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SUMMARY

Energy crops have proved to be a viable alternative to fossil fuels. However, high biomass production always means that large
quantities of nutrients from the soil are removed at harvest. The goal of this work was to estimate nutrient (nitrogen, phosphorous,
potassium) use efficiency (NUE) and nitrogen balance in an eight-year-old Populus deltoides clone Lux, short rotation forestry under
two cutting cycles, every two (biennial) and three (triennial) years, carried out under Mediterranean climate conditions. Results
indicate that NUE, for all the analyzed elements, contained variations with slightly higher values for nitrogen and phosphorous in
the triennial cycle. Although poplar cultivation has a positive nutrient efficiency, in terms of nitrogen, there is significant loss of this
element in the crop cycle.
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RESUMEN

Los cultivos energéticos han demostrado ser una alternativa viable para la produccion de energia a partir de la biomasa producida. Sin
embargo, una alta produccion de biomasa siempre significa que se eliminan grandes cantidades de nutrientes del suelo en la cosecha.
El objetivo de esta investigacion fue estimar la eficiencia en el uso de nutrientes (nitrégeno, fosforo y potasio) y el balance de nitrogeno
en cultivos energéticos de Populus deltoides clon Lux bajo dos ciclos de corta (bienal y trienal), realizados en condiciones de clima
mediterraneo. Los resultados indican que la eficiencia en el uso de nutrientes para todos los elementos analizados presenta variaciones
contenidas con valores ligeramente superiores en trienal para el nitrogeno y el fosforo. Si bien el cultivo del dlamo tiene una eficiencia
nutritiva positiva, en términos de nitrogeno, existe una pérdida significativa de este elemento en el ciclo de cultivo.

Palabras clave: Cultivos de corta rotacion, biomasa, NUE.

INTRODUCTION

Energy crops have proved to be a viable alternative
to fossil fuels. Plants cultivated as short rotation coppices
(SRCs) are characterized by high growth rate, adequate
sprouting of the stool bed, and adaptation to sub-optimal
environmental conditions (Berbec and Matica 2020).
However, high biomass production always means that
large quantities of nutrients from the soil are removed at
harvest. Indeed, it has been observed that the short rotation
coppice (SRC) of fast growing woody species has higher
rates of nutrient removal by harvest than those presented

by medium-rotation and mature forest (Toillon ez al. 2016).
The higher bark/wood ratio of younger stems in SRC sys-
tems and the higher nutrient concentration of the bark are
important factors contributing to higher nutrient removal
(Adler et al 2005). Furthermore, a high nutrient content of
energy crops is a negative quality parameter in combus-
tion as it raises the amount of ash to be handled, reduces
biomass energy content and can give rise to harmful emis-
sions, e.g. nitrogen oxides (NO ) (Smith and Slater 2021).
Nevertheless, in some cases, crops with low nutrient-use
efficiency are preferable if removal of excess nutrients is
aimed at (i.e. control of nutrient leaching). What is clear is
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that nutrients are removed when the plant is harvested. To
ensure soil conservation and minimize the loss of soil nu-
trients, it is important to evaluate whether nutrients return
properly to the soil. Nutrients return to the soil could be
through the mineralization of organic matter or through the
use of external inputs, such as fertilizers, among others.
Furthermore, the nutrient content in the soil can vary due
to phenomena such as plant uptake and harvest, leaching,
runoff, erosion and denitrification. However, the evalua-
tion of these processes is not easy to carry out.

In this context, nitrogen balance and nutrients use effi-
ciency (NUE) can provide a first indication of nutrient
dynamics in the system. Nitrogen balance considers the
nitrogen provided by fertilizers, atmospheric inputs, mi-
neralization and crop residues and the nitrogen lost by the
harvested biomass and leaching. A simple definition for
NUE, extensively employed for many agronomic and fo-
rest species, is the total harvestable biomass produced per
unit of nutrient absorbed, which is equivalent to the reci-
procal of nutrient concentration in the harvested biomass
(Ferreira et al. 2021).

Several authors have used nutrient balance to evaluate
the sustainability of biomass crops (Lodhiyal and Lodhiyal
1997, Heilman et al. 1997, Berthelot et al. 2000, Masoni
and Pampana 2005, Weih et al. 2021). Lodhiyal and Lod-
hiyal (1997) reported, on a 4-year poplar plantation in In-
dia, nutrient return via leaf litter of 91 & 148 kg ha! year'!
of nitrogen, 8 &+ 15 kg ha™! year' of phosphorous and 70 +
99 kg ha'! year' of potassium, with nitrogen use efficiency
of 151-174 kg dry biomass kg ha' year' of nitrogen. To-
tal biomass production varied in a range of 122-1128 Mg
ha''. Berthelot ef al. (2000) observed nutrient uptake of 92,
15 and 87 kg ha'!, of nitrogen, phosphorous and potassium,
respectively, on a short rotation forestry of poplar in Fran-
ce, estimating nutrient return to soil of about 60 to 80 %
through leaf litter. In this case, total above-ground biomass
reaches 88.8 and 74.7 Mg ha™' dry matter. In another study,
Heilman et al. (1997) evaluated nutrient content in several
poplar clones managed in a 4-year cutting cycle, reporting
ranges of 241-420, 41-105 and 159-288 kg ha! of nitrogen,
phosphorous and potassium, respectively.

Regarding NUE, Toillon et al. (2016), within an ex-
periment in northern France with two contrasting site
conditions and during two rotations in a wide set of Po-
pulus deltoides Marshall x Populus nigra L. genotypes,
obtained values of 118.3 — 632.7 kg yield dry matter per
kg of applied nitrogen. Euring et al. (2016) examined the
growth response and nitrogen use efficiency of different
poplar species on shallow soil, suggesting that higher
nitrogen uptake of poplar species might be an important
adaptation to maintaining productivity under unfavorable
soil conditions. Ceotto et al. (2016), in a study in Italy with
poplar short rotation forestry, estimated that the agronomic
efficiency of applied nitrogen varied from 5 to 14 kg of
dry matter yield per kg of nitrogen applied. The recovery
efficiency of the applied nitrogen (kg of nitrogen uptake
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per kg of nitrogen applied) was merely 7.3-10.6 %. The
physiological efficiency of nitrogen uptake was 79—123 kg
of dry matter yield per kilogram of nitrogen uptake.

Based on the hypothesis that the net nitrogen balan-
ce of SRC is positive, being the nitrogen that remains in
the soil higher than the nitrogen removed, the goal of this
work was to estimate nutrient (nitrogen, phosphorous, po-
tassium) use efficiency and nitrogen balance in an SRC
plantation of Populus deltoides clone Lux, carried out un-
der Mediterranean climate conditions.

METHODS

Study area. The study was conducted at Centro di Ricerche
Agro-ambientale (CIRRA) Enrico Avanzi at Pisa Universi-
ty (Italy). The experimental field was located in San Piero a
Grado, 43°40°N and 10°21 E at 5 m above sea level and 2
km far from the sea. The soil was Xerofluvent (clay 20.1 %,
silt 40.5 %, sand 39.4 %), typical of the lower River Arno,
which is an alluvial plain characterized by a superficial
water table (1.8 m deep in the driest conditions, having no
influence on the movement of nutrients) and good nutrient
availability (organic matter 1.8%, total nitrogen content
1.3 g kg!, available phosphorus 8.8 mg kg™' and exchan-
geable potassium 128.3 mg kg™"). The plantation was esta-
blished in 2000, on arable crop land, previously cultivated
with wheat.

The average climate conditions of the site during the
trial are shown in figure 1. During the experimental period
(from 2000 to 2008), a considerable variability in rainfall
was observed from year to year with mean annual rainfall
of approximately 750 mm (from 655 to 936 mm).

Experiment setup. The experiment began in early spring of
2000, with the transplanting of 10,000 uprooted cuttings
(about 20 cm long) per hectare of Populus deltoides (clone
Lux). The planting layout was 2 m between rows and 0.5 m
between plants. The soil was prepared ahead the planting
season (October 1999) by deep plowing (50 cm), followed
by sub soiling with ridge and plow. A pre-planting herbi-
cide (Pendimentalin Click® 50, 3 L ha') and a fertiliza-
tion of 600 kg ha' of a generic 8-24-24 (nitrogen - phos-
phorous - potassium) fertilizer were applied. The fertilizer
doses were given systematically from the beginning of the
trial and according to the agronomic management that was
carried out in the area. In 2002, after the first harvest, the
field was divided into two plots of 5,000 m? each, assigned
at two different cutting cycles: biennial (T2) and triennial
(T3). Each cutting cycle was represented in an individual
plot, being each plot the basis for future comparisons. T2
was harvested four times, in 2002, 2004, 2006 and 2008,
while T3 three times, in 2002, 2005 and 2008. Harvesting
occurred always at the end of February, before the vege-
tative regrowth, and was performed by a harvesting too-
kloader-chipper coupled with a trailer pulled by a tractor
for the collection of chipped material. After each harvest,
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Figure 1. Average climate conditions at the field experimental site.

Condiciones climaticas medias en el area de estudio.

supplementary fertilization was applied, supplying 100 kg
ha'! of nitrogen as urea. At the end of the experiment (i.e.
year 2008) the soil was recovered by removing stumps with
a stump cutter and making deep plowing and sub soiling.

Biomass production. At every harvest, the fresh above-
ground biomass of the whole plant was assessed. Data
were collected in five transects (5 m long, including 10
plants) per plot, which were always located within the
three central rows of the plot. For each plant, fresh weight
of stems, branches and leaves, height and their diameter
at breast height were measured. Biomass subsamples of
each plot were oven dried at 105 °C (to constant mass)
and dry matter content was determined. Total dry biomass
was calculated by multiplying the average dry weight of
the plants of each transects by plantation density. For dry
weight, a Student’s t-test was used to compare means un-
der different treatments.

Nutrient use efficiency (NUE). In the laboratory, the ele-
mental content of nitrogen, phosphorous and potassium of
branches, stems and leaves was analyzed for each cutting
cycle at the time of harvest (winter) during three years
(2006, 2007 and 2008). The measurement of nitrogen in
plant samples was carried out with the Kjeldhal-Tecator
method (Lotti and Galoppini 1980), using the Kjeltec 2100
distiller (Foss, Italy), phosphorus using the methodology
followed by Ames (1966), and potassium following Kalra
(1998). The same plants used for the biomass production
assessment were used for this purpose. A Student’s t-test
was used to compare means under different treatments.
NUE was calculated according to Vitousek (1982) as:

NUE = Dry biomass (g) / Nutrient content (g) [1]

where ‘Nutrient content’ is the total nutrient quantity in
aboveground woody tissue.

Nitrogen balance. Apparent nitrogen balance was also cal-
culated using the method proposed by Masoni and Pampa-
na (2005). The formula used to calculate nitrogen balance
is as follows:

AN = Contributions (fertilizers + atmospheric
inputs + mineralization + crop residues) - Losses 2]
(nitrogen removed with the biomass collected +
leaching + denitrification)

The proportion of nitrogen removed from the soil by
leaching was estimated using historical data of agronomic
tests carried out in the same location in San Piero A Gra-
do (Masoni and Pampana 2005). Nitrogen volatilization
was not considered, since in Italian soils do not seem to
reach particularly significant levels (Masoni and Pampana
2005). In this work, the amount of nitrogen that remains
in the soil contained in the poplar roots is not considered
due to the impossibility of quantifying the amount of roots
that decomposes during the SRC cycle. The crop residues
of SRC are leaves. Thus, to assess the return to the soil of
crop residues, 10 “traps” (1 m?) per plot were placed. Lea-
ves were collected every 10 days from July to December.
They were taken to the laboratory where they were dried
in an oven at 60 °C until they had constant weight and dry
matter content was determined.

To calculate the nitrogen removed with the biomass
collected, the measurement of nitrogen in plant samples
was carried out with the Kjeldhal-Tecator method (Lot-
ti and Galoppini 1980), using the Kjeltec 2100 distiller
(Foss, Italy); phosphorus, using the methodology followed
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by Ames (1966); and potassium, following Kalra (1998).
Samples collected at the final harvest were analyzed from
15 plants per plot.

Most nitrogen in the soil is contained in the organic
matter (e.g. humified), which on average contains 5 %
nitrogen. The organic matter of the soil is progressively
decomposed and oxidized by microorganisms and atmos-
pheric agents, therefore it releases the nitrogen it contains.
According to Masoni and Pampana (2005), we assumed
that soil humus is degraded with an average annual rate
of 1 %. Thus, in the soil where the test was carried out,
having an average organic matter content of 1.8 %, we es-
timated about 54 kg of nitrogen ha'! year!' released from
the 50-cm-deep soil layer.

Atmospheric fixation brings different amounts of nitro-
gen to the soil depending on the amount of rainfall and their
concentration of nitrogen. The latter presents discrete varia-
tions during the year, resulting higher in winter and more
reduced in summer; however, in coastal Tuscany, it can be
considered on average 2 mg of nitrogen per liter (Masoni
and Pampana 2005). Based on this value, the nitrogen supply
from rainfall in the reference period of the test is shown in
table 1, with an average value of 15.7 kg ha'! year.

According to Masoni and Pampana (2005), the nitro-
gen lost by denitrification does not reach consistent levels
in normal Tuscany conditions and maximum loss of 5 kg
ha'! of nitrogen per year can be estimated.

The factors that most influence nitrogen leaching are
the magnitude and distribution of rainfall, the texture of
the soil and its organic matter content, evapotranspiration,
the dose of nitrogen fertilizer distributed, the type of ferti-
lizer used and the time of distribution. Water is the vehicle
through which nitric nitrogen moves in the ground and the
leaching of nitrogen is therefore a phenomenon which, gi-
ven the nitrates present, is strictly dependent on soil water
balance (Masoni and Pampana 2005). The highest losses of

Table 1. Nitrogen from atmospheric precipitation.

Nitrogeno procedente de las precipitaciones atmosféricas.

Contributions deriving from precipitation

Year Annual precipitation (mm)  Nitrogen (kg ha'! year")
2000 897.2 17.9
2001 720.2 14.4
2002 1000.2 20.0
2003 672.0 13.4
2004 839.6 16.8
2005 628.6 12.6
2006 872.4 17.4
2007 669.0 134
Average 787.4 15.7
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nitric nitrogen due to leaching occur in periods when rain-
fall is high and evapotranspiration and nitrogen uptake by
plants is minimal, that is, in this environment, during au-
tumn and winter. It should be pointed out that the leaching
of nitrogen is an unavoidable phenomenon that occurs
even in absence of nitrogen fertilization, since a certain
quantity of nitrates is produced, of course, by the minerali-
zation of the organic substance and by the oxidation of the
ammonium ion, in every soil. The soil texture has a decisi-
ve importance in this case and the most fertile soils, richer
in humus, and therefore in organic nitrogen, are those that
present the highest losses. In the absence of nitrogen fer-
tilization, for example, a medium-textured soil tending to
clayey, well endowed with organic matter (2%) may lose,
during the period of wheat cultivation, more than 30 kg ha'!
of nitrogen, which drops to 10 kg ha™' in loose and poor
in organic matter soil (Masoni and Pampana 2005). In a
hybrid poplar plantation in southwestern Michigan whe-
re soils are mesic Typic Hapludalfs developed on glacial
outwash with high sand content (~76% in the upper 150
cm) intermixed with more silt in the upper 50 cm, Hussain
et al. (2020) estimated nitrogen leaching of 31.87 kg ha!
year'. For the soil where the experiments were carried out,
leaching of 25 kg ha! year' of nitrogen was estimated.

RESULTS

Biomass production. The annual average production in the
study of the complete cycle of P. deltoides clone Lux diffe-
red between treatments, being T3 the most productive cut-
ting cycle (figure 2). Lower yields in the period 2004-2006
may be because rainfall in that period was lower than the
average rainfall. Biomass production in the full cycle (8
years) was 73.8 tons per hectare for T2 (9.22 Mg ha™! year')
and 91.7 tons per hectare for T3 (11.46 Mg ha™! year).
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Figure 2. Populus deltoides clon Lux biomass production during
the period 2000-2008.

Produccion de biomasa en el periodo 2000-2008 de Populus
deltoides clon Lux.



On the other hand, the biomass of leaves returning to
the soil is 1,132 kg ha! year! for T2 and 575 kg ha'! year'!
for T3.

Nutrient use efficiency. In the laboratory the elemental con-
tent of nitrogen, phosphorous and potassium of branches,
stems and leaves was analyzed for each cutting cycle at the
time of collection (figure 3). Comparing the two different
cutting cycles, it can be appreciated that the concentration
of main macro-nutrients, in general, is higher in T2 than
in T3. The nutrients concentrated mainly in the branches

T2
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[ Stem
B Leaves

Concentration (g kg'ﬂ)
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N
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with values of 10.8, 1.38 and 3.88 g kg' and 9.30, 1.19 and
3.61 g kg of nitrogen, phosphorous and potassium res-
pectively for T2 and T3. Instead, the concentrations of the
main macro-nutrients in stems are smaller with a decrease
of around 40 % compared to that of branches.

Table 2 shows how the annual removals of the poplar
SRC for both cutting cycles (T2 and T3), relative to the
epigeal biomass at the time of harvest, differ in the diffe-
rent plant organs (branches and stems; leaves were not
considered as removal because at the time of collection the
plant had none).

T3

10 N Branches
[ stem
I Leaves

Concentration (g kg'w)

o Bos I@ﬁ

N

Figure 3. Average 2006, 2007 and 2008 nitrogen (N), phosphorous (P) and potassium (K) concentration in Populus deltoides clon Lux
branches, stem and leaves with biennial (T2) and triennial (T3) cutting cycles.

Concentracion media de nitrogeno (N), fosforo (P) y potasio (K) en tronco, ramas y hojas de Populus deltoides clon Lux bienal (T2) y

trienal (T3) en los afos 2006, 2007, y 2008.

Table 2. Aboveground biomass removal of nitrogen (N), phosphorous (P) and potassium (K) in the poplar SRC in an 8-year cycle

(2000-2008) in biennial (T2) and triennial (T3) cutting cycles.

Remocion de nitrogeno (N), fosforo (P) y potasio (K) de la biomasa aérea en la SRC de alamo en un ciclo de 8 afios (2000-2008) con ciclos

de corta bienales (T2) y trienales (T3).

T2 T3
Year N (kg ha) P (kgha') K (kgha') N (kg ha'') P (kg ha™) K (kg ha')
2002 453.84 50.59 13541 453.84 50.59 135.41
2003 - - - - - -
2004 256.20 28.56 76.44 - - -
2005 - - - 289.08 39.85 113.88
2006 183.00 20.40 54.60 - - -
2007 - - - - - -
2008 457.50 51.00 136.50 594.00 81.90 234.00
Total 1,350.54 150.55 402.95 1,336.92 172.35 483.29
Mean 150.06 16.73 44.77 148.55 19.15 53.70
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Nutrient use efficiency for both cutting cycles is shown
in table 3. Comparing the two cutting cycles we can obser-
ve how NUE for all the analyzed elements show variations
with higher values in T3 for nitrogen and phosphorous,
differences regarding potassium were not significant. T2
has a lower value, that is, it produces less biomass for the
same amount of nutrient removed.

Nitrogen balance. The nitrogen from the leaves that retur-
ned to the soil was included in the balance calculation. The
amount of leaf that returned to the soil and the concen-
tration of N in the leaves were known (figure 3). It is as-
sumed that the annual quantity of fallen leaves is the same
for all years of experimentation and the average value for
2006, 2007 and 2008 is considered (1,132 kg ha! for T2
and 575 kg ha! for T3). The amount of nitrogen returning
to the soil is 13.4 kg ha™! for T2 and 4.4 kg ha'! for T3.
For the calculation of removal, it was assumed that the
nitrogen content of the biomass collected after each cut is

Table 3. Nutrient use efficiency for poplar SRC subjected to
biennial (T2) and triennial (T3) cutting cycles. In the same column,
different letters stand for significant differences (P < 0.05).

Eficiencia en el uso de nutrientes en una SRC de alamo con
ciclos de corta bienales (T2) y trienales (T3).

Nutrient Use Efficiency (2, uiomass Euuien )
NUE (N) NUE (P) NUE (K)
T2 54.64° 490.20° 183.15°
T3 75.76* 549.452 192.31°

the average of 2006, 2007 and 2008 nitrogen content for T2
and for T3 for all the harvests of the crop cycle (table 2).

Data used to calculate the nitrogen balance are sum-
marized as follows:

AN = Contributions [Fertilizers (48 kg of nitrogen ha’!
in 2000 and 100 kg of nitrogen ha' after each harvest)
+ Atmospheric Inputs (table 1) + Mineralization (50 kg
of nitrogen ha'! year') + crop residues (13.4 and 4.4 kg
of nitrogen ha'! year' for T2 and T3)] - Losses [nitrogen
removed with the biomass collected (table 2) + leaching
(25 kg of nitrogen ha' year') + denitrification (5 kg of
nitrogen ha! year')]

Starting from the data presented above, in table 4 the
result of the nitrogen balance for the poplar SRC (T2 and
T3) is shown.

From results shown in table 4, it emerges that at the end
of the 8-year life cycle of poplar, short rotation forestry
appears to have a decrease in the amount of nitrogen in the
system for both cutting cycles. The quantity lost is higher
in T3 than in T2 as T2 has a superior number of fertiliza-
tions carried out following each coppicing.

DISCUSSION

Biomass production. This long-term trial revealed that di-
fferent harvesting cycles can affect biomass yield (Cabrera
et al. 2014). The results in this study are consistent with
most of the available data, which indicate a strong rela-
tionship between the cutting cycle and the productivity of
the stand. In fact, for biannual cutting cycles Rafaschieri
et al. (1999) obtained variable yields between 16 and 20

Table 4. Nitrogen balance for the poplar SRC subjected to biennial (T2) and triennial (T3) cutting cycles (2000-2008).
Balance de Nitrogeno en una SRC de alamo con ciclos de corta bienales (T2) y trienales (T3) (2000-2008).

Year Contributions Removal Contributions - Removal
(kg ha! of nitrogen) (kg ha! of nitrogen) (kg ha! of nitrogen)
T2 T3 T2 T3 T2 T3

2000 1159 115.9 30.0 30.0 85.9 85.9
2001 77.8 68.8 30.0 30.0 47.8 38.8
2002 183.4 174.4 453.8 483.8 -270.4 -309.4
2003 76.8 67.8 30.0 30.0 46.8 37.8
2004 180.2 71.2 286.2 30.0 -106 412
2005 76.0 167.0 30.0 289.1 46.0 -122.1
2006 180.8 71.8 213.0 30.0 -32.2 41.8
2007 76.8 67.8 30.0 30.0 46.8 37.8
2008 179.1 170.1 487.5 624.0 -308.4 -453.9
Total 1,146.8 974.8 1,590.54 1,576.92 -443.74 -602.12
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Mg ha'! year!' for short cutting cycles varying between
three and five years. Kauter ef al. (2003), using Popu-
lus sp., obtained between 10 and 12 Mg ha'! year! yield.
For longer rotations, biomass yields were sometimes con-
sistent with several cases reported in literature (Kopp et
al. 2001) although slightly higher compared with others
(Laureysens et al. 2005). Regarding leaves biomass, there
are usually differences in the production of leaves and the-
refore their biomass, when planting densities vary, though,
this is not the case here. Data collected in the field have
yielded these results.

Nutrient use efficiency. The nutrient cycle in a forest
ecosystem is one of the main processes that support the
production of organic matter (Lodhiyal and Lodhiyal
1997). For the calculation of the use efficiency of the
main macro-nutrients (nitrogen, phosphorous and potas-
sium), already used by other authors (Karacic and Weih
2000), it is necessary to know the amount of nutrients that
have been removed from the crop and the production of
biomass. Comparing the two different cutting cycles, the
quantity of the main macro-nutrients is higher in T2 than
in T3, confirming what has already been observed by Lod-
hiyal and Lodhiyal (1997), concerning the decrease in nu-
trient content as a function of plant age. Nutrient concen-
trations in biomass components varied with the component
considered, plantation age (the concentrations of most nu-
trients, except carbon, tended to decrease) and genetic ma-
terial (Rodriguez-Soalleiro et al. 2018). In addition to the
distribution among the different organs following the fall
of leaves, there is a migration of nutrients from leaves to
branches, stems and roots (Lodhiyal and Lodhiyal 1997).
The annual removals of the poplar SRC for both cutting
cycles (T2 and T3), relative to the aboveground biomass
at the time of harvest, differ in the different plant organs
(branches and stems; leaves were not considered as remo-
val at the time of collection, the plant had none). Values

Table 5. Nutrient use efficiency of some species.

Eficiencia en el uso de nutrientes de algunas especies.
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obtained are in line with other results reported in literature.
For example, Adegbidi ez al. (2001), in a trial carried out
in North America, reported values of 71, 11.3 and 45 kg
ha'! year!, respectively for nitrogen, phosphorous and po-
tassium. Jug et al. 1999, in a trial with several poplar and
willow clones, reported poplar and willow removal in SRC
with a five-year cutting cycle equal to 90-270, 15-45 and
30 -180 kg ha’', respectively for nitrogen, phosphorous
and potassium. Swamy et al. (2006) observed an export of
25.5-33.6 kg of nitrogen ha'! year! in a 6-year P. deltoides
plantation using different amount of fertilizers. Toillon et
al. (2016) suggested that the range of variation observed
in terms of the amount of nitrogen exported at the end of
each rotation for Populus plantations varied from 3.5-62.6
kg of nitrogen ha™! year! for the first rotation and 2.8-46.7
kg of nitrogen ha! year! for the second one. Finally, Cal-
fapietra et al. (2007) observed that nitrogen pools of stems
and branches over 3 years in Populus plantations ranged
between 280 and 440 kg of nitrogen ha™'.

Nutrient use efficiency is a parameter that plays a key
role for each type of crop, on the one hand, nutritional
requirements are an important voice of growing costs in
monetary and energy terms, and on the other hand, high
nutritional requirements and therefore elevated input ne-
cessarily lead to a more significant environmental cost. In
particular, for energy crops, this parameter must necessa-
rily be high to guarantee lower energy costs and a higher
level of quality of the biomass produced, as a high content
of nutrients has negative effects on the calorific value, in-
creases the content in ash and can generate high amounts
of polluting emissions. Fertilization is one of the largest
expenses in a poplar crop, reaching as high as 27 % of all
costs (Manzone et al. 2009). It is therefore important to
determine the lowest dose that produces the highest yields
to make more efficient use of supplies and economic viabi-
lity. In the case of this study, NUE values are not high if we
compare them with other studies (table 5), this implies that

Nutrient use efficiency g g'!

Species Nitrogen Phosphorous Potassium Reference

Miscanthus 200 1580 80 Beale and Long 1997
135 526 78 Lewandowski and Schmidt 2006
Populus 145-370 1000-2000 256-370 Jug et al. 1999
Salix 152-244 909-1429 323-500 Jug et al. 1999

Eucalypthus 219 3477 427 Lodhiyal and Lodhiyal 1997

Phalaris 43-78 278-385 40-76 Geber 2000

Maize 66-111 333-556 86-161 Beale and Long 1997

Wheat 83-87 - 117-133 Jorgensen 2000
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the applied fertilizer doses have not been optimal and the
agronomic management would have to be changed.

NUE in T2 has a lower value, that is, it produces less
biomass for the same amount of nitrogen removed. Other
authors (Lodhiyal and Lodhiyal 1997) observed the same
trend in their experiments, with values equal to 159, 1407
and 307 kg of biomass produced per kg of nutrients remo-
ved respectively for nitrogen, phosphorous and potassium
in T2 and values equal to 172 ,1455 and 318 for nitrogen,
phosphorous and potassium respectively in T3. Calfapietra
et al. (2007) in a 3-year P. alba plantation observed a NUE
of 120-130 kg dry matter per kg of nitrogen in an unferti-
lized soil. According to Hernandez et al. (2009), nitrogen
has relatively low NUE due to its high concentration in
green leaves and to internal translocation. Other investiga-
tions with similar results are those carried out by Laclau et
al. (2000) in Eucalyptus SRC. In other research, Medeiros
et al. (2020), assess the effects of planting density on nu-
trient use efficiency (NUE) in the production of biomass
of a hybrid of Eucalyptus urophylla x Eucalyptus grandis.
Increase in planting density resulted in higher NUE for
wood production. The increase in NUE indicates a pos-
sible nutritional deficit in trees at higher stocking rates at
the age of three years. The higher the planting density, the
sooner the site will require re-fertilization. Regarding po-
tassium, previous research has shown that potassium use
efficiency declined with an increase in the availability of
the nutrient (Silva et al. 2002), with authors inferring that
plants tend to absorb higher amounts of this nutrient as
its concentration increases in soil and, because this uptake
exceeds the growth rate, nutritional efficiency declines.

Comparing what has been reported so far with results
inherent to other species proposed as crops dedicated to
energy use (table 5), it emerges that the efficiency in the
use of nutrients is similar with regard to tree species, ex-
cept in the case of efficiency of the use of phosphorous,
which, in the case of eucalyptus, is considerably higher
than in other tree species. Comparing instead the results
obtained with those of perennial and annual herbaceous
species, the efficiency in the use of nutrients is always bet-
ter in the case of tree species.

Nitrogen balance. As it emerges from the results obtained,
and taking into account that the nitrogen of the belowground
organs of poplars is estimated at about 200 kg per hectare
in an 11-year-old plantation (Martani et al. 2021), for both
cutting cycles, there is loss of nitrogen in the system. In
this sense, it is very important to evaluate the fertilization
doses that should be used, since otherwise, we would be
decreasing the amount of nitrogen available for the correct
growth of the plant. These results are in line with those of
Calfapeitra et al. (2007) that found an important decrease
in soil N concentration at the end of the first crop rotation
of Populus spp. On the other hand, results differ from tho-
se reported by Lodhiyal and Lodhiyal (1997) that suggest
that the shorter rotation cycle, combined with the high
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density of trees, may help in keeping the soil nutrient level
intact, as nutrient return through litter fall approximately
compensates for depletion through nutrient uptake from
the soil. They also suggest that one advantage of a short
rotation cycle of a dense poplar plantation is to produce
more dry matter without too much use of nutrients. Toillon
et al. (2016) suggest an important fact to take into accou-
nt when performing the nitrogen balance and that is that
the most productive and efficient genotypes to use nitrogen
were also responsible for the highest nitrogen exports du-
ring harvest. It has been reported that the rate of nitrogen
uptake of poplars may vary during plant development as
well as among poplar species and sites. Furthermore, se-
veral studies reported that drought stress related genes are
significantly regulated at the transcription level by nitrogen
fertilization or starvation, suggesting that nitrogen metabo-
lism is linked to stress tolerance (Euring et al. 2016).

CONCLUSIONS

The goal of this investigation was to estimate nutrient
(nitrogen, phosphorous, potassium) use efficiency and ni-
trogen balance in a SRC plantation of Populus deltoides
clone Lux, carried out in San Piero A Grado (Pisa, Italy).
Regarding nutrient use efficiency, we can conclude that T3
is more efficient than T2 for the macronutrients analyzed.
Regarding nitrogen balance, we can conclude that the hy-
pothesis raised is rejected, the nitrogen that remains in the
soil is lower than the nitrogen removed. The poplar SRC
is one of the most promising woody species that can be
grown in a temperate climate. It has been proven in diffe-
rent studies that the production of energy from the biomass
generated has a positive energy balance. However, when it
comes to nutrient use and nitrogen balance, more attention
needs to be paid. Although poplar cultivation has a posi-
tive nutrient use efficiency, in terms of nitrogen, there is a
significant loss of this element in the crop cycle. Anyway,
it is necessary to deepen more in this type of studies to
make an efficient fertilization and not deplete the soil and
its resources.

The results available so far highlight how biomass
crops could deliver an important service to maintaining
soil fertility, however further investigation is needed to
assess their actual nutritional requirements as well as nu-
trient use efficiency and the effect of their cultivation on
soil nutrient status in the long term.
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