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Abstract

A field experiment was conducted in the years 2008-2010 at the Experimental Station of the
Faculty of Agricultural Sciences, University of Life Sciences in Lublin. The experiment evaluated the
effect of cropping systems (sole cropping and strip cropping) and weed control (mechanical and
chemical) on the yield and yield components of maize, common beans, and spring barley. Strip
cropping significantly increased the yield of maize and the percentage of ears in the total biomass.
The beneficial effect of strip cropping on common bean seed yield was significant in conditions of
mechanical weed control. Strip cropping increased the number of pods per plant, seed weight per
plant, and 1,000 seed weight. Spring barley yield was slightly higher in the strip cropping than in the
sole cropping. Strip cropping increased the number and weight of seeds per spike.
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Abstrakt

Eksperyment polowy przeprowadzono w latach 2008-2010 w Stacji Doéwiadczalnej Wydziatu
Nauk Rolniczych (50°42’N, 2316’E) Uniwersytetu Przyrodniczego w Lublinie. W do§wiadczeniu
oceniano wplyw metod uprawy (siew czysty i uprawa pasowa) i regulacji zachwaszczenia (mech-
aniczna i chemiczna) na strukture i wielko§¢ plonéw kukurydzy pastewnej, fasoli zwyczajnej
ijeczmienia jarego. Uprawa pasowa zwiekszala istotnie wielko$¢ plonu kukurydzy pastewnej i udziat
kolb w plonie. Korzystny wplyw uprawy pasowej na wielko$¢ plonu nasion fasoli zwyczajnej byl
istotny w warunkach mechanicznej metody regulacji zachwaszczenia. Uprawa pasowa zwiekszala
liczbe strgkéw i nasion z roéliny oraz mase nasion z ro§liny i mase tysigca nasion. Jeczmien jary
plonowal nieco wyzej w uprawie pasowej niz w uprawie jednogatunkowej. Uprawa pasowa wplywala
korzystnie na elementy struktury plonu, tj. liczbe i mase ziarniakéw z klosa.

Introduction

Intercropping, has been used in numerous parts of the world (ZHANG and L1
2003, ARLAUSKIENE et al. 2011, DORDAS 2012). When crops are planted
together, competition and facilitation can occur simultaneously (MARIOTTI et
al. 2009). According to WU et al. (2012), when we increase facilitation and
decrease competition between crops, multi-cropping systems can use environ-
mental resources more effectively and can reduce costs, which improves the
sustainability of crop production. Strip cropping is a form of intercropping
used in many regions of the world (ANDRADE et al. 2012, HAUGGAARD-NIELSEN
et al. 2012, CoLL et al. 2012). This system protects the soil from water and wind
erosion and reduces nutrient and pesticides leaching (ZHANG and L1 2003,
ROGOBETE and GROZAV 2011). Strip cropping can also limit the occurrence of
pests, diseases, and weeds, so that the use of pesticides can be reduced (MA et
al. 2007, GLOWACKA 2013a). Placing plants in strips minimizes competition
between them for water, light, and nutrients, while greater diversity increases
the stability of the agro-ecosystem. Numerous studies have demonstrated that
the combined yields in strip cropping exceed the sum of the component species
grown alone, as a result of complementary use of available growth resources
(BORGHI et al. 2012, COLL et al. 2012, GLOWACKA 2013b). Strips of maize and
soybeans or dry beans have been used by farmers in the Eastern and Midwest
U.S. because of higher yields and greater economic stability of this system
(HAUGGAARD-NIELSEN et al. 2012). In Poland, the most commonly used form of
intercropping is the cultivation of mixed cereals or of cereals with legumes
(ToBIASZ-SALACH et al. 2011). Strip cropping is an alternative offering more
possibilities, as different species are sown and harvested individually and
therefore may be more useful in growing plants for different purposes. This
system can be regarded as the adaptation of the more traditional intercropping
systems but allowing the use of modern farm machinery (HAUGGAARD-NIELSEN
et al. 2012). In the few research on strip cropping conducted in Poland it has
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been found to reduce the number of weeds in common bean and dent maize
and to increase the trade yield of common bean and the percentage of ears in
the total maize biomass. This effect of strip cropping system was particularly
pronounced when used in combination with mechanical weed control
(GLOWACKA 2008, 2011). The efficiency of strip cropping depends on the choice
of plant species, weed control methods, and weather conditions. The aim of this
study was to evaluate the impact of strip cropping and varied weed control
methods on the yield and yield components of maize, common beans, and
spring barley.

Materials and Methods

A field experiment was conducted in the years 2008-2010 at the Experimen-
tal Station of the Faculty of Agricultural Sciences in Zamo§é, University of Life
Sciences in Lublin (50°42°N, 23°16’E), on brown soil of the group Cambisols
which was slightly acidic (pHkc — 6.2), with average content of organic matter
(19 g kg™V), high content of available phosphorus and potassium (185 mg P kg™
and 216 mg K kg!), and average magnesium content (57 mg kg™!). The subject of
the study was the Celio variety of dent maize, the Aura variety of common bean,
and the Start variety of spring barley. The experiment was carried out
in a split-plot design in four replications. The factors analyzed were:
I. Cropping method (CM). 1. Sole cropping of a single species, in which the size
of one plot of each crop was 26.4 m? for sowing and 22.0 m? for harvesting;
2. Strip cropping, in which three crops — dent maize (Zea mays L. conv.
dentiformis), common bean (Phaseolus vulgaris L.), and spring barley
(Hordeum vulgare L.) — were grown side-by-side, each in separate strips
3.3 m wide. The size of the plots was 13.2 m? for sowing and 11 m? for
harvesting. II. Weed control method (WC); A — mechanical: maize — weeding of
interrows twice (first in the 5-6 leaf stage —- BBCH 15/16 — and again two weeks
later); common bean - weeding of interrows twice (first 4-5 weeks after
sowing, then 3 weeks later); spring barley — harrowing twice (first in the
one-leaf stage — BBCH 10 - and again in the 5-leaf stage — BBCH 15);
B — chemical: maize — a.i. bromoxynil + terbuthylazine at 144 g ha™' +
+ 400 g ha™ at the 4-6 leaf stage (BBCH 14/16); common bean — a.i. trifluralin
before sowing at 810 g ha™ + bentazon at 1,200 g ha™' after emergence, when
the first pair of trifoliate leaves had unfolded in the bean plants (BBCH 13-14);
spring barley — a.i. 4-chloro-2-methylphenoxyacetic acid at 500 g ha™ at the full
tillering stage (BBCH 22-23).

Dent maize was grown for silage with spring barley as a forecrop. Maize
was sown on 28 April and 2" and 5" May. The sowing rate was 11 plants per
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m?2, and the spacing between rows was 65 cm. In the sole cropping 10 rows of
maize were planted on each plot, while in the strip cropping 5 rows were
planted. The maize was harvested at the milky-wax stage (BBCH 79/83).
Common bean was grown for dry seeds with maize as a forecrop. In the
successive years of the study, beans were sown on 28" April and 2" and 5%
May. The distance between rows was 47 cm and the density was 35 plants per
m?2. In the sole cropping 14 rows of beans were planted on each plot, while in
the strip cropping 7 rows were planted. Beans were harvested by hand in the
third week of August or first week of September. Spring barley was grown on
a site where the previous crop was common bean. In the successive years,
barley was sown on 12, 15" and 19" April at a rate of 350 seeds per m?, the
spacing between rows was 15 cm. In strip 22 rows of barley were planted.
Barley was harvested in the first or second third of August (BBCH 89).

In strip cropping system strips followed a north-south orientation, and
their arrangement is shown in Figure 1. Weather conditions varied over the
years of the study (Table 1). A detailed description of the agriculture pro-
cedures for each crop was given in an earlier paper (GLOWACKA 2013a).

maize
common bean
spring barley
maize
common bean
spring barley

Fig. 1. The arrangement of strips in strip cropping system

Table 1
Rainfall and air temperature in months IV-IX as compared to the long-term means (1971-2010),
according to the Meteorological Station in Zamos§é

Rainfall [mm)]
Years -

April May June July August | September Sum
2008 71.5 74.8 48.9 104.6 69.7 80.4 449.9
2009 15.5 102.6 124.4 24.2 48.9 34.5 350.1
2010 30.7 106.7 62.9 143.5 86.1 25.4 455.3
Means for 1971-2010 41.8 70.7 72.8 91.2 65.3 52.1 393.9

Temperature [°C]

2008 10.7 155 194 20.2 20.6 19.7 3031
2009 11.3 13.8 20.2 20.0 20.1 16.9 3122
2010 11.0 15.1 18.4 21.5 20.2 16.6 3141
Means for 1971-2010 9.0 14.6 17.9 19.5 184 13.7 2849
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Before the maize harvest, plant densities, plant height, and the percentage
of ears, stems, and leaves in the green matter were determined. For the sole
cropping, the designated test area consisted of 2 m sections from three inner
rows. In the strip cropping, plants were picked from a 2 m of each row and yield
and its structure were determined. After mechanical harvesting, yield of dry
matter was determined. Before the bean harvest determinations were made of
plant density, number of pods per plant, number and weight of seeds per pod
and per plant, and 1,000 seed weight. For the sole cropping, plants were picked
from two randomly designated sampling areas of 1 m? on each plot. In the strip
cropping, plants were picked from a 2 m length of each row and yield and yield
structure were determined. After hand harvesting, seed yield was determined
at 15% moisture. In the spring barley grown in sole cropping, plants were
picked by hand from two randomly designated sampling areas of 1 m? on each
plot. For the strip cropping, the sampling areas were sections 2 m long from the
three rows nearest the maize strip, the middle three rows, and the three rows
next to the strip of beans. In the plants from the sampling areas, determina-
tions were made of the number of spikes per unit area, culm and spike length,
seed number and weight per spike, and 1,000 grain weight. After harvesting
with a plot combine, barley grain yield was determined at 15% moisture
content.

LER - the land equivalent ratio — was also calculated according to the
formula:

LER = X (Ysi/Ymi)

where:
Ysi is the yield of each species in strip cropping (per 0.33 ha),
Ymi is the yield of each species in sole cropping (per ha).

This ratio was calculated for all species (i) to determine the partial LER,
and the partial LERs were summed to obtain the total LER for the strip
cropping. A total LER < 1 means that the strip cropping is less efficient than
sole cropping, while a total LER > 1 indicates that strip cropping is more
efficient than growing a single species alone.

The results were analysed by analysis of variance ANOVA using STATIS-
TICA PL. The differences between averages were evaluated using Tukey’s test,
at P < 0.05.
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Results and Discussion

Maize is a species often chosen for cultivation in strip cropping, as it is
highly responsive to edge effect, and as a tall, C4 photosynthesis plant, it
efficiently utilizes the greater quantity of available sunlight (GHAFARZADEH et
al. 1997). NING et al. (2012) states that intercropping using spring- and
summer-sown maize presents advantages in terms of biomass yield and gross
energy as compared to sole cropping. However, COLL et al. (2012) reported that
maize, as a sole crop, showed the highest resource productivity (water and
radiation) as compared to maize-soybean intercrop. In various experiments,
a significant increase in maize yield in border rows has been noted (by 50%),
and consequently overall yield in the strip was higher (CRUSE and GILLEY 1996,
LESOING and FRANCIS 1999). In the present study maize yield in the strip
cropping was on average 11% higher than in the sole cropping (Table 2). This
resulted from a significant increase in yield in the maize border rows — by
26.0-29.6% in the row adjacent to the common beans, and by 17.0-21.5% in the
row next to barley (Figure 2 and Figure 3). These differences were due to the
neighboring plant species. When IRAGAVARAPU and RANDALL (1996) grew
maize in strips with soy and wheat, they noted a 23% increase in maize yield in
the extreme row adjacent to the wheat, and a 27% increase in the row adjacent
to the soy strip. In intercropping, plant species can be complementary in
chemical, spatial and temporal resource use (FOX 2005). Moreover, species can
facilitate each other by creating the habitat and/or increasing nutrient avail-
ability for co-occurring species (EISENHAUER 2012). WU et al. (2012) suggested
that in intercropping system two or more species differ in growth forms and
physiological parameters. Thus, resources are used in a complementary
fashion, in both time and space, due to niche partitioning. The effectiveness of
strip cropping is also affected by how the strips are arranged. Plants in the
eastern border rows produced higher yield than the rows on the western
border. This is due to the faster rate of photosynthesis in the cooler mornings,
when the sunlight reaches the eastern edge, than in the hot afternoons, when
it falls on the western edge of the strip and may not be fully utilized by maize
plants due to water stress and wilting.

Strip cropping significantly increased weight per plant, but decreased plant
height by an average of 23 em. The reduction in plant height may be due to
greater access to photosynthetically active light and shortened internodes
(JURIK and VAN 2004). This system also increased the percentage of ears in the
total yield, while the share of stalks decreased and the share of leaves remained
at a similar level (Table 3). A particularly significant increase in the percentage
of ears was observed in the border rows of the maize strips (Figure 4). A similar
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Table 3
Plant height, density and chosen yield components of maize (mean from 2008-2010)
) Weight Plant Plant Percentage share in green
L glro(fl()gﬁ) 1L We(%sg)ontml of one |densities | height matter [%]

metho plant [g] [[per 1 m?]| [cm] ears | stems | leafs

Sole cropping (1) A 517.6 10.6 236.0 36.5 46.9 16.6

B 670.3 9.8 257.0 34.9 48.2 16.9

Strip cropping (2) A 604.1 9.8 210.0 37.1 46.1 16.8

B 718.6 9.2 238.0 37.3 45.8 17.1

LSDy 5 for CM - WC n.s. n.s. 5.0 n.s. 0.97 n.s.
Average for factors

Averages CM sole cropping 593.9 10.2 247.0 35.7 475 16.7

strip cropping 661.3 9.5 224.0 37.2 46.0 16.9

LSDy 05 for CM 48.5 0.6 4.6 1.2 0.89 n.s.

Averages WC A 560.8 10.2 223.0 36.8 46.5 16.7

B 694.4 9.5 248.0 36.1 47.0 17.0

LSDy 5 for WC 37.3 0.6 3.5 n.s. n.s. n.s.

Years 2008 753.0 10.0 246.0 36.5 49.2 14.3

2009 577.0 9.3 242.0 33.1 50.1 16.8

2010 552.0 10.1 218.0 39.7 40.9 19.3

LSDy .05 43.7 n.s 6.4 24 1.8 2.3

Explanations as in Table 2

trend of reduced plant height and increased share of ears in the yield was
observed in spring wheat/maize/common bean strip cropping (GLOWACKA
2008).

GARCIA-PRECHAC (1992) states that maize/soy/oats strip cropping are more
efficient than the cultivation of each species separately in conditions of
moderate or high humidity. In the present study, irrespective of the tested
factors, the lowest yield with the smallest share of ears was obtained in the
year with the least rainfall, which, moreover, was unevenly distributed over
the season (Table 2). However, in this growing season the yield increase in
strip cropping in comparison to sole cropping was 11.8%, which was the
highest increase of all the years of the research. This may be due to the fact
that barley and bean plants are less competitive in water uptake than maize.
Moreover, there were significant shortages of rainfall in July, August, and
September, months in which the plants accompanying the maize, especially
barley, need less water.

Maize, due to the cultivation of a wide inter-row spacing and relatively slow
growth in the early stages, is quite sensitive to competition from weeds.
Worldwide yield losses in maize due to weeds are estimated to be around 37%
(OERKE and DEHNE 2004). It was observed and discussed in other paper that
weed infestation of maize was significantly higher in the case of the mechanical
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weed control (GEROWACKA 2013). Mechanical method is often insufficiently
effective because the weeds in the maize rows are not completely destroyed
(ABDIN et al. 2000). Differences in weed infestation, significantly affected the
yield and yield structure of the maize. The lowest maize biomass, with the
smallest percentage of ears, was produced in conditions of mechanical weed
control. The use of chemical treatments increased yield by 17.8% and the
percentage of ears by 3.4%. Statistical analysis did not confirm an interaction
between the cropping systems and weed control method.

Maize in strip cropping is often accompanied by soy. As a taller plant, maize
can significantly reduce the access of soy to light and compete with it for water
and minerals, and as a result significantly reduce soybean yield (EGLI and YU
1991, LESOING and FRANCIS 1999). For this reason, small grain plants such as
wheat and oats are included in the strip cropping to minimize the negative
impact of the maize on the other plant (IRAGAVARAPU and RANDALL 1996).
In this study, common bean was introduced in the strip cropping because it is
a leguminous plant often grown for dry seeds, especially in south-eastern
Poland (1.ABUDA 2010). In a previous study by GLOWACKA (2011), trade yield of
bean increased in spring wheat/maize/common bean strip cropping, and a posi-
tive effect of strip cropping was evident in conditions of mechanical weed
control. In the present study as well the seed yield was on average 13% higher
in the strip cropping than in the sole cropping (Table 2). Strip cropping also
significantly increased the number of pods and seeds per plant, seed weight per
plant, and 1,000 seed weight. The beneficial effect of strip cropping was
pronounced on plots where mechanical weed control was used (Table 2 and
Table 4). This was probably due to the observed and discussed in other paper,
lower weed infestation in the beans grown in strips and weeded mechanically
(GEOWACKA 2013). At these site, strip cropping reduced the number of weeds
by 32% and their above-ground dry weight by 42% compared to sole cropping,
while at the sites with chemical weed control the differences were only 14% and
13% for the number and biomass of weeds, respectively. Previous studies
conducted in Poland have determined that strip cropping of maize, common
bean and spring weed reduced both the number and dry weight of weeds in
common bean and spring wheat in comparison with sole cropping (GEOWACKA
2010). LIEBMAN and DYCK (1993) also suggest that weed infestation of crops
can be reduced by the introduction of strip cropping. In addition, the adjacent
strip of maize was a barrier protecting the bean plants from the wind, which
may have improved water use and the temperature in the bean crop, thus
favourably influencing the number of pods per plant (Table 4). Contrary, in the
study by COLL et al. (2012) biomass and grain production of soybean decreased
by 71-80% and by 64-77% when it was intercropped with maize and sunflower
respectively. Intercrops arrangement in the cited study consisted of two rows
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of soybean and one row of maize or sunflower. In our experiment strip
cropping consisted of 7 rows of common bean, 22 rows of barley and 5 rows of
maize. Thus the negative impact of the maize on the neighbouring plant of
common bean was smallest.

Table 4
Chosen yield components of common bean (mean from 2008-2010)
Number [piece] Weight [g] Plant
I. Cropping II. Weed control | pods seeds per seeds per 1.000 densities

method (CM) (WC) per s«;eds [per
plant pod plant pod plant 1 m?

Sole cropping (1) A 11.4 2.9 35.1 1.62 194 | 540.5 | 43.2
B 16.9 3.2 60.5 1.99 32.1 | 570.7 | 46.5

Strip cropping (2) A 14.0 3.1 40.0 1.85 25.6 | 585.0 | 44.8
B 18.3 3.3 65.8 2.10 36.4 610.0 47.8

LSDy 5 for CM - WC n.s. n.s. n.s. n.s. 2.0 3.7 n.s.

Average for factors

Averages CM sole cropping 14.2 3.0 47.8 1.80 25.8 | 565.6 | 44.8
strip cropping 16.1 3.2 52.9 1.97 31.0 | 597.7 | 46.3

LSDy 5 for CM 1.0 n.s. 1.8 0.6 1.8 3.4 n.s.
Averages WC A 12.8 3.0 37.5 1.73 22.5 562.8 44.0
B 17.6 3.3 63.2 2.04 34.3 600.6 47.1

LSDg 5 for WC 0.7 0.2 1.9 0.3 1.4 2.6 2.9
Years 2008 17.1 3.2 57.4 2.10 32.0 | 598.0 | 47.0
2009 14.0 3.0 45.8 1.70 26.2 | 570.0 | 43.0

2010 14.5 3.0 47.2 1.80 27.0 | 577.0 | 46.0

LSD, o5 for years 1.4 n.s. 2.4 0.3 1.8 4.6 3.5

Explanations as in Table 2

Both the seed yield and yield components varied depending on the row
position in the beans strip. The fewest pods and seeds per plant were noted in
the row adjacent to barley, and the most in the row next to maize. The highest
seed weight per plant was observed in the row next to the barley (Figure 5).
The yield of bean seeds was the lowest in the row bordering the maize strip.
Differences between the rows in the strip were particularly evident under
conditions of mechanical weed control (Figure 2). Although a negative impact
of the maize was visible in the row directly adjacent to the maize, yield
increased in successive rows and was highest in the row adjacent to the barley
(Figure 2 and Figure 3). Changes in the number of pods and seeds per plant in
rows of the bean strip showed that competition from maize was not as strong in
the earlier stages of development (Figure 5). Maize and beans were sown at the
same time, and maize is characterized by slow initial growth. During the
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Fig. 5. The influence of row position in the strip on some elements of common beans yields structure (average for weed control method): @ — pods per

plant, b — seed number per plant, ¢ — seed weight per plant; note: bars represent the standard errors
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seed-filling period the competitiveness of the maize for the beans was greater,
so that the seed weight per plant was higher in the row directly adjacent to the
barley.

Beans plants are relatively small, which also increases their susceptibility
to weed infestation, particularly in the initial period of growth (HEKMAT et al.
2007, SIKKEMA et al. 2008). An important element in the cultivation of common
beans is to keep the plantation free from weeds during the first 3-5 weeks after
sowing. Limiting weed control to mechanical treatments can significantly
reduce the yield of beans (GEOWACKA 2011). In this study, weed control limited
to weeding of interrows twice decreased seed yield by an average of 38%
compared to the use of herbicides (Table 2). Mechanical weed control also
significantly reduced the some elements of yield structure (Table 4). This may
be due to the fact that the use of herbicides significantly reduced the number
and biomass of weeds compared to mechanical weed control (GEOWACKA 2013).

The yield and yield structure of the barley was variable in different years of
the study, and varied depending on the cropping system and weed control
method (Table 2 and Table 5). In the first and second year, spring barley yield
was significantly higher (4+6.6%) in the strip cropping than in the sole
cropping. In the third year of the study the impact of strip cropping was not
significant. Average grain yield in the experiment was about 4.9% higher in
strip cropping. Studies on strip cropping have generally found yield increases
in small grains accompanying maize and soybeans (IRAGAVARAPU and RANDALL
1996, GHAFFARZADEH et al. 1998). The small grains in these experiments and
the barley in the present study were sown 3-4 weeks earlier than other plants,
so there was less competition in the border rows in the early stages of growth.
Later, when the beans and maize can compete with the barley, it needs less
water, nutrients, and light. Strip cropping significantly increasing the number
of spikes per unit area, the weight and number of grain per spike and 1,000
seed weight. It did not affect the length of the culm. The higher yield in the
strip cropping resulted from the reaction of barley to the edge effect, especially
in the row adjacent to the common beans (Figure 2 and Figure 3). The yield
advantage of the border row was mainly attributed to more solar energy, good
ventilation, and less competition for nutrients, which resulted in more spikes
or panicles, higher biomass production, and consequently higher grain yields
(WANG et al. 2013). In a study by RUDNICKI and GALEZEWSKI (2008) on the edge
effect, the yield of oat grain in the first border row increased by 85%. In our
study, barley yield in the first row of the bean strips was higher than in the
middle rows by 27% and 16%, for the mechanical and chemical weed control. In
the barley row adjacent to the maize grain yield also increased, but to a much
lesser extent. Higher yield of border rows resulted from greater access to
photosynthetically active light, better ventilation and less competition for
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nutrients and water (RUDNICKI and GALEZEWSKI 2008, WANG et al. 2013).
Spikes densities and the number of grains per spike were higher in the border
rows of the barley strip, irrespective of the neighboring plant species. However,
higher seed weight per spike was noted in the border rows adjacent to the bean
strip (Figure 6). The number of spikes is determined mainly by tillering phase,
which depends on natural factors such as temperature and water availability
and agricultural practices, mainly of nitrogen availability for plants. The
tillering phase of barley occurred at times, when the other accompanying crops
had a reduced demand for resources. Avoiding the overlapping of critical
periods improves complementarities in the use of resources between intercrop
components with positive implications on resources use efficiency (COLL et al.
2012).

Table 5
Chosen yield components of spring barley (mean from 2008-2010)
. Number Length of [cm] Grain Weight of [g]
I. Cropping II. Weed control of spike number grain 1000
method (CM) (WC) ; . - ,
[per 1 m?] culm spike | in spike fr(')m grains
spike

Sole cropping (1) A 476.0 79.6 7.1 18.5 0.96 50.7

B 518.0 75.7 7.0 18.7 1.02 53.0

Strip cropping (2) A 497.0 76.1 74 194 1.06 51.9

B 536.0 70.6 7.7 19.7 1.09 54.0

LSDy 5 for CM - WC n.s. n.s. n.s. n.s. n.s. n.s.
Average for factors

Averages CM sole cropping 497.0 717.6 7.0 18.6 0.99 51.8

strip cropping 516.0 73.4 7.6 19.5 1.08 52.9

LSD; o5 for CM 16.0 n.s. 0.3 0.4 0.03 0.6

Averages WC A 487.0 77.9 7.3 19.0 1.01 51.3

B 527.0 73.2 7.3 19.2 1.06 53.5

LSDy 5 for WC 18.0 4.4 n.s. n.s. 0.02 04

Years 2008 535.0 79.2 7.6 22.6 1.23 55.7

2009 504.0 74.7 7.2 18.2 0.92 52.4

2010 482.0 72.9 7.1 16.7 0.91 53.6

LSD g5 for years 28.0 6.3 0.4 0.9 0.08 0.7

Explanations as in Table 2

Land equivalent ratio (LER) is often used to compare the efficiency of
intercropping with sole cropping (CONNOLLY et al. 2001). On average for the
experiment, the LER was 1.13 and 1.09 for mechanical and chemical weed
control. This means that maize/beans/spring barley strip cropping was 9-13%
more efficient than the sole cropping of a single species.
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Conclusion

1. Strip cropping significantly increased the yield of dent maize, as well as
the percentage of ears in the total yield.

2. The beneficial effects of strip cropping on seed yield in common beans
were significant only where mechanical weed control was used. Strip cropping
also significantly increased the number of pods and seeds per plant, seed
weight per plant, and 1,000 seed weight.

3. Spring barley yield was slightly higher in the strip cropping than in the
sole cropping. Strip cropping also positively affected yield components, such as
the weight and number of grain per spike and 1,000 seed weight.

4. Yields of dent maize, spring barley, and common bean were significantly
higher for the chemical weed control method than for the mechanical method.

5. A significant interaction between the cropping system and weed control
method was found only for beans, with strip cropping found to be more
effective in combination with mechanical weed control.

6. Both yield and yield components varied depending on the row position of
the strip. The extent of the changes depended not only on the trait tested and
the crop species, but also on the neighbouring plant in the strip.

7. The land equivalent ratio indicates that strip cropping was comparable
to or more efficient than sole cropping. This, in combination with environ-
mental benefits, indicates that strip cropping can be an element of sustainable
agriculture.

Translated by Sara WiLD
Accepted for print 28.11.2013
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Abstract

Soil acidification due to sulfur fertilization can produce an indirect result such as increased
solubility and mobility of heavy metals in soil, thus affecting availability to plants of these elements
derived from both natural and man-made resources. The purpose of this paper has been to explore
the effect of incremental doses of sulfate and elemental sulfur on changes in the natural content
of easily soluble forms of manganese and lead in two soil horizons: 0-40 and 40-80 cm. A three-year
field experiment was set up on brown, acid soil with the texture of heavy loamy sand. Soil for
chemical analyses was sampled in spring and autumn. Soluble forms were extracted from soil with
1 mol HCI dm™ solution and their concentrations were determined with the atomic absorption
spectrophometric method. Throughout the whole experiment, the dose of 40 kg ha™ S-SO?-, induced
higher concentrations of manganese in soil in the 0-40 cm layer compared to the other fertilization
treatments. During the three years of the field trials, the application of sulfate sulfur and elemental
sulfur to soil tended to cause a small increase in the soil content of lead soluble in 1 mol HCl dm™
in the 0-40 cm soil depth compared to the soil before the experiment. The concentrations
of manganese and lead in soil in the 40-80 cm layer did not depend much on the form and dose
of sulfur introduced to soil.
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Abstrakt

Zakwaszenie gleby przez nawozenie siarka moze poSrednio przyczyniaé¢ sie do zwigkszania
rozpuszczalnosci i mobilnoéci metali ciezkich w glebie, a tym samym ich dostepnosci dla roslin
zaréwno ze zrodel naturalnych, jak i antropogenicznych. Celem przedstawionej pracy bylto zbadanie
wplywu wzrastajacych dawek siarki siarczanowej i elementarnej na zmiany naturalnej zawartosci
fatwo rozpuszczalnych form manganu i ofowiu w dwoch poziomach gleby 0-40 i 40-80 cm. Trzyletnie
do$wiadczenie polowe zatozono na glebie brunatnej, kwasnej o sktadzie granulometrycznym piasku
gliniastego mocnego. Glebe do analiz chemicznych pobierano wiosng i jesienig. Formy rozpuszczalne
ekstrahowano z gleby roztworem 1 mol HCl dm™, a ich zawarto$é oznaczono metoda absorpcyjnej
spektrometrii atomowej. Przez caly okres trwania do$wiadczenia dawka 40 kg ha' S-SO%,
powodowala zwigkszenie koncentracji manganu w glebie w poziomie 0-40 cm w odniesieniu do
pozostatych obiektéw nawozowych. W ciagu 3 lat badan stosowanie siarki siarczanowej i elementar-
nej wplyneto na ogét na niewielkie zwiekszenie zawarto$ci otowiu rozpuszezalnego w 1 mol HCl dm™
w glebie, w warstwie 0—40 cm, w poréwnaniu z glebg przed zalozeniem doSwiadczenia. ZawartoSé
manganu i olowiu w glebie w warstwie 40-80 cm nie zalezala w wiekszym stopniu od zastosowanej
formy i dawki siarki.

Introduction

Soils under arable fields in the Province of Warmia and Mazury are
characterized by moderate concentrations of trace elements, much below the
average amounts in whole Poland. Usually, they have the natural (0°) content
of heavy metals (TERELAK et al. 2001). However, predicting the extent of their
potential mobilization is a complex problem, as the process is governed by
soil-specific and environmental conditions as well as human activity. Soil
reaction, for example, has an essential influence on the solubility and speci-
ation of heavy metals, especially in soil solution (NAIDU et al. 1998, MUH-
LBACHOVA et al. 2005). Soils that have an alkaline character and high pH are
more likely to suffer from a deficit of microelements, which is manifested by
poor crop yields, low effectiveness of fertilizers and high sensitivity of plants to
diseases and pests (MALAKOUTI 2008). Soil acidification can stimulate the toxic
nature of heavy metals and their phytoavailability (NEDERLOF and RIEMSOLIJK
1995, TEMMINGHOFF et al. 1997). KAYSER et al. (2000) as well as KAYSER et al.
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(2001), who share the above view, demonstrated experimentally that when
elemental sulfur had been incorporated into soil, the soil pH decreased while
the solubility of heavy metals in soil increased. Among some disturbing effects
of soil contamination with sulfur are the elevated solubility of manganese and
mobilization of trace elements derived from both natural and anthropogenic
pools (SCHWARZ et al. 2012).

The translocation of lead in the soil environment depends on the soil
texture. Typically, strong adsorption on iron hydroxides and soil colloids
inhibits the mobility of lead, which nonetheless undergoes biomagnification
and can easily enter a trophic chain (KABATA-PENDIAS 1992, MARTINEZ et al.
2000). Kos et al. (2003) did an experiment which proved that soil solutions
either did not contain or else had very small amounts of lead forms which were
directly available to plants because lead tends to form permanent complexes
with soil’s organic matter. Soil amendment with chelates improves the bi-
oavailability of lead, thus increasing the phytoextractibility of this element.
The presence of organic matter in soil, soil sorption properties and soil
acidification are important factors which influence the sorption and desorption
of lead (MA et al. 2010).

The purpose of the experiment discussed in this paper has been to
investigate the effect of increasing doses of sulfate and elemental sulfur on
changes in the content of lead and manganese soluble in 1 mol HCI in the soil
layers 0-40 and 40-80 cm deep.

The analyzed soil samples originated from the depths of 0-40 cm and 40-80
cm because of the underlying assumption of the experiment, which was to
trace the migration of lead and magnesium downwards the soil profile.

Materials and Methods

A three-year field experiment was conducted from 2000 to 2002, in North-
-East Poland. The village is distant from larger industrial plants which emit
sulfur compounds and lies far from any big cities. The concentration of sulfur
in the soil were not caused by human activity.

The trial was set up on Dystric Cambisols (FAO), of the granulometric
composition of heavy loamy sand. The initial soil had the following properties:
pHkcy = 5.30, mineral nitrogen 24.0, sulphate sulfur 4.10, available
phosphorus 34.5 and potassium 110.0 mg kg of soil. The annual rates
of sulphate sulfur (SO?4-S) and elemental sulfur (S°-S) were: S; — 40, S; — 80
and S; — 120 kg ha™'. Air-dry soil was passed through a 1 mm mesh sieve. The
soil samples were used to determine soil pH in 1 mol KCI (the ratio between soil
and extraction —1:2.5); total sulfur (Butters, Chenery 1959) and S-SO%*, with
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the turbidimetric method (the ratio between soil and extraction 1:3); N-NO3 by
colorimetry using phenyl disulphonic acid (the ratio between soil and extrac-
tion 1:5); N-NH", was determined using Nessler’s reagent (the ratio between
soil and extraction 1:5); available phosphorus and potassium was determined
with Enger Riehm’s method (DL) — (the ratio between soil and extraction 1:50).

The permanent experiment was established in a random block design and
consisted of eight fertilization treatments with four replications: 1) unfer-
tilized control, 2) NPK, 3) NPK + S;-SO4, 4) NPK + S;-SO,, 5) NPK +S53-SO,,
6) NPK +8S;-S° 7) NPK +S,-S% 8) NPK +S5-S°. The NPK rates depended on
the crop species and soil fertility. The plants chosen for the trials demonstrate
different degrees of sensitivity to sulfur deficit and excess in soil (Table 1).
It was predicted that while testing the chosen doses of sulfur it would be
possible to find which stimulated crop yields and which caused a demonstrably
negative response of the crops.

Table 1
Applied doses of NPK in the experiment
kg ha™
Experimental crops Year N P K
Head cabbage Brassica oleracea var capitata alba 2000 200.0 52.5 180.0
Common onion Allium cepa var. cepa 2001 160.0 60.0 183.0
Spring barley Hordeum sativum var nutans 2002 90.0 80.0 111.0

Nitrogen in the form of ammonium nitrate or ammonium sulphate,
phosphorus in the form of triple superphosphate, potassium in the form of
potassium salt of 60% or in the form of potassium sulphate, sulfur in the form
of potassium sulphate and ammonium sulphate supplementation as well as in
the form of elemental sulfur.

Soil samples were collected from each plot, at 0-40 and 40-80 cm depths,
prior to the establishment of the trials, after each harvest and before sowing
the consecutive crop. Air-dry soil was passed through a 1 mm mesh sieve.
Analyzed soil samples originated from the depths of 0-40 cm and 40-80 cm
because of the underlying assumption of the experiment, which was to trace
the migration of lead and magnesium downwards the soil profile. The soil
samples were used to determine the concentrations: Pb, Mn in soil (extrac-
tions with 1 mol HCl dm™=, the ratio between soil and extraction — 1:10)
according KARCZEWSKA and KABALA (2008), was determined by AAS method
using Schimadzu AA apparatus. This method is less expensive, allows for
fast, easy measuring in soil and characterized in terms of the content
of micronutrients.
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The results of the yields and chemical analysis of soil were processed
statistically with the analysis of variance for a two-factor experiment in
a random block design, using the form of sulfur as factor a and rate of sulfur
as factor b. Additional statistical analyses were performed with the software
package Statistica 6.0 PL.

Discussion of Results

The three-year field experiment compared the effect of sulfate and
elemental sulfur, added to soil in the doses of 40, 80 and 120 kg ha™, on
mobilization and changes in the natural soil content of manganese and lead.
The solubility of heavy metals is markedly affected by soil reaction, hence soil
acidification may increase the potential toxicity of heavy metals and their
phytoavailability. In the first year of the experiment, soil was poor in sulfur,
which is why the applied doses only stimulated crop yields but had negligible
impact on modifications of pHxc in soil (Table 2 and Table 3). Similar results
of experiments were reported by RIFFALOLI et al. (2006), who observed that
a mineralized dose of elemental sulfur did not cause any significant changes
in properties of analyzed soil.

Table 2
Effect of different rates and forms of sulphur on soil reaction at 0-40 cm depth
Before After Before After Before After
Treatments cabbage cabbage onion onion barley barley
sowing harvest sowing harvest sowing harvest
0 5.30 4.84 4.89 4.54 5.51 5.39
NPK 5.40 4.93 4.70 4.37 5.36 4.50
NPK+ S;-SO2, 5.50 4.97 5.03 4.52 5.08 4.86
NPK+ S,-SO2%, 5.35 5.13 4.98 4.67 4.84 4.39
NPK+ S;-SO2, 5.38 4.81 4.39 4.15 4.46 4.36
NPK+S;-S-° 5.78 4.92 5.33 4.92 5.20 4.43
NPK+8S,-S-° 5.46 4.93 5.15 4.67 5.00 4.61
NPK+S;5-S-° 5.56 4.99 5.11 4.36 4.65 4.37
LSD-g.05
a n.s. n.s. n.s. n.s. 0.135 0.202
b n.s. n.s. 0.209 0.211 0.191 0.285
ab n.s. n.s. 0.295 0.299 0.271 0.404

Explanations: SO2, — sulphate sulphur; S° — elementary sulphur; S; — 40 kg ha*, S, — 80 kg ha™®,
S3 — 120 kg ha™; a - form of sulphur; b — dose of sulphur; ab — interaction; * n.s. — no significant
difference
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In the spring of 2001, the pH of the soil fertilized with 120 kg of sulfate
sulfur, which had already decreased in the first year of the experiment,
continued to decline (Table 2). Addition of elemental sulfur led to an increase
in soil pH compared to the control treatments and plots fertilized with S-SO%-,.

In the autumn in the second year of the experiment (Table 2) the dose of
120 kg S-SO, ha™ introduced to the 0-40 cm soil horizon caused a further
decrease in the soil pHxc), similarly to the effect observed in spring. The soil
reaction tended to be higher on plots with elemental sulfur than on the other
plots. This dependence was not verified in the 40-80 cm layer of soil (Table 3).

Table 3
Effect of different rates and forms of sulphur on soil reaction at 40-80 cm depth
Before After Before After Before After
Treatments cabbage cabbage onion onion barley barley

sowing harvest sowing harvest sowing harvest
0 5.30 4.82 4.32 4.29 4.40 4.47
NPK 5.01 4.83 4.66 4.46 4.47 4.55
NPK+ S;-SO% 5.21 5.21 4.36 4.50 4.71 4.58
NPK+ S;-SO2, 5.61 5.07 4.89 4.47 4.72 4.63
NPK+ S3-S0%, 4.99 4.70 4.78 4.43 4.45 4.59
NPK+S;-S-° 4.89 5.14 5.02 4.53 4.56 4.60
NPK+8S,-S-° 5.09 5.04 4.99 451 4.63 4.66
NPK+8S;-S-° 5.06 5.04 4.89 4.50 4.58 4.54
LSD-.05
a n.s. n.s. n.s. n.s. ns. ns.
b n.s. 0.150 n.s. n.s. 0.166 n.s.
ab n.s. 0.212 n.s. n.s. n.s. n.s.

Explanations see Table 2

In the third year (in spring), the pHxkc of soil in the 0-40 cm layer generally
increased in all the treatments relative to the autumn 2001, especially on the
plots without sulfur fertilization or with the dose of 40 kg ha™ S-SO,.

However, all the plots fertilized with sulfate sulfur and elemental sulfur
demonstrated a tendency towards a lower soil reaction versus the control
treatments. Sulfate sulfur was noticed to produce a stronger influence on the
soil reaction, which was most profoundly lowered by the dose of 120 kg S ha™!
S-SO,. Sulfate sulfur affected the soil reaction more strongly. In the experi-
ments reported by WEI ZHOU et al. (2002), elemental sulfur did not have any
significant effect on soil pHgc because only between 5.58 to 14.87% of the
applied elemental sulfur was oxidized. The acidifying influence of elemental
sulfur became evident in the third year of the experiment. In general, soil at
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the depth of 40 to 80 cm was characterized by an almost uniform reaction,
except for the plot which had received 120 kg S ha? S-SO, (Table 3).

In the autumn 2002 (Table 2), the 40 to 80 cm deep soil layer fertilized with
sulfur, especially with the dose of 120 kg ha™, had a much lower pHxq.
A similar relationship emerged in the treatments without sulfur, which may
have been a consequence of the leaching of base cations from soil. In the 40-80
cm deep layer, the dose or form of sulfur fertilizer had no effect on modifica-
tions of soil pH against the control or NPK treatments (Table 3).

The concentration of manganese in soil sampled prior to the experiment
from the 0-40 c¢m soil horizon ranged from 89.00 to 109.00 mg kg™ of soil
(Table 4). The Mn concentration in the 40-80 cm deep layer was much smaller.
In the autumn, after cabbage harvest, the concentration of manganese in soil
in the both layers (0-40 and 20-80 cm) did not depend significantly on the
applied form or dose of sulfur (Table 4 and Table 5).

Table 4
Effect of different rates and forms of sulphur on the content of manganese soluble in 1mol HCI dm=
in soil at 0-40 cm depth [mg Mn kg™ soil]

Before After Before After Before After
Treatments cabbage cabbage onion onion barley barley
sowing harvest sowing harvest sowing harvest
0 89.00 93.00 85.29 82.50 108.20 85.75
NPK 106.25 108.25 90.17 86.97 118.54 88.66
NPK+ S;-SO2, 109.00 111.00 109.62 100.69 129.98 107.41
NPK+ S,-S02%, 101.74 100.74 89.23 92.75 120.78 91.32
NPK+ S3-SO2, 106.32 108.31 817.76 93.36 119.74 93.44
NPK+S;-S-° 101.89 102.89 96.15 80.42 112.16 93.19
NPK+8S,-S-° 101.15 102.15 87.38 84.07 115.96 90.16
NPK+8S;-S-° 99.74 98.74 91.00 83.54 126.94 91.80
LSD-o.05
a n.s. n.s. 3.088 5.341 n.s. n.s.
b n.s. n.s. 4.367 n.s. 7.368 6.776
ab n.s. n.s. 6.176 10.683 10.4207 9.583

Explanations see Table 2

In the spring 2001, both the form and dose of sulfur produced significant
effects on the content of manganese in soil in the 0—40 cm deep layer (Table 4).
In the soil from the plots fertilized with sulfate sulfur, the concentration
of manganese tended to be higher than in the soil nourished with elemental
sulfur. As the dose of sulfate sulfur increased, the content of manganese in soil
decreased. Similar results were reported by SOLIMAN et al. (1992). Doses
of elemental sulfur produced less regular results. Compared to analogous
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Table 5
Effect of different rates and forms of sulphur on the content of manganese soluble in 1 mol HCl dm™®
in soil at 40-80 cm depth [mg Mn kg soil]

Before After Before After Before After
Treatments cabbage cabbage onion onion barley barley
sowing harvest sowing harvest sowing harvest
0 41.64 42.64 - 38.66 47.10 40.02
NPK 41.32 42.31 - 217.76 51.73 32.27
NPK+ S;-SO2 45.87 47.87 - 39.01 58.99 41.31
NPK+ S;-S0% 43.75 44.75 - 28.60 43.74 28.96
NPK+ S3-SO2%, 46.30 49.30 - 44.39 71.68 41.53
NPK+S;-S-° 33.86 37.86 - 32.00 50.35 35.45
NPK+8S,-S-° 39.80 40.80 - 36.90 53.85 29.80
NPK+S;-S-° 39.45 40.45 - 38.11 53.90 26.07
a n.s. n.s. n.s. n.s. n.s.
b n.s. n.s. - 8.2516 n.s. 7.992
ab n.s. n.s. n.s. n.s. n.s.

Explanations see Table 2

treatments examined in the autumn 2000, the content of manganese in soil
decreased (Table 4). In the autumn, after onion harvest, the concentration
of manganese in the 0-40 cm deep soil layer was within 80.42 to 100.69 mg kg!
of soil (Table 4). Sulfate sulfur fertilization, in particular with the dose
of 40 kg ha™l, affected the content of magnesium in soil by raising it above the
levels found in soil treated with elemental soil. Further depletion of the
manganese content in soil, first demonstrated in the spring of 2000, was
observed. However, two exceptions were noted, namely the treatments with
80 and 120 kg of sulfate sulfur (Table 4). FASSLER et al. (2012) implied
a possibility of using elemental sulfur for the sake of improved phytoextraction
of metals, although they warned against excessive acidification of soil and the
risk of leaching heavy metals beyond the rhizosphere. In the 40-80 cm soil
horizon, significant changes in the concentrations of manganese were caused
only by doses of sulfur (Table 5). The highest manganese content occurred
following the application of the dose of 120 kg ha™ S-SO,. Fertilization with the
increasing doses of elemental sulfur led to an increase in the soil content
of manganese. No such tendency appeared when sulfate sulfur had been added
to soil.

In the third year of the experiment, prior to sowing barley, the enrichment
of soil (the 0-40 ¢m layer) with 1 mol HCl dm™ soluble manganese forms was
observed against the soil tested in the previous years. During the three years of
the research, application of sulfate sulfur and elemental sulfur significantly
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affected changes in the reaction of soil within 0-40 cm depth (from acid to very
acid). In all probability, the soil acidification resulted in an increase in the
content of the easily soluble forms of manganese. In a study described by
ERDAL et al. (2004), the application of elemental sulfur in combination with
nitrogen fertilizers led to a substantial increase in the availability of micronut-
rients, especially manganese, in soil. On the other hand, the research reported
by ABDOU et al. (2011) suggests that sulfur has an insignificant effect on plant
availability of manganese in soil. In the current study, the form of sulfur did
not affect significantly changes in the content of Mn in soil (Table 4).
Fertilization with sulfur, particularly with high doses of this element, gen-
erally raised the content of manganese against the control treatments. How-
ever, the applied forms and doses of sulfur had no effect on changing
concentrations of manganese in the 40-80 cm soil layer of soil, although an
increasing tendency appeared in the plot fertilized with the dose of 120 kg ha!
S-SO%,, an effect which manifested itself already in the first year of the
experiment. Once the experiment was terminated, the concentration of manga-
nese in soil at the depth of 0 to 40 cm decreased versus the same soil layer
sampled in the spring of 2002. A significant effect, however, was produced only
by elemental sulfur, especially its dose of 40 kg ha. Similar regularities were
detected in the deeper soil horizon, i.e. 40-80 cm, although much smaller
quantities of 1 mol HCl dm™ soluble manganese forms were determined
(Table 5). A much higher uptake of Mn by plants induced by sulfur fertilization
and its acidification has been implied by RAHMAN et al. (2011) and ISLAM
(2012), who obtained similar research results. A rapid decrease of pH affects
the rate at which Al and Fe are released from aluminum silicate and ferrous
minerals. The harmful influence of excessive quantities of Al and Fe active
forms in the environment consists in the increased bioavailability and accumu-
lation of Mn, Cd and Pb by plants (MOTOWICKA-TERELAK, TERELAK 1998).
Concentrations of 1 mol HCl dm™ soluble lead in soil prior to the experi-
ment were evenly distributed in both soil horizons (Table 6 and Table 7),
although there were twice as many such bonds in the deeper, 40-80 cm layer
than in the surface soil horizon. In the autumn, after cabbage harvest, it was
only the form of sulfur that affected significant modifications in the content of
lead in the 0-40 cm soil layer. In general, sulfur fertilization resulted in an
elevated lead concentration in soil relative to the control treatments (Table 6).
Compared to sulfate sulfur, the application of elemental sulfur evoked a ten-
dency towards an increasing content of lead in soil. The doses caused insignifi-
cant differences. In the 40-80 cm layer, the applied forms of sulfur did not have
any significant influence on changes in the content of lead in soil (Table 7).
In the treatments with 40 and 80 kg ha S-SO?, as well as 120 kg ha™ S-S°, the
content of lead was higher than in the other treatments. This could have been
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Table 6
Effect of different rates and forms of sulphur on the content of lead soluble in 1 mol HCI dm= in soil
at 0-40 cm depth [mg Pb kg soil]

Before After Before After Before After
Treatments cabbage cabbage onion onion barley barley
sowing harvest sowing harvest sowing harvest
0 5.26 5.79 5.84 5.79 6.39 5.50
NPK 5.00 5.79 5.35 5.02 6.02 5.59
NPK+ S;-SO2 5.43 6.14 6.39 5.63 7.37 5.99
NPK+ S;-S0% 5.16 4.77 5.97 5.32 6.55 4.66
NPK+ S3-SO2%, 5.55 5.95 6.11 6.29 6.68 5.95
NPK+S;-S-° 4.78 6.21 5.39 6.41 6.59 6.11
NPK+8S,-S-° 491 591 5.56 5.55 6.81 5.81
NPK+S;-S-° 4.29 6.25 5.32 5.53 6.72 6.05
a n.s. 0.2957 n.s. 0.4865 n.s. 0.295
b n.s. n.s. n.s. n.s. 0.5436 n.s.
ab n.s. 0.5915 0.6793 n.s. n.s. 0.591
Explanations see Table 2
Table 7

Effect of different rates and forms of sulphur on the content of lead soluble in 1 mol HCI dm™ in soil
at 40-80 cm depth [mg Pb kg soil]

Before After Before After Before After

Treatments cabbage cabbage onion onion barley barley

sowing harvest sowing harvest sowing harvest

0 2.11 2.28 - 3.60 3.05 2.18
NPK 3.52 2.99 - 3.22 3.05 2.89
NPK+ S;-S0% 241 3.24 - 2.95 2.33 3.14
NPK+ S,-S02% 2.84 3.20 - 2.88 2.16 3.18
NPK+ S3-SO2, 2.78 2.40 - 3.84 2.54 2.38
NPK+S;-S-° 2.52 2.72 - 3.12 2.46 2.62
NPK+S,-S-° 1.64 2.70 - 2.58 1.88 2.65
NPK+8S;-S-° 2.30 3.24 - 3.44 2.03 3.14
a n.s. n.s. n.s. ns. ns.
b n.s. 0.5725 - ns. ns. 0.572
ab n.s. n.s. n.s. n.s. n.s.

Explanations see Table 2

caused by the soil acidification due to sulfur and mobilization of forms of lead
soluble in 1 mol HCI dm™. The influence of soil reaction on mobility of heavy
metals is elucidated by the solubility product, where a decrease in the soil pH
by one unit is associated with a 100-fold decrease in the potential solubility
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of heavy metals. When soil is polluted with several metals, the so-called ‘salt
effect’ appears. The presence of one ion enhances the activity of other ions,
which promotes the bioavailability of heavy metals (MOTOWICKA-TERELAK,
TERELAK 1998).

In the spring of the second year, before sowing onion, the content of lead in
the 0-40 cm deep soil layer did not depend significantly on either the form or
the dose of sulfur (Table 6). The concentration of lead in soil from sulfate
sulfur fertilized treatments was higher than in soil from analogous treatments
analyzed in the first year of the experiment. In contrast, a small decline in the
concentration of lead was determined in soil with added elemental sulfur.
In the autumn of the second year, the form of sulfur, especially elemental
sulfur, rather that its dose, had a significant effect. In general, concentrations
of lead in the 0-40 cm soil layer on sulfur fertilized and control plots were on an
approximately identical level (Table 6). Sulfur fertilization did not tend to have
a significant effect on changes in the lead content in the 40-80 cm soil layer
(Table 7). The content of lead in this soil horizon was much smaller than in the
0-40 cm layer of soil fertilized with sulfur. Similar results were obtained by
SICHOROVA et al (2004), who concluded that the concentration of lead decreased
with the depth of the soil profile.

In the spring of the third year, a slight increase was noticed in the content
of 1 mol HCI dm™ soluble lead form in all the experimental treatments versus
the analogous plots from the preceding years (Table 6). However, significant
effects were produced only by the higher doses of sulfur, and especially
40 kg ha™ of sulfate sulfur. The application of sulfur to soil caused an increase
in the concentration of lead in soil compared to a plot fertilized with NPK
alone. The form of sulfur did not have significant impact. In the deeper soil
layer, 40-80 cm, the content of lead was smaller than in the analogous plots
in the autumn or in soil sampled from the topmost soil horizon.

When the experiment was terminated, the content of lead in soil from the
0-40 cm deep layer was within 4.66 to 6.11 mg kg, and depended significantly
on the form of sulfur. More lead was found in soil from the treatments with
elemental than sulfate sulfur. In the soil fertilized with elemental sulfur, the
content of lead forms soluble in 1 mol HCI dm™ was higher than in the other
fertilized treatments. In general, soil was slightly richer in lead than before the
experiment had commenced, especially when plots were fertilized with elemen-
tal sulfur. In the autumn 2002, after harvest, the soil from the 0-4-0 cm layer
contained less lead than the soil sampled before sowing barley. TERELAK et
al. (1996) claim that when soils are polluted with sulfur, the bioavailability and
accumulation of Mn, Cd and Pb in crops increase. Similar results were
achieved by HOLAH et al. (2010), who concluded that the content and uptake of
lead by plants increased significantly in response to growing doses of elemental
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sulfur, which led to a decreasing content of Pb in soil. In the deeper soil
horizon, i.e. 40-80 cm, the concentration of lead was much smaller than in soil
samples collected from the 0-40 cm layer, and depended only on the dose
of sulfur (Table 6 and Table 7).

Conclusions

1. Throughout the whole experiment, the dose of 40 kg ha™! S-SO?, caused
higher concentrations of manganese in soil within the 0-40 cm layer than in
the other fertilized treatments.

2. During the three years of the experiment, the application of sulfate and
elemental sulfur caused small increases in the content of lead soluble in 1 mol
HCl dm™ in soil in the 0—40 cm layer compared to soil before the experiment
was set up.

3. The content of manganese and lead in soil, within the 40-80 cm layer,
did not depend much on the applied form or dose of sulfur.

Translated by JoLaNTA IDZKOWSKA
Accepted for print 20.12.2013
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Abstract

This paper presents the milling parameters of spring triticale grain fertilized with nitrogen in
doses of 80 and 120 kg ha™'. The varied nitrogen fertilization level influenced the physical properties
of triticale grain of significant importance during milling such as: test weight, thousand kernel
weight, vitreousness and hardness expressed by the PSI index. Increasing the fertilization dose from
80 to 120 kg N ha! contributed to a decrease the energy demand for grain milling from 38.98 to
33.44 kJ kg! and a decrease in ash content in the grain. The use of the higher nitrogen dose caused
an increase in the mean particle size of the milling product from 242 to 352 pm. The milling products
of each of the studied cereals consisted of particles with sizes from 0.5 um to 2000 um. Each milling
product was characterized by distribution with five modes. For sizes below 30 um, the particle size
distributions of all studied materials were comparable. The nitrogen fertilization level diversified the
milling products with regard to the content of the other size fractions.
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Abstract

Przedstawiono wyniki badan procesu przemialu ziarna pszenzyta jarego nawozonego azotem
w dawkach 80 i 120 kg ha™'. Zréznicowany poziom nawozenia azotem wplynat na cechy fizyczne
ziarna pszenzyta majace istotne znaczenie podczas przemialu, takie jak: gesto$¢ usypowa, masa
tysigca ziaren, szklisto§é oraz twardoS¢ technologiczna wyrazona wskaznikiem PSI. Zwiekszenie
dawki nawozenia z 80 na 120 kg N ha! przyczynilo sie do zmniejszenia twardo$ci ziarna, a wraz z nig
do zmniejszenia zapotrzebowania na energie do przemiatu ziarna z 38,98 do 33.44 kJ kg
Zmniejszyla sie rowniez zawarto$¢ popiolu w ziarnie. Zastosowanie wigkszej dawki azotu
spowodowalo zwiekszenie §redniego rozmiaru czastek produktu przemialu z 242 do 352 um.
Produkty przemiatu kazdego z badanych zb6z skladaly sie z czastek o wielkosciach od 0.5 um do
2000 pm. Kazdy z produktow przemialu charakteryzowal sie rozkladem o pieciu dominantach.
W zakresie wielkoS§ci ponizej 30 um rozklady wielkosci czastek wszystkich badanych materialow byly
poréwnywalne. Poziom nawozenia azotem réznicowat produkty przemiatu pod wzgledem zawartoSci
pozostatych frakeji rozmiarowych.

Introduction

Triticale (Triticale) is an interspecific hybrid obtained by crossing wheat
(Triticum) and rye (Secale). This is a cereal with lower soil requirements than
wheat which is more disease-resistant than wheat or rye. It is characterized by
good winter hardiness and shows higher drought resistance than wheat
(AMMAR et al. 2004). The physical properties and chemical composition of
triticale grain take values intermediate between the values of the properties of
the parental species. Triticale grain is a good source of protein with a favorable
amino acid composition (PISULEWSKA et al. 2000). Triticale grain of spring
varieties characterized by higher protein content compared to winter forms
(PETKOV et al. 2000).

Triticale grain is used mainly for feed, although is a potential alternative to
wheat in processed flour products such as bread, flat bread, cakes or pasta.
Because of the nutritional benefits of triticale grain, undertaking research on
improving its quality is still needed. Breeders are attempting to obtain new
Triticale varieties with better grain properties, which will improve the milling
and baking process (ZECEVIC et al. 2005).

The basic process in grain processing is milling, whose aim is first the
separation of the endosperm, the pericarp and germs and the reduction of
endosperm particles to a fraction, which passes through a sieve with an
aperture of not larger than about 200 um (POSNER 2003). The result of the
milling process is affected by both the milling scheme used and the grain
properties and the design and settings of the equipment. Cereal grain proper-
ties depend on genetic factors and environmental conditions and on agrotech-
nical practices — especially nitrogen fertilization (POMERANZ et al. 1985,
DziaMBA et al. 2001, YUCEL et al. 2009, EDWARDS et al. 2010). The most
important physical properties of grain affecting milling include grain hardness
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and vitreousness (GREFFEUILLE et al. 2007a, GREFFEUILLE et al. 2007b, DZIKI et
al. 2011). During grinding of hard endosperm wheat grain, flour with thicker
granulation and partly damaged starch grains is obtained (LETANG et al. 2001).
Grain hardness significantly affects the energy consumption of grinding. Hard
kernels require more energy during milling into flours than soft kernels
(KILBORN et al. 1982, DZzIKI and LASKOWSKI 2005, DzIKI and PRZYPEK-OCHAB
2009). Grain vitreousness is often interrelated with grain hardness. Kernels
with more vitreous endosperm are most often harder (GLENN and JOHNSTON
1994) and increased endosperm vitreousness for hard wheats is associated
with higher flour yields (DOBRASZCZYK 1994, HADDAD et al. 1999). According to
MARSHALL et al. (1986), the geometric properties of grain such as length, width,
thickness, sphericity and endosperm size also affect milling directly. Grain
length, width and area have been associated with a 40% variation in the milling
quality of winter wheat cultivars (BERMAN et al. 1996).

The milling value of grain, besides its physical properties, can also be
evaluated on the basis of experimental milling (POSNER 2003). Based on
experimental grain milling, among others, the amount and granulometric
composition of semi-finished products and final products of the industrial
process can be determined. Granulometric composition is of importance in
subsequent processing stages. Depending on the raw material size reduction
ratio, the course of such processes as: mixing, dough preparation and baking is
different. The quality of the obtained products is also different (PARK et al.
2006). The energy consumption of the grinding process is directly associated
with the product size reduction ratio. Energy inputs for the grinding process
grow with an increasing size reduction ratio (LASKOWSKI et al. 2005).

In view of the increasing acreage of triticale cultivation in the world and the
introduction of new varieties into cultivation (SALMON et al. 2004), it is
necessary to evaluate the effect of triticale reaction to agrotechnical factors,
especially nitrogen fertilization, in the aspect of the milling value of this grain,
especially since many authors (BISKUPSKI 2000, JOHANSSON et al. 2001, MUT et
al. 2005, STANKOWSKI et al. 2008, SOBCZYK et al. 2009) have indicated the
possibility of influencing the quality of cereal grain by nitrogen fertilization.
For these reasons, the aim of this paper was to study the physical properties of
spring triticale grain fertilized with different nitrogen doses, influencing the
milling process for grain and its milling.

Materials and Methods

Two modern spring triticale varieties, Andrus and Milewo, were selected
for the research. A description of these cultivars can be found in the Common
Catalogue of Varieties of Agricultural Plant Species (EU) in 2011. Grain came
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from a field experiment conducted at the Teaching and Research Centre in
Tomaszkowo (53°73’N 20°41’E) in 2010-2011. The experiment was conducted
using the method of random sub-blocks, in three replications. 30.2 kg P ha™! in
the form of 46% triple superphosphate and 83 kg K ha™ as potash salt were
applied in triticale fertilization. Nitrogen fertilization — was applied at two
levels: 80 kg ha™* (40 kg in the tillering phase and 40 kg in the shooting phase)
and 120 kg ha™ (40 kg pre-sowing, 40 kg in the tillering phase and 40 kg in the
shooting phase). The pre-sowing fertilizer was ammonium nitrate and the
fertilizer for top dressing 46% urea.

Grain samples in the quantity of 3 kg each were cleaned and the grain
moisture content was then determined (ICC Standard No. 110/1). The moisture
content of the grain was increased to 15%, by adding the appropriate
amount of distilled water. The increase in the moisture content of grain was
carried out in sealed containers during 24 h. The following physical properties
of triticale grain were determined before the milling of each sample: test
weight (TW), thousand kernel weight (TKW), particle size index (PSI) and
grain vitreousness. TKW was measured for each sample with the use of
an electronic kernel counter (Kernel Counter LN S 50A, UNITRA CEMI) and
an electronic scale WPE 120. The particle size index (PSI) was determined in
accordance with the AACC 55-30: 2000 method. The vitreousness of grain was
evaluated on the basis of the analysis of cross-sections of kernels and expressed
as the percentage of vitreous kernels in the sample of 50 elements (GREFFEUILLE
et al. 2007b). The partially vitreous kernels were classified as semi-vitreous
kernels and their number in the sample was multiplied by 0.5. The ash content
in triticale grain and in the flours obtained after milling (Determination of
ash... ICC Standard No. 104/1). The protein content in triticale grain was
determined by the Kjeldahl method (Determination of crude protein... ICC
Standard No. 105/2).

Grain milling (100-gram samples) was carried out in a Brabender Quadru-
mat Junior laboratory mill, equipped with a cylindrical sifter fitted with
a 70GG sieve (PE 236 um). Six samples of each material were ground. The
yields of the obtained flours and the milling efficiency factor K were deter-
mined (SITKOWSKI 2011):

_ Flour extract
Ash content in flour

(1)

The mill was connected with the power source through the system measur-
ing the consumption of electrical energy. The grinding time (¢,) was measured
with a stop watch to an accuracy of + 0.1 s. The power of idle running (P,) of the
mill was also determined (the average value of power consumed before
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the measurements and immediately after the milling of the last sample of each
material). The energy necessary for putting the elements of the mill into
motion (E; — energy of idle running) was calculated by multiplying the active
power of idle running and the time of grinding (E;, = P, - t,). The work of
grinding was determined assuming that the total energy consumed (E,) by the
mill equaled the sum of grinding energy and the energy needed for putting the
elements of the mill into motion. The specific energy of grinding E, [kJ kg]
was calculated with the following formula:

E = (2)

where:
m — mass of the milled sample [kg]

The grinding index K, (energy required to produce 1 kg of flour) [kJ kg of
flour] was also determined acc. to GREFFEUILLE et al. (2007b):

E -E,

K() = (3)

where:
my; — mass of flour [kg].

The particle size distribution (PSD) of ground grain particles (middlings)
was determined quantitatively by the Laser Diffraction Analysis method in
a Malvern Mastersizer 2000 analyzer. The measurement result was obtained
as the mean of three successive replications. The analysis of the granulometric
composition of the grist determined the mean particle size according to the
formula (VELU et al. 2006):

-

dp = %3 di (4)

1

where:
¢ — share of the size fraction i in the studied sample [kg kg™],
d; — mean size of fraction i particles [um].

PSD measurements were performed after mixing of undersized and over-
size particles, obtained from drum sieve mounted in mill.
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The mean linear dimension of grain before grinding was determined as the
arithmetic mean from the sizes of equivalent diameters of a representative
sample of 30 kernels. The equivalent diameter was determined as the geomet-
ric mean from grain length (L), width (W) and thickness (7)) (MOHSENIN 1986):

d., = LWT)" (5)

Geometric grain measurements were taken manually with an electronic
caliper (A = = 0.05 mm). The results are presented as the mean of the two
years. Value of each of the quality of research in the following seasons were at
the same level. A statistical analysis of the obtained results was conducted,
including an analysis of variance using the software STATISTICA® for Win-
dows v. 10 (StatSoft Inc.). The significance of differences between means was
determined using Tukey’s test. Statistical hypotheses were tested at the
significance level of o = 0.05.

Results

Significant variation in the studied physicochemical properties of grain
under the influence of the applied fertilization levels was demonstrated
(Table 1). The test weight ranged from 65.5 to 67.5 kg hl™!. Fertilization with
the higher nitrogen dose contributed to an increased TW as well as increased
TKW. Higher TKW values were found for the Andrus variety. The studied
triticale varieties were characterized by floury endosperm structure (the mean
percentage of vitreous kernels was from 20% to 36%). Fertilization with
a higher nitrogen dose contributed to decreased grain vitreousness.

Table 1
Selected physical and chemical properties of the triticale grains (average values from the years
2010-2011)
. ™ TKW Vitreousness | T rotein PSI Ash content
Variety (kg hl'] e] [%] content (%] [%]
[%]
Andrus 80 65.9* £ 0.03 | 36.0°t 0.5 36°+ 2.1 [11.62°+0.04| 34*+0.5 2.20% + 0.02
Andrus 120 | 66.8° + 0.20 | 38.0¢ + 0.3 24°+29 |11.71*+0.25 38 +1.0 2.16° + 0.03
Milewo 80 | 65.5° +0.10 | 33.6° + 0.3 26° + 2.3 [12.70° +0.14| 35**+2.0 | 2.12°+0.02
Milewo 120 | 67.5°+ 0.40 | 35.0° + 0.7 20+ 29 [12.23°+0.20| 37>+ 1.0 |2.05%+ 0.02
Fertilization

80 65.7°+0.20 | 34.8°+ 1.3 31°+6.1 |[12.16°+0.59| 84.5° + 1.0 | 2.16° + 0.04
120 67.1°+0.40 | 36.5°+ 1.6 22¢+3.5 [11.97°+0.35| 37.5° £ 1.0 | 2.10° £ 0.05

Explanations: data are average values + standard deviation, a, b, ¢, d — differences of values in
columns (for the given variety) marked with the same letters are insignificant at « = 0.05
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The particle size index (PSI) ranged from 34% to 38%. Increasing the nitrogen
fertilization of the studied triticale varieties contributed to increases in the PSI
index. Triticale grains obtained from plots fertilized with nitrogen in the
amount of 80 kg N ha™! were classified as very soft grains and from the plot
fertilized with a dose of 120 kg N ha were classified as extra soft grains.
The mean ash content in grain ranged from 2.05% to 2.2%. Increased nitrogen
fertilization caused decreased ash content in grain.

Results of the evaluation of triticale grain geometrical properties are
shown in Table 2. Triticale fertilization with the higher nitrogen dose
contributed to increased grain length and decreased width but did not
affected the grain thickness and geometric mean diameter. Flour extracts
obtained from grain milling ranged from 59.3 (Andrus variety) to 63.7%
(Milewo variety) — Table 3. No significant effect of nitrogen fertilization on
this property was found. No significant effect of nitrogen fertilization on the
ash content in flours obtained from milling was demonstrated either. The
different nitrogen fertilization had no effect on the ash content of the flour.
This variety was also distinguished by higher milling efficiency factor K, with
the highest value of the K factor (112) recorded for fertilization with the
higher nitrogen dose. The amount of energy consumed for triticale grain
grinding depended on the level of applied nitrogen fertilization. The higher
nitrogen dose caused a decrease in energy spent during grain milling,
favorable in terms of milling into flour. The grain grinding index K,
corresponding to the energy necessary to obtain the appropriate quantity of
flour, similar to the energy consumed for grain grinding, depended on the
applied nitrogen fertilization. The dose of 120 kg N ha™ contributed to
decreased K, and energy used for grain grinding.

Table 2
Geometrical properties of the triticale grains (average values from the years 2010-2011)

, Length Width Thickness Geometric mean
Variety [mm] [mm] [mm] diameter (d,)
[mm]

Andrus 80 8.28% + 0.51 3.26% £ 0.25 3.18% £ 0.19 441+ 0.24

Andrus 120 8.23%% + 0.37 3.08* +0.29 3.08% + 0.23 4.27* + 0.23

Milewo 80 8.09% + 0.39 3.16* + 0.29 3.06° + 0.27 4.27* £ 0.29

Milewo 120 8.51° + 0.56 3.14° + 0.28 3.14* + 0.19 4.37* £ 0.25
Fertilization

80 8.18% £ 0.46 3.21° £ 0.27 3.12% £ 0.24 4.34° + 0.27

120 8.37° + 0.49 3.11¢ +£ 0.28 3.11¢ £ 0.21 4.32* +0.24

Explanations as in Table 1
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Table 3
Assessment of the milling value of triticale grain (average values from the years 2010-2011)
. . Average
Ash content Milling Specific Grinding | particle size
Variety ~ |Flour extract| = ‘p ' - efficiency grinding index (K,) | of milling
[%] (%] factor (K) | energy (f“r) [kJ kg flour]| product (d,)
[-] [kdJ kg™] [um]
Andrus 80 59.3°+ 1.5 | 0.60°+0.05 | 99°+6.7 |41.44°+292|68.32°+6.19| 266%° + 37
Andrus 120 | 60.9°+ 0.9 | 0.62° £0.04 | 98*+4.8 [33.80°+1.78|54.91* + 3.29| 396°+ 7
Milewo 80 63.4°+ 3.1 | 0.58*+0.02 | 109*® + 7.0 |36.52° + 1.55|57.76° + 2.97| 219 + 10
Milewo 120 | 63.7+ 1.7 | 0.57+0.03 | 112° +2.8 |33.08% + 4.84(51.32* + 7.28| 310° + 26
Fertilization
80 61.3°+ 3.1 | 0.59°+0.03 | 104°+ 8.3 | 38.98° + 3.4 {63.04° + 7.21| 242°+ 35
120 62.3°+1.9 | 059°+0.04 | 105+ 7.5 |33.44°+ 3.4 |53.11* +5.57| 352° + 50

Explanations as in Table 1

An important parameter of the milling value is the granulometric composi-
tion of the milling product. The analysis of particle size distribution indicates
that the nitrogen fertilization level clearly diversified the milling products with
regard to the content of individual size fractions. The granulometric composi-
tion of the milling product of each of the studied cereal was characterized
by a very wide particle size range, from 0.5 ym to 2000 um (Figure 1).
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Fig. 1. Granulometric composition of middlings obtained from triticale grains (average values from
the years 2010-2011)

The percentage of the fraction under 30 um was comparable in all of the
studied materials, although differences were found in thicker fractions.
The percentage of the 200 um fraction diminished noticeably with increased
nitrogen fertilization in both studied varieties (from 3.6% to 2.1% for a change
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in the fertilization level from 80 to 120 kg N ha™ for the Andrus variety).
A similar change in the content of the 200 um fraction occurred in the milling
product of the Milewo variety. An analogous increase in the fertilization level
caused a decrease in the percentage of the 200 um fraction from 4.6% to 3.5%.
The opposite tendency found in the content of the largest size fraction.
Increasing the fertilization level from 80 kg N ha™* to 120 kg N ha™! caused an
increase in its percentage from 3.5% to 4.2% (Andrus) and from an almost zero
to 2.7%.

Flour extract was inversely correlated with the ash content in grain
(r = -0.677) and the ash content in flour increased with a rising ash content in
grain (r = 0.769) (Table 4). The amount of energy consumed for grain milling
increased with rising grain vitreousness (r = 0.785) and diminished with
increasing test weight (r = -0.649) and the value of the PSI index (» = -0.676).

Table 4
Significant value of linear correlation for physicochemical properties of grain and characteristic
milling properties

e . Average
Ash content Mll.l ng SPeCI,ﬁC Grinding | particle size
Trait Flour extract| i1 flour efficiency grinding index of milling
factor energy
product
™ - - - -0.649 -0.624 0.587
TKW - - -0.593 - - 0.783
Ash content | g g77 0.769 ~0.672 0.612 0.646 -
in grain
Vitreousness - - - 0.785 0.815 -
PSI - - - -0.676 -0.624 0.694
Discussion

Variation of triticale nitrogen fertilization affects most of the studied
qualitative grain characteristics. TKW indicating the endosperm size and its
filling increased along with the increased nitrogen fertilization dose. According
to SLAUGHTER et al. (1992), the higher the wheat TKW, the higher the flour
extract is obtained. No such relationship for the studied triticale grain was
found in own research, but it was found that higher TKW values were
accompanied by a higher mean particle size in the milling product (r = 0.783).
Differences in the mean particle size of the milled material may result from
differences in the mechanical properties of small and large caryopses.

Fertilization with the higher nitrogen dose contributed to increased test
weight. A positive correlation was found between TW and the mean ground
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grain particle size (r = 0.587). This relationship may be caused by a higher
percentage of endosperm in grain (relative to bran) for grains with higher test
weight (DzIKI and LASKOWSKI 2005).

The effect of milling largely depends on grain hardness. Increasing the
nitrogen fertilization of the studied triticale varieties contributed to increases
in the PSI index (i.e. it decreased grain hardness). Hard kernels require higher
energy during grinding than soft kernels (KILBORN et al. 1982, DZIKI and
LAaskowsKI 2005, DzIKl and PRZYPEK-OCHAB 2009). This relationship was also
confirmed in own study. It was also found that grain with higher hardness was
characterized by higher vitreousness. Positive correlations between wheat
grain vitreousness and hardness and the energy consumption of the grinding
process was confirmed by CACAK-PIETRZAK et al. (2009). Vitreous kernels are
more resistant and require more energy input for grinding. The reason is the
internal grain structure, because in a vitreous kernel starch grains are deeply
embedded in the protein matrix as opposed to the structure of a floury grain,
which is marked by loose endosperm structure (starch grains are set apart
from each other).

The obtained amounts of ash in the grain of the studied triticale consider-
ably exceeded the ash contents in triticale grain in the studies by SOBCZYK et al.
(2009) and WARECHOWSKA and DOMSKA (2006). The high ash content in
triticale grain is an unfavorable property with regard to the use of this cereal
for flour. High ash content in triticale compared to wheat is due to grain
morphology (PENA 2004). According to SOBCZYK et al. (2009), the most
favorable ash level in grain for the milling value of triticale is ensured by a dose
of 36 kg N ha! or 98 kg N ha. A dose of 120 kg N ha™ proved more favorable
in own study.

Research conducted by CEGLINSKA et al. (2005) and SOBCZYK et al. (2009)
indicates that flour extract obtained from milling triticale grain varies widely.
In the current study, the extraction rate for flour acquired from milling
triticale grain was relatively low and ranged from 59.3 to 63.7% (from 15%
tempering moisture). Similar results in triticale for tempering moisture at 15%
were obtained by DENNETT and TRETHOWAN (2013). Fertilization with a higher
nitrogen dose contributed to a small extent to an increase in flour extract, yet
this was not confirmed statistically. According to SOBCZYK et al. (2009), a rise
in the nitrogen dose in triticale fertilization causes increased triticale flour
extract, although according to BISKUPSKI (2000), fertilization with a higher
nitrogen dose contributes to decreased triticale flour extract.

The ash content in the obtained flour is an important index of the milling
value of grain. The ash content in triticale flours can vary widely depending
on the obtained extract (BISKUPSKI 2000, CEGLINSKA et al. 2005, SOBCZYK et
al. 2009). In the conducted study, the mean ash contents ranged from



Milling Quality of Spring Triticale... 433

0.57% to 0.62%. The varied nitrogen fertilization had no effect on the flour
ash content.

In commercial milling of grain into flour, flour production takes place
according to the classification of a particular flour type (with particular ash
content). The milling value of grain relates to the potential possibility of
obtaining the highest possible flour extract of a particular type from commer-
cial milling in an industrial mill (SITKOWSKI 2011). The milling efficiency
coefficient (K) applied to demonstrate the difference in the milling of the
studied triticale grain. The milling efficiency coefficient includes flour extract
in connection with its ash content. Nitrogen fertilization had no effect on
milling efficiency coefficient. Andrus triticale showed a worse milling value
than Milewo triticale.

Conclusions

Summing up, the different nitrogen fertilization levels influenced the
physical properties of triticale grain of significant importance during milling
such as: test weight, thousand kernel weight, vitreousness and hardness
expressed by the PSI. Increasing the fertilization dose from 80 to 120 kg N ha™!
contributed to a subsequent decrease in energy demand for grain milling and
a decrease in ash content in the grain. The use of the higher nitrogen dose
caused an increase in the mean particle size of the milling product.

Further investigation is required into the role of nitrogen fertilization of
triticale on milling quality. Milling quality of grain triticale with wider range at
nitrogen fertilization will be the subject of our next study.

Translated by JOANNA JENSEN
Accepted for print 13.12.2013
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Abstract

The study included 83823 growing-finishing pigs of the commercial production, which were
slaughtered in commercial meat factory in 2010 and 2011. The aim of the study was to assess the
impact of the year and season, in which the slaughtering took place, on the carcass and meat quality
traits. After slaughtering some traits were controlled using the ultrasound device Ultra Fom 300: the
backfat thickness and the height of musculus longissimus dorsi in two points. These four measure-
ments were used to determine the lean meat percentage and consequently the classification
of carcasses according to the EUROP system. The analysis of variance showed a statistical effect
of the year, season and interactions between them on all analysed features. It was shown that pigs
with the highest values for lean meat percentage were obtained in autumn (55.39%) and with the
lowest values were obtained in summer (55.01%) and winter (55.06%). The decline in the number
of pigs slaughtered in 2011 could result from the increased share of imported meat in the total mass
of processed pork.
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Abstrakt

Badaniami objeto 83 823 tuczniki populacji masowej dostarczane do jednego z zakladu
przetwérstwa miesnego w latach 2010-2011. Zasadniczym celem badan byta ocena wptywu roku oraz
pory roku, w ktérych odbywaly sie uboje, na cechy przydatnosSci rzeznej. Po uboju tucznikéw za
pomocg urzadzenia ultradzwiekowego Ultra Fom 300 kontrolowano: grubos¢ sloniny wraz ze skérag
i wysoko$¢ mieénia najdiuzszego grzbietu w dwoch punktach. Wymienione cztery pomiary wykorzys-
tano do okre§lenia miesnoéci, a w konsekwencji do sklasyfikowania tusz wg systemu EUROP.
W analizie wariancji wykazano statystyczny wptyw roku, pory roku i interakcji tych czynnikéw na
wszystkie analizowane cechy. Dowiedziono, ze na ogél tuczniki o najwyzszej miesnoéci byly pozys-
kiwane jesienia (55,39%), za$ najnizszej — latem (55,01%) i zima (55,06%). Zaobserwowany spadek
liczby ubijanych tucznikéw w roku 2011 mogt byé efektem wzrostu udzialu importowanych tusz
/ miesa w ogdlnej masie przetwarzanej wieprzowiny.

Introduction

Poland is one of Europe’s leading producers of pigs. Traditionally, pork is
the main source of meat for Polish households. The production and supply of
pigs in Poland are characterized by significant periodic fluctuations, which
result from the profitability that is changing cyclically. Unfortunately, the
tendency of declining the number of pigs in recent years has been noted
(KNECHT and SRODOKN 2011). By ensuring that the slaughter material supplied
to commercial meat factory is of a high quality, it is possible to change the
profitability, and therefore, reverse the downward trend in the pig population.

In Poland, the remuneration that the supplier of the slaughtering material
provided for the commercial production receives depends on the body weight of
slaughtered animals and lean meat percentage — the ratio of weighed lean meat
versus the weight of the pig carcass (LMP). It the European Union countries
the LMP is used for classifying pig carcasses (Commission Regulation -
no. 3127/1994, NISSEN et al. 2006, VESTER-CHRISTIANSEN et al. 2008). LMP is
determined based on a multiple regression equation, which includes four
explanatory variables: backfat thickness and the height of the musculus
longissimus dorsi at two points: 7 cm from the midline of the carcass at the last
ribs and 7 cm. Between LMP and the above-mentioned explanatory (indepen-
dent) variables the moderate and high dependence was found by SZYNDELER-
-NEDZA and ECKERT (2008).

The diversity of carcass and meat quality, including lean meat percentage,
depends of various factors such as body weight, sex and breed (BABICZ et al.
2008, SLADEK et al. 2004, NOWACHOWICZ 2004, SZYNDELER-NEDZA and ECKERT
2008). In previous studies, the authors (PIWCZYNSKI et al. 2010) have shown
that the size of livestock suppliers (the production scale) affects the quality of
the material. According to BABICZ et al. (2008) and MICHALSKA et al. (2006) the
carcass and meat quality may varied according to the year of slaughter.
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ANTOSIK et al. (2010) and RODRIGUEZ-SANCHEZ et al. (2009) noted that the level
of the slaughter characteristics may also vary due to time of year.

The aim of this study was to assess the impact of the year and the season on
the carcass and meat characteristics of growing-finishing pigs of both sexes,
from a commercial production, delivered to commercial meat factory in the
years 2010-2011. In addition, the aim was to examine the relationship between
the carcass weight, lean meat percentage and selected measurements of
backfat and longissimus dorsi muscle.

Materials and Methods

The animal material consisted of 83823 growing-finishing pigs of both
sexes from Kujawy and Pomorze voivodship, slaughtered in the years
2010-2011 in commercial meat factory. After slaughtering growing-finishing
pigs were classified with the use of ultrasound device Ultra Fom 300 according
to the EUROP system (S, E, U, R, O, P) (Commission Regulation
no. 1249/2008, Commission Implementing Decision... 2011/506/UE; Roz-
porzadzenie MRiRW Dz.U. nr 28, poz. 181). Previously, the thickness of
backfat (Backfat) and the height of the musculus longissimus dorsi (MLD) at
two points: 7 cm from the midline of the carcase at the last ribs (Backfat 1,
MLD 1) and 7 cm from the midline of the carcase between the third and fourth
last ribs (Backfat 2, MLD 2), were determined. These four measurements
allowed to determine the lean meat percentage (LMP) (Commission Regulation
no. 3127/1994).

By using a two-way analysis of variance, the authors evaluated the effect of
year (2010 and 2011) and season (spring — III, IV, V, summer - VI, VII, VIII,
autumn - IX, X, XI, winter — XI, I, IT) on: carcass weight, lean meat percentage,
backfat thickness and longissimus dorsi muscle. The significance of differences
between compared groups (year and season), was analyzed by means of Scheffe
test (SAS Institute, 2011). The % test of independence, that was used subsequent-
ly, allowed to determine the type of relationship between the year and season,
during which slaughtering were carried out, and the results of EUROP classifica-
tion. Moreover, the Pearson correlation coefficient between carcass weight,
backfat thickness, height of MLLD and LMP was calculated. Statistical analyses
were performed by using the SAS statistical package (SAS Institute Inc. 2011).

Results and Discussion

Out of 83823 growing-finishing pigs, 43099 were slaughtered in 2010, and
40724 in the following year. Presumably, the decreasing number of slaugh-
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tered animals results from the decreased production profitability. The number
of slaughtered animals per month, depending on the year of slaughtering,
ranged as follows: in 2010 — 2467-4795 individuals, in 2011 - 2681-3924
individuals (Figure 1). In 2010 most animals were slaughtered between
December and January, i.e. during the period of Christmas and New Year.
The least animals were slaughtered during the peak of the holiday period in
July and August. A similar trend was not observed in the following year, since
the peak of slaughter fell on August and November and the decrease on May
and June.
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Fig. 1. The number of growing-finishing pigs slaughtered in the following months of 2010 and 2011

The average carcass weight of slaughtered pigs was 86.28 kg and the
average lean meat percentage (LMP) was 55.17% (Table 1). The result of LMP
was better than the one reported by BABICZ et al. (2008) in the study conducted
in years 2005-2006, on 530 thousand growing-finishing pigs from the region of
Lublin Voivodeship, since their result was 50.86-51.45%. The present result
was also better than the one noted by KNECHT and SRODON (2011) for the
domestic population of pigs slaughtered in 2010 (54.8%). Moreover, similar or
higher LMP values than those obtained in the present studies were obtained
by ANTOSIK et al. (2010) — 57.96% and SIECZKOWSKA et al. (2009) — 57.46%.
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However, it should be noted that those studies were carried out on the
considerably smaller number of animals, and were additionally racially di-
verse.

Table 1
Descriptive characteristics of the studied traits
Carcass
weight | MLD 1 | MLD 2 |Backfat 1|Backfat 2| LMP
kgl [mm] [mm] [mm] [mm] [%]

Mean 86.28 57.34 54.96 15.06 17.10 55.17
Standard deviation 10.93 6.17 6.91 4.45 5.09 3.75
Coefficient of variation [%] 12.66 10.75 12.57 29.54 29.77 6.80
Lower quartile 78.60 53.10 50.10 11.80 13.40 53.00
Median 85.90 57.60 55.20 14.40 16.50 55.60
Upper quartile 93.40 61.80 60.00 17.60 20.00 57.80

Explantions: MLD 1 - height of musculus longissimus dorsi 1; MLD 2 - height of musculus
longissimus dorsi 2; Backfat 1 — backfat thickness 1; Backfat 2 — backfat thickness; LMP — lean meat
percentage.

The analysis of the designated quartiles indicates that, in terms of weight,
25% of the carcases did not exceed 78.6 kg, following 25% was in the range from
78.6 to 85.9 kg, and further 25% was in the range from 85.9 to 93.4 kg
(Table 1). The remaining 25% of the carcasses was characterized by a weight
higher than 93.4 kg. It was noted that the highest variability among the
analyzed features characterized the backfat thickness — the coefficient of
variation, depending on the point of measurement, ranged from 29.54% to
29.77%. The variability of carcass weight and the MLD height did not exceed
13%. The greatest equalization was observed in case of LMP index, 6.8%.

The analysis of variance showed a highly significant (P < 0.0001) effect of
year, season (Table 2) and interaction (Figure 2) of both factors on all
examined traits. It should be emphasized that the differences between the year
2010 and 2011, in all examined traits, were considered highly significant also
according to the Scheffe test. The analysis of the calculated arithmetic means
shows that in 2011, in comparison to 2010, slaughtered growing-finishing pigs
had a lower carcass weight, height of MLD and backfat thickness. The lean
meat percentage (LMP) of animals slaughtered in 2011 was 55.32% and was by
0.3 percentage units higher than those slaughtered in 2010.
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Table 2
Influence of the year and slaughter season on analysed traits
Tra Statisti Year Season of the year

rait tatistic 2010 2011 spring | summer | autumn | winter

3 87.16 85.32 87.12 84.53 85.43 87.58

Carcass weight [kg] A A A AB ABC ABC
CvV 12.34 13.03 12.29 13.13 12.77 12.49

3 57.64 57.02 57.64 56.17 57.5 57.83

MLD 1 [mm] A A Aa AB Bb Bab

cv 10.36 11.14 10.48 11.07 10.9 10.43
55.5 54.39 55.39 54.02 54.75 55.49

X

MLD 2 [mm)] A A A AB ABC BC
Cv 12.23 12.86 12.7 12.74 12.52 12.19
P 15.35 14.76 15.11 14.69 14.68 15.66
Backfat 1 [mm] A A A AB AC ABC
Cv 28.96 30.06 29.99 30.41 28.77 28.69
P 17.44 16.74 17.07 16.88 16.62 17.73
Backfat 2 [mm] A A A AB ABC ABC
CvV 29.3 30.15 30.17 30.64 29.38 28.7
P 55.02 55.32 55.2 55.01 55.39 55.06
LMP [%] A A A AB ABC AC
Cv 7 6.69 6.94 6.95 6.45 7.04

Explanations: AA (aa) — averages marked with the same capital (small) letters, vary at P < 0.01
(P < 0.05); CV - coefficient of variation, MLD 1 - height of musculus longissimus dorsi 1;
MLD 2 - height of musculus longissimus dorsi 2; Backfat 1 — backfat thickness 1; Backfat 2 — backfat
thickness; LMP - lean meat percentage

BABICZ et al. (2008) indicate that year of the slaughter may differentiate the
slaughter material. The difference between LMP of pigs slaughtered in two
years i.e. 2005 and 2006, was 0.59 percentage units (P < 0.01). Moreover, the
carcass weight increased by 0.4 kg (P < 0.05). According to MICHALSKA et al.
(2006), changes in carcass and meat quality observed over time may be caused
by the successful breeding program. In Poland the effects of genetic improve-
ment in gilts herds, having a direct mass population, are presented in the
annual reports of the Polish Pig Breeders and Producers Association ,,POL-
SUS” (2012).

By analyzing the impact of the seasons on the investigated traits, it was
found that growing-finishing pigs slaughtered during winter and spring had
the highest carcass weight, height of MLD and backfat thickness, which was
found to be highly significant (Table 2). In turn, growing-finishing pigs that
had been slaughtered in summer had the lowest carcass weight and MLD
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height. The animals slaughtered in autumn had the thinnest backfat.
The carcass lean meat percentage (LMP), depending on the time of year ranged
in a narrow interval, from 55.01% to 55.39%. The highest value of these traits
characterized the carcasses of pigs slaughtered in autumn, while the lowest
characterized the carcasses of pigs slaughtered in spring.

In the present studies, the results of the impact of the seasons on the value
of the carcass and meat quality are in accordance with the study of ANTOSIK et
al. (2010), which was conducted on 2500 growing-finishing pigs of the commer-
cial production. Pigs slaughtered during autumn were characterized by the
highest meat content, the greatest height of MLD and the lowest backfat
thickness at the S1 point.

The distribution of carcass classes, depending on the year and season, is
presented in the Table 3. The chi-square test showed a highly significant
relationships (P < 0.01) between the year, season of year and carcass classifica-
tion according to EUROP system. The impact of both factors, i.e. year and
season, on lean meat percentage, which is the basis for the classification of
carcasses according to the EUROP system, was previously demonstrated by
means of analysis of variance (Table 2). The results presented in the table
confirmed a better LMP of animals slaughtered in 2011, compared to those
slaughtered in 2010 — a greater share of carcasses was classified as a class S and
E. At the same time, the distributions showed that, generally, the greatest
number of carcasses was classified to the S and E class during autumn and

Table 3
The distribution of lean meat percentage classes in respect of the year of research and season
Lean meat percentage class

Factor Level ~ S E U R 0 = Total
2010 | N | 3438 | 20216 | 15245 | 3592 | 573 35

Year % | 798 | 4691 | 3537 | 833 | 1.33 | 0.08 | 43099
9011 N | 3338 | 20618 | 13364 | 2917 | 436 51

% 82 | 5063 | 3282 | 716 | 107 | 013 | 40724
<orin N | 1950 | 10505 | 7463 | 1718 | 269 37

PrINg | ¢, | 889 | 47.88 | 3401 | 7.83 | 1.23 | 017 | 21942
cummer | N | 1227 | 8955 | 6379 | 1423 | 221 23

Season % | 673 | 49.13 | 35 781 | 121 | o013 | 18228
of theyear I | N [ 1685 | 10303 | 6947 | 1320 | 177 8

% | 82 | 506 | 3382 | 647 | 0.86 | 004 | 20539
winter | N | 1914 | 10981 [ 7820 | 2039 | 342 18

% | 828 | 4751 | 3383 | 882 | 148 | 008 | 23114
Total ~ N | 6776 | 40834 | 28609 | 6509 | 1009 | 86

% | 808 | 4871 | 3413 | 7.77 | 120 | o.10 | 83823
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spring: 58.80% and 56.77% respectively (Table 3). Among the evaluated
carcasses 90.93% were classified as class SEU, which indicated a good quality
of carcass and meat.

SLADEK et al. (2004) reported positive correlations between the slaughter
weight and the MLD height (» = 0.327) and backfat thickness (r = 0.450). The
negative relationships were observed between backfat thickness and the meat
content in carcasses (r = 0.907). Consequently, when the warm carcass weight
increased, the backfat thickness and height of MLD increased as well
(ANTOSIK and KOCWIN-PODSIADEA 2010).

All correlation coefficients, calculated during the present studies and
placed in Table 4, despite a wide range of values, were highly significant. Most
of them indicated positive relationships. The negative relations were noted
between backfat thickness in two points and measurement of MLD and LMP,
as well as between carcass weight and LMP. It was observed that carcass
weight was weakly (r = 0.083-0.179) correlated with the height of MLD and
low (point 2, » = 0.367) and moderate (point 1, r = 0.424) correlated with the
backfat thickness, and low (r = -0,250) correlated with meat content (Table 4).
The correlation coefficients indicate moderate (0.597-0.609) relationship be-
tween the height of MLD and LMP. High (-0.872) and very high values
(-0.903) of correlation coefficients were obtained for the association between
backfat thickness in two points and LMP. These results are in accordance with
those reported by SZYNDLER-NEDZA and ECKERT (2008) in terms of the
direction of the relationship between measurements of backfat thickness and
MLD (results of performance tested gilts) and LMP. In the cited studies the

Table 4
The relationship between tested traits
Traits Carcass MLD 1 MLD 2 Backfat 1 | Backfat 2

weight

MLD 1 [mm] 0.179 _ _ _ _
<.0001

MLD 2 [mm] 0.083 0.438 _ _ _
<.0001 <.0001

Backfat 1 [mm] 0.424 -0.338 -0.322 _ _
<.0001 <.0001 <.0001

Backfat 2 [mm] 0.367 -0.260 -0.440 0.829 _
<.0009 <.0001 <.0001 <.0001

LMP [%] -0.250 0.597 0.609 -0.903 -0.872
<.0001 <.0001 <.0001 <.0001 <.0001

Explanations: MLD 1 - height of musculus longissimus dorsi 1; MLD 2 - height of musculus
longissimus dorsi 2; Backfat 1 — backfat thickness 1; Backfat 2 — backfat thickness; LMP - lean meat
percentage



446 Dariusz Piwczynski et al.

discrepancies occurred in the strength of relationships. The correlation coeffi-
cients between the backfat thickness in two points and lean meat percentage
LMP ranged from —0.753 to —0.628. On the other hand, in the case of the height
of MLD, measured in point 2, the correlation coefficient was significantly lower
- 0,066-0,170.

The analysis of variance showed that the interaction between year and
season was highly significant in all analyzed traits. Therefore, arithmetic
means for each seasons, depending on the year of slaughter, were additionally
analyzed in detail (Figure 2). The analysis showed that in 2010 carcasses of the
highest weight were collected during the autumn and winter season, and the
lowest during spring and summer. The same trend continued in later years,
however, the differences in the average carcass weight in corresponding
seasons were significantly lower. The results obtained in the present studies,
as well as those obtained by other authors (SLHDEK et al. 2004, SZYNDLER-
-NEDzA and ECKERT 2008), demonstrated a statistical correlation between the
carcass weight and the ultrasound measurements and carcass lean meat
percentage. Therefore, it may be expected that in the seasons in which
slaughtered animals had the highest weight, the backfat thickness in two
points would be the greatest. It was fully confirmed in the case of the both
thickness measurement points, but only in relation to the year 2011 (Figure 2).
In 2010, the backfat thickness, measured in the point 2, was the highest during
the winter months, and the thinnest during spring.

Taking into account the height of MLD, measured at both points, it was
found that the height was the smallest in spring — both in 2010 and 2011.
However, it was not possible to clearly identify which season resulted in
achieving the maximum height of MLD, as it was additionally conditioned by
the year of slaughter. It was noted that in 2010, LMP was the highest during
the autumn period, and the lowest in winter. A year later, the previous ranking
was different, the growing-finishing pigs slaughtered during winter had the
highest meat content, and those slaughtered during summer had the lowest.

Conclusions

The present study showed a highly significant effect of the year and season
on the carcass weight and the slaughter quality of growing-finishing pigs.
Growing-finishing pigs, that were slaughtered during autumn, were found to
have the highest lean meat percentage (55,39%), while those slaughtered
during summer (55,01%) and winter (55,06%) were found to have lower LMP.
At the same time highly significant interactions indicated that the effect of
seasons on the slaughter characteristics was modified by the year of slaughter.
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The findings indicate high monthly and annual fluctuations in the number of
slaughtered animals, which most likely was caused by changing economic
situation. The statistical analysis of correlations revealed that the carcass
weight was moderately, positively correlated with the backfat thickness in two
points, and negatively correlated with the lean meat percentage of carcasses.

Translated by MAGDALENA KOLENDA
Accepted for print 27.01.2014

References

Anrosik K., KocwiN-Popsiapea M. 2010. Oddzialywanie masy tuszy na stan jakosciowy surowca
wieprzowego na przykladzie pogtowia masowego. Materialy konferencyjne LXXV Zjazd PTZ,
Olsztyn 2010, pp. 63.

Antosik K., Ko¢wiN-Popsiapea M., KUDELSKA A. 2010. Zwigzek miesnosci z cechami jakosci tuszy
tucznikow poglowia masowego ubijanych w roznych sezonach. Materialy konferencyjne LXXV
Zjazd PTZ, Olsztyn 2010, 65.

Bagicz M., Kamyk P., Stasiak A. 2008. Evaluation of carcass and meat quality of growing-finishing
pigs slaughtered in the Lubelszczyzna region in 2005-2006. Ann. Univ. Mariae Curie-Sklodowska,
sect. EE, XXVI(4): 17-23.

Commission Implementing Decision of 16 August 2011 amending Decision 2005/240/EC authorizing
methods for grading pig carcasses in Poland (notified under document C(2011) 5745),
(2011/506/UE), Commission of the European Communities. ECOJ, L. 209, 43.

Commission Regulation (EC) no 3127/1994 amending regulation (EC) no. 2967/1985 laying down
detailed rules for the application of the community scale for grading pig carcasses. Commission of
the European Communities. ECOJ, L. 330, 43.

Commission Regulation (EC) no. 1249/2008 of 10 December 2008 laying down detailed rules on the
implementation of the Community scales for the classification of beef, pig and sheep carcases and
the reporting of prices thereof. Commission of the European Communities. ECOJ, L. 337, 3.

Knecut D., SropON S. 2011. Rynek trzody chlewnej w latach 2001-2010. Prz. Hod., 7: 8-11.

MicHALSKA G., NowacHowicz J., BUCEK T., CHOINACKI Z. 2006. Changes in the range performance test
results of hampshire gilts in 1995-2004. Ann. Anim. Sci., suppl. 2(1): 27-30.

NissenN P.M., Busk H., Oksama M., SEYNAEVE M., GISPERT M., WALSTRA P., Hansson 1., OLsEN E. 2006.
The estimated accuracy of the EU reference dissection method for pig carcass classification. Meat
Sci., 73: 22-28.

NowacHowicz J. 2004. Ocena przyzyciowa i poubojowa réznych grup genetycznych swin ras czystych
i mieszancow. Zesz. Nauk. UTP w Bydgoszczy, Rozpr. 111.

PrwczyNski D., WocHNA P., RINGEL T. 2010. Miesnosé tucznikéw w zaleznosct od wielkosci miesiecznych
dostaw. Pr. Kom. Nauk Rol. Biol., BTN B(68): 91-96.

RoDRIGUEZ-SANCHEZ J.A., RIPOLL G., CALVO A., ARINO L., LATORRE ML.A. 2009. The effect of seasonality of
the growing-finishing period on carcass, meat and fat characteristics of heavy barrows and gilts.
Meat Sci., 83: 571-576.

Rozporzadzenie Ministra Rolnictwa i Rozwoju Wsi z dnia 4 lutego 2009 r. w sprawie szczegbélowych
warunkéw ustalania klasy jako$ci tusz wieprzowych. Dz.U. nr 28, poz. 181.

SAS Institute Inc. 2011. SAS/STAT® 9.3 User’s Guide. Cary, NC: SAS Institute Inc.

Sieczrowska H., Ko¢wiN-Popsiapra, Krzecio E., ANTosik K., ZyBERT A., Wroszek E. 2009. Miesnosé
i jakosé miesa mieszancow (landrace x yorkshire) x duroc oraz (landrace x yorkshire) x hampshire.
Rocz. Nauk. PTZ, 5(4): 209-218.

SLADEK L., CECHOWA M., MIKULE V. 2004. Zaleznosé miedzy ubojowqg masq ciata a miesnoscig tuszy
1 jakosciq migsa swin mieszancow. Pr. Mat. Zoot., zesz. spec., 15: 266-267.



448 Dariusz Piwczynski et al.

SzyNDLER-NEDZA M., ECKERT R. 2008. Zaleznosc pomiedzy przyzyciowymi pomiarami grubosci stoniny
i miesnia longissimus dorsi a ottuszczeniem i umiesnieniem tuszy oraz szynki i poledwicy knuréw
i loszek. Rocz. Nauk. PTZ, 4(3): 103-114.

VESTER-CHRISTENSEN M., SerEN G.H.E., Hansen MLF., OLsEN E.V., Lars L.B., CHRISTENSEN, HviiD M.,
Ersor. B.K., LarseNn R. 2008. Virtual dissection of pig carcasses. Meat Sci.,
doi:10.1016/j.meatsci.2008.11.015.

Wyniki oceny trzody chlewnej w 2011 roku. 2012. Polish Pig Breeders and Producers Association
,POLSUS”, Warszawa.



POLISH JOURNAL OF NATURAL SCIENCES
Abbrev.: Pol. J. Natur. Sc., Vol 28(4): 449-462, Y. 2013

EFFECT OF INDUSTRIAL CONDITIONS OF HEAT
TREATMENT OF RAPE, MUSTARD, FLAX
AND CAMELINA SEEDS ON THE QUALITY OF OILS
INTENDED FOR BIODIESEL PRODUCTION*

Malgorzata Tanska', Daniela Rotkiewicz?,
Marta Ambrosewicz-Walacik?

! Department of Plant Raw Materials Processing and Chemistry
2 Department of Mechatronics and IT Education
University of Warmia and Mazury in Olsztyn

Key words: rapeseed, mustard, flax, camelina, pressing, oils, quality.

Abstract

The aim of the study was to determine the effect of industrial conditions of heating rape,
mustard, flax and camelina seeds on the pressing efficiency and quality of oil intended for biodiesel
production. The research was conducted on rape, mustard, fibre flax and camelina seeds. Oils were
pressed from seeds heated at 60, 70 and 80°C using the Kocibérz Biorefinery production line
equipment. The quality of oils was assessed on the basis of the value of indicators affecting the course
and the efficiency of transesterification and the stability of esters, i.e. the content of water and
volatile compounds, the content of chlorophyll pigments and carotenoids, the content of phosphorus,
degree of hydrolysis and oxidation and the composition of fatty acids.

It was found that the temperature of seed treatment positively affected pressing efficiency, but it
had a negative effect on the quality of oils. The quality of oils deteriorated with an increase in
temperature, which was indicated by a higher rate of hydrolysis and oxidation and an increased
content of chlorophyll pigments and phosphorus. On the other hand, heat treatment temperature did
not bring about any significant changes in the composition of fatty acids. In the case of rape and
mustard seeds, the optimum pressing temperature on the production line in the Kocibérz Biorefinery
for good pressing efficiency and oil quality was 70°C. For flax and camelina seeds, it was established
that heat treatment of seeds under industrial conditions should be carried out at 60°C.
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WPLYW PRZEMYSELOWYCH WARUNKOW OGRZEWANIA NASION RZEPAKU,
GORCZYCY, LNU I LNIANKI NA JAKOSC OLEJOW
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Abstrakt

Celem pracy bylo okres§lenie wptywu przemyslowych warunkéw ogrzewania nasion rzepaku,
gorczycy, Inu i Inianki na wydajno$§é ttoczenia i jako$¢ olejow przeznaczonych do produkeji biodiesla.
Badania wykonano na nasionach rzepaku, gorczycy, Inu widknistego i Inianki. Oleje tloczono z nasion
ogrzewanych w temperaturach 60, 70 i 80°C w urzadzeniach linii technologicznej Agrorafinerii
Kociborz (UWM Olsztyn). Jakoéé olejéw oceniono na podstawie wartosci wyréznikéw, ktore maja
wplyw na przebieg i wydajno$¢ przeestryfikowania oraz stabilno$é estrow, tj. zawartosci wody
izwigzkéw lotnych, zawartosci barwnikow chlorofilowych i karotenoidéw, zawartosSci fosforu, stopnia
hydrolizy i stopnia utlenienia oraz skltadu kwasow tluszczowych.

Wykazano, iz temperatury ogrzewania nasion mialy korzystny wplyw na wydajnoéé tloczenia,
natomiast negatywny na cechy olejow. Wraz ze wzrostem temperatury nastgpowalo pogorszenie
jakoéci olejow, na co wskazal podwyzszony stopien hydrolizy i utlenienia oraz zwiekszona zawarto$c
barwnikéw chlorofilowych i fosforu. Temperatura ogrzewania nie spowodowala natomiast istotnych
zmian w skladzie kwasow tluszczowych. W przypadku nasion rzepaku i gorczycy za optymalnag
temperature tloczenia na linii technologicznej w Agrorafinerii Kocibérz, z uwagi na dobra wydajnosc
tloczenia i réwnoczeénie dobra jako§¢ oleju, uznano 70°C. Z kolei w przypadku nasion Inu i Inianki
stwierdzono, iz ogrzewanie nasion w warunkach przemyslowych powinno by¢ prowadzone w tem-
peraturze 60°C.

Introduction

Biocomponents and liquid biofuels, as an alternative for traditional fuels,
have started to play an increasingly more important role in the energy policy of
the European Union. The growing demand of the economy for fuels and
energy, in view of the diminishing resources of fossil fuels has prompted
interest in the use of biocomponents, liquid fuels and other renewable fuels.
The need for such activities in our country results from legal acts adopted by
the European Union and which are also applicable in Poland. They include, e.g.
the Green Paper (2000), European Union directives (Directive... 2001, 2003a,b)
and the Kyoto protocol (1997).

The main oil production raw material cultivated in Polish conditions is
rapeseed, used both for food and for fuel purposes. The factors determining its
usefulness for the production of methyl esters of higher fatty acids include its
cultivar, seed yield and the fat content in seeds (HEIMANN 2002, KACHEL-
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-JAKUBOWSKA and SZPRYNGIEL 2009). Seeds used in processing, both for food
and for energy purposes, should originate from cultivars of double low
rapeseed, characterised by a minimum oil content of 40%, a minimum percen-
tage of oleic acid of 56%, acid value for oil < 3.0 mg KOH - g}, erucic acid
percentage < 1.0% and the content of alkenyl glucosinolates < 25 umol - g!
defatted dry matter (Rosliny przemystowe oleiste... PN-90/R-66151).

Own research concerning the composition of fatty acids of seeds of various
rape cultivars has demonstrated that winter, open pollinated and hybrid
cultivars of rapeseeds, characterised by high oil content (> 40%) and optimum
composition of fatty acids (= 56% oleic acid < 12% linolenic acid) were the best
raw material for biodiesel production (AMBROSEWICZ et al. 2012).

Because of the growing demand for seeds and rapeseed oil both for fuel
purposes and, to a lesser extent, for consumption purposes, it is increasingly
more difficult, year-by-year, to provide the required amount of these raw
materials. As results from the report presented in Rynek Rzepaku - stan
i perspektywy (2012), the demand for rapeseed oil intended for food purposes will
grow very slowly, due to the high variety of vegetable oils in the market. On the
other hand, it was found that an obligation to increase the share of biocompo-
nents in liquid fuels imposed on the fuel sector (National Index Target in 2013
— 7.10%) has contributed to the growing demand for this raw material. It was
estimated, for instance, that as much as two million tonnes of rape seeds should
be provided for production of esters carried out exclusively on the base of
rapeseed oil only. Consequently, the use of other oil raw materials grown in
Poland (e.g. flax, camelina and mustard seeds) is considered necessary.

Oils from seeds are extruded by pressing and/or extraction. Oil intended for
biodiesel production is extruded by pressing, the efficiency of which depends
highly on the method of seed conditioning (heat treatment) (RADZIEMSKA et al.
2009). Seed heating results in decomposition of all cell structures, thus releasing
both reserve and structural fat (TANSKA and ROTKIEWICZ 2003). The results of
own research (TANSKA et al. 2013a,b) showed that good pressing efficiency and
a relatively good quality of oil was obtained when seeds were heated at 60°C and
80°C. A similar range of temperatures is used in domestic agricultural biorefine-
ries. These conclusions provide a basis conducting further research under
industrial conditions of Kocib6rz Biorefinery (UWM in Olsztyn).

Material and Methods

The research material included seeds of winter oilseed rape, white mustard,
flax and camelina and oils pressed from those seeds. Samples of seeds
harvested in 2011 were obtained from the Plant Production and Experimental
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Station in Balcyny. Samples were characterized in terms of moisture content
(Oznaczenie zawartosci wody... PN-62/R-66163), fat content (Nasiona oleiste...
PN-EN ISO 659:2009) and content of impurities (Rosliny przemystowe oleiste...
PN-91/R66160) — Table 1.

Table 1
Characterization of the experimental material
Discriminants Rapeseed Mustard Flax Camelina

Moisture [%] 7.20° + 0.45 8.51° £ 0.68 8.20° + 0.42 7.40* + 0.21
Content of fat [% d.wt] 47.52% + 0.58 | 31.72* + 1.45 | 39.15°+ 0.98 | 36.72° + 1.23
Total content of impurities [%] 4.28° + 0.51 4.48° +0.32 | 10.92°+ 0.59 | 1.12°+0.32

— useful impurities [%] 2.99°+ 021 | 2.839°+0.12 | 2.40°+0.14 | 0.00° + 0.00

— useless impurities [%] 1.29¢ £ 0.21 1.09* + 0.01 8.520 + 0.52 1.12¢ £ 0.31
The presence of mites
[number of pieces - kg of seeds™]

- live trace trace trace trace

— dead trace trace trace trace

Explanation: a, b... — mean values in lines marked with the same letter are not significantly different
(p < 0.05)

Oil pressing under industrial processing conditions in Kocib6rz Biorefinery
(UWM in Olsztyn) was preceded by heat treatment of seeds in a conditioner, at
60°C, 70°C and 80°C. Pressing was carried out in a ET 996 expeller
with a capacity of about 3500-4000 kg/24h (with conditioning) and about
1.800 kg/24h with cold pressing.

Pressing efficiency [%] was calculated as the relative relation to the oil
content in the oil cake and seeds, according to the following formula:

A-B-100
A

where:
A - fat content in seeds [%] determined by the Soxhlet method;
B - fat content in the cake [%] determined by the Soxhlet method.

The quality of oils was evaluated by assaying: the water and volatile
compounds content (Oleje i ttuszcze... PN-EN ISO 662:2001), acid value (Oleje
1 ttuszcze... PN-ISO 660:1998), peroxide value (Oleje i ttuszcze... PN-ISO
3960:2005), anisidine value (T?uszcze roslinne jadalne... PN-93/A-86926), con-
tent of chlorophyll pigments (BEUTNER i in. 2001), the content of carotenoid
pigments (FRANKE et al. 2010), phosphorus content (T?uszcze roslinne
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jadalne... PN-88/A-86930) and the fatty acids composition. The fatty acids
composition was estimated acc. PN-EN-ISO-5508:1996 (Analiza estréw...
PN-EN-IS0O-5508:1996), preparing methyl esters by the method described by
ZADERNOWSKI and SOSULSKI (1978). The separation of methyl esters were
carried out applying GC 8000 series FISONS Instrument Gas Chromatograph
equipped with a flame-ionization detector using a column type DB-225
(30 m x 0.25 mm x 0.15 um) and helium as a carrier gas. Fatty acids were
identified according to retention time determined for fatty acid standards.

Statistical Analysis

For each sample the arithmetic mean and standard deviation were deter-
mined. Obtained results of researches were statistically analyzed using the
Statictica 9.0 PL (StatSoft Poland) program. In order to indicate significance of
differences between seeds and oils analysis of variance (ANOVA) with Tukey’s
test of p < 0.05 significance level was used.

Results and Discussion

Heat treatment of seeds before pressing had an effect on the effectiveness
and quality of oils. The highest efficiency was obtained when oil was pressed
from seeds of various species heated at 80°C. For rapeseed oil, the pressing
efficiency amounted to 74%, for mustard — 57%, while flax and camelina
revealed a similar level of about 67%. The lowest and the similar pressing
efficiency, 62-64%, was obtained at 60°C for rapeseed, flax and camelina seeds.
For mustard seeds, oil pressing efficiency was only 52% (Table 2).

It was also found that the growth rate of pressing efficiency was differenti-
ated for seeds of individual species, which was closely related to the oil content
of these raw materials. Seeds with a higher fat content (rapeseed), heated at
80°C, were characterized by the highest pressing efficiency (Table 2).
An increase in the temperature from 60°C to 80°C improved the pressing
efficiency for seeds with the highest oil content (rapeseed) by 11 percentage
points and the lowest oil content (mustard) by 5 percentage points. On
the other hand, in the case of seeds of medium oil content, namely flax
and camelina, a growth in pressing temperature increased oil efficiency by only
4 and 2 percentage points, respectively (Table 2).

Oil quality was closely related to the species and parameters of seed heating
(Table 3, Table 4). The results of research demonstrated that the content of
water and volatile substances in oils pressed at various temperatures ranged
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Table 2
Efficiency of pressing and fat content in seeds and pressed pulp
Samples Efficiency of pressing [%] Fat content [%]
Rapeseed - 47.52 + 0.85
preseed pulp 60°C 63* + 0.57 17.36° + 0.82
preseed pulp 70°C 70° + 0.46 14.39° + 0.57
preseed pulp 80°C 74° + 0.54 12.42¢ + 0.76
Mustard - 31.72 + 0.66
preseed pulp 60°C 52 + 0.58 15.14° + 0.72
preseed pulp 70°C 55° + 0.00 14.20° + 0.60
preseed pulp 80°C 57%¢ + 0.65 13.73* + 0.61
Flax - 39.15 + 0.52
preseed pulp 60°C 64 + 0.85 14.21° + 0.30
preseed pulp 70°C 65° + 0.45 13.64° + 0.33
preseed pulp 80°C 68¢ + 0.32 12.66* + 0.30
Camelina - 36.72 + 0.37
preseed pulp 60°C 62 = 0.85 14.06° + 0.37
preseed pulp 70°C 62 + 0.54 14.02° + 0.23
preseed pulp 80°C 64%% + 0.57 13.11¢ + 0.25

Explanation as in Table 1

from 0.07 for a sample obtained from rapeseeds heated at 60°C to 0.25% for
a sample of flax seeds heated at 70°C. According to BUCZEK and CZEPIRSKI
(2004), as well as KOTOWSKI (2004), the threshold content of those compounds
should not exceed 0.50% (Table 3). An excessive water content in oil intended
for biodiesel production contributes to an undesired reaction of triacylglycerol
hydrolysis, resulting in the formation of significant amounts of free fatty acids,
and consequently soaps after adding an alkaline catalyst (MATHIYAZHAGAN and
GANAPATHI 2011).

It was found that the chlorophyll pigment content depended on species and
seed treatment temperature (Table 3). It was proven that oils pressed from
seeds conditioned at the highest temperature were characterized by the
highest content of chlorophyll pigments, while those heated at 60°C and 70°C
contained a comparable content of those compounds (Table 3).

Generally, it was found that oils pressed from mustard seeds were charac-
terized by the highest content of chlorophyll pigments (from 17.22 mg - kg in
the case of oil obtained from seeds heated at 60°C, to 26.12 mg - kg™* for oil of
seeds heated at 80°C). Rapeseed oil samples had a similar content of chloro-
phyll pigments, between 16.80 mg-kg' and 25.40 mg-kg'. The lowest
content of chlorophyll pigments was found in flax oil samples: from
5.16 mg - kg (sample from seeds heated at 60°C) to 11.50 mg - kg™ (sample
from seeds heated at 70°C) — Table 3.



455

Effect of Industrial Conditions...

T 9[qe], ur se uorjeuedxyy

80 F 820 ¥ oro+ 290 ¥ L90 F 8%0 + Y10+ gT0+ 610 F €60 810 + yI0+ [;-39 - Sw]
,99°9¢ qST’L 2GLY 481°92 qLC'GC 266 1T 26101 4€€C ET'T 299°G »79'€ GGy [pusquod snroydsoyq
[;-8Y - Suwt] syuewdid
000 ¥ 900 ¥ 80°0 ¥ 820 F 00 F 800 ¥ 100 ¥ 80°0 ¥ 100 + 000 ¥ 00 + IT°0 prousjoreo jo
2L'T8 46°'9% 2918 oL"98 w6°LT »0'8T 90T 20’6 q7'0T 28701 »9°0T ol'TT JULU0d |y,
[-8% - 8wr] syuewiSid
¢TI0+ S0+ ¥¢0 + LE0 + 000 + 000 + 000 + LO0+ 000 + 000 + cI0+ ¢l'0+ [4ydouoryd jo
a8€91 »68°0T 261°0T 08T 819 9T°G 261°98 oS8°LT 266 LT 07°G¢ qGV'61 »08°9T FUSIUOd BY T,
[%] yuajuod
€¢0 + 6c0+ 120 + Ggc0 + 020 + ¥e'0 F 000 + 020+ 150 + g1'o0+ ¢r'o+ L0°0 ¥ | spunodwoo a[iye[oA
»66°0 2660 »13°0 »08°0 98¢0 ¥¢0 ¥¢0 »61°0 4020 €10 28T°0 »L0°0 pue Jejem ayf,

D408 Do0L D:09 D.08 Do0L D.09 D408 Do0L D009 D.08 De0L D.09

Suryeay jo aunjeraduey SIUBUTWLIISI(]
rRUI[DUIR) xerq prejsny poasadey

€ °lqmL,

seanjetedure) JUaI9)JIp e Pajeay SPaes UI0J Paure}qo S[Io Jo SO1sLIajoRIey))




456 Matgorzata Tanska et al.

The content of carotenoid pigments in rapeseed and mustard oils was about
two times lower than in flax and camelina oils, and it did not show any clear
relation to the temperature of seed treatment (Table 3). On the other hand, in
the case of oils obtained from flax and camelina, it was found that the higher
the temperature of seed treatment, the higher was the content of these
pigments (Table 3). The total growth in the content of carotenoids in flax and
camelina oils, calculated on the basis of a difference between the content of
carotenoid pigments in oils pressed at 60°C and 80°C, amounted to 7.7 mg - kg!
for flax, and 10.1 mg - kg for camelina.

Pigments of vegetable oils, including carotenoid and chlorophyll pigments,
demonstrate pro-oxidant or antioxidant activity (ROTKIEWICZ et al. 2002,
STROBEL et al. 2005). BEUTNER et al. (2001) found that the activity of
carotenoids consisted in deactivation, i.e. chemical and physical “quenching”
of singlet oxygen. It is also claimed that carotenoids can delay the process of
lipid autoxidation, among others, by scavenging free radicals. In turn, chloro-
phyll pigments (chlorophyll a and b and their derivatives) are pro-oxidative
compounds, which in the presence of light initiate reactions consisting in the
generation of highly reactive singlet oxygen from triplet oxygen, strengthening
autoxidation of lipids (RAWLS and VAN SANTEN 1970, MINKOWSKI 2008).

The phosphorus content in oil, like the pigment content, depended both on
the species and the temperature of seed treatment (Table 3). Generally, it was
found that flax and camelina were characterised by a significantly higher
content of phosphorus than rapeseed and mustard oils. Generally, a significant
growth in the phosphorus content was observed in oils pressed from seeds
heated in increasing temperatures. Although the growth in the phosphorus
content in flax, camelina and mustard oils was of a linear nature, for rapeseed
oils a significantly higher content of this compound was found in a sample
obtained from seeds heated only at 80°C. Rapeseed oils heated at 60°C and 70°C
revealed comparable phosphorus content. The highest content of phosphorus
in oils obtained in the research, amounting to 25.55-26.18 mg - kg! (sample of
camelina and flax oil from seeds heated at 80°C) does not exceed the interna-
tionally recognised threshold value of 50 mg - kg™ for oil intended for biodiesel
production (WALISIEWICZ-NIEDBALSKA 2004).

Phosphorus compounds in oils include mainly phospholipids which impede
the transesterification process. It is believed that their presence reduces the
activity of catalysts, inhibits the rate of reaction and makes it difficult to
separate the ester phase from the glycerine (PODKOWKA 2004, VAN GERPEN
2005).

The degree of oil hydrolysis (determined by acid value) depended
on the species and the seed heating temperature. Oils obtained from flax seeds
were characterised by the highest and significantly varied acid values
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(11.45-14.49 mg KOH - g). Oils produced from rapeseed and mustard seeds
were characterised by the lowest, comparable values (1.79-2.13 mg KOH - g1)
(Table 4). An increase in the temperature of seed treatment before pressing
affected the growth of the acid value for all oils, although this value was
significant only in the case of flax and camelina oils. Differences in the acid
value of oils obtained from seeds heated at extreme temperatures (60-80°C)
amounted to only 0.21 mg KOH - g! and 0.25 mg KOH - g! for rapeseed and
mustard oil and 3.04 mg KOH - g ! and 3.15 mg KOH - g! for flax and camelina
(Table 4).

The acid value of oils intended for transesterification with the use of
alkaline catalyst should not be too high. Literature sources provide different
values; from < 1 mg KOH - g?! (WALISIEWICZ-NIEDBALSKA 2004) to 6 mg
KOH - g! (BuczEK and CZEPIRSKI 2004, KOTOWSKI 2004, RAMADHAS et al. 2005,
RADZIEMSKA et al. 2009). In the case of transesterification with the use of acid
catalyst, higher values of this indicator are acceptable < 10 mg KOH - g!
(Buczek and CZEPIRSKI 2004).

An increased content of free fatty acids in oils intended for basic transes-
terification is undesirable since this contributes to a saponification reaction,
and consequently, an increase in viscosity, gel and foam formation, which
hinders the course of the process, as well as the separation of phases (MA and
HANNA 1999, ZHANG et al. 2003, MATHIYAZHAGAN and GANAPATHI 2011).
As WALISIEWICZ-NIEDBALSKA et al. (2005) also reported, the saponification
reaction of FFA involves the release of reaction water, which hydrolyses fat
and creates another portion of free fatty acids. During acid catalysis, on the
other hand, FFA reacts with alcohol, forming esters and also, unfortunately,
water, which impedes the transesterification of glycerides (CANAKCI 2007).

The peroxide value, determining the content of primary oxidation products,
ranged from 0.46 mEq O, - kg (flax oil obtained from seeds heated at 60°C) to
1.38 mEq O, - kg™! (flax oil obtained from seeds heated at 80°C) (Table 4). Seed
treatment resulted in a significant, although small, growth in the content of
peroxides in oils from all species (Table 4).

The content of secondary oxidation products, as determined by the an-
isidine value, did not reveal any clear relation, either to a species of seeds or the
temperature of seed treatment. Generally, the values of this determinant were
low and did not exceed the following levels: for rapeseed oil obtained from
seeds heated at 80°C - 0.85, for mustard oil from seeds heated at 60°C — 2.67,
for flax oil from seeds heated at 70°C - 2.57 and for camelina oil from seeds
obtained at 60°C — 1.31 (Table 4).

The low peroxide and anisidine values observed in the study indicate a low
level of oil oxidation, which indicates the good quality of seeds. Although those
factors are not mentioned in the quality assessment of oils intended for
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biodiesel production, they are still important indicators of the degree of
oxidative changes affecting durability.

The composition of fatty acids in all samples under examination was typical
for oils obtained from seeds of those species. It was found that seed treatment
at 80°C did not result in any significant changes in the share of individual fatty
acids (Table 5).

According to PN-EN 14214:2012, one of the main characteristics that
qualify oil for biodiesel production is the percentage of linolenic acid, which
should not exceed 12% (PN-EN 14214:2012). Among the examined oils, this
requirement was satisfied only by rapeseed oil (from 9.40% oil of seeds heated
at 80°C to 9.51% oil from seeds heated at 60°C).

The share of linolenic acid in mustard, flax and camelina oil exceeded the
threshold value by 2.5, 39.2 and 25.3 percentage points, respectively. These oils
should not be used as raw materials for biodiesel production on their own, but
they should be used in mixes with fats characterised by a low share of linolenic
acids, e.g. palm oil or animal fats.

Summary

The results of the research performed made it possible to claim that the
optimum temperature of heating rape and mustard seeds in the Kocibérz
Biorefinery was 80°C, and for flax and camelina it was 60°C. The oils extracted
from seeds conditioned at the above specified temperatures were characterised
by good pressing efficiency and good quality, understood as a low content of
non-triacylglycerol compounds hindering transesterification and reducing the
durability of esters.

Translated by JoANNA JENSEN
Accepted for print 26.11.2013
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Results of sedimentation tests conducted on pulp and paper wastewater were compared with the
results of macroscopic photographic analysis of silica aggregate suspensions. The peak effectiveness
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Abstrakt

Poréwnano wyniki testow sedymentacyjnych przeprowadzonych na $ciekach celulozowo-papier-
niczych z wynikami makroskopowej analizy fotograficznej agregatéw zawiesiny krzemionki.
Najwyzsza skuteczno$é separacji faz uzyskano z udzialem polimeru kationowego Z63, ktory we
wspolpracy z chlorkiem poliglinu (PAC) obnizal objetos¢ warstwy osadu éciekowego nawet do 38%
w stosunku do samego PAC. PAC zaréwno we wspoélpracy z polimerami anionowymi (P2540, M1011),
jak i1 kationowymi (Z63, Z92), powodowal skrécenie czasu sedymentacji osadu $ciekowego o polowe
w poréwnaniu z prébami z samym PAC. Agregaty utworzone w procesie flokulacji zawiesiny
krzemionki za pomocg PAC i kationowego flokulantu Z63 charakteryzuja sie wyzszym wymiarem niz
te otrzymane z flokulantem anionowym.

Introduction

There are currently a number of methods used to determine the degree of
particle aggregation (GREGORY 2009, YU et al. 2006), which enable analysing
the kinetics of aggregation and change of the size of floccules formed at
different stages of flocculation. Kinetics of the particle aggregation can be
described by either of two models. The model of perikinetic particle collisions,
associated with Brownian motion, can be applied to particles smaller than
1 um. On the other hand, orthokinetic aggregation, caused by hydrodynamic
interactions (for example while suspension is being stirred) occurs for particles
larger than 1 pm. According to GREGORY (2009), the number of particles
decreases in a linear manner in the process of orthokinetic aggregation and it
does so exponentially during the process of perikinetic flocculation. A similar
degree of aggregation can probably be achieved over a slightly longer time as
a result of orthokinetic flocculation compared to the perikinetic process. The
process of orthokinetic flocculation results in the formation of open-structure
floccules. Particle collisions according to the CCA (cluster-cluster aggregation)
mode result in the formation of floccules of different sizes. The aggregation
model proposed by MEAKIN and KOLBE (1983) assumes collisions of monodis-
persive particles, which join and form e.g. dimers which can bind with other
dimers or with individual particles. Such a process leads to the formation
of aggregates of different shapes and a wide range of sizes. The effectiveness
of particle aggregation in the process of flocculation with the use of polyelec-
trolytes depends mainly on the conditions of stirring, degree of polymer
adsorption on particles and re-conformation of the polymer chain.

The effectiveness of water and wastewater purification with inorganic
coagulants may increase as a result of the use of organic polyelectrolytes.
The most frequently used ones include acrylamide copolymers, whose chains
can change their conformation and stretching during the process of hydrolysis.
The degree of polymer hydrolysis largely depends on the polymer charge
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density and pH of the environment (BOoLTO 1995). NAPPER (1983) proposed
a model of polymer adsorption in three forms of contact with the adsorbing
surface: trains, tails and loops. There is a great diversity of opinions on the
minimum coverage of the particle surface with polymer, which is necessary for
effective flocculation to take place. The results of research conducted by DAS
and SOMASUNDARAN (2004) show that the degree of effective flocculation when
ultra-low doses of macromolecular PAA are used is three times lower than is
needed for covering them with a monolayer of the polymer.

Anionic flocculants are regarded as the most effective polymers in the
process of wastewater purification because of the presence of weakly anionic
carboxylic groups in them. The maximum carboxylation of 10% is achieved in
processes of electrochemical carboxylation of copolymers of acrylic acid (BOLTO
1995). The use of organic polyelectrolytes brings several benefits: they reduce
doses of inorganic coagulants and favour a decrease in the amount of sludge,
they also ensure a lower level of Al residue in water; and they are less
dependent on pH changes.

Using excessively large doses of polymers results in numerous problems,
such as re-dispersion of impurities, while using insufficient doses results in
ineffective coagulation, which manifests itself in a high level of suspension and
colour in purified water BOLTO (1995). The aim of the study was to compare the
sedimentation rate of sludge and the results of the macroscopic photographic
method of aggregates from the suspension (SiOg), formed by coagulation of
pulp and paper wastewater and a model silica system. Coagulation/flocculation
was conducted with the use of PAC and organic flocculants with a diverse ionic
character.

Methods

The effect was investigated of organic polymers with various ionic features
used together with PAC on the process of phase separation in the coagu-
lation/flocculation of pulp and paper wastewater. Table 1 presented the

characteristic of pulp and paper wastewater before and after coagulation by
PAC.

Table 1
Characteristic of pulp and paper wastewater before and after coagulation by PAC
Dose PAC Turbidity COD Suspended solid Colour
[mg Al dm] [mg dm™]
0.0 860 1754 680 4680
20 34 788 14 179
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A comparative analysis of the effectiveness of selected organic flocculants
(anionic P2540 and M1011 and cationic Z63 and Z92) was conducted. After the
process of coagulation/flocculation was completed, the increase in the sludge
layer over 1 hour was measured.

A macroscopic photographic method (WIERZBICKA 2000) was used in order
to measure the size of floccules formed by coagulation of the model suspension
of silica with inorganic coagulants with the addition of some organic floc-
culants. The most effective flocculants were selected: anionic P2540 and
cationic Z63. Aggregates of the appropriate sludges were measured in magnifi-
cation x36 and the actual distribution of floccule sizes was determined based
on those values. Each of the sludges are characterised by a diagram Z(%)
= f(R), Z (%) — distribution of floccule sizes, R — size of object.

Results and Discussion

The effectiveness of flocculation was expressed as the volume of sludge
formed over 60 minutes. Figure 1 and Figure 2 show the process of phase
separation caused by orthokinetic flocculation conducted with 20 mg of Al dm=
with PAC used together with cationic and anionic organic flocculants.

30
[cm?]
¢ o
25 o ©
o ° @ PAC
20 —2 || E =B mw
® « g % % % % g% B PAC + 0.5 mg dm™ Z92
15 X P l A PAC + 1 mg dm™ 792
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10 # PAC + 1.5 mg dm™ 763
5
[min]
0 - T T T T T
0 10 20 30 40 50 60

Fig. 1. Characteristics of the sludge sedimentation using PAC and cationic polymers

The diagrams show that the highest effectiveness in the phase separation
process was achieved with the cationic polyelectrolyte Z63, whose dose of 1 and
1.5 mg dm reduced the solid phase by 38% and 36% compared to PAC alone.
P 2540 was regarded as the optimum anionic flocculant, as its addition



Comparison of Sedimentation Tests of Wastewater... 467

30

[em?] . o
L
25 *
. L 2
90 . i n E = Em @ PAC
A X
’ A A X X ¥ ¥ ¥ % |mpPAC+1mgdm® MOl
15 . e A PAC + 1.5 mg dm™ M1011
" % PAC + 0.5 mg dm™> P2540
* PAC + 1.5 mg dm™ P2540
5
[min]
0m ; ; : ; ;
0 10 20 30 40 50 60

Fig. 2. Characteristics of the sludge sedimentation using PAC and anionic polymers

at 1.5 mg dm™ boosted the effect of PAC by 32%. This was the same as in
boosting the effect of PAC with 1 mg dm™ of Z92. A slightly lower effectiveness
of the flocculation process was observed when 0.5 mg dm™3 of cationic polymer
792 and anionic polymer M1011 were used. However, the result at 21-23% of
reduction in the sludge volume with these flocculants is satisfactory.
The values of 32-38% of the sludge volume reduction, achieved with cationic
flocculants Z92 and Z63 proved better than 21-32% for anionic flocculants
P2540 and M1011. Based on these data, one can claim that better separation of
floccules in paper and pulp wastewater can be achieved when cationic organic
flocculants Z92 and Z63 are used with an inorganic coagulant.

The enhancing effect of organic polyelectrolytes is additionally enhanced by
considerable reduction in the phase separation time. The sedimentation
process for cationic flocculants was completed after 30-35 minutes and for
anionic flocculants after 30-45 minutes (PAC alone 55 min). It should be
stressed that an addition of a small amount of organic flocculants improves the
characteristics of phase separation, both in the formation of the minimum
amount of sludge and in a considerable reduction of the sedimentation time.

Macromolecular polymers used in the study cause adsorption on colloidal
particles to a greater extent than those with small molecules (DAS, SOMASUN-
-DARAN 2004). The authors suggest that such high effectiveness of macro-
molecular polymers results from the size of their molecules, which ensure high
adhesion relative to the surface of adsorption. Therefore, the effectiveness of
flocculation can be controlled by adsorption of polymer. Molecules of polymer
with a high molecular weight make intermolecular bridging particularly
intensive when stable floccules overcome electrostatic interactions. This
means that the optimum dose of a macromolecular polymer is relatively
smaller than that of a polymer with small molecules (FERRETTI et al. 1997).
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The supporting effect of polymers results in an increase in the size and
density of floccules during the flocculation phase. Aggregates thus formed
improve the effectiveness of phase separation.

Using the macroscopic photographic method allows the size, shape and
structure of the aggregates to be determined. In order to optimise the
flocculation conditions, measurement of the degree of aggregation and the
properties of the aggregates is performed.

The process of flocculation with PAC and the anionic flocculant P2540
resulted in the formation of aggregates with the values of R: 0.02-0.117 mm.
Distribution of the number of particles, shown in Figure 3 and Figure 4,
provides grounds for determination of the percentage of particles of specific
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Fig. 3. Distribution of the sizes of aggregates obtained with PAC and P2540
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Fig. 4. Distribution of the sizes of aggregates obtained with PAC and Z63

sizes. The distribution of floccules presented in Figure 4 indicates that the
highest proportion of floccules had sizes of 0.025-0.035 (563.5% calculate the
average value). Floccules with the size of 0.075 and 0.095 mm accounted for
approx. 15% of all samples. Figure 4 shows that the size of aggregates formed
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with the use of the cationic flocculant ranged from 0.02 to 1.49 mm. Such
a great difference between the sizes of floccules formed with the anionic and
cationic flocculant indicates that the floccules formed with the anionic polymer
were less hydrated than those formed with the cationic polymer. Floccules with
sizes ranging from 0.02 to 0.4 mm accounted for the largest portion of the size
spectrum. The process of aggregation results in the growth of a floccule to
a specific limit size, and if it grows further it disintegrates into smaller parts.
The sedimentation rate for floccules formed with the anionic flocculant P2540
was equal to 0.12-1.53 mm s*. The value was higher for aggregates formed
with PAC and the cationic — up to approx. 2.5 mm s (WIERZBICKA 2000).

Comparison of the sedimentation tests conducted on pulp and paper
wastewater with the results of the macroscopic photographic method of
aggregates from the suspension (SiO,), reveals the mechanism of action of
flocculants of a different ionic character in environments with various chemi-
cal features. In pulp and paper wastewater with pH = 5 (the optimum pH value
for coagulation), negatively-charged particles (accounting for a majority of
impurities) are probably destabilised by polyhydroxy cations “Al;3” and
cationic flocculants, in accordance with the charge neutralisation mechanism.
This is probably the reason for the highest effectiveness of the cationic
flocculant Z63 in sedimentation tests and for the minimum volume of the
sludge formed underthose conditions. On the other hand, destabilisation of the
lattice of positive charge (SiOs), (at pH = 7-8) with “Al;3” most probably takes
place by bridging with incorporation of the Al0,°~ ion on the micelle surface. In
that case, additional support with the anionic flocculant may consist in
intensification of the bridging effect. The mechanism of flocculation differs
depending on the system pH. This means that at pH = 4.5, neutralisation of
the charge may result in the formation of floccules of high density, whereas the
density of floccules formed at pH = 7.5 is lower due to neutralisation and
intermolecular bridging.

Conclusions

1. The highest effectiveness was achieved with the use of the cationic
polymer Z63, which — when used together with PAC - reduced the volume of
the sludge by 38% (1 mg dm™) to 36% (1.5 mg dm™) as compared to PAC alone.

2. When used with anionic (P2540, M1011) and cationic (Z63, Z92) poly-
mers, PAC considerably reduced the sludge sedimentation time from 60
minutes (PAC alone) to 30-35 min.

3. Aggregates formed in the process of flocculation of silica suspension with
PAC and the cationic flocculant Z63 have higher values of R: 0.02-1.49 mm
— than those formed with the anionic flocculant P2540 — R: 0.02-0.117 mm.
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4. The sedimentation rate of the aggregates formed in the process of
flocculation with Z63 v = up to 2.5 mm s is higher than with P2540 —
0.12-1.53 mm s

Translated by Joanna MoLca
Accepted for print 30.09.2013
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Abstract

The aim of this study was to test the possibilities of rearing European grayling (Thymallus
thymallus L.) under controlled conditions to the autumn fingerlings stage. Experimental fish
originated from the farmed broodstock. Juvenile graylings were reared in plastic tanks with a bottom
area of 1 m? and a depth of 0.5 m. Dan-Pel 1656 (Dana Feed) feed was used in the experiment.
The mean body weight of an individual fish increased from 0.93 g to 14.60 g during the period
of rearing (100 days), while the mean stock biomass increased from 0.37 to 5.15 kg m=. The highest
values of the relative growth rate of an individual (RGR) and the relative biomass rate (RBR) were
4.36% and 3.85% a day, while the lowest values of this parameters were 0.74% and 0.61% a day,
respectively. The mean value of the feed conversion ratio (FCR) increased steadily during consecutive
stages of rearing, lying within the range from 0.61 to 4.11 for the initial and the last period of the
experiment, respectively. The mean cumulative mortality rate was 13.23%, with the values
in replications differing significantly (P < 0.05). The value of the length variability index (V1, ) for the
population lay within the range from 8.82% to 13.24%. The mean value of increase in total length
index (ITL) were 0.15 and 0.11 for the growth period III and IV (F = 9.886; P < 0.05). The mean value
of the protein efficiency ratio (PER) ranged from 0.39 to 2.82.
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WSTEPNE WYNIKI PODCHOWU LIPIENIA EUROPEJSKIEGO
(THYMALLUS THYMALLUS L.) DO STADIUM NARYBKU JESIENNEGO
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Abstrakt

Celem do$wiadczenia bylo sprawdzenie mozliwosci podchowu w warunkach kontrolowanych
lipienia europejskiego (Thymallus thymallus L.) do stadium narybku jesiennego. Narybek pochodzit
od tarlakow ze stada hodowlanego. Ryby podchowywano w plastikowych basenach o powierzchni dna
1 m? i glebokoéci zalewu ok. 0,5 m. W doéwiadczeniu uzyto paszy Dan-Pel 1656 (Dana Feed).
W okresie trwania podchowu (100 dni) Srednia masa osobnika wzroslia z 0,93 g do 14,60 g, nastapit
réwniez wzrost $redniej biomasy obsady z 0,37 do 5,15 kg m™. Najwyzsze wartosci relatywnego tempa
przyrostow masy osobnika (RGR) oraz relatywnego tempa przyrostow biomasy (RBR) wyniosty
odpowiednio 4,36 i 3,85% na dobe, natomiast najnizsze warto§ci — odpowiednio 0,74% i 0,61% na dobe.
Srednia wartoéé wspolczynnika pokarmowego (FCR) stale wzrastata w kolejnych etapach podchowu,
wynoszac od 0,61 do 4,11 odpowiednio w pierwszym i ostatnim okresie doSwiadczenia. Srednia
warto$é $miertelnosci skumulowanej wyniosta 13,23%, przy czym wartoSci w poszczegblnych
powtérzeniach istotnie sie¢ réznily (P < 0,05). Warto§¢ wskaznika zréznicowania wielkoSciowego
populacji Vi, wynosila od 8,82 do 13,24%. Srednie wartoéci wskaznika przyrostu dlugosci ITL
wyniosly 0,15 i 0,11 odpowiednio dla III i IV okresu wzrostowego (F = 9,886; P < 0,05). Srednia
warto§é wspolezynnika PER mieScita sie w zakresie od 0,39 do 2,82.

Introduction

Strengthening natural populations of endangered fish species with stock-
ing material produced under controlled conditions is increasingly becoming the
main tool used in their active protection (GORYCZKO et al. 2001). However,
stocking open water bodies with farmed fish cannot be a goal in itself. In the
case of the grayling (Thymallus thymallus L.), it should primarily make up for
losses caused by intensive angling (AUGUSTYN and CIESLA 2000, HOLCIK 2004,
Woros et al. 2004, NASLUND et al. 2005), birds of prey (including great
cormorant) and by poaching (BARTEL 2000). Ultimately, in the long term,
stocking should result in the creation of stable populations, diversified both
genetically and in terms of age, and — most importantly — capable of reproduc-
tion without any external stimulation. However, the ability to produce such
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effects depends on two fundamental factors. Firstly, the stocking practice
should not violate the genetic uniqueness of local populations of the grayling
(KOSKINEN et al. 2001, JANKUN et al. 2003). This is because regular stocking
with foreign material, without the features of native populations, leaves
a permanent genetic trace (SUSNIK et al. 2004, DUFTNER et al. 2005) and it can
considerably affect their condition (LUCZYNSKI and BARTEL 1997). Secondly,
constant improvement of the methods of the grayling breeding (LUCZYNSKI et
al. 1986, SZMYT et al. 2004, RANDAK et al. 2009, SZMYT et al. 2012), as well as
developing marking methods of juvenile stages of the species (NAGIEC et al.
1995), provide an opportunity for much more successful accomplishment of
stocking programmes (WITKOWSKI et al. 1994) and, consequently, improves the
condition of wild fish populations supported with stocking.

Despite great scientific and technical progress, production of stocking
material under controlled conditions is beset with problems. These involve
— despite intensive efforts — the not-fully mastered breeding biotechniques of
many species, the threats posed by pathogens (OCVIRK 1992, PYLKKO et al.
2005) and the fish inadvertently getting used to the presence of humans.
It seems, however, that despite some reservations, the defined direction of
protection of endangered fish species and modern fishery development should
be pursued and expanded.

The aim of this study was to analyse the selected breeding parameters
achieved in rearing of European grayling (Thymallus thymallus L.) to the
autumn fingerlings stage.

Materials and Methods
Fish rearing

The experiment was conducted at the Inland Fisheries Institute, Depart-
ment of Salmonid Research in Rutki. The experimental rearing was conducted
for 100 days. Juvenile graylings (Table 1) obtained from the farmed broodstock
were used as the study material (GORYCZKO et al. 1995); they were reared in
plastic tanks with a bottom area of 1 m? and a depth of about 0.5 m.

The fish were fed every day, except on the days preceding the control
weighing. The Dan-Pel 1656 feed (Dana Feed) — Table 2 was given by hand in
four doses, between 7.30 a.m. and 5.00 p.m. The doses of the feed were
calculated every day with the Djournal computer program (FROM and RASMUS-
SEN 1984). The entire experiment was performed in three replications.

Twice a week during the experiment, preventive baths in solutions of
Chloramine T (9 g in 1 m™ of water) were conducted. The tanks were cleaned
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Table 1

Number, stock biomass [g] and mean body weight [g] of fish used in the experiment

Total stock biomass

Replication Number of fish Mean body weight
[e] [g]
200 186 0.93
200 204 1.02
200 166 0.83

every other morning, before the feeding was started. Dead fish were removed
from the tanks every day and their numbers were recorded. The temperature
during the experiment ranged from 11.3 to 18.9°C (Figure 1), and the dissolved

oxygen from 7.2 to 10.2 mg Oy dm™

1

Table 2

Chemical composition [%] and energy value [MdJ kg™] of the feed (Dan-Pel 1656; Dana Feed) used in
the experiment, as claimed by the producer

Component

Content in the feed [%]

Crude protein

56.0

Crude fat

16.0

N-free extractives

11.0

Crude fibre

11

Crude ash

10.4

Metabolizable energy [MdJ kg]

17.1

20 1
19 1
18 |
17 §
16
15 |
14 1
13
12 |
11
10

temperature [°C]

09.07

31.07

28.08

Il

23.09

a

1 10 20 30 40

50 60 70
time [days]

90 100

Fig. 1. Daily variability of the water temperature during the experiment. Arrows show the dates of the
control measurements of the fish. The circles show the periods of rapid temperature increase.
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The experiment was divided into four growth periods and control measure-
ments of the fish were performed after each period. The period durations were:
24 (I), 22 (II), 28 (III) and 26 (IV) days. The measurements were performed
after the fish were completely anaesthetised in a solution of Propiscin (IFI
Olsztyn, Poland) at the concentration of 0.5 ml dm3. Each time the stock in the
entire tank was weighed and all the fish were counted, which yielded the mean
body weight per individual. Due to the small initial size of experimental fish
and considerable sensitivity of graylings to all manipulations, especially at this
stage, individual measurements of the body length were abandoned. Beginning
with the second growth period, the longitudo totalis (l.t.) of a fish sample
(n = 60) was measured to assess the variability of the total length. The fish
were weighed at an accuracy of 0.1 g and their lengths were measured at an
accuracy of 0.1 cm.

Data analysis

The following were calculated from the results: the SGR and SBR coeffi-
cients (BROWN 1957):

SGR = 100 - (In W — In W;) - D!
SBR = 100 - (In ny Wy — In n,W;) - D!

where:

SGR - specific growth rate; SBR - specific biomass rate; W; — average
individual mass at the beginning of the rearing [g]; W, — average individual
mass at the end of the rearing [g]; n; — the number of fish at the beginning of
the rearing; n, — the number of fish at the end of the rearing; D — time of
rearing [days].

Subsequently, the relative growth rate (RGR) and the relative biomass rate
(RBR) were calculated (MYSZKOWSKI 1997):

SGR SBR
RGR = 100 (e 100 _ 1), RGR = 100 (e 100 _ 1)

Feed conversion ratio, FCR:
FCR =P - B!

where:
P — amount of feed fed [g]; B — fish biomass growth [g]
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Protein efficiency ratio, PER:
PER = (FB - IB) - FPS!
where:
IB - initial fish biomass [g]; FB - final fish biomass [g]; FPS - amount of
protein feed [g].

For the growth periods III and IV, the index of increase in total length —
ITL - was also calculated (PENAZ et al. 1989).

ITL = (Ly- Ly - D!

where:
L; — mean length of an individual (/.z.) at the beginning of the rearing period
[em];

L, — mean length of an individual (/.z.) at the end of the rearing period [cm];
D - duration of the rearing period [days].

Moreover, the length variability index — V1, (Ruszczyc 1981) of the fish was
calculated:

VL = 100 - SDL!

where:

V. - length variability index [%];

SD - standard deviation [em];

L - mean length (I.¢.) of an individual [em].

Statistical Analysis

Statistical analysis was performed at the level of P < 0.05 (o = 0.05). We
tested the significance of differences between the values of the rearing
coefficients. The following were used: the difference significance test (t-test),
the Kruskal-Wallis test (non-parametric analysis of variance), analysis of
variance (ANOVA) with Tukey’s post hoc test (HSD). To assess the relation-
ship between the examined parameters, we used the method of correlation
analysis. The statistical analysis of the results was performed with STATISTI-
CA 9.0 software (Stat Soft, Inc., USA).
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Results

During the 100 days of rearing, the mean body weight of an individual fish
increased from 0.93 g to 14.60 g (Table 3). A statistically significant relation-
ship was found between the duration of rearing and the final fish body weight
(r = 0.990; P < 0.05; Figure 2). The value of body weight was found to have
increased during each of the four growth periods, with the maximum on the
last day of rearing. The stock biomass was found to have increased during the
experiment from 0.37 to 5.15 kg m™.

Table 3
Rearing parameters of European grayling (Thymallus thymallus L.)
Growth periods

Parameters I I I v
Body weight [g indiv.™] 2.69 +£0.16 | 5.99 + 0.24 | 11.89 + 0.43 | 14.60 + 1.96
Relative growth rate RGR [% d] 436+0.22 | 3.71+0.11 | 257+ 0.01 | 0.74 + 0.38
Relative biomass rate RBR [% d'] 3.85+0.22 | 3.31 £0.25 | 2.46 £ 0.08 | 0.61 = 0.42
Protein efficiency ratio PER 2.82+0.08 | 2.22 +£0.12 | 1.33 £ 0.04 | 0.39 £ 0.30
Feed conversion ratio FCR 0.61+0.03 | 0.75+£0.03 | 1.11 £0.02 | 4.11 + 1.82
Mortality [%] 5.83+4.81 | 417+292 | 149+ 1.13 | 1.74 £ 1.15

Mean values + SD, at the end of each growth period which lasted 24 (I), 22 (II), 28 (III) and 26 (IV)
days, after which the control measurements were performed

15
y = 4.1646x — 1.6192 e
1o R? = 0.9800 /
*
5 //
-
5 9 e
°§ e
z -
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//
3 7
0
I i T v

growth periods

Fig. 2. Mean body weight [g] of European grayling (Thymallus thymallus L.) fry at the end
of consecutive growth periods of the experiment. Particular growth period lasted 24 (I), 22 (II),

28 (III) and 26 (IV) days
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The relative growth rates (RGR) and relative biomass rates (RBR) showed
a decreasing tendency in all growth periods (Figure 3). The highest values of
both parameters were recorded during the first stage of rearing and were
4.36% d! (RGR) and 3.85% d! (RBR), respectively. They were the lowest
during the last period: 0.74% d™! (RGR) and 0.61% d™! (RBR) (Table 3; Fig. 3).
Relationships between RGR and RBR, and the duration of rearing are ex-
pressed in both cases by a negative correlation coefficient, RGR (r = -0.999;
P < 0.05; Figure 3) and RBR (r = -0.997; P < 0.05; Figure 3).

45
y =—0.296x2 + 0.2813x + 4.3643
R? =0.9998
= 3.0
=
g + RGR
< = RBR
>
5
T 15 y =—0.3257x% + 0.5712x + 3.5729
R? = 0.9960
0
I I I v

growth periods

Fig. 3. Relative growth rate (RGR) and relative biomass rate (RBR) of European grayling (Thymallus
thymallus L.) fry during the experiment. Particular growth period lasted 24 (I), 22 (II), 28 (III)
and 26 (IV) days

The mean feed conversion ratio (FCR) increased during successive stages of
the experiment (Table 3). There were no significant differences between the
replications in growth periods I, II, and III (P > 0.05). The FCR values were
highly varied during the last stages of the experiment. The values of this
parameter during that time were 5.71, 2.12 and 4.51 in the three replications of
the experiment, respectively (Figure 4). The variation of FCR was confirmed to
be statistically significant with non-parametric analysis of variance
(H = 24.789; P < 0.05).

The results were used as the basis for showing statistically significant
differences in the mean value of protein efficiency ratio (PER) — Table 3
between subsequent growth periods (P < 0.05).

The mortality of the grayling observed during different rearing periods
differed and ranged from 5.83% (stage I) to 1.49% (stage III) — Table 3.
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Fig. 4. Feed conversion ratio (FCR) values at the end of consecutive European grayling (Thymallus
thymallus L.) fry growth periods with replications. Particular growth period lasted 24 (I), 22 (II),
28 (III) and 26 (IV) days. There were no significant differences between the replications in growth
periods I, II, and III (P > 0.05). In IV growth period there are significant statistical differences
between values from subsequent replications (P < 0.05)

The value of the cumulative mortality rate during the entire period of the
experiment was 13.23%. However, statistically significant differences of
12.53%, 4.58% and 22.58% (test of significance of differences between struc-
ture indexes; P < 0.05) were recorded in individual replications.

The mean values of the total length increase index (ITL), calculated for the
growth periods IIT and IV of the experiment were similar: 0.15 and 0.11. The
analysis of variance showed them to be statistically significantly different
(F = 9.886; P < 0.05). Tukey’s test confirmed that the variability observed
during the last period of rearing was responsible for the variability of ITL.
The highest value of the length variability index (Vi) was recorded during
the second growth period and was 13.24 (Table 4).

Table 4
Length of European grayling (Thymallus thymallus L.)
Growth periods
Parameter I I v
Mean fish length .z.[cm] 5.2+ 0.69 9.6 £ 0.85 12.7+1.14
(3.8-7.4) (6.9-10.9) (10.2-15.8)
Length variability index Vi, [%] 13.24 8.82 9.00

Mean + SD, range; n = 60 as well as the mean value of the length variability index V1, , at the end
of IT (22 days) , III (28 days) and IV (26 days) growth period of the experiment
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Discussion

The studies of the growth of the grayling conducted so far have dealt with
fish caught in the natural environment (LUSK 1975, GERTYCHOWA 1976,
WITKOWSKI et al. 1989, CARLSTEIN 1997, TUREK et al. 2010). Since the
biotechnique of grayling breeding has not been fully mastered (VOVK 1984,
OcvIRK and VOVK 1985, CARMIE and JONARD 1988, SUMER 1994, KOWALEWSKI
2002, SZMYT et al. 2006), much less data have been published on the growth of
the fish under controlled conditions. However, constant aquaculture develop-
ment aimed at optimising the methods of stocking material production for
endangered or heavily exploited species provides ample opportunities in this
area of research (LUCZYNSKI et al. 1986, GRUDNIEWSKA et al. 2007, WUNDER-
LICH et al. 2011).

As the authors expected, steady growth of each individual was observed
throughout the rearing period. A similar tendency in terms of the growth, but
with a smaller body weight of the graylings during the initial period of rearing,
has been observed in other studies (SZMYT and GRUDNIEWSKA 2005). After 9-10
weeks from hatching, they achieved the mean body weight of an individual of
3.8 g. The completion of rearing in the cited study, which took place on 23 July,
corresponds to the period of approximately one week before the end of the
second growth period in present study.

According to the authors, a distinct decrease in the value of RGR and RBR
in the last growth period can be attributed to the decrease in the intensity of
the fish feeding at the time. As a consequence, the total fish biomass decreased
and the FCR index increased. The results may suggest that it is necessary to
modify the feeding strategy during the rearing of grayling, which takes place in
early autumn. This may be associated with the amount of feed, frequency of
feeding or the energy value of the feed. A change of the feeding procedures is
indicated by a rapid increase in the mean value of FCR during the final study
period and its variability in individual replications during the period. Interest-
ing results in the last rearing period can also be observed for the protein
efficiency ratio (PER). Its mean value decreased steadily and it was variable
during the last stage of the rearing. In the case of the rationed feeding strategy,
a decrease in intensity of fish feeding is closely related to the increase in FCR
and, consequently, a decrease in PER. Similar values to those discussed in
present study have been reported by WUNDERLICH et al. (2011). The authors
studied the whitefish Coregonus lavaretus (L.) and, after 42 days of rearing,
they achieved, at different levels of feeding, mean PER ranging from 1.69 to
2.06. High values of the determination coefficient R? for the RGR and RBR
parameters confirm the claim of the important role played by the duration of
rearing in the case of the grayling. Since the stocking requires that the
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material used in the process should be suited to the local environmental
conditions, in some cases it may be necessary to rear the grayling fry to the
autumn fingerlings stage (GORYCZKO et al. 2004). Despite the difficulties, it is
extremely important to continue the efforts aimed at optimising the breeding
biotechnique of this species as it will make it possible to strengthen the natural
populations of the grayling and to preserve the environmental biodiversity.

The results of this study allow one to conclude that the grayling is not too
sensitive to slow and steady temperature increase or decrease. However, its
rapid fluctuations can have an adverse effect on the fry mortality. This may
have resulted in the high mortality rate during the first period of the grayling
growth: 5.83% (0.23% per day). This value was the highest of all those recorded
during the experiment. Similar observations have been reported by CARLSTEIN
(1993), linking the highest mean daily mortality rate of the grayling fry
(0.93+2.69% per day) with the rearing period at the most rapid temperature
increase and its maximum value (17.2°C).

The decrease in the length variability index V71, observed during the rearing
period may have resulted from keeping the fish in controlled conditions and
from their consequent gradual domestication. According to Ruszczyc (1981),
the index in excess of 10% should be regarded as significant. This may be of
great importance in terms of the effect of stocking on the natural diversity of
populations.

The high variability of the cumulative mortality rate in individual replica-
tions, as well as other parameters during the final phase of rearing, underlines
the importance of verification of assumptions of future research projects
involving the rearing of the grayling. Changes may include increasing the
number of replications in the experiments, optimising the feeding parameters
or the system of rearing. It may be an opportunity to solve at least some of the
problems if fry could be reared in recirculating aquaculture systems.

Translated by ZBIGNIEW NOWICKI
Accepted for print 20.01.2014
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Abstract

The impact of rapeseed storing under increased moisture on the quality of fat was investigated.
The studies were carried out with the samples of rapeseed with 11% and 17% moisture. The direction
and rate of changes in rapeseed fat during storage at 20°C in an atmosphere of saturated solutions of
sodium chlorine (NaCl) and potassium nitrate (KNOj3) was determined with regression equations for
quality descriptors, including: acid value (AV), peroxide value (PV), anisidine value (AnV), total
colour (TC) and composition of fatty acids. At the same time mouldy seed content (MSC) was
determined. It was detected a rapid growth of moulds on rapeseed with 17% moisture while there was
a lack of visible changes on the surface of seeds with 11% moisture. During 21-day storage,
unfavourable hydrolytic and oxidative changes in fat of rapeseed were shown, which resulted in
an increase of AV from 8.29 to 10.89 mg KOH g and PV from 2.04 to 10.52 mEq O, kg and 7.67
from to 13.83 mg KOH g and from 4.12 to 14.38 mEq O, kg for the seeds with 11% and 17%
moisture, respectively. At the same time reduction in the nutritional value was observed, as a result
of the modifications in the composition of fatty acids. During the storage of rapeseed, regardless of
their moisture, a progressive reduction in the share of polyunsaturated fatty acids of n-6 and n-3
families (by 14.0% at 11% moisture and by 31.6% at 17% moisture) and an increase in the share of
monounsaturated fatty acids (by 4.4% at 11% moisture and by 10.5% at 17% moisture) were recorded.
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Abstrakt

Badano wplyw przechowywania nasion rzepaku w warunkach podwyzszonej wilgotnoSci na
jako§é zawartego w nich tluszczu. Material badawczy stanowily prébki nasion rzepaku o wilgotnosci
111 17%. Kierunek i tempo zmian w tluszczu nasion w czasie przechowywania w 20°C w atmosferze
nasyconych roztworéw chlorku sodu (NaCl) i azotanu potasu (KNO;) okreslano poprzez wyznaczenie
rownan regresji dla wyréznikéw jakos$ciowych, takich jak: liczba kwasowa (AV), liczba nadtlenkowa
(PV), liczba anizydynowa (AnV), barwa ogélem (TC) oraz sktad kwaséw ttuszczowych. Réwnoczeénie
wyznaczano udzial nasion sple$niatych (MSC). Stwierdzono szybki rozwdj ple$ni na nasionach
rzepaku o wilgotnoéci 17%, natomiast brak widocznych zmian na powierzchni nasion o wilgotnosci
11%. W trakcie 21-dniowego okresu przechowywania w tluszczu nasion zaszly niekorzystne zmiany
hydrolityczne i oksydacyjne skutkujace wzrostem wartoéci AV od 8,29 do 10,89 mg KOH g
i PV od 2,04 do 10,52 mEq O, kg* w przypadku wilgotnosci 11% i odpowiednio AV od 7,67
do 13,83 mg KOH g i PV od 4,12 do 14,38 mEq O, kg™ dla wilgotno$ci 17%. Réwnoczeénie nastapito
obnizenie wartosci zywieniowej tluszczu w wyniku zmian skladu kwaséw tluszczowych. Podczas
przechowywania nasion rzepaku, niezaleznie od ich wilgotnosci, zaobserwowano stopniowe zmniej-
szanie sie udzialu polienowych kwaséw tluszczowych z rodziny n-6 i n-3 (o 14,0% w wilgotnosci 11%
oraz o 31,6% w wilgotno§ci 17%) i zwiekszanie sie¢ udzialu kwaséw monoenowych (o 4,4% w wil-
gotnosci 11% oraz o 10,5% w wilgotnosci 17%).

Introduction

In Poland, rapeseed is the basic raw material for the oil industry and is
used for only mechanical extraction of oil to produce cold pressed oil as well as
mechanical and chemical extraction of crude oil to produce refined edible oil,
margarine and other culinary fats. Supplying raw material with high techno-
logical quality, specified with the standard Rosliny przemystowe oleiste...
PN-90/R-66151, is a prerequisite for obtaining high quality rapeseed oil.

Rapeseed is a “delicate” material, which is determined by its morphology,
structure and chemical composition. Agricultural procedures (timing of har-
vest and damages), transport, drying, cleaning and inappropriately selected
storing conditions contribute to a decrease in the technological value of seeds
and the quality of their lipids (TYS et al. 2003). Elevated seed temperature and
moisture during storage induce biochemical changes and growth of moulds
that are found on the surface of seeds. The products of oxidative and hydrolytic
transformations of lipids produced by moulds decrease the palatability of oil
(SATHYA et al. 2009) and are dangerous to human health (SZWED 2000). Some
species of moulds are able to produce myrosinase enzyme that is responsible
for degradation of glucosinolates, presented in rapeseed to compounds that can
harmful to human health (WILSKA-JESZKA 2000). Moreover, fungal toxins have
strong carcinogenic, mutagenic, teratogenic, cytotoxic and hallucinogenic
properties (PIONTEK 1999). A safe storage period is until the signs of moulding
become visible to a naked eye. After this time, the chemical composition of
seeds and fat is modified to such an extent that the consumption of products
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manufactured from such raw material becomes dangerous to human health
(SzweD 2000).

This method for determining a safe storage period of rapeseed is simple, yet
it may give rise to some reservations. The human eye gets tired quickly and is
incapable of noting subtle changes in a visually-inspected object, whereas
biochemical changes in the seed may be substantial. The knowledge of
dynamics and direction of qualitative changes in fat allow for a determination
of a safe storage period for seeds, thereby limiting losses of raw material used
to manufacture good quality oil (RYNIECKI 2005).

Rapeseed harvested in Poland has usually water content in a range of 7% to
17%. There is a need to decrease water content in them to a level 6-7%, which
allows to store safely with no risk of seed deterioration (RUDZINSKA et al. 2006).
However, there are few studies on the impact of storage time prior to
submission of seed drying. Moreover, studies carried out previously have been
based on visual analysis of the state of moulding the seeds.

The objective of the paper was to determine, in the model studies, the
impact of the changes in fat of rapeseed stored under increased moisture. The
direction and speed of these changes were evaluated based on the regression
equations determined for quality descriptors for fat: acid value (AV), peroxide
value (PV), anisidine value (AnV), total colour (T'C) and the composition
of fatty acids.

Material and Methods

The study was carried out with rapeseed of the Bios cultivar without any
visible mechanical and microbiological damage (inspection under a magnifying
glass). The seeds contained good quality fat (AV = 0.45 mg KOH g, PV = 0.87
mEq O; kg and AV = 0.52). The seeds were divided into two samples of 300
g each. The seeds were moisturized: one sample to 11% and the other sample to
17% moisture and each was then equally separated into 10 sterile glass
containers (the thickness of the seed layer was 1 cm). The seeds were stored in
tightly-sealed glass desiccators at 20°C in an atmosphere of saturated solutions
of sodium chlorine (NaCl) and potassium(V) nitrate (KNOs3) for the samples
with 11% and 17% moisture, respectively. The generated conditions allowed us
to preserve the moisture of the seeds at the established level (TYS et al. 2003,
QUIRLINS et al. 2004). The time of moisture equalization was 2 days and from
this point storage of moist rapeseed samples were started. The storage test
lasted for 21 days. From each desiccator, one glass container was taken for
testing every 48 or 72 hours.
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The percentage of mouldy seed content (MSC) was determined in the
samples of seeds with 11% and 17% moisture at the established time intervals.
The seeds were then ground in an IKA Labortechnik mill. Fat was extracted
from the comminuted material with Folch’s method (FOLCH et al. 1957).
The following parameters were determined for lipids: acid value (AV) accord-
ing to Oleje i ttuszcze... PN-EN ISO 660: 1998, peroxide value (PV) according to
Oleje i tluszcze... PN-A-86934: 1995, anisidine value (AnV) according to Oleje
i ttuszcze... PN-EN ISO 6885: 2001, total colour (TC) according to Oleje
i ttuszcze... PN-A-86934: 1995 and composition of fatty acids according to Oleje
i tluszcze... PN-EN ISO 5508: 1996. Methods selected in this study are
comparable to AOCS methods WARNER and ESKIN 1995).

Statistical Analysis

An arithmetic mean and standard deviation (all analysis were conducted in
triplicate) for the parameters of each sample were determined. Obtained results
were statistically analyzed using the Statictica 10.0 PL (StatSoft Poland)
software. In order to indicate significance of differences between stored samples
analysis of variance (ANOVA) with the Duncan test of p < 0.05 significance level
was used. Moreover, there were determined Pearson correlation coefficients (r)
between selected quality factors. The direction of changes in the values of
quality factors during storage were described on the basis of determined
regression equations and of calculated determination coefficients R2.

Results and Discussion

The moisture of rapeseed at 11% secured its safe storage for 21 days at 20°C
(Figure la—c). For the seeds with 17% moisture, a rapid increase in MSC was
observed (Figure 1d-f). The proportion of mouldy seeds increased propor-
tionally during storage (by app. 3% after every 5 days) — Figure 2.

An increase in rapeseed moisture favours more rapid growth of moulds,
which has been confirmed by many authors (BIELECKA et al. 1994, 1995,
KORNIELOWICZ-KOWALSKA et al. 2000). RYNIECKI (2005) reports that rapeseed
with 12% moisture stored at 20°C does not show any visible signs of moulding
for 5 weeks while on seeds with 16% moisture the first moulds become visible
as early as after one day of storage. The results recorded in this study are
comparable to the aforementioned. Storing rapeseed with 11% moisture did
not cause any visible signs of moulding for 21 days (Figure la—c), whereas on
the seeds with 17% moisture the symptoms were noted on the second day
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Fig. 1. Changes in moulding of rapeseed during storage: seeds with 11% moisture (a—c) and seeds with
17% moisture (d-f)
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Fig. 2. Changes of mouldy seeds content (MSC) during storage seeds with 11% and 17% moisture;
the different letters (a, b, c ...) for each moisture separately present significant differences (p < 0.05)

of storage (Figure 1le). TANSKA et al. (2011) found that the amounts of moulds
increased successively on the surface of rapeseed with 11% moisture. However,
up to 15 days, the mould growth was slow and not detectable by either human
eye or digital image system. The authors also demonstrated that quantity and
type of moulds occurring on the rapeseed surface is connected to both the seed
size and the area of rape cultivation. BURRELS et al. (1980) suggest that the
“clumping” is a good criterion for determining a safe storage period for moist
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rapeseed. In cited research seeds with 17% moisture start to agglomerate on
day 4 during storage at 20°C. In order to prevent spoiling, seeds should be dried
not later than on day 4.

The Polish Standard specifies the limit of mouldy seeds at not higher than
0.4%. Based on the conducted studies, it was found that moist seeds (17%)
stored for up to 2 days (Figure 2) met the requirements for the proportion of
mouldy seeds and might be used in production. However, until that time, some
unfavourable quality changes may have taken place in fat which hinder the
process of oil refinement (NIEWIADOMSKI 1993). Hydrolysis occurring in the
presence of water may also provoke lipid deterioration. The growth of moulds
additionally intensifies hydrolysis and causes rancidity. TYS et al. (2003, 2006)
suggest that moist seeds may be stored at low temperatures. Temperatures
below 10°C are appropriate for seeds with over 12% moisture. The mass of
seeds stored at low temperatures showed lower biological activity and, there-
fore, the stability of the arrangement was preserved even at higher moisture.
A long period of seeds cooling (for up to 4 weeks) is problematic and results
from poor heat conductivity and, thus, there is a possibility of fat spoiling in
seeds even at an early stage of storage.

An increase in AV and PV during storage was recorded for both samples of
rapeseed (Figure 3, Figure 4) with the seeds of 17% moisture expressing
a faster rate of these changes. The same results have been reported by other
researchers (MILLS and SINHA 1980, OSEK 2000, TANSKA and ROTKIEWICZ 2003,
SKIBA et al. 2005). The changes in AV of fat during storage of both rapeseed
samples were described with a linear function (Figure 3) whereas the changes
in the PV of fat were described with a square function (Figure 4). Moreover,
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Fig. 3. Changes of acid value (AV) of fat during storage of rapeseed; the different letters (a, b, c, ....) for
each moisture separately present significant differences (p < 0.05)
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it was found that the changes in AV and PV for the seeds with 17% moisture
correlated with the changes in MSC. The correlation coefficients were 0.95 and
0.93, respectively (p < 0.05, results not shown).

During the storage of biological plant material, hydrolytic and oxidative
transformations of fat occur simultaneously. With higher moisture, the rate of
these changes increases due to the activation of native enzymatic system and
seeds respiration. Seeds are heated, which additionally potentiates hydrolysis
and oxidation of fat. These conditions are favourable for mould growth and
their metabolic processes also intensify hydrolysis and oxidation of fat in seeds.
Furthermore, the damage caused by the penetration of moulds deep into the
seed exposes fat to oxygen, facilitating auto-oxidation (SZWED 2000, SATHYA et
al. 2009).
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Fig. 4. Changes of peroxide value (PV) of fat during storage of rapeseed; the different letters
(a, b, ¢, ...) for each moisture separately present significant differences (p < 0.05)

The Polish Standard for rapeseed sets the maximum AV at 3 mg KOH g! of
fat. The recorded results significantly exceeded this value as early as at the
beginning of storage period and lipid spoiling probably occurred at the stage of
seed moisturizing. The rapid increase in the number of acid value at the seed
moisturizing may be due to the presence of microdamages that are not visible
to the “naked eye”, as well as the level of seed infestation and fungal
characteristics. Microdamages caused by mechanical forces during harvest and
transport can facilitate the distribution of moulds to the interior of the seeds
through the broken coat (BIELECKA et al. 1994, MILLS 1996). NEGEDU (2012)
reported differences in lipolytic activity of different mould species. The fast
increasing of free fatty acid content was observed on castor oil mediums with
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Aspergillus flavus and Aspergillus niger, while Cephaliopora irregularis and
Penicillium chrysogenum showed low lipolytic activity.

The initial value of PV was 2.04 and 4.13 mEq O, kg™, respectively, for
seeds with 11% and 17% moisture. It may be thus concluded that lipids in the
seeds had a low initial degree of oxidation, regardless of the level of moisture.
Comparable results for crude rapeseed oil have been reported by other authors
(GUILLEN and CABO 2002, KOSKI et al. 2002).

The studies indicate that fat in moist seeds is not suitable for processing
despite low PV. The evaluation of moulding degree is, thus, not a precise
descriptor of fat quality. This is evidenced by the changes in AV and PV of fat
in the seeds with 11% moisture, on which no signs of moulding were noted by
means of visual inspection.

The recorded changes in AnV during storage indicate a process of second-
ary oxidation of lipids in the seeds with both 11% and 17% moisture (Figure 5).
The AnV showed considerable fluctuations during the experiment, which
hindered a determination of its changes over time and the formulation of
regression equations. It may have resulted from the loss of volatile aldehydes
and ketones, which are products of the secondary oxidation of fat (RICHARDS et
al. 2005, WIJESUNDERA et al. 2008). It is assumed that fat of good quality should
have an AnV below 2 units (SUBRAMANIAN et al. 2000). In the presented paper,
the initial AnV was lower than the limits set by cited authors, but only up to
day 2 of storage. However, the AnV procedure was developed to use the
reaction primarily 2-alkenals with p-anisidine reaget (WARNER and ESKIN
1995). Under elevated moisture, fat in rapeseed may rapidly undergo hy-
drolytic rancidity. This process occurs when water is attached to double
bounds of fatty acids and, as a result, hydroxy acids are formed (TYS et al. 2006,
JACKOWSKA et al. 2008). When moulds grow, ketone rancidity may take place.
A number of fungal bioconversions of medium chain fatty acids can occur,
leading to the production of volatile methyl ketones and secondary alcohols.
This process begins by o~ and S-dehydrogenation or -oxidation on the residues
of saturated fatty acids. Methyl ketones are the products of these transform-
ations and their presence makes fat unusable for food processing
(NIEWIADOMSKI 1993, TYs et al. 2006, JACKOWSKA et al. 2008). The important
food spoilage fungi Aspergillus, Penicillium, Cladosporium, and Fusarium
have all been shown to produce volatile methyl ketones and secondary alcohols
from medium chain fatty acids (SCHNURER i in. 1999). ITO et al. (1990) reported
that, for example, at the middle stage of Aspergillus oryzae growth the
production of volatile compounds is maximum and decreases thereafter.
Results of these analysis of mycelial growth and the production of volatile
compounds show that the tendency of the almost volatile compounds corre-
sponds better with the mycelial growth rate than the mycelial weight.
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The tendency of l-octen-3-ol is different from other volatile compounds; it
increases with the cultivation time and does not decrease. SCHNEPF et al. (1991)
reported that anisidine value shows to lack sensitivity when oil is stored for up to
20 weeks at 22°C in the dark, either with or without oxygen in the headspace.
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It was impossible to determine the direction of TC changes in fat during
storage (Figure 6). Until day 11, the TC values showed minor fluctuations and
there was a subsequent increase in this descriptor followed by a decrease after
day 14 and day 16 for the seeds with 11% and 17% moisture, respectively.
The changes of TC during storage could be a result of two phenomena: mould
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growth on seeds and transformations of pigments which protect fat against
oxidation.

Fungal cells multiply on the initial days of storage. Some mould species are
capable of producing pigments that give them protection against sunlight.
Depending on the species, moulds produce yellow, yellow-brown, brown, black
and green pigments (TWARUZEK 2006). Some species of Aspergillus, Penicil-
lium and Alternaria genera are able to produce kojic acid with a yellow colour
(SHIOMI et al. 2002, L1 et al. 2003). Yellow phomaligols, belonging to cyc-
lohexenone pigments, are produced by Phoma lingam fungus (ELBANDY et al.
2009). Fusarium moulds generate pink and reddish-brown pigments (VEL-
MURUGAN et al. 2010). These compounds may absorb waves of similar lengths
as carotenoids and chlorophylls, which explains an increase in TC with an
expansive growth of moulds.

During the subsequent days of storage, carotenoids underwent massive
oxidation. These pigments are natural antioxidants that protect rapeseed fat
against the harmful impact of oxygen, light and temperature. They are
oxidized more rapidly as they contain a high proportion of unsaturated bounds.
Since they are transformed into short-chained, colourless compounds during
this process (CAZZONELLI 2011), their transformations more significantly
impacted the changes in TC.

During the experiment, there were several changes in the proportions of
individual fatty acids (Figure 7). The biggest changes were noted for oleic,
linoleic, linolenic and palmitic acids, the acids which constitute the major
fraction of rapeseed fat. During storage, a proportion of polyunsaturated acids
— linoleic (n-6 family) (Figure 7a) and linolenic (n-3 family) (Figure 7b)
— decreased, whereas the proportion of saturated palmitic acid (Figure 7c¢) and
monounsaturated oleic acid (Figure 7d) - increased. The changes in the
proportion of fatty acids, independent on moisture of seeds, were presented by
squared functions (Figure 7). The seeds with higher moisture showed a higher
rate of changes in fatty acids.

An increase in the degree of saturation of double bounds in fatty acids is
associated with providing higher oxidative stability of rapeseed oil (NEFF et al.
1997). The intensive oxidation and hydrolysis which accompany mould growth
speed up the rate of double bound saturation in polyunsaturated fatty acids
(VAN ETTEN and GOTTLIEB 1965). To a minor degree, some moulds may
contribute to an increase in the content of saturated fatty acids because they
are capable of synthesizing palmitic and stearic acids. For example, the most
important fatty acids obtained from culture of Aspergillus flavus were palmitic
acid (14.97%), stearic acid (10.82%), oleic acid (35.82%) and linoleic acid
(34.26%), which represented 95% total fatty acid content (FRAGA et al. 2008).
Also in Penicillium chrysogenum, Penicillium citrinum and Penicillium
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digitatum cultures, detected by KORNIELOWICZ-KOWALSKA et al. (2000) on the
surface of rapeseed, palmitic acid accounted for approximately 17% and stearic
acid for 4-10% of the total fatty acid content (LOPES DA SILVA et al. 1998).
ETTEN and GOTTLIEB (1965) found that during growth of Penicillium an-
trovenetum, share of linoleic acid decreased from 65.7 to 31.5%, whereas the
percentage of palmitic and stearic acids increased from 13.9 to 19.5% and from
1.5 to 12.8%, respectively.

The changes in the proportions of individual fatty acids influenced the
changes in their ratios (Table 1). A decrease in the content of n-3 and n-6 acids
and a change in their ratio are unfavourable from a nutritional point of view.
In the human body, eicosanoids are formed from n-3 and n-6 acids and they
have the opposite action. With their regulatory role in numerous processes, it
is important to supply essential fatty acids in a diet in proper amounts and in
appropriate proportions (KOLANOWSKI 2007). According to FAO/WHO recom-
mendations, fatty acids of the n-3 family should constitute 1-2% and those
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of the n-6 family should constitute 5% to 8% of the energy provided with the
daily diet. The n-6/n-3 ratio should thus range from 1:1 to 4:1 (DYBKOWSKA
2004). The recorded results fall within this range, yet a significant increase in
the n-6/n-3 ration with a simultaneous reduction in polyunsaturated acids (by
almost 10%) in fat from the seeds with 17% moisture indicates a rapid decrease
in the nutritional values of these fat.

Conclusions

Unfavourable changes in the quality of fat were recorded during the
storage of rapeseed with elevated moisture at 20°C. A more intensive growth of
moulds and course of qualitative changes were observed in the seeds with 17%
moisture. After 4 days of storage, the degree of moulding exceeded the
permissible limits. The rate of fat hydrolysis in rapeseed during storage was
varied. For the first four days, the AV of lipids in the seeds with 11% and 17%
moisture were at comparable levels, but in subsequent days the difference
between the values of this discriminant increased. The rate of fat oxidation was
similar for both samples of rapeseed with a slight advantage for the seeds with
17% moisture. Oxidation of fat in the stored samples of rapeseed resulted in an
increase in the proportion of monounsaturated fatty acids and a decrease in
the proportion of polyunsaturated fatty acids. These changes reduced the
nutritional values of fat.

On the basis of the obtained results it can be seen that even short-term
storage of moist rapeseed lead to unfavorable changes in the seeds fat. Making
decision only on the basis of the participation of moldy seeds and acid value
about the suitability of seeds for edible oil processing can lead to wrong
conclusions. Oil obtained from the seeds stored in an increased moisture
condition will require also more drastic refining conditions. In addition, mold
metabolites passing into the oil may raise doubts. Therefore rapeseed with
moisture of 11% should be dried no later than 4 days after harvest, and seeds
with a moisture of 17% no later than 2 days after harvest.

Translated by JoANNA JENSEN
Accepted for print 20.01.2014
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