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Abstract

The dynamic of the reaction between a clayey and sandy soil and three P-sources differing in P-solubility was study in a
greenhouse experiment were Lotus corniculatus was cultivated and harvested several times during 287 days. The absorbed
P by the plants with time was interpreted by an equation representing the P already present, added P, extracted P and the
retained P even after the extraction by a soil-P test. The dry yield and P uptake differed between soils and for each soil among
P-sources. In the clayey soil there was little difference with time between the two water soluble P-sources, both dry yield and
P uptake, but in the sandy soil P uptake was significantly higher for poultry litter compared with triple superphosphate. Dry
yield and P uptake were lower for phosphate rock with respect to both water soluble P-sources. In the clayey soil P uptake
from the three P-sources with was mainly interpreted by the decrease of both the extracted and retained P, whereas in the
sandy soil and for phosphate rock addition P uptake was described by the decrease of the retained P meanwhile extracted P

was constant with time. Native P had little influence in both soil for all P-sources.

Keywords: Poultry Liter; Phosphate Rock; Forage Production; P-uptake; Retained-P; Extractable-P

In addition, the dependence of biological N fixation on
adequate P supply makes P the principal limiting element of
ecosystems [4]. Further, in P markedly deficient soils, forage

Introduction

Regular applications of phosphate (P) fertilizers are

currently required to obtain maximum forage yield from
most of the grassland all over the World. This is the case
in Argentina where the quality and the quantity of forage
yield is restricted by a marked deficiency of N, and mainly
P in pasture soils [1-3]. Since P is one of the most immobile
nutrients in soil, N is mobile and can be high at the beginning
of the growing season when soil temperature increases.
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plants may not respond to N fertilization [3].

The presence of legume plants increases the quality and
quantity of forage [5], but they have a higher P requirement to
growth comparing with the grasses [6]. Hence, a P deficiency
in soil may affect legumes growth to a greater extends with
respect to grasses [5].
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The genus Lotus is employed for pasture around the
World because its productivity and adaptability on a wide
range of soils [7]. Additionally, condensed tannins in Lotus
spp., prevent bloating and improve protein absorption in
ruminants [8,9]. Lotus corniculatus is important in USA
[10] and New Zealand [10]. In Argentina, both L. tenuis and
L. corniculatus constitute an important forage resource for
beef and dairy cattle farms productions [12]. It was reported
that these two Lotus species colonize the same areas and
strongly respond to P addition in P deficient soils [12], but
L. corniculatus has a lower expansion Vignolio [13] and
requires more fertility in soils than L. tenuis that is present in
a wider range of soils [12].

Much effort has been devoted to measure and to describe
the relationship between plant yield and P uptake with the
extracted P by soil test solutions to predict P requirements
for approaching maximum plant yield. However, this
relationship involves only two variables but in fact it is a
multivariable problem [14]. The availability of P for plant
growth is controlled by physical and chemical reactions,
including sorption-desorption, precipitation-dissolution
and biological processes such as immobilization and
mineralization.

If P is added to a soil, a plant is then growth along a
period of time and the soil is subsequently extracted by a soil
test reagent, a basic equation can be written as follow

pa-+pn=pe+pr+pup (D

where Pa is the amount of P added, Pn is the amount of
native P or P already present in soil by previous fertilizations,
Pe is the amount of P extracted by the soil test reagent, Pr is
the amount of added P retained by the soil and Pup is the
amount of P removed from the soil by plant tissue.

The amount Pa is independent of the P-source but the
solubility of the source drastically affects P availability for
plant growth. Pn is affected by the elapsed time since P was
added having different status associated to previous different
applications with time. Pe is affected by the formulation of
the soil test reagent used, time and vigor of contact between
soil and P during the extraction. Pr is affected by two
different reactions between soil and P. After the application
of a P-source, a first rapid reaction between the soil and P
in solution begins; P is adsorbed on soil clay and minerals,
and its concentration in the soil solution decreases as a
result of a balance between dissolved-P from the source and
adsorbed-P even in presence of a soil test reagent [14]. After
the first reaction a slow secondary reaction between the soil
and adsorbed P takes place such that P continually diffuses
into the soil solid phase [15]. Both reactions decrease the
offer of P to plant roots by decreasing P-availability in the soil
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solution, and ultimately decreasing plant yield. Finally, Pup is
affected simultaneously by the soil, the P-source applied and
the plant characteristic and the period of plant growth.

The five components of Eq. (1) clearly indicate that
predicting the amount Pup by a plant from a single
relationship between two variables became almost
impossible. There is no question that P fertilizers should
be applied in most of the soils to increase pasture growth,
especially in areas such as the Argentinean Pampa’s where a
generalized deficient of P in soil for pasture growth is present.
As the prices of P fertilizers increase, farmers tend to apply
less P than is required for maximum pasture yield. Therefore,
the application of other P-sources, such as phosphate rocks
(PR) or poultry litter (PL) may be an economically attractive
alternative to use more expensive manufactured soluble-P
fertilizers such as triple super phosphate (TSP). Poultry litter
(PL) is a water soluble P-source (WSP) that has been used as
P-fertilizer source, both alone or composting with PR [16].
One of the disadvantages of using PL is that P concentration
is variable and may be relative low (1-2 %) with respect to
PR (12-16 %) or TSP (19-21 %) [17,18], but the advantage is
that is cheap and plenty available as a sub-product of poultry
production.

The availability of a P-source to plants largely depends
on the concentration of P and its rate of dissolution. However,
the influence of soil, plant and P-source management factors
may alter the availability of P to plants [19]. The rate of PR
dissolution in a given soil mainly depends of the chemical
composition of the PR used. Previous studies suggest that PR
from Gafsa (Tunisia) is one of the more reactive PRs available
in the World [19,20]. For a single P fertilizer application with
time, Perrott [21] reported that PRs of high dissolution and
low P loss rates would be about the same residual value as
that from WSP in the first year and then it would decrease
with time.

In view of these interrelationships among variables we
reported here a greenhouse experiment to study the dynamic
of P applications in two soils -differing widely in properties-
from three different P-sources where L. corniculatus was
growth and harvested several times during 287 days
after sowing. The Pup was interpreted in term of the four
components of Eq. (2). Boschetti [18] used the same two
soils of this work fertilized with TSP, PR and PL and reported
that the labile and moderately labile inorganic P forms were
markedly reduced by plant uptake, whereas the residual P
forms had little changes with time. Lotus corniculatus was
chosen because is currently used in Argentina and Uruguay
in pastures [18], it considers one of the most important
legumes after lucerne and white clover Singh [22] and its
high productive and efficiency to take up P from the soil
comparing with other legumes [11].
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Materials and Methods

Soil collection and experimental set up

Two soils differing widely in chemical and physical
properties, typically used for pastures were selected from
Entre Rios Province (Argentina). A fine neutral clayey thermic
Acuic Hapludert (Vertisol) and a sandy thermic Fluvaquentic
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Eutrudept (Inceptisol), were surface collected (0-15 cm),
air-dried, sieved by 5 mm and homogenized (Tab. 1). The
criteria used to select these two soils were: L. corniculatus
usually grows at field conditions, low P availability and wide
difference between soils in P-sorption capacity and clay
content; since these properties have a significant influence
on the rate of reaction between soil and P with time.

Soil - Clay | sand | oM CEC | Exchangeable | pH P Bray 1 Al_norphous P Sorpt_lon
No. Classification %) | (%) | (%) (cm(c) / Ca Mg H,0 (mgP/kg) Oxides (g/kg) | Capacity
kg) (cm ., /kg) | (1:2.5) Al Fe (mg/kg)
Soil 1 Acuic 47 | 7 | 84| 382 23535 5.8 7.1 2017 408
Hapludert
Soil 2 | Tluvaquentic | g | gy | 46 | 43 1.6 0.6 5.6 5.0 0.6 0.9 157
Eutrodept

Table 1: Some properties of the soils used.

Pots of 1.2 L of capacity were filled and fertilized with
different P-sources. Phosphorus was applied to soils at a rate
of 240 mg P per pot as triple superphosphate (TSP; 20% P),
phosphate rock (PR; 13% P), or poultry litter (PL; 2% P).
A control treatment without P fertilizer was also included.
Because of the soil density the pots contained 1.218 kg and
1.735 kg of soil for the Vertisol and Inceptisol respectively,
and the doses were 197 mg P per kg of soil in the Vertisol
and 138 mg P per kg of soil in the Inceptisol. The doses of P
used were chosen because L. corniculatus reaches maximum
yield around 100 ppm P in soil [12]. Phosphorus fertilizers
were homogenously mixed with the soils and then incubated
for 3 months near field capacity and at 25°C. The incubation
procedure at appropriate temperatures increases the rate of
reaction between soils and P permitting to study the reaction
over periods that are equivalent to much longer periods at
field temperatures [14]. After incubation, both fertilized and
control pots were distributed in glasshouse as a completely
randomized statistical design with three replications per
treatment.

The PL source consisted of poultry manure and bedding
material (rice hulls); this litter is widely used as P-fertilizer
since Entre Rios Province is a typical area of poultry
production. The composition of PL was: N 1.8%, C 16.6%, Ca
2.1%, Mg 0.4%, and K 0.9%. The pH value of the poultry was
7.2 (water 1:2.5). The PR used was a natural rock from Gafsa
(Tunez) with P 13% and Ca 32%.

Before sowing, each pot was fertilized with 180 mg K
as KNO, and K,SO, (50/50), 60 mg Mg as MgCl.6H,0 and
MgSO0,.7H,0 (40/60), 32.2 mg N as KNO,, 0.4 mg B as H,BO,,
4.4 mg Mn as MnCL,.H,0, 4.8 mg Zn as ZnSO,.7 H,0, 1.6 mg
Cu as CuCl,.7H,0, 2.4 mg Fe as FeC13.6 H,0, and 0.1 mg Mo as
Na,Mo00,.2 H,0. This nutrient solution was previously used
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by Boschetti [18].

Lotus corniculatus was sown to have 20 plants per pot
growing for 9 months. Eight cuts (the first was done 42 days
after sowing and the others every 30 days) of the aerial
biomass were harvested 1 cm over soil level, dried at 70°C
during 48 hours, sieved and P concentration in plant tissue
was determined by the following procedure: the sample of
0.5 g was ashed at 500°C for 4 h and dissolved in 1.0 mL
of HCI; then, the solution was diluted to 100 mL with bi-
distilled water and the concentration of P in the solution
was determined by the method of Murphy and Riley [23].
We started the experience with 96 pots having 12 pots per
treatment. In addition, for the second, fourth, sixth, and
eighth cuts, we also harvested the root biomass in 3 of the
pots per treatment; and similarly as for aerial biomass, P in
roots were determined.

At sowing time and after the second, fourth, sixth and
eighth cuts, the soil was sampled, air-dried, sieved (0.5 mm),
and analyzed for pH and available P. Briefly, 0.5 g of soil was
shaken for 16 h with 30 mL deonized water and with a strip
of an anionic exchange membrane of 5 cm? (AR204UZRA435
Ionic, Watertow, MA, USA) saturated with NaHCO,. After
shaking, the membrane was cleaned with deionized water,
and the P was desorbed with 10 ml 1 M NaCl for 1 h according
to Coperband and Logan [24]. Inorganic P of soil extracts was
determined colorimetrically by the molybdate-ascorbic acid
procedure [23], and the P extracted by the anion exchange
membrane (AEM) was referred to mg P by kg of soil.

Additionally, after the fourth cut and to ensure no
limitations in soil for plant growth, B, Mn, Zn, Cu, Fe, and
Mo were again added at the same doses as indicated above.
Besides, 492 mg N, 360 mg Ca, 300 mg K, and 86 mg S per pot
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were added in 14 applications as Ca (NO,),.4H,0, NH,NO,,
KNO,, K,SO,, and MgSO,.7H,0 throughout the growth period,
respectively.

Fitting the equation to the data

Equation (1) can be rearranged to describe the results in
terms of the changes of Pup with time

pup =pa+pn-pr-pe (2)

with the exception of Pa, the terms of Eq. (2) may change
with time. An appropriate function of time was used to
describe the changes of Pn, Pr and Pe during the period of
growth of L. corniculatus after each harvest. The functions
were:

_ Cn

pn=a -b, t 3)
_ Ce

pe=a,-b, t 4)
_ Cr

pr=a._b t (5)

where Y represents the amount of Pn, Pe or Pr (mg P/
kg of soil) after each period of growth (days) from sowing
to each harvest (t); and a, b and c are parameters. The sub-
indexes n, e and r identify the parameters for Pn, Pe and Pr
respectively in Egs. (3,4 and 5). This form of the equation
permits to estimate by the intercept (a) the initial values of
Pn, Pe or Pr at sowing (t = 0), b is a soil material-dependent
coefficient and c is a coefficient that reflects the rate of
change of Pn, Pe or Pr with time along the period of Lotus
growth. The second term of the Egs. (3,4 and 5) is negative
because Pn, Pe and Pr are expected to be decreased with time
due to both, the continuing reaction between soil and P, and
the extraction of P by plant growth. Replacing Pn, Pe and Pr
in Eq. (2) by the functions of Egs. (3,4 and 5) respectively, the
function used to describe the observed changes in Pup with
time was:

pup=pa-+(a,-b, t™)+(a,-b, t«)+(a,b, t) (6)

The response of accumulated dry yield with time was
described by a rescaled version of the Mitcherlich equation,

Y:A(l-exp(—Ctm )) (7)

where Y is the accumulated total dry yield (shoot and
root) with time, A is a coefficient representing the maximum
yield approached, t is the period of growth in days, and
C and m are coefficients that describe the curvature of
the relationship between yield and time. The statistical
properties of Eq. (7) were investigated by Ratkowsky [25]
and used by Barrow and Mendoza [26] in legume plants
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where an initial region of low slope was observed in the
response curve.

The concentration of P in shoot tissue to approach
maximum shoot growth is currently called critical
P-concentration [27]. When one level of P from different
sources is added to soil and plant growth measured through
time, the ability of a plant to transfer the absorbed P in shoot
growth for a same period of growth can be also described by
the rescaled version of the Mitcherlich equation such as Eq.

(7)
y=a<1-exp (-cxd)) (8)

where y is shoots dry weight (g); x is the concentration
of P in shoots (%); and a, c and d are coefficients. The value of
a,c and d coefficients has a similar meaning to the coefficients
A,C and m of Eq. (7), respectively. Increasing the value of d at
a constant value of ¢, makes the curve increasingly sigmoid
and also determines that the maximum shoot yield is
approached more quickly. The sigmoid response to added P
was proposed by Bolan [28] to describe plant and soil factors,
and mycorrhizal colonization causing this response form.

The responses of plant P uptake (Pup) for each P-source
with were fitted separately for each soil by Eq. (6). Dry yield
responses to P sources were compared by curves fitted to
them. The statistical differences among curves were tested
by a significant variation (P < 0.05) of the residual sum of
squares of observed values. In the case that the equations
to be compared differed in the number of coefficients, those
with most coefficients were reduced to forms with fewer
coefficients in so far the change brought about in the residual
sum of squares was not statistically significant (P < 0.05). The
simplex method of Nelder and Mead [29] was used to bring
forth the values of the coefficients that gave the smallest
residual sum of squares.

Results

Lotus corniculatus strongly responded to adding P
from the three different sources increasing P uptake (Fig
1a,1d) and dry yield (Fig. 2a,2b) comparing with the control
treatments.

The accumulated dry yield and P uptake responses
differed between soils and for each soil among P-sources. In
the clayey soil (soil 1) there was little difference with time
between the two WSP-sources (TSP and PL) in both dry
yield and Pup, whereas in the sandy soil (soil 2) Pup was
significantly higher when PL was added compared with TSP.
The response of Pup and dry yield to PR addition was always
lower with respect to the WSP-sources in both soils (Figures
1a,1d & Figures 2a,2b).

Copyright© Quintero CE, et al.
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Figure 1: Fitting values obtained when Eq.(6) was used to describe changes with time in P uptake, P extracted and P retained
along the period of growth in soil 1 and soil 2 after one level of P added from TSP, PR and PL sources. The lines drawn were
obtained from fitting Eq.(6) from regression using all the observations rather than the points shown. Equation (6);

pup =pa+(an -bn tCn)+ (ae - be tCe) + (ar - br tCr) the retaine.d P (Pr) b}., the soils (Fig. 1c, 1f). For the thr.ee
P-sources in both soils, Pe and Pr decreased meanwhile
The increases of Pup by L. corniculatus with time were Pup increased with time. Table 2 shows the values of the
adequately fitted by Eq. (6). This model also described the coefficients obtained when Eq. (6) was used to describe the
availability of P (Pe) measured by AEM (Fig. 1b,1e) and changes of Pup, Pe and Pr with time.
60 (a) Soil 1 60r  (b) Soil 2
_ --©-- Control — =&~ Control
B —=— TSP 8 —=—TSP
S T PR 5 T —e-pr
i} —=—PL ko]
° ©
2 20F 2 20
g g
s | A e ° B
B | g E ol
0 100 200 300 0 100 200 300
Period of growth (days) Period of growth (days)
Figure 2: Fitting values obtained when Eq.(7) was used to describe changes with time in total dry yield of Lotus corniculatus
growth in soil 1 and soil 2 after one level of P added from TSP, PR and PL sources. The lines drawn were obtained from fitting
Eq.(7) from regression using all the observations rather than the points shown.
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Equation (7); Y=A (1-exp(-Ctm)) .

From the fitted values obtained by fitting Eq. (6), we
estimated the soil P balance according to Eq. (1). We made
two assumptions for estimating the soil-P balance. The first
was that Pa + Pn is the total amount of P representing the
100% of soil P that is potentially available for plant growth
(Pup), the second assumption was that the amount of Pe
extracted from the control soils represents the total amount
of native P potentially available for plant growth. Then, the
changes of soil P according Eq. (6) can be calculated for each
period of growth and plotted together in Figure 1.

At sowing, approximately 50 % of the added P from the
WSP-fertilizers was retained by each soil (Pr) even after the
extraction of P (Pe) by AEM methods. However, when PR
was added, near 75 % and 90 % was retained in soil 1 and 2
respectively (Figres 1c, 1f).

For each soil and the two WSP-sources, the changes
of Pup, Pe and Pr showed similar tendencies with time.
However in soil 1, the proportion of soil P absorbed by the
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plants (Pup) and the end of the period of growth was 60 %
of the total P potentially available for plants, whereas in soil
2 the proportion absorbed was 40 % and 50 % for TSP and
PL respectively. In addition, for these P-sources, there was a
clear decrease of Pr with time in soil 1 but it showed little
changes in soil 2.

For each soil when PR was applied, the changes of the
variables measured differed with respect to the WSP-sources
(Figures 1c,1f). In soil 1, Pr decreased with period of growth
from 74 - 67% but in soil 2 the decreased was more marked
from 91-66% of the total soil P. The estimated values of
the coefficients of Eq. (6) also give information regarding
the reaction between soil and P that in turn influence Pup
(Table 2). The coefficients ¢ and c, both exponents of t in
Eg. (4 and 5), describe the changes of Pe and Pr with time. A
value of ¢ and c_higher or lower than unity indicates that the
relationship between Pe and Pr with time is curved and the
rate of change of Pe or Pr is not constant with time. Values of
these coefficients close to unity suggest that the decrease of
Pe and/or Pr is constant with time.

Parameters of Eq. (6)
Soil P source Native P Extracted P Retained P R2
an bn cn ae be ce ar br cr

Control 10.69 | 2.63x10-14 | 0.081 | 10.84 | 1.17x10-12 | 0.127 | 0.006 0.722 0.548 | 0.765
) TSP 15.22 0.010 0.898 | 113.72 0.205 1.099 | 99.09 0.064 0.898 | 0.985
Soil 1 PR 15.01 | 7.16x10-3 | 0.146 | 47.77 0.200 0.909 | 165.05 0.165 0.926 | 0.931
PL 13.71 | 7.75x10-3 |0.807 | 111.03 0.217 1.059 | 100.74 0.103 0.986 | 0.953
Control 395 | 3.75x10-13 | 0.133 | 4.059 | 7.51x10-13 | 0.042 | 0.012 0.018 0.859 | 0.635
) TSP 8.66 9.04x10-4 | 0.925| 83.48 0.029 1.352 | 63.63 | 3.52x10-3 | 1.005 | 0.981
Soil 2 PR 7.78 4.90x10-4 |0.958| 14.34 | 5.10x10-5 | 0.987 | 132.32 0.051 1.017 | 0.959
PL 7.04 3.40x10-4 | 1.026 | 91.16 0.048 1.306 | 54.26 | 4.40x10-4 | 0.972 | 0.996

Table 2: Coefficients obtained when Eq. (6) was used to describe the changes in phosphorus uptake by Lotus corniculatus plants

along a period of growth of 276 days in soil 1 and soil 2.

For the WSP-sources applications in soil 1 the rate of
increase of Pup was constant with time, whereas in soil 2 the
rate of increase of Pup increased with time. These differences
in the rates of Pup can be visualized comparing Fig. 1a and
1d, where the fitting curves of the relationships between
Pup versus period of growth is gently upwards in soil 2 but
almost straight in soil 1. The magnitude of these differences
is reflected by the values of ¢, and c_coefficients (Table
2). These coefficients indicated that for the WSP-sources
applications in soil 2, the rate of decrease of Pe increased
with time (c_ > 1) and the rate of decrease of Pr is constant
with time (c_=1). Consequently, in soil 2 the rate of increase
of Pup with time after harvesting is because of the balance

Quintero CE, et al. Dynamic of Phosphorus in Soils Fertilized with different Phosphorus Sources and

between the rate of decrease of Pe, which decreases with
time, and the constant decrease with time of the retained P
(Pr) by the soil. In soil 1 the situation differs and for the WSP-
sources, the values of ¢, and c_coefficients were both close to
unity suggesting that the rate of decrease of both, Pe and Pr,
was constant with time. Hence, the rate of increase of Pup by
Lotus was also constant along the periods of growth. Native P
(Pn) had little changes and is expected to have little influence
on Pup with time in both soils.

The amount of absorbed P by Lotus from the less soluble

P-source (PR) showed little differences between soils and the
rate of increase of Pup with time was almost constant in both

Copyright© Quintero CE, et al.
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soils and the fitted line close to linearity. Nevertheless, the
increase of Pup with time for PR in soil 2 is mainly reflected
by the decrease of Pr with time rather than the Pe removed
from the soil by the P-soil test method, which was constant
and around 14 ppm P along the period of growth.

The response of the total accumulated dry yield (shoot
and roots) with time was closely described by Eq. (7)
showing similar tendencies in both soils (Figures 2a,2b).

Journal of Ecology and Natural Resources

The responses to the WSP-sources were fitted together by
only one curve because a separated fit for TSP and PL was
not statistically justified. Hence, three separated curves were
used to describe the responses of L. corniculatus to WSP,
PR and control treatment in both soils (Figures 2a,2b). The
coefficients obtained when fitting Eq. (7) are indicated in
Table 3. The value of m higher than unity indicates that the
fitting curve at early stages of growth is gently upwards.

. Parameters of Eq. (7)
Soil P source R2
A C m

Control 11.55 5.35x10-5 1.997 0.999
Soil 1 TSP - PL 116.70 2.82x10-4 1.340 0.994
PR 48.68 2.76x10-4 1.526 0.994
Control 8.34 2.42x10-5 1.760 0.990
Soil 2 TSP - PL 55.25 2.90x10-5 1.802 0.997
PR 39.35 1.33x10-5 2.001 0.999

Table 3: Coefficients obtained when Eq. (7) was used to describe the changes of the total accumulated dry yield (shoot and
roots) of Lotus corniculatus plants along a period of growth of 276 days in soil 1 and soil 2.

The ability of L. corniculatus to transfer and use the
absorbed P in shoot growth was sigmoid and adequately
fitted by Eq. (8) in both soils (Figure 3). Separated responses
curves were fitted for each period of growth and the dry
yields of the control and the three P-sources treatments were
together part of the same fitting curve and plotted against the
concentration of P in shoot tissue (Figure 3). For each period
of growth, the dry yield of the two WSP-sources treatments
approached to the same yield in each soil. However, the

concentration of P in shoot differed between plants growing
in the two soils. In soil 1, % P in shoot was quite similar
between PL and TSP treatments to obtain the same yield,
however in soil 2 more P was absorbed by Lotus when PL
was added compared to TSP to obtain the same yield (Figure
3). These results were similar to those observed when
plotted dry yield of roots against % P in roots tissue (data
not shown).

50 Soil 1

Control
TSP

o
u 276 days
® PR

u]

220 days
251
157 days

86 days

Dry yield shoot (g/pot)

1 |

Dry yield shoot (g/pot)

Soil 2

276 days

25r 220 days

157 days

86 days

1 1

1 |

1 1
0.2 0.3
P in Shoot (%)

0.4

points shown.

0.5

Figure 3: Fitting values obtained when Eq.(8) was used to describe changes with time in dry yield of Lotus corniculatus shoot
growth in soil 1 and soil 2 after one level of P added from TSP, PR and PL sources as a function of the concentration of P in
shoot tissue. The lines drawn were obtained from fitting Eq.(8) from regression using all the observations rather than the

1 1
0.2 0.3
P in shoot (%)

0.1
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Equation (8); y=a(1-exp(-cxd))

When PR was added, the % P is shoot was lower with
respect to the WSP-sources in both soils. At early periods of
growth (86 and 157 days), the response to PR addition has
approached to a same yield of WSP-sources (Fig. 3). At late
harvests (220 and 276 days), the response of dry yield to
PR was lower than the WSP-sources. For each P-source the
accumulated dry yield of shoots increased with time but the
concentration of P in shoot tissue decreased. The critical
value of % P in shoot tissue required to obtain the 90 % of
the maximum shoot yield also decreased with increasing the
period of growth. For soil 1 was 0.33,0.31, 0.20 and 0.20 % P
for 86,157,220 and 276 days of growth respectively. For soil
2was 0.35,0.41, 0.22 and 0.14 % P respectively for the same
period of growth as indicated for soil 1 (Figure 3).

Discussion

Lotus corniculatus strongly responded to adding P from
the three P-sources of different solubility by increasing both
P uptake and accumulated dry yield in both soils. The P
uptake was described by Eq. (6), where the changes of Pup
with time was reflected by the extracted P by AEM method
(Pe), the retained P (Pr) by the soil and the native P (Pn).

The availability of a P-source to plants largely depends on
its rate of dissolution but the reaction between soil and P, and
plant species may alter the availability of P to plants growth
[19]. TSP and PL are both water WSP-sources (87 % and 24
% w/w respectively) but differing in their rate of dissolution
[18,30]. The solubility test assessed by the P-fractionation
method of Headley [31] has showed a low accumulation on
the residual P fraction from the three P-sources (1.0, 2.1 and
5.0 % of the total P present in TSP, PR and PL respectively)
which is expected to have no influence on Pup with time [18].
However, there was a significant proportion of P accumulated
in a more chemically stable fraction associated to Ca [32],
which was extracted by HCl 1 M (10.8, 97.7, 48.0 % of the
total P present in TSP, PR and PL respectively), specially from
the PR source composed by 32 % of Ca [18]. These stable
forms may interact with the soil and may release P during
the period of growth to more labile forms after long periods
and then part of it may be absorbed by plant roots, extracted
by a chemical method or still retained by the soil even after
the extraction by the soil test reagent [33]. The P present in
TSP-source can be rapidly released to labile P-forms (87 % of
total P) and then absorbed by the roots or adsorbed by soils
constituents. Similarly, P in the PL source can be also rapidly
release but only 24 % of the total P, and PR does not release P
rapidly and needs long periods of reaction to transfer P from
the more chemical stable forms (98 %) to P-forms available
for plant growth [18]. Soil 1 has 47 % of clay content, 4.2 % in
organic carbon, and is 2.6 and 3.5 times higher in P-sorption
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capacity and P-buffering capacity than soil 2 respectively,
which in turn only has 5 % of clay, 90 % of sand content and
0.8 % of organic carbon [18]. In addition, soil 1 is 15 higher
in exchangeable Ca than soil 2, suggesting that soil 1 has a
higher ability to react with P than soil 2.

The amount of absorbed P by the Lotus roots with time
from TSP and PL applications differed between soils. The
fitting model suggests that in soil 1 for the two WSP-sources,
the constant rate of increase of the amount of P absorbed
from the soil solution by L. corniculatus (Pup) with increasing
the period of growth was explained by the constant rate of
decrease of both Pe and Pr with time. In soil 2, the rate of
increase of Pup increased with the period of growth and
was mainly explained by an increase of the rate of decrease
of Pe with time, because Pr decreased with little changes
with time. For the less soluble P-source (PR), the dynamic
balance of soil-P also differed between soils. Similarly as for
the WSP-sources, in soil 1, the increase of Pup with time was
associated with a decrease of Pe and P with time; but in soil
2 by a decrease of Pr meanwhile Pe was around 14 ppm P
along the period of growth.

The P fractionation method showed that the “organic”
PL-source contains 88.3 % of inorganic-P, which is more
reactive with the soil than the organic-P [18]. Then, the
organic-P is expected to have little influence on P balance
in soil. Hence, differences in P availability between WSP-
sources with time are likely to be associated with differences
in the reaction between each soil and P during the period of
growth and, the amount of labile and moderately labile forms
that are susceptible to be desorbed by soil constituents to the
soil solution and then absorbed by Lotus plants. In addition,
soil 1 has a higher ability to retain P and then to release it
with time to available P-forms comparing with soil 2 of a
lower P-sorption and buffering capacity than soil 1 and low
ability to release P with time as showed by the extraction of
the same amount of P (around 14 ppm P) along the along the
period of growth.

The P uptake in soil 1 from the WSP-sources was the
same along the period of growth, but in soil 2 P uptake was
higher in PL that in TSP. Moreover, the accumulated dry
yield was similar between these two sources in both soils.
This indicates that the ability of Lotus plants to transfer the
absorbed P from the WSP-sources in growth was different
for each soil, suggesting the presence of one or more limiting
factors in soil 2 that impeded plant growth even when
sufficient P absorbed from the PL-source is present in plant
tissue.

In forage plants, the % P in tops with respect to its

yield is an important plant property when P availability is
not sufficient to reach maximum yield, which is the case for
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the most of the soils destined to pastures for plant growth
[5]. The ability of Lotus plants to transfer the absorbed P in
growth differed with increasing the concentration of P in
shoot tissue determining a sigmoid response. The flexibility
of Eq. (8) permitted to describe this sigmoid response in both
soils with different periods of plant growth. A sigmoid form
of a rescaled version of the Mitscherlich equation was used
by Mendoza [12] and Mendoza [27] to estimate the critical
value of P in shoot required to give 90 % of maximum shoot
yield in L. corniculatus and L. tenuis. In the present work in
soil 1, the critical P-concentration in shoots of L. corniculatus
to reach the 90 % of maximum shoot yield decreased with
increasing the period of growth ranged from 0.33 % at early
stages of growth to 0.20 % at late stage of growth, and from
0.41 % to 0.14 % at a respectively stages of growth in soil 2.
A critical value of 0.22 % P in shoot tissue of L. corniculatus
after 35 days of growth at a range of added P reported by
Mendoza [12] is within the range of the 0.20 % reported here.

Conclusion

The absorption of P from the soil by a plant is a
multidimensional process. The response of L. corniculatus to
adding P among soils, P-sources and periods of growth were
successfully described by an equation where the dynamic
of P in soil was interpreted by the changes with time of
the extracted P by a soil-P test, the retained P by the soil
constituents even after the extraction of P and the native P
already presentin soil. The added P increased Pe and Prin the
soil. However, the soluble sources increased more the Pe and
the phosphate rock the Pr. The most available Pe was quickly
consumed by the plants, showing a higher concentration of P
in the tissues and better growth. A proportion of the added P
reacted with the soil, showing more Pr. Especially the poorly
soluble PR source, which slowly contributed P to the plants
over time.
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