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Cover crops alter phosphorus soil fractions and organic
matter accumulation in a Peruvian cacao agroforestry

system
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Abstract In many tropical soils, excessive weath-
ering of primary minerals confounded by intense
agricultural production has resulted in the depletion
of organic matter and plant available forms of
phosphorus (P). Long-term growth of cover crops in
tropical agroforestry systems have been shown to
influence nutrient cycling, and soil organic matter
pools. The objective of this experiment was to assess
the affect of 2 years of cover-crop cultivation on
organic matter accumulation and P bioavailability
using Mehlich I and sequential fractionation methods.
The experiment included six treatments in the
understory of a cacao-plantain agroforestry system
adjacent to lower montane tropical forests of the San
Martin district of Eastern Peru. Cacao and plantain
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formed the primary canopy on otherwise abandoned
agricultural land. The treatments consisted of four
perennial leguminous cover crops (Arachis pintoi,
Calopogonium mucunoides, Canavalia ensiformis,
and Centrosema macrocarpum), a non-legume cover
crop (Callisia repens), and a control treatment (no
cover crop). After only 2 years of cultivation, results
suggest that all cover crop species accessed residual P
pools in 0-5 cm soil depths as indicated by a
decrease in the 0.5 M HCI extractable P pools when
compared to control. Additional use of residual P
pools by A. pintoi and C. macrocarpum were
indicated by significant reduction in the 6.0 M HCI
extractable P pool. Relative to control, there was no
treatment effect on soil organic matter content;
however significant differences occurred between
treatments. The C. ensiformis, C. mucunoides and C.
repens treatments in 5—15 cm soil depths contained
significantly more organic matter than the A. pintoi
treatment. In 15-30 cm soil depths the C. ensiformis
treatment contains significantly more organic matter
than the A. pintoi treatment. Continued research
should focus on monitoring the long-term effects of
cover crop cultivation on the bioavailability of soil P
pools in surface soil horizons, development of
organic matter pools and the productivity of the
agroforestry species.
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Introduction

A typical process for conversion of tropical forest to
agricultural land involves the removal of primary
forest and subsequent burning of organic mater on the
forest floor. This process accelerates the rate of soil
organic matter (SOM) cycling, nutrient mineraliza-
tion and leaching, effectively reducing the capacity
for nutrient storage that is mediated by organic pools
(Davidson et al. 2007; Tiessen et al. 1994). Once
converted from forest to agriculture, tropical soils
tend to have structure suitable for plant growth but
lack quantities of plant essential nutrients required for
long-term agricultural productivity (Lindell et al.
2010).

Commonly, the productivity of continuously cul-
tivated tropical soils is limited by insufficient
supplies of soil minerals, particularly phosphorus
(P) (Wood and Lass 2001). Depletion of soil P pools
continues through sequential harvest and removal of
animal or plant agricultural products (Cardoso et al.
2003; Hedley et al. 1982a, b). Application of
inorganic P containing fertilizers to remedy the
infertility of these soils is not an option for many
subsistence farmers in developing countries without
money to buy, or means to transport them (Appiah
et al. 1997). It is possible that with better manage-
ment, fertility of these soils can be maintained for a
longer period, enhancing their capacity to sustain
agricultural productivity (Lindell et al. 2010).

Leguminous cover crops are widely accepted for
their contribution to soil quality through addition of
organic carbon and nitrogen (N) in agricultural systems
(Baligar and Fageria 2007; Fageria et al. 2005; Ghosh
et al. 2007; Schroth et al. 2001). As P is often the most
limited plant essential nutrient in tropical soils, inclu-
sion of leguminous cover crops on tropical soils may
seem counter-intuitive. However, leguminous cover
crops may increase available P pools in surface soils
by: mining P from deeper soils, conversion of previ-
ously occluded P to organic matter, and priming
microbial mediated P cycling in the upper soil horizons
through root exudation (Brady and Weil 1999; Chapin
et al. 2002; Fageria and Stone 2006; Ghosh et al. 2007;
Hinsinger 2001; Lambers et al. 2006; Li et al. 2007,
Schactman et al. 1998).

The objective of this study was to determine the
affects of leguminous cover crop cultivation in a
cacao agroforestry system on soil P bioavailability.
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Soil P was extracted using the Mehlich I procedure
commonly utilized to measure the plant available P
pool and a modified sequential fractionation of soil P
procedure (Kuo 1996; Nair et al. 1995). The sequen-
tial fractionation of P allows the extraction of
sequentially increasingly residual P pools. Fraction-
ation of soil P pools aids in the development of an
understanding for the fluctuation between sources and
sinks of P in the soil system (Hinsinger 2001; Barber
1995; Nair et al. 1995; Tiessen and Moir 1993). Use
of this method is particularly informative in deter-
mining whether or not cover crops mediate the
cycling between residual and labile P pools. Deci-
phering the influences of cover crops on soil P pool
cycling will aid in the development of management
strategies for the alleviation of P limitations to
agricultural productivity in tropical soils.

Materials and methods
Study site

The field experiment was conducted at the research
farm of Insituto de Cultivos Tropicales (ICT) which
lies at latitude 6°28.734’ S and longitude: 76°19.694
W, with an elevation of 356 meters above sea level in
Tarapoto, Peru. The site receives an average of
1200 mm of precipitation per year. The annual
maximum temperature is 25.5°C and the annual
minimum is 19°C (NOAA 2007). The landscape of
the San Martin Region of Peru is best described as
hillsides feathered by rivers and streams. The soils
here are acidic loamy sand Inceptisols. Other than
inclusion of cover crops, the agroforestry system
management style is that of the traditional methods of
local cacao farmers in the San Martin Region of Peru.
These methods consist only of harvesting mature
agroforestry products, in this case cacao and plantain.

Experimental design

To test the influence of leguminous cover cropping on
soil fertility in an experimental cacao agroforestry
system, a randomized block design was established on
1.05 hectares of abandoned agricultural land. Site
preparation commenced in June 2004 with the clearing
and burning of the fern Pteridium sp. dominated site.
Subsequently cover crops, cacao, and bananas were
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planted on the site. Four leguminous crops included in
the experiment were Arachis pintoi (perennial peanut),
Calopogonium mucunoides (calo), Canavalia ensifor-
mis (jack bean), and Centrosema macrocarpum (mac-
rocarpum). Additionally, one non-legume cover crop
Callisia repens (inch plant), and one control treatment
were included in the experiment. Callisia repens is a
native forest ground cover in the region. The legumi-
nous cover crops utilized are known to grow well in
tropical climates. The control treatment was planted
with cacao and plantain in the same density as the other
treatments, however it lacked a formerly planted cover
crop and weeds sparsely covered the soil surface. Each
treatment was replicated three times, once in each of
three randomized blocks, each block is 10 x 45 m
with a 2 m buffer between each treatment. Each block
contained one plot of each treatment, arranged in a
random order.

Soil sampling

Soil samples were collected mid July—mid August in
2006. Ten soil samples were collected from the 0—
5 cm, 5-15 cm, 0-15 cm and 15-30 cm soil depths
of each replicate of each treatment using a 5 cm
diameter stainless steel sampling tube. The ten soil
samples corresponding by treatment, depth, and block
were combined at the time of sampling to form one
composite sample. This sampling scheme resulted in
72 composite samples collected from the entire cover
crop management experiment. All collected soil
samples were transported to the laboratory, labeled,
and air-dried. Each soil sample was mixed by hand,
air-dried, and passed through a 2 mm sieve prior to
soil chemical analysis (Basamba et al. 2006; Graetz
and Nair 1999; Phiri et al. 2001).

Phosphorus extraction

Mehlich I extractions of P were conducted on air-
dried soil from the 0-15 cm depth following estab-
lished methods (Kuo 1996). To calculate the organic
P (Po) portion of P in the Mehlich I extraction, the
supernatant was digested at 340°C in concentrated
sulfuric acid (H,SO,4) and hydrogen peroxide (H,O,),
and Po was determined by subtraction of the P
concentration in the undigested from the digested
sample.

Sequential fractionation of P was modified from
the procedure detailed in Nair et al. (1995) with the
addition of an initial deionized H,O extraction and
the quantification of Total P on un-extracted, air-
dried soil (Nair et al. 1995). Total P of air-dried soil
was determined by ashing 1.0 g of air-dried soil for
2 h and then solubilizing with 6 M HC (Nair et al.
1995). A schematic of the utilized extraction proce-
dure is depicted in Fig. 1.

Measurement of extracted inorganic phosphorus

Concentrations of extracted inorganic P contained
within extract solutions were measured using the
Murphy and Riley method (Kuo 1996). Strongly
alkaline or acidic extract solutions were neutralized
prior to analysis.

Analysis of soil organic matter

Although Loss on Ignition (LOI) tends to slightly
over estimate the organic matter proportion of a
soil due to the ignition of a fraction of inorganic
materials at high temperatures, it is often utilized to
estimate soil organic matter content (Heiri et al.
2001; Nelson and Sommers 1996). To estimate soil
organic matter content LOI was determined for all
treatments and soil depths using methods published
by the Soil Science Society of America (SSSA) and
the American Society of Agronomy (ASA) (Nelson
and Sommers 1996).

Statistical analysis

Determinations of insignificant blocking affects and
significant treatment and depth affects were tested by
analysis of variance (ANOVA) and post hoc compar-
isons using JMP® 5.1 statistical software. When
necessary, data transformations to meet the parametric
statistical assumptions of normality and equal vari-
ances were conducted using Box and Cox Transfor-
mations. Initial significance tests between the pooled
data of all treatments and depths was determined to
assess variation between depths, followed by an
ANOVA between treatments at each depth to assess
variation between treatments within each depth. When
the F values were significant, post hoc comparisons of
means were made using Dunnett’s Method and Tukey-
Kramers HSD. Dunnett’s Method was utilized to
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Fig. 1 Sequence for the

fractionation of soil Soil H20 1M NH4CI 0.1M NaOH 0.5M HCI
phosphorus pools. Adapted Air dried — | Deionized 20mL  |— 20mL  |— 20 mL
from Nair et al. (1995) <2n;m ~fractlon 20 mL Shake 2 hours Shake 17 hours Shake 24 hours
grams Shake 2 hours
¥ v ¥
H,0 NH,CI NaOH HCl
Supernatant Supernatant Supernatant Supernatant

| | |

[Quantify [P]} [Quamify [P]] [Quantify [P]] [Quantify [P]‘]

determine significant differences in variance between
the data of any treatment and that of the control. Tukey-
Kramers HSD was utilized to determine significant
differences in variance between the data of any
treatment and that of any other treatment.

Results
Extractable phosphorus

Mehlich I extractable P pools were not significantly
influenced after 2 years of cover crop cultivation. With
regard to the sequential extraction of P: no significant
differences were found between the control and any
treatment for the H,O, NH4C1, NaOH[P] or NaOH[TP]
extractable P pools. See Table 1 for Mehlich I
extraction of inorganic, organic, and total phosphorus
averaged data. However, treatment effects did occur in
the HCl extractable P pools. For the 0.5 M HCl pool in
the 0-5 cm soil depth a significant decrease in all
treatments relative to control occurred as follows:
A. pintoi 11.52 mg kg™' less, C. ensiformis 22.57
mg kg™" less, C. macrocarpum 8.48 mg kg™' less,
C. mucunoides 21.39 mg kg™' less and C. repens
21.36 mg kg ' less (Table 2). Significant differences
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also occurred in the 6.0 M HCl pools in the 5-15 cm
soil depth. The C. ensiformis treatment contained
significantly more P than A. pintoi or C. macrocar-
pum (67. 53 mgkg™' and 65.02 mg kg~' more
respectively) (Table 2). Analysis of the pooled data
to allow for comparisons between soil depths showed
the 0-5 cm soil depth to contain significantly greater
concentrations of H,O, NH,Cl and NaOH extract-
able phosphorus than the underlying depths.
See Table 3 for soil pH and P fraction data by soil
depth.

Soil organic matter

The cover crop treatments varied in effects on soil
organic matter content. While there was no signifi-
cant treatment effect when compared to the control
there were significant differences between the treat-
ments. In the 5-15 cm soil depth the C. repens, C.
mucunoides, and C. ensiformis treatments all con-
tained significantly more organic matter than did the
A. pintoi treatment (5.18%, 5.17%, 4.84%, 1.44%,
respectively; Table 2). Also, in the 15-30 cm soil
depth the C. ensiformis treatment contained signifi-
cantly more organic matter than did the A. pintoi
treatment (4.93% vs. 2.79%; Table 2).
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Table 1 Mehlich I

. . . Treatment Depth Inorganic [P] Organic [P] Total [P] Inorganic P Organic P
extrac.tlon of inorganic, (cm) (mg kgfl) (mg kgfl) (mg kgfl) (%) (%)
organic, and total
phosphorus averaged data A. pintoi 0-15 2.03 6.31 8.34 24.35 75.65

C. repens 0-15 3.14 10.89 14.03 22.38 77.62
C. mucunoides 0-15 2.79 8.63 11.42 24.41 75.59
C. ensiformis 0-15 3.92 12.16 16.08 24.40 75.60
C. macrocarpum 0-15  2.54 7.86 10.39 24.40 75.60
Control 0-15 247 7.66 10.13 24.40 75.60
Fertilized 0-15 3.87 11.98 15.85 24.40 75.60

Table 2 Phosphorus fractions in soils collected from three depths under cover crops or control plots. Each value represents the

average of 3 laboratory replicates

Treatment Depth  LOI H,O0 [P] NH4CI [P] NaOH [P] NaOH [TP] 0.5 HCL [P] 6.0 M HCI [TP]
(em) (%)  (mgkg™) (mgkg ) (mgkg™) (mgkg )  (mgkg™)  (mgke™)

A. pintoi 0-5 5.04 0.84 0.09 18.66 29.24 21.38a 213.85

C. ensiformis 0-5 6.91 1.53 0.31 31.24 55.33 10.33a 278.07

C. macrocarpum 0-5 6.39 0.94 0.15 31.27 41.99 24.42a 239.20

C. mucunoides 0-5 4.22 1.24 0.01 41.53 29.26 11.51a 193.58

C. repens 0-5 2.49 1.25 0.17 36.08 42.79 11.54a 288.85
Control 0-5 4.06 0.82 0.14 34.05 39.28 32.90b 177.49

A. pintoi 5-15 144a 0.54 0.01 20.02 32.18 33.32 188.13a"
C. ensiformis 5-15 4.84b 0.59 0.04 25.93 34.66 16.50 255.66b
C. macrocarpum 5-15  1.71 0.64 0.15 28.99 27.98 16.50 190.64a
C. mucunoides 5-15 5.17b 040 0.02 17.84 28.40 24.85 204.41

C. repens 5-15 5.18b 0.52 0.05 39.17 44.39 28.89 247.74
Control 5-15 3.1 0.42 0.09 25.01 30.07 24.55 202.49

A. pintoi 15-30 2.79p  0.70 0.04 17.87 29.76 28.32 197.57

C. ensiformis 15-30 493a  0.88 0.12 19.82 37.54 18.02 245.59

C. macrocarpum  15-30  3.78 0.70 0.11 2343 32.36 20.87 207.94

C. mucunoides 15-30 4.26 0.69 0.01 20.76 28.24 15.42 208.09

C. repens 15-30  3.66 0.76 0.22 29.53 36.40 19.23 270.23
Control 15-30  3.65 0.59 0.08 27.50 33.76 23.76 196.48

# Mean values followed by different letters within same column and same soil depth indicate significant differences at the P < 0.05
level. When the F' values were significant, post hoc comparisons of means were made using Dunnett’s Method and Tukey-Kramers
HSD. Dunnett’s Method was utilized to determine significant differences in variance between the data of any treatment and that of the
control. Tukey-Kramers HSD was utilized to determine significant differences in variance between the data of any treatment and that

of any other treatment

Discussion
Extractable phosphorus

Cultivation of cover crops had a significant effect in
the HCI extractable P pools in the 0-5 and 5-15 cm
soil depths. At the 0-5 cm soil depth, the five cover
crop treatments averaged 16.82 mg kg ™' less 0.5 M

HCI extractable P than the control. At the 5-15 cm
depth, A. pintoi and C. macrocarpum treatments
contained significantly less extractable P in the 6.0 M
HCL extractable P pool than the C. ensiformis
treatment (67.53 mg kg~' and 65.02 mg kg™ ' less,
respectively). Assuming that the soil of the entire
agroforestry system contained near uniform concen-
trations of P prior to the experiment, it is likely that
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Table 3 Phosphorus fractions and pH for soils collected from three depths. Each value represents the mean of pooled data for all

treatments

Depth pH H,O [P] NHA4Cl [P] NaOH [P] NaOH [TP] 0.5 HCL [P] 6 M HCI [P]
(cm) (mg kg™") (mg kg™") (mg kg™") (mg kg™") (mg kg™") (mg kg™ ")
0-5 5.41a 0.12a 0.21a 34.86 43.44a 19.19 237.63

5-15 5.13b 0.05b 0.07b 29.21 35.61b 23.61 222.02
15-30 5.03b 0.05b 0.08b 23.60 26.02b 20.61 217.87

* Mean values followed by different letters within same column indicate significant differences at the P < 0.05 level

the reductions in HCI extractable P pools are a result
of P uptake by the cover crops. This finding is
significant since the HCl extractable P pools are
typically thought to originate from primary minerals,
calcium-P compounds, or sesquioxides (Crews 1996;
Hedley et al. 1982a; Hieltjes and Lijklema 1980;
Hinsinger 2001; Kurmies 1972). The soil of this
experiment contains negligible concentrations of
calcium (unpublished data) and the primary minerals
have long ago weathered (Clark and Baligar 2000).
The only explanation remaining is that the cover
crops have used phosphate that is occluded within the
weathered iron and aluminum oxides of the soil. This
pool of P is strongly bound to iron and aluminum and
is commonly referred to as the ‘residual’, ‘fixed’ or
‘occluded” P pool to indicate that it is not readily
available for plant uptake (Hedley et al. 1982a; Phiri
et al. 2001; Zhang 2000). However, the results of
several bodies of research indicate that acids released
during organic matter decomposition and in the form
of root or fungal exudates participate in ligand
exchange reactions with sesquioxides releasing phos-
phate molecules into soil solution where they can be
used by plants (Barroso and Nahas 2005; Clark and
Baligar 2000; Crews 1996; Lambers et al. 2006;
Schactman et al.1998; Zhou et al. 2009). The over-
story plantain and cacao are growing uniformly
across the experiment, thus it is likely that if these
plants were taking up the residual P, their uptake of P
would be uniform across the experiment as well.
Fortunately researchers at ICT are collecting produc-
tivity data from plantain and cacao to broaden the
scope of this analysis.

The processes leading to a significant increase of
extractable P in the C. ensiformis treatment could be
caused by P transport or mobilization from deeper
soils via roots and arbuscular mycorrhizae (Barroso
and Nahas 2005; George et al. 2006; Jobbagy and
Jackson 2004) but actual mechanisms remain
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unknown. Perhaps though, defining the processes
behind these changes are less important than the
implications of this increase on the availability of P to
future crops. Publications stemming from ongoing
monitoring of this system will aid understanding of
the alterations of soil P pools in this agroforestry
system.

Soil organic matter

Cover crop cultivation effects on soil organic matter
pools varied. In the 5-15 soil depth the A. pintoi and
C. macrocarpum contained less combustible materi-
als than the control (2.07% and 1.8% less than the
control respectively). Whereas in the same depth
C. ensiformis, C. mucunoides and C. repens contrib-
uted more organic matter to the soil than the control
(1.33%, 1.66% and 1.97% more respectively). When
analyzing the upper 0-30 cm soil depth, the A. pintoi
cover crop contained 38,700 kg ha™' less soil
organic matter than did the control. In this same
depth the C. ensiformis contained 57,600 kg ha™'
more soil organic matter than did the control. These
differences in the amount of ignitable materials (e.g.
organic matter) indicate that the rooting systems of
A. pintoi and C. macrocarpum have a slow turn over
rate, and are now storing organic materials. On the
contrary, the rooting systems of C. mucunoides,
C. ensiformis, and C. repens have stimulated the LOI
pool, likely through a more rapid decomposition rate
of their fine roots. The differences in the loss on
ignition pools between treatments and the control
indicate that cover crop cultivation has influenced
soil organic matter pools. Increasing the soil organic
matter content at this site is important for improving
cacao production in the area, as the benefits of
abundant supplies of organic matter include increased
nutrient availability, and a reduction in the soils
phosphorus fixation capacity (Sato and Comerford
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2008; Young 1997). It is likely that the long-term
crop productivity and soil fertility of the system
under investigation would greatly benefit from
increased soil organic matter supplies.

Conclusion

Improvement and maintenance of soil fertility will
provide the foundation for sustained agricultural
productivity in tropical soils. Alternatives to com-
mercialized agrochemicals for building soil fertility
have the potential to improve the livelihoods of
small-scale farmers and reduce negative environmen-
tal impacts associated with fertilizer and topsoil
runoff. Cover crops might provide an affordable and
environmentally benign alternative to chemical fer-
tilizers and slash and burn agricultural methods.
However, prior to widespread promotion it is neces-
sary to test alternative technologies extensively so
that risk to livelihoods affected by technology
adoption is minimized. This research tested the
ability of cover crops to remediate the P fertility of
an acidic loamy sand Inceptisol soil used predomi-
nantly for cacao cultivation. We found that the effects
of cover crop cultivation are species dependent. After
just 2 years of cultivation the P pools in the surface
soils at this site were significantly altered, suggesting
the importance of cover crop cultivation in the
acceleration of P cycling through the uptake of less
available (e.g. residual) P pools. However, quantifi-
cation of the fluctuations across fractionated soil and
plant P pools requires continued monitoring that
includes all species in the agroforestry system to
completely understand the effects of cover crop
cultivation on P bioavailability over time.

Building and maintaining high contents of organic
matter in surface soils are important for crop
production and minimizing soil erosion. However,
the cover crops included in this experiment vary in
their rates of organic matter deposition. The Arachis
pintoi and Centrosema macrocarpum treatments
appear to not contribute organic matter after 2 years
as compared to the Cannavalia ensiformis, Calo-
pogonium mucunoides, and Callisia repens crops.
The influence of cover crop cultivation on soil
organic matter content should continue to be moni-
tored to establish a clear trend of their cumulative
affect on soil organic matter accumulation in the

longer term, as it is likely that soil organic matter
additions will enhance soil fertility.

The cacao agroforestry site managed by ICT
provides an ideal setting for examining the affects of
cover crop cultivation on soil fertility. In this region,
the soil fertility is hindered by soil acidity, high levels
of aluminum, and low organic matter content. Addi-
tionally, if the potential for cover crop cultivation to
partially ameliorate tropical soil infertility is demon-
strated, a great potential for cover crop remediation of
abandoned agricultural land in the area exists. The
result could be conversion of more abandoned agri-
cultural lands to a source of much needed food and
economic products to the people of this region. While
all of the cover crops included in the experiment at ICT
are significantly altering the soil fertility the effects of
2 years of cover crop cultivation on P availability are
not sufficient for promotion of cover crop cultivation
beyond the research area at this time. Continued
monitoring of the soil organic matter and P pools as
well as the productivity of the other agroforestry
species (cacao and plantain) is needed to identify the
best cover crops for ameliorating soil fertility issues in
this region.
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