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High  and  stable  biomass  yields  for  long  periods  (15–20  years)  are
indispensable  for  the  successful  establishment  of  a  well-developed
bioenergy sector. However, the effects of management practices, particularly
nitrogen  fertilization,  on  productivity and  soil  organic carbon  (SOC) are
difficult  to  understand,  especially  when  considering  that  continuous
harvesting cycles may have cumulative effects on the crop and its resources
use  capacity.  The  objective  of  this  study was  to  evaluate  the  effects  of
different  N  fertilization  levels  on  biomass  production  and  SOC
accumulation  of  giant  reed  over  16  years.  Every  year,  starting from the
second one, two N fertilization rates were applied: 80 (N ) and 160 (N ) 
kg N ha . The control  treatment  (N ) was  unfertilized.  Nitrogen content
and use capacity, and SOC gains were determined. Mean 16-year biomass
yields  were  16.2,  17.1,  and  19.5  Mg  ha  in  the  N ,  N ,  and  N
treatments, respectively. Variable yielding phases were observed in the N
treatment with declining yields towards the last sampling season, whereas
the  N  was  characterized  by increasing yields  up  to  the  fourth  growing
season;  thereafter,  declining yields were observed. Nitrogen concentration
and removed N in the aboveground harvested biomass increased from N  to
N  and as the stand become older. Mean total SOC stock gains were 1.0
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and 0.6 Mg C ha  year  in the N  and N  treatments, respectively. The
largest  SOC  stocks  were  found  in  the  topsoil,  with  the  largest  amount
(12 Mg C ha  in 16 years) in the N  treatment. In conclusion, long-term
high  N  fertilization  rates  result  in  marginal  increments  in  biomass
productivity (about  3  Mg ha  year ),  but  in  substantial  increments  in
SOC, especially in surface soil layers. A farmer might prefer to grow giant
reed without the burdens of fertilization despite the seemingly benefits on
SOC and lower yields of unfertilized plots.

Bioenergy
Biomass
Marginal land
Long-term
Soil carbon
Yield

Andrea Monti and Walter Zegada-Lizarazu contributed equally to this work.

The production of giant reed (Arundo donax L.) as a potential energy
feedstock is increasingly attracting the interest of relevant private and public
sectors in EU, especially under Mediterranean climates. This is mainly
because of its high biomass yielding potential, adaptability to marginal lands,
and desirable agronomic characteristics to supply sustainable and renewable
energy sources to comply with current environmental concerns, international
climate change agreements, and bioenergy policies. During the last 20 or
30 years, several studies have been carried out to evaluate the potential
productivity of perennial grasses, such as giant reed, under different
environments and management practices [1 – 7 ]. However, most of these
studies refer to a limited period of giant reed stand lifespan, while the
long-term effects of different management practices, such as fertilization on
productivity or on carbon storage, have not been thoroughly evaluated.

It is speculated that the economic productive lifetime of giant reed could last
about 10 years [3 – 5 ], but its high establishment costs, either by rhizomes or
by in vitro propagated plants, determine that the stand remains productive for
as many years as possible without depleting the soil resources or ecological
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services. Therefore, regardless of its intrinsic characteristic capacity to store
and recycle nutrients in the rhizomes [8 – 10 ] which often act as an important
variable in conditioning fertilization requirements, it is imperative to
understand the most appropriate fertilization management practices to
successfully grow giant reed for long periods. Such situation might be even
more preponderant in marginal or less productive and fragile lands, which are
identified as the most suitable ones to produce biomass crops while avoiding
displacement of activities and/or land-use competition issues. In any case,
even in more productive lands, growing giant reed without supplemental
fertilization at some point of its productive lifetime may not be profitable.
However, unjustified high fertilization levels, as in any other crop, besides
being uneconomical, it has the potential to threaten the surrounding natural
environment and adversely affect people’s health as for example by the risk of
contamination of groundwater through nutrient losses by leaching and run-off.
In addition, for energy production purposes, elevated fertilization levels may
increase the mineral and ash contents in the harvested biomass, which can
cause combustion problems including corrosion, slagging, fouling, and
environmentally harmful emission.

The available information on studies that have evaluated the effects of
fertilization on productivity and carbon storage in the soils are limited and
generally concern short-term field studies or pot studies. In a 6-year study, for
example, Angelini et al. [3 ] compared high nitrogen fertilized with
unfertilized giant reed and concluded that fertilization mostly affect the initial
4 years of crop growth. In a 3-year trial, Di Candilo et al. [11 ] also found that
the main effects of N fertilization were evident during the initial years of giant
reed and that this effects where even more marked when organic fertilizer were
used. Similarly, Cosentino et al. [7 ] in a 4-year study in South Mediterranean
indicated that nitrogen fertilization had significant effects during the first
year; however, irrigation was, understandably, the main determinant of
biomass yield given the semi-arid environment, whereas information on
fertilization requirements of mature and fully productive plants is almost
completely inexistent. The putative low input requirements of most perennial
grasses reported in the literature based in time-limited studies is somewhat
contradictory, leading to great confusion on which dose to apply, or when and
where to fertilize these crops [12 – 16 ]. Moreover, it is reported for other
clonal rhizomatous plants similar to giant reed that the storage capacity of
nutrients decreases with age in older rhizomes [17 ]. In a 3-year study, Kering
et al. [16 ] attributed to giant reed increased fertilization requirements with
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age due to its greater nutrient removal rates compared to other perennial
rhizomatous grasses. Therefore, the determination of appropriate nutrient
application times and rates may help to maintain high enough the nutrient
status of the plant to sustain stable yields, store carbon in the soil, and
prolong its economic life.

Other pot studies indicated that N fertilization, besides increasing the shoot
biomass, increase root biomass and the length of rhizomes [18 ], while field
trials suggested that the high soil organic carbon (SOC) stock found under
giant reed was probably derived from its large root biomass [19 ]. According
to Ceotto and Di Candilo [20 ], 7 years of continuous cultivation of
well-fertilized (120 kg N and P ha ) giant reed resulted in a substantial SOC
increase (+42 %) in the top 20 cm of the soil as compared to annual crops, but
the real long-term contribution of increased root biomass on soil carbon
storage is not known, or if the increasing trend will be maintained as the stand
become older. Moreover, it is not known if the stored C will remain after the
crop is removed or it will be released even earlier when the stand vitality starts
to decline. Moreover, the large and wide ranging number of recently published
carbon sequestration evaluations, encouraged by “aggressive” environmental
and bioenergy policies, seems to be mainly based on a relatively short list of
short-/medium-term trials limiting the ability to accurately determine the real
potential to contribute to the buildup of in situ carbon and nitrogen stocks
and therefore the overall suitability of giant reed as bioenergy feedstock.

These uncertainties have a huge potential to misleading directions and
spurious conclusions. Therefore, long-term studies have the potential to
ensure high and stable productivity of giant reed through a more accurate
determination of the real value of management practices, such as fertilization,
in a carbon-based bio-economy. This study aimed to evaluate the effects of
different nitrogen fertilization levels on biomass production and SOC
accumulation in a long-term giant reed stand.

A field study was carried out at the experimental farm of Bologna University,
in Ozzano, Bologna, Italy (44° 33′ lat., 11° 02′ long., 33 m a.s.l.), from 1997
to 2012. From 1998 to 2005, the field was mainly cultivated with a maize (Zea
mays)-wheat (Triticum aestivum) rotation with occasional potato (Solanum
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tuberosum) and sugar beet (Beta vulgaris) insertions in 1998 and 2002,
respectively. From 2005 onwards, the field was always cultivated with a
maize-wheat rotation. At the giant reed establishment year, half of the field
continued to be cultivated with the aforementioned typical rotations, while the
other half was planted with a local ecotype of giant reed at a density of 10,000
plants per hectare. The field had a moderate gradient and a clay loam soil
texture (34 % sand, 37 % clay, and 29 % silt) with an organic matter content
of 1.2 % and a pH of 7.7 [21 ]. It was classified, according to the USDA soil
taxonomy system, as a Udertic Ustochrepts fine mixed mesic soil. Seedbed
preparation was done just before planting and consisted in soil plowing
(50 cm depth) and double harrowing in order to facilitate rhizome placement
and ensure good contact with the soil. Planting was carried out at the end of
April; the rhizomes with a couple of well-developed buds and weighing about
500 g were placed at 15–20 cm depth. Before planting, chemical weed control
was done using glyphosate (3 L ha ); afterwards, during the establishment
year, plots were kept free from weeds by hoeing. From the second year
onwards, weed control was no longer necessary. Neither crop disease nor pest
was detected during the experimental period; therefore, pest treatments were
not necessary. During the establishment year (first year after planting), all
plants were grown under similar conditions. In the following years, starting
from the second one, three nitrogen fertilization treatments were applied: 0
(N , unfertilized control), 80 (N ), and 160 (N ) kg N ha . Nitrogen (as
urea) was broadcasted 1 week after 50 % of re-sprouting occurred. Triberti et
al. [21 ] in a nearby long-term rotation trial with similar soil characteristics to
the present one determined that exchangeable K O was 367 ppm and
assimilable P O  was 5.72 ppm. Then, since these clay soils are rich in K, it is
assumed that K was not a limiting factor and therefore was not applied.
Moreover, in order to reduce potential depleting effects of the long-term
plantation, a basal dressing of 44 kg ha  of P as triple superphosphate was
applied before the stand establishment. A total of 12 plots were arranged
according to a completely randomized block design with four replications. In
the annual rotations, the conventional agronomic management practices used
in the study area were carried out. Briefly, soils were prepared immediately
after the harvest with a rotary disc plow to a depth of 30–35 cm and then
harrowed (10 cm depth). Wheat was sowed in October and harvested in June
each year, while maize was sowed in April and harvested in September. Wheat
was usually fertilized at seeding time with 80 kg P O  ha ; potassium
fertilization was not necessary. N fertilization (180 kg N ha ) was done in
two fractions, at mid tillering stage and at the beginning of stem elongation.
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Maize usually received a higher fertilization rate (about 250 kg ha  of N in
the form of urea). Preventively, biammonium phosphate was also distributed
during the initial crop development phase. In both cases, weed control was
done with post emergence herbicide mixtures including grass killers. Daily
changes in air temperature and daily rainfall were recorded along the growing
cycles at a nearby meteorological station. Based on the available data and
following Vicente-Serrano et al. [22 ], potential evapotranspiration (PET) was
calculated. Then, the difference (Di) between precipitation and PET was
estimated in order to determine periods of water surplus or deficit along all
growing cycles as an indication of drought periods or years.

From the establishment year onwards, harvests were carried out on a standing
natural drying crop at the end of each growing season during wintertime (late
January to early February). Manual harvest was done by cutting the stems at
about 5 cm from the soil surface in the central part of each plot on an area of
6 m  (individual plot size was 6 m × 5 m); afterwards, the entire experimental
area was machine harvested. The cut material was weighed to determine fresh
weight. Dry matter yield was determined on sub-samples by oven drying at
105 °C to constant weight. At the 5 , 7 , 10 , 13 , and 16  growing season,
sub-samples of 200 g were collected, dried at 60 °C, and milled for standard
biomass total nitrogen analysis, determined by the Kjeldahl digestion method.
These data was used to calculate the nitrogen removed by crop as the product
of nutrient concentration and dry biomass yield. Nitrogen use efficiency
(NUE) was calculated following Beale and Long [23 ] as the ratio of dry
biomass production and nitrogen removed by the crop (g/g). Therefore, this
value indicates the total biomass produced per unit of nitrogen taken up by the
crop. Apparent recovery nitrogen efficiency (ARE) was calculated as ratio of
nitrogen removed by the crop and amount of nitrogen fertilizer applied.

Soil core samples were taken at the end of the 16  growing season at 0–15,
15–30, and 30–60 cm depth intervals in each replication for N and soil
organic carbon (SOC) concentration. Additional soil cores were also taken
from the adjacent field cultivated with the long-term maize-wheat annual
rotation. SOC was determined by a CF-IRMS, Delta V Advantage (Thermo
Scientific Inc.) mass spectrometer in 300 μg samples, although the instrument
allows measuring both total and organic C; in the present case, only organic C
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was determined. Before analysis, coarse roots were removed by passing the
soil through a fine sieve of 2 mm. Then, the separated soil samples were finely
grounded for analysis. Following Post and Kwon [24 ], Kahle et al., [25 ],
Hansen et al. [26 ], and Ceotto and Di Candilo [20 ], the effects of alternative
land uses on SOC content was evaluated; that is, the C gain was calculated as
the difference between giant reed plots and the annual rotation. SOC and N
stocks (Mg ha ) were calculated by multiplying soil bulk density, depth
interval, and C and N concentrations. Bulk density was determined to be in
average 1.42, 1.40, and 1.33 g cm  in the 0–25, 25–45, and 45–85 cm layers,
respectively. For that purpose, soil core samples were taken periodically from
December 2004 until September 2006 in a nearby field to the present study
[27 ]. Even though bulk density depth intervals do not align perfectly with
those for the SOC determination, we consider that bulk density values may
represent well the bottom end of the soil columns taken for soil C analysis, as
the soil cores taken for bulk density analysis were taken at midway of the
indicated depth intervals.

Homoscedasticity of data was checked by the Bartlett’s test prior analysis of
variance (ANOVA). Subject factors (individual plots) were assumed as random
factors while treatments and years as fixed factors. When ANOVA revealed
significant differences among means (P ≤ 0.05), the pairwise comparison
Fisher’s LSD tests were used to separate means into statistically different
groups (P ≤ 0.05).

The monthly rainfall and average temperature from 1998 to 2012 followed the
typical trend of the weather conditions in Northern Italy (Fig. 1 ). In general,
air temperatures that increased from March (9.3 ± 1.2) to August (25.0 ± 1.7)
characterized the active growing period of giant reed. Then, from September
onwards, average temperatures started to decrease as the plants enter the
reproductive stage. Across years, seasonal maximum values above 25 °C were
registered between July and August. Air temperatures decreased rapidly from
November with the coldest months (December and January) coinciding with
the dormant period of the crop. There was a considerable variability in rainfall
amount within and between years (Fig. 1 ), but the typical rainfall distribution
pattern followed two peaks: one during winter-autumn months and the other
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during spring time, with a long dry summer period (mainly July–August) in
between with an average precipitation of only 41 mm. Along the years, the
driest summer periods, with the lowest Di, were registered in 1998, 2003,
2007, 2009, and 2012 with an average precipitation of 32, 14, 23, 33, and
10 mm, respectively, from June to August.

Fig. 1

Monthly rainfall, average temperature from 1998 to 2012, and periods of water
surplus or deficit (Di) along all growing cycles at the experimental site (Ozzano,
Italy 44° 33′  lat.,  11° 02′  long.,  33  m a.s.l).  The largest  water  deficits  were
registered  in  the  summers  of  1998,  2003,  2007,  2009,  and  2012.  Di  was
calculated  as  the  difference  between  precipitation  and  estimated  potential
evapotranspiration

Figure 2  shows the dry biomass yield of fertilized and unfertilized plots
throughout the entire lifetime of giant reed. A fertilization level of N
resulted in the highest yields. On the other hand, a significant difference
between the unfertilized and N  treatment was not evident at any growing
season. The averaged yields from the 2  to 16  growing season were 16.2,
17.1, and 19.5 Mg ha  in the N , N , and N  treatments, respectively. As
the years went by, the cumulative dry biomass yield differences between the
control and the highest fertilization dose increased gradually. In fact, at the
last sampling season, the cumulative yield in the unfertilized treatment was
17 % lower than in the N  treatment, while after 1 year of imposing the
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treatments, the yield difference was only 8 % (Fig. 2a). During the productive
lifespan of giant reed, three peak yielding phases were observed in the N
treatment (Fig. 2b ): at the 5 , 10 , and 14  growing season with average
yields of 26.1, 25.3, and 17.6 Mg ha , respectively. In contrast to the highest
fertilization treatment, the unfertilized plants reached its maximum
productivity (23.4 Mg ha ) on the fourth growing season (1 year earlier than
in the fertilized plots); afterwards, a quasi-continuous yield reduction up to
7.5 Mg ha  in the last growing season was observed (Fig. 2b ). Moreover, the
highest yield differences between the N  treatment and the long-term
average of N  was reached during the fifth growing season with about 61 %
higher productivity. These significantly higher yielding differences extended
from the third until the tenth growing season. Afterwards, such higher yield
differences started to decrease towards the last growing season. In fact, at the
last two growing seasons, the yield differences were significantly lower, with
a reduction of about 28 % from the long-term average of N . Important to note
that such relative yield decrements, and therefore actual yields, were even
lower than during the establishment year. As for the N  treatment, the relative
yield differences were higher than the long-term average from the fourth to the
sixth growing season only; afterwards, a quasi-continuous yield reduction
until the last growing season was observed (Fig. 2c, d ).

Fig. 2

Cumulative yield (a),  mean yield of the three N levels per year (b),  and box
plots of the distribution of relative yield differences (Δ yield) between fertilized
treatments  and the non-fertilized long-term average (from the 2  to  the 16
growth cycle) treatment (c, d). Bold horizontal lines within the boxes  indicate
the median yield for each year. Boxes represent the approximate upper and lower
quartiles. Multiplication sign indicates the mean relative yield differences and
the vertical whiskers indicate the standard deviations of the mean. Horizontal
dotted  lines  indicate  the  positive  and  negative  LSD  value.  N ,  unfertilized
control; N  and N , 80 and 160 kg N ha
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The plant N content in the N  and N  treatments was not statistically
different (Table 1 ); however, it increased significantly from 0.49 to 0.61 % in
the N  and N , respectively, and from 0.45 to 0.62 % as the stand become
older (Table 1 ). In general, all fertilized plants, due to a higher biomass yield,
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removed more nitrogen than the control treatment; significant differences (P ≤ 
0.05) were found only between the highest fertilization rate and the control
treatment. Averaged across the 5  to the 16  growing season, plants that
received 160 kg N ha  removed 117 kg N ha , while with a 80 kg N ha
dose, the plants removed more N than was applied (90 kg ha ). When no N
was applied, giant reed removed in average 75 kg N ha . In contrast, nitrogen
use efficiency followed an inverse pattern; that is, lower nitrogen use
efficiencies were generally associated with high application rates (160 kg
N ha ). From the 5  to the 16  growing season, average nitrogen use
efficiency of 180, 200, and 219 g g  were obtained in the N , N , and N
treatments, respectively (Table 1 ). In addition, the apparent recovery nitrogen
efficiency followed a similar pattern, lower fertilization rates resulted in
greater recovery efficiency, but at the last growing seasons, the differences
between treatments become smaller.

Table 1

Yearly variation in N concentration, N removal, NUE, and ARE as affected by different
fertilization rates along different growing season

Fertilization (N)

 N
0.49 b The values in each

columm should be alligned to the
center 74.7 b 218.5 a –

 N 0.56 ab 89.6 b 200.1 ab 1.12 a

N 0.61 a 116.8 a 179.7 b 0.73 b

Year (Y)

 5th 0.45 c 108.6 a 251.6 a 1.04
ab

 7th 0.65 a 123.2 a 165.5 c 1.20 a

10th 0.51 c 107.3 a 209.1 b 1.02
ab

Different letters within a column indicates significant differences at P ≤ 0.05. N ,
unfertilized control; N  and N , 80 and 160 kg N ha

NUE N use efficiency, ARE apparent recovery efficiency
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Different letters within a column indicates significant differences at P ≤ 0.05. N ,
unfertilized control; N  and N , 80 and 160 kg N ha

NUE N use efficiency, ARE apparent recovery efficiency

13th 0.54 bc 69.1 b 202.5 bc 0.73
bc

16th 0.62 ab 60.4 b 168.4 c 0.63 c

Fixed effect

 N 0.013 0.000 0.047 0.000

 Y 0.001 0.000 0.000 0.007

 N × 
Y 0.890 0.728 0.846 0.573

At the 16  growing season, mean SOC and N stocks beneath giant reed were
significantly higher in the N  than in the N  treatment (30 and 24 Mg
C ha  and 3.0 and 2.6 Mg N ha , respectively). No significant differences,
however, were found between N  and N  treatments in the case of N stocks
only (Table 2 ). Regardless of the fertilization level, the largest SOC and N
stocks were found in the upper soil layers (0–15 cm depth), but it is important
to note that the higher soil C and N stocks in the deepest layer (0.30–0.60 m
depth) result from the twice as large soil depth considered in the calculation.
In addition to that, the largest contribution of giant reed to SOC change was
observed in top 15 cm of the soil profile, with about 12 Mg C ha  higher in
the N  than in the steady state annual rotation and about 6 Mg C ha  more
than in the N  (Table 2 ).

Table 2

Soil N, soil organic carbon, and C gains as affected by different fertilization rates along
different the growing season. C  gains  were  estimated  as  the  difference between  soil
organic carbon of the individual treatments and the adjacent maize-wheat rotation

AQ1

Different letters within a column indicates significant differences at P ≤ 0.05. N ,
unfertilized control; N  and N , 80 and 160 kg N ha
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Different letters within a column indicates significant differences at P ≤ 0.05. N ,
unfertilized control; N  and N , 80 and 160 kg N ha

0–15 depth (D)

 N 2.61 de 23.77 b 6.38 b

 N 2.87 cd 23.89 b 6.50 b

 N 3.03 c 29.65 a 12.26 a

15–30 depth (D)

 N 2.36 e 16.56 d −0.79 d

 N 2.33 e 16.52 d −0.84 d

 N 2.46 e 18.65 cd 1.29 cd

30–60 depth (D)

 N 3.88 a 23.49 b 4.29 bc

 N 3.72 ab 22.23 bc 3.03 bc

 N 3.58 b 21.31 bc 2.10 cd

Fixed effect

 N 0.682 0.077 0.077

 D 0.000 0.000 0.000

 N × D 0.024 0.044 0.044

Along the 16 growing cycles, variable yielding phases were observed. The
depressed production years somehow coincided with very long and dry
summer periods where severe water deficits were observed (Figs. 1  and 2 ),
suggesting that, although giant reed is broadly recognized as a very drought
tolerant crop [7 , 10 ], such prolonged drought periods is a significant growth-
restricting factor also for giant reed. Moreover, our results indicate that the
highest productivity and the largest yield difference with the long-term
average of unfertilized giant reed (about 27 Mg ha  and 61 %, respectively)
was reached during the fifth growing season by the highest fertilization rate
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(160 kg N ha ) in agreement with the lowest precipitation deficit (Figs. 1
and 2 ). Several authors [3 , 5 , 28 ] reported similar productivity patterns,
although the present study was carried out in a marginal agricultural land with
a moderate slope and with a lower plant density (10,000 plants ha ).

High N fertilization rates helped to sustain relatively high yields regardless of
the climatic adversities. In fact, over a period of 9 consecutive years (between
the 3  and 11 ), productivity was maintained above the overall mean
(17.6 Mg ha ). If no additional fertilization would be applied, such high
yielding period would be circumscribed to about 3 years only (between the
fourth and sixth). However, considering the marginal, but statistically
significant, yield advantages of N  over N , applying fertilizers for a
prolonged period of time can be unprofitable and unattractive to farmers, as
well as unsustainable for the environment, given the burdens of fertilizers
application and increase of economic costs from N fertilization (a total
amount of 5.2 t ha  of urea were distributed on N  plots in 16 years).

Our results suggest that nitrogen fertilization determined an increasing trend
of biometric parameters regardless of the age of the plant or weather
variability across the years (Fig. 1 ; Table 1 ). However, this trend was not
linear, and the addition of 160 kg N ha  gave a marginally larger response
than 80 kg N ha . This is partially in contrast to Cosentino et al. [7 ] who
reported that 60 kg N ha  maximized biomass yield of giant reed. The
authors, however, performed their trials in a semi-arid Mediterranean
environment where N fertilization effects can more highly interact with
drought stress than in North Italy. The effects of the highest fertilization level,
however, increased over time and seemingly helped to retard the decreasing
productivity trend clearly seen in the unfertilized plants from the fourth
growing season onwards (Fig. 2 ). In contraposition to short-/medium-term
studies such as those of Angelini et al. [3 ] and Mantineo et al. [5 ] that
indicate that as the plants become more mature their fertilization requirements
decrease thank to its nutrient recycle capacity (rizhome/canopy), our results
suggest that as the plants become older, such recycling capacity decrease
while its dependence on external nutrient supplies increase. In most of the
growing cycles evaluated here, the apparent N recovery efficiency was
significantly different between N  and N . Considering that the trial was
carried out in a marginal soil with relativity low fertility, the well fertilized
5-year-old plants (160 kg N ha ) removed 1.5 times more N than unfertilized
plants to produce 1.2 times more biomass, while well fertilized 16-year-old
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plants removed 2.5 times more N to produce 1.5-1.6 times more biomass than
unfertilized plants (Fig. 2 , Table 1 ). Therefore, even though harvest was
carried out when plants were dormant, the high N removal rates indicate the
large fertilization requirements of giant reed, which may be accentuated by the
decreased rhizome vitality and its capacity to recycle nutrients with plant age
[17 ]. Therefore, besides economical benefits, sustainable fertilization and
harvesting management practices have to take into account that as the plants
mature, large amounts of nutrients are removed in the harvested biomass. In
addition, the nutrient recycling capacity of older rhizomes seems to be
insufficient to maximize productivity; therefore, the external supply of
nutrients, either as organic or mineral fertilizers, should be carefully
considered to economically maintain long-term productivity and soil fertility.

At the last growing season, the total C input in the top 60 cm of soil was
about 29 % higher in the N  treatment than in the nearby annual rotation
system, while in the case of the N  treatment, the increase was only 18 %,
accounting for an average SOC storage of 1.0 and 0.6 Mg C ha  year ,
respectively, in the 16-year period (Table 2 ). Even though there is a general
consensus that stands of perennial grasses slowly store C in the soil with time
[29 , 30 ], changes in SOC content in the non-fertilized giant reed plots were
in the lower range of what is reported in the literature for other perennial
grasses [20 , 31 – 33 ]. These slow and gradual changes are usually obscured
by the high background levels of C already present in the soil [34 ] as was the
case of the adjacent long-term annual maize-wheat rotation used as reference
plot in this study. Fuentes et al. [35 ] indicated that 2-year annual rotations
combined with no tillage are an efficient system to maximize C retention in
the topsoil aggregates. Besides that, our results are in agreement with a
long-term (15 years) land conversion simulation from cotton (Gossypium
hirsutum) to switchgrass (Panicum virgatum) that indicated that SOC
decreased when switchgrass was not fertilized, was unchanged when 45 kg
N ha  was applied, and increased when 90–135 kg N ha  were applied [36 ].

Taking into consideration, however, CO  emissions due to fuel consumption
and agronomic inputs (calculated according to Angelini et al., Fazio and
Monti [4 , 37 ] and considering 88.6 g of CO  eq. L  emissions for diesel use
during the crop management operations, assuming 126 and 53 L ha  of diesel
for crop establishment and harvest operations, respectively, in the N
treatments and a 10 % lower in the unfertilized plots. As for N production,
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6340 g CO  eq. kg  of N applied were considered. Finally, for biomass
transport, transformation, and conditioning and distribution 16.5 g CO  eq.
MJEtOH  and a MJ /MJ  yield of 0.3428 were considered), we
estimated that the net SOC stock reported above could be reduced by 67 % in
the N  and 39 % in the N . The fraction of CO  emission due to N
fertilization could be even larger if N O emissions are taken into account.
Currently, however, there is no agreement on the proportionality of N O
emissions and the amount of N fertilizer applied, neither on the weight of
N O emissions from agricultural systems. Ranges of emission factors reported
in the literature are highly variable, going from 1 to 5 % or more [38 – 41 ]. In
any case, the N removed in the aboveground biomass and the N recovery
capacity of giant reed was high and close to the amount of applied fertilizers
(Table 1 ), suggesting that giant reed is particularly efficient in using N;
therefore, it could be assumed that low N amounts remained in the soil with
consequent low N losses from the system. In fact, at the deepest soil layer, N
was depleted in the N  treatment in comparison to the control (Table 2 ),
suggesting reduced leaching and reallocation of deep nitrogen to shallow
layers through root uptake [42 ]. In any case, besides the benefits of increased
SOC on soil quality (fertility, water holding capacity, soil quality, etc.) and
ecosystem services, the gross C gain of giant reed seems to provide a
substantial SOC input to the topsoil. It is important to note, however, that
although the SOC in the whole soil profile (0–60 cm depth) in the N
treatment was about 29 % higher than in the annual rotation, the difference
was not statistically significant, most probably due to variable SOC
accumulation and mineralization rates across repetitions and tillage systems. It
cannot be excluded, either, that the redistribution effects of soil tillage in the
annual rotation had affected the SOC dynamics and content in the considered
soil depth. In any case, effects of high fertilization rates on increased SOC
and N stocks were significant only on the top 0–15 cm soil layer (Table 2 ).
Similar results were observed by Sarkhot et al. [19 ] in a survey of 125
locations with giant reed and indicated that out of four C pools (total, organic,
inorganic, and available (liable) soil C), the most sensitive to changes in soil
depth was the available soil C. Then, this decreasing pattern with depth could
be attributed to an increased input of organic matter from rhizomes, canopy
litter, and mainly from fine root mass to surface soil layers. It was indeed
observed that grasses allocate about 60 % of their carbon to the roots, while
annual crops about 40 % only [43 ]. In addition to that, Monti and Zatta [44 ]
found that giant reed had the most homogeneous root distribution among
other perennial and annual grasses and that 60 % of its roots are located in the
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top 40 cm of the soil.

In conclusion, depending on the factors taken into consideration (e.g., N input
levels, soil depth, GHG emissions, etc.), the C storage capacity of a long-term
giant reed plantation was highly variable, but what clearly emerged from this
study was that high N fertilization rates result in marginal increments in yield
in the long-term, but in substantial increments in SOC and N gross stocks,
especially in surface soil layers, an aspect of ecological significance as topsoil
layers play an important role in the C uptake and release from the ecosystem.
However, the marginal increase in yields by N fertilization (about
3 Mg ha  year  in the case of N  compared to N ) might not be
worthwhile neither an attractive management practice for a farmer, considering
all the economic and environmental burdens of N fertilizer application.
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