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Morphophysical pedotransfer functions for groundwater pollution by nitrate

leaching in Central Chile

Ignacio Fuentes'", Manuel Casanova!, Oscar Seguel', Francisco Najera!, and Osvaldo Salazar!

Nitrate leaching (NL) is a major concern in agriculture due to its impact on human health and ecosystems. Solute movement
through soil is governed by various hydraulic and physical properties that determine water flow. To study such relationships,
a pedotransfer function of groundwater pollution was developed in two alluvial irrigated soils under long-term pig slurry
applications. Two basins of central Chile, San Pedro (Typic Xerochrepts) and Pichidegua (Mollic Xerofluvents) were
selected, where maize (Zea mays L.) was grown in spring-summer, while during autumn-winter period a ryegrass-barley-
oat mixed crop was established in San Pedro and a fallow management applied in Pichidegua. Soils in cultivated and
control sites were characterized in physical and hydraulic terms. Nitrogen and water budgets were determined measuring
periodically (biweekly) N concentration (N-NO;™ and N-NH,4*) and monitoring water contents in soil profiles, respectively.
Dye tracer tests were performed with brilliant blue (BB) dye and the staining patterns analyzed. To contrast the effect
of slurry additions over soil physical properties and over NL, #-Student tests were performed. Some accurate pollution
groundwater NL pedotransfer functions were obtained calculated through least square fit models and artificial neural
networks. Textural porosity, mean diameter variation, slow drainage porosity, air conductivity at 33 kPa water tension and
N-NOs™ concentrations were directly related to NL. In terms of preferential flow analysis, stained path width > 200 mm was
inversely associated to NL. Finally, dye tracer tests provided a better understanding of the characteristics and pattern of

water/solute movement through soil to groundwater.

Key words: Nitrate leaching index, preferential flow, soil hydraulic properties.

INTRODUCTION

The major concern of slurry application in agriculture is
the potential risk of groundwater pollution through nitrate
leaching (NL), eutrophication of surface waters and
biosphere damages (Vahtera et al.,2007). Slurry has a high
proportion of total N in soluble or readily mineralizable
form and NL occurs especially when N application rates
exceed crop uptake rates (Harter et al., 2002). On the other
hand, preferential flow in soils has become an important
environmental issue with increased attention over the
hydrology processes, contaminant leaching, pollution of
water bodies in agriculture (Jarvis, 2007) and ecosystem
services (Clothier et al., 2008).

Pedotransfer functions (PTFs) are a form to present
mathematical functional relationships and transforming
information of the main soil properties into information
on the parameters of water transfer in soil (Shein and
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Arkhangel’skaya, 2006). However, during the last years
PTFs are used not only in soil hydrophysics but also in all
branches of soil science for describing any mathematical
relationships between soil properties. Thus, by the use of
PTFs, NL can be predicted through physical, hydraulic,
and morphometric soil properties revealed from dye
staining patterns to establish risk zones and to restrict
land management practices (inefficient fertilization and
irrigation management) linked to N fate and availability
(Buczko et al., 2010).

Despite the progress in image analysis techniques that
facilitate quantitative examination of the link between
texture and morphology of soil horizons, no attempts
have been made to link qualitative analyses of dye
tracer experiments with the hydrodynamic aspects in
terms of water movement (Alaoui et al., 2011). I turn,
a number of approaches have been used to quantify the
factors influencing the transfer of NO; from terrestrial to
aquatic systems, including budget calculations, process-
based models and statistical analyses (Salemi et al.,
2011; Mastrocicco et al., 2013). The present study aims
to develop a pedotransfer function of groundwater NOs
pollution on two alluvial irrigated soils of central Chile
under long-term pig slurry applications considering these
relationships between morphophysical soil properties and
nitrate leaching.

340 CHILEAN JOURNAL OF AGRICULTURAL RESEARCH 74(3) JULY-SEPTEMBER 2014



MATERIALS AND METHODS

The experimental sites are located on two basins within
the central valley of Chile, named Pichidegua (UTM
0277313E, 6194387S) and San Pedro (UTM 0289587E,
6240288S; Datum WGS 1984 19S).

Characteristics of Pichidegua experimental sites
Pichidegua presents deep and very stratified alluvial soils
(Mollic Xerofluvent; Casanova et al., 2013) in a Semi-
arid Mediterranean climate (= 700 mm yr'; Pizarro et
al., 2012). The soils selected, defined as Pichidegua
Slurry (PS), were irrigated, cultivated with maize (Zea
mays L.) during spring-summer period, and under fallow
management and continuous pig slurry applications
during autumn-winter in the last 10-yr. The mean N
concentration in the pig slurry applied was 1.3 g L' and
the volume applied on each occasion was approximately
500 m* ha', supplying a dose of 640 kg N ha! (11 July
and 1 August 2011). Soils of the same cartographic unit
under the same management practices, but without slurry/
fertilizer additions, defined as Pichidegua Control (PC),
were also studied.

Soils from PS presented sandy loam surface textural
classes with loamy sand and silty loam horizons at 50 and
100 cm, respectively, whilst PC presented silty loam surface
horizons that graded into sandy loam textural classes with
depth. The surface soil organic matter contents (SOM)
in PS ranked 5.3% and 6.2% in PC without significant
differences due to tillage practices. In both experimental
sites SOM decreased with depth and related directly to
clay contents. Surface soil bulk densities (Bd) were 1.33
Mg m*?in PS and 1.10 Mg m™ in PC, increasing with depth
and with sand content in both sites.

Characteristics of San Pedro experimental sites
San Pedro has deep and stratified alluvial soils (Typic
Xerochrepts) developed over alluvial fans in a Semi-
arid climate (= 400 mm yr'). The experimental units
were carried out in soils irrigated and with a crop
rotation management of maize, during spring-summer,
and ryegrass-barley-oat mixed in autumn-winter. An
experimental site, defined as San Pedro Slurry (SS),
was under continuous pig slurry applications during
a 5-yr period, but without slurry additions during the
study period. Other experimental site with the same
characteristics and in the same cartographic unit, but with
no slurry or fertilizer applications, defined as San Pedro
Control (SC), was also selected and assessed (Table 1).
A basic physical soil characterization in San Pedro
showed sandy loam surface textural classes in SS, with an
intercalated sandy horizon at 50 cm, whilst SC presented
sandy loam textural classes in the entire profile. Soil
OM in the surface of SS experimental site ranked 3.2%,
decreasing with depth and Bd in surface was 1.32 Mg m?,
increasing with depth. In SC, surface SOM content ranked

Table 1. General description of conditions at the two study sites in
central Chile.

Soil Soil Last
Sites* Basin classification ~ use®  Applications ~management
PS Pichidegua Mollic Fallow  Pigslurry  Conventional
Xerofluvent tillage - maize
PC Control
SS San Pedro  Typic RCB Pig slurry ~ Conventional
Xerochrept tillage - rotation
SC MAP Control None

“PS: Pichidegua with slurry additions; PC: Pichidegua control; SS: San Pedro
with slurry additions; SC: San Pedro control.
"RCB: ryegrass-barley-oat mix; MAP: Mediterranean annual prairie.

3.0% and decreased with depth, whilst Bd in surface was
considerably high (1.43 Mg m™), decreasing with depth.

Experimental sites and nitrate leaching calculations
Experimental sites consisted of four experimental units
(replication plots) of 5 x 5 m? separated from each other
by 5 m, where five in situ N mineralization tubes and
one frequency domain reflectometry (FDR) access tube
for water content monitoring were distributed in each
experimental plot. Besides, in each experimental plot,
according to morphological descriptions, soil sampling
was done at depth intervals of 0-10, 25-35, 50-60, and
100-110 cm for N measurement (N-NOs; and N-NH,*)
analyses by the steam distillation method described by
Sadzawka et al. (2006) using soil coring collected every 2
wk with three replicates per experimental plot.

From undisturbed soil samples taken at regular
depth intervals in each experimental plot, soil pore size
distribution (Figure 1), air permeability and saturated
hydraulic conductivity were previously characterized
(Table 2). Besides, structural and textural porosity
calculations are presented in Figure 2. In order to
complement the physical soil properties assessed, soil
macroaggregate stability (Hartge and Horn, 1992) and
soil microaggregate stability (Berryman et al., 1982) were
also determined.

In situ N mineralization tubes consisted of covered PVC
cylinders with holes for fluid exchange (five replicates per
plot), which were collected monthly to assess in situ soil
N mineralization-immobilization rates and cumulative net
N mineralization, determined as the difference between
final and initial inorganic N content (Kolberg et al., 1997).
A positive value indicated that mineralization process
had dominated, while a negative value denoted that
immobilization had exceeded mineralization. To estimate
NL, the following N budget was used:

NLpuggere = AN(NO3+NH,) + MIT - Cex - GL [1]
where NLpugeee corresponds to nitrate leached from
the corresponding measuring depth, AN(NO;+NH,)
represents the difference in plant-available N between
two consecutive dates, MIT corresponds to the gross
mineralization-immobilization turnover from organic N
through the study season, Cex represents the N output due
to crops (uptake and harvesting) and GL to gaseous losses
(volatilization and denitrification).
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PS: Pichidegua with slurry additions; PC: Pichidegua control; SS: San
Pedro with slurry additions; SC: San Pedro control.

Figure 1. Solids and pore size distribution (WPP: wilting point pores,
AWP: available water pores, SDP: slow drainage pores, FDP: fast
drainage pores) in depth for soils of central Chile. (a) Pichidegua soil
and (b) San Pedro soil, with and without pig slurry applications.

Nitrate leaching was then calculated as the sum of
N-NO; and N-NH,4* concentrations between consecutive
dates when: a) the water budget confirmed that there
was deep percolation and, b) the N difference at 100-
110 cm depth was negative (Npna - Ninisal), assuming
that at such depth N was leached beyond root depth. In
a modified version of the method used by Scheffer and
Ortseifen (1997), MIT and Cex were subtracted from

Table 2. Conductive soil properties within two soil series of central Chile.
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PS: Pichidegua with slurry additions; PC: Pichidegua control; SS: San
Pedro with slurry additions; SC: San Pedro control.

Figure 2. Structural (SP) and textural (TP) pore distribution in depth
for two soils of central Chile with and without pig slurry applications.
(a) Pichidegua soils; (b) San Pedro soils.

the N budget between 0-10 and 25-35 c¢cm to obtain NL
values, but not for deeper samples due to the decrease
in mineralization (Kleber et al., 2000) and plant uptake
with depth. In addition, NL obtained through the N
balance was compared with a model of nitrate movement

Saturated hydraulic conductivity(*°)

Air conductivity

Soil Ks2 Ks4 Ks8 Ks24 Ks30 Ka6 Ka33 Kal00
md! md!

PSO 51.57+91.37 46.55 +85.17 18.14 +24.29 18.44 +26.96 30.53 +54.86 16.79 +7.67 27.83 +16.24 16.06 +8.90
PS 25 297+2.99 2.12+1.56 1.47 + 1.06b 0.75 +0.49b 0.58 +£0.39 1347 +6.19 20.80 + 13.82 4.62 +1.56
PS 50 4.53+3.73 3.11£2.03 224 +1.56 1.70 £0.92 1.90 + 1.06 17.53 £ 15.58 2481 +17.63 13.62+7.12
PS 100 0.37+0.23 043 +0.50 0.37+0.22 0.35+0.17 049 +0.26 26.95+9.82 1943 +8.71 748 £5.56
PCO 0.73 +£0.80 0.63+0.61 040 +0.31 040+0.38 0.36+0.34 3751 +15.76 1501 +13.76 2522 +12.26
PC 25 046 +0.71 024 £0.35 0.12+0.15a 0.11 £0.14a 0.16 £0.18 21911493 1148 +11.57 11.68 +6.50
PC 50 1.74 £ 135 1.55+1.26 144 +1.33 1.39+1.50 132+131 2431 + 1540 1191 £4.03 9.02+591
PC 100 745 +8.59 10.75 + 16.06 9.70 + 15.92 838 +15.32 629 +11.67 18.69 +9.94 33.56 +20.08 25.98 + 19.65
SSO 1453 + 1445 797 +£6.76 6.84 +£6.73 3.05+342 290 +3.07 1031 +£2.32 17.87 +£20.36 7.95+3.08
SS 25 1.72+1.85 1.36 +1.49 0.56+0.17 046+0.33 0.75+£0.65 15.70 +13.30 1946 +12.17 1036 £5.16
SS 50 38.90 +38.71 36.56 + 38.35 31.01 +35.37 398 +4.79 373+461 26.45 +23.70 1526 +10.31 736 +4.05
SS 100 7.87+9.62 643 +8.58 2.82 +3.66 2.58 £3.50 2.83+3.77 31.01 £24.59 27.67 + 18.63 9.69 +£5.16
SCO 4.57£6.55 423 +6.26 3.16 +4.62 1.66 +1.95 1.90 +2.24 1921 +15.28 28.61 +24.90 9.55+4.41
SC 25 1.21+0.86 1.03+0.79 091 +0.70 0.63+0.26 0.62 +0.37 747 +487 627 +3.21 9.10 +£3.57
SC 50 4.25+2.62 4.17 £2.56 328 +1.76 252+1.15 1.85+0.73 8.11 £2.38 949 +7.14 17.99 + 14.65
SC 100 8.92 +16.07 835+ 1531 523+9.09 2.13+3.03 2.00 +3.06 10.84 +7.79 9.73 +4.54 1595 +9.38

PS: Pichidegua with slurry additions; PC: Pichidegua control; SS: San Pedro with slurry additions; SC: San Pedro control.
“Different lower-case letters within depths for soils (same basin) denote significant differences (p < 0.05).

"Ksx is saturated hydraulic conductivity at x hours, Kay is air conductivity at y water tension (kPa).
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in soils (Matus and Rodriguez, 1994). In San Pedro soil,
vegetal tissues were collected for total N estimations and
DM production to obtain the N exported (Sadzawka et
al., 2007), while in Pichidegua the fallow management
restricted plant growth.

Water budget in experimental sites
At each site a simplified water budget was defined
using climate data from nearby meteorological centers
(Pichidegua station: 34°21°34” S, 71°17°59” W; San
Pedro station: 33°56°29” S, 71°23°39” W) and according
to Equation [2]:

+DPorC=1+R- (A0 + ETc) [2]
where DP is deep percolation (positive values), C is
capillary rise (negative values), I is irrigation, R is
rainfall and ETc corresponds to crop evapotranspiration,
respectively (m*® ha' or mm). Runoff was considered
negligible due to the coarse-textured upper soil horizon
and the low slope gradient (< 1%) of sites. Soil water
content (0) was determined with a FDR device (Diviner
2000-Series II, Sentek Sensor Technologies, Stepney,
South Australia, Australia) every 2 wk and A0 represents
the temporal change in volumetric soil water content (0
-0, cm’ cm?).

Preferential flow analysis

The preferential flow (PF) pathways were examined in
open pits at each experimental unit after Brilliant blue
(BB) dye tracer application. A load of BB solution (2.2
g L'') was applied within sub-plots (metal frame square)
of 1.5 m? until reach soil saturation at 100 cm depth.
Subsequently, a soil pit was excavated and stained
areas were morphometrically assessed under natural
daylight conditions and without direct radiation. Pictures
of soil profiles were taken with a digital camera (Sony
DSLR-A100; resolution: 10.2 megapixels), resulting in
digital images with a resolution of 3872 by 2592 pixels,
which were subsequently modified. Soil profile was
photographed and white reflection panels were used to
balance and compensate differences in illumination.
Rulers were attached to the profile to correct the image
geometrically and assess the physical distribution of
stained areas (Alaoui and Goetz, 2008).

Digital image analysis was performed using software
GIMP 2.0 (GNU image manipulation software), which
shows information about the statistical distribution of color
values of the image that is currently active. Geometrical
correction and maximization of blue, green, and cyan
color were carried out with subsequent subtraction of
background color and the conversion of images into
grey scale tones. Finally, a median filter of 2 cm was
applied and the vertical dye pattern was then analyzed
with version 7.12.0 (R2011a) of Matlab (Mathworks Inc.,
Natick, Massachusetts, USA) according to Weiler and
Fliihler (2004) with stained path widths (SPW) < 20 mm,
20-200 mm, and > 200 mm, obtaining SPW profiles.

Experimental design and statistic tests

The experiment was in a completely randomized block
design and 7-Student tests were carried out to contrast
soils with and without slurry applications in the same
basin, besides a multiple component testing to assess
the correlation between soil properties and N budgets. A
backward stepwise procedure (p < 0.05) complemented
this analysis.

To model and accurately predict the risk of groundwater
pollution by nitrate leaching, a standard least square test
was carried out and some linear regression fit models were
obtained, defining the pedotransfer functions (PTFs).
To improve these PTFs, some artificial neural networks
(ANN) were estimated, according to accuracy indices.
The determination coefficient (R?) was complemented
with the root mean square error (RMSE) and the sum
of squared error of prediction (SSE). Finally, in the case
of ANN, cross-validation was used through at least two
values to validate the model.

RESULTS AND DISCUSSION

Water budget and nitrate leaching

The ETc values throughout the entire period were very
low due to autumn-winter climate characteristics, fallow
management and the sparse vegetation during the season,
except in SS. As the soil water balance is very sensitive
to evapotranspiration measurements (Ramos and Kiicke,
1999), values of ETc in San Pedro soil (especially in SS)
were considerably higher than at the other sites due to the
presence and characteristics of the grown ryegrass-barley-
oat crop.

Although any discussion about NL above the root
zone could be perceived as meaningless, it can help
understand nitrate movement through the soil profile,
which is presumably intrinsically associated with water
movement. Estimated NL values are presented in Table
3 considering the N budget (Equation [1]) and the model
from Matus and Rodriguez (1994), assuming that gaseous
losses (GL) occur when there is no net DP.

In Pichidegua soils, associated with slurry applications
and irrigation, NL below 50 cm depth was considerably
higher in PS than control soils with DP of 139.07
and 123.81 mm, respectively. Although higher nitrate
concentration in historically amended San Pedro soil
(SS) than in control soil (SC) was observed, the nitrate
budget showed significant differences only at 50 cm
depth, with higher NL from 50 cm depth in SS. The low
NL differences between San Pedro soils and even their
simulated higher values in SC than SS are associated with
high ETc in SS and the absence of irrigation and slurry
applications in SC.

The NL values (Table 3) are within the range reported
in Chile by Alfaro et al. (2006), observing values of
66-261 kg N ha! at control and 150 kg N ha! fertilized
Andisol (lysimeters under 1260 mm of rainfall). However,
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Table 3. Nitrate leaching (NL) in two soils of central Chile and
parameters used for this assessment.

Soil DP [N-NO;J* NL e NLbuaget GL!
mm mg kg! kg ha'!
PSO 13907 562+94 588+12.1 T74+336 274+326
PS25 13907 687235 978+290 99.1+572  498+482
PS50 13907 537+138b 106.7+128b 869+122b 622+30.8b
PS100 13907 513+68b 48.1+7.7b 894+45b  406+422
PCO 12381 623+216 528+183 82.1+156 8775
PC25 12381 46.7+44 719+129 99.6+99 302+219
PC50 12381 182+28a 683+13.1a 393x136a 84+79
PC100 12381 115+1.7a 252+34a 17.6 +8.3a 22+16
SSO 4340 213+42b 164+35 183+95 00+00
SS 25 4340 155+22b 94+18a 208119 0000
SS 50 4340 79+£10 56+2.1la 248+10.1b  133+78a
SS100 4340 9.7+02b 1.5+0.6a 166+63 135+11.8
SCO 7811 11.8+2.6a 138+18 85+34 05+0.6
SC25 78.11 99+08a 19.1 £2.1b 145+49 109+100
SC 50 7811  70+04 164 +0.7b 58+47a  262+24b
SC100 78.11  7.7+0.8a 78+1.5b 170+£78 120£50

PS: Pichidegua with slurry additions; PC: Pichidegua control; SS: San Pedro
with slurry additions; SC: San Pedro control.

“Mean annual nitrate concentrations taken in soil auger samples (samples of
0.1 m).

"Matus and Rodriguez (1994).

“Different lower-case letters between soils (same soil series) denote significant
differences (p < 0.05).

9DP: deep percolation; GL: gaseous losses of N.

were considerably higher than those obtained by Salazar
et al. (2010) in other Andisol (< 4.2 kg N ha') with 400
kg N ha' added as slurry and artificial fertilizers, mainly
explained by gaseous losses and soil matrix retention.
Claret et al. (2011) in an Alfisol under 1400 mm of
rainfall, reported NL values < 7.9 kg N ha'' but without
significant differences between fertilized and control
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soils. In central Chile, Iriarte (2007) reported risks of NL
in 27% of soils (Mollisols, Inceptisols, and Alfisols) and
63% of drinking water samples analyzed showed nitrate
concentrations above the threshold prescribed by the
INN (1984) of 10 mg L. In contrast, Arumi et al. (2005)
observed that aquifers in the central valley of Chile do not
contain significant nitrate concentrations associated with
agricultural activity, inferring the existence of favorable
conditions for the occurrence of natural attenuating
processes such as denitrification. These contradictory NL
results across Chilean soils are essentially explained by
different management practices, soil properties, and water
budgets.

Estimated gaseous losses (GL) of N showed
considerably higher deviation than NL and were greater
in PS than in PC, increasing until 50 and 25 cm depth,
respectively, and decreasing subsequently. Restricted
soil drainage and anoxic conditions in Pichidegua soils
resulted in high values of denitrification. In San Pedro
soils, GL were higher below 50 cm depth, but minimal
above this depth due to oxidative conditions and soil
structure development, as explained by Laudone et al.
(2011).

Regression line (intersect and slope) between observed
and predicted values (R* 0.6997) through a conditional
sum of squares was not significantly different (p < 0.05)
from 1:1 fit line. Thus NL e and NLyygger assess the same
phenomenon, with minor differences in the observed
results. Nevertheless, it should be noted that at lower
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PS: Pichidegua with slurry additions; PC: Pichidegua control; SS: San Pedro with slurry additions; SC: San Pedro control.

Figure 3. Mean diameter variation as macroaggregate stability index (above) and dispersion ratio as a microaggregate stability index (below) in
two soils of central Chile at different soil depths. Left: Pichidegua; Right: San Pedro.
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values, the model underestimated NL obtained by budget
which can be attributed to experimental error, therefore
more studies are needed to assess the reliability of the
model.

Soil structure and dynamic properties

Mean diameter variation (MDV) as soil macroaggregate
stability tended to decrease with depth in both soils, with
exceptions as PC and SS at 50 cm depth (Figure 3), which
showed low cohesion and similar mechanical behavior in
wet and dry sieving. According to Yagiie et al. (2012), pig
slurries applied over soils increase aggregate stability.
Such was the case of PS above 25 cm depth, which
showed lower MDYV (higher macroaggregate stability)
than PC (p < 0.05). The tendency for MDV to increase
with depth is explained by the absence of conditions
such as the wetting-drying cycles and organic matter
(OM) accumulation/decomposition which occur at the
surface, promoting low structure development in soil
depth without the action of pedogenetic processes (Buol
et al; 2011). More labile OM compounds play a major
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]
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40 60 80 100
Stained coverage (%)
~ ss
]
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25000 20 40 60 80 100

Stained coverage (%)

role through roots, fungal hyphae and polysaccharides
from microorganisms that promote bonding between

soil particles, improving macroaggregate stability
(Ghezzehei, 2012).
Dispersion ratio (DR) as soil microaggregate

stability index showed different behavior to MDYV,
being considerably higher in San Pedro pedons (Figure
3). This was associated with lower soil development
or due to soil particle type, particularly sand particles,
which in the absence of cementing agents and OM
conferred low adhesion and cohesion. The binding of
microaggregates appears to be relatively permanent
and the OM associated with them is stabilized against
decomposition (Yagiie et al., 2012). Recalcitrant OM
compounds fill micropores and mesopores, resulting in
higher stability of soil microaggregates compared with
macroaggregates and lower values of DR in PC. Authors
as Mbah and Onweremadu (2009) have reported that
microaggregate stability does not increase with addition
of organic amendments, in contrast to macroaggregate
stability. Furthermore, OM compounds under natural

O
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PS: Pichidegua with slurry additions; PC: Pichidegua control; SS: San Pedro with slurry additions; SC: San Pedro control; SPW: stained path widths.

Figure 4. Vertical stained path width pattern distributions in soils of central Chile. Above: Pichidegua soil profiles (control on right: 80 cm
depth, slurry-amended on left: 110 cm depth). Below: San Pedro soil profiles (control on right: 110 cm depth, slurry-amended on left: 120 cm

depth).
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conditions are translocated through pedoturbation, whilst
under tillage such translocation occurs inside the first 30
cm of soil.

In San Pedro site there were no significant differences
between soil management systems, but there was a
tendency for higher macroaggregate stability and lower
microaggregate stability in the control soil (SC), except at
50 and 100 cm depth, where external factors almost do not
promote soil genesis.

Preferential flow and pedotransfer functions (PTFs)
for nitrate leaching

The distribution of stained path width (SPW) is a 2D
morphometrical property which describes the width of
the stained flow pathway, allowing classifying the kind of
flow (macropores or matrix flow) that predominates in the
soil. The pattern distribution showed (Figure 4) a regular
decrease in stained coverage with depth, especially in
PC and SC. There was a marked decrease in SPW, but
this was compensated for by a sharp increase in SPW at
depth, except in SS. In general, SPWy.590 values increased
between 25 and 50 cm soil depth.

InPichideguathetwo SPW profiles showed considerable
similarities, with SPWy being more homogeneous and
deeper in the arable top layer of PS, whilst SPWa.,00 and
SPW», showed a common distribution pattern in the two
soil profiles, but with a higher proportion of SPWyj. in
PS. The SPW distributions in San Pedro showed clear
differences between soil conditions. Areas with SPWjy
were widespread through the entire SS vertical profile,
although higher in the arable soil top layer, whilst in SC
they were confined to the top layer. In general, control
soils show more heterogeneous kind of flow in depth than
soils with pig slurry.

The pedotransfer function for NL (kg ha™) linked to
basic physical soil properties from different depths in all
soils was (p < 0.0001; R? =0.89; RMSE = 13.289):
NLpuggee = -67.2 +77.0 (SDP) + 131.0 (TP) + 1.6 (MDV)

+ 1.5 (N-NOy) + 0.2 (Log 0Kas3) [3]
where SDP corresponds to slow draining porosity
(cm® cm?), TP is textural porosity (%), MDV is mean
diameter variation (mm) as a macroaggregate stability
index, N-NOs is nitric N concentration (mg kg') and
Kass corresponds to air conductivity at 33 kPa of water
tension (m d'). All studied soils showed moderate to very
fast saturated hydraulic conductivity (McKenzie et al.,
2002) and a domain of TP (Figure 2) that enhances the
infiltrability processes. Besides, the inverse relationship
between MDYV and NL demonstrates that elevated
macroaggregate stability (low MDV values) in the
studied soils reduced NL. An increase in macroaggregate
stability must be interpreted as a consequence of nitrogen
immobilization, which cause that a variety of released
nitrogen compounds be used in the synthesis of humic
matter and microorganisms tissues (Tan, 2003), these
are responsible in aggregates stability (Six et al., 2004),

decreasing the nitrates availability, and the risk of NL.
On the other hand, both SDP and Kas; clearly denote the
particular functionality of soil pores by size, because a
higher diameter and connectivity of pores enhances the
water flow capacity, which consequently drives higher
solute movement. Finally, an expected direct relationship
(Kleber et al., 2000) between N-NOs™ concentration and
NL is observed.

Applying a Gauss Newton artificial neural network
(ANN) with 58-fold cross-validation (n = 64) to
improve the relations obtained through the least square
fit model gave some better adjustment of parameters
due to non-linearity of the data (Figure 5). The hidden
nodes applied to obtain the models were denoted H1,
H2, and H3.

By assessing mean values of NL at a same depth of
measurement for each site, other PTF was obtained (p <
0.0001; R>=0.93; RMSE = 10):

NLopugger = 8.8 + 1.5 (N-NO5) - 0.2 SPWaxg [4]
where SPW,, corresponds to stained path width > 200
mm (%).

Again, using ANN with a 14-fold cross-validation (n
= 16), the Gauss Newton method improved the model
assessed previously due to its non-linearity (Figure 6).
The SPW,, value is related to matrix flow type, which
allows the soil solution to interact greatly with the soil
matrix, inducing an inverse relationship with NL.

The above models allowed the levels of NL to be
predicted accurately, even through two or three variables,

a
SDP
H1
TP
[NO;] H2 NLuggec
LOg Kas;
MDV L
b
MDV H2 NLuugger

[NOs] K H3

Figure 5. Artificial neural network diagrams to predict budget
nitrate leaching (NLyuag) With three hidden nodes. (a) NLyugge With
squared error of prediction (SSE) scaled: 2.49, root mean squared
error (RMSE) scaled: 0.200, and R%: 0.96. (b) NLjue: with SSE
scaled: 4.83, RMSE scaled: 0.284, and R?: 0.92.

H1
[NOs]

H2 NLugger

SPWg,
H3
SPW: Stained path widths.

Figure 6. Artificial neural network diagrams to predict budget
nitrate leaching (NLpug:) With three hidden nodes. NLpuag: With
squared error of prediction (SSE) scaled: 0.22, root mean squared
error (RMSE) scaled: 0.136, and R?: 0.99.
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which thus served as soil physical functions to assess the
susceptibility of soils to cause groundwater pollution by
NL. Although the selected variables, especially SPWag,
hinder the model application in field conditions, the
present study generated new information of the soil
matrix interaction and the NL risk, having projections
to be used at sub basin level with contrasting soils. Thus
further studies must be carried out at basin or even greater
scale and should also comprise geomorphological and
geological factors, to gain a better understanding of the
relationships between soil properties and pollute leaching
associated with slurry applications and to obtain a general
model for predicting NL, thus advancing hydropedological
field studies.

CONCLUSIONS

Nitrate leaching (NL) is associated with several soil
properties. Soil structure and particle size distribution
are fundamental to understanding complex water flow
processes that lead to solute movement through pedons.
Hence, many physical and hydraulic soil properties can
be used to predict or model NL. Dye tracer tests provide
a better understanding of water flow types and water
movement patterns through soils.

Pedotransfer functions were obtained to predict NL
based on soil morpho-physical properties. These showed
that textural porosity, mean diameter variation, amount
of slow draining pores, macropore continuity (evaluated
as air permeability at 33 kPa water tension) and N-NO3
soil concentration were positively related to NL. Stained
path width > 200 mm was negatively related to NL in the
studied soils.

Artificial neural network analysis proved to be a
better method than least square fit models, giving higher
accuracy and smaller errors in the prediction of solutes
movement through soils due to the non-linearity of such
process.

Using only two or three variables as soil physical
factors, the used models allowed to predict accurately
the levels of NL and to assess soil susceptibility to cause
groundwater pollution by NL. Despite the difficulty to
apply the selected variables, its use could be applied in
sub-basin studies and precision agriculture.
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