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Abstract

A simple compartmental model using a tipping bucggiroach for the water dynamics coupled
with a nitrogen-carbon transformations model hanlkadapted to simulate the soil nitrogen and
water balance in mature orange groves on a dadfy. 3this model has been compared with the
more mechanistic LEACHN model (the N module of theACHM model), which uses
Richards’ equation to simulate soil water moveneninsaturated conditions, the convection-
dispersion equation for solute transport, and tinaaddition to including evapotranspiration, N
transformations and N plant uptake as in the cotnpartal model, it also considers gaseous
losses due to denitrification and ammonia volatizn, that are not considered in the
compartmental model. This comparison was made dateg from a three-year experiment in a
citrus orchard with two nitrogen fertilization rateAfter calibration using the first year data, a
reasonable match between simulated and measunaesvial both models was observed for soil
water storage in the whole profile for the validatperiod (2" and ¥ year), but the agreement
was not so good for the soil mineral nitrogen cotté spite of the differences in the nature
and in the complexity of the two models, the sodtev dynamics and drainage were well
simulated during the whole period by both modelewever, the LEACHN model predicted
nitrate leaching better than the compartmental ipgdebably because it considers the nitrogen

cycle in a more detailed way. This work is thetfalibration and performance evaluation of
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the LEACHN model for citrus in the Mediterranearaiand the results obtained in this study
indicate that this model can be a valid tool toleate the effects of irrigation and N

management on nitrate leaching. The compartmentaleirhas a lower data requirement and
calibration is less complex than the LEACHN modad atherefore, may be more appealing for

advisory N management purposes.

1. Introduction

Nitrogen is an important nutrient in agriculturalseems but inadequate management of
nitrogen fertilizers and irrigation, especially dneas of intensive agriculture under irrigation
and with important inputs of nitrogen fertilizeragnresult in major environmental problems
such as nitrate leaching or nitrous oxide emissitanshe atmosphere (Alva et al., 2006;
Neeteson and Carton, 2001; Quifiones et al., 200ithate pollution of groundwater is a
worrying problem in many irrigated areas in SpafMA, 2006). Ground water is used for
irrigation in 27% of the irrigated agricultural knand also provides 40% of the drinking
water. In some areas of the coastal plain in théenda region nitrate concentration in
groundwater is greater than 100 mg{ND' (MMA, 2004). In this region there are 178000 ha
of citrus, representing about 32% of the cultival@a, of which about 77000 ha are sweet
orange with a fruit production of about 1.9 Mt y&afhe most common irrigation system in
this area is flood irrigation although drip irrigat is increasing. The irrigation water use for
this crop in this region is about 750 - 900 mm ye¢Rastel et al., 1987). With respect to
nitrogen fertilization, some authors have establisthat the annual nitrogen requirement of
citrus in the Valencia region is between 600 - 08 treé' (Primo-Millo and Legaz, 1993),
approximately equivalent to 240 — 300 kg N'hthat is somewhat higher than the 200 — 250
kg N ha' year' recommended by the Valencian Code of Good Agricalt Practices
(VCGAP) (DOGV, 2010) for citrus under flood irrigan. However, there is still a large
variation in the nitrogen fertilization rates aggliby farmers.

Different studies dealing with nitrate leachingcitrus have quantified the losses of nitrate for
different fertilization practices (Lamb et al., P@9Paramasivam et al., 2001; Ramos et al.,
2002). These studies show that for nitrogen apiiticaates up to 400 kg N Hayeaf', nitrate
leaching rate was, in most cases, less than 108 kg year'. In general, nitrate leaching
losses increased with fertilizer nitrogen applicatrate and the amount of water drained, and
accounted for up to 33% of the total applied nitmogAlthough in different agricultural systems
there seems to be a direct relationship betweeogeith inputs and the increasing concentration

of nitrate in groundwater (Babiker et al., 2004uBer, 1990; Canter, 1996), nitrogen transport
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is difficult to measure, since it is affected natlyoby water flow but also by all the N
transformations that take place in soil (minerditmga immobilization, denitrification, plant
uptake, etc.).

To attain higher nitrogen use efficiency, it is eegary to improve both nitrogen fertilization
and irrigation management. Computer simulation riodan help in this improvement because
they integrate the different processes affectirgrttrogen dynamics in the soil-plant system.
Some nitrogen models in the soil-plant system dACHM (Wagenet and Hutson, 1989),
SOILN (Hoffmann and Johnsson, 1999), STICS (Brissbal., 1998) and WAVE (Vanclooster
et al., 1996). These models, after calibrationpvalthe estimation of nitrate leaching, soil
mineral nitrogen and water content for differertps under different conditions of irrigation,
rainfall and fertilization, being an inexpensivedarapid technique to evaluate the effects of
various agricultural management practicesitrate leaching (Cannavo et al., 2008; Kersebaum
et al., 2007).

The LEACHM model has been widely used and validédedeveral annual crops (Jabro et al.,
1995; Webb and Liburne, 1999). However, it has lyaliben used with perennial plants.
Harrison et al. (1999) used the LEACHM model foralerating the long-term impacts of
alternative citrus nitrogen and water managemesttimes on the Central Florida Ridge. Alva
et al. (2006) used the LEACHM model to estimate Bhdudget components for different
nitrogen and irrigation practices for citrus in dgsoils in Florida.

In this paper it is assumed that a simpler modphbke to obtain good predictions of water and
soil nitrogen dynamics in citrus orchards, wouldnbare appealing for advisory purposes. From
a practical point of view, the main problem of wssimulation models such as LEACHM is
that many experimental data are needed for thdibragion (Jung et al., 2010) and this is
probably the reason why they are baneded for irrigation and N fertilization managemeant
commercial orchards. Thus, simpler models with fedata requirements could be of interest
for estimating the water and nitrogen needs in éarfields and at a regional scale (Nendel,
2009). For this reason, a compartmental model dpeel by Contreras et al. (2009) that
combines a simple soil water capacity module withaaalytical model for the carbon and
nitrogen dynamics developed by Porporato et al032Qvas selected. This later model was
applied in the broad-leafed savannah at NylsvlieyAfBca) (D’'Odorico et al., 2003) coupled
with an existing stochastic soil moisture model pravided good results.

The two main goals of this study were (1) to adaptLEACHN and the compartmental models
to be used on citrus orchards, and (2) to calibtfegen and assess their performance using data
from a 3-year experiment with two N fertilizatioreatments. This work constitutes the first

calibration and validation of LEACHN model in cigorchards in the Mediterranean area.
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2. Material and methods

2.1.LEACHN model for citrus

LEACHN is the nitrogen module of the LEACHM modeEACHM (Leaching Estimation And
Chemistry Model) is a process-based, one-dimenkimodel that simulates water and solute
movement, and related chemical and biological geeg, in the unsaturated soil (Wagenet and
Hutson, 1989). A summary of the main terms of watet nitrogen balance and their treatment
by the LEACHN model is presented in Table 1. Thalelaescribes the one-dimensional water
flow in the unsaturated zone using the Richardsiatign. Solute transport is modeled by the
convection-dispersion equation, and the main psegeslescribed in the nitrogen module are
mineralization, nitrification, denitrification anlatilization.

Input data for the LEACHN model include soil phydicand chemical properties for the
different soil layers as well as weather and crafadThe soil physical properties include: bulk
density, hydraulic conductivity and water retentamve parameters. The water flow routine in
LEACHN uses equations proposed by Campbell (19@4)etate volumetric water content,
pressure potential and hydraulic conductivity. €kapotranspiration calculation is based on the
method proposed by Childs and Hanks (1975) usireklyealata of the class A pan evaporation
E,, the pan coefficienk, and a crop coefficienk.. Potential crop evapotranspiration is
calculated ass,-kyk.. Soil chemical properties required by the modelude: initial organic
carbon, organic and inorganic nitrogen contentsl, i@te constants for the-transformation
processes.

To apply LEACHN to citrus orchards, the nitrogemugl uptake module had to be modified
since, in its original form, LEACHN only considel uptake in annual crops. The model
requires the potential annual N uptake by the dbop since it calculates this uptake on a daily
basis, it is necessary to obtain the potentialydadlues. These were estimated based on the
seasonal uptake pattern measured by Legaz and PI®88). According to these authors the
maximum monthly N uptake in the Valencia regioririsluly (about 43 kg N h and the
minimum is in January (about 3 kg N"HaThe seasonal N uptake pattern observed by Legaz
and Primo (1988) was transformed in a cumulativeethroughout the year, and the potential
N uptake for a given day was calculated as a adti-rTNU) of the total annual uptake using

the following polynomial regression model:
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FTNU = -1.1447 FGS®+ 3.6476 FGS® - 4.2331 FGS* + 2.1291 FGS®
-0.4314 FGS?+ 0.033 FGS,

1)
where FGS is the fraction of the year passed ftoeritt of January till that day. This regression
model, had a coefficient of determinationz)(R)f 0.98, and satisfies that when FGS is zero

FTNU is also zero, to eliminate the possible negatalues for N uptake.

2.2. Compartmental model

This model computes the soil nitrogen balance madéure orange grove on a daily step and is
described in Contreras et al. (2009). The modelltex$ from the coupling of a compartmental
model of the nitrogen dynamics in the soil, devetbpy Porporato et al. (2003), with a simple
soil water capacity model described in Lidon et(2R99). A summary of the main terms of
water and nitrogen balance and their treatmenthieycompartmental model is presented in
Table 1.

The water module uses a ‘tipping bucket’ approactiné root soil profile, which is a simplified
scheme for calculating soil water content, whichuiees a relatively small number of input
parameters in comparison to a scheme using Richagigtion (Emerman, 1995). Several
modifications were made to implement a soil profiensisting of three layers of different
thickness, layer 1 (0-30 cm), layer 2 (30-60 cmjl dayer 3 (60-80 cm), according to the
scheme shown in Fig. 1. Changes in the calculatibthe different components of water
balance with respect to the original one-layer rhade as follows: a) percentage of the root
distribution in each soil layer has to be giveraasnput and this is used when calculating root
water uptake from each layer; b) irrigation anchfiai inflow is considered only in the first
layer; c) if the water content of the first layecceeds maximum allowed soil water storage, then
this excess is considered runoff; d) if the watantent exceeds field capacity, then this excess
of water drains into the underlying layer; and eimhge from a layer is a water input to the
layer below (Contreras et al., 2009).

The nitrogen module considers five N pools andrtheations are described in Contreras et al.
(2009). The model assumes that nitrogen losseslailization and denitrification are similar
to the atmospheric deposition and biological fieatiand none of these are considered. This
simplifying assumption has also been used by ah#rors (Jeuffroy and Recous, 1999). Other
assumptions are: a) mineral nitrogen inputs farfadli irrigation and fertilizers are inputs only
for the first layer; b) the inputs to the followitayer are only due to mineralization and nitrate

leaching from the above layer; c) the calculatdtbgen uptake is compared with the potential
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daily uptake of N for an adult orange tree, anddmeer of these two values is taken.

2.3. Field experiment

Data used to calibrate and validate the two sirmarianodels were obtained from a three year
experiment conducted in a commercial citrus orchiawrdhe Valencia province of Spain
(39°30°'18”N, 0°23'01"W, 14 meters above sea lgvdlhe main objective of the experiment
was to evaluate the effects of different N ferdition rates on fruit yield and nitrate leaching.
Table 2 summarizes the main characteristics ofighed experiment, while selected physical and
chemical properties of this soil are shown in TaBleln this paper, data are from two N
fertilizer treatments: N1 (150 kg N haear'), and N2 (300 kg N hayeaf) that correspond to
rates about 75 kg N Hdower and higher, respectively, than that reconaedrby the VCGAP
(200-250 kg N hayear?).

Nitrate leaching at a given depth and for a peviad calculated as the product of the drainage
for this period and the mean nitrate concentratibthe soil solution to the depth considered.
Drainage was calculated by a chloride balance (iLigibal., 1999), since this method has some
advantages over the water balance method. In thter lapproach any reduction in
evapotranspiration produced by water deficits tileotauses (nutrient deficiencies, pests, etc.)
are difficult to assess. The chloride balance netismot influenced by these factors and it is
relatively simple to use. In this method the malni@puts considered are the irrigation water
and, in some cases, potassium fertilisers, andntia outputs are: drainage, plant uptake, and
change in soil content. Chloride uptake by citmeges was estimated from Lid6n et al. (1999)
and was considered to be uniform throughout ther.y&bhere are two major sources of
uncertainty in this balance: 1) the high variapilih the soil chloride content, and 2) the
assumption of a linear change in the chloride coinagon of the draining soil solution at the
bottom plane of the soil layer considered in thiafeze from the beginning to the end of the
period considered. Ramos (1988) and Lidon et @99} reviewed the application of this
method for drainage estimation and concluded thateffects of a high spatial variability of
chloride content in soil are less important whenc¢hloride input is large relative to the amount
of chloride in the soil profile, and that at deptjreater than about 60 cm, the variation of
chloride concentration with time can be consideapgroximately linear for periods of 1-2
months. Evapotranspiration was calculated by am@ance in which drainage was obtained
by a chloride balance, and runoff was assumed trebe (this assumption is reasonable, since

the irrigation units were leveled basins surrounisieddges about 15 cm high).
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2.4. Models calibration and validation

Calibration of both models was performed using di@ta the higher N rate fertilizer treatment,
N2, for the first year. First, the water module watibrated and, after this, the nitrogen module
parameters were adjusted as described below. Batathe first year were used for calibration
because during this year there were more soil mingata available for the irrigation and
fertilization season, and this provided a widemgenf water and nitrogen contents.

Some assumptions were made in the use of both moBerl the citrus orchard used in the
experiment, a potential annual N uptake of 200 KgglNwas assumed. Although this parameter
has a great influence on the other components eofnittrogen balance, especially when soll
water and mineral nitrogen are not limiting, it wascided not to calibrate it because this
assumed value is very close to that measured bgZ.agd Primo (1988) for citrus trees of
similar age and size in the same Mediterranean Atea, it was assumed that the soil organic
C content was in equilibrium since the experimemtahard had trees 20 years old, and a
relatively constant management over the time. lditeh, since citrus are perennial plants, it
was considered that the leaf litter input kept tamisthe soil organic matter content during the
simulation period. Leaf litter input to the soilrface was taken as 2350 kg C'hgear" with a
CIN ratio of 28, representing an annual input ok§N ha' year' (Harrison et al., 1999). The
C/N ratio of the plant residues annually addedhi do0il as litterfall, microbial biomass and
litter were estimated from Moreno (2001), Ferreale{2006) and Brady and Weil (2002).

For the water module of the LEACHN model the paremseeused were those proposed by
Lidon et al. (1999) for this same orchard, with arichanges. A free-draining lower boundary
was assumed, since the depth of the groundwateBwaseters as indicated by the water level
of nearby wells. The pan coefficient to calculat@motranspiration was set tg = 0.815
(Doorenbos and Pruitt, 1977) and the monthly vabiés for citrus in the Valencia region were
based on Castel et al. (1987), and are given iariLit al. (1999). The fraction of ground cover
by the trees was taken as 0.85. The root resistaa@eneter was varied until a good fit of the
simulated water content in the soil profile wasaitéd. Root distribution with soil depth was
assumed to follow the pattern described by Ayerd Afescott (1985) for water uptake by
plants, but slight modifications were introducedadtatain a good fit of the simulated water
content in the soil profile to the measured valld®e saturated hydraulic conductivitig)(of
the soil layers was calculated following Ahuja aMiglsen (1991). Some other parameters of
the water retention curve could have been changsddd, but it was decided to vary okly
since this parameter is the main factor determimirgjnage flux in a low permeability layer

where water content is often close to saturat®oil hydraulic and crop parameters used in
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LEACHN are presented in Table 4.

Soil hydraulic parameters required by the compantaienodel were initially estimated using
Saxton et al. (1986) approach. For the calibrabbrthe water module of this model, the
guidelines given by Lidén et al. (1999) for eacli &yer (0-30 cm, 30-60 cm and 60-80 cm)
were followed. Minimum soil water content was iaily set equal to a typical water content
value measured in the soil profile just beforegation. The maximum soil water storage held
against gravity was taken as the average soil watetent measured 3-5 days after irrigation.
The initial maximum soil water storage estimate tek®&n as the water content at saturation in
the first 50 cm, plus 5 cm to account for the pailigi of water ponding due to ridges in the
irrigation basins. All these values were then aéjdigo improve the fit between predicted and
measured soil water content in each layer and againusing data measured in periods with
large soil water changes during first year. Initralues of root distribution before calibration
followed the distribution used in different studiesit the root distribution was slightly modified
from that used in the LEACHN model to better fie txperimental data. Other parameters used
in the compartmental model and not subject to catiin are listed in Table 5.

To find the most influential parameters of nitroggynamics determining the soil mineral
nitrogen content in the LEACHN model, a sensitiviypalysis was performed following
Sogbediji et al. (2001, 2006). Multiple runs of tnedel were performed in which changes of
each parameter selected were made. The ammoniumiteate soil content and nitrate leaching
were affected by changes in the potential annuaptdke and by changes in the rate constants
for mineralization, nitrification, ammonia volaghtion from surface, and denitrification. The
measured mineral nitrogen content in each layerth@sariable used in the calibration process
for N parameters. The sensitivity analysis showsat the most important parameters were:
potential annual N uptake, native organic mattenaralization rate constant, synthesis
efficiency factor and humification fraction, ammaniolatilization, denitrification, nitrification
and litter mineralization rate constants. Adjustmehthe selected parameters followed the
order: the humification fraction, the rates of ifitation, denitrification and mineralization of
litter, and finally the rate of mineralization afifmus and the synthesis efficiency factor.

In the compartmental model respiration and huntificaefraction, microbial biomass death rate
and partition nitrogen coefficients were obtaineshf D’Odorico et al. (2003). For the nitrogen
module the calibration process was started witlkg¢hmarameters with a similar meaning in the
LEACHN model and they were varied to obtain thetbi#swith the measured soil nitrogen
mineral content.

Calibration of a given parameter was finished whether adjustments no longer reduced the

difference between measured and simulated data tisen root mean squared error (RMSE)
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given by

RMSE= /%\I Z(Di)2 2)

where D, is the difference between the measured valie gnd the corresponding value

O
calculated by the modelY(;), andN is the total number of values of soil water anchenal

nitrogen content. This procedure was performeeémh soil layer starting with the top layer.

To assess the accuracy of the calibrated modeljlaied values were plotted against the
corresponding measured values on a 1:1 graph,hendotrelation coefficient (r) and the mean
difference between simulated and measured data ws=e as criteria to evaluate the model
predictions. In addition, other indices have beemputed such as the relative root mean square
error (RRMSE) and the agreement index (Al) desdribéwWallach (2006) and given by,

RRMsE= "MSE A3)

(4)

Where\_( is the average of thé¢ values.

Validation of both models was performed using dfntan the second and third years of

treatment N2, and from the three years for treathdn For this purpose, measured values of
the soil water content of the different layers &nel amount of water stored in the whole soll

profile, drainage, soil mineral N content, andatirleaching were compared with the simulated

values. The statistical indices listed above wkes bbtained.

3. Results and discussion

3.1. Models calibration

The calibrated water parameters, N transformatid® constants and other adjusted parameters

are presented in Table 6. Differences between g@arameter values for both models are due to

the different meanings they have in each model.ekample, in the compartmental model the
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rates of litter and humus decomposition and thefindtion depend on soil moisture and the
microbial biomass content, whereas in the LEACHNdeionitrogen mineralization rates
depend upon the rate of decomposition of the ocg@npools, the N content of these pools, and
the C/N ratio of the decomposition products, antlifitation proceeds at a potential rate
decreasing until a given maximum RIIH," concentration ratio is achieved (Johnsson et al.,
1987).

After calibration, simulated and measured soil wat®rage values for the three soil layers
were, in general, close in both models (Table @},tbe LEACHN model overestimated soil
water content, whereas the compartmental modeletertd underestimate it (Fig. 2). Both
models gave a high correlation coefficient (r) agdeement index (Al) in the surface layer (O-
30 cm), probably because this layer has the higieesporal variation, and this improves the
calibration. The fit obtained in the second anddayers is not as good as in the surface layer,
probably due to a lower range of variation of ss#ter content that made calibration less
accurate (Fig. 2). On the whole profile, the prédit error (RRMSE) was 11% for the
LEACHN model and 8% for the compartmental modethva correlation coefficient similar in
both models. The high values of tAé for LEACHN and for compartmental model indicate a
good match between simulated and measured dati@efaalibration period.

For the calibration period, soil water storage $ated by LEACHN was more responsive to
water application than in the compartmental mo#&ed.(3), and the influence of the hydraulic
properties of a given layer on the water contentanbther layer was also greater in the
LEACHN model. This is due to the different treathehwater dynamics in both models: while
in the compartmental model, the water exceedirld fiapacity value is attributed immediately
to drainage, in the LEACHN model water flow is deteved by Richards’ equation, that uses
the hydraulic conductivity as a key variable, and water content changes in the lower soil
layers after an irrigation or rainfall event cakeaeveral days. These effects on soil water flow
in the LEACHM model might explain theverestimation of water storage values at the énd o
the irrigation period and the beginning of the yaseason, if the assigned saturated hydraulic
conductivity for the 60 — 80 cm layer was lowerrthibe real value. The calculat&dfor the
deepest soil layer, following Ahuja and Nielsenq1p was very low, and this resulted in much
lower drainage values in comparison to those obthby chloride balance. To correct for this,
the ks for this layer was increased to obtain a bettdodiween the simulated and measured soil
chloride content during the first year, since gsdiloride content depends on drainage. The
compartmental model does not account for thesealwidrconductivity effects, but despite this
and although its calibration was simpler, the msswere acceptable.

For the soil mineral nitrogen content (Table 7 &mgl 2), although RRMSE showed that the

10
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agreement between measured and simulated dataotvas good as for soil water content, the
Al indicated that the agreement for the whole peofras good and similar for both models. The
worst fit occurred again in the third layer, aswhdy the low agreement index obtained for
this layer. In this layer the main process govagnine N dynamics is nitrate leaching that
depends strongly on the water flow, and the cdiitmaof the N transformation parameters is
less important.

The loweragreement between observed and simulated valugbdosoil nitrogen content in
both models is not surprising since there are npaegesses involved in the nitrogen cycle
(including water movement). In addition, in the qgartmental model the temperature and soil
moisture effects on some parameters are not takenaccount. In the 60 — 80 cm soil layer,
differences between measured and simulated N domtdnes were larger in both models,
reflecting probably the accumulation of simulatiemors when going from the upper to the
deeper soil layers, as well as the difficultiescalibrating the hydraulic parameters for these

layers for the reasons mentioned before.

3.2. Models validation

In the validation test both models predicted sa@tev content even better than in the calibration
period, but for soil mineral nitrogen content tlgreement between measured and simulated
values was worse than for water, and slightly Ibdtie the N2 treatment (Table 7), probably
because calibration used N2 treatment data. F$9o8/s the measured and simulated soil water
storage and cumulative drainage at 80 cm for batdets in the whole period. In this case,
there are no differences between N treatments bectdne water input was the same in both
treatments. It can be seen that both models fiddta well in the first year of the validation
period, but that in the last year the LEACHN mogiedlerestimates drainage.

A comparison of the measured and simulated soémzdlance components values is presented
in Table 8. It can be observed that the simulatedutative ETc for the 3-year period and the
annual values were close to the measured valuestinmodels, except for the third year in the
LEACHN model where there was an overestimation lmfua 10%. Simulated drainage was
within 14% from the measured values for the two at®dh the first two years, and only in the
third year the LEACHN model underestimated drainggessly. Although drainage obtained by
chloride balance method has some uncertaintiesLigéa et al., 1999), these are mitigated in
this case because the chloride balance is caldufiadm several points (3 points per tree, 2 trees
per treatment, and 2 treatments), and becausevasilsampled several times throughout the

year. This provided a chloride balance for eachpdiawg period, and annual drainage was

11
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obtained as the sum of drainage in each period.

Simulated runoff was relatively small in all cagésss than 6% of total water input). In the
compartmental model runoff is calculated from thaximmum soil water storage, while in the
version of LEACHN model used in this paper rungfithhe water that cannot infiltrate in the
time step considered. Although runoff was not messut is unlikely that it was important
because of the ridges (about 10 — 15 cm high) sodiog the irrigation units that prevent the
generation of runoff, except when heavy rains acbuthe soil water balance (Table 8), the
variation of soil water storage is small relative the other terms, and can be considered
negligible for long periods of time.

An estimate of irrigation efficiency was obtained alaulating the ratio
evapotranspiration/applied irrigation water, durandong period of the main irrigation season,
when the rains were not significant. Very high easwere obtained (even higher than 100%)
indicating that irrigation applied by the farmer sveower than required (221 — 413 mm as
compared ta@50 — 520 mm that is considered normal in thisque(Castel et al., 1987)). These
water deficits must have induced a reduction imi@atvapotranspiration during some period in
summer, and therefore an upward water flow fromsié layers below the 80 cm depth (soil
moisture in the 80-150 cm soil layer was alwaysatmethan that of the 60-80 cm layer (data
not shown)).

For the validation period both models reproducdditirely well the measured values of soil
mineral nitrogen content in both N treatments,@ltfh a slight underestimation was observed
in the N1 treatment (Fig. 4). The errors associatgld both models (RRMSE) for the N1 and
N2 treatments were similar, but the agreement esdfor N1 were lower than for N2 (Table 7).
The main components of the N budget for the twoddtments are given in Table 9. Simulated
plant uptake was the major N output term, accognfon 72 — 77% of the total N output for
treatment N1 and 61 — 63% for treatment N2. Faattnent N1, simulated plant uptake was
greater than total input (in fertilizer and irrigat water) indicating that the citrus trees had to
use part of the initially available soil mineratrogen and that produced by mineralization. The
differences in the N plant uptake in both modets @obably due to the different soil nitrogen
content simulated by both models, to the diffeedgbrithms used for N plant uptake, and to the
differences in the simulated evapotranspirationtheLEACHN model N uptake (nitrate and
ammonium) occurs in the transpiration stream bgaiinot exceed the potential N uptake. If
this uptakedoes not satisfy the plants requirements, thelfffasdie component for nitrate only
is calculatedIn thecompartmental model N plant uptake is calculatéelgas a function of N
concentration in the soil solution and root watgtale.

Mineralization values estimated by both models wereaverage, about 100 and 125 kg N ha

12
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year® for the compartmental and LEACHN models, respetyivThese values are within the
range measured by Dou et al. (1997) for the 20kyreirus trees growing in Florida with sandy
soils and organic matter content ranging from 2¥-g kg', and those reported by Lidén et al
(2006) in an area close to the experimental pldah & similar soil but cultivated with vegetable
crops. These results indicate that mineralizatimviges a significant portion of the annual N
requirement. The steady state assumption for theueicompartment considered in this paper is
supported by results in the compartmental modeighveimulated only a 0.6% reduction in the
initial content of soil organic nitrogen over thrgears, whereas the LEACHN model simulated
this reduction was of 1.5%, indicating that to aefei equilibrium in soil N humus content, it
would be necessary to increase the fraction efltttat is transformed into humus.

Gaseous losses of N by NMolatilization simulated by the LEACHN model repesited 9%
and 11% of applied N in the N1 and N2 treatmerdspectively. These values are within the
range reported by Alva et al. (2006) for a citrusvg fertilized with ammonium nitrate and urea
and with a fine sand soil with a pH of 6.0 for thaface layer. The low denitrification values
simulated by the LEACHN model are consistent whth €xperimental conditions: well-drained
soils, with only a few days of irrigation or heangins during which some gaseous losses could
occur (Paramasivam et al., 1999).

Measured nitrate leaching represented about 30%heftotal nitrogen input in both N
treatments for the whole period. Since both treatmbad the same drainapecause the water
input was the same for both N treatments, the lagdafifferences observed reflect the different
nitrogen input in each treatment (Fig. 4). Nitr@ching increased with N fertilization, and was
well predicted by the LEACHN model, but the compahtal model overestimated it by 60%
and 49% in treatments N1 and N2, respectively. implat the simulated leaching for the
different years for the compartmental model, itdmes apparent that it is in the second year
when the differences between measured and simulateds are greater. This is also observed
with the LEACHN model but much less pronounced (&&), and there are not clear reasons
for this overprediction in both models. With respéa the differences in nitrate leaching
between the two models, it is possible that thesalae to the higher drainage simulated by the
compartmental model and to a higher availabilitgaif nitrate in this model, probably because
it does not consider volatilization nor denitrifiican losses. However, the LEACHN model
simulated a higher mineralization than the compantia model, and this would increase nitrate
leaching, contrary to what is observed. Despitedtdifferences in nitrate leaching, both models
gave similar total N losses.

These results indicate that the LEACHN model piedicnitrate leaching better than the

compartmental model, probably because it consitfersiitrogen cycle in a more detailed way

13
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w
(63}

and includes processes such as volatilization trifgzation and accounts also for temperature

effects on the N related rate constants.

3.3. Using the models to improve N management

Once calibrated and validated both models, diffefertilization and irrigation management
practices were assessed considering only the ems@otal aspects (nitrate leaching and
gaseous nitrogen emissions), since agronomic eftatyield or tree growth are not included in
both models, and can only be estimated indireclyoloking at the simulated soil mineral N
availability and the N uptake, that can be lowemthhe potential uptake and, therefore, limit
yield and growth.

Table 10 shows the scenarios considered, in whiitfation rate, N fertilizer rate, the chemical
form of nitrogen used and the number of fertiliapplications were varied. Nitrate leaching, N
plant uptake and other N losses, as volatilizadod denitrification, obtained in each of the
scenarios are compared with results obtained withventional management (N2 in field
experiment). The simulation period included thee¢hyear period used in the evaluation of the

models.

The results show that the variation in the irrigatrate £ 10%) produced changes in drainage
and therefore in nitrate leaching (Fig. 5). Inchegsrrigation causes increased nitrate leaching
(9%), whereas reducing irrigation decreased it8y®without affecting N plant uptake.

The decrease in the N fertilizer rate affectededéht outputs of nitrogen balance. A reduction
of 10% in N rate produced a similar reduction dfate leaching, in both models (Fig. 5, Sc3),
but this did not affect N plant uptake. In this @ashe LEACHN model also predicted a
reduction of volatilization (12%) and denitrificati (15%). Using ammonium nitrate instead of
ammonium sulphate did not affect nitrate leaching deduced volatilization (6%). Increasing
the number of N applications and reducing the thitahte resulted in a greater nitrate leaching
reduction. Using the N fertilizer rate recommentigdhe current regional legislation (DOGV,
2008) reduced nitrate leaching by 19% (Fig. 5, Sef)le N plant uptake was barely affected.
The combined effect of the reduction in irrigatiand nitrogen rates resulted in an important
nitrate leaching reduction of 17 — 25% (Fig. 5, 0@ Sc10), similar to the sum of the
reduction caused by irrigation and fertilizatiopaetely, in both models.

Additional examples on the use of the LEACHN mddelN management in citrus orchards in

the Valencia region are given in Lidon and PacRé8%).

4, Conclusions

14



© 00 N o 0o W DN P

N DN NNMNNNNNRRRRRRR R R R
N o 00N WNP O © 0 ~NO O N WIDINPRL O

W W NN
O O ©

W W W w
ga b~ WD

Two different models to simulate water and nitroghmamics in a soil profile have been
adapted for their use on citrus orchards and asdessing data from a three-year field
experiment with two nitrogen application rate tre@hts in a commercial citrus orchard in the
region of Valencia (Spain): a compartmental modghg a tipping bucket approach for the
water dynamics and a transport model based oroth&an of physical equations governing the
movement of water and solutes in soils.

After calibration, the compartmental and LEACHN ratedgave relatively good estimations of
soil water content in the whole period. The comparital model predicted drainage better than
the LEACHN model, and the simulated evapotrangpinatvas similar in both models. With
respect to the soil mineral N, the LEACHN modeldiceed well the measured values for the
calibration period in the soil profile (0-80 cm)utbfor the validation years, this agreement
decreased in both N treatments. The compartmerddehgave good predictions for the soil
mineral nitrogen content, but overpredicted nittatehing.

Calibration of the compartmental model is easiantthat of LEACHN and this is important if
the model is to be useas an advisory tool for crop management in comrakmmichards.
Improvement of the compartmental model could beedoyt a) introducing some algorithms to
simulatethe N gaseous losses (ammonia volatilization amdtrifecation), b) modifying the
tipping bucket approach to allow for a temporalagieh the water flow from one soil layer to
the other and to avoid abrupt changes of drainagene, and c¢) accounting for the temperature
effects on the nitrogen transformation parametfilse compartmental model has been
implemented in a Matlab code and is available tothier test and research on request to the
authors. The comparison of the observed and pestlicalues of drainage and nitrate leaching
demonstrates that both models, once calibratedbeamsed to evaluate different management
strategies of irrigation and fertilization to ackeethe goal of reducing nitrogen pollution from

agricultural sources without reducing yield.
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Tablel

Main characteristics and processes related to wadr nitrogen balance and their treatment by the
LEACHN and compartmental models.

Processes

LEACHN Compartmental model

Water related

Evapotranspiration

Water flux

Soil hydraulic
parameters

Runoff

Nitrogen related

Input

Nitrogen pools

Plant uptake

Mineralization

Nitrification

Denitrification

N rate constants Temperature@,), water content

adjustment

Leaching

Adsorption
Volatilization

Potential ET and considering sBiotential ET corrected as a
water content, root resistance anfinction of soil water content and a
root density minimum soil water storage below

which plants cannot extract water

Richards’ equation; water content A function of maximum soil water

and hydraulic conductivity based storage held against gravity. No

on Campbell’'s equation lateral water flux to or from soil is
assumed

The Campbell’s coefficientsEstimated after Saxton et al. (1986)
estimated according to Hutson andnd Lidén et al. (1999)

Wagenet (1991) and saturated

hydraulic conductivity estimated by

Ahuja and Nielsen method (1991)

A function of maximum infiltration A function of maximum soil water
and the rate of water application storage

Rainwater, irrigation, fertilization, Rainwater, irrigation, fertilization,
organic amendments organic amendments

Humus, litter, organic amendmentdumus, litter, microbial biomass,
urea, ammonium and nitrate ammonium and nitrate

A function of N concentration in A function of N concentration in

soil solution and root water uptake soil solution and root water uptake
First order kinetics Nonlinear kirost

Depends on a given potential rate Nonlinear kinetics
and the actual NONH," ratio

First-order process with respect to Not considered
nitrate concentration

Water content

Convection-dispersion equation Determimgdoncentration in

soil solution and drainage
Adsorption isotherm Not considered

First order kinetics with respect to Not considered
ammonium concentration

20



~N O 01 AW

Table?2

Characteristics of the experimental plot.

Crop
Scion
Rootstock
Planting density
Typical yields

Soil type

Tillage
1 and 8'year
2 year

Irrigation
Method
Period
Average water applied
Measuring method

Fertilizer treatments
Rate
Number applications
Chemical form

Soil sampling
Number of samples
Depth
Frequency

Soil analysis
Gravimetric moisture
Nitrate
Ammonium
Chloride

Meteorological data

Water analysis (average)
Nitrate in rainfall
Chloride in rainfall
Nitrate in irrigation
Chloride in irrigation

Others
N uptake and litter fall

Citrus sinensid.. Osbeck cv. Navelina
Citrus aurantiumL.

453 trees/ha (4.8 m between rowls4a6 m within rows)
35t0 45t ha

Xerofluvent

rototiller and cultivator to break the soitfage crust
non tillage

flood irrigation in basins (3.5 x 11Z)m
April to October (8-10 irrigations)
58 mm (with tillage); 32 nmorg tillage)
Rectangular sharp-crested weir

N1: 150 kg N hiayeai'; N2: 300 kg N ha year*
3 (about April, June and Aupust
ammonium sulphate

three points/tree, in two trezgneatment (Lidon et al., 1999)
0-30, 30-60 and 60-80 cm
6-7 times per annual season

drying the sample at 105 °C
ultraviolet spectroscopy (Sempere et 893)
Berthelot method (Keeney and Nelson, 1982
saturated paste extract and a Corningricleld\nalyzer 926

IVIA station (4 km away frompeximental site)
5mg N@ L™
12 mg CL™

83 mg N@L™ (groundwater), 17 mg NOL™ (surface water)
136 mg CL™ (groundwater), 125 mg QL™ (surface water)

Estimated form Legaz amuo®(1988); Quifiones et al. (2003)
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1 Table3
2  Soil physical and chemical properties of the experital plot.

Depth (cm)
Soil properties 0-30 30-60 60 — 80
Texture (%)
Sand 67 35 24
Silt 17 35 39
Clay 16 30 37
Textural class (USDA) sandy loam clay loam claynoa
Organic C (g C kg) 9.0 8.0 8.0
Organic N (g N k@) 1.0 0.9 0.9
pH (KCI) 7.5 7.5 7.5
CEC (cmol kg™ 8.8 12.1 -
Bulk density (Mg ri?) 1.25 1.51 1.73
3
4 Table4s
5  Soil hydraulic, crop and nitrogen related paransetatues used in LEACHN.
Parameter Value
Soil hydraulic
Water retention parameters
Air entry value (kPaj -0.840/-1.960/ -3.070
Exponent in Campbell’'s equatién 3.59/5.91/9.33
Crop
Roots distribution (%} 51/40/9
Maximum ratio of actual to potential transpiration 1.1
Root resistance 125
Ground cover fraction 0.85
Annual N uptake (kg h 200
Nitrogen®
Partition coefficient Ni&-N (L kg™) 2.6
Partition coefficient N@-N (L kg™) 0.0
C/N ratio (biomass and humus) 10
Q1o 2.0
Base temperature at which rate constants apply (°C) 20.0
High end of optimum water content range, air-filled 0.08
porosity
Lower end of optimum water content (kPa) -300
Minimum matric potential for transformatiohgkPa) -1500
Relative transformation rate at saturation 0.6
Ammonia volatilization (day) 0.5
Denitrification half-saturation constant (mg)L 10.0
Limiting NO5;/NH," ratio in solution for nitrification 8.0

6  *Values for the three soil layers 0-30, 30-60 a®B6 cm, respectively
7 P All parameter values in the simulations taken fidtagenet and Hutson (1989) or Harrison et al. (1999
8  °Mineralization, nitrification and volatilization
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Table5

Crop and nitrogen parameters values used in th@admental model and not subject to calibration.
Parameter Value

Roots distribution (96) 65/30/5

Ground cover (%) 0.85

Pan coefficient k 0.815

C/N ratio litter 28

C/N ratio humus 10

C/N ratio microbial biomass 8

Microbial biomass death rate (d8y 0.00137

#Values for the three soil layers 0-30, 30-60 a@é86 cm, respectively.

Table6
Water related parameters, N transformation ratestamis obtained after calibration for soil wated an
mineral nitrogen content.

Variable LEACHN Compartmental model
Sat. hydraulic conductivity (mmi-i 4400/500/ 132 -
Water storage (mm)

L max - 110/117/70

L - 60/60/43

I-crit - 34.2 / 60/ 43
Synthesis efficiency factor 0.30 -
Respiration factor - 0.50
Humification fraction 0.45 0.30
Mineralization rate constants (d8y

Litter® (2.0/2.0/2.0)x 18 (0.6/4.0/4.0) x10

Humug (9.0/1.0/4.0)x 18 (6.8/0.04/2.0) x1®
Nitrification rate constantgday") (6.0/6.0/6.0)x 10 (6.0/0.7/0.5) x16
Denitrification rate constants (ddy 0.2/0.3/0.001 -

#Values for the three soil layers 0-30, 30-60 ad868 cm, respectively.
® Although the original units of the compartmentaddal are different, they have been transformed to
those used by the LEACHN model to facilitate congaar.
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1 Table7
2  Statistics for the comparison between observedsimdlated values for soil water storage (mm) andemal nitrogen content (kg N Bafor the calibration and
3 validation periods in both models.

Calibration period Validation period
0-30cm 30-60 cm 60-80 cm 0-80 cm 0-80 cm

Statistics LEACHN Compartm. LEACHN Compartm. LEACHN Compartm. LEACHN Compartm. LEACHN Compartm.
Water
M ean difference -0.7 0.2 -3.1 2.7 9.1 10.1 -5.0 2.4 -4.0 0.6
RM SE 4.0 5.4 6.8 3.6 9.8 11.0 12.6 9.1 13.7 10.1
RRM SE 0.13 0.18 0.14 0.07 0.20 0.22 0.11 0.08 0.11 0.08
Al 0.95 0.94 0.76 0.91 0.55 0.49 0.87 0.93 0.91 0.95
Nitrogen (N2)
Mean difference 18.9 6.1 -6.0 -6.5 -4.8 0.8 8.1 0.4 -37.5 -14.8
RM SE 22.8 104 6.6 13.8 9.5 7.7 18.4 20.0 68.2 76.2
RRM SE 0.43 0.20 0.24 0.50 0.41 0.33 0.18 0.19 0.36 0.40
Al 0.85 0.97 0.90 0.80 0.33 0.19 0.91 0.93 0.76 0.73
Nitrogen (N1)
Mean difference - - - - - - - - 23.5 15.0
RMSE - - - - - - - - 41.5 45.3
RRM SE - - - - - - - - 0.39 0.42
Al - - - - - - - - 0.61 0.65
4
5
6
7
8
9
0
1

e
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Table8
Water balance components measured and simulatedl (mm

Measured Compartmental model LEACHN mode
Water balance Total Total Total
. a . a . a
component Periods (three years) Periods (three years) Periods (threeyears)
I nput®
Rainfall 388 /460 /222 1070 388 /460 /222 1070 388 //451p 1070
Irrigation 221/303/413 937 221/303/413 937 221 / 30B% 937
Total input 609/ 763 / 635 2007 609 / 763 / 635 2007 609 /&3 2007
Output
ET 489 /630 /566 1685° 471 /575 /566 1613 499 /629 / 626 1754
Drainage 128/110/78 316 123/125/68 316 122/100/2 242
Runoff - - 37/39/0 76 5/3/3 11
Total output 617/ 740/ 644 2001 631/739/634 2005 626 /D 2007
Change
A Soil water -8/23/-9 6 2212411 3 -18/31/-14 -1

431 May 91 — 10 April 92/ 11 April 92 — 5 April 88 April 93— 3 March 94

®Rainfall and Irrigation data are inputs to both misdand equal to the measured values.

¢ Calculated by water balance assuming that rusaigpligible
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Table9

Nitrogen balance for the low (N1) and high (N2}iferation rate treatments (kg N ﬁ)a
N balance MeasuredTOtal Compartmental r?(c)):jaejzl LEACHN moi(?)ltaJ
. a . a . a
component Periods (three years) Periods (three years) Periods (three years)
N1 treatment
I nput
Rainfall 4/5/2 11 4/5/2 11 4/5/2 11
Irrigation 25/10/16 51 25/10/16 51 25/10/16 51
Fertilizer 30/170/150 350 30/170/150 350 30/1700015 350
Mineralization - - 75/119/116 310 119/133/123 375
Qutput
Plant uptake - - 152 /182 /162 496 169/205/199 573
L eaching 44 142 37 123 49/981/49 196 45/62 /13 120
Volatilization - - - - 5/18/18 41
Denitrification - - - - 3/8/1 12
Change
A Nmin -11/20/31 40 67124173 30 -45 /25 /59 39
N2 treatment
I nput
Rainfall 4/5/2 11 4/5/2 11 4/5/2 11
Irrigation 25/10/16 51 25/10/16 51 25/10/16 51
Fertilizer 80/320/300 700 80/320/ 300 700 80 /3200 30 700
Mineralization - - 62/63/91 216 118/133/123 374
Output
Plant uptake - - 109/335/318 514 173 /204 /200 577
L eaching 68/73/77 218 7211711782 325 66 /126 /36 8 22
Volatilization - - - - 10/37/36 83
Denitrification - - - - 712214 33
Change
A Nmin -11/21/160 170 -57 /38 /158 139 -29/77% 16 213

431 May 91 — 10 April 92/ 11 April 92 — 5 April 8 April 93— 3 March 94
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Table 10

Different scenarios evaluated with LEACHN and conmp&ntal model in a three year period.

Scenario M anagement N ratefertilization Number of  Chemical Irrigation (mm)
9 (kg N ha year™) applications  form? (threeyears)

Sc0 Conventional fertilization and irrigation 300 3 AS 937

Scl Conventional fertilization and increased irtiga (+10%) 300 3 AS 1031

Sc2 Conventional fertilization and reduced irrigat{-10%) 300 3 AS 843

Sc3 Reduced fertilization (-10%) 270 3 AS 937

Sc4 Reduced fertilization (-10%) and two chemicairfs 270 3 AS - AN 937

Sch Reduced fertilization (-10%), two chemical fernand 270 4 AS - AN 937
increased number of applications

Sc6 Reduced fertilization (-10%) and reduced itraya(-10%) 270 3 AS 843

Sc7 Rate fertilization according to VCGAP 230 3 AS 937

Sc8 Rate fertilization according to VCGAP and twioemical 230 3 AS - AN 937
forms

Sc9 Rate fertilization according to VCGAP, two clhesh forms 230 4 AS - AN 937
and increased number of applications

Scl0 Rate fertilization according to VCGAP and itlirrigation 230 3 AS 843

(-10%)

& AS = ammonium sulphate; AN = ammonium nitrate; \AFG= Valencian Code of Good Agricultural Practices

27



OO WN

—
A l ¢ |
¥ 4
DI C
]
'y T,
v 2
Z, L,
\ 2
k J
DE CE T3f T3
|
Z, Y L,

D4

Fig. 1. Three layers soil water module. R indicates rdlinfarrigation, S runoff, ET evapotranspiration
in layer one, 7 and T; transpiration in layers two and three, L, and L; soil water content in each layer,
D, D, and B3 drainage in each layer and &nd G capillary rise.
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Fig. 2. 1:1 plot and regression of measured and simulatéidwater storage (left) and soil mineral
nitrogen values (right) in each soil layer afterdabcalibration (using data from first year andhhig
nitrogen fertilizer rate, N2).
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Fig. 3. Soil water storage and cumulative drainage medsate80 cm depth and simulated with
LEACHN and with the compartmental model during ttadibration period (first year) and validation
period(second and third year). At the top, water inputréinfall and irrigationEach data of soil water

content is the average of four points (see tahl&@itical bars represent the standard error.
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Fig. 4. Mineral nitrogen content in the soil profile andnmulative nitrate leaching at 80 cm soil depth mead and simulated with the LEACHN and the
compartmental models during the calibration anddasibn periods in treatments N1 and N2. The arrslécate the fertilizer applications in both tnea&ints. Each
data of Nmin is the average of two points (seect@p! Vertical bars represent the standard error.
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