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Abstract

The Southern Highland Zone constitutes Tanzania’s principal agricultural belt, accounting for approximately fifty percent of the
nation’s food supply. Most of the soil of the region’s agroecozones is strongly acidic, causing poor crop yields and inefficient
fertilizer utilization. Phosphorus (P) sorption characteristics were investigated across acidic soils to assess their implications for
P availability and soil fertility management. Surface soil samples (0-30) cm sampling depth obtained from the unlimed and limed
plots of study sites were analyzed for P-sorption dynamics. The P-sorption data were fitted to the Freundlich isotherms to estimate
sorption capacities and heterogeneity of adsorption sites. The results on Freundlich P-adsorption capacity (Kr) in mg/Kg of soil
recorded 1433.0+131.0 and 1396.6+141.7, 971.0+£222.4 and 883.3+269.5, 1644.24+26.3 and 1595.7+43.0, 1055.4+62.3 and
1001.9+105.5; standard phosphorus requirement (SPR) in mg/Kg of soil 223.0+5.8 and 205.1+£13.2, 122.8+17.7 and 104.7+18.4,
235.445.0 and 221.643.0, 113.3£19.0 and 97.9+13 for unlimed and limed experimental plots at Mbimba, Kifyulilo, Igeri and
Uyole respectively. These results revealed strong P adsorption trends. Liming substantially reduced P-sorption capacities and
heterogeneity of adsorption sites in the soil, increased equilibrium P concentration, indicating improved P availability through
charge neutralization and reduced activity of iron (Fe) and aluminum (Al) sesquioxides. The SPR computed values indicated that
the external addition of phosphorus according to national recommendations provide suboptimal fertilization of phosphorus in
the Southern Highlands of Tanzania. These findings highlight that managing soil acidity through liming is essential to minimize
P-adsorption and enhance fertilizer use efficiency in low-P tropical soils.
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1. Introduction

Phosphorus (P) is one of the 17 essential nutrients required
for plants to complete life cycles [1]. However, (P) deficiency
is among the most widespread constraints to crop productivity
in the tropics, particularly in regions with highly weathered
and acidic soils [2, 3]. Despite the application of P fertilizers,
crop response remains poor because much of the applied P is
rapidly fixed rendering it unavailable for plant uptake.

Phosphorus fixation is a fundamental process governing the
availability, mobility and fate in the acidic soil settings [4, 5].
P- fixation is exhibited through precipitation or adsorption re-
actions. In the highly weathered acidic soils (pH<S5.5) variable
charge minerals like iron and aluminum oxy (hydroxides) and
AP, Fe*" are predominant chemical species [6, 7]. The pre-
cipitation reactions result into insoluble compounds such as
variscite and strengite, and the adsorption reactions occur on
the surfaces of Fe and Al sesquioxides like ferrihydrite, goe-
thite, and hematite [8, 9]. The soil pH and the point of zero
charge (PZC) catalyses the sorption reactions, largely by driv-
ing the dynamics of orthophosphate and sesquioxides species
[10]. Generally, ligand exchange chemisorption exhibits the
orthophosphate and mineral surface charge is sorption pattern
in such soils. These reactions are often irreversible at constant
pH, but may become partially reversible with changes in pH
[11,12].

The acidity in the southern highlands of Tanzania is
primarily casued by the nature of the parent material such as
colluvial/alluvial desposits formed from grinitic/gneiss rocks,
high rainfall that wash out the exchangeable base cations and
fertilizer management practices [11-13]. Eventually, creating
the potential P-sorption sites which reduce the fertilizer use
efficiencies and posing serious economic challenges to
smallscale farmers who are already facing limited input access
[14,15].

Understanding the sorption characteristics of phosphorus in
acidic soils is critical for sustainable soil fertility management,
improving crops productivity and maximizing environmental
conservation [16]. Thus, P-sorption studies are essential in de-
signing sustainable soil fertility and nutrient management
strategies in the tropics [11]. Although extensive work has
been done on P-sorption in the tropics, no study has been con-
ducted to quantitatively assess how lime chemical reaction in
acid soils influence P-sorption dynamics of the P-source ferti-
lizers in the Southern Highlands of Tanzania. This knowledge
gap limits the fertility optimization using intergrated manage-
ment strategies. The research findings are required to inform
on ways to reduce P- fixation, improving P- Phytoavailability
and crop productivity in acid characterized agroecosystems
[17]. This study deploys quantitative evaluation model ap-
proach using the Freundlich isotherms to characterize the P-
sorption properties in the soils, guide P-fertilizer recommen-
dations using standard phosphorus requirement metric, and in-
form liming strategies [18]. The effectiveness of lime in re-
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ducing exchangeable acidity, altering surface charge proper-
ties, and influencing P availability is broadly reported by var-
ious scholars [7, 19]. Various factors influence the effective-
ness of lime including soil mineralogy, type and content of
organic matter, and management history, which is reported to
vary across the agroecological zones of the Southern High-
lands of Tanzania [17].

The low phosphorus levels in the soils of the Highlands of
Tanzania replenish suboptimal amounts to support plant
growth and best yields [15]. Land managers recommend the
use of high P-formulation fertilizers to address the low-P
problems in the agroecosystems [2]. However, farmers con-
tinue obtaining low yields. This challenging scenario created
scientific enthusiasm for investigating options that can en-
hance phosphorus use efficiency in the agroecological zones
of the Southern Highlands of Tanzania. The study was there-
fore conducted to characterize the P- sorption behaviour of
acidic soils under limed and unlimed conditions in the study
areas. The results of this work are expected to provide a basis
for refining phosphorus use recommendations, improving the
soil fertility management practices, and environmental con-
servation via integrating four aspects of fertilizer management
(1) right type, (ii) the right amount, (iii) right placement, and
(iv) right timing known as the 4R stewardship principles re-
quired to be known and followed by farmers towards enhanc-
ing sustainable crop productivity in the agroecosystems.

The specific objectives are to:

1) Quantify the P-sorption characteristics of the soils of
four representative agroecological zones of Southern
Highlands of Tanzania

2) Evaluate the of effect agricultural liming on the soil
chemical characteristics soils in four representative
agroecological zones of Southern Highlands of Tanzania.

2. Materials and Methods

2.1. Study Area

This study was conducted in four regions of the Southern
Highlands of Tanzania, specifically in districts of Mbozi,
Njombe, Mbeya, and Mufindi) for Songwe, Njombe, Mbeya
and Iringa regions respectively. The study sites were located
in villages of Mbimba, Uyole, Kifyulilo, and Igeri (Table 1
and Figure 1) in the four representative agroecological zone
of Southern Highlands of Tanzania. The sites have been under
continuous maize-legume rotations under conventional tillage,
with a history of P-fertilization without lime application in the
past five years. The experimental sites cover the 10.5% of the
agroecological zones of Tanzania. Table 1 provides the details
to the characteristics of the Agroecological zones of Southern
Highlands of Tanzania. [20] field descriptions book was used
to describe the sites in weather, geomorphic features like land-
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forms, land use, soil temperature and moisture regimes. In ad-
dition, Garmin etrex 10GPS device was used to determine the

coordinates of the site sites.

Table 1. Description of the location, altitude, precipitation, landforms, land use, and soil classification of the study sites in the Southern

Highland Zone of Tanzania.

Site name Latitude Longitude Altitude (masl)  Precipitation (mm) landform Land use USDA Soil Taxonomy
clayed, mixed,
Mbimba -9.08835, 32.95329 1592 1300-1800 Flat plain Cultivation  superactive, isothermic
Ultic Hapludalf
Inclined clayey, mixed, semiac-
Igeri -9.53057, 34.72591 2023 1200-2100 lain Cultivation  tive, isothermic Typic
P Hapludult
Kifyulilo  -8.69118,35.12511 1848 1000-1700 Inclined Cultivation 1 1. mixed, active, iso-
plain thermic Typic Paleudult
Pumiceous, mixed, su-
Uyole -8.91611, 33.50793 1770 100-1500 Alluvial fan  Cultivation peractive, isothermic,
TBypic Hapludand
Location of the study sites in the Southern Highlands of Tanzania
N

@ Experimental site

135 270 540 Kilometers
1 | |

] Region of Southern Highlands of Tanzania

Figure 1. Location of study sites in the representative acid affected agroecological zones of the Southern Highlands of Tanzania. Map s shape-

files were obtained from national bureau of statistics, Tanzania.
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2.2. Field Work

The study sites were located on farms belonging to the Tan-
zania Agricultural Research Institute - Uyole Center. These
research farms represent the agroecological zones of the
Southern Highlands of Tanzania, specifically in soils, land-
scapes, landforms, climate, and ecological conditions. The cri-
teria used to select the location of the pedons included land-
scape analysis, expert knowledge and soil reconnaissance sur-
vey, and review of maize suitability studies reports. Then, ten
subsamples were collected at a depth of 0-30cm using random
soil sampling technique in unlimed and lime plots, mixed and
processed through the quartering method to obtain one com-
posite soil sample weighting 500g for each experimental plot
in each site. The unlimed soil samples represent the baseline
condition of the soil in the study sites. Two composite samples
were collected in each site. Total of eight composite soil sam-
ples were submitted to Tanzania Tea Research Institute (TRIT)
laboratory for analysis. The calcitic lime consisted of 94.96%
ECCE and 40% Ca content was applied to the experimental
plot one year before the soil sampling was executed.

2.3. Laboratory Work

The collected soils were air dried, and ground to pass
through a 2-mm sieve, the eight samples were analysed for
required parameters. The soil samples were replicated three
times and the chemical analysis was conducted. Chemical
properties measured were Bray-1 Available phosphorus (ppm)
[21, 22]. The exchangeable Ca>" were determined by atomic
absorption spectrophotometer [23], following ammonium ac-
etate extraction method. CEC was determined by saturating
soil with neutral 1 M NH40OAc (ammonium acetate) and the
adsorbed ammonium ions (NH4") were displaced by using 1
M KCI and then determined by Kjeldahl distillation method

for estimation of CEC of the soil [24]). Soil pH was measured
in water at a ratio of 1:2.5 soil-water and soil- KCl, [25]. The
determination of soil organic carbon was done using by the
Walkley and Black wet oxidation method [26]. Exchangeable
acidity was extracted using unbuffered 1M KCl and quantified
by titration method using 0.05M NaOH. Exchangeable Al**
was quantified by titration method using 0.05M HC1[27]. Iron
was determined by DTPA extraction method and quantifica-
tion by AAS according to the standard atomic adsorption pro-
cedures [28].

Phosphorus adsorption

Eight 1.25g soil samples were measured and placed in
50mls centrifuge tubes. This was done in triplicate. Twenty-
five mills of 0.04M KCI supporting electrolyte containing
KH,POy, P equilibrating solution at the rate of 0, 2, 4, 6, 8, 10,
20 and 40 (mg/l) were measured using a pipette and trans-
ferred into the centrifuge tubes, starting from the lowest to the
highest concentrations. To avoid any source of contamination
the pipette was rinsed in deionised water between dilutions.
The centrifuge tubes were fastened tightly, put into the shaker
and shaken horizontally for 24 hours at 150 oscillations per
minute to acquire the equilibration of the system at 25°C [29].
Then, the samples were centrifuged at 1500rpm for 10 minutes.
The supernatant was filtered using Whatman 42 paper. The
dilution series was prepared and appropriate aliquot (0.04 KCI)
was made, followed by addition of color development reagent.
The mixture was left to stand to 20 minutes to allow color de-
velopment. Finally, the absorbance was measured at 880 nm
using a UV- visible spectrophotometer. The absorbances were
computed into equilibrium P (mg/l) using the linear equation
developed from the phosphorus standards provided in Envi-
ronmental soil and water chemistry laboratory handbook [30].
Then, the amount of adsorbed P (mg/Kg soil) was computed
by the equation (1).

L

Q (mgp soil) _ Initial concentration(: i )—equilibrium concentratton( )*0.025[ (1)

The mean value of adsorbed P (mg/Kg) was computed from
the three replications and used to plot Q (mg/Kg) in y-axis
against equilibrium concentration in mg/l on the x-axis. The
data from this plot was used to fit the Freundlich models equa-
tion (2) to describes P-adsorption characteristics in the study
sites. The Freundlich model was linearized by log transform-
ing equation (3). The Freundlich parameters Kr and n deter-
mined and used to explain the P-sorption characteristics of the
study sites. Where, n explains the heterogeneity of energies
associated with phosphorus and soil interaction, and Kr ex-
plains P-adsorption capacities of the soil in the study sites.

Q = KpC" 2

Log (Q) = LogKy + nlogc 3)
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Kg of soil

2.4. Statistical Tools

The JMP Pro 13 statistical software was used to run the in-
ferential statistical analysis. The ANOVA, Tukey’s Krama
HSD, t-test tools at 0=5% were used to test the significance of
treatment effect of lime on soil chemical properties, compar-
ing treatment effects across the study sites and difference be-
tween the Freundlich adsorption parameters of the limed and
unlimed soils in the study sites. The continuous data, linear
relationship of the soil properties prompted the use of Pear-
son’s correlation analysis to determine the relationship be-
tween the Freundlich adsorption parameters and the soil prop-
erties in the study sites. The Pearson’s » ranges from —1 to +1,
was used to determine the negative and positive correlations.
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3. Results and Discussion

The statistical results indicate significant effects of lime on
soil chemical properties across the study sites. The effects of
lime were observed on soil pH, available phosphorus, ex-
changeable Calcium, exchangeable acidity, and exchangeable
Aluminum properties (Table 2). Also, the results show signif-
icant effect of lime on the soil organic carbon, cation exchange
capacity and Fe content across the sites (Table 3).

Percentage increase of soil pH recorded 17.20, 6.70, 6.90,
and 6.07 for Mbimbea, Igeri, Kifyulilo, and Uyole respectively.
This increase in soil pH is explained by the action of CaCO3
following its dissolution, the action of Ca?"in displacing the
acidic cations (AI’*" and H") from the colloidal surface and re-
leasing them into the solution [31]. In the soil systems with

pH<S5.5 this reaction results in the formation and precipitation
of gibbsite [32]. The hydrogen ion displaced from the colloi-
dal surface reacts with CO* from calcite dissolution forming
water and carbon dioxide [33]. The calcite effect on soil pH
corresponded with improving soil fertility attributes like avail-
able phosphorus and cation exchange capacity [14]. The de-
crease in adsorption sites (positively charged surfaces on fer-
rihydrites, goethite, lepidocrocites, and hematite) as a result of
lime application and the control of phosphorus fixation
through precipitation of gibbsite, variscite, and strengite ac-
count for the increased available phosphorus [34]. According
to Landon (1991), an increase in CEC also shows that lime is
improving the soils' ability to hold onto positive cations, such
as Ca?', Mg?*, Zn?*, Cu?', and other nutrients that are vital for
plants growth and development.

Table 2. The lime effects on selected soil chemical properties across sites in the Southern Highland Zone of Tanzania.

q Bray I -
Site Trt pHw e
Unlimed 5.06d 2.82¢
Mbimba
Limed 5.93bc 11.15b
Unlimed 5.23d 3.38bc
Igeri
Limed 5.58bcd 4.27bc
Unlimed 5.51cd 3.98bc
Kifyulilo
Limed 5.89bc 6.00bc
Unlimed 6.1ab 19.21a
Uyole
Limed 6.47a 26.54a
Slte skkosk skksk
Lime * ns
Site*Lime * *
Cv (%) 3.29 28.50
P Value skkosk skksk

P

Exch. Ca Exch.Acidity Exch. Al
Cmol/kg Cmol/Kg Cmol/Kg
5.14bc 2.30a 1.95a
17.10a 1.16b 0.92b
1.43c 0.58¢ 0.49¢
2.07c 0.17e 0.16e
6.12bc 0.27d 0.32d
9.97b 0.12ef 0.09ef
4.35bc 0.07f 0.02f
7.97b 0.05f 0.02f
wokk ok ok

Ns ok *k%

ok ok *k %
29.81 5.28 5.4

seskeok seskeok skeksk

Note: The means followed by different letters are significantly different at P<0.05

Table 3. The effects of lime on soil selected soil chemical properties across sites in the Southern Highlands zone of Tanzania.

Property Mbimba Igeri Kifyulilo Uyole
SOC (%) 2.11b 3.22b 3.73a 2.00b
CEC (cmolc kg')  30.78a 28.62b 26.63c 28.63b
Fe (ppm) 250.78a 178.00b 153.10b 320.61a

HSD

(0.05) Unlimed Limed LSD (0.05)
0.22 321a 2.52b 1.0614379
0.22 24.68b 26.28a 1.06

0.220 178.00a 147.05a 1.06

Note: The means followed by different letters are significantly different at P<0.05
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The decrease in exchangeable acidity and exchangeable
aluminum recorded 49.6 & 52.8%, 70.7& 67.3%, 55.6%
&71.9%, 28.6% & 0 for Mbimba, Igeri, Kifyulilo, and Uyole
respectively (Table 2). This demonstrates the potential effects
of lime in neutralizing soil acidity, preventing excessive alu-
minum levels which harm root development, reduces the
plant's ability to absorb nutrients and water, leading to low
yield or crop failure [14]. These results are consistent with the
findings of [32] who reported a decrease in exchangeable

acidity, exchangeable aluminum, an increase in available
phosphorus, exchangeable bases, and CEC in the soils of the
Highlands of Ethiopia following lime application. Similarly,
[34] reported the increase of soil pH from 5.8 to 6.5 due to
lime application in the soils of western Kenya. Generally,
these findings substantiate the rationale of integrating lime
into fertility programs as a sustainable approach for improving
soil fertility and enhancing crop yield in the agro ecosystems
of sub-Saharan Africa.

Phosphorus adsorption isothems for unlimed plots soils across the study sites

900.0

800.0

700.0

600.0

500.0

400.0

Q (mg/Kg)

300.0

200.0

7

0.1

100.0

0.0 /

0lo
-100.0

0.2 0.3 0.4

—8—Uyole Mbimba
Kifyulilo Igeri
0.5 0.6 0.7 0.8 0.9 1.0
EPC(mg/L)

Figure 2. Adsorption isotherms of the unlimed soils of the study sites in the representative agroecological zones of Southern Highlands of

Tanzania.

The adsorption data fit the Freundlich isotherms quite well,
suggesting that this empirical model sufficiently explains the
phosphorus sorption of both limed and unlimed soils through-
out the study sites. Figures 2 & 3 and 4 & 5 show that the
coefficient of determination (R?), which measures how well
the model explains p-sorption, varied from 0.74 to 0.95. The
metric scores show how well the Freundlich model captures
the variation in sorption surfaces and the adsorption capacities
present in tropical soils that have undergone significant weath-
ering. The consistently higher phosphorus adsorption ob-
served in unlimed soils compared to limed soils can be at-
tributed to the strong influence of soil pH on sorption pro-
cesses (Figures 2 & 3). According to [35], when the soil pH
values are below the point of zero charge (PZC) of Fe and Al
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oxides, the mineral surface sites are predominantly positively
charged. These positive charges enhance the electrostatic at-
traction, driving ligand exchange reactions with negatively
charged phosphate ions [5]. Liming reduces surface charge
density by increasing soil pH, thereby decreasing the number
of active adsorption sites and lowering phosphorus sorption
capacities of the soils [16, 36]. Similarly, the findings from
previous works conducted in East Africa, including [37], re-
ported reduced phosphorus sorption with lime application in
the acidic soils of Kenya. These findings demonstrate the po-
tential of soil chemical amendments in managing phosphorus
dynamics, towards enhancing nutrient availability and ferti-
lizer use efficiency in acid soils of the tropics [11]
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Phosphorus adsoprtion isotherms for limed soils across stuty sites
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Kifyulilo
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0.8 1.0 12
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Figure 3. Adsorption isotherms of the limed soils of the study sites in the representative agroecological zones of Southern Highlands of Tanzania.

The Freundlich adsorption coefficients (Kr) between un-
limed and lime plot decreasing patterns recorded 2.5%,
2.9%,9.0%, and 5.1% for Mbimba, Igeri, Kifyulilo, and Uyole
sites respectively (Table 4). This variation depicts the effects
of liming in phosphorus sorption capacities of the soils in the
study sites. Low Freundlich adsorption coefficient reflects the
low p sorption capacity of the soils. The differences between
sites are largely attributed to mineralogical and chemical spe-
cies composition in respective study sites [16, 17]. The highest

Uyole unlimed treatment

v =0.83x+3.03

o o
a .. .
: PR S
:Em e U By 2
O | 15
3
q 1
0.5
0
18 16 14 12 1 08 06 04 02 .
Log EPC (mg/L)
Mbimba unlimed treatment
¥y=0.66x+3.17 )
R?=0.94 E
[ ]
g W2 :
E 9. @
%n e e 2
6 | 15
on
3 1
0.5
o
2.5 2 -1.5 -1 -0.5 0
Log EPC(mg/L)

Kr values at Igeri suggest a stronger phosphorus sorption po-
tential relative to the other sites, while the lowest values at
Kifyulilo reflect weaker sorption capacity. This trend is likely
due to the gradient in the concentrations of reactive Al and Fe
sesquioxides in the study sites [12]. However, statistically
there was insignificant difference in p-sorption behavior due
to lime application in the study sites. This observation sug-
gests that within the experimental timeframe, liming did not
exert a pronounced effect on phosphorus sorption capacities
[12,33].

Kifyulilo unlimed treatment

¥ =0.75x+2.97
R*=0.96

Log Q (mg/kg)

12 1 08
Log EPC (mg/L)

-0.6 -04 -0.2 0

Igeri unlimed treatment

y=0.70x+3.22
R*=0.89

Log Q (mg/Kg)

-15 1

g 05 0
Log EPC (mg/L)

Figure 4. The Freundlich linear model graphs of unlimed soils in the Southern Highland Zones of Tanzania.

Nevertheless, consistent trend of slightly lower Kr values
in limed plots compared to unlimed plots have been observed
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across the study sites (Table 4). This trend suggests that lime
reduces the number of adsorption sites through the reaction of
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AI** and, or Fe*" with orthophosphates to form the secondary
minerals precipitates like gibbsite, strengite, and variscite [7].
These precipitates can occlude or transform reactive sites and
lower P adsorption potential of the sesquioxides surfaces [36,
37]. These results demonstrate the multiple potentials of lime
in improving soil pH, reducing Al toxicity and inadvertently
diminishing P sorption capacity by altering the soil mineral

matrix (Table 4). Overall, the findings of this study indicate
that in addition to the lime potential for acid mitigation
through soil chemical interactions and influences on nutrient
availability. The site-specific variation in Kr values presents
empirical evidence of lime governing P dynamics in the acidic
soils.

Table 4. Freundlich adsorption parameters of the soils of the study sites in the Southern Highlands of Tanzania.

Site Trt Kr
Mbimba Unlimed 1433.0 £ 131.0
Limed 1396.6 + 141.7
Igeri Unlimed 1644.2+26.3
Limed 1595.7+£43.0
Kifyulilo Unlimed 971.0+222.4
Limed 883.3+269.5
Uyole Unlimed 1055.5 +62.3
Limed 1001.9+105.5
Uyole limed treatment
¥ =0.97x+3.01 18
_ R*=0.92 3
g‘ . 5 )
< b 1.5
] '
14 -12 1 08 0.6 04 02 ’ o
Log EPC (mg/L)
Mbimba limed treatment
¥ =0.69x+3.17 ‘
R:=0.74 .
a . 25
2 ot
£ : '
3 “ L5
3 1

14 12 1 08

Log ECP(mg/L)

-0.6 0.4 02

p-value n P-value
0.758 0.66+ 0.05 0.7197
0.69 +0.02
0.171 0.70 +£0.01 0.102
0.72 £0.02
0.6859 0.75 £0.05 0.5022
0.82 +£0.08
0.492 0.83 £0.03 0.0042
0.97 £0.03
Kifyulilo limed treatment
y=0.82x+2.93 as
R =092 |
E . . 25
<] ¢ 15
3 1
16 14 12 1 08 0.6 04 02 ’ 0
Log EPC (mg/L)
Igeri limed treatment
yv=0.72x + 3.20
R =092 . 3
o “ 25
] . o
§;, * 15
~ 1
0
15 2 15 1 05 0

Log EPC (mg/L)

Figure 5. Freundlich linear model graphs of limed soils in the Southern Highlands of Tanzania.

The Freundlich heterogeneity index (n) indicates important
information into the distribution and strength of adsorption
sites in soils. The variation between lime and unlimed plot on
the heterogeneity of adsorption sites recorded 4.5%, 2.9%,
9.3%, and 16.9% for Mbimba, Igeri, Kifyulilo and Uyole re-
spectively (Table 4). The unlimed plots generally recorded
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lower values compared to the limed plots. Lower n values in-
dicate the heterogeneity of adsorptions sites in the soil systems,
and higher values indicate the uniformity of adsorption sites.
As observed at Uyole, Igeri, Kifyulilo, and Mbimba, reflect
superior heterogeneity on relative scale of adsorption sites and
stronger phosphorus fixation. This condition is commonly
linked to the presence of Al**, Fe*', and their sesquioxides


http://www.sciencepg.com/journal/ajaf

American Journal of Agriculture and Forestry

http://www.sciencepg.com/journal/ajaf

such as hematite, goethite, lepidocrocite, and maghemite in
acidic soils [37]. The non-significant increase in n values
across the study sites under limed treatment suggests that lime
application did not reduce the heterogeneity of adsorption
sites by neutralizing soil acidity and decreasing the number of
positively charged surfaces, thereby limiting P fixation.

The lack of significant differences in n values at Igeri, Ki-
fyulilo, and Mbimba may reflect site-specific soil mineralog-
ical and chemical characteristics that buffer or minimize the
effect of lime on P adsorption heterogeneity [38]. Nonetheless,

the overall trend of higher n values in limed plots supports the
role of liming in improving phosphorus availability by mod-
erating the abundance of reactive AI** and Fe’* sites. Collec-
tively, the results highlight that the effectiveness of lime in
modifying adsorption site heterogeneity is not uniform across
landscapes but is instead strongly influenced by the underly-
ing soil properties at each site. These findings agree with find-
ings of earlier works which showed that liming enhances P
fertilizer use efficiency in highly weathered tropical soils by
reducing fixation and improving nutrient availability [7]

Table 5. Freundlich phosphorus buffering capacity and standard phosphorus requirements of the study sites in Southern Highlands of Tanzania.

Site Trt PBC (L/Kg)
Mbimba Unlimed 1634.6+148.5
Limed 1588.37 £ 156.5
Igeri Unlimed 1866.0+ 31.0
Limed 1803.9 +42.5
Kifyulilo Unlimed 1078.48 +228.2
Limed 965.3+264.5
Uyole Unlimed 1121.6 £91.8
Limed 1039.5+ 118.1

The result of standard phosphorus requirement (SPR) var-
ied between the unlimed and lime plots. The variation indi-
cates decreasing patterns scores which recorded 8.8%, 5.9%,
14.7%, and 13.4% for Mbimba, Igeri, Kifyulilo, and Uyole re-
spectively (Table 5). SPR represents the amount of P needed
to overcome soil P adsorption and maintain the adequate con-
centration in the soil solution for plant uptake. The findings of
this study consistently show that unlimed soils recorded
higher SPR values than limed soils (Table 5). These findings

P-value SPR (mg/Kg) P-value

0.7294 223.0+5.8 0.097
205.1+13.2

0.1104 2354+5 0.0165
221.6£3.0

0.6035 122.8 £17.7 0.2859
104.7 +18.4

0.3956 113.3+19.0 0.311
97.9+13.0

can be substantiated by stronger P-fixing conditions due to the
abundance of active AI** and Fe** oxides and hydroxides in
acidic environments [5]. The lower SPR values in limed soils
reflect the reduction of sorption sites following pH increase,
and decrease in the external phosphorus requirement [39]. The
standard phosphorus requirement (SPR) is a metric of external
P input needed to achieve adequate P concentrations solution
required to support crop growths [16].

Table 6. Comparison of the phosphorus requirements and existing recommendations in the agroecological zones of Southern Highlands of

Tanzania.
Site Trt P requirements Kg /ha
Mbimba Unlimed 421.77
Mbimba Lime 402.62
Igeri Unlimed 483.64
Igeri Lime 452.61
Kifyulilo Unlimed 216.50
Kifyulilo Lime 191.98
Uyole Unlimed 203.95
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Existing P recommendation (Kg/ha)

25
25
10
10
20
20
25
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Site Trt

Uyole Lime 158.17

The significant differences observed at Igeri and Mbimba,
but not at Uyole and Kifyulilo, suggest that the influence of
liming on phosphorus requirements is highly site-specific, de-
pending on soil mineralogy and sorption characteristics [5].
These findings reinforce earlier evidence that liming corrects
soil acidity, whose effect is reflected in reduced phosphorus
fixation and improving fertilizer use efficiency [7]. Im-
portantly, the site-specific variability highlights the need for
tailored P-fertilizer management strategies to match the sorp-
tion behavior of different soils (Table 6).

The results of correlation analysis revealed strong relation-
ships between soil sorption parameters and selected soil prop-
erties, highlighting the influence of soil chemical environment
on phosphorus dynamics (Figure 6). The negative correlations
of K, phosphorus buffering capacity (PBC) and SPR with soil
pH, available P, and exchangeable Ca and Mg suggest that
soils with higher pH and greater base cation content exhibit
lower P sorption capacity [16]. This correlation can be at-
tributed to the neutralizing effect of Ca and Mg on soil acidity,
which reduces the activity of Al and Fe oxides the primary P-
sorbing components in acidic tropical soils [39] Similarly, in-
creased soil pH enhanced negative surface charges on colloids,
resulting into decrease P fixation and increased P availability

[5].
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Figure 6. The heatmap on correlation coefficients of soil properties
and the Freundlich Adsorption properties across the study sites.

P requirements Kg /ha
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25

Conversely, the positive correlations of adsorption parame-
ters with exchangeable acidity, exchangeable Al, and Al satu-
ration reinforce the role of Al in controlling P sorption in these
highly weathered soils. High levels of exchangeable Al in-
crease the availability of reactive surfaces and binding sites
for phosphate ions, leading to greater K¢, n, and SPR values.
Consistently, the earlier studies demonstrated that P sorption
capacity increases with exchangeable acidity and Al concen-
trations [29, 39]. The alignment of these results with previous
studies underscores the general principle that soil acidity and
Al chemistry are dominant drivers of P sorption in strongly
weathered soils of the tropics. Generally, these correlations
imply that management practices that raise soil pH and reduce
exchangeable Al such as liming can substantially decrease P
sorption and improve P availability, thereby enhancing ferti-
lizer use efficiency.

4. Conclusions

The study exhibited clearly contrast in the phosphorus ad-
sorption patterns within and across the four sites. The standard
phosphorus requirements (SPR) provided the laboratory-con-
trolled conditions empirical evidence that suggest for the need
of the field- based evaluation of the existing P-fertilizer rec-
ommendations in acidic soils agroecosystems. Additionally,
application of lime did not cause significant statistical differ-
ence in P adsorption within the study sites. However, consist-
ently lime application lowered P-sorption in acidic soils across
the study sites in Southern Highlands of Tanzania. The poten-
tial of lime in reducing external phosphorus requirement and
optimizing other soil chemical properties offers a farmer an
opportunity to improve efficiency and minimize production
costs due to fertilization programs. Therefore, future research
needs to examine the long-term effect of liming on P-sorption
dynamics in the Southern Highlands of Tanzania.
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