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Riassunto

Il lavoro qui presentato focalizza la sua attenzisagli effetti che concimazioni, eseguite
con refluo zootecnico, e differenti regimi idrigossono avere in una coltura di mais.
Lo studio ha considerato le potenziali lisciviazidhazoto verso la falda e I'emissione
di gas serra ad effetto climalterante. Sono staltitati due differenti regimi idrici, il
primo ha previsto I'applicazione di quattro diveliselli irrigui su suolo a drenaggio
libero, il secondo ha comparato I'effetto di unlsua drenaggio libero con quello di due

suoli con falda superficiale controllata.

Lo studio & stato condotto presso I'azienda agispeximentale dell’'Universita di Padova.
Un sito costituito da lisimetri interrati € statoltivato con mais e fertilizzato con
liguame ed urea secondo i limiti previsti dallaettiva nitrati per zone vulnerabili e
dalla recente deroga della direttiva, ottenutal’ltlia. E stata determinata la
produzione del mais, la lisciviazione di azoto kealissione di gas serra. | gas serra
sono stati monitorati tramite misure in campo. ési i compone di cinque capitoli.

Capitolo 1, e un introduzione generale ai temiatat

Capitolo 2, intitolato “Interaction between irrigat and N fertilization in an area subject to
the Nitrates Directive. Effects on N Balance” . 8atati analizzati i dati provenienti da
un quinquennio di mais in monosuccessione (200®R@i e voluto verificare I'effetto
dell'interazione tra quattro differenti regimi gai e quattro livelli di fertilizzazione
azotata sul rendimento colturale, 'asportazionezhto da parte della coltura e sulla
lisciviazione dell’azoto. E stato poi elaborato samplice metamodello capace di
predire la lisciviazione dell’azoto.

Capitolo 3, intitolato “N balance and Nitrous Oxidmission in soil subject to derogation
from the Nitrates Directive in free drainage amhalbw groundwater conditions”. Ha
valutato I'effetto di tre diversi input azotati cbmati con tre situazioni di falda, in due
anni, nel 2011 e nel 2012. Il primo input azotatitzzato é stato il limite della direttiva
nitrati per zone vulnerabili, il secondo ed il ®rgono stati i nuovi limiti applicabili
grazie alla deroga della direttiva nitrati. Si énsiolerato un suolo in drenaggio libero o

soggetto a due falde superficiali. E stato analzzhrendimento del mais, I'azoto
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asportato dalla coltura, I'azoto lisciviato e I'essione di NO del suolo. L'obiettivo é
stato quello di valutare gli effetti dell’applicanie della deroga della direttiva nitrati.

Capitolo 4, intitolato “Carbon (C£and CH) emissions from soil with shallow water table
and approach to GHGs modeling”. Sono stati comaideflussi di CQ e di CH, dal
sito sperimentale precedentemente descritto dedoba3. Infine un’ultima breve parte
riguarda l'utilizzo di un modello di simulazionerpeerificare differenze o somiglianze
con i dati reali ottenuti in capitolo 3 e 4.

Capitolo 5, riguarda le conclusioni generali swbla svolto.
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Summary

The work here presented deals with the effectsNhatpplied with manure, and the water
regimes had in a cropping maize system. The stuaiyt w0 evaluate the N leaching
trough groundwater and the potential greenhousegassion affecting global warming.
Two different water regimes were studied: soilreefdrainage conditions with different

irrigation levels and two shallow water table cdiunfis.

The study was conducted in the Experimental Farfaofua University. Continuous maize
was cropped in lysimeters fertilized with manured amrea according to the limit
imposed by Nitrates Directive and the recent defogaof Directive obtained by Italy.
Analysis of crop yield, N leaching and GHGs weraelto compute a N balance. GHGs
were obtained through direct measurements in #id. firhe thesis is composed by five
chapter.

Chapter 1. is a general introduction to the todissussed.

Chapter 2, entitled “Interaction between irrigatieamd N fertilization in an area subject to
the Nitrates Directive. Effects on N Balance”, amald data come from a five years
study conducted in 2006-2010 and aimed to idetitiéyeffect of four different irrigation
and four N input in N leaching, crop yield and Ntake by crop. In the chapter is
processed a simple metamodel able to predict #ahieg of nitrogen.

Chapter 3, entitled “N balance and Nitrous Oxiddassion in soil subject to derogation
from the Nitrates Directive in free drainage ardhlw groundwater conditions”.
aimed to evaluate the effect of derogation of NeseDirective, quantifying the effect of
three different N input combined with three wat#le conditions in two years, 2011
and 2012. The lower N input was the limit foraies vulnerable zones (NVZs) and the
other two input were relative to the new limitstthan be used du® the derogation of
Nitrate Directive. We consider a free drainage amal shallow water table conditions.
We performed analysis of maize yield, N uptakee&tching and pD emissions. .

Chapter 4, entitled “Carbon (G@nd CH) emissions from soil with shallow water table
and approach to GHGs modeling” we performed amalysCQ and CH fluxes for the
experimental layout described in Chapter 2. Tine @was to quantify the emissions as
affected by free drainage or shallow water tabladaoons, considering the N limit

13



imposed in NVZs by Nitrates Directive and by theadmtion. Finally a little part was
dedicated at an approach in the use of a terresttsystem model for the simulation of
data obtained in chapter 2 and 3.

Chapter 5, is a general conclusion of the work.
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Chapter |

General Introduction
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Replacement of natural ecosystems such as grasastahtbrest with agroecosystems and
the transition from traditional agricultural to emsive agricultural has frequently
increased the flux of soil carbon to the atmosphe@ucing levels of SOM and thereby
decreasing soil fertility (Solomon et al., 2002). Mediterranean soils the reduction of
organic matter has led to an increase of erosi and fertility losses (Melero et al,
2006). This is a universally accepted issue (Sraittal., 1993) and the addition of
organic amendments in soil is suggested as a waynpoove organic carbon and
nitrogen content (Madejon et al., 2001; Marschesteal., 2003). In areas with large
livestock production this practice permits the dis@ of the resulting manure. Manure
represents an interesting option in terms of aademuestration in soil (Arrouays et al.,
2002). Crops such as maize, which have a high Naddiurge the farmer towards the
use of high N inputs to ensure production but/littee nitrogen is not removed by the
crop, N accumulation in soil can favor N leachinmggroundwater. (Fox at al., 1989;
Waskom et al., 1996).

A proper N management requires indicators of th&dtus of the soil-crop systems. Crops
are considered a good indicator of the presenceasatiability of soil mineral N, and
the crop growth depends on weather conditions aop management (Schroder et al.,
2000). However crop analyses are not useful toctletecess N in soil because plants
reach a saturation limit for N use (Maghooff, 19®Rigth et al., 1992; Dwyer et al.,
1995). Furthermore, N leaching is clearly relatednineral nitrogen present in soil, but
is mediated by other variables such as irrigatimh \&eather (Schréder et al., 2000). Soil
analyses are also required to discriminate thetgyasf N that is present, but reactions
mediated by microorganisms are also responsibléhrchange of N content in soill
(Whitmore, 1991). So the quest for a unique indic& predict the release of organic N
has been in vain (Jarvis et al., 1996; Powlson/)L98 practical solution is to combine
all indicators, creating a balance consideringMlprocesses and all the parameters
influencing these processes.

The “field balance”, as it is called by Oborn et @003), requires detailed data input and
its output data provides a measure of the net ssirpt deficit caused by fluxes across
the soil surface. It is connected with a defined gmfile and includes addition to or

depletion of soil pools.
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Nutrients and, in particular, N balance are a wesgful tool to trim the management action
program within the framework of the EU Nitrate [@itiee in Nitrate Vulnerable Zones
(NVZS) (Grignani et al., 2007). Considering massvé of N, it is possible to estimate
deficits and surplus of N and, in the latter caseguantify the possible losses from
agroecosystems. These losses can have a potemp@tt on the environment through N
leaching to groundwater or greenhouse gases emss§®@HGs). N rate and irrigation
are the main factors influencing N leaching (Wahgle 2010). In general an increase
of soil water content enhances crop yield, in patdr when high N rates are applied
(Norwood, 2000). Pandey et al. (2001) reportedheal yield response to irrigation at all
N levels, but, on the other hand, nitrate leachtag occur with high irrigation or
rainwater (Fang et al., 2006).

Agriculture is usually considered a net source BIG3 but it can also act as a sink. The
flux obtained at the soil/atmosphere interfacehis tesult of dynamic production and
consumption processes in the soil. Agriculture loara global source of carbon dioxide
(COy), methane (Ch) (Chianese et al., 2009a; Castaldi and Fierro52Mbsier et al.,
2004) and nitrous oxide @) (Chianese et al., 2009b; Davidson, 1991; Dels&wcet
al., 2000; Firestone and Davidson, 1989; Li etE92; Parton et al., 1996; Xing et al.,
2011). CQ, with respect to ClHand NO, is cycled in the largest amount through
agricultural cropping systems. Plants consume laageounts of C@ through
photosynthesis, but the plant products emit,C@hen they are consumed or
decomposed. So the net emissions are low (Snydar, €2009). Several factors affect
CO, emissions and the return of stored soil organim @he atmosphere, such as soil
temperature, soil water, type of vegetation, sastquantity and quality, microbial
biomass and activity, land use and management (@nmhDoran, 1984; Bowden et al.,
2004; Fisk and Fahey, 2001).

N,O is produced primarily from the microbial processé nitrification and denitrification
in soil. Nitrification is the oxidation of ammonid nitrite and then nitrate.
Denitrification is the microbial reduction of niteaor nitrite to gaseous nitrogen, with
NO and NO being produced as intermediate reduction comp®|fRitestone, 1982;
Firestone and Davidson, 1989; Robertson and Groffn2007). Denitrification is
performed by heterotrophic bacteria that are fatiwk anaerobes. The general

18



requirements for denitrification are: the presentdacteria possessing the metabolic
capacity, suitable electron donors such as org@mompounds, reduced S compounds
or molecular hydrogen, anaerobic conditions orrigstd oxygen availability, and N
oxides as terminal electron acceptors (Firesto®21Mosier et al., 2004). JO
“uptake” can also occur in soil. Consumption instbase is defined as “uptake”, so a
negative flux, direct from atmosphere to soifCNcan disappear by reduction ofNto

N2 as well as the absorption of® in soil water (Chapuis-Lardy et al., 2007).

Groundwater, by the reduction of nitrates, is gdaaccumulator of p)D. Aquifers, and in
particular shallow aquifers, can therefore be atergid not only as passive subjects for
N pollution but also depollutant agents. If thi€@ad function prevails, less restrictive
limits on nitrogen fertilization can be conceivabMethane is also subjected to an
emissions and an uptake processes. Uptake is erajem relatively negligible process,
while production is relevant in particular in flaedi soil and paddy fields.

Emissions inventories have great uncertainty arsdntfay have various origins (Rypdal and
Winiwarter, 2001). Freibauer (2003) performed aveitory of GHGs from European
agriculture. He developed a methodology to quangifyissions based on emissions
factors and regional regressions equations deffirged all available measurements in
Europe. This methodology seems to be better thanREC methodology, reducing the
uncertain by 50%. Freibauer affirms that nitrousdexhas rarely been measured in
Mediterranean soils (Freibauer, 2003). Countriasirtg ratified the United Nations
Framework Convention on Climate Change (UNFCCC 198ave committed
themselves to report their emissions annually uiiregstandard imposed by the IPCC
methodology (IPCC, 2007). The default is the cattah of an emission factor that
indicates the ratio between the cumulative flugas (e.g. MO or CH,) with respect to
the N input. This reduces the complex process a$son, transport and consumption to
a simplified standard (Heyer, 1994; Chadwick et 3#099). Furthermore this index is
based on an assumption about the relationship betaegiven activity and emissions
generated. The exact emission figures will alwaysain unknown. Theris therefore a

clear needor direct measurement of GHGs.
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Global estimation of GHGs are usually made by iplying averages of small chamber
measurements for a given area (Potter et al., 199B8amber systems are the most
common methods used to measure soil fluxes (Le d2aet al., 1999; Livingston &
Hutchinson, 1995; Pumpanen et al., 2004; Widen &dtaeth, 2003), due to short
measurement times and small size (Lamouroux, 2088)eover, in a field comparison
study, Freijer and Bouten)(1991) found them to hereraccurate than other methods.
Their main advantage is that the fluxes are medsdirectly from soil and associated
with a particular emission site. Gas residence timéhe chamber is minimal so the
chemical transformations between emission and aisatan be minimized. However, it
should be noted that the chamber system cannot letehp simulate the ambient
environment. The chamber measures over a small Hrea requiring extrapolation
which can become a problem when upscaling to largas (Aneja et al., 2006). In this
case the data obtained can be used to calibrateegsdevel models for estimating
global fluxes and to evaluate potential effectscimate and land use (Potter et al.,
1996). Since the chambers are site-specific, ttitgy the possibility of a rapid, exact
and unambiguous answer based on the change otificparameter in a site.

As mentioned above, soil moisture is one of thennparameters that influences emissions.
Soil water content, by influencing the availabiligf O, can modify the soil
environment, selecting a specific microflora andtaia chemical and biological
processes. A shallow groundwater can provide at greatribution to the amount of
water stored in the root zone, but also to theicedrbidirectional movement of the water
(up-flux and down-flux) (Logsdon et al., 2009).

Shallow water tables are a characteristic traiamiple areas of the Po Valley which are
intensively cropped with high input levels. It ibetefore important to assess the
vulnerability as well as the potential for N rembwé shallow water tables, evaluating

the relationships between water table depth, GH@G®ams and water pollution.
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Interaction between irrigation and N fertilization in an area

subject to the Nitrates Directive. Effects on N Bal  ance.
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1.

Introduction

The use of fertilisers, although required for obitag high vyields, is regulated by

environmental and economic factors. Particularlyaneas where intensive livestock
rearing (and therefore manure production) andated land coexist, there is growing

concern about possible groundwater contaminationitogtes.

BMPs encourage a N balance for reducing N accumulafter crop harvest but it is also

important to emphasize the role of irrigation masragnt for reducing water percolation
(Sacco and Bassanino, 2008; Morari et al., 20X8pation management is even more
important than fertilizer management for reduciegching losses (Sexton et al., 1996).
Many authors observed an increase in N leaching tduan increase of irrigation
(Ferguson et al., 1991; Schepers et al., 1991; 8udnd James, 1999; Sogbed;ji et al.,
2000; Gehl et al., 2005). Hu et al. (2005) reportieat there is the potential to cut
irrigation by 50% on the Northern China Plain withoeducing yields. Other Authors
(e.g. Pang et al., 2007) argue that higher watplicgtions can reduce yields and are
associated with higher N leaching for a given Nligpgon amount. However, on the
other hand, irrigation increases water availahiligromoting plant growth and

enhancing nitrogen use efficiency.

The EU Nitrates Directive established a limit @01kg of organic N ha+ 60 kg N h#

from urea to limit N losses to groundwater in N#ra/ulnerable Zones (NVZ). It is
worth noting that this limit seems to reduce thefukmess of the nitrogen balance by
imposing the same nitrogen input for every cropl, &d amount of irrigation. At the
same time the Directive deals only with the conein limit of NOs-N in a water

body, not considering total loads of M directed to groundwater.

Veneto Region (NE Italy), where a large parttioé territory is classified as NVZs,
livestock production is intensive and the resultimgnure is mainly spread on maize, a
crop with high N demand but frequently requiringnsistent water supplies through
irrigation. The objective of this study was tokiorop production with groundwater
protection. The effect was evaluated of four défdr irrigation levels and four N
fertilization rates on maize production and N Iess€he study was carried out in
lysimeters as they provide an efficient controlgsdtem of nitrates leached. Using the
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dataset obtained, a site-specific metamodel wasldped that can predict the release of

nitrogen according to N fertilization and irrigati@amount.

2. Materials and Methods

The experiment was conducted in 2006-2010 at thivdisity of Padova Experimental
Farm in Veneto Region (northeast Italy, 45°19° M1°31 E, 8 m a.s.l.)The local
climate is sub-humid, with annual rainfall of abo8%0 mm and yearly average
temperature of 12 °C. Reference evapotranspirgidio) is 945 mm with a peak in July
(5 mm d"). Sixteen drainage lysimeters (1 x £ width x 1.5 m depth) were cropped
with maize Zea may4..).

The soil was a Fluvi-Calcaric Cambisol (CMcf) , evi25% sand, 48% silt, 17% clay and a
pH of 8.1. Organic matter content was about 1.13%l (tab. 2.1).

Soil properties Depth (cm)

0-50 cm 50-140 cm
Sand (%) 31 35
Silt (%) 49 45
Clay (%) 20 20
pH 8.13 8.1
Total Nitrogen (%) 1.1 1.0
Organic carbon (%) 0.82 0.66
Organic matter (%) 1.41 1.14
C to N ratio 7.45 6.6
Total carbonate (%) 20.1 17.3
Soluble carbonate (%) 4.1 3.9
Salinity (mS crif) 0.28 0.26
Available P 1 9
Available K 135 128

Tab.2.1- Initial soil chemical and physical propertieqri 2006.

The lysimeters were filled with a homogeneous peaif soil to a depth of 130 cm.
The drainage collection system was composed of @agerground plastic pipe that

connected the bottom of the lysimeter with a toweak. In free drainage condition the
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tank was emptied to capture water from the lysimeBy using the tank as a
communicating vessels system it was possible tatera controlled water table inside
the lysimeter.

In case of unfavorable weather conditions, an aatmally-closing plastic roof allowed the
lysimeter site to be covered.

Irrigation was provided by a drip micro-irrigati@ystem that could integrate or replace

rainfall.

2.1 Treatment and management

Sixteen treatments were studied: four water regiwigsfour levels of nitrogen input were
compared in a randomized design. The experimergalgd has not provided the
replications in order to maximize the number of bamtions in the study. The water
regimes (i.e. the sum of precipitation and irrigat(P+I)) were 800, 1100, 1400, 1700
mm y* with free drainage (FD) in 2006-2008. 800-1000 gihof rainfall is common in
many area of Veneto Region.

In 2009-2010, 1700 mm™yof water was changed to 1100 mi with a controlled 1-m
depth water table (WT) and the overall situatiors 880, 1100, 1400 mni’y(FD) and
1100 mm V! (WT). During the winter period the automatic roo&svblocked in open
position so the bare soil received the rainfallsiimmer water supply was provided by
irrigation, integrating the observed rainfall tacté the scheduled amounts of water.

Solil tilage was a spring spading at 25 cm followsd nitrogen fertilization and crop
sowing (mid-April every year). Lysimeters were malhyisown with maize at a density
of 8 plants rif, in two rows with a distance of 70 cm and 20 criwieen plants. An edge
(2 rows) was provided at the sides of lysimeteregfroduce a field situation as much as
possible.

Maize received a mix of beef cattle manure andtpplitter (M) at 85, 170, 255, 340 kg N
ha' y*at sowing. We tested the limits of 170 and 340 kgaNly* that are the limits for
vulnerable and not vulnerable zones respectivefeQE 1991). The fertilizer
composition was as follows: total nitrogen 2.8%04£3%, K;O 2% and organic matter
65%. Asupplementary N input (60 kg N hjwas applied using urea split in two doses,
the first 40% at sowing and the remaining 60% aftaize emergence (mid-May). Crop
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aboveground biomass was harvested in the first we8eptember every year. No cover
crop was used so during the winter the soil wae batil the next spring sowing.
Volumes of water input (rain and irrigation) andpmut (drainage water) were recorded and

samples analysed for the main chemical-environnhpatameters.

2.2 Maize analysis

Grain and the residual aboveground biomass weeel dnia forced draft oven at 65 °C and
then analysed for total Kjeldahl nitrogen (TKN) daresidual moisture content (from 65
to 105 °C). Total Kjeldahl nitrogen was determin@gd digesting 3 g of tissues with
H.SO, and CuSQ. After chemical decomposition, samples were prockggth NaOH
and the amount of ammonia produced was determigdzhbk titration with HCI. The

amount of N (% w/w) was corrected for the residuaisture of the tissue samples.

2.3 Soil collection and analysis

The soil profile was sampled every year in mid-Meand at the beginning of October.

Soil samples were taken at six depths (0-5, 5-805% 55-75, 75-95, 95-120 cm) with
randomized repetitions in each lysimeter. A portodrsoil was dried in a forced draft
oven at 105 °C for determining the gravimetric hdityi Another set of samples was
stored frozen prior to analyses for BNON; nitrates were determined colorimetrically

after extraction in 0.5 M 50O, (Cataldo et al., 1975)The remaining soil was air-dried
and then assayed for TKN analysis.

2.4 Water analysis and water balance

Water input (irrigation, rainfall and simulated grmwater) and output (drainage water)
were stored frozen and later analysed forsNDOand TKN. Samples of water were
filtered before analysis performed by the colorineetnethod (Cataldo et al., 1975) and
total Kjeldahl method respectively.

Volumes of water input and output were used to rdetee the annual effective

evapotranspiration (E-in mm y*) through the following water balance:
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[1] ETe= ((Ui-Uf) + (P+l) -D)

where Ui and Uf are the initial and the final stare of soil every year, P is the volume of

precipitation and | the volume of irrigation. Dtiee total drainage water.

2.5 Nitrogen Balance

Cropping systems are dynamic, with dramatic digpani both timing and extent of crop
status (soil cover, root depth, N uptake pattemdl amanagement events (tillage,
irrigation and fertilization) over the year. Theming of fertilizer and irrigation
applications in relation to plant demand has anoirigmt influence on the nutrient
balance of cropping systems (Cichota et all., 20A0) annual balance can capture the
difference between years and provide informatiordepletion or accumulation of N in
the soil.

An annual N balance was applied according to theviing equation:

[2] N residual = |\l?lput_ Noiomass

N inpUt: Nmanure"' Nurea+Nirrigation + Nrain

where Nesiqual(kg N ha') is a term comprehensive of N leaching and thengban N
content of the soil profile between the beginnimgl &nd of the year. Mnure Nurea
Nirrigation &Nd Nain (kg N ha') are the N inputs as fertilizer, rainfall and irriga. Noiomass

(kg N ha') is the N exported by maize biomasiohsss is the sum of Bain + Nstalks

NieachediS the product of N@-N concentration and water loss:

[3] Nleaching :%' Pi Ci

where P; is the percolation (I) for a single evefit , and C; is the respective N

concentration in water (mg N).
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2.6 Development of a metamodel for nitrogen releas e

In order to improve the water and groundwater qualie developed an algorithm able to
simulate the N leached in agricultural systems.(Ri¢.1). The results from our five-
year experiment were used for the identificatiorac$et of empirical functions. Basic
water and nitrogen balances were calculated toiroltkee drivers of the model. The
model works with an annual time—step, focusing ooadgreproduction of long-term and
large-scale behaviour.

The general function of the model can be simplibsdollows:

y=1(x)

The outputy is a scalar ( Nicheg Whereax can have a large number of components, in our
casex is the percolation watePgérc obtained from water balance.

The driving variables (input) and output are siriigdi as shown in fig. 1.

The building of the model follows four steps:

- the definition of dataset, input (x) and outputiables (y);
- the definition of the form of the model (calibrat)p that is the mathematical

equation:

b
14+x

y=A

- the use of real input (called training data) toaobthe estimated-output;

- the validation of the model where estimated-outpebmpared with real-output.

Nieachedin function of percolation water (Perc) is approaied by an equilateral hyperbolic
function:

i - (kw - Perc)

+1i - (kw - Perc)

[4] Nleached = (a : Nres +b ) ' 1

When Perc is zero N leached is zero. The horizaswnptote i® - Nres + band is equal
to 1. Nwesis the residual N at the end of the year showequiation [2] whilea andb are
respectively the slope and intercept of the linegression performed betweemnded

and Nes data;Neached-reallS strongly influenced biNes that is a pool of N not used by
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plants and therefore potentially leachable. Moreove the curve slop&w a coefficient
of water availability andPercthe percolation water per year.

NieachediS the annual N loss in the site.

DRIVERS OuTPUT

FIXED
VARIABLES

Soil parameters

Climatic

Nres
Nleached-REAL

Nleached
ESTIMATED

Perc

Fig. 2.6.1- Operation of the metamodel.

The input data set were randomly divided in twougy 60% of data were used for training
(for defining a, b, Ms 1 and kw) and the remaining 40% were used fenthlidation of
the metamodel. Both groups contained data comiogn feach of the five years. The
behaviour of the metamodel was evaluated calcgatie R® coefficient between the
estimated Nieached-estivatep and real output Nieached-rea) t0 achieve the good
approximation of the model.

The availability of a large number of training datays an important role in the choice and
soundness of the model. The metamodel we perfolradd site-specific calibration, so
intrinsically considering the local characteristios the area (climate, soil physical

characteristics) and can be extended to field arrddrial scale.

2.7 Statistical analysis

A multiple linear regression analysis (MR) was &gpko establish the different effects and
a possible interaction of N rates and water regioresotal biomass and grain yield of
maize, on N uptake by plants and N concentratiaraop tissues.

MR is a highly flexible system for examining théateonship of a collection of independent

variables (or predictors) to a single dependenttbéa (or criterion) (Aiken et al., 2003)
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Using the same approach as simple regression, ddelmould calculate the best single
predictor, and then keep adding the next best gicadio make the estimates more
accurate, until either we run out of possible s or the model cannot improve its
R? any further with the available predictors (Arthatral., 2012).

Analysis were performed using SAS (Statistical Asm System) p = 0.05. A multiple
non-linear regression was used instead for N lehch€he Kruskall-Wallis
multicomparison test (performed with R) was usedl obtain differences in NON

concentration in leaching water (p=0.05)
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3. Results

The same experiment management applied in five essoe years was affected by
different weather conditions. During summer 2008 2607 median temperatures were
hotter than the climatological standard normaltfe site and maize water demand was
high.

Maize yields are very sensitive to water strespeeslly at flowering and pollination
stages. For instance, NeSmith and Ritchie (19929rted that the reduction in maize
yield exceeded 90% due to water deficit during Bowg and pollination stages; so to
prevent excessive water stress the fixed watemesi(800, 1100, 1400, 1700 mm)y
were increased as needed during the summer peyiaghlamount of water ranging
between 50 and 300 mm, while maintaining the prioporbetween the different
regimes. Annual water regime and evapotranspirar@nshown in fig. 3.1. The years
2009-2010 are plotted separately because in 209%etfime 1700FD was changed to
1100WT; for this reason the discussion breaks dinetirst three years of data from the
latter two.

The effect of N rates and water regime on maizenbgs production and N uptake is
analyzed first, then the N leaching towards theigdwater due to different N doses and
irrigation+rain is considered. With our dataset twed to propose an equation able to
provide the N release related with dose and watginre. This is useful to understand
what effects the limit imposed in Nitrate VulnemlZlones (NVZs) has. The equation is

site-specific but easy to transfer to differentaare
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Fig.3.1 — Water regime and effective evapotranspiratiomg(Eper year (April to April).
The four N rates and different water regimes aréherx axis.

3.1 Biomass and yield

N rate significantly increased the total abovegiomass and grain yield in the first
three years (fig. 3.1.1). Total aboveground bismasnged between a 3-year average of
27 t ha* with the lowest fertilization (8%) to 33 t hd with the highest (34§). Averages
were 12 and 16 t Hafor grain yield respectively. In the second twangethe differences
were also significant, but the grain yield was leigtvith 17@, than in the previous years
and without significant increases until gdBiomass yield instead rose with N rates.
Stalks production (stem, leaves and cob) had sogmif differences in both periods
(2006-2008 and 2009-2010).

Likewise, water regime affected the production aize with a positive effect for every
rate of N. In 2006-2008 the water effect on maizedpction was very significant.
Water regime and N rates influenced production Bndptake separately, in fact the
statistical analysis didn’'t underline any interantibetween the two studied parameters
(Tab.3.2.1).
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Fig. 3.1.1 — Averages of maize production and N uptake inr62B008 and 2009-2010.

3.2 N uptake
In both periods (2006-2008 and 2009-2010) N raasfgcantly affected N uptake in total

biomass, grain and stalks (Fig.3.1.1). Statistealysis only underlined the same level
of N uptake in grain for 25pand 34 during the 2009-2010 period.

Maize also responded positively to water regime;2006-2008 only the interaction

between P+l and JNin was not significant (Tab.3.2.1). In this caseegm®s that the N in

maize didn’t respond to an increase in irrigatidiis situation was created by the

different volume of water received in the years2096 and 2007 the water regime was
about 20-25% higher than the fixed regime; in gatér at 1400FD and 1700FD it could

be excessive with respect to the crop water denmamwhuraging nitrogen leaching.

Furthermore, at the lower rate of N (§5even a small part of the nitrogen loss involaes

strong reduction of nitrogen available to the crap2009-2010 only NsigualS not

influenced by water regime. Moving from\@%o 34Q,, a change of about 80-100 kg in

N biomass uptake was observed. The increase im aagpply caused smaller effects on

N uptake (6-38 kg). N uptake in grain ranged frdi o 254 kg N Hain 2006-2008

and from 164 to 314 in 2009-2010.
The Nyain and Niomassrate was about the 70%. Less than 30% of totaldd stored in

residues (in both periods).
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A significant increase of N concentration (g Nkgn crop tissues was associated with
increasing rates of N fertilizer; but instead aatag effect on N concentration was due
to an increasing of water regime (in both periods)this case the highest biomass
production (and grain vyield in particular) was ceared with the lowest N
concentration; there is a sort of dilution effe€tNo concentration in crop tissues. As
mentioned by Al-Kaisi and Yin (2003), N uptake seeilnto be more related to an
increase in dry matter production than to an irseaéa N concentration in plants.

In the 2009-2010 period the effect of the shalloater table (WT) on maize yield and N
uptake was also tested. WT positively affectedltbtamass and stalks production.
Water from the WT increased the water availabiptpvided by irrigation+rain, so
maize production rose to the detriment of nitrogencentration in crop tissue ([jnass
and [N]yrain p<0.05).

Total biomass Grainyield Stalks Nbiomass Ngrain Nstalks [Nlgiomass [Nlgrain [NJstais

(t ha”) (t ha’) (t ha’) (kgN ha') (kgNha') (kgN ha') (gkg) (gkg) (gkg)

estimate se  estimate se estimate  se estimate se  estimate  se estimate  se estimate se  estimate se estimate  se
2006-2008 Precipitationand  0.0133  0.0018 0.0053 0.0010 0.0078 00010 00260 00131 0.0087 0.0103 0.0172 0.0055 -0.0026 0.0004 -0.0045 0.0007 -0.0008 0.0003
Irrigation(P+) #
P(0.05) <0.0001 <0.0001 <0.0001 0.0529 0.4035 0.034 <0.0001 <0.0001 0.0174

2009-2010 Precipitationand 0.0127 0.0026 0.0058 0.0016  0.0050 0.0020 0.0392 00177 0.0367 0.0162 -0.0269 0.0085 -0.0014 0.0006 -0.0013 0.0008 -0.0013 0.0005
Irrigation(P+) #
P(0.05) <0.0001 0.001 0.0209 0.036 0.0325 0.7551 0.0292 0.1057 0.0265

Water table(WT) -2.1338 12106 -0.0612 0.6122 -1.983 0.8080 73243 69505 10.0172 6.3595 -2.4490 4.0082 06858 02402 07427 03555 0.3562 0.2191
P(0.05) 0.0902 0.9212 0.0213 0.3021 0.1278 0.5467 0.0085 0.047 0.1165

Tab. 3.2.1 — Comparison of two different treatments (fertiibn and irrigation+rain) on
yield components. Results of multiple regression.

Precipitation and irrigation are relative to theipe sowing-harvesting.

3.3 N balance

Table 3.3.1 shows the average inputs and outplafsqin nitrogen balance. Water regime
changed from 1700FD to 1100WT in 2009 and 2010nsthis case we split the data
(i/0) in two groups, the first relative to the ye&006-2008 and the second to 2009-2010
(when the simulated water table was applied). Tinas a significant effect of both N

rate and P+l and a significant interaction. (Téh3.
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Years 2006-2008 Ninput Noutput N, esidual Nefﬁciency

abbreviation Manure Urea Nirrig+rain Nuptake Nleached
kg N ha™ kg N ha™ kgNha'  kgNha' kg N ha™ kg N ha” (%)
800FD 85M 85 60 18.9 169.8 38.0 -5.9 103.6
170M 170 60 189 175.8 35.0 73.1 70.6
255M 255 60 18.9 206.8 41.4 127.2 61.9
340M 340 60 18.9 240.6 46.4 178.3 57.4
1100FD 85M 85 60 23.6 157.8 299 10.8 93.6
170M 170 60 23.6 184.1 29.7 69.5 72.6
255M 255 60 23.6 211.7 39.4 126.9 62.5
340M 340 60 23.6 238.8 52.7 184.8 56.4
1400FD 85M 85 60 29.9 162.9 40.4 12.0 93.1
170M 170 60 29.9 202.2 28.7 57.7 77.8
255M 255 60 29.9 221.6 34.1 123.3 64.2
340M 340 60 29.9 264.2 56.9 165.7 61.5
1700 FD 85M 85 60 36.1 153.3 26.9 27.8 84.6
170M 170 60 36.1 187.9 31.2 78.2 70.6
255M 255 60 36.1 223.0 39.8 128.1 63.5
340M 340 60 36.1 254.6 55.6 181.5 58.4
Years 2009-2010 Ninput Noutput Nresidual Nefﬁciency
abbreviation Manure Urea Nirrig+rain Nuptake Nleached
kg N ha™ kg N ha™ kg N ha kg N ha kg N ha™ kg N ha™ (%)
800FD 85M 85 60 20.0 164.3 17.2 0.7 99.6
170M 170 60 20.0 205.4 15.9 44.6 82.1
255M 255 60 20.0 255.7 15.6 79.3 76.3
340M 340 60 20.0 284.3 25.5 135.8 67.7
1100FD 85M 85 60 24.3 190.9 17.6 -21.6 112.8
170M 170 60 24.3 240.3 17.7 14.0 94.5
255M 255 60 24.3 281.4 20.1 57.8 83.0
340M 340 60 24.3 314.4 28.0 109.9 74.1
1400FD 85M 85 60 28.7 188.0 15.5 -14.3 108.2
170M 170 60 28.7 239.6 18.2 19.0 92.6
255M 255 60 28.7 272.6 20.9 71.1 79.3
340M 340 60 28.7 301.6 325 127.1 70.4
1100WT 85M 85 60 29.2 168.9 1.4 5.4 96.9
170M 170 60 30.5 201.2 1.9 59.3 77.2
255M 255 60 31.8 256.5 33 90.3 74.0
340M 340 60 33.0 295.6 3.6 137.5 68.3

Tab.3.3.1- Average of N input and output in N balance (pasi®2006-2008 and 2009-
2010).

N uptake by maize was a bit higher in the secomtgehan in the first, so more N could
be lost in the first period than in the secondeadiqin 2006-2008 was higher in @5
than in 17@. In 85, maize was probably stressed by the low input adsbrbed

nitrogen was low.
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Nleached Nres NEfficiency

(kgNha') (kgNha) (%)
P(0.05) P (0.05) P (0.05)
2006-2008 N rate 0.0052 <0.0001 <0.0001
Precipitationand 0.0039 0.1669 0.2931
Nbiomass 0.0737
Nbiomass*N rate 0.0146
P+* N rate 0.0029

P+1* N rate* Nyiom: 0.0034

2009-2010 N rate 0.0236 <0.0001 <0.0001
Precipitationand 0.0838 0.0975 0.0722
Water table (WT) <0.0001 0.0014 0.0035
N rate * WT 0.048 -

Tab.3.3.2 — Results of multiple regression folMNnhedNres andNefficiency:

1
Precipitation and irrigation are relative to onaryApril to April).

The timing was not propitious for nitrogen uptakerbaize, and N leached more than in
170y, In 1700FD, NachedWas similar to 1400FD; we supposed that the hayell of
water could create some temporary anaerobic comditable to stimulate a weak
denitrification process.

The comparison between the water table conditiah fege drainage condition was very
interesting. Nachegin 2009-2010 was equal to an average of 1.4,3l®Pand 3.6 kg N
ha' (for 85, 170, 255, 34§) compared with values in 1700FD of between 26 ® 556
in the first three years. Also in 1100FD, where lijrsmeter received the same P+l as in
1100WT, average N loss ranged between 35 and 66 g y*in 2006-2008 and 18-
28 kg N h& y'in 2009-2010. Water table therefore seems to segmifly reduce N
leached, with any N rate.

NresiquaiCalculated as in equation [2] presented some ivegedlues for 8f in both periods
and this means that the plants depleted the s@b® and the N efficiency was over
100%. Over 8f the nitrogen balances are positive, and its anerositive increasing
fertilization. NesiqguaiShowed a significantelationship with N rates. Statistical analysis
indicates that also water regime affectegilNa An increase of water regime decreased
Nresiguaiuntil 1400FD. In 1700FD and 1100WTMyua Started to increase again. The
gap between N i/o in 2006-2008 was particularlydemi over 17Q, for 255, Nresidual
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ranged between 123 and 128 kg N'fznd for 34Q between 165 and 184. In this last
case the N efficiency goes down, reaching 56-62%.

In 2009-2010 Nsiguaiwas particular high in 2100WT. N uptake was lotemn in 1400FD,
the water table, on the one hand, limited the deptime maize roots but, on the other,
stimulated an anaerobic condition and probably mtdiécation process, leading to N

reduction in groundwater and successive N loss.

3.4 N concentration in percolation water

The Nitrates Directive gives more emphasis to gegroconcentration in groundwater as a
potential source of pollution than to the totalsdléswards groundwater. A graph of IO
-N medians in percolation water is presented in Big.1. Volume of percolation water
and nitrates concentration is lowest in the sumamerhighest values are detected in late
autumn and spring. N concentration in irrigaticsitev and rain in general didn’t exceed
2 mg NQ-N I%. In 2006-2008 concentrations were significantligetied by N rate and
water regime.

Medians for 800FD (for every N rate) and for g4@vith 800FD and 1100FD) exceeded
the drinking water limit of 11 mg N&N I established by the Nitrates Directive. The
rate of 340 kg N hay*(340,) seems to be too high in free drainage conditishite
the presence of a shallow water table substanti@tjuces N@-N concentration
independently of N rate applied. Lower variabilapd lower medians characterized
1400FD. 1400FD promotes the biomass developmentadsa the N uptake. With
1700FD medians were about 4-5 mg NOI™*; median was only close to the limit in
1700FD-346).
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In 2009-2010 the concentrations were higher thanpttevious years in particular in 35
but the volume of percolation water was lower threB006-2008. The concentrations in
1100WT were very low, in general between 1 andrigiNOs-N 1™,

The difference in N concentration between 1100Fd 4100WT reflects the difference
observed in Nached The decrease of concentrations in 1100WT is n&ednto a simple
effect of dilution caused by the volume of wateisimulated groundwater. As a matter
of fact, cumulated PNcheqiS very low, for example with respect to the sawater

regime but with free drainage (1100FD).

3.5 Metamodel - Calibration and Validation

The precipitation and irrigation surplus that résdlin percolation water beneath the root
zone ranged, depending on the water regime, frabntd 00 mm ¥ in 2006-2008 and
from 50 to 150 mm ¥ in 2009-2010. So we could test a large variabiitypercolation
volume and relative N loss, placed in the centaatt @f the curve and towards the
horizontal asymptote.

For the calibration of the model we excluded theadeom 1100WT, because there were
too few to depict the behavior of N losses withhallow water table. The analysis was
therefore restricted to free-drainage situationg. B.5.1 shows the calibration and
validation of the metamodel. 60% of the five-yedasa were used for calibration of the
model while the remaining 40% were used for thedasilon.

The model hypothesizes no leaching if there is atewmoving through the soil profile and
then a hyperbolic increase in Perc towards an agymplepending on the amount of
residual N present in the profile. This hypothess fit the case of free drainage
condition, while the model should be more complexhe presence of a shallow water
table to account for possible upward movementsoti lvater and dissolved N and for
dilution effects of percolated water in the watdslé.

In the calibration phase the metamodel gave gosdlteefor a wide range of MNchedvalues
even if there was a tendency to underestimate itjieeh N losses. In the validation
phase the model gave very good results exceptdo8,2vhen N losses were markedly

underestimated. It is worth noting that 2006 waes fitst year of experimentation and,
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despite the attempt to fill the lysimeters in a logeneous way, some preferential
pattern allowing rapid deep percolation was stibgible before the final soil settlement.
On this basis we tried to recalibrate and validheemodel without data from 2006. Fig.
3.5.1 presents both sets of calibration/validatidme validation without 2006 presents a
far lower RSME than that with 2006 (23.6 agains2¥hnd a CRM very close to the
optimum value of 0. The simple metamodel therefseems able to give reliable
estimates of N leaching over a wide range of bothidhand Perc values in free
drainage conditions. Given the above, the secotidat®mn has been chosen for the

representation of N leaching.
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Fig. 3.5.1 — Calibration and validation of the metamodel.
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4. Conclusion

Nitrogen turnover is a very complex process, charaed by a high spatial variability and
a strong dependence on environmental factors ssiamedeorological conditions and
soils (Shé&er and Ma, 2001; Zhang et al., 2002). Climateugriiced maize yield and
water supply, this has created some variabilitammual production, N uptake and N
leaching. Anyway we understood that N rate and mw&igime positively increase maize
yield and maize uptake.

The effect of the interaction between N rates amigation on maize production was
investigated by different authors (Martinet et 4B82; Eck, 1984; Sexton et al., 1996;
Burman et al., 1962). Burman, in particular, hights that an increase in soil moisture
enhances maize yield response to N fertilizatispeeially when high N rates are
applied. In our study the highest fertilization dwmrmed with higher water regime
(1400FD and 1700FD) enhanced the production. Hewewanure, applied at rates
higher than those required by the crop, causethemease of N in the root zone. Our
data showed that only a small part of N storedoihvgas lost to the groundwater; most
of it could be retained in the soil as organic Ntgmtially not immediately leachable, but
available as fertilizer for the next crop.

Water regime can stimulate biomass production andptdke but without increasing N
concentration in grain. On the contrary an increaggoduction involves a reduction in
N concentration in crop tissues. Maize productiand consequently N uptake are not
very high with 8% and 17¢. Uptake of N over 200 kg N Hgi'* occurred with an N rate
of 255 kg N hay™ +60 kg N hdy™ urea (25%). In this case N leached ranged from 34
to 41 kg N hdy™in 2006-2008 and 15 to 20 kg Nha' in 2009-2010 depending on
water regimes. So if the water regime is controed there is little surplus water that
can percolate (similar to the situation in 2009@01100FD and 1400FD seem to be a
good solution for reducing N leaching and maintagninigh production. These levels of
water supply seem to be appropriate even for NV& e the case of N supply of 255
kg N ha'y™+ 60 kg N hay™ from urea.
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Water regimes over 1400FD are not recommendedulsecthere is a possible decline in
production. Areas with shallow water table don'terse as potentially endangered
regarding pollution by nitrates, thanks to a pwsiteffect of the water table on the
denitrification process. It still remains to bedid whether the denitrification process
leads to the dangerous bf to the very relevant greenhouse gases NO afid Median
concentrations in leaching water showed that theatds of 170 and 25band water
regime over 800FD in general didn’t exceed thetliofi 11mg I*. 85, reduced crop
growth; instead 34@created an excess of N input, leading to condiddasses.

Summarizing, N leaching is connected with the N rad in particular with the residual
nitrogen (Neg9 in soil after the harvest, and with percolatiorater (Perc). The
metamodel developed is based on a very limitecbkétput data. The dependence on
site-specific factors is mediated by the percotaticate, thus allowing a very
straightforward extension of the model to differar¢as if a basic water balance model
is available. The equation seems to be quite rolalisiving the representation of N

losses over a wide range of N supplies and watgmies.
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Chapter Il

N balance and Nitrous Oxide emission in soil subjec tto
derogation from the Nitrates Directive in free drai nage

and shallow groundwater conditions.
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1. Introduction

The use of manure as a N fertilizer in croppingeys can cause N leaching and interact
with the SOC cycle, leading, depending on speaifwironmental conditions, to C
sequestration or to greenhouse gas emissions (GHGs)Nitrates Directive operates in
support of water protection, by imposing limits foe distribution of organic fertilizers.
The European Council has recently granted a deoogaf the Directive in Italy, with
the possibility in Nitrate Vulnerable Zones (NVZe)spread 250 kg instead of 170 kg of
organic N h& y™.

Anyway, at present, atmospheric pollution by greerge gas emissions from agricultural
sources is not considered by EU regulations. N@assses in cropping systems, as a
result of N fertilization, seem to contribute 35%tloe total NO emissions (FAO and
IFA, 2001). But there are gaps in the understandiny gaseous emissions because of
the large number of reactions that N has in soil.

The bacterial processes of denitrification are twminant source of }0 and NO.
Denitrifying bacteria are ubiquitous in agricultusmil (Payne 1981) and they tend to
concentrate around microsites in the soil matitvese sites should be characterized by
high availability of oxidizable organic matter aod/by conditions limiting oxygen
diffusion. Furthermore not-limiting nitrates contations are required. The processes
occur when N@ is reduced to dinitrogen gNgas following the pathway NO- NO,
-NO - N2O - N, The conversion of NOto N, can be complete, but a small and
variable portion of N is often lost as®™ gas (Firestone, 1982; Firestone and Davison,
1989; Robertson and Groffman, 2007).

There is no solid evidence about the partitionslirand NO emissions. In contrast to,N
which is a natural atmospheric componentONs a strong greenhouse gas: for a 100-
year timeframe, a unit mass of ;@ is considered to have 296 times the Global
Warming Potential (GWP) than a unit of €QPCC, 2001). IPCC (2007) estimated the
emission of MO as 1% of the N input. Other authors (Bouwan 1986@sier et al. 1996)
indicate that total N losses range from 1 to 2%hefapplied fertilizer.

Many authors have considered the possible effdadiemitrification on nitrate pollution in
groundwater (Knowles, 1982; Paul and Zebarth, 1997)
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Significant N gaseous losses may represent eitHessaof plant-available-N during the
growing season, or a desirable process, reduciacathount of N@ in the drainage
water (Paul and Zebarth, 1997).

The optimum conditions for denitrification are geally found where oxygen supply is
limited by restricted gas diffusion caused, for rapée, by high soil-water content,
impeded drainage, shallow groundwater, or soil cactipn. Under such conditions the
probability of NO and NO being reconsumed by denitrifiers is gyeathanced leading
to low N,O and NO emissions (Davidson, 1991; Skiba et 8b7).

The presence of a shallow water table, providingaaaerobic environment, has been
recognized as a potential factor for controllingdONosses from organic soils (Flessa et
al., 1998; von Arnold et al., 2005).@8 in shallow groundwater may remain for quite a
while after production, due to high solubility astbw diffusion. This is a cause of
temporal retardation and spatial separation @O Nproduction and PO emission.
(Bowden and Bormann, 1986; Rice and Rogers, 188ston and Marino, 1976;
Tindall et al., 1995).

Apart from limiting oxygen conditions, denitrifigah in soil is also favored by NO
concentration in soil and by the amount of avadadrhergy sources (organic carbon) for
the denitrifying bacteria: NOis present in both mineral and organic fertilizghjle C
iIs made available by organic fertilizer applicasorand soil organic matter
decomposition. The composition of fertilizers apglto soils has a great influence on
NO and NO emissions. The addition of organic fertilizersnporarily modifies
dissolved organic carbon (DOC) and mineral N in, sehich affects denitrification and
nitrification rates. Under wet conditions, the apgtion of organic fertilizers produces a
reduction in NO and pO in comparison with emissions from urea, at thmesavailable
N rate, in soils with a low organic C content (Meg et al., 2007).

The combination of a shallow water table with mandertilization can create the
conditions enhancing denitrification because thadlgtv groundwater allows more rapid
organic C transport to the saturated zone neawtdter table (Starr and Gilham, 1993).
At the same time the availability of NOfrom manure ensures higher denitrification
rates immediately above and below the water tabledell et al., 1986) reducing
nitrates pollution.
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As reported by Morari et al. (2012) in a recentlydy performed in NE ltaly, the areas
with shallow groundwater seem less vulnerable tageén pollution with respect to the
prediction of the regional methodology of NVZ assigent. The authors found low
nitrogen concentration in soils fertilized with nuae, where a shallow water table was
present. In this case the agricultural impact otewguality did not appear to be very
high in many areas as evidenced by N leaching arzhlbince. The water table level
influenced the return of N leached in the root zdneupward water movement, as well
as N gaseous losses. This situation promoted &tiedun N losses to water bodies.

In the European Union the Nitrate Vulnerable Zofi¢Zs) cover large areas of land with
water tables exceeding or being at risk of excep8ihmg N@ I in the groundwater.
Shallow groundwater is generally considered aagogreatly at risk of contamination
by pollutants, because of the narrow distance batveeirface and water table (Nolan et
al., 2002). Considering all these aspects, our maastions are if areas with a shallow
water table are effectively at risk of pollution @rthe denitrification process can
mediate this, and whether the fertilization deraggtacquired for NVZs in lItaly, is a
potential factor of N pollution or is a good way éasure a high N supply to crops

without affecting water bodies.

The aim of our work was therefore to quantify theflblkes in agricultural ecosystems
cropped with maize and fertilized with manure angly following the limit imposed in
NVZs by the Nitrates Directive and the recent datmyn and considering different
water table depths.
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2. Materials & Methods

The experiment was conducted in 2011-2012, at thpefimental Farm of Padua
University in Veneto Region (northeast Italy, 45°9 11°31 E, 8 m a.s.l.). The local
climate is sub-humid, with annual rainfall of aboB8%0 mm and yearly average
temperature of 12 °C. Reference evapotranspirgidio) is 945 mm with a peak in July
(5 mm d-1). Eighteen lysimeters ( 1 x ¥ midth x 1.5 m depth) were cropped with
maize Zea mayd..). The soil that filled the lysimeters was a W Calcaric Cambisol
(CMcf) according to the FAO-UNESCO classificati@haracterized by 35% sand, 48%
silt and 17% clay and a pH of 8.1. Organic mattertent was about 1.1 — 1.3% (tab. 2).

The soil profile was homogeneous to a depth of &80 The collection of drainage water
was via an underground plastic tube connectingbthttom of the lysimeters with an
external tank. The tank permitted the water taleleell to be controlled inside the
lysimeters. With this system it was possible to nte&n a water table approximately
constant throughout the year. Instead, in freendigee condition the tank was emptied to

capture water from the lysimeters (Fig. 2.1).

Soil properties Depth (cm)

0-50 cm 50-140 cm
Sand (%) 31 35
Silt (%) 49 45
Clay (%) 20 20
pH 8.13 8.1
Total Nitrogen (%) 1.1 1.0
Organic carbon (%) 0.82 0.66
Organic matter (%) 1.41 1.14
C to N ratio 7.45 6.6
Total carbonate (%) 20.1 17.3
Soluble carbonate (%) 4.1 3.9
Salinity (mS crif) 0.28 0.26
Available P 1 9
Available K 135 128

Tab.2 - Initial soil chemical and physical properties.
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An automatically-closing plastic roof allowed thgsimeters to be covered in case of
rainfall. In this way the total volumes of waterri@ation+rain) received in the
lysimeters could be managed. The roof also perdititee crop to be protected from

extreme weather events (hailstorms in particularing) the growing season.

-
<~

Fig.2 - Structure of the lysimeters.

2.1 Treatments and managements

Three N inputs combined with three water table d@gomts were tested. The experimental
layout was a completely randomized design with teplications, using eighteen
lysimeters. The water table levels were: a) abseafiogroundwater (lysimeter in free
drainage condition - FD), b) water table at 60depth (WT60) or c) water table at 120
cm depth (WT120).

A spading at 25 cm was done in spring followed éxyilization and crop sowing. Tillage
and fertilization were carried out in three daysdidune in 2011 and beginning of May
in 2012 ). Lysimeters were manually sown with maize density of 8 plantsZxin two
rows with a distance of 70 cm and 20 cm betweemtplaAn edge (2 rows) was

provided at the sides of lysimeter, to reproduéeld situation as much as possible.
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Manure (M) was applied at maize sowing. The feelicomposition was as follows : total
nitrogen 2.8% , s 3% , KO 2% and organic matter 65%. A supplementary Nitinp
was applied using urea (U).

The studied N rates, according to Nitrates Diregtivere: 17@n+80Qu), 17Quy+195yu) and
250m)+118y) kg N ha' y*. Urea was split in two applications in 2011 ance¢hin
2012; the first dose (40% of N) was applied withnon@ at sowing and the subsequent
doses with an interval of one month between thenop@Gboveground biomass was
harvested in mid-October in 2011 and at the begmif September in 2012. During
the winter 2011-2012 no cover crop was used anddhevas bare.

The regulation of water table levels was made edagyin summer and every three days in
autumn, winter and spring, in this way maximuncfliations of water table, respect to
the scheduled level, not exceeded + 10 cm. Voluhieigation and upflux water (water
input) and drainage water (water output) were m@drand samples analyzed for the

main anions and cations.

2.2 Derogation of Nitrates Directive in Nitrate Vul  nerable Zones (NVZs)

In November 2011 the European Commission promulgade derogation (Decision
2011/721/EU) for the application of the Nitratesdative in the North of Italy.

As requested by Italy, for Emilia Romagna, Lombarfdgdmont and Veneto Regions, the
EU established that the amount of cattle manuréh Ieated and by the animals
themselves, applied to the land each year on fémengfiting from a derogation, must
determine a total N input lower than 250 kg N*hsubject to the conditions laid down
in paragraphs 2 to 12 of L287/36 (Decision 2011/ERL). The total nitrogen inputs
must not exceed the foreseeable nutrient demartieotrop grown. Inputs take into
account the supply from the soil and the increasgdgen availability due to manure
treatment. The N applied doesn’t exceed maximuniiagin standards, as established
in the action programs applicable to the farm. Thecision must be applied on an
individual basis to farms where 70% or more offdren acreage is cultivated with crops

with high nitrogen demand and long growing season.
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2.3 Maize analysis

Grain and residues were oven-dried at 65 °C aretdissues were analyzed both for total
Kjeldhal nitrogen (TKN) and residual moisture carité¢l05 °C). TKN was determined
by digesting 3 g of tissues with,850, and CuSQ@ After chemical decomposition,
samples were processed with NaOH and the amourdnohonia produced was
determined by back titration with HCI. The amouhiNo(% w/w) was corrected for the

residual moisture of the tissue samples.

2.4 Soil samples and water samples

Soil samples, taken at six depths (0-5, 5-30, 30-55-75, 75-95, 95-120 cm) in mid-
October 2011 and 2012 , were dried at 105 °C tbéish the gravimetric humidity.

Volumes of irrigation, rainfall and upflux watemfiut) and drainage water (output) were
recorded and samples analyzed for TKN and the an@ions and cations: NON, NOs’
-N, NH4"-N, S04, PQ?*, CI, Na', K*, C&*, Mg** (analysis performed using an ion
chromatograph (Dionex ICS-900, column lon Pac CS)}2&e same analysis were
performed in water samples coming from the simdlamundwater. A phreatimeter
positioned in the center of the lysimeters permditi@ater samples to be taken every two

weeks.

2.5 Water-filled pore space

Water content was measured using a Moisture PoiOl7 (ESI Environmental Sensors
Inc. Sidney BC - Canada) connected with 18 time alomeflectrometry (TDR) probes
(PRB-F). The probes were a long rod with a rectargrross section and a length of 90
cm determined by five segments. The probes wetalied permanently in the soil. MP-
917 interrogated the probes and reduced the segndats to a numerical dataset for
display, expressed in volumetric humidity for thefge 0-15, 15-30, 30-45, 45-60, 60-
90 cm. Volumetric water content was measured efregydays.

A practical index of soil water content is the wafiled pore space (WFPS), that is the

percentage of soil porosity filled by water. Tmsléx required only the volumetric water
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content of soil and the bulk density (assumingghsicle density of mineral soils=2.65
Mg m?). WFPS is independent of soil type and is the miatlex used to explain
microbial denitrification activity (Stanford and &pgin, 1974; Linn and Doran, 1984;
Doran et al., 1988,1990):

where VWC is the volumetric water content; BD is thulk density

2.6 Soil Temperature

Solil surface temperature (top 7 cm of soil) wagta&very 30 minutes every day, using 12
thermocouples connected to a datalogger (CR-100pGall Sci. Inc. Lincoln
Nebraska — USA).

2.7 Measurement technique of GHGs

An automatic chamber system (Delle Vedove et #&Q72 was used to monitor GHGs
emission. The system can be classified as a claseadmic system according to
Livingston and Hutchinson (1995). Each chambersisted of a steel collar (16 cm in
diameter and 8 cm height) and a motor closing $iteeThe chamber must be supported
on another collar inserted in the soil to preventemks between soil and chamber. The
steel lid was in a vertical position when the chamivas open and on north side of the
soil collar to avoid shadowing.

CO, and NO move from the sites of production to the atmosphimarily by diffusion
through air-filled pores and cracks, but can alsweth by local changes in pressure due
to wind or volumetric displacement by rain (Li-C&010). Moreover, for a valid
estimation of the flux , conditions inside and adgsthe chamber must be similar: these
conditions include barometric pressure, temperatmae moisture of soil. To avoid air

pressure difference between inside and outsidecliaenbers, each one was equipped
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with a pressure vent. This vent was designed tamemsensitive to wind direction. In

fact, as reported by Conen and Smith (1998), wiralement around the vent of a
closed chamber creates a “Venturi effect” leadingoverestimated soil gas efflux.
Conen and Smith proposed that wind de-pressutte@dhamber by pulling air out of

the chamber headspace, leading to the mass fl@amibfases from the permeable soll
column into the chamber interior.

The air was sampled from the center of the lid wad returned by a manifold inside the
collar. A connection between the chamber and the-sampler that contains evacuated
tubes (crimp vials) was realized with high dengttyC tubing. NO emissions were
measured, chamber closed, on a daily basis initee WWeek after fertilization and
subsequently every two weeks.

Twenty milliliters of air chamber were injected an20-ml of evacuated tubes using an
auto-sampler and transported to the laboratoraf@alysis by gas chromatography. The
gas chromatograph (Agilent 7890A, mod. G3440A) wegsiipped with an electron
capture detectonECD) to quantify NO. Three samples were taken for every chamber
at time zero (at closure) at 25 min and 50 minraft@mber closure. A linear regression
was applied to [BO] concentration and time. Soib® efflux was expressed as:

14 [kg N ha'd*]

S

Fynoo = dc MC
N20 = %

where MC is the mass coefficient (gOIm> N,O) and V and S the volume of the system

(cm®, chamber and tubes) and chamber basal are? (espectively.

2.8 N,O analysis in groundwater

A 50 ml sample of water was collected from the gawater, with a pump, inside an
evacuated serum bottle (118 ml). The samples waresported to the laboratory and
immediately shaken vigorously for 2 h to equililerdhe dissolved and headspace gas
phases. A 40-ml aliquot of gas from the headspaas trnansferred into a double —
syringe system as reported by von der Heide g2808). The gas was injected into a
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fully evacuated vial (20ml). pO was measured using a gas chromatograph (Agilent
7890A, mod. G3440A) equipped with an electron cagtietector (ECD).

Gas concentrations of the sample solution wereutatked according to following equation
(Davidson and Firestone, 1988):

M=Cy-(Vg+ (Vira)

where G is the headspace gas concentration (i) W, is the volume (L) of gas, Vs the
volume (L) of liquid, andx is the Bunsen absorption coefficient. The coneiain of

N0 in the flask solution was then calculated from déguation:
(Nzo)nquid =M/V

where M and Yare defined as above.

2.9 Global Warming Potential

Global Warming Potential (GWP) is a type of simplif index based on radioactive
properties that can be used to estimate the pateintiure impacts of emissions of
different gases on the climate system in a relaemese.

The impact of greenhouse gas emissions on the ptraps is related not only to
radioactive properties, but also to the time-sazlaracterizing the removal of the
substance from the atmosphere. Radioactive pregertontrol the absorption of
radiation per kilogram of gas present at any irtstaut the lifetime controls how long an
emitted kilogram is retained in the atmospherelate is able to influence the thermal
budget (IPCC, 2001).

kg CO2 eq = kg molecule * GWP (GWP for given time horizon)

GWP is therefore a relative measure of how much hegreenhouse gas traps in the

atmosphere. It compares the amount of heat trapyped certain mass of the gas in
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guestion to the amount of heat trapped by a similass of carbon dioxide. A GWP is
calculated over a specific time interval, commogly, 100 or 500 years. GWP is
expressed as a factor of carbon dioxide (whose @/fRndardized to 1) (Tab 2.9.1).
For example, the 20 year GWP of nitrous oxide 18, 28hich means that if the same mass
of nitrous oxide and carbon dioxide were introduast the atmosphere, the nitrous
oxide would trap 289 times more heat than the cathoxide over the next 20 years.

Industrial Designation Chemical Lifetime Radiactive Global Warming Potential for
c N Formula Efficiency Given Time Horizon
or Common Name 4 -
(years) (Wm 2 ppb™) 20-yr  100-yr 500-yr
Methane CH, 12 3.7x10" 72 25 7.6
Nitrous oxide N,O 114 3.03x10° 289 298 153

Tabh.2.9.1 — GWP for methane and nitrous oxide.

2.10 Statistical analysis

Analysis of Variance (ANOVA) was performed using tMixed Model of SAS (SAS
Institute, Inc., Cary, NC, Version 8). Fixed vated were fertilization, year and
groundwater level. Comparisons of model least sjuaeans were adjusted using
Tukey's procedure. Treatment effects were constietatistically significant aP <
0.05.
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3. Results

3.1 Weather conditions and evapotranspiration

Maize vyield, evapotranspiration and N leaching waffected by weather conditions. In
2011 the late sowing of maize (end of June) leddth growth and evapotranspiration
maximum at the end of July, the hottest periodhef year in northeast Italy; the heat
stress damaged yield (Fig. 3.1.1). In 2012 a vanyyrspring was followed by a summer
when temperatures were very high from July through®ugust; at the same time no
rain fell in July making the 2012 season one ofrtteest critical for crop growth. Water
irrigation between sowing and harvest was verylamn both years (460 mm in 2011
and 425 mm in 2012).

Reference evapotranspiration @x@uring the same period was about 730 mm in 20l a
762 mm in 2012, but actual evapotranspirationgjEGalculated in our lysimeters, was
lower in free drainage condition and higher in watgble condition (Tab.3.1.1 and
3.1.2). ET, is sensitive to climate change and is an imporfzarameter for crop
development. In FD, ETwas 500 mm in 2011 and only 300 mm in 2012 due to
problems in water supply caused by the high tempers. Instead in WT condition the
availability of water was never a limiting factarcathe increase of temperatures in 2012
led to a corresponding increase of ;EMaize gained advantage with shallow
groundwater and responded to high temperature aithigh evapotranspiration and
biomass production. For this reason groundwatdnamge in 2012 required about 40-

50% more of up-flux water than in 2011.
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2011

Manure Urea Water table (WT) depth Ui Irrigation  Water,psiux Percolation uf Eta
(cm) (mm) (mm)
or free drainage (FD)
170 80 FD 112.2 459.8 0 0 177.6 525.2
170 80 WT120 222.9 459.8 297.5 35.6 289.0 787.7
170 80 WT60 260.0 459.8 351 12.8 310.1 848.1
170 195 FD 114.4 459.8 0 1.5 137.0 480.9
170 195 WT120 144.9 459.8 372.5 21.1 177.9 844.1
170 195 WT60 266.5 459.8 310.8 20.6 294.2 777.5
250 118 FD 123.8 459.8 0 0 158.6 494.6
250 118 WT120 160.4 459.8 425 18.0 239.0 945.4
250 118 WT60 266.3 459.8 424 20.8 284.7 881.4
Tab.3.1.1 — Water balance in 2011 (June - October 2011).
Ui= initial soil moisture (in spring), Uf= final msture (in autumn).
2012
Manure Urea  Water table (WT) depth Ui Irrigation Water, s, Percolation uUf Eta
(cm) (mm) (mm)
or free drainage (FD)
170 80 FD 178.4 424.8 0 0 713 317.6
170 80 WT120 284.6 424.8 560.0 7.7 282.8 975.4
170 80 WT60 321.9 424.8 644.5 0.0 319.8 1067.2
170 195 FD 198.8 424.8 0 0 103.5 329.5
170 195 WT120 255.5 424.8 656.5 3.2 220.5 1043.0
170 195 WT60 311.3 424.8 781.8 0.0 192.5 1087.8
250 118 FD 210.9 424.8 0 0 100.8 314.7
250 118 WT120 241.7 424.8 717.0 5.6 254.0 1148.5
250 118 WT60 325.8 424.8 661.0 0.0 308.5 1068.5

Tab.3.1.2 — Water balance in 2012 (May — September 2012).

Ui= initial soil moisture (in spring), Uf= final nisture (in autumn).

No percolation occurred in either year in FD coiodit Likewise percolations in WT were

limited, particularly in 2012.
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3.2 WFPS

The percentage of soil pore space filled with wggér WFPS) had a wide range of
variability (Fig. 3.2.1-3.2.3). The top 15-cm ofilsovas strongly influenced by both
season and plant growth but less by groundwateninBsummer the high temperature
stimulated the evaporation process; irrigationeased WFPS by 5% with an irrigation
of 20mm and by 20% with an irrigation of 60mm. Aetend of the growing season the
soil was strongly water depleted (WFPS 9-10%). iBitation increased the water
content during winter, and for several weeks inrkaty the soil was frozen during the
night and in the morning.

Going deeper through the profile, water contentdased but a clear difference appeared in
response to water table level. In FD differentiati®etween water content in the top 15-
cm and in the rest of the profile was evident ooé&fween December 2011 and May
2012. In this period, water percolation due togation caused an increase in WFPS in
deeper horizons of the lysimeters (Fig. 3.2.1).Wh separation between 0-15 cm and
the other horizons of the soil profile was pronamhcWT120, in the 30-45cm profile,
reached a steady WFPS of 60% between DecemberaziiMMay 2012 and a WFPS of
about 80-85% in the 60-90cm profile (Fig. 3.2.2).

WTG60 showed values of 80% in the 30-45cm profilig &2.3). A sharp decline of WFPS
occurred in July 2012 in the 30-45cm profile (fasto WT60 and WT120) when the
development of maize and the high temperature niadapossible to maintain the
scheduled water level for about a week (Fig. 3aa@ 3.2.3). No differences occurred in
WFPS between the two N inputs (3,480, and 25 +118)).
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The average of WFPS through the soil profile agaildenced the differences between a

free drainage condition and shallow groundwatedaams (Fig.3.2.4).
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N.O and NO production depend heavily on soil moistwigich controls the degree of soil
aeration and its ©content and determines whether nitrification omit#dication
prevails (Smith et al., 2003; Linn and Doran, 1983)iring nitrification, nitric oxide
emissions are generally considered to peak at aWd#S of around 25% (Yang and
Meixner, 1997) while nitrous oxide production issebved to peak at medium WFPS
between 50% and 60% (Davidson et al., 1991). Nstroxide emission peaks from

denitrification are expected for WFPS higher th8fgGrundmann and Rolston, 1987).

3.3 Crop yield

The lysimeters subjected to fertilization 170+198 &/T60 had unexpected growth; in the
previous years they had been used in other expetinaad the soil had been fertilized
at higher rates that reached even 340 kg W/haa quota of this N may have been used
in 2011-2012. For this reason, data from thesamgiers should be considered with
care.

Nitrogen concentrations in grain, stem and leaveseviigher in FD than in WT for every
fertilization at a percentage of 1.5 (Fig. 3.31h)WT no differences occurred between

the two water table levels with values ranging lestw1.1 and 1.3%.
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Maize grain yield was higher in WT condition, maxim production (13 t hhdry matter)
was obtained with the water table at 120 cm debif. 3.3.2). Yield didn’t exceed 5t
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ha' in free drainage conditions (FD). The same behlawizurred for stem and leaves.
In WT, grain and residues biomass increased wighféftilization rates, but in FD the
yield declined with increasing N doses.

N uptake by grain was significantly lower in FD thea WT, due to the low grain yield
(Fig. 3.3.3).. Nitrogen was accumulated in thaduwss due to a partial water stress
limiting N translocation into the grain. Althouglo rstatistical differences occurred
between WT60 and WT120, WT120 had the maximum @ptdknitrogen in grain and
minimum in residues. The water table 120 cm depénged to stimulate the nutrient
uptake through a larger root development. We swggpasstead, that water table 60 cm
depth, by imposing anaerobic soil conditions, leditoots deepening , reducing nutrient
uptake.

In 17Q4+195, and WT60 the high residual N in the soil allowedeay high production and
N uptake (over 600 kg N Haonsidering grain+residues). This situation givepartant
information about the use of N: when the water §uppnot a limiting condition (e.g.

with shallow groundwater) the high growth of mastienulates high N uptake.

3.4 N,O fluxes

Analyses were performed initially on a daily ba$is,a week after organic fertilization and
successively during the irrigation and with tops$®d urea application. During the rest
of the crop cycle, at least one sampling was peréar every two weeks. The.®
emissions are reported in Fig 3.4.1- 3.4.6. Dailyds were different throughout the
years; in 2012 fluxes reached, during the emisgeaks, values 4 times higher than in
2011.

In 2011 emissions appeared the day after fertibpatvith the maximum peak at 45-50 g
N,O-N ha' d'achieved the third day (Fig. 3.4.1-3.4.2) Fluxesered to zero in two
days. Maximum fluxes were in FD for 14680, (Fig 3.4.3)and in WT60 for
2504+118;, (Fig 3.4.4) A second peak on JuIS') Was related to an irrigation of 55mm.
Perhaps temporary anaerobic conditions of the mmiface, generated by irrigation,
encouraged denitrification. A minor peak on AugL®! followed the application of top-
dressed urea (on August)8 The fluxes with lower fertilization (173-80)) were

comparable with those at higher fertilization (Fi§4.3 and 3.4.4). Anyway, in
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1704+80Q, fluxes were higher in FD than in WT, while in 266118, the reverse

situation occurred. After maize harvest no emissiocurred.

Also in 2012 the highest emissions were relatetettlization, maximum fluxes were

in

WT120 reaching 390 and 420 g of gONN ha® d* for the lowest and highest

fertilization respectively (Fig. 3.4.5 and 3.4.6Wo peaks on May 30and June 19 of

a magnitude ten times lower than that at sowingresponded to top-dressed urea

application. In the second year irrigation eventmd stimulate NO emissions.
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Fig.3.4.6 - First peak of NO-N emissions at 250+118 kg Nhg* in 2012.
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N fluxes were not correlated with  WFPS in all W& conditions, even if the reduced
number of data points doesn’t permit reliable cosidns to be drawn on this aspect. In
addition the steady moisture content at the leviewater table linked the fluxes
primarily to the fertilization event. Emission padlly reflected the availability of NQO
in soil.

Temperature influenced the different fluxes thatusced in 2011 and 2012 with a
significant “year” effect. However no relationshiyas found between emissions peaks
and temperature, within a specific year. Tablel3shows the mean and median eON
N emission for the different treatments.

Due to the very skewed distribution of data, averdlgixes were influenced by the
maximum peak of emission, while the median, indncatthe middle value of the
distribution, gives emphasis to the general trehthe dataset. In 2011 the mean was
higher for FD, followed by WT60. Instead mediangeveimilar in FD and WT60. The
same behavior was evident in 2012 for the loweilitmation. This indicates that FD
quickly reached the peak emissions and then redustds quickly, while WT60 had
generally lower emissions but also a slower retiarrzero emissions. A difference
occurred in 2012 for the highest fertilization; lbahean and median were higher in
WT60.

Fertilization Free Drainage Mean 2011 Mean 2012 Median 2011 Median 2012
or Water table (KgNha-1d') (KgNha-1d') (KgNha-1d') (KgNha1d™)
170,, + 80, FD 0.051 0.148 0.014 0.023
170,,+ 80, WT120 0.031 0.110 0.009 0.034
170,, + 80, WT60 0.032 0.048 0.012 0.026
250,, + 118, FD 0.049 0.096 0.010 0.017
250,, + 118, WT120 0.023 0.101 0.011 0.019
250,, + 118, WT60 0.042 0.114 0.009 0.070

Tab.3.4.1 - Mean and median of annual fluxes ofONN.
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Cumulative annual pO-N (Fig. 3.4.7) emissions ranged between 0.581akg N h&". No

kg N,O-N ha!

statistical differences were observed in 2011. 042 values were different with the
lower fertilization: FD reached 2.91 kg ob®-N ha' followed by 2.16 and 0.94 kg of
N,O-N ha' respectively in WT120 and WT60. With the highestifization cumulative
emissions ranged from 1.84 and 2.20 kg g®M ha' without statistical differences.
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Fig.3.4.7 — Average of cumulative D-N emissions in 2011 (June — November) and 2012
(May — August) (p = 0.05) .

In 2012, moving from lower to higher fertilizatioemissions had a reduction in FD and an

increase in WT60. WT120 maintained the same enmssim conclusion, the effects of

water table and N input were evident in 2012 butin®011. The differences in fluxes

between 2011 and 2012 were related to air andemmiberatures, which were higher in

2012. However temperature wasn'’t the only factat thtimulated the difference in

fluxes magnitude.

In 2011 the system probably lacked equilibrium: tnlilsely there weren’t a suitable

number of optional anaerobic microorganisms, wlach able to denitrify nitrates. It is

worth noting that the necessary condition for déitation, such as WFPS over 60%,

an availability of NQ and dissolved organic carbon, weren’t presenhéndite at the

beginning of the test. In fact the groundwaterdasihe lysimeters was raised for the

first time in May 2011, i.e. one month before thartsof the test. So at the beginning of

flux measurements, the horizons within the watbtetdnad probably not reached total
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saturation. Nitrogen and carbon were also probhivlying, given that the fertilization

was applied in June.

I . Cumulate Fluxes Cumulate Fluxes N,O-N N,O-N
or Water table

kgNhaty! kg Nhaty! kg Nhaty™ (%) 2011 (%) 2012
170,,+80, FD 1.061 2.910 0.42 1.16
170,,+80,, WT120 0.649 2.161 0.26 0.86
170,,+80, WT60 0.669 0.930 0.27 0.37
250,,+118, FD 1.035 1.840 0.28 0.50
250,,+118,, WT120 0.487 2.006 0.13 0.55
250,,+118, WT60 0.886 2.190 0.24 0.60

Tab.3.4.2- Ratio between PD-N emissions and N input.

Annual NNO-N emissions as percentage of total N inputs didrceed 1.2% (Tab. 3.4.2),
being generally lower than the IPCC standard of 1%.

The emissions were in general smaller in WT thaRDn(Fig.3.4.8).

The increase in emission rate was only partly priiqgaal to the increase in groundwater

depth (Fig. 3.4.8).
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Fig. 3.4.8 - Linear regression between groundwater deptltamRO-N emission/N input.
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3.5 N balance

An N balance was applied following the equation $2ction 2.5 chapter | (Tab. 3.5.1).

Values were the average of the two years and thiecagions. N from irrigation and

groundwater up-flux was about 6.5% of total inputli7Q,+80Q,, and 5% of total input
in 25Q4+118, and 17@+195,. With the lower fertilization, the maximum uptakes in

FD. Instead in WT, N uptake was lowered by the est@e soil conditions, limiting

roots deepening and therefore reducing nutrierdkgptA quota of N in the soil solution

could probably have been lost via denitrification.

Increasing N input, the shallow water table enhdngeduction by an adequate water

supply. Due to high temperature, particularly il20water demand by crops was high

and water percolation was very small. In FD no pkteon occurred: maize water

demand was too high and depleted the soil-wateteabnN efficiency followed the
trend of N uptake and was maximum in $#80, FD. In 25¢,+118, and 17@+195, N
efficiency was higher in WT. High N uptake in 3,195, -WT60 was linked with the

high level of nitrates present in the soil, as dssed previously. In this treatment maize
presented an N uptake higher than the N applied; ldading to a negative N residual

and, then, to a depletion of organic N in the soil.

Average year Ninput Noutput Nresidual Nefﬁciency
abbreviation Free drainage  Manure Urea  Total Fertilizer  Nipig Nup-flux Nuptake Neached
or water table kg ha kg N ha™ kg N ha™ kgN ha kgN ha* kg N ha* kgN ha* kg N ha' (%)

170+80y FD 170 80 250 10.22 0 232.0b 0 28.2 89.15
170+80y WT120 170 80 250 10.22 6.69 206.0 ¢ 0.15 60.9 77.18
170\+80y WT60 170 80 250 10.22 7.97 208.4 ¢ 0.26 59.8 77.71
250+118y FD 250 118 368 10.22 0 268.5 b 0 109.8 70.98
250+118, WT120 250 118 368 10.22 8.84 32490 0.23 62.1 83.95
250+118y WT60 250 118 368 10.22 8.68 299.0 b 0.17 87.9 77.29
170\+195y FD 170 195 365 10.22 0 257.4 b 0 117.8 68.61
170+195y WT120 170 195 365 10.22 7.96 2853 b 0.15 97.8 74.47
170+195y WT60 170 195 365 10.22 9.05 612.4 a 12.42 -228.2 159.38

Tab.3.5.1 — Average N balance.
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3.6 N concentration in groundwater

Anions and cations

Analyses of soluble N in groundwater were carrietl using the phreatimeter positioned
inside the lysimeter. Principal anions and catiewaluated were: N&ON NO, -N and
NH4"-N.

Medians of NH'-N (Fig. 3.6.1) were close to zero, with &¥%hat didn’t exceed 0.73 mg
IY. The same situation was evident for {48 concentration, that was lower than the

limit of 11 mg I* established by the Nitrates Directive. NEN was not present in water

samples.
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Fig.3.6.1- NOs-N and NH"-N concentration in groundwater.

No differences of N concentration were observedHerthree different fertilizations. Low
nitrates concentration in groundwater associatelbwoN leaching for every level of
fertilization seemed to indicate an adequate Nkegtasy maize and a possible depletion
of nitrates via denitrification. Maximum concentoais were present in 148195, with
WT60 (highlighted in gray in the box — Fig. 3.6.8s mentioned above, that situation
was particular because high fertilization, applred previous experiment, had increased
nitrate concentrations in soil, favoring a higher déncentration in groundwater
compared to the other treatments.
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pug N,0L*H,0

N>O concentration in groundwater

As mentioned by Heincke and Kaupenjohann (19990Q) I8 highly soluble in water and a
large amount may remain dissolved in waters aféstirty arisen from nitrification and
denitrification. Our data show a continuous insee@ver time of D dissolved in
water (Fig. 3.6.2). Data were very similar for thigher and lower fertilization rates.
Instead the groundwater level didn’t modify concatn, which ranged from 0.6 to 1.8
ng NO It of H,0.

Soil air can contain pO at concentrations several orders of magnitudiednithan ambient
air. At a temperature of 20 °C, distilled water éirated with 1 atm of MO presents a
concentration of 0.79 g 40 —N ' (Chemical Society of Japan, 1984). At the same
temperature, distilled water equilibrated with aemhi air contains dissolved.® at
concentrations of 0.25 ug.® I* of H,O (Sawamoto et al., 2002). Very few data of
dissolved NO in groundwater, drainage water and stream waterpaesent in the
literature (Tab. 3.6.1) and contrasting valuesreperted.

Our data seem to be lower than those of Linn anchib§1984), but climate and type of
fertilization were different. In particular miner&rtilizer can release N more quickly
than an organic fertilizer. But, considering thesigge trend in the two years, an®
accumulation in water can be expected for the cgryears.
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Fig. 3.6.2 - Dissolved NO in groundwater.
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Ecosystem

silt loam, corn, plowed
mineral N-fertilization

silt loam, corn, plowed
mineral N-fertilization

silty clay loam, corn, plowed
mineral N-fertilization

clay loam, corn, plowed
mineral N-fertilization

Location

Illinois, USA

Kentucky, USA

Nebraska, USA

Minnesota, USA

Average concentration Reference

dissolved N,O

pg N,O I"
12 Linn and Doran, 1984
234 Linn and Doran, 1984
39 Linn and Doran, 1984
50 Linn and Doran, 1984

Tab.3.6.1- Dissolved NO in water in different experiments conducted withize.

As reported by many authors (Bowden and Bormani@61®Rice and Rogers, 1993;
Rolston and Marino, 1976; Tindall et al., 1995),ONmay remain in shallow

groundwater for quite a while after production, doidigh solubility and slow diffusion.

This is a cause of temporal retardation and spagphration of pD production and

emission.
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4.Conclusion

A shallow groundwater influenced both maize yiehd 8&,O emissions. The simulated 120
cm depth water table didn't limit root developmemd at the same time allowed an
optimum water supply the for crop as well as optimanditions for root growth.
Weather conditions affected the variability of neajzeld in the two years. The summer
in 2012 was very hot, enhancing the crop water ageinan these conditions shallow
groundwater was necessary to ensure crop growtHadh yield in free drainage
condition was very penalized especially at higleetilization. Actual evapotranspiration
(ETs) was a sensitive parameter to define crop growid water supply. In WT
conditions ET, between sowing and harvest, reached 881 mm ifh 28d 1080 mm in
2012, while, in FD, ETa in the two years was 358 @60 mm lower respectively. The
high ETa in WT lowered the amount of water and Icheng in both years. N
concentration in groundwater, as N® and NH*-N, didn’t in exceed general 1 mg.|
No percolation occurred in FD conditions; irrigatiand precipitation restricted to 900
mm y*, combined with hot summer conditions, preventesighrcolation of water and
with it, the loss of nitrogen. This situation lea igh N concentration in crop tissues,
but because of a low biomass production, to a fdotwtal N uptake than in WT
conditions.

N2O emissions were affected by N fertilization at Bayv Peaks of emissions were usually
evident three days after fertilization. WT60 prdsena lower concentration, which
means lower peaks with respect to WT120 and FD, dmissions were in general
extended in terms of duration. The period of higtrarssions followed manure and urea
application, while the absence of fluxes later ¢jnewing season despite high WFPS
level, indicated that N input was the main parameétiring denitrification. Top-dressed
urea had a far lower effect on® emissions, perhaps due to the low doses and @bsen
of a C supply as that given by manure. The absehflexes far from fertilization can
be related to N-limiting conditions, as mentiongd3mith and Tiedje (1979) and Ryden
(1983), due to the growing roots competing withittdiers for available N@ and thus
depressing denitrification. WT60 generally had loemissions but also a slower return

to zero emissions.
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N2O emission in FD can either be related to a rnomifon process, rather than a

denitrification process limited by N availabilityné well-aerated soil, or to a
denitrification process stimulated by anaerobicrosies. In effect the soil texture, rich
in silt and clay, could stimulate temporary anaerattuations. Paul and Beauchamp
(1989) showed that denitrification of soil MOoccurred within hours of manure
application due to oxidation of short-chain fattgids present in the manure which
provides electron donors for the denitrifying baietend increases the oxygen demand
in the soil. The estimate of cumulative denitrifioa using periodic measurements
could have been subject to error, because we ugegration of the emissions for the
missing data. The problem is difficult to solve &ese is not practical and very
expensive to measure emissions every day. Anywayrémd of data demonstrates that

emissions in general are related primarily with férgilization events.

Sampling performed after consistent irrigationsvedd no NO emissions. Only in 2011 a

peak was generated after an irrigation that wasyekier, close to the period of
fertilization. Far from fertilization, irrigationid not promote MO emissions, at least on
the days sampled, which were usually the day ajation and the day after. Even the
temperature didn't have effect on emissions witéath year. But to understand the
effect of temperature more than one sampling wputtbably be necessary every day.
Sampling NO once a day, it was not possible to quantify tiece of soil temperature
on emissions; however, the effect of temperatuemseevident comparing the two
years, which had very different average soil terapges. Cumulative emissions in 2012
were in fact 4 times higher than the emissionsGhi2 It is anyway worth noting that
2011 was the first year of experimentation andyaalgh the experimental setup was the
same, the systems maybe required time to reacbadysstate, in particular in terms of
moisture content and saturation of the soil androbial settlement, thus affecting the
emissions.

2011 there were no differences in cumulative ssions regarding fertilization and
WT/FD conditions, while in the following year diflences occurred for the lower
fertilization (17Q, + 8Q, kg N ha' y%). FD reached the higher cumulative emissions
(2.91 kg NO-N ha') while WT60 had the lowest value ( 0.94 kgONN ha'). With the
highest fertilization cumulative emissions rangeahf 1.84 (FD) to 2.20 kg of JO-N
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ha' (WT60) without statistical differences. WT120 seehto maximize crop yield with
the same emissions as in WT60 and FD.

Our data agree with the study of Laville et al.(2Dwho found a cumulative emission of

fertilized with manure at rate of 150 kg N*hg ™. Liu et al. (2005) found, in a 2-year
study in an irrigated corn field, cumulative emissi of 2.44 and 3.38 kg,®-N ha for
mineral fertilization of 134 and 225 kg N haespectively in 2003. In 2004 emissions
were 0.75 and 1.28 kg,®-N ha' respectively. Continuous corn in this case seetmed
contribute to a reduction of R emissions contrary to our situation.

Rochette et al. (2008) found emissions of 2.12 %88 kg NO-N ha' in 2002 using 150
kg N ha' y* of liquid and solid cattle slurry respectively oraize growing in a loam
soil. In 2003 emissions were 1.09 and 1.38 k@Ml ha'. Emissions with liquid pig
slurry in 2003 are similar to our emission in FDL20n similar soil. Emissions of 0.19,
0.92 and 0.85 kg )D-N ha' were described by Ellert and Janzen (2008) irzena a
rotation using manure (425 kg N'BaNH,NO; (150 kg N hd) and manure+ NFNO;
respectively.

Gregorich et al. (2008) recorded an emission o2 4d N.O-N ha' in the same situation
(corn fertilized with 150 kg N a- NH;NOs+urea). Emission of about 2-4 kg of@®N
ha, similar to ours, was also reported by Dambreélial. (2008) in maize fertilized
with 110 kg N ofNH4NOs. Halvorson et al. 2010, found an emission of 233\k0O-N
ha' y* in corn—dry bean rotation with conventional-tikagising urea and polymer-
coated urea. Emission lowered to 0.2 kgONN ha' y* in the control without urea.
Alluvione et al. (2010) recorded daily peaks of gsion of 0.8 and 0.2 kg®-N ha' o
respectively for urea and compost utilization inizeacrop. Our peak reached 0.45 kg
N,O-N ha' d* with manure mixed with urea.

All the studies cited above considered soil in fdzainage condition. Very few studies
tested the effects of shallow groundwater on N gaséosses. In The Netherlands, van
Beek et al. (2010) recorded the emissions inicgldb groundwater level. With a water
table 55 cm below the soil surface, emissions weexel to 29.5 kg pO-N ha' y* and
with a water table 40 cm below the soil surfaceissions were 11.6 kg40-N ha' y™.
These results are very different from ours, butaad climate conditions were different.
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In particular, soil with high organic content a®db in The Netherlands can stimulate
denitrification. Velthof and Oenema (1995) reporéedaverage »D emission of 2 kg
N,O ha' y*in “wet” condition and 8.6 kg pD ha* y* in “dry” conditions.

In British Columbia Paul and Zebarth (1997) foumtissions of 48 and 17 Kg®-N ha’
during corn growth in 1991 and 1992 respectivelthvei 1 m depth water table. In this
case manure fertilization was very high (600 kgat ). In our study emissions from
the water table are significantly lower than thdeand by van Beek or Paul and
Zebarth. Emissions are similar to the IPCC stantlaatiindicates an emission equal to
1% of N input. Our input of 170+80 (manure +urea) 250+118 kg N Hay™ indicates
an emission of about 2.5 and 3.7 kgONN ha'y™. The emissions we recorded are
similar and never more than 3 kg®N ha'y™. The increasing rate of N input didn’t
stimulate an increase in emission but a reductlmjncreasing N input only stimulated
emission in WT60.

Annual NO-N emission as percentage of N input was maximankD 17@,+80, and
equal to 1.2%. The other emissions ranged betwegraiid 0.13%. Alluvione et al.
(2010) found in corn emissions of 0.11% of N sugblin compost and 3.4% of applied
N using urea. The proportion of fertilizer-N reledsas NO was 1.3% for the corn
system in Ellert and Janzen (2008). A ratio of 1W&s found in maize by Laville et al.
(2011). van Beek et al. (2010) found a ratio oP8\ith a 40 cm depth water table and
a ratio of 7.6% with a water table 55cm below tbi¢ surface.

Fluxes of NO are characterized by high levels of spatial @mdpboral variability (Ambus
and Christensen,1994; Corre et al., 1996). Fluxesrageneral site-specific and with a
variability due to the climate and type of soil. Aaccumulation of dissolved >
occurred in groundwater, without statistical diffieces related to N doses and water
table level. NO may remain for quite a while after production doidigh solubility and
slow diffusion. This is a cause of temporal retdofaand spatial separation of,®l
production and PD emission as reported by Bowden and Bormann (1986¢e and
Rogers (1993), Rolston and Marino (1976) and Tinetahl. (1995).

We assume that the fertilization of 250+118 and+198 , combined with WT120, are
close to the optimal fertilization. The 120 cm deptater table ensured an adequate

water supply to the crop in respect to FD, leadmdiigh maize yield and low 4O
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emission. N leaching was negligible, losses werektp or lower than 0.26 kg N ha

! The use of about 400 mm of irrigation water dgrie crop season is however
insufficient to ensure an adequate growth of maizd-D. In conclusion, the limit
imposed by the derogation of the Nitrates DirectivdlVZs seems be fully applicable
to the conditions of northern lItaly if a good waseipply is assured to maximize maize
yield and subsequently N uptake. Optimum water mameent can be ensured by the
presence of a shallow water table or by irrigaticadjbrated on the needs of the crops,

leading to very limited N losses (leaching + gaseftuxes).
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Chapter IV

Carbon (CO ,; and CH,4) emissions from soil with shallow

water table and approach to GHGs modeling
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1. Introduction

The use of organic fertilizers in soil, althoughrmp#ting an increase in soil C, require
greenhouse gas accounting. (Del Grosso et al., @00 available from fertilizers
needs energy consumption resulting in ;Cémissions, and contributes to nitrate
leaching and BD emissions (Granli and Bockman, 1994) .

Efflux of CO, indicated asSoil Respiration (RS)Fig.1.1) is a combination of the activity
of autotrophic roots and associated rhizospheramsgs (Autotrophic Respiration
(Ra)) and the heterotrophic bacteria and fungi activehis organic and mineral soil
horizons, and soil faunal activitfHeterotrophic Respiration (ReEdwards et al.,
1970). Whereas the activity of soil heterotrophigamisms is proportional to soil C
decomposition, C@lost from root and rhizosphere activity is tiedhe consumption of

organic compounds supplied by aboveground orgaptaots (Horwath et al., 1994).

Total Soil CO2 Efflux

Sources Foot  Rootmaintenance costs Decornposition of litterand
of CO2 growth  and fast decomposition 501l organic matter

Aboveground Litter

Live root soil carbon
nd rhizospher

Protected soil
carbon

Leaching andior
erosion

Fig.1.1- CO; soil efflux (Soil Respiration (SR)JFrom Hanson et al. (2000).

Critical factors reported to influence rates of sespiration include (1) temperature (Singh
and Gupta, 1977; Peterjohn et al., 1993, 1994;cklvaum, 1996; Winkler et al., 1996;
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Rustad and Fernandez, 1998), (2) soil moisture I¢8tr and Van Cleve, 1985;
Davidson et al., 1998), (3) vegetation and sulbswatlity (Tewary et al., 1982), (4) net
ecosystem productivity (Schlesinger, 1977; Raicd Botter, 1995), (5) the relative
allocation of NPP above- and belowground (Boonalgt1998), (6) population and
community dynamics of the aboveground vegetatiah lelowground flora and fauna
(Raich and Schlesinger, 1992), and (7) land-useefMable variations also had major
effects upon Coflux (Billings et al., 1982, 1983).

The rates at which COnoves from soil to the atmosphere is controlledhgyrate of CQ
production in the soil, the strength of the £€ncentration gradient between the soill
and the atmosphere, and properties such as sal giae and wind speed, which
influence the movement of GQhrough and out of the soil (Raich and Schlesinger
1992). The C-flux in soil respiration defines tlaer of C-cycling through soils, but the
global magnitude and distribution of the procesgpa®rly quantified ( Raich and
Schlesinger, 1992).

The net flux (emission or consumption) of £Will vary depending on the nature of the
agricultural system and the management practiceptad (Fig. 1.2). Measurements
made at various locations in the world show thatdhare large temporal variations of
CH, flux which differ with soil type, application ofrganic matter and mineral
fertilizer, and soil water regime. Methane prodotioccurs only under highly
anaerobic conditions such as those typically oaegirin natural wetlands and lowland
rice fields. Flooding decreases @oncentration and selects a microbial flora iitsso
able to ferment organic matter. The main produges ethanol, acetate, lactate,
propionate, butyrate, #N,,CH, and CQ. The latter three gases usually constitute the
largest portion of the gas phase of flooded s@ts.saturated soil releases methane to

the atmosphere:
CeH1205 — 3CO, + 3CH4

CH, oxidation in non-saturated soil acts as a sinkdwnospheric Ckl (Mosier et al.,
2004), but N fertilization and tillage tend to de&se CH uptake in soil because the

enzyme that oxidizes GHalso has affinity for ammonium (Bronson and Mosi€94).
Knowles (1993) described in detail microbial patgsvaf CH, oxidation in soil by
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methanotrophic organisms. He noted that all isdlateethanotrophs were obligate
aerobes. This seems reasonable since the enzypunsdse for the initial step in CH
oxidation is a monooxygenase enzyme (MMO) that irequmolecular @ The first
product is methanol followed by formaldehyde anuhllly there is the possibility to
convert formaldehyde in different organic producted as biomass by microorganisms
or for ATP production with the release of £é&nd HO:

First reaction: CH4+ O, — CH30H + H,0
Other reaction:CH3OH ----> CH,O ---> HCOO" ---> CO;

il
Transport ) =01
CH,y | Root exudation i
Methane escapes via: Root oxygen rekease :
—— 1
aerenchyma 90 % !
1
= "
- & CH, emission |
ebullition - i
10 % a, § '—{:E'Jx emission 1
| diffusion = CH, cH, @
1% .§ pidation production

Fig.1.2- Flux of methane, sink and sources. From Radbdiniversity Nijmegen (The
Netherlands) web site.

Del Grosso et al. (2000) observed that oxidatio@Hdj in the soil is clearly dependent on
soil water-filled pore space (WFPS). The optimuni ¥6FPS was dependent on soil
texture, with optima of about 7.5% for coarse tesduand 13% for fine textured soils.
Much research has been developed to improve estnwdtsoil GHGs fluxes and find
ways to reduce PO emissions and enhance C storage in soils (Dedgeret al., 2008).
Because it is not simple to measurgONemissions and changes in soil C levels on a
large scale, process-based models have been deddimpstimate regional and national
soil GHG fluxes.

Different types of model exist for the estimatioh ®@HGs, ranging from very simple

models to extreme complex ones. Highly mechanistiodels require detailed
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parameterization and intensive computation with enarput and, in general, are
difficult to run. The use of these models has tfugeebeen questioned (Nuttle, 2000).
On the other hand, simple models overly generdtiegorocess and cannot represent the
heterogeneity of most real system conditions.

DAYCENT (Kelly et al., 2000; Parton et al., 1998)a terrestrial ecosystem model used to
simulate exchanges of C, N and trace gases amergjrtiosphere, soils and vegetation.
DAYCENT is of intermediate complexity; important gowesses are represented
mechanistically but the model makes use of emplyicderived equations, and the
required input parameters are relatively easy tuiae.

The ability of DAYCENT to simulate plant growth, 8QN,O emissions, N@ leaching
and CH oxidation has been tested with data from variousirah and agricultural
systems (Del Grosso et al., 2000a, 2001b, 20025)20Me use of this model gives a
greater degree of knowledge with respect to th@wtded NO emissions obtained
through IPCC (1997) guidelines. The IPCC (1997)hudblogy has a large number of
limitations for estimation: the guidelines consid#ragricultural systems and don’t take
into account different crops, soils, climate anchagement (Monsier et al., 1998). The
guidelines also do not consider the interactiowbeh weather patterns from year to
year (Dobbie et al., 1999).

The aim of this work was to quantify the ¢@nd CH fluxes in lysimeters cropped with
maize and subject to irrigation, manure fertilieati free-drainage or shallow water
table condition. After determining emissions wetddsthe ability of DAYCENT to
simulate the N and C fluxes in maize cropping. Brtipular the performance of
DAYCENT was evaluated in simulations of @H,, N.O emissions, crop yields, soil

water content and N leaching.
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2. Material & Methods

2.1 Field test: CO , and CH, emissions

The site and treatments used have been describethapter 3 section 2. Chapter 3
evaluated the N balance and N emissions in anated maize crop. This chapter
discusses the fluxes of GHind CQ during the same period (June 2011 — October
2012). The same automatic chamber system desdabpdd,O emission was used for
monitoring the emissions. The chambers closedisigs a day to monitor GQluxes,
air was taken to an infrared gas analyzer (IRGAjlatalogger (CR-1000 Campbell Sci.
Inc. Lincoln Nebraska — USA) controlled the closafevery chamber and recorded the
data from the IRGA. The system used the,C&e of increase inside the chamber to
estimate the rate at which ¢@iffused into the free air outside the chambeg.(Bi1.1).

Ten measurements of GOwere taken during lid closure, the average of dhes
measurements was used ag @at was the CPat lid closure. About 30 s were
necessary inside the chamber so that a steady gnxas established. Only after this
was it possible to apply a non-linear regressidwben CQ and time as follows:

Ciey = Cy — (G, — Co) e~ (10 [ kmol CQ mor* of dry air]

For every measurement of ¢e system recorded water vapor mole fractionr\wol
mol™), air temperature (T, °C) and pressure (P, ke@)the CQ concentration at time
t, was corrected by the water vapor mole fractiompr@ssure and temperatuig.
represents the time whely is equal tdCo. Cy is the initial concentration at chamber

closure. C, anda are the regression parameters.
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Fig. 2.1.1 - (A) Last ten measurements before chamber closurg] [(E) mixing for 20 s,

(C) non-linear regression computation for 115 s (Dekelove et al., 2007).

The exchange of C{between soil and atmosphere was computed usinggtnation
below:

dc
i (Cy — Cp e @t

Soil CO, efflux (SR soil respiration) was expressed as:

A . jumol CO, m? ']
S dt R- (T, + 273.5)

wherePy andT, are the pressure and temperaturg. & is the universal gas constant (8.31
J mol* K'Y andV andS the volume of the system (énrchamber and tubes) and the
chamber basal area (&mespectively. Another commonly used method ifitta linear
function between C@oand time in the period that is sometimes refetoeas the “linear
portion” of the curve. The non-linear regressiomganeral effected about 5 iterations to
improve the values o€, anda. If the number of iterations exceeded 10, theesyst
compared the residual sum of squares (RSS) ofdhdinear model with the results of

a linear model, selecting the model with the lowestdual.
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For measuring Cldemissions, the chambers closed on a daily baglseifirst week after
fertilization and subsequently every two weeks. method used was the same as that
adopted for NO.

Twenty ml of chamber air were injected into 20-maeuated tubes using an auto-sampler
and transported to the laboratory for analysis k&g ghromatography. The gas
chromatograph (Agilent 7890A, mod. G3440A) was ppad with a Flame lonization
Detector (FID) to quantify CH Three samples were taken for every chamber & tim
zero (at closure), at 25min and 50 min after chanchesure. A linear regression was
applied to CH concentration and time. In this waC/dt was the slope of the linear

regression and soil GHfflux was expressed as:

dc vV 1 1

whereMC is the mass coefficient (g GHn® CH,), and V andSthe volume of the system

(cm®, chamber and tubes) and the chamber basal arépréspectively.

2.2 DAYCENT model overview
In DAYCENT, flows of C and N between the differgols are controlled by the size of

the pools, C/N ratio and lignin content of mateaald by water and temperature as
abiotic factor (Parton et al., 1994). Soil watentemt and temperature are simulated for
each horizon throughout the defined soil profileatéy flow (Fig. 2.2.1) is simulated
through the plant, litter and soil layer. Rainfalintercepted first by the canopy, then by
the surface litter and evaporated from these sesfatollowing the potential
evapotranspiration (EJ computed using the Penman (1948) equation. lEmwiaput
intensity is greater than the rate at which waterdd enter the soil, the water difference
is added as runoff. Infiltration and saturated flak water has a unidirectional
downward flow. Only when a soil layer is filled Witvater, the water can percolate to
the next layer. Saturated flow is represented bidaectional vertical flow. In base of
the hydraulic potential and hydraulic conductivihe water moves downwards from

layeri-1 toi or upwards from laydrtoi-1. (Parton, 1978).
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Plant production is a function of genetic potentiphenology, nutrient availability,

water/temperature stress, and solar radiation @es$so et al., 2008).
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Fig. 2.2.1 — Flow diagram for the water sub-model. The figtwasiders 5 layers in the soil profile.

The organic matter sub-model (Fig. 2.2.2) incluthese soil organic matter pools (active,
slow and passive), with different potential decosipon rates, that receive material
from aboveground and belowground plant residuesofsand root plant biomass) and
from the microbial community. Each pool is portidna a metabolic part and structural
part, the structural part contains plant lignineTdecomposition of both plant residues
and SOM are assumed to be mediated microbially antlassociated loss of GO'he
active pool represents soil microbes and micrghiatiucts and has a turnover time of
months to a few years. The slow pool includes tasisplant material and soil-

stabilized microbial products derived from the aetipool. C and N are physically
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protected and/or in chemical forms with more bigdagresistance to decomposition. It
has a turnover time of 20 to 50 years. The pasgwel is very resistant to

decomposition and includes physically and chemjcaliabilized SOM and has a
turnover time of 400 to 2000 years.

The model also assumes that the decay rate otwwtalicnaterial is a function of its lignin
content and that the lignin is incorporated inte #oil slow pool (Parton et al., 1987).
The flow of lignin into the different pool is basewxh laboratory data. The model
assumes that lignin is distributed fairly uniformthrough the structural material and is
released through the activities of microbes whiockcainpose the more labile
components of the structural material (e.g. herhitmdes and cellulose). The model
assumes that 55% of C decomposition comes frordigom structural C, metabolic C
and slow and passive SOM is lost as microbial raipn. Non-lignin components of
litter have a low respiration (45%) by fungi. Stegad lignin has a respiration loss of
only 30% (Stott et al., 1983).

The split of plant residues into metabolic anddtritel components is based on a function
of the L/N (lignin/nitrogen) ratio of the residue@Velillo et al.,, 1984). The
decomposition rates for structural materials arleutated in relation to the same
constants obtained in laboratory incubations. Teatpee and soil texture influence the
decomposition process of SOM. The proportion ofdpod which enters the passive
pool from the active and slow pools increases witleasing soil clay content (Parton
et al., 1987). Anaerobic conditions (e.g. high sater content) cause the decrease of

decomposition.
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Fig. 2.2.2 - The pools and flows of carbon in DAYCENT model.

The N sub-model (Fig. 2.2.3) has the same struasréhe soil C model. The N flow
follows the C flow and this reflects the concemttN is stabilized in direct association
with C. C to N ratios are constrained within a parranges of values. The C:N ratio of
the structural pool (150), active (8), slow (11 agassive (11) fractions remains fixed.
The C:N ratio for the active SOM is based on adgpiC:N ratio for microbes and
microbial products. The N content in the metabpbol is allowed to vary as a function
of the N content of the incoming plant materialeT flow is stechiometrically related
to C flow. Either mineralization or immobilizatioof N can result from C flow,
depending on the initial C:N ratio of the materi&@sN ratio of the pools receiving the

materials, and the fraction of C flow lost as {@spiration. The N associated with C
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lost in respiration is assumed to be mineralizede Thodel assumes the input to
atmospheric deposition and eventuallyfiXation.

N losses due to leaching of mineral N are compate@ function of the stream water.
Loss of organic N occurs with the leaching of oiganatter. The model also calculates
the gaseous losses from soil. N emissions are aemesl first. The nitrification sub-
model simulates 0, NO and N emissions from soil as a function of soil NHwater
content, temperature, pH and texture (Parton et2801). Nitrification is limited by
moisture stress when soil water-filled pore spad&RS) is too low and by O
availability when WFPS is too high. The denitriticea sub-model simulates,®, N,
and NO emissions as a function of soil NOwater content, labile C availability
(because more denitrifiers are heterotrophs), ertlite, which influence gas transport
(Del Grosso et al., 2000b). Denitrification occoser a WFPS of 60% and increases
esponentially with moisture. NO emissions are dated using total emission of,8
according to gas diffusivity. When gas diffusivicreases the reducing environment
makes NO very reactive and a smaller portion ofisl@mitted.

The effects of WFPS on N gas flux from denitrifioatwas found to interact significantly
with CO, emissions. The ratio of NOto CG, emissions is a reliable predictor of the
N2/N2O ratio (Del Grosso et al., 2000b). C emissions raferred to C@ and CH
production. CH emission and uptake is controlled by soil gasudiffity, water content
and temperature (Del Grosso et al., 2000a). Thg @itlation in soil is assumed to be
limited by high moisture that limits the gas diffcity but conversely low moisture
creates stress for biological activity. €@missions are related with activity of

heterotrophic microorganisms in the soil.
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Fig. 2.2.3 - The pools and flows of nitrogen in DAYCENT model

2.3 DAYCENT inputs

The simulation process can be divided in 4 stepsa¢quisition and formatting of the model
input data required to run DAYCENT; (2) simulatiof the native soil and crops; (3)
conducting simulation of modern cropping and GHGtigation options (4) post
processing and compilation of model output. The ehadquires a stabilization of soil
parameters (organic matter, soil structure and raing) prior to the simulation of real
data, so we first simulated a 40-year period. Valimr the state variables from the
historical period were saved and used as initiaddmn for the simulation of the actual

cropping system (Del Grosso et al., 2009). The rhob&ins input values through twelve
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data files. Each file contains a certain subsetasfables. Within each file there may be

multiple options in which the variables are defifiedmultiple variations of the event.

Each data input file is named with a ".100" extensias follows:
crop.100 - crop options file;

cult.100 - cultivation options file;

fix.100 — soil properties;

fert.100 - fertilization options file;

fire.100 - fire options file;

graz.100 - grazing options file;

harv.100 - harvest options file;

irri.100 - irrigation options file;

omad.100 - organic matter addition options file;
tree.100 - tree options file;

trem.100 - tree removal options;

weather.100 — weather file.

These files can be updated and new options crehtedgh the FILE100 program (Fig.
2.3.1). For example, within the cult.100 file, thenay be several cultivation options
defined such as plowing or rod-weeder. For eacioopthe variables are defined to
simulate that particular option. A description ¢olls of the detailed input file we used.
Daily maximum/ minimum temperature and precipitat{weather.100) were acquired
from a weather station of the Regional Agency faviEbonmental Protection (ARPAV)
located 10 m from our site. The weather data fr@701to 2010 was used for the
historical period.

Specific values of soil properties (fix.100), suah texture, organic matter content, bulk
density, field capacity, wilting point and hydraultonductivity are required for each
layer of the profile. The number of soil layers AXER) is an input variable in the
model. Fifteen cm increments were used for eacérlap to the 60 cm soil depth and
30 cm increments below the 60 cm depth (NLAYER 6-15, 15-30, 30-45, 45-60, 60-
90, 90-120, 120-150 cm). For each layer it is nesmgsto specify the properties

mentioned above.
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The model requires two separate files, one relatvaformation for mineral fertilizer and
one for organic fertilizer. In fert.100 it was nesary to indicate the total amount of N
in g N m? and share the quota coming from fNér NH,". We applied urea at level of
80 and 118 kg of N ha For organic nitrogen (omad.100), manure in owgecdhe
model requires total C applied (g3n C/N ratio and lignin content. The doses applied
were 170 and 250 kg N fiawith a C:N ratio = 13, so the amounts of C agplieere
221 g C rif and 325 g C firespectively. The main information required abdwet ¢rop
(crop.100) are the type, potential aboveground mgmiroduction (g C i), allocation
of C in roots and the water stress factor (0 noewatress, 1 water stress). Irrigation
(irri.100) amounts can either be fixed amountsutomatically set according to the soil
moisture status. Cultivation (cult.100), was a $pgcat 20 cm. Cultivation options
allow for the transfer of defined fractions of stgaroots, standing dead and surface
litter into standing dead, surface and soil lifteols as appropriate. Thus the model can
simulate a variety of conventional cultivation madk. Finally, to simulate the water
table levels, another file was compiled. In thisecave fixed a steady level of water
table for the whole year. Saturation of the soiksvexpected in this case and it was
necessary to specify the saturated hydraulic cdndiycof soil. Tab. 2.3.1 reports the

main parameters used for the simulations.
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EVENT100

Schedule crops
and events

DAILYDAYCENT

OUTPUT
CandN files
M odel

FERT FIRE
100 100

Fertlizer

OMAD
100 100

100
organic
matter

harvest i N
irigation addition

FILE100

File Manager

Fig. 2.3.1 — File structure of DAYCENT.

File Parameters
crop.100 - crop options file potential aboveground monthly low- yield 1.5
production for crops (§Cm?)  medium- yield 2
cult.100 - cultivation options file fraction of the aboveground N low- yield 0.5
which goes to grain (§Nm?)  medium- yield 0.65
fix.100 — soil properties bulk density (g cm™) 1.44
sand 36%
clay 15%
pH 8
FC, Field Capacity 30%
WP, Wilting Point 10%
fert.100 - fertilization options file urea (g N m?) 80 kg Nha™ 8
170 kg Nha™ 11.8
omad.100 - organic matter addition manure (Cm?) 170 kg Nha™ 221
250 kg Nha™ 325
C/N 13
lignin fraction content of organic matter 0.13

Tab. 2.3.1 - Main parameters used to calibrate the model.

109




The simulation is driven through a schedule fileated with EVENT100 or manually,
containing all instructions relative to the yeassbe simulated. Every event, such as
cultivation, sowing, fertilization is indicated dulian days (Fig. 2.3.2).

padova
File Modifica Formato alizza 7
RO11 starting year -

2012 Last year .
padova_freedrain.100 site file name
0 Labeling type

Labeling year

Mmicrocosm

€02 systems

pH shift

soil warmin?

N input scalar option (0 or 1)
OMAD scalar option (0 or 1)
climate scalar option
Initial_system

G3 Initial crop

Initial tree

Year Month Option

Block # corn
Last year
Repeats # years
output starting year
output month
output interval
weather choice

CULT K
OMAD BIO.2
FERT N3.2

PP P B P R R B B B b e

2 248
| -995 -999 x

Fig. 2.3.2 — Example of schedule file of DAYCENT.
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3. Results

3.1 CO, emission

Soil respiration, recorded using the automatic dbemsystem, is the sum of heterotrophic
(Re) and autotrophic respiration {R Six measurements were obtained every day. The
average of daily measurements was utilized to esimoumulative emissions between
sowing and harvest in 2011 and 2012. Emissions le&rer in 2011 than in 2012 with
an evident “year effect” (Fig. 3.1.1). Fertilizati@lso significantly affected total GO
emission: with WT, emission increased going from¢#80, to 25G,+118;.

The presence of a shallow water table affected €@@issions that were higher than in
free-drainage condition. A potential increase (RO, emitted by plant) can be offset
by the reuse of CQhrough photosynthesis (G@Qptake by plant) while an increase of
Re represent a direct flux of GGn the atmosphere. In our experiment, due to thalls
size of the lysimeters, we couldn’t apply a sys&mh as a root exclusion to separate
Ra and R, so we decided to use a modeling approach thabeitliscussed in section
3.4.

45 45
2011 seeding-harvest 2012 seeding-harvest

40 | 40 |

35 35 - |
© 30 30 |
< [
N 25 4 25 -
S | . l i

20 - T 20 -
+ | T |

15 | I T 15 -

10 - 10

FD ‘wnzo ‘ WT 60 ‘ FD ‘wnzo ‘ WT 60 FD ‘wnzo ‘ WT 60 ‘ FD ‘wnzo ‘ WT 60
170,+80y 250+118y 1704+80y 250+118y

Fig. 3.1.1 — Cumulative C@emissions in 2011 and 2012.
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average es

2011 17.68 b 1.80
2012 2891 a 5.37
FD 18.01 b 2.62
WT 2594 a 5.92

170,+80, 2169 b  3.99
250,,+118, 2491a  7.17

Tab.3.1.1 — Differences in year, water table conditions fertlization (p=0.05)

3.2 CH, emissions

A net negative, but relatively small, flux of Gldppeared in our site. GHHoncentration
decreased linearly with increasing the time of dbamclosing (Fig. 3.2.1). This
indicates a soil uptake of atmospheric LlSimilar results have been obtained by
Knowles (1993) and Mosier et al. (2004), and thiocpss is mediated by
methanotrophic organisms which cause,@kidation in soil. Only in 23% of cases net

fluxes are positive and soil produces J4Hig. 3.2.2).

2.200 - 2.200 -
« 2.100 - y=-0.4221x + 2.05 . 2100 -
‘= L R?=0.9942 ‘s
w  2.000 - o 2.000 -
.E £ q y =-0.6014x + 1.9725
., 1.900 - , 1.900 - o RP=0.9683
S 1800 - S 1800 |
(]
E 1700 - E 1700 -
o o
1.600 - 1.600 -
1.500 T T 1.500 T T
0 25min 50min  time (minutes) 0 25min 50min time

Fig. 3.2.1 — Two examples of CHdepletion inside the chamber during the monitoring

time (at closure, at 25 and 50 minutes after clsur
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cm3 CH, m?3 aria

2.400 - 2.400 -

y = 0.0532x + 2.2654
= R?=0.9086 =) y =0.2064x + 1.9972
T 10 A ’_/._/o @ R?=0.7748
L w2200 -
€
2.200 - < 2.100 -
T
Y 2.000 ¢ o
2.100 - £
©  1.900
2.000 T T 1.800 T T
0 25min 50min 0 25min 50min

time (minutes) time (minutes)

Fig. 3.2.2 — Two examples of CHaccumulation inside the chamber during the moimigor

time (at closure, at 25 and 50 minutes after cksur

Fluxes reached a peak of 25 g'tia mid-May 2012 for both fertilization levels. Bin

general fluxes were negative and ranged betweeranii2-2 g ha. The few cases of
positive emission were about 4-5 ¢*h@ig. 3.2.3 and Fig. 3.2.4). No relationship was
found between ClHdaily fluxes and precipitation, soil moisture arenperature, in
accordance with the observations of Dobbie and IBifie96) found a relationship
between CH fluxes and moisture content, soil temperature aod ammonium

concentration in woodland, but none in arable soil.

However, many authors reported the influence of swisture on Chl uptake in WT

condition; soil moisture increased and air-filledrgsity decreased, resulting in a
reduction of methane diffusion into the soil (Pogeal., 1996). Instead a low moisture
content permits a rapid gaseous diffusion. Dry amim ecosystems could thus be
expected to give a primary contribution to Qlptake, with subsequent gbixidation
(Castaldi et al., 2005; Potter et al., 1996). Cdted Scholes (2000) observed high,CH
uptake in Savanna at WFPS ranging between 20% @ndiswever, at lower WFPS
(<5%) the oxidation capacity was lower. Methandtioporganisms may be less
adapted to water stress than other microfloraté@iiset al., 2005). In arable soil the
water content strongly decreases during summereaagoration makes the top few

centimeters of soil very dry.
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Fig. 3.2.3 — Daily fluxes of CH, irrigation+rain and soil temperature in 1,AB0y.

This situation associated with the high transpwratf maize can make the most superficial
layers of the soil very inhospitable for methanptna organisms with an inhibition of
CH, oxidation as reported by Striegl et al., (1992mperatures in 2012 were higher
than in 2011 and this probably further affected,Cidtake. In our experiment N rates
didn't affect daily and cumulative fluxes, whileher Authors found that fertilization
can modify the net exchange of £Hh particular the increase of NHin soil seems to

negatively affect oxidation processes (BronsonMnodier, 1994).
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leading to almost insignificant CHmissions,
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particularly in respect to those coming from anglmgenic activities. At the same time,
CH, uptake was relatively low and reached at maximuss &g of CH ha' y* (Fig.

3.2.5).

The lack of a fertilization effect in our experiniéa probably due to soil conditions not
favorable for CH production,

Fig. 3.2.4 — Daily fluxes of CHj, irrigation+rain and soil temperature in 2B518y.



600 - 600 -
2011 H emissions 2012 M emissions
400 4 B uptake 400 A B uptake
200 A 200 A
= o
s 0 - = 0 - ’_T_-r_T
T T
(=) (=)
%200 - ® 500 4
-400 - -400 -
-600 - -600 -
FD WT120 WT60 FD WT120 WT60 FD WT120 WT60 FD WT120 WT60
170,,+80, 250,,+118, 170,,+80,, 250,,+118,,
2011+ 2012
FD#WT
p =0.05

Fig. 3.2.5 — Source and uptake of GH

3.3 DAYCENT: Production and maize vyield

Simulations were run for the period April 2011 —t@xer 2012, assuming a constant soil
texture through the profile. Six different situaisowere simulated, coming from the
factorial combination of three water table conditoand two levels of organic
fertilization. Free drainage (FD), water table 8t@&n depth (WT60) and water table
120 cm depth (WT120) from the soil surface were pared at two levels of N input,
170+80 and 250+118 kg N hg™ (N from manure + N from urea).

A maize with medium-low production was consideredthe first year because the sowing
was very late (end of June) compared to the t@uhti climate period required by the
area (in general April) and to cope with the obedrphenology of the crop. A maize
with high production was chosen for 2012 when sgwiras in April. DAYCENT gives
yield estimates in g C Hathe conversion into biomass was done assumingia ¢
content of 42% of d.m. (Follett et al., 2009). DA¥RT satisfactorily (R= 0.81)
simulated average grain vyield (Fig. 3.3.1). Alsin@otal biomass fitted well & 0.87)
(Fig. 3.3.2).

N content of grain (Fig. 3.3.3) presented a goag@ment with the observed data, with R
=0.93.

116



DAYCENT g N m?

20 -

15

10 -

N in grain

y = 0.896x + 2.9048
R?=0.9259

5 10 15 20 25
Real_Padova gN m?

Fig. 3.3.1 - Relationship of real and DAYCENT-simulated grgield.
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Fig. 3.3.2 - Relationship of real and DAYCENT-simulated tdt@mass.
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Fig. 3.3.3 - Relationship of real and DAYCENT-simulated Ngirain.
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Differences in N leaching were evident in simulatiersus real data. In WT condition
leaching per year was negligible for real data enBAYCENT, but in free drainage
condition DAYCENT simulated about 70 kg of NEN losses with percolation water
below the deepest soil layer, i.e. 120-150 cm. Um data no percolation of water
occurred in free drainage condition and consequemil N leaching. Average ET is
similar in FD condition but is underestimated iogndwater conditions (Fig. 3.3.4). It
is worth noting that in the lysimeters water tagteatly contributed to the crop water
supply, while DAYCENT, using a cascade approach fwater movement,
underestimates upward flux. The model stops thesfrof the roots at the groundwater
level, greatly reducing available water and, tHusjting ET in respect to observed
data.

O DAYCENT M Real_PD

0 -
FD ‘ ‘WTGO‘ ¢NT12($ ‘ FD ‘ ‘WTGO‘ %12
| |

170,,+60, 250,,+118,,

Fig. 3.3.4 — Comparison of the average evapotranspiratiohl(:ZZD12).

3.4 DAYCENT: Greenhouse gas production

N2O production
DAYCENT gives daily fluxes of BD (Fig. 3.4.1). In 2011, fluxes in 14680, appeared
the day after fertilization with peaks of 0.08-0K9 NbO-N ha® d*. Fluxes had peaks

of magnitude similar to real data (Chapter 3, s&et), but the temporal dynamic was

different. Real fluxes reached the peak and retumoezero in about 7 days, while

simulated fluxes have a slower temporal dynamiadileg to a superposition of peaks
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due to different fertilizations. Simulated fluxesly decreased approaching zero at the
end of the season. Irrigation influenced emissia@eak followed every irrigation
event in WT while in FD fluxes seem to be indepenas irrigations. 25Q+118, had a
different behavior, the first peak was higher, asached 0.15 kg #D-N ha' d*. Only
WT120 seems to be strongly influenced by irrigation

In 2012 peaks reached approximately the same @=aR611, unlike the real data arrived
at 0.45 kg NO-N ha' d* that is a daily emission 4 time higher. In $#80, WT and
FD initially had different fluxes. After the secoddse of urea fluxes were very similar.

In 25Q4+118; soilin FD maintained very high values.
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Fig. 3.4.1- DAYCENT NO fluxes in 2011 and 2012.

In DAYCENT N.O cumulative emission between sowing and harvesthes sum of daily
values. Instead for real data, because the samplagy not done daily, fluxes were
integrated for the missing data to obtain cumuégwissions. The cumulative annual
emission between sowing and harvesting shows thaY¥TENT fluxes decrease
passing from WT60 to FD. Real data show the oppdmhavior (Fig. 3.4.2).

119



5.00
4.50
4.00
3.50
3.00
2.50
2.00
1.50
1.00
0.50
0.00

Kg N ha!

1 ODAYCENT
N O
® Real_PD

i O
| O =
] o 8
] [ ] L
4 O (] H
i ° °
N ®

WT 60 WT120 FD

Fig. 3.4.2- NoO cumulative fluxes, sowing-harvest in the two gear

Cumulative emissions in 2011-2012 are generallyvérign DAYCENT than in real data

(Fig. 3.
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Fig. 3.4.3- Cumulative fluxes of two years.

In DAYCENT, with the higher fertilization, it seenthat WT condition stimulates a

reduction of NO losses with respect to FD. Most probably theed#hces in N loss,

between real data and DAYCENT, are related to Mues in the soil. We can suppose

that more N is retained in soil in real conditiorthwrespect to the simulation. The C:N
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ratio drives the emission in the model, but realoteposition of organic fertilizer in

soil can determine a different situation with regge the ratio predicted by the model.

CO, production
To share the quota of autotrophic and heterotropspiration we compared our data (SR)

with the data of DAYCENT. In fact the model giveslythe quota of heterotrophic
respiration, which has been assumed as an estmafidz. Fig. 3.4.5 shows the
overlap between SR andyRBoth SR and Rincreased at sowing (i.e. with fertilizer
application). SR then reached a peak related madiaply to R. At harvest both
components SR andgRincreased. The dead maize roots probably stindiltte
respiration by microorganisms. During the growthagdy SR is mainly related to
autotrophic respiration and heterotrophic resmratseems fairly constant over time.
The ratio between &SR (Fig. 3.4.6) indicates that in FD conditiop Was about 30-
31% of RS. In WT Rranged between 21 and 24% of SR.
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Fig. 3.4.5- Total respiration measurements using the chaubeheterotrophic respiration simulated with DAYCEN
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CHgproduction
DAYCENT simulated a similar cumulative flux of matie in 2011 and 2012. Simulated

fluxes were higher in FD than in WT condition. InTViluxes were equal to about 0.17

kg CH,

ha® in 2011 and also 2012 for both N input and sohef same order of

magnitude as observed data. In FD conditions fluxex® 0.49 and 0.55 kg GHa' in

2011 and 2012 without differences given by thelle¥&\ input.
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4. Conclusions

CO is released into atmosphere mainly by autotropspiration and responds to nitrogen
fertilization, tillage and crop development. Heteophic respiration also reflects the
agrotechnique, such as tillage and fertilizatian, the magnitude of emission is clearly
lower. An increase of heterotrophic respirationoalsccurred at maize harvest.
Cumulative CQwas strongly affected by climate conditions. 202 characterized by
high and steady temperature that favored emisdiba. emissions increased in 2012,
passing from the lower to higher fertilization. £@lso responded positively to an
increase of soil moisture due to WT conditionghis case in both years.

Cumulative CQ emissions in free drainage conditions ranged batwviel.5 and 21.1 t GO
ha' (from sowing to harvest). This result seems ire ligith the results obtained by
Drury et al. (2008) who found, in continuous coentifized with mineral nitrogen at
170 kg N h& y*, emissions of 14.3, 10.1 and 18.75 t.&@"* in 2003, 2004 and 2005
respectively. Instead our result is higher thars¢éhfound by Alluvione et al. (2010) .
Corn fertilized with green compost or urea duringna-year study, reached average
values of 6.67 and 5.94 t G@a'. However fertilizer rate was inferior to ours aglial
to 130 kg of N hd y* in both urea and compost. Emission reached a pedk0 for
compost and 330 kg of Ga’ d* for urea treatment in spring as a result of fieri
application. Our peak reached about 400 and 600fkgO, ha' for 17Q,+80, and
2504+118; respectively. Emission peak generated by fertilwaseems comparable.
No study was found relative to G@mission in shallow groundwater condition.

Our data shows a tendency of the soil to consuntbane by the oxidation process. The
soil can be defined as a sink for atmospherig.@tt anyway the uptake and emissions
fluxes are relatively small in the global budgetatinospheric methane, as mentioned
by Potter et al. (1996). Denitrification requiresdecomposed organic matter, as
electron donor, to obtain energy for microorganismigh consequent COemission.
This could explain the increase of €@mission in WT condition. However, no
relationship was found between,®l and CQ emissions. Results on denitrification
process given by DAYCENT tend to overestimate th® Nluxes. The model works
simulating N emissions based primarily on moistame nitrates concentrations in soil.
The model is not very sensitive to water table domat the soil moisture simulated in
WT conditions was much lower than in the real datd this probably results in an
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incomplete denitrification with pO production instead of N At the same time the
model doesn’t allow the accumulation of N, comirgni fertilizer, in the soil.

The higher emission of JO suggests, as reported by Bakken and Bleken J1£88 Del
Grosso et al. (2005), that,® emission factors should be based on multiplesyaad
not on the assumption that the N that is appliesl $gstem in one year is entirely cycled
during that year. Similar to N gaseous losses,, @&rissions were higher in
DAYCENT. The model’s ability to predict crop prodicn seems quite good. Both
biomass production and N uptake by plants had d §tiommg with the real data.

In conclusion it is noteworthy that DAYCENT has beateveloped mainly for long-period
simulation while our experiment considered only tyears. On the other hand we
worked with small plots limiting the variability irespect to the open field, but with the

risk of overestimating parameters such as produeia evapotranspiration.
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Conclusion

The thesis deals with the independent and intea&ifects of N input and water regime
on N losses via leaching and on greenhouse gasugrod. Water regime and the
resulting soil water dynamics strongly regulate yling, influencing plant growth, N
uptake, N leaching, and also involving soil micadbil transformation. N losses in saill
were a sporadic process: nitrogen leaching uswaltyirred after maize harvesting and
followed irrigation or heavy rains; gaseous N emishad a short temporal extension
after fertilization events, but with different mamgyrie due to soil water content (free-
drainage or water table conditions).

Specifically, the first chapter evidenced that higttilization (i.e. 250 and 340 kg N ha
by manure + 60 kg N Haby urea) combined with water regime of 1100 vers480
mm y* enhanced production and consequently N uptake.edemN concentration in
maize grain remained the same for each level ofifation. Free drainage conditions
ensured production only if combined with a suitabker regime. 800 mm“yseemed
not sufficient to ensure production and cause arease of N residual in soil. At the
same time too high water regime, such as 1700 rtmragsulted in substantial N
leaching and a smaller crop production due to ¢se bf N with percolation water. The
dependence of N leaching on the N rate, N resiousbil and percolation water seems
quite robust, giving the possibility to build a gil@ but specific prediction model of N
losses.

The approach used with our metamodel is quite raiffefrom that used by the DAYCENT
model in chapter 4. With DAYCENT we simulated manyputs such as maize yield,
water balance and evapotranspiration, GHGs and\ilsaching. The choice between a
simple metamodel or a mechanistic model should &demiepending on the needs and
available data. The results we obtained indicabed the use of a multi-output model
gives a lower resolution and is better adaptednig{term evaluations.

The metamodel is instead very sensitive to min@nges during the experimental period
but requires more specific input for the site anceg only one output but, in our case,
with a greater reliability. It is worth noting thatmulation of GHGs is possible only
with the use of the mechanistic model because eflange number of parameters

affecting gaseous emissions and in particular,ra @etailed simulation is required on a
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daily basis or, even better, on an hourly basisthef changes in soil water content
through the soil profile.

Chapter 3 describes how we found that emissionpebkb,O generally occurred after the
application of fertilizer and soil tillage and lasf up to 6 days. After that time the
emission rate fell and fluctuated close to 0. Thajam emission occurred in free
drainage conditions after fertilization, rangingrfr 80 to 95% of total emissions. In
water table conditions, emission just after thélfeation ranged in general from 74 to
84% of the total. As a consequence, in water tatalitions small fluxes also occurred
during the growth of maize following the applicatiof top-dressed urea. Annuaj®¢
N emissions as percentage of N input ranged betWdimo 0.13% . The value only
reached 1.2% in free drainage condition in 2011r @lues, in particular for WT
conditions, are lower than the IPCC standard of ©rfoundwater stimulated plant
growth and an accumulation of,® in water with a residence time that cannot be
defined.

CO, emissions were higher in WT condition than in EDd this is probably due to a
bacterial denitrification process that used orgamatter as energy source. Anyway
heterotrophic respiration simulated using the DAYJE model seems not very
different between FD and WT conditions. So the gne€Q emission in WT can also
be in part connected with higher root respiratioe tb major biomass production. Soil
appears to be a weak sink of atmospheric methahetimFD and WT conditions. The
interaction between chemical, physical and biolalgfactors in soil generated a very
complex set of reactions, with fluxes varying imsp and time.

The analysis of PO fluxes is an interesting way to closely approxienthe N cycle in
agroecosystems and to implement the action prodeath down by the European
Nitrates Directive. Considering the derogation eftifization for NVZs in Italy, the
limit of 250+118 kg N hdy™ seems applicable, provided that an optimal watpply
is used, to maximize maize yield. The optimum watanagement can be ensured by
the presence of shallow groundwater or by a cakdrarrigation. Groundwater can
mitigate nitrates pollution because it influendes teturn of N leached in the root zone,
by upward water movement. At the same time greest@as emissions and potential

global warming effects seem to be negligible.
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