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ARTICLE INFO ABSTRACT

Article history: Soil degradation is a major threat to Southern Africa's agricultural production. Crops show generally weak re-
Received 20 March 2014 sponses to mineral fertilizers on degraded soils. A three-year study was conducted between 2009 and 2012 on
Received in revised form 29 September 2014 smallholder farms in eastern Zimbabwe to explore entry points for rehabilitating degraded croplands using prin-
25232;61‘: gn?ic;:?&;iom ciples of integrated soil fertility management (ISFM) supported through farmers' local knowledge of soils. Partic-

ipatory research approaches were first used to investigate farmers' understanding of soil degradation and the
commonly used local diagnostic indicators. Farmers' determinants of degraded soils centered on crop perfor-

gfﬂogg;ﬂogy mance, indicator weed species and soil physical attributes, and matched laboratory parameters. Overall, physical
Indifallow and chemical properties of the degraded soils were significantly lower than reported values for productive sandy
Legume-based sequences soils in Zimbabwe. Evaluated on ten degraded field sites of corresponding catenary positions and similar slope,
P fertilization the main ISFM options involved nitrogen-fixing herbaceous legumes planted in the first year, with subsequent
Soil biological activity addition of cattle manure in the second year. In the third year, the influence of the ISFM options on maize produc-

tivity and changes in soil biological activity were then evaluated. Phosphorus was applied every year under each
sequence. The controls were natural fallow and continuous maize. The treatments were randomly assigned to
plots at each of the experimental sites and replicated across farms. Above-ground biomass carbon (C) and nitro-
gen (N) accumulation was 3038 kg ha=! and 203 kg ha™!, respectively, under 1-year indigenous legume fallow
(indifallow) against 518 kg C ha~ ! and 14 kg N ha~! under 1-year natural fallow. Two-year indifallow produced
approximately three times the biomass N attained under the 2-year natural fallow. When all the treatments were
planted to a maize test crop in the third year, herbaceous legume-based sequences showed the highest response
to mineral fertilizer N compared with natural fallow-based sequences and continuous fertilized maize. A regres-
sion of maize yields against mineral N fertilizer showed a maximum yield of 2.5 t ha~! under the herbaceous
legume-based sequences against 1t ha~! under continuous fertilized maize and natural fallow-based options fol-
lowing addition of 120 kg ha~! of mineral N fertilizer. ‘Green-start’, a Crotalaria juncea L. (sunnhemp)-based se-
quence, and ‘Indifallow-start 1’, an indigenous legume-based sequence, gave the highest microbial biomass C
(MBC) of 243 mg kg~ ! soil compared with 187 mg kg~ soil under continuous maize. Microbial biomass N
showed a similar trend. Under ‘Green-start’ and ‘Indifallow-start 1’, MBC to organic C ratio averaged 7; about
one and half times more than under natural fallow-based sequences and continuous fertilized maize. Consistent
with microbial biomass, soil carbon dioxide (CO,) emission under ‘Green-start’ and ‘Indifallow-start 1' was 22%
higher than under natural fallow-based sequences. Continuous maize treatments gave higher metabolic quo-
tients (qCO-,) than legume-based sequences, indicating a lower microbial efficiency under the former. We con-
cluded that short-term restoration of productivity of degraded sandy soils should focus on high quality organic
resource application and P fertilization to stimulate microbial activity and induce responses to mineral fertilizers.
When coupled to P fertilization, herbaceous legume-based ISFM sequences provide a potential entry point for re-
versing soil degradation and offer opportunities for increasing crop productivity in dominant smallholder farm-
ing systems of Zimbabwe and other parts of Southern Affica.

© 2014 Elsevier B.V. All rights reserved.
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2000). Soil degradation, which could be due to natural or anthropogenic
factors, involves negative changes in soil properties and processes, lead-
ing to loss of productivity (Lal, 2006). Between 1982 and 2002, 10% of
the agricultural land in SSA lost its productivity due to human-
induced degradation (Vlek et al., 2008). The major causes of the degra-
dation include inappropriate tillage practices, overgrazing, deforesta-
tion, soil nutrient mining, pollution and inadequate soil and water
conservation measures (Diagana, 2003; Tittonell and Giller, 2013). In
Zimbabwe, approximately 70% of the arable land area is covered by
granite-derived sandy soils known for their inherently low nutrient
capital and susceptibility to degradation (Nyamapfene, 1991). Conse-
quently, most smallholder farmers crop on these sandy soils, including
those resettled on virgin lands through the government's agrarian re-
form programs between 1980 and 2000 (Andersson, 1999; Chimhowu
and Woodhouse, 2008). The conversion of virgin sandy soils to perma-
nent cultivation often leads to an exponential decline in organic matter
and other nutrients (Zingore et al., 2005). In most smallholder farming
areas, the soils are so rundown that farmers hardly yield more than
1 t ha™! of maize grain (Carr, 2003; Mapfumo and Giller, 2001). Given
the growing demands for food and feed production against a changing
climate, interventions are critically required to rehabilitate these
degraded soils and arrest production practices that are based on
extensification. Extensification approaches are no longer feasible in
most parts of Southern Africa due to diminishing access to arable land
(Andersson, 1999; Meadows and Hoffman, 2002 ). However, some stud-
ies have shown that, with proper management of cropping sequences
and judicious use of organic materials and mineral fertilizers, these
soils can support maize grain yields of between 3 t ha™ ' in the short-
term (Mtambanengwe et al., 2006) and up to 5 t ha~ ! in the long-
term (Nezomba et al.,, 2014; Rusinamhodzi et al., 2013). This therefore
offers prospects that declining productivity of the soils can be reversed.

Laboratory indicators based on measurements of soil physico-
chemical and biological properties are commonly used to assess soil
degradation (e.g. Moebius-Clune et al., 2011; Tesfahunegn et al.,
2011). Some of the indicators such as microbial biomass are responsive
to short-term management such that they are often used to detect early
changes in soil quality (Karlen et al., 1997). The other soil parameters,
that include aggregate stability and organic matter content, usually re-
spond to long-term management practices. Apart from laboratory indi-
cators, local people who have been using their soils over time can also
have substantial knowledge on indicators of degradation (Mairura
et al.,, 2007; Pauli et al., 2012). Tapping on such knowledge base could
enable rapid appraisal of soil degradation for timely rehabilitation, par-
ticularly in African smallholder communities where the majority of
farmers have poor access to laboratory-based technical services. The in-
volvement of local communities in soil degradation assessment can also
lead to better integration of local and empirical knowledge.

According to the Abuja Declaration by African Heads of States in June
2006, African farmers should increase mineral fertilizer use from cur-
rent levels of <10 kg ha—! to 50 kg ha™! to achieve higher crop yields
(Africa Fertilizer Summit, 2007). However, some of the most degraded
soils often exhibit a general lack of response to mineral fertilizer addi-
tion. While degradation of these croplands is sometimes physical e.g.
presence of rills and gullies (e.g., Guto et al., 2011; Kangalawe et al.,
2008), their non-responsiveness to mineral fertilizer addition is largely
due to deterioration of chemical and biological properties (Tittonell
et al., 2012). Most of such soils are characterized by low organic
matter contents and severe macro- and micronutrient deficiencies
(Mtambanengwe and Mapfumo, 2005; Zingore et al., 2008). The deteri-
oration in the soil biochemical properties is mainly a result of extractive
and low external input-based soil fertility management practices
(Haileslassie et al., 2005; Hilhorst and Muchena, 2000). Consequently,
farmers often abandon such degraded soils due to loss of crop produc-
tivity (Chuma et al.,, 2000; Nyakanda et al., 2002).

Addition of cattle manure to build soil organic matter (SOM) and
rectify multiple nutrient deficiencies is one option recommended for

rehabilitating degraded soils (Mtambanengwe and Mapfumo, 2008;
Zingore et al., 2008). However, most smallholder farmers cannot obtain
sufficient manure due to low cattle numbers, and are therefore unable
to maintain critical levels of soil organic C required to sustain soil pro-
ductivity (Bationo et al., 2007; Mtambanengwe and Mapfumo, 2005).
This therefore calls for identification of complementary options to reha-
bilitate these degraded soils. In Zimbabwe, non-cultivated N,-fixing
herbaceous indigenous legumes were found to generate substantial bio-
mass on nutrient-depleted soils that have <10% clay, <5 ppm available
phosphorus (P), and <0.4% organic carbon C (Mapfumo et al., 2005).
The non-cultivated N,-fixing indigenous legumes, which have hitherto
been regarded by famers simply as weeds, are native to Zimbabwe
and similar agro-ecologies of Southern Africa (Mapfumo et al., 2005).
Due to their high adaptability to nutrient-depleted soils and variable
rainfall regimes, and ability to biologically fix N, the indigenous legumes
are a potential alternative source of N to increase cereal productivity in
smallholder farming communities in Zimbabwe (Mapfumo et al., 2005;
Nezomba et al., 2010). The legumes are different from the commonly
used green manure cover crops (GMCC), as the latter are not only limit-
ed to N,-fixing legumes, but also include other crops that provide soil
cover to reduce erosive forces (Abayomi et al., 2001), and smoother
weeds (Versteeg et al., 1998).

While the herbaceous indigenous legumes could produce consider-
able biomass on degraded soils, P fertilization is required to maximize
biomass productivity, given the inherent low P levels in granitic sandy
soils predominating in smallholder farming communities in Southern
Africa (Hartemink and Huting, 2008). We envisaged that the establish-
ment of these legumes on degraded soils could enable crops to respond
better to subsequent applications of the small amounts of organic and
inorganic nutrient resources commonly available to farmers. The inclu-
sion of legumes in cropping sequences as well as combined application
of organic and inorganic fertilizers form the core of integrated soil fertil-
ity management (ISFM); an approach designed to increase soil produc-
tivity in resource-limited environments (Mapfumo, 2009; Vanlauwe
et al,, 2010).

We hypothesized that biomass generated by P-fertilized N,-fixing
herbaceous legumes with subsequent addition of cattle manure
can ‘kick-start’ soil biological processes towards restoration of
degraded sandy soils. We tested this approach using the non-
cultivated N,-fixing indigenous legumes mainly of the genera Crotalaria,
Indigofera and Tephrosia, and a green-manure legume, Crotalaria juncea
L. (sunnhemp). It was also envisaged that such herbaceous legume-
based ISFM sequences could increase the responsiveness of degraded
soils to mineral fertilizer. The main objective of the study was to inves-
tigate potential entry points for rehabilitating degraded croplands using
principles of ISFM supported through farmers' local knowledge of soils
on smallholder farms in eastern Zimbabwe. Specifically, the study
sought to: (i) investigate farmers' knowledge of soil degradation and
the commonly used local diagnostic indicators, (ii) assess the effect of
indigenous herbaceous legume fallows (indifallows) on above-ground
C and N productivity on degraded soils, (iii) determine maize grain
yield responses to mineral N fertilizer under indigenous legume-based
ISFM sequences and (iv) determine the influence of indigenous
legume-based ISFM sequences on changes in soil microbiological
properties.

2. Materials and methods
2.1. Study sites

The study was carried out between 2009 and 2012 in Nyahava ward
in Makoni (18° 13'S; 32° 22’E) and Goto ward in Hwedza (18° 41'S; 31°
42’ E) smallholder farming areas in eastern Zimbabwe. Goto and
Nyahava wards are in Zimbabwe's natural regions (NRs) II and III,
respectively. NRs II and III receive over 750 mm and 650-750 mm
of rainfall annum™"!, respectively, between November and March
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(Vincent and Thomas, 1961). The mean total annual rainfall has not
changed much since the 1960s although both areas are now experienc-
ing increased frequency of mid-season dry spells and reduced number
of rainy days (Rurinda et al., 2013). With regard to soils, Nyahava is
dominated by Lixisols and Arenosols while Goto is mostly covered by
Lixisols and scattered patches of Luvisols (FAO-ISRIC, 2003; van
Engelen et al., 2004; World Reference Base, 2006). In both areas, the
soils are predominantly granitic sands, with low clay content in the
0-30 cm depth (Nyamapfene, 1991). Soil fertility widely varies across
fields and farms largely due to preferential allocation of organic nutrient
resources (Mtambanengwe and Mapfumo, 2005). Maize is the domi-
nant crop grown in both areas, with small field sections allocated to
food legumes such as groundnut (Arachis hypogaea L.) and cowpea
(Vigna unguiculata (L.) Walp).

2.2. Identification of degraded soils and selection of experimental fields

Prior to the 2009/10 cropping season, farmer participatory research
methods, that included focus group discussions, key informant inter-
views and a community meeting, were employed to investigate
farmers' knowledge of soil degradation. The focus groups comprised of
30 farmers (15 men and 15 women) of varying age, but with sound
knowledge of the areas. Most of the farmers had been practicing farm-
ing for >30 years. The farmers were categorized into three resource
groups (RGs) based on a typology developed by Mtambanengwe and
Mapfumo (2005), which used resource endowment as the main
criteria. The typology recognizes resource-endowed (RG1), resource-
intermediate (RG2) and resource-constrained (RG3) households. The
key informants included village heads, community leaders and exten-
sion workers. The discussions and interviews were guided by the fol-
lowing questions: (i) what are the indicators of a productive and
degraded (least-productive) cropland? and (ii) what are the perceived
causes of soil degradation? After the key informant interviews and
focus group discussions, a community meeting was then conducted to
build consensus on the indicators of degraded soils and ranking them
in order of importance. Ranking was done by assigning each indicator
a score based on head counts of farmers who had selected that indicator.
Using the indicators, transect walks to locate the degraded fields were
then led by village heads, community leaders and local extension lead-
ing to identification of fields for experimentation. Four experimental
sites were selected in Nyahava (NRIII) and six in Goto (NRII). The exper-
imental fields had corresponding catenary positions, and similar slope
and history of management.

At field each site, soils were sampled at 0-20 cm depth and subse-
quently analyzed for total C, N, plant available soil P (Olsen), pH, ex-
changeable bases, exchangeable acidity, effective CEC and texture
using methods described by Anderson and Ingram (1993). The sam-
pling depth represented the plow layer, based on the animal-drawn
moldboard plow commonly used for tillage by smallholder farmers in
Zimbabwe (Baudron et al., 2012a; Shumba, 1989). Most organic mate-
rials and mineral fertilizers used for crop production are incorporated
within this depth. Given the high sand content in these soils, highly mo-
bile nutrients such as mineral N and exchangeable bases can be leached
to lower depths, and often beyond the rooting depth of most crops
(Chikowo et al., 2004a). Bulk density (BD) of undisturbed soils was
measured using the core method (Blake and Hartge, 1986). Part of the
soil samples were incubated for 2 weeks under anaerobic conditions
and mineral N extracted using 1 M KCl, and analyzed as described by
Keeney and Nelson (1982).

2.3. Establishment of indigenous legume-based ISFM sequences

In the first cropping season, fields were tilled once to the 20 cm
depth soon after the first effective rains during November 2009 using
an animal-drawn moldboard plow. At plowing, there were negligible
amounts of crop residues on the soil surfaces from the previous season,

and this was mainly attributed to free animal grazing during the dry
season (Mtambanengwe and Mapfumo, 2005). At each experimental
site, a total of seven plots, each measuring 10 m x 10 m, were demarcat-
ed. Two of the plots were put under indigenous legumes, with one
intended for a 2-year fallow, resulting in the following treatments:
(i) 1-year indifallow and (ii) 2-year indifallow to initiate the
‘Indifallow-start 1’ and ‘Indifallow-start 2’ sequences, respectively. The
next 2 plots were left under natural fallow to allow natural vegetation
(mostly grasses) to regenerate on the plowed fields for 1 and 2 years,
giving (iii) 1-year natural fallow (‘Natural fallow-start 1°) and (iv) 2-
year natural fallow (‘Natural fallow-start 2’) treatments, respectively.
The other 2 plots were allocated to (v) continuous fertilized maize and
(vi) continuous unfertilized maize. The remaining plot was planted to
a (vii) 1-year sunnhemp fallow as a green manure legume to provide
for the ‘Green-start’ sequence. The treatments were randomly assigned
to plots at each of the experimental sites and replicated across farms.
With the exception of continuous unfertilized maize, basal P fertilizer
was added in each plot at 26 kg ha~! in a PKS blend formulation (32%
P,0s: 16% K,0: 5% S) before planting. A medium maturing maize varie-
ty, SC 513 (137 days to maturity), was planted in the continuous maize
plots at a spacing of 0.9 m (inter-row) and 0.3 m (within rows) to attain
a population density of approximately 37,000 plants ha~'. The contin-
uous fertilized maize crop was top-dressed with ammonium nitrate
(34.5%N) at 120 kg N ha~ ! split-applied at 3, 6 and 9 weeks after emer-
gence (WAE). The maize plots were kept weed-free through manual
weeding. In the succeeding seasons, the treatments were allocated
to the respective sequences as shown in Table 1. Cattle manure
was applied at 10 t ha™' and incorporated into soil. The chemical
properties of the manure applied across sites were: total N = 0.7%,
total P = 0.16%, extractable Mg = 0.1%, extractable Ca = 0.3% and ex-
tractable K = 0.5%. Tillage was done as previously described. Total sea-
sonal rainfall received during the experimental period averaged
686 mm and 745 mm in Goto and Nyahava, respectively (Fig. 1), and
within-season distribution varied strongly, particularly in Goto.

Drawing on past studies (Mapfumo et al., 2005; Nezomba et al.,
2010), indifallows were established by broadcasting seeds of different
indigenous legume species in mixtures. The main species were
Chamaecrista mimosoides Greene., Crotalaria laburnifolia (L.), Crotalaria
ochroleuca G. Don, Crotalaria cylindrostachys Welw. ex Baker, Crotalaria
pallida (L.), Crotalaria glauca Willd., Eriosema ellipticum Welw. ex
Baker, Indigofera arrecta Hochst. ex A. Rich., Indigofera astragalina DC.,
Macrotyloma daltonii (Webb) Verdc., Neonotonia wightii (Wight &
Arn.) J.A. Lackey, Tephrosia radicans Welw. ex Baker, Tephrosia purpurea
Pers. and Tephrosia longipes Meisn. The seed mixes were planted at
120 seeds m~2 species™ ' on the plowed fields. The legume seeds had
been collected by farmers from fallowed fields as previously detailed
in Mapfumo et al. (2005). The sunnhemp mixed fallow was established
by broadcasting sunnhemp seed at 20 kg ha™'. Sunnhemp is a green
manure crop being promoted by the Soil Fertility Consortium for
Southern Africa (SOFECSA) research initiatives in the study areas
(Mtambanengwe and Mapfumo, 2009).

24. Fallow C and N productivity and species abundance

Above-ground biomass productivity of indifallows, sunnhemp fal-
low and natural fallows was quantified using random grid sampling
(Mapfumo et al., 2005) 4 months (peak growth) and 11 months (late
dry season) after fallow establishment in the case of 1-year fallows
(2009/10 season), and also 15 months after establishment in the case
of 2-year fallows (2010/11 season). Below-ground biomass in fallow
treatments was not quantified in this study although roots are also
known to influence soil biological activity and productivity of rotational
cereals (e.g. Chikowo et al., 2004b; Khan et al., 2003). A 1 m? quadrat
was randomly thrown on three positions in each plot and the contained
biomass cut at soil level. The harvested plants were separated into indi-
vidual species biomass under shade and oven-dried at 60 °C to
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Table 1
Sequencing framework of integrated soil fertility management (ISFM) options on degraded sandy soils on smallholder farms in Zimbabwe.
Sequencing option Year 1 Year 2 Year 3
‘Indifallow-start 1’ Indifallow + P Maize + cattle manure + mineral fertilizer N and P Maize + mineral fertilizer N and P

‘Green-start’

‘Natural fallow-start 1’
‘Indifallow-start 2’
‘Natural fallow-start 2’
Fertilized maize
Unfertilized maize

Sunnhemp fallow + P
Natural fallow + P
2-Year indifallow + P
2-Year natural fallow + P
Fertilized maize
Unfertilized maize

Maize + cattle manure + mineral fertilizer N and P
Maize + cattle manure + mineral fertilizer N and P

Fertilized maize
Unfertilized maize

Maize + mineral fertilizer N and P
Maize + mineral fertilizer N and P
Maize + mineral fertilizer N and P
Maize + mineral fertilizer N and P
Fertilized maize

Unfertilized maize

determine dry matter. Relative species abundance was calculated by ex-
pressing the mass of each species as a percentage of the total biomass
productivity. A sub-sample of the total biomass from each quadrat
was ground on a Wiley Mill and analyzed for total N using the micro-
Kjeldahl method (Anderson and Ingram, 1993). Total fallow N produc-
tivity was then calculated by multiplying the tissue N concentration
by the corresponding biomass, while total fallow C productivity was es-
timated by multiplying total biomass by 0.45 (assuming that the har-
vested biomass contained 45% C) (Nezomba et al., 2009).

2.5. Maize N response under the different treatments

During the third cropping season (2011-12), all the treatments
were planted to a maize test crop (Table 1). Two weeks before
planting the maize crop, all above-ground biomass in the fallows
was incorporated to a depth of 20 cm using a moldboard plow. A
blanket basal P application of 26 kg ha~' was made across all the
treatments. Maize (SC 513) was planted at a population density of
37,000 plants ha~! as previously described. To determine maize re-
sponses to mineral N fertilizer, N was applied at 0, 35, 70, 90 and
120 kg ha— ! in sub-plots measuring 4 m x 5 m under each of the
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Fig. 1. Rainfall distribution during the experimental period.

main treatments. At physiological maturity, maize ears (grain + cob)
were harvested from net plots of 1.8 m x 3 m (middle rows) and
grain yield quantified at 12.5% moisture content.

2.6. Determination of soil microbial biomass, basal respiration and total C

To assess the effects of the different sequences on changes in soil mi-
crobiological properties and total organic C, soil samples were collected
at 0-10 and 10-20 cm depths from plots receiving 120 kg N ha~' and
the continuous unfertilized control during the 2011-12 cropping season
at 3 and 6 weeks after planting (WAP) of maize. The samples were an-
alyzed for microbial biomass, basal respiration and total organic C. Sam-
ples for microbial biomass determination were kept at 4 °C in cool boxes
before analysis, while part of the samples was air-dried for determina-
tion of total organic C. Soil microbial biomass C and N were determined
using the chloroform-fumigation extraction method (Amato and Ladd,
1988).

Soil basal respiration was determined only on soils sampled 6 weeks
after maize planting using the sealed incubation-alkali absorption
method (Stotzky, 1965). Soils were incubated in the dark for 21 days
and the CO, released during decomposition trapped in vials containing
0.1 M NaOH. The trapped CO, was then precipitated with excess 1.0 M
BaCl, and back titrated with 0.1 M HCI using phenolphthalein indicator
(0.5%) to obtain the amount of CO,-C evolved. The CO,-C released was
quantified on days 1, 4, 8, 16 and 21, and the amounts added to obtain
the total CO,-C evolved. Metabolic quotient (qCO,), a measure of effi-
ciency of the microbial community, was calculated by dividing the
amount of CO,-C evolved on the first day of incubation by microbial
biomass C (Anderson and Domsch, 1990).

2.7. Data analyses

Statistical differences in fallow C and N productivity and maize yields
were assessed through analysis of variance (ANOVA), with field sites
(blocks) and the ISFM options considered as fixed factors. The single
and interactive effects of ISFM options, soil depth and time of sampling
on soil microbial biomass, basal respiration and metabolic quotient
were also assessed through ANOVA. All the factors were considered
fixed. Mean separation was done using the Tukey's Test at P < 0.05.
Maize grain yield responses to mineral N fertilizer were calculated
using the exponential model in regression analysis as follows:

Yy =Yy +AY pax (1—exp (—kx))

where Yy is the grain yield (kg ha—') at particular rate (x) of N, Y the
yield at zero N (kg ha™'), AYmay is the maximum yield increase from
the initial (kg ha™') and k is the rate constant (kg™ !) or a specific re-
sponsiveness factor.

3. Results

3.1. Farmer criteria and interpretation of degraded soils

Farmers' diagnostic indicators of soil degradation were centered on
crop performance, indicator weed species, and soil physical attributes
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Table 2

Indicators of soil degradation (ranked in order of importance) identified through farmer participatory research approaches in Nyahava and Goto smallholder farming areas in Zimbabwe.

Indicators

Dominant weed species Soil attributes

Crop performance

2. Crops have yellowish leaves, stunted and poorly established
(uneven stand)

. Low crop response to addition of mineral fertilizers

4. Crops quickly show signs of moisture stress after a rainfall event

w

1. Richardia scabra L. (Mexican clover) 1. Top soil becomes loose (can be easily eroded by wind 1. Soils give <2 scothcarts® of maize grain per hectare
2. Eragrostis minor Host (Little love grass) and water)
3. Bulbostylis hispidula (Vahl) R.W. Haines 2. Shallow plow depth (hard pan close to the soil surface)
4. Melinis repens (Willd.) Zizka (Natal red top) 3. Low macro-fauna activity
5. Low weed diversity and vigor 4. Low moisture retention
5. Light-colored, with high sand content

@ A scothcart carries approximately 400-500 kg of maize grain (Mapfumo and Giller, 2001).

such as moisture and texture (Table 2). Richardia scabra L. (MeXican clo-
ver) and Eragrostis minor Host (Little love grass) were identified as the
main indicator weed species of degraded croplands. The other attributes
included presence of a plow pan, and loss of macro-fauna namely
millipedes, earthworms and ants. The weed species perceived to domi-
nate productive soils included Bidens pilosa L. (Black jack), Leucas
martinicensis (Jacq.) Ait. f. (Bobbin weed) and Commelina benghalensis
L. (Wandering dew) (data not shown). Overall, soil chemical properties
on the degraded field sites selected for experimentation were lower
than reported values for productive soils of similar textural class
(Table 3). Total C and N on productive soils, based on studies in similar
smallholder farming areas in Zimbabwe, were between 2 and 3 times,
respectively, more than on the degraded soils. Plant available soil P on
the degraded soils was 4 ppm compared with 9 ppm reported on pro-
ductive sandy soils in Zimbabwe. Effective CEC, and exchangeable Ca
and Mg from the degraded soils were also lower than values obtained
for productive sandy soils in similar areas. Bulk density on the degraded
soils was 6% higher than the average value obtained for productive
sandy soils in Zimbabwe.

3.2. Species abundance, biomass productivity and, C and N yields under
fallows

One-year indifallow was dominated by annual legume species, with
C. laburnifolia and C. ochroleuca contributing >50% of the total system
biomass (Table 4). In the 2-year indifallow, most of the system biomass
was contributed by non-leguminous species such as Setaria pumila
(25%) and Cynodon dactylon (33%). The 1-year indifallow produced
>10tha~ ! above-ground biomass compared with <3 tha™! under nat-
ural fallow, translating to significantly (P < 0.05) higher above-ground
biomass C and N accumulation than in natural fallow (Fig. 2a-d).

Table 3
Physical and chemical characteristics of soils on degraded fields in Goto and Nyahava
smallholder farming areas in Zimbabwe.

Parameter Site Productive sandy
Goto Nyahava soils
(n=26) (n=4)
Clay (%) 8(0.2) 9(0.1) 8
Sand (%) 81(2) 77 (3) 87
Organic C (%) 0.3 (0.05) 0.4 (0.03) 0.7
Total N (%) 0.02 (0.007)  0.03 (0.005) 0.07
Available P (ppm) 4(2) 4(1) 9
pH (0.01 M CaCl,) 4.1(0.11) 45(0.13) 5.4
Mineral N (mg kg~ ') 17 (1) 21 (4) 22
Exc. Ca (cmol( kg™ ") 0.4 (0.02) 0.4 (0.02) 3.2
Exc. Mg (cmol(¢) kg™ 1) 0.3 (0.01) 0.2 (0.01) 0.9
Exc. K (cmol() kg™ 1) 0.2 (0.001) 0.2 (0.001) 1.0
Exc. Aland H (cmol () kg™ ") 0.4 (0.002) 0.2 (0.001) 0.2
ECEC (cmol() kg™ ") 2.8 (0.03) 3.1 (0.08) 4.6
Bulk density (kg m~?) 1700 (56.6) 1750 (65.8) 1640

2 Average values for productive sandy soils obtained from studies conducted in small-
holder farming areas in Zimbabwe (Chikuvire et al., 2007; Masvaya et al.,, 2010; Mugwira
and Nyamangara, 1998; Mtambanengwe and Mapfumo, 2005; Nezomba et al., 2014;
Rusinamhodzi et al., 2013; Zingore et al., 2006). Figures in parentheses denote standard
error of mean.

Under high rainfall in Goto, 1-year indifallow yielded 3195 and
1994 kg C ha~! at peak growth (16 weeks) and late dry season
(44 weeks), respectively, against 540 and 270 kg C ha~' under natural
fallow. With respect to N, the 1-year indifallow gave 213 kg N ha™ ' at
peak growth compared with 14 kg N ha™! generated in the natural fal-
low. A similar result was observed under medium-high rainfall condi-
tions in Nyahava. There were no significant (P > 0.05) differences in
biomass C and N productivity between 1-year indifallow and 1-year
sunnhemp fallow. Two-year indifallow accumulated less biomass C
and N than 1-year indifallow as the total biomass under the former
was only contributed by biennial indigenous legume species and grass
species. However, the 2-year indifallow produced approximately three
times the biomass C and N attained under 2-year natural fallow
(Fig. 2e-f).

3.3. Maize response to mineral N fertilizer under ISFM sequences

In Nyahava, maize grown after ‘Indifallow-start 1° showed the
greatest response to mineral N fertilizer (R* = 0.65; P < 0.001) com-
pared with ‘Natural fallow-start 1’ (R?> = 0.35; P = 0.01), ‘Natural
fallow-start 2’ (R?> = 0.43; P = 0.09) and continuous fertilized maize
(R? = 0.4; P = 0.005) (Fig. 3a). The model predicted an average maxi-
mum grain yield (Ymax) of 4 t ha=! under ‘Indifallow-start 1’ and
‘Green-start’; three times the predicted yields under natural fallow-
based sequences and continuous fertilized maize (Table 5). In Goto,

Table 4
Relative species abundance under 1- and 2-year indifallows in Goto smallholder farming
area in Zimbabwe.

Treatment/plant species Relative species

abundance (%)

Legume Non-legume

1-Year indifallow
Acanthospermum hispidum
Crotalaria cylindrostachys
Crotalaria laburnifolia
Crotalaria ochroleuca
Crotalaria pallida

Cynodon dactylon

Eleusine indica

Eriosema ellipticum
Hibiscus meeusei
Indigofera arrecta

Melinis repens

Richardia scabra

Other non-legume species

w N

AW WN DA WWSA U OOW
+ 4+ + +
+

+

2-Year indifallow
Ageratum conyzoides
Commelina benghalensis
Crotalaria laburnifolia
Cynodon dactylon
Eriosema ellipticum
Hibiscus meeusei
Indigofera arrecta
Leucas martinicensis
Setaria pumila

Vernonia poskeana
Other non-legume species

w
N DA UTWWoOWwu N
+

N
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Fig. 2. Above-ground biomass C and N produced under 1-year fallows (a, b, ¢, d), and 2-year fallows (e, f) on degraded soils in Goto and Nyahava smallholder farming areas in Zimbabwe.

Bars indicate standard error of differences of means (SEDs) for a = Goto and b = Nyahava.

‘Indifallow-start 2’ gave the highest response to mineral N fertilizer
(R?> = 0.64), with all the other sequences recording R? of <0.5
(Fig. 3b). Overall, maize yield responses to mineral N were lower in
Goto than in Nyahava due to a prolonged mid-season dry spell, which
coincided with silking and grain filling stages. Because of the low yields,
the model estimated a maximum grain yield of <2 t ha™! across all
treatments. In both sites, the regression model predictions were signif-
icant (P < 0.05) for most of the treatments.

3.4. Soil microbial biomass under the different treatments
In Goto, microbial biomass was not significantly different among

treatments at 3 WAP of the maize test crop, but had significantly in-
creased at 6 WAP (Table 6a). ‘Indifallow-start 1’ and ‘Indifallow-start

2’ gave >235 mg kg~ ! of microbial biomass C (MBC) compared with
<200 mg kg~ ! under continuous fertilized maize at 6 WAP. Overall,
‘Green-start’ gave the highest MBC across treatments. Microbial bio-
mass carbon to organic C ratios were highest under ‘Indifallow-start 1’
and ‘Green-start’ at both 3 and 6 WAP. For example, at 3 WAP, ‘Green-
start’ gave a microbial biomass carbon to organic C ratio of 5.6 compared
with <4.4 under natural fallow-based sequences and ‘Indifallow-start 2’.
At 6 WAP, microbial biomass N (MBN) was >30 mg kg~ ! under
‘Indifallow-start 1’ and ‘Green-start’ against <20 mg kg~ ! under
‘Natural-fallow start 2’ and continuous maize treatments.

In Nyahava (3 WAP), MBC did not differ significantly among treat-
ments (Table 6b). MBC had, however, increased at 6 WAP, with
‘Indifallow-start 1’ and ‘Indifallow-start 2’ giving 24 and 14% more
MBC than ‘Natural-fallow start 2’. ‘Indifallow-start 1’ gave the highest
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microbial biomass carbon to organic C ratios at both 3 and 6 WAP. MBN
was not significantly different among treatments 3 WAP, with
‘Indifallow-start 1’ and continuous unfertilized maize giving the highest
and least values, respectively. MBN had increased in all the treatments
6 WAP, with the exception of continuous unfertilized maize.
‘Indifallow-start 1’ gave approximately three times the MBN recorded
under ‘Natural fallow-start 2’ and continuous fertilized maize.

3.5. Soil CO,—-C emission and metabolic quotient under ISFM sequences

Basal respiration was higher in soils collected from the 0-10 cm
depth than 10-20 cm for most of the treatments (Fig. 4). In Goto,
‘Indifallow-start 1" (157 mg CO,-C kg~' soil) and ‘Green-start’
(163 mg CO,—C kg~ soil) gave the greatest CO,-C emissions (Fig. 4a).
Continuous maize treatments and ‘Natural fallow-start 2’ released
<115 mg CO,-C kg~ ! soil. In Nyahava (0-10 cm), ‘Indifallow-start 1’
and ‘Green-start’ consistently released the most CO,—C compared with
the continuous maize treatments (Fig. 4b). Natural fallow-based se-
quences and continuous maize gave higher metabolic quotients
(qCO,) than legume-based sequences (Fig. 5). In Goto (0-10 cm),
qCO, was approximately 0.1 mg CO,-C g~ microbial C day~' under
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‘Indifallow-start 1’, ‘Green-start’ and ‘Indifallow-start 2’, but doubled
under continuous maize and natural fallow-based sequences (Fig. 5a).
A similar trend was recorded for the 10-20 cm depth. The gCO-, patterns
of soils from Nyahava were consistent with those from Goto (Fig. 5b).

4. Discussion

4.1. Farmers' local knowledge of soil degradation and implications for
management

Fields that were identified by farmers as being degraded, based on
local diagnostic indicators, had lower chemical properties than reported
values for productive soils of similar textural class. This match indicates
farmers' knowledge on soil properties as they relate to productivity.
Farmers' selection of R. scabra as the dominant indicator weed species
on degraded soils confirms earlier findings in Zimbabwe that the species
is often prevalent on disturbed acidic sandy soils (Agronomy Research
Institute, 1998; Mabasa et al., 1995). Consistent with the farmers’
criteria, B. pilosa and L. martinicensis have also been reported as indicator
weeds of productive soils (Mairura et al., 2007). These findings, and
other studies that have also reported congruency between local
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Fig. 3. a. Maize grain yield responses to mineral N fertilizer under different ISFM sequences on degraded soils in Nyahava smallholder farming area in Zimbabwe. The lines represent the
fitted exponential functions. b. Maize grain yield responses to mineral N fertilizer under different ISFM sequences on degraded soils in Goto smallholder farming area in Zimbabwe. The

lines represent the fitted exponential functions.
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Fig. 3 (continued).

indicators of soil productivity and laboratory indices (e.g. Tesfahunegn
etal, 2011; Tittonell et al., 2013), validate farmers' local knowledge as
it is inclusive of soil physico-chemical and biological properties and
the associated vegetation. The local indicators such as weed species
could then be used to aid farmers to target soil fertility management op-
tions to different fields. For example, the dominance of R. scabra on a
farmer's field indicates soil acidity, and therefore a need to apply liming
materials such as dolomitic and calcitic lime, cattle manure or termitaria
to raise soil pH (Watson, 1976; Zingore et al., 2008). On the other hand,
on soils with high prevalence of B. pilosa and L. martinicensis, crop pro-
ductivity could be sustained through maintenance addition of mineral
fertilizers and organic materials. Such management decisions are partic-
ularly important for most smallholder farmers in Africa because of chal-
lenges in accessing seed, fertilizer and labor resources (Giller et al.,
2011). However, more studies are apparently required to further ex-
plore the relationship between weed species dynamics and the underly-
ing soil properties in space and time to strengthen the local diagnostic
indicators.

4.2. Generating high initial biomass on degraded sandy soils

Degraded soils often support low net primary productivity levels,
typically around 2 t ha~' year™!, preventing the restoration of their

organic matter content and physico-chemical fertility (Lal, 2006). In
this study, 1-year indifallow and 1-year sunnhemp fallow produced
>10 t ha™ ! of above-ground biomass on nutrient-depleted soils, while
1-year natural fallow accumulated <3 t ha~!. The high amounts of C
and N measured under 1-year indifallow and 1-year sunnhemp fallow
were due to the biomass contributed by legume species. An earlier
study conducted on relatively productive soils also reported that indig-
enous legumes and sunnhemp contributed up to 88% of the total bio-
mass generated under 1-year fallows (Nezomba et al., 2010). The
lower biomass productivity in 2-year indifallow than under 1-year
indifallow was as a result of reduced legume biomass in the second
year. Annual legume species such as C. laburnifolia and C. ochroleuca,
which contributed most of the shoot biomass under 1-year indifallow,
did not re-establish well in the second year due to the dominance of
grass species. Consequently, most of the legume biomass under 2-year
indifallow was contributed by biennial legume species such as
I arrecta and E. ellipticum. While the predominantly grass weeds and bi-
ennial legume species under 2-year indifallow could not produce suffi-
cient above-ground biomass to match productivity under the 1-year
indifallow, the biomass productivity was better than leaving the soils
under a 2-year natural fallow. Although not measured in this study, bas-
ing on above-ground biomass productivity, and commonly known
shoot to root ratios of grasses and herbaceous legumes (Bolinder et al.,
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Table 5

Regression model parameters for maize responses to different rates of mineral N fertilizer
under ISFM sequences on degraded soils in Goto and Nyahava smallholder communities in
Zimbabwe.

Site/treatment Yo (tha™') Ymax (t ha™1) —k
Nyahava

‘Indifallow-start 1’ 0.7 3.9 0.0080
‘Natural fallow-start 1’ 04 1.2 0.0098
‘Green-start’ 0.7 4.1 0.0009
‘Indifallow-start 2’ 0.5 3.1 0.0030
‘Natural fallow-start 2’ 04 0.9 0.0087
Continuous fertilized maize 0.4 1.7 0.0027
Goto

‘Indifallow-start 1’ 0.5 0.9 0.0082
‘Natural fallow-start 1’ 0.2 0.7 0.0204
‘Green-start’ 0.6 1.8 0.0027
‘Indifallow-start 2’ 04 14 0.0065
‘Natural fallow-start 2’ 0.3 0.6 0.0115
Continuous fertilized maize 0.3 0.6 0.0049

2002; Pang et al., 2011), the legume-based fallows generated more
below-ground biomass than the natural fallows. Working in Zimbabwe,
Chikowo et al. (2004b) reported that Cajanus cajan, a herbaceous N,-
fixing legume, yielded 2 t ha=! year~! in root biomass in the 0-20 cm
depth. Given the <3 t ha™"' shoot biomass produced under natural fal-
lows, it is likely that the root biomass produced under these systems
was also low. Herbaceous legumes therefore offer better prospects for
generating high initial biomass on degraded soils than natural fallowing.

4.3. Soil biological activity and maize yield response under herbaceous
legume-based ISFM sequences

The high microbial biomass attained under ‘Green-start’ and
‘Indifallow-start 1’ suggests that the legume biomass generated in the

Table 6a
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first year and cattle manure applied in the second year provided labile
C and N to stimulate soil microbial activity. Inclusion of legumes in
cereal-based cropping systems has been shown to increase microbial
biomass (Silva et al., 2010; Yusuf et al., 2010). ‘Indifallow-start 2’ gave
superior microbial biomass than ‘Natural-fallow-start 2" implying that
mixtures of legume biomass and grass weeds generated under 2-year
indifallow in the preceding years provided better microbial substrates
compared with the predominantly grass weeds under 2-year natural
fallow. The ratio of microbial biomass carbon to total soil organic C
was highest under ‘Green-start’ and ‘Indifallow-start 1’ indicating great-
er biological activity that would suggest a faster soil rehabilitation po-
tential as compared with the other sequences (Sparling, 1992).
Consistent with microbial biomass, soil basal respiration was also
highest under ‘Green-start’ and ‘Indifallow-start 1’ reflecting the superi-
or microbial activity (Franchini et al., 2007). Stressful soil environments
such as those associated with nutrient depletion and contamination
often lead to a decrease in microbial efficiency, which translates into in-
creased qCO, as microbes spend more energy on maintaining metabolic
activity than in accumulating biomass (Hu et al., 2010). The lower met-
abolic quotient (qCO,) obtained under legume-based sequences there-
fore indicated more available carbon and thus less microbial stress
compared with natural fallow-based sequences and continuous maize
treatments. However, we had anticipated a low qCO, under ‘Natural
fallow-start 2’ due to better succession than under continuous maize
treatments. This could be attributable to limitations associated with
the gCO, method. Wardle and Ghani (1995) have shown the qCO,, to
be rather an unpredictable index at distinguishing disturbed and stress-
ful soils in certain environments.

The higher maize response to mineral N fertilizer under the legume-
based ISFM sequences could be explained by increased soil N availability
through addition of legume biomass and cattle manure. Besides above-
ground legume biomass, the increased N under the legume-based ISFM
sequences could also be attributed to mineralization of legume roots,

Soil organic C (t ha—'), and microbial biomass C and N (mg kg~') under different ISFM options on degraded soils at 3 and 6 weeks after planting (WAP) of maize in Goto smallholder

farming area during the 2011-12 season cropping season.

Sampling depth/treatment 3 WAP 6 WAP

MBC MBN Soil organic C MBC/organic C MBC MBN Soil organic C MBC/organic C

(mgkg™")  (mgkg™)  (tha ') (%) (mgkg™')  (mgkg™)  (tha™)) (%)
0-10 cm
‘Indifallow-start 1’ 185 9.2 3.1 4.7 235 314 3.2 6.5
‘Natural fallow-start 1’ 179 11.6 33 44 211 20.2 35 5.1
‘Green-start’ 196 113 34 5.6 265 37.7 34 7.6
‘Indifallow-start 2’ 186 115 34 43 247 25.1 3.2 5.7
‘Natural fallow-start 2’ 172 10.8 35 39 198 15.1 33 45
Continuous fertilized maize 188 9.9 34 44 196 14.6 3.1 4.8
Continuous unfertilized maize 174 10.1 34 4.0 182 11.9 32 4.2
10-20 cm
‘Indifallow-start 1’ 172 8.8 32 4.6 244 28.6 31 5.2
‘Natural fallow-start 1’ 172 9.6 33 3.8 195 19.4 32 4.5
‘Green-start’ 183 9.9 33 43 255 31.7 34 6.1
‘Indifallow-start 2’ 177 10.6 3.1 44 231 21.7 32 4.7
‘Natural fallow-start 2’ 168 8.9 3.0 32 185 133 33 33
Continuous fertilized maize 185 8.6 3.1 3.9 176 115 3.1 4.2
Continuous unfertilized maize 182 8.4 3.1 3.8 183 10.7 3.2 3.6

Statistical significance®
MBC MBN Soil organic C MBC/organic C

Treatment * ns *
Depth * * ns *
Time * * ns *
Time x depth ns ns ns *

*

Time x treatment
Depth x treatment
Time x depth x treatment

*

*

*

ns
ns

ns
ns
ns

ns
ns

ns = not significant; MBC = microbial biomass carbon; MBN = microbial biomass nitrogen; OC = organic carbon.

@ Significantly different at *P < 0.05.
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Table 6b

Soil organic C (t ha~ '), and microbial biomass C and N (mg kg~ ') under different ISFM options on degraded soils at 3 and 6 weeks after planting (WAP) of maize in Nyahava smallholder

farming area during the 2011-12 season cropping season.

Sampling depth/treatment 3 WAP 6 WAP

MBC MBN Soil organic C MBC/organic C MBC MBN Soil organic C MBC/organic C

(mgkg™")  (mgkg™")  (tha ') (%) (mgkg™")  (mgkg™")  (tha™") (%)
0-10 cm
‘Indifallow-start 1’ 183 10.7 33 52 251 311 33 7.2
‘Natural fallow-start 1’ 168 10.2 34 4.1 203 17.4 34 49
‘Green-start’ 174 8.6 3.1 45 222 25.2 3.1 5.7
‘Indifallow-start 2’ 168 9.6 3.2 39 231 193 31 54
‘Natural fallow-start 2’ 156 8.3 3.1 35 183 121 32 42
Continuous fertilized maize 167 8.3 3.1 3.9 197 12.2 32 4.6
Continuous unfertilized maize 162 9.4 3.0 3.7 173 9.3 33 4.0
10-20 cm
‘Indifallow-start 1’ 142 74 3.1 41 202 9.8 32 6.8
‘Natural fallow-start 1’ 121 8.6 33 2.9 171 9.2 33 42
‘Green-start’ 133 8.3 3.1 34 193 113 33 5.9
‘Indifallow-start 2 138 8.4 33 32 191 9.4 31 44
‘Natural fallow-start 2’ 124 52 32 2.8 132 8.2 34 4.0
Continuous fertilized maize 113 6.2 32 2.6 165 8.1 32 43
Continuous unfertilized maize 110 7.9 33 2.5 142 7.9 3.1 43

Statistical significance®
MBC MBN Soil organic C MBC/organic C

Treatment * * ns *
Depth * * ns *
Time * * ns *
Time x depth ns * ns *
Depth x treatment ns * ns ns
Time x treatment * * ns ns
Time x depth x treatment * * ns ns

ns = not significant; MBC = microbial biomass carbon; MBN = microbial biomass nitrogen; OC = organic carbon.

2 Significantly different at *P < 0.05.

nodules and other N compounds deposited in the rhizosphere. Below-
ground legume N has been found to contribute between 3-15% of the
N taken up by three successive rotational cereal crops (Glasener et al.,
2002; Peoples et al., 2009). While organic matter turnover rates are
high in tropical environments, particularly on sandy soils (Chivenge
et al,, 2007), some of the biomass accumulated under these sequences
could also have temporarily immobilized the fertilizer N and released
it in synchrony with crop demand (Gentile et al., 2009). Apart from in-
creasing the residence time of mineral N fertilizer in the soil, the organic
materials could moreover contribute to increased water capture
(Dunjana et al., 2012). Similar mechanisms were less pronounced
under natural fallow-based sequences because of the low organic mat-
ter accumulation. First, the natural fallows produced lower shoot
biomass than the legume-based fallows. Second, most of the grass bio-
mass produced under natural fallows was grazed by livestock during
the dry season given that the experimental field sites were not fenced.
On the contrary, indigenous legumes and sunnhemp contributed high
quantities of biomass under the legume-based fallow systems because
they are non-palatable. Other possible factors contributing to the high
maize yields attained under ‘Indifallow-start 1’ and ‘Green-start’ include
provision of multiple nutrients and acidity regulation effects through
the addition of cattle manure (Zingore et al.,, 2008). The overall
low responses to fertilizer N under continuous maize imply that, even
if N-based mineral fertilizers are provided to farmers through various
schemes by governments and non-governmental organizations
(NGOs) as is normally the case in smallholder farming areas in
Zimbabwe (Chuma et al., 2000; Zingore et al., 2006), farmers are
bound to get low crop yield responses on degraded soils. This therefore
suggests the need for organic matter management strategies and bal-
anced fertilization to address multiple nutrient deficiencies often associ-
ated with such soils (Rusinamhodzi et al., 2013; Tittonell et al., 2008).
The legume-based ISFM sequences were able to stimulate soil bio-
logical activity and increase maize response to mineral N fertilizer on

degraded croplands in the short-term (3 years). This indicates that
there is scope for long-term assessment of the sustainability of these
crop yield responses allowing for the effects of seasonal rainfall variabil-
ity on these sequences. Past studies have shown that extreme
conditions of poor soil fertility critically undermine initial efforts to in-
troduce common grain legume-based rotations to enhance productivity
of staple cereals, particularly maize (Mapfumo et al., 1999; Ncube et al.,
2007). Our study therefore suggests that these experiments on ISFM-
based sequences could open new opportunities for analyzing trade-
offs related to farmer decisions on introduction of new cropping sys-
tems to address persistent problems of declining soil productivity,
land degradation and increased climate variability. In order to reduce
the risk associated with fertilizer use under erratic rainfall conditions,
options such as staggered planting with different crop types and varie-
ties and split application of the fertilizers in response to soil moisture
conditions have generally been recommended for smallholder farmers
(Piha, 1993; Rurinda et al., 2013). However, the entry point for suffi-
ciently stimulating crop response to these external inputs has been a
major constraining factor.

4.4. The niche for herbaceous legume-based ISFM sequences in rehabilitat-
ing degraded soils on smallholder farms

A combination of high initial biomass productivity, stimulation of
soil biological activity and better responses to mineral N fertilizer pre-
sents herbaceous legume-based ISFM sequences as potential entry
points for ‘kick-starting’ rehabilitation of degraded sandy soils. The
high biomass productivity of the indigenous legumes under indifallows
was mainly attributed to the use of sufficiently high plant population
densities, their inherent ecological adaptability, and notably P fertiliza-
tion. Nevertheless, fertilization of non-food legumes often presents a di-
lemma for resource-constrained smallholder farmers due to lack of
direct food benefits (Mtambanengwe and Mapfumo, 2009). Overall,
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Fig. 4. Total CO,-C released from degraded soils under different ISFM options in (a) Goto
and (b) Nyahava smallholder farming areas, Zimbabwe. Bars indicate standard error
of differences of means (SEDs) for a = ISFM option and b = depth.

mineral fertilizer use by African smallholder farmers has been low
due to a myriad of challenges including unavailability, inaccessibility
and low profitability (Africa Fertilizer Summit, 2007; Camara and
Heinemann, 2006). However, given the large spatial extent of degraded
soils under smallholder cropping in Africa (Eswaran et al., 2005) and
that farmers are already abandoning these nutrient depleted soils due
to weak responses of main crops to external fertilization (Mapfumo
et al., 2005), our results add a new dimension to future economic con-
siderations and trade-off analyses. Applying P fertilizer to indigenous
legumes and sunnhemp may not only lead to maximization of
biomass and N accumulation by the legumes (Giller and Cadisch,
1995; Mapfumo, 2011), but also presents a strategy for building P stocks
in these degraded sandy soils. The retention of the legume biomass in-
situ under the fallows coupled with the low mobility of P implies that
there is minimal loss of the nutrient, and the rotational crops could in
turn benefit from the residual P. Programs focusing on enhancing fertil-
izers to smallholder farmers (e.g. subsidies or handouts by NGOs) could
consider this new dimension in soil fertility management, which can
bring large areas of arable land back to production. The indigenous le-
gumes offer an alternative option for farmers as they still yielded
>5t ha~! of above-ground biomass without P fertilization (Nezomba
et al,, 2010). Future studies could also explore intercropping of indige-
nous legumes with small grain cereal crops such as Eleusine coracana
L. (finger millet). Finger millet can give reasonable yields with
minimum weeding, and is adapted to low soil moisture conditions
(Frere, 1984) implying less competition for water with the indigenous
legumes.
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Fig. 5. Soil metabolic quotient (qCO,) under different ISFM options in (a) Goto and
(b) Nyahava smallholder farming areas, Zimbabwe. Bars indicate standard error of differ-
ences of means (SEDs) for a = ISFM option and b = depth.

Although they have a direct food value, commonly grown grain le-
gumes such as cowpea and groundnut are less likely to kick-start reha-
bilitation of these degraded soils because of low biomass productivity
(Mapfumo, 2011). Most grain legumes also have high N grain harvest
indices and are grazed by livestock during the dry season such that
their overall contribution to organic N on fields can be negligible
(Baudron et al., 2012b). However, adoption of indigenous legumes
and sunnhemp could still be hindered by lack of an established seed
market as well as farmers' preference for grain legumes because of
their nutritional value (Amede, 2003; Drechesel et al., 1996; Kamanga
et al., 2014). While farmers could easily collect seed of indigenous le-
gumes from fallowed fields and the wild with minimal training on iden-
tification methods (Mapfumo et al., 2005), germplasm of legume cover
crops such as sunnhemp largely remains inaccessible to most farmers
(Mtambanengwe and Mapfumo, 2009; Snapp et al., 2002). For farmers
to employ herbaceous legume-based ISFM sequences in rehabilitating
degraded soils, access to affordable herbaceous legume seed and NPK
fertilizers is therefore important.

5. Conclusions

Farmers' criteria for identifying degraded soils closely support labo-
ratory indices, suggesting that such ethnopedological approaches could
be used to assess soil degradation to enable farmers to make timely and
site-specific decisions on soil fertility management. Further research is
required to develop consistent criteria for categorizing the degraded
croplands and quantifying their geographical spread in smallholder
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farming communities. Seeding of indigenous legumes and sunnhemp
on degraded sandy soils, with P fertilization, led to more biomass C
and N production than leaving the fields to natural fallow. The predom-
inantly legume biomass produced under indifallow and sunnhemp fal-
low in combination with cattle manure increased soil biological
activity (microbial biomass and basal respiration) and the responsive-
ness of the degraded soils to mineral N fertilizer. These results imply
that most degraded soils may not respond to mineral fertilizer addition
without management options that stimulate biological activity. Further
complementary studies could focus on the influence of the different
ISFM sequences on changes in fungi and bacteria populations, their di-
versity and other soil microbes as this is key to informing the rehabilita-
tion process. Maize grain yield response to mineral fertilizer N was
higher under herbaceous legume-based ISFM sequences compared
with mineral fertilizer only. The study showed that soils that are per-
ceived to be degraded by famers have not yet reached ‘the point of no re-
turn’, and herbaceous legume-based ISFM sequences are potential entry
points for ‘kick-starting’ rehabilitation of such soils. Yet, in many small-
holder farming areas in Southern Africa, putting the degraded soils to
non-cropping land uses is likely to be constrained by limited arable
land against a rising population and lack of alternative livelihood op-
tions to diversify out of crop production.
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