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Abstract

Maize (Zea mays) is the principle staple crop of Malawi, and provides the livelihood for the
majority of the population, both in terms of caloric intake and income generation. Over the
last several years, maize yields have become stagnant and are not enough to support the
growing population. In older, highly-weathered soils typical of Malawi, phosphorus (P) is
often the main factor limiting crop production. Phosphorus is an essential macronutrient for
plant growth, yet sources of rock phosphate, the raw material for mineral P fertilizers, are
nonrenewable and in limited supply worldwide. However, most soils contain a large amount
of P, yet only a small proportion is in a plant-available form. As such, numerous strategies for
using this abundant P source are being explored to reduce dependency on P fertilizers while
still maintaining global crop yields. To begin, the effective use of soil P for crop production
requires the understanding of how P pools are stabilized and cycled within soil aggregates, as
this is a key driver for soil nutrient storage and availability for plants. While much is known
regarding the effect of soil structure on carbon and nitrogen cycling, much less is known
about how changes in soil aggregation affect P pools and plant availability. In addition to the
influence of soil processes, it is well known that certain plant species possess the ability to
access soil P pools typically unavailable to other crops through a variety of complex
rhizospheric processes. For example, pigeon pea (Cajanus cajan), a nutritious grain legume
commonly grown in Malawi, is one such species that is adapted to use sparingly soluble soil
P pools through the exudation of phosphatase enzymes and organic acids. However, much
less is known about how these processes are effected within an intercropping system, nor if
the neighboring intercropped species can benefit from this increased P availability. The
overall goal of this project was thus to understand how P is cycled within soil aggregates, and
how intercropping maize and pigeon pea can influence these complex interactions as a means
to improve P availability and crop yield in Lixisols of Malawi.
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Abstract
I began this thesis by highlighting the importance of understanding how soil mineralogy
affects P dynamics at the soil aggregation level, and pointing out that in many cases
traditional aggregate fraction techniques are not appropriate for tropical soils rich in iron
oxide concretions. To this end, I introduced a new soil fractionation methodology which
removes large iron concretions (>2000 µm) from the soil without significantly impacting
smaller soil aggregates. This allows a more accurate quantification of C, N and P pools
within soil aggregate fractions, as well as the ability to further characterize the iron
concretions themselves, which may have a strong impact on P availability in the soil-plant
system. Secondly, I conducted a greenhouse study to investigate the influence of maizepigeon pea intercropping systems on biomass production, biological N fixation, soil
aggregation, and P cycling within soil aggregates. This study showed that pigeon pea
significantly increased soil aggregation compared to maize, which in turn allowed a greater
accumulation of C, N and P within macro- and microaggregates of the maize-pigeon pea
intercropping systems compared to sole maize. Moreover, using these results and in addition
the nutrient contents of the occluded macroaggregate fractions, I developed a novel theory of
C, N and P cycling within soil aggregate fractions of tropical soils. Finally, I tested the
capacity of legume-diversified maize cropping systems to improve soil fertility compared to
sole maize with an on-farm, farmer-managed field trial in northern Malawi spanning four
years. Overall, I found that all cropping systems depleted soils of both N and P, despite
annual applications of both crop residues and N fertilizer totaling 24 kg N ha-1yr-1. However,
the high variability in initial soil nutrient content across farmers’ fields made clear-cut
conclusions difficult to ascertain, as well as emphasized some of the challenges associated
with conducting on-farm research.
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Abstract
This thesis highlights the importance of understanding P dynamics both at the soil aggregate
level as well as the greater community scale, and discusses how legume-diversified maize
cropping systems can significantly influence P dynamics in tropical soils of Malawi. This is
the first time that vast differences in aggregation between two plant species have been
reported, which shows promise that together with proper fertilizer applications tailored to
local environmental conditions and yield goals, maize-pigeon pea intercropping systems may
be effective at increasing soil organic matter storage and P availability. However, further
effort is needed to understand the complex mechanisms involved in these processes, as well
as challenges and opportunities for adoption of such practices by smallholder farmers in this
area.
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Zusammenfassung

Mais (Zea Mays) ist das Hauptgrundnahrungsmittel in Malawi und stellt die Lebensgrundlage
für die Mehrheit der Bevölkerung dar, sowohl im Hinblick auf die Kalorienzufuhr als auch
für die Einkommensförderung. In den letzten Jahren stagnierten die Maiserträge und sind
nicht ausreichend, um die wachsende Bevölkerung zu ernähren. In älteren, stark verwitterten
Böden, welche typisch für Malawi sind, ist Phosphor oft der wichtigste Faktor, welcher das
Pflanzenwachstum beschränkt. Phosphor ist ein wesentlicher Makronährstoff für das
Pflanzenwachstum, aber die Quellen von Rohphosphat, dem Rohstoff für mineralische
Phosphordünger, sind nicht erneuerbar und global begrenzt. Die meisten Böden enthalten
eine große Menge an Phosphor, jedoch ist nur ein kleiner Teil in einer pflanzenverfügbaren
Form vorhanden. Aus diesem Grund werden zahlreiche Strategien für die Nutzung dieser
grossen Phosphorquelle erforscht, um die Abhängigkeit von Phosphordünger zu verringern,
während gleichzeitiger Erhaltung der globalen Ernteerträge. Zunächst erfordert die effektive
Nutzung des Bodenphosphors für das Pflanzenwachstum das Verständnis, wie die
Phosphorpools stabilisiert sind und innerhalb der Bodenaggregate umgesetzt werden, da dies
ein wesentlicher Treiber für die Bodennährstoffspeicherung und die Pflanzenverfügbarkeit
ist. Während bereits viel über die Wirkung der Bodenstruktur auf den Kohlenstoff- und
Stickstoffkreislauf bekannt ist, ist viel weniger darüber bekannt, wie Veränderungen der
Bodenaggregation auf die Phosphorpools und deren Pflanzenverfügbarkeit wirken. Neben
dem Einfluss des Bodens selbst ist weiterhin bekannt, dass bestimmte Pflanzenarten durch
eine Vielzahl von unterschiedlichsten Rhizosphärenprozessen die Fähigkeit besitzen, Zugriff
auf Bodenphosphatquellen zu haben, was in der Regel auf andere Kulturen nicht zutrifft.
Beispielsweise ist die Straucherbse (Cajanus Cajan), eine nahrhafte Hülsenfrucht, welche in
Malawi häufig angebaut wird, eine solche Art, die den spärlich löslichen Bodenphosphatpool
durch die Ausscheidung von Phosphatasen und organischen Säuren nutzen kann. Allerdings

vii

Zusammenfassung
ist weder bekannt, ob diese Prozesse in einer Mischkultur weiterhin stattfinden, noch ob die
benachbarten Arten von der erhöhten Phosphorverfügbarkeit profitieren können. Das
übergeordnete Ziel dieses Projektes war also zu verstehen, wie Phosphor in den
Bodenaggregaten umgesetzt wird, und ob eine Mischkultur von Mais und Straucherbse
innerhalb dieser komplexen Wechselwirkungen als Mittel zur Verbesserung der
Phosphorverfügbarkeit und des Ernteertrags in Lixisols von Malawi dienen kann.

Die vorliegende Dissertation beginnt zunächst mit der Ausarbeitung, wie die
Bodenmineralogie die Phosphordynamik innerhalb der Bodenaggregationsebene betrifft, und
weist darauf hin, dass in vielen Fällen traditionelle Aggregatfraktionierungstechniken sich
nicht für tropische Böden eignen, da sie reich an Eisenoxidkonkretionen sind. Zu diesem
Zweck wurde eine neue Bodenfraktionierungsmethode eingeführt, welche die grossen
Eisenkonkretionen aus dem Boden entfernt (> 2000 µm), ohne die deutlich kleineren
Bodenaggregate zu beeinträchtigen. Dies ermöglicht eine genauere Quantifizierung der
Kohlenstoff-, Stickstoff- und Phosphorpools innerhalb der Bodenaggregatfraktionen, sowie
die Fähigkeit, die Eisenkonkretionen weiter zu charakterisieren, welche möglicherweise eine
starke Auswirkung auf die Phosphorverfügbarkeit im Boden-Pflanze-System haben.
Weiterhin wurde eine Gewächshausstudie durchgeführt, um den Einfluss der MaisStraucherbse-Mischkultur auf die Biomasseproduktion, biologische Stickstofffixierung,
Bodenaggregation und Phosphordynamik in den Bodenaggregaten zu untersuchen. Diese
Studie zeigte, dass die Straucherbse im Vergleich zu Mais die Bodenaggregation signifikant
erhöht, welche wiederum eine größere Anreicherung von Kohlenstoff, Stickstoff und
Phosphor in Makro- und Mikroaggregaten in einer Mais-Straucherbse-Mischkultur im
Vergleich zu Mais in Monokultur erlaubt. Darüber hinaus konnten diese Ergebnisse,
zusammen mit dem Nährstoffgehalt von okkludierten Makroaggregatfraktionen, genutzt
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werden, um eine neuartige Theorie über die Kohlenstoff-, Stickstoff- und
Phosphorumsetzungen im Bodenfraktionen von tropischen Böden zu entwickeln. Schließlich
testete ich in einem 4-jährigem Feldversuch im nördlichen Malawi die Fähigkeit der mit
Leguminosen diversifizierten Mais-Anbausysteme zur Verbesserung der Bodenfruchtbarkeit
im Vergleich zu Mais in Monokultur. Insgesamt wurde festgestellt, dass in allen
Anbausystemen der Bodenstickstoff und Phosphor verarmt wurde, trotz jährlicher
Ausbringung von Ernterückständen und Stickstoffdünger in Höhe von insgesamt 24 kg N ha-1
Jahr-1. Allerdings erschwert die hohe Variabilität des initialen Bodennährstoffgehalts der
einzelnen Anbauflächen eine eindeutige Schlussfolgerung, zeigt aber auch die verschiedenen
Herausforderungen, welche mit Feldversuchen assoziiert sind.

Diese vorliegende Arbeit unterstreicht die Bedeutung, die Phosphordynamik sowohl auf der
Bodenaggregatebene als auch auf einer grösseren Pflanzengemeinschaftsebene zu verstehen
und diskutiert, wie Leguminosen-Diversifizierung in Maisanbausystemen die
Phosphordynamik in den tropischen Böden von Malawi maßgeblich beeinflussen kann. Dies
ist das erste Mal, das grosse Unterschiede in der Aggregation zwischen zwei Pflanzenarten
beschrieben wurden, und es ist vielversprechend, dass ein Mais-Straucherbse
Mischkultursystem in Kombination mit den richtigen Düngeranwendungen, welche auf die
lokalen Umweltbedingungen und Ertragsziele zugeschnitten sind, organisches Material und
die Phosphorverfügbarkeit im Boden wirksam erhöhen kann. Insgesamt sind weitere
Anstrengungen erforderlich, um die komplexen Mechanismen, welche in diese Prozesse
involviert sind, sowie die Herausforderungen und Chancen für die Adaption solcher
Praktiken durch Kleinbauern in dieser Region zu verstehen.
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General Introduction
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Chapter 1: General introduction
1.1 Importance of phosphorus in agricultural systems

Phosphorus (P) is a vital element for agricultural systems because of its essential role in most
biological functions in the soil-plant system. For example, it is an integral component of
energy generation, nucleic acids, photosynthesis, respiration, membrane synthesis and
stability, enzyme activation and deactivation, redox reactions, signaling, carbohydrate
metabolism, and nitrogen fixation (Vance et al., 2003). Most soil P is derived from parent
minerals, with total P content of soils ranging between 300 and 5000 mg P kg-1. However, the
vast majority of this P is confined to mineral apatite forms, which are unavailable for plant
uptake (Hinsinger, 2001; Hinsinger et al., 2011). Instead, most soil P is taken up by plants in
the form of orthophosphate ions (H2PO4- and HPO42-), which make up less than 0.1% of total
soil P (Fardeau, 1996). These ions are only available in the soil solution in extremely low
quantities, typically 1 μM, creating a concentration gradient of up to 2,000 between the plant
and the soil solution (Schachtman et al., 1998). Consequently, as plants take up the available
P, the soil solution must be constantly replenished in order to maintain adequate P supply to
growing plants (Figure 1.1).

The speed at which the soil solution is replenished with P is controlled by several factors
including the dissolution-precipitation of P-bearing minerals, adsorption-desorption of P on
soil surfaces, hydrolysis of organic matter, types and amounts of clay and metal oxides, and
the soil solution pH (Brady & Weil, 1996; Vance et al., 2003; Hinsinger et al., 2011) (Figure
1.1). For example, in most tropical soils there is a high abundance of aluminum (Al) and iron
(Fe) oxides, which are known to strongly bind P, thus making replenishment of the soil
solution P particularly slow and plant-available P extremely low (Sanchez & Uehara, 1980;
Tiessen et al., 1991; Hinsinger, 2001; Cornell & Schwertmann, 2003). As such, in regions
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such as Sub-Saharan Africa (SSA), P is often the foremost limiting nutrient for crop
production (Vitousek & Farrington, 1997; Bekunda et al., 2010).

Figure 1.1 Schematic diagram of soil P pools in soil-plant system. Adapted from Frossard et al. (2011).

To overcome this P shortage, it is commonly recommended to add P fertilizers to soils, which
provides P in a more readily available form to plants to maintain crop yields. Due to the
strong sorption potential of P, however, recommended fertilizer application rates are usually
in excess of crop demands (Raghothama, 2005). In areas where fertilizer have been used for
long periods of time, typically within temperate agricultural soils of Europe, North America,
and parts of Asia, negative environmental consequences of P overload are rampant (Smil,
2000). On the other hand, in areas where fertilizer availability is scarce and often extremely
expensive, such as in Sub-Saharan Africa (SSA), most subsistence farmers use less than the
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recommended fertilizer rates, which has led to severely low soil fertility and diminishing crop
yields (Snapp, 1998; Sanchez, 2002). Furthermore, an additional challenge faced by all
agricultural producers worldwide is the limited global P reserves (Vance, 2001; Cordell et al.,
2009; Childers et al., 2011), which because of the increased demand in P fertilizers due to the
increasing population (Tilman et al., 2001) will make P fertilizers even more expensive due
to increased costs for extraction, processing, and transportation (Cordell et al., 2009). The
latter will create an almost insurmountable challenge for subsistence farmers cultivating
crops in highly depleted tropical soils. Thus identifying novel methods to use P more
efficiently are of utmost importance.

1.2 Agriculture in Malawi

One poignant example of the negative consequences of low soil fertility on crop production
can be seen in Malawi (Figure 1.2). Malawi is a country that relies heavily on agricultural
production, with nearly 80% of the population dependent on agriculture for their livelihood
(MoAFS, 2011). Furthermore, due to the cultural importance of maize as a food source, 6080% of arable land is planted specifically to maize, with a majority of farmers practicing
continuous maize monocropping year after year (Snapp et al., 2002; Mhango et al., 2012).
This practice, coupled with several decades of little to no fertilizer inputs, came to a head in
2005, when maize yields were at an all-time low (Denning et al., 2009; FAOSTAT, 2014).
This particularly devastating harvest spurred the implementation of a nationally subsidized
fertilizer program that offered mineral fertilizers and improved maize seed at reduced costs.
Results were seen almost immediately, with maize yields doubling in 2006 and almost
tripling in 2007 (FAOSTAT, 2014). Yet since that initial spike, yields have become stagnant,
averaging only 2 ton ha-1 since 2009 (Figure 1.3), trailing the most productive countries by a
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factor of ten (FAOSTAT, 2014). Only 20% of the population produces enough maize to sell
on the market, whereas the majority only grows enough to survive (Denning et al., 2009). Yet
even this minor success is in jeopardy, as the increasing incidences of drought, flooding, and
other unpredictable climatic events have already threatened maize yields and food security
(FEWSN, 2016).

2

1

Figure 1.2 Study locations in Malawi, Africa. 1) Linthipe (where soils were collected for Chapters 2-4)
and 2) Ekwendeni (Chapter 5).
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One cause of this yield stagnation may be the fact that despite the reduced cost of fertilizers,
not all farmers are applying enough inputs. For example, although the recommended nitrogen
(N) application rate for Malawi is 92 kg N ha-1 (Akinnifesi et al., 2006), the average N
fertilizer use is only 9 kg N ha-1 (Myaka et al., 2006). Additionally, the global average P
fertilizer application is 10 kg P ha-1, yet P fertilizer use in Africa averages only 3 kg P ha-1,
while in Europe the average is closer to 25 kg P ha-1 (Liu et al., 2008; Vitousek et al., 2009).
Reasons for the low fertilizer use include lack of information on fertilizer availability and
cost, lack of knowledge on how to apply the fertilizer efficiently, high variability of crop
yields due to climate fluctuations which make farmer incentive to use fertilizers low, as well
as poor infrastructure and high cost to transport fertilizers throughout rural areas (Morris et
al., 2007). While these issues must indeed be addressed and remedied in the long-term, it is
also clear that Malawi cannot depend solely on synthetic fertilizers for crop production, and
that other options for boosting yields in addition to synthetic fertilizers must be explored.

Figure 1.3 Average maize yields in Malawi from 1993-2014 (data from FAOSTAT, 2014).
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In 2008, following recommendations from researchers and extension agents, Malawi made
further strides toward increasing the country’s soil fertility and long-term agricultural
sustainability by providing subsidized legume seeds as part of this input subsidy program.
While most research on the benefits of legumes has focused on their impact on carbon (C)
and N cycling, there is evidence that certain legumes can mobilize sparingly soluble P pools
(Ae et al., 1990; Li et al., 2007; Hinsinger et al., 2011), thus potentially helping to alleviate
the P problem by making strongly bound soil P available for crops. However, P dynamics
within these legume-diversified cropping systems have rarely been studied in Malawi, and
thus a major focus of this thesis was to determine if agricultural systems that integrate these
legumes into the rotation could increase P availability and uptake in maize.

1.3 Intercropping

Intercropping is the age-old tradition of planting two or more different crop species in one
field within a single growing season in order to increase crop yield and/or benefit from other
ecosystem services (Hinsinger et al., 2011). The specific benefits of intercropping vary
widely depending on a variety of factors including location, soil type, crop species, and
climatic conditions, but overall are agreed to improve the sustainability of the cropping
system compared to monocropping (Ofori & Stern, 1987; Hinsinger et al., 2011). For
example, some intercropped species provide mutual benefits through facilitation, where the
abilities of a particular species can improve the growing environment for neighboring plant
species as well, and thus promote increased growth across the whole system (Brooker et al.,
2015). These abilities include biological nitrogen fixation, weed and pest suppression, and
protection against mineral toxicities in certain soils. Additionally, resource sharing can
improve crop performance by improving soil nutrient availability through common
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mycorrhizal fungal networks or by mineralization of senesced leaves and roots from
neighboring species (Brooker et al., 2015). On the other hand, niche complementarity, or the
intercropping of plant species with contrasting growth behavior such as root architecture and
timing of above-ground growth, reduces competition between plants for soil nutrients,
sunlight, and/or water and thus allows improved use efficiency of available resources
(Brooker et al., 2015).

Although intercropping is by no means a novel practice, and many of the overarching
rhizospheric interaction mechanisms described above have been extensively studied and
reviewed, this only scratches the surface of the multitude of chemical, biological, and
physical interactions occurring between plant species to foster nutrient transformations and
uptake (Hinsinger et al., 2011; Zemunik et al., 2015). Gaining a deeper understanding of the
biochemical interactions that occur between plants, soils, and microorganisms within the
rhizosphere will help to develop specific strategies for increasing nutrient-use and uptake
efficiencies in order to maximize nutrient cycling in a sustainable and environmentally sound
way (Zhang et al., 2010; Zemunik et al., 2015). Therefore, in an effort to understand the
impact of legume-diversified maize systems on soil P dynamics, this dissertation focuses on
the use of intercropping maize with pigeon pea (Cajanus cajan) (Figure 1.4), a grain legume
commonly grown in Malawi, and their interspecific rhizosphere interactions on soil
aggregation, P forms and availability, as well as P uptake within the crops.

1.4 Pigeon pea

Intercropping may be a particularly important strategy for agricultural production in Malawi
due to the changing climatic conditions that continue to threaten maize yields and food
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security. By diversifying traditional maize cropping systems with nutrient-rich grain legumes,
there will be an additional food source to fall back on in years when maize production is
insufficient to meet food demands. In this thesis, I focused on the use of pigeon pea (Figure
1.4) as a key legume to intercrop with maize because of its potential effect on P mobilization
and overall soil fertility. Pigeon pea is in the Family Fabaceaea, Tribe Phaseolaea and the
only cultivated crop of the Sub-tribe Cajaninae. It is often referred to as an “orphan crop”,
since historically it has been cultivated only by the world’s poorest population, and relatively
little research has been done on this species (Odeny, 2007). It is a perennial grain legume, but
is often managed as an annual or biannual. Although the origin of pigeon pea is highly
disputed, it likely originated in India, where over 70% of its global production is located.
However, it is increasingly found in tropical and sub-tropical areas of Africa.

Figure 1.4 Pigeon pea (Cajanus cajan, var Mwaiwathualimi) in field site in Linthipe, Malawi six weeks
after planting.
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Pigeon pea has a great potential for sustainable crop intensification in Malawi because of its
ability to biologically fix large amounts of N without the need for inoculation, high biomass
production potential, high protein and nutrient content, and its suitability to and widespread
presence in Eastern Africa (Amarteifio et al., 2002; Odeny, 2007). In addition to its high
adaptability to drought, it can also tolerate wet climates (Snapp et al., 2003), making it
particularly important for expected changes in wet-dry cycles due to climate change (Funk et
al., 2008). It has also been identified as a highly popular legume suitable for intercropping
with maize both in terms of grain and biomass yield as well as its high social acceptance and
ease of adoptability (Snapp et al., 2003; Bezner-Kerr et al., 2007; Mhango et al., 2012).

Many studies have shown a positive impact of maize-pigeon pea cropping systems on maize
yields and N uptake in Malawi (Gilbert, 2004; Snapp et al., 2010), yet very few studies have
looked at the impact of these intercropping systems on soil and plant P dynamics. However,
in addition to its obvious effect on N dynamics through biological N fixation, several studies
on sole pigeon pea plants have shown a positive impact of this species on P dynamics as well.
Ae et al. (1990) highlighted the ability of pigeon pea to access P sources typically
unavailable to other crops on low P soil rich in Fe- and Al-oxides through the release of
organic acids into the rhizosphere. Adu-Gyamfi et al. (1989; 1990) also found that pigeon
pea has a much higher P use efficiency compared to other legumes such as soybean (Glycine
max). They attributed this to higher P translocation efficiency from stems to leaves, thus
promoting higher P uptake efficiency from the soil at the root level. Ascencio (1996)
measured elevated acid phosphatase activities in pigeon pea under P limiting conditions,
indicating the ability of pigeon pea to mineralize organic P sources. These studies
collectively point to the ability of pigeon pea to access P pools typically less available to
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other crops, including maize, yet do not give any indication of how these activities change in
an intercropping system, nor if this released P can be shared by neighboring intercropped
species.

1.5 The impact of soil aggregation on phosphorus dynamics

An important yet often overlooked prerequisite to the development of cropping systems that
can enhance P availability to neighboring intercropped maize is the presence of P pools that
are in fact able to be solubilized or mineralized by such species. For example, in many highly
weathered tropical soils, the majority of the inorganic P pool is strongly bound to Fe- and Aloxides, and thus P availability depends less on the solubilization of this strongly bound
inorganic P, and more on the mineralization of organic P to replenish plant available P
(Stewart & Tiessen, 1987). As such, many researchers have stressed the importance of
maintaining P pools within organic and microbial forms in order to provide a slow release of
available P over the course of the growing season and reduce sorption to the weathered soil
minerals (Nziguheba & Bünemann, 2005; Oberson et al., 2006; Turner et al., 2006).
However, these weathered soils also tend to show a shift from organic P to strongly-bound
residual P pools (Fonte et al., 2014; Nesper et al., 2015). In countries such as Malawi,
organic matter such as crop residues and animal manure is preferentially used for fodder and
cooking fuel in lieu of being returned to the soil to replenish these organic P pools. Thus, this
depletion of soil organic P is exacerbated, compounding the inherent infertility of these
systems and further reducing crop yields.

In addition to the parent material and degree of weathering, another important factor
influencing soil nutrient forms and flows is soil structure, i.e. how individual soil particles,
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aggregates, and pore spaces are arranged within the soil profile (Bronick & Lal, 2005)
(Figure 1.5). This structure has a profound impact on many key aspects of nutrient cycling
within the soil-plant system, including the type and amount of soil organic matter (SOM) and
other important plant nutrients, the microbial community structure and functions, as well as
the flow of water and oxygen throughout the soil profile (Six et al., 2004). These factors in
turn affect soil erosion and runoff, root development, and overall plant growth (Six et al.,
2004). The degree of aggregation is dependent on many interacting factors including soil
texture, microbial activity, and farming management practices (Tisdall & Oades, 1982; Six et
al., 2000a). This in turn affects the amount and types of C, N, P and other nutrients that can
be stabilized within these fractions, and subsequently the ability of plants to access and use
these nutrients. Specifically, nutrients stored within occluded aggregate fractions are better
protected from loss from the system through mineralization, physical breakdown, erosion,
and leaching compared to free aggregates or unaggregated soil particles (Tisdall & Oades,
1982; Six et al., 2004). It is thus generally accepted that soils with increased aggregation can
help to improve the overall sustainability of an agricultural system. However, most of our
knowledge of nutrient cycling within soil aggregates has focused primarily on C and N pools.
In contrast, very few studies have looked at how differences in agricultural management
practices affect P dynamics at the soil aggregate level (Linquist et al., 1997; Nesper et al.,
2015).

Although several recent studies have begun assessing P pools within soil aggregates (Wei et
al., 2014a,b; Nesper et al., 2015), the majority of studies on soil P cycling use only chemical
fractionation techniques, such as the Hedley fractionation protocol to assess plant P
availability (Hedley et al., 1982). This approach does not take into account the important link
between P and SOM stabilization and turnover. For example, most soil aggregates are held
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together by a variety of biological factors including roots, plant and fungal debris, and
particulate organic matter, as well as abiotic factors including electrostatic interactions
between clay particles (Tisdall & Oades, 1982) (Figure 1.5). By physically isolating the
different soil aggregate size fractions from the bulk soil (or the non-fractionated soil) via
sieving, the relative proportions of each size class can then be determined and used to assess
the overall structure of the soil (Six et al., 2000b). Wet-sieving is the most widely used
fractionation method, and the method used in this thesis. It typically incorporates a slaking
component in order to assess the proportion of water-stable soil aggregates (Kemper et al.,
1985). This method produces aggregates that remain stable within the soil profile during
precipitation and irrigation events (Elliott, 1986) and is often said to be an accurate
approximation of the true stability of aggregates as well as the stable microbial habitat (Kong
et al., 2010). Once these aggregates are isolated, further insights into nutrient forms and
availability can then be obtained by measuring the nutrient content of each fraction and by
assessing changes over time and under different cropping systems (Elliott et al., 1991).

Figure 1.5 Simplified view of a macroaggregate. Adapted from Jastrow & Miller (1998).

13

Chapter 1: General introduction
Yet, while there is little information about how these different P pools are stabilized within
the soil profile and cycled throughout the soil-plant system over time, there is evidence that
improvements in soil structure through increased aggregation can significantly improve both
P-availability and storage of organic P. For example, in highly weathered Oxisols and
Ultisols of Hawaii, Wang et al. (2001) found that yields of both lettuce (Lactuca sativa) and
soybean (Glycine max) were higher in soils with larger soil aggregates compared to smaller
aggregates, despite equal P inputs in both soils. They attributed this to reduced P fixation in
larger soil aggregates. Likewise, Linquist et al. (1997) concluded that fertilizer P would be
more plant-available in soils with higher aggregation due to a lower reactive mass, or specific
area, suggesting a negative correlation between P sorption and soil aggregate size fraction.
Additionally, both Fonte et al. (2014) and Nesper et al. (2015) found positive correlations
between organic P pools and larger soil aggregates, suggesting that organic P is stabilized
within soil aggregates in a similar manner to soil C. Collectively, these studies indicate that
by implementing agricultural management practices that increase soil aggregation, it may be
possible to slow rates of mineralization and thus maximize the efficiency of these organic P
pools for P cycling in cropping systems. However, it is important to first understand how
these P pools are stabilized and cycled within soil aggregates, and secondly if these cycles
can be changed by diversifying plant species interactions through intercropping, as proposed
in this thesis.

1.6 Objectives and structure of thesis

Relatively few studies have focused on the effect of intercropping on soil P dynamics, and
those that have, mainly concentrated on general concepts of intercropping strategies
including rooting depth and above-ground canopy cover (Li et al., 2004, 2007; Hinsinger et
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al., 2011). To date, there have been no studies investigating how intercropping systems affect
soil aggregation and P dynamics. This thesis thus set forth to understand in detail how P is
cycled within soil aggregates, and how intercropping maize and pigeon pea can influence the
interactions between P cycling and soil aggregation (Figure 1.6). I hypothesized that the
legume-diversified cropping systems would improve soil aggregation, increase accumulation
and cycling of organic P pools within the soil system, and over time increase soil fertility
compared to continuous maize cropping systems. This overall goal was approached in several
ways, starting with a detailed methodological assessment of soil fractionation protocols and
expanding to a long-term farmer-managed field trial comparing the effect of different
legume-diversified maize cropping systems on soil nutrient accumulation.

Figure 1.6 Hypothesized effect of maize-pigeon pea intercropping on P pools and plant uptake as adapted
from Frossard et al. (2011). Thickness of arrow bars indicates relative influence of phosphatase enzymes
and organic acids from pigeon pea root exudates on P pools. The terms macro (i.e. macroaggregate), micro
(i.e. microaggregate), and silt and clay refer to the different aggregate size fractions analyzed in this thesis,
and emphasize that these distinct physical locations within the soil influence the relative speed and
effectiveness of the described P flows.
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To begin, I developed a novel fractionation methodology that is more appropriate for tropical
soils rich in iron concretions, such as those found in the study sites in Malawi, compared to
traditional methods (Chapter 2). The second chapter describes this new method as well as
highlights the need for an increased awareness that P dynamics are impacted by soil
aggregation differently than the more traditionally studied C and N dynamics. Studies of soil
aggregation must take this into account when choosing soil fractionation methodologies,
especially in tropical soils. Key biophysical differences between soil aggregates and iron
concretions are presented, as well as detailed data supporting this method as opposed to
traditional fractionation methodologies for the simultaneous measurement of C, N and P
pools within soil aggregate fractions.

Once the appropriate methodologies for this soil type were developed (Chapter 2), I began
the assessment of maize-pigeon pea intercropping P dynamics within a controlled greenhouse
experiment (Chapter 3). This trial was designed to determine differences in soil P access,
usage, and storage between maize and pigeon pea plants within three different root barrier
types: no barrier, 30 μm mesh, and impermeable plastic. The main goals of this experiment
were to determine if the maize-pigeon pea intercropping system was able to 1) increase soil
aggregation and storage of C, N and P pools, 2) access and use of soil P from organic P
sources, and 3) transfer more P from these organic P sources to maize within a single
growing season compared to sole maize. Additionally, by comparing differences in the above
parameters between the different root barrier treatments, I aimed to determine if the changes
in P access and uptake are primarily accomplished through a physical interaction between
pigeon pea and maize roots or if they are instead driven mainly by root exudates and/or
microbial activities between the two crop species. I hypothesized that pigeon pea
intercropped with maize would have a higher proportion of biological nitrogen fixation
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compared to sole pigeon pea due to the stimulation of associated rhizobial bacteria as maize
and pigeon pea roots compete for soil N. Secondly, I hypothesized that intercropping two
distinct plant species would increase microbial biomass and subsequently both the plant and
microbial-derived exudates, leading to increased soil aggregation as well as C, N, and P
storage in the soil aggregate fractions compared to sole maize. Finally, as a result of the
increased N fixation and nutrient accumulation, I expected increased biomass and nutrient
uptake in intercropped maize compared to sole maize by nutrient transfer via root
interactions.

Based on the findings of chapter 3 as well as additional data from the greenhouse trial, I
hypothesized that P dynamics differ significantly from C and N dynamics within soil
aggregate fractions (Chapter 4). The main goal of this study was to develop and describe a
novel model of P stabilization and turnover within soil aggregates of tropical soils using
previously published data and validated with additional data of nutrient concentrations of
occluded aggregate fractions introduced in this thesis. Furthermore, the significant
differences in soil aggregation and C, N and P dynamics between soils under maize (Zea
mays) and pigeon pea (Cajanus cajan) presented in chapter 3 are explored in the context of
the above model, highlighting a possible mechanism used by pigeon pea to improve P-use
efficiency and reduce P sorption to soil minerals.

In the fifth chapter, I expanded my view of maize-pigeon pea intercropping systems from the
greenhouse level to the field level by comparing the effects of several different legumediversified maize cropping systems on soil fertility on an on-farm, farmer-managed field trial
in northern Malawi (Figure 1.2). This trial spanned four years, and soil C, N and P pools were
compared across eight different cropping treatments including unfertilized and fertilized sole
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maize, as well as five different legume treatments. I hypothesized that the legume-diversified
systems would significantly increase C, N, and P pools, particularly organic P pools,
compared to the sole maize treatments. Overall, this chapter highlighted the challenges
associated with conducting on-farm research, as well as emphasized the need to test these
improved practices on farmers’ fields over longer periods of time in order to gain a more
realistic effect of improved farming practices on soil fertility at the field scale.

While the main findings of each individual chapter are discussed in detail within their
respective sections, the overall findings and conclusions are discussed in the final chapter
(Chapter 6). Here I summarized the effects of diversified legume cropping systems on soil
fertility across the different scales studied in this thesis, ranging from a controlled greenhouse
setting up to a municipality encompassing several different soil types and farmers’ fields.
Based on these findings, potential crop management strategies are proposed, and future
research needs are discussed in order to close the vast knowledge gaps existing in this field of
study.
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New methodology for soil aggregate fractionation to investigate
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2.1 Abstract
Understanding phosphorus (P) dynamics at the soil aggregate level is necessary to increase Puse efficiency and for reducing reliance on external P inputs. Traditional methods of soil
fractionation are often unsuitable for the study of P dynamics within soil aggregates of
tropical soil because of the large amounts of strongly P-sorbing iron oxide concretions. Here,
we present an alternative method of soil fractionation to assess carbon (C), nitrogen (N) and
P cycling in a highly weathered tropical soil (total P: 883 ± 19 mg P kg-1) rich in iron
concretions (total P: 1136 ± 28 mg P kg-1). This wet-sieving method removes large iron
concretions (>2000 μm) without any marked effect on smaller soil aggregates, which reduces
the error associated with overestimation of aggregation. It reduces variation in nutrient
content within larger soil aggregates, and also enables nutrient cycling within water-stable
soil aggregates to be studied. In addition, because it uses field-moist soil it is possible to
measure microbial biomass, community structure, or both, within aggregate fractions.
Although this method is important for measuring and understanding C, N and P dynamics
within soil aggregate fractions, both the nutrient content and biochemical characteristics of
the iron concretions need to be considered to obtain a deeper understanding of nutrient
dynamics within the whole soil.
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2.2 Introduction

Soil structure is an important property of soil; it relates to how individual soil particles,
aggregates and pore spaces are arranged within the soil (Bronick & Lal, 2005). This structure
has a profound effect on many key aspects of nutrient cycling within the soil–plant system,
including the type and amount of soil organic matter in both the short- and long-term, and the
microbial community structure and flow of water and oxygen throughout the soil profile,
which in turn affect soil erosion and runoff (Six et al., 2004). It is often measured by
physically isolating the various aggregate size fractions from the bulk soil (or the nonfractionated soil), and the relative proportions of each size class are used to assess the overall
structure. Further insight can then be obtained by measuring the nutrient content of each
fraction, and assessing changes over time and under different cropping systems (Elliott et al.,
1991).

Just as the study of soil aggregates has led to increased understanding of C and N cycling
within agricultural systems (Elliott, 1986; Six et al., 1998, 1999, 2000a), the investigation of
forms of P and its cycling within soil aggregate fractions can help to identify preferential
storage and usage sites of P in response to conventional and alternative management
strategies (Linquist et al., 1997; Wang et al., 2001; Fonte et al., 2014; Nesper et al., 2015).
The majority of soil fractionation methods, however, were developed for temperate soil,
which is dominated by 2:1 clays (Tisdall & Oades, 1982). In tropical regions the soil is often
dominated by 1:1 clays, has a low pH and a large proportion of aluminum (Al) and iron (Fe)
oxides. In many cases these Fe oxides form iron concretions, which are dense particles of
primarily goethite or haematite that occur as hard pans or gravel-like particles mixed within
the soil profile (Tiessen et al., 1991). Although these characteristics do not have a marked
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effect on C and N pools, they have a strong effect on P dynamics because of the large
proportion of Fe oxides (Cornell & Schwertmann, 2003). Much is known about Fe oxides,
but most research on concretions focuses on their purification and use as building materials
or absorbents of environmental pollutants (Cornell & Schwertmann, 2003; Adegoke et al.,
2013). There has been relatively little research on their effect on agricultural production and
nutrient dynamics.

In the early 1980s and 1990s, research was published on the effects of iron concretions,
sometimes referred to as ‘ferruginous nodules’, on P content and sorption dynamics in
tropical soil of Ghana and Brazil (Fardeau & Jappe, 1980; Tiessen et al., 1991, 1993).
Although iron concretions contain much larger total P concentrations and P sorption capacity
than soil particles, they are often discarded from soil analyses as are rocks and gravel
(Tiessen et al., 1991). Removal of these particles, however, could affect P concentrations
measured and the overall conclusions drawn. Furthermore, when measuring P pools, it is
important to develop a standardized method for research on soil aggregates that can
distinguish between aggregates and iron concretions. Accurate recommendations can then be
made for farmers, who in some cases are growing crops in soil made up of 75% iron
concretions (Tiessen et al., 1991, 1993).

Traditional aggregate fractionation methods require soil to be sieved to 8 mm, which does not
remove iron concretions < 8 mm. Furthermore, because these iron concretions are not
biologically bound to soil particles, they are not considered aggregates (Cornell &
Schwertmann, 2003). Consequently, they might result in overestimation of the total P content
of soil aggregates if included within aggregate fraction calculations. Nevertheless, because of
the large P content and P sorption capacity of these concretions they should not be discarded
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completely. To overcome these challenges in measuring soil aggregation and P dynamics in
tropical soil with iron concretions, we developed a modified soil fractionation methodology
that takes these conflicting issues into account. The largest concretions are removed for
separate analysis and the main aggregate fractions are kept intact. This method also enables
microbial C, N and P to be determined within each aggregate fraction, which is often omitted
by traditional methods that use air-dried soil. The importance of microbial biomass C and N
in the cycling of soil organic matter and other important plant nutrients has been studied
extensively in relation to their location in soil aggregates (Kong et al., 2010, 2011), but this is
not the case for microbial P. However, microbial P is an important factor in the biological
cycling of P in soil as its role in plant uptake, residue decomposition and microbial turnover
provides a more continuous and sustainable form of P to the plants (Nziguheba & Bünemann,
2005; Oberson et al., 2006). Therefore, an aggregate fractionation methodology should
enable the assessment of microbial P.

We compare the results of soil aggregation and C, N and P concentrations within each soil
fraction for our modified soil fractionation protocol with those of two traditional methods on
iron-rich tropical Lixisols of southern Malawi. We also compare the biophysical
characteristics of iron concretions with those of the bulk soil. We then discuss the potential
benefits of the new method for comparing C, N and P dynamics in agricultural soil with iron
concretions.

2.3 Materials and methods

2.3.1 Soil sampling
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The soil was sampled in January 2014 from a farmer-managed agricultural field trial in
Linthipe, Malawi (14° 10’ 0” S, 34° 10’ 0” E). The field site is at 1100 m, the average annual
temperature is 19°C, and precipitation of 850 mm is concentrated between December and
March. The soil is a Haplic Lixisol; the texture is 48% sand, 33% silt and 19% clay, and the
pH (1:1 soil:H2O) is 5.7. Total C, N and P concentrations of this soil are 23.1, 1.5 and 0.9 g
kg-1, respectively. The soil was sampled under an unfertilized maize crop with a 5-cm
diameter auger to a depth of 15 cm. Five subsamples were taken over an area of 25 m2 in each
of three replicate plots to give a total of 15 soil cores. The cores within each plot were sieved
at 8-mm, then combined and gently homogenized, resulting in three replicate soil samples.
These field-moist composite samples were then stored at 4°C until fractionated, but for no
longer than three weeks.

2.3.2 Fractionation

Wet-sieving is the most widely used fractionation method, and typically incorporates a
slaking component to assess the proportion of water-stable aggregates (Kemper et al., 1985),
which are aggregates that remain stable during precipitation and irrigation events (Elliott,
1986). On the other hand, aggregate stability determined by the dry-sieving method is mainly
influenced by the size of sieve and less on the internal strength of aggregates. Therefore, we
compared wet-sieving aggregate fractionation methods only because they assess the true
stability of aggregates more accurately and provide a better estimate of the stable microbial
habitat (Kong et al., 2010).

2.3.3 Original, dried method
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The original dried (D) method has been used extensively to study soil aggregation on a
variety of soil types (Elliott, 1986; Six et al. 1999). The soil was dried at 60°C for one week
and allowed to cool to room temperature prior to wet sieving with 2-mm, 250-μm and 53-μm
sieves. Approximately 80 g of soil was placed on the 2-mm sieve, allowed to slake for 5
minutes while submerged in deionized water, and sieved for 2 minutes with 50 up and down
repetitions. The soil that remained on top of the sieve was rinsed gently with deionized water
into a pre-weighed pan. The remaining soil suspension (<2 mm) was transferred to the 250μm sieve and the sieving process was repeated until the remaining suspension (<53 μm) was
transferred directly to a pre-weighed pan. All of the pans were placed in the oven at 60°C
until dry. This resulted in aggregate size fractions being classified as large macroaggregates
(>2000 μm), small macroaggregates (250–2000 μm), microaggregates (53–250 μm), and silt
and clay particles (S+C) (<53 μm). The recovery rates for this procedure ranged from 98.5 to
100.4%, with an average recovery of 99.2%.

2.3.4 Original, field-moist method

The above method is most commonly used to determine total C and N of soil aggregate
fractions, but because it uses dried soil the microbial pools within the different size classes
cannot be quantified. Pesaro et al. (2004) showed that drying soil prior to analysis has a
marked effect on microbial biomass measurements. Because microbial biomass P is
important in soil P dynamics, we applied the method described above, but with field-moist
soil instead to quantify the microbial P fraction within each aggregate size class (Kong et al.,
2010). We refer to this as the original field-moist (F) method. The slaking time and wet
sieving procedure were identical to those described above, which resulted in the same
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aggregate size classes. The recovery rate for this method ranged from 95.6% to 103.1%, with
an average recovery of 100.6%.

2.3.5 Modified method

Iron concretions, not actual soil particles, were the predominant items in the large
macroaggregate size classes for both the D and F methods. Therefore, we modified the
fractionation technique to remove these large (>2000 μm) iron concretions from the soil
without major disturbance of the smaller aggregates, which still enabled determination of
microbial biomass P (Figure 2.1). The soil aggregates also contained iron concretions smaller
than 2000 μm, but we considered these to be bound strongly into soil aggregates because of
their smaller size and their ability to remain within a stable aggregate following physical
disruption. We refer to this method as the modified (M) method.

To remove the iron concretions, approximately 15 g of field moist soil was placed on a 2-mm
circular sieve (8.5-cm diameter) fitted to a microaggregate isolator following Six et al.
(2000a). Deionized water was added slowly to the soil through a 10-mm polyethylene tube
connected to the top of the cylinder shaken reciprocally at 165 Hz. This movement allowed
the small macroaggregates, microaggregates and S+C to flow through the 10-mm
polyethylene tube at the bottom of the sieve on to a 250-μm sieve without being greatly
disrupted, while the large iron concretions and sand particles (>2000 μm) were separated
efficiently from the soil aggregates. Each sample was shaken until all soil particles went
through the 2-mm sieve. The shaking time was not equal, therefore, for all samples, but
typically lasted between 3 and 6 minutes. Once the soil particles had been separated, the
water was turned off and sieving continued on the 250- and 53-μm sieves as described above.
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Figure 2.1 Graphical representation of the modified soil fractionation scheme. The bulk soil sample is
placed on the microaggregate isolator fitted with a 2-mm sieve, which gently removes coarse particles over
2 mm. The remaining soil passes on to a 250-μm sieve where it is then wet-sieved for two minutes. Soil
particles remaining on the sieve make up the macroaggregate fraction (250–2000 μm), and the resulting
soil solution is transferred to a 53-μm sieve for a final two minutes of wet-sieving. The soil particles
remaining on this sieve are the microaggregate fraction (53–250 μm), and the resulting soil solution
consists of silt and clay particles (<53 μm).
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The aggregate size fractions were classified as macroaggregates (250–2000 μm),
microaggregates (53–250 μm) and S+C (<53-μm), together with a non-aggregated iron
concretion and sand fraction (>2000 μm). The recovery of the M method ranged from 97.1 to
102.5%, with an average recovery of 99.9%.

Because approximately 12 g of soil from each aggregate fraction was required for the nutrient
analyses, this procedure was repeated six times for each sample. This resulted in a large
volume of water (~6 l) associated with the final S+C size fraction, which could not be used
for further measurements of microbial P. Therefore, the S+C fraction was centrifuged for 10
minutes at 3256 g, after which the S+C settled firmly at the bottom of the tubes and the water
was discarded. The soil in the tubes was then transferred to pre-weighed pans and dried at
60°C.

Immediately after fractionation, two analytical replicates of each moist aggregate fraction
were placed into 50-ml Falcon tubes for the measurement of microbial P, and stored at 4°C
until analysis, but for no longer than 4 days. A subsample of each moist fraction was also
used to calculate the soil moisture of each sample gravimetrically, which was then used to
calculate microbial and available P and the percentage of soil aggregation. The remaining
samples were placed into pre-weighed pans and dried at 60°C. The total soil recovered in
each fraction was then used to determine the percentage of each aggregate size class.

2.3.6 Sand and iron concretion correction

To estimate the soil particles within the different aggregate size fractions more accurately, the
proportion of aggregate-sized sand and iron concretion particles, referred to throughout as
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‘coarse particles’, within each aggregate size class was measured following Six et al. (1998).
Briefly, 2 g of dried soil from each of the macroaggregates and microaggregates were
combined with 6 ml of a 0.5% sodium hexametaphosphate solution and shaken for 16 hours
on an overhead shaker. Next, this mixture was poured over a 250-μm sieve stacked onto a 53μm sieve and deionized water was poured over the sieves until no more particles passed
through. The particles remaining on the sieves and within the <53 μm solution were washed
into pre-weighed pans and dried at 60°C. Once dry, the weights within each size fraction
were used to correct for aggregate-sized sand within each aggregate fraction with the
following equation adapted from Six et al. (1998):

sand free aggregate % =

% -../0.-10 2/-31456
78 -../0.-10 – :-6; :4<0 =/5=5/1456

,

[2.1]

where the aggregate-sized sand proportion is given as a fraction. For all methods, the
recovery rates for the sand correction procedure were between 99 and 102%.

Each soil aggregate fraction was analysed on both an enrichment basis (mg nutrient kg-1
aggregate fraction) and on a soil basis, which was calculated by multiplying its nutrient
concentration (mg nutrient kg-1 fraction) by its percentage of the soil on a mass basis (kg
aggregate fraction kg-1 soil). In contrast to Elliott (1986) and Six et al. (1998, 1999), these
calculations were not corrected for sand because significant C, N and P concentrations were
measured within these coarse particles, and sand particles could not be separated from the
concretions.
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Figure 2.2 Phosphorus pools measured within each soil aggregate fraction: (a) total, (b) plant-available
and microbial, and (c) oxide, organic and Ca-P were measured on three separate soil samples. The residual
P was calculated as the difference between total P and oxide, organic and Ca-P.

2.3.7 Nutrient analyses

The total C, N and P of the soil and each aggregate fraction were measured for each
fractionation method, and for the coarse particles isolated by method M. Total C and N were
measured by dry combustion (CHN628 Series Leco Elemental Determinator, Saint Joseph,
Michigan, USA) and total P was measured by wet digestion with H2O2, H2SO4, Se and Li2O4S
at 360°C for 2.5 hours (Anderson & Ingram, 1993). The following analyses were done on the
soil, each aggregate fraction and isolated iron concretions (>2000 μm), which were removed
individually from a separate soil sample by method M (Figure 2.2). Microbial P was
estimated by a modified fumigation-extraction method (Kouno et al., 1995) with anion
exchange resins in bicarbonate form (BDH #55164 2S, BDH Laboratory supplies, Poole,
England) and hexanol as the fumigant (McLaughlin et al., 1986). Briefly, one resin strip was
added to 2 g of moist soil and 40 ml deionized water and shaken for 16 hours with three
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subsamples. These subsamples consisted of: (i) fumigated samples with 1 ml hexanol (Pfum),
(ii) non-fumigated samples (Presin) and (iii) non-fumigated samples with 1 ml of a 10 mg kg-1
PO4 standard spike (Pspike) added to correct for P sorption to soil minerals during the
extraction process. After extraction, the resin strips were rinsed with deionized water, eluted
with 40 ml 0.1M NaCl and 0.1M HCl, and P concentrations were measured colorimetrically
with malachite green (Ohno & Zibilske, 1991). The concentration of microbial P was
calculated as

Microbial P =

EFGH 8EIJKLM
EIJN

,

[2.2]

where Pfum and Presin are given in mg P kg-1 soil, and Prec is the proportion of the added P spike
recovered on the resin strips calculated as

P/03 =

EHJOKGIJP 8EIJKLM
EKQLRJ

,

[2.3]

where Pmeasured is the amount of P in the P-spiked subsample and Pspike is the amount of P
added with the spike, both in mg P kg-1. Although the microbial P values presented are
technically hexanol-labile P because a conversion factor was not determined and therefore
not used for this study (Oberson & Joner, 2005), the term microbial P is retained for
simplicity. The Presin represents phosphate in the soil solution and weakly adsorbed onto soil
particles, and is typically considered plant-available P (referred to here as available P).

Soil organic P, oxide P and Ca P were measured by a two-step sequential extraction (Figure
2.2). First, the organic P was measured according to Bowman & Moir (1993); dried soil was
extracted with a 0.25M NaOH–0.5M EDTA solution (1:10 soil:solution) by shaking overhead
31

Chapter 2: New Methodology for soil aggregate fractionation
for 16 hours. Following centrifugation for 10 minutes at 4256 g and filtering with 0.22-μm
syringe filters, the inorganic P fraction (referred to here as oxide P which is considered to be
bound to Al- and Fe-oxides) was measured on diluted subsamples (1:10) by colorimetric
determination with malachite green (Ohno & Zibilske, 1991). The total P of this extract was
measured following autoclave digestion with H2SO4 and ammonium persulfate, neutralization
and colorimetry. The organic P was calculated as the difference between total P and inorganic
P of the NaOH–EDTA extracts. Next, the oxide P supernatant was removed, and the NaOH–
EDTA-extracted samples were extracted further with 1M HCl (1:10 soil:solution) by
overhead shaking for 16 hours followed by centrifugation and filtering as described above.
The resulting inorganic P of this extract (referred to here as Ca P that consists of inorganic P
associated with calcium minerals) was then measured by colorimetric determination with
malachite green. The residual P was calculated as the difference between the total soil P and
the sum of the organic, oxide P and Ca P pools.

The pH of the soil and iron concretions was measured with a 1:1 soil to deionized water ratio
after shaking for 30 minutes. The P-binding capacity (PBC) of the soil and isolated iron
concretions was measured by a single point isotherm method (Sims, 2000). The final result is
expressed as values along a P-sorption index (PSI) and is calculated as follows:

PSI l kg 87 =

V
W5.XY Z

,

[2.4]

where C is the P concentration at equilibrium (mg l-1) and X is the amount of P sorbed to the
soil particles, which is calculated as:

[ mg P kg 87 = 75 mg P l87 − P2 × 20 l kg 87 ,
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where Pf is the final P concentration after 18 hours equilibration (mg l-1) and 75 mg P l-1
represents the concentration of the added P solution.

2.3.8 Scanning electron microscope analysis

To investigate differences in mineral composition between the iron concretions and soil
aggregate fractions, we compared representative samples of each from scanning electron
microscope images. To do this, each sample was reduced mechanically in size by hammering
when dry, and the resulting mineral particles were dispersed on to carbon tape. The sample
was then placed into an SEM FEI Quanta 200F (Hillsboro, Oregon, USA) in low vacuum
mode to obtain topographic and compositional images at several different lens diameters that
ranged from 0.01 to 3 mm. Elemental analysis and mapping were done with an AmetekEDAX Octane Super (Mahwah, New Jersey, USA), and EDX (energy dispersive X-ray)
spectra were retrieved from selected areas of the samples.

2.3.9 Statistical analysis

The data presented are the means of three replicates, with the standard error of the mean
given in parentheses or as error bars in the figures. Soil aggregates were not compared across
the different size fractions, but were analyzed within each fraction to assess the effect of
fractionation treatment on the nutrient content of soil aggregates.

2.4 Results
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2.4.1 Soil aggregation

With method D, the soil was quite evenly distributed among the small macroaggregates,
microaggregates and S+C; the content ranged between 28 and 33% in each fraction (Figure
2.3). In the large macroaggregate fraction, the soil content was 7% only. In contrast, for
method F most of the soil was in the S+C fraction, followed by the large macroaggregates.
The soil content was only 6 and 12% in the microaggregates and small macroaggregates,
respectively. For method M, 63% of soil was in the S+C fraction, followed by 20% in the
macroaggregates and 17% in the microaggregates. The iron concretions (>2000 μm) made up
2.4% of the bulk soil, but they are not considered soil aggregates and were not included in the
calculation of percentage aggregation.

Figure 2.3 Soil aggregate distribution expressed as a percentage of soil weight for each fractionation
method.

2.4.2 Soil aggregate nutrient contents

The fraction comprising the coarse particles in the macroaggregates (>250 μm) contained
10.9 g C kg-1, 509 mg N kg-1 and 952 mg P kg-1. The coarse particles of the microaggregates
(53–250 μm) had a similar concentration of C and N (11.2 g C kg-1 and 520 mg N kg-1), yet
only half the P concentration of the >250-μm fraction, with 409 mg P kg-1. This was also true
34

Chapter 2: New Methodology for soil aggregate fractionation

Figure 2.4 Nutrient concentration of the soil aggregates from each fractionation method: (a) total C, (b)
total N and (c) total P. Error bars are the standard error of the mean (n = 3). D = original, dried method; F
= original, field-moist method; M = modified method.
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for the 53–250 μm coarse particles of the macroaggregates, with 14.1 g C kg-1, 612 mg N kg1

, and 393 mg P kg-1. The total C, N, and P concentrations of the aggregate size fractions were

not reported on a sand-corrected basis because of the iron concretions within these fractions,
contributed a significant amount of C, N and P.

Within the soil aggregate fractions, the total C and N concentrations differed only slightly
between methods (Figure 2.4). As expected, C and N contents in the >2000-μm fraction for
all methods had a larger standard error than in the other size fractions, however they all had a
similar range of values. Conversely, P concentrations were largest for method M, with 1776
mg P kg-1, closely followed by method D with 1583 mg P kg-1. Method F resulted in a P
concentration of only 849 mg P kg-1 (Figure 2.4).

For the other aggregate size fractions, total P of the macroaggregate fraction was similar for
all methods (Figure 2.4). Similarly for the S+C fraction, the methods resulted in similar
values to those for the macroaggregate fraction, albeit slightly larger. In the microaggregates,
however, total P values for method D were almost twice as large as those for methods F and
M (Figure 2.4). All methods, however, showed a decrease in P concentration in the order:
S+C > macroaggregate > microaggregate. The trend in total C concentration for methods F
and M was of the same order as described above, whereas method D showed the opposite
trend (Figure 2.4). For total N, only method M showed the above trend, indicating that this
was the only fractionation method that showed a similar trend (S+C > macroaggregate >
microaggregate) within soil aggregates for the C, N and P pools.

The C:N, C:P and N:P ratios are similar in general for the different methods for each
aggregate fraction (Table 2.1), indicating that these methods were able to isolate similar soil
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organic matter pools with regard to stoichiometry and therefore composition. The main
differences, however, are the larger ratios of C:P and N:P with method F than the other
methods for the >2000-μm fraction, indicating that soil particles, not just coarse particles,
occurred within this fraction.

Table 2.1 The C:N, C:P and N:P ratios of each aggregate fraction from each fractionation method.
Numbers in parentheses are the standard error of the mean (n=3). D = original, dried method; F = original,
field-moist method; M = modified method.

Fraction
>2000–μm
250–2000 μm
53–250 μm
<53–μm

Nutrient Ratio

Fractionation Method
D
F
M
15.0 (1.1)
16.3 (0.2)
15.2 (0.5)
15.5 (4.5)
36.6 (4.6)
14.8 (6.1)
1.0 (0.2)
2.3 (0.3)
1.0 (0.4)
16.2 (0.2)
17.6 (1.0)
16.6 (0.7)
29.8 (0.8)
28.0 (5.0)
30.4 (2.2)
1.8 (0.1)
1.6 (0.2)
1.8 (0.2)
15.8 (0.5)
16.3 (0.1)
16.3 (0.1)
33.6 (2.1)
47.8 (11.6) 45.5 (2.3)
2.1 (0.1)
2.9 (0.7)
2.8 (0.1)
12.6 (1.0)
15.6 (0.2)
14.6 (0.8)
21.4 (5.7)
28.2 (2.5)
22.8 (2.2 )
1.7 (0.3)
1.8 (0.2)
1.6 (0.1)

C:N
C:P
N:P
C:N
C:P
N:P
C:N
C:P
N:P
C:N
C:P
N:P

2.4.3 Phosphorus pools within soil aggregate fractions

The S+C fraction had a larger proportion of available P and residual P than the
macroaggregates and microaggregates (Table 2.2). Not surprisingly, the microbial P pool was
largest within the macroaggregate fraction, followed by the microaggregate fraction, whereas
there was no detectable microbial P associated with the S+C fraction (Table 2.2). The organic
P pool was smallest in the microaggregate fraction.

2.4.4 Biophysical characteristics of iron concretions and bulk soil
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The iron concretions contained significantly more P than the bulk soil, with 29% more total
P, 172% more Fe P and 360% more Ca P (Table 2.2). Microbial P and residual P however,
were less in the iron concretions by 300% and 45% respectively. Interestingly, organic P was
slightly less in the bulk soil than the iron concretions, and resin P was slightly larger (Table
2.2). Furthermore, iron concretions sorbed 956 mg P kg-1 soil, whereas the bulk soil sorbed
only 545 mg P kg-1; this led to a PSI twice as large as for the bulk soil, with an index of 638
compared to 311 for the iron concretions. The total N concentrations of the two fractions
were almost identical, with 1.3 and 1.4 g N kg-1 in the bulk soil and iron concretions,
respectively, but the total C of the iron concretions was significantly smaller than that of the
bulk soil, with 10.4 and 24.1 g C kg-1, respectively (Table 2.2). The C:N ratio was twice as
large in the bulk soil as that in the iron concretions (18.7 and 7.6, respectively). This trend
was even stronger for the C:P ratio; it was four times larger for the bulk soil than the iron
concretions (36.6 and 9.3, respectively). The N:P ratio, however, was similar in both particle
classes.

2.4.5 Scanning electron microscopy

The SEM comparison between the iron concretion and macroaggregate soil fraction with the
100-μm field lens showed clear differences in topography and mineral composition (Figure
2.5). The soil aggregate contained much more quartz, aluminosilicates, and fewer, smaller
and more homogeneously dispersed iron oxides than the iron concretion. It was much
smoother than the iron concretion, with fewer dips and less surface area was exposed, even
with the 30-μm field lens (data not shown). Conversely, the iron concretion had considerably
more aluminum, iron and titanium oxides than the soil aggregate, and consequently less
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Table 2.2 Nutrient concentrations in the bulk soil, isolated iron concretions and soil aggregate fractions using the modified (M) method. Numbers in parentheses are
the standard error of the mean (n=3).

Total C
Soil Fractions

Total N

Total P

Microbial P Available P Organic P Oxide P

g kg-1
1.3 (0.05)

Ca P

Residual P

25 (4)

614 (55)

mg P kg-1

Bulk soil

24.1 (1.5)

883 (19)

2.0 (0.4)

8.6 (0.1)

24 (5)

204 (18)

Iron concretions

10.4 (0.04) 1.4 (0.05) 1136 (28)

0.5 (0.4)

6.8 (0.06)

36 (7)

556 (13) 115 (25)

422 (29)

250–2000 μm

23.8 (0.8)

1.4 (0.09)

788 (29)

1.6 (0.4)

7.0 (1.0)

60 (6)

325 (37)

35 (7)

360 (62)

53–250 μm

20.9 (2.0)

1.3 (0.13)

464 (60)

1.0 (0.3)

7.0 (0.3)

31 (1)

108 (4)

50 (7)

268 (62)

<53 μm

24.1 (3.1)

1.6 (0.12) 1052 (53)

n.d.

23 (0.5)

71 (13)

143 (13)

18 (2)

797 (32)

Aggregates

n.d. = not detected.
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visible quartz and aluminosilicates (Figure 2.5). The surface particles were also more
heterogeneous throughout the sample, resulting in larger pore spaces and greater surface area.

Figure 2.5 Scanning electron microscope images of 100-μm cross sections of: (a) pure iron concretions
and (b) soil macroaggregate fractions. Particles rich in titanium (Ti) and iron (Fe) minerals are indicated
with arrows.

2.5 Discussion

2.5.1 Soil aggregation

The three fractionation methods produced very different aggregate distributions (Figure 2.3),
primarily because of variation in soil moisture of the bulk soil and the degree of force applied
to the soil during fractionation. It is well known that differences in methodology produce
different results (Elliott, 1986; Six et al., 1998), and therefore the degree of aggregation alone
cannot be used as the sole criterion to choose one method over another. Other considerations
should be taken into account, such as the visual appearance of aggregates, how intact they are
following fractionation, and differences in soil mineralogy, especially the content of iron and
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aluminum oxides (Six et al., 2000b). This was evident when methods D and F were
compared. The small percentage of soil in the large macroaggregates with method D
indicated that it was able to separate the iron concretions from the smaller aggregate fractions
adequately. This was not consistent, however, across all samples. For some, the >2000-μm
fraction consisted solely of coarse particles, whereas others also contained soil particles,
which made it difficult to standardize the methodology for this soil type. On the other hand,
method F consistently had soil particles in the >2000-μm fraction, but they were not
aggregated and did not behave as expected for water-stable aggregates. After sieving, loose
soil particles covered the sieve surface, which broke down further into the S+C fraction
during transfer to the pans. We did not observe a single soil aggregate in this fraction, only
S+C together with coarse particles. Therefore, these results were not an accurate
representation of soil aggregates.

Method M specifically aimed to remove the coarse particles larger than 2000 μm, therefore
we were able to avoid the above issues in the large macroaggregate fraction and focus on the
degree of aggregation of smaller soil aggregates. Although this procedure was more
destructive than the original method, which was indicated by more soil in the S+C fraction
and fewer macroaggregates by almost half (Figure 2.3), the additional force applied to the
soil to remove the large iron concretions was necessary to gauge the true stability of these
aggregates. This method also resulted in many more stable macroaggregates and
microaggregates than the original methods, and provides a more realistic estimate of the
long-term structural stability of these tropical soils.

2.5.2 Nutrient concentration of soil aggregates
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The method of fractionation also affects the nutrient concentrations within each fraction and
the conclusions that can be drawn (Figure 2.4). Both methods D and F indicated that the soil
studied is well aggregated, and that a large portion of each of total C, N and P is stored within
the large macroaggregate fractions. The results of method F could be particularly misleading
because the large C:P and N:P ratios of the large macroaggregate fraction (Table 2.1) could
be interpreted as being a major nutrient store. However, as mentioned above, the material
isolated in the large macroaggregate fraction was not truly aggregated, but was instead loose
soil particles mixed with coarse particles.

As expected, there were clear differences in P pools within the various aggregate size classes
(Table 2.2). For example, the S+C fraction had far more available P and residual P than the
macroaggregates and microaggregates. This is comparable to results from other studies of P
speciation within soil aggregates, with a negative correlation between available P and
aggregate size. The smaller particles can sorb more P because of the larger surface area of
soil minerals and associated iron oxides available for phosphate sorption (Frossard et al.,
1995; Linquist et al., 1997). Furthermore, these sorbed orthophosphate molecules migrate
further into the soil aggregate or iron oxide and become increasingly difficult to extract by
standard laboratory procedures, and thus can be considered a part of the residual P fraction.

The microbial P pool was largest within the macroaggregates (Table 2.2) and although there
are no comparable studies of microbial P within soil aggregate fractions, it has been shown
that microbial biomass C and N are stored preferentially in larger soil aggregate fractions
compared to the S+C fraction as well (Kong et al., 2010, 2011). This is because of improved
provision of a readily available nutrient source from recently incorporated organic residues,
less risk of predation and a stable oxygen and water supply compared to unaggregated soil
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particles (Ranjard & Richaume, 2001). Because of this increased microbial P within the
macroaggregates, we also expected increased storage of organic P within these sites because
of the strong connection between microbial activity and organic P cycling (Oberson & Joner,
2005). Results from other studies also indicated increased organic P storage within large
aggregate size fractions (Fonte et al., 2014; Nesper et al., 2015). In contrast, the organic P
concentration was similar for the macroaggregates and S+C fraction, but far less in the
microaggregates. The organic P molecules probably have a greater affinity to bind to iron
oxides, which are more exposed in the S+C fraction because of the larger surface area (Celi
& Barberis, 2005).

2.5.3 Nutrient composition of aggregate-sized coarse particles

Many studies report the nutrient concentration of soil aggregate fractions on a sand-corrected
basis to compare results across aggregate size classes for one soil or one aggregate size class
for soil types with different textures (Elliott et al., 1991; Six et al., 1998). This is justified
because there is little to no binding of organic matter to sand fractions, and so the absolute
values of C and N concentrations should not be affected by this correction, only the
concentration of the soil particles, which is the goal of this correction (Elliott et al., 1991).
This was not possible for our soil, however, because of the iron concretions, which contain
significant amounts of C, N and P (Table 2.2) and are intricately combined with the sand
fraction. The majority of these nutrients are associated with the iron concretions, and to a less
extent with the particulate organic matter, which was sparse in these samples. This idea is
supported by the strong similarity in C, N and P concentrations for the iron concretions and
aggregate-sized sand particles, in particular the >250-μm fraction of the macroaggregates
(Table 2.2).
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2.5.4 Comparison of nutrient concentration of iron concretions and bulk soil

The larger total P content of the iron concretions than the bulk soil identified in our study
accords with most studies of iron concretions in agricultural settings. A study by Nye &
Bertheux (1957) showed 700 mg P kg-1 in iron concretions of Nigeria compared to 190 mg P
kg-1 in the same bulk soils. The larger P content results from the large P fixation capacity of
these iron oxides; once P is sorbed it becomes ‘fixed’ to the iron oxides, and the process is
considered largely irreversible (Tiessen et al., 1991; Cornell & Schwertmann, 2003). This is
supported further by the larger PSI of the iron concretions than the bulk soils measured in this
study, which supports many other studies and emphasizes the large P-binding capacity of the
iron concretions (Fardeau & Jappe, 1980; Adegoke et al., 2013). For example, Tiessen et al.
(1991) compared iron concretions from plots fertilized with P to unfertilized plots; the
concretions from the fertilized plots contained 181 mg kg-1 more total P than the control
plots.

Like Tiessen et al. (1993), we found slightly more available P in the bulk soil than in iron
concretions. Although the iron concretions can sorb more phosphate, the sorbed molecules
eventually migrate to the core of the iron concretion to become part of the residual P fraction.
They contribute towards the greater total P in the iron concretion than in the bulk soil, but not
necessarily the available P fraction.

Not surprisingly, the iron concretions had little microbial P compared to the bulk soils (Table
2.2). This is probably because of the lack of nutrient availability, oxygen and water flow in
the iron concretions (Cornell & Schwertmann, 2003). In addition, although the total N
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content is similar, the total C concentration of the bulk soil is more than twice that in the iron
concretions (Table 2.2), indicating a probable lack of C for microbial biomass production.

Taking into consideration the relative contribution of the soil particles, iron concretions and
degree of aggregation, it is evident that the soil used in this case study has a strong capacity
to bind P, which is one of the main factors limiting P availablity for crops in these areas.
More importantly, our results emphasize the need to include these larger iron concretion
particles in the biophysical analyses because they interact with the soil aggregates and
therefore affect overall nutrient cycling in tropical soil.

2.6 Conclusions

Of the three methods examined to assess aggregate size classes, the modified method (M)
was the most reliable for measuring P dynamics within soil aggregates of a Lixisol with a
large proportion of iron concretions. It enabled quantification of microbial biomass within the
soil fractions and reduced error associated with overestimation of aggregation so that nutrient
cycling within water-stable soil aggregates could be studied accurately. Although this method
focuses on measuring and understanding C, N and P dynamics within soil aggregate
fractions, it is important to integrate the results of the large iron concretions together with the
soil fractions to obtain a deeper understanding of nutrient dynamics within the whole soil.
The percentage of iron concretions in the bulk soil, coupled with their total P content, forms
of P and P sorption capacity must be considered with the other soil fractions. This in-depth
knowledge can then be used to give appropriate recommendations to farmers and provide a
framework for developing agricultural practices that can use strongly bound P in very
weathered tropical soil.
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3.1 Abstract

In Malawi, strategies are being sought to boost maize production through improvements in
soil fertility. This study assessed the impact of intercropping maize (Zea mays) with pigeon
pea (Cajanus cajan) in Lixisols of Malawi on yield, biological N fixation, soil aggregation,
and P forms within soil aggregates. Maize and pigeon pea were grown intercropped in pots,
with varying degrees of root interaction in order to understand the relative importance of
biochemical versus physical rhizospheric interactions. Following harvest, soils were
separated into aggregate fractions using wet-sieving, and the nutrient content of all fractions
was assessed. The proportion of macroaggregates and microaggregates increased by 52 and
111%, respectively, in the intercropping treatment compared to sole maize, which
significantly increased organic P storage in the microaggregates of intercropped compared to
sole maize (84 versus 29 mg P kg-1, respectively). Biologically fixed N increased from 89%
in the sole pigeon pea to 96% in the intercropped system. Intercropping maize with pigeon
pea can have a significant and positive impact on soil structure as well as nutrient storage in
these high P-sorbing soils. This is caused primarily by physical root contact and to a lesser
degree by biochemical activities.
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3.2 Introduction

In older, highly-weathered soils typical of tropical and subtropical regions such as SubSaharan Africa (SSA), phosphorus (P) is often the main factor limiting crop production
(Vitousek & Farrington, 1997; Bekunda et al., 2010). This is in part due to the high
abundance of aluminum (Al) and iron (Fe) oxides, which are known to strongly bind plantavailable phosphate ions (Tiessen et al., 1991; Cornell & Schwertmann, 2003). Thus, while
total soil P content may be adequate, the high P binding capacity of these soils makes both
native soil P and added P fertilizers only sparingly soluble as continuing soil reactions
incorporate this available P into more strongly bound organic and inorganic P compounds
(Simpson et al., 2011). To avoid this issue, most recommended fertilizer application rates are
in excess of plant requirements (Raghothama, 2005), yet due to low fertilizer accessibility
and high costs across SSA, most subsistence farmers use less than the recommended fertilizer
rates, if any (Sanchez, 2002). As a result, most soils are mined of P and crop yields continue
to decline.

In Malawi, maize (Zea mays) is the dominant agricultural crop and food source, and because
of its high demand and cultural importance combined with a lack of expandable cropping
land due to rising populations, continuous maize monocropping is the most common
agricultural practice (Ngwira et al., 2012; Phiri et al., 2013). Yet despite an initial boost in
maize yields following the implementation of a heavily subsidized fertilizer program, maize
yields have become stagnant over the past decade, with peak yields over ten times lower than
those of the most productive countries (FAO STAT, 2014). As such, alternative strategies are
being sought to increase maize yields without relying solely on mineral fertilizers. One such
method for managing plant-available P within acidic tropical soils is to promote the storage
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of soil P in organic forms, including microbial biomass, as this may provide a slow yet
continuous source of P to plants and thus reduce sorption to soil particles (Oberson et al.,
2001; Bünemann et al., 2004; Ayaga et al., 2006; Oberson et al., 2011). While the most
common approach to increasing soil organic P is through the application of organic
amendments, in countries such as Malawi, organic soil amendments such as manure and plant
residues are rarely available due to their primary importance as fuel and fodder.

Another approach to increasing soil organic P may be to improve soil structure, as increases
in soil aggregation have long been known to increase the storage of soil organic matter and
nutrient cycling by physically protecting these compounds from biological and physical
degradation and erosion (Six et al., 2004). Although most of the research in this field has
focused on soil organic carbon, recent studies have indicated that organic P may be stored in
a similar manner (Fonte et al., 2014; Nesper et al., 2015), which would be particularly
beneficial for tropical soils. While most improvements of soil structure in agricultural soils
have focused on reduced tillage practices, there is evidence that increasing crop biodiversity,
e.g. through crop rotations or intercropping two or more plant species can also improve soil
aggregation. For example, in a maize-legume rotation in Western Kenya, microbial biomass
was significantly increased compared to continuous maize cropping (Bünemann et al., 2004).
It is well known that organic C exuded by microbial communities is a key driver of soil
structural development by binding primary soil particles into larger aggregates (Bronick &
Lal, 2005). As soil aggregation increases, organic matter storage also improves, increasing
nutrient availability to growing plants and microbial communities, and thus further
supporting improved soil aggregation (Lal, 2006). As such, intercropping maize with a local
and preferably nutritious edible crop may be a potential strategy for improving soil
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aggregation and consequently soil fertility and crop nutrient uptake within highly degraded
soils of Malawi.

One such plant species with potential for sustainable crop intensification in Malawi is pigeon
pea (Cajanus cajan). Pigeon pea is a grain legume with the ability to biologically fix large
amounts of N without the need for inoculation, with high biomass production potential, high
protein and nutrient content, and climatic suitability to (and widespread presence in) Eastern
Africa (Odeny, 2007). It has also been identified as a highly popular legume suitable for
intercropping with maize due to its high social acceptance and ease of adoptability (BeznerKerr et al., 2007; Mhango et al., 2012). In addition to its obvious effect on N dynamics,
several studies have shown a positive impact of pigeon pea on P dynamics, including the
ability to use sparingly soluble P pools through the exudation of organic acids (Ae et al.,
1990, 1993) and phosphatase enzymes (Ascencio, 1996), as well as its particularly high
internal plant P use efficiency (Adu-Gyamfi et al., 1989). While these studies collectively
point to the ability of pigeon pea to access P pools typically less available to other crops,
including maize, they do not give any indication of how these P uptake strategies change in
an intercropping system, nor if the neighboring intercropped species can benefit from this
released P.

The main objectives of this study were to determine if the maize-pigeon pea intercropping
system is able to i) increase biological N fixation by pigeon pea compared to sole pigeon pea,
ii) increase soil aggregation and storage of C, N, and P pools within the soil aggregate size
fractions compared to sole maize, and iii) increase maize biomass production and nutrient (N
and P) uptake compared to sole maize. Additionally, we aimed to determine if the changes in
P acquisition and uptake are primarily accomplished through a physical interaction between
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pigeon pea and maize roots or if they are instead driven by root exudates and microbial
activities. This was accomplished by conducting a greenhouse trial where maize and pigeon
pea plants were planted in large pots separated by different root barriers.

We hypothesized that pigeon pea plants intercropped with maize would have a higher
proportion of biological nitrogen fixation compared to sole pigeon pea due to the stimulation
of associated rhizobial bacteria as maize and pigeon pea roots compete for soil N. Secondly,
we hypothesized that intercropping of two distinct plant species would increase microbial
biomass and subsequently both the plant and microbial-derived exudates, leading to increased
soil aggregation as well as C, N, and P storage in the soil aggregate fractions compared to
sole maize. Finally, as a result of the increased N fixation and nutrient accumulation, we
expected increased biomass and nutrient uptake in intercropped maize compared to sole
maize by nutrient transfer via root interactions. This is the first study that we are aware of
that assesses the impact of intercropping systems on soil aggregation and P forms at the soil
aggregate level in order to understand how chemically different P pools are physically
stabilized by rhizospheric interactions.

3.3 Materials and Methods

3.3.1 Experimental design

This study was conducted in a controlled greenhouse where cylindrical polyethylene pots
(100 dm3 in volume) held one maize (Zea mays L. cv DKC 8033) and one pigeon pea
(Cajanus cajan L. cv Mtawaiuni) plant separated by one of three different root barrier
treatments: (i) no barrier (simulating maize-pigeon pea intercropping and which we refer to
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here as ‘None’); (ii) an impermeable polyethylene barrier (simulating maize and pigeon pea
monocropping and which we refer to here as ‘Solid’), and (iii) a 30 µm mesh barrier (Sefar
Nitex 03-30/18), which prohibits root interactions between the different plants, but does not
stop the passage of plant and microbial exudates (i.e. organic acids and phosphatases) and
mycorrhizal fungi between pots (Figure 3.1). We refer to this treatment as ‘Mesh’. As an
additional control, one maize plant was planted in an identical pot without a root barrier in
order to assess the effect of increased soil volume on maize growth. There were three
replications of each treatment, resulting in a total of 12 pots arranged in a complete
randomized block design within the greenhouse.

Figure 3.1 Schematic diagram of root barrier trial greenhouse pots.
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3.3.2 Soil sampling and experimental set up

The soil used for this experiment was collected from the top 10 cm of an unfertilized,
continuous maize field in Linthipe, Malawi (14° 10’ 0” South, 34° 10’ 0” East) several
months prior to planting. This soil is classified as a mildly acidic Lixisol, and additional soil
characteristics are given in Table 3.1. The soil was air-dried, sieved to 8 mm, and shipped to
Zurich, Switzerland. It was then placed into 22 cm diameter X 16 cm depth stainless steel
cages located in the center of the pots (7 kg in each pot at a bulk density of 1.1 g cm-3), which
were surrounded with a mixture of P-free sand and perlite that filled the remainder of the 50
cm X 50 cm pot (Figure 3.1). The aluminum cage was built from 2 mm thick wire with 10
mm spacing to allow roots to grow into the sand mixture without impediment. Throughout
the experiment the sand mixture was supplemented with a low-nutrient modified Hoagland
solution (Hoagland & Arnon, 1950), which was applied in small doses four times during the
growth period (Appendix Table 3.1). This nutrient addition allowed the roots from each crop
to grow into the otherwise nutrient-free sand/perlite mixture without root inhibition. The field
soil within the inner chamber did not receive nutrient supplements, simulating soil from
traditional unfertilized Malawi fields. The soils were kept at 75% water holding capacity
(WHC) of the soil (corresponding to 405 g H2O kg-1) through the growing period by
monitoring the pots every two days with soil moisture probes (Decagon EC-5) and watering
as necessary. The overhead lamps supplied 25 klx of light during the 14 hour photoperiod,
daily and nightly temperatures were kept at 22 and 20°C, respectively, and the relative
humidity was maintained between 55 and 60%.

3.3.3 Plant harvest and analyses
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The plants were harvested when maize reached maturity, 138 days after germination, by
cutting the stem 1 cm above the soil surface. Unfortunately the pollination of the maize plants
was unsuccessful, and therefore grain yield data is not available. The shoots were then placed
into a 60°C oven and dried for 7 days, weighed and finely ground for further analysis. This
material was then analyzed for total N by dry combustion (CHN628 Series Leco Elemental
Determinator) and total P by a combination of ashing and acid wet chemical extraction.
Briefly, ground plant samples were placed in the muffle oven at 550°C for 3 hours, and the
resulting ash was dissolved in 3 ml of 14.6M HNO3 and shortly heated to 200°C. This digest
was transferred to a volumetric flask and diluted to 50 ml with purified water. Subsamples
were filtered to 0.22 μm with a syringe filter, and measured colorimetrically using malachite
green (Ohno & Zibilske, 1991).
Table 3.1 Pre-planting biophysical characteristics of the bulk soil. Values presented are the average (n=3)
with standard error in parentheses.

Parameter
Sand
Silt
Clay
pH
WHC
Total C
Total N
Total P
Oxide-P
Organic P
Ca-P

Unit
%
%
%
g H2O g-1 soil
g C kg-1 soil
g N kg-1 soil
mg P kg-1 soil
mg P kg-1 soil
mg P kg-1 soil
mg P kg-1 soil

Pre-planting value
51 (1)
32 (1)
17 (1)
5.9 (0.01)
0.54 (0.03)
25.8 (0.1)
1.4 (0.04)
728 (8)
158 (2)
127 (2)
10 (1)

3.3.4 Biological N fixation

The biological N fixation of pigeon pea was analyzed using the 15N natural abundance
method (Shearer & Kohl, 1986). Briefly, three to five leaves from both the maize and pigeon
pea plants in each pot were collected 48 days after germination, dried and ground as
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described above, then measured for δ15N (Vario Pyro Cube from Elementar GmbH coupled
in a continuous flow to an IRMS Isoprime 100). The percentage of N derived from the air
(PNdfa) was calculated using the equation presented by Gathumbi et al. (2002) based on
pigeon pea plants grown in Kenya (Eq. 3.1) and using their B-value of -1.06 for the
discrimination factor of pigeon pea. This B-value was used because it is the only published
B-value of a pigeon plant. However, it is similar to the average B-value of pigeon pea
presented by Unkovich et al. (2008) (B-value = -1.12) based on the Gathumbi et al. (2002)
data and unpublished data from Australia.

PNdfa =

()* +reference crop , ()* +legume
()* +reference crop , -

∗ 100

[3.1]

We used the solid barrier maize as the reference crop since it is not able to biologically fix N
and was grown under the same conditions as the legume.

3.3.5 Soil pre-processing

Following plant harvest, the root masses from each plant were carefully removed from the
soils and all excess soil was removed from the roots by shaking. Next, the soils were sieved
at 8 mm under field-moist conditions, making sure to remove any additional root pieces not
previously removed with the root masses. The root masses and loose roots were collected by
hand from each plant, rinsed with deionized water, and dried at 60°C for 7 days. They were
then weighed and finely ground for determination of total P and total N as described above
for the shoot biomass. It is important to note that the soils around each plant (on either side of
the root barrier treatment) were kept separate throughout the analysis, except for the no
barrier treatment, where the soils under the maize and pigeon pea were combined into one
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composite sample. Once sieved, the soils were placed into loosely sealed plastic bags and
kept at 4°C until aggregate fractionation, but no longer than 14 days.

3.3.6 Soil aggregate fractionation

The field-moist, 8 mm sieved soils were physically fractionated using a modified wet-sieving
fractionation scheme (Garland et al., 2016a) based on the method developed by Six et al.
(2000a). Briefly, 90 g of field moist soil was fractionated into three different size fractions:
macroaggregates (250 – 2000 μm), microaggregates (53 – 250 μm), and unaggregated silt
and clay fractions (<53 μm) by sieving for two minutes at each decreasing sieve size after
removal of large (>2000 μm) iron concretions typical of this soil which were not considered
part of the soil aggregates. Immediately after fractionation, subsamples of each moist
aggregate fraction were placed into 50 ml plastic Falcon tubes for microbial P analysis, which
were then stored at 4°C until ready for analysis, but no longer than 4 days. An additional
subsample of each moist fraction was also used to gravimetrically determine the soil
moisture. The remaining sample was placed into pre-weighed pans and dried at 60°C and
finely ground for further analysis.

To get a more accurate estimate of the amount of soil particles held within the different
aggregate size fractions, we corrected for the amount of coarse particles, i.e., aggregate sized
sand, iron concretions, and coarse particulate organic matter (Garland et al., 2016a) within
each aggregate size class using the protocol described by Six et al. (1998). Briefly, 2 g of
dried sample from each of the macroaggregates and microaggregates was placed into 15 ml
plastic centrifuge tubes, and 6 ml of a 0.02M sodium hexametaphosphate solution was added
to each sample and shaken for 16 hours on an overhead shaker. Next, this mixture was
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poured over a 250 μm sieve stacked onto a 53 μm sieve, making sure to clean the centrifuge
tube and cap completely with deionized water. Additional deionized water was poured over
the sieves until no smaller particles were passing through. The particles remaining on the top
of the sieves and within the <53 μm solution were washed into pre-weighed pans and dried at
60°C. Once dry, the weights within each size fraction were used to correct for the aggregatesized sand fraction within each aggregate fraction using the following equation adapted from
Six et al. (1998):

1234 5677 28867829:;3 % =

% =>>?@>=A@ B?=CADEF
G,(=>>?@>=A@ IDJ@K I=FK L?ELE?ADEF)

[3.2]

The mean weight diameter (MWD) (μm) was then calculated using the following formula:

NOP =

D QD

RD

[3.3]

where Si is the average diameter (μm) in the ith fraction (i.e. macroaggregate,
microaggregate, etc.) and Pi is the proportion of the soil present in this fraction using the
aggregate-sized sand corrected proportion (van Bavel, 1950).

3.3.7 Soil analyses

The following nutrients were measured in both the whole, non-fractionated soil (referred to
as bulk soil) and each soil aggregate size fraction. Total C and N were measured by dry
combustion (CHN628 Series Leco Elemental Determinator) and total P was measured by wet
digestion with H2O2, H2SO4, Se, and Li2O4S at 360°C for 2.5 hours (Anderson & Ingram,
1993). On a separate sample, soil organic P, oxide P, and Ca P were measured using a two-
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step sequential extraction. First, the organic P was measured according to Bowman & Moir
(1993), where dried soil was extracted with a 0.25M NaOH- 0.5M EDTA solution (1:10
soil:solution) by shaking overhead for 16 hours. Following centrifugation for 10 min at 4256
g and filtering with 0.22 μm syringe filters, the inorganic P fraction (referred to here as oxide
P since it is considered to be bound to Al- and Fe-oxides) was measured on diluted
subsamples (1:10) by colorimetric determination using malachite green (Ohno & Zibilske,
1991). The total P of this extract was measured following autoclave digestion with H2SO4 and
ammonium persulfate, neutralization, and colorimetry (Bowman & Moir, 1993). The organic
P was calculated as the difference between total P and inorganic P of the NaOH-EDTA
extracts. The previously NaOH-EDTA-extracted samples were further extracted with 1M HCl
(1:10 soil:solution) by overhead shaking for 16 hours, followed by centrifugation and
filtering as described above. The resulting inorganic P of this extract (referred to here as Ca P
since it is considered to be bound to Ca minerals) was then measured by colorimetric
determination with malachite green. The residual P was calculated as the difference between
the total soil P and the sum of the organic, oxide P, and Ca P pools.

The microbial P was estimated using a modified fumigation-extraction method (Kuono et al.,
1995) using anion exchange resins in bicarbonate form (BDH #55164 2S, BDH Laboratory
supplies, England) and hexanol as the fumigant (McLaughlin et al., 1986). Briefly, one resin
strip was added to 2 g of moist soil and 40 ml deionized water and shaken for 16 hours, with
three subsamples. These subsamples consisted of: 1) fumigated samples receiving 1 ml
hexanol (Pfum), 2) non-fumigated samples (Presin), and 3) non-fumigated samples with 1 ml of
a 10 mg l-1 P (as orthophosphate) standard spike (Pspike) added in order to correct for P
sorption to soil minerals during the extraction process. After extraction, the resin strips were
rinsed with deionized water and eluted with 40 mL of a 0.1M NaCl and 0.1M HCl solution
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and the final P values were measured colorimetrically using malachite green (Ohno &
Zibilske, 1991). The concentration of microbial P was calculated as:

N:S6;T:2U Q =

VWXY ,VZ[\]^
VZ[_

[3.4]

where Prec is the proportion of the added P spike recovered on the resin strips and is
calculated as:

Q?@C =

VY[`\XZ[a ,VZ[\]^
V\b]c[

[3.5]

where Pmeasured is the amount of P in the P-spiked subsample and Pspike is the amount of P
added with the spike. The values for microbial P, Pfum, Presin, and Pspike are all given in mg P kg1

soil. A conversion factor was not determined for this study, and thus the microbial P values

presented are technically hexanol-labile P (Oberson & Joner, 2005). However, the term
microbial P is retained for readability. The Presin represents phosphate in the soil solution and
loosely sorbed onto soil particles, and is typically considered plant-available P (referred to
here as available P).

Additionally, soil phosphatase activity and pH were measured in the bulk soils. The acid and
alkaline phosphatase activity was measured using a modified 4-methylumbelliferon (MUF)
technique (Marx et al., 2001; Poll et al., 2006). The linear increase in fluorescence was
measured at 360 and 460 nm after 0, 30, 60, 120, and 180 minutes (Biotek FLx800) and
converted into nmol g-1 soil h-1. The pH of the bulk soil was measured in water (1:1).
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The nutrient concentration of each aggregate fraction was analyzed (mg nutrient kg-1
aggregate fraction), and the nutrient content of each aggregate fraction on a bulk soil basis
(mg nutrient of each aggregate fraction kg-1 bulk soil) was calculated by multiplying its
concentration by its percentage of the bulk soil on a mass basis. The concentration calculation
was based on non-sand corrected nutrient concentrations since pre-trials of this method
showed significant C, N, and P content within the sand fraction (data not shown).

3.3.8 Statistical analysis

The data shown and discussed are the means of three replicates, with standard error of the
mean given in parenthesis or as error bars in the figures, unless otherwise noted. This study
was analyzed as a two factor split plot complete randomized block design. The main plots
consisted of the three different root barriers, and the subplots consisted of the two different
plant species. Differences between biomass and bulk soil parameters were analyzed using a
two-factor linear mixed effects model with treatment and plant as the fixed factors and block
as the random factor. Soil aggregates were not compared across size fractions, but instead
were analyzed within each fraction for an effect of plant and treatment. When significant
differences between plant or treatment for a particular variable were measured (p<0.05),
means were compared using Tukey’s Honest Significant Difference (HSD) test. All statistical
analyses were completed with R Studio (RStudio 0.99.451 ©2009-2015, RStudio, Inc.).
Because there were no statistical differences between the solid barrier and the control maize
treatment for any of the plant and soil analyses, only the solid barrier maize treatment results
are presented.

3.4 Results
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3.4.1 Plant biomass, nutrient uptake and biological nitrogen fixation

Although the no barrier treatment produced more total biomass (maize and pigeon pea plants
combined) compared to either the solid or mesh treatments, this treatment effect was only
marginally significant (p=0.07) (Figure 3.2). Additionally, the pigeon pea plants had higher
root biomass (9.4 and 12.6 g plant-1 in the solid and mesh barriers, respectively) compared to
the maize plants (6.7 and 5.9 g plant-1 in the solid and mesh barriers, respectively). The no
barrier treatment was within this range, with 18.0 g pot-1, for an average of 9.0 g plant-1 since
it was not possible to separate the individual plant species’ roots within this treatment. The
total P concentration of the maize and pigeon pea roots were not significantly different,
ranging between 0.4-0.6 mg P g-1 root for all treatments. However, the roots of the pigeon pea
plants (10.3 and 11.9 mg N g-1 root in the solid and mesh barriers, respectively) were
significantly enriched in N compared to the roots of the maize treatments (5.2 and 6.1 mg N
g-1 root in the solid and mesh barriers, respectively). The intercropped treatment roots were
significantly lower than in the pigeon pea treatments, but not to that of the maize treatments
(4.5 mg N g-1 root).

Figure 3.2 Total aboveground biomass production per root barrier treatment. The values presented are the
average (n=3) and standard error of the mean.
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Table 3.2 Total amount of N and P in maize (M) and pigeon pea (PP) aboveground biomass. Differences
between plants and treatments were analyzed using a means separation by Tukey HSD analysis.
Significant differences between plants at each treatment are designated with lower case letters, while
significant differences between treatments for a particular plant are designated with upper case letters
(p<0.05). Numbers in parentheses are the standard error of the mean (n=3).

Nutrient

Unit

Plant

Total P

mg P plant-1

Total N

mg N plant-1

M
PP
M
PP

Treatment
Solid
Mesh
None
38.8 (4.3)
33.9 (2.7)
29.2 (5.3)
33.6 (5.4)
45.9 (9.1)
32.5 (18.8)
280 (14) bB 290 (24) bB 309 (19) bA
800 (63)
a 1035 (108) a 1058 (156) a

There were no significant differences in maize P uptake between treatments (Table 3.2).
However, the maize plants in the no barrier treatment had significantly more N uptake than
the maize in the solid or mesh treatments (Table 3.2). The pigeon pea plants in the no barrier
treatment differed in their δ 15N (-0.81 (SE=0.08)) from those in the solid (-0.45 (SE=0.05))
and mesh (0.25 (SE=0.19)) barrier treatment. Consequently, they had a significantly higher
percentage of N derived from air (96% (SE=1.3)) than the plants with the solid and mesh
barriers (Figure 3.3). This corresponds to 1.01 (SE=0.14) g of N fixed plant-1 in the no barrier

Figure 3.3 Total amount of N (g N plant-1) taken up by pigeon pea and the proportion of N derived from
air (Ndfa) within each root barrier treatment. Different lower case letters indicate significant differences
between root barrier treatments (p<0.05).
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treatment compared to 0.72 (SE=0.06) and 0.90 (SE=0.13) g N fixed plant-1 in the solid and
mesh treatments, respectively.

3.4.2 Soil aggregation

Aggregation of soil planted with maize was significantly increased by the addition of pigeon
pea to the cropping system regardless of root barrier type, increasing by 52 and 111% in the
macroaggregates and microaggregates, respectively (Figure 3.4). Likewise, soils planted with
pigeon pea only contained significantly more macroaggregates than when planted with
maize. Soils from the no barrier maize treatment had 595 g macroaggregate kg-1 soil
compared to 474 and 390 g kg-1 in the mesh and solid barrier treatments, respectively.
Similarly, 177 g kg-1 was held in microaggregates in the no barrier maize treatments,
compared to only 92 and 84 g kg-1 in the maize mesh and solid barrier treatments,
respectively. The majority of the maize soil was thus held in the unprotected silt and clay

Figure 3.4 Soil aggregate distribution within each plant and root barrier treatment as g aggregate kg-1 soil.
Significant differences between plants for each treatment are designated with lower case letters, while
significant differences between treatments for a particular plant are designated with upper case letters
(p<0.05). Error bars are the standard error of the mean (n=3).
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fraction, with 434 and 526 g kg-1 in the mesh and solid barrier treatments, respectively, and
only 228 g kg-1 in the no barrier treatments. In all cases, soils under the pigeon pea plants had
significantly higher MWD than soils under maize (p < 0.05). The maize mesh and solid
barrier treatments had a MWD of 558 ± 45 μm and 466 ± 46 μm, respectively, while the
pigeon pea mesh and solid barrier treatments had a MWD of 667 ± 36 μm and 705 ± 7 μm,
respectively. The no barrier treatment had a MWD of 702 ± 3 μm.

3.4.3 Nutrient concentration of bulk soils and soil aggregates

The concentration of organic P in the bulk soil was on average 10 mg P kg-1 higher in the
soils planted to maize compared to pigeon pea (Table 3.3). However, because the total P of
the solid barrier maize treatment was significantly higher than in the solid barrier pigeon pea
treatment, the organic P as a percentage of total P were similar in both treatments (~12%).
Similarly, the no barrier treatment had significantly less organic P compared to the solid and
mesh maize treatments. Interestingly, there was significantly more available P in the soils
planted to maize compared to pigeon pea, as well as more available P in the mesh maize
treatments compared to the no barrier treatments. Conversely, there was almost twice the
microbial P in the soils planted to pigeon pea compared to maize, although this was seen only
in the solid barrier treatment. However, the no barrier maize treatment had significantly more
microbial P than the solid barrier maize treatment (Table 3.3).

The pH of the bulk soil was significantly reduced in the pigeon pea treatments compared to
the maize from an average of 5.4 to 5.2 (Table 3.3). This reduction in pH in the pigeon pea
soils was coupled with a vastly higher acid phosphatase activity under pigeon pea plants
compared to maize (Table 3.3). Although there was higher alkaline phosphatase activity in
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the soils planted to pigeon pea compared to maize, this was only significant in the solid
barrier treatments.

Comparing the soil nutrient contents of the bulk soil and the sum of the nutrients within the
soil aggregates, we recovered the following averages (± standard deviations): 104 ± 9% for
microbial P, 1155 ± 198% for available P, 93 ± 4% for total P, 108 ± 7% for oxide-P, 117 ±
8% for organic P, and 92 ± 7% for Ca-P (Appendix Table 3.2). Recoveries for total N and C
were 92 ± 1% and 105 ± 1%, respectively (Appendix Table 3.2). The high available P
recovery rates are due to the increased exposed surface area of the soil fractions, which
allows greater extraction of the weakly adsorbed P (Sinaj et al., 1997).
Table 3.3 Nutrient concentration of bulk soils (nutrient kg-1 soil). Significant differences between maize
(M) and pigeon pea (PP) for each treatment are designated with lower case letters, while significant
differences between treatments for a particular plant are designated with upper case letters (p<0.05).
Numbers in parentheses are the standard error of the mean (n=3). AcP activity = Acid Phosphatase
Activity; AlP = Alkaline Phosphatase Activity.

Nutrient

Unit

Plant
-1

Total P

mg P kg

Microbial P

mg P kg-1

Available P

mg P kg-1

Oxide-P

mg P kg-1

Organic P

mg P kg-1

Ca-P

mg P kg-1

Total C

g C kg-1

Total N

g N kg-1

pH
AcP Activity

nmol g-1 hr-1

AlP Activity

nmol g-1 hr-1

M
PP
M
PP
M
PP
M
PP
M
PP
M
PP
M
PP
M
PP
M
PP
M
PP
M
PP

Solid
767 (39)
a
681 (26)
b
3.5 (0.5)
bB
6.5 (1.3)
a
0.6 (0.07)
aAB
0.4 (0.05)
b
149.1 (3.2)
138.8 (8.9)
89.9 (1.3)
aA
82.1 (1.4)
b
20.2 (1.8)
19.1 (1.0)
B
29.1 (0.5)
28.9 (0.7)
1.7 (0.01)
1.7 (0.06)
5.4 (0.03)
aB
5.2 (0.01)
bA
2292 (55)
bB
6713 (1233)
a
36 (10)
b
47 (8)
a
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Treatment
Mesh
748 (26)
723 (9)
4.3 (0.6)
AB
4.6 (0.9)
0.7 (0.10) aA
0.4 (0.04)
b
141.4 (7.6)
148.4 (6.2)
92.3 (2.9) aA
81.9 (1.9)
b
20.7 (1.6)
22.3 (1.2)
A
29.1 (0.3)
28.5 (0.6)
1.7 (0.04)
1.7 (0.05)
5.5 (0.04) aA
5.2 (0.01) bB
1976 (183) bB
4690 (891)
a
41 (12)
43 (7)

None
726 (6)
726 (6)
5.5 (0.5)
5.5 (0.5)
0.4 (0.04)
0.4 (0.04)
141.7 (3.9)
141.7 (3.9)
81.9 (2.0)
81.9 (2.0)
18.5 (0.7)
18.5 (0.7)
28.9 (0.5)
28.9 (0.5)
1.7 (0.02)
1.7 (0.02)
5.3 (0.04)
5.3 (0.04)
4908 (287)
4908 (287)
48 (3)
48 (3)

A
B

B

B

C
C
A
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3.4.4 Nutrient concentration of soil aggregates

There were no significant differences in most nutrient concentrations within the
macroaggregates between maize and pigeon pea, except for greater concentrations of organic
P in the solid barrier pigeon pea treatment compared to the solid barrier maize treatment
(Table 3.4). Due to the large proportion of soil held within the macroaggregates in the pigeon
pea treatments (Figure 3.4), the largest proportion of C, N, and P pools were stored within
this fraction (Table 3.5). As such, there was also a significantly larger content of C, N, and P
in the no barrier compared to the solid barrier maize treatment on a bulk soil basis (Table
3.5).

Contrary to the macroaggregate fraction, the microaggregates of the pigeon pea soils had a
higher concentration of C, N, and P compared to the maize soils (Table 3.6). Within the
Table 3.4 Nutrient concentration of the macroaggregate fraction (250 – 2000 μm) in nutrient kg-1
aggregate fraction. Differences between plants and treatments were analyzed using a means separation by
Tukey HSD analysis. Significant differences between maize (M) and pigeon pea (PP) for each treatment
are designated with lower case letters, while significant differences between treatments for a particular
plant are designated with upper case letters (p<0.05). Numbers in parentheses are the standard error of the
mean (n=3). Values with * indicate significance at p<0.1.

Nutrient
Total P

Unit

Plant

mg P kg-1

M
PP
M
PP
M
PP
M
PP
M
PP
M
PP
M
PP
M
PP

Microbial P mg P kg-1
Available P

mg P kg-1

Oxide-P

mg P kg-1

Organic P

mg P kg-1

Ca-P

mg P kg-1

Total C

g C kg-1

Total N

g N kg-1

Solid
655 (11)
700 (28)
2.9 (0.4)
3.4 (0.2)
2.1 (0.6)
2.3 (0.2)
187 (4)
190 (16)
84 (3)
98 (5)
20 (1)
21 (1)
27.8 (0.8)
29.4 (0.8)
1.4 (0.05)
1.5 (0.09)
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b
a

B

Treatments
Mesh
701 (31)
713 (16)
3.6 (0.5)
a
2.8 (0.8)
b
2.4 (0.2)
2.5 (0.2)
190 (9)
177 (5)
81 (12)
b*
99 (6)
a*
21 (1)
a
19 (1)
b
28.9 (0.8) AB
29.4 (0.8)
1.5 (0.05)
1.5 (0.04)

None
697 (21)
697 (21)
3.7 (0.8)
3.7 (0.8)
2.6 (0.3)
2.6 (0.3)
178 (1)
178 (1)
96 (2)
96 (2)
19 (2)
19 (2)
30.2 (1) A
30.2 (1)
1.5 (0.10)
1.5 (0.10)

Chapter 3: Plant-mediated rhizospheric interactions in maize-pigeon pea intercropping
maize treatments, the no barrier soils had significantly higher total P, microbial P, available
P, oxide P, organic P, and total C compared to the solid and mesh barrier treatments. The
nutrient contents of the microaggregates on a bulk soil basis were higher in pigeon pea
compared to maize soils and in the no barrier treatment compared to solid and mesh barrier
maize treatments (Table 3.7).

The unaggregated silt and clay particles had the highest concentration of total C, N, and P as
well as available P and organic P for both plant species (Table 3.8). Additionally, because the
largest proportion of soil in the maize treatments was held in the silt and clay particles
(Figure 3.4), the largest proportion of total C, N, and P for these treatments was held in the
unaggregated silt and clay particles (Table 3.9). Furthermore, the solid barrier maize
treatments held significantly more of these nutrients in the silt and clay particles compared to
the no barrier treatments.
Table 3.5 Nutrient content of macroaggregate fraction (250 – 2000 μm) within the bulk soil (nutrient
within the aggregate fraction kg-1 bulk soil). Differences between plants and treatments were analyzed
using a means separation by Tukey HSD analysis. Significant differences between maize (M) and pigeon
pea (PP) for each treatment are designated with lower case letters, while significant differences between
treatments for a particular plant are designated with upper case letters (p<0.05). Numbers in parentheses
are the standard error of the mean (n=3). Values with * indicate significance at p<0.1.

Nutrient
Total P

Unit

Plant

mg P kg-1

M
PP
M
PP
M
PP
M
PP
M
PP
M
PP
M
PP
M
PP

Microbial P mg P kg-1
Available P

mg P kg-1

Oxide-P

mg P kg-1

Organic P

mg P kg-1

Ca-P

mg P kg-1

Total C

g C kg-1

Total N

g N kg-1

Solid
248 (20)
380 (11)
1.1 (0.2)
1.9 (0.2)
0.8 (0.2)
1.3 (0.1)
71 (8)
103 (9)
32 (4)
53 (2)
8 (1)
11 (1)
9.4 (1)
14.7 (0.5)
0.5 (0.06)
0.8 (0.06)
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bC
a
bB
a
bB
a
bB
a
bB
a
bB
a
bB
a
bB
a

Treatments
Mesh
311 (14)
bB
365 (20)
a
1.7 (0.3)
AB
1.5 (0.5)
1.1 (0.1) b*B
1.3 (0.1)
a*
85 (7)
AB
91 (8)
37 (8)
bAB
51 (6)
a
9 (1)
AB
10 (1)
11.9 (1)
bB
13.7 (2)
a
0.5 (0.06) bB
0.7 (0.09)
a

None
376 (13)
376 (13)
2.1 (0.4)
2.1 (0.4)
1.4 (0.2)
1.4 (0.2)
96 (0.1)
96 (0.1)
52 (1)
52 (1)
10 (1)
10 (1)
15.2 (0.5)
15.2 (0.5)
0.7 (0.07)
0.7 (0.07)

A
A
A
A
A
A
A
A
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Table 3.6 Nutrient concentration of the microaggregate fraction (53 – 250 μm) in nutrient kg-1 aggregate
fraction. Differences between plants and treatments were analyzed using a means separation by Tukey
HSD analysis. Significant differences between maize (M) and pigeon pea (PP) for each treatment are
designated with lower case letters, while significant differences between treatments for a particular plant
are designated with upper case letters (p<0.05). Numbers in parentheses are the standard error of the mean
(n=3). Values with * indicate significance at p<0.1.

Nutrient

Unit

Plant
-1

Total P

mg P kg

Microbial P

mg P kg-1

Available P

mg P kg-1

Oxide-P

mg P kg-1

Organic P

mg P kg-1

Ca-P

mg P kg-1

Total C

g C kg-1

Total N

g N kg-1

M
PP
M
PP
M
PP
M
PP
M
PP
M
PP
M
PP
M

Solid
321 (22)
473 (8)
1.4 (0.2)
2.5 (0.1)
1.2 (0.1)
1.7 (0.2)
73 (3)
98 (2)
29 (3)
77 (3)
28 (2)
20 (1)
19.8 (2)
24.7 (1)
1.0 (0.07)

bB
aAB
bB
a
bB
a
bB
a
bB
a
aA
b
bB
a
b

PP

1.3 (0.06)

a

Treatments
Mesh
328 (32)
bB
435 (20)
aB
1.8 (0.6) bAB
2.6 (0.4)
a
1.2 (0.1) b*B
1.6 (0.2)
a*
79 (4)
bB
94 (5)
a
45 (9)
bB
75 (10)
a
25 (1)
aAB
20 (2)
b
19.7 (1)
bB
24.0 (1)
a
1.0 (0.02)
1.2 (0.06)

None
483 (7)
483 (7)
2.9 (0.3)
2.9 (0.3)
1.8 (0.3)
1.8 (0.3)
101 (3)
101 (3)
84 (4)
84 (4)
21 (1)
21 (1)
25.3 (1)
25.3 (1)

A
A
A
A
A
A
B
A

1.2 (0.01)
1.2 (0.01)

Table 3.7 Nutrient content of microaggregate fraction (53 – 250 μm) within the bulk soil (nutrient within
the aggregate fraction kg-1 bulk soil). Differences between plants and treatments were analyzed using a
means separation by Tukey HSD analysis. Significant differences between maize (M) and pigeon pea (PP)
for each treatment are designated with lower case letters, while significant differences between treatments
for a particular plant are designated with upper case letters (p<0.05). Numbers in parentheses are the
standard error of the mean (n=3). Values with * indicate significance at p<0.1.

Nutrient

Unit

Plant
-1

Total P

mg P kg

Microbial P

mg P kg-1

Available P

mg P kg-1

Oxide-P

mg P kg-1

Organic P

mg P kg-1

Ca-P

mg P kg-1

Total C

g C kg-1

Total N

g N kg-1

M
PP
M
PP
M
PP
M
PP
M
PP
M
PP
M
PP
M
PP

Solid
69 (5)
118 (6)
0.3 (0.04)
0.6 (0.02)
0.3 (0.03)
0.4 (0.03)
16 (1)
24 (1)
6 (1)
19 (1)
6 (0.4)
5 (0.4)
3.8 (0.4)
5.7 (0.3)
0.2 (0.01)
0.4 (0.03)
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bB
aAB
bB
a
bB
aAB
bB
a
bB
a
a
b
bB
aB
b
a

Treatments
Mesh
69 (8)
bB
109 (11) aB
0.4 (0.14) bB
0.7 (0.15) a
0.3 (0.03) bB
0.4 (0.06) aB
17 (1)
bB
23 (3)
a
10 (2)
bB
19 (4)
a
5 (0.3)
5 (0.2)
3.8 (0.3) bB
5.7 (0.6) aB
0.3 (0.10) b*
0.3 (0.09) a*

None
132 (3)
132 (3)
0.8 (0.09)
0.8 (0.09)
0.5 (0.07)
0.5 (0.07)
28 (1)
28 (1)
23 (1)
23 (1)
6 (0.4)
6 (0.4)
6.5 (0.3)
6.5 (0.3)
0.4 (0.07)
0.4 (0.07)

A
A
A
A
A
A
A

A
A
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Table 3.8 Nutrient concentration of the unaggregated silt and clay particles (<53 μm) in mg nutrient kg-1
aggregate fraction. Differences between plants and treatments were analyzed using a means separation by
Tukey HSD analysis. Significant differences between plants at each treatment are designated with lower
case letters, while significant differences between treatments for a particular plant are designated with
upper case letters (p<0.05). Numbers in parentheses are the standard error of the mean (n=3).

Nutrient

Unit

Plant

Total P

mg P kg-1

Microbial P

mg P kg-1

Available P

mg P kg-1

Oxide-P

mg P kg-1

Organic P

mg P kg-1

Ca-P

mg P kg-1

M
PP
M
PP
M
PP
M
PP
M
PP
M
PP
M
PP
M
PP

Total C

g C kg-1

Total N

g N kg-1

Solid
950 (25)
aA
872 (9)
b
0.1 (0.1)
1.7 (1.0)
10.4 (1.8)
B
12.4 (0.5) AB
158 (3)
157 (4)
157 (13)
a
134 (4)
b
10 (0.2)
b
12 (0.3) aAB
40.1 (0.8)
A
38.5 (0.2)
2.1 (0.08)
2.1 (0.05)

Treatments
Mesh
919 (16) aA
829 (26)
b
1.9 (1.2)
1.2 (0.6)
10.3 (1.4) B
10.8 (1.5) B
159 (5)
148 (4)
156 (3)
a
137 (3)
b
12 (0.7)
13 (0.2)
A
40.3 (0.7) aA
37.5 (0.3) b
2.1 (0.03)
2.0 (0.06)

None
789 (42)
789 (42)
1.6 (1.6)
1.6 (1.6)
13.9 (0.9)
13.9 (0.9)
158 (6)
158 (6)
142 (4)
142 (4)
11 (0.8)
11 (0.8)
38.7 (0.5)
38.7 (0.5)
2.1 (0.07)
2.1 (0.07)

B

A
A

B
B

Table 3.9 Nutrient content of the unaggregated silt and clay particles (<53 μm) within the bulk soil (mg
nutrient within the aggregate fraction kg-1 bulk soil). Differences between plants and treatments were
analyzed using a means separation by Tukey HSD analysis. Significant differences between plants at each
treatment are designated with lower case letters, while significant differences between treatments for a
particular plant are designated with upper case letters (p<0.05). Numbers in parentheses are the standard
error of the mean (n=3).

Nutrient

Unit

Plant
-1

Total P

mg P kg

Microbial P

mg P kg-1

Available P

mg P kg-1

Oxide-P

mg P kg-1

Organic P

mg P kg-1

Ca-P

mg P kg-1

Total C

g C kg-1

Total N

g N kg-1

M
PP
M
PP
M
PP
M
PP
M
PP
M
PP
M
PP
M
PP

Solid
354 (30)
156 (3)
0.1 (0.1)
0.3 (0.2)
3.9 (0.5)
2.3 (0.1)
59 (5)
28 (1)
58 (3)
24 (1)
4 (0.4)
2 (0.02)
13.1 (1)
6.4 (0.1)
0.7 (0.07)
0.3 (0.10)
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aA
b

aA
b
aA
b
aA
b
aA
b
aA
b
aA
b

Treatments
Mesh
290 (33)
aA
171 (35)
b
0.6 (0.3)
0.3 (0.2)
3.2 (0.4) aAB
2.2 (0.2)
b
50 (4)
aA
30 (6)
b
49 (6)
aA
28 (5)
b
4 (0.6)
aA
3 (0.5)
b
11.8 (1)
aA
7.2 (1)
b
0.5 (0.20) aAB
0.3 (0.10)
b

None
130 (9)
130 (9)
0.3 (0.3)
0.3 (0.3)
2.3 (0.2)
2.3 (0.2)
26 (1)
26 (1)
23 (1)
23 (1)
2 (0.2)
2 (0.2)
6.0 (0.1)
6.0 (0.1)
0.3 (0.06)
0.3 (0.06)

B

B
B
B
B
B
B
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3.5 Discussion

3.5.1 Plant biomass and nutrient uptake

Although not significant, the plant data showed a clear trend of increasing total biomass of
both maize and pigeon pea in the no barrier compared to the mesh and solid barrier
treatments (Figure 3.2). This increase is likely due to the significant increase in N uptake in
maize plants of the no barrier treatment compared to sole maize (Table 3.2). The competition
between maize and pigeon pea plants for mineral N in these low-nutrient soils most likely
stimulated the ability of the no barrier pigeon pea to fix N (Figure 3.3), which in turn led to
higher N availability and subsequently uptake for the no barrier maize plants. This transfer of
N via rhizodeposition from legumes to nearby non-legumes has been shown in a variety of
different plant species and cropping systems (Fustec et al., 2010), and was most likely the
main driver of increased N uptake in the no barrier maize treatment.

In this study, pigeon pea was able to derive up to 96% of its total N from the atmosphere,
which is in line with other studies of pigeon pea intercropped with maize in southern Africa
where the pigeon pea was able to fix between 93.8 – 99.9% of its total N from the
atmosphere (Adu-Gyamfi et al., 2007). Overall, pigeon pea has been shown to fix between 6
and 117 kg N ha-1 yr-1 (Tobita et al., 1994; Katayama et al., 1995; Adu-Gyamfi et al., 2007),
and even up to 235 kg N ha-1 (Peoples et al., 1995). In this study, the no barrier pigeon pea
was able to fix 21.3 kg N ha-1 assuming a planting density of 22,000 plants ha-1, which is
typical for Malawi. Furthermore, considering that the pigeon pea plants had not yet reached
maturity at the time of harvest, it is likely that more N would be fixed if harvested at
maturity. It is therefore impressive that the maize was able to increase its N uptake within a
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single growing period despite the fact that pigeon pea residues were not added to the soil
prior to planting. Hence, this shows promise that even more N could be transferred and thus
crop yield increased in following years if the residues are incorporated into the field before
planting.

Contrary to our original hypothesis, we did not see higher P uptake in the no barrier maize
treatment compared to the solid barrier treatment, nor differences between plant species
(Table 3.2). This is somewhat surprising given the multitude of studies highlighting the
enhanced ability of pigeon pea to take up sparingly soluble P through a variety of different
biochemical mechanisms. For example, in this study as well as others (Ascencio, 1996),
elevated acid phosphatase activities were measured in pigeon pea, indicating the ability of
pigeon pea to mineralize organic P sources. Similarly, Ae et al. (1990, 1993) highlighted the
ability of pigeon pea to desorb P typically unavailable to other crops on low P soil rich in Aland Fe-oxides through the release of organic acids into the rhizosphere. Additionally, other
studies have shown that mycorrhizal fungi are able to colonize the roots of maize and hence
facilitate P absorption and transport to the plant (Jansa et al., 2011). Coupling these
complementary abilities, it would follow suit that intercropped maize would show increased
P uptake compared to sole maize. Not surprisingly, many greenhouse as well as field studies
of maize-legume intercrops have shown increased P accumulation in the maize (Li et al.,
2004, 2007; Myaka et al., 2006). One potential reason for the discrepancy between our
results and these studies may be the high P sorption capacity of these soils (phosphorus
sorption index of 311) (Garland et al., 2016a). Even if phosphate ions were mineralized
and/or desorbed by pigeon pea through the aforementioned root exudation mechanisms,
immediate binding to iron oxides may render them unavailable for uptake by the maize
(Tiessen et al., 1991), despite mycorrhizal assistance.
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3.5.2 Soil aggregation

As hypothesized, soil aggregation and MWD increased due to the presence of pigeon pea,
which was found to have a significantly greater ability to form aggregates than maize plants.
However, such a drastic improvement in soil structure was unexpected due to the short time
period of the study, as well as the lack of residue input, which typically has been shown to
aid in the increase of soil aggregate formation (DeGryze et al., 2005). Furthermore, very few
studies have compared the effect of specific plant species on soil aggregation under a single
cultivation practice and soil type; and those that have, typically do not observe such large
differences (Sainju et al., 2003). Instead, most studies have focused on the effect of
cultivation practice, particularly tillage regime, on soil aggregation and the storage of soil
organic C (Cambardella & Elliott, 1993; Six et al., 1998). Tillage and other forms of soil
disturbance significantly reduce aggregation compared to undisturbed soils due to the
destruction of roots and hyphae, as well as the rapid decomposition and loss of soil organic C
binding the aggregates (Six et al., 2004). The results of this study, however, suggest that
significant impacts on soil aggregation can be obtained without significant changes to
cultural practices, but simply by altering the specific plant type within a cropping rotation.
However, it remains to be seen if such a strong species effect as that found in this greenhouse
trial is still present following tillage and other typical crop management practices in the field.

Although the exact source(s) of this difference in soil aggregation is unknown, some potential
causes can be deduced based on existing information regarding the main factors influencing
soil aggregation. To begin, it is well known that soil organic C is an essential binding agent in
the development of soil structure, and that these compounds can be either of plant, animal, or
microbial origin, including root exudates and fine root turnover within the rhizosphere
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(Degens, 1997; Bronick & Lal, 2005). Pigeon pea, an orphan crop generally cultivated on
nutrient-poor soils, is known to release a large variety and amount of C-rich exudates
including piscidic acid, citric acid, succinate, malate, and other related compounds as
mechanisms for soil nutrient mining and uptake (Ae et al., 1990, 1993). These exudates may
not only help to bind soil into aggregates themselves, but more likely support microbial
population growth and increased nutrient cycling activities (Ranjard & Richaume, 2001).
However, there is also evidence that certain maize cultivars can also release substantial Crich mucilages (Traore et al., 2000), acid phosphatases and organic acids under P-limited
conditions (Gaume et al., 2001). Because the maize cultivar used in this study is adapted to
the low P-available soils of Malawi, it is possible that these plants were able to release root
exudates similar to those of pigeon pea, and thus root exudates alone may not be the sole
source of this difference in soil aggregation. Instead, another possible explanation is the
difference in C/N ratio between these two plant species. Pigeon pea had a much higher N
content than maize, resulting in an average C/N ratio of ~25 for pigeon pea and ~66 for
maize. The lower C/N ratio most likely led to increased mineralization rates of the
decomposing roots and thus supported a higher microbial biomass, which we saw in the bulk
soils (Table 3.3). This may then further enhance the development of soil aggregates through
the production of organic binding agents until eventually microbial activity is lessened and
aggregate turnover takes place (Six et al., 2000a).

In addition to root exudates and decomposing root debris, differences in root system structure
of the maize and pigeon pea plants could also be partially responsible for the observed
differences in soil aggregation. It is well-accepted that roots initiate aggregate formation via
the ‘sticky string bag’ effect (Oades & Waters, 1991). As such, differences in root
morphology could be significant, as previous studies have shown that the size and
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distribution of roots, including fine and very fine roots, as well as external hyphae greatly
influence the degree of soil aggregation (Jastrow et al., 1998). Overall the pigeon pea plants
had more root mass than the maize plants, and although root distribution was not measured in
this study, pigeon pea plants are generally known to have a deep taproot system (Odeny,
2007; Makumba et al., 2009), while maize plants are more evenly distributed throughout the
topsoil (Hochholdinger, 2009). We recommend further investigation of these differences
using more appropriate root and mycorrhizal fungi quantification techniques.

3.5.3 Nutrient storage in bulk and aggregate soils

Although all treatments reduced the concentration of organic P in the bulk soil compared to
pre-planting conditions (Table 3.1), there was significantly less organic P within the no
barrier compared to the sole maize treatment, most likely signifying an enhanced ability of
this system to utilize organic P sources (Table 3.3). This is in line with our hypothesis, and
corroborates with other studies showing the ability of pigeon pea to mineralize organic P
pools (Ascencio, 1996). However, since we did not see a concomitant increase in P uptake in
plants of the no barrier treatment, it is possible that this organic P pool was utilized mainly by
soil microorganisms associated with these plants, rather than the plants themselves. This idea
is supported by the soil nutrient composition at the aggregate fraction level, which shows that
the macro- and microaggregates under pigeon pea are significantly enriched in organic P
compared to maize (Table 3.4 and 3.6). As microbial activity is one of the main drivers of
soil aggregation, and microbial biomass was increased in the pigeon pea soils (Table 3.3), it
is likely that soil organic P was mineralized and taken up by microorganisms, and
subsequently accumulated in these protected environments, i.e. in the macro- and
microaggregates.

75

Chapter 3: Plant-mediated rhizospheric interactions in maize-pigeon pea intercropping
This result is worth noting because it indicates that not only can the pigeon pea and
associated microbial community access and mineralize organic P pools within these low-P
soils, but it can also store a larger amount of organic P in a relatively more stable and
protected soil environment (i.e. the microaggregates) compared to maize, which had most
nutrients associated with the unaggregated silt and clay particles. However, these results also
indicate that, contrary to our hypothesis, this mineralized P cannot be transferred to maize in
an intercropping system, at least not during a single growing season. Nevertheless, it is likely
that the increased organic P in the microaggregates will remain in the soil during subsequent
seasons, and thus may be taken up by the maize at a later time following further
mineralization events, similar to C and N dynamics within soil aggregates (Six et al., 2004).
This is a positive outcome because it implies a strong potential of this maize-pigeon pea
intercropping system to increase both use and storage of P in highly stable organic forms,
which has been suggested as a way to reduce inorganic P losses by sorption to soil minerals
(Oberson et al., 2001; Bünemann et al., 2004; Oberson et al., 2011). Although it is possible
that organic P was reduced in the bulk soil within the no barrier treatment due to increasing
mineralization and subsequent sorption of inorganic P to soil minerals, it is unlikely since this
treatment had increased soil aggregation compared to sole maize, which is known to protect
organic matter within the macro- and microaggregates from mineralization compared to less
aggregated soils (Six et al., 2004).

In addition to non-living organic P pools, the microbial P pool was significantly impacted by
intercropping as well, where the bulk soil of the maize treatments had significantly increased
microbial P in the no barrier treatment due to the presence of pigeon pea (Table 3.3). This
trend holds true even in the soil aggregates, where microbial P was significantly higher
within the macro- and microaggregates of the no barrier maize treatments compared to the
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other treatments. Very little microbial P was found in the silt and clay fraction regardless of
the treatment. This is in line with other studies on the impact of soil aggregation on microbial
C storage, where microbial communities preferentially inhabit these protected sites within
aggregates due to their provision of a readily available nutrient source, lowered predation
risk, and a stable oxygen and water supply (Ranjard & Richaume, 2001; Mummey et al.,
2006). This increased microbial activity is beneficial to the system due to its assistance with
decomposition and conversion of plant, animal, and microbial residues into plant-available
nutrients, as well as the development and maintenance of soil structure (Dick, 1992). An
interesting finding was the apparent mobility of the microbial P pool across the mesh barrier
in both the bulk and macroaggregate soils. Although the pigeon pea had significantly more
microbial P compared to the maize in the solid barrier treatments, this difference was not
seen in the mesh and no barrier treatments, indicating that these microbial populations were
able to migrate into the less populated maize soils, perhaps mediated by water flow during
irrigation events. Alternatively, the apparent mobility of the microbial community could be
an indirect effect due to transportation of a C source across the barrier either through water
flow during irrigation events or perhaps mediated by mycorrhizal fungi.

3.5.4 P acquisition strategies

As this and prior studies (Ascencio, 1996; Nuruzzaman et al., 2006; Li et al., 2007) have
shown, pigeon pea and other legumes grown under P deficient conditions have the ability to
increase acid phosphatase activities as a mechanism for P acquisition by mineralizing organic
P pools (Table 3.3). However, another well-known strategy to obtain available P in low P
soils is the acidification of the rhizosphere through the exudation of protons from the plant
roots due to N fixation (Tang et al., 1999; Hinsinger et al., 2003; Li et al., 2008). While this
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is more common in neutral to alkaline soils (Hinsinger et al., 2011), legumes in tropical
acidic soils can apparently solubilize inorganic P pools in this way as well. For example, this
mechanism has been shown for faba bean (Li et al., 2007) as well as tithonia (Tithonia
diversifolia) (George et al., 2002). In the tithonia study, George et al. (2002) found a
concurrent decline in available P and oxide P pools along with reduced soil pH, which they
attributed to rhizospheric exudation of organic acids. However, these measurements were
made on a very small scale, within 5 mm from the root tip. The fact that in our study even the
bulk soil samples of the pigeon pea treatments were reduced by up to 0.2 pH units compared
to maize, indicates a strong influence of proton release associated with N fixation in the bulk
soil. Furthermore, the reduced pH of the pigeon pea bulk soil was coupled with reduced
available P compared to the maize treatment. Although the total P uptake in both species was
similar at the time of harvest, it is important to note that the pigeon pea plants had not yet
reached maturity, and thus would likely have taken up even more P before senescence.

As mentioned above, in both the bulk soils and aggregate fractions we noted several
differences between plants in the solid barrier treatment, but not in the mesh treatments.
However, because the differences in soil nutrient concentrations found between the solid and
mesh barrier treatments are significantly lower than those found between the solid and no
barrier treatments, it is clear that the physical root to root interaction of the no barrier
treatments has a greater influence on P cycling and storage than biochemical dynamics alone.

3.6 Conclusions

The vast differences in maize N uptake, soil aggregation, and nutrient accumulation in the
soil aggregate fractions between the different root barrier treatments indicate that the benefits
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acquired from pigeon pea plants are not due solely to microbial and chemical activities, but
are intrinsically linked to the physical proximity and interaction of the different plant species.
In the first season of intercropping, it seems that the majority of interactions between the
plant species occur at the soil level, including changes in aggregation, N fixation, and C, N,
and P cycling. We expect that the impact of these changes will not be translated to biomass or
yield increase until subsequent growing seasons, when the newly developing maize plants
can tap into the soil N and secure organic P reserves from the previous season’s pigeon pea
plants. However, this remains to be seen, and thus longer-term field studies on maize-pigeon
pea intercropping are necessary to truly understand P dynamics between these intercropped
species. The great impact of pigeon pea on soil aggregation, however, is a significant
discovery and thus cropping strategies which promote the formation of these macro- and
microaggregates, along with proper crop residue management, will be key to increasing
overall nutrient storage capacity within highly weathered tropical soils. Thus, using pigeon
pea as an intercropping species with maize is a promising sustainable and low-cost method to
improve soil fertility.
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Chapter 4
Phosphorus cycling within soil aggregate fractions: a conceptual model

This chapter is in preparation to submit to Soil Biology and Biogeochemistry as:
Garland, G., Bünemann, E.K., Oberson, A., Frossard, E., Snapp, S., Chikowo, R., & Six, J.
2016. Phosphorus cycling within soil aggregate fractions: a conceptual model.
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4.1 Abstract

Effective use of soil phosphorus (P) for crop production requires an understanding of how P
pools are stabilized and cycled within soil aggregates, as this is a key driver for soil nutrient
storage and availability for plants. Compared to carbon (C) and nitrogen (N), this area
remains distinctly under-studied, yet it is often assumed that P dynamics, particularly organic
P, closely follow those of C. The main goal of this study was to compare C and N cycling
with P dynamics in soil aggregate fractions under two distinct crop species, maize (Zea mays)
and pigeon pea (Cajanus cajan). Results from previously published data from a greenhouse
study (Garland et al., 2016b) as well as additional data from this trial and other published
studies of nutrient cycling in soil aggregates are synthesized into a new conceptual model of
P stabilization and turnover as influenced by aggregate dynamics in tropical soils. While C
and N follow an open cycle, whereby C and N are mineralized from microaggregates during
macroaggregate turnover and exit the soil system as gas and leachate, P has a relatively
closed cycle, where most of the mineralized and solubilized P from microaggregates is lost
from the plant-available pool via sorption to the unaggregated silt and clay-sized particles
(<53 μm). While the above postulated P cycling mechanisms were the same for maize (Zea
mays) and pigeon pea (Cajanus cajan), P loss from microaggregates and subsequent
enrichment of the silt and clay particles was significantly higher in soils under maize
compared to pigeon pea (320 and 331 mg P kg-1 lost from occluded microaggregates and
gained by free silt and clay particles, respectively, compared to 129 and 97 mg P kg-1 in
pigeon pea). This is attributed to the significantly increased soil aggregation under pigeon
pea, which led to greater accumulation of P, particularly organic P, in the free
microaggregates (77 mg P kg-1 compared to 29 mg P kg-1) and slower rates of
macroaggregate turnover. We conclude that increasing soil aggregation can substantially
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reduce organic P losses from aggregate occluded fractions and its subsequent sorption as
inorganic P to silt and clay particles. Thus, P cycling can be improved in tropical cropping
systems by introducing crop species that enhance the occlusion of organic P into aggregates.
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4.2 Introduction

Phosphorus (P) is an essential crop macronutrient and soils contain between 200 and 800 mg
P kg-1 soil (Tiessen, 2008), but less than 0.1% of this total P is in a form available for plant
uptake (Fardeau, 1996; Raghothama, 2005). In tropical soils, dominated by 1:1 clay minerals,
this can be even less due to sorption of available P to aluminum (Al) and iron (Fe) oxides,
and often limits crop production in low input agricultural systems (Tiessen, 2008). While this
issue is generally overcome by the use of P fertilizers, these can often be difficult to access in
some countries, and may have significant negative ecological implications in other countries
(Raghothama, 2005).

To reduce dependency on P fertilizers, innovative cropping systems that can more efficiently
use soil P are under development. These strategies include intercropping cereal crops with
legume species capable of mining sparingly soluble soil P reserves through root exudates
such as phosphatases and organic acids (Li et al., 2007; Hinsinger et al., 2011). Although the
mechanisms involved remain largely unstudied, there is convincing evidence that at least one
tropical legume species, pigeon pea (Cajanus cajan) can mobilize P (Ae et al., 1990), and can
be incorporated into African agricultural settings across broad areas of southern Africa
(Snapp et al., 2010). There have also been calls for future initiatives that might include
breeding and selecting for crop root structures designed to increase P foraging or managing
interactions between crops and arbuscular mycorrhizal fungi and other microbial inoculants
which have been shown to increase P acquisition by the plant (Richardson et al., 2011). This
effort is particularly needed in developing countries, where the population growth and
demand for increased food production is highest, and the economic stability and accessibility
to fertilizers is lowest (Childers et al., 2011). However, one of the first steps to effectively
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utilize soil P for crop production is to understand how P pools are stabilized and cycled
within soil aggregates, as this is a key driver of nutrient storage and availability to plants (Six
et al., 2004).

While the study of C and N cycling within soil aggregates has a long history of advancement,
and much information has been gathered regarding the effect of different crop management
systems on N storage, soil organic matter (SOM) transformations and stabilization, and
greenhouse gas emissions (Six & Paustian, 2014), the effect of soil aggregation on P
dynamics has been the subject of few studies. Carbon and N dynamics are intimately linked
with P availability, through processes that include N fixation, C sequestration, and adenosine
triphosphate (ATP) for energy transfer reactions (Tiessen, 2008). Thus, this knowledge gap
has limited our understanding of key processes at the soil structural level. Elucidation of P
dynamics will also help improve modeling efforts on soil nutrient storage and turnover
(Achat et al., 2010; Müller & Bünemann, 2014). This is critical information to inform future
agricultural management efforts devised to increase biological P cycling and thus improve P
use efficiency (Nziguheba & Bunemann, 2005; Oberson et al., 2006; Turner et al., 2006;
Tiessen, 2008). Although studies of aggregate fractionation are increasingly incorporating P
measurements (Wang et al., 2001; Fonte et al., 2014; Nesper et al., 2015), no major trends
have emerged to either link or make a distinction between C, N and P cycling at the
aggregate level, which could aid in our understanding of the mechanisms controlling P
cycling in the soil-plant system.

The main goal of this study was to develop a conceptual model of P stabilization and
turnover within soil aggregates of tropical soils using previously published data and validated
with additional data of nutrient concentrations of occluded aggregate fractions presented
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here. Furthermore, the differences in soil aggregation and C, N and P dynamics between soils
under maize (Zea mays) and pigeon pea presented by Garland et al. (2016b) are explored in
the context of the above model. Thus we explore a possible mechanism through which pigeon
pea is associated with improved P-use efficiency and reduced P sorption to soil minerals.

4.3 Materials and Methods

4.3.1 Soil aggregate fractionation

The soils used in this experiment were collected from the top 10 cm of an unfertilized maize
field in Linthipe, Malawi (14° 10’ 0” South, 34° 10’ 0” East). The soil is a Haplic Lixisol
with 51% sand, 32% silt, and 17% clay. It is a weakly acidic soil with a pH of 5.9 and waterholding capacity of 0.54 g H2O g-1 soil. The pre-planting soil contained 25.8 g kg-1 total C,
1.4 g kg-1 total N, and 728 mg kg-1 total P. The organic and inorganic NaOH-EDTA
extractable P were 127 mg P kg-1 and 158 mg P kg-1, respectively. This soil was used in a
maize-pigeon pea intercropping greenhouse trial described previously (Garland et al., 2016b).
Briefly, unfertilized maize and pigeon pea plants were grown from seed in 100 dm3 pots
under controlled greenhouse conditions until the maize reached maturity, 138 days after
germination. The treatments compared in this study were from the sole maize and sole pigeon
pea treatments of Garland et al. (2016b). These treatments were chosen in order to compare
trends in C, N, and P cycling throughout soil aggregate fractions of different plant species,
which were shown to have significant effects on soil aggregation (Garland et al., 2016b).

Following plant harvest, the field-moist soils were physically fractionated using a modified
wet-sieving fractionation scheme (Garland et al., 2016a) based on the method developed by

86

Chapter 4: Phosphorus cycling within soil aggregate fractions: a conceptual model
Elliott (1986) and Six et al. (2000). Briefly, 90 g of field moist soil was fractionated into
three different size fractions: macroaggregates (250 – 2000 μm), microaggregates (53 – 250
μm), and silt and clay fraction (<53 μm) by sieving for two minutes at each decreasing sieve
size after removal of large (>2000 μm) iron concretions using a microaggregate isolator
(Garland et al., 2016a). The sample remaining on top of each sieve size was placed into preweighed pans by rinsing with deionized water and dried at 60°C. After correcting for
aggregate-sized sand particles within each aggregate fraction (Six et al. 1998; Garland et al.,
2016a,b), the total soil recovered in each fraction was then used to determine the percentage
of each aggregate size class (referred to throughout as free aggregates).

The macroaggregates were then further fractionated using a microaggregate isolator into
coarse particulate organic matter (cPOM) (250 - 2000 μm), occluded microaggregates (53 –
250 μm), and occluded silt and clay particles (<53 μm) using the method developed by Six et
al. (2000). Briefly, 5 g of macroaggregates and 40 glass beads (6 mm diameter) were placed
in the microaggregates isolator fitted with a 250 μm sieve. Deionized water was slowly added
to the soil through a 10 mm polyethylene tube connected to the top of the cylinder shaken
reciprocally at 165 Hz. As the macroaggregates were broken, soil particles smaller than 250
μm were immediately transported to a 53 μm sieve via the flowing water through another
polyethylene tube at the bottom. The fraction remaining on the 250 μm sieve were considered
coarse particulate organic matter. The soils on the 53 μm sieve were then wet-sieved as
described above, with all particles remaining on the 53 μm sieve after fractionation
considered occluded microaggregates, and those that went through considered occluded silt
and clay particles.

87

Chapter 4: Phosphorus cycling within soil aggregate fractions: a conceptual model
All free aggregates and fractions occluded within the macroaggregates (referred to
throughout as occluded fractions) were dried at 60°C and finely ground for further analysis.
The free aggregates and occluded fractions were analyzed on a concentration basis (mg
nutrient kg-1 aggregate fraction), which was calculated on a non-sand corrected basis since
previous results showed significant C, N, and P concentrations within this sand fraction
(Garland et al., 2016a). However, aggregation of the occluded fractions, as well as the
percentage of microaggregates within macroaggregates, were compared on an aggregatesized sand corrected basis, using the relative proportions of aggregate-sized sand in the
microaggreate, as well as the proportion of cPOM (>250 μm) in the macroaggregate, as
described by Six et al. (2000a).

4.3.2 Soil analyses

The total C, N, and P as well as the organic and inorganic NaOH-EDTA extractable P were
measured on bulk soils as well as free aggregates and occluded fractions of each treatment.
Total C and N were measured by dry combustion (CHN628 Series Leco Elemental
Determinator). Total P was measured by wet digestion using a digestion mixture of H2O2,
H2SO4, Se, and Li2O4S at 360 °C for 2.5 h (Anderson & Ingram, 1993). A separate sample
was then extracted with NaOH-EDTA according to Bowman & Moir (1993), where dried soil
was extracted with a 0.25M NaOH-0.5M EDTA solution (1:10 soil:solution) by shaking
overhead for 16 h. Following centrifugation for 10 min at 3000 rpm and filtering with 0.22
μm syringe filters, the inorganic P fraction (referred to here as oxide P) was measured on
diluted subsamples (1:10) by colorimetric determination using malachite green (Ohno &
Zibilske, 1991). The total P of this extract was measured following autoclave digestion with
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H2SO4 and ammonium persulfate, neutralization, and colorimetry. The difference between the
total P and inorganic P of these NaOH-EDTA extracts is referred to as organic P.

The sum of the P extracted from the free aggregates on a mass basis had the following
recovery averages and standard deviations compared to the P extracted from the bulk soil:
105 ± 3% for total C, 89 ± 8% for total N, 93 ± 7% for total P, 115 ± 11% for organic P, and
107 ± 11% for oxide P. Similarly, P extracted from the occluded fractions had the following
recovery averages and standard deviation compared to the P extracted from the
macroaggregates: 110 ± 10% for total C, 100 ± 8% for total N, 85 ± 11% for total P, 73 ±
16% for organic P, and 85 ± 9% for oxide P. There were no significant differences in
recovery between treatments.

2.3 Statistical analysis

The data shown and discussed are the means of three replicates, with standard error of the
mean given in parenthesis or as error bars in the figures. The degree of aggregation as well as
nutrient concentrations within the soil aggregates and occluded fractions were not compared
across size fractions, but instead were analyzed across treatments (maize versus pigeon pea)
within each fraction using a t-test (p<0.05). The amount of C, N, and P lost from the occluded
fractions upon macroaggregate turnover was calculated by subtracting the nutrient
concentrations in the free aggregate fraction from the corresponding occluded fraction, and
comparing those differences between maize and pigeon pea using a t-test (p<0.05). Thus,
only the net differences in nutrient concentration between aggregate size fractions were
compared. All statistical analyses were completed with R Studio (RStudio 0.99.451 ©20092015, RStudio, Inc.).
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4.4 Results

4.4.1 Soil aggregation

Soil aggregation was significantly increased in the pigeon pea compared to the maize
treatment (Garland et al., 2016b). There were 54% more macroaggregates and 85% more
microaggregates in the pigeon pea compared to the maize treatment (Figure 4.1). This left the
majority of soil in the maize treatment in the free silt and clay fraction. Although the maize
soils had a higher percentage in the cPOM (>250 μm) fraction than pigeon pea, this consisted
entirely of sand and iron concretions and no POM particles. The occluded silt and clay
fraction (<53 μm) proportions were similar in both treatments (Figure 4.1). The pigeon pea
treatment had almost twice the proportion of microaggregates within macroaggregates
compared to maize, with 31 ± 0.01% versus 19 ± 0.02%, respectively.

Figure 4.1 Mass distribution of free and occluded soil aggregate fractions within the maize and pigeon pea
treatment. Significant differences (p<0.05) between treatments are indicated with lowercase letters (n=3).
*free aggregate fraction data are adopted from Garland et al. (2016b).

*
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4.4.2 Nutrient concentration of soil aggregates

The concentration of soil C, N, and P pools differed between aggregate fractions as well as
treatments (Table 4.1). Within the free aggregates, the silt and clay fraction of both
treatments was the most enriched in all P nutrient pools, followed by the macroaggregates
and lastly by the microaggregates. However, for C and N pools, the occluded silt and clay
fraction was the most enriched for both treatments. The main differences between crop
species were found in the free microaggregate fraction, with the pigeon pea having
significantly enriched microaggregates in total C, total N, total P, organic P, and oxide P
compared to maize (Table 4.1). This was especially true for the organic P pool, which
contained 165% more organic P under the pigeon pea than the maize. As noted by Garland et
al. (2016b), however, the total P of the bulk soil was significantly different for the maize and
pigeon pea, 767 and 681 mg P kg-1, respectively, which remains unexplained (Table 4.1).
Nonetheless, analyzing the concentration of P pools of each aggregate fraction as a
percentage of total P, there was still a significantly higher percentage of organic P in the free
microaggregates of pigeon pea compared to maize, 16.4 and 9.1%, respectively (p<0.05)
(Garland et al., 2016b). Additionally, there was a slightly higher percentage of organic P in
the macroaggregates of the pigeon pea compared to maize, 14.0 and 12.8%, respectively,
although this was only marginally significant (p<0.1).

Within the occluded fractions, there were fewer differences in nutrient contents between
treatments than in the free soil aggregates (Table 4.1). The pigeon pea treatment had
significantly more C in the cPOM (>250 μm) fraction compared to maize, yet this trend was
reversed in the <53 μm fraction, where the maize had significantly more C than the pigeon
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pea. Unlike the free aggregate fractions, the occluded fractions showed a trend in enrichment
for total C, N and P decreasing in the order: silt and clay (<53 μm) > microaggregates
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Table 4.1 Nutrient concentrations in the bulk soil, free aggregate fractions, and aggregate fractions occluded within macroaggregates. Values are the average of each
fraction (n=3) within a treatment and the standard error of the mean are presented in parentheses. Different lower case letters in a specific aggregate fraction indicate
significant differences between treatments (p<0.05). M = maize treatment; PP = pigeon pea treatment. * incidates data which were presented in Garland et al.
(2016b).

Fraction

Total C
g C kg-1 fraction
M
PP

Total N
mg N kg-1 fraction
M
PP

Total P
mg P kg-1 fraction
M
PP

Organic P
mg P kg-1 fraction
M
PP

Oxide-P
mg P kg-1 fraction
M
PP

Bulk*
29.1 (0.5)
Aggregates*
Macro
Micro

28.9 (0.7)

27.8 (0.8)
29.4 (0.8)
19.8 (1.6) b
24.7 (0.8) a
S+C
40.1 (0.8)
38.5 (0.2)
Macroaggregate Occluded Fractions
>250 μm
13.1 (0.6) b
14.2 (0.4) a
53-250 μm
30.4 (0.3)
31.0 (0.5)
<53 μm
62.5 (2.6) a
51.1 (2.6) b
n.d. = not detected

1734 (10)

1686 (55)

767 (39) a

681 (26) b

90 (1) a

82 (1) b

149 (1)

139 (9)

1405 (48)
974 (69) b
2102 (76)

1524 (90)
1323 (63) a
2056 (44)

655 (11)
321 (22) b
950 (25) a

700 (28)
473 (8) a
872 (9) b

84 (3) b
29 (3) b
157 (13)

98 (5) a
77 (3) a
134 (4)

187 (4)
73 (3) b
158 (3)

190 (16)
98 (2) a
157 (4)

683 (42)
1587 (32)
2038 (50)

690 (49)
1658 (77)
2103 (110)

393 (36)
640 (35)
749 (20)

452 (63)
695 (30)
775 (9)

n.d.
92(4)
83(5)

n.d.
95 (8)
88 (3)

223 (2)
126 (1)
110 (1) b

228 (23)
131 (2)
120 (2) a
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(53-250 μm) > cPOM (>250 μm) (Table 4.1). The oxide P pool showed the opposite trend,
with a higher concentration in the cPOM (>250 μm) fraction, followed by the 53 – 250 μm
and <53 μm fractions, which had similar concentrations. The organic P, on the other hand,
had similar concentrations in both the 53 – 250 μm and <53 μm fractions, while organic P
was not detected in the >250 μm fraction. Although we are unsure of the reason why organic
P was undetectable in this fraction, it most likely contributed to the low organic P recovery
from the macroaggregates (73%).
Table 4.2 C:Ptot and C:Porg ratios of the bulk soil and free and occluded soil aggregate fractions. Different
lower case letters within a specific aggregate fraction indicate significant differences between treatments
(p<0.05). M = maize treatment; PP = pigeon pea treatment.

Fraction

C:Ptot

C:Porg

M

PP

M

PP

38.2

42.5

324.0

351.7

333.6
688.4 a
258.9

302.2
319.9 b
288.2

n.d.
331.6
599.3

n.d.
328.7
582.5

Bulk
Aggregates
Macro
42.5
42.2
Micro
61.7 a
52.3 b
S+C
42.2 b
44.2 a
Macroaggregate Occluded Fractions
>250 μm
34.1
32.7
53-250 μm
47.8
53.0
<53 μm
114.4
66.1
n.d. = not detected

Comparing the C:P ratios between the different aggregate and occluded aggregate fractions
(excluding the cPOM fraction which does not contain silt and clay particles), the most
striking observation is the much lower C:Porg ratio in the unaggregated silt and clay fraction
compared to any other fraction for both the maize and pigeon pea treatments (Table 4.2). This
value is over twice as low as the occluded <53 μm fraction in the maize treatments,
suggesting differences in P storage within this fraction when either occluded or free in the
bulk soil. Furthermore, the C:Porg ratio within the microaggregates was over twice as big in
the maize treatment compared to the pigeon pea treatment. Although not as distinct, these
same trends held true for the C:Ptot as well (Table 4.2).
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4.5 Discussion

We will first present our new conceptual model of P cycling within soil aggregates in tropical
soils, highlighting its contrast with C and N cycling and how this may influence P
accumulation and availability over time. Within this framework, we will then discuss the
observed differences in soil aggregation and nutrient content between maize and pigeon pea
and present potential impacts these differences could have on P dynamics and P-use
efficiency in tropical agroecosystems.

To consider the implications of these results for P cycling, it is important to keep in mind that
only 31.3 and 32.4 % of total P was contained in the NaOH-EDTA extraction in maize and
pigeon pea, respectively (Table 4.1), meaning that the majority of the P is in a residual form
that could include organic, oxide, and other forms of P (Walker & Syers, 1976). However,
this is typical for tropical soils (Nesper et al., 2015) and merely emphasizes the challenges of
trying to understand soil P dynamics in tropical systems. However, from an agricultural
perspective it is unlikely that most crops would be able to access these residual pools over the
course of a growing season (Beegle, 2005), and thus although not 100% of the total P is
characterized, we believe that this model accurately postulates the primary mechanisms
controlling P forms and availability in tropical agricultural systems.

4.5.1 P cycling in soil aggregates: a new conceptual model

In contrast to C and N cycling in soil aggregates, evidence suggests that P behaves quite
differently, particularly in tropical soils (Figure 4.2). In the first stage of macroaggregate
formation (t0 to t1), flocculation of silt and clay particles and free microaggregates occurs
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around plant roots via biotic processes (i.e. root entangling, root and microbial binding agent
production) and abiotic factors (i.e. electrostatic interactions between clay particles) (Denef
& Six, 2005). This is in contrast to the aggregate hierarchy theory proposed by Tisdall &
Oades (1982), which states that smaller particles are bound together into larger aggregates by
C compounds produced via biological factors. This non-existence of aggregate hierarchy in
our soils is indicated by the lack of significant C enrichment in the macroaggregates
compared to the microaggregates (Fonte et al., 2014; Nesper et al., 2015; Garland et al.,
2016b), which would be expected if the smaller microaggregates were bound into the larger
macroaggregates by C-rich biological factors such as bacterial polysaccharides and fungal
hyphae (Tisdall & Oades, 1982). This difference is primarily due to the mineralogy of these
tropical soils, where Al and Fe oxides as well as 1:1 clays dominate the mineral composition
as opposed to the 2:1 clays used in the development of the aggregate hierarchy theory. In 1:1
clay (i.e. kaolinite) and oxide dominated soils, the abiotic binding factors are strong and thus
accumulation of C and other biological residues has less influence on soil aggregation
compared to temperate soils (Dixon, 1989; Oades & Waters, 1991; Six et al., 2004).

For the second stage, we concur with Oades (1984) that microaggregates are formed within
established macroaggregates (from t1 to t2). This is in contrast to the postulation by Tisdall &
Oades (1982) that the formation of microaggregates occurs in the bulk soil and are then
formed into macroaggregates via the accumulation of organic matter by biological activity
(Tisdall & Oades, 1982). In our view, macroaggregates are formed around roots or plant
residues, and then fine root hairs grow into these aggregates which exude organic acids,
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Figure 4.2 Conceptual diagram showing the formation and disaggregation of a soil macroaggregate,
highlighting the differences in P cycling compared to C and N. From t0 to t1, macroaggregates are formed
around plant roots via biotic processes (i.e. root entangling, root and microbial binding agent production)
and abiotic factors (i.e. electrostatic interactions between clay particles). From t1 to t2, microaggregates are
formed within established macroaggregates via encrustation of nutrient-rich root exudates and microbial
products with silt and clay particles. Eventually, macroaggregate turnover (from t2 to t3) releases the
occluded microaggregates and silt and clay particles into the bulk soil (t3 to t4). Once released into the bulk
soil, the newly exposed microaggregates undergo increased decomposition compared to the previous
stages (t4). This decomposition leads to the release of CO2, N2 and other N gasses into the atmosphere and
mineral N compounds (i.e. NO3-) are lost. During this phase, P compounds are also lost from the
microaggregates through mineralization, solubilization and/or desorption from the microaggregates. Yet,
due to the vastly fewer loss pathways of P compared to C and N, if the released P compounds are not used
by plants or microbes, they are immediately sorbed to the free silt and clay particles (t4 to t5). The
relatively thicker arrows between t0 and t1 and t1 and t2 for pigeon pea indicate that more macroaggregates
and microaggregates, respectively, are formed under pigeon pea than maize. Similarly, the thicker arrow in
t4 for maize indicates a faster macroaggregate turnover and decomposition rate, and thus increased losses
of C, N, and P compared to pigeon pea.

enzymes, and other C-rich compounds, which support higher microbial populations and thus
act as the core of new microaggregates (Oades, 1984; Elliott & Coleman, 1988; Six et al.,
2000a). These nutrient-rich organic compounds are then encapsulated by silt and clay
particles within the sheltered space of the macroaggregates, forming occluded
microaggregates that are enriched with C and N (Six et al., 2000a; Miller & Jastrow, 2000;
Fonte et al., 2014), as well as total P, organic P, and oxide P (Nesper et al., 2015) from the
direct input of root exudates and subsequent processing by microbial communities. Even in
highly weathered tropical soils where the occluded microaggregate fraction is generally less
important for soil C storage (Six et al., 2002), it has been shown that C accumulates in this
fraction (Denef et al., 2007; Zotarelli et al., 2007). As such, this fraction has been proposed
as an important diagnostic tool for changes in soil organic C as affected by agricultural
management (Six & Paustian, 2014). Furthermore, Nesper et al. (2015) found increased P in
the occluded microaggregates in productive versus degraded pastures, thus further
emphasizing its importance in soil structural development, as well as suggesting a similar
stabilization mechanism between C and P compounds within aggregates.
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Over time, the macroaggregates as a whole become unstable and microbial activity declines,
resulting in macroaggregate turnover (t2 to t3), where macroaggregates break up, releasing the
occluded fractions into the bulk soil (Tisdall & Oades, 1982; Six et al., 2000a). These
previously protected occluded fractions are now exposed to increased attack by decomposers
and other soil predators, as well as increased oxygen supply, all leading to increased rates of
decomposition (t3 to t4) compared to the other stages of aggregate formation and turnover
(Tisdall & Oades, 1982; Bamforth, 1988; Frossard et al., 1995). This is clearly seen by how
the occluded microaggregate (53 – 250 μm) fraction is considerably more enriched in C, N,
and P pools compared to the free microaggregate fraction (Six et al., 2000a; Fonte et al.,
2014; Nesper et al., 2015). This offers further support that occluded microaggregates are
actively enriched with C, N, and P during their formation within the macroaggregates, but
once they are released from the macroaggregates upon macroaggregate turnover, they lose C,
N, and P through mineralization and/or solubilization (Tisdall & Oades, 1982; Six et al.,
2000a).

As microbial communities decompose SOM associated with these free microaggregates,
some of the C, N, and P is incorporated into the microbial biomass, but a portion also
becomes susceptible to loss from the system (t4) as CO2 released via respiration, as N2, N2O,
NOx, and other gaseous N products released through nitrification and denitrification (Decock
et al., 2015), and as nitrate (NO3-) and to a lesser extent ammonium (NH4+) via leaching
(Spalding & Exner, 1993; Zhang et al., 1996; Li et al., 2009). Phosphorus, on the other hand
is highly insoluble, making P loss by leaching low, especially under tropical agricultural field
conditions where little fertilizer is applied (Tiessen, 2008). Additionally, although P can be
lost as gaseous phosphine (PH3), this only occurs in anaerobic environments and in minor
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amounts, making this pool negligible when considering P cycling in agricultural soils (Reddy
et al., 2005).

As a result of these differences between C, N and P at the t4 stage (Figure 4.2), there is a clear
divide in P versus C and N dynamics at this point. While there is indeed a loss of P from the
microaggregates upon their release from the macroaggregates, there is an enrichment of P in
the free compared to the occluded silt and clay particles, indicating that virtually all of the P
released from the occluded microaggregates is sorbed to the free silt and clay particles (t4 to
t5) (Figure 4.2). Because these reactions are surface dependent, and tend to increase with
decreasing soil pH (Frossard et al., 1995; Cornell & Schwertmann, 2003), the above reactions
are expected to be more evident in tropical versus temperate soils (Tiessen et al., 1991). It
should be noted, however, that the apparent enrichment of P in the free silt and clay particles
upon aggregate turnover is the net effect, as it is also likely that desorption of P from these
same particles is occurring upon aggregate turnover, as discussed in Sinaj et al. (1997).

This process is corroborated by prior research, which shows a negative correlation between
aggregate size class and inorganic P enrichment (Linquist et al., 1997) due to an increase in P
sorption sites associated with the silt and clay particles upon disaggregation (Wang et al.,
2001; Nesper et al., 2015). In our data, not only can this be seen with the nutrient
concentration data (Table 4.1), but also when comparing C:P ratios between the different soil
aggregate fractions (Table 4.2). These ratios follow a distinct trend, where the smallest C:Ptot
and especially C:Porg are found in the free silt and clay-sized particles. This is in sharp
contrast to the occluded silt and clay (<53 μm) fraction, where a significant increase of total
and organic P is observed upon macroaggregate turnover (Table 4.2). This further highlights

100

Chapter 4: Phosphorus cycling within soil aggregate fractions: a conceptual model
the significance of these unaggregated silt and clay particles as having the strongest influence
on P retention on a bulk soil basis.

In Italian soils, Mbagwu & Piccolo (1990) found that the total C, N, and P was concentrated
in macroaggregates and that overall the C and N dynamics were similar, while P was not
uniformly distributed across aggregate size classes. This indicates that similarly large
changes in P dynamics such as mineralization and sorption events significantly changed the
distribution of P within the soil profile. Although this trend was not seen in Oxisols and
Ultisols of Colombian pastures (Nesper et al., 2015), this is most likely due to the fact that in
those systems over 98% of the soil was held in water-stable aggregates; hence, there was less
surface area associated with free silt and clay particles available for P sorption as there was in
this study. It is also important to note that there is a large diversity of tropical soils, and thus
we expect that not all soils will behave identically to those in this study. For example, some
Lixisols have a very limited sorption capacity (Frossard et al., 1993; Compaoré et al., 2003),
while in other soils the sorption strength can be quite weak, and that clays coated with
organic matter can reduce the sorption of P on these size fractions even further (Frossard et
al., 1992). In such systems, we would expect less of an effect of aggregate turnover on P
enrichment of the silt and clay particles.

4.5.2 Differences in nutrient dynamics between maize and pigeon pea

Using the above concept as a framework for analyzing differences in nutrient cycling in soil
aggregates between maize and pigeon pea, we used our data (Table 4.1) to make inferences
about the quantities of C, N and P cycled during aggregate turnover (see Figure 4.3). Not
only does our data support the concept developed above, it also helps to explain the
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differences in P cycling in soils under maize versus pigeon pea. The maize treatment showed
larger C, N, and P depletion of free versus occluded microaggregates, but subsequently larger
P enrichment to the free versus occluded silt and clay particles compared to pigeon pea

Pigeon pea

Total C

Maize

27.8

-10.6

30.4

13.1

62.5

-22.4

Total N
Total P

655

Organic P

0

-320

640
619

+331

-63

92
83

+74

-6.3

31.0
14.2

40.1

974

51.1

700

29

38.5

2056

-129

602
775

1323

+97

473

872

77

98

95
0

157

-335
2103

452

950

24.7

Free

1658

690

321

-12.6

Occluded

1524

2102

2038

393

84

-613

1587

683

29.4

Free

Occluded

1405

19.8

88

+46

134

Figure 4.3 Depletion (negative) or enrichment (positive) of C, N, and P pools upon macroaggregate
turnover as the occluded aggregates are released into the free aggregate pool (fluxes indicated by red
numbers). Total C content is expressed in g C kg-1 fraction while total N, total P and organic P are
expressed in mg kg-1 fraction (data adopted from Table 1). The values presented are the averages for each
fraction (n=3).
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(Figure 4.3). Within the maize microaggregates, we observed an average depletion of 10.6 g
C kg-1 soil compared with 6.3 g C kg-1 soil for pigeon pea. Additionally, there was almost
twice as much N depletion in the maize compared to the pigeon pea microaggregates, with
613 mg N kg-1 soil compared to 335 mg N kg-1 soil. Similarly, free microaggregates under
maize were depleted by 320 mg total P kg-1 soil and 53 mg oxide P kg-1 soil compared to the
occluded microaggregates, while under pigeon pea the depletion was only 129 mg total P kg-1
soil and 33 mg oxide P kg-1 soil.

Overall the largest difference in depletion between these crops was for the organic P pool.
The maize microaggregates were depleted by 63 mg P kg-1 soil while there was no significant
loss of this P pool for pigeon pea (Figure 4.3). On the other hand, the free silt and clay
fraction was significantly more enriched in both total and organic P than the occluded silt and
clay fraction (<53 μm) in the maize treatments compared to the pigeon pea.

We did not measure rates of mineralization, solubilization, desorption, and sorption at the soil
aggregate level directly. However, given current understanding of soil nutrient
transformations, it is likely that these processes were responsible for the depletion and
enrichment in nutrient pools measured in the soil aggregates in this study. As such, we will
refer to the measured depletion and enrichment of soil aggregates using the above
terminology. For example, we propose that the depletion of C, N and organic P pools from
the occluded microaggregates was due primarily to mineralization of organic matter
associated with these fractions, while depletion of total P pools is likely due to a combination
of mineralization, solubilization and desorption processes. Furthermore, we propose that the
enrichment of total and organic P in the free silt and clay particles is likely due to sorption of
these particles onto soil mineral surfaces. Using this rationale for the interpretation of our
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results, it is clear that the soils under maize had much higher rates of mineralization from the
occluded microaggregates as well as subsequent sorption to the free silt and clay particles
compared to those under pigeon pea (Figure 4.3).

There is evidence that one of the main factors influencing the differences observed in nutrient
cycling between maize and pigeon pea is the significant difference in soil aggregation
between the two plant species. The pigeon pea treatment had a larger proportion of
macroaggregates, free microaggregates, as well as occluded microaggregates compared to the
maize treatment (Figure 4.1), which indicates slower macroaggregate turnover under pigeon
pea compared to maize (Six et al., 2000a). Slow turnover permits retention and protection of
the microaggregates within the macroaggregates as well as stabilization of the SOM
associated with this fraction, thus resulting in less mineralization, solubilization and/or
desorption events and subsequently larger nutrient concentration of the free microaggregates
(Oades, 1984; Elliott & Coleman, 1988; Angers et al., 1997; Six et al., 1999).

Differences in turnover time between maize and pigeon pea is further supported by the fact
that the occluded microaggregates under both species had similar total C, total N, total P,
organic P, and oxide P concentrations (Table 4.1), indicating that the microaggregates were
formed in a similar manner under both crops. Yet, due to increased macroaggregate turnover
under maize, the free microaggregates were significantly reduced in all of these elements,
indicating the greater exposure to mineralization, solubilization and desorption of the free
microaggregates under maize compared to the pigeon pea. This also supports the concept
advocated by Wang et al. (2000, 2001), who proposed that increased soil aggregation could
reduce sorption of P derived from fertilizers to mineral surfaces by reducing the surface area
of soil particles exposed.
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Similarly, many researchers have put forward the strategy of keeping P cycling within
microbial and organic P forms in order to reduce P losses by sorption to soil particles
(Nziguheba & Bunemann, 2005; Turner et al., 2006; Oberson et al., 2006; Tiessen, 2008).
Based on our concept of P cycling within soil aggregates described above, it is clear that both
of these strategies are advisable, as well as intimately connected with soil structure. Soil
aggregation is known to promote increases in microbial biomass as well as the production
and maintenance of organic matter (Oberson et al., 2011), thus reducing the proportion of
free silt and clay-sized particles available for P sorption. Furthermore, it is clear from our
results that there is great potential to fulfill both of these strategies simultaneously by making
relatively small changes in crop management that include crop species known to increase soil
aggregation.

In addition to higher soil aggregation, a potential secondary factor accounting for the
decreased mineralization of C and N in pigeon pea compared to maize could be related to the
fact that pigeon pea was actively fixing atmospheric N (Garland et al., 2016b), and thus has
less need to mineralize soil N compared to maize. Because N mineralization requires C input
to support the microbial communities engaged in this energy-demanding process (Vance &
Heichel, 1991), it follows suit that both C and N mineralization would be decreased under
pigeon pea compared to maize. Indeed, if N limitation was driving biological mineralization
in maize, this would also account for the increased mineralization of organic P pools, as
described in more detail by McGill & Cole (1981).

An additional explanation for the decreased organic P mineralization in pigeon pea could be
due to the specific compounds held within the occluded microaggregates of these soils.
Considering the fact that different plant species contain different types and amounts of
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organic materials within their tissues (Chapin, 1980; Noack et al., 2012), these initial
differences in plant tissue material will influence the degree of mineralization in the soil as
the roots, root hairs, stems, and leaves eventually become the center of aggregation and
further decompose within the aggregates over time (Six et al., 2000a). Therefore, depending
on which enzymes are active in the soil, some soil organic P compounds will be harder to
mineralize than others (Frossard et al., 1995; Nzigueheba & Bünemann, 2005). Furthermore,
some organic P compounds such as phytate are known to strongly bind to iron oxides
(Ognalaga et al., 1994), and thus the interaction between organic P compounds and soil
minerals will also have an effect on mineralization rates. Further research on the specific
organic P compounds held within these soil aggregate fractions and how they change over
time is needed in order to fully understand the interactions between aggregate dynamics and
P cycling and how differences in plant species influence organic P stabilization within soil
aggregates.

4.6 Conclusions

The overarching impact of our findings and their synthesis into a new conceptual model is
significant in terms of understanding P dynamics within tropical agroecosystems at the soil
aggregate level. Because the majority of C, N, and P is accumulated and stabilized in the
occluded microaggregate fraction, one of the keys to reducing sorption to silt and clay
particles is to develop and promote management strategies which increase soil aggregation.
The stark difference in aggregation between maize and pigeon pea is positive because, as
hypothesized, it shows a strong potential to increase soil aggregation at the field level,
increase P stored in microbial and organic P pools, and significantly reduce P sorption and
subsequent loss from the plant-available pool by altering the plant species present within a
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cropping rotation or as an intercropping system. The next step will be to test this concept on a
variety of cropping systems and soil types to determine if similar mechanisms occur, and thus
if the above recommendations to farmers can be made at a broader scale.

107

108

Chapter 5

Challenges and opportunities for soil fertility management using legumediversified maize cropping systems on smallholder farmer fields in Malawi

109

Chapter 5: Soil fertility management and challenges with legume-diversified maize systems
5.1 Abstract

Legume-diversified maize cropping systems are promoted in Malawi for their positive impact
on crop yields and soil fertility. However, there are few longer-term studies supporting the
effects of such practices on soil nutrient accumulation in farmer-managed field trials. The
main objective of this field trial was to determine if legume-diversified maize crops could
increase accumulation of soil C, N and P compared to sole maize. This was tested by
conducting an on-farm, farmer-managed field trial in northern Malawi over four growing
seasons (2008 – 2012). A total of eight treatments were compared at two soil depths (0-15 cm
and 15-30 cm). The treatments consisted of sole maize (unfertilized control and two fertilized
treatments, 24 kg N ha-1 and 92 kg N ha-1), sole pigeon pea, sole groundnut, maize-pigeon pea
intercrop, and two different pigeon pea-groundnut intercrops. Sole maize crops were grown
in alternate years to test the residual effects of each treatment on soil nutrient accumulation.
Due to the extreme heterogeneity in soil properties between farmer fields typical of this area,
differences between treatments in most soil nutrient pools were masked by large errors.
Furthermore, proportional to the initial soil nutrient content, total C was unchanged across all
cropping systems and soil depths, with no differences between treatments. There was little
change in total N in the maize treatments, but all groundnut treatments were depleted in N at
both the 0-15 cm and 15-30 cm depth (113 and 216 mg N kg-1 soil, respectively). Total P was
depleted by 40 – 115 mg P kg-1 soil, with no significant differences between treatment or
depth. Furthermore, although there were no significant changes in organic P within the maize
treatments, the groundnut treatments depleted organic P by an average of 21 mg P kg-1 in the
0-15 cm layer. Overall, these results highlight the extreme depletion of soil fertility occurring
within farmers’ fields, even under legume-diversified cropping systems with recommended N
fertilizer applications. This indicates that in severely infertile soils, many commonly
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recommended “green” practices may not be enough to maintain soil nutrient pools. Thus,
more effort must be devoted to increasing soil nutrient storage in these areas, including the
addition of P fertilizers, not just N, and organic matter sources. It also highlights the need to
test these improved practices on farmers’ fields and over longer time periods in order to gain
a better understanding about the effects of these practices on soil fertility.
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5.2 Introduction

Maize is the principle staple crop of Malawi, and provides the livelihood for the majority of
the population, both in terms of home consumption and income generation (Snapp et al.,
2002; MoAFS, 2011). Over 70% of arable land is dedicated to maize production, and most
farmers practice continuous maize cropping (Ngwira et al. 2012; Phiri et al. 2013). This
practice, coupled with little to no fertilizer inputs, has depleted soil nutrient stocks over the
past decades and significantly contributes to the low maize yields (Ngwira et al., 2012).
Following a particularly low maize harvest of only 0.8 t ha-1 in 2005 (FAOSTAT, 2014),
Malawi began a nationally-subsidized fertilizer program which increased fertilizer use
substantially (Denning et al., 2009). Yet, despite an initial surge in national maize yields in
2006 and 2007 (1.5 and 2.7 t ha-1, respectively), yields have become stagnant for the past
several years, averaging only 2 t ha-1 (FAOSTAT, 2014). Thus it is clear that while the
application of mineral fertilizers does boost crop yields, a fertilizer subsidy program does not
address the larger need for sustainability within the cropping systems. Developing methods
which can restore soil nutrient reserves in these highly depleted tropical soils is essential in
this region and cannot be achieved by fertilizer application alone (Mafongoya et al., 2007;
Bekunda et al., 2010).

Legumes are often promoted to increase soil fertility in low-input tropical cropping systems
because of their ability to biologically fix nitrogen (N), which provides a good source of both
N and soil organic matter (SOM) after the residues are incorporated in the soil (Werner,
2005; Lithourgidis et al., 2011). In addition to increasing soil C and N stocks, several studies
have shown a positive impact of certain legume species on phosphorus (P) dynamics. For
example, some species are able to mobilize sparingly soluble P pools via root exudations (Ae
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et al., 1990; Ascencio, 1996; Gilbert et al., 1999; Nuruzzaman et al., 2005), which may
improve P use efficiency of added P fertilizers as well as of soil P stocks that would
otherwise be fixed to soil particles (Hinsinger et al., 2011). As such, one approach to
improving soil fertility in Malawi is the use of diversified maize-legume cropping systems
(Snapp et al., 2010; Mhango et al., 2012). Much research has shown benefits to the
implementation of legume-cereal rotations including regulating soil moisture (Shah et al.,
2003), improving soil structure (Obalum & Obi, 2010; Garland et al., 2016b), and increasing
crop yields (Yusuf et al., 2009; Lithourgidis et al., 2011; Brooker et al., 2015).

However, many of these studies have been performed under controlled conditions, such as
greenhouses (Li et al., 2007; Garland et al., 2016b) or on well-maintained research stations
(Rao & Mathuva, 2000) and over relatively short time periods (Sakala et al., 2003). While
these studies are indeed important for understanding nutrient dynamics within these systems,
they do not reflect farmers’ field conditions, which are often variable with respect to inherent
soil properties and day to day management practices. Furthermore, there are indications that
in severely weathered soils, such as those in this study, such alternative cropping systems
have little, if any effect (Waddington & Karigwindi, 2001; Snapp et al., 2002). However,
there are few longer-term, on-farm field trials in Malawi testing the residual impact of these
legume-diversified cropping systems on soil nutrient stores over time (Chikowo et al., 2014).

In the Ekwendeni district of northern Malawi, community acceptance and adoption of
legume-diversified maize cropping systems is high (Bezner-Kerr et al., 2007), and a variety
of legume species are grown (Mhango et al., 2012). However, although promoted to increase
soil fertility, the long-term effect of these alternative cropping systems on soil nutrient
storage has not been demonstrated in these highly depleted soils of Malawi. The main

113

Chapter 5: Soil fertility management and challenges with legume-diversified maize systems
objective of this multiple location on-farm field trial was thus to determine if legumediversified maize crops could increase the concentration of C, N, and P within the soil as well
as increase the proportion of organic P within the total P reserve compared to sole maize.
This was tested by conducting an on-farm, farmer-managed field trial in Northern Malawi
over four growing seasons between 2008 and 2012. A total of eight treatments were
compared: sole maize (unfertilized control and two fertilized treatments, 24 kg N ha-1 and 92
kg N ha-1), sole pigeon pea, sole groundnut, maize-pigeon pea intercrop, and two different
pigeon pea-groundnut intercrops. We hypothesized that the legume-diversified systems
would significantly increase C, N, and P pools, particularly organic P pools, compared to the
sole maize treatments.

5.3 Materials and Methods

5.3.1 Experimental site

The on-farm, farmer-managed field trial was conducted on 20 farms in the Ekwendeni area,
of Mzimba District in northern Malawi beginning in December 2007, at the start of the
2007/2008 growing season. Ekwendeni is located at 33o 53'E and 11o 20'S. The average
elevation is 1200 m. The annual rainfall is 800-1200 mm, with a unimodal distribution from
November/December to April/May. Soils are sandy clays to sandy clay loams and classified
as ferruginous latosols (Young & Brown, 1962) or ferralsols according to the World
Reference Base for Soil Resources (FAO, 2016). Additional pre-planting soil characteristics
are presented in Table 5.1. Cropping histories of each farm for the last three years prior to the
beginning of the field trial are presented in Table 5.2.
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Table 5.1 Soil biophysical characteristics of the sites pre-establishment of the treatments in 2007. Values
presented are the average (n=20) with standard error in parentheses.

Soil properties
OMa
Total C
Total N
Total P
Organic P
Oxide P
Ca P
Resin P
PBCb
pHc
Sandd
Siltd
Clayd

Units
g kg-1
g kg-1
mg kg-1
mg kg-1
mg kg-1
mg kg-1
mg kg-1
mg kg-1
%
%
%

Soil depth
0-15cm
15-30cm
12 (0.8)
12 (1.1)
3.6 (0.5)
4.5 (0.5)
524 (34)
595 (37)
261 (37)
283 (44)
33.3 (2.8) 28.4 (2.2)
43.9 (10.8) 50.9 (14.7)
27.8 (11.0) 20.8 (8.8)
3.4 (1.2)
2.6 (1.0)
104 (11)
147 (12)
5.9 (0.1)
5.9 (0.1)
74 (2)
72 (2)
8 (1)
7 (1)
18 (2)
21 (2)

a

measured by loss on ignition
measured by single point isotherm (Bache & Williams, 1971; Sims, 2000)
c
measured using 1:1 soil:water
d
measured by hydrometer method (Anderson & Ingram, 1993)
b

The cropping systems investigated in this study consisted of eight treatments: 1) sole
unfertilized maize (Zea mays), 2) sole maize + 24 kg N ha-1, 3) sole maize + 92 kg N ha-1, 4)
maize-pigeon pea (Cajanus cajan) intercrop, 5) sole groundnut (Arachis hypogaea), 6) sole
pigeon pea, 7) groundnut-pigeon pea intercrop where the groundnut-pigeon pea treatments
were managed identical to the sole groundnut treatment with residues being incorporated
directly after harvest, and 8) groundnut-pigeon pea intercrop where the pigeon pea was
ratooned after harvest (cut just above soil level but allowed to grow back an additional year),
and the second year growth of pigeon pea was intercropped with maize in the subsequent
season. Except for treatment 8, maize was grown as a sole crop every second year for all
treatments, and residues from the previous year’s growth were incorporated into the soil prior
to planting (Table 5.3). Further details on cropping systems, including crop varieties,
fertilizer management and planting density are given in Table 5.3.
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Table 5.2 Cropping history of field plots for three cropping seasons prior to the start of the experiment.

Farm

Crops grown
2005/06
2006/07
Maize
Maize

1

2004/05
Tobacco

2
3

Maize
Maize

4
5
6
7

Groundnut
MaizeGroundnut
Fallow

8
9

Maize
New field

Maize

10
11
12
13
14
15

Maize
Maize
Maize
Tobacco
New field
Fallow

Tobacco
Cassava
Maize
Maize

16
17

Fallow
Groundnut

Groundnut
Fallow

18

Maize

Maize

19
20

Maize
Groundnut

Groundnut
Maize

Maize
Sweet
potato
Groundnut
Maize
Maize
Fallow

Tobacco

Maize
Cassava +
pigeon pea
Groundnut
Maize
Maize
Sweet
potatoes
Maize
Soybean
and beans
Maize
Cassava
Soybean
Maize
Maize
Maize
Groundnut
Sweet
potatoes
Maize
Maize
½
Groundnut,
½ Maize

Soil fertility management
Fertilizer (UREA, CAN and 23:21:0+4S) applied to maize and tobacco. Maize stover eaten by cattle,
remaining residues were burnt. Tobacco stems uprooted and burnt.
Fertilizer and crop residues applied in 2003/05 and 2005/06 seasons.
No inorganic fertilizer. Some N fixed by pigeonpea.
All crop residues incorporated.
Fertilizer applied in 2006/07. Crop residues incorporated.
Fertilizer applied to maize. Maize stover and groundnut residues incorporated.
Natural ecosystem during fallow.
Applied fertilizer (UREA and 23:21:0+4S) and crop residues.
Residues incorporated.
Maize stover and tobacco stalks burnt. UREA and 23:21:0+4S applied to both crops in years 1 and 2
All maize residues incorporated.
Soybean residues thrown on fields near home. Maize residues eaten by cattle.
Applied fertilizer (23:21:0+4S, UREA and CAN) and crop residues.
UREA applied to maize. Maize stover burnt, very few incorporated.
UREA, CAN and 23:21:0+4S Fertilizer applied to maize and tobacco. Maize residues incorporated.
Tobacco residues burnt.
Residues incorporated.
Groundnut residues incorporated.
Field under zero tillage. Herbicides applied to control weeds. All maize stover incorporated. 23:21:0+4S
and UREA fertilizer applied to maize.
Fertilizer applied to maize. Maize stover and groundnut haulms fed by livestock.
Fertilizer (UREA) applied to maize.
Part of groundnut residues incorporated, leftovers and maize stover are fed by cattle.

Note: pumpkins and/or common beans were intercropped with all maize and tobacco systems at low density
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Table 5.3 Cropping treatments and planting information. WAP = weeks after planting; MZ = maize; PP = pigeon pea; GN = groundnut.

Treatment

Crop Year 1*
(2008/2010/2012)

1
2
3

MZ
MZ
MZ

4

MZ + PP

5
6
7

GN
PP
GN + PP (A)

8

GN + PP (B)
(ratooned PP in second year
with MZ)

Variety
ZM621
ZM621
ZM621
MZ: ZM621
PP: ICEAP
00040
CG7
ICEAP 00040
GN: CG7
PP: ICEAP
00040
GN: CG7
PP: ICEAP
00040

Cropping
system

Planting Pattern

Sole
Sole
Sole

3 seeds** x 0.75m
3 seeds x 0.75m
3 seeds x 0.75m

Plant
population
per hectare
37000
37000
37000

Intercrop

MZ: 3 seeds x 0.75m
PP: 3 seeds x 0.75m

MZ: 37000
PP: 37000

Sole
Sole
Intercrop

3 seeds x 0.75m
3 seeds x 0.75m
GN: 3 seeds x 0.75m
PP: 3 seeds x 0.75m

55555
37000

Intercrop

GN: 3 seeds x 0.75m
PP: 3 seeds x 0.75m

Fertilizer
No fertilizer
24 kg N ha-1
92 kg N ha-1
(23 kg N ha-1 at planting and 69 kg N
ha-1 at 4 WAP)
24 kg N ha-1 4 WAP
24 kg N ha-1 4 WAP
24 kg N ha-1 4 WAP
24 kg N ha-1 4 WAP
24 kg N ha-1 4 WAP

*Crop grown in year two (2009/2011) is maize for all treatments (variety MH18), a sole maize crop in treatments 1-7 and an intercrop of maize-2nd year pigeon pea in treatment 8.
**per planting hole.
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5.3.2 Experimental design

The experiment was laid out as a randomized complete block design with eight treatments.
Each treatment was replicated 20 times on farm, one replicate per farm. Treatment plot size
was 10 m by 10 m, and consisted of 11 rows (aligned on a ridge following farmer practice in
Malawi), each 10 m long and spaced at 0.90 m. In the first year of the study all plots received
a uniform basal application of 10 kg N ha-1 at one week after planting. Since soils were
highly N deficient, we wanted to improve the uniformity of plant stands and early vigor while
remaining consistent with the limited use of external inputs that can be afforded by
smallholder farmers in Malawi (Snapp et al., 2002). All field management practices were
conducted by participating farmers using typical smallholder farming practices including
hand hoe weeding. Crop performance was monitored throughout the growing season by visits
from scientists and support staff.

5.3.3 Soil sampling

Soil samples were collected at two depths (0-15 cm and 15-30 cm) from each plot, with 8 to
10 subsamples for each depth collected in a Z-scheme to ensure randomized sampling. These
subsamples were air-dried, sieved to 2 mm and bulked to form one sample per depth and plot.
All samples were finely ground for further analysis. Samples were collected four weeks after
planting, prior to fertilizer applications.

5.3.4 Soil nutrient analyses
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Total C and N were measured by dry combustion (CHN628 Series Leco Elemental
Determinator) and total P was measured by wet digestion with H2O2, H2SO4, Se, and Li2O4S
at 360°C for 2.5 hours (Anderson & Ingram, 1993). Soil organic P, oxide P, and Ca P were
measured using a two-step sequential extraction. First, organic P was measured according to
Bowman & Moir (1993), where dried soil was extracted with a 0.25M NaOH- 0.5M EDTA
solution (1:10 soil:solution) by shaking overhead for 16 hours. Following centrifugation for
10 minutes at 4256 g and filtering the supernatant with 0.22 μm syringe filters, the inorganic
P fraction (referred to here as oxide P since it is considered to be bound to Al- and Fe-oxides)
was measured on diluted subsamples (1:10) by colorimetric determination using malachite
green (Ohno & Zibilske, 1991). The total P of this extract was measured after autoclave
digestion with H2SO4 and ammonium persulfate, followed by neutralization and colorimetry.
The organic P was calculated as the difference between total P and inorganic P (oxide P) of
the NaOH-EDTA extracts. The soil residues were further extracted with 1M HCl (1:10
soil:solution) by overhead shaking for 16 h followed by centrifugation and filtering as
described above. The resulting inorganic P of this extract (referred to here as Ca P since it is
considered to be bound to Ca minerals) was then measured by colorimetric determination
with malachite green.

The available P was measured using anion exchange resins in bicarbonate form (BDH
#55164 2S, BDH Laboratory supplies, England). This nutrient pool represents phosphate in
the soil solution and loosely sorbed onto soil particles, and is typically considered plantavailable P (referred to here as available P). Briefly, one resin strip was added to 2 g of
ground soil and 40 ml purified water and shaken for 16 hours. After extraction, the resin
strips were rinsed with purified water and eluted with 40 ml 0.1M NaCl/HCl and the final P
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values were measured colorimetrically using malachite green (Ohno & Zibilske, 1991). Soil
pH was measured using a 1:1 soil to water ratio after shaking for 30 minutes.

5.3.5 Data and statistical analysis

The original trial was set up in a complete randomized block design with four blocks, each
with eight treatments and a total of 20 replicates per treatment. Each farmer field represents a
separate replicate. However, by the start of the 2012/13 growing season, when the follow-up
samples were taken, nine farmers had dropped out of the field trial, leaving only 11 farmers
across the four blocks, although not each farmer continued each treatment on their farm,
resulting in a different number of replicates for each treatment, ranging between 9 and 11.
The data shown and discussed are the means of the replicates, with standard error of the mean
given in parentheses or as error bars in the figures. The specific number of replicates for each
treatment is presented in the table captions.

Absolute soil nutrient content was not compared statistically, since this was influenced
primarily by initial soil conditions (Table 5.4). Instead, soil nutrient contents were analyzed
both as total differences between 2012 and 2008 (Table 5.5), as well as a proportional
change, with differences between 2012 and 2008 divided by the initial soil nutrient content of
2008 (Table 5.6). This latter analysis was done to reduce variation in results caused by large
differences in pre-planting soil nutrient content. Due to the uneven experimental design,
differences in soil nutrient concentration between treatments at each depth were analyzed
using a mixed model with cropping treatment as the fixed effect and farmer nested within
location as the random factor. Differences between depths for each treatment were analyzed
using a mixed model with soil depth as the fixed effect and farmer nested within location as
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the random factor. When significant differences between treatments for a particular variable
were measured (p<0.05), means were compared using Tukey’s Honest Significant Difference
(HSD) test. All statistical analyses were completed with R Studio (RStudio 0.99.451 ©20092015, RStudio, Inc.).

5.4 Results

Total C ranged between 3.8 and 4.5 g kg-1 in the 0-15 cm soil depth and 4.1 and 4.9 g kg-1 in
the 15-30 cm soil depth (Table 5.4). Total N ranged between 383 and 528 mg kg-1 in the 0-15
soil depth and from 355 to 670 mg kg-1 in the 15-30 cm soil depth. The lowest N
concentration was found in the groundnut-pigeon pea ratooned treatment in both soil depths.
In contrast, total P content was lowest in the sole pigeon pea treatment at both soil depths,
and ranged between 137 and 265 in the 0-15 soil depth and 176 and 266 mg kg-1 and in the
15-30 cm soil depth (Table 4). Organic P ranged between 13 and 35 mg kg-1 in the 0-15 cm
soil depth and 18 and 44 mg kg-1 in the 15-30 cm soil depth, with the lowest quantities in the
groundnut treatments (#5, 7 and 8) (Table 5.4). The sole groundnut treatment held only 7% of
the total P in organic form, while the sole pigeon pea treatment was significantly higher, with
20% of total P in organic form (Figure 5.1). Interestingly, the highest available P was found
in the maize-pigeon pea intercropping treatment (8.8 mg P kg-1) and lowest in the sole pigeon
pea treatment (4.5 mg P kg-1) (Table 5.4).

Comparing the post-treatment soil nutrient content from Table 4 to pre-planting values, there
was no significant differences in total C, total P, organic P, oxide P, Ca P, or available P
between treatments at either depth (Table 5.5). However, for sole groundnut, sole pigeon pea,
and the groundnut-pigeon pea intercropping treatments, organic P was significantly more
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Table 5.4 Nutrient concentration of soils at two depths (0-15 cm and 15-30 cm) following four seasons of crop rotations. Values presented are the average with standard error in
parentheses (a n=10, b n=9, c n=11). Samples were taken in December 2012.
Treatments
Total C
Total N
Total P
Organic P
Oxide P
Ca P
Resin P
g C kg-1
mg N kg-1
mg P kg-1
mg P kg-1
mg P kg-1
mg P kg-1
mg P kg-1
0-15cm 15-30cm 0-15cm 15-30cm 0-15cm 15-30cm 0-15cm 15-30cm 0-15cm 15-30cm 0-15cm 15-30cm 0-15cm 15-30cm
MZa
4.3 (0.6) 4.4 (0.6) 467 (44) 501 (51) 260 (58) 238 (57) 28 (12) 28 (11)
94 (26)
80 (30) 45 (22) 40 (23) 8.2 (2.0) 7.5 (2.8)
MZ + 24Na
3.8 (0.5) 4.8 (0.7) 444 (38) 670 (112) 220 (52) 266 (71) 35 (9)
40 (11)
77 (24)
84 (36) 41 (21) 50 (23) 5.7 (2.2) 7.6 (1.8)
MZ + 92Nb
4.0 (0.5) 4.1 (0.5) 528 (44) 484 (31) 226 (51) 220 (58) 27 (11) 30 (10)
85 (28)
68 (30) 27 (17) 23 (13) 6.1 (1.9) 4.6 (1.5)
b
MZ + PP
4.3 (0.5) 4.5 (0.7) 495 (48) 462 (55) 265 (75) 261 (62) 37 (11) 44 (12) 113 (35) 94 (38) 51 (25) 45 (24) 8.8 (2.9) 8.0 (2.9)
GNc
4.2 (0.4) 4.3 (0.4) 424 (42) 394 (35) 177 (38) 244 (59) 13 (4)
26 (7)
51 (17)
52 (20) 29 (14) 30 (16) 5.9 (2.1) 4.6 (2.0)
PPa
4.4 (0.4) 4.9 (0.6) 476 (44) 546 (57) 137 (26) 176 (35) 27 (8)
38 (11)
56 (27)
58 (33)
11 (4)
9 (4)
4.5 (2.0) 3.5 (1.8)
GN + PP (A)a 4.4 (0.2) 4.3 (0.4) 396 (26) 385 (42) 195 (46) 238 (53) 13 (4)
20 (4)
62 (20)
65 (24) 32 (16) 24 (13) 6.3 (2.3) 6.3 (2.6)
GN + PP (B)a 4.5 (0.5) 4.4 (0.5) 383 (39) 355 (49) 251 (58) 228 (62) 19 (4)
18 (5)
76 (29)
67 (26) 28 (13) 28 (14) 7.7 (3.3) 7.2 (3.1)

Table 5.5 Difference in soil nutrient concentration between 2012 and 2008 following four years of cropping treatments. Positive values indicate a gain of nutrient content and negative
values present a loss. Lower case letters signify differences between treatments at certain depth. Numbers in parenthesis are the standard error of the mean (a n=10, b n=9, c n=11).
Upper case letters signify differences between depths for certain treatments (p<0.05). *p<0.07

Treatment
MZa
MZ + 24 Na
MZ + 92 Nb
MZ + PPb
GNc
PPa
GN + PP (A)a
GN + PP (B)a

Depth
(cm)
0-15
15-30
0-15
15-30
0-15
15-30
0-15
15-30
0-15
15-30
0-15
15-30
0-15
15-30
0-15
15-30

Total C
g C kg-1
0.74 (0.5)
-0.26 (0.8)
0.25 (0.5)
0.41 (0.9)
0.38 (0.4)
-0.51 (0.7)
0.67 (0.6)
-0.16 (0.9)
0.58 (0.5)
-0.28 (0.6)
0.63 (0.8)
0.43 (1.1)
0.89 (0.5)
-0.20 (0.6)
1.02 (0.5)
-0.12 (0.8)

a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a

Total N
mg N kg-1
-44 (38) ab
-63 (56) ab
-60 (31) ab
7 (68)
b
37 (46) bB*
-93 (47) abA*
3 (27)
ab
-116 (66) a
-94 (44) abB*
-214 (34) aA*
19 (48) ab
-15 (65) ab
-115 (41) a
-202 (48) a
-130 (36) a
-232 (68) a

Total P
Organic P
mg P kg-1
mg P kg-1
-40 (32) a
-6 (12) a
-82 (34) a
3 (10) a
-79 (38) a
2 (9) a
-66 (25) a
14 (11) a
-29 (41) a
-5 (9) a
-61 (29) a
4 (10) a
-46 (15) a
0.3 (9) a
-90 (34) a
15 (13) a
-115 (32) a
-23 (5) aA
-80 (21) a
-2 (6) aB
-87 (34) aA* -4 (6) aA
-53 (21) aB* 13 (10) aB
-108 (29) a
-23 (4) aA
-101 (33) a
-10 (4) aB
-47 (46) a
-18 (3) a
-108 (32) a
-11 (4) a

122

Oxide P
mg P kg-1
36 (15) aB
13 (12) aA
23 (12) a
16 (16) a
45 (21) a
16 (16) a
55 (29) a
21 (19) a
0.7 (7) aB*
-12 (9) aA*
24 (14) a
19 (15) a
8 (8) a
-4 (5) a
22 (10) aB
-1 (4) aA

Ca P
mg P kg-1
0.2 (12.5)
9.7 (13.1)
-2.4 (13.4)
10.0 (13.0)
-10.2 (11.5)
-4.5 (6.4)
3.6 (14.3)
9.1 (14.7)
-11.9 (9.3)
-0.6 (4.2)
-8.1 (9.0)
-3.0 (3.5)
-12.3 (9.7)
-10.4 (6.6)
-17.0 (10.1)
-6.8 (4.9)

a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a

Resin P
mg P kg-1
-0.01 (1.6) a
-0.96 (1.0) a
-0.54 (1.8) a
0.15 (1.1) a
-0.30 (1.6) a
-1.43 (2.2) a
0.21 (2.2) a
-0.32 (1.5) a
-0.93 (1.3) aB*
-3.15 (1.7) aA*
-0.40 (0.9) a
-2.05 (1.3) a
-0.65 (1.7) a
-1.23 (1.3) a
0.78 (2.0) a
-0.24 (1.1) a
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depleted in the 0-15 cm soil layer compared to the 15-30 cm soil depth (Table 5.5). The
groundnut treatments depleted organic P stores by an average of 21 mg P kg-1 in the 0-15 cm
versus 15-30 cm layer. Overall, after 4 years, total P was depleted in all treatments and soil
depths, ranging from 40 to 115 mg P kg-1 and oxide P was enriched by an average of 18 mg P
kg-1. Total N was depleted in all treatments except for two of the fertilized maize treatments
(Table 5.5).

Figure 5.1 Soil organic P as a percentage of the total soil P in 2012 at both the 0-15 and 15-30 cm soil
depths. Error bars are the standard error of the mean (a n=10, b n=9, c n=11). Refer to Table 3 for treatment
descriptions. Different letters indicate significant differences between treatments at each depth (p<0.05).

To reduce error associated with the highly variable initial soil nutrient stocks, we also
analyzed the change in nutrient content in proportion to pre-planting values (Table 5.6);
nevertheless, no significant differences between treatment or depth for total C, total P, or Ca
P were observed. On the other hand, the groundnut treatments were significantly more
depleted in total N compared to the fertilized maize (Table 5.6). Both of the groundnutpigeon pea intercropping treatments had significantly more organic P depletion than the sole
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pigeon pea, maize-pigeon pea intercropping treatment, or maize fertilized with 24 kg N ha-1
treatments, but this was only seen at the 0-15 cm soil depth. Additionally, the sole groundnut
and groundnut-pigeon pea intercropping treatments had significantly more organic P
depletion in the 0-15 cm soil depth compared to the deeper layer (Table 5.6).

The soil pH increased by an average of 0.3 in the groundnut treatments in the 0-15 cm soil
depth, but this change was not significant (Figure 5.2). Across all treatments there were no
significant changes in soil pH at the 15-30 cm soil depth.

Figure 5.2 Soil pH in 2012 at both the 0-15 and 15-30 cm soil depths. Error bars are the standard error of
the mean (a n=10, b n=9, c n=11). Refer to Table 3 for treatment descriptions. There were no statistical
differences between treatments.
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Table 5.6 Proportional change ((2012-2008)/2008) in soil nutrient concentration. Positive values indicate a gain of nutrient concentration and negative values present a loss. Lower
case letters signify differences between treatments at certain depth. Numbers in parenthesis are the standard error of the mean (a n=10, b n=9, c n=11). Upper case letters signify
differences between depths for certain treatments (p<0.05). *p<0.07

Treatment
MZa
MZ + 24 Na
MZ + 92 Nb
MZ + PPb
GNc
PPa
GN + PP (A)a
GN + PP (B)a

Depth
Total C
(cm)
0-15 0.25 (0.2) a
15-30 -0.02 (0.2) a
0-15 0.14 (0.2) a
15-30 0.16 (0.2) a
0-15 0.18 (0.2) a
15-30 -0.05 (0.1) a
0-15 0.32 (0.2) a
15-30 0.01 (0.2) a
0-15 0.31 (0.2) a
15-30 0.01 (0.1) a
0-15 0.36 (0.3) a
15-30 0.26 (0.3) a
0-15 0.42 (0.2) aB*
15-30 0.02 (0.1) aA*
0-15 0.43 (0.2) a
15-30 0.08 (0.2) a

Total N
-0.09 (0.1)
-0.09 (0.1)
-0.11 (0.1)
0.03 (0.1)
0.11 (0.1)
-0.13 (0.1)
0.01 (0.1)
-0.19 (0.1)
-0.17 (0.1)
-0.35 (0.1)
0.06 (0.1)
0.01 (0.1)
-0.19 (0.1)
-0.34 (0.1)
-0.24 (0.1)
-0.37 (0.1)

ab
ab
ab
b
bB*
abA*
ab
ab
abB*
aA*
ab
ab
a
a
a
a

Total P
-0.11 (0.2)
-0.22 (0.1)
-0.24 (0.1)
-0.20 (0.1)
-0.05 (0.2)
-0.20 (0.1)
-0.20 (0.1)
-0.20 (0.1)
-0.36 (0.1)
-0.24 (0.1)
-0.36 (0.1)
-0.21 (0.1)
-0.35 (0.1)
-0.25 (0.1)
-0.09 (0.2)
-0.33 (0.1)

Organic P
a
a
a
a
a
a
a
a
a
a
aA
aB
a
a
a
a

-0.21 (0.3)
0.01 (0.3)
0.10 (0.3)
0.40 (0.3)
-0.25 (0.3)
0.09 (0.3)
-0.05 (0.2)
0.54 (0.4)
-0.63 (0.1)
-0.08 (0.2)
-0.10 (0.2)
0.32 (0.3)
-0.66 (0.1)
-0.35 (0.1)
-0.54 (0.1)
-0.44 (0.1)
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Oxide P

ab
1.4 (0.6)
a
0.6 (0.3)
b
1.0 (0.5)
a
0.6 (0.4)
ab
2.5 (1.4)
a
1.0 (0.5)
b
2.8 (1.9)
a
0.8 (0.3)
abA 0.2 (0.1)
aB
-0.04 (0.1)
bA* 0.6 (0.2)
aB* 0.5 (0.3)
aA
0.3 (0.1)
aB
0.04 (0.1)
a
0.3 (0.1)
a
0.01 (0.1)

Ca P
aB
abA
a
ab
a
b
a
ab
aB
aA
a
ab
a
a
a
a

0.66 (0.4)
0.82 (0.6)
0.24 (0.2)
0.70 (0.5)
0.61 (0.4)
1.88 (1.0)
0.73 (0.5)
0.80 (0.4)
0.36 (0.3)
0.26 (0.4)
0.24 (0.3)
0.35 (0.3)
0.45 (0.3)
0.38 (0.4)
0.39 (0.4)
0.28 (0.3)

Resin P
a 0.86 (0.5)
a 0.34 (0.3)
a 0.60 (0.3)
a 0.51 (0.3)
a 1.04 (0.7)
a 1.54 (1.0)
a 1.13 (0.9)
a 0.94 (0.5)
a 0.22 (0.2)
a -0.08 (0.2)
a 0.28 (0.2)
a 0.29 (0.3)
a 0.28 (0.2)
a 0.28 (0.2)
a 0.26 (0.2)
a 0.20 (0.2)

a
ab
a
ab
a
b
a
ab
a
a
a
ab
a
ab
a
ab
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5.5 Discussion

5.5.1 Changes in soil nutrient content

Although legume-diversified maize cropping systems have been shown to increase soil C in
western Africa (Bationo & Buerkert, 2001), we saw no significant changes in total C in any
of the treatments in this study (Table 5.4). Similarly, Snapp et al. (2010) did not find changes
in soil C even after a decade-long study of legume-diversified cropping systems in Malawi,
despite increases in plant productivity and grain yield. They attributed this lack of change to
the high variability in initial soil fertility of the studied field sites, which masked smaller
changes in C accumulation. Alternatively, it could also be due to the high sand content of
these soils, which has been shown to limit the capacity for C accumulation compared to finer
soils (Acosta-Martínez et al., 2003, 2004). This most likely contributed to the infertility of
these smallholder fields (Table 5.1), and reflects similar on-farm soil conditions in
smallholder fields in Malawi (Mhango et al., 2008). In such soils, it is often recommended to
add organic matter to build soil organic C and soil fertility in general (Bationo et al., 2007;
Mafongoya et al., 2007), but even in this trial, where crop residues were applied annually, it
was not enough to increase C storage. On the other hand, the soil C was indeed maintained
across all treatments, showing at least the capacity of these systems to avoid further C
depletion.

Interestingly, although both pigeon pea and groundnut are able to biologically fix nitrogen,
the groundnut treatments significantly depleted the soils in total N compared to the fertilized
maize treatments, whereas there was no significant difference for the pigeon pea treatments
(Table 5.6). This could be due to several reasons, including differences in N-fixation
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efficiencies. For example, it has been shown that the proportion of atmospherically-derived N
ranges between 55 and 67% in pigeon pea (Gathumbi et al., 2002) up to 93.8 – 99.9% (AduGyamfi et al., 2007), but only between 36-51% in groundnut (Gathumbi et al., 2002). This
indicates that the groundnut plants must rely more on added fertilizers and soil N than pigeon
pea, thus accounting for its increased soil N depletion (Vanlauwe & Giller, 2006).

Another possible explanation for the observed increase in soil N depletion from groundnut
could be the differences in yield and N concentration of grain and plant biomass. For
example, the amount of N returned to soil via residue depends on the nitrogen harvest index,
or the proportion of N contained in the grain which is exported from the fields at harvest
(Sinclair, 1998). It has been shown that pigeon pea has a relatively low harvest index
(Mafongoya et al., 2007), and thus more of its accumulated N is returned to the soil as
residues each year. Groundnut, on the other hand, has a relatively high N harvest index, with
both high grain yield and N content, and thus more N is exported from the groundnut
compared to pigeon pea fields.

Although the NaOH-EDTA extracted on average only 53% of total P (20% as organic P and
33% as oxide P) (Table 5.4), these extraction efficiencies are similar to other studies in highly
weathered tropical soils (Nesper et al., 2015; Garland et al., 2016a,b), and emphasize the
difficulties in fully characterizing P pools in such systems. However, it is unlikely that plants
would be able to access this residual pool over the course of a growing season (Beegle,
2005), and thus the main P pools influencing plant growth were properly assessed.
Furthermore, as indicated by the depletion of organic P in all treatments compared to the preplanting stocks, it is evident that this pool is a dynamic source of P for all crops in this study,
but that differences exist between crop species (Table 5.6). In contrast to our hypothesis, the
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groundnut treatments (#5, 7 and 8) depleted soil organic P more than the pigeon pea
treatments (#4 and 6) (Table 5.6). This was unexpected given that both groundnut and pigeon
pea have the capacity to mineralize organic P via exudation of acid phosphatases (Ascencio,
1996; Acosta-Martínez et al., 2008). However, since there was no change in soil pH in the
pigeon pea treatments, whereas the groundnut treatments increased the pH by an average of
0.3 (Figure 5.2), it is possible that these small differences in soil pH influenced the relative
efficiencies of acid phosphatases (Nannipieri et al., 2011), thus accounting for the increased
organic P depletion under groundnut. This relatively higher pH of groundnut may be due to
its primary source of N, since it has been shown that certain N fixing legumes which rely on
nitrate actually increase the pH of the rhizosphere through the release of OH-and HCO3- ions
(Smiley, 1974).

Conversely, it is also possible that factors other than enzyme activity had a stronger influence
on organic P dynamics within these soils. For example, it has been shown that pigeon pea is
able to store organic P in more protected soil aggregates (i.e. microaggregates) due to an
increase in soil aggregation, which may potentially reduce mineralization and losses from the
plant-available pool by sorption to iron oxides and clay particles (Garland et al., 2016b).
Although soil aggregation was not measured in this study, we postulate that pigeon pea
reduced the loss of organic P by increasing soil aggregation compared to groundnut. Another
possibility is that the differences in soil organic P depletion between groundnut, on the one
hand, and pigeon pea and maize, on the other hand, could be due to their distinct differences
in disturbance during harvest. Namely, unlike maize and pigeon pea that are harvested
aboveground, leaving roots intact, groundnut is a root crop which entails more soil
disturbance during harvest as well as removal of a large proportion of the root system. Not
only does this annual disturbance increase the relative amount of biomass removed during
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harvest and thereby reduces organic matter input, it also increases mineralization of the
remaining organic matter. This key difference in management is likely a major contributor to
the higher organic P depletion of these soils. It also explains why the pigeon pea treatments
had a higher percentage of total P as organic P compared to groundnut (Figure 5.1).

Contrary to organic P, oxide P was enriched in all of the treatments compared to pre-planting
soil stocks (Table 5.6). This is likely a function of the low soil pH throughout the region,
which facilitates precipitation of phosphate ions to Fe and Al oxides (Hinsinger, 2001).
Furthermore, although not significant, there was a trend in oxide P enrichment in which the
maize treatments were most enriched and the groundnut treatments least enriched. Yet
because this is only the net change in oxide P over four years, it is not clear why there was
less accumulation in the groundnut treatments. However, it has been shown that in low P
soils, both pigeon pea (Ae et al., 1990, 1993) and groundnut (Tanaka et al., 1995) can access
this sparingly soluble inorganic P pool through the exudation of organic acids into the
rhizosphere, thus providing a possible explanation as to why these treatments seemed to have
less enrichment compared to the maize treatments. The relative difference in oxide P
enrichment between pigeon pea and groundnut therefore may be due to the slightly higher pH
of groundnut, which may have reduced the amount of oxide P precipitates forming within
these soils (Hinsinger, 2001).

5.5.2 Implications for soil fertility management on smallholder farms

Despite the relative proximity of the field sites used in this study, there was clearly high
variability in initial soil fertility across farms (Table 5.1), which likely contributed to the
large error associated with nutrient contents across cropping treatments and the different
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treatment responses from farm to farm (Table 5.4). These results indicate that individual
fertilizer requirements must not follow a blanket application rate, but must instead be
calculated based on initial soil nutrient status, soil texture, climatic conditions, and crops
grown, in order to maximize the efficiency of each individual cropping system (Gilbert,
2004; Vanlauwe & Giller, 2006). In Malawi, most smallholder farms range between less than
one hectare (Chikowo et al., 2014) and up to three hectares (Ngwira et al., 2012), and thus
depending on prior management histories, the differences in soil nutrient content over a
relatively small area can be large, depending on how the land was managed (Tittonell et al.,
2009).

Over the course of this study, the groundnut treatments depleted an average of 28 and 54 mg
N kg-1 yr-1 from the 0-15 cm and 15-30 cm soil depths, respectively. Assuming a bulk density
of 1.4 g cm-3 at a depth of 0-15 cm, this translates into a depletion of 59 and 113 kg N ha-1 yr-1
at each soil depth. This indicates that the national recommended N fertilizer application rate
of 92 kg N ha-1 yr-1 (Akinnifesi et al., 2006) is fairly appropriate for these cropping systems,
since N from the residue additions clearly were not enough to replenish annual N loss. In
contrast, the control maize treatment depleted soil N by only 23 and 33 kg N ha-1 yr-1 at the 015 and 15-30 cm depths, respectively. On the other hand, the fact that groundnut depleted
over twice the amount of N from the 15-30 cm soil layer compared to the 0-15 cm, shows
potential to promote complementarity of soil resources by rotating this species with more
shallow-rooted crops, which could then utilize some of the additional soil N remaining in the
topsoil following groundnut harvest (Brooker et al., 2015).

Similarly, all cropping systems depleted soil P by 10-30 mg P kg-1 yr-1, or 21-60 kg P ha-1 yr-1
assuming the same parameters as above. This range falls directly within the national
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recommended P fertilizer application rate of 40 kg P ha-1 yr-1 (Akinnifesi et al., 2006), and
shows further indication that residue- and soil-derived P is not enough to both sustain crop
growth and promote soil fertility improvements in this region, despite legume-diversification.
However, in the groundnut treatments, an average of 21 mg P kg-1, or 44 kg P ha-1 yr-1 of this
total P loss was in organic form, emphasizing the importance of this pool in the overall
nutrition of the groundnut plants, as well as the importance of continuing to incorporate
organic matter into the soil each year and not relying on increased P fertilizer applications
alone. Similarly, although both maize and pigeon pea did not deplete the organic P pool as
much as groundnut, organic matter still needs to be applied to the fields periodically to
replenish this pool and prevent further nutrient depletion in this area.

5.5.3 Challenges associated with on-farm trials

During the course of this four-year study, only half of the farmers participated throughout its
entirety. While not surprising, it is one of the reasons why longer-term studies on farmermanaged fields are difficult to maintain and thus a realistic assessment of the effect of
treatments is often lacking. Similarly, it also accounts for the notoriously different results in
trials from research stations compared to farmer-led trials (Mafongoya et al., 2007). Other
studies of legume-diversified maize cropping systems have shown that differences in soil
nutrient status, crop yields and adoption rates of specific legumes are based primarily on
farmer wealth, and less on the actual treatments under study (Tittonell et al., 2009; Chikowo
et al., 2014; Kamanga et al., 2014). For example, poor farmers generally use their most fertile
plots for continuous maize production, while plots devoted to research purposes, such as
testing legume-diversified maize systems, are often extremely infertile (Mafongoya et al.,
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2007). Not only does this render the results highly variable, but often unfavorable as well,
thus negatively influencing farmer opinion on the treatments under study.

5.6 Conclusions

The high heterogeneity of soils in this study made differences in nutrient accumulation
between treatments difficult to discern. However, none of the legume-diversified maize
cropping systems were able to significantly increase soil nutrients within the timescale of this
study. In all cropping systems the total soil C was unchanged, while the total N and P content
was depleted despite the addition of 24 kg N ha-1 yr-1 as mineral fertilizer. It is thus clear that
in northern Malawi, the use of legume-diversified maize cropping systems must also include
the use of N and P fertilizers in order to reduce soil nutrient depletion. Furthermore, contrary
to our hypothesis that the legume-diversified cropping systems would increase soil fertility
compared to sole maize, the biggest differences were instead found between the pigeon pea
and groundnut treatments. The groundnut treatments depleted significantly more total N and
organic P compared to continuous monocropped maize, while the pigeon pea treatments did
not.
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6.1 Overview

The main goal of this thesis was to understand the link between soil aggregation and P
cycling, and how legume-diversified maize cropping systems can influence these complex
soil-plant dynamics in soils of Malawi. In this general overview, the main findings from each
chapter will be discussed in relation to methodological considerations for studying P cycling
in soil aggregates in tropical soils, the effect of plant species on soil aggregation, and the
effect of soil aggregation on P pools. In addition, recommendations for farmers in Malawi
will be discussed, as well as ideas for future research efforts to fill the main knowledge gaps
in this field of study.

6.2 The effect of soil mineralogy on methodological considerations

This body of work has informed several new insights into the complex dynamics of P cycling
in soil aggregates. Perhaps most significantly, it showed that traditional soil methodologies
must be thoughtfully considered, as they may not be appropriate in all situations and may in
fact be limiting our understanding of these cycles (Garland et al., 2016a). Traditional soil
fractionation techniques were developed on temperate soils, which consist predominantly of
2:1 clays (Tisdall & Oades, 1982). In contrast, tropical soils are typically dominated by 1:1
clays (Brady & Weil, 1996), and often contain iron concretions, which differ greatly from the
surrounding soil (Cornell & Schwertmann, 2003). In the second chapter of this thesis, several
biochemical characteristics were compared between iron concretions and bulk soil within the
Linthipe study site (Figure 1.2) in order to understand how these widespread soil compounds
can influence soil P dynamics. Overall, these iron concretions were found to have a much
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larger total P content than bulk soil (1136 ± 28 mg P kg-1 compared to 883 ±19 mg P kg-1),
and a much stronger P sorption capacity (P sorption index of 638 ±1.3 compared to 311 ±7).
The total N concentrations of the two fractions are almost identical (1.3 and 1.4 g N kg-1 in
the bulk soil and iron concretions, respectively), yet the total C of the iron concretions was
significantly lower than the bulk soil (10.4 and 24.1 g C kg-1, respectively).

The distinct differences in biochemical properties between iron concretions and the bulk soil
warrant a careful deliberation of the most appropriate soil fractionation procedure to employ
in these soils. Traditional fractionation methodologies tend to discard large iron concretions
entirely, similar to rocks and gravel (Tiessen et al., 1991), thereby preventing an accurate
quantification of soil nutrients in these systems. On the other hand, including these large iron
concretions into calculations of soil aggregation may overestimate the degree of aggregation
as well as the total P content of these aggregates, since these iron concretions are not
biologically bound to soil particles and are therefore not considered aggregates (Cornell &
Schwertmann, 2003). What is more, because they contain C, N and P, they cannot be
corrected for from the calculation similarly to a sand correction, making the analysis
particularly difficult.

In order to overcome these pressing issues, a novel fractionation method was developed that
removes large iron concretions (>2000 µm) from the soil without significantly impacting
smaller soil aggregates (Garland et al., 2016a). Additionally, because this method uses fieldmoist soil, it allows the measurement of microbial biomass within aggregate fractions, which
is a key player in soil phosphorus dynamics, especially organic P turnover (Oberson et al.,
2011). This method is important because it more accurately measures C, N and P dynamics
within soil aggregate fractions, but also takes into account the nutrient content and the
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biochemical characteristics of the iron concretions which clearly need to be considered in
order to get a deeper understanding of nutrient dynamics within the whole soil. By adapting
the traditional soil fractionation protocol to one more suited to tropical soils rich in iron
concretions, future research can more accurately assess the impact of different cropping
systems on soil aggregation and P dynamics over a wider range of ecosystems.

Another issue impeding studies on soil P dynamics in soil aggregates is the difference in P
recovery within soil aggregates and in the bulk soil. In most studies of C and N, recoveries
are close to 100% between the aggregate fractions and the bulk soil. However, in this thesis it
was apparent that P did not behave in the same manner. For example, in chapter three,
recovery of available P in the free aggregate fractions was 1155% of the bulk soil (Appendix
Table 3.2). A similar finding was reported by Sinaj et al. (1997), which they attributed to
increased exposed surface area of the soil fractions, thus allowing greater extraction of
weakly adsorbed P. However, this did not happen in a similar study on Oxisols and Ultisols
in pastures of Colombia (Nesper et al., 2015), highlighting an important point that not all
tropical soils behave in a similar manner, even those with the same soil classification. For
example, unlike the Lixisols analyzed in this thesis, some Lixisols have a very limited
sorption capacity (Frossard et al., 1993; Compaoré et al., 2003), while in other soils the
sorption strength can be quite weak. Because of these often large inherent differences in soil
properties, it is especially important to choose analytical protocols that are appropriate for
each individual soil type.

Quantification of organic P pools in soil aggregates, on the other hand, present their own
unique challenges. Recovery of organic P of the occluded fractions within the
macroaggregates was only 73% (Chapter 4). Because there was no organic P detected in the
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occluded cPOM (>250 µm), it is possible that organic P held in this fraction could have been
leached during the fractionation process. However, we tested the discarded water several
times during the fractionation process and found that in all cases it was P-free. Further
research is needed to solve this issue, as we are still unsure of the reason why organic P
recovery was so low within the occluded macroaggregate fractions.

An additional challenge to the measurement of organic P pools is the relatively low
percentage of this pool in highly weathered tropical soils using traditional quantification
methods. In the combined studies of this thesis, less than 20% of total P was in the organic
pool, as measured using the traditional NaOH-EDTA extraction method. Furthermore, only
31-53% of the total P was extracted in the NaOH-EDTA extraction, meaning that the
majority of P was in the residual P pool that may include organic P, oxide P, and other forms
as well (Walker & Syers, 1976). This seriously limits our understanding of the residual P
pool, as well as potential organic P held within this pool. However, this is similar to results
from Nesper et al. (2015), and fits within the range of 16 to 65% of total soil P for highly
weathered soils compiled by Nziguheba & Bünemann (2005).

Although this is indeed a challenge of trying to understand soil P dynamics in tropical
systems, the effect of this shortcoming of organic P quantification in terms of understanding
the effect of organic P on crop nutrition is less clear. While there should indeed be an effort
to more accurately measure and characterize soil organic P pools (Jarosch et al., 2015), the
incomplete characterization of soil organic P pools should not negate the overall utility of
these studies. From an agricultural perspective, it is likely that the organic P pools found in
extremely residual fractions are not usable by the plants over the course of a growing season
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(Beegle, 2005), and therefore the main pools controlling P forms and availability in these
tropical agricultural systems are most likely adequately characterized.

6.3 Effect of plant species on soil aggregation

Most studies on soil aggregation have assessed the impact of different land-use practices or
tillage practices on soil aggregation (Six et al., 1998; Fonte et al., 2014). Very few studies
have compared soil aggregation between plant species under a single soil type and
management regime, and those that do typically do not see differences. For example, Sainju
et al. (2003) measured no differences in soil aggregation between rhizome peanut (Arachis
glabrata) and perennial weeds dominated by henbit (Lamium amplexicaule) and evening
primrose (Oenothera laciniata) in a thermic Typic Kandiudults soil in the United States. The
comparison between maize-pigeon pea intercropping systems and sole maize was thus one of
the first studies to show significantly increased soil aggregation between plant species grown
under the same environmental conditions and timeline (Garland et al., 2016b). Yet this
difference was not unexpected, as we hypothesized that higher microbial biomass as well as
both plant- and microbial-derived C-rich exudates in the intercropping system would lead to
increased soil aggregation (Bronick & Lal, 2005). The degree of aggregation, however, was
greater than expected, with the intercropping system increasing the percentage of macro- and
microaggregates by 52 and 111%, respectively (Garland et al., 2016b).

There are several possible reasons for the differences in soil aggregation between maize and
pigeon pea. For example, differences in root system structure of the maize and pigeon pea
plants may play an important role, since it is well-accepted that roots initiate aggregate
formation (Oades & Waters, 1991). As such, differences in root morphology could be
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significant, as previous studies have shown that the size and distribution of roots, including
fine and very fine roots, as well as external hyphae greatly influence the degree of soil
aggregation (Jastrow et al. 1998). In Chapter 3, it was shown that pigeon pea had more root
mass than the maize, and although root distribution was not measured in this study, pigeon
pea plants are generally known to have a deep taproot system (Odeny, 2007; Makumba et al.,
2009), while maize plants are more evenly distributed throughout the topsoil (Hochholdinger,
2009). Further research into the exact differences in root morphology between pigeon pea
and maize is therefore strongly recommended.

Additionally, it is well known that SOM is an essential binding agent in the development of
soil structure, and that these compounds can include root exudates and fine root turnover in
the rhizosphere (Degens, 1997). Pigeon pea is known to release a large variety and amount of
these C-rich exudates including piscidic acid, citric acid, succinate, malate, and other related
compounds as mechanisms for soil nutrient mining and uptake (Ae et al. 1990, 1993). These
exudates may not only help to bind soil into aggregates themselves, but more likely support
microbial population growth and increased nutrient cycling activities (Ranjard & Richaume,
2001). However, there is also evidence that certain maize cultivars can also release
substantial C-rich mucilages (Traore et al., 2000), acid phosphatases and organic acids under
P-limited conditions (Gaume et al., 2001). Because the maize cultivar used in this study is
adapted to the low P-available soils of Malawi, it is possible that these plants were able to
release root exudates similar to those of pigeon pea, and thus root exudates alone may not be
the sole source of this difference in soil aggregation.

Another possible explanation for this difference could be due to differences in organic
compounds held in the maize and pigeon pea tissues (Chapin, 1980; Noack et al., 2012).
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These initial differences in plant tissue material will influence the degree of mineralization in
the soil as the roots, root hairs, stems, and leaves decompose within the soil over time (Six et
al., 2000a). Therefore, depending on which enzymes are active in the soil, some soil organic
P compounds will be harder to mineralize than others (Frossard et al., 1995; Nziguheba &
Bünemann, 2005).

Yet despite these results, it remains to be seen if such a strong species effect as that found in
this greenhouse trial is still present following tillage and other typical crop management
practices in the field. Although soil aggregation was not measured in the Ekwendeni site
(Chapter 5), it is currently being measured in the Linthipe site (Figure 1.2) and thus further
insights into differences in soil aggregation between crop species over time will be discerned
shortly.

6.4 The effect of soil aggregation on P dynamics

Finally, although it has long been known why smaller soil aggregates and clay particles are
more enriched in P compared to larger aggregates (i.e. a function of differences in specific
surface area) (Sinaj et al., 1997; Linquist et al., 1997), this is the first work that has taken this
knowledge to the next level by putting forth a theory as to the how that has been so far absent
in the literature. Using the data from a comprehensive literature review along with results
from chapters three and four, this thesis presents a novel conceptual model of P cycling
within soil aggregate fractions. As soil aggregation increases, the rate of macroaggregate
turnover decreases, leading to reduced mineralization of organic residues and more storage of
this organic matter in the protected soil aggregates. It is expected that this reduction in
mineralization will lead to less P sorption to silt and clay particles over time, and will thus
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reduce the loss of plant-available P from cropping systems in tropical agricultural systems by
keeping P in a more dynamic form within the soil (Figure 6.1).

Figure 6.1 Conceptual diagram emphasizing the link between soil aggregation and rates of organic P
mineralization and sorption. As the percentage of soil aggregation increases, there is a proportional
decrease in macroaggregate turnover, which increases the stabilization of organic P pools within this soil
aggregate fraction. Consequently, as this organic P pool becomes more stable, there is a decrease in
mineralization and sorption to soil particles upon macroaggregate turnover, thus reducing P loss from the
plant-available pool.

In addition, this may have an especially significant impact on the organic P pool, which is an
increasingly important research topic (George et al., 2017). For example, the increase in soil
aggregation in the intercropped system led to a significant increase in storage of organic P in
the more stable and protected microaggregates compared to sole maize, similar to results
reported by Fonte et al. (2014) and Nesper et al. (2015). Using this model as a framework for
considering how changes in soil aggregation affect P forms and availability, it can be
suggested that significant improvements in aggregation and thus P storage can be attained by
relatively simple changes in the management of crop species rotations. Furthermore, by
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developing a new conceptual model of P cycling in soil aggregates (Figure 4.2), this finding
may change the way future researchers approach mechanistic studies of P cycling in the soilplant system, as the physical aspect of P accumulation, stabilization and turnover indeed play
an integral role in P forms and availability. This new idea has thus paved the way for future
studies to either support or oppose this idea, and to test it on a variety of soil types and landuse practices.

6.5 Recommendations for crop management in Malawi

Overall, the results of both the greenhouse and field trials indicate that intercropping maize
with pigeon pea can have a significant and positive impact on soil structure and P storage,
particularly organic P (Garland et al., 2016b), as well as slow soil nutrient depletion more
than other legume species commonly grown in the area, such as groundnut (Chapter 5).
While there was no significant difference in biomass production in the greenhouse trial, the
plant N content increased significantly in the intercropped maize compared to sole maize
(Garland et al., 2016b). Furthermore, pigeon pea intercropped with maize had a significantly
higher percentage of N derived from air (96%) compared to sole pigeon pea (89%),
indicating a positive effect of this system on N dynamics.

It is important to understand, however, that despite the ability of pigeon pea to increase total
and organic P storage in macro- and microaggregates compared to sole maize (Chapters 3
and 4), this cropping system, as well as all of the cropping systems explored in this thesis,
substantially depleted the soil of both N and P over the course of a growing season (Chapter
5). This is because, regardless of the positive effect this species may have on soil aggregation
and nutrient accumulation at the aggregate level, it is overshadowed by the far greater crop
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nutrient requirements. As such, it is clear that at the field scale, both N and P fertilizers must
be added, as legume-diversification of the maize cropping system is not enough to prevent
soil fertility depletion in these highly depleted farmers’ fields. This is similar to the findings
of Compaoré et al. (2003), who showed that natural fallows are not enough to maintain soil P
availability in cropping systems of Burkina Faso. It also highlights the need to test these
improved practices on farmers’ fields and over longer time periods in order to gain a more
realistic effect of these practices on soil fertility over a variety of soil types and climatic
conditions.

However, as shown in both the greenhouse trial and the field study, the degree of soil nutrient
depletion is substantially different between cropping systems. For example, the groundnut
treatments depleted the soil of N and P, especially organic P, more than pigeon pea, despite
the fact that they are both legumes and are typically believed to reduce soil N depletion due
to their ability to biologically fix atmospheric N (Peoples et al., 1995). These results support
the idea that individual fertilizer requirements must not follow a blanket application rate, but
must instead be calculated based on initial soil nutrient status, soil texture, climatic
conditions, and the particular crop species grown, in order to maximize the efficiency of each
individual cropping system (Gilbert, 2004; Vanlauwe & Giller, 2006).

Finally, when aiming to develop or improve sustainable agroecosystems, it is important to
keep in mind that there are other considerations to weigh besides simply the soil nutrient
content, including crop yield and other ecosystem services. The soil fertility of a particular
plot is not simply a result of environmental processes, but is often shaped by social, economic
and political factors as well (Ayuk, 2001). Out of necessity, poorer farmers put more energy
toward food and market crops, and are less likely to adopt and/or maintain legumes used only
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as green manures compared to wealthier farmers (Mhango et al., 2012). As such, legumes
that provide multiple beneficial services, such as high yield, high nutritional value, agreeable
taste and suitability to local cooking practices, use as cooking fuel or animal fodder, and high
market value, are more likely to be adopted overall (Mhango et al., 2012). For example, it has
been shown that diversifying cropping systems is directly linked with greater dietary
diversity in Malawi (Jones et al., 2014), which has a direct benefit on human nutrition and
child growth (Bezner-Kerr et al., 2010). Both groundnut and pigeon pea are appreciated by
farmers due to their nutritional benefit, especially for children (Bezner-Kerr et al., 2007;
Mhango et al., 2012), and thus these additional concerns must be taken into account when
deciding the overall benefit of these legume-diversified maize cropping systems in farming
systems of Malawi.

6.6 Outlook and future research needs

It is clear from this body of work that we are just beginning to understand the intricacies of P
cycling in soil aggregate fractions, and that further research is needed to elucidate the
complex mechanisms involved in these processes. In tropical agricultural systems where soil
P is often low and P-sorption capacity high, the biological turnover of soil organic P is
especially important for the replenishment of plant-available P, particularly for subsistence
farmers with less access to P fertilizers (Oberson et al. 2001; Nziguheba & Bünemann, 2005;
Oberson et al., 2011). Furthermore, it has been shown that the degree of soil aggregation has
a significant impact on these biological pools, including microbial biomass C and N (Degens,
1997). However, most work on microbial and organic P cycling is done in bulk soil, which
does not give any indication of the physical location of these processes. As such,
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understanding the factors controlling the biological turnover of soil P at the soil aggregate
level is an important component of the P cycle that needs further exploration.

For example, molecular tools such as next generation sequencing may be key to improving
our understanding of how soil aggregation influences microbial community structure and
activity, which can then inform controls on P dynamics at the ecosystem level (George et al.,
2017). This is because many different microbial and plant-derived enzymes such as
phosphatase and phytase can be stabilized by soil colloids, and thus activity will depend to
some degree on the specific surface area of the soil (Nannipieri et al., 2011). As soil
aggregation clearly influences the degree of soil surface area as well as P dynamics during
aggregate turnover (Garland et al., 2016b), it is likely that molecular community composition
is not only affected by soil type and plant species (Tkacz et al., 2015; Alegria-Terrazas et al.,
2016), but will also largely depend on soil aggregation. Similarly, the use of up-and-coming
techniques such as measuring 18O stable isotopes in soil P pools, may also be a useful tool for
understanding how microbial processes such as biological uptake and extracellular enzyme
synthesis influence P cycling at the soil aggregate level (Blake et al., 2005; Tamburini et al.,
2012), and is an approach that needs to be explored in more detail.

In addition to understanding the physical aspect of where organic P is stabilized and stored in
soil aggregates, it is equally important to understand how the chemical structure of different
organic P compounds influences these cycles. Most studies of soil organic P pools using
traditional chemical fractions (i.e. sequential fractionation using NaOH-EDTA extractions)
do not give a clear indication of usability of these fractions by plants, since different
extractants can remove identical organic P compounds (Condron & Newman, 2011), nor do
they indicate which organic P molecules the plants are actually mineralizing within the time
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frame of the study. For future studies I recommend the use of solution 31P nuclear magnetic
resonance spectroscopy (Cade-Menun, 2005) in order to quantify specific organic P chemical
compounds in each soil aggregate fraction as well as enzyme addition assays in order to gain
more information regarding the enzyme lability of organic compounds held in each aggregate
fraction (Jarosch et al., 2015). This detailed approach will give us further insight into how
different organic P compounds are stabilized and cycled through the soil and how this in turn
influences plant availability to growing crops.

The last component missing from most studies is time. It is well known that soil aggregate
turnover is dynamic and changes depending on several factors including crop type and its
associated management practices, soil fauna and microorganisms, soil type as well as
seasonal fluctuations and climatic conditions (Six et al., 2004). In addition, it is known how P
pools change during pedogenesis (Walker & Syers, 1976; Turner et al., 2007), yet much less
is known regarding how these changes influence organic P pools and plant P uptake over the
course of a growing season. Furthermore, in many modeling efforts, organic P is either not
included, or is considered a single functional pool of limited availability to plants (Yang et
al., 2013), which drastically limits our understanding of this diverse group of compounds as
well as soil and ecosystem development in general. Therefore, I recommend analyzing
organic P species within soil aggregate fractions at a variety of time points throughout crop
growth in order to better understand the P turnover processes responsible for P availability
for plants during the growing season. This information can then be used to better inform field
management practices, as well as improve biogeochemical models aiming to predict P
dynamics in the coming decades.
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Table 3.1 Description of nutrient solution added to greenhouse pots modified from Hoagland and Arnon (1950). The
element added is the total amount added over course of the trial, which was split into four applications during the growing
season.

Nutrient
K
N
Ca
P
Mg
Zn
Mo
Fe
B
Mn
Cu

Amount of element added (mg/kg
soil)
200.00
7.14
65.00
0.95
48.00
1.00
0.10
1.00
1.00
2.00
2.00
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Salt Composition
KCl
(NH4)2SO4
CaCl2*2H2O
Ca(H2PO4)2*H2O
MgSO4*7H2O
ZnSO4*7H2O
Na2MoO4*2H2O
Fe-Chelate 13% C10H12N2FeNaO8
H3BO3
MnSO4*H2O
CuSO4*5H2O

Appendix
Table 3.2 Recovery for all C, N, and P pools from the soil aggregate fractions relative to bulk soil measurements. Values
presented are the average (n=3) with standard deviation in parentheses.
Nutrient

Unit

Plant

Total C

g C kg-1

M

mg N kg1

mg P kg-1

13.3 (2.3)
16.5 (0.9)
15.7 (2.1)
16.6 (0.8)

4.3 (0.5)
6.3 (0.5)
6.2 (1.0)
7.1 (0.4)

13.1 (2.1)
7.1 (0.1)
8.0 (2.8)
6.5 (0.2)

30.7 (0.6)
29.9 (1.2)
29.9 (0.4)
30.3 (1.4)

29.1 (0.6)
28.9 (1.3)
28.5 (1.0)
28.9 (0.9)

106 (3)
104 (2)
105 (4)
105 (2)
105 (1)

554 (116)

218 (32)

809 (139)

1581 (45)

1734 (18)

91 (2)

Mesh
Solid
Mesh
None

690 (125)
853 (90)
816 (111)
838 (85)

209 (15)
338 (25)
304 (53)
350 (9)

696 (123)
379 (19)
439 (166)
350 (20)

1594 (22)
1570 (129)
1558 (4)
1538 (99)

1721 (73)
1686 (96)
1673 (94)
1711 (27)

Solid
Mesh
Solid
Mesh
None

256 (33)
320 (24)
392 (19)
377 (27)
384 (23)

72 (10)
71 (14)
121 (11)
112 (18)
135 (5)

365 (52)
299 (58)
161 (4)
179 (68)
133 (15)

693 (32)
690 (35)
673 (27)
668 (29)
653 (25)

767 (67)
749 (45)
681 (45)
724 (16)
727 (10)

M+PP

Solid
Mesh
Solid
Mesh
None

0.8 (0.4)
1.1 (0.2)
1.3 (0.2)
1.3 (0.2)
1.4 (0.3)

0.3 (0.0)
0.3 (0.1)
0.4 (0.1)
0.4 (0.1)
0.5 (0.1)

3.9 (0.9)
3.3 (0.6)
2.3 (0.2)
2.2 (0.4)
2.3 (0.3)

5.0 (1.3)
4.6 (0.7)
4.0 (0.4)
4.0 (0.2)
4.2 (0.6)

0.5 (0.1)
0.6 (0.2)
0.3 (0.1)
0.4 (0.1)
0.3 (0.1)

93 (3)
93 (7)
93 (5)
90 (5)
92 (1)
91 (9)
92 (2)
99 (11)
92 (4)
90 (4)
93 (4)
1167 (518)
827 (399)
1282 (344)
1162 (288)
1335 (320)
1155 (198)

M

Solid

1.1 (0.4)

0.3 (0.1)

0.1 (0.1)

1.5 (0.4)

1.8 (0.5)

95 (53)

Mesh
Solid
Mesh
None

1.7 (0.6)
1.9 (0.3)
1.5 (0.9)
2.1 (0.7)

0.4 (0.2)
0.6 (0.0)
0.7 (0.3)
0.8 (0.2)

0.6 (0.5)
0.3 (0.3)
0.3 (0.3)
0.3 (0.5)

2.6 (1.3)
2.9 (0.5)
2.5 (1.1)
3.1 (0.2)

2.4 (0.3)
3.3 (1.1)
2.3 (0.8)
2.8 (0.5)

Solid
Mesh
Solid
Mesh
None

33 (6)
38 (13)
55 (4)
53 (9)
53 (1)

6 (1)
10 (4)
20 (2)
19 (6)
24 (2)

60 (5)
51 (10)
25 (1)
29 (11)
24 (1)

99 (5)
99 (5)
99 (7)
102 (6)
100 (3)

90 (2)
92 (5)
82 (2)
82 (3)
82 (4)

Solid
Mesh
Solid
Mesh
None

73 (13)
87 (13)
106 (15)
94 (12)
98 (1)

16 (1)
17 (2)
25 (2)
24 (4)
28 (2)

61 (9)
51 (7)
29 (1)
32 (12)
27 (2)

150 (3)
155 (9)
160 (17)
150 (5)
153 (3)

149 (6)
141 (13)
138 (15)
148 (11)
142 (7)

Solid
Mesh
Solid
Mesh
None

8.0 (1.6)
9.5 (1.9)
11.5 (1.3)
10.1 (1.6)
10.2 (1.7)

6.1 (0.7)
5.3 (0.5)
5.2 (0.7)
5.0 (0.4)
5.8 (0.8)

4.0 (0.7)
3.8 (1.1)
2.1 (0.1)
2.7 (0.9)
1.8 (0.3)

18.2 (1.5)
18.6 (0.6)
18.8 (1.6)
17.8 (0.4)
17.9 (2.2)

20.2 (3.1)
20.7 (2.8)
19.1 (1.7)
22.3 (2.1)
18.5 (1.3)

107 (40)
94 (32)
107 (30)
116 (21)
104 (9)
110 (8)
107 (11)
121 (12)
124 (8)
123 (7)
117 (8)
101 (6)
110 (10)
117 (20)
102 (10)
108 (7)
108 (7)
92 (16)
91 (9)
99 (10)
80 (7)
97 (11)
92 (7)

M+PP

Mesh
Solid
Mesh
None

M

Solid

M

M

PP
M+PP
Overall
Organic P

mg P kg-1

M
PP
M+PP

Overall
Oxide-P

mg P kg-1

M
PP
M+PP

Overall
Ca-P

mg P kg-1

%
Recovery
106 (2)

PP
Overall
Microbial
P

Bulk
29.1 (0.9)

M+PP
mg P kg-1

Aggregate Total
30.8 (0.8)

PP
Overall
Available P

S+C
15.4 (2.3)

M+PP
mg P kg-1

Micro
4.4 (0.7)

PP
Overall
Total P

Solid

Macro
10.9 (2.2)

PP
Overall
Total N

Treatment

M
PP
M+PP

Overall
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