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ABSTRACT

Trees in agroforestry are important for the cycling and sustainability of nutrients; however,
documentation on the decomposition and nutrient release as influenced by tree diversity is scarce
in agroforestry. This study aimed to determine the effect of litter diversity of five commonly used
agroforestry tree species (Cordia Africana (Lam.), Faidherbia albida (Del.), Grevillea robusta
(A.Cunn.), Acacia seyal (Del.), and Acacia xanthophloea (Benth.) on nutrient release in an
agroforestry ecosystem in Juja, Kenya. Litter bag techniques were adopted to determine the
guantity and quality of nutrients released in the mixed litters of the five tree species compared with
the individual species. The mineralization of N, P, K, and C significantly increased in A. seyal
among individual tree litters, hence, proves its suitability for agroforestry. However, tree diversity
increased litter fall by 82% and 33% compared with those of F. albida and A. xanthophloea,
respectively. Potassium and C released in the mixed litter were not significantly different from
their corresponding monocultures. Meanwhile, an antagonistic non-additive effect of mixed litter
was observed on N and P after 90 days of decomposition, thereby ensuring their retention and
sustenance in agroforestry system.

Key words: Agroforestry; Nutrients sustainability; Species richness; Additive effect; Non-additive
effect
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INTRODUCTION

The diversity of plant species has a significant
impact on the functioning of ecosystems
(Corlett 2016). The litter from trees, crops, and
other plants is typically mixed and decomposed
together in the soil (Zeng et al. 2010). However,
the quality and quantity of residues produced by
each plant species differ and in turn affects the
rate of decomposition and nutrient release.

The decomposition and nutrient release pattern
cannot be attributed to a single factor (Prescott
2005, Waring 2012), but depends on both biotic
and abiotic  factors, including litter
composition, moisture, temperature, and

microbial activities (Schwarz et al. 2015). In an
agroecosystem, the decomposition and nutrient
release pattern from litter could be non-
additive; that is, there is a difference between
the observed effect in the mixed litter and the
expected effect of monoculture. Non-additive
can either be synergistic non-additive (observed
effect higher than the expected) or antagonistic
non-additive (observed effect less than the
expected) (Dijkstra et al. 2009, Li et al. 2020).
There is also evidence of an additive effect on
litter decomposition and nutrient release,
indicating no significant difference between the
observed and the expected effects on litter (Li
et al. 2020). The expected value is the average
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litter decomposition and nutrient release of the
monoculture, while the observed value is the
corresponding parameter of the species
mixture.

The synergistic non-additive effects of mixed
litter could be caused by nutrient transfer
(Gartner and Cardon 2004) or an improved
environment for microbial activities (Otsing et
al. 2018, Purahong et al. 2014). The
antagonistic non-additive effects could be
caused by the presence of lignin and cellulose,
increasing the toughness of litters for microbial
breakdown (Jacobs et al. 2018, Mao et al.
2017). Cornwell et al. (2008) also reported that
high nitrogen (N) content could bring about a
high nitrogen to phosphorus ratio beyond the
optimal level for decomposition, resulting in an
antagonistic non-additive effect. However, the
additive effect in litter mixtures could be caused
by the interaction or transfer of nutrients among
species in the mixture (Guerrero-Ramirez et al.
2016, Hoorens et al. 2010).

Litter chemistry plays an important role in
determining the rate of litter decomposition (
Mao et al. 2017, Zhangetal. 2008). The
amount of nutrients released in a particular area
depends on the quality of the litter fall. Previous
researches on litter decomposition and nutrient
release have primarily concentrated on natural
ecosystems. These include tropical forests
(Héattenschwiler and  Jargensen  2010),
temperate forests (Ball et al. 2008, Gao et al.
2015), subalpine forests (Bisht et al. 2014),
mangrove forests (Fernando and Bandeira
2009), terrestrial ecosystems (Hattenschwiler et
al. 2005), peatlands (Hoorens et al., 2009), but
limited attention has been given to agroforestry
systems, especially in the semi-arid parts of
Kenya.

Litter falls and their productivity are two of the
most important factors that influence nutrient
cycling in an agroecosystem (Fernando and
Bandeira 2009). The faster the litter nutrients
are released, the more fertile and productive the
soil becomes (Jacobs et al. 2018). The
combination of tree species on a farm results in
the combination of their corresponding litters.
However, it remains unknown if a priming
effect exists among the different tree species
with high nutrient concentration and those with
low nutrient concentration (Liu et al. 2007,
Schwarz et al. 2015). Predicting ecosystem

nutrient dynamics in mixed species plots like
agroforestry systems might be inaccurate if
nutrients released are observed based on the
contribution of each component species (Ball et
al. 2008). Therefore, it is important to
understand how species interact and how their
interactions affect nutrient dynamics in an
agroecosystem.

Immobilization of nutrients from the
environment may occur as a result of
insufficient nutrients required for
decomposition in plant litter as soil microbes
require an adequate amount of N or P from the
litter to consume C for energy release (L.i et al.
2020). This could result in a decrease in the
nutrient content of the soil during
decomposition (Chen et al. 2015). Therefore,
information on suitable tree combinations is
required for the improvement of nutrient
cycling that can improve soil quality in
agroforestry. Hence, quantifying litter falls and
litter productivity is vital to determining their
specific and collective contribution to nutrient
release in a semi-arid agroecosystem. The
objectives of the study were to determine (a) the
quantity of litter fall of individual tree species
and their respective contributions to nutrients
released and (b) if litter mixture can promote
nutrients released in an agroforestry ecosystem
during decomposition.

MATERIALS AND METHODS

Study Area

The field experiment was carried out during the
bimodal seasons (April to September, 2016) at
an agroforestry experimental site in Juja, Kenya
(latitude 0°10'48"'S, longitude 37°7'12"E). The
average annual temperature and rainfall of this
region was 18.8°C and 1014 mm, respectively
(Baloitcha et al. 2022). The soil of the
experimental field is characterized as chromic
vertisols with a pH of 5.8 at 0 —15 cm depth.

Experimental design and sample collection

The quantity of litter fall, processes of
decomposition and mineralization determine an
ecosystem's  productivity (Fernando and
Bandeira 2009). Five commonly used
agroforestry tree species in Kenya [Cordia
Africana (Lam.), Faidherbia albida (Del.),
Grevillea robusta (A.Cunn.), Acacia seyal
(Del.), and Acacia xanthophloea (Benth.)] were
involved in this study for the period of six
months. This experimental period included
three months at the end of the rainy season
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(April - June) and three months at the beginning
of the dry season (July - September) to capture
the variation in the litter fall habit of the tree
species. The description of the tree species
including their common name, Latin name,
family, and habit are presented in Table 1. The
experimental site with a total area of 35,500m?
was previously used as a grazing land before
trees were established in 2011. For this study, a
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plot size of 50m x 40m consisting of seven rows
of the mixed tree species was mapped out. The
trees were randomly planted at an equidistance
of 5 m for both inter and intra row spacing.
Each row consists of at least nine tree stands
with a representative of each species. Notably,
the inter-row spacing was used for maize (Zea
mays) cultivation during the rainy season.

Table 1: Description of studied tree species based on their family name, common name, and

litter-fall habit.

Species Family name Common name Litter-fall habit

Cordia Africana Boraginaceae Sudan teak / Wanza  Deciduous

Faidherbia albida Fabaceae Ana tree / Mogabo Inverse phenology

Grevillea robusta Proteaceae Silk oak / Mukima Evergreen

Acacia seyal Mimosoideae Shittim wood / Evergreen
mgunga

Acacia Fabaceae Fever tree / Murera  Evergreen

xanthophloea

Three conical litter traps were used to quantify
the total litter fall of each tree species. Each
conical litter trap with a diameter of 31.8 cm
and an area of 794.33 cm?was positioned 30 cm
above ground level and 50 cm from the base of
the randomly selected trees. The litters were
collected from the conical litter traps at 15
days’ interval for 6 months. The litter fall by
each species in grams per square centimeter (g
cm?) to the area of the conical litter trap was
used to estimate litter fall by each species in kg
per hectare (kg ha?) for the six month.
Meanwhile, the average of the combined litters
of the five species was considered as the mixed
litter fall.

For the decomposition study, matured fallen
leaves of each species were collected at the base
of the trees in different bags and were oven-
dried at 65°C to a constant weight. The oven-
dried litters were crushed to small sizes (1-3
cm). A total of 120 litter bags were used for the
decomposition study. Each litter bag (20x13
cm) made with a mesh size of 1 mm was filled
with 25 g of crushed litters of the five species
and their composite (six treatments). Notably, 5
g of the litter of each species were mixed to
form the 25 g of the composite litter.

Twenty-four litter bags (six treatments and four
replicates) were retained for initial nutrient
content analysis, while the remaining 96 litter

bags (6 treatments, 4 replicates, and 4 sampling
dates) were positioned on the experimental
plots for decomposition study.

Data collection

Samples were collected from the litter bags
after 15, 30, 56, and 90 days of decomposition
on the field. Collected samples were oven dried
at 65°C until a constant weight and were
analyzed for N, P, K, and C. The total organic
carbon was determined by chromic digestion
and spectrophotometry; total nitrogen by
microscopic Kjeldahl digestion followed by
distillation. Using the same digestion solution
as for nitrogen, phosphorus was measured by
colorimetry with an UV mini 1240
spectrophotometer, while potassium was
measured with a flame photometer (FP-501).
The nutrient mass at each sampling period was
calculated by multiplying the nutrient content
(mg/g) of the litter by the dry mass at the
sampling time (Ball et al. 2008). The amount of
nutrients released at each sampling time was
determined by subtracting the amount of
nutrients remaining in the litter at each
sampling time from the amount of initial
nutrients present.

The average nutrient mass loss in each
monoculture was compared with the
corresponding mixture of the monocultures to
determine the composite effect (either additive
or non-additive) on mineralized nutrients
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(Gartner and Cardon 2004). If non-additive was
observed, the strength of interaction was

calculated using the formula below.
Expected ]

Interraction strength =1 — ( Observed

1

A positive interaction occurs when the
observed nutrient released exceeds the expected
nutrient released which signifies a synergistic
non-additive effect, while a negative interaction
occurs when the expected nutrient released
exceeds the observed indicating an antagonistic
non-additive effect. The strength was measured
based on the resultant deviation from zero. The
average nutrient mass loss in all compositions
was used to determine the nutrient that had a
significant effect on the nutrient dynamics in
each composition.

Data analysis

3000
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Statistical analysis was done using IBM SPSS
version 21. An independent sample t-test was
used to compare the nutrient released between
the expected and observed. However, the
differences in litter fall among species, and
nutrient loss were determined using one-way
analysis of variance (ANOVA) at a = 0.05.

RESULTS

The litter falls collected from the five tree
species and their estimated composite did not
differ significantly. However, A. seyal had the
highest litter fall, with 28% of the total litter
fall, while the lowest litter fall was recorded in
F. albida. Compared to F. albida and A.
xanthophloea, the mixed litter fall increased by
82% and 33%, respectively. However, it
decreased by 4%, 25%, and 30%, respectively,
compared to C. africana, G. robusta, and A.
seyal (Figure 1).

2500 A

2000 -

1500 -

Litter fall (Kg ha-1)

1000 +

500 -

C. africana F. albida

G. robusta

A. seyal A. Mixed
xanthophloea

Figure 1: Litter fall (kg ha) of agroforestry tree species and the average of their combinations

(mixed) after six months of collection.

F. albida had the highest initial nitrogen (N)
mass concentration and it mineralized the
highest amount of N after 90 days of
decomposition (Table 2 and 3). Individual tree
species with higher initial N mass concentration
(F. albida and A. seyal) mineralized more N
after 90 days, but N was immobilized in the
mixed and C. africana (Table 3). A. seyal

released the highest total amount of phosphorus
(P), potassium (K), and carbon (C) to the
ecosystem after six months of decomposition
(Table 3). Among the treatments, N and P
released were significant (p<0.05) after 90 days
of decomposition, whereas K and C released
were not significantly different (Table 3).
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Table 2. Initial nutrient mass present in leaves of agroforestry tree species.

Initial nutrient mass (mg/g)

Species

N P K C C:N N:P
C. africana 4.56 0.58 0.90 79.13 25.32 7.86
F. albida 10.14 0.41 0.34 54.91 5.80 24.73
G. robusta 4.21 0.45 0.44 70.42 17.20 9.36
A.seyal 9.30 0.38 0.33 51.12 12.79 24.47
A.xanthophloea 7.12 0.46 0.34 57.97 8.58 15.48
Mixed 5.69 0.37 0.63 64.27 13.67 15.38

The initial N contents of the mixed litter were
higher than those of C. africana and G. robusta,
respectively. However, N was mineralized in G.
robusta after 90 days while immobilization of
N was observed in the mixed litter composition

and C. africana, as indicated by their negative
values (-0.74 and -0.61 respectively) (Table 3).
The N, P, and C released differed among the
treatments, but the C released was not
significantly different (Table 3).

Table 3: Mass of nutrient mineralized or immobilized in agroforestry tree litter after 90 days of

decomposition.

Nutrient mineralized or immobilized after 90 days

Species decomposition (mg/g)
N P K C
C. africana -0.61° 0.27%® 0.65% 20.622
F. albida 8.85% 0.34% 0.812 25.84%
G. robusta 1.19b¢ 0.10 0.812 15.08%
A.seyal 7.34%® 0.472 0.922 34.38°
A.xanthophloea 3.33® 0.39? 0.662 8.53°
Mixed -0.74¢ 0.03¢ 1.12# 21.95%
* * ns ns

Values within a column followed by different superscript letters are significantly different. * means significant
difference at p<0.05 by Duncan’s multiple range test, while ns indicates non- significant difference

There were variations in the percentage of
nutrients released across the 90 days of
decomposition, as shown in Figure 2. Nitrogen
was immobilized in C. africana in the first 15
days but had the highest percentage of N
released on the 90th day of decomposition,
while the combination of the five tree species
had the lowest N released on the 90th day. The
N released from C. africana on the 90th day of
decomposition was 199% higher when
compared with that of the mixed (Figure 2A).
The percentage of P released was highest in A.
xanthophloea and lowest in the mix. The P
released in the mix was reduced by 111%
compared with the P released by A.
xanthophloea (Figure 2B). The amount of K

released was highest in A. seyal and lowest in
C. africana. A. seyal increase K released by
25% compared with that of C. africana (Figure
2C). Figure 2D shows that A. xanthophloea
released the highest C on the 90th day, although
C was immobilized in the first 15 days;
however, C. africana released the lowest C on
the 90th day. The C released by A.
xanthophloea was 124% higher than the C
released by C. Africana. The percentage of K
and C released in the mix was higher than that
of C. africana by 86% and 32%, respectively,
and G. robusta by 86% and 42%, respectively,
but immobilization of N and P occurred on the
90th day of decomposition (Figure 2).
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Figure 2: Nutrient released from litter after 15, 30, 56, and 90 days of decomposition. A represent nitrogen released,
B Phosphorus released, C Potassium released, and D Carbon released. Y axis shows the percentages of the nutrient
released or immobilized while X axis is the time represented in days.
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There were no significant differences between
the expected and observed values of K and C
released, thereby indicating an additive effect.
The K and C observed were 43% and 2% higher
than the value of the expected. However, there
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was a significant difference at p<0.05 between
the observed and expected nutrient released for
N and P thereby indicating a non-additive effect
(Table 4). The N and P observed were 118%
and 90% lower than the expected.

Table 4: The strength of interaction between observed and expected values of some released
nutrients in agroforestry tree litters after 90 days of decomposition

Nutrients Observed (mg/g) Expected (mg/g) p value Interaction
strength

N -0.92 5.03 0.02 -4.47

P 0.04 0.39 0.05 -8.75

K 1.39 0.97 0.89 0.3

C 26.54 26.11 0.74 0.02

Values of observed and expected values of each nutrient were significantly different az p<0.05 using

independent sample t-test.

The non-additive effect was further explored to
determine if they were synergistic or
antagonistic. Potassium and carbon had a
positive strength of interaction between the
expected and observed nutrient released with
strength values of 0.3 and 0.02 respectively,
indicating a synergistic effect. However, N and
P showed a negative strength of interaction
between the expected and observed nutrients
released, with a strength value of -4.47 and -
8.75, respectively, indicating an antagonistic
effect (Table 4).

DISCUSSION

Bisht et al. (2014) reported that nutrients
released could be associated with the rate of
litter fall. In this study, the comparable quantity
of litter collected from the five tree species
could be attributed to the pattern of litter
shedding and the duration of collection. C.
africana, a deciduous tree, shed the majority of
its leaves in the dry season and re-flushes
during the rainy season (Wolfe et al. 2016).
However, G. robusta and A. xanthophloea are
evergreen trees, and their rate of litter fall is
consistent throughout the year. F. albida, on the
other hand, has inverse phenology and loses its
leaves when the rainy season begins (Stephen
et al. 2020).

We presumed in this study that the period of
litter fall collection (end of raining and
beginning of dry seasons) accommodated the
variation in the leaf shedding pattern of all the
tree species, thereby accounted for the
comparable quantities of litter fall across the
tree species. The increase in average litter fall

of the five tree species indicates that the mixed
planting of trees could help increase litter fall in
the agroforestry system more than the
monoculture of F. albida and A. xanthophloea
as shown in Figure 1.

The significant increase in N, P, K, and C
mineralized in A. seyal litter proves its
suitability for agroforestry among tree species
observed. The initial nutrient mass in each tree
species corresponds to the mass of nutrients
released. However, the mixed litter released
less N compared with its initial N mass. This
observation shows that the initial nutrient
concentration could be used as an indicator to
determine nutrients released in monoculture
during decomposition but not applicable to
mixed litter decomposition. This shows that the
rate of nutrient release in mixed compositions
was regulated by individual species rather than
species richness (Hoorens et al. 2009, Jacob et
al. 2010).

The immobilization of N and slow
mineralization of P in the mixed litters of the
five tree species could be attributed to the
mixed litter's low initial P content. Low P in
litter could bring about high N/P, which could
reduce decomposition in litter (Cornwell et al.
2008). The immobilization of N in this study
has also been reported in a previous finding by
Zhang et al. (2020), that the reduced quality of
individual litters will cause immobilization of
nutrients in mixed composition. The low
quality litter in species mixture can also
promote nutrient retention in an ecosystem,
providing nutrient resources for future decay

JOURNAL OF RESEARCH IN FORESTRY, WILDLIFE AND ENVIRONMENT, VOLUME 15, NO. 2, JUNE, 2023



LITTER DIVERSITY IMPROVES LITTER FALL AND NUTRIENTS SUSTAINABILITY IN AN AGROFORESTRY SYSTEM

IN A SEMI-ARID ECOSYSTEM IN JUJA, KENYA

processes and long-term nutrient storage in
litter layers (Ball et al. 2008). As a result,
immobilization of N in the species mixture after
90 days of decomposition could promote
nutrient retention in the ecosystem and promote
availability of the nutrients for future use.

Potassium and carbon released by the mixed
litter were not significantly different from the
average of their corresponding monocultures,
indicating an additive effect. The additive effect
observed could be associated with the
balancing effect during decomposition and
nutrient release between litters that induced
negative effects and those that induced positive
effects, thereby resulting in no significant
difference between observed and expected
values (Li et al. 2020). The antagonistic non-
additive effect of N and P as denoted by their
negative strength of interaction between the
observed and expected nutrients mineralized is
in line with the study of Chen et al. (2015) that
reported an antagonistic non-additive effect of
mixed litter on CH4 uptake in an alpine steppe
soil in Northern Tibet. The antagonistic non-
additive effect in this study could probably be
due to the increase in the level of lignin and
cellulose in the mixed litter that possibly slows
down the ability of microbes to degrade N in
the composition (Jacobs et al. 2018, Mao et al.
2017).
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