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Abstract 
In the belief that the investigation of the whole system helps to avoid the risk of incomplete or misleading responses resulting from 
the analysis of the single segments, a research was conducted in a succession of three crops (lettuce, red chicory and celery) to 
investigate  in an integrated approach the different response of the soil-plant-water system to mineral and organic nitrogen 
fertilization.  
The experimental plan included the application of two amounts of fertilizer, corresponding to 240 and 360 kg ha -1 N under mineral 
or organic form per crop cycle, plus a control, in three replications. 
Mineral N resulted more promptly available to plants and increased the fresh and dry weight and protein content in leaves of the 
three crops while no significant difference in the tissue moisture content between the treatments was found. The inspection of 
combined data resulting from soil, plant and water analysis and from N budget demonstrates that altogether more mineral N was 
released in soil and water from the organic fertilizer while more N was uptaken by plants with the mineral fertilizer. 
Nitrogen uptake efficiency and N use efficiency in fact were highest in the mineral fertilized plots while surplus N was only found 
with the organic fertilization. 
Microbial population in the soil was unaffected by the type and amount of fertilizers; on the contrary, enzymatic activity responded 
positively to organic N while was depressed by the synthetic N form.  The results suggest that the use of organic N integrated with 
mineral N at the appropriate crop stages is the solution to be recommended. 
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Introduction 

Ecosystem pollution depending on agricultural 
practices has prompted a number of investigations which 
often yielded non consistent or even contradictory results. 
In the present research an “integrated” experimental 
approach was planned taking into consideration 
simultaneously the three segments soil-water-plant, in 
the belief that such an approach can reduce uncertainties 
resulting from the researches oriented to explore single 
segments. 

The rules  of organic farming ban the use of 
synthetic nitrogen fertilizers on the assumption that they 
impair soil fertility and enhance N leaching (e.g. Haas et 
al., 2002) while organic fertilizers are supposed to enrich 
the soils in organic matter and have less N losses. 

While soil enrichment in organic matter is 
unquestionable, reduction of  losses has been 
questioned, mainly  on the basis of an assumed lack of 
synchronization between N release by organic matter 
and  uptake by crops, which can lead not only to an 
insufficient availability to crops in their critical 
phenophases (e.g. Myers et al., 1997; Pang and Letey, 
2000; Shepherd, 2002; Berry et al., 2002) but also -as a 
consequence- to the loss of unused untimely mineralized 
nitrogen (e.g. Bonde and Rosswall, 1987; Yadvinder-
Singh et al., 1992; Kirchmann and Thorvaldsson, 2000; 
Bergström et al, 2005; David et al., 2007; Evanylo et al, 
2008).  

Further uncertainties regard organic fertilizers action 
on soil bacterial population: to quote Shannon et al. 
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(2002) “While a number of studies have indicated that 
organic farming practices have beneficial effects on soil 
microbial numbers, processes and activities, other 
research has concluded that organic management has 
zero or even negative impact on soil microorganisms; 
published data show no consistent trends that may be 
attributable to different management practices.” 

Furthermore  it is generally accepted that the 
application of organic N fertilizers stimulates soil 
microbial activity while mineral forms depress it (e.g. 
Crecchio et al., 2001; Alloway and Jackson, 1991; 
Benckiser and  Simarmata, 1994; Albiach et al., 2000; 
Perucci et al., 2000; Debosz et al., 2002; Bell et al., 
2006). Although the determination of enzymatic activities, 
particularly of proteolitic and ammonia-oxidizing enzymes,  
is afflicted by uncertainties depending on the vast 
number of intervening factors, including variability in soil 
conditions in space (pedological properties) and time  
(moisture, aeration and temperature)  and on differences 
in analytical methods, yet it can be of interest to assess 
their relative variation in response to different fertilizers. 

In order to achieve a thorough  view of the 
concurring factors it was believed of interest to 
investigate also the N budget in the soil-plant-water 
system and the variations in microbial population and 
activity. As a consequence  a research was planned 
aiming at observing  the influence of two high doses of 
organic and mineral N fertilizer applied to a succession of 
three different crop cycles on 
1. plant production and their protein content  
2. the different N amounts uptaken by plants  
3. the different amounts of residual N in the soil and 

drained water 
4. the variations in soil enzymatic activities and 
5. the variations in soil microbial population  

Also some indicators for assessing the different 
impact of organic and mineral fertilizers on nitrogen use 
efficiency and budget were applied, as illustrated below. 

Materials and Methods 

The experiments were conducted in Eastern Sicily, 
south of Catania (latitude 37°20’ N, longitude 12° 30’ E) 
at an elevation of 135 m above sea level. 

 
Fifteen lysimetres were installed sized m 3.0 x 4.0 x 

1.0, hydraulically insulated by means of a lining 
membrane; the soil is an alluvial sandy loam whose 
principal physical and chemical characteristics are 
reported in table 1. Lysimetres were irrigated  by means 
of an automatic irrigation system and each of them was 
equipped with a drainage system permitting to sample 

drained water. Emitters were in-line, self compensating 2 
L/h drippers spaced 30 cm along the laterals and the  
system had a  high application uniformity, with a “Field 
Emission Uniformity Coefficient” as defined by Karmeli 
and Keller (1974) in excess of 90 %. Irrigation was not a 
variable since the same water amounts were applied to 
all the treatments with some excess water to obtain a 
sizable amount of drainage.  

Three crop cycles were grown in succession: lettuce 
(Lactuca sativa L.: June – August 2005), red chicory 
(Cichorium intybus L.: October – December 2005) and 
celery (Apium graveolens L.: June – November 2006). In 
every lysimetre 66 plants were planted, with a population 
density corresponding approximately to 55.600 plants ha-1 
considering the net surface of lysimetres. 

While one treatment in three lysimetres was the 
unfertilized control, six lysimetres were fertilized with 
ammonium  sulphate containing 21% N and six with a 
liquid organic fertilizer containing 8.5 % N (“Protamix”, 
derived from hydrolyzed animal epithelium).  

In a further subdivision, three lysimetres in each 
fertilized group received N amounts corresponding to 240 
kg ha-1 and three lysimeters amounts corresponding to 
360 kg ha-1 per crop cycle. It was decided to apply such 
relatively high quantities because the objective of the 
research was not to optimize fertilizer quantities but to 
assess and compare their polluting potential. Treatments 
were labeled as control, T1, T2, T3, T4 as illustrated in 
table 2. No chemical other than N fertilizers was applied 
to the crops  and all the cultural practices, including 
weeding,  were made by hand. 

 
Nitrogen was simultaneously applied in solution to 

the twelve fertilized lysimetres through the irrigation 
system; irrigation and fertilization were managed through 
a central automatic control station.      

 
Soil was sampled at irregular intervals, depending 

not only on the planned crop schedule but also on the 
rain events; at every sampling three soil samples from 
the rhizosphere were taken in each lysimetre. Fourteen 
samplings were made during the 18 months of the 
experiment, with a total of 630 soil samples (3 samples 
per lysimeter x 15 lysimeters x 14 times),  from the depth 
of 10-30 centimeters.  

 
Ninety plants, six per lysimetre, were sampled at the 

end of every cycle, 270 plants in total, and the aerial 
parts and roots were separately analyzed.  

  
Drained water was sampled 14 times with a total of 

210 samples (14 times x 15 lysimetres); parameters 
analyzed in soil, plants and water are reported in table 3. 
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Table 1. Selected soil characteristics 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2. Description of the treatments 

 

 
 
 
 
 
Table 3 reports the list of analyses in the three segments of the 
system. 

 
 

 
 
 
 
 
 
 
 
 
 
Table 3.  Parameters analyzed in soil, plants and drained water 

 
The analytical procedures adopted were the 

following: 

 Total N: Kjeldhal (SISS, 1985) 

 N-NO3
- : Cataldo et al. (1975) 

 N-NO2
-  Bates (1973) 

 N-NH4
+: Berthelot (1959)  

 Organic N: as the difference between its total 
and mineral forms 

 Arginine-deaminase activity: Alef and Kleiner 
(1986) 

 Protease activity: Ladd and Butler (1972) 

 The protease-producer eubacterial and 
actinomycetes populations, and the ammonia-oxidizing 
populations were estimated according to the DGGE 
technologies (Denaturing  Gradient Gel Electrophoresis). 
The DNA was extracted from the soil samples by means 
of the QIAamp DNA Stool Mini Kit and was subsequently 
amplified by means of the PCR (Polymerase Chain 
Reaction). The DGGE analysis of the eubacterial 
community was done according to the Heuer et al. (1997) 
procedure, whereas for actinomycetes the procedure of 
Weisburg et al. (1991) was followed.  

 Proteins: Bradford (1976) 
Soil temperature was monitored throughout the 

experiment by means of two geothermometres placed at 
the depth of 10 and 30 centimeters while rainfall height 
was recorded by means of a pluviometer. Available 
moisture in the soil was monitored through five batteries 
(one per treatment) of three tensiometres,  placed at the 
depth of 10-30-60 cm.  

 The analysis of variance was conducted using the 
Statgraphics Centurion package;  through the Multiple 
Range Test it was possible to appreciate which means 
were significantly different from the others (P ≤ 0,05). 

Results 

Environmental data 
Fig.  1. Soil temperature evolution at two depths  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4. Monthly precipitations 

 
 
Figure 1 and table 4 show the evolution of soil 

temperature at  the depth of 10 and 30 cm and monthly 
precipitations, respectively, both averaged over the two 
years 2005 and 2006; the average annual total 
precipitation of  748 mm  exceeded by almost 50% the 
local long-term mean. Tensiometric data are not reported 
because not relevant: matric water potential in the soil 
was in fact always maintained above -30 kPa.   
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Nitrogen residues in soil and water 
No statistically significant difference (P ≤ 0,05) in the  

content of total and  organic nitrogen in soil and drained 
water was in any case evidenced between the various 
treatments throughout  the period of the experiment and 
as a consequence data are not reported. This result was 
expected, due to the well known limited reactivity of N in 
soil organic matter  (SOM), which notoriously is by far 
prevalent on the mineral fraction. 

On the contrary, differences were found among the 
treatments in the content of  NO3

- and NH4
+ in the soil. 

When the entire sets of soil data throughout the three 
cycles were considered the Multiple Range Test analysis 
evidenced two homogeneous groups of mean values: 
one including the control and treatments T3 and T4 and  
a second one including treatments T1, T2, T3 and T4.  

Although the mineral N content resulted always 
highest in treatment T2, statistically significant 
differences could only be found when T2 means were 
compared to those of the control whereas no significant 
differences could be detected among the four fertilized 
treatments, due to the rather high scatter of analytical 
results.  

However when only the results of “snapshot”  
analyses referring to single sampling days rather than 
means were compared, almost constantly higher mineral 
N values in soil and water were found in treatments T1 
and T2; not surprisingly the ranges of variation in T1 and 
T2 were much wider compared to T3 and T4.  

In figures 2 and 3 the evolution in time of mineral N 
in the soil in its NH4

+ and NO3
- forms during the 

experiment is reported, showing the three peaks 
corresponding to N applications during the initial phases 
of the three crop cycles and the following decrease 
depending on plant uptaking and the leaching after the 
rainfall events.  It is also possible to appreciate the 
smoother N variations in the organically fertilized 
treatments T3 and T4.  

 
Figure  2. Evolution of N-NH4 in the soil 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure  3. Evolution of  N-NO3 in the soil 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Evolution of mineral N in drained water 

 
 
 
 
 
 
 
 
 
 
 
 
Interesting information is conveyed by the scrutiny of 

figure 4 showing the evolution of  mineral N concentration 
in drained water, with the three peaks shifted a few 
weeks later compared to those in the soil. Throughout the  
experiment the N content in the drained water was 
constantly higher in the four fertilized  treatments than in 
the control. A difference can be appreciated among the 
fertilized treatments, with mineral N content ranking 
almost always in the order T2>T4>T1>T3.  However after 
the conclusion of the third crop cycle (celery was 
harvested at week 46 of the second year) a sharp 
decrease in N concentration was recorded, due to the 
heavy precipitations occurred, followed by a rise in all the 
treatments. Thereafter in the two subsequent weeks the 
N concentration decreased in treatments T1 and T2, 
steadily increasing in T3 and T4, so that the final  ranking 
became T4>T3>T2>T1, thus giving evidence of a higher 
residual content of mineral N in the organically fertilized 
plots and confirming the results of plant analysis and N 
budget illustrated below.  

 
Results in plants 

Chicory crop was damaged by a frost in December 
2005, which explains its remarkably low yield.  

Fresh and dry matter content of the aerial part of 
plants as well as their content in moisture and  total 
protein are reported in table 5 showing the significantly 
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higher yields in mineral treatments T1 and T2, compared 
to the organic treatments T3 and T4.  

It is also possible to see how the higher doses of  N 
did not impact the moisture percentage in  plant tissues, 
contrary to what is commonly believed: the moisture 
percentage in treatment T2 was in fact consistently lower 
than in the other treatments although the difference was 
not statistically significant. This is supported by the higher 
yield of chicory in treatments T1 and T2, in spite of the 
frost event notoriously affecting more the more aqueous 
tissues. Also the content in total proteins was higher in 
treatments with mineral fertilizer, but the difference 
achieved a statistically significant level only in the case of 
lettuce. 

 
Table 5. Fresh and dry weight, moisture percentage and total 
protein content in plant aerial part 
 
 
 
 
 
 
 
 
 
 
 
 
* frost damaged 
different letters in the same column  indicate statistically significant 
difference at P ≤ 0.05 

 
Table 6. Dry matter production and total nitrogen content in leaves 
and roots 

 
 
 
 
 
 
 
 
 
 
 

 
*frost damaged 

Table 6 shows the distribution of dry matter between 
roots and aerial parts and their N content in the various 
treatments. Data resulting from the single plots  were  
elaborated and referred to one hectare in order to convey 
a clearer representation of results. It is of interest to 
remark  that while the aerial part was constantly highest 
with the T2 treatment and lowest in the control, the 
opposite was true with roots;  more in general the 

development of the aerial part resulted directly correlated 
and that of the roots inversely correlated to N availability. 
This matches well the long-denounced changes in the 
shoot/root ratio as a response to nutrient availability (e.g. 
Passioura, 1983; Shangguan et al., 2004). 

 
Table 7. Nitrogen balance (kg ha-1) 

 
 
 
 
 
 
 
 
 
 
 
 In table 7  a nitrogen balance is elaborated starting 

from the total application in the three cycles and 
subtracting the quantities absorbed in leaves and roots: 
only in the “organic” treatments T3 and T4 plants resulted 
unable to uptake the entire N quantities applied to the soil. 
Presumably the lack of synchronization between N 
availability and plant requirements in such treatments 
determined such an appreciable unused fraction as 
confirmed by the  considerable decrease in N  use 
efficiency and uptake efficiency (table 8), and the higher 
final content in mineral N of drained water in those 
treatments. As Boldrini et al. put it “The determination of 
nutrient surplus (N supply minus N off-take) at a field 
scale is often used as an indicator of the potential loss of 
N … and can give an indication of the risks that are 
associated with specific farming practices” (Boldrini et al., 
2007). 
Table 8. Comparing two  different “efficiencies” 

 
 
 
 
 
 
 
 
 
 
 
 
Table 8 shows the values of two contrasting 

“efficiency” indicators as defined in the review of Dawson 
et al.(2008); we are aware that objections can be raised 
to the term “efficiency”, but prefer to maintain it for the 
sake of uniformity and ease of comparison. 
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The indicators, elaborated broadly following their 
approach, with minor modifications mainly due to the will 
of considering also N content in roots, are defined as 
follows: 

 N uptake efficiency = Nt (total N in plant) / Ns (N 
supply) 

 N use efficiency = Yw (yield dry weight) / Ns (N 
supply) 

By definition both indicators are a measure of plant  
response to available N, one in terms of ability in fertilizer 
absorption and the other in terms of fertilizer elaboration. 

 
The higher N  efficiency obtained with mineral rather 

than organic N form  is in agreement with a number of 
former findings (e.g.  Myers et al., 1997; Pang and Letey, 
2000; Jenkinson, 2001; Kirchmann and Bergström, 2001).  

Proteic efficiency, defined as the ratio of organic to 
total N in plants, was also determined but results were far 
from significant and as a consequence are not reported. 
Enzymatic activity 
Table 9- Evolution of deaminase activity (µg N-NH4+ g-1dm h -1) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
The response of deaminase and protease activity 

was consistent, with mineral fertilizers  bringing about an 
evident reduction in activities whereas organic fertilizers 
stimulated them. The level of the means in enzymatic 
activity in fact in both cases was ranked as follows: T2 < 
T1 < control < T3 < T4, and the Multiple Range Test 
confirmed the statistical significance of the differences. 
Apparently the application of ammonium sulphate shifted 
the balance of available N in the soil by promptly 
increasing  N availability in the circulating solution and 
consequently reducing the need for enzymatic action 
aiming at making organic nitrogen available to plants. 
Opposite to it the organic fertilizer rich in proteins with 
low molecular weight supplied a substrate apt to 
stimulate the enzymatic activities. 

It is interesting to remark the enhancement in 
enzymatic activities in the final sampling for all the 

fertilized treatments (as opposed to the control) 
particularly in the case of protease, probably as a 
response to the leaching of mineral N consequent to 
heavy rains occurred between the two final samplings 
and its reduced availability. 

Tables 8 and 9 report in detail the evolution of the 
enzymatic activities in the various treatments.  
 

Microbial population 
 
No difference could be appreciated in bacterial 

population as a consequence of the different treatments.  
The photos below, taken with a Polaroid Gel Cam, 

evidence in fact that all the bands resulting from the 
DGGE analysis are similar and have similar intensity in 
the four sampling periods, encompassing the whole 
duration of the experiment. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Such result can depend on the relatively short 

duration of the experiment, but  demonstrates anyway 
that variations found in enzyme activity depended  on 
factors linked to the soil environment, particularly N 
availability, rather than on the varying intensity of 
microorganism population, which was unaffected by the 
different types and amounts of fertilizers. 
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Discussion and Conclusion 
The results show that same amounts of N when 

applied under mineral or organic form can determine 
different responses in the soil-water-plant system. Plants 
yielded a higher biomass production, richer in  proteins 
and N content when treated with mineral N;  soil showed 
a more intense enzymatic activity and higher residual N 
but not more bacterial population when treated with 
organic N; drained water had a more elevated final 
mineral N concentration in organically-treated plots.  

Altogether better results were achieved through the 
application of  N in its mineral form, although the 
differences were not always statistically significant.  N 
uptake efficiency and N use  efficiency resulted in all 
cases lower with organic fertilizer probably, it can be 
speculated, because of the often mentioned lower N 
availability in critical crop phenophases. 

Such results confirm that higher skill and accuracy 
are required for the appropriate management of organic 
fertilizers to reduce their potential disadvantages in 
comparison to the mineral forms.  

The results give support to the view of Manlay et al. 
(2007), who state “One of the key features of sustainable 
soil practice, is the return to managing soil fertility 
through the combination of organic matter…and mineral 
nutrient inputs.” 

The N variations found in the unfertilized control 
plots can be explained as a response to the nutrient 
uptaking by the crops, the leaching action of the rains 
and the intensity of biocenosis activities varying in time 
with plant development, soil redox potential, moisture and 
temperature. 

Similarly, the variations in time of the enzymatic 
activities in control plots can be seen as the result of the 
combined action of the same factors. 

It is not easy to understand whether the reduction in 
N uptake efficiency differences between the mineral and 
the organic treatments, passing from lettuce to chicory 
and celery, depends only on the different plant ability to 
absorb N in its various forms or also on its different 
availability in time, perhaps as a consequence of 
increased N availability from decaying organic matter in 
treatments T3 and T4. 

The following conclusions can be drawn at the end 
of the three crop cycles: 

 mineral fertilizer released NH4
+ and NO3

- more 
promptly than organic fertilizer, and higher peaks of such 
ions were reached in the soil, but the differences 
between the means throughout the three cycles were not 
statistically significant; fluctuations were lower with 
organic fertilizers; 

 fresh and  dry matter, nitrogen and protein 
content in the plants was consistently higher in those 
plots fertilized with mineral N,  which evidences the 
importance of the fertilizer availability in due time; 

 the slowly released N from the organic fertilizer, 
being utilized by crops to a lesser extent, raised the risk 
of pollution at the end of the three crop cycles giving 
origin to a surplus in the soil and consequently to a 
higher N concentration in drained water; 

 enzymatic activity was strongly influenced by 
the form of applied N: the presence of ammonium 
sulphate reduced the need for it while the organic 
fertilizer stimulated it;  

 microbial population in the soil resulted 
unaffected by the source and amounts of fertilizers 
demonstrating a considerable resilience to  the action of 
relatively high amounts of  mineral and organic fertilizers; 

 the results suggest that the best solution for 
nitrogen fertilization is probably the combined use of 
basic organic fertilizers with the addition of modest 
amounts of mineral N in the periods of crop peak demand. 
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