their whole aggre-
gate length. In addition, a large share of water-logged lands near the water-
courses means that the concentrations and loads of phosphorus exported
from the catchment were relatively small (Tables 2, 3). Under such condi-
tions, the indices used for determination of the volumes of phosphorus loads
reaching a lake from its catchment should be corrected by including the
presence of areas highly capable of retaining water and accumulating mat-
ter, such as phosphorus.
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CONCLUSIONS

1. The concentration of phosphorus in waters flowing from the exam-
ined agricultural catchments ranged from 0.12 to 0.43 mg-dm™. Although
the farming production in Doba catchment was intensive, no significant dif-
ferences were found regarding the concentrations of phosphorus in both an-
alysed catchments, which differed in the intensity of land use. The results
indicate that land use intensity as a factor affecting the environment does
not produce an unambiguous effect on the levels of phosphorus in areas
under agricultural production.

2. The low levels of phosphorus runoff determined in both catchments
were caused mainly by the atmospheric factors in the time period preceding
our study, and by the landscape relief, which determined small values of
water flow from the catchments (0.32-1.67 dm3-s1-km™2). These conditions
affected most strongly the runoff of phosphorus, which remained on alow
level (0.013 to 0.060 kg-ha'l-yearl). The comparative catchment, partly de-
watered through pipe drains, where the water flow was much higher
(3.54 dm3-s1-km2), was found to experience a much larger phosphorus run-
off via surface watercourses (0.39 kg-ha'l-year?).

3. The values of the phosphorus runoff indices for the examined catch-
ments prove that buffer zones at the contact between watercourses and fields
under intensive agricultural production are very important, which means
that they should be maintained and created, particularly in areas under
intensive agricultural production.
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Abstrakt

Thirty-three field trials have been carried out on soils of different acidity (pH=4.1-7.1)
to investigate the effect of foliar fertilization with molybdenum on oilseed rape. Three ra-
tes of the element: 30, 60 and 120 g Mo-ha'l, were applied on two dates: in the spring,
afew days after the growing season started, and during the early stem formation stage.
In the group of trials on very acidic and acidic soils, seed yields were on average 0.08 t-ha'l
higher. The regression equation demonstrated that a relative seed yield increase obtained
as a result of molybdenum fertilization depended on the concentration of manganese and
percentage of the silt fraction in the soil. Oilseed rape grown on slightly acidic and neutral
soils responded to molybdenum fertilization with an average seed yield increase of
0.02t-hal. The rate of molybdenum had a significant effect on rape yields only in the
group of trials set up on slightly acidic and neutral soils. No significant difference was
found between 60 and 120 g Mo-hal. However, both of these rates were more effective
than the lowest dose of 30 g Mo-hal. No evidence was found to support any relationship
between the date of molybdenum application and seed yields or any interaction between
Mo rates and application dates in either group of the trials.

Key words: Mo doses, time of application, yield increase, soil pH.
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WPLYW ODCZYNU GLEBY NA EFEKTY DOLISTNEGO NAWOZENIA
RZEPAKU MOLIBDENEM

Abstrakt

Na glebach o réznej kwasowosci (pH=4,1-7,1) przeprowadzono 33 do$wiadczenia polowe,
w ktorych badano efekt dolistnego nawozenia rzepaku molibdenem. Stosowano dawki 30,
60 i 120 g Mo-hal w 2 terminach: wiosna, kilka dni po ruszeniu wegetacji, oraz na poczat-
ku formowania todygi. W grupie doswiadczen z glebami bardzo kwasnymi i kwasnymi uzy-
skano zwyzki plonéw nasion, $rednio 0,08 t-hal. Wedtug réwnania regresji, wzgledna
zwyzka plonéw wskutek nawozenia Mo zalezala od zawartoSci manganu oraz procentowe-
go udziatu frakeji pylu w glebie. W grupie do$wiadczen z glebami lekko kwa$nymi i obojet-
nymi rzepak reagowal zwyzka plonéw — srednio 0,2 t-hal. Wielkosé dawki molibdenu mia-
ta istotny wplyw na plonowanie rzepaku tylko w grupie gleb lekko kwasnych i obojetnych.
Nie stwierdzono istotnej réznicy miedzy dawkami 60 g i 120 g Mo-hal. Obie byly jednak
skuteczniejsze niz dawka 30 g Mo-hal. Nie udowodniono wplywu terminu oprysku molib-
denem na plony nasion ani wspoétdziatania wielkosci dawki Mo z terminem jej stosowania
w obu grupach doswiadczen.

Stowa kluczowe: dawki Mo, terminy aplikacji, zwyzka plonu, pH gleby.

INTRODUCTION

Oilseed rape as a crop is gaining in economic importance all over the
world. Its seeds are a valuable material for production of edible oil as well
as biofuels. Oilseed rape is known to be a demanding crop in terms of mac-
roelemental nutrition, but the information on microelements it requires re-
mains scarce. The available literature focuses on Cruciferae family (KaryaL,
RanpHAawA 1983) and oilseed rape (SHORROCKS 1990) being very susceptible to B
and Mo deficit.

In Poland, about 60% of arable land consists of acidic soils, in which
molybdenum availability to plants is limited. Countries in which soils are
sandy and acidic (Gurta, MacLEoD 2006), for example south-western Austral-
ia (BRENNAN 2006), struggle with a similar problem of limited molybdenum
availability. There, many crops, particularly large wheat plantations, receive
molybdenum fertilizers, as liming is not economically viable (BRENNAN, BoL-
LAND 2007). According to FINck (1998), oilseed rape should be fertilized with
Mo under the low pH conditions and high nitrogen application. Sulphur ap-
plication can also decrease the Mo uptake by oilseed rape (BALIK et al. 2007).

Oilseed rape, which is not always cultivated on soils providing the crop
with optimum reaction, is likely to suffer from insufficient molybdenum sup-
ply. The objective of our study has been to test the response of winter
oilseed rape to foliar fertilization with molybdenum under the conditions of
different soil pH.
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MATERIALS AND METODS

The trails were performed on commercially grown winter oilseed rape
plantations in 8 Polish provinces. In total, 33 testing sites had been select-
ed. The soils were highly varied in soil reaction (4.1 to 7.1 pH in 1 mol
KCl-dm™). Most of the tests were performed on acidic and slightly acidic
soils, characterised by various abundance in macroelements (Table 1).

Table 1
Percent distribution of trials according to soil acidity and fertility
Soil fertility P K Mg Mo Soil reaction
Very low 7 7 18 - very acid 12
Low 22 18 36 14 |acid 36
Medium 43 47 36 75 |slightly acid 36
High 21 14 10 11 |neutral 16
Very high 7 14 - - alkaline

Strict experiments with 4 replications were set up on fields under win-
ter oilseed rape. The experiments were established as two-factor split-plots
with a single control object. The design of the experiments was as follows:

The control — no Mo fertilization

— factor I — date of fertilization with Mo 1) in spring, a few days after the
onset of the growing season, 2) the early stem formation stage;

— factor II — molybdenum rates: 1) 30 g Mo-ha'l, 2) 60 g Mo-ha'! and
3)120 g Mo-ha'l.
Molybdenum was applied as an aqueous solution of ammonium molyb-
date which contained 54% Mo.

In spring, immediately before Mo fertilization, soil samples were taken.
Oilseed rape seeds, in turn, were sampled during the harvest. Laboratory
examination of the soil and plant material was carried out using the meth-
ods commonly applied at chemical and agricultural laboratory stations. Gran-
ulometric composition of the soils was examined according to the procedure
described by Casagrande-Prészyniski; soil pH was tested in 1 mol KCI-dm™
and the available forms of phosphorus and potassium were determined by
Egnar-Riehm method, while these of magnesium were assayed using
Schachtschabel method. The results were processed statistically. Differences
in seed yields between the fertilization objects were tested using analysis
of variance for multiple experiments. The tables which compile yields and
mean values for the first and second factor levels are set alongside the
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values of the so-called ‘contrast’, i.e. the difference in yields between the
control and an average yield for molybdenum fertilized objects. Correlation
and regression calculations, obtained with an aid of Statographics software,
were used to draw conclusions.

RESULTS AND DISCUSSION

Certain pot experiments conducted in the 1980s and earlier in Poland
demonstrated that oilseed rape grown on acid soils was lower in Mo with
soil liming being capable of raising Mo concentration in plant tissues. It
could be hypothesised that the response of oilseed rape to foliar fertilization
with Mo would be more pronounced under low soil pH than on soils of the
reaction closer to neutral one. The results of our studies, however, do not
confirm this hypothesis. The analysis of variance for the yields showed that
on very acidic and acidic soils (pH=5.5), an average seed yield rise attribut-
ed to molybdenum foliar sprays was 0.08 t-hal, thus being within the sig-
nificance limit (Table 2).

Table 2

Average yields of oilseed rape (t-ha'l) from experiments on very acidic and acidic soils

Mo rate (g-ha'l)
Time of application (factor IT) Average
(factor I) of factor I
30 60 120
1 291 2.92 2.96 2.934
2 2.90 2.92 3.00 2.944
Average of factor IT 2.91¢ 2.929 2.98% 2.94
Average of control plots 2.86
Contrast 0.08*

® kxR _ gignificance of differences at @ < 0.05; ¢ < 0.01; @ < 0.001
Different letters indicate significant differences at a 5% level according to Tukey's test,
factor I — capital letter, factor IT — small letter.

In the other group of trials, set up on slightly acidic and neutral soils,
the effect of molybdenum fertilization was stronger than on soils of the
reaction <=5.5. Statistically significant increase in seed yield in this group
equalled 0.2 t-ha'l (Table 3).

The rate of molybdenum had a significant effect on oilseed rape yields
only in the group of trials on slightly acidic and neutral soils, where no
significant differences were observed between the effects produced on seed
yields by the fertilization rates 60 and 120 g Mo-ha'l, although they were
both more effective than the rate of 30 g Mo-ha'l. No effect of the date
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Table 3
Average yields of oilseed rape (t-hal) from experiments on slightly acid
and neutral soils
Mo rate (g~ha‘1)
Time of application (factor IT ) Average
(factor I) of factor I
30 60 120

1 2.93 3.05 3.09 3.024
2 3.01 3.05 3.05 3.034
Average of factor II 2.974 3.050 3.07b 3.03
Average of control plots 2.82
Contrast 0.21 ##%*

* wEEEE _ gignificance of differences at a < 0.05; ¢ < 0.01; @ < 0.001
Different letters indicate significant differences at a 5% level according to Tukey's test,
factor I — capital letter, factor II — small letter.

of molybdenum application on seed yields was found. Neither did we observe
any interaction between the rate of the element and the date of the fertili-
zation treatment in any of the two groups of the experiments.

Some research carried out in Australia showed that on very acidic soils
it was possible to attain higher wheat yields when Mo fertilization had been
applied. The actual yield increment depended on the concentration of mo-
lybdenum in seed material. The lower the Mo content in the seeds, the
better the yield stimulating effect of Mo fertilization (BRENNAN, BoLLaND 2007).
Rates of Mo between 35 and 140 g-ha'! had a significant effect. Common
bean has also been examined towards increasing the Mo concentration in
seeds by using very high rates of Mo, between 90 and 720 g-ha’l, applied to
leaves (VIEIRA et al. 2005). By enriching seed material with Mo, it is possible
to do without later Mo fertilization treatments.

In Germany, a study based on 70 field experiments showed that there
was no relationship between soil reaction and the response of oilseed rape
to Mo foliar fertilization (FINCK, SAUERMANN 1998). Very few cases of seed
yield increase occurred when the Mo concentration in rape leaves was be-
low the optimum level, which is 0.4 mg Mo-kg! d.m. (BErGMANN 1992). How-
ever, a fertilization rate of 40 Mo g-ha'l, which was applied in the reported
study, seems to be too low for oilseed rape. According to the Australian
data, application of comparable rates of molybdenum to another crop such
as grapevine made the yields increase by 70-750% (WiLLiaMs et al. 2005).

In our own studies, small increase in oilseed rape yields as a result of
Mo fertilization which occurred only on very acid and neutral soils could be
explained by the fact that on such soils there are a number of yield limiting
factors (BRENNAN et al. 2004). These include low availability of Mo as much
as toxicity of Al and Mn, limited availability of P and inhibited uptake of Ca
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and Mg. In a situation where several yield-determining factors occur on
a minimum level, rising one of them up to the optimum position may not
suffice to guarantee higher yields (WALLACE 1984). On soils characterised by
a higher pH, the factors which inhibit the growth and development of crops
are eliminated, which explains a more pronounced effect of foliar application
of molybdenum.

Simple correlation calculations, computed on the basis of the data from
the whole set of the experiments, did not show any relationship between
the value of soil pH and yield increase obtained as a result of Mo fertiliza-
tion (Figure 1). Within the whole range of soil pH values, there were both
yield increases and decreases caused by Mo fertilization, but on soils of the
pH ==5.5 yield the increments were smaller while declining yields occurred
more often and were sometimes bigger than on soils of higher reaction.
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Fig. 1. Relationship between seed yield increase after Mo application and soil pH

In both groups of trials, regression correlation was searched between
arelative yield increase obtained on molybdenum fertilized objects versus
the control and some physicochemical properties of soil, such as abundance
of available forms of macro- and microelements in soil or the content of
floatable particles and silt fractions. For the soils characterised by pH rang-
ing within 5.6-7.1 we were unable to create a regression model with the
above variables as the population we investigated was uniform in this re-
spect. The relationship for the trials established on very acidic and acidic
soils was defined with the following regression function:

y = 1.106015 — 0.004865 silt + 0.000801 Mn RZ2 = 0.731 *** n = 14
where:

y = relative yield increase for 120 g Mo-hal versus the control (%),
silt — content of silt fraction in soil (%),
Mn - concentration of available Mn in soil (mg-kg‘l).

With this function it was demonstrated that on the soils of pH up to
5.5. the effect of molybdenum fertilization on yield increase was negatively
correlated with the silt fraction but positively correlated with the percent-
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age of available manganese in soil. A review of the relevant references indi-
cated that higher yields could be obtained owing to some interactions be-
tween nutrients (Faceria 2001). Manganese can impede the uptake of molyb-
denum (KaBaTA-PENDIAS 2001). In the above equation, increased Mn
concentration in soil was accompanied by a stronger response of oilseed
rape to molybdenum fertilization, which reflects the Mn — Mo antagonism.
Excess of manganese in soil, which impedes the uptake of molybdenum by
plants, was responsible for their stronger response in yields to Mo foliar
fertilization.

The negative effect of the silt fraction in soil on oilseed rape yield in-
crease stimulated by Mo fertilization is difficult to explain. Most probably,
there is some indirect relationship. The silt fraction exerts quite strong ef-
fect on water and air ratios in soil, which are associated with the oxidation /
/ reduction potential as well as molybdenum availability to plants.

CONCLUSIONS

1. Despite the commonly held opinion that molybdenum fertilization
is a recommendable measure only on acidic soils, the highest winter oilseed
rape yield increases stimulated by molybdenum foliar application were ob-
tained on soils of pH > 5.5. On acid and very acidic soils, the effects of Mo
fertilization were much lower and sometimes even negative, which meant
that the seed yield was depressed.

2. On soils of pH > 5.5, the best results were obtained when 60-120 g
Mo-ha'! was applied, irrespective of the fertilization date (a few days after
the vegetative season had begun or during the early stem formation stage).
This seems to suggest that the exact date for Mo fertilization can be adjust-
ed to combine it with a specific plant protection treatment.
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CONTENT OF CARBON, HYDROGEN
AND SULPHUR IN BIOMASS
OF SOME SHRUB WILLOW SPECIES
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Abstract

Carbon, hydrogen and sulphur were determined in biomass (shoots and roots) of five
species of shrub willow: Salix viminalis, Salix dasyclados, Salix triandra, Salix purpurea
and Salix alba. Samples of the biomass collected from a strict experiment were dried to
constant weight at 105°C. The content of carbon, hydrogen and sulphur was determined
in an automatic determinator ELTRA CHS 500. In addition to the chemical determinations,
willow plants were assessed, in the first year of cultivation, in terms of their morphologi-
cal traits and yields. The results underwent statistical analysis using Excel spreadsheets
and Statistica PL software programme.

An average content of carbon in the biomass of the five analysed willow species was
496.33 g-kgl d.m. Among the five species, the highest carbon content was discovered in
the biomass of Salix purpurea (501.32 g-kg! d.m.). An average content of hydrogen in
aerial parts of shrub willow was significantly higher than in their roots (507.95 vs 465.88 kg1-d.m.).
The content of hydrogen in all the species of shrub willow was on average 71.11 g-kg'!
d.m., with the highest hydrogen amount in biomass attributed to Salix triandra
(74.98 g -kg'l d.m.). This species, on the other hand, had the lowest concentration of sul-
phur in its biomass (on average 0.43 g-kgl d.m.). The average content of sulphur in aerial
parts was significantly lower than in roots of willow plants (0.52 vs 0.95 g-kg'! d.m.). This
relationship held true for all the five species of willow plants.

An average yield of dry biomass obtained from the five shrub willow species in the
year when the experiment was established was 5.81 Mg-hal. The highest dry biomass
yield was produced by Salix viminalis (7.22 Mg-ha'l).

Key words: shrub willow, productivity, biomass, carbon, hydrogen, sulphur.
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ZAWARTOSC WEGLA, WODORU I SIARKI W BIOMASIE WYBRANYCH
GATUNKOW WIERZB KRZEWIASTYCH

Abstrakt

W biomasie pieciu gatunkéw wierzby krzewiastej: Salix viminalis, Salix dasyclados,
Salix triandra, Salix purpurea oraz Salix alba, w pedach i korzeniach oznaczono zawar-
tos¢ wegla, wodoru i siarki. Pobrane ze Scislego do§wiadczenia polowego proby biomasy
wierzby wysuszono w temp. 105°C do uzyskania stalej masy. Zawarto$¢ wegla, wodoru i siar-
ki w biomasie oznaczono w automatycznym analizatorze ELTRA CHS 500. Ponadto okre-
Slono cechy morfologiczne oraz produktywnos$¢ roslin Sealix spp. w pierwszym roku upra-
wy. Wyniki badan opracowano statystycznie z uzyciem arkusza kalkulacyjnego Excel oraz
programu komputerowego Statistica PL.

Zawartos¢ wegla w biomasie badanych gatunkow wierzby krzewiastej wynosita Sred-
nio 496,33 g-kg!l s.m. Sposréd badanych gatunkéw najwyzsza zawartos§é wegla oznaczono
w biomasie Salix purpurea, $rednio 501,32 g-kg!l s.m. Zawarto§é wegla w pedach nad-
ziemnych byla érednio istotnie wyzsza (507,95 g-kg! s.m.) niz w korzeniach (465,88 g-kg'!
s.m.). Zawarto$é wodoru u badanych gatunkéw wynosita érednio 71,11 g-kgl s.m. Istotnie
najwyzszg Srednig zawarto§¢ wodoru w biomasie stwierdzono u gatunku Salix triandra
(74,98 g-kgl s.m.). Gatunek Salix triandra zawieral istotnie najmniej siarki w biomasie,
érednio 0,43 g-kgl s.m. Srednia zawartoéé siarki w pedach nadziemnych byta istotnie niz-
sza niz w korzeniach, odpowiednio 0,52 g-kgl sm. i 0,95 g-kgl s.m. Zaleznoéé te stwier-
dzono u wszystkich badanych gatunkow wierzb.

Plon suchej biomasy badanych gatunkow wierzb uzyskany w roku zalozenia doswiad-
czenia wyniést $rednio 5,81 Mg-ha'l. Sposréd badanych gatunkéw istotnie najwyzszy plon
suchej biomasy uzyskano u Salix viminalis — 7,22 Mg-ha'l,

Stowa kluczowe: wierzba krzewiasta, produktywnosé, biomasa, wegiel, wodor, siarka.

INTRODUCTION

Poland needs to increase the share of biomass in the total energy bal-
ance so as to improve its energy supply safety and enhance conservation of
the natural environment. Using plant biomass for production of energy does
not add to the warming effect. While growing, plants absorb the same
amounts of carbon dioxide during photosynthesis as they release when their
biomass is burnt (NaLBorczyYK 2002, KisieL et al. 2006). Production of energy
from hardcoal creates a serious burden to the environment, such as elevat-
ed emission of carbon dioxide, sulphur dioxide, nitrogen oxides and flying
ashes. In contrast to hardcoal combustion, biomass incineration makes it
possible to achieve considerable reduction in SO, and organic pollutants,

including polyaromatic hydrocarbons and flying organic compounds (Kusica
2001)

Thus, comparison of fossil fuels and energy crops as energy sources
should take into account the environmental burden caused by production
of such fuels and emission of pollutants during energy generation. The avail-
able references lack detailed information concerning the content of carbon
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and hydrogen atoms in the cellulose and lignin biomass of shrub willows,
which largely determine the calorific value of biomass-based solid fuels. The
content of sulphur in energy crops should also be investigated, as it condi-
tions the emission of this element to atmosphere while burning biofuels.

MATERIAL AND METHODS

The study was based on a field experiment conducted at the Research
Station in Batdy, the University of Warmia and Mazury in Olsztyn, Poland.
The experiment was established in April 2006, on soil classified according to
the Polish soil valuation system as defective wheat complex (class III b).

The first factor in the experiment comprised five species of shrub wil-
low: Salix viminalis, Salix dasycladosm, Salix triandra, Salix purpurea and
Salix alba. The second factor consisted of the type of willow biomass: aerial
parts (leafless shoots) and underground biomass (roots).

The plants were not fertilised in the first year and the soil reaction was
neutral. The grafts were planted in belts: 2 rows in a belt with 0.75 m
space between the rows, followed by 0.90 m space between two belts and
again 2 rows at 0.75 m spacing. On each plot, grafts were planted in 4 rows.
The plants in a row were spaced at 0.25 m, which gave 48 thousand plants
per hectare. The area of each plot was 23.1 m2. The experiment was set up
with three replications. At the end of the growing season, in November
2006, the willow plants underwent biometric measurements. The diameter
of shoots was measured 50 cm above the ground surface on 10 randomly
selected plants from the 274 and 3'd row on each plot. Height of shoots (in
m) was also measured on 10 plants per plot. Samples of biomass was taken
for laboratory analyses. For this purpose, one whole plant was harvested
from each plot (leafless aerial shoots and roots).

In the laboratory, proper samples of shoots and roots were obtained
from the biomass of the five willow species. Biomass samples were dried up
to constant weight at 105°C. The per cent contribution of shoots and roots
in the dry matter of the Salix spp. plants was established. The yield of dry
biomass (Mg-ha'l) was computed from the yield of fresh biomass of shoots
and their moisture content. Dried samples of biomass were ground in an
IKA analytic mill, using a 0.25 mm mesh sieve. The ground samples were
again dried to constant weight, after which they were subjected to chemical
analyses. The content of carbon, hydrogen and sulphur in the biomass of
the analysed species of Salix spp. was determined in an automatic determi-
nator ELTRA CHS 500.

The results of the study were processed statistically using Excel spread-
sheets and Statistical software programme. Arithmetic means were calculat-
ed for all the analysed traits. In order to determine the mean concentra-
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tions of carbon, hydrogen and sulphur in the biomass (shoots and roots)
of each willow species, corresponding weighted averages were computed. Us-
ing Duncan’s significance test, LSD values at p=0.05 were derived. Finally,
simple correlation coefficients for all the tested traits were computed.

RESULTS AND DISCUSSION

In the first growing season, aerial shoots accounted for 72.39% of dry
biomass of willow plants, while the roots made up the remaining 27.61%
(Figure 1). The lowest contribution of roots to the whole biomass was found
for S. triandra (20.93%); the highest one — for S. purpurea (30.23%).
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Fig. 1. Contribution of leafless shoots and roots in dry biomass obtained
from Salix spp. plants

An average height of the shoots grown by the five willow species was
2.19 m (Table 1). Significantly higher shoots were developed by S. viminalis
(2.70 m). Salix dasyclados grew comparably tall shoots, whereas the other
willow species produced much lower shoots.

The thickest shoots were grown by S. dasyclados (14.73 mm). Similar
diameters of shoots were obtained for S. viminalis and S. triandra. On the
other hand, the diameter of shoots grown by S. purpurea and S. alba was
significantly smaller compared to S. dasyclados.

The yield of dry aerial biomass obtained in the first growing season was
on average 5.81 Mg-hal. Among the five tested species of shrub willow,
Salix viminalis produced the highest dry biomass yield (7.22 Mg-ha'l), with
S. dasyclados and S. triandra yielding on a comparable level. Salix purpu-
rea, on the other hand, produced the lowest yields of dry matter
(8.95 Mg-ha'l). Yields of aerial biomass obtained in the first growing season
being lower than in the consecutive years can be explained by the fact that
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Table 1
Height and shoot diameter, yield of dry matter of the five shrub willow species
Species Height(l(l)lf; shoots ]3; 21}111:;:; Dryyki)tie({:inass

(mm) (Mg-ha')
Salix viminalis 2.70 13.27 7.22
Salix dasyclados 2.61 14.73 6.89
Salix triandra 2.02 11.70 6.78
Salix purpurea 1.68 7.70 3.95
Salix alba 1.95 11.50 4.19
Average 2.19 11.78 5.81
LSDg5 0.14 3.13 1.57

the plants needed to develop their root system, to the detriment of the
growth and development of aerial parts. KaLEMBAsA et al. (2006) report that
yields of dry matter obtained from leafless shoots produced by Salix vimina-
lis in the first growing season range from 3.21 to 6.51 Mg-hal, depending
on fertilization. The analogous yields produced by a hybrid of S. viminalis
and S. purpurea were much lower, from 0.45 to 1.04 Mg-ha'l. In the fol-
lowing years (284 and 3 growing season), yields of dry matter produced by
Salix viminalis increased to 30 Mg-ha'l. In our own tests, the yielding po-
tential of Salix spp. plants in the first year was much lower than in the
following seasons (SToLARSKI 2002, SzcZUKOWSKI et al. 2004).

The content of carbon in the biomass of the five willow species was on
average 496.33 g-kg! (Table 2). The highest carbon content was determined
in the biomass obtained from Salix purpurea (on average 501.32 g-kg! d.m.).

Table 2

Content of carbon in biomass of the five shrub willow species (g-gt d.m.)

Species (a) Type of biomass (b) Average
shoots roots

Salix viminalis 506.89 475.09 497.77
Salix dasyclados 503.41 468.48 493.29
Salix triandra 505.86 456.29 495.48
Salix purpurea 514.53 470.84 501.32
Salix alba 509.07 458.68 494.34
Average 507.95 465.88 496.33
LSDg a—-538 b-3.6 axb-82




660

Similar carbon concentrations were determined in the biomass of Salix vimi-
nalis. The average content of carbon in aerial parts was significantly higher
than in roots (507.95 vs 465.88 g-kg! d.m.). Significantly more carbon was
determined in the biomass obtained from shoots of Salix purpurea
(514.53 g-kg! d.m.), whereas the lowest carbon level was found in roots
of Salix triandra (456.29 g-kgl d.m.). The content of carbon in the biomass
of Salix spp. was significantly positively correlated with the content of hy-
drogen (r=0.43) and significantly negatively correlated with the content
of sulphur (r=-0.79), at n=30 (for 30 pairs of replications). Some other own
studies showed that one-year shoots of Salix viminalis contained 484.1 g
carbon per 1 kg! d.m. (StoLarsKI et al. 2005). Other chemical analyses car-
ried out on various types of biomass in China by CuipING et al. (2004) proved
that an average content of carbon in willow timber was 467.9 g-kg! d.m.,
as compared to 483.2 g-kg! d.m. in birch wood, 421.1 g-kg! d.m. wheat
straw and 637.8 g-kg! d.m. bituminous coal. The average content of carbon
in the biomass of shrub willow cv. Wodtur (Salix dasyclados species) was
518.3 g-kg! d.m., and of cv. Sprint (Salix viminalis species) — 513.2 g-kg!
d.m. (StorLArskI et al. 2008). Regarding the above studies, the lowest con-
tent of carbon has been determined in biomass of Jerusalem artichoke
(430.8 g-kg'l d.m.).

The content of hydrogen in biomass of the analysed species of willow
was on average 71.11 g-kg'l d.m. (Table 3). Statistically, the highest signifi-
cant content of hydrogen in biomass was determined for the species Salix
triandra (74.98 g-kgl d.m.). The average content of hydrogen in shoots was
significantly higher than that found in roots (71.78 vs 69.33 g-kg'! d.m.).
The highest concentration of hydrogen in biomass was found in shoots pro-
duced by Salix triandra (76.34 g kgl d.m.), while the lowest one occurred
in roots of Salix dasyclados (66.40 g-kg! d.m.). The level of hydrogen in
biomass of Salix spp. was significantly negatively correlated with the con-
tent of sulphur (r=-0.52, n=30). While analysing the relationships between

Table 3

Content of hydrogen in biomass of the five shrub willow species (g-kg! d.m.)

Species (a) Type of biomass (b) Average
shoots roots
Salix viminalis 71.56 70.17 71.16
Salix dasyclados 67.10 66.40 66.90
Salix triandra 76.34 69.84 74.98
Salix purpurea 72.89 69.99 72.01
Salix alba 71.02 70.24 70.79
Average 71.78 69.33 71.11
LSD5 a—1.80 b-1.10 axb-2.60
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the analysed biometric features and the levels of the particular elements, it
was only in one case that a strong negative correlation was established,
namely between the diameter of shoots and content of hydrogen, where
r=-0.56 was calculated for the mathematical model of y = -0.0433 x + 7.5584
(n=15). The content of hydrogen in one-year shoots of Salix viminalis in
another experiment carried out by the same authors (StoLARSKI et al. 2005)
was 68.7 g-kg! d.m. Some other tests showed that the concentration of
hydrogen in biomass of Salix spp. was only slightly varied and ranged be-
tween 66.3 g-kgl d.m.for Salix viminalis to 66.8 g-kg'l d.m. for Salix
dasyclados (STOLARSKI et al. 2008). CurPING et al. (2004) report that an aver-
age content of hydrogen in willow wood was 71.0 g-kg! d.m., compared to
83.6 g-kg'l d.m. in birch wood, 65.3 g-kg! d.m.in wheat straw and
39.7 g-kg! d.m. in bituminous coal, where it was the lowest.

The content of sulphur in biomass of the five analysed species of shrub
willow was on average 0.64 g-kgl d.m. (Table 4). The species called Salix
triandra had the smallest, statistically confirmed, levels of sulphur in bio-
mass (on average 0.43 g-kg! d.m.). The average content of sulphur in aeri-
al shoots was significantly lower than in roots (0.52 versus 0.95 g-kg'! d.m.).

Table 4
Content of sulphur in biomass of the five shrub willow species (g-kg! d.m.)
Type of biomass (b)
Species (a) Average
shoots roots
Salix viminalis 0.56 0.92 0.66
Salix dasyclados 0.56 1.06 0.70
Salix triandra 0.35 0.72 0.43
Salix purpurea 0.57 0.85 0.66
Salix alba 0.57 1.20 0.75
Average 0.52 0.95 0.64
LSD a-0.03 b —0.02 axb-0.05

This tendency held true for all the analysed willow species. The lowest
amounts of sulphur were determined in shoots of Salix triandra (0.35 g-kg!
d.m.), whereas the highest ones appeared in roots of Salix alba (1.20 g-kg!
d.m.). Some other experiments showed that the content of sulphur in one-
year shoots of Salix viminalis was 0.43 g-kg! d.m. (StoLARSKI et al. 2005).
KarLEmBASA et al. (2005) observed that the total amount of sulphur in biomass
of maiden grass (Miscanthus spp.) decreased as the grass continued to grow,
with 1.67 g sulphur 1 kgl d.m. in 15t decade of June declining down to
0.50 g S kg'! d.m. in 15t decade of September. The average content of sul-
phur for all the clones analysed in the above trial, irrespective of the date
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of sampling, was 0.91 g-kg'l d.m. The amount of sulphur in the biomass
of shrub willow Salix dasyclados was 0.44 g-kgl d.m., and in that of Salix
viminalis — 0.40 g-kg'l d.m. (StoLarsKI et al. 2008). By comparison, the con-
tent of sulphur in biomass of Miscanthus grasses was 0.48 g-kg! d.m. in
Miscanthus giganteus and 0.58 g-kg! d.m. in Miscanthus sacchariflorus. The
highest amount of sulphur determined in the above experiments was found
in the biomass of prairie cordgrass (1.834 g-kg! d.m.). The content of sul-
phur in hardcoal is in general higher than in biomass of energy crops. Ac-
cording to Zawistowski (2003), the content of sulphur in hardcoal is varied,
ranging from 2.5 to 13.5 g-kg! d.m. When comparing the emission of sul-
phur during combustion of fuels, KuBica (2001) suggested that that it was
20-fold higher for hardcoal than for timber.

CONCLUSIONS

1. The species Salix purpurea was characterised by the highest content
of carbon in biomass (on average 501.32 g-kg! d.m.). The content of carbon
in shoots produced by this species was significantly the highest among the
analysed types of biomass. On the other hand, the lowest content of carbon
was determined in roots of Salix triandra.

2. The content of hydrogen in biomass of shrub willow ranged within
66.90 (S. dasyclados) to 74.98 g-kg'! d.m. (S. triandra).

3. Among the five tested species of shrub willow, the highest average
content of sulphur was found in the biomass of S. triandra; the lowest — in
biomass produced by S. alba.

4. Aerial shoots of all the tested species were characterised by higher
concentrations of carbon, hydrogen and lower amounts of sulphur than the
roots.

5. Relatively high amounts of carbon and hydrogen along with the low
content of sulphur in the biomass of shrub willow mean that the plant can
be treated as an energy source alternative to hardcoal.

6. The yield of dry biomass of the five tested species of shrub willow
obtained in the first growing season was 3.95 (Salix purpurea) to 7.22 g-kg!
d.m. (Salix viminalis).
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Abstract

Sodium and potassium are alkaline metals commonly occurring in natural environ-
ment. In clean groundwater their content usually does not exceed the value of 100 mg-dm
(Na) and 90 mg-dm3 (K). Leakage waters of unsealed or improperly sealed refuse dumps
constitute a potential grave source of water environment contamination. In the initial years
of refuse dumping the leakage may contain up to 2,500 mg-dm=3 of sodium and up to
3,100 mg-dm=3 of potassium. The leakage from “old” dumps contains up to 3,700 mg-dm
sodium and up to 1,580 mg-dm™ potassium.

The purpose of this paper was to demonstrate the character and the dynamics of the
changes in sodium and potassium concentrations in the leakage waters of the Maslice Re-
fuse Dump in Wroctaw and in the groundwater in the adjacent areas. Since sand-gravel
deposits lie in the base of the dump and the groundwater level is fairly high, contact oc-
curs between the groundwater and the dumped waste as well as contamination transfer.
Only part of the dump has a sealing and a drainage carrying the leakage to a tank. In the
late 1990s the exploitation of the dump was terminated and rehabilitation started with
aview to limiting the access of the water to the refuse dump.

The paper presented the results of the research covering the period from 1995 to
2007 on sodium and potassium contents in the groundwater coming to the dump, in the
dump leakage and in the groundwater coming out of the dump.

The research has shown that both the concentrations and the proportions between
sodium and potassium contents in the groundwater coming to the dump stayed within the
natural ranges, exceeding them only in 2000-2001. The leakage, despite closing and reha-
bilitating the dump, was still characterized by fairly high and balanced concentrations of the
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analyzed elements. Also sodium and potassium contents in the groundwater coming out of
the dump were high and balanced, which proves a continuous inflow of pollution through
the unsealed base of the facility.

Key words: municipal refuse dump, groundwater, leakage waters, sodium, potassium.

SOD I POTAS W WODACH PODZIEMNYCH NA TERENACH OTACZAJACYCH
SKEADOWISKO ODPADOW KOMUNALNYCH ,,MASLICE” WE WROCLAWIU

Abstrakt

S6d i potas sg pospolicie wystepujacymi w $rodowisku metalami alkalicznymi. W czy-
stych wodach podziemnych ich zawartosci najczesciej nie przekraczaja 100 mg-dm™3 (Na)
i90 mg-dm3 (K). Powaznym zrédlem zanieczyszczenia $rodowiska wodnego moga byé od-
cieki z nieuszczelnionych lub nieprawidlowo uszczelnionych skitadowisk odpadéw komunal-
nych. W poczatkowych latach sktadowania odpadéw odcieki mogg zawieraé do 2500 mg-dm
sodu i do 3100 mg-dm™ potasu. Odcieki ze ,starych” sktadowisk zawieraja do 3700 mg-dm sodu
i do 1580 mg-dm™ potasu.

Celem pracy bylo wykazanie charakteru i dynamiki zmian stezenn sodu i potasu w od-
ciekach ze sktadowiska odpadéw komunalnych ,Maslice” we Wroctawiu oraz w wodach pod-
ziemnych na przyleglych terenach. Poniewaz w podlozu skladowiska zalegaja utwory piasz-
czysto-zwirowe, a poziom lustra wod podziemnych jest do§é wysoki, nastepuje kontakt wod
podziemnych ze sktadowanymi odpadami oraz transport zanieczyszczen. Tylko cze$é¢ sktado-
wiska ma uszczelnienie i drenaz odprowadzajacy odcieki do zbiornika. Na przelomie lat
1999-2000 zakonczono eksploatacje sktadowiska i rozpoczeto rekultywacje, ktorej gtéwnym
zadaniem byto ograniczenie dostepu wody do zloza odpadow.

W pracy przedstawiono wyniki badan prowadzonych w latach 1995-2007 dotyczacych
zawarto$ci sodu i potasu w wodach podziemnych doplywajacych do sktadowiska, odciekach
sktadowiskowych oraz w wodach podziemnych wyplywajacych za sktadowiskiem.

Wykazano, ze zaréwno stezenia, jak i proporcje miedzy zawarto$ciami sodu i potasu
w wodach podziemnych doplywajacych do sktadowiska miescily si¢ w naturalnych zakre-
sach, przekroczonych jedynie w latach 2000-2001. W odciekach, pomimo zamkniecia i re-
kultywacji sktadowiska, nadal stwierdzano do§é wysokie i wyréwnane stezenia analizowa-
nych sktadnikéw. Rowniez zawartoSci sodu i potasu w wodach podziemnych odptywajacych
za sktadowiskiem byly wysokie i wyréwnane, co $wiadczy o utrzymujacym sie doptywie
zanieczyszczen przez nieuszczelnione podloze obiektu.

Stowa kluczowe: skltadowisko odpadéw komunalnych, wody podziemne, odcieki
sktadowiskowe, sod, potas.

INTRODUCTION

Sodium and potassium are alkaline metals commonly occurring in natu-
ral environment. In clean groundwater their content rarely exceeds the val-
ue of 100 mg-dm (Na) and 90 mg-dm™ (K). Na/K ratio in weakly mineral-
ized water usually ranges from 0,2 to 0,9; the ratio increases along rising
mineralization (usually up to 30-200) (Macioszczyk, DoBrzyNsk1 2002).
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Apart from natural sources, considerable amounts of sodium and potas-
sium can reach water environment as a result of leakage from unsealed or
improperly sealed refuse dumps. According to literature in the initial years
of refuse dumping the leakage may contain up to 2,500 mg-dm™ of sodium
and up to 3,100 mg-dm of potassium. The leakage from “0ld” dumps con-
tains up to 3,700 mg-dm™ of sodium and up to 1,580 mg-dm™ of potassium
(WiLLiams 2002, Zycapto 2001, PapaporouLou et al. 2007). During the exami-
nation of leakages occurring in the model deposits sodium concentrations
ranged from 1,000 to 5,000 mg-dm, while potassium concentrations were
slightly lower (from 580 to 3,800 mg-dm™). Another factor which significant-
ly affects the amount of sodium and potassium in dump leakages is the
amount of water infiltrating the refuse dumps. With larger rainfall volume
the concentrations diminish and the leakage volume grows, which gives rise
to insignificant changeability of the charges of the removed impurities
(KARTHIKEYAN et al. 2007, THORNTON et al. 2005).

The purpose of this paper was to demonstrate the character and the
dynamics of the changes in sodium and potassium concentrations in the
leakage waters of the Maslice Refuse Dump in Wroctaw and in the ground-
water in the adjacent areas.

MATERIAL AND METHODS

The research of the groundwater and the leakages was conducted in the
area surrounding a closed municipal waste dump called Maslice in Wroctaw.
In the late 1960s neutralization process of the waste was begun, with an aid
of excavation (covering a surface area of about 7ha) remaining after the
exploitation of sand deposits. Sand-gravel deposits lie in the base of the
dump and the groundwater level is fairly high (usually ca. 1-2 m above the
foot of the dump). Under these conditions, both contact between the ground-
water and the dumped waste as well as transfer of impurities are common-
place. The groundwater flows from south-west to north-east towards the
Odra River (Szymaxska-Purikowska 2001). Only part of the dump (ca. 2 ha,
built in 1994) has a sealing and a drainage carrying leakage to a tank, from
which the research samples were taken. At the end of 1990s the exploita-
tion of the dump was terminated and rehabilitation started. It involved rein-
forcing the slopes of the waste dump, sealing the dome with synthetic mine-
ral material as well as, on the side of the groundwater inflow (in 2002),
fixing a screen down to the impermeable layer to prevent the inflow. In
2004 the leakage tanks were filled in (SzymaNska-PuLikowska 2005).

The paper presents the results of the research on sodium and potassi-
um contents in the groundwater coming to the dump, in the dump leakage
and in the groundwater coming out of the dump. The research into ground-
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water content was conducted from 1995 to 2007, whereas the examination
of dump leakages was terminated the moment the tank had been filled in.
Research material was taken 3 times a year. The analyzed dump leakages
were from the derived from the tank and the groundwater originated from
four piezometers located on the inflow (2) and the outflow (2) side of the
dump. The water stagnant in the piezometer well was pumped out twice
prior to taking samples of the groundwater. The contents of sodium and
potassium in the taken samples were marked according to the methodology
described in the literature (NAMIESNIK, JAMROGIEWICZ 1998, HERMANOWICZ et al.
1999). The statistical analysis of the research results was conducted by means
of Statistica 7.1 programme.

RESULTS AND DISCUSSION

Table 1 depicts the characteristic values (mean, standard deviation, vari-
ance coefficient) and mean sodium-potassium concentration ratio in the con-
secutive years of the research into the groundwater flowing to the dump.
Mean annual sodium contents ranged from 11.43 to 303.7 mg-dm™ and
these of potassium from 1.735 to 30.57 mg-dm™ (ten times less). The high-
est concentrations were observed at the onset of the research period (1995-
-1996) and in the years 2000-2001. Only in this last period the contents of
sodium and potassium exceeded the natural concentrations range (Maciosz-
czyK, DoBrzyNskI 2002). However, the results obtained for potassium content
displayed a greater variability. The proportions between sodium and potas-
sium concentrations fluctuated within the range between 2.524 and 14.04;
reaching the highest values in 2001 (high sodium concentrations) and 2003
(distinctive decrease in potassium content).

Table 2 depicts the characteristic values (mean, standard deviation, vari-
ance coefficient) and mean sodium-potassium concentration ratio in the con-
secutive years of the research into dump leakages (1995-2003, excluding
1998). Mean annual sodium contents in the leakages ranged from 1,013 to
3,711 mg-dm3, reaching higher values after the dump was closed (since
2000). Mean annual sodium concentrations ranged from 905.8 to
2,350 mg-dm3. Na/K coefficient values fluctuated between 0.749 and 2.372.
The results were characterized by a very significant variability, which dimin-
ished in the last years of the research (2002-2003). That is also when sodium
and potassium concentrations became balanced; however, they still remained
at a high level.

Research conducted by other authors also show high and balanced con-
tents of the examined elements in leakages from refuse dumps, or their
parts, exploited for a long time. The dumps in Pomorze Srodkowe emitted
leakages containing 273.7-1,708 mg Na-dm™ and 268.3-1,143 mg K-dm™3
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Table 1
Characteristic values and mean sodium to potassium ratios
in groundwaters coming to the dump

Years 1 (mg-dm3) Na/K o v (%)
Na 63.33 39.60 52.86

1995 5.099
K 12.42 6.563 62.53
Na 43.85 22.99 47.14

1996 2.702
K 16.23 7.653 52.43
Na 19.18 10.25 46.14

1997 2.524
K 7.600 3.507 53.41
Na 29.04 7.877 19.35

1998 3.596
K 8.075 1.563 27.13
Na 53.15 45.09 58.16

1999 7.935
K 6.698 3.895 84.84
Na 303.7 297.2 44.18

2000 9.935
K 30.57 13.51 97.86
Na 179.6 184.1 37.50

2001 13.23
K 13.58 5.093 102.5
Na 46.68 34.46 45.87

2002 7.802
K 5.983 2.745 73.82
Na 47.51 37.53 41.37

2003 14.04
K 3.383 1.400 79.01
Na 17.22 11.14 68.72

2004 4.314
K 3.992 2.743 64.68
Na 11.43 6.586 49.13

2005 6.588
K 1.735 0.852 57.64
Na 23.83 5.856 38.31

2006 3.733
K 6.383 2.446 24.57
Na 44.25 4345 56.35

2007 7.416
K 5.967 3.362 98.20

Explanations: 1 — mean, 0 — standard deviation, v — variance coefficient

(Sianéw) as well as 619.3-2,460 mg Na-dm™ and 710.8-2,048 mg K-dm™
(Karlino) (JaNnowska, SzyMaNski 1999). Leakages from older sections of the
refuse dump in Sierakowo (near Szczecin) contained 570-1,590 mg Na-dm™
and 542-1,494 mg K-dm™3, whereas the newest section emitted leakages con-
taining 103-638 mg Na-dm™ and 85-516 mg K-dm™ (MELLER et al. 2001).
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Table 2
Characteristic values and mean sodium to potassium ratios in dump run-offs

Years 1 (mg-dm3) Na/K o v (%)
Na 1013 273.4 146.7

1995 1.118
K 905.8 423.5 169.2
Na 1615 156.7 121.2

1996 0.749
K 2157 216.5 118.6
Na 1243 784.7 264.5

1997 1.103
K 1127 1008 408.9
Na 1604 2518 2.593

1999 1.201
K 1335 986.3 29.64
Na 3711 1484 65.52

2000 1.579
K 2350 672.7 152.2
Na 2700 2174 3152

2001 2.372
K 1138 636.9 81.21
Na 1780 321.1 82.74

2002 1.037
K 1717 350.3 66.07
Na 2461 439.5 73.75

2003 1.162
K 2118 172.0 85.44

Explanations, see Table 1

Thus the concentrations were approximate to the values demonstrated by the
authors quoted previously (Mor et al. 2006, THORNTON et al. 2005, WiLLIaMs 2002).

Table 3 depicts the characteristic values (mean, standard deviation, vari-
ance coefficient) and mean sodium-potassium concentration ratio in the con-
secutive years of the research into groundwater flowing out behind the dump.
The examined waters contained on average from 481.0 to 4,084 mg Na-dm™
and from 209.2 to 2,520 mg K-dm™ per year. As in the case of the leakag-
es, the highest sodium and potassium concentrations occurred after closing
the dump (2000-2003). The proportions between mean annual sodium and
potassium contents ranged between 1.163 and 2.567.

Such large amounts of the examined elements and the values of Na/K
coefficient prove a considerable influence of the leakages on the composition
of groundwater flowing out behind the dump. Since mean annual concentra-
tions of sodium and potassium tended to be even higher in the discussed
leakages, it is possible to suppose that the impurities getting into the ground
from the old unsealed part of the dump contained even more of the exam-
ined elements. The research results of the waters flowing to the dump and
the waters flowing out behind it were characterized by a similar variability.
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Table 3
Characteristic values and mean sodium to potassium ratios
in waters flowing from the dump

Years 1 (mg-dm3) Na/K o v (%)
Na 1049 729.1 69.52

1995 1.163
K 901.9 815.8 90.45
Na 1786 532.5 29.82

1996 1.634
K 1093 686.8 62.84
Na 1486 945.2 63.61

1997 1.550
K 958.9 894.0 93.23
Na 2443 227.4 9.310

1998 1.851
K 1320 1008 76.38
Na 2436 1198 49.17

1999 2.085
K 1168 905.3 77.48
Na 3853 2262 58.71

2000 1.529
K 2520 2917 115.8
Na 3983 1184 29.72

2001 2.567
K 1552 1218 78.46
Na 3203 900.5 28.11

2002 1.553
K 2063 346.0 16.77
Na 4084 1404 34.39

2003 2.015
K 2027 733.8 36.21
Na 1400 1175 83.92

2004 2.188
K 639.8 550.9 86.10
Na 481.0 355.7 73.95

2005 2.299
K 209.2 193.0 92.25
Na 1790 1155 64.51

2006 1.687
K 1061 825.4 77.78
Na 793.6 576.3 72.61

2007 2.212
K 358.7 296.3 82.61

Explanations, see Table 1

During research conducted on the dump in Radiowo (Pacxuta, Kopa 2001)
the groundwater polluted by leakages from the unsealed facility contained
similarly high sodium concentrations (up to 4,730 mg-dm™) but much lower
potassium concentrations (up to 35 mg-dm3). The groundwaters in the vi-
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cinity of other dumps (Mor et al. 2006, Srivastava, RAMANATHAN 2008) were
also distinguished by an increased sodium content (up to 800 mg Na-dm™)
and a relatively low content of potassium (to 60 mg K-dm3).

CONCLUSIONS

1. The concentrations of sodium and potassium in the groundwater com-
ing to the Maslice Refuse Dump stayed within the natural ranges (except
the years 2000-2001).

2. Despite closing and rehabilitating the dump, the leakage still con-
tained fairly high and balanced amounts of sodium and potassium, implying
that the dump will continue to contaminate the environment for a long
time in the future.

3. High and balanced sodium and potassium contents in the groundwa-
ter leaving the dump prove a continuous inflow of impurities to the base of
the dump.

REFERENCES

Hermanowicz W., Dosuino J., DozaNska W., KoziorowsKr B., ZERBE J. 1999. Fizyczno-chemiczne
badanie wody i Sciekéw. Arkady, Warszawa, 555 ss.

Janowska B., Szymanskr K. 1999. Wplyw skiadu morfologicznego odpadéw na jakosé odcieku
wysypiskowego. Mat. VI Konf. Nauk.-Tech. ,Gospodarka odpadami komunalnymi”, Ko-
szalin-Kotobrzeg, 153-166 ss.

KARTHIKEYAN O. P., Swatt M., NAGENDRAN R., Kurian J. 2007. Performance of bioreaktor landfill
with waste mined from a dumpsite. Environ. Monit. Assess., 135 (1-3): 141-151.

Macioszezyk A., DoBrzyNsk1 D. 2002. Hydrogeochemia strefy aktywnej wymiany wéd podziem-
nych. Wyd. Nauk. PWN, Warszawa, 448 ss.

MEeLLER E., Niep-wieckt E., Wogcieszczuk T. 2001. Koncentracja makroelementéw i pierwiastkéw
$ladowych w odciekach pochodzqcych z trzech kwater wysypiska odpadéw komunal-
nych w Sierakowie. Zesz. Probl. Post. Nauk Rol., 477: 405-410.

Mor S., Ravinpra K., Danrva R. P., CHANDRA A. 2006. Leachate charakterization and assessment
of groundwater pollution near municipal solid waste landfill site. Environ. Monit.
Assess., 118(1-3): 435-456.

NAMIESNIK dJ., JAMROGIEWICZ Z. (red.) 1998. Fizykochemiczne metody kontroli zanieczyszczeri
srodowiska. Wyd. Nauk.-Tech., Warszawa, 462 ss.

Pacaura K., Kopa E. 2001. Stan srodowiska i samoistne ksztattowanie sie pokrywy roslinnej na
terenie wysypiska ,Radiowo” koto Warszawy. Zesz. Probl. Post. Nauk Rol., 478: 487-493.
Papanorourou M. P., Karatzas G. P., Boucioukou G. G. 2007. Numerical modelling of the

environmental impact of landfill leachate leakage on groundwater quality — a field
application. Environ. Model. Assess,, 12(1): 43-54.
Srivastava S. K., RamanatHan A. L. 2008: Geochemical assessment of groundwater quality

in vicinity of Bhalswa landfill, Delhi, India, using graphical and multivariate statisti-
cal methods. Environ. Geol., 7(53): 1509-1528.



673

SzymaNska-PuLikowska A. 2001. Wplyw wysypiska odpadéw komunalnych Maslice na srodowi-
sko. Zesz. Nauk. AR we Wroctawiu, 413: 31-47.

SzyMANSKA-PULIKOWSKA A. 2005. Zanieczyszczenie wod podziemnych w otoczeniu starego skia-
dowiska odpadéow komunalnych. Zesz. Probl. Post. Nauk Rol., 505: 439-444.

TrorNTON S. F., TELLAM J. H., LERNER D. N. 2005. Experimental and modelling approaches for
the assessment of chemical impacts of leachate migration from landfills: A case study
of a site on the Triassic sandstone aquifer in the UK East Midlands. Geotech. Geolog.
Engin., 23 (6): 811-829.

WirLiams P. T. 2002. Emissions from solid waste management activities. Sci. Technol., 18:
141-170.

7vcapro M. (red.) 2001. Strategia gospodarki odpadami komunalnymi. Wyd. PZIiTS,
Poznan, 484 ss.






J. Elementol. 2008, 13(4): 675-684

COMPARATIVE ANALYSIS OF FLUORIDE
CONTENT IN SHEEP MANDIBLES FROM
ARCHEOLOGICAL EXCAVATIONS
IN SZCZECIN ACCORDING
TO INDIVIDUAL AGE AND TIME
OF BEING DEPOSITED IN SOIL

Martyna Snioszek, Arkadiusz Telesinski,
Daniel Musik, Helena Zakrzewska

Chair of Biochemistry
University of Agriculture in Szczecin

Abstract

Bones can be a very good marker of environmental contamination by fluoride. Bones
in a living organism have a different composition than in a dead one. As a result of ad-
sorption from soil, bones from archeological excavations usually have more fluoride than
those in a living body, and a significant portion of the fluorides they contain are acquired
after death.

This paper presents the results of a studies on fluoride content of sheep mandibles
from archeological excavation sites in Szczecin. An attempt was undertaken to define how
the chronological age of the bones and the time they had been lying in soil affected the
bones.

The material consisted of sheep mandibles from several excavations sites: Szczecin
MsScigcino, Szczecin Rynek Warzywny, and Szczecin Zamek Ksigzat Pomorskich (Szczecin
Castle of Pomeranian Dukes). Cultural layers in these excavations were mostly formed
from humus and humus with sand and clay. The fluoride content was determined by an
ion-selective electrode with the pH/mV Orion 920A.

Fluoride content was determined in 270 mandibles, which were classified into sheep
age categories and according to the archeological age of the bones. The individual and ar-
cheological age of the sheep bones was determined by archeologists during the initial tests
of the bones. A comparative evaluation of the significance of differences in the average
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fluoride content in the bones was performed by means of a single factor analysis of the
orthogonal variance. The least significant differences were estimated by Tukey’s test.

The results show that the fluoride content depends on the individual age of animals
and the chronological age of bones. The fluoride content of the sheep mandibles increased
along with the individual age of the animals. Moreover, chronologically younger bones con-
tained significantly less fluoride than older ones. In the sheep mandibles which lay longer
in soil, the fluoride content tended to increase with the chronological age, while in chrono-
logically youngest bones the tendency was reverse.

Key words: fluoride, fossil bones, mandibles, sheep.

ANALIZA POROWNAWCZA ZAWARTOSCI FLUORKOW W ZUCHWACH OWIEC
Z WYKOPALISK ARCHEOLOGICZNYCH MIASTA SZCZECINA
W ZALEZNOSCI OD WIEKU OSOBNICZEGO I CZASU ZALEGANIA W GLEBIE

Abstrakt

Koséci moga byé bardzo dobrymi biomarkerami skazenia $rodowiska fluorkiem. Inny
jest sktad kos$ci w organizmie zywym, a inny w martwym. W wyniku adsorpcji z gleby
kosci archeologiczne zazwyczaj zawieraja wiecej fluorkow niz Swieze, a znaczacg czeSé flu-
orkéw stanowig te wbudowane po $mierci.

W pracy przedstawiono wyniki badan zawarto$ci fluorkéw w zuchwach owiec z wyko-
poalisk archeologicznych miasta Szczecina. Podjeto probe okreSlenia, w jaki sposob wiek
osobniczy oraz czas zalegania koSci w glebie wplywa na zmiane stezenia fluorkéw w zu-
chwach owiec.

Materiat do badan stanowily zuchwy owiec z terenéw, w ktérych prowadzono wyko-
paliska archeologiczne: Szczecin Msciecino, Szczecin Rynek Warzywny i Szczecin Zamek
Ksigzat Pomorskich. Warstwy kulturowe w tych wykopaliskach tworzyly gtéwnie préchni-
ca oraz prochnica z domieszkg piasku i gliny. Zawartosé fluorkéw w kosciach oznaczano
potencjometrycznie z zastosowaniem elektrody jonoselektywnej z uzyciem pH/jonometru fir-
my Orion 920A. Przebadano zawartos§¢ fluorkéw tacznie w 270 zuchwach, ktére posegrego-
wano wedlug utworzonych kategorii wieku osobniczego owiec i wieku archeologicznego ko-
$ci. Wiek osobniczy oraz archeologiczny kos$ci owiec zostal ustalony przez archeologow
podczas wstepnych badan kosci. Oceny poréwnawczej istotnosci réznic miedzy $rednimi za-
warto$ciami fluorkéw w kosciach dokonano za pomocg jednoczynnikowej analizy wariancji
ortogonalnej. Najmniejsze istotne rdznice obliczono testem Tukeya.

Stwierdzono, ze zawartosé fluorkow w zuchwach owiec byla zalezna zaréwno od wie-
ku osobniczego zwierzat, jak i wieku archeologicznego kosci. Zawarto§é fluorkow w zu-
chwach owiec zwigkszala sie wraz z wiekiem osobniczym zwierzat. Ponadto kosci mtodsze
pod wzgledem wieku archeologicznego zawieraly istotnie mniej fluorkéw niz kosci starsze.
W zZuchwach owiec zalegajacych dluzej w glebie stwierdzono takze tenedencje wzrostu za-
wartosci fluorkow wraz z wiekiem osobniczym zwierzat, natomiast w kosciach najmtod-
szych pod wzgledem archeologicznym tendencja ta byla odwrotna.

Stowa kluczowe: fluorki, kosci archeologiczne, zuchwy, owce.
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INTRODUCTION

Fluoride content in living organisms has a significant meaning for eval-
uation of the environmental contamination by this element. Bones, nails,
antlers, hair, teeth, snails’ shells or birds’ egg shells as well as urine and
blood are used as biomarkers of the fluoride environmental contamination
(MaNDAT et al. 1990, Gutowska et al. 2002, PioTrRowska et al. 2006). Friedrich
(2002) claims that up to 90% of the retained fluorides in an organism is
deposited in bones, teeth, nails and hair.

Fluorine is deposited in bones as hydroxyapatite. The hydroxyl ion is
substituted by the F- ion forming fluoroapatite, in which the distance be-
tween the calcium and fluoride ions is smaller. Fluoroapatite crystals are
bigger, more stable, more resistant to dissolving and less subject to rebuild-
ing (GrynpAs 1990). According to MacHoy (1987) the fluoride ion can substi-
tute the hydroxyl ion in bones even up to 5.7%, and according to DABKOWSKA
et al. (1995) — in a range of several per cent.

The composition of bones in a living organism is different from that of
bones in a dead animal. When a bone is buried in soil, the physiological
equilibrium which was earlier established between this tissue and the sur-
roundings is disturbed. In soil there follows a dynamic interaction between
bones and the geochemical forces. The influence on the diagenetic bone
tissue have: the pH of soil, microorganisms, structure of soil, mineralogy,
and the organic content, so called external factors. The internal factors are:
density, volume, microstructure and bone biochemistry (SzosTEK, BALUSZYNSKA
1997).

The reason of the fluoride accumulating in bones, mainly, after the death,
is the influence of surrounding remains of the soils mainly (NoceN et al.
1994). As a result of the adsorption from soil, archaeological bones contain
more fluoride than the living ones, and a significant part of fluorides consti-
tute those which were sorption after the death (CHLUBEK et al. 1996). Post-
humously, in the soil environment, bone enrichment in the fluorides is
avery slow process. That is why a significant increase of the fluoride con-
tent in the archaeological bones remains is evident only in the bones which
lay in soil tens of years or even several centuries (NoceN 1997).

This paper concerns an evaluation of the fluoride content in sheep man-
dibles from the archeological excavations of Szczecin, as well as an attempt
of defining a dependence of the mandible fluoride content in the individual
sheep age and the chronological age.
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MATERIALS AND METHODS

The material for the study consisted of sheep mandibles from archaeo-
logical excavations in Szczecin. The bones for the analysis were rendered by
the Chair of Animal Anatomy of University of Agriculture in Szczecin. The
animal remains come from three archaeological excavation sites: Szczecin
MsSciecino, Szczecin Rynek Warzywny, and Szczecin Zamek Ksiazat Pomors-
kich (Szczecin Castle of Pomeranian Dukes, latter called the Castle).

The material from Ms$ciecino site was excavated in 1954 while unearth-
ing the remnants of an early Middle Age settlement and later, in 1968,
during archaeological excavations of an early Middle Age castle. The sheep
were probably kept for wool and hide rather than meat (KuBasiewicz 1955,
STEPIEN 1994).

The excavations from the Castle come from the sites set in different
places. The material was excavated in the castle yard and basement in the
1970s. The sheep were a cross of the bigger copper sheep with the smaller
peat sheep (KuBasiEwicz 1960).

The last site — Szczecin Rynek Warzywny — was located close to the
Castle, between Castle and the Odra River. The excavations were conducted
between 1954 and 1965. The excavated bones were mainly mandibles of the
ancient copper sheep, with very few bones of the peat sheep (KuBAsIEWICZ
1957, KUuBASIEWICZ, GAWLIKOWSKI 1967).

The individual and chronological age of the sheep bones was established
by the archaeologists during initial tests of the bones.

Cultural layers in these excavations were mostly formed from humus
and humus with sand and clay (GarczyNskI 1955).

Fluoride content in 270 bones was determined (Table 1). The mandibles
were classified into categories embracing individual sheep age and chrono-
logical age of bones. These categories and numbers of mandibles in each
category are given in Tables 2 and 3. Adult individuals are those of above
24 months of age.

Table 1
Specification of the analyzed bones
Site of excavations ofiirr?(]*]oj%es Chronological age (century)
Szczecin Msciecino 26 oth_ 11th
Szczecin Zamek 123 o half 7th - 20th
Szczecin Rynek Warzywny 121 2md half 9th - 15t half 13th
Total 270 2m half 7th - 20t
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Table 2
Categories of individual sheep age and number
of mandibles in categories
Categories of individual sheep age Number of bones
1. <6 months 17
2 6-12 months 80
3 12-18 months 36
4. 18-24 months 27
5 > 24 months 108
Table 3
Categories of chronological bones age and number
of mandibles in categories
Categories of chronological bones Number of bones
I ond half 7th - early 9th 10
I gth _ 11th 159
II1 late 11th - 2nd half 12th 41
v late 12th - 14th 42
v early 16th - 18th 10
VI 19th - 20th 7

The fluoride content in the bones was determined by potentiometry us-
ing a pH/mV Orion 920A with an ion-selective fluoride electrode, according
to Durpa et al. (1986).

All analyses were performed in three replications. The comparative eval-
uation of significance differences in mean fluoride contents in bones was
executed by ANOVA. The LSD values were estimated by Tukey’s test. In
order of determine how the individual age and the time of lying in soil
influenced the fluoride content in mandibles, there was a 3D surface matched
for the experiment data, by means of the method of the smallest squares
with the distance weighing. It depicts the tendency of changes in fluoride
content according both to individual age and chronological age of bones.
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RESULTS AND DISCUSSION

The results of the experiment showed that the fluoride content in the
sheep mandibles depended on both the individual sheep age and the chrono-
logical age of the bones.

According to the individual age, the mean fluoride content in the man-
dibles was the lowest in the bones of sheep age 6-12 months (category 2),
where it was 123.4 mg F~-kg'! (Figure 1a). The bones of the youngest indi-
viduals contained 128.0 mg F--kgl. As SzosTEK, BaLuszyNska (1997) claim that
a higher fluoride content in mandibles of the youngest sheep, compared
with sheep 6-12 months of age, can be caused by higher mineralization
of bones in younger animals and easier fluoride sorption from soil by bones
of young dead individuals. From the group of bones of the young individuals
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Fig. 1. The fluoride content in sheep mandibles from Szczecin excavations according
to individual age of sheep (a) and chronological age of bones (b)
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(6-12 months of age) on, the fluoride content tends to increase as the age
of sheep goes up. A highly significant statistical difference in the fluoride
content was observed between the categories 2 and 5 (p < 0.001 — Table 4).
ALso NoceN (1997) claimed that along with the individual age increase, the
accumulation of fluorides increased in archeological bones.

According to the chronological age of bones, an average fluoride content
in archeological bones was found in mandibles from the late 11th-2nd half
12th century (category III) and in mandibles lying in soil longest, from the
2nd half of the 7th- early 9th century (category I), where it reached123.7 mg
F--kg! and 130.8 mg F--kg'l, respectively (Figure 1b). The highest F- con-
tent appeared in bones from the early 16th to the 18th century (category V)
— 331.0 mg F--kg'l, and in bones from the 19th- 20th century (category VI)
— 226.8 mg F -kg'l. The bones which lay in soil the shortest time showed
the highest content of fluoride. This can be attributed to the surface layers
of the excavation soil containing more fluoride than the deeper ones. The

Table 4

Statistical analysis of differences between the fluoride content in sheep mandibles
from Szczecin excavations

According to the individual sheep age

(mg F~kg?
Individual age categories ean standard deviation
1 128.0 45.92
2 1234 39.33
3. 1404 48.71
4 154.9 51.42
5. 174.3 66.89
Statistical analysis o g

of difference

According to the chronological bones age

(mg F-kg?)
Chronological age categories
mean standard deviation

I 130.8 49.31

11 153.0 52.56
111 123.7 37.42
v 135.0 39.78

v 331.0 45.78
VI 266.8 74.03
Statistical analysis [-Voessk [V TI-Visks TI-VI#s

of difference III-Veest TIT-VI¥* TV-V#sss TV-VI##*
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same conditions are observed in areas subjected to fluorine emissions
(e.g. the Police Chemical Plant near Szczecin, which emits large amounts of
fluorine). The excavation layers from which the bones used for our exami-
nations were excavated contained large amounts of humus, which retained
fluoride (MEINHARDT 1994, GatazKA 1996). The statistical analysis showed highly
significant differences between the bones of the two youngest groups, and
the other categories of the chronological age of bones (Table 4).

The surface diagram of the fluoride content according to the individual
age of sheep and the chronological age of bones can suggest that in the
bones from the period of up to 204 half of the 12th century (I, II and III
categories of chronological age) the fluoride content increased only slightly
along with the individual sheep age, while in the bones which lay in soil a
shorter time a reverse tendency was observed — the fluoride content in
mandibles decreased along with the individual sheep age (Figure 2). It was
also ascertained that in all the categories of individual age of sheep, the
fluoride content in mandibles increased as the time they had been deposited
in soil was shorter, a tendency which was most evident in the youngest
bones (category 1 and 2).
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Fig. 2. Tendency of the fluoride content in sheep mandibles from Szczecin excavations
according to individual sheep age and chronological bones age
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CONCLUSIONS

1. The fluoride content in the sheep mandibles from the archeological
excavations in Szczecin increased along with the individual age of animals.

2. As regards the chronological age, the younger bones contained signifi-
cantly more fluorides than the older ones.

3. In the sheep mandibles which lay in soil longer, an increasing ten-
dency in the fluoride content along with the individual age of animals oc-
curred, while in the youngest chronological bones a contrary tendency was
noticed.
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Abstract

In 2008, nickel received the shameful name of the “Allergen of the Year.” According
to dermatologists the frequency of nickel allergies is still growing, and it cannot be expla-
ined only by fashionable piercing and nickel devices used in medicine (like coronary stents).

Occupational exposure of several million workers worldwide has been shown to give
rise to elevated levels of nickel in blood, urine and body tissues. In these cases, workers
are exposed to airborne fumes and dusts containing nickel and its compounds and therefo-
re inhalation is the main route of uptake. Nonoccupational sources of nickel exposure for
the general population include mainly drinking water and food. Recently, tests of kitchen
kettles showed substantial leaching of nickel into drinking water when boiled in kettles
with exposed nickel-plated elements.

Three types of adverse health impacts as a result of exposure to nickel are discussed
in the text. Acute health effects generally result from short-term exposure to high concen-
trations of pollutants. Chronic noncancer health effects may result from long-term expo-
sure to relatively low concentrations of pollutants. Inhalation of nickel also can cause
cancer of the lungs, nose and sinuses. Cancers of the throat and stomach have also been
attributed to inhalation of nickel. However, the exact mechanism by which nickel causes
cancer is still questionable and needs further investigation. The most popular hypotheses
to explain this phenomenon are presented in the text.

Key words: nickel, sources of nickel, exposure, toxicity, carcinogenesis, human.

Aleksandra Duda-Chodak, PhD, Department of Fermentation Technology and Technical
Microbiology, Agricultural University in Krakow, ul. Balicka 122, 30-149 Krakow, Poland,
phone: 48 12 662 47 92, e-mail: aduda-chodak@ar.krakow.pl



686

WPLYW NIKLU NA ZDROWIE CZLOWIEKA
Abstrakt

W 2008 nikiel zyskal niechlubne miano ,alergenu roku”. Wedlug dermatologéw, wcigz
rosngca czesto$¢ alergii na nikiel nie moze by¢ tlumaczona jedynie moda na przekluwanie
ciala lub zwiekszone zastosowanie w medycynie urzadzen zawierajacych nikiel (np. stenty
naczyn wienicowych). Wykazano, ze kilka milionéw robotnikéw na calym $wiecie narazo-
nych zawodowo na nikiel i jego zwiazki, ma podwyzszony poziom tego pierwiastka we krwi,
moczu i tkankach organizmu. W tych przypadkach pracownicy sa wystawieni na opary ipy-
ly zawierajace nikiel, a zatem gléwnym sposobem pobierania tego pierwiastka jest inhala-
cja. Dla wiekszosci populacji Zrédia niklu stanowig jednak woda pitna i zywnosé. Niedawno
w testach czajnikow kuchennych z odstonietymi elementami grzewczymi, wykonanymi ze
stopéw niklu wykazano uwalnianie znacznych ilosci niklu do wody pitne;j.

W pracy oméwiono trzy gltéwne typy szkodliwego dla zdrowia wplywu ekspozycji na
nikiel. Ostre zatrucia, jako wynik krétkoterminowej ekspozycji na wysokie stezenia polu-
tantow, chroniczne nienowotworowe efekty powstajace na skutek dlugotrwatej ekspozycji
na stosunkowo niskie dawki oraz nowotwory pluc, nosa i zatok spowodowane inhalacja
powietrza zanieczyszczonego niklem. Rowniez rak gardila i zotadka przypisuje sie wdycha-
niu zwigzkéw niklu. Doktadny mechanizm kancerogenezy wywotanej przez nikiel pozosta-
je niejasny i wymaga dalszych badann. W pracy oméwiono najbardziej popularne hipotezy
wyjasniajace to zjawisko.

Stowa kluczowe: nikiel, Zrédta niklu, ekspozycja, toksycznosé, kancerogennosé, cztowiek.

INTRODUCTION

Nickel is the 28th element in the periodic table. It is a silver-white
metal found in several oxidation states (ranging from -1 to +4), however,
the +2 oxidation state [Ni(II)] is the most common in biological systems
(DENKHAUS, SALNIKOW 2002). Nickel easily forms nickel-containing alloys, which
have found an ever increasing use in modern technologies for over a hun-
dred years now. Global input of nickel to the human environment is approx-
imately 150 000 and 180 000 metric tonnes per year from natural and an-
thropogenic sources, respectively, including emissions from fossil fuel
consumption, and the industrial production, use, and disposal of nickel com-
pounds and alloys (Kasprzak et al. 2003).

SOURCES OF NICKEL

Nickel is widely distributed in the environment, and can be found in
air, water, and soil. Natural sources of atmospheric nickel include dusts
from volcanic emissions and the weathering of rocks and soils. The level of
nickel in ambient air is small (about 6-20 ng-m‘3), but levels up to
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150 ng Ni-m™ could be present in air contaminated by anthropogenic sourc-
es. In water, nickel derives from biological cycles and solubilization of nickel
compounds from soils, as well as from the sedimentation of nickel from the
atmosphere. Uncontaminated water usually contain about 300 ng Ni-dm™.
Farm soils contain approximately 3-1000 mg Ni-kg! soil, but the Ni con-
centration can reach up to 24 000-53 000 mg-kg! Ni in soil near metal re-
fineries and in dried sludge, respectively. At pH<6.5, nickel compounds in
soil are relatively soluble, whereas at pH>6.7, most nickel exists as insolu-
ble hydroxides. Nickel salts of strong acids (chloride, nitrate, and sulfate)
and organic acids are soluble in water whereas nickel salts of weak inorgan-
ic acids, as well as metallic nickel, nickel sulfides, and nickel oxides are
poorly water-soluble (BARCELOUX 1999, DENKHAUS, SALNIKOW 2002, SUTHERLAND,
Costa 2002).

The majority of nickel production is used for the creation of stainless
steel, nickel alloys, and nickel cast iron that comprise objects, such as coins,
electrical equipment, tools, machinery, armaments, jewelry, and household
utensils. Nickel compounds are used also for electroplating, electroforming,
nickel-cadmium alkaline batteries, dye mordant, catalysts, and electronic
equipment. Nickel containing alloys include nickel plating of nonprecious
metals, surgical steel (0.5-30% Ni), white gold (10-15% Ni), German silver
(10-15% Ni), solders, hard-gold plating, and sterling silver. As the result of
increasing consumption of nickel-containing products nickel compounds are
released to the environment at all stages of production and utilization and
may constitute a hazardous factor to human health (BarceLoux 1999,
DENKHAUS, SALNIKOW 2002).

NICKEL EXPOSURE

Exposures by inhalation, ingestion or skin contact occur in nickel and
nickel alloy production plants as well as in welding, electroplating, grinding
and cutting operations. Airborne nickel levels in excess of 1 mg-m™ have
been found in nickel refining, in the production of nickel alloys and nickel
salts, and in grinding and cutting of stainless-steel. Although in these indus-
tries, modern control technologies have markedly reduced exposures in re-
cent years, several million workers worldwide are exposed to airborne nick-
el and its compounds (Kasprzaxk et al. 2003, SEiLkop, OLLER 2003).

Occupational exposure has been shown to give rise to elevated levels of
nickel in blood, urine and body tissues, with inhalation as the main route of
uptake. Nonoccupational sources of nickel exposure include food, air and
water, but the levels found are usually several orders of magnitude lower
than those typically found in occupational situations.
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Drinking water and food are the main sources of exposure for the gen-
eral population. The maximum concentration of total nickel allowed by law
in Poland in drinking water is 20 pg-dm™ (Dz.U.07.61.417). Average concen-
trations of total nickel in drinking water ranges from 3-7 ng-dm, but it
increases in vessels that contain corroded nickel plating. The first drawn
water from hot water taps plated with nickel may contain concentrations
of 1-1.3 mg Ni-dm (BarceLoux 1999). Moreover, some domestic appliances
contain nickel alloys. Tests of kitchen kettles showed substantial leaching
of nickel into water when boiled in kettles with exposed nickel-plated ele-
ments. The concentration of nickel in boiled water increased from 4.55 and
0.8 pg-dm™ (unboiled hard and soft water) up to 244 and 51 pg-dm™, re-
spectively. When water was boiled in concealed element kettle, the concen-
trations of nickel were 5.23 and 1.9 png-dm, respectively (Cor 2003). Most
food contains below 0.5 mg Ni-kg! wet weight. Foodstuffs with high nickel
contents are cocoa (up to 8.2-12 mg-kg! fresh wet weight), oatmeal, spin-
ach, dry legumes, hazelnuts, dark chocolate, soya beans, and soya products
(SutHERLAND, CosTa 2002).

In vitro studies suggest that stainless steel endoprosthesis (14-36% nick-
el) may release nickel; however, the clinical significance of this amount
of nickel remains to be determined. Also administration of nickel-contami-
nated medications (e.g., albumin, radiocontrast media, hemodialysis fluids)
leads to significant exposures (McGREGOR et al. 2000, Kasprzak et al. 2003).
The amount of nickel absorbed during medical procedures depends on the
composition of the equipment in contact with the blood and body fluids. For
example, the estimated uptake of nickel during a typical dialysis procedure
in the 1980s was 100 mg Ni per treatment (SUNDERMAN 1983).

NICKEL EFFECT ON HEALTH

Human exposure to highly nickel-polluted environments causes a varie-
ty of pathologic effects. The toxic effects of nickel on the lung were recog-
nized first by Agricola in the 16th century. Some fatal cases were noted
following exposure to nickel carbonyl, and by the early 1930s, nickel was
arecognized cause of contact dermatitis. Elevated incidences of lung and
nasal cancer in workers exposed to nickel were also observed (SUNDERMAN et
al. 1988, SeiLkop, OLLER 2003). In 2008, nickel received the shameful name
of “Allergen of the Year” (GILLETTE 2008). According to the dermatologist the
frequency of nickel allergy is still growing, and it can’t be explained only by
fashionable piercing and nickel devices used in medicine (like coronary stents
and endoprostheses). All those observations caused that the interest in the
nickel impact on human health increased (Srvurka 2005).
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Like many environmental agents, the toxic effect of nickel is related to
the way it gets into an organism. Nickel can enter body via inhalation,
ingestion and dermal absorption, but the route by which nickel enters cells
is determined by its chemical form. For example, fat soluble nickel carbonyl
can cross cell membranes by diffusion or through calcium channels (CANGUL
et al. 2002), while insoluble nickel particles enter the vertebrate cells by
phagocytosis (HEck, Costa 1982).

The main transport protein of nickel in blood is albumin, but nickel can
bind also to histidine and a2-macroglobulin (GLENNON, SARKAR 1982, KASPRZAK
et al. 2003), and in this form is distributed throughout the tissues. A number
of nickel-binding proteins including a1-antitrypsin, a1-lipoprotein and preal-
bumin were also described (NIELSEN et al. 1994). The highest nickel concen-
trations are found in the bone, lung, kidney, liver, brain and endocrine
glands. Nickel is also found in breast milk, saliva, nails and hair. Transpla-
cental transfer of nickel has been demonstrated in rodents. Nickel does not
accumulate in the body; it is excreted in the urine, feces, bile and sweat
(Varko et al. 2005).

Contact with nickel compounds can cause a variety of adverse effects on
human health, such as nickel allergy in the form of contact dermatitis, lung
fibrosis, cardiovascular and kidney diseases and cancer of the respiratory
tract (OLLER et al. 1997, McGRrEGor et al. 2000, SErLkop, OLLER 2003). Chronic
noncancer health effects may result from long-term exposure to relatively
low concentrations of pollutants. Acute health effects generally result from
short-term exposure to high concentrations of pollutants and they manifest
as a variety of clinical symptoms (nausea, vomiting, abdominal discomfort,
diarrhea, visual disturbance, headache, giddiness, and cough).

The most common type of reaction to nickel exposure is a skin rash at
the site of contact. Skin contact with metallic or soluble nickel compounds
can produce allergic dermatitis. This health problem caused by exposure to
nickel affects people both at and away from work. Data indicate that women
have greater risk for dermatitis, possibly due to a more frequent contact
with nickel-containing items: jewelry, buttons, watches, zippers, coins, cer-
tain shampoos and detergents, pigments etc. (VAHTER et al. 2002, SzCZEPANIAK,
Prokopr 2004). About 10% of women and 2% of men in the population are
highly sensitive to nickel. Sensitization to the metal is generally caused by
direct and prolonged skin contact with items that release nickel ions.

In large doses (>0.5 g), some forms of nickel may be acutely toxic to
humans when taken orally (DALDRUP et al. 1983, SUNDERMAN et al. 1988). The
acute lethality of nickel following oral exposure is dependent on the chemi-
cal form of nickel. A fatal case of nickel poisoning was reported for a 21/,-
-year-old girl who had ingested 15 g of NiSO, (3.3 g elemental Ni) and died
of a cardiac arrest (DALDRUP et al. 1983). Death due to nickel-induced Adult
Respiratory Distress Syndrome was reported for a worker spraying nickel
using a thermal arc process (RENDALL et al. 1994). Death occurred after
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13 days, and a total nickel intake was estimated at nearly 1 g. Nausea,
vomiting, abdominal, headache, cough, shortness of breath, and giddiness
were reported for 32 workers of an electroplating plant who drank water
contaminated with nickel chloride and nickel sulfate (1.63 g-dm'3) (SUNDER-
MAN et al. 1988). Some studies have also provided information indicating the
deterioration of nickel-induced dermatitis for women following exposure to
dietary nickel (ATSDR 1988, SuTHERLAND, Costa 2002).

Only a small portion of nickel ingested is absorbed by the body. From
nickel balance experiments, Horak and SUNDERMAN (1972) have estimated that
about 10% of the nickel in a normal diet is absorbed. Alternatively, other
studies have shown that an average nickel resorption from a normal diet is
between 20 and 25% (MYRON et al. 1978, FLyvHOLM et al. 1984). Adverse health
effects after oral exposure occurred only when nickel levels exceed many
times levels of the metal normally occurred in food or drinking water and
are decidedly rare cases.

The most hazardous route of exposure to nickel is by inhalation (SuTth-
ERLAND, Costa 2002). The chemical form of the metal and its solubility is
a key determining factor in the toxicity mechanisms. Water-soluble nickel
compounds can be absorbed by the lungs into the bloodstream and removed
by the kidneys. Insoluble nickel compounds, however, can build up and re-
main in the lungs for a longer time. Inhalation of soluble nickel causes
irritation of the nose and sinuses and can also lead to loss of the sense of
smell or perforation of the nasal septum. Long-term exposure may lead to
asthma, bronchitis or other respiratory diseases. The most acute nickel poi-
soning is caused by Ni(CO),. Exposure to nickel carbonyl can cause head-
aches, nausea, vomiting, chest pain and breathing problems, in the case of
high exposure it may even lead to pneumonia and death. Inhalation of nick-
el can also cause cancer of the lungs, nose and sinuses (ZHICHENG 1994).
Cancers of the throat and stomach have also been attributed to inhalation
of nickel. Nickel carbonyl and insoluble nickel compounds (NigSy, NiO) are
the forms of nickel responsible for cancer. Epidemiological studies have dem-
onstrated increased mortality from cancers of the lung and nasal cavities in
nickel refinery workers who were chronically exposed by inhalation of nick-
el-containing dusts and fumes (SEiLkoP, OLLER 2003).

Nickel subsulphide (NigS,) is a well-known respiratory carcinogen. When
it is inhaled, particles of Ni;S, lodge themselves deep in the lungs, where
they reside in contact as a solid with epithelial cells. These particles are
cleared by macrophage cells, which remove them through the digestive tract.
Under a condition of high exposure, the macrophage capacity for removal
could be perturbed and NigS, particles may be taken into epithelial cells by
endocytosis. In this way nickel is delivered to the nucleus of lung epithelial
cells and can cause a heritable change in chromosomes. It was also demon-
strated that NigS, induced lesions of both double- and single-stranded DNA
in human cells; NigS, treatment of cultured HeLa cells induced a 1.5-fold
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increase in 8-hydroxy-2'-deoxyguanosine compared with a control (KAWANISHI
et al. 2001).

When mice were orally administered acute doses of NiCl, (from 3.4 to
108.8 mg-kg! body weight), a significant dose-dependent increase in DNA
damage was observed in comparison with controls (DANADEVI et al. 2004).
The results of research by CavaLro et al. (2003) confirm involvement of nick-
el (NiSO,) in production of reactive oxygen metabolites and in inhibition of
DNA repair at doses comparable to environmental exposures such as con-
centrations found in biological fluids. It was demonstrated that some nickel
complexes such as [NiCR]?* and [Ni(CR-2H)]?* bind to the minor groove of
double-stranded DNA (MaTkAR et al. 2006). Moreover, macrocyclic nickel com-
plex [Ni(CR-2H)]?* can damage DNA in vivo and in vitro even in the ab-
sence of oxidizing agents. This activity leads to DNA strand breaks and in
vivo cytotoxicity. Nuclear nickel may be also involved in production of oxy-
gen radicals ("OH, H,0,) which could damage DNA. CHEN et al. (2003)
showed that the level of hydroxyl radical in the Ni-treated group was much
higher than in control. Moreover, nickel has been also shown to inhibit
DNA repair in a way that may play a role in its toxicity. It has been pro-
posed that nickel may bind to DNA-repair enzymes and generate oxygen-
free radicals which cause in situ protein degradation. This irreversible dam-
age to the proteins involved in DNA repair, replication, recombination, and
transcription could be important for the toxic effects of nickel (LynN et al.
1997). It happens especially when such DNA is associated with tumor sup-
pression genes; under this condition, cancer cells could replicate at a high
rate, thus reducing the time available for repair of the DNA damages (SuTH-
ERLAND, Costa 2002).

Often co-exposure to a second carcinogen caused a synergistic cancer
increase. For example, intramuscular injection of nickel sulfide with
3,4-benzopyrene in rats produced more sarcomas in shorter time than with
nickel sulfide alone (MaENzA et al. 1971). When the transforming potential
of soluble nickel(I) was compared with such potential of other carcinogens,
the efficiency of immortalization by nickel(IT) was found to be higher than
that by other carcinogens, including benzol[a]pyrene, diol epoxide, N-methyl-
N-nitrosourea or, g or X-rays (TrRoTT et al. 1995).

It was also found that nickel(II) chloride with a classical carcinogen,
such as UV radiation (UVR) had synergistic effect on skin cancer induction
in Skh1l hairless mice (UppiN et al. 2007). Mice drinking water containing
Ni had significantly higher skin concentration of nickel compared with mice
having no nickel in water. It was shown that co-carcinogenic effect of oral
nickel with UVR as a matter of cancer yield and incidence was directly
correlated with nickel concentration in the skin. Since humans are exposed
to both UVR from sunlight and to nickel via environmental exposure, there
is a potential co-carcinogenic hazard posed by environmental metals (arsenic,
chromium, nickel) with UVR, which may be more serious than the hazard
of the metals alone (Uppin et al. 2007).
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Some studies have also revealed that compounds of the essential met-
als: Mn(II), Mg(II) and Zn(II) given to rats with NigS,, significantly reduced
local tumor incidence in a dose dependent manner. Mg(II) was the strongest
and Zn(IT) was the weakest inhibitor (Kasprzak et al. 2003).

MOLECULAR MECHANISMS OF NICKEL
CARCINOGENESIS

According to the IARC evaluation (IARC 1997) there are sufficient evi-
dences in humans for the carcinogenicity of nickel sulfate and of the combi-
nations of nickel sulfides and oxides encountered in the nickel refining in-
dustry. Hence, they can be classified in Group 1, i.e. cancerogenic to
humans. As there is inadequate evidence in humans for the carcinogenicity
of metallic nickel, it may be carcinogenic to humans (Group 2B).

The mechanism by which nickel causes cancer is still questionable and
needs further investigation. Exposure of cells to the metal induces a variety
of gene expression changes.

Nickel is known to be a calcium channel blocker (Zamponi et al. 1996),
and several studies related toxic and carcinogenic effect of nickel with chang-
es in calcium metabolism. It has been suggested also that high levels of
nickel may impair absorption or utilization of iron when iron status is low.

It was revealed that acute treatment of rodent cells with nickel is very
efficient at turning off the expression of thrombospondin I (TSP I) (SaLNIKOW
et al. 1994, SaLnikow et al. 1997). The TSP protein is a regulator of tumor
development; high level of TSP suppresses growth of blood vessels into the
tumor body. It was shown, that ATF-1 transcription factor is hyperactivated
in nickel-transformed cells and plays the role of a negative regulator of
thrombospondin I. Therefore, the loss of TSP I expression in tumors pro-
motes angiogenesis and stimulates tumor growth. Another transcription fac-
tor, which level was found to be increased after acute exposure to nickel, is
hypoxia-inducible factor 1 (HIF-1) (SaLNikow et al. 2002). During tumor de-
velopment, HIF-1 facilitates angiogenesis that is essential for tumor growth.
Like hypoxia, Ni(II) induces HIF-1 and therefore activates genes responsible
for the up-regulation of glucose metabolism and glycolysis even in the pres-
ence of oxygen, the vascular endothelial growth factor, and the tumor marker
Cap43 (Znou et al. 1998, SaLNikow et al. 2000).

Nickel is also known to cause inflammatory response for example
through regulation of expression of transcription factors involved in inflam-
matory processes. It was shown that activation of NF-«xB by nickel causes
modulation of cellular and tissue responses, and can explain nickel-induced
allergic effects and contact skin hypersensitivity (ViEManN et al. 2007).
NF-«B is a transcription factor important for apoptosis, inflammatory
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response, and expression of adhesion molecules. Intercellular adhesion mol-
ecule-1, vascular cell adhesion molecule-1, and endothelial leukocyte adhe-
sion molecule-1 were found to be up-regulated by Ni(II) in cultured human
endothelial cells (GOEBELER et al. 1993). A strong increase of NF-«B binding
with DNA was found after stimulation of HUVEC with Ni(II) (GoEBELER et al.
1995, DENKHAUS, SALNIKOW 2002, Kasprzak et al. 2003).

There is also a possibility of involvement of p53 gene mutations in nick-
el-induced transformation (DENKHAUS, SALNIKOW 2002). P53 is a tumor sup-
pressor gene and transcription factor involved in the regulation of cell pro-
liferation and apoptosis. Mutations in p53 are the most common genetic
alterations found in human cancer. The p53 gene was reported to be mutat-
ed in human kidney epithelial cells chronically exposed to and eventually
transformed by nickel (MAEHLE et al. 1992).

The FHIT (Fragile Histidine Triad) is a tumor suppressor gene located
in a fragile chromosomal site sensitive to deletions. Its expression is fre-
quently reduced or lost in tumors and pre-malignant lesions. The product of
the gene, Fhit protein (phosphohydrolase), induces apoptosis through a com-
plex interaction with its substrate, diadenosine triphosphate. Ni(I) was found
to strongly inhibit the enzymatic activity of Fhit protein in vitro and also
suppress Fhit expression in nickel-transformed BALB/c-3T3 cells (KowaRra et
al. 2004).

In another study, nickel chloride was found to induce lipid peroxidation
in the plasma of human blood in vitro in a concentration-dependent and
time-dependent manner. The hydroxyl radical production increased in a con-
centration-dependent manner after Ni treatment for 1 h. Furthermore,
a decreasing trend in a-tocopherol levels in plasma was observed after nick-
el exposure. Incubation with gluthathione, catechin, and mannitol decreased
lipid peroxidation and reduced hydroxyl radical formation induced by Ni, but
a greater decrease of a-tocopherol levels in plasma occurred with catechin
(CHEN et al. 2002).

Further progress in understanding molecular mechanisms of nickel carci-
nogenicity has been achieved by the finding that nickel compounds increase
the extent of DNA methylation and histone deacetylation, which leads to the
inactivation of gene expression. Although the mechanisms by which nickel
induces DNA hypermethylation are unknown, a possible model including the
ability of nickel to substitute for magnesium, increase chromatin condensa-
tion and trigger de novo DNA methylation has been proposed (LEE et al. 1995).
It is possible that inactivation of tumor suppressor gene by hypermethylation
could assist in nickel-induced cell transformation. In addition to gene silenc-
ing by hypermethylation, a suppressive effect of nickel on histone H4 acetyla-
tion in vitro has been reported for both yeast and mammalian cells (BRoDAY et
al. 2000). Despite numerous reports of the DNA and chromatin damage ob-
served in nickel-exposed cells and tissues, the mutagenic potential of this
metal is generally considered to be low (FLETCHER et al. 1994).
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CONCLUSIONS

Nickel is a ubiquitous metal, which finds increasingly more applications
in modern technologies. Contact with nickel compounds (both soluble and
insoluble) can cause a variety of adverse effects on human health. The most
important and frequent are nickel allergy in the form of contact dermatitis,
lung fibrosis, cardiovascular and kidney diseases, and lung and nasal can-
cers. There is evidence that some nickel compounds are carcinogens to hu-
mans. However, the exact mechanism of nickel-induced carcinogenesis is
still unclear.

In 2008, nickel received the name of the “Allergen of the Year”. Accord-
ing to dermatologists the frequency of nickel allergies is still growing and
all the sources of human exposure to nickel should be recognized and exam-
ined.
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