
Abstract

Eleven-year results on yields and apparent balances of organic mat-
ter and nitrogen (N) are reported for soft and durum wheat crops
grown in the BIOSYST long-term experiment for the comparison
between an organic and a conventional low-input system in Central
Italy. The N supply to organic wheat consisted of 40 kg N ha–1 as poul-
try manure plus the supposed residual N left by green manures car-
ried out before the preceding summer vegetable, while the N supply
to conventional wheat consisted of 80 kg N ha–1 as mineral fertilis-
ers, split in two applications of 40 kg ha–1 each, at tillering and pre-
shooting. In every year, above ground biomass and N accumulation

of each wheat species, including weeds, and the partitioning
between grain yield and crop residues were determined. Apparent
dry matter and N balances were calculated at the end of each crop
cycle by taking into account the amounts of dry matter and N sup-
plied to the system as fertilisers, and those removed with grain
yield. 
Soft wheat yielded more than durum wheat. For both species,

grain yield and protein content were more variable across years and
generally lower in the organic than in the conventional system. In
both systems, grain yield of both species resulted negatively corre-
lated with fall-winter rainfall, likely for its effect on soil N availabil-
ity. Both species caused a lower return of biomass and a higher soil
N depletion in the organic than in the conventional system. Our
experiment confirmed that winter wheat can help exploit the soil N
availability and reduce N leaching in fall winter, especially after
summer vegetables, but in stockless or stock-limited organic sys-
tems it needs to be included in rotations where soil fertility is
restored by fall winter green manures to be carried out before sum-
mer crops.

Introduction

Long-term experiments (LTE) are useful to understand and com-
pare long-term effects of organic and conventional systems on crop
productivity and the environment (Fließbach et al., 2006; Thorup-
Kristensen et al., 2012; Wortman et al., 2012; Mayer et al., 2015). For
this reason, we started the BIOSYST LTE in 1996, to compare an
organic rotational system and a conventional low-input system in
Central Italy. The results published till now concerned dynamics and
balances of organic matter and nutrients in the soil (Boldrini et al.,
2007, 2008) and weed dynamics (Graziani et al., 2012) for each sys-
tem as a whole, and detailed results for specific crops like maize
(Zea mays L.) and tomato (Lycopersicon esculentum L.) (Farneselli
et al., 2013), and muskmelon (Cucumis melo var. reticulatus L.)
(Farneselli et al., 2015). As usual for Mediterranean cropping sys-
tems, the BIOSYST rotation include soft and durum winter wheat
(Triticum aestivum L. and Triticum durum L., respectively), which
actually represent the major rainfed cereals in Italy. In the
Mediterranean environment, the productivity of winter cereals is
strictly related to the management of N availability in fall-winter
(Watson et al., 2002) and weed control (Graziani et al., 2012).
Contrarily to maize, tomato and melon, winter wheat cannot be fer-
tilised by fall-winter green manuring. Thus, adequate N availability
for this crop in organic system has to be achieved by an appropriate
crop rotation and the direct supply of organic fertilisers
(Hawkesford, 2014). In Mediterranean stockless contexts, however,
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organic fertilisers represent extra-farm inputs, thus they can be little
available and anyway their use should be limited in the view of pur-
suing the system self-sufficiency as a fundament of organic farming.
For this reason, wheat should maximise the exploitation of the resid-
ual N availability deriving from the green manuring carried out
before the preceding summer cash crop (Thorup-Kristensen et al.,
2012; Mayer et al., 2015). This should also contribute to limit the risk
of N loss in winter, which is a key aspect to increase environmental
sustainability of the system (Gabriel et al., 2012). 
Many experiments all over the world dealt with organically vs con-

ventionally grown wheat, but literature becomes less copious for
stockless systems in Mediterranean environments. Moreover,
Mediterranean environments may differ much from each other, and
this hinders the drawing of general pictures. For example, the Italian
peninsula, which overall falls within the Mediterranean area, may
have much different temperature and rainfall regimes passing from
the South to the North and from the West coast to the inland pied-
mont hills and plains of Apennine regions, to the East coast. Two
other wheat-based LTEs have been carrying out in Central Italy,
which are comparable to our one (Migliorini et al., 2014; Mazzoncini
et al., 2015). Apart from location peculiarity of each one (west coast
plain with sandy soils and mild winter for Mazzoncini et al., 2015;
inner hill with clay soil and colder winter for Migliorini et al., 2014),
both include only arable crops in the rotation. The peculiarity of
BIOSYST LTE is that it is located in an inland plain of Central Italy,
with clay-loam soil and cold winter, and the rotation include summer
vegetables with the goal to increase the economic sustainability of
the system and optimise the use of resources. Hence, the aim of this
work, which is to evaluate the grain yield and apparent biomass and
N balances of soft and durum wheat rotated to several arable and
vegetable cash crops in a long-term experiment conceived to com-
pare an organic and a conventional low-input system in an inland
plain of Central Italy.

Materials and methods

The BIOSYST LTE is located at the Experimental Station of
Agronomy and Field Crops (FIELDLAB) in Papiano (Central Italy, 15
km south from Perugia, middle Tiber Valley, 43° N, 12.3° E, 165 m
a.s.l.). The organic system (ORG) (EU reg. 2092/91) and the conven-
tional low-input system (LOW) (EU reg. 2078/92) are laid down in
two contiguous fields originally homogeneous for soil properties
[clay loam, with same initial contents of soil organic matter, total
nitrogen (N), available phosphorus (P) and exchangeable potassium
(K)] (European Commission, 1991, 1992). The BIOSYST started in
1996. Details on the general design of the experiment and on the
period between 1996 and 2002 are reported in Farneselli et al.
(2015). 
Starting from 2002, a 6-year rotation was adopted with a same

basic sequence of cash crops for both systems: summer cereal (grain
maize) - industrial vegetable (processing tomato) - winter cereal
(durum wheat) - grain legume (in most cases: faba bean, Vicia faba
var. minor L.; or common pea, Pisum sativum L.) - summer vegetable
(in most cases: melon; or sweet pepper, Capsicum annuum L.) - win-
ter cereal (soft wheat). In order to reproduce the steady-state run-
ning of the basic 6-year rotation in a farm and test all the six crops
of the sequence in each year, six different orderings were realised
for both ORG and LOW field, each ordering starting with a different
crop of the sequence. 
This work reports data on soft wheat and durum wheat cultivated

between 2002/2003 and 2012/2013, always after summer vegetables.

The main differences between the two systems concerned N fertil-
isation management and crop protection (Farneselli et al., 2015). In
particular, N fertilisation for summer crops in ORG relied on previ-
ous fall-winter green manures with vetch-barley intercrops (field
pea-barley from 2011 onwards), integrated in case by organic fertilis-
ers. As far as wheat is concerned, the crop in ORG was fertilised by
pre-sowing application of pelleted poultry manure [carbon
(C):N:P:K=47:4:4:3] at the rate of 40 kg N ha–1; the crop in LOW was
fertilised by mineral fertilisers (urea or ammonium nitrate) at the
same rate of ORG for P and K, but at double rate for N (i.e., 80 kg N
ha–1), split half at tillering (within the first half of February) and half
before shooting (around mid-march). The use of a lower N rate in
ORG was adopted in view of the expected residual N availability pro-
vided by the green manures carried out before the preceding sum-
mer crop. 
Weed control was mechanical in ORG, chemical (by post-emer-

gence applications) in LOW. Pest and disease control was never nec-
essary for wheat in both systems. Other agronomic practices (culti-
var, sowing dates and densities) were the same in both systems. 
In every year, above ground biomass and N accumulation of wheat,

including weeds, and the partitioning between grain yield and crop
residues (including weeds) were determined at final harvest by plant
samplings and analysis of organic N concentration in the dry matter
(Kjeldhal method). In particular, at harvest time, 1.8 m2 per plot were
sampled. Biomass partitioning was then determined on sub-samples.
Apparent dry matter and N balances were calculated at the end of
each crop cycle in analogy with Farneselli et al. (2013, 2015), accord-
ing to the following equations:

DDM = DMOF + DMW – DMGY                                                     (1)

where:
DDM = apparent variation of dry matter in the system;
DMOF = dry matter from organic fertilisers;
DMW = above ground dry matter from wheat (including weeds);
DMGY = dry matter removed from the field with grain yield;

DN = NF – NGY                                                                            (2)

where:
DN = apparent variation of N in the system (i.e., residual N in the
soil);
NF = fertiliser-N;
NGY = N removed from the field with grain yield.
The dry biomass and N accumulated in roots was not taken into

account for apparent balances, in analogy with Farneselli et al.
(2013, 2015) and to avoid input of uncertainties, because it cannot
be excluded that root depth and biomass differ in organic and con-
ventional systems (Thorup-Kristensen et al., 2012).
The N use efficiency (NUE) of soft and durum wheat was calculat-

ed as the ratio between the grain yield dry matter and the fertiliser-
N rate supplied to the crop.
Rainfall and temperature data during every wheat-growing season

were recorded by an automatic weather station inside the experi-
mental site.

Results

Rainfalls were very variable across years (Figure 1A) and, in par-
ticular, the rainfall between November and February ranged from 134
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mm (2012) to 574 mm (2013). In 2005, in spite of a normal winter
rainfall a heavy flooding event occurred at the end of December, with
prolonged water stagnation, which depressed crop yield. Minimum
and maximum temperatures (Figure 1B) were never limiting either
for soft wheat or durum wheat.
The grain yield of both species varied across years (Figure 2A),

but was higher and less variable in soft than in durum wheat.
Moreover the grain yield was more variable and generally lower in
ORG than in LOW, about –1.5 t ha–1 year–1 on average over all years
for both species (corresponding to –25% for soft wheat and –31% for
durum wheat). Both species in both systems gave high yield in 2007
and 2012, low yield in 2005 and 2013. In 2008 the yield was very low
only in durum wheat due to low plant density caused by accidental
use of low quality seed. 
The protein content of grains (Figure 2B) varied across years for

both species and in both systems, but effects were not univocal.
However, the protein content of durum wheat was higher than 12%
(w:w) in five years out of eleven in LOW and only in two years in
ORG. For both crops in both systems crop yield resulted negatively
correlated to the rainfall between November and February, and the
correlation was quite good when excluding above-mentioned outliers
of 2005 for both species (due to flooding) and 2008 for durum wheat
(due to low quality seed) (Figure 3). 
The amount of biomass incorporated into the soil (i.e., that from

wheat straw plus weeds and organic fertilisers) was generally higher in
LOW than in ORG for both crops, with an average +1.4 t ha–1 year–1

(+20%) for soft wheat and +1.9 t ha–1 year–1 (+35%) for durum
wheat (Figure 4).
The apparent delta N (i.e., fertiliser-N minus N removed with

grains) was generally negative for both crops and lower in ORG than
in LOW (–37% for soft wheat and –12% for durum wheat, on average
over all years) (Figure 5). 
The NUE showed much wider variations across years in ORG, but

on the average it was higher in ORG for both crops (+51% for soft
wheat and +38% in durum wheat) (Figure 6).

Discussion

The variability of season rainfall and temperature across the
eleven experimental years (Figure 1) supports the idea that an ade-
quate evaluation of crop suitability in organic vs conventional sys-
tems can be drawn only by LTE, especially in case of rainfed crops
like winter wheat, where water and N availability in the soil is much
affected by season weather. Moreover, the occurrence of heavy rain-
fall events can further affect crop performance in case of flooding, as
in 2004/2005, and these adverse conditions are expected to become
more frequent with climate change (Trnka et al., 2014).
The inter-annual variability of grain yield recorded in both sys-

tems and both crops (Figure 2A) was mainly due to the effect of sea-
son climate. In fact, very low or very high yield observed in some
years were common to both systems and both crops. The exception of
the low yield of 2008 recorded for durum wheat but not for soft wheat
was caused by the low seed vigour of durum wheat, not detected in
the lab germination tests, but revealed then by slow and low emer-
gence in the field. The higher grain yield observed across years for
soft wheat compared to durum wheat in both systems indicates that
the former species is better adapted to the environment of this inner
region of Central Italy, where winter is quite cold and spring rainfall
is generally sufficient to support water requirements for most of the
grain-filling phase. The lower grain yield and protein content
observed in the organic system for both species (Figure 2) is mainly
to be ascribed to a lower N availability, while weeds were always suc-
cessfully controlled in both systems and crops (Graziani et al., 2012).
The top dressing of mineral N at tillering and pre-shooting in the
conventional system was much effective compared to the pre-sowing
application of poultry manure in the organic system, and in particu-
lar, the second application guaranteed N availability during grain fill-
ing with consequent increase in protein content. The strict negative
correlation between grain yield and cumulated winter rainfall
(Figure 3) confirms that, in Mediterranean climates with rainy win-
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Figure 1. Cumulated rainfall (A) and temperature (B) from 1 November to 30 June in every year of wheat cultivation between
2002/2003 and 2012/2013. 
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Figure 3. Relationship between grain yield (t ha–1 of d.m.) and cumulated rainfall (mm) in the period November-February for soft
wheat (left) and durum wheat (right) in the organic (ORG = full circles, solid line) and the conventional low input (LOW = empty cir-
cles, dotted line) system across years 2002/2003-2012/2013. Vertical bars represent ±1 standard error of the mean. 

Figure 2. Grain yield (t ha–1 of d.m.) (A) and protein % content (w:w) (B) for soft wheat (left) and durum wheat (right) in the organic
(ORG = full circles) and the conventional low input (LOW = empty circles) system across years 2002/2003-2012/2013. Vertical bars rep-
resent ±1 standard error of the mean.
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ters, a late top dressing of N can represent a rational strategy to pre-
vent N from leaching (Tosti et al., 2016), although late N availability
contributes more to grain quality than to grain yield (Tosti and
Guiducci, 2010; Blandino et al., 2015). The choice not to supply N as
top dressing in the organic system was based on the evidence that
organic fertilisers available for this purpose would have been much
expensive and not much effective (Mayer et al., 2015; Tosti et al.,
2016). At present, the only suitable alternative for a late supply of N
in organic wheat seems a temporary intercropping between the cere-
al and a legume species with legume killing in late winter, a strategy

that has been demonstrated to prevent N leaching and increase grain
protein but not appreciably grain yield (Tosti and Guiducci, 2010;
Tosti et al., 2016). 
A lower yield was reported in several studies where wheat was

grown organically (De Ponti et al., 2012; Migliorini et al., 2014;
Mayer et al., 2015; Mazzoncini et al., 2015). One might object that
our lower yield had to be expected because of the lower N rate (40 vs
80 kg N ha–1) used in the organic system. However, the same
approach was followed by most of Authors above as it is widely
accepted that a simplistic substitutional approach based on replace-

                                  [Italian Journal of Agronomy 2016; 11:726]                                                    [page 81]

                                                                                                                                 Article

Figure 4. Amount of biomass (t ha–1 of d.m.) supplied to the soil (i.e., total above ground biomass included weeds plus organic fertiliser
biomass minus grain biomass) for soft wheat (left) and durum wheat (right) in the organic (ORG = full circles) and the conventional
low input (LOW = empty circles) system across years 2002/2003-2012/2013. Vertical bars represent ±1 standard error of the mean.

Figure 5. Delta N (i.e., fertiliser-N minus N removed with grain yield) for soft wheat (left) and durum wheat (right) in the organic
(ORG = full circles) and the conventional low input (LOW = empty circles) system across years 2002/2003-2012/2013. Vertical bars
represent ±1 standard error of the mean.
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ment of conventional inputs with equal amounts of inputs allowed
for organic farming should be avoided (Darnhofer et al., 2010). The
challenge of our organic vs conventional low-input LTE, as it is for
many other LTEs elsewhere, was to develop a more N self-sufficient
organic system compared to the conventional one, relying on an
improved N husbandry along the whole rotation (Thorup-Kristensen,
2002). In the BIOSYST rotation, wheat was supposed to benefit from
the ex novo legume N provided by green manures before the preced-
ing summer vegetable, and, in the meanwhile, wheat should have
contributed to prevent N leaching in fall-winter (Thorup-Kristensen
et al., 2012; Mayer et al., 2015). Actually, Thorup-Kristensen (2010)
proposed to use minimally fertilised cereals to clean up the N left by
vegetable crops. The importance of this measure would decrease
passing from shallow-rooted short-season crops like lettuce (Tei et
al., 2000, 2003), to very wide-spaced crops like melon (Farneselli et
al., 2015), to deeper-rooted and denser (compared to melon) crops
like processing tomato, which was found to have quite high N uptake
efficiency at low N rates (Tei et al., 1999, 2002). Data reported by
Farneselli et al. (2013, 2015) for this same LTE indicate that only
organic melon often left higher residual N compared to the conven-
tional crop, while the opposite was recorded in most cases for toma-
to, and anyway differences were variable and not univocal across
years. On the other hand, since legume-non legume intercrops were
used for green manures, the N release from incorporated biomass
was likely slowed and in part could have occurred during the wheat
cycle (Quemada et al., 2004; Justes et al., 2009), contributing to its
growth. A low release rate from legume-non-legume green manure
biomass was actually observed in our experimental environment
(Benincasa et al., 2010; Tosti et al., 2012).

The low return of biomass to the soil (Figure 4) and the negative
delta N (Figure 5) recorded for both crops in both systems confirm
that wheat-based cropping systems imply a progressive decrease of
soil fertility unless appropriate rotation and management of soil N
are adopted (Congreves et al., 2014). This means that the C and N
pools of the system need to be built during the other rotation phases.
Considering that crop residues for either wheat or maize or vegeta-
bles (Farneselli et al., 2013; 2015) were generally lower in the organ-
ic than in the conventional system and that the use of livestock
manure was very limited in the former, green manures represented
the only rotation phase to make a compensation (Thorup-Kristensen
et al., 2012). The use of legume-non-legume intercrops represented
a good measure to supply relevant amount of biomass and N with
slow release rate (Benincasa et al., 2010; Tosti et al., 2010), which is
known to play an important role for the recoupling of C and nutrient
cycles (Drinkwater and Snapp, 2007). A higher long-term fertility of
organic systems has been documented by many authors (Kuo et al.,
1997; Berntsen et al., 2006; Mayer et al., 2015), included Mazzoncini
et al. (2010) and Migliorini et al. (2014) working in Central Italy with
vegetable-less rotations.
The higher N use efficiency of wheat in the organic system was

expected, given the lower fertiliser N rate adopted with respect to the
conventional system, since the NUE is known to negatively correlate
with N rate (Fageria and Baligar, 2005). Moreover, the legume-non-
legume intercrop biomass supplied to the soil with green manuring
likely implied some late N supplementation not accounted for in
terms of N rate, which could have contributed to the higher NUE. The
values of nitrogen use efficiency observed in our organic wheat are
consistent with those reported by Mayer et al. (2015). 
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Figure 6. Nitrogen use efficiency (NUE, kg of grain dry matter per kg of fertiliser-N) for soft wheat (left) and durum wheat (right) in
the organic (ORG = full circles) and the conventional low input (LOW = empty circles) system across years 2002/2003-2012/2013.
Vertical bars represent ±1 standard error of the mean.
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Conclusions

In our experimental conditions, both soft wheat and durum wheat
yielded less in the organic than in the conventional system and gave
grains with lower protein content, used the supplied N more effi-
ciently (on a marketable yield dry matter basis) and caused higher
depletion of soil N. The main limitation for organic crops was the low
N availability, not counterbalanced by the supposed residual effect of
green manuring carried out before the preceding summer vegetable.
In the conventional system, the chance to split the rate by using min-
eral fertilisers allowed to prevent leaching in fall-winter and guaran-
teed some N availability in spring.
Our experiment confirms that winter wheat can help reducing N

leaching in fall winter but needs to be included in rotations with N
building crops like green manures with legume species.
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