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Can conservation agriculture improve phosphorus (P) availability in
weathered soils? Effects of tillage and residue management on soil P
status after 9 years in a Kenyan Oxisol
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A B S T R A C T

The widespread promotion of conservation agriculture (CA) in regions with weathered soils prone to
phosphorus (P) deficiency merits explicit consideration of its effect on P availability. A long-term CA field
trial located on an acid, weathered soil in western Kenya was evaluated for effects of reduced tillage and
residue retention on P availability. Reduced tillage and residues were hypothesized to increase soil
aggregation, and as a result, reduce P sorption potential, increase labile and organic P (Po), and stimulate
phosphatase activities. After 9 years (18 cropping seasons), residue management had no effect on soil
aggregate mean weight diameter (MWD), soil P fractions, or phosphatase potential activities. However,
reduced tillage increased soil MWD and labile soil P stocks at 0–15 cm depth. Total P was greater at
0–15 cm depth under reduced tillage, but not for 0–30 cm depth, indicating stratification of P under
reduced tillage. Increases in total P at 0–15 cm depth were correlated with maximum P sorption (Pmax

sorption), whereas labile P increased with MWD and Po stocks. Reduced tillage also decreased pH and
increased Pmax sorption, but these properties were not correlated. Despite a positive association of MWD
and Po, weak or no changes were observed for Po and phosphatase activities, nor were there management
effects on soil C stocks. Low residue retention rates (2 t maize residue yr�1) and relatively small
improvements in soil structure due to reduced tillage were likely insufficient to yield changes in Po.
Fertilizer P inputs at recommended rates (60 kg P ha�1 per season) may have also muted treatment effects
on organic P cycling, though phosphatase activities were positively correlated with inorganic P fractions.
The reduced tillage component of CA offers some improvements in P availability in weathered soils of
western Kenya. However, relatively low soil available P across treatments suggests that CA with P
fertilization may not be an optimal P management strategy for weathered soils in this region.

ã 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Conservation agriculture (CA) is a management concept with
increasing global adoption due to its potential for soil conservation
and increased crop productivity (Andersson and Giller, 2012;
Hobbs et al., 2008; Powlson et al., 2016). Minimal soil disturbance
(e.g., reduced tillage) and soil cover (e.g., residue retention) are key
components of CA. Reduced tillage and residue retention have
been reported to reduce soil erosion and runoff, increase soil
* Corresponding author.
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http://dx.doi.org/10.1016/j.still.2016.09.003
0167-1987/ã 2016 Elsevier B.V. All rights reserved.
moisture, and promote soil organic matter accrual (Brouder and
Gomez-Macpherson, 2014; Palm et al., 2014), all of which can be
conducive to improving crop yields. Widespread soil degradation
and low yields in regions such as East Africa (Sanchez et al., 1997;
Stoorvogel et al., 1993) have prompted investigation on the
potential of CA practices to improve soil conditions that support
long-term productivity in this region (Corbeels et al., 2015).

Despite its promotion and adoption in areas with phosphorus
(P) deficient soils such as western Kenya, CA has not been explicitly
considered for its potential to improve soil P availability.
Phosphorus remains a major limitation to agricultural productivity
in western Kenya (Nziguheba, 2007; Nziguheba et al., 2015).
Recently, a meta-analysis of on-farm trials in this region (n = 126
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fields) identified greater limitation of maize yields by P (50%) than
by N (43%) (Kihara and Njoroge, 2013). This partly reflects the low
native P stocks, acidic pH (<6), and mineralogy of weathered soils
in this region (Braun, 1997; Kanyanjua et al., 2002). In such soils,
low pH and high concentrations of reactive iron and aluminum
(hydr)oxides drive fixation of plant-available inorganic P (Pi)
(Pypers et al., 2006). As a result, cycling of P through organic pools,
including mineralization of organic P (Po) to Pi by enzymes (i.e.,
phosphatases), is key for meeting crop P demand in weathered
soils (Ayaga et al., 2006; Oberson et al., 2006, 2011).

Improving P availability may represent an additional advantage
of CA in weathered soils because reduced tillage and residue
retention could reduce P fixation, increase labile P, and increase Po
accumulation and its mineralization by phosphatases. Organic
matter (OM) additions under residue retention can reduce P
fixation by increasing organic anion competition for P binding sites
(Nziguheba et al., 1998; Palm et al., 2014). Improvements to soil
structure or aggregation (often expressed as mean weight
diameter; MWD) in weathered soils can result from OM retention
and reduced tillage (Shang and Tiessen, 1997, 1998; Wei et al.,
2014a) and may be conducive to greater P availability. In such soils,
improved aggregation can reduce P fixation by decreasing the
relative soil surface area, and therefore potential sorption sites, to
which soluble Pi is exposed (Linquist et al., 1997; Wang et al., 2001;
Zhang et al., 2003). Slower diffusion and equilibration of P with
sorption sites within larger aggregates can also contribute to lower
P fixation in weathered soils with greater MWD (Linquist et al.,
1997).

Enhanced Po storage in macroaggregates in weathered soils
(Fonte et al., 2014; Nesper et al., 2015) suggests that management
effects on aggregation could influence soil P availability through
additional means beyond P fixation, because Po is a potential
source of available P. Soil phosphatases drive mineralization of Po
to available Pi (Nannipieri et al., 2011), and may also be influenced
by tillage and residue management. For example, acid phospho-
monoesterase (ACP) potential activity increased under no-tillage in
an Oxisol, and was strongly associated with MWD (Green et al.,
2007), though the activities of alkaline phosphomonoesterase
(ALP) and phosphodiesterase (PDE) were not examined. Addition-
ally, phosphatase activities in weathered soils can be stimulated by
OM additions (Cui et al., 2015; Senwo et al., 2007), and have been
found to strongly correlate with greater macro- and micro-
aggregation (Wei et al., 2014a,b). Linking phosphatase activities
with additional measurements of soil P dynamics may provide a
more comprehensive understanding of CA impacts on soil P
availability.

Linkages between these three components of soil P supply—
fixation, P fractions, and organic P cycling—in relation to CA
management practices have yet to be evaluated. Accurate
assessment of CA effects on soil properties requires long-term
studies (Brouder and Gomez-Macpherson, 2014; Giller et al.,
2009), and in particular for soil Po response to tillage management,
which can take up to one decade to stabilize in weathered soils
(Beck and Sanchez, 1994). There is a need for such studies in
regions of sub-Saharan Africa with strong promotion of CA by
national and international agricultural agencies but few long-term
studies on outcomes (Brouder and Gomez-Macpherson, 2014).

The objective of this study was to evaluate the impact of tillage
and residue management after 9 years on soil P availability in an
acid, weathered soil in western Kenya. Reduced tillage and residue
retention were both expected to improve P availability by reducing
soil P fixation and increasing plant-available Pi, and supporting Po
storage and its mineralization via greater phosphatase potential
activities. Specifically, reduced tillage and residue retention were
both hypothesized to: (1) increase stable soil aggregation (MWD)
and decrease P fixation, (2) increase labile Pi and (3) increase Po and
stimulate phosphatase activities, relative to conventional tillage
and residue removal.

2. Materials and methods

2.1. Site description

The field trial was established in Nyabeda, western Kenya, in
March 2003, by the African Network for Soil Biology and Fertility
(AfNet) and International Center for Tropical Agriculture (CIAT).
The trial is located at 1320 m above sea level at 0� 7046.96“N and
34�24019.15“E, and experiences a mean annual temperature of
22.5 �C. Mean annual precipitation is 1800 mm, distributed
bimodally over a long rain (March-August) and short rain
(September-January). The trial is established on a Typic Rhodiudox
(WRB Ferralsol) expressing clay texture (663 g clay kg�1, 151 g silt
kg�1 silt, 167 g sand kg�1), and with low available (Bray) P
(2.9 mg g�1) and pH 5.5 (1:2 in water) at 0–30 cm depth in an
uncultivated profile next to the trial (Jelinski, unpublished).

The trial was established as a randomized block design with
tillage and residue as main factors, each with two levels:
conventional tillage (+T) or reduced tillage (�T), and residue
retention (+R) or residue removal (�R). Each treatment occupied
an individual plot (7 m � 4.5 m) across each of the four replicate
blocks. From the various crop-rotation and mineral fertilizer
treatments, we selected treatments in which maize (Zea mays L.)
was cropped during the period of long rains followed by soybean
(Glycine max L.) during the short rains period. All plots were
fertilized with 60 kg N ha�1 as urea, 60 kg K ha�1 as muriate of
potash, and 60 kg P ha�1 as super triple phosphate (TSP) per
growing season. Fertilizers were applied by mixing with soil in the
planting hole, into which seeds were hand-planted. Prior to the
experiment establishment, the site was under native grasses and
shrubs, and was initially prepared by plowing to 0–15 cm depth
(Muriithi-Muchane, 2013).

Tillage treatments mimicked practices used by smallholder
farmers in this region, including use of the hand hoe (jembe)
(Kihara et al., 2011). Under conventional tillage, the plots were
prepared by hand hoeing to approximately 15 cm soil depth, and
weeding was performed by hand hoe to 8 cm depth thrice per
season. Under reduced tillage, the seedbed was prepared by hand
hoeing to 3 cm, and hand pulling rather than hoeing was used to
weed thrice per season. Beginning in the 2009 long rain period,
herbicides (glyphosate and 2,4-dichlorophenoxyacetic acid) were
applied to reduced tillage treatment plots prior to planting, with
subsequent weeding performed manually as described above.
After harvest, maize residues were collected, dried, and stored
during the dry season for approximately one month. Under residue
retention, chopped maize residues were reapplied at a rate of
2 t ha�1 at commencement of the short rains, and were incorpo-
rated by conventional tillage or remained on the soil surface as
mulch under reduced tillage just before soybean was planted.
Maize residues were not reapplied for residue removal treatments.
Soybean residues were left in the field irrespective of treatment,
because soybeans drop leaves prior to maturity. Additional details
on trial description and management are provided by Paul et al.
(2013, 2015b).

Soil samples obtained by Paul et al. (2015b) were used for
additional measurements on general soil properties (e.g., pH) and
soil P. As described by Paul et al. (2015b), soils were sampled 4
weeks before maize planting (long rain period) in year 9 (2012),
corresponding to 18 cropping seasons since treatment implemen-
tation. For the determination of MWD, undisturbed soil cores were
sampled at 0–15 cm and 15–30 cm depths to obtain 500 g of
representative sample. Bulk density values were derived from
measurements by Paul et al. (2015b), which were obtained from
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undisturbed soil cores sampled with 5 cm diameter metal rings
(100 cm3) in duplicate for each plot at 0–5 cm, 7.5-12.5 cm, and
12.5–25 cm depths. Soil cores were dried at 105 �C for 24 h prior to
determining mass. Bulk density values were calculated for 0–15
and 15–30 cm depths by compositing values for 0–15 cm depth,
and assuming a bulk density value measured at 12.5-25.5 cm depth
for 25–30 cm depth.

2.2. General soil properties

Soils were air-dried and ground to pass through a 2 mm sieve
prior to analyses. Total soil C was determined by the UC Davis
Stable Isotope Facility with an ECS 4010 CHNSO Analyzer (Valencia,
CA). Soil pH was measured in deionized water (1:5) after 30 min of
equilibration. Maximum P sorption (Pmax sorption) was assessed
by a single-point isotherm (Bache and Williams, 1971). This
method provides an estimate of potential P fixation (Moody et al.,
1988) that is strongly correlated with maximum P sorption
weathered soils as assessed by batch sorption isotherms in (de
Campos et al., 2016; Henry and Smith, 2003). A Pi spike
corresponding to 2500 mg P g�1 soil was equilibrated by shaking
for 24 h with 2 g of soil and 0.25 mL of toluene to reduce microbial
activity (Olsen and Watanabe, 1957). Solutions were centrifuged at
1081 RCF for 5 min to produce a clear supernatant used to quantify
Pi in solution by molybdate colorimetry (Murphy and Riley, 1962).
The Pmax sorption was calculated as the concentration of P retained
(mg P g�1 soil) and expressed as g P m�2 for each depth by applying
bulk density correction, for each plot.

2.2.1. Mean weight diameter
Mean weight diameter (MWD) was calculated using soil

aggregate fractions obtained by Paul et al. (2015b). Briefly, soil
samples in field moist conditions were pre-sieved over an 8 mm
sieve and air dried before wet sieving into four aggregate size
fractions according to Elliott (1986): large macroaggregates (LM;
>2000 mm), small macroaggregates (SM; 250–2000 mm), micro-
aggregates (Mi; 53–250 mm), and silt and clay sized particles (SC;
�53 mm). A sub-sample of 80 g air-dried soil was evenly spread on
a 2 mm sieve, which was placed in a pan filled with deionized
water and left to slake. After 5 min, the sieve was manually moved
up and down (50 repetitions) for 2 min. The procedure was
repeated, passing the material on to a 250 mm and 53 mm sieve.
Soil retained at each sieve was transferred to beakers, oven-dried
at 60 �C, and weighed to determine aggregate fractions. Mean
weight diameter (MWD), an indicator of soil structure, was
determined as the sum of the weighted mean diameters of
aggregate fractions (Van Bavel, 1950):

MWD ¼
Xn

i

diwi

where n is the number of fractions, d is the mean diameter of each
fraction size (using 8 mm as the maximum size), and w is the
proportion of soil occurring in the fraction.

2.2.2. Soil phosphorus fractions
Soil P distribution was assessed by sequential extraction of P

according to the fractionation scheme developed by Hedley et al.
(1982). Duplicate 1 g soil samples were sequentially extracted by
the Hedley fractionation (Hedley et al., 1982; Tiessen and Moir,
1993). A negative control (no soil) and soil standard were also
included.

Anion-exchange membrane (AEM; 1 �4 cm, VWR International,
West Chester, PA) was loaded with carbonate as the counterion and
used to extract soils in distilled water by shaking for 18 h. Inorganic
P (Pi) was desorbed from the membranes by shaking for 3 h in
0.25 mol L�1H2SO4. All other extracts were centrifuged (8000 � g,
15 min) and an aliquot decanted for analysis. For NaOH aliquots,
OM was precipitated with 1.2 mol L�1H2SO4 to avoid interference
with colorimetry. Aliquots were neutralized and analyzed for Pi
and total P (Pt). Pi was determined by molybdate colorimetry
(Murphy and Riley, 1962) at 880 nm with a 1 cm path length. Pt was
determined by the same procedure following acid–persulfate
digestion (80 �C,16 h) (Rowland and Haygarth,1997). Organic P (Po)
for NaHCO3 and NaOH extracts was estimated as the difference
between total and inorganic P (Po = Pt� Pi). Total soil Po was
calculated as the sum of NaHCO3-Po and NaOH-Po. Total P was
estimated independently of the Hedley fractionation by ashing
(550 �C, 1 h) followed by acid extraction (1 mol L�1H2SO4, 1:50 soil:
extractant, 16 h) and molybdate colorimetry to determine total P as
Pi (Dieter et al., 2010). Fractions were quantified as mg P g�1 soil.

Soil P fractions were employed in two ways for a given depth.
First, soil P stocks by fraction were calculated by applying bulk
density values of treatment plots, and expressed as g P m�2.
Second, relative distribution of soil P across fractions was
evaluated by normalizing P fractions as a proportion (%) of total
P. For interpretation of results, we refer to labile P as the sum of
AEM-Pi and NaHCO3-Pi, and to NaOH-Pi as Fe- and Al-associated P
(Tiessen and Moir, 1993; Turrión et al., 2007).

2.2.3. Soil phosphatase potential activities
Potential activity was measured for three soil phosphatases:

acid phosphomonoesterase (Enzyme Commission 3.1.3.2; ACP),
alkaline phosphomonoesterase (EC 3.1.3.1; ALP), and phosphodi-
esterase (EC 3.1.4.1; PDE). Enzymes were assayed as described by
Tabatabai (1994), using 1 g of air-dried soil incubated for 1 h (37 �C)
at optimal pH, using 4 mL of modified universal buffer (MUB) at pH
6.5 for ACP and at pH 11.0 for ALP and 4 mL of 0.05 mol L�1 Tris
(2-amino-2-(hydroxymethyl)-1,3-propanediol) buffer at pH 8.0 for
PDE. A final substrate concentration of 0.01 mol L�1 para-nitro-
phenyl phosphate (ACP and ALP) or bis-para-nitrophenyl phos-
phate (PDE) were used in assays, which were performed in
duplicate. A negative control (no soil) and a positive control (lab
soil standard) were also included. Reactions were halted by the
addition of 4 mL of 0.5 mol L�1 NaOH to ACP and ALP assays and
4 mL of 0.1 mol L�1 Tris (pH 12.0) to PDE assays, and 1 mL of
0.5 mol L�1 CaCl2. Assays were centrifuged to remove sediment and
para-nitrophenol (pNP) in the supernatant was quantified colori-
metrically using absorbance at 410 nm. Absorbance from the
negative controls was subtracted from absorbance of soil assays.
Phosphatase potential activities were expressed in two ways. First,
potential activities were converted to total potential activity (mol
pNP m�2 h�1) by applying bulk density values in order to account
for variability in BD among treatments and potential BD effects on
enzyme activities. Second, specific potential activities (mmol pNP
g�1 Po h�1) were determined by normalizing potential activities to
total Po.

2.3. Statistical analyses

Two-way analysis of variance (ANOVA) was performed to
evaluate tillage and residue treatment effects on soil variables,
with two levels each for tillage (+/�) and residue retention (+/�)
using Proc GLM in SAS v9.4 (Cary Institute, NC). First, an
exploratory model was used to test for tillage � residue inter-
actions (y = tillage residue block tillage � residue). For variables
that did not show a significant (p < 0.05) interaction of tillage and
residue treatments, a readjusted model was used excluding this
interaction. Data were transformed as needed to meet assumptions
of ANOVA. Soil measures were analyzed independently for two soil
depths (0–15 cm and 15–30 cm).
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Fig. 1. Differences in soil aggregate mean weight diameter (MWD) in a 9-yr
conservation trial in western Kenya under conventional tillage (T+) and reduced
tillage (T�), and residue retention (R+) and residue removal (R�). Interactions
between tillage and residue management were non-significant at both depths. Soil
MWD was calculated from data reported by Paul et al. (2015b).
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Relationships among soil variables in each of the management
treatments were explored by Pearson correlation analysis using
Proc CORR. The correlation coefficient (R) and significance (p value)
were used to evaluate associations among measured variables.
Analyses were performed using bulk density adjusted values when
applicable (e.g., P m�2 for P fractions, mol m�2 h�1 for enzyme
potential activities).
Table 1
Physicochemical soil properties in a 9-yr conservation agriculture trial in western Kenya. 

interactions. Data for bulk density and soil C were derived from measurements by Pau

Bulk density (g cm�3) Soil C (kg m�2) 

Depth 0–15 cm mean se mean 

�T�R 1.03 0.01 2.97 

�T + R 1.09 0.03 3.26 

+T�R 1.05 0.03 2.95 

+T + R 1.05 0.02 2.92 

Tillage 0.867 0.251 

Residue 0.217 0.398 

Tillage � Residue 0.143 0.337 

Depth 15–30 cm
�T�R 1.06 0.04 2.56 

�T + R 1.18 0.03 2.97 

+T�R 1.04 0.03 3.00 

+T + R 1.09 0.05 2.96 

Tillage 0.150 0.316 

Residue 0.029 * 0.387 

Tillage � Residue 0.321 0.285 

se, standard error; T, tillage; R; residue; C, carbon; Pmax sorption, maximum phosphor
3. Results

3.1. Treatment effects on soil physicochemical properties

Tillage, but not residue management, influenced soil properties
related to P fixation. At 0–15 cm depth, reduced tillage increased
MWD by a mean of 20% (Fig. 1), increased Pmax sorption by a mean
of 9%, and decreased soil pH from a mean of 5.45 to 5.30 at 0–15 cm
depth (p = 0.003) and from 5.50 to 5.38 at 15–30 cm depth
(p = 0.036) relative to conventional tillage (Table 1). Tillage and
residue managements did not affect soil C stocks (kg m�2) at either
depth as reported by Paul (2015a). Residue retention increased
bulk density values based on Paul et al. (2015b) by a mean of 8% to
1.14 g cm�3 at 15–30 cm depth (p = 0.029).

3.2. Treatment effects on soil P fractions

Reduced tillage increased total and labile P stocks at 0–15 cm
depth, but there was no response of P fractions to residue retention
or removal at either depth (Table 2). In surface soil, NaHCO3-Pi
increased by a mean of 72% to 3.6 g P m�2 under reduced tillage
(p = 0.011), but there was no tillage effect on AEM-Pi (p = 0.38).
Consistent with decreased pH and increased Pmax sorption
(Table 1), reduced tillage tended to increase Fe- and Al-associated
P by a mean of 27% to 34 g P m�2 (NaOH-Pi, p = 0.087), but also
increased Ca-associated P by a mean of 33% to 1.8 g P m�2 (HCl-Pi,
p = 0.027). There was no significant change in Po fractions or total
Po, though C:Po tended to increase under reduced tillage (p = 0.105).
While total soil P was higher under reduced tillage at 0–15 cm
depth, there were no differences between tillage treatments for
total soil P at 0–30 cm depth (p = 0.18).

Similar trends were observed for the relative distribution of P
across fractions (Supplementary Table 1). In surface soils, reduced
tillage increased the proportion of Pt in the more labile Pi fractions
(AEM-Pi p = 0.067; NaHCO3-Pi p = 0.017), and tended to decrease
the proportion of Pt in the Po fractions (NaHCO3-Po p = 0.067;
NaOH-Po p = 0.060).

3.3. Treatment effects on phosphatase potential activities

Potential phosphatase activities were not influenced by tillage
or residue management at either depth (Supplementary Fig. 1).
P values are indicated for analysis of variance of tillage, residue, and tillage � residue
l et al. (2015b).

pH Pmax sorption (g P m�2)

se mean se mean se

0.05 5.32 0.03 278 18
0.20 5.27 0.06 274 6
0.14 5.46 0.07 248 15
0.09 5.41 0.04 258 8

0.003 ** 0.035 *
0.232 0.729
0.948 0.473

0.19 5.38 0.04 186 11
0.26 5.38 0.06 219 14
0.10 5.46 0.02 210 12
0.16 5.55 0.06 216 14

0.036 * 0.383
0.422 0.135
0.431 0.283

us sorption.



Table 2
Soil phosphorus (P) stocks for sequentially extractable fractions in a 9-yr conservation agriculture trial in western Kenya. P values are indicated for analysis of variance of
tillage, residue, and tillage � residue interactions.

Total P AEM-Pi NaHCO3-Pi NaHCO3-Po NaOH-Pi NaOH-Po HCl-Pi Total Po C:Po
(g P m-2)

Depth 0–15 cm mean se mean se mean se mean se mean se mean se mean se mean se mean se

�T�R 125.8 5.9 1.73 0.1 3.64 0.3 0.73 0.1 31.54 5.3 14.32 2.9 1.72 0.2 15.04 2.9 219 37
�T+R 140.3 4.5 1.48 0.2 3.53 0.6 1.03 0.3 37.13 2.5 10.14 2.8 1.93 0.1 13.60 1.9 254 37
+T�R 112.1 9.2 0.95 0.4 2.06 0.7 1.44 0.4 26.10 4.7 17.19 3.4 1.23 0.2 18.63 3.6 180 40
+T+R 117.1 3.9 1.53 0.5 2.11 0.3 1.21 0.1 28.00 2.4 17.56 3.1 1.50 0.2 18.77 2.2 167 22

Tillage 0.012 * 0.383 0.011 * 0.158 0.087 0.119 0.027 * 0.186 0.105
Residue 0.135 0.684 0.952 0.907 0.352 0.543 0.200 0.837 0.767
Tillage � Residue 0.452 0.321 0.883 0.382 0.655 0.480 0.859 0.812 0.525

Depth 15–30 cm
�T�R 75.4 2.2 0.09 0.0 0.47 0.2 1.42 0.1 13.27 4.2 27.09 3.3 0.65 0.2 28.51 3.4 91.88 8
�T+R 86.6 7.7 0.08 0.0 0.34 0.2 1.88 0.2 11.60 2.2 29.48 1.0 0.65 0.1 31.35 1.1 94.98 8
+T�R 78.9 4.4 0.05 0.0 0.18 0.0 1.60 0.2 9.46 0.4 32.09 1.2 0.46 0.1 33.69 1.4 89.38 3
+T+R 79.8 4.7 0.06 0.0 0.32 0.1 1.61 0.0 10.28 2.1 27.20 2.4 0.52 0.1 28.80 2.4 103.64 3

Tillage 0.769 0.351 0.684 0.741 0.367 0.605 0.292 0.634 0.589
Residue 0.411 0.627 0.909 0.107 0.903 0.631 0.801 0.709 0.146
Tillage � Residue 0.979 0.462 0.587 0.089 0.745 0.611 0.863 0.155 0.337

se, standard error; T, tillage; R, residue; Pi, inorganic P; Po, organic P; AEM, anion-exchange membrane; NaHCO3, bicarbonate; NaOH, sodium hydroxide; HCl, hydrochloric
acid.
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Generally, potential activities were greatest for reduced tillage and
residue removal among treatments, exhibited greater variability
(standard error) in soils under reduced tillage relative to
conventional tillage, and were greater in surface versus subsurface
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Fig. 2. Soil phosphatase potential activities normalized to soil organic P in a 9-yr conserv
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organic P) identified an increase in ACP activity under reduced
tillage in surface soil that was a mean of 41% higher than under
conventional tillage (p = 0.034) (Fig. 2). Specific potential activities
of ACP did not differ by residue management, and no differences
were detected in specific potential activities for ALP and PDE in any
of the tillage and residue treatments.

3.4. Interrelationships of soil properties, soil P, and phosphatase
activities

Soil Po, but not C, related to MWD, and bulk density positively
associated with these three measures (Table 3). MWD was
positively correlated with total Po and NaOH-Po, and negatively
correlated with total P, labile P (AEM-Pi) and Al- and Fe-associated
P (NaOH-Pi), but no correlation was found with Pmax sorption or
phosphatase potential activities. Changes in Pmax sorption did not
associate with pH (p = 0.457) or MWD (p = 0.168), despite occurring
under reduced tillage. Soil Pi fractions were positively associated
with each other, but showed inverse associations with Po fractions.
Similarly, increases in Pmax sorption and total P tracked increases
in Pi fractions, but were inversely associated with Po fractions.

Potential activities for all phosphatases were positively
correlated with Pi fractions (R = 0.72 to 0.41) and negatively
correlated with Po fractions (R = �0.55 to �0.38). Phosphatase
potential activities were negatively associated with Po, more
strongly for PDE (p = 0.003) and ALP (p = 0.002) than ACP
(p = 0.021), and did not associate with soil C or pH. The soil C:Po
ratio associated positively with PDE (p = 0.0004) as well as ALP
(p = 0.01), but not ACP. Only the potential activities for ALP
associated with potential activities for both other phosphatases.

4. Discussion

The hypothesized improvement in plant-available soil P by
reduced tillage was broadly supported because labile P stocks
increased. Yet, unexpected or no effects were observed for other
indicators of P availability and cycling. Increases in labile P stocks
under reduced tillage were inversely associated with soil
aggregation (i.e., MWD), and P fixation potential increased under
reduced tillage. Consistent with generally minor increases in soil C
under CA in tropical regions including sub-Saharan Africa
(Powlson et al., 2016), previous studies at our site showed only
weak changes in soil C and aggregation, suggesting that tillage and
residue management did not dramatically alter OM cycling (Paul
et al., 2013, 2015b). This study shows a similar finding for organic P
cycling as well, as indicated by the absence of effects on C:Po, Po
stocks, and phosphatase potential activities. Increased soil
aggregation was associated with higher Po, but changes in soil
structure were likely insufficient to yield changes in Po stocks,
especially since they did not yield effects on soil C (Paul et al.,
2015b). Similarly, the decrease in pH under reduced tillage was
unrelated to the increase in P fixation potential. Repeated P inputs
may have further muted the influence of management on organic P
cycling. Thus, long-term impacts of CA on soil organic P cycling
were minimal, due at least in part to low inputs of OM, lack of
intense soil disturbance in the conventional regime, and high Pi
additions, as will be discussed below.

4.1. P fixation and availability under reduced tillage

As expected, soil structure improved under reduced tillage, but
it did not reduce P fixation potential as had been hypothesized.
Lower pH is consistent with greater Pmax sorption because anion-
exchange capacity increases as pH decreases, particularly in
weathered soils with Fe- and Al-oxides and pH-dependent charge
minerals such as kaolinite (Bolan et al., 2003; Smyth and Cravo,
T L t B a
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1992; Sparks, 2003). However, the lack of correlation between
these suggests that the increased Pmax sorption under reduced
tillage was unrelated to pH. The association between MWD and
labile P, but not Pmax sorption, is consistent with increased soil
aggregation promoting increases in labile P via increased P
diffusion or desorption (Wang et al., 2001; Zhang et al., 2003).
Since changes in soil pH across treatments were of relatively low
magnitude and remained in the zone of P fixation by metal oxides,
they were likely insufficient to influence soil P. This could explain
the lack of association of pH with Pmax sorption, labile P, and Fe-
and Al-associated Pi.

Increases in labile P stocks under reduced tillage are consistent
with previous tillage studies on weathered soils (Selles et al.,1997),
though others have identified decreases in labile P under no-till
(Rotta et al., 2015; Wei et al., 2014a). In contrast to other studies
that propose a decrease in fixation to explain labile P increases in
weathered soils under no-tillage and P fertilization (44–280 kg P
ha�1 yr�1) (dos Santos Rheinheimer and Anghinoni, 2003; Redel
et al., 2007), labile P increases in our study were most strongly
correlated with soil aggregation and greater retention of P inputs,
and P fixation increased. Greater total soil P inputs at 0–15 cm
depth, but not 0–30 cm depth, under reduced tillage likely reflects
a lower degree of mixing and distribution of applied P compared to
conventional tillage (Borie et al., 2006; Redel et al., 2007).

4.2. Organic P cycling under CA

A lack of treatment effects on OM cycling and high Pi additions
as TSP may explain the weak effects of tillage and residue
managements on indicators of organic P cycling across tillage and
residue managements. Since conventional tillage was performed
by hand hoeing, it is not as intensive as conventional tillage
methods applied in many CA studies (e.g., disking, harrowing)
(Muriithi-Muchane, 2013). Small increases in MWD, due to an
increased proportion of macroaggregates (Paul et al., 2015b), under
reduced tillage and similar soil C stocks across treatments are
consistent with previous findings of weak changes in soil C at this
site (Paul et al., 2013, 2015b) and across tropical regions in general
(Powlson et al., 2016), and could explain why no changes were
detected in Po and phosphatase activities despite positive
associations of these variables with MWD in our findings and in
other studies (e.g., Wei et al., 2014a). For pastures on weathered
soils, soil Po was higher in productive versus degraded sites, but
soils had lower total soil P concentrations, and greater differences
in MWD (Fonte et al., 2014; Nesper et al., 2015) than observed
among treatments in the present study. Impacts of CA practices on
organic P cycling may be greater in soils with greater OM inputs
and P scarcity. Furthermore, strong geochemical controls on P in
weathered soils can limit its sensitivity to tillage and residue
management. For example, Fe oxide (goethite) content controlled P
fixation independent of SOM accrual under reduced tillage (Fink
et al., 2015, 2016).

Similar potential activities of the three major phosphatase
classes among treatments could reflect similar C:Po and Po, or
inhibition by P fertilization. Based on the critical value for soil Po
mineralization of total organic C: Po of 200 proposed by Condron
et al. (2005), reduced tillage appeared to favor P immobilization (C:
Po > 200) whereas conventional tillage tended to favor mineraliza-
tion (C:Po< 200), though there was high variation in soil C:Po
among treatments. A limitation of soil enzyme potential activity
assays is the inability to attribute casual relationships between
substrate (i.e., Po) abundance and potential activities. Greater
specific potential activity of ACP (i.e., per unit Po) under reduced
tillage, but not for ACP potential activity (i.e., per m2) reflects the
relative decrease in Po as a proportion of total soil P (Supplemen-
tary Table 1). Because there was greater Pmax sorption and total P
under reduced tillage, the proportional decrease in Po was likely
due to dilution of Po by greater retention of Pi additions rather than
reduction in Po due to mineralization.

The robust association generally observed between phospha-
tase potential activities and soil C (Sinsabaugh et al., 2008) may
explain their weak response to tillage and residue management in
this trial. For example, increases in ACP and ALP potential activities
under 21 years of no-tillage relative to conventional tillage in an
Oxisol strongly associated with soil C increases (Balota et al., 2004).
Though management-induced soil pH shifts can affect phospha-
tase activity (e.g., Acosta-Martínez and Tabatabai, 2000), the
observed pH changes were likely insufficient to significantly
impact phosphatase activities. Soil pH across tillage and residue
management treatments were still within the optimum pH range
for ACP activity in soils (Hui et al., 2013). Absence of tillage and
residue management effects on potential activities of ALP and PDE
may reflect soil pH values that are considerably below optimal for
ALP (pH 11) and PDE (pH 8) (Tabatabai, 2003). However, potential
activities of these enzymes have been shown to be responsive in
acidic soils. For example, ALP can respond to OM inputs and track
changes in microbial diversity in weathered soils (Cui et al., 2015),
and is considered to be predominantly of microbial origin, in
contrast to mixed plant and microbial contributions to ACP and
PDE activities (Spohn and Kuzyakov, 2013). Phosphodiesterase
activity is considered rate-limiting in Po mineralization because its
hydrolysis of diester Po is necessary to provide monoester forms for
mineralization to Pi by phosphomonestereases (i.e., ACP, ALP)
(Turner et al., 2005; Turner and Haygarth, 2005). Positive but weak
response of arbuscular mychorrzal fungi (AMF) colonization of
maize roots at this trial (year 5) under reduced tillage (Muriithi-
Muchane, 2013) may partly explain trends of elevated ACP
potential activity, because AMF can increase soil phosphatase
activity directly by secreting enzymes (Feng et al., 2002) and
indirectly by stimulating secretion by host plants (Ezawa et al.,
2005) and P-solubilizing bacteria (Prasad et al., 2012; Zhang et al.,
2014).

Fertilization with TSP may have additionally muted phospha-
tase response to residue management and tillage, because high Pi
generally suppresses microbial and plant expression of extracellu-
lar phosphatases (Nannipieri et al., 2011). However, Pi fractions
were positively associated with phosphatase activities, consistent
with a lack of ACP suppression in weathered soils in western Kenya
under high P fertilization (250 kg P ha�1) (Radersma and Grierson,
2004). Increases in ACP potential activities have been observed
under no-till in weathered soils at higher P input rates
(73–280 kg P ha�1 yr�1) than applied in this study, and were
attributed to increased soil C (Alvear et al., 2005) and Po (Redel
et al., 2007).

4.3. Residue effects

Our findings indicate that residue retention did not have an
effect on P availability in weathered soils of western Kenya under
CA. This likely reflects the low P contribution in the form of
retained residues, which reflects a realistic rate for maize systems
in this region (Guto et al., 2012). Assuming a maize residue P
content of 0.19%, based on a nearby long-term trial on similar soil
type under equivalent P fertilization and comparable N and K
fertilization (CIAT, unpublished), residue contributed an estimated
3.8 kg P ha�1 annually. High residue removal (> 50%) by termites
observed at our site (Kihara et al., 2015; Paul et al., 2015a) may have
further diminished residue effects on soil P (Paul et al., 2015b). In
addition to quantity, residue quality (e.g., P content, C:Po) may have
contributed to an absence of soil P response to residue retention
(Kwabiah et al., 2003a,b; Nziguheba et al., 2000). For example,
substituting TSP (15 kg P ha�1) with maize residues (27 t ha�1) on a
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P basis did not affect P sorption or P fractions over 112 days, but
substitution with Tithonia diversifolia residues at 100% (5.5 t ha�1)
and 50% (2.1 t ha�1) rates reduced P fixation and increased labile
and organic P (Nziguheba et al., 1998). This was attributed to
release of organic anions from decomposing residues. However,
longer-term incubations (256 days) indicate that competitive
sorption of organic acids released from decomposition of added
OM delay but do not decrease P fixation in weathered soils (Afif
et al., 1995).

4.4. Phosphorus management in western Kenya

Though available P was greater under reduced tillage, it was still
below critical values for maize estimated for weathered soils, for
example 26–33 mg P g�1 for maize (Schlindwein and Gianello,
2008). Weathered soils in western Kenya cultivated without P
inputs commonly exhibit �4 mg anion-exchange membrane- or
resin-extractable P g�1 (Kwabiah et al., 2003c; Savini et al., 2016;
Margenot, unpublished; Six et al., 2012, 2013).

Significant but small increases in available P under high,
repeated P fertilization at this site is consistent with generally low
P use efficiency (PUE) in western Kenya (Kihara and Njoroge, 2013).
For example, additions of 50 kg P ha�1 yr�1 for 5 years increased
resin-extractable P from 1.7 to 6.6 mg P g�1 and Bray-I P from 1.1 to
7.8 mg P g�1 (Bünemann et al., 2004), both below the thresholds
suggested for anion exchange extractable-Pi (described above) and
Bray (20–30 mg P g�1) (Mallarino and Atia, 2005; Wortmann et al.,
2009). In a nearby on-farm trial, P fertilization (50 kg P ha�1

season�1) for 10 cropping seasons yielded significant increases in
Bray-I extractable P (12.5 mg g�1) that were greater compared to a
P-unfertilized control (3.9 mg g�1), yet still one-third of the critical
value for maize (Savini et al., 2016; Wortmann et al., 2009). N
fertilization at our trial likely enhanced P uptake, as N availability
improves P uptake in these P limited soils (Kihara et al., 2010;
Vandamme et al., 2014).

We further note that greater available P under reduced tillage
did not appear to impact yields. In fact, reduced tillage without
residue retention showed lower yields (4.6 t ha�1) relative to
other tillage and residue treatments (5.1-5.5 t ha�1) (Paul et al.,
2015b). Surface crusting with subsequently lower infiltration and
greater run-off may account for lower yields under reduced
tillage in this and other research trials (Baudron et al., 2012; Paul
et al., 2013; Pittelkow et al., 2015). In a nearby on-farm trial
employing similar P rates (50 kg P ha�1) and background N and K
fertilization (60 kg ha�1 per season as urea and potassium
chloride, respectively) similar maize yields (6.9-6.5 t ha�1) were
obtained (Savini et al., 2016), below the yield potential of 10 t ha�1

for this region (Smaling and Janssen, 1993). Maize yields across
126 on-farm fields in western Kenya stagnated at 7 t ha�1 even
with recommended N, P, K fertilization and researcher manage-
ment, suggesting limitation by other factors such as micro-
nutrients (e.g., calcium) and soil acidity (Kihara and Njoroge,
2013; Savini et al., 2016). Ameliorating soil acidity can reduce P
fertilization requirements and increase PUE (Schröder et al.,
2011). For example, lime addition (6 t ha�1) halved the frequency
of P fertilization (52 kg P ha�1) necessary to maintain soil
available P and maize yields (Kisinyo et al., 2014). Liming is also
conducive to soil C increases under CA, because reducing Al3+

phytotoxicity can increase plant growth (Cregan et al., 1989;
Fageria and Baligar, 2008; Lal, 2015) which can result in greater
residue deposition and increased soil C under no-tillage (Caires
et al., 2005; de Oliveira and Pavan, 1996; Paradelo et al., 2015).
Given strong edaphic controls in acid, weathered soils in western
Kenya, CA and recommended, high P fertilization may not
represent an optimal strategy for P management.
5. Conclusion

This work identifies limited but positive impacts of conserva-
tion agriculture on soil P availability in weathered soils driven by
reduced tillage. After 18 cropping seasons, increases in soil
aggregation under reduced tillage were associated with increases
in labile P, despite greater P fixation potential and lower soil pH.
Residue rates were likely too low to affect soil P, either directly as a
P input and indirectly by effects on soil C. Conservation agriculture
practices did not impact organic P cycling after 9 years, consistent
with lack of a soil C response, weak changes in soil aggregation, and
small inputs of OM. Similar soil C, Po, and phosphatase potential
activities indicate a lack of an effect of tillage and residue
management on SOM accumulation and associated cycling of
organic P. Nonetheless, correlated increases in labile P and MWD
under reduced tillage support the hypothesized benefit of reduced
tillage on P availability in P-deficient weathered soils in western
Kenya. Conservation agriculture and other management practices
that improve soil aggregation may therefore have benefits for soil P
availability in this region, but do not represent an optimal P
management strategy given its low impacts on edaphic controls on
P deficiency.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.still.2016.09.003.
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