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A b s t r a c t

In the period 2009-2011, a study was conducted in
a greenhouse, using fertigation, to determine water relations 
and fruit yield of tomato grown in different substrates. Tomato 
plants were grown on rockwool slabs, 15 dm3 in volume, and 
on slabs of the same volume made of the following straw chaff: 
rape straw; rape straw + peat (3:1); rape straw + pine bark (3:1); 
triticale straw; triticale straw + peat (3:1); triticale straw + pine 
bark (3:1). 2 tomato plants were grown on each slab, leaving
22 fruit clusters on each plant during the period from February 
to October. The obtained results showed that water potential, 
stomatal conductance, transpiration, water saturation deficit, 
and leaf free proline content in tomato grown on rockwool and 
on rape or triticale straw chaff substrates did not differ stati-
stically significantly. Also, no significant differences were fo-
und in marketable tomato fruit yield and dry matter content 
in tomato fruits. Peat or pine bark addition to rape or triticale 
straw substrates had no significant effect on the change in their 
commercially useful traits. In the opinion of the present authors, 
substrates made of rape or triticale straw alone, and even more 
so with the addition of peat or bark, are not inferior in any way 
to commonly used rockwool.

Key words: tomato, fertigation, organic substrate, water po-
tential, stomatal conductance, transpiration, water 
saturation deficit, free proline content, dry matter.

INTRODUCTION

Traditional greenhouse vegetable production 
carried out for many years in the same place usually 
results in a reduction in yield of plants caused by soil 
salinity and its contamination with pathogens. There-
fore, modern production technologies are based on the 
cultivation of plants in various substrates isolated from 
the parent soil. Growing media used in horticulture can 
be divided into organic, mineral, and synthetic substra-

tes. In Poland vegetable growing on rockwool has been 
the most popular for a number of years, but peat and 
perlite are also used for this purpose. In spite of many 
advantages of rockwool as a growing medium (C h o -
c h u r a  and K o m o s a , 1998; R e i s  et al. 2001), its 
biggest disadvantage is relatively expensive recycling 
(B e n o i t  and C e u s t e r m a n s , 1989) which can-
not be done on the spot, at the farm where rockwool 
was used. Similar problems are associated with the use 
of perlite as a growing medium. Peat, as an organic 
substrate, does not cause this type of problems, but its 
resources are shrinking rapidly, hence the quality of 
peat substrate is declining and its price is rising.

Thus, there is an urgent need to introduce al-
ternative substrates to vegetable growing which could 
replace the substrates used hitherto. The requirements 
set to such substrates include primarily a good supply 
of water, necessary macro- and micronutrients as well 
as air to the crop plant throughout the whole growing 
period. It seems particularly important to maintain
a proper balance between water and air which, during 
the day, must be adjusted to the current temperature 
and insolation in the greenhouse. A major disturbance 
in this balance resulting in water deficit causes an de-
crease in plant water potential (C l e a r y  et al. 1996; 
W e g n e r  and Z i m m e r m a n n , 1998; Z i m m e r -
m a n n  et al. 2000) as well as a decrease in leaf sto-
matal conductance and transpiration rate (C e c h i n , 
1998; C o n g m i n g  L u  and J i a n h u a  Z h a n g , 
1998; F l e x a s  et al. 1998; T u r n e r  and T h o -
m a s , 1998; B o r o w s k i  et al. 2000; B l a m o w -
s k i  et al. 2001; B o r o w s k i  and N u r z y ń s k i , 
2007). Under such conditions, plants activate relevant 
adaptive and protective mechanisms associated with, 
among others, an increased accumulation of proline 
in their tissues (P e n g  et al. 1996; N a k a s h i m a
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et al. 1998; J a v e d  and I k r a m , 2008; S z é k e l y  et 
al. 2008; T r o v a t o  et al. 2008).

Research conducted in recent years shows that 
chaffed rye or wheat straw placed in appropriate con-
tainers (N u r z y ń s k i , 2006; N u r z y ń s k i , 2006a; 
B o r o w s k i  and N u r z y ń s k i , 2007; N u r z y ń -
s k i , 2008; N u r z y ń s k i , 2008a) or pressure-formed 
growing slabs made of such straw (B a b i k , 2006) are 
the substrate material that can replace the growing me-
dia used so far.

The aim of the present study was to determine 
leaf water relations (negative pressure of water in leaf 
stalks, water saturation deficit, leaf stomatal conduc-
tance and transpiration) and yield of tomato grown in 
a greenhouse, using fertigation, on rape and triticale 
straw substrates as well their mixtures with peat and 
bark. Plants grown on rockwool were the control in the 
present experiment.

MATERIALS AND METHODS

The experiments were carried out in an ex-
perimental greenhouse of the Department of Cul-
tivation and Fertilization of Horticultural Plants in 
Lublin in the period 2009-2011. The experimental 
plant was the tomato Lycopersicon esculentum Mill. 
cultivar ‘Admiro F1’ grown in the period from the 
beginning of February till the end of October, leav-
ing 22 fruit clusters on each plant, at a density of
2.4 plant per 1 m2. The plants were grown on the fol-
lowing substrates: rockwool; rape straw; rape straw + 
peat (3:1 vol.); rape straw + pine bark (3:1 vol.); triticale 
straw; triticale straw + peat (3:1 vol.); triticale straw + 
pine bark (3:1 vol.). Straw cut into chaff (pieces with 
a length of ca. 2 cm) and a mixture of chopped straw 
with highmoor peat or pine bark were placed in plastic 
boxes, 14 cm high, 8 cm wide at the bottom, and with 
a volume of 15 dm3. To drain away the excess nutrient 
solution, holes with a diameter of 8 mm were bored at 
a spacing of 10 cm along the entire length of the box in 
the lateral side of the box at a height of 1.5 cm from the 
bottom. Two tomato plants were planted in each box 
with 15 dm3 of straw, or a mixture of straw with peat or 
bark, and in each rockwool slab with the same volume 
(15 dm3); hence, one plant had a substrate of 7.5 dm3 
in volume. The experiment was set up as a completely 
randomized design in seven replicates.

Nutrients were supplied with water to the root 
system of each plant using a drip-irrigation system 
without recirculation. The composition of the applied 
nutrient solution was the following (mg × dm-3): total 
N– 210; P – 54; K – 340; Ca – 250; Mg – 80; S/SO4

– 150; Cl – 20; Fe – 2; Mn – 0.95; Zn – 0.50; B – 0.54; 
Cu – 0.09; Mo – 0.09. EC of the nutrient solution was 
2.4 m S × cm-1 and its pH 5.8, while water EC was 

0.7 m S × cm-1 and its pH 7.3. All experimental plants 
received the same nutrient solution, in the same quan-
tity, and at the same time. During periods of high air 
temperature, each plant received about 4.2 dm3 of the 
nutrient solution per day in 11-13 doses with 20% ex-
cess of the nutrient solution (overflow).

Measurements of stomatal conductance and 
transpiration were performed at the flowering stage of 
the 8th-9th fruit cluster (21 April 2009), or the 14th-15th 
fruit cluster (8 June 2010 and 2011), in the terminal 
leaflet or the first lateral leaflet of the leaf subtend-
ing, respectively, the seventh or twelfth fruit cluster. 
The measurements were made in 10 replicates using a 
portable leaf microclimate control system LCA-4, with
a PAR irradiance of 1400-1600 μmol × m-2 × s-1 and
a temperature of 30-32oC in the recording chamber. 

Water potential ( ) was determined in the stalk 
of the leaf subtending the ninth fruit cluster at an irra-
diance of ca. 500 μmol × m-2 × s-1 in morning hours and 
1300-1400 μmol × m-2 × s-1 at midday. The determi-
nations were made in the pressure chamber of a PMS 
instrument – PMS Instruments Co. (USA) (C l e a r y 
et al. 1996).

Water saturation deficit (WSD) was deter-
mined on the basis of an analysis, made during the 
spring and autumn period, of the leaves subtending 
the 10th and 20th fruit cluster sampled at midday and in 
the morning hours at an irradiance of 1400-1600 and 
600-700 μmol × m-2 × s-1, respectively. To determine 
water saturation deficit, the leaves, after their fresh 
mass (m

1
) was determined exactly, were immersed for 

24 hours in distilled water with a temperature of 20oC 
under weak fluorescent light. After this time, free wa-
ter on their surface was drained off with filter paper 
and the leaves were weighed again (m2) and subse-
quently dried to constant mass (m3). Water saturation 
deficit (WSD) was calculated according to the follow-
ing formula:

× 100
2

12

W
WWWSD

where: W1 
= m1 - m3

W2 
= m2 - m3

Water saturation deficit was determined in 8 re-
plicates.

Proline content in the leaves subtending the 
10th fruit cluster was determined according to the me-
thod developed by B a t e s  et al. (1973); this assay 
was performed in 3 replicates.

Tomato fruits were harvested 2 times a week 
during a period of six months (May – October). Mar-
ketable yield included fruits with a diameter of 4.4-6.0 
cm. Dry matter content was determined in the fruits 
from the fifth and fifteenth cluster using the oven-dry 
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method. Sections from 10 ripe fruits (1/4 of the fruit) 
with a weight of about 20 g were sampled in triplicate 
for analysis.

The obtained results were statistically analysed 
using single classification analysis of variance at the 
significance level =0.05. 

RESULTS AND DISCUSSION

The results presented in Figure 1 show that wa-
ter potential ( ), as determined in the morning hours, 
in the leaf stalks of tomato grown in the substrates in 
question during the study years was high and amoun-
ted to -0.5 MPa. But the measurements made on the 
same day at midday show on average a twice lower 
value of  (-1.0 MPa). This undoubtedly resulted from 
much higher transpiration caused by a threefold incre-
ase in light intensity and about a twofold increase in 
air temperature (W a g n e r  and Z i m m e r m a n n , 
1998; Z i m m e r m a n n  et al., 2000). The presented 
data show that only in the case of rape and triticale 
straw substrate the average water potential for the stu-
dy years was slightly lower compared to the other sub-
strates. Such a value of , at high transpiration, shows 
that the plants were well supplied with water (C l e -
a r y  et al., 1996).

Leaf stomatal conductance and related trans-
piration also indicate a good supply of water to the 
tomato plants in all the substrates used (Table 1). In 
all study years, plants grown on rockwool as well as 
on triticale straw and rape straw with peat addition 
showed the highest conductance, while those grown 
on rape straw and triticale straw alone showed a lo-
wer value of this parameter. The average leaf stomatal 
conductance on the substrates made of both types of 
straw with the addition of bark was the same and it 
was higher than on the substrates made of straw alone, 
but lower than on the straw substrates with the addition 
of peat. As demonstrated by the results of this study, 
the level of leaf stomatal opening determined the rate 
of transpiration, which had been observed earlier by 
B o r o w s k i  et al. (2000) as well as by B o r o w s k i 
and N u r z y ń s k i  (2007) also in tomato, C e c h i n 
(1998) in sorghum, C o n g m i n g  L u  and J i a n -
h u a  Z h a n g  (1998) in wheat, F l e x a s  et al. (1998) 
in grape, T u r n e r  and T h o m a s  (1998) in banana, 
and B l a m o w s k i  et al. (2001) in cucumber. Thus, 
similarly as in the case of stomatal conductance, plants 
grown on rockwool as well as on the substrates made 
of both types of straw with peat addition showed the 
highest transpiration throughout the study years. On 
the other hand, the rate of water evaporation from the 
leaves of plants growing on rape and triticale straw 
alone as well as on both these types of straw with the 
addition of bark was practically the same. However, 

the differences in both leaf stomatal conductance and 
the rate of transpiration, which occurs almost entirely 
through the stomata on a sunny day, were small and 
within the margin of statistical error. This undoubtedly 
resulted from the application of fertigation in the pre-
sent study where the mineral solution was administe-
red in doses according to the change in light intensity. 
Any differences (though statistically insignificant) in 
the values of the plant water management parameters 
in question in plants growing in the substrates used 
may arise from water retention in these substrates. The 
excess solution drained away through the holes made 
in the lateral sides of the boxes at a height of 1.5 cm 
from the bottom, thus, above these holes, there was 
only the amount of mineral solution that was retained 
by the substrate. Therefore, the data presented in Table 
1 demonstrate that rockwool showed almost the same 
water retention, as both types of straw with the addi-
tion of peat. Rape and triticale straw was characterized 
by the lowest water-retention capacity, and in the case 
of straw with bark addition this capacity was only sli-
ghtly higher.

The presented findings are fully confirmed by 
the data relating to water saturation deficit in tomato le-
aves (Table 2). This deficit was relatively low in the le-
aves of plants of all experimental series, but the measu-
rements made in spring showed that it was the highest 
in plants grown in rape and triticale straw substrates (on 
average 19.7%). The addition of bark to both types of 
straw decreased the value of the parameter in question 
to 17.7%, while peat addition to 16.1%. Tomato plants 
on rockwool showed the lowest water saturation deficit 
in the leaf tissues (15.4%). On the other hand, the me-
asurements made in autumn showed that the average 
value of the parameter in question was lower by 2.2% 
than during the spring period. This indicates that during 
this period water supply to the tomato leaves was sli-
ghtly worse, which seems to be attributable to reduced 
transpiration, resulting from a lower number of leaves 
on the plants (the leaves beneath the fruiting clusters 
were removed), about half lower irradiation as well as 
to a much longer path of water to the leaves.

In all study years, leaf free proline content was 
very low; its average level in the period 2009-2010 
was 42.1, whereas in 2011 it decreased to 23.5 μg
× g-1 FW. Generally, except for the year 2009, tomato 
plants grown on triticale straw with the addition of 
bark and on rockwool showed the lowest proline con-
tent, whereas those grown on triticale straw demon-
strated the highest content. The differences in leaf 
proline content in tomato grown in the substrates used 
in the present study were small and statistically in-
significant (Table 2). Since the accumulation of free 
proline in plants occurs under environmental stress 
conditions, in particular drought and salinity (P e n g 
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et al. 1996; N a k a s h i m a  et al. 1998; J a v e d  and 
I k r a m , 2008; S z é k e l y  et al. 2008; T r o v a t o  et 
al., 2008), its low level indicates a good supply of wa-
ter to the plants in all the substrates used.

Marketable tomato fruit yield for the period 
2009-2010 averaged 14.2 kg per plant and it was sli-
ghtly lower than in 2011 (15.1 kg). Except for the year 
2009, plants grown on triticale straw substrate produced 
the lowest yield, and this yield was only slightly higher 
for rape straw substrate. The addition of peat to both 
types of straw had an effect on the increase in yield, 
and this effect was even greater in the case of bark ad-
dition. Plants grown on rape straw with bark addition 
produced the highest average fruit yield. Nevertheless, 
the difference between the highest and lowest average 
fruit yield for the study years was only 1.3 kg and it was 
statistically insignificant (Table 3). The usefulness of 
rape and triticale straw-based substrates has not hitherto 
been the object of research, but numerous earlier studies 

show that rye and wheat straw is also suitable for this 
purpose (B a b i k , 2006; N u r z y ń s k i , 2006; N u -
r z y ń s k i , 2006a; B o r o w s k i  and N u r z y ń s k i , 
2007; N u r z y ń s k i , 2008; N u r z y ń s k i , 2008a).

Likewise in the case of yield, dry matter content 
in tomato fruits varied slightly both between years and 
under the influence of the substrates used in the present 
study (Table 3). In the period 2009-2010, tomato fru-
its showed higher dry matter content which averaged 
5.64%, while in 2011 it was slightly lower – 5.51%. 
Irrespective of the year, fruits of tomato plants grown 
on rape straw showed the highest dry matter content 
(5.95%), and also those on triticale straw with the ad-
dition of peat (5.84%), whereas this parameter was the 
lowest for those growing on rockwool (5.17%). In his 
study on tomato plants grown on rockwool, rye straw, 
and wheat straw, N u r z y ń s k i  (2006) also found dry 
matter content to be lower in fruits from plants grown 
on rockwool.

Table 1
Effect of substrate type on stomatal conductance and transpiration in tomato leaves.

Substrate

Stomatal conductance
molH2O × m-2 × s-1

Transpiration
m molH2O × m-2 × s-1

2009 2010 2011 2009 2010 2011

Rockwool 0.28 0.26 0.28 4.85 4.32 4.65

Rape straw 0.21 0.21 0.21 4.46 4.11 4.32

Rape straw + peat 0.25 0.24 0.26 4.62 4.28 4.62

Rape straw + bark 0.24 0.22 0.24 4.14 4.21 4.48

Triticale straw 0.22 0.21 0.20 4.25 3.95 4.30

Triticale straw + peat 0.28 0.24 0.26 4.76 4.19 4.58

Triticale straw + bark 0.24 0.21 0.23 4.32 4.06 4.29

LSD0.05 n.s. n.s. n.s. n.s. n.s. n.s.

Table 2
Effect of substrate type on water saturation deficit (WSD) and free proline content in tomato leaves.

Substrate

WSD %
Proline – μg × g-1 FW

spring autumn 

2011 2009 2010 2011

Rockwool 15.4 19.2 36.8 39.7 18.9

Rape straw 18.8 20.3 37.0 56.8 22.3

Rape straw + peat 16.0 19.8 39.1 53.8 24.2

Rape straw + bark 18.2 19.4 38.8 41.2 27.1

Triticale straw 20.7 20.7 48.3 45.1 35.4

Triticale straw + peat 16.3 19.1 42.7 36.1 19.1

Triticale straw + bark 17.3 19.2 43.4 31.4 17.9

LSD0.05 n.s. n.s. n.s. n.s. n.s
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Wpływ różnych podłoży
na stosunki wodne i plon handlowy owoców

pomidora (Lycopersicon esculentum Mill.)
uprawianego w szklarni

S t r e s z c z e n i e

W latach 2009-2011 przeprowadzono badania 
w szklarni z zastosowaniem fertygacji, dotyczące 
określenia stosunków wodnych i plonu owoców po-
midora uprawianego na różnych podłożach. Rośliny 
rosły na matach z wełny mineralnej o pojemności
15 dm3 i matach o analogicznej pojemności przygo-
towanych z sieczki: słomy rzepakowej, słomy rzepa-
kowej + torf (3:1), słomy rzepakowej + kora sosnowa 
(3:1), słomy pszenżyta, słomy pszenżyta + torf (3:1), 
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słomy pszenżyta + kora sosnowa (3:1). W każdej macie 
rosły 2 rośliny, prowadzone na 22 grona w okresie od 
lutego do października. Uzyskane wyniki wykazały, 
że potencjał wody, przewodność szparkowa, tran-
spiracja, deficyt zawartości wody i zawartość wolnej 
proliny w liściach pomidora uprawianego na wełnie 
mineralnej i podłożach przygotowanych z siec-
zki słomy rzepakowej lub pszenżyta nie różniły się
w sposób istotny statystycznie. Nie stwierdzono także 

istotnych różnic w wysokości plonu handlowego ow-
oców pomidora i w zawartości w nich suchej masy. 
Dodatek torfu lub kory sosnowej do podłoży przy-
gotowanych ze słomy rzepakowej lub pszenżyta nie 
wpłynął w istotny sposób na zmianę ich wartości 
użytkowych. W opinii autorów podłoża przygotow-
ane z samej słomy rzepakowej lub słomy pszenżyta,
a tym bardziej z dodatkiem torfu lub kory w niczym nie 
ustępują powszechnie stosowanej wełnie mineralnej.
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