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Abstract In the rolling pampa region, the intensification
of beef cattle feeding operations generates large volumes of
solid organic manure which has high concentrations of
phosphorus (P). This residue can be reused like organic
fertilizer in agricultural practices, increasing crop produc-
tion and closing the nutrients cycle. However, this practice
can cause water pollution if not well managed. The aim
was to study the vertical and temporal migration of P and
its relations with edaphic properties in agricultural soil that
has received a single heavy application of cattle manure.
Three treatments were analyzed: (1) Zone 4 (Z4)—plot
manured with 1600 tn ha™' in 2004; (2) Zone 10 (Z10)—
plot manured with 500 tn ha™! in 2010 and (3) Zone
control (ZC)—plot free of cattle manure. Water
extractable phosphorus—WEP, soil test Bray and Kurtz
P—Bray P, total phosphorus—TP, organic carbon—OC,
pH and electrical conductivity were quantified. Results
indicate high concentration of TP, Bray P and WEP in
deeper horizons of impacted plots, showing the mobility of
this nutrient. Correlation between TP and OC% were
established for Z4 y Z10 in 88 and 84 %, demonstrating
that the organic matter that moved in the profile presented
high P content. An increase of salinity of 257 and 345 %
for Z4 and Z10, respectively, was found in the deepest
samples. The quantification of an empirical rate (EARP)
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showed the downward movement of P reaching 150 cm in
Z4 and 90 cm in Z10. The results have shown that appli-
cation of large volumes of solid manure saturated P
retention capacity favoring its movement towards under-
lying water.

Keywords P movement - Feedlot - Agricultural soils -
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Introduction

The intensification of beef cattle feeding operations gen-
erates large volumes of solid organic manure which has
high concentrations of phosphorus, nitrogen, potash, heavy
metals, organic matter, pathogens, hormones, antibiotics,
among others (Miller et al. 2004; Garcia et al. 2012). This
residue can be reused like organic fertilizer in agricultural
practices, increasing crop production and closing the
nutrients cycle (EPA 2003). In the rolling pampa region,
this practice is not generally planned since the beginning of
the livestock activity (feedlot facilities), which may lead to
accumulation of P in soil. Consequently, runoff and infil-
trations may reach water bodies through diverse mecha-
nisms and affect their quality (Garcia and Iorio 2003;
Eghball et al. 2004; Garcia et al. 2013). Phosphorus (P) is a
key element in the regulation of the trophic state of water
bodies (EPA 2000). The P export by surface runoff from
agricultural fields with manure added has been widely
studied (Sharpley and Sisak 1997; Elrashidi et al. 2005;
Borda et al. 2011), while the loss of this nutrient through
the profile has received less attention, especially in the
pampa region.

The P from manure inside the edaphic system can follow
different paths. It can be either retained by superficial

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12665-016-5284-3&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s12665-016-5284-3&amp;domain=pdf

568 Page 2 of 11

Environ Earth Sci (2016) 75:568

adsorption to organic, clayed and/or humic-clayed particles
or precipitated like forms of P-Ca, P-Fe or P-Al under
different pH and redox conditions (Djodjic 2001; Sekhon
2002). In addition, organic acids provided by manure
compete with P by adsorption sites (Chardon and Schou-
mans 2002) and by the formation of interchangeable Fe and
Al complexes (Bolster and Sistani 2009). Thus, if the sites
are blocked, this nutrient can continue its movement
towards lower horizons, being able to reach the phreatic
layer. P can also be mobilized by preferential paths such as
cracks and galleries (Beven and Germann 1982 quoted by
Djodjic 2001; Alvarez Benedi et al. 2001). Researchers
who have studied the loss of P in soils affected by manure
found that due to the saturation of its sorptive capacity, P
was mobilized in depth, even after several years of inac-
tivity (Campbell and Racz 1975; Eghball 2003; Glasner
et al. 2012).

The potential risk of superficial and/or underlying
watercourse contamination can be evaluated considering
the vulnerability of the environment and contaminant load
(INTA 2010). While wastes generated by feedlot operation
are characterized by a high load of P, the vulnerability of
each ambient is site specific. In this case study, losses of P
in the soil profile may present an environmental threat
taking into account the vulnerability of the environment,
because of climate (tempered and humid), topography,
distance to surface water bodies (located in the drainage
dividing line between too rivers), proximity of the phreatic
water, and dynamics of this nutrient. In this context, the
aim was to study the vertical and temporal migration of P
and its relations with edaphic properties in agricultural soil
that has received a single heavy application of cattle
manure.

Materials and methods
Study site

The study was carried out in a crop-livestock farming
system in the district of Marcos Paz, in the rolling pampa
region (Fig. 1) of the province of Buenos Aires, Argen-
tina. The feedlot facilities are placed in the drainage
dividing line between the Reconquista and Matanza riv-
ers. The weather is sub-humid to humid, with annual
rainfall of 990 mm and an average annual temperature of
17 °C during the period under study (2004-2013). The
soil was classified as typical Argialbol according to
USDA soil taxonomy, and is characterized by having
more than 180 cm deep with a mollic horizon (A Hz)
followed the an eluvial horizon (E Hz) and a strongly
textural horizon (Bt Hz), formed by 2Btl horizon (40 %
of clay) and 2Bt2 horizon (29 % of clay and 27 % of
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loam). This presents poor drainage and slope less than
1 %, and the phreatic water can reach 2 m below the
surface.

The soil under study was characterized by following
standard procedures described in Page (1982). The particle
size distribution was determined by Boyocous hydrometer
method (Gee and Bauder 1986); extractable P (Bray-P),
using Bray-2 extract, and water extractable P (WEP) were
measured colorimetrically with ammonium molybdate
(Kuo 1996). Total recoverable Fe and Al were determined
using inductively coupled plasma optimal-emission spec-
trometry, following digestion according to EPA Method
3050B (EPA 1996). Additionally, the following variables
were quantified: bulk density, determined by the core
method (Blake and Hartge 1986), and volumetric water
content, calculated from bulk density and gravimetric
moisture content (determined after oven drying at 105°C
for 24 h). Table 1 shows the properties the same. The
horizons are highlighted for being non-saline, non-sodic,
with calcareous material, according to FAO (2009). The
acidity ranged from moderate to neutral (6.7 & 0.5), the
cation exchange capacity from moderate to high
(26 + 5.6 meq 100 g~ '), with high content of exchange-
able calcium (Ca), potassium and magnesium according to
the classification established by Hazelton and Murphy
(2007). It presented 2.1-4.7 g 100 g~' of total recoverable
iron (Fe) and 4-9.7 g 100 g~' of total recoverable alu-
minum (Al). Bulk density values were similar to the rep-
resentative values for the soils of the region, ranging
1-1.3 g cm ™, being E horizon the most dense because its
laminar structure. Moisture content in A and E horizons is
higher than the field capacity (27.5 and 19.5 %, respec-
tively) (INTA 1980). Average amounts of organic carbon
as well as total N and P were found (Table 1), and on the
other hand, extractable P was deficient, in correspondence
with expected soil values of the pampa region (Conti
2000).

Practice under study

The environmental situation analyzed is a consequence of
an unusual practice in the area: the application of very high
doses of cattle manure on agricultural soil: 1600 tn ha™" in
2004 in one zone (Z4) and 500 tn ha~! in 2010 in another
zone (Z10). Manure applied in each plot was removed from
the feedlot pen surface, stacked on the soil of plot for
2 years, in order to partially mineralize organic matter, and
finally spread on its surface. Then, in the plots, the pro-
duction of corn, oats and barley was kept under different
rotations. The plots did not receive further organic
amendments. Thus, the Z4 and Z10 plots had not been
fertilized with manure for 9 and 3 years at the time of
sampling (2013).
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Feedlot

Marcos Paz

Fig. 1 Location of study site

Sample collection

Sampling was conducted during 2013 in different plots
(Z4, Z10), and control plot (ZC) free of cattle manure. To
do this, five soil pits were opened randomly in each plot
and composite soil samples at various horizons were taken
up to 1.5 m deep in Z4 and ZC, and up to 1.0 m deep in
Z10.

Soil analysis

The manure applied presented high amount of P (2.3 %),
moderate amount of salts (K: 1.6 %; Mg: 1.5 %; Ca:
0.86 %) and organic matter (19 %) according to Eghball
and Power (1994), Ciapparelli and Garcia (2015), Uyanoz
et al. (2006) and Eichler-Lobermann et al. (2007). These
parameters will be analyzed on soil further below in this
study.

P accumulation and movement in the soil profile was
evaluated by determining total phosphorus (TP),
extractable P (Bray P) and water extractable P (WEP). TP
was determined after digesting 1 g of the soil with HNO3
and H,SO, concentrated. Bray P was determined by Kurtz
and Bray No. 2 method and was used to determine P
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Z10 plot ZC plot

4
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release from Al, Fe and Ca-bound forms in this moderate
acidic to neutral soil (SERA-IEG 17 2000). WEP was used
to indicate the quantity of labile P that would be readily
subject to leaching (Graetz et al. 1999) and it was extracted
by using a 1:10 soil to water ratio and shaking it for 5 min.
All P determinations were measured colorimetrically with
ammonium molybdate and ascorbic acid (Murphy and
Riley 1962). Soil pH was determined using potentiometric
method on a 1:2.5 soil to water ratio, electrical conduc-
tivity—EC by conductimetric method performed in satu-
rated paste, and organic carbon—OC, by loss-on-ignition
(Page 1982).

Data analysis

e Empirical advance rate of P (EARP):
To estimate the P mobility in the soil profile, one
empirical advance rate of P (EARP) was defined as the

P advance per each centimeter of soil and was calcu-

ABrayP,

lated as follows: EARP; = gp—irt
i

710 and ZC). j horizons (A, E, 2Bt1 and 2Bt2). Where,
A Bray Pj; is the variation of Bray P (ppm) at each
horizon, for each treatment. Thick Hz is the thickness
of each horizon (cm) for each treatment.

i treatments (Z4,
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e Statistical analysis:

The effect of the practice on the soil was analyzed by
descriptive statistic, using the statistical software
InfoStat (Di Rienzo et al. 2008). Comparison of means
was performed using Tukey’s test (« = 0.05). Regres-
sion analyses were used to describe relations between P
components and organic carbon. Mathematical models
were adjusted to the experimental values. Correlation
analyses were used to explain P migration between TP
and organic carbon. The correlations were significant at
p < 0.05.

Results and discussion
P distribution in soil profile

Figure 2a shows the increase of mean concentration of
total phosphorus (TP) at each plot under study in relation to
control plot, at different depths. The results indicate that
the soil TP concentration after 9 years of receiving a dose
of 1600 tn ha™' of manure (Z4) increased by 8.6 times in
the first 10 cm and 0.5 times at 150 cm depth (2BCt Hz),
reaching a maximum increase of 11.6 times at 20 cm (A
Hz). Similarly, after 3 years of receiving 500 tn ha™' of

manure (Z10), the average concentration of TP increased
9.7 times in the first centimeters of soil and 0.1 times at
60 cm depth (2Btl Hz). This shows that the older appli-
cation (Z4) generated a greater migration of P within the
profile than the latest one (Z10). The P migration towards
deeper layers is maybe due to the longer residence time in
soil, affected by farming activities, weather conditions, and
the competence with organic matter and other anions pro-
vided for manure (Sekhon 2002). Deep roots, heavy
equipment, and drying wetting cycles on fine textured soils
generate cracks and preferential paths that facilitate P
migration (Wyngaard et al. 2011). In addition, through its
horizons: loamy (A, E), clayey (2Btl) and clayey loam
(2Bt2), the soil has the buffering capacity of P progress,
reducing its concentration in deeper layers. Graetz et al.
(1999) and Nair and Graetz (2002) also found high con-
centrations of WEP, Bray P and TP in deep horizons in
highly impacted areas, indicating the mobility of this
nutrient and its gradual decrease in the profile.

The extractable P (Bray P) achieved significant increa-
ses of 1.1 times for the 150 cm and 2.6 times at 100 cm
depth in Z4 and Z10, respectively (Fig. 2b). Also, the WEP
showed a maximum increase of 470 times at 50 cm in Z4
and 130 times at 10 cm depth in Z10; whereas for the
150 cm of Z4 treatment, WEP reached background

Table 1 Physical, chemical

and biological properties of soil Measured parameters Units A E 2Btl 2Bt2 3BCt
under study Depth cm 0-30 3040  40-90  90-150  150-180

Gravimetric moisture content % 30.3 27.2 27.8 26.3 28.1
Bulk density gcm ™ 1.08 1.30 1.24 1.14 n/d
Clay % 9.9 22.8 41.7 33.1 26.5
Silt % 50.1 475 29.7 38.9 41.3
Sand % 40.0 29.7 28.6 28.0 322
Total N % 0.18 0.05 0.05 0.04 0.01
Organic carbon % 1.96 0.80 0.64 0.51 0.28
Total P mg kg™ 5193 2532 321.6 348.6 303.1
Extractable P (Kurtz and Bray 1)  mg kg™ 5.76 2.83 431 6.49 3.19
Water extractable P mg kg™ 1.41 0.88 0.55 0.80 0.49
Electrical conductivity dSm™' 0.26 0.21 0.44 0.46 0.43
Total recoverable Fe g 100 g™ 2.1 2.3 4.7 4.0 4.3
Total recoverable Al g 100 g™ 4.0 4.1 9.7 8.4 7.5
pH in water (1:2.5) 5.9 6.5 6.6 7.1 7.2
CaCOs; Eq %o 11.7 11.3 12.5 12.5 12.8
Exchangeable Na meq 100 g_l 0.3 0.3 1.1 1.0 0.8
Exchangeable K meq 100 g™ 1.6 1.1 33 2.5 1.5
Exchangeable Ca meq 100 g™ 14.8 12.0 19.2 18.1 16.8
Exchangeable Mg meq 100 g 29 24 5.1 29 24
Cation exchange capacity meq 100 g~! 26.3 18.2 334 28.4 23.8

A horizon includes Ap horizon (0-10 cm)

n/d without data
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Increase of mean concentration of P-PO* related to the
control soil
a 0 2 4 6 8 10 12 14
10 : ]

20 !
30 |
40 |
50
60

70

80
100 |
110 |
120 |
130
140

150

mz4
0z10

Depth (cm)

DDUD“DDDHNLLL

o
o
L o
S
N
=)
S

150 200 250 300 350

20
30
40
50
60
70
80

100

110 |

120 |

130

140 |

150 |

Depth (cm)

T L W

c O 100 200 300 400 500
L L L L J

10

20

30

—
| —

40 7:,:|
e

50
60

70

80 ’]:|
==
i

Depth (cm)

100
110 |
120 |
130 |
140 |

Fig. 2 Increase of mean concentration of TP (a), Bray P (b) and
WEP (c) related to the control soil (ZC) in the soil profile for two
impacted plots under study (Z4 y Z10)

concentration (ZC) and for 100 cm of Z10 treatment, P
increased 910 % (Fig. 2c). From this data it can be said
that in Z4, TP and Bray P presented higher concentration
than in ZC while WEP did reach background level (for the
150 cm). In Z10, although Bray P and WEP were mobi-
lized below the 1 m depth, TP reached background values
(ZC) at 70 cm depth.

WEP was retained by the solid soil matrix on the 2Bt2
horizon (adsorption, complexation, precipitation), with
very good content of total recoverable Fe and Al, clays and
CaCOs (Table 1). Bray P could be represented by Fe-P, Al-
P and, especially soluble Ca-P compounds, formed by the
input of P and Ca from manure after the intense application
of this residue. The vertical movement of labile P could
have taken place when soil sorptive capacity was saturated
with input of P and organic acids from manure (Jgaard
1996). It is worth mentioning that the latter competes with
P for sorption sites or by the formation of complexes with
Fe and Al (Chardon and Schoumans 2002; Bolster and
Sistani 2009). Sharpley et al. (2004) found that intensive
annual applications of cattle manure for more than 10 years
generated the precipitation of labile forms of Ca-P, not
extractable with water, which can be mobilized through the
horizons (Nair and Graetz 2002). These findings highlight
the high mobility that this nutrient has under conditions of
high organic load, and potential to reach the underlying
water flow.

Bray P/TP and WEP/TP relationships

Table 2 presents the regression functions of the Bray P/TP
and WEP/TP relationships for each plot under study. All
data obtained from each sampled horizon was considered
in these relationships. ZC data fitted to a polynomial
function and data from plots receiving manure fitted to a
logarithmic function. Graetz et al. (1999) found different
relationships between the variables analyzed, which fitted
to linear models, possibly because they considered differ-
ent land use systems including pasture and forage crops.
Regarding Bray P/TP relationship, the fitting of data had a
coefficient (R?) of 0.56 for ZC and 0.97 for Z4 and Z10;
while for the WEP/TP relationship these coefficients were
0.89, 0.95 and 0.47 corresponding to Z4, Z10 and ZC.
These results agree with those obtained by Graetz et al.
(1999), although the correlations established by these
researchers were significant, they did not exceed a coeffi-
cient of 0.6.

The behavior of the different functions was evaluated
by studying its derivatives as instantaneous rates. Also,
the instantaneous rates may be related to the sampled
depth, because the highest concentrations of P were found
in the upper horizons. Almost 5700 ppm of mean TP was
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Table 2 Bray P/TP and WEP/TP relations for the three plots under study: Z4, Z10 and ZC

Treatment Bray P/TP R? WEP/TP R?
74 Bray P = 378.32 x In (TP) — 2273.1 0.97 WEP = 91.327 x In (TP) — 539.39 0.89
Z10 Bray P = 303.34 x In (TP) — 1753.2 0.97 WEP = 94.498 x In (TP) — 537.41 0.95
ZC Bray P = 0.00007 TP? — 0.0441 TP + 9.2716 0.56 WEP = 0.00001 TP?> — 0.0092 TP + 2.2109 0.47
0,30 -
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Fig. 3 Bray P/TP (a—c) and WEP/TP (d—{f) linear regression functions derived for the three plots under study. a, d Z4, b, e Z10, ¢, f ZC

found at 0-30 deep in Z4 meanwhile in Z10, more than Figure 3 shows the slopes of the tangent lines to each
2600 ppm was found at the same depth, in relation to ZC,  point of the functions relating Bray P and WEP with TP for
where that value was 520 ppm. Similar situations were  plots under study. It can be seen that data calculated from
found in Bray P: 1007, 432 and 6 ppm; and for WEP: 235,  the derived functions adjusted very well (R* > 0.83) to
144 and 1.4 ppm for Z4, Z10 and ZC, respectively at same linear functions, showing one set of data in the control plot
depth. (ZC) and two sets of data in plots with added manure (Z4
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and Z10). In ZC it could be seen that the higher the con-
centration of TP in the soil profile, the greater the con-
centration of extractable P and soluble P, resulting in a
constant variation of the instantaneous rates throughout the
profile (Fig. 3c, f).

However, plots with manure showed a different behav-
ior from ZC. The Z4 soil presented a negative variation of
the instantaneous rates of Bray P/TP, where in the first
50 cm depth (equivalent to A and E Hz), the rate was of
0.03 pug kg~ ', while in deeper horizons it was 1.1 pg kg™"
(Fig. 3a). Performing the same analysis on Fig. 3b, the
most recent application of manure (Z10) generated a
variation of 0.04 pg kg™' in 0-20 cm depth and of
1.5 pg kg™', in deeper horizons. The lower variation of
instantaneous rates in the upper horizons indicated the soil
P saturation. In addition, these results indicated that clayey
horizons accumulated 37 times more Bray P than upper
layers for both impacted plots, due to their sorptive
capacity.

The fraction of WEP presented a similar behavior
(Fig. 3d). The plot manured in 2004 (Z4) showed in the
first 50 cm depth a variation of 0.006 pg kg™, while in
deeper horizons the slope was 0.3 ug kg™'. In Z10, the
variation was 0.01 pg kg~' in the 0-20 cm depth and
0.5 pg kg~ ' at deeper layers (Fig. 3e). This demonstrates
that the WEP was accumulated 50 times more in clayey
horizons (Bt) than in the upper horizons (A, E) in both
fields. These results confirm the higher P retention in clay
particles. Clay has a bigger specific surface than other soil
particles, as well as numerous sorption sites. PO,>~ anions
can been fixed over positive charges of clay or through
cations previously sorbed (Buol et al. 2011).

In Fig. 3a, b, d, e, a threshold between linear relation-
ships of data groups describing the instantaneous rates for
Bray P/TP and WEP/TP is observed. The corresponding
threshold values for Z4 and Z10 were: Bray P/TP: 1078
and 765 ppm of TP; WEP/TP 947 and 710 ppm of TP. This
suggests that at TP concentrations exceeding those
thresholds, the extractable content of Bray and WEP
remained practically unchanged, much greater in Z4 than
in Z10, unlike what occurs below these thresholds. These
results reinforce the idea of mobility of inorganic P in
depth, and lead to think about an accumulation of organic P
from manure in surface horizons. Several authors have
studied the composition of cattle wastes and established
that between 50 and 80 % of the TP is inorganic P (Barnett
1994; Eghball 2003; Sharpley et al. 2004; Galvao and
Salcedo 2009) and this proportion is practically all avail-
able P (Whalen and Chang 2001), including water
extractable P fraction. The remaining 20-50 % of TP from
manure can be considered organic P (OP). Wyngaard et al.

9000 - ©®ZC
8000 Wz4
7000 - y = 1635,4x - 259,78 AZ10
R2=0,94
’E‘ 6000 -
& 5000
hy . =
| 4000+ y = 1128,6x- 286,93
S 000 R2=0,8013
2000 -
1000 - y = 144,86x + 219,39
R2 = 0,7439
0 T T T T T T 1
0 1 2 3 4 5 6 7
0C (%)

Fig. 4 TP/OC linear regression functions for the three plots under
study: ZC (gray diamonds), Z4 (black squares), Z10 (white triangles)

(2011) explained that mineralization of organic matter
from manure could generate ions PO, that contributed to
soluble forms of P in soil. These P forms could be mobi-
lized to deeper layers, supporting the findings of this study.

Organic carbon and its relation to P transport

In Fig. 4, the relationship between soil organic carbon
(OC%) and TP concentration (ppm P-PO,>7) was estab-
lished for the three plots (ZC, Z4 and Z10). It was found
that in manured plots, the maximum organic carbon con-
tent in soil surface was 5.3 and 6.2 % in Z4 and Z10, unlike
ZC which was 2.7 %. Also, a homogeneous and continuous
distribution of points in the ZC profile was presented, in
contrast to the impacted plots, where continuity occurred in
Z4 but not in Z10. This showed a strong impact of waste on
soil, due to the increase in OC% content and the advance of
organic matter in the profile in Z4 with respect to Z10. The
latter accumulated OC in the first horizons (0-20 cm depth,
data not shown), confirming the idea outlined in the pre-
vious point (OP accumulation in surface horizons of soil
impacted).

The correlation coefficients between TP and OC% pre-
sented values of 0.88 for Z4 and 0.84 for Z10, in contrast to
ZC, which was 0.59. This indicated that the organic matter
which moved in the profile is rich in P, matching with
manure composition (Damodar Reddy et al. 2000; Galvao
and Salcedo 2009). Linear regression functions showed the
quantity of input of TP for each unit of OC% provided with
manure. The increase was 1635 and 1130 ppm per unit of
OC% for Z4 and Z10 respectively, with an adjustment of
94 and 80 % in each case, meanwhile the slope for ZC was
of 145 ppm (R* > 0.74).
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Table 3 Means of pH and EC

measured in field plots under Horizons Depth (cm) pH EC (WS/em)

study, and their correlations 74 Z10 7C 74 Z10 7C

with P forms
A 0-30 6.5 ab 7.1b 59a 749 b 1032 b 262 a
E 30-40 6.8 a 7.6 a 6.5a 548 b 991 b 209 a
2Btl 40-90 7.6 ab 82b 6.6 a 837 b 1407 b 430 a
2Bt2 90-150 7.9 ab 85b 7.1a 1173 b 1575 b 456 a

Different letters into each horizon indicates significant differences (¢ = 0.05). Because the sampling depth
at Z10 was 1 m, data shown in the table for the 2Bt2 horizon correspond to 90-100 cm thickness

PH and electrical conductivity and its relation to P
transport

The mean values of pH can be seen in Table 3, together
with the results of electrical conductivity (EC). In this
table it shows that, except in the E Hz, the pH of Z10
differs significantly from ZC (p < 0.05), but not from Z4,
indicating that recent application of manure generated an
increase in soil pH. This behavior also was established by
Nair and Graetz (2002) and Sharpley et al. (2004). Eghball
(1999) and Graetz et al. (1999) informed that the increase
was mainly due to salts of Ca and Mg provided in animals
diets. At 0-90 cm deep, pH values did not affect the
availability of nutrients for crops, but in Z10, at deeper
horizon, P could precipitate like P-Ca forms, showing less
availability. According to Hazelton and Murphy (2007),
pH <5.5 and pH >8.5 are indicative of the decreasing
availability of P, therefore, in this plots manured, the soil
pH supports the idea of vertical migration to deeper
horizons.

It is evident from Table 3 that the addition of large
volumes of cattle manure increased salt content in whole
profile in both plots studied, following the migration of P.
Similar results were found by Eghball (2002) and Morari
et al. (2008). An average increase of salinity of 257 and
345 % in Z4 and Z10 was found at the maximum depth
sampled, in relation to ZC (p < 0.05). It may also notice
that the salts have been washing over the years due to
infiltration of rainwater, accumulating in the deeper layers
(2Bt2 in Z4, and 2Bt1 and 2Bt2 in Z10). With reference to
710 treatment, whose average salt content exceeds
1200 pS/cm throughout the soil profile, it can be seen that
in the 0-90 cm deep of Z4 plot the average electrical
conductivity (EC) fell below 800 uS cm™' possibly due to
salt leaching.

The results suggest that in Z10 plot there was a tem-
porary change of category in the classification of agricul-
tural land of “no saline” (<750 pS cm™ ') to “little saline”
(750-2000 pS cm™') (FAO 2006), at the third year of
manured. Is likely that if manure incorporated had an EC,
e.g. 6500 uS cm™' (Ciapparelli and Garcia 2015), has been
generated a higher salinization of soil in the first and
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second year (>2000 uS cm™ "), affecting the productivity
of pastures and forage crops (FAO 2006). The same anal-
ysis can be made on Z4.

Salts which began to migrate on soil from the moment
when the manure was applied on the surface of Z10, have
reached the maximum sampled depth 3 years later, mobi-
lizing therefore to a greater rate than total P, which only
reached 60 cm depth. However, it may be necessary to
deepen the soil sampling to find the saline front advance. It
is also possible that the soil under study, poorly drained by
clay content and E horizon of laminar structure, but gen-
erally well structured, with an average annual rainfall of
nearly 1000 mm, and a water table fluctuating between 2
and 4 m, the salts have already reached subsurface water
body.

While soil is considered as a buffer of water pollution
(INTA 2010), the application of large volumes of solid
manure saturated its capacity, may result in entry of vari-
ous salts to the water system, including chlorides, potash,
and especially nitrates, by the rate of mobilization that have
as monovalent ions (Garcia et al. 2013). P species mobi-
lized below the sampled depth, together to the latter, could
affect surface water courses, considering the zonal

Table 4 Empirical advance rate of Bray P (EARP) for the three plots
under study: Z4, Z10 and ZC

Horizons (Hz) Parameters Treatment

74 710 ZC

A Mean Bray P (ppm P-PO,>7) 341.1 9805 13.2
Hz thickness (cm) 30 30 30
EARP (ppm P-PO,*~ cm™") 1137 32.68 0.44
E Mean Bray P (ppm P-PO,*7) 571 231 35
Hz thickness (cm) 10 10 10
EARP (ppm P-POs~ cm™) 571 231 0.35
2Btl Mean Bray P (ppm P-PO,*>7) 517.3 182 7.7
Hz thickness (cm) 50 50 50
EARP (ppm P-PO,*~ cm™") 1035 036 0.15
2Bt2 Mean Bray P (ppm P-PO,>") 1284 16 3.8
Hz thickness (cm) 60 10 60

EARP (ppm P-POs~ ecm™') 214 0.16 0.06
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hydrological network. In this way, it can be generated the
acceleration and the imbalance of eutrophication process,
which occurs and regulates naturally in aquatic systems.

Empirical advance rate of Bray P (EARP) in soil

The empirical advance rate of P (EARP) was calculated to
assess how the nutrient has mobilized on the soil profile,
considering the extractable P (Bray P) like one of the most
indicative P fractions of the reactions that this nutrient
suffer on soils. Table 4 shows that for A Hz, EARP,, was
25.8 times and EARP;( was 76 times higher than EARP,¢
(0.44 ppm P-PO,>~ cm™"). The latest application of man-
ure (Z10) had higher potential contaminant in surface than
74, because its advance rate was greater, although the same
behavior could have been observed in Z4 soon after being
manured. At the E Hz, EARP,, and EARP; were 5.7 and
2.3 ppm P-PO,°~ cm™', respectively, while EARP,¢ was
0.35 ppm P-PO,*~ cm™!, showing the eluvial characteris-
tics of this layer. At the followings layers, it can be seen
that EARP for Z10 was reduced in 84 % in 2Btl horizon,
and for Z4 in 80 % in 2Bt2 horizon. Phosphate adsorption
to the surface of clays, amorphous Fe and Al oxides and
carbonates (Pal 2011; Wyngaard et al. 2011) may have
been contributing to reduce the empirical advance rate of
Bray P in the soil profile. However, in deeper layers,
EARPz, and EARPz, were upper than EARPyc, thus
some P forms from the cattle manure may becoming a
potential contaminant of underlying water bodies.

The traditional phosphorus conception that indicates the
slow mobility of this nutrient on soils (Conti 2000) can be
seen through EARP of control plot, in surface and sub-
surface layers. Although it was taken into account that not
all the P provided by the manure entered the system,
because of different types of losses as runoff, percolation,
surface lateral movement and plant absorption, the quan-
tification of this empirical rate enables to estimate the
dimension that the downward movement of P can take, due
to the application of high doses of beef cattle manure.

Conclusion

In this study, it was possible to observe an increase of TP,
WEP and Bray P concentration in the soil profile with
manure. This increase was higher in Z4 than Z10, in
relation to ZC. Z4 generated a greater migration of P within
the soil than Z10 despite the fact that the soil has the
buffering capacity to reduce its concentration in deeper
layers. For Bray P, the maximum depth sampled was not
enough to find a value similar to ZC, for both plots man-
ured. The vertical movement of labile P could have taken

place when soil sorptive capacity was saturated with input
of P and organic acids from manure.

Clayey horizons accumulated 37 times more Bray P and
50 times more WEP than upper layers for both Z4 and Z10.
Also, it was found that in manured plots, the maximum
organic carbon content in soil surface was 5.3 and 6.2 % in
Z4 and Z10, different from ZC (2.7 %), and the organic
matter moved in the profile is rich in P, matching with
manure composition.

The pH of Z10 differed significantly from ZC, but not
from Z4, indicating that recent application of manure
generated an increase in soil pH. There was an increase of
salt content in the whole profile in both plots studied (Z4
and Z10), following the migration of P. An average
increase of salinity of 257 and 345 % in Z4 and Z10 was
found at the maximum depth sampled, in relation to ZC.

The EARP was reduced in nearly 80 % at Bt Hz, because of
phosphate adsorption to the surface of clays, amorphous Fe and
Al oxides and carbonates. However, in deeper horizons, some P
forms from cattle manure may become a potential contaminant
of underlying water bodies.
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