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Abstract

Purpose Although litter decomposition and nutrient release patterns have been studied in cocoa agroforestry systems in general,
studies focusing on organic and conventional cocoa systems are lacking which is critical as organic farms are particularly
dependent on nutrient returns from decomposing litter.

Materials and methods Dynamics in leaf litter decomposition and the mineralisation of macro- and micro-nutrients in organic
and conventional cocoa agroforestry systems were studied using the litterbag technique for 12 months.

Results The average monthly mass loss was more than two times higher on organic farms (9.2-14.4 g month™') compared to
conventional farms (4.2-7.3 g month ') in the first five months. The annual rate of decomposition (k) was higher on organic
farms (1.9) compared to conventional systems (1.4). The time required for 50% (¢50) and 99% (f99) decomposition of leaf litter
was both lower on organic farms (#50 = 0.4 years, f99 =2.6 years) than conventional farms (¢5o = 0.5 years, f99 = 3.5 years). The
estimated & values for macro- and micro-nutrients on organic cocoa systems ranged from 2.3 for calcium to 4.5 for potassium
compared to 1.6 (Ca) to 2.8 (K) on conventional farms. The k values of all nutrients (except nitrogen and phosphorus) were
significantly greater on organic farms than conventional systems. The estimated & values for both litter decomposition and
nutrient mineralisation correlated with soil pH and moisture content, but not initial litter chemistry.

Conclusions Organic management of smallholder cocoa agroforestry systems enhanced leaf litter decomposition and nutrient
mineralisation through improved soil conditions. Thus, organic management of cocoa agroforestry systems may contribute to
sustainable cocoa production in smallholder systems through enhanced nutrient return from litter decomposition.
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Cocoa production is worth over 12 billion US$ and provides
livelihoods for 40—50 million people worldwide (Hiitz-Adams
et al. 2016). As the backbone of Ghana’s economy, cocoa
production serves as the primary source of livelihood for
25-30% of Ghanaians (Kaba 2017). Although there is a grow-
ing demand for cocoa, its production is at cross-roads due to
depletion of soil nutrients (ICCO 2014; Hiitz-Adams et al.
2016; Kaba 2017). Depletion of soil nutrients and organic
matter is a serious threat to sustaining cocoa production in
West Africa and elsewhere (Daymond et al. 2017; Kaba
2017). Dwindling soil nutrients limit cocoa production in ma-
jor cocoa-producing countries (Hiitz-Adams et al. 2016;
Daymond et al. 2017; Kaba 2017). Litter input from
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vegetation is a major pathway by which nutrients are returned
to soils (Triadiati et al. 2011; Naik et al. 2018). Plant litter
improves soil organic matter quality and quantity which in
turn enhances soil quality through reducing bulk density and
erosion, enhancing soil structure, increasing cation-exchange
capacity, infiltration, water holding capacity, and the retention
of soil nutrients (Murphy 2014; Biinemann et al. 2018).
Additionally, plant litter enhances biodiversity and activity
of soil microorganisms which underpins plant productivity
(Barrios et al. 2018). Plant litterfall therefore plays a critical
role in determining the physical, chemical and biological char-
acteristics of soil as well as the productivity of an ecosystem.

Litter in general and leaf litter in particular is a central
nutrient resource and litterfall is a critical link between plants
and soils for the return and recycling of organic matter and
nutrients (Hartemink 2005; Triadiati et al. 2011; van Vliet
et al. 2015; Naik et al. 2018) and maintenance of soil fertility
and ultimately contributes to the regulation of primary produc-
tivity in an ecosystem (Mamani-Pati et al. 2012; Fontes et al.
2014). Decomposition is a complex process that reduces dead
organic matter or litter into mineral nutrients, water and car-
bon dioxide (Dawoe et al. 2010; Kaba 2017). The rate of litter
decomposition in an ecosystem depends on the interaction of a
variety of factors such as litter quantity and quality (e.g. con-
centration of nitrogen, phosphorus, lignin, polyphenols and
their ratios), variety, composition and activities of decom-
posers, climatic conditions (particularly temperature and hu-
midity), soil nutrient content and availability, age of vegeta-
tion or plantation, and vegetation and management types
(Dawoe et al. 2010; Triadiati et al. 201 1; Hasanuzzaman and
Mahmood 2014; Kaba 2017; Naik et al. 2018).

Cocoa agroforestry is the practice of growing cocoa under a
variety of shade species together with food crops (Dawoe et al.
2010; Asigbaase et al. 2019). The integration of trees into
cocoa farms and its subsequent management can counteract
the reduction of nutrient and organic matter content in soils
through litter inputs from the shade species (Mamani-Pati
et al. 2012; Fontes et al. 2014). Cocoa agroforestry systems
in Ghana are either organically or conventionally managed.
Conventional cocoa agroforestry systems rely on synthetic
agrochemicals for nutrient replenishment and weed and pest
control while the organic cocoa agroforestry systems rely on
organic products as well as natural processes to supplement
soil nutrients and control weeds and pests (Dominguez et al.
2014; Barrios et al. 2015; Lori et al. 2017). For example,
organic farmers may opt to maintain shade species in their
cocoa farms as a means to supplement soil organic matter
and nutrients, reduce nutrient leakage and increase soil qual-
ity. Synthetic agrochemical-dependent cocoa systems (i.e. co-
coa agroforestry systems under conventional management)
pose threats to soil, animal and human health (Barrios et al.
2015) and their sustainability in the long run is questionable.
Moreover, the use of synthetic agrochemicals can modify
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litter-soil biota and pose a threat to the decomposition process-
es (Dominguez et al. 2014; Barrios et al. 2015). In Ghana, it is
common to remove shade trees in conventionally managed
farms driven by the desire to increase yield (Asigbaase et al.
2019). Removal of shade trees pushes cocoa systems closer to
monocultures thus reducing litter inputs from shade species.

According to Naik et al. (2018) and Kaba (2017), the rate
of organic matter decomposition is critical to the functionality
of any agroforestry system. Organic matter decomposition
returns nutrients to the soil, reducing or possibly eliminating
the need for chemical fertilizers, thus, contributing to their
sustainability (Fontes et al. 2014; Costa et al. 2017,
Asigbaase 2019). Additionally, decomposing organic matter
enhances the physical and biological properties of soils
(Dominguez et al. 2014; Biinemann et al. 2018). Although
litter and nutrient decomposition has been studied in cocoa
agroforestry systems in general, studies focusing on organic
and conventional cocoa systems are rare. In agroforestry sys-
tems, nutrient supply rate and nutrient limitation are closely
linked via management (Ofori-Frimpong et al. 2007; Kumar
2008; Mamani-Pati et al. 2012). Smallholder cocoa farmers
rely heavily on natural nutrient recycling for soil fertility sus-
tenance in their farms; it is therefore important to understand
the dynamics of litter decomposition and nutrient release in
organic and conventional cocoa systems as this will contribute
to efficient management of these systems. We quantified and
compared the rate of litter decomposition and nutrient
mineralisation on organic cocoa agroforestry systems to con-
ventional systems. We hypothesised that the rate of litter de-
composition and nutrient return to the soil will be greater on
organic cocoa systems than conventional systems due to im-
proved soil conditions.

2 Materials and methods
2.1 Description of study site

This study was conducted in two cocoa communities (Nsuta-
wawase and Kuano) in Suhum Municipality (N 6° 5’ and W 0°
27), Eastern Region, Ghana. The climate is tropical with a mean
annual temperature and precipitation of 24-29 °C and 127-
165 cm, respectively (Fig. 1). Relative humidity during the wet
season (April to November) is 87-91% and the dry season (late
November to March) is 48—52%. Cocoa production is the prima-
ry or sole source of livelihood for the population of Suhum.
Certified organic cocoa production in Ghana begun in our study
area and has spread to other parts of the country. The organic
farmers are certified as a group by the Control Union, an inter-
national certification body active in over 70 countries. The con-
ventional cocoa farmers rely on synthetic agrochemicals to re-
plenish soil nutrients, control pests and supress weeds while the
organic farmers rely on organic products and natural processes.
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Fig. 1 Long-term mean monthly precipitation and temperature (1901 to
2018) (World Bank Group 2018; Web 1 n.d.)

In addition, organic farmers were encouraged to maintain/plant
shade trees on their farms with the aim of exploiting the ecolog-
ical benefits of shade trees, including contribution to nutrient
return via litterfall and decomposition. Organic farmers pruned
their cocoa trees once a year (i.e. March/April). Both the organic
and conventional cocoa are produced under shade and details of
the two systems in terms of species composition, yield and other
biophysical characteristics are found in Asigbaase et al. (2019)
and supplementary information (SI) (Appendix Tables 1 and 2).
In brief, the cocoa trees were planted at 3 m % 3 m (i.e. approx-
imately 1100 trees haﬁl) under shade trees, meeting at least the
recommended 12—18 emergent shade trees per ha and 40% shade
cover (Ghana Cocoa Board 2018; Asigbaase et al. 2019).

Over 95% of the shade trees in the systems we evaluated were
native tree species, with Citrus sinensis (L.) Osbeck, Holarrhena
floribunda (G. Don) Dur and Schinz, Voacanga afiicana Stapf,
Entandrophragma angolense (Welw.) C.DC., Milicia regia
(A.Chev.) Berg and Persea americana Mill. as the dominant tree
species (Asigbaase 2019). Since organic farming is an ecologi-
cally based production system, organic farmers were encouraged
to exploit the ecological benefits of shade trees such as suppres-
sion of the growth of weeds, contribution to nutrient replenish-
ment and provision of shade for the cocoa trees (Appendix
Table 1). Organic farmers applied Elite organic fertilizer
(N:P:K 3:4:4+9Ca+1Mg+0.04B+0.08Zn+11organic matter) at
a rate of 988 kg ha ' while conventional farmers used the cocoa
fertilizer, ‘Asaasewura’ (N:P:K 0:22:18+9Ca+7S+6MgO), at the
rate of 375 kg ha ! (Ghana Cocoa Board 2018). Both organic
and conventional systems had similar land use history, method of
cocoa establishment and soil properties (Appendix Tables 2 and
3). The soils of the study area are well weathered and well
drained, porous and loamy and are classified as forest ochrosols
(FAO 1991).

2.2 Selection of cocoa farms

We randomly selected two cocoa villages from a list of organ-
ic and conventional cocoa-producing areas (provided by

Ghana Cocoa Board, the regulator of the sector) in the
Suhum Municipality of the Eastern Region of Ghana. Eight
organic and eight conventional farms were randomly selected
from separate lists of farmers involved in cocoa production in
the two selected cocoa communities and 25 m x 25 m plots
(one plot per farm) were established on their farms (Muoghalu
and Odiwe 2011). The age of the cocoa farms ranged from 20
to 30 years on both farm types (four of the eight farms in each
farm type were 20 years old). The research was conducted in
private farms and the selected farmers agreed to participate in
the research through oral consent.

2.3 Sample collecting and processing

We conducted the experiment using the litterbag technique over
a 12-month period. Bulks of freshly fallen cocoa and shade tree
leaf litter were collected from the floor of the selected cocoa
farms in January 2017 (Muoghalu and Odiwe 2011; Hayashi
et al. 2012). Leaf litter was air-dried for one week and thor-
oughly mixed (Muoghalu and Odiwe 2011; Naik et al. 2018).
Seventy grams of leaf litter (ratio of cocoa leaves to shade tree
species leaves was 1:1) from each farm was placed into 30 cm x
20 cm nylon netting litterbags with 2 mm mesh size, which is
sufficient enough to prevent significant losses of leaves while
large enough to support free entry of micro- and macro-
organisms (Hayashi et al. 2012; Naik et al. 2018). Thirty-six
litterbags were placed in each farm and three bags from each
farm were oven dried at 70 °C for initial litter chemistry analysis
(Guo et al. 2017; Naik et al. 2018). Three bags from each farm
were subsequently retrieved monthly throughout the experi-
mental period. Collected samples were gently and briefly
washed under slowly running tap water, rinsed with distilled
water, oven dried for 48 h at 70 °C and weighed to determine
mass loss (Naik et al. 2018). Litter decomposition and nutrient
mineralisation rates were expressed as loss of dry matter (DM)
and percentage nutrient release per month (% mon ), respec-
tively. The litterbag experiment started on February 2017 and
ended on March 2018.

2.4 Soil sampling and stand characteristics

Five soil samples were collected to the depth 0—15 cm in each
plot using an Eijkelkamp soil auger (5 cm blade diameter).
The soil samples for each plot were thoroughly mixed and
subsampled for chemical analysis. Undisturbed soil samples
(two per plot) were collected from the soil wall after digging
for bulk density estimation using 139 ¢cm® bulk density cylin-
ders. Both undisturbed soil samples were oven dried at 105 °C
for 48 h. Soil subsamples were sieved with 2-mm mesh. All
soil samples were collected on the same day (1 February
2017).

Data on stand characteristics (cocoa, fruit and shade tree
species densities and basal areas, shade tree species richness
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and Shannon diversity, farm size, management practices) of
the two farm types were obtained from the field data of
Asigbaase (2019).

2.5 Data processing and chemical analysis

Oven-dried soil and litter samples were milled using an agate
ball mill (Retch PM 400) at 290 rpm for 15 min and analysed
for their chemical composition. Total C and N contents in the
milled samples were obtained using CN analyser (Thermo
Scientific™ Flash™ 2000 Organic Elemental Analyzer
(OEA)). To determine the proportion of C and N, 5-6 mg of
milled litter samples was combusted at 900 °C to produce ni-
trogen oxides, carbon dioxide and water which were eluted and
detected. Six milliliters of concentrated HNO; was added to
0.2 g of powered litter samples, microwave-digested and
analysed for macro- and micro-nutrients (Online Resource 1)
using ICP-MS (Thermo Scientific™ iCAP™ TQ). Chemical
analyses for macro- and micro-nutrients were conducted every
month, except C and N which were conducted every 3 months.

Attenuated total reflectance-Fourier transformed infrared
(ATR-FTIR) spectroscopy was used to determine the organic
composition of the powdered initial litter material. Specifically,
we estimated 2919/1034, 2851/1034, 1617/1034, 1420/1034 and
1374/1034 ratios, following the procedure of Tonks et al. (2018).
These wavelengths correspond to carbohydrates (1034), waxes,
fats, lipids and lignin (2919/2851), lignin, and other aromatic/
aliphatic carboxylates (1617), aliphatic structures (1420) and lig-
nin and aliphatic structures (1374) (Artz et al. 2008; Lammers
2008; Tonks et al. 2018). Spectra were obtained using the FTIR
spectrometer Bruker Tensor 27 FTIR equipped with N, purge
gas generator and an MCT detector. The scans (128) were ob-
tained from the range 4000 to 400 cm ' at a resolution of 4 cm ™!
(Artz et al. 2008). Using a pressure applicator with a torque knob
ensured that in pressing the powdered samples against the dia-
mond crystal of the ATR device (DATR/KRS-5), the pressure
applied was the same for all measurements. The background
spectrum of the clear widow was obtained and subtracted from
the spectrum of each sample before conversion into absorbance
units. All spectra were normalised by subtraction of sample min-
imum followed by division by the average spectrum value for
each sample (Artz et al. 2008). The peak heights of recalcitrant
compounds (e.g. lignin and other aromatic or aliphatic structures)
were divided by the peak heights of readily decomposable or-
ganic compounds to estimate the relative proportions of recalci-
trant compounds in the initial litter material and their proportion
every 3 months. In this instance, the lower the ratio, the lower the
proportion of recalcitrant compounds to carbohydrates, and the
faster the material will decompose.

The concentration of soil Al and exchangeable Ca, Mg, K
and Na were determined using ICP-MS. Prior to the ICP-MS
analysis, 2 g of each soil sample was extracted with 20 ml of
1 M NH4NO;, centrifuged at 3500 rpm for 30 min and
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filtering and diluting 1 ml of the supernatant with 9 ml of
2% HNOj;. We determined soil pH in a 1:2.5 soil:solution
slurry with a pH meter, calibrated with pH 4.01 and 7.00
buffer solutions. Soil moisture content (MC %) was calculated
as the (57/55) x 100, where S is the fresh weight of soil minus
oven-dried weight and S, is the weight of oven-dried soil. We
determined bulk density (BD g cm ) as (W/V) x (100 —
%CF)/100, where CF is coarse soil fraction, W is the weight
of oven-dried soils and V is the volume of the bulk density
cylinder. Laser ablation (Bechman Coulter LS 200) was used
to evaluate soil particle size distribution and the soils were
classified into textural classes using the USDA soil triangle
(Soil Survey Division Staff 1993).

2.6 Data analysis

Annual leaf litter decay constants were estimated through regres-
sion analyses (Olson 1963) using the SigmaPlot (vs. 13). Decay
constants of organic matter and macro- and micro-nutrients were
obtained by using the model m = Ae ™, where m is the % initial
dry mass remaining at time ¢, A is a constant, & is the coefficient
of the rate of decay per year and ¢ is the time in years. The
percentage of nutrients remaining was estimated as NR
(%) = ((C; x MY/, * I,)) x 100, where NR = remaining nutri-
ents (%), C, = nutrient concentration at time ¢ (mg/kg), M, =
oven-dry mass at time 7 (g), I, = initial nutrient concentration
(mg/kg) and I, =1nitial oven-dry mass (g). The time required
for 50% (t59) and 99% (t99) decomposition of leaf litter and
nutrients were computed as 5o =0.693/k and t99 = 5/k (Olson
1963; Naik et al. 2018). We tested for normality for each variable
using the Shapiro-Wilks W-test for homogeneity of variances;
variables with variances which were not normally distributed
were Box-Cox transformed. One-way ANOVA was used to as-
sess mean differences in initial litter chemistry (including the
ratios of recalcitrant compounds to carbohydrates), stand and soil
characteristics, and decay constants of organic matter and nutri-
ents. Repeated measures ANOVA was used to establish differ-
ences in mean values of nutrient remaining and litter chemistry;
this analysis was restricted to the first 10 months of leaf litter
installation because decomposition on organic farms was com-
pleted during this period. Spearman’s rank correlation and re-
gression were used to relate decay constants with initial litter
chemistry and soil physico-chemical properties. p values < 0.05
were considered significant.

3 Results
3.1 Initial litter chemistry and soil characteristics
Leaflitter from organic farms was 20 and 49% higher in S and

Fe respectively compared to conventional farms (Table 1).
The initial mean values for other plant macro- and micro-
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nutrients as well as the litter C to N ratio were similar between
organic and conventional farms. The ratio of recalcitrant com-
pounds (i.e. lignin, aromatic or aliphatic structures) to carbo-
hydrates in the initial litter material was similar for both or-
ganic and conventional cocoa systems (Appendix Table 3).
Organic farms had greater soil moisture content and pH than
conventional farms (Appendix Table 4). Soil bulk density,
effective cation-exchange capacity and the ratios, Ca:Mg,
(Ca+Mg):K and (Ca+Mg):(K+Na), were similar in both or-
ganic and conventional farms. Organic and conventional
farms had similar proportions of clay, silt and sand and their
soils were classified as loam.

3.2 Mass loss of leaf litter on organic and
conventional cocoa farms

The decomposition of leaf litter expressed as loss of dry matter
(DM) followed a similar pattern on both farm types but was
more rapid on organic farms than conventional farms (Fig. 2;
Appendix Fig. 1-4). Compared to conventional farms, the
average mass loss per month on organic farms was greater
by up to 300% in the first and second months (i.e. March
and April 2017) after litterbag installation, 200% from the
third to fifth month (i.e. May—July 2017) and 20-50% from
the sixth to ninth month (August-November 2017). The mass
of dry matter in May 2017 was relatively lower than that of
June 2017 (Fig. 2). The annual rate of litter decomposition (k)
was 34% greater on organic farms than conventional farms
(Table 2). The time required for 50% (t50) and 99% (t99) de-
composition of leaf litter on organic farms was both 34%
lower than on conventional farms. The annual rate of litter

decomposition (k) was positively related to initial soil mois-
ture content and pH, but negatively related to soil C:N ratio
(Fig. 3). The ratios of recalcitrant compounds to carbohydrates
were consistently lower on organic farms than conventional
farms, but this depended on the month (Fig. 4; Table 3). The
ratios 2919/1034, 2851/1034 and 1420/1034 were significant-
ly lower in decomposing litter material on organic farms dur-
ing August and November compared to conventional farms,
but these ratios were similar during March and May.
However, the ratios 1617/1034 and 1374/1034 differed be-
tween the farms during November, but were similar during
March, May and August. Litter chemistry (ratio of recalcitrant
compounds to carbohydrates) changed over time (months).

3.3 Macro-nutrients release dynamics

On both organic and conventional farms, the release of N from
leaf litter followed the same pattern but the average release per
month was 30, 20 and 9% greater in the third, sixth and ninth
months, respectively, on organic compared to conventional
systems (Fig. 5; Table 4; Appendix Fig. 1 and 3). At the end
of the first three months of decomposition, more than 40% of
the N content in leaf litter from both organic and conventional
farms was released.

Primary (P and K) and secondary (S, Ca and Mg) macro-
nutrients in leaf litter on organic farms were rapidly
mineralised during the first to fourth months, with the most
rapid mineralisation for K followed by S, P, Mg and Ca.
Thereafter, these nutrients were gradually released over the
rest of the experimental period (Fig. 5). Nutrient release was
consistently higher on organic farms than conventional farms

Table 1 Macro- and micro-

nutrient concentrations (mean Parameter Nutrient Farm type One-way ANOVA/K-W
SEM) of leaf litter from organic
and conventional cocoa farms in Organic Conventional
Suhum Municipality, Ghana.
Number of replicates (n) is eight Primary macro-nutrients C (%) 40.61 £0.76  40.59 £ 048 F; 10<0.01,p=0.978
(8) per farm type N (%) 123+£0.09 138+0.11 F 14=1.33,p=0276
P(gkg") 1.50 + 0.56 137022 H=0.893,df=1,p=0.345
K(gke™" 854+ 056  936+133 F; 14=0.32,p=0.581
Secondary macro-nutrients Mg (g kg ") 277 £0.10 294 +£0.12  Fy 14=1.06,p=0.320
Ca(gkgh 14.03 £0.54 1553 +£0.65 F; 14=3.42,p=0.086
S(zgkg™h 1.78 £ 0.07 1.48+£0.03 F; 14=13.20,p=0.003
Micro-nutrients Mn (g kg™ 0.87£0.09  0.67+0.06 F, 14=3.11,p=0.099
Fe (g kg 0.73£0.09 049+0.10 F, 14=4.75p=0.047
B (mg kg™") 3751195 38.60+191 Fy 14=0.16, p=0.696
Ni (mg kg ) 1.11 £0.21 0.76 £0.12  Fy 14=2.93,p=0.109
Cu(mg kg ") 20.59 £2.08 20.62 £438 F; 14=0.16, p=0.691
Zn (mgkg") 5394 +13.71 32.13+338 H=1.588,df=1,p=0.208
Mo (mg kg ) 039006 043+0.10 F; 14=0.02,p=0.883
C/N 33.67+1.83 30.05+196 F, 10=1.83,p=0.206
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Table 2 Annual decomposition

constant (k) (mean + SEM), decay Parameter ~ Organic Conventional One-way
for 50 and 99% of mass and N N ANOVA/K-W
nutrients for leaf litter from k R Is0 lo9 k R ts0 f99
organic and conventional cocoa (%) (%)
farms at Suhum. One-way
ANOVA/Kruskal-Wallis analysis Leaf liter 193 +0.09 854 036 259 145+0.12 848 048 345 F;, ;,=97]
of k is shown with significant p=10.008
values (p <0.05) italicised. N 254+021 961 027 197 195+023 941 036 256 F, 0=3.55,
Number of replicates (n) is eight p=0.089
(8) per farm type p 258+0.13 903 027 194 198+029 856 035 253 F, 4=3.54,
p=0.081
K 446+034 955 0.16 1.12 281+0.19 924 025 178 F; ;,=1831,
<001
Mg 269+0.12 949 026 1.86 1.7+0.12 895 041 294 F; ;,=3126
p<0.01
Ca 227+0.09 922 031 220 158+0.11 87.1 044 3.16 F; ;4,=2564,
<001
S 351+024 957 020 142 1.83+0.14 888 038 273 F, ,,=373]
p<0.01
Mn 285+0.12 922 024 175 193+0.16 862 036 259 F, ;=625
p=10.025
Fe 392+024 967 0.18 128 2.68+0.15 821 026 187 F; 1,=1993
< 0.001
B 317+0.16 945 022 158 1.88+0.13 910 037 266 F, ;4,=3972
p<0.001
Ni 2.85+0.15 937 024 175 222+04 872 031 225 H=6.353df=1,
p=0012
Cu 277+0.12 937 025 181 2.01+0.13 881 034 249 F, ;,=1852
p<0.001
Zn 3.1 £0.25 924 022 1.61 2+£0.15 862 035 250 F; 4=1418
p=0.002
Mo 293+0.19 937 024 171 218+023 854 032 229 F; ;=642
p=0.024
(Fig. 5; Table 4). On conventional farms, the mineralisation of
these nutrients was gradual from the first to the twelfth month,
Table 3  Repeated measures ANOVA of the ratio of recalcitrant ~ except P which showed a rapid decrease in the first month.

compounds to carbohydrates in the decomposing leaf litter material on
organic and conventional farms over time. The wavelengths in column ‘a’
correspond to carbohydrates (1034), waxes, fats, lipids and lignin
(2919/2851), lignin, and other aromatic/aliphatic carboxylates (1617),
aliphatic structures (1420) and lignin and aliphatic structures (1374).
Column ‘b’ degrees of freedom is F;_ 14 and column ‘c’ and ‘d’ degrees
of freedom is F5 45 p values are in parenthesis with significant values
(p <0.05) italicised. Number of replicates (n) is eight (8) per farm type

Peak ratios”  F-value

Farm type® Month® Farm type x month?
2919/1034 8.96 (0.010) 13.19 (<0.001)  3.53(0.039)
2851/1034 8.70 (0.011) 10.97 (<0.001)  3.46 (0.041)
1617/1034 8.00 (0.013) 29.05 (<0.001)  3.21(0.042)
1420/1034 14.94 (0.002)  18.52(<0.001) 4.89 (0.014)
1374/1034 13.39(0.003)  21.10 (<0.001)  5.06 (0.012)
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While the annual decomposition rate constant for K, Mg and
Ca on organic farms was 44-59% higher than conventional

=t=Organic =*=Conventional

Mass of DM remaining (%)
wn
f=]

W I I A T I I I I I )
R T A A R L
St @@ TS St @
Fig. 2 Changes in mass remaining (%) over 12 months comparing
organic and conventional farms at Suhum. Means + SEM are shown.
DM is dry matter. The darker line represents organic farms and the light
dark line represents conventional farms. Number of replicates (n) is eight

(8) per farm type
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Fig.3 Relationship between leaf litter decay constant (k) and soil moisture (MC %), pH and C:N ratio (CN) in organic and conventional cocoa systems at

Suhum. Number of replicates (») is eight (8) per farm type

farms, it was 92% higher for S (Tables 2 and 4). On organic
farms, estimated #sy and #99 values for K, S, Mg and Ca were
consistently 44-89% lower than conventional systems. While
the rate of annual Mg, Ca and S mineralisation was positively
correlated with initial soil moisture content and pH, the rate of
annual K mineralisation was negatively associated with soil
C:N ratio (Appendix Table 5).

3.4 Micro-nutrients release dynamics

The mineralisation of micro-nutrients was significantly
higher on organic farms than conventional farms (Fig. 6a—
g; Tables 2 and 4; Appendix Fig. 2 and 4). Specifically,
from the first to the fourth month of decomposition, the
micro-nutrients B, Mn, Mo, Cu, Fe, Ni and Zn were rapidly
released on organic farms and then gradually released from

the sixth to the twelfth month (Fig. 6a—g). On conventional
farms, the aforementioned micro-nutrients were generally
gradually released from the first month to the twelfth month,
except during the third month where nutrient release was
rapid for Mn, Mo, Fe, Ni and Zn. On conventional farms,
the concentration of Fe (F; 14=7.67, p=0.015) and Zn (F;,
14=10.78, p=0.005) increased during the fourth month.
While the annual & values for Ni, Mo and Cu were 28—
38% greater on organic farms than conventional farms; it
was 46—69% greater for Fe, Mn, Zn and B (Table 2). The ¢
and 799 values of the aforementioned micro-nutrients were
28-69% lower on organic farms compared to conventional
farms. Micro-nutrients were released in the order Fe > B >
Zn > Mo > Mn > Ni > Cu in organic farms and in the order
Fe > Cu> Ni > Mo > Cu > Zn > Mn > B on conventional
farms. The k values for B, Fe and Cu correlated positively

Fig. 4 Changes in the ratio of 0.3 7 2)2919/1034 ratio  _— o-EA0C, 0.3 9 b)2851/1034 ratio
recalcitrant compounds to 2 ) ==Coaventional 2
carbohydrates over time (months) £ 0.2 g 02 4
. . . -y . - .
in decomposing leaf litter on or- o o
ganic and conventional farms at = 0.1 =0
Suhum. Means + SEM are shown. 27 o
& ®
The panels a—e represents the « «a 0
wavelength ratios 2919/1034, 0 . o
2851/1034, 1617/1034, 1420/ 0.6 7 ¢) 1617/1034 ratio 0.4 1 d) 1420/1034 ratio
1034 and 1374/1034 respectively. 8 2
The darker line represents organic 04 - 203 1
farms and the light dark line rep- - - 02 1
resents conventional farms. g 0.2 g
Number of replicates (n) is eight e K01 4
(8) per farm type 2 b
0 v 0 r r r r )
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Table 4 Repeated measures

ANOVA of mass and nutrient Parameter Mass/nutrient F-value

remaining (%) versus farm type remaining (%)

and month. “a’ degrees of Farm type® Month® Farm type x month®

freedom is F, 14 for all

parameters except Cand N (FI, Dry matter Mass 27.61 (<0.001) 116.26 (< 0.001) 2.65(0.023)

10); ‘b’ degrees of freedom is Fy, Primary macro-nutrients C 11.34 (0.007) 168.23 (<0.001)  6.07 (0.010)

126 for all parameters except C N 638 (<0.030)  211.68(<0.001) 171 (0.194)

and N (F3, 3¢). p values are in

parenthesis with significant P 2.36 (0.147) 8121 (<0.001)  2.69 (0.039)

values (p < 0.05) italicised. K 16.38 (0.001) 200.23 (<0.001)  5.75(<0.001)

Numberf of replicates (n) is eight Secondary macro-nutrients Mg 34.01 (<0.001) 15519 (<0.001)  3.67 (0.007)

(8) per farm type Ca 20.17 (< 0.001) 13888 (<0.001)  4.00 (0.002)
S 38.10 (<0.001)  160.98 (<0.001)  9.59 (<0.001)

Micro-nutrients Mn 2642 (<0.001)  109.43 (<0.00I) 326 (0.013)

Fe 10.40 (0.006) 158.79 (<0.001)  4.80 (0.002)
B 2783 (<0.001) 173.14 (<0.001)  4.07 (0.003)
Ni 5.93 (0.029) 114.21 (<0.001)  3.54(0.016)
Cu 9.16 (0.009) 149.48 (< 0.001)  3.02 (0.018)
7n 7.70 (0.015) 89.21 (<0.001)  4.79 (0.005)
Mo 4.10 (0.062) 122.50 (<0.001)  3.19 (0.035)

with both soil moisture content and pH, Mo with moisture
content, and Ni and Zn with pH.

4 Discussion
4.1 Initial litter chemistry

Initial litter quality on both organic and conventional cocoa
farms is comparable to and fall within the values reported by
Kaba (2017) in Ghana and Rojas et al. (2017) in Colombia.
The greater levels of S and Fe in leaf litter on organic farms
compared to conventional farms are likely because organic
farms maintained greater shade tree species diversity
(Asigbaase et al. 2019; Appendix Table 2), and that leaf litter
inputs from these trees accounted for the observed differences.
Fontes et al. (2014) found that cocoa leaves served as a sink
for nutrients while shade tree leaves served as a source.
Moreover, Wood et al. (2006) asserted that for non-limiting
nutrients such as Fe, there is a large degree of plant control
over the amount of soluble nutrients that are resorbed before
leaf abscission. The C to N ratios reported in this study for
both farm types are similar to the ratio of 31.6 +2.7 reported
for 30-year-old cocoa systems but lower than the 42.9+ 1.5
reported for 15-year-old cocoa systems by Dawoe et al.
(2010). The high C/N ratio (>25) and low N content (<2%)
suggest that decomposition on both farms was partly regulated
by leaf litter chemistry or quality; ‘high-quality litter’ (>2% N
and C/N ration below 25) generally decomposes more quickly
due to leaching of readily soluble substances and non-lignified
carbohydrates (Kaba 2017; Naik et al. 2018). For example,
low-quality litter material (C/N >25) releases N relatively

@ Springer

more slowly than high-quality litter material (Naik et al.
2018).

4.2 Litter decomposition

Mass loss on both farms followed an exponential decay pat-
tern where the rate of decomposition gradually decreases with
increase in duration after litter installation, a pattern reported
in several other studies (Majumder et al. 2010; Triadiati et al.
2011; Hayashi et al. 2012; Kaba 2017; Mohammed et al.
2019). The initial rapid mass loss is attributable to the leaching
and breakdown of readily soluble substances, non-lignified
carbohydrates and other labile fractions as reported in other
studies (Issac and Nair 2005; Kumar 2008; Dawoe et al. 2010;
Triadiati et al. 2011). The assertion that 30-50% of leaf bio-
mass decomposes in the first 3—4 months in tropical agrofor-
estry and plantation systems (Kumar 2008) was supported by
our study as more than 30% of leaf biomass was lost within
this period (Fig. 2). The more gradual mass loss in the latter
stages is likely linked to the accumulation of recalcitrant frac-
tions such as cellulose, lignin, fats, waxes and tannin in leaf
litter as decomposition progresses (Kumar 2008; Fontes et al.
2014; Naik et al. 2018). Moreover, leaf litter in cocoa systems
is predominantly cocoa leaves which are known to contain
higher levels of lignin and polyphenol than forest trees
(Dawoe et al. 2010). Litterbags retrieved between May 2017
and June 2017 contained termites (personal observation); it is
possible their activities accelerated localised decomposition
rates during these months accounting for the relatively lower
mass of dry matter in June 2017 compared to July 2017. The
rate of decomposition and mineralisation of leaf litter in cocoa
systems is influenced by litter quality, soil organisms and
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Fig. 5 Decay pattern of macro-nutrients (mean + SEM) of leaf litter on
organic and conventional cocoa farms at Suhum. The panels a—f represent
N, S, P, Mg, K and Ca, respectively. The darker lines represent organic

physical environment (Kumar 2008; Fontes et al. 2014).
Initial litter quality (e.g. C/N, C, N, P and K) was similar on
both farm types but decomposition occurred at different rates
suggesting that extrinsic factors, both environmental and bio-
logical and their interaction with leaf litter quality, possibly
accounted for the differences in decomposition rates on the
two farm types (Kumar 2008). This is partly confirmed by the
fact that leaf litter & was related to soil moisture, pH and C:N
(Fig. 3). The incorporation of pruned materials plus other or-
ganic management practices (Appendix Table 1) possibly en-
hanced soil condition in the organic farms (Appendix
Table 4).
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farms and the light dark lines represent conventional farms. Number of
replicates () is eight (8) per farm type

While the decay rate coefficient (k = 1.9) reported in this
study for organic cocoa agroforestry systems is comparable to
Indonesian natural forests during the wet period (k= 1.87)
(Triadiati et al. 2011) and secondary forests in eastern
Amazon (k=1.2-1.9) (Hayashi et al. 2012), it is higher than
the 0.46-1.11 for cocoa agroforestry systems in Brazil (Fontes
et al. 2014), the 0.15 reported for secondary mixed deciduous
forests in Northern Thailand (Podong et al. 2013) and the 0.35
for secondary forests in the Ashanti region of Ghana (Dawoe
et al. 2010). The differences in k between our study and the
aforementioned studies may be due to differences in climatic
and soil conditions or litter chemistry. For example, in the

@ Springer



J Soils Sediments

==QOrganic

a) B —=—Conventional

(%)
® S

Nutrient
remaining

B

o O

W]
(==
1

]

Nutrient
i

Nutrient

en

=

© p—(

=

© p—(

g

)

R

N

=

2

= 0

= B S S S S SN SN S SN SR

3 ok b Rk R
=TT T — T U =~ VR S T —
& & E s o2 c 20
ES S 2= IR0z SR

Fig. 6 Decay pattern of micro-nutrients in leaf litter on organic and con-
ventional farms over 12 months. Mean + SEM are shown. The panels, a—
g, represent B, Min, Mo, Cu, Fe, Ni and Zn, respectively. The darker lines

study of Dawoe et al. (2010), the soil pH of the secondary
forest was 5.7 compared to 6.8 in our organic farms. The rapid
decomposition in organic systems accelerates nutrient return
to the soils, thus enhancing their availability to cocoa and
shade trees for growth and productivity.
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The greater coefficient of decomposition observed on or-
ganic compared to conventional cocoa farms is attributable to
greater moisture content and pH which influences the compo-
sition and activities of decomposer communities (Fig. 3;
Dominguez et al. 2014; Lori et al. 2017). In addition to pH
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and soil moisture, other site conditions such as micro-climate,
soil fertility and evapotranspiration reportedly moderate litter
decomposition by influencing decomposer biomass, microbial
and enzyme activities (Wood et al. 2006; Fontes et al. 2014).
Microbes play an essential role in nutrient cycling in ecosys-
tems and organic matter is a central source of energy for mi-
crobial life (Kumar 2008). Though we did not measure the
impact of agrochemicals on decomposer communities, its use
on conventional farms possibly altered decomposer commu-
nities thus accounting for lower decomposition and nutrient
release rate whereas more adapted soil biota and local decom-
posers enhanced decomposition on the organic farms
(Dominguez et al. 2014; Barrios et al. 2015; Lori et al.
2017). High nutrient resorption which characterises plants
on nutrient-deficient soils leads to low litter quality and de-
composition rates (Wood et al. 2006; Kumar 2008). The great-
er rate of leaf litter decomposition on organic farms enhances
nutrient release, making them available in the soil for plant
uptake.

4.3 Nutrient release dynamics

Our finding of greater rate of nutrient release on organic farms
than conventional farms is in line with findings from agricul-
tural systems (FlieBbach et al. 2000; Vazquez et al. 2003;
Dominguez et al. 2014). The chemical structure of leaf litter
moderates the release or immobilisation of its nutrient con-
tents (Kumar 2008). For example, non-structural elements
such as K are rapidly lost from the organic material when
the cell wall breaks down during decomposition and soluble
P containing compounds are easily leached during decompo-
sition compared to N which participates in the structural sec-
tion of organic compounds; hence, it is slowly released during
decomposition (Issac and Nair 2005; Hossain et al. 2011;
Dawoe et al. 2010; Naik et al. 2018). Ordonez-Fernandez
et al. (2015) indicated that K is highly soluble and mobile,
that implies environmental conditions such as soil moisture
or rainfall may possibly accelerate its release from
decomposing matter compared to other nutrients.
Additionally, preferential retention of N by microbes while
K or P is being rapidly released from the substrate may ac-
count for the faster release of P and K than N (Singh and
Sherhar 1989). Thus, the primary macro-nutrients
mineralisation pattern (K > P > N) reported in our study
may be related to whether they form part of the structural
components of plants or not, preferential retention by mi-
crobes, their solubility or an interaction of these factors. The
decomposition and nutrient mineralisation of Albizia procera
leaf litter reportedly followed the pattern K > N > P in Central
Indian agroforestry systems (Gupta et al. 2017). This disparity
is possibly because differences in initial nutrient concentra-
tion, their ratios and the proportion of recalcitrant compounds
(which exist among different tree species) influence the rate

and pattern of nutrient release (Dawoe et al. 2010; Majumder
etal. 2010; Hossain et al. 2011; Kaba 2017; Naik et al. 2018).
For example, Dawoe et al. (2010) reported higher levels of
recalcitrant compounds (e.g. lignin and polyphenols) in cocoa
leaves than shade tree leaves. Furthermore, whereas mixed
leaf litter from cocoa and diverse shade tree species were
used in our study, the study of Gupta et al. (2017) used a single
tree species; composition of litter material (mixed vs. single
species) influence the pattern of decomposition. The concen-
tration of N and P in the substrate decreased at every sampling
point (Fig. 5), similar to the findings of Kaba (2017), but
contrary to other workers (e.g. Lin et al. 2007; Majumder
et al. 2010; Hossain et al. 2011; Hasanuzzaman and
Mahmood 2014) who observed an increase and attributed it
to microbial or non-microbial immobilisation.

The rapid release of secondary macro-nutrients and its release
pattern (S > Mg > Ca) reported in this study is similar to Fontes
et al. (2014) but contrary to the findings of Kaba (2017) possibly
due to differences in physico-chemical properties of the litter
material or environmental conditions. For example, Kaba
(2017) reported a C:N ratio of 11-26 compared to the C:N ratio
of 30-34 reported in our study; differences in initial nutrient
concentration and their ratios influence the rate and pattern of
decomposition and nutrient release. Ca is a structural component
and generally non-mobile; thus, its release is slower than Mg
which exists mainly in solution in plant cells hence quickly re-
leased during decomposition (Hayashi et al. 2012; Ranjbar and
Jalali 2012). S is a component of plants protoplast and some
amino acids that join together to form proteins; thus, it is easily
leached during decomposition (Mahler 2004; Schroth et al.
2007). While in living tissues, S easily leaches out into the soil
via roots during precipitation or irrigation (Mahler 2004); thus,
the higher moisture content in the organic farms may explain its
greater rapid mineralisation on the organic farms. Similarly, the
rapid mineralisation of micro-nutrients (i.e. Mn, Fe, B, Ni, Cu,
Zn and Mo) on organic farms compared to conventional systems
(Table 2) may be due to enhanced soil moisture content, pH,
changes in the ratio of recalcitrant materials to carbohydrates
and their interaction (Fig. 4; Table 3; Appendix Table 5; Staaf
1980). Moreover, Lin et al. (2007) stated that leaf litter serves as a
surface for fungi or heterotrophic organisms. The subsequent
release of nutrients in the residual material after the period of
immobilisation may be attributed to microbial oxidation of recal-
citrant litter components and physical-biological fragmentation
(Gupta et al. 2017; Naik et al. 2018). Different species have
different nutrient release patterns, which are attributable to an
interaction between litter quality and seasonal environmental fac-
tors (Hartemink 2005; Wang et al. 2014; Yang and Zhu 2014;
Gupta et al. 2017; Lori et al. 2017). Furthermore, litter chemistry
changes over time as decomposition progresses (Fig. 4), thus
continuously affecting the rate of substrate decomposition and
nutrient mineralisation (Kumar 2008; Dominguez et al. 2014;
Lori et al. 2017).

@ Springer



J Soils Sediments

5 Conclusion

The findings showed that mass loss and nutrient release follow
the same pattern on both organic and conventional cocoa farms,
but at a faster rate on organic farms. On an annual basis, litter was
more readily decomposed, and its nutrients were more readily
released on organic farms than conventional farms. The release
of primary and secondary macro-nutrients was in the order K > S
> Mg > Ca and it was faster on organic farms than conventional
farms. This study demonstrates that organic management of
smallholder cocoa agroforestry systems enhanced leaf litter de-
composition and nutrient mineralisation and thereby make essen-
tial nutrients available to plants for growth and productivity.
Thus, organic management of cocoa agroforestry systems may
potentially contribute to sustainable cocoa production in small-
holder systems through enhanced nutrient return from litter
decomposition.
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