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ABSTRACT

Nitrate losses from soil profiles by leaching should preferentially be monitored during high rainfall events and
during irrigation when fertilizer nitrogen applications are elevated. Using a climatologic water balance, based on the
models of Thornthwaite and Penman Monteith for potential evapotranspiration, drainage soil water fluxes below the
root zone were estimated in a fertigated coffee crop. Soil solution extraction at the depth of 1 m allowed the calculation
of nitrate leaching. The average nitrate concentration in soil solution for plots that received nitrogen by fertigation at
a rate of 400 kg hlawas 5.42 mg &, surpassing the limit of the Brazilian legislation of 10.0 mgdnly during one
month. For plots receiving 800 kg-haf nitrogen, the average was 25.01 my 2.5 times higher than the above-
mentioned limit. This information indicates that nitrogen rates higher than 400'kayé@otentially polluting the
ground waterYearly nitrate amounts of leaching were 24.2 and 153.0kfphéhe nitrogen rates of 400 and 800 kg ha
1 respectivelyThe six times higher loss indicates a cost/benefit problem féeectdrtigations above 400 kg-ha
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RESUMO

Lixiviacdo de nitrato por meio do balanco hidrico climatol6gico na cultura de café fertirrigada

As perdas de nitrato no perfil do solo por lixiviacdo devem ser monitoradas preferencialmente em ocasides de altas
precipitacdes pluviométricas e irrigagbes quando o uso de insumos nitrogenados € elevado. Foi utilizado o balanco
hidrico climatolégico empregando os modelos de Thornthwaite e Penman Monteith na obtencéo da estimativa de
evapotranspiracao potencial para calcular os fluxos de drenagem de agua abaixo da zona de raiz em lavoura de café
fertirrigada.A extracao da solugdo do solo a uma profundidade de 1 m permitiu o calculo do nitrato lixiviado.
concentracao de nitrato na solucao do solo nas parcelas que receberam 4@& kgtiwgénio foi em média 5,42 mg
L%, ultrapassando o limite da legislacao brasileira de 10,0 frepnlapenas um més. Para as parcelas em que se
aplicaram 800 kg hede nitrogénio, o valor médio foi de 25,01 my gue € 2,5 vezes maior do que o limite supraindicado.

Essa informagcé@o mostra que doses de nitrogénio superiores a 400 dd@phaotencialmente poluidoras de aguas
subterrédneas. Os montantes anuais de lixiviagcéo de nitrato foram 24,2 e 153 ,0d¢g halica¢cdes de 400 e 800 kg ha

! de nitrogénio, respectivamente. Essa perda seis vezes maior em ralacdo a menor aplicacdo indica um problema de
custo/beneficio em fertirrigacdes acima de 400 kig ha

Palavras-chave:Thornthwaite, Penman-Monteith, evapotranspiragéo, drenagem profunda, ureia.
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INTRODUCTION The N-NQ in the ground water is of worldwide
8oncern (Stewaret al, 2006) and the main factors that

. Irr_lgated_ coffee pIanta_1t|ons .havg INCTeasel g ience its leaching are rainfall, irrigation, N application
significantly in the last years in Brazil, mainly in COffeerates and soil texture (Andradeal, 2009). Several of
growing areas, which traditionally were not used to gro ese factors have anthropic cau’ses and can, therefore
this sort of crop. Reports have shown an increase of ab létmanaged to minimize pollution effects and to 'maximize '
44% in the productivity of highly dense coffee pIantationFertilizer uptake (Primavesit al, 2002).

nder irrigation I L, 2011). Fertigation is th . .

u de_ _gato. (SC{.’I cet.a ; 0 ). Fe ngto S the The losses of N-NOby leaching are directly related
combination of irrigation with fertilizer application. In these . . . . . .
. . . . with the concentration and intensity of drainage soil water
new growing areas, it is common to find extensive aregs . .
I . . Tluxes, so that both have to be monitored when high do-

irrigated by central pivot systems, used for fertigation, . . . . .
. . .~ ses of N fertilizers are applied during periods of intense
The advantage of such systems is the joint application of. Lo .
. . . rainfall and irrigation. Direct measurements of these
water and fertilizer; however with a potential to promote : : .
leaching parameters in the field are tedious and costy that

. . lternatives that make use of climatologic data are man
During the last two decades, coffee cultivation in Braz? g y

was extended from traditional coffee growing areas to t imes welcome. Measurements of concentration of the N-
9 9 PKFOS' in the soil solution allow the calculation of losses by

Brazilian savanna or “cerrado” plains, as those of Bahla L . . .
. . : . leaching, i.e., the potential of leaching of an agricultural
state. Coffee growers in this region have been usin stem

. _ 1
nitrogen () rates (Ofth? orQerofGOO 800 k@jrear of Thus, using a climatologic water balance in the
N) far above those applied in other coffee producing areas

application of the models of Thornthwaite and Pennan-
(150 - 450 kg hayear" of N) (FAO, 2010; Bortolott@t al, Mpopnteith to assess the potential evapotranspiration, the
2011; Brunoet al, 2011; Netoet al, 2011). Without any b P P '

S . . : .~ . deep drainage soil water fluxes below the root zone was
scientific basis for these excessively high N application .. . .

. . -estimated. Measuring the concentration of N;Ni@low
rates, losses to the environment are likely to be occurri

. . . 1% rooting de th, N leaching was estimated in a fertigated
(Milroy et al, 2008; Sitthaphanét al, 2009). g dep ing was est ' 9
. . . coffee crop over an area located in the central plains of
The concentration of nitrate (N-NQ in the

. L B[(azil, areas originally covered by savannah.
groundwater is generally high in areas where farmers see

higher retgrns W|thou.t cqn5|der|ng the occurrence (N/IATERIAL AND METHODS
excesses in the application of doses of N fertilizers.
Therefore, it is important to rationalize the application of The study was carried out in a figlated coffee
these fertilizers, a measure that ensures sustainabilityéntation under central pivot irrigation, in Barreiras, Bahia
the environment. The N-NQs the most discussed ion in State, Brazil (1° 46’'S and 45° 43V, 740 m above sea
the literature, in relation to ground water pollution due ttevel). The crop was established nine years ago, on a very
its high solubility in water and potential for leachingflat area, formerly occupied by savannah, locally called
(Hansenet al, 2000;Assadiet al, 2002; Basset al, “cerrado”.
2005; Jadoslet al, 2010). The local climate is of thew type, corresponding to a
Leaching happens when nutrients are carried out trbpical sub-humid class with summer rain and a well-
the root zone, to greater depths in the soil profile ($itva defined dry wintefThe rainfall varies between 800 to 1800
al., 2006; Jadoslét al,, 2010; Bortolottet al, 2012), and mm per yearand is concentrated from OctoberAjoril
these nutrients may reach ground watd&he (SEI, 1998).
concentration of N-NQin the soil has its origin mostly in In this region, doses of N fertilizers are extremely
the mineralization process of organic matter and in tradevated, ranging from 600 to 800 kg'hgear' of N,
use of N fertilizers applied to the soil. When this ion is napplied continuously in equal portions over the growing
absorbed by plant roots or immobilized by the soitoffee cycle. Therefore, these areas present a high potential
microbiota, it remains available for the leaching procestgr N-NO," leaching, especially in the case of sandy soils
mainly in soils of predominant negative charge (Primavetliat are very common in the region. The soil on the site is
etal, 2006). a“LATOSSOLOVERMELHO-AMARELO Aluminico ti-
Soils of coarser texture as the sandy ones of thpéco” (Tables 1, 2 and 3) (Embrapa, 2006) and Bygic
Brazilian savannah or “cerrado”, which are located in cefdapludox (Soil Survey Staff, 2010).
tral Brazil areas , have the tendency to allow more intense The leaching of N-NQ was estimated during the
leaching of N-NQ (Correaet al, 2006). For these soils, period fromAugust 1st 2008 (DAB = 0 day after beginning)
the threshold for portability of the ground water is 10 mgp July 31st 2009 (DAB = 365), carried out on a coffee
L™ of N-NO, expressed as N (Brasil, 2004; Brasil, 2008). (Coffea arabicd..) plantation, variety Catuaivermelho”.
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The crop was planted in January 2001 spacing 3.8 m ®hornthwaite (Thornthwaite, 1948), and Penman-Monteith
the rows and 0.5 m between plants, in a circulgAllenetal, 2006).
arrangement under a central pivot irrigation system The experimental design was a completely randomized,
(operated with low engy precision application LEZP  with two treatments and four replicates, disposed over
sprinklers), covering a total area of 80 ha. It was fertilizetthe circle number 4 of the central pivot. The treatments
during the first seven years with N applications of 600 kgonsisted of applications of N fertilizers doseg, 400
ha! yeart. The productivity of this farm was above thekg ha® of N), 76 g plant of N, corresponding to 169 g
national average, in the order of 56 bags (& kg of plant® of urea; and J, (800 kg h& of N), 152 g plant of
benefited coffee beans bags). The irrigation wal or 338 g plant of urea, applied in equal portions every
continuous over the yeat rates of 2 to 4 mm dagpplied 14 days. This choice of treatments is based on the fact
every other dayincluding all fertigation product3able that some farmers use high doses as 800 kghd the
4 displays climatic data of the site including directlysecond rate was half of that elevated rate. The difficulties
measured rainfall (mm) and fertirrigation depths (mm). to monitor the experiment, located about 1600 km from our

The sequential climatic water balance were calculatédboratory and the cost of the equipment, did not allow
using the program developed by Rolkanal (1998) for the use of a greater number of fertilizers doses. In order
five-day periods, over the whole growing cycle 2008/200910t to overlap the farm fertilizer N (600 kghavith the
using the equation (1): doses of the treatments, the N fertigation of circle 4 was
+ASWS = P+ |- ETa +AC - Q - RO (1) discontinued dyring the Who.le yeand diferenF dose;

of N were applied manuallysing a water container with

Where: a solution volume equivalent to the irrigation depth of 4

ASWS = = changes in the soil water storage (mm) at 1 f§: Simulating the LERapplication.
deep on the soil layeassumed to contain the total feef One ceramic suction cup was installed under the cen-

root system, based on the measured available walkg! tree of each replicate, at the depth of 1 m, to evaluate
capacity of 86.4 mm @ble 2); the N-NQ, concentration (C, mg Lin terms of N),

b = rainfall (mm): measured according to Gieéal, (1980) by FIA (Flow
= rainfall (mm); Injection Analysis). Monthly averages of the

| = irrigation (mm); concentration of N-N@Q (transformed into kg kgof N-

ETa = actual evapotranspiration (mm); NO, expressed as N) were used to calculate leaching
AC = capillary water rise (mm);

Q =drainage below the root zone (mm); Table 2.Soil water storage (SW&nd available water capacity

(AWC) estimated through the van Genuchten (1980) model, as a

RO= rur.10ff (mm). ) o ) function of depth; g is the soil water content at field capacity
In this study rainfall and irrigation were consideredgng Gey0, at the permanent wilting point

jointly. Capillary water rise was taken as absent due to the

. th 0 SWS, 0 SWS
very deep location of the water table (about 30 m). Runol;r)fe P R 330 15000 15000
i ) m cm®cm mm cm®cm mm
was also considered null because the area is very flat
. . . -0. 0.172 34.4 0.107 214
presenting an average slope of 0%. The climatologic water_" 0.169 33.8 0.102 20.4
balance progrgm estlmatgs a component called exc 9-0.6 0183 36.6 0108 216
(excess = capillary water rise + drainage below the ro¢f6.0.8 0.214 428 0.114 228
zone + runoff) which, therefore, was considered equal tg g 1 0.242 48.4 0.117 23.4
the dramage.bel.ow the root zone. Eor estimations of aCtL‘%Ital SWS 196.0 1096
evapotranspiration, the software Microsoft Excel operatet 264
with two models for the potential evapotranspiration: :
Table 1.Mechanical analysis of the soil as a function of depth
Depth sand (%) silt (%) clay (%) textural class
m 2-0.05mm 0.05-0.002 <0.002 mm
0-0.2 81 3 16 medium sandy
0.2-0.4 79 3 18 medium sandy
0.4-0.6 74 3 23 medium sandy
0.6-0.8 72 3 25 medium sandy
0.8-1.0 70 2 28 medium sandy
0-1.0 75.2 2.8 22.0 -
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amounts, multiplying them by the respective values aff drainagesoil water fluxes. The climatologic water ba-
drainage soil water fluxes (transforming mm into kgéila  lance program does not allow the application of statistics,
drained water at 1 m depth). The total leaching loss whgcause only one climatic data set was used in the
represented by the sum of these 12 values. calculations for a given location, therefore, the differences
The losses by fertilizers leaching based on one hecisetween the use of Thornthwaite or Pennan-Monteith
re of plantation have to take into account the effectiveéannot be appreciated statisticallfhe accumulated
area over which the fertilizer is applied, in our case, thealues of drainage soil water fluxes for Thornthwaite and
plant rowThe fertilizer application per plant was performedennan-Monteith were 891.1 and 1010.5 mm, respectively
on an area of 1.90 x 0.5 = 0.95.1@onsidering that the with a difference of just1.7%. Howeversuch diferences
displacement of N-NQin the soil profile would disperse are well documented in the literature, so that we
over a greater area when reaching deeper depths, asgommend Pennan-Monteith for locations where a more
would reach the center of the row at the 1 m depth, w@mplete climatic data set is available, and Thornthwaite
assumed that the effective area for leaching is 1.425 ®hen the only accessible variable is the air temperature.
plant*. Therefore, we decided to present from here on, average

values of drainage soil water fluxes estimated by
RESULTSAND DISCUSSION Thornthwaite and Pennan-Monteith.

The coffee crop assessed in this study received Average concentrations of N-NCalso shown ifable
periodical fertigations, and their contribution coupled witfp, indicate that in a general wdgr both treatments, there
rainfall are shown iffable 5, which also contains estimatedvas a tendency to increase as expected, due to the
values of drainage soil water fluxes. The two models @Pntinuous applications of urea, with occasional decreases
potential evapotranspiration used in the climatologith March, May and June. The March decrease can be
water balance calculations lead not to very different valu@gtributed to a greater Nechand by the crop during the

Table 3 Soil chemical analysis at téfent depths

Depth pH MO P S K Ca Mg Al H+AI SB T \% m Total N
m CaCl, gdm?® mg dn? mmol dm- % mg Lt
0-0.2 4.7 25 114 10 2 23 9 3 31 34 65 52 8 1080
0.2-0.4 3.6 20 40 21 1 5 3 9 34 9 43 21 50 620
0.4-0.6 3.8 16 5 60 0.8 4 2 9 31 6.8 37.8 18 57 532
0.6-0.8 3.6 14 1 72 0.8 3 1 9 31 48 358 13 65 520
0.8-1.0 3.8 14 1 96 0.8 2 1 10 31 3.8 348 11 72 505

0-1.0 39 178 322 518 11 7.4 3.2 8.0 316 117 433 23.0 5046314

MO = omganic matterP = phosphorus, S = SulfuK = potassium, Ca = calcium, Mg = magnesidthz aluminum, H = hydrogen, SB = sum
of bases,T = cation exchange capagcity = base saturation, m = aluminum saturation.

Table 4. Rainfall (P), irrigation (I), average air temperature (T), average air relative humidity (RH), solar net radiation (Rn) and wind
speed (V), for the evaluation period (DAB = days after beginning)

P | P+1 T RH Rn \

Month/Y ear DAB

mm °C % MJ m-2day? m s?
AUG/08 15 0.0 118.1 118.1 24.0 42.4 10.2 1.6
SEP/08 46 315 128.8 160.3 26.4 49.5 10.4 1.9
OCT/08 76 0.0 139.9 139.9 28.5 36.1 11.8 2.2
NOV/08 107 314.5 69.6 384.1 26.8 70.8 7.8 15
DEC/08 137 195.0 22.4 217.4 25.3 76.3 9.7 1.4
JAN/09 168 230.0 26.5 256.5 25.4 76.6 10.7 1.3
FEB/09 199 185.5 11.2 196.7 255 77.5 10.2 1.1
MAR/09 227 350.5 7.5 358.0 25.7 76.3 9.7 1.0
APR/09 258 108.5 26.1 134.6 24.7 83.5 7.9 0.9
MAY/09 288 67.0 48.5 115.5 23.7 78.1 8.0 1.0
JUN/09 319 52.5 46.6 99.1 22.6 76.2 8.4 0.9
JUL/09 349 0.0 52.2 52.2 22.2 69.9 9.3 1.1
Total - 1535.0 697.3 2232.3 25.1 67.8 9.5 1.3
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fruit filling stage (Netcet al, 2011). During May and June, On the other hand, for T, the limit was overcome during
as observed by Bruret al (2011), who determined that the whole period. The values of N-N@ March and July
during this period, the coffee plants accumulate a great@ere three times greater than the limit, and in February
quantity of N in the aerial part and fruit, also showing andApril, the values reached the limit almost four times.
greater concentration of N-NQOn leaf. During Julythe An overview of all variables involved can be seen in
increase in concentration of N-iy©an be attributed to Figure 1.The high rainfall in Novemberwith a
litter decomposition due to an expressive leaf fall from 26&orresponding great value of drainage soil water fluxes,
DAB due to a low absorption of N by the plant. Coffealid not resultin a very elevated value of losses of N-NO
straw has C:N ratio of 31:1 (Ricet al, 2010), and is a by leaching because at this time, little fertilizer had been
residue of rapid decomposition with a quick return of N tapplied. In March, when much fertilizer had already been
the soil as N-NO. applied, we can observe the peaks of losses of -4NO
Another important point related to the concentratiofeaching.
of N-NO; in soil solution (&ble 5) is the maximum limit of Monthly values of leaching losses of N-N@r T, |
N-NO, for human consumption. Brazilian health legislatiorandT,  present the same tendenmflowing quite close
(Brasil, 2004; Brasil, 2008) establishes 10 m@iN-NO, the data of rainfall + fertigation and drainage soil water
expressed as N, as the maximum safe value f@luxes.Although our soil is classified as a Latosol, it has a
consumption. For [, practically over the entire study high sand content @ble 1), thus presenting elevated
period, this limit was not reached, exception made to Julgaching levels, mainly for high doses of fertilizers as in

Table 5.Rainfall + irrigation (P+ 1), deep drainage (Q), nitrate concentration [N;INépressed as N in soil solution fbj,,and
Ty at the 1 m depth during the study period (DAB = days after beginning)

Concentration [N-NQ]

P+l Q
Month/Y ear DAB T 400 T oo
mm mgl
AUG/08 15 118.1 21.7 0.00 0.00
SEP/08 46 160.3 7.0 0.00 0.00
OCT/08 76 139.9 0.0 0.00 0.00
NOV/08 107 384.1 223.9 2.20 8.87
DEC/08 137 217.4 121.4 2.87 15.85
JAN/09 168 256.5 132.8 3.12 20.34
FEB/09 199 196.7 79.2 7.49 39.76
MAR/09 227 358.0 246.8 3.33 29.82
APR/09 258 134.6 43.2 9.67 39.19
MAY/09 288 115.5 56.4 1.69 23.86
JUN/09 319 99.1 18.7 1.82 14.14
JUL/09 349 52.2 0.0 16.62 33.32
Total (average) - 2232.3 951.1 (5.42) (25.01)
400 - r 60
350 L 5o
300 z
S
250 - 402
£ 2
g 200 - - 30 F,
150 - 7 L %0 §
100 - —_— Z
“LLIAREERER
o 1 TR = . =l |

AUG SEP OCT NOV DEC JAN FEB MAR APR MAY JUN JUL

EmP+] N Q === T400 w==——T800

Figure 1.Rainfall + irrigation (P + I), drainage below root zone (Q), leached nitrate ([§-beJow the 1 m depth (solid and dashed

lines) for treatments I e T,
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the T, (Dynia, 2000). The maximum values of leaching Data ofTable 5 show that the accumulated value of
losses of N-NQ were observed in March, for bothdrainage soil water fluxes is of 951.1 mm, which
treatments, with slightly higher values for Pennanrepresents 42.6% of the sum rainfall + fertigation. Such
Monteith in relation to Thornthwaite, with averages ohigh values of drainage soil water fluxes are typical for
6.2 kg ha of N for T, , and 55.2 kg héfor T, . These sandy soils under high input of watehowing a great
losses are a consequence of the great values of drainpgeential for N leaching. For,J, the leaching lossf

soil water fluxes combined to the large values oN-NO, was 24.2 kg hadand for T, 153 kg ha of N-
concentration, evidencing the narrow relation betweedO, (Figure 2). In a study carried out by Oliveétal

the soil water movement and leaching of N-NOliveira  (2001), they observed losses over 100 kg de N-N&®

et al, 2001). HoweverPrimaveset al (2006), state that * year* for soils that received sewage sludge or even
peaks of losses of N-N(by leaching appear in the upperconventional N fertilization for sugarcane crop. For
soil layer (0 to 40 cm) preferentially after rainfall, mainlyAradjo et al. (2004), such magnitude of leaching
for those preceded by dry periods, independently of thepresents a risk for the environment. Furthermore,
application of N fertilizersAradjoet al (2004), cite thatin Dynia (2000) mentions that even in electro-positive soils
atreatment which had received urea and lime leachingwith high clay content, the N-NQOis capable to move
N-NO, was greater as compared to a treatment thatt of the root zone of most crops, reaching depths
received only urea, with these treatments showing valubstween 2 to 6 m and finally accumulating there.
much higher than the control. Primavesket al. (2006), states that the greatest variation

2500 ~ - 180
2250 A L 160
2000 - L 140
1750 - L 120
1500 + L 100
1250 -
1000 -
750
500 -
250 -

mm

- 60
- 40
- 20

[~
S
N-NOj;" (kg ha ' of N)

AUG SEP OCT NOV DEC JAN FEB MAR APR MAY JUN JUL
P +1 Q === T400 === TZ00

Figure 2.Accumulated values of rainfall plus irrigation €A), drainage below root zone (Q), and quantities of nitrate (l)-NO
leaching (solid and dashed lines) for treatmentsand T,

180 -
160 1 ®T400
140 1 y=-1.85+0.0054x+ 3E-06x2
z R2=0.98
S 120 - N
° *p<0.001
£ 100 -
& 4. WT800
o =-6.07+0.0073x + 3E-05x2
o i
z 60 R?=0.98
4 40 - *p<0.001
20 -
0 - T T T 1
0 400 800 1200 1600 2000 2400

P+1 (mm)

Figure 3. Correlation between accumulated data of rainfall plus irrigation (P + I) and nitrate {Nléé©hing for treatments, [ e
T *Significant at p < 1%.
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