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Abstract The decline of soil organic matter (SOM)
and its associated fertility is one of the most important
constraints to enhanced crop productivity in sub-
Saharan Africa. Integrated soil fertility management
recognizes the potential benefits of the combined use
of organic residue and mineral fertilizer inputs for
improved crop yield and SOM build up. However,
these benefits may be controlled by residue quality.
We examined the short- to long-term C and N
dynamics following application of different quality
residues with and without N fertilizer in a series of
experiments comprising different timescales of mea-
surement in a Kenyan Humic Nitisol. The combined
results of these studies indicate that residue quality
and fertilizer additions alter short-term C and N
mineralization. Combining low quality residue and
fertilizer inputs immobilized a greater amount of

fertilizer-N than high quality residue. Under field
conditions, this reduction in available N induced by
the combination of low quality residue and fertilizer
reduced environmental N losses and created a positive
interactive effect on crop N uptake. While input
management manipulated short-term nutrient dynam-
ics, it did not influence long-term SOM stabilization.
The input of residue, regardless of quality, contributed
to long-term soil fertility improvement. In conclusion,
organic residue quality can be manipulated to opti-
mize short-term nutrient dynamics while still confer-
ring the same benefits to long-term SOM contents.

Keywords N fertilizer .Maize . Residue quality .

Soil organic carbon . Tithonia . Yield interactive effects

Introduction

Crop production in sub-Saharan Africa is constrained
by the loss of soil organic matter (SOM) and its
associated soil fertility decline (see Sanchez and Jama
2002). Thus, appropriate nutrient management strate-
gies that both optimize in-season nutrient fluxes and
build SOM reserves are critical for sustainable agricul-
ture and poverty alleviation in the region. Addition of
organic resources, such as animal manures and plant
residues, promote SOM build-up and can improve
long-term soil fertility. However, they may not be
available in sufficient quantities to sustain production,
especially since the majority are of a medium to low
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quality and thereby induce limited short-term nutrient
availability (Palm et al. 2001; Vanlauwe and Giller
2006). Mineral fertilizers can address short-term
nutrient deficiencies but do not contribute directly
themselves to SOM build-up and long-term produc-
tion. Additionally, they are not affordable in large
quantities or widely available in proper formulations
for smallholder farmers in Africa (Vanlauwe and Giller
2006). Thus an integrated approach is needed to
optimize the application of all available resources and
to maximize nutrient use efficiency and crop produc-
tivity in the short- and long-term.

The combined use of mineral fertilizers and organic
residues is one of the main principles of integrated soil
fertility management (ISFM) (Vanlauwe et al. 2009).
Whereas neither input may be available in sufficient
quantities to be used alone, their combined application
may also generate interactive effects to improve timing
of N availability, crop yields, and soil fertility in the
long-term. While the application of readily available
fertilizer will create high levels of available nutrients
that exceed plant demand early in the season and can
lead to potential nutrient losses, added organic residues
may release nutrients too slowly during periods of
plant demand possibly leading to nutrient deficiencies
(Myers et al. 1994). Combining fertilizer with residue
inputs may result in temporary immobilization and
subsequent release of fertilizer-applied nutrients due to
stimulation of microbial activity from the residue
additions, thereby improving the synchrony between
nutrient availability and crop demands (Vanlauwe et al.
2001b; Gentile et al. 2009). These interactions between
input types may directly improve system nutrient use
efficiency and reduce nutrient losses. The application
of organic residues with fertilizers may also produce
indirect interactive effects through the improvement of
soil conditions (e.g. water holding capacity) that in turn
improve plant growth and nutrient demand, which is
met by fertilizer additions (Vanlauwe et al. 2001a;
Vanlauwe et al. 2001b).

The potential interactive benefits of combining
fertilizer and residue inputs are predicted to be
controlled by residue quality (Vanlauwe et al.
2001b). As residue quality affects the rate of residue
decomposition, quantity of N immobilization and
timing of nutrient release (Heal et al. 1997), it will
likely influence the interaction between fertilizer and
residues. For example, in a lysimeter study, Vanlauwe
et al. (2002) found that incorporating low quality (Zea

mays L.) residue with N fertilizer reduced N leaching,
but this effect was minor when fertilizer was
combined with high quality Mucuna pruriens (L.)
DC. residues.

Residue N concentration is the dominant parameter
determining its quality due to the influence of N
availability on microbial metabolism (Parton et al.
2007). Additionally, lignin and polyphenols have
been identified as important quality parameters as
lignin is one of the most recalcitrant C compounds
and polyphenols can bind with proteins thereby
immobilizing N (Melillo et al. 1982; Palm and
Sanchez 1991). A synthesis of results from residue
quality research led to the development of a concep-
tual classification system for organic residue manage-
ment (Palm et al. 2001). This classification system
incorporates data from nearly 300 plant species in
tropical agroecosystems, divides residues into quality
classes based on N, lignin and polyphenol contents,
and recommends whether mineral fertilizer should be
combined with the residues when they are applied.
High quality residues (Class I) have >2.5% N, <15%
lignin and <4% polyphenol contents, and should be
directly incorporated into soil. Medium quality resi-
dues are either Class II with >2.5% N, >15% lignin
and >4% polyphenols, or Class III with <2.5% N and
<15% lignin contents. It is recommended that these
medium quality residues should be applied in combi-
nation with mineral fertilizer. Low quality residues are
Class IV with <2.5% N and >15% lignin contents and
should only be surface applied to soil. Vanlauwe et
al. (2005) validated this classification system with a
28-day soil incubation and found that Class I residues
resulted in net N mineralization, Class II residues
produced no change in mineral N, and Class III and
IV residues showed net N immobilization.

While there is much evidence that residue quality
controls short-term C and N dynamics, the influence of
residue quality and fertilizer additions, especially in
combination, on medium- to long-term SOM stabili-
zation is largely unknown. Soil organic matter is
stabilized through biochemical, physical, and chemical
stabilization mechanisms (Six et al. 2002; von Lützow
et al. 2006). There is increasing evidence that intrinsic
biochemical recalcitrance of residues does not contrib-
ute to long-term SOM stabilization (Gleixner et al.
2002; Kiem and Kögel-Knabner 2003). Therefore,
SOM may not be stabilized in the long-term if it is
not protected by physical mechanisms against micro-
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bial utilization (Marschner et al. 2008). Soil aggregates
physically protect soil organic matter (Tisdall and
Oades 1982) and influence microbial community
composition (Mummey et al. 2006), thus their dynam-
ics may play an important role in SOM stabilization.
Since high quality residues and N fertilizer are
postulated to increase aggregate turnover (Harris et al.
1963; Six et al. 2001), interactions between residue
and fertilizer inputs may influence physical SOM
stabilization.

Here we provide a synthesis of a series of studies,
which allows us to consider the trade-offs between
nutrient availability and stabilization induced by
combining mineral fertilizer with organic residues of
different quality. Combining the results of mineral N
dynamics from laboratory and field experiments
(Gentile et al. 2008a; Gentile et al. 2009), long-term
crop yields (Chivenge et al. 2009) and field SOM
stabilization (Gentile et al. 2008b), establishes novel
and integrated conclusions on the benefits of ISFM.
These previous studies looked at a variety of organic
residue qualities, but this paper focuses on the
comparison of high versus low quality residues in
order to elucidate general principles. Class I and III
quality residues based on the classification system of
Palm et al. (2001) were selected to cover the range of
available resources in sub-Saharan Africa and the
variation in N mineralization rates (Vanlauwe et al.
2005). Class IV residues were not included as these
are recommended to be surface applied and thus
tillage would be a confounding factor within the
treatments. Our objectives were to evaluate the
influence of residue quality on the interactive effect
of combining residue and fertilizer inputs on short-
term N availability, crop yield and long-term SOM
formation. We hypothesized that lower quality resi-
dues would (i) increase the interactive benefits of
combining inputs through improved N synchrony and
(ii) enhance SOM stabilization.

Materials and methods

The effect of residue quality in combination with N
fertilizer on short- to long-term nutrient dynamics was
investigated in a series of lab and field experiments
comprising different levels of environmental control
and different timescales of measurement. The study
site was at Embu, Kenya (0°30′ S, 37°27′ E;

1,380 m a.s.l.), which has a mean annual temperature
of 20°C. Mean annual rainfall is 1,200 mm and
occurs in two distinct periods from March to June
(long rains) and October to December (short rains),
leading to two growing seasons within a year. The
soil is a red clay Humic Nitisol (FAO 1998)
dominated by kaolinite minerals. The texture of the
surface soil (0–15 cm) is 17% sand, 18% silt, and
65% clay. At the start of the experiments the surface
soil contained 29.3 g kg−1 organic C and 2.8 g kg−1

total N. The organic residues used were tithonia
[Tithonia diversifolia (Hemsl.) A. Gray], representing
a high quality (Class I) residue and maize stover,
representing a medium to low (Class III) quality
residue. Tithonia is a shrub in the Asteraceae family
and is found growing along farm borders and road-
sides in many humid and sub-humid regions of sub-
Saharan Africa. The high nutrient concentrations of
tithonia biomass have led to interest in its use for soil
fertility improvement (Jama et al. 2000).

Microcosm experiment

A laboratory microcosm experiment was used to trace
the fate of input-applied N and C under controlled
environment conditions. Full details of the experi-
mental setup are given in Gentile et al. (2008a).
Briefly, soil was collected from the field site in March
2002, sieved through 8 mm and air-dried. Plants of
maize and tithonia were grown in the greenhouse and
pulse-labeled with 13CO2 according to the procedure
of Bird et al. (2003). Additionally, a portion of the
plants received 15N-labelled fertilizer while the
remainder was fertilized with unlabelled N solution.
The plants were harvested after 2 months, oven-dried
at 40°C, and cut into 2- to 8-mm sized residues.
Residue quality parameters are given in Table 1.
Mineral N fertilizer and residue inputs were applied to
200-g soil in a factorial design with four replicates per
sampling time (3 months and 1.5 yr). Treatments
included a no-input control, N fertilizer addition,
residue addition, and residue combined with N
fertilizer. For the N fertilizer treatment, the fertilizer
was 15N-labelled (60 atom%). For the residue
treatment, the 15N-labelled residues were applied.
For the combined input treatment, both the combina-
tions of 15N-labelled residue with unlabelled fertilizer
and unlabelled residue with 15N-labelled fertilizer
were replicated four times to trace the fate of N
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derived from each input source. Residues were mixed
into the dry soil at a rate of 3.65 g C kg−1 soil,
equivalent to 4 Mg C ha−1. At this rate, 0.10 and
0.26 g N kg−1 soil was added with the maize and
tithonia residue, respectively. Mineral N fertilizer was
applied as urea [(NH2)2CO] solution at a rate of
0.10 g N kg−1 soil, equivalent to 120 kg N ha−1. The
soils were maintained at 55% WHC and incubated at
25°C in a controlled temperature room.

Extractable mineral N was measured at the
3 months sampling time to assess treatment effects
on short-term N dynamics. Moist, 15-g subsamples
were extracted with 75 ml 0.5 M K2SO4. Mineral N
concentrations were determined colorimetrically (For-
ster 1995; Doane and Horwath 2003) and the 15N
isotopic signature of the extractable N was measured
with a PDZ Europa isotope ratio mass spectrometer
(Crewe, United Kingdom) following diffusion onto
acidified disks (Stark and Hart 1996).

Soils from both sampling times were analyzed for
residue-derived soil C to evaluate short- to long- term
residue quality effects on SOM stabilization. Soil was
air-dried, sieved through 2 mm to remove residue that
was not incorporated in the SOMpool (<2mm), ground,
and analyzed for C and 13C isotopic enrichment with a
PDZ Europa isotope ratio mass spectrometer.

Field trial

A field trial was initiated in March 2002 as a long-term
trial to evaluate the repeated application of different
quality residues alone and in combination with N
fertilizer on SOM dynamics. The experimental design
was a split-plot with the organic residue input as the
main plot and N fertilizer application as the subplot

with three replicate blocks. The organic residue treat-
ments included a control plot with no inputs and inputs
of maize and tithonia residues, which were applied
annually at the start of the long rains season at two
rates (1.2 Mg C ha−1 and 4 Mg C ha−1). These two C
input rates contributed 20 and 70 kg N ha−1 for maize
and 90 and 300 kg N ha−1 for tithonia residue,
respectively. N fertilizer was applied at rates of 0 or
120 kg N ha−1 season−1 in a split application 4 and
8 weeks after planting, and maize was grown consec-
utively each growing season. Details of the full
treatment structure and trial management have been
previously reported (Chivenge et al. 2009; Gentile et
al. 2009). Mean quality parameters for the residues
applied in the field are listed in Table 1.

Crop yield was measured each growing season
from 2002 to 2006 to determine the interactive effects
of combining inputs on crop production (Chivenge et
al. 2009). Additionally, short-term N dynamics were
assessed during the 2007 long rains growing season in
the 1.2 C ha−1 residue plots (Gentile et al. 2009). The
low residue application rate was chosen for yield and
mineral N comparisons to avoid excessive nutrient
addition. Mineral N in the soil profile was determined
by sampling 11 days before planting (−11) and 15, 29,
49, 83, and 169 days after planting (DAP) to a depth
of 150 cm in 30-cm increments. Field-moist 20-g
subsamples were extracted with 100 ml of 2 M KCl
and mineral N concentrations were determined color-
imetrically as in the microcosm experiment. Soil bulk
density measurements for each depth increment were
used to express mineral N values on an area basis.
Plant biomass samples were collected at harvest (168
DAP) for yield measurement. Grain subsamples were
ground and analyzed for N content.

Table 1 Residue quality characteristics for the microcosm and field trial

Residue C (%) 13C-enrichment (‰) N (%) 15N-enrichment (atom %) Lignin (%) Polyphenols (%)

Microcosm

Maize (unlabelled N) 42±1 1,047±62 1.3±0.1 0.4±0.0 3.1 1.1

Maize (15N-labelled) 42±1 1,714±103 1.1±0.1 40.0±0.6 3.1 1.0

Tithonia (unlabelled N) 38±1 1,303±29 3.2±0.2 0.4±0.0 4.4 2.5

Tithonia (15N-labelled) 43±1 1,524±52 2.8±0.1 39.0±0.8 4.4 2.2

Field Trial

Maize 40±1 – 0.7±0.1 – 5.4±1.2 1.2±0.2

Tithonia 38±1 – 3.1±0.4 – 8.9±0.8 1.7±0.8

Values are means ± SE. Lignin and polyphenol analyses on the microcosm residues were not replicated due to small sample size
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In addition to the observations of crop production
and in-season N dynamics, the effects of input
treatments on long-term SOM stabilization were
measured in the field trial. In March 2005, soil
samples (0–15 cm) were collected from plots with
the 4 Mg C ha−1 residue amendment. The high
residue application rate was chosen for soil organic
C analyses in order to observe treatment differences in
plots with maximum residue contributions to soil C.
These samples were air-dried, 2-mm sieved, ground
and analyzed for C contents.

Calculations and statistical analyses

The interactive effect of combining input types on
maize yield and crop N uptake was calculated for
each residue quality according to the equation of
Vanlauwe et al. (2001b):

Interactive effect ¼ YRþF � Ycon � YF � Yconð Þ �
YR � Yconð Þ

where YR+F, Ycon, YF and YR are the mean measured
variables for the residue + fertilizer, control, fertilizer,
and residue treatments, respectively. A significant
positive interactive effect indicates that combining
inputs stimulated crop production beyond what would
have been expected from the sum of each added
individually, and a negative interactive effect would
imply a yield reduction. A non-significant interactive
effect shows that the crop responded in an additive
way when combining fertilizer and residue inputs.

Analyses of variance were performed on all
measured variables using Proc MIXED in the SAS
statistical software (SAS Institute, Cary, NC). Data
from the microcosm experiment were analyzed as a
complete randomized design, and data from the field
trial were analyzed as a split-plot experiment. Treat-
ment effects were deemed significant at P<0.05, and
means were subsequently separated using the PDIFF
option of the LSMEANS statement.

Results

N availability

Residue quality altered the mineral N pool after
3 months incubation in the microcosm trial (Fig. 1).

Residue-derived N values were 142 mg N kg−1 soil
lower with maize than tithonia in the residue alone
treatments. While less N was added with the lower
quality residue, maize also showed lower N release as
the amounts of residue-derived N in the mineral pool
accounted for only 34% of the added maize-N versus
71% of the added tithonia-N. Combining residue and
fertilizer inputs both stimulated the release of residue-
derived N and immobilized fertilizer-derived N. The
addition of fertilizer increased the amount of residue-
derived mineral N by 53 mg N kg−1 soil for tithonia
while the amount of maize-derived N was not
significantly affected. Conversely, the amount of
fertilizer-derived mineral N decreased in the combi-
nation treatments. While all of the fertilizer-N was
recovered in the mineral pool of the fertilizer alone
treatment, this was reduced by 41 mg N kg−1 soil
when combined with maize and 27 mg N kg−1 soil
with tithonia. The combined input treatments did not
alter the amount of soil-derived N in the mineral pool
as compared to the control.

Similar treatment controls on short-term mineral N
dynamics were observed during the 2007 long rains
growing season in the field. Soil mineral N in the
upper 60 cm of the soil profile, which contains 85%
of root growth (Mugendi et al. 2003), displayed
distinct treatment interactions with time (Fig. 2). The
fertilized treatments had greater mineral N at all
sampling dates throughout the season, which can be
attributed to residual N from long-term mineral N
application. However, changes in the residue effect
and residue × fertilizer interaction at different sam-
pling dates reveal different patterns of N release and
immobilization between the residue qualities within
the growing season. The tithonia residue resulted in
early net mineralization and increased soil mineral N
at 29 DAP by an average of 36 kg N ha−1 over the
other treatments. Following the first fertilizer appli-
cation, a significant residue quality × fertilizer
interaction was observed at 49 DAP. Namely, com-
bining fertilizer with maize residue decreased mineral
N in comparison to the other fertilized treatments,
resulting in a net N immobilization of 53 kg N ha−1

on average. In contrast, the tithonia + fertilizer
treatment did not alter mineral N compared to the
fertilized control. By the time of flowering at 83 DAP,
treatments showed depletion in soil mineral N and all
residue quality effects had disappeared. For the
remainder of the growing season, levels of mineral
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N were greater in the fertilized than unfertilized
treatments. Subsoil (60–150 cm) mineral N levels
did not show any significant treatment interactions
with sampling time. However, there was a significant
residue quality × fertilizer interaction for the entire
season (Fig. 3), in which combining fertilizer with
maize residue resulted in reduced levels of mineral N
in the subsoil by an average of 196 kg N ha−1

compared to the other fertilized treatments.

Crop production

While residue quality and fertilizer interacted to
influence soil mineral N levels, the same effects were
not noted in crop N uptake or yield (Table 2). During
the 2007 long rains growing season fertilizer addition
was the only treatment to significantly affect crop
production. Fertilizer increased grain yield and grain

N content regardless of its combination with residues.
The treatment differences for this season mirror the
mean yields of the previous 2002–2006 long rains
seasons (Table 2).

Though residue addition did not influence overall
yields, residue quality affected the interactive effect
of combining input types (Table 2). For the 2007
long rains growing season, maize showed a trend
(P=0.06) for a positive grain N interactive effect of
9.5 kg N ha−1 and no significant yield interactive
effect. In contrast, tithonia had negative interactive
effects for grain N and yield. Yield interactive effects
calculated for the mean yields of the 2002–2006 long
rains seasons reveal the same residue quality influence.
Combining fertilizer with maize produced a trend (P=
0.10) for a positive yield interactive effect of
0.50 Mg ha−1 while combination with tithonia had a
negative interactive effect of −0.74 Mg ha−1.

Fig. 1 Soil mineral N in the microcosm experiment after
3 months incubation following the application of different
quality residues (3.65 g C kg−1 soil) with and without N
fertilizer (100 mg N kg−1 soil). Total mineral N is divided into
its N-source components according to soil-, residue- and

fertilizer-derived N. Capital letters indicate significant treat-
ment differences in total mineral N at P<0.05. Different lower-
case letters within a N-source indicate significant treatment
differences at P<0.05 (data adapted from Gentile et al. 2008a)

Fig. 2 Soil mineral N in
the upper 0–60 cm at −11,
15, 29, 49, 83 and 169 DAP
during the 2007 long rains
growing season following
the application of different
quality residues (1.2 Mg C
ha−1) with and without N
fertilizer (120 kg N ha−1)
(data adapted from Gentile
et al. 2009)
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Soil organic carbon

In the soil microcosm experiment, there was a
significant residue quality x time interaction for the
amount of residue-derived C stabilized in the soil.
After 3 months of incubation, the high quality tithonia
residue led to rapid decomposition, resulting in 0.33 g
residue-derived C kg−1 soil greater soil C than the
maize residue (Fig. 4). However, after 1.5 yr when all
of the residue had decomposed, there were equivalent
amounts of residue-derived C stabilized in the soils
amended with the two different residue qualities. This
lack of residue quality influence on longer-term soil C
stabilization was mirrored in the field trial where three
annual applications of residue increased soil organic

C compared to the no input control by an average of
5.85 g C kg−1 soil, but there were no differences in
soil C between the two residue qualities (Fig. 5). The
addition of N fertilizer also did not significantly affect
soil C stabilization in either the microcosm or field
trial.

Discussion

Soil fertility constraints in sub-Saharan Africa require
integrated solutions that simultaneously address short-
term crop nutrient demands and long-term SOM
enhancement (Sanchez and Jama 2002; Vanlauwe
and Giller 2006). This unique synthesis of previously
published data permits a comprehensive evaluation of
the influence of residue quality on the interactive
effects of combining residue and fertilizer inputs. The
microcosm experiment used isotope tracers to exam-
ine short- to medium-term N and C transformations
with different inputs. The field experiment linked
these processes to seasonal and cumulative soil N
dynamics and crop production, and long-term SOM
stabilization. Assessment of the trade-offs between
nutrient availability and stabilization in the short- to
long-term revealed there was a temporary effect of
residue quality on N and SOM dynamics. However,
the examination of long-term SOM stabilization
revealed no effect of residue quality or combination
of organic resources with fertilizer.

In the short-term, residue quality modified the
pattern of N availability. Tithonia had greater residue-
N mineralization than maize after 3 months in the

Fig. 3 Mean soil mineral N in the 60–150 cm subsoil for all
sampling times during the 2007 long rains growing season
following the application of different quality residues (1.2 Mg
C ha−1) with and without N fertilizer (120 kg N ha−1). Different
letters indicate significant treatment differences at P<0.05 (data
adapted from Gentile et al. 2009)

Treatment 2007 grain N 2007 grain yield 2002–2006 grain yield
(kg N ha−1) (Mg ha−1) (Mg ha−1)

Control 33.6 2.19 2.05

Control + fertilizer 58.1 3.68 3.49

Maize 34.7 2.44 2.59

Maize + fertilizer 68.7 4.31 4.34

Tithonia 52.6 3.40 3.34

Tithonia + fertilizer 75.2 4.41 3.97

SEDresidue 6.8 0.49 0.31

SEDfertilizer 5.6 0.40 0.18

Interactive effect

Maize 9.5* 0.38ns 0.50*

Tithonia −1.9** −0.48** −0.74**

Table 2 The effect of differ-
ent quality residues (1.2 Mg
C ha−1) with and without N
fertilizer (120 kg N ha−1)
during the long rains grow-
ing season on maize grain N
content in 2007, grain yield
in 2007, and mean yields
from 2002–2006 (data adap-
ted from Gentile et al. 2009;
Chivenge et al. 2009)

Interactive effects were
significant at P<0.10*,
P<0.05**, or not significant
(ns)
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microcosm both in terms of total N concentrations
and as a proportion of N applied (Fig. 1). This was
also observed in the field during the 2007 long rains
where tithonia led to early season net mineralization
and increased mineral N levels at 29 DAP (Fig. 2). By
definition, the high quality residue, tithonia, had a
lower C:N ratio than maize and thus a faster
mineralization rate due to a greater supply of N for
soil microorganisms (Heal et al. 1997). Previous
studies have shown high quality residues with low
C:N ratios have greater residue-N mineralization than
low quality residues (e.g., Constantinides and Fownes
1994; Sakala et al. 2000; Trinsoutrot et al. 2000;
Vanlauwe et al. 2005). The timing of this residue-N
mineralization can be critical and in the field trial,
tithonia indeed released residue-N ahead of maximum
crop N uptake at 66 DAP (Gentile et al. 2009). In an
another field study, high quality Crotalaria juncea L.
residue exhibited early season mineralization but much
of this N was leached down the soil profile prior to
crop uptake (Mtambanengwe and Mapfumo 2006).
Early season N availability in advance of crop demand
increases the risk of N loss and is a major challenge for
the use of high quality residues in environments prone
to N leaching (Chikowo et al. 2006).

In addition to altering the timing of residue-N
release, residue quality influenced N dynamics in
combination with fertilizer. The microcosm experi-
ment showed that the lower quality maize both
immobilized more fertilizer-N and stimulated less
residue-N mineralization than tithonia (Fig. 1). In fact,

the balance of fertilizer-N immobilization versus
stimulated residue-N release was in favor of N
immobilization for maize and N mineralization for
tithonia. Therefore, combining residue and fertilizer
inputs created an interactive effect on mineral N
availability that changed from negative to positive
with increasing residue quality (Gentile et al. 2008a).
Thus, combinations of low quality residue and
fertilizer reduced the size of the mineral N pool while
high quality residue and fertilizer increased the size of
the mineral N pool compared to what would be
expected from either input alone. Similar interactions
between residue quality and fertilizer on N availabil-
ity were observed in the field trial. Combining
fertilizer with the low quality residue resulted in a
net N immobilization and reduced the size of the
available N pool, whereas combining fertilizer with
the high quality residue did not change N availability
relative to the fertilized control (Fig. 2).

While combining maize residue with fertilizer
decreased mineral N in the upper soil profile during
the 2007 growing season, it did not reduce crop yield
(Table 2). We postulate that this inconsistency
between available mineral N and crop N uptake is
due to N leaching losses. Following the soil sampling
at 49 DAP the second fertilizer dose was applied and
the site received its largest rainfall event of the
season, which likely leached much of the available
mineral N in the root zone to the subsoil (Gentile et
al. 2009). Indeed, mineral N levels in the subsoil
during the 2007 field season clearly show greater N
losses from the top 60 cm from the fertilizer and

Fig. 5 Soil organic carbon in the field trial following three
applications of different quality residues (4 Mg C ha−1 yr−1).
Different letters indicate significant treatment differences at P<
0.05 (data adapted from Gentile et al. 2008b)

Fig. 4 Residue-derived C stabilized in the in the microcosm
experiment after 3 months and 1.5 yr incubation following
application of different quality residues (3.65 g C kg−1 soil).
Different letters indicate significant treatment differences at
P<0.05
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tithonia + fertilizer treatments than the maize +
fertilizer treatment (Fig. 3). These concentrations
include an accumulated loss from the previous growing
seasons, but indicate high fluxes of N to the subsoil in
the fertilizer and tithonia + fertilizer treatments. Com-
bining fertilizer with maize showed a reduction in
subsoil mineral N of nearly 200 kg N ha−1. Similarly,
in a lysimeter study, Vanlauwe et al. (2002) observed a
reduction in N leaching when fertilizer was combined
with low quality maize residue but not with high
quality M. pruriens. Therefore, low quality residues
can be used in combination with fertilizer to reduce N
leaching and nutrient losses to the environment.

As residue quality clearly altered short-term N
availability when combined with fertilizer, it also
affected the interactive effect of combining inputs on
crop production. Since equivalent rates of N were not
applied across all treatments, the interactive effect
indicates whether the combination treatment increased
(positive effect) or decreased (negative effect) crop
yield and N uptake relative to what was expected from
the effect of either input alone. Increasing residue
quality shifted the interactive effect of combining
residue with fertilizer from positive to negative for
crop N uptake and yield (Table 2). Combining tithonia
with fertilizer decreased grain N content, 2007 yield,
and 2002–2006 yields as compared to the sum of the
effects of either input alone. In contrast, adding
fertilizer with maize residue showed a trend for
increased grain N uptake and 2002–2006 yields. These
findings support our hypothesis that low quality
residues would increase the interactive benefits of
combining fertilizer and residue inputs. In a Zimbab-
wean trial, Mtambanengwe et al. (2006) also found that
interactive effects on yield were negative with high
quality C. juncea residue but were zero or positive with
maize. The trend for positive interactive effects on
yield with maize residue can probably be contributed
to lower N leaching losses. The initial immobilization
of fertilizer-N by the low quality residue protected this
available N from losses prior to the peak period of crop
demand. A greater retention of N in the root zone,
combined with subsequent stimulation of residue-N
mineralization, as observed in the microcosm experi-
ment, could have increased N available for crop uptake
in the combined treatment. The high input rates used in
this field trial may have exceeded crop N requirements,
especially in the tithonia + fertilizer treatment and
contributed to the negative interactive effects on yield

(Chivenge et al. 2009). Input rates aside, the early
season residue mineralization and lack of fertilizer
immobilization shown by tithonia led to greater N
availability ahead of crop demand. Therefore, it is
likely that combining fertilizer with high quality
residue will increase potential N losses and not produce
beneficial interactive effects on yield.

While residue quality manipulated short-term N
dynamics, it did not influence longer-term SOM
stabilization. In the microcosm experiment, the
greater mineralization rate of the tithonia residue
increased the amount of residue-derived C recovered
in the soil after 3 months (Fig. 4). However after
1.5 yr of incubation, equivalent amounts of residue-
derived C were stabilized in the soil regardless of
residue quality. These findings from the microcosm
experiment were further supported by measures of
soil organic C after 3 yr of annual residue application
in the field trial (Fig. 5). Even within more sensitive
soil aggregate fractions, residue quality did not alter C
contents (Gentile et al. 2008b). The addition of
residues increased soil organic C over the control,
but contrary to our hypothesis, it was by equivalent
amounts regardless of quality. Similarly, field studies
in other tropical and temperate regions with repeated
applications of equivalent rates of different quality
residues have shown no differences in long-term soil
organic C contents (Larson et al. 1972; Nziguheba et
al. 2005). Using 13C-enriched inputs, Voroney et al.
(1989) found the same amount of input-derived C
stabilized after 10 yr following equivalent C applica-
tions of glucose versus wheat residue, clearly two
inputs with drastically different qualities. The appli-
cation of N fertilizer had no influence on C
stabilization in the microcosm or field trial, which
further supports that increased N availability, via
mineral fertilizer or greater residue N concentrations,
does not affect long-term SOM stabilization.

The combined results of the presented experiments
indicate that residue quality and N fertilizer applica-
tions can be manipulated to influence short- but not
long-term nutrient dynamics and stabilization. There-
fore, managing inputs for ISFM should focus on
optimizing short-term interactive effects to enhance N
use efficiency. Medium to low quality residues, which
are more widely available (Vanlauwe and Giller
2006), should be incorporated with mineral N
fertilizer to generate beneficial interactive effects on
yield and avoid leaching losses; whereas high quality
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residues, when available, should be directly incorpo-
rated. The addition of residue, whichever approach is
taken, will promote SOM and improve long-term
fertility. This study provides experimental support for
a residue management decision tree developed by
Palm et al. (2001), which recommends that residues
be directly incorporated, combined with fertilizer, or
surface applied according to classifications of de-
creasing quality. Further research is needed to
evaluate input rates of residue and fertilizer combina-
tions at levels more relevant for smallholder farmers
in the region. The main mechanism behind the
beneficial interactive effects on yield generated by
combining low quality residue and fertilizer appears
to be a reduction in N leaching and N loss prior to
crop N demand. Therefore, this practice may be best
suited to environmental conditions prone to N leach-
ing losses, such as high early season rainfall or coarse
textured soils.
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