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a  b  s  t  r  a  c  t

Litter  decomposition  and  nutrient  release  is  one  of the  key  biogeochemical  processes  that  regulate  plant
productivity  and  nutrient  cycling  in African  savanna  ecosystems.  We  examined  the  influence  of  nitro-
gen  and  phosphorus  additions  on  grass  decomposition  and  nutrient  release  rates  in  an  Acacia  savanna
ecosystem  in  central  Kenya.  Grass  was  clipped  from  a factorial  nitrogen  × phosphorus  experiment  and
decomposed  in  a common  plot  that  had  not  received  fertilizer.  After  20 weeks,  including  one dry  sea-
son  and  one  wet  season,  50–65%  of carbon,  68–75%  of  nitrogen  and  73–83%  of  phosphorus  had  been
released  from  the  litter.  Decomposition  was  slow  in  the  dry  season  (mass  loss  1–2%  wk−1) compared  to
the  wet  season  (7–11% wk−1). Wet  season  decomposition  was  more  rapid  for grasses  that  had  been  fer-
tilized  with  nitrogen,  even  though  tissue  nitrogen  was  not  significantly  different  from  the  control  grass,
indicating  that  factors  other  than  litter  nitrogen  concentration  influenced  decomposition  rates  under
nitrogen  enrichment.  Surprisingly,  nutrient  loss  from  decomposing  litter  was  relatively  high during  the
dry season,  suggesting  a  role  for dew  in  leaching  nutrients  from  dry litter.  We  conclude  that  seasonal  rain
and  nitrogen  addition  (but  not  phosphorus  addition)  accelerate  decomposition  of grass  litter,  but  that
nutrient leaching  during  the dry season  can  be  considerable.

©  2014  Elsevier  B.V.  All  rights  reserved.

1. Introduction

The balance between net primary productivity and decompo-
sition of organic matter determines carbon (C) stocks in savannas
and other terrestrial ecosystems (Valentini et al., 2000). The decom-
position of annual litter fall contributes approximately half of the
CO2 released from soils (soil + litter CO2) (Couteaux et al., 1995)
and recycles nutrients for plant uptake (Aerts et al., 1992). Under-
standing the factors controlling litter decomposition is therefore
important to determine the influence on greenhouse gases emis-
sion and global warming (Fearnside, 2000).

Both abiotic and biotic processes regulate litter decomposition,
including photodegradation, and microbial breakdown (Facelli and
Pickett, 1991) and also physical fragmentation (leaching of soluble
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C) during rainfall events (Ferreira et al., 2006). Decomposition rates
are controlled primarily by extrinsic drivers such as climate (Aerts,
2006; Austin and Vitousek, 2000; Gill and Burke, 2002) and soil
properties (Gill and Burke, 2002). Intrinsic drivers include plant
litter quality (Aerts, 2006; Gindaba et al., 2004; Mugendi and Nair,
1997) and litter physical properties (Meentemeyer, 1978). Temper-
ature is considered to be a major regulator of litter decomposition in
cold climates, while litter quality is more important under warmer
conditions (Couteaux et al., 1995).

Moisture content is a major regulator of decomposition and
nutrient leaching in the arid environments. Rain and irrigation are
considered to be the main sources of moisture in agricultural areas,
while rain is considered to be the main source in natural ecosys-
tems. In these places other sources of water namely fog, mist and
dew are often overlooked (Went, 1955). Dew is mainly deposited
in the dry season when the sky is clear and hence an important
source of moisture in the semi-arid areas during the dry season
compared to other climates (Went, 1955). Duvdevani (1953) con-
ducting an experiment in the coastal plains of Israel, where dew
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Fig. 1. Rainfall at the Mpala Research Centre, Laikipia, Kenya. Records are presented for a) the long-term rainfall average (1999–2011) and b) during the study period from
12/22/2010 to 5/11/2011. In (b) the data are presented in 4 weeks intervals to emulate the field litter incubation period. The litter was incubated for 20 weeks and the samples
were  collected from the field after every 4 weeks without replacement.

occurred frequently indicated that most plants grew about twice
as much when they received dew during the night. The dew water
could run off the leaves and collect in the soil on which it drips
(Duvdevani, 1953; Ruinen, 1961). The dripping dew contains both
mineral and organic constituents in varying composition, making
dew a leaching agent (Ruinen, 1961).

In African savannas, most litterfall occurs in the dry season, yet
most decomposition studies have been initiated at the onset of the
wet season (Deshmukh, 1985; Jama and Nair, 1996; Mafongoya
et al., 1997; Mugendi and Nair, 1997; Mugendi et al., 1999) with
few in the dry season (e.g., Fornara and Du Toit, 2008). In addi-
tion, most studies involved leguminous forbs and trees (Fornara and
Du Toit, 2008; Fosu et al., 2007; Jama and Nair, 1996; Mafongoya
et al., 1997; Mugendi and Nair, 1997; Mugendi et al., 1999; Oladoye
et al., 2008), and few included grasses (Deshmukh, 1985; Ohiagu
and Wood, 1979), even though grasses dominate the aboveground
biomass of savanna ecosystems (Bond, 2008). Finally, few studies
have examined the role of nutrients in determining the decompo-
sition rates of tropical savanna grasses, yet foliar nutrients can have
a marked impact on litter decomposition in other ecosystems such
as temperate grassland (Kochy and Wilson, 1997; Moretto et al.,
2001), tundra (Bryant et al., 1997; Hobbie and Gough, 2004), tem-
perate forest (Melillo et al., 1982), montane forests (Hobbie and
Vitousek, 2000) and tropical forests (Gonzalez and Seastedt, 2001;
Kaspari et al., 2008).

The objectives of our study were to determine the influence of
N and P addition on plant litter decomposition, N and P release in
savanna ecosystem. To do this, we decomposed grasses from a fac-
torial N × P fertilization experiment in a common unenriched site
throughout one dry season and one wet season. We  hypothesized
that decomposition rate, N and P release would be greater in the
wet season than in the dry season, and that grasses that had been
fertilized with N and P would decompose faster than untreated
grasses.

2. Methods

2.1. Site description

The study was conducted in 2010 and 2011 at Mpala Research
Centre, Kenya, which encompasses 190 km2 of semi-arid savanna

within the Laikipia County of the Rift Valley Province (37◦53′E,
0◦17′N). The site is a conservancy where wildlife and livestock
co-exist and share resources. The dominant woody vegetation
includes Senegalia (Acacia) brevispica,  Vachellia (Acacia) etbaica, S.
(Acacia) mellifera, V. (Acacia) nilotica and V. (Acacia) gerrardii, Croton
dichogamus, Grewia spp. and Rhus vulgaris (Young et al., 1995). The
herbaceous vegetation consists of a discontinuous layer of mostly
perennial grasses, which include Pennisetum mezianum,  Pennisetum
stramineum, Digitaria milanjiana,  and Cynodon dactylon.

The soils are red sandy loams (Typic Haplustalfs in Soil Taxon-
omy) derived from metamorphic basement rock (Ahn and Geiger,
1987; Goheen et al., 2013). Prior to fertilization, soil pH was
6.3 (measured in water), total soil P was 230 mg kg−1 and avail-
able P was  11 mg  kg−1 (determined by resin bags as outlined by
Kouno et al. (1995)). Total soil C and N contents were 10 and
1.1 g kg−1, respectively and the mean annual rainfall was approx-
imately 640 mm over a 13 years period (Fig. 1a) (Goheen et al.,
2013). Monthly maximum temperatures range from 25 to 33 ◦C,
while minimum temperatures range from 12 to 17 ◦C (Young et al.,
1998).

This study was  conducted in the Ungulate Herbivory Under
Rainfall Uncertainty (UHURU) experiment, established in 2008 at
the Mpala Research Centre (Goheen et al., 2013). The study was con-
ducted in the southern (wettest) site of the UHURU experiment,
which received an average of 638 mm rain year−1 from 2009 to
2011.

2.2. Experimental design

Four fertilizer addition plots (16 m2 each; hereafter “plots”)
were established in February 2010 in each of three replicate exclo-
sures (1 ha each) which fenced out all herbivores larger than
Lepus spp. (∼2–3 kg). Thus, there were a total of 12 plots arranged
across the three exclosures. The 12 plots entailed four fertilizer
treatments and three replications of each fertilizer treatment.
Within each of the 12 plots, grass was  clipped to ground level
in a 1 m2 patch and discarded and fertilizers were applied to the
entire 16 m2 plot on the onset of rainfall (March 2010). This allowed
regrowth standing dead grass from the 1 m2 plot to be used for the
decomposition experiment. The fertilizer treatments included: (1)
N only, (2) P only, (3) a mixture of N and P, and (4) unfertilized
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control (hereafter referred as N, P, NP and control). The fertilizer
application consisted of N (urea) at 100 kg N ha−1 and/or P (triple
super phosphate) at 50 kg P ha−1. All treatments were arranged
in a randomized complete block design within each of the exclo-
sures. In November/December 2010, grass regrowth from the 1 m2

fertilizer-enriched patches was clipped for use in decomposition
study.

2.3. Experimental procedure

After fertilization, aboveground standing dead grass was
selected from the regrowth, was clipped from each plot and air-
dried to a constant weight. Litter bags (15 × 20 cm)  were made
from 2 mm mesh polyester to allow entry of micro- and mesofauna.
Three grams (dry weight basis) of a mixture of grasses from each
fertilizer-enriched plot and each of the three treatment replicates
was put into each of 10 litter bags, which were heat sealed and
placed in the thatch layer in a common unenriched decomposition
area away from the plots of origin. After placement on the ground,
the bags were lightly covered with litter from the common unen-
riched plot. This experiment was maintained from 22 December
2010 to 11 May  2011 (5 months). Two litter bags (duplicates) from
each of the three treatments replicates were retrieved after 0, 4, 8,
12, 16, and 20 weeks. The bags and their contents were air-dried to
a constant weight. Prior to weighing the contents of each bag, soil
particles and any other extraneous matter were carefully removed.
The content from the duplicate litter bags in each treatment repli-
cate was composited for chemical analysis after weighing. Litter
samples were then ground to pass through a 1-mm screen and
analyzed for total C, N, P and lignin concentrations. The N and P
concentration and remaining litter biomass at any given time were
used to estimate the N and P release. The N or P release was the bal-
ance between the original N or P mass and the mass at any given
time.

2.4. Litter processing and analysis

Total C and N were determined using a Costech Model 4010 Ele-
mental Analyzer (Costech Analytical Industries, Inc., Valencia, CA)
coupled to a Finnigan MAT  Deltaplus XL mass Spectrometer (CF-
IRMS, Thermo Finnigan) via a Finnigan Conflo II interface. Total P
was determined by ignition at 550 ◦C followed by extraction in 1 M
H2SO4 acid and detection by automated molybdate colorimetry.
Digested solutions were analyzed colorimetrically using Shimadzu
UV visible recording spectrophotometer UV-160. Lignin was  deter-
mined by a modified sequential fiber extraction method (Ankom
Technology, Fairport, NY) modified from the feed and forage anal-
ysis by Van Soest (1970).

2.5. Statistical analysis

Statistical differences in treatments were determined using
analysis of variance (ANOVA) for a randomized complete block
design using Tukey HSD test at  ̨ = 0.05. Sidak adjustment for
multiple comparisons test was used to determine the significant
difference for the multiple phase regression model at  ̨ = 0.05. A
nonlinear procedure of SAS (SAS 9.2) for multiphase regression
models was fitted for C release during decomposition; parameters
include intercept and slope of each phase, and the spline. The slope
of the linear regression represents the decomposition rate constant
(k). The spline point is the end of phase 1 and beginning of phase
2 (Jama and Nair, 1996). For C release half-life was calculated from
multiple regression model by determining the time (x) that half of
the original C mass had been released.

3. Results

3.1. Pattern of litter decomposition

Plant litter decomposition followed a biphasic pattern, with
an initial phase of slow decomposition rates followed by faster
rates (Fig. 2a–d) after the onset of the rains in April. Within nutri-
ent enrichment treatments, the decomposition constants (k1 and
k2) for the two phases differed significantly between dry and wet
seasons (phase one is hereafter referred to dry phase and phase
two as wet phase). Sidak adjustment for multiple comparisons
test indicated that the decomposition rate constant was  higher in
the wet  phase than the dry phase for all treatments (P < 0.0001
for the control and N enrichment treatments P = 0.0003 for the
P enrichment treatment, P = 0.04 for the NP enrichment treat-
ment) (Fig. 2). The decomposition rate was  two times greater for
the enriched treatments than for the control (Fig. 2). For the wet
phase, the decomposition constant was significantly higher for N
enriched grasses (11% wk−1; P = 0.0008), whereas P, NP-enriched
grass and control grass did not differ significantly from one another
(Fig. 2a–d).

The decomposition rate of grass from the control treatment was
10 g kg−1 week−1 in the dry phase and 70 g kg−1 week−1 in the wet
phase (Fig. 2a). This corresponds to a half-life of 39 weeks. The
wet phase of decomposition started at 13 weeks at 88% initial C
mass. At the end of the study (after 20 weeks), 50% of the total
C remained. The decomposition rate of N-only enriched grass was
20 g kg−1 week−1 in the dry phase and 110 g kg−1 week−1 in the wet
phase, (Fig. 2b), corresponding to a half-life of 35 weeks. The wet
phase of litter decomposition commenced on week 14 with 75% of
the initial C remaining. At the end of the study, 35% of the initial C
remained.

The decomposition rate of the P-only enriched grass was
20 g kg−1 week−1 in the dry phase, and 90 g kg−1 week−1 in the wet
phase (Fig. 2c), with a half-life of 40 weeks. The wet phase of decom-
position began at 16 weeks with 73% of the initial C mass remaining.
At the end of the study, 45% of the initial C mass remained.

The NP-enriched grass decomposition rate was
20 g kg−1 week−1 in the dry phase and 80 g kg−1 week−1 in
the wet  phase (Fig. 2d) with a half-life of 42 weeks. Wet  phase
decomposition started at 16 weeks (Fig. 2d) with 73% of the
initial C remaining. Although there were no significant differences
between the initial nutrient concentrations of the enriched grasses
(Table 1), Sidak adjustment for multiple comparisons test indicate
that N-enriched grasses had higher decomposition rates in the sec-
ond (wet) phase (P = 0.0008; Fig. 2b) compared to other treatments,
with the N-enriched grasses having the least amount of C mass
remaining at the end of the study. The seasonal rainfall positively
correlated with decomposition rate (R2 = 0.80; P < 0.0001).

3.2. Trends in nitrogen and phosphorus release from the grass
litter

Nitrogen release was high in the initial 8 weeks of the decom-
position (dry season). The control, N, P and NP treatments released
45%, 48%, 41% and 55% respectively, of the initial N mass (Fig. 3).
By the end of the study (20 weeks), the N, P and NP treatments had
each released 75% of the initial N mass, while the control released
68% of initial N mass (Fig. 3a–d).

Phosphorus release was rapid in the initial 8 weeks (dry season)
of the study. In this period, the control, N, P, and NP treatments
released 49%, 61%, 58% and 70% of the initial P mass, respectively.
By the end of the study (20 weeks), these four treatments had
released 73%, 80%, 77%, and 83% of initial P mass, respectively
(Fig. 3e–f).
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Fig. 2. Decomposition pattern over time for a) control, b) nitrogen-enriched, c) phosphorus-enriched, and d) nitrogen + phosphorus enriched grass placed on the unenriched
soil  surface. The means are replicates of three composite samples ± one standard error. The samples were collected from the field after every 4 weeks for a period of 20 weeks
without replacement.

Table 1
Aboveground biomass, biomass C (carbon), N (nitrogen) and P (phosphorus) storage. Chemical composition of the initial grasses biomass after fertilization and ratios of
initial  aboveground biomass. The values are means of three composite replicates ± one standard error. There were no significant differences between the treatments for all
parameters.

Treatment Control N P NP

Aboveground storage (kg ha−1)
Aboveground biomass 1155 ± 187 1494 ± 407 1602 ± 490 2411 ± 735
Carbon  472 ± 77 620 ± 170 663 ± 193 974 ± 313
Nitrogen 14.7 ± 2.7 25.6 ± 3.6 27.3 ± 5.2 33.4 ± 17.6
Phosphorus 1.4 ± 0.2 1.9 ± 0.6 2.0 ± 0.4 4.1 ± 0.9

Chemical composition of the initial aboveground biomass (g kg−1)
Carbon 404 ± 5 415 ± 7 414 ± 6 404 ± 9
Nitrogen 13 ± 1 17 ± 2 17 ± 2 14 ± 2
Phosphorus 1.3 ± 0.1 1.5 ± 0.3 1.4 ± 0.1 1.2 ± 0.2
Lignin  250 ± 30 210 ± 25 250 ± 5 230 ± 13

Nutrient ratios of the initial aboveground biomass
Lignin: N 19 ± 0.8 13 ± 3.1 15 ± 1.8 17 ± 3
C:N  32 ± 3 25 ± 3 25 ± 3 30 ± 3.6
C:P  326 ± 23 276 ± 49 300 ± 22 335 ± 46
N:P  10.2 ± 0.8 12.2 ± 3.3 12.5 ± 1.4 12.2 ± 3.0

Although the C:N ratio of the litter was >25 throughout the
study, except for the N and P treatment in the initial litter (Fig. 4a),
the C:N ratio increased throughout the study. However, the C:N
ratio of the mass loss (<25) was much lower than the C:N of the
remaining litter over time (Fig. 5a) and the N and P loss was closely
correlated (P < 0.0001; R2 = 0.88) (Fig. 5b). For all treatments, the C:P
ratio was >300 throughout the decomposition study, apart from
the initial litter from the N-enriched treatment (which was  275;

Fig. 4b). However, there was a continuous increase in C:P ratio
throughout the study period.

4. Discussion

The study assessed litter decomposition in the dry and wet
seasons of a semi-arid African savanna by emulating the timing
of processes involved in natural decomposition. Our results are
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Fig. 3. Cumulative percent nitrogen and phosphorus release pattern over time. For nitrogen; a) control, b) nitrogen, c) phosphorus, d) nitrogen + phosphorus enriched grasses.
For  phosphorus; e) control, f) nitrogen, g) phosphorus, h) nitrogen + phosphorus enriched grasses. The means are replicates of three composite samples ± one standard error.
Different letters along the line graph indicate significant difference between the means at P < 0.05. The samples were collected from the field after every 4 weeks for a period
of  20 weeks without replacement.

consistent with previous work initiated in a wet season (Dubeux
et al., 2006; Hamadi et al., 2000; Jama and Nair, 1996), which
reported a biphasic litter decomposition pattern. However, the
order was reversed in our study, initiated in the dry season, with
an initial slow decomposition rate in the dry season followed by a
faster decomposition rate on the onset of rainfall. This is consistent
with moisture being the main factor influencing decomposition
rates (Austin and Vitousek, 2000; Epstein et al., 2002; Mugendi and
Nair, 1997; Vitousek et al., 1994), further supported by the posi-
tive correlation observed between the decomposition constant (k)
and rainfall. Notably, however, C and N in our study did not min-
eralize simultaneously as observed in several previous studies in

which patterns of both C loss and N release followed a multiphase
regression model (Hamadi et al., 2000; Jama and Nair, 1996). In
our study, litter decomposition followed a multiphase regression
model, whereas N release did not; this was  similar to the find-
ings of Dubeux et al. (2006) in sub-tropical Florida, USA. Minimal
C was lost in the dry season: in the first 4 weeks, only 6–24% C
was lost, whereas 33–47% N was released in the same period. This
contrasts with the findings of Austin and Vitousek (2000), who
reported that proportional release of C was  faster than release of
nutrients, which is expected in a decomposition process. One possi-
bility is that, although moisture limits the decomposition process in
the dry season, dew promotes nutrient leaching from decomposing
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Fig. 4. C:N and C:P ratio over time for a) carbon/nitrogen ratio. b) Car-
bon/phosphorus ratio of the litter over time. The litter is from fertilized plots and
decomposed in a common unfertilized site. The means are replicates of three com-
posite samples. The samples were collected from the field after every 4 weeks for a
period of 20 weeks without replacement.

litter in the dry season (see also Leonard and Fluckiger, 1989; Tukey,
1970).

Dew is important in leaching nutrients from litter in season-
ally dry climates and deserts (Tukey, 1970,1969). In the dry season,
plant litter that is otherwise dry during the day is frequently wet
with dew at night (Yang et al., 2001). Nash (1996) argued that
although it is rarely quantified, dew water can represent a signif-
icant hydrological input in dry places or seasons. Ruinen (1961)
indicated that in both Indonesia and Surinam wetting by dew and
ground mist takes place for 10–12 h per day whereby in the early
morning the vegetation drips wet and in the shade the dew remains
visible until mid-morning. Data on the incidence of dew are scarce
and spatially variable; however, Ruinen (1961) reported that dew
occurred on an annual mean of 249 nights in Yangambi, Congo and
254 nights in South Cameroon. Further, Ruinen (1961) reported
that nitrogen concentrations in dew were 25–80 mg  L−1, compared
to 9–19 mg  L−1 in rain. In our study, over the dry season which
lasted for first 12 weeks of the study, rain fell for only 3 days and
each day the rain was ∼10 mm.  However, the dew is expected to
form almost every night over the dry season because the sky is clear
(Went, 1955). Hence, in the dry season there is a higher frequency
of dew formation compared to rainfall. Tukey et al. (1957) indicated
a close relationship between light intensity and carbohydrates loss
by leaching from bean leaves with and the losses being cumulative
with time of wetting. We  conclude that leaching by dew is a plausi-
ble mechanism to explain the loss of nitrogen and phosphorus from
litter during the dry season in our study.

With the initial litter containing C:N ratios >25 and C:P ratios
>300, immobilization was expected to take place (Palm and

Fig. 5. Nutrients losses over time for a) carbon versus nitrogen losses. b) Nitrogen
versus phosphorus losses. The litter is from fertilized plots and decomposed in a
common unfertilized site. The means are replicates of three composite samples.
The samples were collected from the field after every 4 weeks for a period of 20
weeks without replacement.

Sanchez, 1990; Swift et al., 1979), yet the ratios increased con-
tinuously throughout the experiment, while the C:N ratio of the
mass loss was  <25. Dubeux et al. (2006) suggested that higher
tissue C:N ratios indicate lower N concentration in tissues rather
than changes in C concentrations. The decrease in litter N over
the study period contrasted with the findings of several previ-
ous studies (Deshmukh, 1985; Dubeux et al., 2006; Hamadi et al.,
2000; Liu et al., 2011), which reported increased nitrogen masses
over the study period. The 68–75% N and 73–83% P of the initial
mass released by the end of our 20-week study were higher than
the 20–30% N and 60% P mineralization reported by Dubeux et al.
(2006) for 18-week incubation in sub-tropical Florida, USA. How-
ever, the N release in our study contrasted the N immobilization
reported by Mtambanengwe and Kirchmann (1995) throughout the
75 days study in Zimbabwe woodland savanna. This suggests that
microbial decomposition was not the dominant process leading to
N and P release.

Considering that the initial grass biomass had 400–410 g C kg−1,
of which 21–25% was  lignin, the initial slow rate of decomposi-
tion in the dry season likely results from the loss of very soluble
C compounds that can decompose even under minimal moisture.
The subsequent phase of higher decomposition rates with the onset
of rain suggests that the more recalcitrant compounds need more
moisture for breakdown to be accomplished (Meentemeyer, 1978).
Overall, the disappearance of C was greater in the wet season than
the dry season. These findings contrast with Ohiagu and Wood
(1979), who reported 69% of grass litter disappearance over a 4-
month dry season in Nigerian savanna, and indicated this loss was
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due to consumption by fungus-growing termites. Termites were
excluded in our study, which might explain this discrepancy.

However, in a similar study in Kenya’s Nairobi National Park,
where termites were absent and the decomposition study was
initiated in the wet season, only 50% of the grass litter was
lost over a 23-month study period, in spite of a greater rain-
fall and the use of litter bags with larger aperture mesh (5 mm)
that would have allowed in arthropods (Deshmukh, 1985). In
the current study, 50% of C in the control treatment was lost
in only 20 weeks. This suggests the influence of factors other
than just rainfall and the absence of termites on the decompo-
sition process, such as the mixture of grass species used in the
study. In our study site, the grass mixture was dominated by
P. mezianum,  P. stramineum, D. milanjiana and C. dactylon, while
the study site of Deshmukh (1985) was dominated by Themeda
triandra and Setaria phleoides, which might have responded dif-
ferently to decomposition. Both physical and chemical changes in
leaf mixes can influence rate of decomposition directly (physically)
and indirectly through the decomposer community and its activ-
ities (Gartner and Cardon, 2004). Likewise, rates of C loss in our
study were higher than the 50% Zoysia japonica grass litter mass loss
reported by Nakagami et al. (2010) in Japan over a 1 year incubation
period.

Nevertheless, our findings of 50–65% C biomass loss were com-
parable to the findings of Dubeux et al. (2006), who reported
40–60% biomass loss of Paspalum notatum Flueggé (Bahia grass)
in Florida in a study period of the same length. The findings were
also comparable to 36–55% Cynodon dactylon (L.) Pers. (Bermuda
grass) organic matter loss reported by Liu et al. (2011) within 18
weeks of incubation in Florida.

We acknowledge that the use of the 2-mm litter bags in this
study could have altered the litter micro-climate (Meentemeyer,
1978; Witkamp and Olson, 1963) and excluded the larger macro-
fauna (Elkins and Whitford, 1982), thus reducing the fragmentation
of the leaves and causing the bagged leaves to decompose at a dif-
ferent rate compared to non-confined leaves. Our study assumes
that these effects did not mask the differences resulting from cli-
matic conditions and litter quality.

Nutrient enrichment increased grass-biomass production, but
there was no significant difference in nutrient concentration
between initial incubated litters from different treatments. For
example, the N-enriched litter lost the highest amount of biomass
C (65%) and had significantly higher rate of decomposition in the
second (wet) decomposition phase (11%). These findings agree with
previous observations (Liu et al., 2011; Lupwayi and Haque, 1999)
that N fertilization increases biomass decomposition, but suggest
that factors other than litter N concentration accelerate decompo-
sition in N-enriched litter. An example of such a factor is an increase
in C lability resulting from N enrichment (Peyraud and Astigarraga,
1998), which is a result of N promoting growth of succulent herbage
with a low cell wall content (Waite, 1970).

The high N and P release in the dry period compared to the wet-
ter period contrasted with the suggestion by Swift et al. (1979) that
precipitation can control the physical process of leaching through
accelerated breakdown of surface litter by increased rainfall. After
the first 8 weeks of the incubation period (i.e. in the dry season),
40–50% of N and 50–70% of P had been released. The rapid N and
P release that did not match the C loss and suggest that in the long
term, both N and P are likely to limit the microbial decomposi-
tion process unless there is an external source of nutrients to drive
the decomposition process or photodegradation would prevail and
short-circuit the decomposition process leading to direct C loss to
the atmosphere (Austin and Vivanco, 2006). On the other hand,
Couteaux et al. (1995) suggested that decrease in litter quality
could lead to increased production of ligninolytic enzymes, lead-
ing to increased degradation of recalcitrant compounds. However,

the extent to which lowering the N concentration would influence
lignin degradation is still unknown.

5. Conclusions

Our study showed that both N enrichment and rainfall acceler-
ate the decomposition of plant litter in African savanna, indicating
the importance of nutrient release in support of plant productiv-
ity. The effect of N addition appears to occur independently of an
increase in the N concentration of the litter, suggesting internal
cycling and rapid N turnover in the system. Previous studies pro-
jected increased atmospheric N deposition and rainfall variability
in the savanna where both soil moisture and N availability limit
plant productivity.

The litter N and P released during the dry season are deposited
in the soils for plant uptake on the onset of wet season, supporting
plant growth and production in the next growing season. Release of
N and P during the dry season was  not in parallel with C release sug-
gesting an enhanced C storage in litter when N and P release limits
the decomposition rates in the long term. However, future studies
need to consider the role of photodegradation on carbon loss and
ligninolytic enzymes on lignin degradation. The balance between
plant production and litter decomposition will determine the car-
bon sequestration, carbon dioxide emissions and the feedback to
global climate change.
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