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Field Crop Rotations in Mollisols

A better understanding of the P cycle is necessary to provide insights into management strategies that could
enhance P bioavailability for crops. Our objectives were to evaluate the effects of continuous P fertilization on
(i) the P budget, (i) soil-extractable P (Pe) dynamics, and (ii) the relationship between these variables. Two crop
rotations during a 6-yr period were analyzed in seven on-farm experiments: corn (Zea mays L.)-double cropped
wheat (Triticum aestivum) /soybean [ Glycine max (L.) Merr.] (C-W/S), and corn-soybean—double cropped wheat/
soybean (C-S-W/S). Calculations of net P input considered only P removal (output) and fertilization (input).
Tnitial soil-test P was 13.4 mg P kg ™! (average for the four sites) for the C-W/S rotation and 37.9 mg P kg™! for the
C-S-W/S rotation (average for the three sites). Treatment combinations were two annual rates: unfertilized and
grain P removal estimation +10% (average 34 kg P ha~! yr™1). Not applying P to soils testing 45 to 68 mgkg™! of
initial Pe resulted in a steep Pe decline (slope 0.2 mg kg™! per unit of negative P budget). Nevertheless, soils with
<25 mgkg ™! of initial Pe levels resulted in a very small and gradual decline (slope 0.02 mg kg ™). Use of current P
rates applied by local farmers probably results in a small soil-test P buildup with time. The P required to increase Pe
by I mgP kg™l was 11 and 8 kg P ha~Lyr ™! for the C-W/S and C-S-W/S rotations, respectively.

Abbreviations: Pe, Bray-1 extractable phosphorus; Pi, initial Bray-1 phosphorus.

hosphorus fertilizer recommendations are usually based on the relationship

between crop yield and soil P availability measured by specific soil tests. These
tests mainly quantify the inorganic labile P fraction, and Bray-1, Mehlich-1 or -3,
and Olsen are the most widespread available P indices (Cox, 1994). In Argentina,
the Bray-1 extractable P (Pe) index has been calibrated and validated as the standard
method for P fertilization recommendations (Rubio et al., 2008). The soil test P avail-
ability value between deficiency and sufficiency is usually termed the P critical level. Plant
species have a great variability in P critical levels, reflecting differences in crop demand,
rooting patterns, and processes that lead to enhanced uptake (Vance et al., 2003).

A great number of soil factors regulate P availability, ranging from chemical
(soil mineralogy, pH, organic matter, adsorption capacity, interactions with
other chemicals), to physical (texture, impedances, temperature, aeration, soil
moisture), and to biological (presence of roots, residues, bacteria, and fungi). On
the other hand, plant factors such as root architecture, rhizosphere alterations, and
mycorrhizal symbiosis may increase the accessibility to soil P sources (Vance et al.,
2003). Because of low fertilizer P recovery (usually <25% in the first year), P may
accumulate in the soil under continuous addition of P fertilizers. Residual effects
generate positive responses in successive crops, which depend on the P rate, crop P
removal, soil type (precipitation and adsorption effects), immobilization with organic
matter, and crosion and leaching losses (Halvorson and Black, 1985). If no fertilizers
are added or P rates are lower than P exports, soil P availability declines, which will
ultimately lead to soil degradation and a reduced capacity to sustain high crop yields.

Nutrient-budget studies are usually based on a short time scale and necessarily

depend on a number of assumptions related to the nutrient’s cycling. Accurate P
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budgets are relatively simple to calculate because most inputs and (i.e., only 40-50% of P removed by crop harvest; Ciampitti and

outputs can be quantified in most agricultural situations. Pools Garcfa, 2007) in the decade of the ‘90s. Although fertilization
of P can easily be estimated by means of the P concentrations and rates showed a slight increase during the period of 2000 to
mass of cach component of the P budget. The main components of 2006, the P budget in the region is still negative. During the last
the P inputs are fertilizers and manures, whereas grain harvested, three growing seasons, the replenishment of P ranged from 46
animals sold, erosion, and leaching losses are the main outputs to to 52% for the four main annual crops (corn, wheat, soybean,
be considered. A positive budget indicates P accumylation on a and sunflower [Helianthus annuus L.]) (Ciampitti and Garcia,

total soil P basis, while a negative budget indicatey/P depletion. 2007). Asa cohsequence, soil Pe is expected to suffer a continuous

This is not necessarily the case for available sgil P, however,
which has a particular dynamic different frond the total soilP. <T0mg P kg~! (Rubio et al., 2008).
As a consequence, the relationship betweer them isfar from bjectives\of this study were: (i) to evaluate the

linear. Therefore, information about soil Pechanges ifi long-term ontinuoys P fertilization on the Pe change with

rotations with different P fertilization spfategies and initial soi time for differcht initial ayailable soil P levels; (ii) to quantify and
P (Pi) availability can aid growers in '\% and (iii) to relate the soil P budget (P
efficiently. In that regard, long-term field ¢ : i iZation) to soil-test P trends. Our approach

The Pampas region is located in the east-central part of Argentina.

= —Around half of\thc surface occupied by this region (55 Mha) is dedicated

L.), vetch (Vicia villosa L.) for green manure, and corn (both
cotton and corn for grain harvest). After 14 yr of,

application in a Webster soil (a fine-loamy, mixed, Superactive, to cereal or oil ¢rops. The climate of the region is temperate and the
mesic Typic Endoaquoll) and a Canisteo soil fa fine-loamy, regional mean temperatures of the coldest and warmest months are 15
mixed, superactive, calcarcous, mesic Typic Endgaquoll) located™ — and2 . The rainfall regime is humid in the eastern part
in north-central Iowa, Webb et al. (1992) conducted a tﬁdy to of the region and semiqrid in the western part. In both areas, rainfall
evaluate changes in Pe values under a co has no clear séasonal pateern, although the interannual variations are
for grain harvest (18 mg P kg_1 initial Bray-1 P; large (Soriano et\al., 1991} From west to east, Pampean soils present
depth). They found that the annual ent (predominantly illite), from sandy
maintain Pe levels were approximately 16 gfzipsamments in the west to clayey Vertisols
that received no initial P fertilizers and >33. a i the east. The most common soils are Typic

apludolls (Soriano et al., 1991). Soils in the
esent a lower amorphous Al, Fe, and inorganic P
Alkg‘l, 1.4chkg‘1,and 128 mgIPkg‘l) than soils
thern Pampas region (1.2 g Al kg‘l, 1.9 gFe kg_l, and

soils from North Carolina and Brazil, found tl
Mehlich-3 P with each unit of applied P were 0.
with 10% clay, which exponentially decreased to 0.2
with >50% clay (crop P removal effects were not considered). ~1) (Gutiérrez Boem et al., 2010). Before the introduction

study performed by Randall et al. (1997) in Minnesota showed

125 mgl

of agriculture, the Pampas region was covered by temperate prairies in

58 kg P ha™! in an Aastad clay loam soil (a fing In the northerh Pampas, corn is usually planted at the beginning
superactive, frigid Pachic Argiudoll) when P fettilizer was.added i eptember—October), while soybean is usually
at rates of 24 and 49 kg P ha™1, respectively/where cgfitinuous the spting (November-December). Both crops are
corn was grown for 7 yr followed by 11 yr of a cofn—soybean beginning of the fall season (March—April).
rotation for grain harvest. Clearly, the aghount of P fertilizer o Xinter whea om planted at the beginning of the winter
positive P budget required for each millig] vested at the start of the summer season

type ( pH, organic matter, soil texture, etc.), t e on has been incorporated as a standard practice
evaluation time, crop removal, as well as the rate

applied (Sato et al., 2005; Haden et al., 2007). 2 iti been lower than crop nutrient removal, resulting
Originally, Pe was not uniform across the Pamp depletion of the native soil fertility. Fertilization

(Argentina). Itwaslow (Bray-1P <10mngg_1)towar gsou agementfocuses on the immediate crop, without regard for the

and east, and high toward the north and west (>20 mg P kg™!) long-term effects of improved fertilization strategies.

(Hall et al., 1992). Continual P removal by grains and forages In 2000, a long-term fertilization study was established in 11 farms

and low rates of fertilization resulted in low soil P replenishment of the Consorcios Rurales de Experimentacién Agricola (CREA)-
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Southern Santa Fe. After the first year, the farms were divided into two
groups: five sites continued under a C-W/S rotation and six sites under
a C-S-W/S rotation. From this network, seven experimental sites (three

C-W/S sites and four C-S-W/S sites) under stabilized no-till systems,

showing variation across sites in soil types, Pi, and soil management

and 2005-2006, respectively. For the full soybean crop, annual P rates
applied were 30 and 34 kg P ha™! for growing seasons 2001-2002 and
2004-2005, respectively. The annual P rate averaged 34 kg P ha~L.

At the beginning of the experiment, soil samples (0-20-cm

depth) were collected to perform a complete soil test analyses (Table

history, were selected for this study (Table 1). The evalugtion period
considered in our work was between the 2000-2001 3
2007 growing seasons. Soils at the different sites are

Argiudolls or Typic Hapludolls (Table 1).

constant P concentration (calculated to 0% moisture content) was assumed
for the different crops: 4.0, 5.0, and 7.0 g P uptake kg™! graj
maize, wheat, and soybean, respectively (Ciampitti and Garcia, 2007).

The final P rate for each crop was 10% higher than

seed. For the C-W/S rotation, annual P rates a
37, and 36 kg P ha™! for growing seasons ZOOO—ZQS
2004-2005, respectively. In the same rotation, th

the wheat crop were 37 kg P ha™! in all growing seasq

rotation, the annual P rates applied for corn were 20 and 37
for growing seasons 2000-2001 and 2003-2004, respectively. Wheat
annual P rates were 37 and 46 kg P ha~!for growing seasons 2002-2003

—differencebe

1) These samples were air dried at 40°C and sieved to 2 mm. The soil

properties measured were: total organic C, pH (1:2.5 soil/distilled

water suspension))\Bray-1 P, and exchangeable cations (pH 7 NH,OAc

onstant weight. Soil texture was determined by

‘@cc and Bauder, 1986).

three soil samples, one per block. Soil P budgets were calculated as the
en P inputs and outputs. The P inputs were calculated from
the rate and P concentration of the fertilizer applied. The P outputs were

calculated from crop yields and grain P concentrations, determined each

Table 1. Experimental sites, previous management, and soil properties (0-20 c

at the beginning of the experiment period

(September 2000) at the seven sites under cgrn-double-cropped wheat/soybean\(C-W/S) or corn-soybean-double-cropped

Soil property

C-S-W/S rotation

Experimental farm La Marta Lambaré Santo Domingo
Soil classification Entic HaplustolITypic Hapludbll Typic Argiudoll Typic Hapludoll Typic Argiudoll  Typic Argiudoll
Agricultural yearst 40 12 5

Previous crop W/S W/S S

Extractable b mgkg™!  11.2 67.7 22.5

Total organic C, g kg™!  12.1 18.7 14.8

pH 6.3 5.6 6.3

Ca, cmol kg™! 6.9 9.9 10.8

Mg, cmol kg™! 2.1 3.0 2.9

K, cmol kg~! 2.4 2.6 2.3

Clay, % 8.0 11.8 18.0 15.5 18.0 20.5 19.0

Silt, % 35.4 53.2 62.0 56.4 78.9 76.5 69.3

Sand, % 56.6 35.1 20.0 28.1 3.1 3.0 11.7

Textural class sandy loam  silt loam silt loam silt loam silt loam silt loam silt loam

t The number of continuous years of growing agriculture crops.
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Statistical Analysis (different experimental sites). This analysis was performed with
The annual budget and Pe were analyzed by a procedure of replicate GraphPad Prism 4 software with the nonlinear regression function using

measures with time, using the PROC MIXED procedure of SAS (SAS the extra sum-of-squares F test (P < 0.05) for the comparison method.

Institute, 1996; Littell et al., 2000). The variables of experimental site,

year, and fertilization treatment were considered as fixed effects of RESULTS AND DISCUSSION

the model, while blocks and all interactions were considered random PhOSphOfUS Budget

effects. Medians and all significant interactions were obgained using The total amount of P applied during the 6 yr of study

the LSMEAN/PDIFF procedure using the SLICE opfion. The best averaged 204

were considered

¢ P ha~! (Fig. 1). In general, the observed yields

fixed parameters of covariance structure for each mode)/were the Akaike from adequate to high for the local standards

information criterion (AIC) and the Bayesian informagion criterion (B 2). As expected, P fertilization promoted higher crop

The P removal and yields of each crop rotagion were ap The grain yield response to annual P
ANOVA performed by site-year and Duncan’y multiple/comparisons applications Yaried among treatments and with time. In the C-S-
test. For the Pe change adjusted by Pi and fgr the two/groups of sites ¢ addition of P produced yield increases of 896,

! for corn, wheat and soybean (average
budget, differences between linear functions b double-cropped soybean), respectively.

criterion derives from the logarithm of the verisimi ¢ ! a cMons (3 yr, three and four crops, respectively),
correct model election responds to a minimization o
minimizing the prediction of the error.

Model fitting for the relationship between the relative 2
La Marta and Balducci (6 yr, eight crops). After the fourth year at

and the accumulated soil P budget (both calculated as the difference
i = Tl're-S'arrnﬂﬁ'er site, however, significant P responses (2 yr, three

between fertilized and unfertilized treatments) for each e

site was implemented with GraphPad Prism 4 software (Motulskiand crops) were observed (Table 2). Responses varied according to Pi

Christopoulos, 2003) using this (componentized) GraphPad equation:
Y1 =11 + BI X + B2 X% Model fitting was robus

: grain concentration, expressed on a dry-
of 0.65 and P value <0.001. Models were selected by c m/paring matter basis (0%

isture), was higher in soybean than in
independent fits with a global fit that shared the sélected pafameters. In wheat, while\corn présented the lowest values. Corn grain P

—1 for soybean.

554 C P removal C-WIS|FP B Extractable P C-WIS| 55
i Bl P applied
40- = Soil P balance pp ; 40
» y
254 v 7 5 2 5 ’ j / / / L 25
7 B d .0 0 e R R
10 / / L 10
A A1 A1 NH mh @A 8 N0 BFln NON- MM, F
20 &
—~" Q
' -35- a R --35 ;
f? 55 C C-S-\WIS|FP cCswisls; —
o 40- ' ' - 40 é
25-p / z 1 p / ’ ; / =25 X
0 WM Wi G LGN R 0 2
A HH NU WA WA WP o Wl Y=

1 2 3 4 5 6 7 1 2 3 4 5 6

Cropping Years

Fig. 1. Changes in P removal by grain, P fertilizer added, soil P balance, and extractable P for (a) unfertilized (C) and (b) P fertilized (FP) corn-
double-cropped wheat/soybean (C-W/S) rotation and (c) unfertilized and (d) P fertilized corn-soybean—double-cropped wheat/soybean (C-S-W/S)
rotation during seven cropping years. Each observation is the average of three replications for each experimental site. Bars represent standard
errors of the mean.
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Table 2. Crop yields for unfertilized treatments (C) and continuous P application (FP) for each crop-year under corn-double-cropped
wheat/soybean (C-W/S) or corn-soybean—double-cropped wheat/soybean (C-S-W/9) rotations during the 6 yr of evaluation.

. Grain yield
Crop, yeart Fertilizer C-W/S rotation C-S-W/S rotation
treatment
La Marta Balducci  SanAlfredo Avg. LaBlanca LaHansa Lambaré Santo Domingo  Avg.
kg ha~!

Corn, 2000 C 11,138 7,970 9,962 9,690 4 k3 11,760 9,787 9,997

FP 12,073* 9,02 9,283 10,128 , 11,971 10,175 10,270
Wheat, 2001 C 2,455 2,976 2,840 - - -

FP 3,390* - - -
Soybean, 2001 C — 3,796 2,709 3,618

FP - 3,766 2,735 3,662
Soybean I, 2001 C 2,967 £ - -

FP 2,942 - - _
Wheat, 2002 C - 3,633 1,345 2,271

p - 3,668 1,569 2,472
Corn, 2002 C 9,374 - - -

FP 11,717% - - -
Soybean I, 2002 C - 4352 4,061 4,045

FP - 4,350 4,190 4,158
Wheat, 2003 C 1,116 - - -

FP 3,531* - - -
Soybean I, 2003 C 2,826 - - -

FP 3,136* - - -
Corn, 2003 C - 9,366 10,143 9,890

FP - 1,921* 8,856 10,005 10,565
Corn, 2004 C 10,837 8,732 9,538 - - -

FP 13,770* 10,395* 11,350 - - -
Soybean, 2004 C — 4,383 5,606 4,640

FP - 4,407 5,841 4,949
Wheat, 2005 C 1,636 4,386 1,988 3,064

FP 3,683* 4,264 3,161* 3,809
Soybean I, 2005 C 2,874 2,357 kS 2,598

FP 3,625* 2,455 + 2,760

* Significant (P.< 0.05) yield difference between the
t Soybean = full-season soybean, Soybean Il = double-@
+ No crop planted.

§ No information.

is shown

The average grain P removal by site and yeay
in Table 3. In the C-S-W/S rotation, the annual f
treatments without P fertilization (control), 3
years, was 20.4, 23.3, 26.8, and 28.3 kg P

removal in

rotation, averaged across years, had an a
26.7,and 28.1 kg P ha™! at La Marta, Bal
respectively (Table 3; Fig. 1). In the C-W/
removed averaged 155.9 and 194.5 kg P ha™!

the C-W//S rotation, significant P removal differences
treatments were observed mainly at the La Marta site (5 yr, six
crops); in addition, after the fourth year at the San Alfredo site,
significant P responses (2 yr, two crops) were observed (Table
3). For the other rotation, C-S-W/S, significant P removal

¢re mainly observed at La Blanca (2 yr, two
ansa (3 yr, three crops), and for double-cropped

ss were observed at the Lambaré site (Table
3).
the fin

1mova

ilization rate was 34 kg P ha~! yr_l, and

P budget presented a significant (P < 0.05)
ear X fertilization X site interaction for the C-S-
W/S rotation, whereas the two-way year X fertilization and
year X site interactions were significant for the C-W/S rotation
(Table 4). The unfertilized treatment presented, on average, an

accumulated negative P budget of 155.9 and 148.1 kg P ha~!

SSSAJ: Volume 75: Number 1 ¢ January-February 2011



Table 3. Phosphorus removal by grain for unfertilized treatments (C) and continuous P application (FP) for each crop-year under
corn—double-cropped wheat/soybean (C-W/S) or corn-soybean-double-cropped wheat/soybean (C-S-W/S) rotations during the
6 yr of evaluation.

P removal by crop

Fertilizer C-W/S rotation C-S-W/S rotation
Crop, yeart treatment . 3 Santo
La Marta Balducci  SanAlfredo Avg.  LaBlanca LaHansa Lambaré Domingo Avg.

Corn, 2000 C 22 21 23 £ 31 24 27

FP 28* 26 31 25 28
Wheat, 2001 C 7 - -

FP 13 - -
Soybean, 2001 C - 20 21 20

FP - 20 23 22
Soybean I, 2001 C 18 - -

FP 17 - -
Wheat, 2002 C - 12 4 7

FP - 12 5
Corn, 2002 C 25 - -

FP 31* - -
Soybean I, 2002 C - 26 24 24

FP - 26 25 25
Wheat, 2003 C 4 - -

FP 12* - -
Soybean I, 2003 C 17 - -

FP 19 - -
Corn, 2003 C - 24 27 26

FP - 23 26 28
Corn, 2004 C 28 - -

FP 39* - -
Soybean, 2004 C - 26 33 27

FP - 23 29* 24
Wheat, 2005 C 6 16 6 11

FP 14* 16 10* 14
Soybean I, 2005 C 13 14 £ 15

FP 22* 15 ¥ 16
* Significant (P < 0.05) yield difference between the un
t Soybean = full-season soybean, soybean Il = double-cr
$ No crop planted.
§ No information.
in the C-W/S and C-S-W/S rotations, respective C-W/S (three crops) rotations, respectively. In the
The fertilized treatment presented both negative/and positive fertilized treatmeént, a positive budget of 4.3 and 4.5 kg P ha™! was
budgets in the C-W/S rotation, depending on t rved after thé\corn growing seasons for the C-S-W/S and
whereas positive budgets for all experimental siges and yea pectively. In the case of soybean (including
observed in the C-S-W//S rotation (Fig. 1). rped soybean), the unfertilized treatment
and maximum annual P budgets avera; gets of 87.2 and 53.8 kg P ha™! for
presented by year and fertilization treatmént 2 2 : rotations, respectively. Moreover, in
5. In the C-S-W/S rotation, the fertilizc : ] ' 1t, a negative budget was observed of
negative P budget (—6 kg P ha™!) only in ¢ 7 for the C-S-W/S and C-W/S rotations,
increasing trend in subsequent years. For the € ation resulted because only full-season soybean
similar situation was observed during the first yea A i ilizer, while double-cropped soybean was not
equivalent negative P budget (—6 kg P ha™1). In a e i i bor wheat, continuous P fertilization resulted in an

positive P budget values were <10 kg P ha™! yr=! (w
P budget in the sixth year) (Table 5). 68.1 kg
The accumulated P budget for corn presented negative negative budgets were 17.6 and 30.9 kg P ha! for the C-S-W//S

in the C-W/S rotation. In the unfertilized treatment,

values in the unfertilized treatment, averaged across growing and C-W/S crop rotations, respectively. Clearly, the different

seasons and sites, of 53.0 and 49.1 kg P ha~! for the C-S-W/S accumulated P budget trends are related to the application of P

A SSSAJ: Volume 75: Number 1 e January-February 2011



to the full-season soybean crop (C-S-W//S rotation), in which
specifically 18 kg P ha™! were accumulated after P removal in the
fertilized plots (two full-season soybean crops; Table 3).

Overall, the absence of P fertilization during 6 yr of

continuous cropping (i.e., the unfertilized treatment) led to an

Table 4. Analysis of variance of annual P budget and
extractable P (Pe) for the corn-soybean-double-cropped
wheat/soybean (C-S-W/S, four sites) and corn-double-
cropped wheat/soybean (C-W/S, three sites) rotations,
considering the variables of site, fertilization, and year as
statistical sources of variation.

F value

of 264 and

average (across sites and years) annual net P loss

Variﬁﬂes

24.9 kg P ha™! yr~! in the C-S-W/S and the C-W//S rotations, P Budget Extractable P (Pe)
respectively. Selles et al. (2007), in an Aridic Boroll soil after ‘ ) CWS rotation
27 yr of a wheat—fallow rotation, observed an/average negative §r|me?ntal site NS 7007
1. Fertiliza 1,415.8%** 196.9%**
an'nual budget of 5.2 kg P ha vv'lthout P fer Vear o grir .
soil depth), with average wheat yields of 1.8 NS AN
P uptake of 6 kg P ha™! Ao ar N -
12.8%** 24.6%**
Extractable Phosphorus Change ' NS 5 3rek
The initial average Pi (2000-2001 growing C-S-W/S rotation
P kg~! for the C-W/S rotation and 37.9 mg 10.7%* 170.3%**
W/S rotation. The Pe change showed a signific 14,996.17* 49,755
x fertilization X site interaction for the C-W/S ro 15527 3.2%
C-S-W/S rotation, significant year X site and year x ¢ 1507 NS
interactions (P < 0.001) were verified (Table 4). 451 2.2
-~ Year xfertilization 115.2%%% 9.2%k*

At the end of the evaluation (2006), the C-S-W/,
presented Pe values that averaged, across fertilization treAtments and

years, 20.0, 34.7, 55.5, and 16.2 mg P kg_l for La BlaAca, La Hansa,

Year x fertilization x site 1.9* NS
* Significant at the 0.05 probability level; NS = not significant.
** Significant at the 0.01 probability level.

respectively. For the crop rotation C-W/S, the
13, 10, 14, 12, 13, 18,and 16 mg P kg~! for
2003, 2004, 2005, and 2006, respectively (Table
for the C-S-W/S§ rotation during the 6-yr period,
treatments. Similarly, for the C-W/S crop sequence, 4 yr during the evaluated period (Fig. 2c¢). Furthermore, Pi exerted a

the entire evaluation period presented significant differences in the large influence on the Pe change; note that the data fitted into

by 2.3 and 1.3 mg Pe kg™! yr™! on average
for the C-W/S and C-S-W/S rotations,

treatment declined by 0.4 and 3.1 mg P
yr~1, on average, for the C-W/S and the

Data re ed from means acro
W /S crop rotations, respectively. Malla ' ' I I ‘
et al. (1991) showed that rates of 20 kg\l | G5-W/8 Rota

| |
ha=! applied annually for corn and soybea i Me!
|

C-W/S Rotation
Mean Min. Max.

grown in rotation on a Typic Hapludoll soil

v

(in Iowa) produced an average increase in Pe

0f 0.93 mg kg~! yr=! (0-15-cm soil depth). In 0 0 0 0 0 0 0
the unfertilized plots, they observed a decrease 0 =23 -6 -26 -10 -21 -1
of 1 mg P kg~! yr~1. The increasing soil test P 2002~ =208 —22 6 -19°9 —28 5 —30 4 -2 7
. . 2003 =31 4 -38 -1 -26 3 -26 8 -28 6 =25 11
trends were always lincar (Fig. 2), as reported
004 -26 9 -29 6 =24 7 -29 2 -36 -2 =20
2005 -28 10 -33 5 -21 10 =25 1 -28 -3 =23
2006 -23 19 -30 10 -7 16 -24 0 -28 -3 -19 2
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Table 6. Mean, median, minimum, maximum of annual 'extractable P for the corn-soy- | intriguing findings of our research.
bean-double-cropped wheat/soybean (C-S-W/S, four sites) and corn—-double-cropped
wheat/soybean (C-W/S, three sites) rotations, considering the variables of fertilization
treatment (unfertilized, C, and annual P fertilization, FP) and year. Data resulted from differences between rotations and sites were

After this standardization, we observed that

means across the three replications at each experimental site. almost negligible in both unfertilized and
Extractable P fertilized treatments (Fig. 2c). Therefore,

Year C-S-W/S rotation C-W/S rotation Pi standardization allowed us to obtain an
Mean Min. Max. / Mean Min: Max. accurate model to explain the Pe change for

C FP C FP C FP / C FP C FP C \FP both unfertilized and fertilized Mollisols.

2000 38.0 38.0 16.2 162 67.7 67.7, . . 0.8 168 . . Extractable phosphorus and Soil

2001 38.2 36.0 16.7 121 71.5 71 . . . . 2, . PhOSphOI‘US Budget Relationship
2002 248 29.7 143 19.6

2003 24.6 359 139 233
2004 241 37.1 13.4 193
2005 243 41.2 129 287 .
2006 19.0 45.2 109 284 415

The association between the annual
change in P budget and Pe allowed the
tification of the P required annually
increase the Pe level by 1 mg P kg™!
(including P removal) (Fig. 3; Table 7).
\/ 'The net positive P budget required for an

30

kg~ ! in the Pe level varied among experimental
ed from 6.3 to 13.6 kg P ha™! for both crop
uated (Table 7). The net P budget required for

A y=10.2+2.27X
R?=0.40 P <0.01

2 an increase of 1 mg P kg™! was 10.8 and 7.5 kg P ha™! in the
1 - —%’eﬁ‘hotat{on and C-S-W/S rotations, respectively (Table
= 5 / 7). Randall et al. (1997) reported that 26 kg P ha™! yr~! were
2 1 Q - o 4 needed to raise $oil-test P by 1 mg P kg™! yr~! on a Minnesota
? Y = 14.2 -0.43X yomer s Y
"o e ¢ e\continuous corn was grown for 7 yr followed
R?=0.38 P <0.05 .
: 6 — by 11 yr of a corn-$pybean rotation. In a corn-soybean long-
o | b Y=328+131X C i Dodd and Mallarino (2005) reportcd that
E 45 R?=039 P <0-65 nccdcd o increase soil-test P by 1 mg P kg™!
e 5 =1 for the highest annual P rate
ermore, Pi varied greatly among the
304 ain factor controlling the Pe change. The
1 cquirement to obtain an increase in Pe levels
154 Y =40.7 -3.10X greater in soils with <25 mg kg™ initial soil-test
1 R? = 0.42 P <0.01 P ha~!/mg P kg™!) than in soils with >45 mgkg™!
E 0 - 5.3-6.8 kg P ha™!/mg P kg™!) (Table 7)
8 204 € oW YR_20=6; ;3’,1%001 e relationship between Pe and the accumulated P budget
5= 4 C-S-WIS Y= 078 +0. 11X is shown in Fig. 3. The fitted regression lines were significant (P <
© R?=0.51 P< 0.009
g5 159 0.001), and the coefficients of determination (%) were generally
S g 4 >0.50, with thé\exception of San Alfredo for the unfertilized
'S 2 1.04 Alfredo, Balducci, Lambaré, and La Hansa
2 ‘; 1 . tments (72 > 0.25). All experimental sites
o 0.5- C-WIS Y = 0.94-0.056X association (statistically significant or
2 R?=0.47 P< 0.001
= 1 C-S-WIS Y= 1.13-0. 063X, apparent nonsignificant\trends) between Pe levels and the net
= R2=0. 43P<000:
g 0.0 T T decrease was greater at La Hansa and
1 = 3 4 ; ard tl Domingo and La Blanca (C-S-W/S
Cropping 119.1' tendencies were observed in plots

Fig, 2. Change in extractable P (Pe) under (a) cor g C eater increase than occurred at La Hansa
wheat/soybean (C-W/S) and (b) corn-soybean—double
soybean (C-S-W/S) rotations with P fertilization (FP) a
(0), and (c) relative Pe change quotient, calculated as the rg
Pe values of each year adjusted for the initial Pe level on*an"a .
basis for C-W/S (filled lines and squares) and C-S-W/S (dotted Imes of Balducc1 and La Marta presented similar statistically significant
and circles) rotations for FP (filled symbols) and C treatments (open
symbols). Each observation is the average of three replications for each
experimental site. Bars represent standard errors.

budget). In thc C-W/S rotation, the experimental sites

(P < 0.05) increasing and decreasing trends for the unfertilized
and fertilized treatments, while San Alfredo and Santo Domingo
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showed similar response trends (none statistically significant at
the San Alfredo site) for both treatments (Fig. 3).

Two main groups of sites were defined according to the
relationship between Pe and the accumulated P budget. San
Alfredo was excluded mainly because the soil-test P decrease and

not observe significant differences among sites and the unified
slope value was 0.37 mg P kg™! soil per unit of change in the
positive soil P budget. Intercepts varied significantly (P <
0.001), however, among experimental sites. As was observed

for the unfertilized treatments, the intercepts were different (P

increase were steeper and not significant (P > 0.05), which did niot
fit in any of the groups, and thus it was

0:001) an?g experimental sites. In the second group, soils

considered as a third group (Fig. 3g).
The first group includes those sites
with Pi values <25 mg P kg_1 soil: La
Marta, Balducci, La Blanca, and Santo
Domingo (Fig. 3a, 3b, 3c, and 3d). In
this group, unfertilized plots showed
a slow or negligible soil-test P decline.
Fertilized plots belonging to this group
showed a steeper increase in soil-test
P levels. The second group included
those sites with Pi >40 mg P kg™! soil:
La Hansa and Lambaré (Fig. 3¢ and

3f). In this group, unfertilized plots Y=0.02°X + 187

R2=0.64;P<0.001
exhibited arapid declinein soil-test P

values, while fertilized plots showed = ") /___--

nonsignificant trends in available

soil P. In the last site-group, different

_§-‘§ § ;Y' 0.3*X + 19}

Balducci

: Y=0.3*X + 9.1

TR2— . P=
v=d15P: 11 iR=0.52; P=0.03
R2=0.56; P<0.05

o .
4 o

L] L) v L] 'l
-200 -150 -100 ~ -50 0 50 100

[o .Y

Santo Domingo d

Y=0.2"X + 16.2 :
R%=0.55; P<0.05 ”

1 Y=0.4*X + 18.5

{R%*=0.59;P<0.05 :R?=0.74; P<0.05

soil-test P trends might be related
to the organic P content (NaOH-
and NaHCO;-P) associated with
high organic C content (Table 1).
Furthermore, when P was applied,
the organic P content was observed
to increase compared with the check
plot (Ciampitti, 2009). Differences
between group responses . might
be associated with' P movement

from the surface soil horizon to

M L] v L)
-150 -100 -50 0 50 100

deeper soil layersand P loss through -200 -150 -100

i m
Y=0.2*X + 37.4 Ell-l-
R?=0.50; P=0.04 i
- E.
D.E"u :
o o
cl L] L) L] ; L)
-200 -150 -100 -50 0 50 100

erosion or leaching. In addition, P
removal was further associated with

P Budget (kg P ha™)

the potential yield rather than soil-
test P levels (annual P removal of
20-28 kg P ha™1).

An F test was performed on
the first and second groups, for each
fertilization treatment, to examine
whether slopes and intercepts were
significantly  different (Mead et
al., 1993). In the first group, soils
with Pi <25 mg P kg_1
unfertilized treatments

soil, the
did not
differ in their slope in the negative
section of the soil P budget. The
unified slope was 0.018 mg P kg™!
soil per unit of change (Fig. 3). In
the fertilized treatment, we did

Fig. 3. Relationship between Bray-1 extractable P and the accumulated P budget during the experiment
(6 yr) for both corn-double-cropped wheat/soybean (C-W/S) or corn-soybean—double-cropped wheat/
soybean (C-S-W/S) rotations. Sites were grouped according to the initial available P: (a—d) low-P group,
(e—f) high-P group, and (g) unclassified site. Filled symbols corresponding to the P fertilizer treatment
and open ones to the unfertilized treatment. Bars represent standard errors. Only statistically significant

(P < 0.05) equations are presented.
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Table 7. Differences between P fertilized and unfertilized treatments in P
budget extractable P (Pe), and the estlmated average P rate requlred for an . . L
increase in the soil Pe levels of 1 mg P kg~" for all experimental sites evalu- that the new P entering the soil was fixed is high.
ated under corn-soybean—double-cropped wheat/soybean (C-S-W/S) and Therefore, P applied to a low-P soil would not
corn-double-cropped wheat/soybean (C-W/S) rotations.

of sorption sites remain vacant and the probability

necessarily translate to a proportional increase in Pe.

. Accumulated  Annual In addition, Holford (1976) and Pote et al. (2003)
Site P budget P budget Annual APe Net P budgett

——kghal — mg P kg! kg P ha~'/mg P kg~
C-W/S rotation
Balducci 179.7 30.0

supported the hypothesis that P application causes a

greater increase in soil P when applied to soil that is

) 13.6 initially higher in soil P. In our experiment, however,

initial soil Bray-1 P levels were <25 mg P kg1,

La Marta 148.9 24.8 12.4
San Alfredo 167.5 27.9 P application through inorganic fertilizer caused a
Avg. 165.4 greater increase than for the experimental sites of
C-S-W/S rotdtion the second\group (>40 mg P kg=!). In addition,
La Blanca 198.4 . . . our\results show a higher P'declination trend in
La Hansa 165.0 . 3 ¢ g_l P soils compared with the <25
Lambaré 207.2 oils, with negative P budgets without
Santo Domingo 201.3 uous P applied. In this regard, our findings
Avg. 193.0 32.2

t Positive budget needed for an increase in Pe conce %cordance [o sevgsl rescarchers previous
with Pi >40 mg P kg~! soil, the unfertilized treat llarino et al., 1991; \Webb etal., 1992; Dodd and
show signiﬁcant slope differences and the unified slop
mg P kg™! soil per unit of change in the negative accumulated ( 1992) found that soil-test P (Bray-1P) decreased after 14 yr of
- —cropp'm'duct{on on two fine-loamy soils in north-central Iowa

differences (P < 0.001) among experimental sjtes. In the when no fertil

P budget; however, the intercepts showed significan
zer P was added and the extent of decreases were
fertilized treatments, the slopes were not significgntly different

and the unified slope was 0.0068 mg P kg~! 4oil per unic-of

change in the positive accumulated soil P budget. Finally;in the

enhanced with increases in the initial soil-test P levels. Recently,

corn-soybean rotatigns established in Iowa (1970s-2002) on
ificant for Hapludoll and Endoaquoll soils with three different initial P

third group, the slope of the change in Pe was not si
either unfertilized or fertilized treatments

The relationship trend between P
differed markedly between the first an
also differed with Holford (1976) and Pote'

rescarchers observed that in poor P soils, a gtea ¢ dases in the initial soil test P levels.

d ® LaHansa aturation of the anion exchange matrix of the soil

'E ) O LaBlanca 007) and a conversion to nonlabile fractions, as

nq_, g z ézrr?tl())al;eomingo * suggested by McCollum (1991). It has been observed that high

d>’ g 1 o Balducci g soil P levels may dissolve soil minerals (Low and Black, 1950;

ig T 144 LlaMarta ckson, 1955), which can promote a release of Fe

° % and Al that potentially precipitates soil P. Aulakh et al. (2003)

x g observed that thé great sinks of excess continuous P applied
<e 0

o ere the moderately labile and recalcitrant

soil P fractions, which'could possibly be the case in our soils. This

1 d by Beauchemin et al. (2003) for soils

ive enough information, however, to draw

atements, a limitation of this research.

accumulated soil P budget. Both parameters

quotnent (difference between the Pe final value and i as the difference between fertilized and

the beginning of the experiment) and accumulated P

¢ 2 _
(C-W/S) or corn-soybean-double-cropped wheat/soybean (C-S- inction (R = 0.65, P < 0001), with the exception
W/S) rotations. Both parameters were calculated as the difference Of San Alfredo, which was excluded from the data ana1y51s
between P fertilized and unfertilized treatments. Each observation because its slope was not 31gn1ﬁcant (P > 0_05) (Flg. 4). The
is the average of three replications for each experimental site. The

. . . adjusted model did not show significant differences between sites
dotted lines are the 95% confidence interval of the data set.
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by the International Plant Nutrition Institute (IPNI) Latin America
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bY Dobermann et al. (2002) ina2-yr Study with a soybean—ricc thank Tony Vyn for his helpful review and comments about this paper.
(Oryza sativa L.) rotation. They observed that the relationship

and rotations (P = 0.75). From the obtained function, it can be
calculated that 97 kg P ha™! of accumulated soil P budget led to

between Pe and the accumulated P budget fitted a polynomiz R R ES

model, Suggesting that with hlgh P applications more P becomes Aulakh, M.S., B)S. Kabba, H.S. Baddesha, G.S. Bahl, and M.P.S. Gill. 2003.
extractable with low levels of Pe (<3.1 mg P kg™). Crop yields 3
budget of 200 kg P ha™! produced an increase o

and 12.5 kg P ha~! was required to raise the Pe by 1 ity S., D. Hes crberg, I Chou, M. Beauchemin, R.R. Simard, and
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