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Background: Closing the vyield gap, especially in Africa, using environmentally
appropriate and sustainable methods is important to meet current and future food
demands. Grow Biointensive Sustainable Agriculture (GBSA) is an organic method
that combines eight sustainable principles that may close the yield gap, increase food
production, improve soil quality, and reduce soil nutrient loss.

Method: Utilizing the GBSA method, four Kenyan farms over 4 years tested the effect
of a one-time application of organic fertilizers (recommended based on soil testing) on
crop and residue yields and soil parameter levels.

Results: Yearly crop edible yields increased overall for maize, sorghum, and
sweet potatoes. Amaranth showed no significant change. Yearly crop residue yields
increased for sweet potatoes and increased marginally for amaranth, maize, and
sorghum. Harvesting practice changes in cowpeas and lablab made interpretation more
complex, but both edible and residue yields for these crops varied from unchanged
to significantly increased. Fourteen soil parameters were tested. Boron, electrical
conductivity, magnesium, organic matter, phosphorus, potassium, sulfur, and zinc
increased significantly. Calcium, copper, iron, pH, and sodium showed no significant
changes, and only manganese levels decreased significantly.

Conclusion: Combining a single application of recommended organic fertilizers and the
GBSA method, farmers may be able to improve their crop yields and maintain soil fertility
in a manner that is more sustainable.

Keywords: sustainable agriculture, biointensive agriculture, organic, soil fertility, yield gap, sustainability,
renewable agriculture, Africa

INTRODUCTION

Global food systems face two main challenges: (1) feeding a growing population with increasing
consumption levels of calories and animal products (Bodirsky et al., 2015; Sans and Combris, 2015);
and (2) supporting ecosystem services, restoring natural resources degraded by unsustainable
agricultural practices, and staying within safe operating biophysical boundaries (Rockstrom et al.,
2009, 2015; Godfray et al., 2010; Foley et al., 2011).
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Africa faces these challenges in unique and demanding ways.
Forty percent of children under the age of five in Sub-Saharan
Africa (SSA) are stunted from malnutrition (Montpellier Panel
Report, 2013) and 23% of the African population are classified
as hungry (FAO, 2012). The projected doubling in population
size by 2050 (United Nations Department of Economic Social
Affairs, 2010) and increased caloric and animal product demand
(Roxburgh et al, 2011) place increased burdens on food
production systems. To address these food needs within the
constraints of sustainable development such as limited water,
energy and land availability, and biodiversity loss adds additional
challenges (Foley et al., 2011; Montpellier Panel Report, 2013).
Meeting these goals within the context of food sovereignty
is increasingly important to improve food security given the
challenges described above (Declaration of Nyeleni, 2007).

Modern conventional food production shows signs of
production stagnation, resource depletion, and stress on the
environment (Stocking, 2003; Moore, 2010). Common African
low-input agricultural practices have proven detrimental to soil
health and exhibit low yields (Akinnifesi et al., 2010). To further
exacerbate these concerns, in SSA, climate change is expected
to have negative impacts on future food security (IPCC, 2007;
Cairns et al., 2013; Liu et al., 2013; Folberg et al., 2014).

Several alternative systems of food production can reduce
negative environmental impacts while supporting ecosystems
services. These more natural production systems include organic
(Reganold and Wachter, 2016; Muller et al., 2017), agroecological
(Silici, 2014), sustainable, conservation agriculture (Brouder
and Gomez-Macpherson, 2014), Sustainable Intensification (SI)
(Montpellier Panel Report, 2013), and Grow Biointensive
Sustainable Agriculture (GBSA) (Jeavons, 2001). Many of these
alternative systems have been both proposed as solutions and
challenged by claims that they are not viable options to feed
the world (Badgley and Perfecto, 2007; Seufert et al., 2012). In
addition, they may still have negative environmental impacts
(Kirchmann and Bergstrom, 2001; Seufert et al., 2012).

In particular, SI has been proposed and supported as a
potential solution to these challenges by major international
development organizations (Godfray et al., 2010; Montpellier
Panel Report, 2013; Prasad et al., 2016; World Bank, 2018). Yet,
the term has a clouded meaning (Petersen and Snapp, 2015)
and can have negative environmental consequences if increased
application rates of chemical-based fertilizers are used (Tilman
et al., 2011). For many, the promotion and usage of chemical-
based fertilizers in SI compromises the term “sustainable”
(Petersen and Snapp, 2015; Mahon et al., 2018). Pretty et al
(2011) emphasizes the need for both increased productivity
and decreased negative environmental impact in his definition:
“Sustainable agricultural intensification is defined as producing
more output from the same area of land while reducing the
negative environmental impacts and at the same time increasing
contributions to natural capital and the flow of environmental
services.” This definition is in line with an agroecology principle
to minimize use of or eliminate external inputs (Gliessman,
1990).

One method to attain the intensification goals, especially those
articulated by Pretty et al. (2011), is GBSA. Eight principles
are combined and work synergistically in GBSA to improve

yields and soil fertility, meet human nutritional needs, reduce
external input dependence, support ecosystem services, and
address food sovereignty (Jeavons, 2001; Bomford, 2009; Moore,
2010; Rajbhsndari, 2011; Omondi et al., 2014).

The first three principles focus on soil building and water and
nutrient cycling.

Principle 1—Build and maintain deep soil quality (to 60 cm in
depth) supported by permanent pathways and beds.

Principle 2—Design for and grow soil building carbon and
nitrogen crops.

Principle 3—Efficiently produce compost to optimize soil
biological activity and reduce system nutrient loss.

The next two principles work to achieve higher vyields
through plant spacing, multi-cropping, using
transplants to improve soil coverage, and leveraging
allelopathic relationships.

intensive

Principle 4-Plant intensification.
Principle 5-Functional biodiversity.

The next two principles address human nutritional needs.

Principle 6-Design and produce nutritionally complete
human diets.

Principle 7-Achieve seed sovereignty primarily through open
pollinated varieties that are locally sourced and bred to
meet local cultural demands, and yield improvements, pest
resistance, and climate adaptability, creating a resilient system.

The last principle brings all of the principles together into a
cohesive production system.

Principle 8-Use all principles to achieve as sustainable a
food production system as possible, which relies minimally
on inputs of water, energy, and land use to meet human
needs and reduce demands on and support ecosystem services
(Jeavons, 2001).

GBSA has shown a high positive energy efficiency ratio
primarily from renewable energy sources (Moore, 2010).
Reducing land requirements via high yields has multiple
advantages. They include increased land tenure, increased
urban and peri-urban production and reduced need for
agriculture expansion into natural ecosystems as production
demands increase.

Much has been written about the significance of reducing the
yield gap with inorganic and/or organic amendments, but there
are also challenges with the use of these amendments (Epule
et al., 2015). Synthetic and organic fertilizers can be expensive
and difficult to acquire. They carry environmental costs in
their production, transportation, and application. In addition,
synthetic and organic fertilizers can reduce food sovereignty
by creating dependency on external or imported inputs. Many
cite that only inorganic fertilizers can fully reduce the yield gap
(Epule et al., 2015). Epule argues that organic fertility sources
cannot sustain yields and are not sufficient for a new African
agricultural revolution.

GBSA may offer a holistic approach to the “feed people
and save the planet” conundrum. This system is especially
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TABLE 1 | Location, climate comparison, and soil type at each of the four test sites in Kenya.

Farm Location Latitude/ Climate Annual Annual mean Soil texture

Longitude precipitation temperature
(mm) (C)

Athi Gravity Kilmambogo S1°2 58" Semi-Arid 780 21.3 Silty Clay
E 37° 6 56"

G-BIACK Thika S1°4" 4" Semi-Arid 800 21.3 Silt Loam
E 37° 10’ 23"

Muruka Muranga S0° 56" 11”7 Sub-Humid 1164 20.4 Loamy Sand
E 37° 3 58"

Thika River Thika S1° 3 26” Semi-Arid 800 21.0 Silty Clay
E37° 9 28"

TABLE 2 | Application rates of fertilizer applied per site prior to Season 1 of first
year unless otherwise specified.

Soil Farm and application rate per 9.3 m? (/ha)
amendment

G-BIACK Athi gravity  Thika river Muruka
Composted Cow 1.25cm layer 2.5cmlayer 2.5cmlayer  2.5cm layer
Manure* 0.12m?d 0.23 m® 0.23 m? 0.23m?

(125 m3) (250 m3) (250 m3) (250 m3)
Lime 0.5kg 1kg 1kg 3kg

(538kg) (1,075 kg) (1,075kg) (3,226 kg)
Minjingu rock 1kg 1kg 0.5kg 2kg
phosphate (1,075 kg) (1,075 kg) (538kg) (2,151 kg)
Gypsum** 1kg 1kg 1kg 1.5kg

(1,075 kg) (1,075 kg) (1,075kg) (1,613kg)
Copper sulfate™* 179 149 None required None required

(18.3kg) (15.1kg)

*GBSA typically does not encourage the use of animal manure-based compost as
animal production increases the amount of land required by the farmer for complete diet
production, and excessive use of animal manure can lead to increased levels of salts in
the soil. At the beginning of this study, no on-farm compost had been produced and only
composted cow manure was available as a source of compost.

**Added to provide additional sulfate and calcium to soils without affecting pH. Added in
Year 1 Season 2 due to lack of availability prior to Season 1.

***Added in Season 2 of Year 1 due to lack of availability prior to Season 1.

appropriate for smallholder farms. Globally, 84% of farms are
<2 ha, with 72% of them <1 ha (Lowder et al., 2016). FAO
data indicate that 1.5 billion people who live in smallholder
households in low-income countries provide food for 2.5 billion
people (FAO, 2012), highlighting their potential to impact
food supplies.

In Africa and in other demonstration plots, GBSA has shown
the capacity to improve crop yields sustainably and increase
overall food sovereignty (Jeavons, 2001; Rajbhsndari, 2011;
Omondi et al., 2014). GBSA is designed to maximize yields and
reduce the area needed to produce a complete and sustainable
diet, while relying on few if any inputs sourced beyond the
farm itself. With GBSA’s emphasis on “closed-loop” fertility to
minimize losses of soil nutrients and the reduced need for annual
inputs of fertilizers, this method of agriculture is appropriate for
the large diversity of smallholder farms (Murphy, 2017).

This experiment was designed to test the effect of a one-time
application of organic fertilizers using GBSA practices on soil

fertility and crop and residue yields over a 4-years period at four
locations in Kenya.

METHODS AND MATERIALS

Farm Selection

Four Kenyan GBSA farmers participated in this study, including
and led by Samuel Nderitu, a founder and director of the Grow
Biointensive Agricultural Center of Kenya (G-BIACK) and a
prominent leader, teacher, and practitioner with 13 years of
experience in GBSA. The four participating farms were located
in the Central Province of Kenya. Farm characteristics are shown
in Table 1. The farms had an average elevation of 1,488 & 38 m.

Experiment Method

Each farm created 10 new beds, each 1.52m by 6.1 m, or 9.3
m? (100 ft?), surrounded by a 45-cm path. Deep cultivation was
achieved using the double-digging method (Jeavons, 2001, 2017).
For each of the 4 years, from 2012 to 2015, soil from each of the
beds was sampled (see Supplemental Materials-Soil Sampling)
annually prior to cultivation and sent to Crop Nutritional
Laboratory Services (cropnuts.com, Mashiara Park, Kaptagat
Road, Loresho, Nairobi, Kenya) for analysis. Crop Nutritional
Laboratory Services was selected as the analytical lab due to its
ISO-17025 accreditation status, location, and recommendation
by John Recha, Participatory Action Research Specialist, CGIAR
Research Program on Climate Change, Agriculture and Food
Security (CCAFS). All extractions were done by Mehlich III. B,
Ca, Cu, Fe, Mg, Mn, P, K, Na, S, and Zn levels were determined
by inductively coupled plasma spectroscopy (ICP), pH and
EC were determined potentiometrically, and organic matter
was determined colorimetrically. No additional soil properties
were tested.

The initial soil test results were reviewed by Timberleaf
Soil Testing (timberleafsoiltesting.org, 39648 Old Spring Rd.,
Murrieta, CA 92563) and recommendations for the application
of organic fertilizers based on soil test results (Table 2) were
finalized by Grow Your Soil (growyoursoil.org, P.O. Box 4095,
Ithaca, NY 14852).

Immediately prior to the planting of the first season crops,
the recommended organic fertilizers and compost were added.
To the acidic soils, lime was added first and the additional
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TABLE 3 | Crop cultivars, spacing, and populations.

Crop Cultivar Scientific name Spacing (cm) Plants/9.3 m?*
Plants/(ha)**
Amaranth Vegetable (OP) Amaranthus tricolor 15.2 621 (481,395)
Cowpeas White seeded (OP) Vigna unguiculata 30.5 159 (123,256)
Lablab Black (OP) Lablab purpureus 30.5 159 (123,256)
Maize Kikuyu (OP) Zea mays subsp. mays 38.1 84 (65,116)
Sorghum Raster (OP) Sorghum bicolor 17.8 432 (334,884)
Sweet Potatoes Bungoma (OP) Ipomoea batatas 22.9 248 (192,248)

OR, Open pollinated, a principle of GBSA for greater seed sovereignty.
*Jeavons (2017).

**Conversion to plants per ha includes 45cm path around each 9.3 m? bed. This is conservative, since farmers can reduce their path area by creating longer beds to increase their

growing space per unit area.

recommended fertilizers and compost were added 1 month later.
Gypsum and/or copper sulfate, if needed, were added prior to
the second season planting due to difficulty in acquiring them
prior to the first season planting. After the inputs were applied,
crops were immediately planted using close, offset spacing as
recommended by GBSA (Jeavons, 2017) (Table 3). In the first
season of the first year, each farm grew four beds of maize, two
beds of sorghum, and one bed each of amaranth, cowpeas, lablab,
and sweet potatoes (Table 3). For all subsequent seasons and
years, each farm grew three beds of maize, two beds of sorghum,
two beds of amaranth, and one bed each of cowpeas, lablab, and
sweet potatoes.

Crop selection was based on GBSAs goal to maximize
nutritional and crop residue production. The intent of producing
maize, sorghum, and amaranth was to produce not only crops
that generate familiar foods but also compost material to
maintain and increase soil organic matter levels. Maize provides
65% of the total staple food caloric intake and 36% of the total
food caloric intake in Kenya (Mohajan, 2014). All crops were
rotated the same at all four sites, and crop rotation was done
so that no bed grew the same crop in consecutive seasons,
with the exception of sorghum planted as a ratoon crop (see
below). No supplementary irrigation was applied to the crops
at any of the four farms during this 4-years study. GBSA
lowers irrigation demand through close plant spacing to reduce
evaporation (Wallace, 2000; Rockstrom, 2003), increased soil
organic matter for water retention (Magdof and Van Es, 2009;
Hatfield and Morton, 2013; Weil and Brady, 2017), and deep soil
structure to increase water infiltration and water holding capacity
(Baig et al., 1999, 2013).

After this initial one-time organic fertilizer application, all
four farmers managed their 10 beds using GBSA to retain and
recycle as much of the soil nutrients as possible. No more than
10% of the crop was sold off the farm; the remainder was
consumed on the farm, and all crop residues were efficiently
composted on site and returned to the soil. In this study, we
used all of the crop residues to create GBSA compost piles by
adding 2 volumes of brown (stovers, straw, etc.) material, 2
volumes of green (fresh cut plant material), and % volume of
soil in order to create an initial carbon to nitrogen ratio ranging
from 30 to 45:1. GBSA compost is generally turned over only

once to encourage slower composting to retain more nitrogen
and carbon and generate more overall cured compost (Haug,
1993; Larsen and McCartney, 2000; Eiland et al., 2001; Tiquia
et al., 2002; Zhang et al., 2020). This results in fungal-based
compost that retains many of the original nutrients (Jeavons,
2001; Barrington et al., 2002; Man et al,, 2015; WSU, 2019).
The cured compost that was generated was not tested prior to
being added back to these soils. Since the compost is composed
only of crops grown on these soils, we would not expect
substantial additional nutrients to be added beyond what the soil
already contained.

Crops were harvested manually and immediately weighed,
and yields were recorded. In this experiment, sorghum was a
ratoon crop in all sites for Years 2, 3, and 4, meaning that after
the first year’s planting, the sorghum was allowed to regrow
rather than being replanted. Results for lablab and cowpeas were
impacted by changes in harvesting practices during the course of
the study (see Results and Discussion sections for details).

Statistical Methods

Yield measurements and residue were both modeled using
three-way fixed-effects ANOVA with season, site, and year
as explanatory variables. When warranted, an interaction
between year and season was included. Analysis of covariances
(ANCOVA) was used to model the soil parameter levels based on
site and year. The equal slopes model was deemed appropriate for
all parameters. A Type I Error rate of a = 0.05 was used for each
test and confidence. Analysis was conducted using SAS 9.4, and
graphs were generated using R 3.4.4.

RESULTS
Edible Yield

Edible yields are summarized by year, season, and site in Figure 1
and Table 4. There are n = 32 overall yield measurements of each
crop: 4 years, 2 seasons, and 4 sites. Yearly edible yields increased
for maize, sorghum, and sweet potatoes. Amaranth and cowpea
yields did not significantly change, and lablab yields increased
through the second season of Year 3 when harvesting practices
were changed. For crop, year, season, and site data, see Figure 1
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FIGURE 1 | Edible yields for each crop by site (harvest weight). Yields are reported in kilograms per 9.3 m? (100 ft?) per year (Y) and season (S). Lines indicate sites:
Athi Gravity (red square), G-Biack (black circle), Muruka (green triangle), and Thika River (blue diamond).

TABLE 4 | Edible Yields—Means, standard deviations, in parenthesis, and medians of edible yields for each crop based on overall experiment, year, season, and site.

Amaranth Cowpeas Lablab Maize Sorghum Sweet potatoes
Overall (n = 32) 3.96 (1.19) 3.65 2.66 (1.79) 1.85 2.40 (0.67) 2.50 4.09 (1.15) 4.32 3.88 (1.70) 4.05 16.58 (3.96) 15.00
Year (n = 8) Amaranth Cowpeas Lablab Maize Sorghum Sweet Potatoes
Year 1 3.59 (1.62) 3.33 2.83(1.16) 2.50 2.65 (0.31) 2.50 2.85(1.19) 2.65 2.20 (1.08) 2.10 13.78 (1.02) 13.75
Year 2 4.28 (1.28) 4.00 3.19 (1.26) 2.90 2.85(0.21) 2.90 4.09 (0.75) 4.38 3.44 (1.60) 3.13 15.01 (1.18) 14.75
Year 3 4.28 (1.15) 4.13 3.18(2.98) 1.75 2.48 (0.89) 2.45 4.58 (0.83) 4.69 5.21 (1.43) 4.70 15.15 (0.61) 15.10
Year 4 3.70 (0.45) 3.83 1.44(0.24)1.50 1.61(0.19)1.70 4.84 (0.70) 4.60 4.68 (0.89) 4.43 22.38 (3.74) 21.75
Season (n = 16) Amaranth Cowpeas Lablab Maize Sorghum Sweet Potatoes
Season 1 3.86 (1.34) 3.45 2.98(2.24)2.15 2.55 (0.66) 2.55 3.75(1.21) 4.15 3.78 (1.85) 3.85 15.64 (2.44) 15.00
Season 2 4.06 (1.05) 3.85 2.34(1.18) 1.85 2.24 (0.67) 2.20 4.43 (1.00) 4.59 3.98 (1.58) 4.20 17.51 (4.95) 15.35
Site (n = 8) Amaranth Cowpeas Lablab Maize Sorghum Sweet Potatoes
Athi Gravity 5.46 (0.87) 5.85 3.36 (2.73) 2.75 2.26 (0.56) 2.40 4.38(0.97) 4.55 3.38 (1.22) 3.55 16.16 (4.45) 14.00
G-BIACK 4.21(0.65) 4.25 3.64 (1.71) 4.55 2.43(0.66) 2.45 4.91(0.91) 4.90 5.62 (1.66) 6.03 17.20 (3.86) 15.50
Muruka 2.93 (0.65) 3.05 1.59(0.36) 1.73 2.34 (0.75) 2.70 3.12(1.15) 2.97 2.71(1.33) 2.93 15.78 (3.23) 14.85
Thika River 3.25(0.46) 3.43 2.03 (0.60)2.13 2.56 (0.78) 2.95 3.95(0.87)4.15 3.81(1.22) 3.85 17.18 (4.73) 15.70

Ediible yields are reported in kilograms per 9.3 m?.
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FIGURE 2 | Residue yields for each crop (harvest weight) by site reported in kilograms per 9.3 m? (100 ft?) per year (Y) and season (S). Lines indicate sites: Athi
Gravity (red square), G-Biack (black circle), Muruka (green triangle), and Thika River (blue diamond).

TABLE 5 | Residual Matter—Means, standard deviations, in parenthesis, and median of residual matter for each crop based on overall experiment, year, season, and site.

Amaranth Cowpeas Lablab Maize Sorghum Sweet potatoes
Overall (n = 28) 18.71(5.55)19.756  4.24 (2.04)4.30  5.05(2.76) 4.05 51.59 (12.40)54.50  25.68 (9.54) 25.13 6.49 (3.87) 5.30
Year Amaranth Cowpeas Lablab Maize Sorghum Sweet Potatoes
Year 1 (n = 4) 15.93 (4.36) 15.78  2.98(2.04)2.15  3.35(0.54)3.20  49.32 (14.12)53.95  22.74 (9.46) 21.63 6.10 (2.02) 6.10
Year 2 (n = 8) 17.81(5.66) 17.88  3.23(1.94)2.80 3.39(0.38)3.35 51.57 (13.61)54.42  24.64 (9.27) 23.40 4.05 (2.88) 2.95
Year 3 (n = 8) 18.90 (5.43) 18.80  4.26 (1.92)4.10  4.83(1.14)4.55 52.29 (13.46)54.55  25.11 (9.52) 23.48 5.08 (2.97) 3.95
Year 4 (n = 8) 20.82 (6.22)21.20 5.85(1.35)5.95 7.80(3.78)6.40 52.06 (11.74)53.65  28.76 (10.88) 26.40  10.55 (3.28) 10.40
Season Amaranth Cowpeas Lablab Maize Sorghum Sweet Potatoes
Season1(n=12) 18.05(5.10)17.88 3.98(2.00)3.55 5.27(3.38)4.00 50.84 (13.07)54.50  25.10(9.21) 23.28 6.26 (3.98) 5.20
Season2 (n=16) 19.21(5.99) 19.75 4.43(2.12)4.85 2.89(2.30)4.35 52.16(12.29)54.37  26.11 (10.05) 25.55 6.67 (3.90) 6.10
Site (n =7) Amaranth Cowpeas Lablab Maize Sorghum Sweet Potatoes
Athi Gravity 23.69 (1.45)24.05 4.27 (2.25)3.00 4.29(1.11)4.10  54.41 (0.79) 54.60 21.69 (2.59) 21.90 4.76 (2.62) 3.30
G-BIACK 22.88 (4.57)22.75 6.47 (0.84)6.30 6.77 (4.93)4.00  65.78 (2.95) 66.83 39.56 (4.52) 38.85 10.46 (2.93) 9.70
Muruka 13.03 (3.00) 12.75  2.60(1.56) 1.60  4.70(1.86) 3.70  33.01 (4.70) 32.50 15.77 (4.84) 14.25 5.00 (3.73) 4.30
Thika River 16.24 (2.40)14.40 3.60(1.09) 3.00 4.46 (0.77) 4.10 53.17 (3.39) 54.40 25.69 (0.89) 25.70 5.76 (3.59) 4.10

Residual matter is reported in kilograms per 9.3 m?.
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and Supplemental Materials: Edible Yield, Residue Yield, and
Cured Compost Added.

Statistical Analysis of Edible Yields

A three-way fixed-effects ANOVA was conducted to compare
the yields for each of the six crops based on main effects of
year, season, and site (Table 4). Years were quantitatively coded
as 1, 2, 3, and 4 for the 4 years of the experiment; seasons
were quantitatively coded as 1 and 2 for the first and second
growing seasons of each year. No significant pairwise or three-
way interactions were found for any crops so only the models
with main effects were considered. Harvesting practices for
cowpeas and lablab were changed starting with the second season
of year three in order to favor residue yields over edible yields,
so these crops were modeled separately for the harvest period
favoring edible yields (HE) and for the harvesting period favoring
residue yields (HR). Further, a model to evaluate changes in yield
based on harvesting practice was fitted for cowpeas and lablab
that also controlled for differences in site, year, and season.

Yearly comparison—Significant increases in yield (positive
slopes or B values) over the time period of this study were found
for maize, sweet potatoes, and sorghum {respectively [ = 0.64,
toe) = 8.04, p < 0.0001], [B = 2.59, t5) = 6.31, p < 0.0001],
[B = 0.92, te = 6.98, p < 0.0001]}. Amaranth yields did not
significantly change during the study [f = 0.03, t6) = 0.29, p
= 0.7720]. Cowpea yields did not significantly change for either
harvesting practice [HE: B = 0.932, t(14y = 1.96, p = 0.0702,
HR: B = —0.05, t) = —0.51, p = 0.6278]. Cowpea yield did
significantly differ between the two harvest periods (HE and HR)
by 3.18 kg/9.3 m? more, on average, during HE (95% CI for
Diff = HE - HR: 0.84, 5.53). Lablab yields significantly increased
during the initial harvesting practice [HE: B = 0.33, t(;4) = 4.73,
p = 0.0003], but lablab yields did not change significantly during
the remainder of the study [HR: B = —0.075, t = —0.63, p
= 0.5499]. Lablab yields were significantly greater during the
harvesting period favoring edible yields by an average of 1.65
kg/9.3 m?> more during HE (95% CI for Diff = HE - HR:
1.23,2.08).

Seasonal comparison—Maize yields were significantly affected
by the season in which they were grown [ = 0.68, t(35) = 3.80,
p = 0.0008], and sweet potato yields were marginally affected
[B = 1.89, t26) = 2.03, p = 0.0523], likely due to precipitation
differences between the two seasons (no additional irrigation was
provided). Amaranth, lablab, sorghum, and cowpea crop yields
were not significantly affected by season.

Site comparison—Maize, sorghum, amaranth, cowpea (during
HE and HR periods), and lablab (during HE period) yields were
also significantly different between sites {respectively, [F(3 26) =
17.76, p < 0.0001], [F(3,26) = 17.82, p < 0.0001], [F(3, 56 =
21.81, p < 0.0001], [HE: F(3, 14 = 4.91, p = 0.0155; HR: F(3, 6)
= 7.70, p = 0.0176], [HE: F(3, 14 = 4.08, p = 0.0281]}. There
was no significant site effect detected for lablab during HR period
[HR: F3,6) = 1.98, p = 0.2184] or sweet potato [F(3 26y = 0.62,
p=0.6107].

A summary of three-way analysis of variance on crop edible
yields for each crop can be found in Supplemental Materials:

Summary of Three-way Analysis of Variance on Crop
Yield (ANOVA).

Residue Yield (Aboveground Non-edible

Biomass)

Crop residue yields in this study are summarized by year, season,
and site in Figure 2 and Table 5. Since no residue yields were
recorded in the first season of Year 1, the overall number of
observations for each crop was n = 28. Yearly crop residue yields
increased for sweet potatoes, increased marginally for amaranth,
maize, and sorghum for some seasons, and marginally increased
during some time periods for cowpeas and lablab. For crop, year,
season, and site data, see Figure 2 and Supplemental Materials:
Crop Residue Yield Analysis SAS Output.

Statistical Analysis of Crop Residue Yields
A full model including all pairwise interactions and the three-way
interaction was used to determine whether to include interaction
terms for amaranth, maize, sorghum, and sweet potatoes. Based
on this analysis, three-way ANOVA models with a year by season
interaction were fit for maize, sorghum, and amaranth only. Only
main effects were considered for sweet potatoes. Due to changes
in harvesting practices for cowpeas and lablab (see Discussion
section for details), similar analyses were performed for residue
yields of cowpeas and lablab as described in the Edible Yields
section of the Results. With the reduced degrees of freedom, a
model with main effects only was fit for cowpeas and lablab
for both the HE and HR periods. Further, a model to evaluate
changes in yield based on harvesting practice was fit for cowpeas
and lablab that also controlled for differences in site, year, and
season. See Supplemental Materials: Summary of Three-way
Analysis of Variance on Crop Yield (ANOVA).

Yearly comparison—Residue yields of sweet potatoes [ =
2.02, t(z) = 4.27, p = 0.0003] increased significantly as indicated
by a positive slope estimate associated with year () over the years
of this study in the models, which also accounted for the main
effects of season and site. Marginally significant main effects of
year on the residue yields of maize [F(;, 51y = 3.13, p = 0.0914]
and amaranth [F(; ;) = 4.02, p = 0.0580] were detected with
the presence of significant year by season interactions {[F(j, 21)
= 5.23, p = 0.0327], [F(y, 21) = 11.13, p = 0.0031], respectively},
which suggested that year effects varied negatively in Season 1
and positively in Season 2. Sorghum did not have a significant
change in residue yield based on the main effect of year in the
presence of a significant interaction between year and season
[Fq, 21y = 5.76, p = 0.0258], which suggested positive overall year
effects for both seasons. Cowpea residue yields did not change
significantly during the HE period [HE: p = 0.10, £(14) = 0.46, p
= 0.6523] and increased marginally during the HR period [HR:
B = 0.68, t) = 2.19, p = 0.0712]. Cowpea residue yields did
significantly differ between the two harvesting periods by 2.03
kg/9.3 m? more, on average, during HR (95% CI for Diff = HR -
HE: 0.83, 3.23). Lablab residue yields increased marginally during
the HE period [HE: B = 0.39, t(14) = 2.19, p = 0.0536] and showed
no significant change during the HR period [HR: B = 1.35, t(
= 1.01, p = 0.3504]. Lablab residue yields marginally differed
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FIGURE 3 | Soil parameters for each site by year categorized by statistical increase, no change, and decrease. Lines indicate sites: Athi Gravity (red square),
G-BIACK (black circle), Muruka (green triangle), and Thika River (blue diamond).
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TABLE 6 | Mean and standard deviation, in parenthesis, of soil parameter levels for each year and across the entire study.

Year 1 (n =4) Year 2 (n =4) Year 3 (n = 4) Year 4 (n =4) Overall (n = 16)
Boron (ppm) 0.48 (0.05) 0.54 (0.19) 0.76 (0.35) 1.12(0.19) 0.72 (0.33)
Calcium (ppm) 3273.75 (1672.05) 4065.00 (1759.67) 4710.00 (2570.56) 4490.00 (1077.87) 4134.69 (1747.35)
Copper (ppm) 2.56 (2.08) 1.43(0.82) 1.79(1.62) 1.80 (0.91) 1.89 (1.37)
Electrical conductivity (nS/cm) 191.75 (141.34) 311.00 (164.98) 452.00 (357.62) 1070.50 (700.6) 506.31 (505.23)
Iron (ppm) 240.00 (114.34) 217.88 (1563.13) 273.60 (161.87) 374.00 (102.69) 276.37 (135.86)
Magnesium (ppm) 557.25 (232.78) 575.75 (173.78) 722.50 (376.57) 851.50 (209.94) 676.75 (263.22)
Manganese (ppm) 297.25 (137.57) 176.98 (102.59) 144.65 (120.15) 125.00 (17.42) 185.97 (116.65)
Organic matter (%) 2.78 (0.55) 3.37 (0.57) 3.19(0.42) 3.63 (0.42) 3.24 (0.55)
pH 6.15 (0.70) 6.93 (0.35) 6.63 (0.96) 6.90 (0.57) 6.65 (0.69)
Phosphorus (ppm) 35.25 (24.92) 129.85 (78.77) 387.43 (628.48) 449.20 (349.02) 250.43 (369.45)
Potassium (ppm) 475.50 (44.28) 612.00 (144.56) 850.50 (394.41) 1652.50 (540.21) 872.63 (526.89)
Sodium (ppm) 180.75 (128.73) 144.68 (42.28) 319.25 (82.20) 210.50 (61.67) 213.79 (101.58)
Sulfur (ppm) 22.50 (11.39) 22.43 (9.29) 26.80 (21.80) 99.55 (43.22) 42.82 (40.74)
Zinc (ppm) 7.72 (4.38) 9.90 (2.59) 19.36 (15.80) 18.58 (7.65) 13.89 (9.75)

TABLE 7 | Slopes and standard error, in parenthesis, associated with equal slopes models for each soil parameter, test statistics, two-sided p values, and 95%

confidence intervals.

Slope (standard error) T P 95% confidence interval
(df = 8)
Lower bound Upper bound
Boron 0.21 (0.05) 4.73 0.0006 0.11 0.31
Calcium 429.38 (239.23) 1.79 0.1002 -97.17 955.92
Copper -0.19(0.32) -0.59 0.5662 —0.91 0.52
Electrical Conductivity 277.73 (70.21) 3.96 0.0023 123.20 432.25
Iron 45.77 (27.47) 1.67 0.1239 —14.69 106.24
Magnesium 102.95 (38.05) 2.71 0.0205 19.20 186.70
Manganese —54.91 (21.46) —2.56 0.0266 -102.15 —7.67
Organic Matter 0.24 (0.07) 3.35 0.0064 0.08 0.39
pH 0.20 (0.12) 1.66 0.1261 —0.06 0.46
Phosphorus 149.94 (62.70) 2.39 0.0358 11.94 287.94
Potassium 346.95 (66.75) 5.2 0.0003 200.04 493.86
Sodium 26.38 (24.16) 1.09 0.2981 —26.78 79.55
Sulfur 23.55 (6.39) 3.68 0.0036 9.48 37.62
Zinc 4.20 (1.85) 2.28 0.0439 0.14 8.27

between the two harvest periods by an average of 2.99 kg/9.3 m?
more during HR (95% CI for Diff = HR - HE: —0.33, 6.32).

Seasonal comparison—Amaranth residue vyields were
also significantly associated with season [F( 5y = 5.49,
p = 0.0290] in the presence of a significant interaction
with year. No significant season effect was detected for
cowpeas, lablab, maize, sorghum, lablab, or sweet potatoes
residue yield.

Site comparison—With the exception of lablab during the HE
period, there was convincing evidence of a site effect on residue
yield across the other five crops (p < 0.01 for all).

A summary of three-way analysis of variance on crop residue
yields for each crop can be found in Supplemental Materials:
Summary of Three-way Analysis of Variance on Crop Residue
Yield (ANOVA).

Soil Parameter Responses

Levels of 14 soil parameters were measured at each site over 4
years. Boron, electrical conductivity, magnesium, organic matter,
phosphorus, potassium, sulfur, and zinc increased significantly.
Calcium, copper, iron, pH, and sodium showed no significant
changes, and manganese levels decreased significantly. See
Figure 3 and Table 6 for site and year data. Optimal ranges of
soil parameters can be seen in Supplemental Materials: Ideal Soil
Parameter Ranges.

Statistical Analysis of Soil Parameter

Responses
For each of the soil parameters, ANCOVA was used to model soil
parameter levels based on differences in site and year. At the a
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FIGURE 4 | Total edible crop yields across all sites over 4 years.
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= 0.05 level, the equal slopes model was deemed appropriate for
all nutrients.

Significant positive yearly increases in boron, electrical
conductivity, ~magnesium, organic matter, phosphorus,
potassium, sulfur, and zinc were detected (Table 7). Significantly
decreasing levels were detected for manganese, and no significant
change was detected for calcium, copper, iron, pH, and
sodium (Table7). Full model details are available in the
Supplemental Materials: Soil Parameter Analysis SAS Output.

DISCUSSION
Edible Yields

Edible yields of many of the crops increased from Year 1 and
continued to increase each year (Figure 4), suggesting that the
one-time addition of organic fertilizers and subsequent compost
additions increased soil nutrient availability, which had a positive
effect on crops. In many cases, soil nutrient availability continued
to increase over the next 4 years. It is possible that the continued
increase in nutrient availability was due at least in part to the
practices of GBSA in which all crop residues are returned to
the soil and soil erosion is minimized. Using GBSA, residues
are returned through efficient and effective composting, and the
soil remains covered and protected through continual, densely
planted cropping. In addition, soil nutrients already present in
the soil may have become more available through increased
microbial activity resulting from the continual additions of
compost, as well as the adjustment of soil pH where soil testing
warranted (Schimel and Schaeffer, 2012; Weil and Brady, 2017;
Banwart et al., 2019). Increased soil microbial activity also helped
to immobilize nutrients that may otherwise have leached from
the soil. It is also possible that soil biological activity and the
GBSA practice of deep soil preparation improved soil structure
and allowed greater access to nutrients deeper in the soil, which
were then returned to the soil surface through composting.

Based on soil parameter results, the Muruka site had the least
fertile soil (lowest pH, highest aluminum level, second lowest
organic matter level, and lowest calcium, magnesium, and iron
levels), which generally correlated with having the lowest edible
and residue yields. This trend was not initially overcome by the
one-time application of organic fertilizers and compost alone.
However, edible and residue yields, and even soil parameter
levels, suggest that the Muruka soil was comparably fertile to
the other sites by the end of this 4-years study. This steady
increase in fertility may be due to the combined effects of a one-
time application of organic fertilizers and GBSA and warrants
further study.

Maize grain yields increased over time across all sites but
did show significant differences in yield between the rainy
and dry seasons, which were expected since no supplemental
irrigation was provided. Sorghum grain yields increased on
average between Years 1, 2, and 3, but declined in Year 4
(Figure 1 and Table 4). Ratoon sorghum typically decreases in
grain yield in Year 4 and is then replanted, correlating with
our findings. Sweet potato tuber yields increased over this study
period (Figure 1, Table 4), though there were small, temporary
dips at each site. Increased tuber production due to increased
soil fertility is expected since canopy photosynthesis has been
significantly correlated to tuber yield (Bhagsari and Ashley,
1990). Amaranth leaf yields increased on average between Years
1 and 2, plateaued in Year 3, and declined in Year 4 (Figure 1 and
Table 4). This decline in Year 4 was site specific, and most evident
at Athi Gravity and to a lesser degree at G-BIACK (Figure 1). The
decline in leaf yield at Athi Gravity and to a lesser extent at G-
BIACK is attributed to decreased rainfall, which led to decreased
production of amaranth leaves during growth.

Lablab and cowpea yields were initially difficult to interpret as
they were affected by a change in harvesting practices during the
course of this experiment. As with amaranth, the harvesting of
lablab and cowpea leaf is generally done in a way that minimizes
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damage to the health of the plant. However, there are still rates of
harvesting within this parameter that can increase leaf yield but
reduce the overall productivity of the plant slightly or reduce leaf
yield to increase overall productivity and the plant’s residue yield.

Up to and including Year 3 Season 1, leaf harvesting of
cowpeas and lablab was done with the goal of maximizing
edible yield (either leaf or seed, respectively). However, in Year
3 Season 2 and for the rest of the experiment, leaf harvesting
of cowpeas and lablab was done with the goal of maximizing
crop residue yield and compost production. As a result of the
change in harvesting practices, the interpretations of cowpea and
lablab edible and residue yields were divided into two periods:
harvesting for edible yields (HE) and harvesting for residue yields
(HR). Within each harvesting period, cowpea edible yields did
not significantly change, but comparing between periods, they
were significantly higher during the HE period. Lablab yields
significantly increased during the HE period, but they did not
change significantly during the HR period. Comparing between
harvesting periods, lablab edible yields were significantly higher
in the HE period. The harvesting method used during the HE
period was shown to be successful in boosting edible yields for
cowpeas and lablab. The effect of this harvesting method on
residue yields is described in more detail below.

Athi Gravity cowpea leaf yields were unusually high in Year
3 Season 1 (Figurel and Table4). The farmer and authors
attribute this increased yield to fortunate seasonal rainfall, which,
due to timing and the unavailability of irrigation, had significant
effect on cowpea yields in this semi-arid region.

Edible yields of maize, sorghum, and sweet potatoes are
significantly higher than average yields reported by FAO over this
4-year period (Table 8; note: FAO data for amaranth, cowpeas
and lablab were not available). These increased yields represent
a 70% increase in calories. The trend of increasing percentages
of yield differences between conventional agriculture and GBSA
correlates with the trend of increasing yields with GBSA found
during this study. The trend of increasing percentages of
yield differences also suggests that the increases were due to
management differences between conventional agriculture and
GBSA rather than environmental differences.

Maize grain yields increased steadily and were 27.2, 87.4,
113.9, and 105.8% higher than average yields reported by FAO
in Years 1 to 4, respectively (Table 8). Since there were no
control beds managed with GBSA that did not receive the
one-time application of organic fertilizers, we cannot attribute
this performance to the fertilizers, the GBSA method, or both.
However, Omondi et al. (2014) found substantial higher yields
of maize grown with GBSA using the same spacing (131,800
hg ha~!). While the inclusion of pathway space and yields
from whole beds may reduce their yield estimate somewhat, it
collaborates the high yield potential of GBSA for maize grown
in Kenya.

Residue Yields

The residue yields of maize increased slightly overall (Figure 5)
but their responses varied by site with increases at G-BIACK and
Muruka, slight increases at Athi Gravity, and variable responses
at Thika River (Figure2). While we would expect increases
in corn residue yields that correspond to increases in maize

grain yields in response to increased soil fertility and nitrogen
availability (Sindelar et al., 2012), both Athi Gravity and Thika
River experienced lodging of the corn crops each year due to
heavy rains and winds. Sorghum residue yields increased over
this study period. That the residue yields did not decline at
Athi Gravity and Thika suggests that sorghum was less prone
to lodging than maize. Sweet potato residue yields increased
though each site experienced small dips (Figure 2 and Table 5)
over the course of this study, which is expected from increased
soil fertility.

Amaranth residue yields steadily increased over this study
period, despite the decline in rainfall and leaf yield in Year 4. This
is due to two factors: (1) green amaranth leaves are harvested
when they are young and tender, and at a rate to minimize the
damage to the health of the amaranth plant, which is based
largely on the experience of the farmer and requires significant
judgment; and (2) most of the total weight of a mature amaranth
plant at harvest can be attributed to its heavy stalks and very little
to the remaining dried leaves. It is likely that the lack of rainfall
at Athi Gravity and G-BIACK reduced amaranth leaf harvesting
rates, yet there were not overall declines but rather increases in
residue yields.

Due to change in harvesting practices of cowpeas and lablab
described earlier, we interpreted cowpea and lablab residue yields
within and between these two harvesting periods (HE and HR).
Cowpea yields did not change significantly during the HE period
and increased marginally during the HR period. Lablab yields
increased marginally during the HE period and showed no
significant change during the HR period. However, both cowpea
and lablab residue yields were greater in the HR period. The
harvesting method used during the HR period was successful
in boosting residue yields for cowpeas and lablab. Overall, the
harvesting practices used in the HE and HR periods were
successful at increasing edible or residual yields, respectively, for
cowpeas and lablab, but increasing edible yields came at the cost
of decreasing residual yields and vice versa. Altering harvesting
methods of these crops can increase edible yields and human
nutritional output. However, this approach likely provides only
a short-term advantage as a decline in residue yields and on-
farm compost production could lead to a decrease in soil organic
matter and a loss of overall fertility if used continuously for
multiple years.

The combined increases in crop residues led to each site being
able to apply 0.073 m® of compost to each bed during both
seasons of the fourth year, rather than 0.049 m® that had been
applied per bed in previous seasons and years. The increase in
compost material was reflected by the significant increase in
soil organic matter across all sites over this 4-years study. This
increase demonstrates the ability of GBSA, combined with a one-
time application of organic fertilizers, to improve soil fertility
and to help mitigate climate change. In addition, this increase
suggests that soil organic matter levels could continue to increase
past the 4-years period of this study.

Soil Parameter Responses

Over the course of this study, there was no significant decline in
13 of the 14 soil parameters overall. The one soil parameter that
did decline significantly was manganese (Figure 3 and Table 7).
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TABLE 8 | 2012-2015 FAQ reported yearly average Kenyan edible yields compared to study edible yield results.

Crop Year Average Kenyan yields hg ha—"" Study yields kg/9.3 m? Study yields converted to kg ha~? % difference
Maize 2012 17,366 2.85 22,093 27.2
2013 16,922 4.09 31,705 87.4
2014 16,602 4.58 35,504 113.9
2015 18,230 4.84 37,519 105.8
Average 17,280 4.09 31,705 83.6
Sorghum 2012 7445 2.2 17,054 129.1
2013 7550 3.44 26,667 253.2
2014 8316 5.21 40,388 385.7
2015 9667 4.68 36,279 275.3
Average 8245 3.88 30,097 260.8
Sweet Potatoes 2012 128,346 13.78 106,822 —16.8
2013 124,706 15.01 116,357 —-6.7
2014 125,050 16.15 117,442 —6.1
2015 170,773 22.38 173,488 1.6
Average 137,219 16.58 128,527 -7.0
Average comparison of all edible yields over all sites and years 112.5

*Conversion to hg/ha includes 45-cm path around each 9.3 m? bed. This is conservative, since farmers can reduce their path area by creating longer beds to increase their growing
space per unit area.
[Study comparison converted bedss to ha by each total bed (9.3 m?) plus a path area (3.6 m?) or 12.9 m?] (FAOSTAT)".
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FIGURE 5 | Total residual crop yields across all sites over 4 years.

The decline in manganese may have been due to seasonal rains  and were still moderately high in Year 4 (mean of 125 ppm) (see
that reduced available oxygen in the soil, causing manganese  Supplemental Materials: Ideal Soil Parameters).

to become more mobile, in combination with weak adsorption Phosphorus, potassium, organic matter, sulfur, magnesium,
by organic matter, the primary source of cation adsorption in  boron, zinc, and electrical conductivity levels significantly
these soils. Manganese is the most weakly held divalent cation by  increased over this study (Table 7). The single application of
organic matter, with the exception of magnesium, but magnesium  organic fertilizers included nutrients needed by these soils, as
mobility is not increased under reducing conditions (Mengel — well as lime, which increased soil pH and could have made
et al,, 2001). In addition, manganese levels in these soils were  some nutrients more available. It is also possible the combination
excessive in Year 1 (mean of 297.25 ppm) with ideal manganese  of needed nutrients, pH optimization, and the addition of
levels from Mehlich III extractions ranging from 20 to 250 ppm  compost allowed soil biology to further increase soil nutrient
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availability through mobilization and decrease nutrient losses
through immobilization. Losses would still be expected from
this system through leaching, volatilization, and erosion, as
well as the lack of recycling nutrients contained in the human
waste from those who consumed the crops. Further research
is required to determine the point in time when those losses
are greater than the amounts of nutrients added through
biogeological processes.

While a steady increase in phosphorus can be explained
through continual breakdown of rock phosphate added prior
to Season 1 and increased microbial activity, the spike in
phosphorus at G-BIACK in Year 3 (Figure 3) is anomalous.
Upon receiving the test results that year, the laboratory retested
the results on request and found a similarly high P level.
Since no phosphorus-containing fertilizer had been added, it is
possible that this was due to an uneven distribution of rock
phosphate prior to Season 1 Year 1 and sample inhomogeneity
in Year 3.

Sulfur (specifically sulfate) levels rose steadily over the course
of this study and even faster in Year 4. Soil sulfate levels are highly
variable even over the course of a growing season (Bloem et al.,
2001), but are also directly correlated with soil microbial activity
(Kersetz and Mirleau, 2004). The rise in sulfate in Year 4 could be
attributed to the slow dissolving of gypsum, combined with the
steady increase in soil organic matter, which led to the increase
in total sulfate held in the soil and greater microbial activity and
sulfate availability.

GBSA is a food production system that requires only human-
powered tools, minimizes the need for external inputs, and
has been shown to significantly improve yields (Jeavons, 2001;
Rajbhsndari, 2011; Omondi et al., 2014), thus making it a system
that is available and advantageous to almost any farmer in the
world. However, if farmers are unable to test their soil and
add recommended organic fertilizers, they must settle with crop
yields that, while still higher due to GBSA, are increasingly
constrained by soil nutrient limitations. This study suggests
that edible and residue crop yields can increase over 4 years
by testing your soil, applying appropriate organic fertilizers,
and using GBSA. This approach allows costs to be distributed
over at least 4 years and makes the process of improving
soil fertility and crop yields more affordable and available to
farmers globally.

After decades of reducing global hunger, since 2015, the
number of those hungry has increased. In SSA in particular, the
percentage of undernourished people went from 20.9 in 2015
to 22.8 in 2018 (FAO, 2019). Also, Africa has made the least
progress in reducing stunting with 40% of global stunting in
2018 (FAO, 2019). To compound this existing problem, SSA
population is expected to double (United Nations Department
of Economic Social Affairs, 2010) and increase per-capita
caloric demands.

GBSA combined with a one-time soil test and application
of appropriate organic fertilizers offers a potential way for
individuals, families, and communities to improve their
food security.

CONCLUSION

A one-time application of appropriate organic amendments used
within the GBSA system sustained or improved edible and crop
residue yield over 4 years at four farms in Kenya. Along with
positive plant responses, soil quality and nutrient cycling were
sustained or improved. GBSA is a synergistic compilation of
eight well-documented sustainable principles to offer farmers,
especially small shareholders, a viable option to address the
increased demand for food.

LIMITATIONS

Sample sizes were admittedly smaller than ideal in this initial
study. However, the degree to which edible and residual
yields and soil parameter levels were sustained or increased
were beyond our expectations. This approach to increase food
production and food sovereignty while reducing resource usage
appears promising and should be further tested at additional sites
under various climates, crops, and soils.
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