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Abstract: Organic soil amendments, such as composts, mitigate the environmental burdens
associated with wasting organic resources. Although compost application to soil enhances an
agroecosystem’s capacity to store carbon and produce food, studies investigating the agronomical
efficacy and their ability to ameliorate drought stress when used as a soil amendment are minimal.
In this study, we produced and used a nutrient rich co-compost through the composting of sludge,
a nitrogen-rich organic material with carbon rich municipal solid wastes (MSW) to evaluate the
agronomic efficacy of the MSW derived co-compost and their ability to ameliorate drought stress.
Application of co-compost significantly enhanced growth and yield of lettuce and maize, by a
magnitude comparable to chemical fertilizers. Furthermore, under drought stress, lettuce plants
grown under co-compost soil amendment grew much better with less wilting, more biomass and
yield, and improved root growth. Also, co-compost application enhanced relative root mass ratio
(RRMR) under drought stress, indicative that co-compost amendment increased the allocation of
biomass to the roots, which is an important morphological attribute for drought adaptability. K
content in both leaves and roots of plants amended with co-compost was also higher under drought
stress, which may have played a role in osmotic adjustment, consequently, the plants exhibited
higher leaf relative water content (RWC). Other nutrient elements that were significantly enhanced
by co-compost application included Mg, Ca, Fe and Cu. These results provide evidence that MSW
co-composting could optimize organic resource recycling for climate change mitigation and
agricultural productivity while minimizing nutrient losses from agroecosystems.

Keywords: Compost; Co-compost; Drought; Soil amendment; Municipal Solid Waste; Sludge;
Circular economy

Introduction

Malawi is experiencing one of the fastest population growth rates especially in urban areas and
it is projected to quadruple in the next 80 years. Over the course of 50 years from 1970, Malawi’s
population has seen a 400 % increase (United Nations Population Prospects, 2022), a consequence of
which entails enormous increase in waste generation resulting into pollution and greenhouse gas
(GHG) emissions. Malawi’s urban population generates substantial amounts of municipal solid
wastes (MSW), amounting to 0.65 kg per capita per day grossing to 4.8 M tons per year.
Unfortunately, Malawi’s waste management is still in its infancy, with only fewer households having
access to proper waste collection and disposal facilities. As a result, a big chunk of this waste is
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dumped in waterways and roadsides, or taken to landfills (UNEP, 2022) where it is left to breakdown
anaerobically thereby polluting the environment and generating large quantities of methane.

Composting MSW represents an economically, environmentally and socially advantage that
could inspire all stakeholders involved in urban planning, within an integrated municipal waste
management system, since the MSW that is daily generated has a significant percentage of organic
waste that could be easily recycled within the cities in order to close the carbon cycle. In pursuit for
a circular economy and identification viable alternatives to supplement fertilizers, municipal solid
wastes are a potential resource that can be transformed into valuable wealth through composting,
thereby providing the much-needed nutrients for plant growth.

Nutrient recycling embedded in the concept of composting supports the idea of transitioning to
a circular economy, which is currently being discussed in many international circles. A circular
approach to agriculture through the recovery and reuse of waste materials is important for waste
management and agriculture (Ellen Macarthur Foundation, 2014). Increasing recycling and
composting has been cited as being key to dealing with the increasing generation of organic waste
globally (Boonrod et al., 2015). Composting has also been gaining increasing attention as an
alternative way of waste processing. In addition to the organic fraction of municipal solid waste
(MSW), it is now also being adapted for treatment of various other types of organic waste such as
farm manures, sewage sludge, and industrial sludge (Otoo and Drechsel 2018; Azim et al. 2018;
Barker 1997).

Composting of municipal solid waste (MSW) has recently gained good attention from the point
of protection of environmental degradation, saving of landfilling area, cost of incineration and scope
of its use for crop production. However, the use of MSW compost is limited since MSW compost is
generally poor in essential plant nutrients and the crops do not respond to its exclusive addition. Co-
composting MSW and with nutrient rich biosolids is attracting increasing attention. The advantages
accruing from co-composting are readily apparent. MSW serves as a bulking agent. The contribution
by the biosolids is a readily available source of nitrogen and other nutrients. Co-composting slightly
deviates from the traditional composting technologies. Co-compost of MSW provides a sustainable
option to manage soil health and has over the years demonstrated great ability to improve soil
physiochemical properties (Arthur et al, 2012). Additionally, it cleans up the environment and
minimizes pollution. Co-composting of sewage sludge and organic solid waste is advantageous
because the two materials complement each other well. Sewage sludge has a relatively high nitrogen
while organic solid waste is high in organic carbon and has good bulking properties. The
thermophilic conditions (i.e., temperatures greater than 50°C) achieved through the co-composting
process are effective in killing pathogens such as Ascaris eggs contained in excreta. Thus, both wastes
are converted into a hygienically safe soil conditioner and fertilizer. The use of co-compost in
agriculture can supplement, complement or substitute chemical fertilizers while replenishing soil
health. Long-term trials with co-compost show high bioavailability of macro and micro-nutrients.
Composts are also slow-release fertilizers that ensure a steady supply of nutrients over a long time
with an additional positive effect of reducing greenhouse gas emissions when compared to inorganic
fertilizers.

In Malawi, although the use of compost derived from MSW is not widespread, some studies in
the continent have attested the fertilizing and soil conditioning efficacy of co-compost. The main
focus of this study was to assess the quality and possible functions of compost derived from
municipal solid waste (MSW) in Malawi agricultural Systems. The study had a specific focus on
agronomic efficacy and drought amelioration effect of co-compost derived from municipal solid
wastes as a soil amendment. This study complements the existing studies that have revealed a
remarkable potential of co-compost derived MSW as a soil amendment, in enhancing soil physical
and chemical attributes, as well as growth and yield of crops.

Materials and Methods

Composting
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In this study, fertilizer sources used on overall were; (1) NPK (inorganic fertilizer/ positive
control), (2) conventional compost made from a mixture of MSW and plant residues (3) Co-compost
made from MSW and fecal sludge, and (4) processed sewage sludge (sludge) obtained from Kauma
sewer processing unit by Lilongwe city council.

Conventional Compost

Compost was made by smallholder nursery operators situated in Likuni township, Lilongwe.
The following materials were used for making the compost; easy to decompose leaves of small-leaved
trees, grass (usually dried dropped leaves), maize stalks, sugarcane remains, banana leaves,
groundnut leaves, rice husks (used to soften the compost), soil and water. These materials (except
water) were put in a heap, and a layer of soil was added to the heap. Then, more organic wastes were
added to the heap on top of the soil, this step is repeated until the heap attains the required size. Once
the required heap size is attained, some water was added to the heap to a saturation point until it
drained freely. More water was added after 14 days. After one month (30 days), the heap was turned,
and more water was added to a saturation point, and was let to decompose further for an additional
month.

MSW Derived Co-Compost

This co-compost was made by a MSW management and processing non-profit waste
management specialist firm located in Lilongwe and Blantyre cities, Malawi. Their co-composting
uses thermophilic decomposition utilizing both mesophilic and thermophilic microbes principally
using municipal solid wastes (MSW). The following materials were used to make the compost;
Market wastes/ municipal solid wastes (MSW) principally including banana leaves, cabbage leaves,
food wastes, groundnut shells, fruits and other vegetable wastes, sewage sludge (10 %) to supply
nitrogen and speed up decomposition, green plant wastes free from plastic materials (make up 50 %
of total heap, mainly supply N), dry plant wastes samples (make up 40 % of total heap, mainly supply
Carbon), and water (1,000 L per 12 m? heap per turn).

The procedure for making the co-compost was as follows. A pile was made using market wastes/
Municipal solid wastes (MSW), groundnut shells, sewage sludge (10 %), green plant wastes and dry
plant wastes samples making a 12 m® heap measuring 3 m x 2 m by 2 m (Figure 1 and Figure 2)
(surface to volume ratio is key). Then 1,000 L of water was added to the pile. After 3 days, the pile
was turned when temperature reached 70 — 80 °C (to ensure O: circulation and avoid anerobic
respiration), after which another 1,000 L of water was added. After 3-4 days the heap was turned
again. These steps were repeated while reducing the amount of water applied due to shrinkage of
the pile, to about 600 L. The turning was made up to 7th time, after which no more water was added.
Thereafter, the co-compost was spread out to air dry, and sieved on a 1 cm diameter sieve to remove
large and undecomposed residues. The undecomposed residues were used to make a new heap.

Im

2m

2 m
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Figure 1. An illustration of the composting heap size of MSW derived co-compost.

Figure 2. A photograph of a newly started composting heap (left) and a near maturity heap (right).

Site of the Experiments

Agronomic experiments were conducted at the Lilongwe University of Agriculture and Natural
Resources (LUANAR), Lilongwe, Malawi. Composting and co-composting activities were conducted
by various entities outside the university as described in the previous section.

Description of Agronomic Experiments
Experiment 1: Determination of Optimal compost Application Rates for the Growth of Maize

This experiment was conducted to determine the optimum application rates for the growth and
yield of maize (Zea mays). Maize was selected as the most important staple crop in the Malawian food
system. The trial was conducted under field conditions. Compost obtained from municipal solid
waste was used for this experiment. Application rates were as follows: none (negative control), 200
g, 350 g, and 500 g per planting station of one plant. These application rates were determined based
on the recommendation of 350 g per station from a manufacturer of one of the composts used, hence
the experimental rates were + 150g of the recommended rate. Basal fertilization was applied before
planting in ridges on planting stations to allow mineralization, while top dressing was done three
weeks after planting. Plants were harvested after physiological maturity.

Experiment 2: Evaluation of Growth, Yield Response of Maize and Lettuce, and Changes in Soil
Physicochemical Properties under Varying Compost Amendments

This experiment was conducted to evaluate the agronomic effectiveness of different types of
compost on growth and yield of maize and lettuce. Lettuce was selected as an exotic leafy vegetable.
Two experiments were conducted with lettuce. In the first experiment, the growth and yield of lettuce
was studied under greenhouse conditions with different compost amendments, using both virgin
(collected from the forest) and frequently cultivated soils. For maize, the experiment was conducted
under field conditions to evaluate the agronomic effectiveness of different compost types on growth
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and yield. Three sources of organic amendments were studied: co-compost from municipal waste,
conventional compost and sewage sludge. These were applied at a rate of 350 g per planting station
as recommended by the results of experiment 1. Inorganic fertilizer (NPK) was applied at a rate of 8g
per station as recommended from our preliminary experiments.

Experiment 3: Evaluation of the Response of Lettuce to Drought Stress under Composted and Non-
Composted Soil

This experiment was conducted to evaluate the response of lettuce to drought stress in
composted and non-composted soil under greenhouse conditions. This experiment was based on the
known property of organic matter in enhancing the water holding capacity of soils. It was
hypothesized that soils enriched with composted material would have better water retention capacity
and thus could improve plant survival under drought conditions. In this experiment, plants were
grown in pots with soils uniformly enriched with co-compost, conventional compost, sewage sludge,
or no any fertilization (none). Five pots, each containing two plants, were used for each treatment. As
growth progressed, the number of plants was reduced to one. Water capacity of the pots was
determined prior to planting using a gravimetric method previously described in Kamanga, (2020).
Drought stress was induced three weeks after planting until harvest 40 % of pot water capacity.

Measurement of Leaf Relative Water Content (RWC)

Leaf water status was measured using leaf relative water content (RWC). Leaf RWC was
determined on one of the third inner leaves of the lettuce head of each plant on the last day of harvest.
For this purpose, the leaf was immediately weighed to determine the fresh weight (FW) and then
completely immersed in distilled water in a 15 mL falcon tube and left overnight under light
conditions. After 24 hours, the turgid leaves were carefully removed from the tubes, wiped with a
soft cloth to remove surface water, and then weighed to obtain the turgid weight (TW) before being
oven dried at 80°C for 72 hours to obtain the dry weight (DW). The leaf RWC of the leaves was then
calculated as follows;

(FW — DW)

RWC= —— 2
(TW —DW)

100

Tissue Elemental Analysis

Elemental analysis was performed according to Asch et al.,, (2022). For this purpose, leaf and
root samples were oven dried at 80°C for 72 hours. About 2 g each of the leaf and root samples were
ashed in a muffle furnace at 450°C for 3 h. The ash was transferred to 100-mL measuring flasks,
containing 50 mL deionized water and 10 mL hydrochloric acid (25%). The solutions were heated to
90°C for 2 h in a water bath, cooled, transferred to 100-mL volumetric flasks, and filled up to the mark
with deionized water. Samples that were not clear were filtered before measurements.
Concentrations of macronutrients (K, Mg, Ca and Na) and micronutrients (Fe, Zn, Mn and Cu) were
determined using an atomic absorption spectrometer (Varian, SpectrAA - 20, Melbourne, Australia).

Soil Analysis

Soil analyses were done following standard methods of soil analysis for the parameters of
interest. These are indicated in Table 1 below. All laboratory measurements were conducted in
quadruplicate.

Table 1. Summary of methods used for soil analyses.

Nutrient Units of

Variable Measurement Method used Reference
pH (water) pH 1:1 (soil H20) VanReeuwijk, (1993)
Organic carbon % Walkley and Black Walkley et al., (1934)

Total N % Kjeldal method Bradstreet, (1954)
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Available P mg/Kg Mehlich 3 method, spectrophotometry ~ Mehlich, (1953)
E);c};z;geable K mg/Kg Mehlich 3 method, spectrophotometry =~ Mehlich, (1953)
Cu, Zn mg/Kg 1 M NH:(Cl, spectrophotometry VanReeuwijk, (1993)
EC Electrical conductivity meter Raina et al., (2007)
Results

Determination of Optimal Compost Application Rates for Growth of Maize

In order to determine the optimum application rates for the growth and yield of maize, plants
were provided with four rates of MSW derived co-compost. These were 0, 200, 350 and 500 g per
planting station. In vegetative growth parameters (shoot and root dry weight, plant height, and stem
diameter, there were hardly any significant differences between composted and non-compost soils
(Table 2). However, for grain yield parameters (cob fresh weight, cob dry weight, grain dry weight
and average grain size), co-compost incorporation resulted into a significant increase in grain yield
parameters by almost two-folds (Table 3). There were no significant differences in grain yield
parameters within the compost application rates (200, 350, and 500), although 500 g per station
produced a relatively higher yield. However, from an economic perspective, 350 g per planting
station yielded nearly similar results, so it was recommended that 350 g be the ideal application rate.

Table 2. Effect of compost application rates on plant growth parameters and grain yield components

of maize.
Plant Heigh
Treatment SDW (g) RDW (g) SD (cm) (C;:)lt eight SPAD
Og 90.86 +7.1a 10.14+0.75a  1.71 +0.07a 170.72 +9.61a 23.10+1.75a
200g 115.47 +9.84b 14.36 +1.34a  1.88+0.07a 195.53 +5.57b 36.74 +1.92b
350g 94.75+5.07a 16.16 +1.03a  1.88 + 0.07a 193.61+4.25b 39.65+1.92b
500g 98.71 +4.67a 2241 +2.17b  2.09 + 0.06a 192.88 +8.33b  44.09 + 2.56b

Table 3. Effect of compost application rates on plant growth parameters and grain yield components

of maize.
Treatment CFW (g) CDW (g) GDW (g) AGS (mg)
Og 134.32 +7.34a 61.88 +4.88a 49.01 +4.51a 175.60 + 6.63a
200g 246.74 + 8.40b 117.74 + 4.83b 97.49 +4.34b 225.23 + 6.56b
350g 24590 +7.47b 122.22 +4.53b 101.29 +4.23b 221.40 + 6.54b
500g 261.01 + 8.34b 128.21 + 5.53b 105.94 + 5.01b 228.47 +8.13b

Evaluation of Growth and Yield Response of Lettuce to Varying Compost Amendments under Greenhouse
Conditions

To evaluate the growth and yield responses of lettuce to different compost and co-compost
amendments, lettuce plants were treated with 350 g of compost and co-composting both greenhouse
and field conditions. Two different soil types were used in the greenhouse: virgin soil from the forest,
which was richer in organic matter, and soils collected from a frequently cultivated farm. It was
hypothesized that lettuce would respond more strongly to compost amendments in relatively poorer
soils as observed by Chan et al., (2007). In general, plant growth was much higher in lettuce plants
grown in virgin soils than cultivated soils (Figure 3 and Figure 4). There were no significant
differences in plant height and stem diameter among the different fertilizer sources in both cultivated
and virgin soils (Figure 3A and D). However, root length was significantly increased by co-compost
amendment especially in cultivated soils, while differences were insignificant in virgin soil (Figure
3B). Leaf fresh weight was also significantly increased by co-compost application, followed by
sewage sludge, these responses were similar in both virgin soil and cultivated soil (Figure 3C).
Biomass accumulation as measured through shoot dry weight almost doubled in co-compost treated
plants, in both virgin soil and cultivated soil (Figure 4A), followed by sludge, whereas in NPK treated


https://doi.org/10.20944/preprints202406.1008.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 June 2024

d0i:10.20944/preprints202406.1008.v1

plants, differences were insignificant from untreated plants. Root dry weight was also considerably
increased by co-compost soil amendment compared to none, conventional compost and NPK treated
plants (Figure 4B), whereas no significant differences were shown for leaf relative water content
(Figure 4C). Chlorophyl concentration as measured using SPAD meter showed a significant increase
by co-compost and sewage sludge especially in cultivated soils relative to “none” treatment, whereas
in virgin soil, NPK application showed the highest chlorophyl concentration (Figure 4D).
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Figure 3. Effect various organic soil amendments and soil type on growth and leaf yield of lettuce
under greenhouse conditions showing plant height (A), root length (B), leaf fresh weight (C) and stem
diameter (D). Results represents means and standard errors from 6 biological replicates. Letters
indicate results from multiple comparison tests using Tukey test. Different letters indicate significant
differences between means at 0.05 level of significance. Similar letters indicate lack of statistical
significance at 0.05 level of significance.
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Figure 4. Effect various organic soil amendments and soil type on biomass accumulation and
physiological parameters in lettuce under greenhouse conditions showing shoot dry weight (A), root
dry weight (B), leaf relative water content (C) and leaf chlorophyll content using SPAD meter (D).
Results represents means and standard errors from 6 biological replicates. Letters indicate results
from multiple comparison tests using Tukey test. Different letters indicate significant differences
between means at 0.05 level of significance. Similar letters indicate lack of statistical significance at
0.05 level of significance.

Evaluation of Growth and Yield Response of Lettuce to Varying Compost Amendments under Field
Conditions

Under open field conditions, lettuce was cultivated under rainfed conditions, and it was shown
that co-compost amendment exhibited the highest yield in terms of leaf fresh weight and leaf dry
weight (Table 4), this was followed by NPK fertilizer application and sewage sludge. Furthermore,
root fresh and dry weight were also significantly enhanced by co-compost application, also followed
by NPK application and sewage sludge, in a manner similar to leaf fresh and dry weight (Table 4).
Co-compost amended plants also exhibited the highest number of leaves. Also, root and stem
diameter were significantly enhanced by co-compost application followed by NPK fertilizer
application and sewage sludge, whereas conventional compost wasn’t significantly different from
non-compost amended treatment (Table 5). Strikingly though, control plants (None) produced the
longest roots, albeit the differences being insignificant (Table 5). Chlorophyl concentration was
highest in NPK fertilizer treatment and co-compost amended plants, however, the differences were
also not as pronounced (Table 5).

Table 4. Comparative agronomic efficacy of different composts and NPK fertilizer on growth and
yield of lettuce.

Treatment LFW LDW (g) RDW (g) RFW (g) # Leaves
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Og 190.75 + 30.57a 10.89 +8.26a  0.76 + 0.09a 5.68 +0.83a 17.92 + 1.65a
Co-compost ~ 394.74+42.72¢ 17.71+1.63b  1.23+0.15b 12.79+1.59b  26.50 +1.20b
Compost 204.58 +30.91a 11.19+1.01a  0.87 +0.15a 7.82+1.13a 19.83 + 1.47ab
NPK 322.72 +36.43¢ 16.89+1.92b  1.22+0.22b 10.82 +1.57ab  23.17 +0.97ab
Sludge 307.33 +37.93¢ 12.96 + 1.20ab 1.10+0.14ab  9.51 +0.96ab  22.33 + 1.53ab

Table 5. Comparative agronomic efficacy of different composts and NPK fertilizer on growth and
yield of lettuce.

Treatment RD (cm) SD (cm) Root length SPAD

None 1.17+0.13a 1.30+0.13a 14.00 + 0.92a 29.78 + 1.75a
Co-compost 1.50 +0.07a 2.24+0.13b 13.09 +1.20a 38.66 +1.31b
Compost 1.09 + 0.06a 1.42+0.10a 12.18 + 1.20a 35.96 +1.97ab
NPK 1.43+0.11a 1.81 +0.15ab 13.95 + 1.06a 39.83 +1.58b
Sludge 1.33 +0.07a 1.76 + 0.13ab 12.09 +0.83a 36.04 + 1.30ab

Tissue element analysis was then conducted in dried leaf and root samples to evaluate whether
growth and yield parameters could be attribute to tissue nutrient concentration. It was shown that in
leaf samples, plants applied with co-compost had the highest K concentration followed by sewage
sludge whereas the lowest was in none-treatment. In roots, similar observation was made for co-
compost treated plants which also had highest K concentration (Table 6). A striking observation was
the very high Na concentration in plant tissues from sewage sludge treated plants, especially in the
roots. Ca concentration was also higher in co-compost and sewage sludge treated plants. These also
had highest concentrations of Fe and Cu (particularly pronounced in co-compost) whereas Zn and
Mn was particularly higher in sewage sludge treated plants in both leaves and roots.

Table 6. Effect of compost types on macro and micronutrient accumulation in leaves and roots of
lettuce plants under open field conditions.

Concentration (ug/g DW)
Organ  Compost K Na Ca Mg Zn Mn Fe Cu
NPK 2355.9 236.7  2618.0 3144 494 2769 17170 4.2
Leaf Sludge 2501.1 279.1  2893.2 2152 66.6 3124 25519 6.3
None 2029.5 182.8  2063.1 2055 509 205.6 2096.2 6.4

Co-compost  3730.7 167.7  2686.4 2525 636 2595 29617 9.2
Compost 2245.6 202.3 23345 2335 604 267.9 23453 7.5

NPK 1109.8 370.5 17295 49.5 455 1889  1864.4 1.9
Root Sludge 1552.3 9432 26773 65.7 545 1942 19424 12.2
None 1176.5 497.0 18265 74.3 424 1827  1790.2 9.8

Co-compost 2159.1 185.6  2437.1 71.0 57.0 1703  2440.2 12.5
Compost 2034.4 4755 23485 70.4 484 1744 19744 10.3

In order to evaluate the residual efficacy of the soil amendments in lettuce grown field, various
soil chemical attributes were evaluated. No significant differences were found in soil pH among the
soils applied with various amendments. However, soils amended with sewage sludge had
significantly higher electrical conductivity (Table 7). Application of co-compost significantly
improved residual organic matter content in the soil, whereas no significant improvements were
observed in N content. On mineral element analysis, soils amended with co-compost had
considerably higher P and K concentrations, whereas Ca and Mg were significantly improved by all
amendments (conventional compost, co-compost and sewage sludge (Table 7). Micronutrient
element Cu was also significantly improved by co-compost and compost whereas Zn was
significantly improved by all amendments (Table 7).

Table 7. Effect of soil amendments on residual mineral concentration and soil chemical properties in
lettuce grown under field conditions.
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Treat Concentration (m )
Amen L EC %OM %N g/Kg
t P K Ca Mg Cu Zn
None 5.8 9437  4.05 0.13 12.30 312.83 203823 33434 0.074 0.843
Co-

89.60 5.65 0.15 2598 1220.75 3699.75 674.75 0123  1.775
compost

Compost 6.2 106.85 5.03 0.14 16.23  586.00 3387.75 671.25  0.298 1.575
Sludge 5.5 162.53 4.73 0.14 1540 351.25 3143.50 617.75 0.087  1.300

Evaluation of Growth and Yield Response of Maize to Varying Compost Amendments under Field Conditions

In order to evaluate the growth and yield response of maize to soil amendments, maize plants
were grown on soil amended with none (negative control), co-compost, conventional compost,
sewage sludge and inorganic fertilizer (positive control), and various vegetative and reproductive
growth parameters were evaluated. Plant height and root length did not show any significant
differences among the soil amendments (Figure 5A and B). However, shoot and root dry weight were
significantly higher in maize grown on soils amended with co-compost, whereas conventional
compost did not significantly differ from non-amended soil (Figure 5C and D). Root dry weight was
also significantly higher under NPK fertilizer and sewage sludge (Figure 5 D). Secondary growth,
measured as stem diameter was not significantly different in all treatments. Chlorophyll
concentration showed considerable increases by all soil amendments, especially more pronounced in
NPK and co-compost amended soils (Figure 5E). Yield and yield components were also evaluated,
and showed significant increases in cob fresh and dry weights, by all soil amendments, especially co-
compost and NPK fertilizer (Figure 6A and B). Cob weight represented the weight of a whole maize
cob including the cob, grains and sheath. Grains were then separated from the cob and measured
separately, and the grain weight per cob was also considerably higher in all soil amendments,
especially co-compost (Figure 6C). In order to compensate for the differences in cob size that may
likely influence grain weight per cob, we determined the weight of 50 grains (Figure 6D), and the
pattern was also similar to cob fresh weight, cob dry weight and cob grain weight shown in Figure
6A — C, albeit the differences being smaller. This prompted the measurement of average grain size,
which also showed a similar pattern, and was highest in co-compost soil amended plants (Figure 6E).
A striking observation, however was the harvest index (HI), which measures the ratio of grain to total
shoot dry matter, and represents a plant’s reproductive efficiency (Porker et al., 2020). Here, HI was
highest in plants grown under NPK, and lowest in plants grown on soils without any soil amendment
(Figure 6F), and those amended with co-compost, signifying less reproductive efficiency in co-
compost amendment.
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Figure 5. Effect various organic and inorganic soil amendments on growth, biomass accumulation
and physiological parameters in maize under open field conditions showing plant height (A), root
length (B), shoot dry weight (C), root dry weight (D), stem diameter (E) and leaf chlorophyll content
using SPAD meter. Results represent means and standard errors from 6 biological replicates. Letters
indicate results from multiple comparison tests using Tukey test. Different letters indicate significant
differences between means at 0.05 level of significance. Similar letters indicate lack of statistical
significance at 0.05 level of significance.
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Figure 6. Effect various organic and inorganic soil amendments on yield and yield parameters of
maize under open field conditions showing cob fresh weight (A), cob dry weight (B), cob grain weight
(C), 50 grain weight (D), average grain size (E) and harvest index (F). Results represent means and
standard errors from 6 biological replicates. Letters indicate results from multiple comparison tests
using Tukey test. Different letters indicate significant differences between means at 0.05 level of
significance. Similar letters indicate lack of statistical significance at 0.05 level of significance.

Plant tissue analysis showed highest K concentration in leaves whose plants were applied with
sewage sludge and co-compost. In roots, higher K concentration was observed in co-compost and
NPK (Table 8). Similar to observation in lettuce (Table 6), Na concentration was also significantly
higher in plant leaves whose plants were applied with sewage sludge (Table 8). Ca concentration was
also higher in plants amended with co-compost and sewage sludge. Also, sludge treated plants had
unusually higher Mg concentration in the leaves, which was nearly thrice higher than average values
for the other treatments followed by co-compost. Co-compost treated plants exhibited highest Fe and
Cu concentration in both leaf and root tissues followed by sewage sludge. No significant differences
were shown for Zn concentration in both leaf and root samples whereas Mn concentration was
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significantly higher in leaves of plants applied with inorganic NPK fertilizer, in roots Mn was highest
in co-compost amended plants.

Table 8. Effect of compost types on macro and micronutrient accumulation in leaves and roots of
maize plants under open field conditions.

Concentration (ug/g DW)

Organ Compost K Na Ca Mg Zn  Mn Fe Cu
Sludge 299.1 595 2034.7 2140 335 1347 16852 4.7

Leaf NPK 239.5 411 1634.3 88.8 295 1549 13087 5.2
None 165.7 434 1359.7 874 286 1184 12419 4.4
Co-compost  288.2 263 19725 1371 270 1021  1894.2 7.9
Compost 2203 494 1745.3 864 284 1053 13575 5.3
Sludge 3148 3438 1646.6 467 259 1213  2325.6 11.6

Root NPK 360.8 322 1375.0 471 205 1357 18839 6.1
None 2623 371 1048.3 473 246 995 2048.1 7.0

Co-compost  380.5 214 1719.7 462 192 1478 2980.3 12.5
Compost 284.5 33.5 1233.8 469 223 1132 2420.3 8.3

Evaluation of Lettuce’s Response to Drought Stress under Compost and Non-Compost Amended Soil

This experiment was conducted on a premise that soil amendment with compost would improve
soil water holding capacity and subsequently enhance plants’ response to drought stress. Figure 7
shows a photograph of plants grown under drought and well-watered soil conditions amended with
compost, co-compost and sludge. Under drought stress, growth in terms of plant height, root length
and number of leaves was reduced, albeit with limited statistical significance (Figs. 8A — C) and so
were differences among soil amendments. Under drought stress, important differences among soil
amendments were observed in total leaf area (Figure 8D), wherein two key observations were made.
Firstly, plants amended with co-compost had significantly higher leaf area than all other
amendments. Secondly, co-compost amended plants growing under drought stress had comparable
growth with those growing on well-watered conditions, signifying that co-compost amendment
ameliorated drought stress. Leaf biomass accumulation, on both fresh and dry weight basis was
significantly reduced by drought stress, however, amendment with co-compost significantly
improved both parameters followed by sewage sludge (Figure 9A and B). In contrast, differences
were less apparent in roots. In fact, plants whose soil was amended with co-compost exhibited
considerably higher root growth under drought stress, on both fresh and dry weight basis (Figure 9C
and D). Relative water content (RWC) was significantly lower under drought stress in soils without
any amendment whereas in co-compost amended soils, RWC was exceptionally high and comparable
between drought stress and well-watered conditions (Figure 10A). Differences in chlorophyll
concentration were less pronounced between drought stress and well-watered conditions but values
were generally higher under sewage sludge soil amendment (Figure 10B). The most recognizable
indication of drought stress is a reduction in shoot growth, which in turn changes the allocation of
biomass between roots and shoots. This change in allocation of resources can be described using the
root mass ratio (RMR). In this study, it was found that RMR was generally higher under drought
stress, signifying that more biomass was being allocated to roots under drought stress (Table 9) except
for plants amended with compost under control conditions which had remarkably higher RMR than
drought stressed plants. Then, we obtained relative root mass ratio (RRMR), a more objective
indicator of biomass allocation under abiotic stress conditions. Using RRMR, lettuce plants whose
soil was amended with co-compost had a much higher RRMR, indicative that co-compost
amendment increased the allocation of biomass to the roots to a greater extent when subjected to
drought stress (Table 9), which is an important morphological attribute for drought adaptability.

Table 9. Effect of soil amendments and drought stress on biomass allocation.

Treatment RMR RRMR
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Drought Control
None 5.7651b 4.7388a 1.2166b
Co-compost 7.4276b 3.0132a 2.4650c
Compost 6.8216a 8.7059b 0.7836a
Sludge 5.8981b 2.7340a 2.1573c

Figure 7. A photograph of lettuce plants grown under greenhouse conditions amended with various
organic soil amendments under well-watered (A) and drought conditions (B), three weeks after

imposition of drought stress.
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Figure 8. Effect of various organic soil amendments on amelioration of drought stress in lettuce plants
under greenhouse conditions four weeks after drought stress showing plant height (A), root length
(B), number of leaves (C) and total leaf area (D). Results represent means and standard errors from 6
biological replicates. Letters indicate results from multiple comparison tests using Tukey test.
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Different letters indicate significant differences between means at 0.05 level of significance. Similar
letters indicate lack of statistical significance at 0.05 level of significance.

(A) (B)

@ 200+ B Drought =) 144 Bl Drought
o B Watered = 12- B Watered
2 150- S
Q —
2 3
= A
% 100 >
£ -
-~ 50 s
3 -l

0-

&
(C) (D)
© 57 B Drought o 127 B Drought
E B Watered o 1 B Watered
S _g, 1.0 a
g 'q;; 0.81 a
= 0.6
o g b ab
- - 0.4- b b
% S b
g m 0.2'

3 > D > & &
o("é &Qo &Qo \\)b o("é @Qo @Qo \Ob
¢ Y S o (¢ Y S )
i 94

Figure 9. Effect of various organic soil amendments on amelioration of drought stress in lettuce plants
under greenhouse conditions four weeks after drought stress showing leaf fresh weight (A), leaf dry
weight (B), root fresh weight (C) and root dry weight (D). Results represent means and standard errors
from 6 biological replicates. Letters indicate results from multiple comparison tests using Tukey test.
Different letters indicate significant differences between means at 0.05 level of significance. Similar
letters indicate lack of statistical significance at 0.05 level of significance.
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Figure 10. Effect of various organic soil amendments on amelioration of drought stress in lettuce
plants under greenhouse conditions four weeks after drought stress showing leaf relative water
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content (A) and leaf chlorophyll content (B). Results represent means and standard errors from 6
biological replicates. Letters indicate results from multiple comparison tests using Tukey test.
Different letters indicate significant differences between means at 0.05 level of significance. Similar
letters indicate lack of statistical significance at 0.05 level of significance.

In order to evaluate whether soil amendments affected uptake of macro and micronutrients
under drought stress, elemental analysis was conducted in dried leaf and root samples. It was shown
that under drought stress, co-compost and sewage sludge amendments improved K concentration in
both leaves and roots. These observations held on well-watered conditions alike (Table 10). Under
drought stress, sewage sludge treated plants had significantly higher Na concentration in the roots
similar to observations in lettuce under open field conditions (Table 6) and maize (Table 8). Ca
concentration was significantly higher in leaves of co-compost and compost amended plants under
both well-watered and drought stress conditions. In roots, this was true for co-compost and sewage
sludge treated plants under drought stress, and all treatments (except none) under well-watered
conditions. No significant differences in Mg concentration were found except for roots under drought
stress in which sewage sludge accumulated significantly higher Mg concentration (Table 10).
Micronutrient concentration was generally higher in both leaves and roots of co-compost amended
plants under both well-watered and drought stress conditions, followed by sewage sludge
application, this was particularly true for Fe and Cu which was higher in co-compost whereas Zn and
Mn was higher in sewage sludge treated plants (Figure 9).

Table 10. Effect of compost types on macro and micronutrient accumulation in leaves and roots of
lettuce plants under drought stress under greenhouse conditions.

Concentration (ug/g DW)

Organ Treatment Compost K Na Ca Mg Zn Mn  Fe Cu
None 74343 50.0 1541.7 2212 445 2194 8965 113

Watered  Sludge 8012.3 53.8 15742 2328 957 2663 7058 107

Leaf Co-compost 8696.6 43.8 19222 1951 55.1 186.6 11172 125
Compost 78745 524 17348 199.8 588 1923 8463 102

None 61193 522 10627 2169 553 1224 10778 10.3

Drought Sludge 88659 584 11871 2167 59.7 1742 10684 10.8

Co-compost 8820.5 482 1357.4 200.1 576 1781 13856 15.8
Compost 77323 503 1220.3 203.3 553 1645 11023 11.2

None 2084.7 539 485.0 76.6 309 1195 833.1 134

Watered Sludge 3665.2 65.6 747.0 882 526 1465 1356.8 123

Root Co-compost 35845 613 7715 63.6 411 1382 14640 16.0
Compost 29384 632 734.4 703 393 1223 11233 123

None 15949 30.0 575.5 934 276 1072 8123 89

Drought Sludge 2403.8 61.8 11503 113.5 325 1164 12180 11.2

Co-compost 25682 275 12777 479 288 150.6 1288.1 19.8

Compost 18453 343 8494 695 374 1233 10833 9.3
After harvesting the plants, soil samples were sampled and analyzed for various chemical
properties and mineral elements to evaluate the residual effect of soil amendments. Soil pH ranges
were all within the slightly acidic range for all soil amendments under both well-watered and
drought conditions (Table 11). Electrical conductivity (EC) was generally significantly higher in soils

amended with sewage sludge under both water conditions. Organic matter (OM %) content was
significantly enhanced by both compost applications; conventional compost and co-compost,
especially pronounced in co-compost amended soils whereas N content was significantly higher in
sewage sludge and co-compost amended soils. Mineral concentrations were also measured and
showed significantly high P, K, Ca and Mg concentration in compost and co-compost amended soils
under well-watered conditions and co-compost amended soils under drought conditions (Table 11).
No significant differences were shown in Cu concentration among the soils amended with different
amendments under both water conditions. Zn concentration was significantly higher under well-
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watered conditions in soils amended with compost and co-compost whereas under drought stress,
concentration was higher in sewage sludge and co-compost amended soils (Table 11).

Table 11. Effect of soil amendments on residual mineral concentration and soil chemical properties
in pot-grown lettuce under greenhouse conditions.

i K
Treatme Water pH EC % OM % N Concentration (mg/Kg)

nt P K Ca Mg Cu n
None 476 8463 45 0117 109 425 1934 235 009 07
Well-  Compost 581 9470 63 0174 205 1384 3381 652 016 18
Watered  Co- 426 12800 74 0219 250 1665 3847 690 0.17 18
compost
Sludge 437 20247 51 0247 132 364 2035 277 011 15
Drouehe Nome 438 7200 46 0164 103 382 2034 348 013 1.1
o 8™ Compost 579 6987 62 0231 120 718 2142 308 013 13
Co- 511 5150 79 0272 235 1177 3041 624 013 19
compost
Sludge 473 12110 45 0281 139 811 2663 576 015 22
Discussion

Agricultural intensification, with a drive to keep up with the increasing food demands has also
meant indiscriminate use of agro-chemicals, excessive and deep tillage, and luxury irrigation. These
agricultural practices have degraded soils in addition to polluting surface and groundwaters while
also causing immense air contamination (Lal, 2008). Cognizant of these effects and in support for
developing a circular economy, the application of composted organic material on cropped soils is
being encouraged in degraded soils. Composted organic material represents potential sources of
nutrients for crops and can partially substitute the use of mineral fertilizers (Chalhoub et al., 2013).
Besides, regular soil amendment with composted material restores soil organic matter content in
intensively cultivated soils and contributes to carbon (C) storage in soils.

In this study, we evaluated the response of various crops to various organic soil amendments.
In order to effectively derive the optimal benefits of organic soil amendments, the determination of
proper application rates is a critical step. Here, we evaluated different application rates using maize
crops. In maize, relative to no soil amendment, significant increases in shoot and root biomass, as
well as yield parameters were observed by all rates of the co-compost amendment (0, 200, 350, and
500 g), however, no significant differences were shown among these rates (Tables 2 and 3). On the
basis of these results, 350 g was chosen as the ideal application rate per station of 2-3 plants. Despite
500g producing better results, the lack of statistical significance entails a limited return on investment
to justify a further increase in application rates (data not shown). Besides, the bulkiness of organic
fertilizers and difficulty in transportation have often been cited as major drawbacks discouraging
farmers from widely using them as a soil amendment (Viaene et al., 2016), hence if similar benefits of
applying 500 g would be derived at 350 g application, adoption of the latter rate would be more
economical and would reduce unnecessary bulkiness and transportation constraints. This rate was
thus subsequently adopted for use in the study.

Consequently, the study evaluated the agronomic efficacy of various organic soil amendments;
compost, co-compost, and sewage sludge. These organic amendments were made by different
procedures with different substrates (refer to materials and methods). Compost was principally made
from plant residues and had fewer turning cycles. Co-compost was made from a mixture of MSW,
plant residues and sewage sludge. It has been suggested that composts prepared from different
organic wastes differ in their quality and stability, which further depends upon the composition of
raw material used for compost production. Unlike fast-release fertilizers such as mineral fertilizers
and slurry, compost contains large amounts of organic matter, which enhances the soil organic carbon
(SOC) content (Vanden Nest et al., 2016) but relatively lower nutrient elements. In order to fortify
compost for nutrients and to speed up decomposition, 10 % sewage sludge was added to the
composting process, deriving a nutrient dense material that we termed co-compost (Giagnoni et al.,
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2020). An analysis of the residual efficacy showed that soils amended with co-compost had increased
concentrations of K, P, Ca and Mg, as well as micronutrients (Table 7 and 11). This may suggest that
the soil amendment enhanced the soil’s cation exchange capacity (CEC) which consequently led to
higher electrical conductivity of the soil in tandem. These values were much higher than conventional
compost and slightly higher than sewage sludge. Addition of sewage sludge in a composting process
has been exploited to optimize a C:N ratio (Azim et al., 2018; Garg & Tothill, 2009). Sewage sludge is
a N rich material, hence lowers the C:N ratio and reduces the time taken for the decomposition and
mineralization process during aerobic fermentation phase. It has been observed that farmers often
have a disdain for choosing compost relative to sludge and other fast release organic sources. For
example, Viaene et al., (2016) showed that in areas with ready supply of slurry/ manure, the use of
other organic soil amendments such as compost is a less attractive option due to the limited amounts
of N and P that may be derived from them. Therefore, this study has shown that enhancing the
conventional compost quality through co-composting by addition of sewage sludge may overcome
the nutritional barriers, as well as reducing the composting time. These beneficial results were
demonstrated in two different crops; lettuce and maize. In lettuce, co-compost application enhanced
leaf yield (Figure 3C and 4A) and root growth (Figure 4B), in both virgin and cultivated soils, albeit
comparative growth/ yield gains with no compost amendment being higher in cultivated than virgin
soils, whereas absolute growth/ yield were higher in virgin soils. This observation suggests that
nutrient poor degraded and frequently cultivated soils with less organic matter would obtain
maximal gains from co-compost amendment. These findings have also been reported in previous
studies (Chan et al., 2007; Oueriemmi et al., 2021; Zebarth et al., 1999), hinting at a possibility that
efficacy of compost amendments may be dependent on inherent soil fertility levels. In maize, co-
compost application significantly improved both shoot and root dry weight (Figure 5C and D) as well
as chlorophyll concentration (Figure 5F). The high chlorophyl concentration may have primarily been
linked to high Fe and Mg concentration which were considerably accumulated in leaves (Table 9).
This study also reports significant enhancements in grain yield parameters by all amendments and
applications, especially co-compost, sludge and NPK fertilizer (Figure 6A — D). Strikingly though, co-
compost amendment resulted into a lower harvest index (HI) that was comparable to no amendment
(Figure 6F). HI is the ratio of grain yield to biological yield or biomass, which represents a crop’s
success in partitioning total photosynthate to harvestable product. This finding is in synch with a
study by Liu et al., (2020) which reported that under high maize grain yield, economic yield is mainly
dependent on increase in biological yield (biomass) than harvest index. This suggests that increase in
above ground biomass beyond a certain threshold does not translate into a higher harvest index as
plants may have reached their maximum capacity for photosynthetic partitioning and grain filling.
This point of view is also supported by a previous study (Zelalem, 2014) which showed that, while
increasing P application rate in maize beyond certain threshold increased maize grain yield, it did
not result into a higher harvest index, signifying that increases in biological yield superseded gains
in economic yield. These observations warn against absolute consideration of HI as a selection criteria
in predicting maize grain yield, and rather advocate for careful evaluation of growth conditions such
as soil fertility, which have been reported to significantly influence harvest index in maize (Liu et al.,
2020).

Moreover, unlike fast-release fertilizers such as mineral fertilizers and slurry, compost contains
large amounts of organic matter, which enhances the SOC content (Vanden Nest et al., 2016). In the
present study, it was shown that soils amended with both compost and co-compost had higher
organic matter content than non-amended as well as sewage sludge in both greenhouse and open
field conditions (Table 7 and 10). Under open field conditions for example, co-compost amended soils
had OM % of 5.65 whereas sewage sludge had an OM % of 4.73. Under greenhouse conditions, co-
compost amended soils had OM % of 7.4, whereas sewage sludge had 5.1 and non-amended had 4.5.
The relatively higher values under greenhouse conditions were due to the differences in soil type
used in these experiments. Under greenhouse experiment, virgin soil was used which is higher in
OM compared to open field conditions which are intensively cultivated. As a result of the high OM
accrued from co-compost soil amendment, soil physical properties such as available water content
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(Curtis & Claassen, 2009) and aggregate stability (Annabi et al., 2007), are also improved which in
turn protects the soil against erosion. Viaene et al., (2016) reported that organic carbon in co-compost
is more stable and resistant to decomposition than in fresh manure or plant residues, where a larger
share of the carbon decomposes after application. Similar sentiments were made in Azim et al., (2018).
It was from this basis therefore, that the benefits of co-compost application were also particularly
pronounced under drought stress, where it reduced wilting of lettuce plants (Figure 7), enhanced
total leaf area (Figure 8D), leaf yield (Figure 9A and B), root growth (Figure 9C and D) and relative
water content (Figure 10A). In a study by Alsherif et al., (2023), it was shown that compost soil
amendment improved growth and yield of corn cultivated under both drought and control
conditions. Under drought stress, better growth in co-compost amended soils may have been
attributed to the enhanced water holding capacities due to high organic matter content. This property
was also reflected by a higher leaf water status as shown by leaf relative water content which was
similar between drought stressed and control plants (Figure 8A). Zebarth et al., (1999) observed that
amendment of sandy, infertile soils with compost significantly enhanced its water holding capacity.
In the present study, the amelioration of drought stress by co-compost amendment may be ascribed
to increased soil organic matter content (Table 10) and aggregate stability (Widowati et al., 2020).
These attributes increase soil micropores which are key determinants of soil’s water holding capacity.
Furthermore, enhancement of relative root mass ratio (RRMR) under drought stress in co-compost
amended treatment may also have been crucial in enhancing growth. High RRMR depicts that co-
compost amendment increased the allocation of biomass to the roots to a greater extent when
subjected to drought stress. This enhancement in root growth is a key attribute for exploration of
limited water resources under drought stress. Therefore, in light of the increased drought incidences
as a result of the changing climate scenario, farmers can considerably benefit from organic soil
amendment to maintain crop growth and productivity in nutrient poor and dehydrated soil
conditions.

Conclusion

The results from the present study therefore provide the much-needed evidence on the benefits
of organic soil amendments in both enhancement of soil physiochemical properties and increasing
crop yields. The study has shown that with a proper composting process and pre-fortification with
sewage sludge, co-compost offers a remarkable potential in increasing crop yields, in a manner
similar to, or even more than inorganic fertilizers. It has demonstrated this potential in lettuce and
maize. Maize is a critical staple crop in Malawi whose yield over the recent years has declined due to
diminishing soil fertility levels coupled with limited smallholder farmer’s access to inorganic
fertilizers. Moreover, Malawi and the entire world have experienced sharp increases in the cost of
inorganic fertilizers over the past 5 years. It must be noted that despite the Malawi Government’s
effort to provide affordable farm inputs to smallholder farmers through the affordable inputs
program (AIP) and its predecessor, the farm inputs subsidy program (FISP), many farmers still have
no access to the said inputs and have to still buy them at prevailing exorbitant prices (Nyondo et al.,
2021; Kateta, 2022; MWAPATA Institute, 2022). For example, since the start of 2022, fertilizer prices
have risen by over 60 % as driven by a confluence of factors, including surging input costs, supply
disruptions caused by sanctions and export restrictions (Baffes & Koh, 2022). These events are
judicious wake up calls to reconsider our over-dependence on inorganic fertilizers, whose sources
may not only become exhausted in the immediate future, but also extremely unaffordable to the
resource constrained smallholder farmer. Organic soil amendments are relatively inexpensive, easier
to make and their substrates are locally available and normally disdained. Utilization of wastes such
as municipal solid wastes, animal wastes, human wastes and plant residues thereby also offers a way
to clean up the environment. Furthermore, they offer a holistic soil health management approach and
supports the current advocacy for a circular economy and sustainable food systems.
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