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ARTICLE INFO ABSTRACT

Keywords:

Sub-Saharan Africa

Soil degradation is a major underlying cause of poverty and malnutrition in smallholder agrarian communities
across the globe. Legume diversification, through polyculture or intercropping, is a strategy that increases yields
and income while improving family nutrition. However, the potential for these legume-cereal intercrops to

Belowground ecosystem services
Perennial legumes

;Ti;ﬁ;z%f;ﬂi restore soil functions in smallholder fields remains uncertain, with many studies failing to detect increases in soil
Push-pull organic matter (SOM). In sub-Saharan Africa, smallholders typically grow maize either intercropped with short-

lived annual food legumes or as a monoculture. Recently, a novel maize system which includes perennial le-
gumes in the genus Desmodium as intercrops, known as “push-pull” (hereafter, PP) has been increasingly adopted
by smallholders across the region. The yield, nutritional and economic benefits of the PP system are well-
documented. We investigated the effects of PP maize intercropping on soil fertility compared to the predomi-
nant maize culture systems (hereafter, NPP) using soils from long-term experiments and smallholder fields in
western Kenya. Maize-desmodium intercrops promoted SOM accrual and increased plant available phosphorus.
In the long-term research station experiments soil organic N was 20% greater and labile organic N reserves were
five-fold greater in PP compared to NPP soils. Despite equal P fertilizer application rates, extractable soil P was
two-fold greater in PP compared to NPP soils. Soils under maize-food legume intercrops did not show any
detectable accrual of SOM compared to maize monocultures. Soil benefits in smallholder PP fields tended to
mirror those found in the controlled experiments. Taken together, our results demonstrate that the perennial
legumes in PP system restore soil function and fertility. Developing additional well-designed intercropping
systems that include perennial legumes could play a significant role in reversing the trajectory of soil degradation

Soil organic matter
Particulate organic matter
Smallholder farming systems

in smallholder farming systems while enhancing human well-being.

1. Introduction

Forty percent of the world’s population lives in rural communities
that rely on smallholder subsistence agriculture as their primary food
source (Poole, 2017). Improving yields and sustainability in smallholder
agriculture remains an elusive goal and the majority of these commu-
nities are chronically food insecure (Kates and Dasgupta, 2007; van
Ittersum et al., 2016). Sub-Saharan Africa (SSA), where smallholders
produce 80% of the food, is a case in point. Despite decades of efforts to
improve food production in smallholder farms, yield gaps continue to
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plague the region. Average maize yields in SSA during 2003-2012
ranged from 1.2 to 2.2 t/ha, far below regional yield potentials and in
some countries, average yields continue to trend downward (van Itter-
sum et al., 2016). Improving crop production while reversing environ-
mental degradation and restoring ecosystem services continues to be the
focus of poverty alleviation efforts in SSA (Khan et al., 2014; Droppel-
mann et al., 2017).

While a number of obstacles account for the persistence of poor
yields, one of the major underlying causes is soil degradation (Romney
et al., 2003). Soil degradation is widespread in SSA and 40% percent of
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soils in the region exhibit nutrient depletion (Tittonell and Giller, 2013;
Tully et al., 2015; Barbier and Hochard, 2018). Moreover, smallholder
subsistence farmers frequently respond to the reduced crop yields
resulting from poor soil by intensifying their farming systems in ways
that accelerate soil erosion and deplete soil organic matter and nutri-
ents, creating a vicious cycle that perpetuates food insecurity and
poverty (Lal, 2009; Vanek and Drinkwater, 2013; Barbier and Hochard,
2018). The consequences of these declines in soil fertility and function
have become even more severe as the changes in precipitation patterns
driven by climate change have increased the frequency and severity of
droughts in the region (Miiller et al., 2011). Efforts to close yield gaps
using high yielding varieties and fertilizer subsidies have met with
limited success due to economic, social and environmental constraints
(Barbier and Hochard, 2018). Clearly, there is a need for innovative
approaches that can reverse the unsustainable trajectory of soil degra-
dation and poverty endemic to SSA and are compatible with smallholder
farming systems.

One approach that has been gaining traction is the use of diverse
polycultures to support yields and restore a range of ecosystem functions
(Snapp et al., 2010; Tittonell and Giller, 2013). Intercropping is a
diversification strategy where farmers grow two or more crops simul-
taneously in the same field as a mixture. Resource-limited farmers in
developing countries commonly use intercropping because it can in-
crease yields and economic profitability, reduce risk, and provide other
agronomic benefits (Malezieux et al., 2009; Martin-Guay et al., 2018).
Cereal-legume intercrops are the most widely used mixtures, in part
because of the importance of these crops as staples and also because
legumes can produce protein-rich grain even in impoverished soils
(Snapp et al.,, 2010). In SSA, smallholder farmers commonly plant
annual food grain legumes such as common bean or chickpea between
rows of maize and other staple crops (Ojiem et al., 2007; Snapp et al.,
2010; Nyawade et al., 2019b). Compared to monocultures,
legume-cereal grain intercrops produce greater yields more often than
not across a variety of environments and crop species (Bedoussac et al.,
2015; Yu et al., 2016).

An extensive literature documents the influence of plant species di-
versity on the ecological processes that contribute to overyielding in
legume-cereal intercrops (Brooker et al., 2015a; Martin-Guay et al.,
2018). Plant-plant interactions, including complementarity, resource
partitioning and facilitation are well studied, and these mechanisms
enable greater nutrient acquisition and improve fertilizer and water use
efficiency (Iverson et al., 2014; Brooker et al., 2015b; Duchene et al.,
2017). Species mixtures can also provide other ecosystem services
including weed suppression (Silberg et al., 2019), control of pathogens
(Boudreau, 2013) and reductions in arthropod pests (Iverson et al.,
2014). The effects of intercropping on soil processes have received less
attention and the findings are inconsistent. Most studies do not detect
any differences in soil fertility or soil organic matter (hereafter SOM)
between intercrops and monocultures (Snapp et al., 2010; Wang et al.,
2015) while others report benefits such as moderate increases in labile
SOM and reduced erosion (Beedy et al., 2010; Nyawade et al., 2019a,
2019b).

The innovative push-pull (PP) intercropping system developed in
western Kenya is a legume-cereal intercropping system that is currently
being implemented in SSA (Khan et al., 2014). This novel system uses
plant biodiversity to solve the complex, interrelated problems that limit
maize yields in the region (Khan et al., 2008b, 2010, 2011, 2014). In
addition to planting food legumes as intercrops with maize, PP inter-
cropping adds the perennial legume, Desmodium spp. (commonly
referred to as desmodium) between maize rows and fields are sur-
rounded by perennial grass borders. In western Kenya, maize yields
under PP intercropping increase two- to three-fold compared to yields
under the typical farmer practices of maize-food legume intercrops or
maize monocultures (Khan et al., 2008b, 2014; Midega et al., 2015).
Moreover, PP intercropping enables small-scale farmers to venture into
dairy cattle and goat keeping, as both desmodium and the species used
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as grass borders are excellent fodder crops (Khan et al., 2008c). Because
of these striking improvements, adoption by farmers has grown
tremendously to more than 150,000 farmers in Kenya, Uganda,
Tanzania, and Ethiopia (Murage et al., 2012, 2015a; Khan et al., 2014).

The extensive research on the PP intercropping system has focused
almost exclusively on pest control, yields, nutritional and economic
outcomes, and the chemical ecology governing interactions among or-
ganisms. The goal of our research was to investigate the effects of des-
modium in push-pull intercropping systems on SOM and soil fertility
compared to the typical farmer practice of either maize monoculture or
maize-food legume intercropping. To that end, we designate the
monocultures and maize-food legume intercrops common to the region
as non-push-pull (NPP) cropping systems and broadly compare these
systems to PP intercropping. In addition, we compare the effects of
maize monocultures and five distinct maize-food legume intercrops to a
maize-desmodium intercrop. We characterized soil organic matter
pools, including labile soil OM pools that provide essential ecosystem
services and are sensitive to management as well as macro and micro-
nutrient contents, pH and CEC. We conducted these measurements in
three long-term, replicated research station experiments comparing PP
and NPP treatments under well-documented management regimes. We
also conducted on-farm research to assess the impact of PP intercropping
in working farms where practices are more variable.

We hypothesized that inclusion of desmodium in PP systems would
increase SOM accrual and soil fertility compared to NPP cropping sys-
tems. Specifically, we hypothesized that SOM and soil N would reflect
the continuum of legume intensity being greatest in PP, intermediate in
annual legume-maize intercrops and lowest in maize monocultures. We
reasoned that the continuous presence of desmodium in PP would in-
crease the legume-derived inputs of litter, root exudates and symbiotic N
fixation compared to short-lived annual food legumes. In addition, we
were interested in comparing belowground benefits on working farms,
where farmers face real world constraints and harvesting pressure can
be more intensive, to the benefits obtained under the favorable man-
agement conditions of the research station. Based on the literature
comparing on-farm outcomes to those from research facilities, we ex-
pected the effects of PP to be highly variable in smallholder fields. While
yield improvements in smallholder PP systems are consistently ach-
ieved, we wanted to determine whether soil benefits could be realized
under the more varied management regimes of farmers.

2. Methods
2.1. Overview of push-pull intercropping systems

The PP intercropping system involves intercropping cereals such as
maize and sorghum with a perennial legume, usually Desmodium sp.,
which repels insect pests (push) while simultaneously planting a trap
crop that draws pests to the field boarder (pull). Specifically, Napier
grass (Pennisetum purpureum) or brachiaria grass (Brachiaria sp., cv
mulato II) is planted as a border crop around the maize-desmodium
intercropped field. Volatiles released by desmodium repel stemborer
moths (e.g. Chilo partellus) from maize crop and at the same time, these
insects are attracted to the trap crop border, preventing damage on the
cereal crop (Midega et al., 2010; Khan et al., 2014). In addition, this
diversified plant community modifies arthropod community composi-
tion and trophic interactions, attracting natural enemies and vastly
reducing herbivore pressure on maize (Khan et al., 2000; Midega et al.,
2009). By a stroke of luck, desmodium also controls striga (Striga her-
monthica), a parasitic weed endemic to the region that can reduce maize
yields by as much as 80% (Khan et al., 2000, 2002). Desmodium root
exudates induce abortive germination of Striga (Khan et al., 2000;
Hamilton et al., 2012). This suicidal germination eventually leads to the
elimination of striga from infested fields. Furthermore, desmodium also
boosts maize yields by supplying N to the maize since it can grow
vigorously and fix N, even as an understory plant (Kifuko-Koech et al.,
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2012).
2.2. Experimental sites

The three long-term experiments were located in the western region
of Kenya at the International Center for Insect Physiology and Ecology
(icipe) research station, Thomas Odhiambo Campus, Mbita Point
(Fig. S1). The smallholder fields we sampled were located nearby in the
Vihiga and Kisumu districts 60-70 km northeast of the research station.
This region has a tropical climate and a bimodal precipitation pattern
with “long rains” March through July and “short rains” September to
November. Annual rainfall is highly variable but, in general, Mbita Point
has a drier climate with an average annual rainfall of 1100 mm
compared to Vihiga where the average annual rainfall is 1388 mm.
There is also a small difference in the elevation; Mbita Point is at a
slightly lower elevation, (1140 m) compared to the farm sites
(1430-1470 m).

2.2.1. Long-term experiments at the icipe research station

The three research station experiments were initiated during
1998-2003 and all included PP and NPP maize cropping system treat-
ments. The experiments at the Thomas Odhiambo research station
(0°25°57.31"S, 34°12°24.49"E) provided sites where detailed informa-
tion about management history and yields were available. Soils on the
research station are poorly drained clays, predominantly Chromic ver-
tisols/Typic chromusterts, also known as “black cotton soils” (Ahn and
Gieger, 1987). While some management details vary across the three
experiments, all management practices, including tillage, hand weeding,
maize variety, planting date, irrigation and fertility management are
identical between the PP and NPP treatments in each experiment and the
three experiments are in very close proximity to one another (Fig. S2).
Here we provide brief descriptions of each experiment; however,
detailed design and management information is available (Khan et al.,
2002, Khan et al., 2007).

1) Push-pull and maize monoculture fields established in 1998 (here-
after PP-1998): The experiment consists of two adjacent fields, each
approximately 30 x 30 m, designed to simulate field size and typical
management regimes used in smallholder fields. The NPP field is a
continuous maize monoculture while in the PP field the continuous
maize is intercropped with silverleaf desmodium (Desmodium unci-
natum) and surrounded by a Napier grass (Pennisetum purpureum)
border. From 1998-2004 maize crops in both fields received di-
ammonium phosphate (DAP, 60 kg hal) and calcium ammonium
nitrate (CAN, 30 kg ha') giving application rates of 19 kg N ha! and
12 kg P ha'l. Since 2005, both fields have received farmyard manure
at 3.7 m°/ha for each maize crop and chemical fertilizers have been
discontinued. Preliminary assessment indicated that soils in these
fields are homogeneous without any apparent variation in topog-
raphy or drainage, so we divided the two 30 x 30 m unreplicated
fields into four 15 x 15 m sections for sampling (Fig. S2).

2) Mechanisms of striga suppression experiment established in 1999
(hereafter Str-1999): A randomized, complete block design with 6 x
6 m plots, three replications comparing continuous maize mono-
cultures (NPP) to maize monocultures mulched with maize stover
(NPP+mulch) and maize intercropped with Desmodium uncinatum
(Khan et al., 2002; Midega et al., 2013). All three cropping systems
have + /- N treatments: The +N plots receive 120 kg N/ha applied to
each maize crop as CAN. In addition, all plots received phosphorus,
in the form of DAP (60 kg/ha) for total application rates of 12 kg P
ha! and either 27 kg N ha or 147 kg N ha in the -N and +N
treatments, respectively. Maize yields in these plots have historically
been more than three-fold greater in the PP compared to the NPP
treatments (Midega et al., 2013; Table S1).

3) Food legume striga suppression experiment established in 2003
(hereafter F-Leg-2003): A randomized, complete block design with 6
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x 6 m plots and four replications comparing maize monocultures to
six different maize-legume intercrops that are harvested as a forage,
leafy green vegetable or dry beans (Midega et al., 2014). The six
species of legumes are as follows: Greenleaf desmodium [forage,
Desmodium intortum (Mill.) Urb.] crotalaria (Crotalaria ochroleuca G.
Don, leaves used as a vegetable), and four grain legumes: cowpea
[Vigna unguiculata (L.) Walp. (Var.ICV2)], greengram [Vigna radiata
(L.) Wilczek] (Var. Local), groundnut (Arachis hypogaea L.) (Var.
Homabay), and common beans (Phaseolus vulgaris L.) (Var. Local
‘Nyayo’). All treatments were fertilized at maize planting with CAN
(60 kg ha'!) and DAP (60 kg ha™!) at application rates of 27 kg N ha™!
and 12 kg P hal. At harvest, beans, maize and bean stover, and
desmodium shoots were removed from the plots. Average historic
grain yields have been about two-fold greater in the PP plots
compared to the NPP treatments (Midega et al., 2014; Table S1).

2.2.2. Smallholder fields

Non-push-pull cropping systems are the dominant system for maize
production in western Kenya and consist of either continuous maize
monocultures or maize-food legume intercrops. The push-pull systems
we sampled consisted of maize-desmodium intercrops-with and without
intercropped food legumes. Borders of either Napier grass or Brachiaria
sp. usually surround PP fields. Because the PP intercropped systems are
less common than NPP maize, we started by identifying potential PP
fields to serve as research sites.

To identify research sites, we first selected PP farmers who had
previously cooperated with icipe research and extension projects and
conducted interviews with 52 farmers in seven villages. PP farmers tend
to be clustered in villages where one innovative farmer began working
with icipe and then influenced other farmers in the village to adopt PP
intercropping (Murage et al., 2011, 2012, 2015a, 2015b). To identify a
subset of farms for sampling, we first selected a village where our in-
terviews showed that the majority of PP fields had been under typical PP
management for more than ten years. We found two groupings of PP
farms that met these criteria. We then determined whether there were
NPP fields in close proximity on the same soil and landscape position
using conventional management practices typical for the region (Khan
et al., 2008a, 2008b). Only one of these two groupings had NPP fields
that were in close proximity with soils/landscape positions similar to the
PP fields.

We selected nine smallholder farms in the villages of Ebukanga and
Lela, all located within 14 km of 0° 5° 41.51" N, 34°35 *31.03" E and
have fields that had been under typical PP intercropping for 9-14 years.
Several PP farmers also had adjacent fields that were under NPP man-
agement so in these cases, we sampled pairs of PP-NPP fields managed
by the same farmer. When PP farmers did not have a NPP field located
on the same soil type and landscape position as their PP fields, we
identified adjacent NPP fields farmed by neighbors to include in the
study. There were two instances where NPP farmers had large fields that
were adjacent to multiple PP fields, so we subdivided the larger fields in
order to compare areas under PP and NPP management on the same soils
with similar landscape positions (Fig. S3). We collected management
information and soil samples from 18 fields within these farms. We used
semi-structured interviews to collect overall management history and to
construct a detailed chart of fertilizer and manure additions with
farmers using either written records or memory of inputs purchased for
at least three growing seasons. Before sampling, we recorded which crop
species were growing in the field, measured the area of each field
including the grass borders of PP fields, and divided the area under
maize into three sub-plots (blocks) to collect replicated composite
samples (Fig. S3).

The PP and NPP fields we sampled had considerable overlap in some
management practices. All but three of the 18 fields we sampled
included common bean (Phaseolus vulgaris L.) as an intercrop with
maize. Push-pull farmers intercropped maize fields with either
D. uncinatum or D. intortum (7 and 4 fields, respectively) and all but two
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of the PP fields had common bean planted within the maize rows.
Likewise, all but one of the NPP fields had common bean intercropped
with maize. The fields ranged from 0.014 to 0.19 ha; and while the
largest fields were all NPP, there was significant overlap in the sizes of
PP and NPP fields (Table S3).

2.3. Soil sampling and analyses

We sampled soils in two campaigns, with all research station ex-
periments and most of the farms sampled during November-December
2015. We collected samples from the remaining farm sites in a second
round of sampling in June 2016. In all experimental sites, we collected
composite soil samples (8-12 cores/plot, depending on plot size), using
a 2.5 cm diameter corer, to 20 cm depth.

In the factorial research station experiments, we collected one
composite sample from each plot as follows: Str-1999: 6 soil samples (2
treatments x 3 blocks) and F-Leg-2003: 24 soil samples (6 treatments x 4
blocks). For the PP-1998 field experiment, which was designed to mimic
smallholder fields, each of the two fields (PP and NPP) was sub-divided
into four quadrants giving a total of eight samples from this experiment
(4 quadrants x 2 fields; Fig. S2). To minimize the impact of varying
amounts of roots from non-legumes and legumes in fields with inter-
cropped desmodium, we collected soil cores in maize monocultures and
intercropped maize at a constant distance from maize plants (17 cm).
This avoided sampling in maize rows where fertilizer was applied while
also avoiding soil samples dominated by legume roots in the inter-
cropped treatments. We also collected cores of a known volume for bulk
density measurements in the experimental plots (Blake and Hartge,
1986).

In the farmer fields, composite soil samples were collected in a
stratified, randomized pattern. Fields were divided into three sub-plots
based on landscape position (Fig. S3) and soil cores were collected
from three random locations representing one third of the plot resulting
in three composite samples from each field. We followed the strategy
described above for locating cores to avoid fertilizer and minimize roots
in the samples.

Soils were air-dried and a 300 g subsample was sieved to 2 mm for
analysis of soil texture, total N and organic C and soil chemical prop-
erties. We determined soil texture using the hydrometer method (Gee
and Bauder, 1979). To quantify management effects on labile SOM pools
we measured free and occluded particulate organic matter C and N
(hereafter fPOM and oPOM, respectively) using unsieved soils (Marriott
and Wander, 2006b). Briefly, this method combines density separation
of free and occluded POM with wet sieving at 53 pym to extract two
distinct POM fractions (Christensen, 2001; Marriott and Wander,
2006a). We analyzed total soil C and N and oPOM C and N using a LECO
TruMac CN Macro Determinator (Lansing, MI) and for C and N content
of the smaller fPOM fractions, we used a Vario-EL-IIl CN analyzer
(Elementar, Hanau, Germany). Sieved soil samples were submitted for
determination of chemical properties including soil pH, CEC and Meh-
lich 3 extractable P, K, Ca, Mg, Zn, Cu, S, CEC and percent saturation of
the CEC by K, Mg, and Ca (Penn State Plant and Soils Analytical Labo-
ratory, State College, PA).

2.4. Calculations and statistical analysis

All statistical analyses were performed using JMP (JMP Pro 13, SAS
Institute Inc., Cary, NC, USA). We designed our statistical analyses to
reflect the divergent requirements for analyzing data from the research
station experiments and farmer fields.

Long-term experiments at the icipe research station: To test the ef-
fects of NPP versus PP management histories on soil properties, we used
ANOVA and generalized linear mixed models. In models analyzing all
three research station experiments, experiment was included as a
random effect and experiment and cropping system effects were tested
as well as possible interactions. Response variables were all the soil
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properties measured. When treatment effects in a single experiment
(STR-1999 or F-LEG-2003) were analyzed, block was included as a
random effect. In instances where we found significant differences
across experiments in oPOM, we used regression analysis and Spear-
man’s correlation to investigate the importance of clay content, since %
clay is a known driver of oPOM accrual (Lavallee et al., 2020). Post-hoc
analyses were conducted using Tukey-Kramer HSD.

To estimate treatment effects on soil N and P reserves on an area
basis, we calculated kg ha'! of SON, fPOM N, oPOM N and P in the top
20 cm using bulk density and concentrations of N and P. We also
analyzed the distribution of N among SON pools by subtracting total
POM N (fPOM N + oPOM N) from SON to estimate mineral associated
OM (MAOM). This fraction accounts for the majority of SON and has a
longer residence time compared to POM (Lavallee et al., 2020).

Smallholder fields: To document management practices used in PP
and NPP fields we used interview data in conjunction with our mea-
surements of field areas to calculate N, P and K application rates from
chemical fertilizers. We estimated manure application rates based on the
farmer reported unit of wheelbarrow loads multiplied by the typical
volume of the wheelbarrows commonly used in the region (0.085 m>).

For analysis of cropping system effects in farmer’s fields, ANOVA and
generalized linear mixed models included cropping system nested
within farm pairs or cluster. While these methods are useful as a pre-
liminary evaluation of the differences between adjacent PP and NPP
fields, they cannot account for the multiple factors that vary across
farmers’ fields. We used principal components analysis (PCA) on the
correlation matrix to generate independent variables that represented
soil characteristics to examine management effects on soil characteris-
tics in smallholder fields (Drinkwater et al., 1995, Schipanski and
Drinkwater, 2011). The variables included in the PCA were selected to
represent soil texture (% Clay) and soil characteristics that showed
significant cropping system effects in the research station experiments
including SOM quantity and quality (SON, fPOM C, fPOM C:N, oPOM N,
oPOM C:N), soil nutrient content (extractable P, K and Zn) and pH.
When two variables had a Pearson’s correlation of > 0.8, only one of
these variables was included in the PCA analysis (Pituch and Stevens,
2016). Principal components with eigenvalues greater than one and
accounting for more than 10% of the variability in the data and eigen-
vectors > 0.3 were retained (Pituch and Stevens, 2016). We used
ANOVA to test for differences in the distribution of PP and NPP fields
along significant principal components.

3. Results

3.1. PP intercrops compared to maize monocultures in long-term
experimental plots

For the most part, inherent soil properties were similar across the
three long-term experiments, although there were some small differ-
ences in soil texture and chemical properties (Table S2). For example,
while all three experiments were located on the same vertisol, the F-Leg-
2003 experiment had a slightly greater clay content compared to the
other two experiments (average clay content=51%, 44% and 45% for F-
Leg-2003, PP-1998 and Str-1999, respectively; p < 0.05). There were no
significant differences in texture between PP and NPP plots within
experiments.

In contrast, management-induced differences resulting from the in-
clusion of desmodium intercrops with maize in PP systems for 12-17
years were highly significant across the three experiments. These effects
of PP systems on soils were most evident for properties related to soil
organic matter and included limited effects on soil chemical properties
and micronutrients. Desmodium intercrops in the PP systems resulted in
striking increases in SON (Fig. 1a) and SOC (similar results, Table S2)
compared to NPP plots across all three long-term experiments.
Extractable P was significantly greater in PP soils despite the long his-
tory of identical fertilizer additions to PP and NPP plots (Fig. 1b). Soil
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extractable K showed a small but significant increase in PP compared to
NPP soils (Table S2; ANOVA, p < 0.05) and extractable Zn was nearly
two-fold greater in PP compared to NPP soils (ANOVA, p < 0.0001).
The effects of desmodium on SOM accrual and composition were
even more striking in labile SOC/SON pools. Across the experiments,
fPOM and oPOM N reserves were 3-fold to 5-fold greater in PP compared
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pairwise comparisons, PP vs NPP are highly significant (ANOVA, p < 0.0001)
within each experiment. Means and SEs are shown.
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to NPP soils (Fig. 2a and b). In general, under PP management, gains in
oPOM were greater than increases in fPOM. Free POM and oPOM N
pools were positively correlated across all three experiments. Occluded
POM also differed qualitatively with average C:N ratios of 14 in PP
compared to 21 in NPP plots (Fig. 2c).

Using bulk density measurements to estimate N and extractable P in
the top 20 cm of soil showed that the scale of management-induced
increases in soil fertility was agronomically significant. Bulk density in
the top 20 cm of the soil profile was not significantly different across the
three experiments (ANOVA, p > 0.5), averaging 1.22 and 1.37 g cm® in
PP and NPP plots, respectively. Total N per ha In the top 20 cm of soil
under PP and NPP management averaged 2900 and 2420 kg ha’,
respectively. The substantial gains in total SON under PP intercropping
were divided between MAOM and oPOM pools, and averaged 180 and
300 kg ha™l, respectively. Only a small proportion of SON resided in
fPOM, accounting for an average of 0.8% in NPP and 2.3% in PP of total
SON. Extractable P was two-fold greater per ha in PP compared to NPP
plots (260 versus 130 kg ha'l, respectively).

3.2. Effects of different intercropped legume species on SOM

In addition to the maize monoculture and maize-desmodium inter-
crop treatments, the F-Leg-2003 experiment included NPP treatments
consisting of maize intercropped with annual food legume species.
Contrary to our expectations, we did not detect soil improvements under
short-lived food legume-maize intercrops. Greenleaf desmodium (D.
intortum) in the PP intercropping plots of this experiment increased SON
(Tukey-Kramer HSD, p < 0.02) and oPOM N (Tukey-Kramer HSD,
p < 0.0001); however, there were no detectable differences in either
SON or oPOM N between maize intercropped with annual legumes and
maize monocultures (Fig. 3). Occluded POM C showed a similar pattern
in terms of PP compared to NPP treatments; however, three food legume
intercrops (crotalaria, common bean, and green gram) had lower oPOM
C compared to the maize monoculture (Fig. S4a, Tukey-Kramer HSD,
p < 0.03) indicating small but significant differences in oPOM formation
among these annual legume species. We did not detect any significant
differences in extractable soil P under food legume-maize intercrops
compared to maize monocultures (Fig. S4b, Tukey-Kramer HSD,
p > 0.05).

These experiments were not designed to directly compare desmo-
dium species; however, we noticed a striking difference in the magni-
tude of oPOM formation that corresponded with desmodium species
rather than the longevity of the experiment. Compared to the other two
experiments where PP treatments are intercropped with D. uncinatum,
oPOM was significantly greater in the F-Leg-2003 experiment where
D. intortum is used for the PP treatment (Fig. 2). In the two older ex-
periments with D. uncinatum (PP-1998 and Str-1999), oPOM was three-
fold greater in PP compared to the NPP plots whereas in F-Leg-2003
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Fig. 3. Effects of desmodium and food grain legume intercrops and maize monocultures on soil organic matter after 12 years. Lower case letters indicate differences
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SON (A, Tukey-Kramer HSD, p < 0.02) and oPOM N (B, Tukey-Kramer HSD, p < 0.0001) compared to maize intercrops with food grain annuals and maize

monocultures.

where maize was intercropped with D. intortum oPOM pools were six-
fold greater in PP compared to the NPP maize monocultures (Fig. 2).

One explanation for the greater accrual of oPOM in the F-Leg-2003
experiment is the higher clay content in the F-Leg-2003 soil; however, %
clay was only nominally related to oPOM content (adjusted R% = 0.17,
p < 0.1 and Spearman p = 0[:]40, p < 0.1) and this weak correlation
was largely driven by the four data points from the D. intortum plots
which are far outside the 95% confidence interval (Fig. S5a). In contrast,
oPOM was significantly correlated with fPOM (Fig. S5b, adjusted R?
= 0.34, p < 0.005) and this relationship was even stronger when the
D. intortum data points were removed (adjusted R?= 0.71, p < 0.0001).
Furthermore, while there were no significant differences in fPOM C in
PP plots across the three experiments, so the ratio of oPOM to fPOM is
much greater in the maize D. intortum plots. Take together these results
suggest that plant derived inputs may be a significant driver of these
differences in oPOM accrual.

3.3. Land use and soil fertility management in PP and NPP fields

The average area planted with maize was 2-fold greater in NPP fields,
but this difference was not statistically significant due to the large
variation in field sizes within each management system. However, there
was a significant difference in the percentage of the field allocated to
maize; PP farmers allocated 10-49% of their field area to perennial grass
borders, and the area used for grass borders did not reflect field size
(Fig. 4a). Field borders were most commonly planted with Napier grass;
while two fields had borders of Brachiaria grass and two NPP fields
included grass borders without using desmodium intercrops (Table S3).
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There were similarities in fertilizer management practices among PP
and NPP farmers, although patterns of fertilizer versus manure inputs
differed between management groups (Fig. 4b). Fertilizer N and P ad-
ditions consisted largely of CAN and DAP and application rates to each
maize crop were highly variable, ranging from 41 to 185 kg N ha! and
2-17 P kg ha’l, respectively. Animal manure additions varied nearly
ten-fold, ranging from 2.7 to 20.7 m® hal. Across PP fields, N fertil-
ization rates for maize varied from 41 to 135 suggesting that some PP
farmers were likely over applying N fertilizer and incurring unnecessary
input costs.

Reliance on fertilizers versus manure varied with cropping system
type. In general, for NPP farms, fertilizer and manure rates were
inversely related (Pearson correlation, r = —0.76, p < 0.05) while there
was no consist pattern in the relationship between reliance on these two
inputs in the PP fields (p = 0.91). Some farmers applied greater rates of
soil amendments to maize grown during the long rains reflecting their
expectation for greater yields compared to the short rains.

In addition to the tremendous disparity in fertilizer and animal
manure additions across fields, we noticed a great deal of variation in
desmodium harvesting practices across smallholder farms (Fig. S6). In
some fields, the desmodium stands were sparse, likely due to over-
harvesting and, resource-limited farmers who were more aggressively
harvesting desmodium were tended to have poorer soil fertility. For
example, in the PP Field of pair #7 (Fig. S6d), virtually all desmodium
biomass was harvested compared to other fields where desmodium was
allowed to grow under maturing maize (Fig. S6a-c).
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Fig. 4. Land use patterns and fertility management in PP and NPP fields. A) The area allocated to grass borders versus field size. Points along the zero line indicate
NPP fields where the entire field is planted to maize. B) Application rates for manure and phosphorus in PP and NPP fields.
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3.4. Soil properties in smallholder PP and NPP fields

Inherent soil properties such as texture, micronutrient profiles and
CEC were very similar between adjacent PP and NPP fields. For the most
part, soil textural classification was similar across field pairs/clusters;
however, there was one case where both the PP and NPP fields had a clay
loam texture (Cluster 7). All other fields were within the clay textural
classification, with the majority having clay contents of 46-59%
(Fig. 5a).

Although the effects of PP intercropping systems on soil organic
matter and nutrient reserves were more variable, management-induced
differences between PP and NPP fields paralleled those found in the
research station experiments. Soil organic N (Fig. 5b) and SOC were
generally greater in PP fields compared to adjacent NPP fields and this
increase in SON reserves was most apparent in labile pools such as oPOM
N (Fig. 5c). While there was tremendous variation in DAP and manure
additions within both management types, extractable P was greater in
PP soils compared to adjacent NPP soils and these differences between
adjacent fields did not correspond with differences in P additions
(Fig. 5d). The relationship between DAP rates and soil P differed be-
tween management types. In NPP fields, extractable soil P was positively
correlated with fertilizer P additions (r? = 0.28, p < 0.005); however, in
PP fields there was no significant relationship between soil P and either
fertilizer P or manure additions. Only one instance of greater soil P in
NPP compared to the adjacent PP field occurred, probably due to the
greater DAP application rates in the NPP field (Fig. 5d, Table 52).

The PCA analysis yielded evidence for both inherent soil type vari-
ation and management history as drivers for differences in soil proper-
ties across fields and sites. The first four principal components were
significant and comprised of 76.2% of the variance (Bartlett’s test,
p < 0.0001). Push-pull and NPP fields were significantly different along
the PC1 axis (ANOVA, p < 0.0001) where labile OM pools had the
greatest eigenvector loadings followed by extractable P and pH (Table 1
and Fig. 6). Coordinates of PP and NPP fields were also significantly
different for PC2 (ANOVA, p = 0.01) where total SON, extractable P and
Zn accounted for 79% of the variance contained in PC2. There were a
couple of notable exceptions where adjacent PP and NPP fields did not
differ along PC1 but instead separated along PC2 (Fig. 6) suggesting that
compared to labile OM pools, stable SON, P and Zn played a larger role
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Table 1

Matrix loadings for principal components 1-3. Variables included in this PCA
were all those that were significantly affected by cropping system in the long-
term experiments at the research station plus % clay which was included to
benchmark soil textural variation. Abbreviations: SON-soil organic N, fPOM C-
free particulate organic matter carbon, fPOM C:N-free particulate organic matter
carbon to nitrogen ratio, 0POM N-occluded particulate organic matter nitrogen,

oPOM C:N-occluded particulate organic matter carbon to nitrogen ratio.

Variable Prinl Prin2 Prin3

% Clay 0.133 0.240 -0.200
SON 0.225 0.756 0.380
fPOM C 0.467 -0.095 0.661
fPOM C:N -0.728 0.049 0.236
oPOM N 0.865 -0.278 0.115
oPOM C:N -0.711 0.434 0.271
pH -0.569 -0.010 0.557
Extractable P 0.505 0.694 -0.060
Extractable K 0.379 -0.311 0.660
Extractable Zn 0.242 0.780 -0.028

in distinguishing management regime effects in these cases.
4. Discussion

Our results provide evidence that soil fertility restoration is an
additional mechanism contributing to the yield, nutritional and eco-
nomic benefits that have been documented in smallholder farms using
PP intercropping (Midega et al., 2013; Khan et al., 2014; Kebede et al.,
2018). Our study is the first to demonstrate substantial SOM accrual and
soil fertility benefits under maize-legume intercropping in both research
station experiments and smallholder fields. The new insights gained are
pertinent to the ongoing efforts to reverse soil degradation and poverty
trajectories in SSA as well as smallholder, subsistence communities
worldwide.

4.1. Push-pull intercropping and provision of ecosystem services

Compared to the common farmer practices of planting maize
monocultures or maize-annual legume intercrops, maize-desmodium
intercrops promoted SOC/SON accrual, altered the composition of
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Fig. 5. Selected soil properties in adjacent PP and NPP fields. Mean + SE are shown for A) clay content, B) SON, C) oPOM N and D) extractable P. Cropping system
effects were analyzed in a nested ANOVA and significant is between fields within each pair/cluster is indicated as follows: No significant difference = no symbols,
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Fig. 6. Plot of the first and second principal components. PC1 and PC2 account
for 29.5% and 20.9% of the variance, respectively. PC1 separates PP and NPP
fields and represents management-induced differences. It has significant load-
ings for labile SOC and nutrient reserves and pH as indicated by the variables
listed adjacent to the axis. Variables with significant loadings on PC2 include
total soil N, Zn and extractable P, which are all positively correlated with PC2.
Symbols with the same shape are adjacent fields.

SOM, and increased the capacity of soils to supply N and P to crops. In
the long-term research station experiments average SON was 20%
greater and oPOM N reserves were five-fold greater in PP compared to
NPP treatments. Extractable soil P was two-fold greater in PP compared
to NPP plots despite equal P fertilizer application rates to both treat-
ments. Variation in practices used by farmers in managing PP and NPP
maize crops influenced soil properties and interacted with cropping
system effects in smallholder fields. As a result, the magnitude of
management-induced differences varied across the paired PP-NPP fields
and differences between PP and NPP fields were less consistent.
Nevertheless, soil benefits in smallholder PP fields tended to mirror
those found in the controlled experiments.

The greater gains in soil POM stocks compared to total SOM under PP
intercropping follow a pattern commonly seen in other studies
comparing management effects on SOM accrual (Puget and Drinkwater,
2001; Beedy et al., 2010; Schipanski and Drinkwater, 2011; Blesh and
Ying, 2020). Labile pools with shorter turnover times such as fPOM and
oPOM account for only 5-20% of SON reserves and are highly sensitive
to management practices that alter SOM dynamics (Wander et al., 1994;
John et al., 2005; Marschner et al., 2008; Jilling et al., 2020). Because
net accrual or depletion of POM is more readily detected compared to
changes in the larger stabilized SOM reserves, changes in POM can serve
as an early indicator of the trajectory of soil fertility (Wander et al.,
1994; von Lutzow et al., 2006; Schmidt et al., 2011). The stabilized,
mineral-associated OM (MAOM) that dominates SOM reserves has a
residence time ranging from 100 to > 1000 years and accounts for
70-80% of the total SON reserves making it difficult to detect small
changes (Jilling et al., 2020; Lavallee et al., 2020).

Soil OM reserves play a crucial role in the provision of essential soil
ecosystem services that support crop yields. First, both MAOM and
occluded POM are major sources of mineralizable N and soils with
greater N reserves in these two pools have corresponding increases in N
mineralization potential and plant N acquisition (Bu et al., 2015; Blesh
and Ying, 2020; Jilling et al., 2020). It is likely that the 5-fold increase in
oPOM N in conjunction with the narrower C:N ratio of oPOM reserves
significantly increases the supply of plant available N in PP soils (Ber-
throng et al., 2013).
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Furthermore, oPOM plays a significant role in aggregate formation
which in turn contributes to soil functions such as water storage, aera-
tion, and water infiltration (Oades, 1984; von Lutzow et al., 2006;
Marschner et al., 2008; Conceicao et al., 2013). This suite of more
complex ecosystem services is essential for maintaining crop production
in the face of rising temperatures and the greater frequency and severity
of drought brought on by climate change (Li et al., 2009; Miiller et al.,
2011). Restoring soil properties that improve plant-soil-water relations
may play a key role in climate change mitigation since other efforts to
maintain yields through adoption of drought toleration crop varieties
have met with mixed success in the region (Holden and Fisher, 2015).

Finally, the striking increases in plant available P in soils under PP
management could also play a crucial role in supporting crop produc-
tivity in smallholder farms across SSA. This effect of PP intercropping
was unexpected, particularly in the field station experiments where both
the PP and NPP plots received the same applications of P fertilizers, and
P removal through crop harvest was consistently greater in PP plots.
Phosphorus limitation is widespread throughout SSA (Sanchez, 2002;
Tully et al., 2015) and P limiting conditions contribute to low yields and
malnutrition in this region (Lal, 2009). Our data corroborate this trend;
60% of the NPP farmer fields we sampled had extractable P levels < 10
PPM while only one PP field had extractable P this low.

Plant species vary widely in their capacity to access sparingly soluble
inorganic P and organic P reserves. Compared to monocultures, phos-
phorus acquisition often increases in grass-legume intercrops (Cu et al.,
2005; Li et al., 2007, 2014). Investigations of the underlying mecha-
nisms reveal that legumes facilitate cereal P uptake by mobilizing
sparingly soluble P stocks which would otherwise be unavailable to
these crops (Li et al., 2007). However, increases in extractable soil P
have not previously been detected in either cereal-legume intercrops or
mixed grasslands that include legumes (Oelmann et al., 2007; Beedy
et al., 2010). Several mechanisms could contribute to the increased
extractable P, including greater accrual of added P fertilizer into SOM
pools (Garland et al., 2018).

4.2. Plant functional traits are more important than species richness

Contrary to our original hypothesis, significant increases in SOM
stocks and greater levels of plant available soil N and P were specific for
the two desmodium species and did not occur under maize intercropped
annual food grain legumes indicating that functional distinctions among
legume species were more important that simply increasing species
richness. This finding is in keeping with the biodiversity-ecosystem
function literature for unmanaged ecosystems. While species richness
frequently corresponds with ecosystem functions such as primary pro-
ductivity, plant nutrient acquisition and decomposition rate, functional
diversity can sometimes be a more reliable predictor of enhanced
ecosystem processes, particularly when species richness is low (Cadotte
et al., 2011, 2012; Cardinale et al., 2011).

Species richness in agricultural systems tends to be low and the po-
tential for single species additions to have a significant effect on
ecosystem processes is great (Cadotte et al., 2011; Storkey et al., 2015).
Intercrop diversification schemes tend to focus on plant-plant in-
teractions that can improve yields. Cereal/legume intercrops are a prime
example where the positive interactions between functionally distinct
plant species are well understood. The most widely planted grass/-
legume intercrops are composed of annual species, and niche comple-
mentarity and facilitation are the dominant mechanisms leading to
greater yields (Yu et al., 2016; Duchene et al., 2017).

Thinking beyond the plant-plant interactions that directly affect crop
yield, species diversity also drives community-level attributes, including
the composition and array of species niches as well as multitrophic in-
teractions, which act in concert to shape ecosystem functions that can
also support yields (Diaz and Cabido, 2001; Castro-Diez et al., 2014;
Soliveres et al., 2016; Laforest-Lapointe et al., 2017). Provision of
complex ecosystem services that can restore soil functions requires
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consideration of a wide range of plant functional traits (Finney and
Kaye, 2017; Funk et al., 2017; Le Bagousse-Pinguet et al., 2019). Dif-
ferences in plant species effects on soil biogeochemical processes can be
harnessed to target desired agroecosystem functions such as stabiliza-
tion of soil OM through aggregate formation, C and N accrual, and net
reductions in N losses and P immobilization (Drinkwater and Snapp,
2007; Li et al., 2014; Poirier et al., 2018).

Several lines of evidence indicate that, compared to annuals, pe-
rennials have a greater capacity to restore soil functions and SOM re-
serves (DeLuca and Zabinski, 2011; O’Brien and Jastrow, 2013; Crews
et al., 2016; Crews and Rumsey, 2017). In temperate grain systems,
inclusion of perennial legume forages in rotation increases SOM and
oPOM compared to simple rotations of corn-soybeans or continuous
small grains (Schipanski and Drinkwater, 2012; Berthrong et al., 2013;
Maillard et al., 2016). An experiment comparing perennial grasses, le-
gumes, and grass/legume mixtures found increases in oPOM averaged
9%, 35%, and 49%, respectively, after only two growing seasons (Gan
and Drinkwater, in prep.).

In addition to these stark differences between annual and perennial
legumes, we found that the two perennial legume species may differ in
their capacity to build oPOM stocks. Plant-microbial interactions in the
rhizosphere govern countless processes in soils, including aggregate
formation, N mineralization, SOC/SON accrual, and other biogeo-
chemical cycling processes, and effects on these processes vary with
plant species (Reynolds et al., 2003; Castro-Diez et al., 2014; Li et al.,
2014; Emmett et al., 2017). Plant species effects on N cycling processes
have received the most attention and are governed by direct,
plant-induced mechanisms (litter quality, suppressive root exudates),
and indirect, microbially-mediated mechanisms resulting from
plant-microbial interactions in the rhizosphere (inorganic N concen-
trations, composition/activity of nitrifier communities) (Briones et al.,
2003; Hawkes et al., 2005; Subbarao et al., 2007; Philippot et al., 2013).
Plant species effects on aggregate formation and other soil OM stabi-
lizing mechanisms that support SOC/SON accrual are less understood;
however, it is interesting to note that compared to D. uncinatum,
D. intortum, the species with the greatest capacity to promote aggregate
and oPOM formation, is also more drought tolerant (Khan et al., 2014;
Midega et al., 2015). An increased capacity to withstand drought has
been linked to greater polysaccharide production and aggregate for-
mation in the rhizosphere (Alami et al., 2000; Poirier et al., 2018). The
wide variation in belowground functional traits across plant species
suggests that further investigations of plant-rhizobiome interactions and
their impact on soil function will greatly advance the strategic use of
plant species to restore desired soil functions.

4.3. Prospects for reversing soil degradation trends in smallholder systems

The preceding discussion makes it clear that plant species diversity
can be harnessed to restore SOM and fertility in smallholder, subsistence
farms and that perennial legumes are more likely to provide these
benefits within a meaningful timeframe. However, inclusion of peren-
nial legumes in conjunction with food grain production presents chal-
lenges (Snapp et al., 1998). To meet the needs of smallholder farmers,
intercropping systems must deliver the provisioning ecosystem services
that support human well-being in the short-term while also improving
soil functions that underlie soil fertility and health (Snapp et al., 1998;
King and Blesh, 2018).

To effectively target the desired belowground ecosystem functions
requires greater knowledge of plant functional traits (Cardinale et al.,
2012; Bommarco et al., 2013; Brooker et al., 2015b). Looking back on
development of the PP intercropping system, it is clear that the
remarkable array of ecosystem services provided by the companion
plants can be traced back to screening efforts that first evaluated a large
number of candidate species for functional traits that either repel (push)
or attract (pull) the primary herbivores causing yield reductions (Khan
et al., 1997, 2001). This strategy of setting criteria for desired plant
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functional traits and then screening many potential species, proved to be
extremely effective and provides a way forward to successfully use of
plant species diversity for sustainable food production. Further studies
of plant functional traits and their connection to rhizosphere processes
could yield valuable understanding of linkages between easily measured
plant traits and desired outcomes that can regenerate soil OM, restore
soil ecosystem services, and contribute to sustainable agroecosystems
(Haynes and Beare, 1997; Garland et al., 2018; Emmett et al., 2020). For
example, plant traits related to growth rate and N acquisition strongly
affect rhizobiome composition and function while traits such as litter
composition correspond with net decomposition or accrual of SOM
(Tamura and Tharayil, 2014; Emmett et al., 2020).

Furthermore, to fully realize the benefits of plant species diversity
requires a comprehensive understanding of smallholder management
decision-making and the effects of varying practices on the belowground
processes we are attempting to manage. We found that the magnitude
and consistency of soil OM accrual under PP intercropping was more
variable on smallholder farms than in the research station experiments.
This can be attributed to the greater variation in management practices
across working farms compared to the research station (Tittonell and
Giller, 2013). Indeed, management by PP and NPP farmers was highly
variable, likely reflecting differences in livestock ownership, manure
access, fodder requirements and ability to purchase fertility inputs.
Application rates for N fertilizer varied by 3-fold in PP fields and it is
possible that the higher N rates undermined desmodium N fixation rates.
Use of N fertilizer in conjunction with legumes needs to be carefully
calibrated since most legumes down-regulate N fixation in the presence
of greater soil N availability (Ardley and Sprent, 2021). Furthermore,
given that extractable P was < 20 ppm in many PP fields, investments in
P fertilizer rather than high rates of N could be warranted. Lastly, added
to these variations in soil amendment rates, aggressive harvesting of
desmodium could undermine the capacity of this system to rebuild soil
fertility. This large variation in farmer practices points to the need for
research aimed at developing management recommendations that
optimize the capacity of companion plants to provide the targeted
ecosystem services. In the case of PP intercropping, guidelines on how to
avoid overharvesting desmodium while optimizing fertilizer additions
are needed.

5. Conclusions

We found that the perennial legumes included in PP intercropping
promoted the formation of protected OM and increased accrual of N-rich
OM reserves as well as plant available P. Our findings suggest that
strategies to incorporate perennial legumes into intercropping systems
could play a significant role in restoring soil function and fertility in
smallholder farming systems. Affordable farming technologies such as
PP intercropping, which provides a wide range of ecosystem services
beyond immediate yield improvements are essential for addressing the
recalcitrant problems of soil degradation, poverty, and malnutrition in
smallholder farming communities worldwide. A large body of research
demonstrates that intercropping boosts grain yields, provides protein-
rich food/fodder, and increases income. The PP intercropping system
provides these benefits for smallholder farmers in SSA while also
effectively reversing the trajectory of soil degradation. Reforming gov-
ernment policies to support the refinement and adoption of PP inter-
cropping could greatly expand the pool of smallholders in SSA who can
implement this management system. To expedite the availability of new
intercropping systems that can reverse soil degradation while meeting
the needs of smallholder farmers worldwide, research characterizing the
belowground functions of candidate species needs to be conducted in
collaboration with agronomists who are familiar with regional farming
systems and expert farmers who can play a crucial role in the develop-
ment of locally relevant innovations.
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