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Abstract. The case study to determine the peculiarities of Miscanthus giganteus aboveground biomass 
formation depending on sewage sludge and composts rate carried out in the Precarpathian region of Ivano-
Frankivsk province on sod-podzolic soils. The largest area of the leaf surface of miscanthus is formed in the 
trials where fresh sewage sludge was applied in the rate of 20 - 40 t/ha. The leaf surface area increases from 
19 up to 24.0 cm2/plant, and the yield of raw mass of plants at the level of 23.5 - 25.1 t/ha due to increasing 
rates of sewage sludge application. The highest indicators of net photosynthesis productivity were found in 
the period of intensive growth, which amounted to 7.78 g/m²/day and in the maturation period of 7.56 
g/m²/day in the trial SS - 40 t/ha + N10P14K58. The amount of dry mass of miscanthus plants significantly 
depends on the height of the shoot and the leaf surface area of the plants. The use of compost based on sewage 
sludge and straw in a ratio of 3: 1 at a rate of 30 t/ha contributes to the dry weight of miscanthus plants at the 
level of 15 t/ha. 

1 Introduction 
The three main land-use groups in EU are: built-up 

areas, forest and agricultural land including mixed crop-
livestock, pasture/livestock grazing, permanent crop 
production systems and bioenergy crops [1]. The biomass 
of energy crops occupies an important place in solving the 
problem of replacing traditional energy sources with 
alternative ones. Oil crops (82% of the land used for 
biodiesel fuel production) took first place in EU countries 
in 2015 [2]. The rest area for the production of ethanol 
crops (11%), biogas (7%), and heat generation (1%) used. 
Dedicated energy crops are mainly perennial grasses 
(miscanthus or switchgrass) and short rotation coppice 
such as willow or poplar. Poland, France, Germany, 
Spain, Romania, Sweden and the United Kingdom are the 
largest energy crops producer countries of the total 
European acreage [3-5]. For instance, withdrawn in 2009 
short rotation plantations scheme was granted in Poland at 
national level for such energy crops as willow, poplar, 
Miscanthus and Sida hermaphrodita [6].  

According to European experts, the area of land 
available for growing energy crops in 2020 will increase 
up to 20.5 million hectares, and in 2030 - up to 26.2 

million hectares. Today 8 million hectares are 
unproductive in Ukraine [7]. Growing energy crops on 
marginal lands makes sense to estimate the use of some 
wastes. These wastes considered as fertilizers available to 
promote high yields [8]. Meantime the question about the 
fertilization impact on energy crops availability as biofuel 
is still an open debate [9, 10].  

A wide range of feedstocks is available in abundance 
for biofuel production in industrialized countries using 
municipal solid waste [11].  The use of biomass residues, 
municipal and agri-waste as primary resource for biofuels 
is a promising proposal to reduce technogenic load 
connected with the waste disposal. Biomass is the 
biodegradable fraction of products, wastes, and residues 
of biological origin from agriculture (including plant and 
livestock), forestry, and related industries, including 
fisheries and aqua culture, as well as the biodegradable 
fraction of industrial and household waste [12].  
Municipal sewage sludge considered as potential source 
of macroelements, which recovered during the production 
of energy crop biomass [13 - 16]. It is composed of a wide 
range of organic matter (OM), microorganisms, macro- 
and micro-nutrients, non- organic and organic micro 
pollutants [17] All these components indispensable for 
proper functioning of plants in optimum quantities and 
proportions for fertilization purposes [18]. However, 
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sewage sludge also contains heavy metals, polycyclic 
aromatic hydrocarbons (PAHs) and polychlorinated 
biphenyls (PCBs) [19-21]. The combination of different 
methods and the modification of chemical immobilizing 
agents both improved the fixation effect on heavy metals 
[22]. It allowed introducing municipal sewage sludge for 
growing crops at arable lands a dose of not more than 10 
tons/ha for three years according to the Ukrainian state 
standard [23]. Large doses are possible in the case of 
mineland reclamation after three years monitoring, 
calculation of heavy metals uptake with energy crops 
yield and forthcoming life cycle assessment availability of 
municipal sewage sludge and other soil amendments 
application [24]. Fertilization at certain stages of the 
energy grass lifespan can maintain plantation production 
performance even in the later years of cultivation [25]. 
Agronomic and energy efficiency analysis to evaluate the 
effects of sewage sludge applied at rates equivalent to 100 
and 160 kg N ha−1 on the production of giant miscanthus 
made [26]. Energy efficiency was 43–52% higher when 
giant miscanthus plants with sewage sludge rather than 
mineral fertilizers supplied. The highest energy value of 
biomass yield was in the treatments with 20MgDMha−1of 
sludge application [27]. The knowledge about the effect 
of large doses of sewage sludge on the energy crops 
longterm plantations is insufficient [28, 29]. Perennial 
herbaceous plants are considered to be promising for 
cultivation. Miscanthus as a relatively new energy crop for 
Ukraine requires additional study on the efficiency of 
cultivation in different soil and climatic conditions [30 - 
32]. Miscanthus × giganteus can produce a high yield of 
aboveground biomass at relatively low input costs [33, 
34]. Miscanthus can improve soil structure and levels of 
organic matter in marginal lands [35] and use for both 
liquid and solid biofuels production as raw material [36]. 
The crop characterize by extensive root/rhizome growth. 
This process can reduce soil compaction and allow a 
greater water buffering capacity [37]. The use of sewage 
sludge could not only increase yield but also positively 
affect biological and physico – chemical properties of soil 
profile [38]. It is known also that the intensity of organic 
matter accumulation depends on the size of the leaf 
surface, which is determined by the biometric parameters 
of plants and largely depends on their nutrition 
requirements [39, 40]. Miscanthus leaves take great 
importance for the formation and intensity of biomass 
accumulation [41]. During the season of plant vegetation, 
the shape and size of the leaf surface varies considerably 
[42, 43 ]. That is why it difficult to conduct biometric 
measurements. The aim of our research was to determine 
the dependence of the size of the leaf surface area and 
miscanthus biomass on different rates of sewage sludge 
and compost made on its basis. 

2 Materials and methods 

The field experiment was carried out during 2016 - 2019 
in the sod-podzolic gley medium loamy soil at the territory 
of the Maidan village situated in Tysmenytsia district of 
Ivano-Frankivsk province. The scheme of field 
experiments included the following options: 1. Without 

fertilizers - control; 2. N60P60K60; 3. N90P90K90; 4. Sewage 
Sludge (SS) - 20 t/ha + N50P52K74; 5. SS - 30 t/ha + 
N30P33K66; 6. SS - 40 t/ha + N10P14K58; 7. Compost 20 t/ha 
+ N50P16K67; 8. Compost 30 t/ha + N30K55.  

The sewage sludge and straw mixed in ratio 3: 1 to 
prepare compost. Leaf area was determined by scanning 
20 plants in each trial. After the measurement, the sheets 
were cut into pieces up to 25 cm long. The cutted parts of 
one sheet were folded into a transparent envelope 
(stationery file) in such a way that the individual pieces 
did not touch each other. After that, files with parts of the 
sheet were scanned. The same resolution was provided for 
all scanned images.  

The analysis of the scanned images was performed 
using the Area S 2.1 program [44, 45]. The net 
productivity of photosynthesis was determined as the 
accumulation of dry matter per day per unit area of leaves. 
Measurements were performed during the growing season 
and determined the average. Net photosynthesis 
productivity defined as the accumulation of total plant 
biomass (every 20 days during the growing season) 
relative to the average leaf area over the same period.  

Crop accounting performed by the method of 
continuous mowing of biomass in the accounting area and 
weighing the green mass to determine the dry matter 
content 3 times. The dry matter content determined by 
thermostatic weight method at a temperature of 105 ° C. 

3 Results 
During the four years of research, the average height 

of miscanthus plants in the field experiment varied from 
1.85 m to 2.95 m (Table 1). The height of plants increased 
by 14 and 23% in the trials 2 and 3 respectively compared 
to the control. The additional height growth in three next 
options (4-6) was fixed in combination SS – 40 t/ha + N10 
P14K58. During the application of compost based on 
sewage sludge and straw best result on height, number of 
plant stems and output of dry biomass was obtained in trial 
8 (30 t / ha +  N30K55 ). The number of plant stems 
increased with the amount of applied fertilizers based on 
sewage sludge at the rate of 20 - 40 t/ha (options 4 - 6) 
from 6 to 13 pieces/m2 compared to the control (option 1). 
Application of sewage sludge and straw compost at the 
rate of 20 - 30 t/ha (options 7 - 8) led to the number of 
stems increasing up to 16 - 22 pcs/m2 higher than at the 
control. The dependence of the leaf surface area on the 
height of miscanthus plants established using the method 
of correlation analysis (Fig. 1).The plant height and the 
leaf surface area were in the control variant 1.85m, and 
11.5cm2/plant correspondingly. The application of 
mineral fertilizers in the dose N60-90P60-90K60-90 (options 2 
and 3) increased the height of plants by 0.26 - 0.44 m, and 
the leaf surface area - by 2.0 - 2.5 cm2/plant. The sewage 
sludge at the rate of 20 - 40 t/ha (options 4 - 6) impact on 
the plant height and leaf surface area was 2.24 - 2.72 m, 
and 18.5 - 23.8 cm2/plant respectively. 
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Table 1. Miscanthus productivity parameters depending on sewage sludge rate application. 

№ Trials Height of the 
main shoot, m 

Number of 
stems, pcs/m2 

Dry biomass 
yield, t/ha 

Moisture content in 
biomass, % 

The output of dry 
biomass, t/ha 

1 Control 1.85 16 22.1 21.4 10.0 
2 N60P60K60 2.11 20 23.0 27.8 10.4 
3 N90P90K90 2.29 25 23.8 29.2 11.0 

4 SS – 20 t/ha +  
N50 P52K74 2.24 22 23.5 26.1 10.6 

5 SS -30 t/ha +  
N30P33K66 2.56 26 24.4 28.7 11.7 

6 SS – 40 t/ha +  
N10 P14K58 2.72 29 25.1 31.6 12.2 

7 SSCompost– 20 t/ha +  
N50P16K67 2.81 32 26.0 32.4 12.8 

8 SSCompost– 30 t/ha +  
N30K55 2.95 38 26.9 32.9 13.0 

 LSD 0.05 0.5 1.0 0.3 1.2 0.2 

However, the leaf surface area of miscanthus plants was 
6.1 - 8.4 cm2/plant more than the leaf area of plants of the 
control variant in case of applying compost based on 
sewage sludge at the rate of 20 - 30 t / ha (options 7 and 
8). The correlation dependence of the leaf surface area on 
the height of miscanthus plants described by the following 
multiple regression equation:  

y = 7.1678 + 0,0143х, 
where y – is the area of the leaf surface, cm2/plant; x – 
plant height, m. It was determined that the leaf surface 
area of miscanthus plants depends on the height of the 
plant. This dependence can be considered as close, 
because the coefficient of determination is R2 = 0.69, and 
the correlation coefficient r = 0.74. 

 

Fig. 1. Correlation dependence of leaf surface area on the 
height of miscanthus plants, average for 2016–2019. 

The leaf surface area of miscanthus plants 
significantly depends on the number of stems and the 
height of shoots (Fig. 2). 

The height of the dewlines was 2.24 - 2.72 m, the area 
of the leafy surface was apparently 18.5 - 24.0 
cm2/dewline, and the number of dewlines - 11.3 - 12.7 
pcs/m2 for the siege of sewage waters near the rate 20 - 40 
t/ha (options 4 - 6). 

 
Fig. 2. Dependence of the leaf surface area on the number of 
stems  and the height of the miscanthus shoot, average for 2016 
- 2019. 

 
The fallowness of the area of the leafy top of the 

number of stalks and the height of the pagoon of the 
muscanthus can be described by the following simple 
regression: 

c =1729.6509-14.683x-75.8414y-0.017x2+1.2845xy 
– 2.5305y2  

where: c - the area of the leaf surface, cm2/ plant; x - height 
of the growth, m ; y - the number of stems, pcs / m2.  

Miscanthus belongs to the plants of the C4 group of 
photosynthesis, which are able to intensively accumulate 
the sun energy during the vegetation period [46]. This 
plant is highly resistant to diseases and pests [47]. About 
95% of the total plant biomass is formed in the process of 
photosynthesis. The dynamics of accumulation of dry 
plant biomass reflects the intensity of its assimilation 
process [48]. The power of the assimilation apparatus and 
the duration of its operation is a decisive factor in the 
productivity of photosynthesis [49]. The dynamics of the 
formation of the photosynthetic apparatus in miscanthus 
is similar to other taller plants. [50] 
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The net productivity of photosynthesis (NPP) of 
miscanthus plants varies according to the surface area of 
the leaves (Table 2).  

The introduction of 20 - 40 t/ha of SS and mineral 
fertilizers (options 4 - 6) impact on NPP at the initial 
growth was 3.64 - 3, 73 g/m2 per day. The NPP at the 
initial growth increased and amounted to 3.65 - 3.69 g/m2 
per day with the application of composts based on sewage 
sludge (options 7 - 8). Meantime the NPP at the initial 
growth was 3.65 g/m2 per day with the application of 
mineral fertilizers at the rate of N90P90K90 (option 3). 

Table 2. Net productivity of photosynthesis of miscanthus 
plants depending on fertilizer application rates, g/m2 per day. 

 
No Trials Initial 

growth 
Intensive 
growth Maturation 

1 Control 3.55 7.45 7.30 
2 N60P60K60 3.61 7.58 7.39 
3 N90P90K90 3.65 7.63 7.45 
4 SS  20 t/ha + N50 P52K74 3.64 7.61 7.40 
5 SS 30 t/ha + N30P33K66 3.68 7.69 7.47 
6 SS  40 t/ha + N10 P14K58 3.73 7.78 7.56 

7 Compost  20 t/ha + 
0P16K67 3.65 7.60 7.38 

8 Compost  30 t/ha + N30K55 3.69 7.65 7.44 
 LSD 0.05 0.01 0.03 0.01 

 
The NPP at the intensive growth of plants was the 

highest during the introduction of sewage sludge and 
was7.61 - 7.78 g/m2 per day (options 4 - 6), which is 0.11 
- 0.33 g/m2 per day more than in control (option 1). The 
NPP at the intensive growth decreased by 0.1 - 0.4 g/m2 
per day with the application of composts (options 7 - 8) 
compared to the sewage sludge options 4 – 6 data. 

The NPP during maturation remained the highest with 
the introduction of sewage sludge at the rate of 40 t/ha + 
N10P14K58 and amounted to 7.56 g/m2 per day. According 
to the obtained research results, the photosynthetic 
activity of plants in different vegetation periods remained 
the largest in the variants where sewage sludge was 
applied.  

The net productivity of photosynthesis depended on 
the leaf surface area of miscanthus plants (Fig. 3). 

 

Fig. 3. Dependence of net productivity of photosynthesis on  the 
leaf surface area of miscanthus plants, average for 2016 - 2019. 

 

The net productivity of photosynthesis of miscanthus 
plants significantly depends on leaf surface area of 
miscanthus plants. The dependence of the net productivity 
of photosynthesis on the leaf surface area of the 
miscanthus plant described by the following regression 
equation: 

у = 6.821 + 0.0556х 
where: y is the area of the leaf surface, cm2/plant; x – net 
productivity of photosynthesis, g/m2 per day. The 
coefficient of determination R2 was 0.79, i.e. the closeness 
of the connection can be considered as significant. There 
is a positive relationship between the net productivity of 
photosynthesis of miscanthus plants with the leaf surface 
area and the rate of fertilizer application. The dry mass 
yield of miscanthus plants depends on the height of the 
shoot and the area of the leaf surface of the plants (Fig. 4).  

The dependence of the amount of dry mass of 
miscanthus plants on the height of the shoot and the area 
of the leaf surface can be described by the following 
equation: 

c=12.1185-0.1587x+2.3991y-0.00766x2+0.3554xy-
0.71084y2 

where: c is the yield of dry mass of the plant, t/ha; x is the 
area of the leaf surface, cm2/plant; y - plant height, cm. 
The multiple coefficient of determination (R2 = 0.74) 
indicates a close correlation between these indicators. 

 

Fig. 4. Dependence of the accumulation of the dry weight of the  
miscanthus plant on the height of the shoot and the area of the 
leaf surface. 

 
Thus, the highest productivity of miscanthus is 

achieved in the trials 7-8, where plants have the largest 
(24.0 cm2/plant) leaf area. The coefficients of multiple 
regression are significant, since the actual value of the t-
criterion exceeds the theoretical one by 5% of the 
significance level (Table 3). 

According to the obtained results, the value of the 
regression coefficients for the yield of dry mass of plants 
(Ff = 196.32> F0.05 = 1.22) is -26,356 with a standard error 
of 62.9 and the materiality criteria tf (t 0.05 = 1.33) is equal 
to 7.2. Thus, the value of the regression coefficients for 
the leaf surface area (Ff = 66.254> F0.05 = 1.22) is -87.4178 
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with a standard error of 25.1 and a materiality criterion 
(t 0.05 = 1.33), which equal to 3.5.  

Table 3. Coefficients of multiple regression of the dry weight 
and the leaf surface area of the miscanthus plant. 

The yield of dry mass of the plant (Ff=196.32> 

F0,05=1.22) 

Regression 

coefficients 

Values of 

regression 

coefficients 

Standar

d error 

Sb 

Significanc

e criteria tf 

(t 0.05 =1.3) 

с -26.356 62.92730 7.204340 

bx 0.7865 0.160104 10.63481 

by 48.766 10.07493 5.173311 

Leaf surface area (Ff=66.254> F0.05=1.22) 

с -87.4178 25.0682 3.48704 

bx 4.1611 2.2231 1.87171 

by 39.3230 7.7302 5.08694 

4 Discussion  

The dependence of the dry mass of the plant on the shoot 
height and the leaf surface area based on several biometric 
parameters. The genetic and physiological mechanisms 
underlying biomass production of the Miscanthus species 
awaits further investigation [51]. It was described also 
highly significant dependence of the number of stomata 
on the leaf surface and age [52]. The morphometric 
analysis confirmed higher growth performance of the 
fertilized trials [53]. Our case study results are consistent 
with other conclusions that the yield, specific leaf area 
and leaf area index of Miscanthus stimulated by N 
fertilization [54]. The greatest impact on the leaf surface 
of miscanthus in our field experiment has the height of the 
plant, the number of stems, which, in turn, depending on 
the application of fertilizers.  

The yield of dry mass of plants depends on the area of 
the leaf surface and the height of the plant. Miscanthus 
requires intense sunlight during the growing season to 
form the optimum leaf area and accumulate sufficient 
organic matter [55]. 

The net photosynthetic productivity of miscanthus 
plants in our research was closely related to the leaf 
surface area. This dependence characterized by high 
density (R2 = 0.79). 

5 Conclusions  

It was found that the greatest impact on the leaf surface of 
miscanthus has the height of the plant and the number of 
stems, which, in turn, depend on the application of 
fertilizers. The yield of dry mass of plants depends on the 
area of the leaf surface and the height of the plant. The 
largest area of the leaf surface of miscanthus is formed in 
the trials where fresh sewage sludge was applied in the 
rate of 20 - 40 t/ha. The leaf surface area increases from 
19.0 up to 24.0 cm2/plant with increasing rates of SS 

application. The highest indicators of net photosynthesis 
productivity were found in the period of intensive growth, 
which amounted to 7.78 g/m²/day and in the maturation 
period of 7.56 g/m²/day in the trial 6 (SS - 40 t/ha + 
N10P14K58). The amount of dry mass of miscanthus plants 
significantly depends on the height of the shoot and the 
leaf surface area of the plants. Multiple coefficient of 
determination (R2 = 0.74) indicates a close correlation 
between these indicators. The use of compost based on 
sewage sludge and straw in a ratio of 3:1 at the rate of 30 
t/ha contributes to the dry weight of miscanthus plants at 
15 t/ha.  

The studies were performed on sod-podzolic soils, 
which are characterized by relatively low organic matter 
content, low antidegradation resistance, unsatisfactory 
agrophysical and agrochemical properties. Thus, the 
conducted research can serve as a model experiment and 
be extrapolated to such soils, which are marked by 
manifestations of degradation of various degrees. In 
addition, the problem of environmentally safe disposal of 
sewage sludge is gaining global scale and needs to be 
addressed. The performed researches partially give the 
answer to the decision of this problem. One of the ways 
to solve it is to use sewage sludge as fertilizer for energy 
crops. Therefore, the studies can be of practical value for 
use in different regions on other types of soils, which are 
characterized by varying degrees of degradation 
processes, which will increase the ecological 
sustainability of agroecosystems. 
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