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Abstract

Purpose Composting is an environmentally sustainable alternative for bioconversion of agricultural residues into a nutrient-
rich product that can enhance soil fertility/microbial diversity and thereby improve agricultural productivity. The goal of the
current study was to evaluate the decomposition pattern of the agro-residues and assess the maturity and phytotoxicity of
the composts obtained using physico-chemical, microbial and statistical analyses. The study also attempted to determine a
threshold germination index (GI) to serve as a maturity index for the composts by conducting seed germination assays with
tomato, chickpea and soybean seeds.

Methods Three agricultural residues/straws of Eleusine coracana (finger millet), Sorghum bicolor (sorghum) and Glycine
max (soybean) were subjected to aerobic composting for a period of 60 days to study the impact of saw dust on the decom-
position pattern and the ultimate compost quality/characteristics.

Results The results showed efficient decomposition pattern of the agricultural residues characterized by high temperature
profiles (up to 70 °C), high microbial activity, a sharp decrease in C/N ratio of the composting materials, i.e., from an initial
41-61 to final 10-17.

Conclusions Statistical evaluation of seed germination assays showed that only the compost obtained from sorghum
straw + saw dust was mature and free from any phytotoxicity as all the tested seeds showed higher and statistically significant
Gls. It was difficult to attribute a single threshold GI value to indicate maturity of compost and could not further be applied
to different types of composts as different seeds responded differently to the same compost.

Keywords Straw - Compost - Phytotoxicity - Maturity - Germination index (GI) - Seed germination

Introduction (23 MT), oilseeds (14 MT), pulses (5 MT) and others (47
MT) (Hiloidhari and Baruah 2014). Such large volume of

India has about 500 million metric tons of biomass availabil-  agricultural biomass residues represents an abundant source

ity per year and according to Ministry of new and renewable
energy, ~200 million tons of agro processing and domestic
wastes are generated annually (Kumar et al. 2015). It is fur-
ther estimated that about 686 metric tons (MT) of gross agro
biomass residues are generated annually from 26 different
crops of which 234 MT (34%) are surplus agro residues.
Cereals group contribute the highest amount of surplus resi-
due (89 MT) followed by sugarcane (56 MT), horticultural
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of carbon that can be utilized for enrichment of soil organic
carbon through composting technology. To control the
excessive application of chemical fertilizers that majorly
contribute to soil health deterioration and greenhouse gas
emissions (GHGs), compost production and application have
been receiving greater attention in India as it is an excellent
source of humus and nutrients for improving the quality of
the soil health (Gabhane et al. 2012).

Composting is a biological decomposition process dur-
ing which the degradation of solid organic substances takes
place under aerobic conditions through the action of vari-
ous microbial consortia, resulting in a stable, mineral-rich
product with humic substances that can be safely applied to
the soil (Lashermes et al. 2012). When applied to soil, humic
substances in the compost play a significant role in global
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carbon cycling for regulating the degradation and mobility
of environmental contaminants and, thus, create favorable
conditions for plant growth (Christl et al. 2005; Harrison
2008).

The composting process essentially occurs in three
phases; a mesophilic phase during which microbial con-
sortia multiply exponentially in the biomass to initiate the
decomposition process, a thermophilic phase during which
high rate decomposition occurs due to the increased growth
of thermophilic microorganisms and the last phase during
which compost undergoes cooling, stabilization and matura-
tion (Ryckeboer et al. 2003). The duration of the composting
process largely depends upon the structural composition of
biomass (i.e., cellulose, hemicellulose and lignin contents)
subjected to composting and the environmental and operat-
ing conditions of the composting location/reactor and, thus,
can vary from about 45 days to a few months (Diaz et al.
2002). The stability and maturity of the compost are crucial
factors to determine whether or not it could be safely applied
to soil for nutritional amendments. Because immature and
unstable composts can be phytotoxic and may have a nega-
tive impact on plant growth, also they can lead to imbal-
ance in mineral contents of the soil due to the presence of
high amounts of organic acids and salts characterized by low
(<6) or high pH (< 8) and high EC (> 1). Therefore, quality
assessment of the composts in terms of maturity and stability
is essential for their safe application.

The aim of the current study was to subject different
agricultural residues such as finger millet straw (FMS), soy
bean straw (SB), sorghum straw (SS) to composting and (1)
evaluate their microbial decomposition pattern by monitor-
ing physical, chemical and microbiological parameters (2)
to assess the effects of co-composting with saw dust (SD)
on process parameters, microbial composition, degradation
process/rate and the resulting compost characteristics (3) to
assess the maturity of the four different composts obtained
by conducting germination assays using three different bio-
assay plant seeds (tomato, chickpea and soybean) and (4)
to understand the responses of different seeds to the same
compost while attempting to determine a threshold GI value
as a maturity index for the four different composts studied.
When a consistent and a threshold GI value for a compost
is obtained for the tested seeds, then it can easily be used as
a maturity index to determine the quality of the composts
obtained from different organic wastes.

In general, composts of high quality should be mature as
well as stable. The terms maturity and stability are distinct
and have been well discussed in the literature (Iannotti et al.
1993; Epstein 1997; Wu et al. 2000). Maturity is related to
the effect of composts on crops and indicates the presence
or absence of phytotoxins or inhibitory substances for plant
growth. On the other hand, compost stability is a stage in the
decomposition of the organic matter (Epstein 1997) and is,
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therefore, a term related to the microbial abundance/decom-
position or microbial respiration activity of the composted
matter.

In addition to physico-chemical analyses, maturity can
also be measured in terms of germination index (GI) which
is based on relatively simple phytotoxicity tests. Phytotoxic-
ity tests are actually germination bioassays that quantify seed
growth after the application of compost liquid extracts to the
seeds; GI is calculated by the root length and the percentage
of germination of selected test plant seeds compared to a
control (control is commonly tested using deionized water).
The GI of any compost aids in determining the level of tox-
icity, i.e., low levels of toxicity mainly affects root growth,
while high levels of toxicity, affect seed germination. There-
fore, GIs lower than 100% indicate potential phytotoxicity,
while values greater than 100% indicate a positive effect on
seed growth, and thus signify a mature compost. A phyto-
toxicity test does not reveal the underlying reasons for the
compost’s toxicity but serves only as an indirect measure for
quantification of the toxicity for seed growth. Phytotoxicity
in the compost extract can be typically due to the presence of
partially degraded organic acids, fermentation intermediates,
ammonia, salts and heavy metals.

The results of this study are envisioned to help in pro-
moting the composting practices while offering insightful
information on the microbial abundance, activity, decom-
position pattern, and duration required for composting straw
residues and how the quality of composts applied affect seed
germination; and such information would be highly valuable
for evaluation of composts prepared from different organic
agricultural residues for promoting sustainable organic farm-
ing by application of environmentally safe composts and
lead us to a path of sustainable farming.

Materials and methods
Raw materials and compost reactors

The agricultural organic residues viz., Eleusine coracana
(finger millet straw), Sorghum bicolor (sorghum straw),
Glycine max (soybean straw) were obtained from ICRISAT
fields, Patancheru, Telangana, India. All the three straw
residues were dried and chopped to 2—4 cm lengths before
subjecting to composting process. Saw dust was obtained
from ICRISAT’s in-house carpentry workshop. To carry out
the composting trials of these residues, four perforated 500 1
PVC reactors were used.

Compost preparation

On day 1 of the experiment, each of the PVC reactors
(C1-C3) were filled with 25 kg straw residues such as finger



International Journal of Recycling of Organic Waste in Agriculture (2019) 8:279-293 281

millet straw (C1), sorghum straw (C2) and soybean straw
(C3), while the fourth container (C4) was filled with 20 kg
sorghum straw and 5 kg of saw-dust (SS + SD). In all the
reactors (C1-C4), the straw biomass was filled in 3 layers
alternating with cow dung (5 kg). Rock phosphate was added
@ 4 kg/100 kg of biomass to provide an additional (insol-
uble) phosphorus source for the decomposition process,
while urea was added as an additional nitrogen source @
0.5 kg/100 kg of biomass. The initial C/N ratio of the com-
posting materials in the reactors was ranging between 41 and
61. To provide aerobic conditions, the mixture was turned
once a week throughout the study period (60 days) and water
was added frequently (depending on weather conditions) to
maintain 60% of moisture level in all the reactors. Sample
collection was done every ten days. Grab sampling was done
at four random points in the reactors and were mixed to
obtain one representative sample for laboratory analyses.

Microbial activator cultures

A proprietary microbial activator culture from EXCEL
CROP CARE Ltd (Madhyam culture) was used as seed
culture in all the compost reactors. The microbial activator
culture was applied @ 1 kg/ton of biomass as per the instruc-
tions given by the supplier.

Seed germination assays

To confirm the maturity of the composts and to test their
phytotoxicity, seed germination assays were conducted
under laboratory conditions. Three different types of seeds
viz, soybean, tomato and chickpea were used. Composts
of finger millet straw (FMS), sorghum straw (SS), soybean
straw (SB) and sorghum straw (SS)+ SD (SS + SD) were
tested at three different dilutions/compositions (25%, 50%
and 100% extracts) for their phytotoxicity as shown in Fig. 1.

Fig.1 Experimental design for
the seed germination assays of
tomato, soybean and chickpea

Finger millet
straw

The aqueous compost extracts were obtained by weigh-
ing 100 g of each type of compost which was mixed with
1 1 deionized water (@ 10:1 water volume—in ml and dry
weight—in g) in 1 1 Tarsons’ plastic bottles. Bottles were
then kept on a shaker to allow mixing for 4 h at room tem-
perature. The slurry obtained was then vacuum filtered using
a 0.45 pm filter. The filtered slurries were then used for the
germination bioassays. The germination bioassays were con-
ducted in 110 mm petri plates. In each of the petri plates,
a UV-sterilized filter paper (Whatman no. 1) was placed
and a liquid volume of 5 ml was maintained. While control
assays were filled with 5 ml of deionized water, treatment
assays were filled with different dilutions of compost slur-
ries + deionized water. For example, if the compost extract
application is 25%, then 1.75 ml of compost slurry +3.25 ml
of deionized water were used. After adding compost slurry
and deionized water five seeds were placed in each of the
petri plates. Both for control and treatment assays five rep-
licates were maintained. The petriplates were incubated at
25 °C in the dark for 5 days (adapted from Zucconi et al.
1981a, b).

Analyses and calculations

The temperature in the compost reactors (C1-C4) was
recorded every half-an-hour using a data-logger during the
experimental period (60 days). Samples were taken at dif-
ferent stages of the composting process (0, 1, 10, 20, 30, 40,
50 and 60 days) to investigate the decomposition process/
rates in detail. The total solids (TS) and volatile solids (VS)
content of all the straw residues were measured according
to standard methods (APHA 1998). The parameters pH and
EC were measured using Eutech waterproof portable meter,
Cyberscan series 600. The dried samples were ground and
used to analyze the elements, N, P, K, Zn, B, Fe, Cu, Mn, Ca,
Mg, B and S. Macro- and micro-elements were analyzed by
inductively coupled plasma optical emission spectrometry

Soybean
Sorghum straw + Saw dust
straw

25% of extract

100% of extract

Y )

Soybean seeds Chickpea seeds

Control assays
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(ICPOES) following H,0, digestion for Fe, Zn, etc. (Mat-
thew et al. 2011) and sulfuric acid—selenium digestion
method for N, P, etc. (Sahrawat et al. 2002).

The extraction and fractionation of humic substances
were carried out according to method proposed by California
Department of Food and Agriculture (CDFA) 1999. The ger-
mination index was analyzed by the method of Tiquia et al.
(1996) using soy bean, tomato and chickpea seeds. The seed
germination and the root length were measured after 5 days.
The relative seed germination (SG), relative root elongation
(RE) and germination index (GI) were calculated as follows:

Number of seeds germinated in extract

SG% = 100
° ™ Number of seeds germinated in control
Mean root length in extract
RE% = - x 100
Mean root length in control
GI% = SG% x RE%

100
Statistical analyses

The experimental trial was laid out in completely rand-
omized design with four levels of composts and three levels
of seed types. Germination index (GI) data were analyzed
by SAS general linear model (GLM) procedure (SAS Insti-
tute Inc. 2015) for all the three tested seeds (i.e., tomato,
chickpea and soybean). Considering compost and seed type
as fixed, least square means were estimated for main and
interaction effects. Least Significant Difference (LSD) was
performed for significant factors.

Results and discussion

Chemical characteristics of the agricultural residues

The chemical characteristics of the straw residues are pre-
sented in Table 1. The straw residues tested in the current

study were very dry with low moisture content (<25%), high
total solid (TS) and volatile solids (VS) contents ranging
from 62 to 78%. Low moisture (high TS) and high organic
contents (high VS) of the substrates indicate the complex-
ity of the ligno-cellulosic structure of the straw residues
and also indicate that a lengthy period of time would be
required for composting the straw biomass. Carbon contents
ranged from 40 to 44% in all the three straws while 48% was
recorded in SD (Table 1). High EC of finger millet straw
indicates the extent of minerals present in the substrate. The
pH of the straws was also below neutral indicating acidic
nature of the substrates.

Temperature profiles

The most significant indicator of microbiological activity
in a composting heap is its temperature profile (Caceres
et al. 2015). The temperature profiles of all the four com-
posting trials are given in Fig. 2. The composting pro-
cess could be essentially divided into four phases: (1) a
mesophilic phase that occurred in the initial days 0-1; (2)
a high temperature, thermophilic phase that took place
during days 2—10; (3) a drop in temperature days from
day 8 to day 10 and (4) a maturation phase which occurred
after days 30-45 depending on the type and complexity
of the composting substrate (Villar et al. 2016). In the
present composting trials, the temperature peaked up to
70 °C in the composting reactors of sorghum straw and
sorghum straw + saw dust at a depth 75 cm and remained
between 55 and 70 °C during first 10 days. On the other
hand, temperature in composting reactors of finger millet
straw and soybean straw at 75 cm depth was observed to be
42-60 °C during the first 10 days and then declined to less
than 40 °C. However, temperatures were comparatively
lower in finger millet straw and soybean straw reactors
probably due to the drier or recalcitrant nature of these
straws as indicated by their high TS/VS contents which
offer greater structural complexity resisting microbial deg-
radation (Mhindu et al. 2013). In all the composting reac-
tors, high temperatures (> 50 °C) during the first 10 days

Table 1 Initial chemical characteristics of the straw residues, finger millet straw (FMS), sorghum straw (SS) and soybean (SB) straw and saw

dust (SD)
Straw residue pH EC (uS cm™) Initial chemical characteristics

TS (%) VS (% of TS) C (%) N (%) P (%) K (%)
Cow dung 7.4 NA 18+1.2 15.8+1.2 NA 1.51+0.1 0.52+0 1.21+0
FMS 6.8 0.78 74.5+0.2 66.8+0.2 40.45+0 0.66+1.1 0.18+0.1 1.61+0.1
SS 6.5 0.21 62.2+0.1 55.8+0.1 43.06+0.1 1.04+0.0 0.13+0 1.23+0.1
SB 6.8 0.30 78.6+1.4 68.2+1.2 4457+1.2 0.79+0.0 0.15+0 0.57+0
SD 45 0.28 80.2+1.2 72.6+0.1 48.26+1.1 NA

NA not analyzed

* @ Springer
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indicate successful initiation of hydrolytic/fermentation
phase of the composting process and reflect a very active
decomposition process in the reactors. Literature indicates
that the optimum temperature range required for efficient
decomposition of ligno-cellulosic materials is around
50-60 °C (Wong et al. 2001). Due to the rapid degradation
of the readily available soluble organic and nitrogenous
compounds, high temperatures are observed and a lot of
heat is generated due to the microbial respiration (Bernal
et al. 2009). High temperatures > 50 °C in the composting
reactors essentially contribute to disinfection of the com-
posting materials (pathogenic organisms arising from cow
dung used in the composting process).

Temperatures dropped in all the reactors soon after the
weekly turning (aeration) of the composting materials, as
a result of oxygen flow through the compost and removal
of heat released due to microbial respiration (Himanen and
Hanninen 2011). High temperatures (40-60 °C) were also
observed at the 15 cm depth in all the composting reactors
indicating high microbial activity during the first 10 days.
In all the reactors, temperatures reached near ambient con-
ditions 15 days after the composting process initiated indi-
cating the end of thermophilic microbial activity (Nolan
et al. 2011). The temperature dynamics were observed to be
following a typical composting pattern thus contributing to
efficient microbial degradation process (Céceres et al. 2015;
Guo et al. 2012). When temperatures started decreasing to

20 30 40 50 60 70

Time (in days)

ambient conditions, the degradation process slowed down
which was also indicated by decreased microbial activity.

pH and EC

The initial pH of all the straws and saw dust was low rang-
ing from 6 to 7 and this pH further dropped between days
1-10 of the composting process, i.e., when the tempera-
tures in all the composting reactors were high because of
increased microbial fermentation activity (Fig. 2). During
the fermentation process, degradation of readily available/
soluble organic substances takes place and as a result pH
decreases, due to the release of organic acids. The pH slowly
rose to 8 and above after 10 days when temperature as well
as thermophilic microbial activity started to decrease. By
the end of the first month, pH ranged 7.5-8 indicating the
completion of the decomposition process of readily degra-
dable compounds and indicating the progress of maturity of
the composted materials. The increased pH also indicates
the increased ammonium contents in the composted mate-
rials. Turning or aeration of the composting materials in
the reactors during the first 10 days did not increase the
pH significantly probably, due to the on-going thermophilic
fermentation activity.

In the current composting trials, it was observed that, as
the composting time proceeded, electrical conductivity (EC)
gradually increased with time in all the composting reactors
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(Mupondi et al. 2006; Manios 2004). This is due to the fact
that as composting progresses, organic substances undergo
loss of weight due to mineralization into soluble forms and
subsequently become concentrated due to drying. The dry-
ing process enables accumulation of mineral salts such as
phosphate and ammonium ions contributing to higher EC
(Mhindu et al. 2013). In the present study, EC of all the
compost materials increased from the initial 0.2-0.7 to final
0.8—1.2 mS cm™! which is still within the limits of favorable
EC for enabling seed germination. The EC of composts from
sorghum straw and sorghum straw + saw dust showed < 1
mS cm™! indicating that they will not cause any phytotoxic-
ity to the plants due to the lower content of accumulated
salts, than the composts obtained from finger millet straw
and soybean straw which showed higher EC (Fig. 3). Usu-
ally, high EC of composts (>4 dS m~!) was reported to
inhibit seed germination and thus, seed germination assays
are used as a means to test the maturity and phytotoxicity of
the composts (Nakasaki and Marui 2011; Singh and Nain
2014).

Changes in C/N ratio

The C/N ratio of the composting substrates is an excel-
lent indicator of maturity as it significantly influences the
microbiological growth and thus the rates of decomposi-
tion (Chauhan and Singh 2013). High C/N ratio indicates
the presence of unutilized complex carbon content, while
a decrease in C/N ratio (<25:1) indicates efficient decom-
position process (Pan et al. 2012). Substrates having higher
carbon and nitrogen contents generally require more time for
completion of the maturation phase. In the present study, the
initial C/N ratios of the composting materials ranged from
41 to 61 (Fig. 3), which decreased substantially by day 60
to 10-17 and became stable later on (Fig. 3). The results
revealed that irrespective of type of crop residues, the C/N
ratio decreased significantly and progressively during the
composting process. The decrease in C/N ratio is a result of
decomposition or breakdown of the compostable mixtures
against time to CO,, while the N content per unit material
increased, which contributed to the decrease in C/N ratio.
At the final stage of composting, the highest C/N ratio (17.3)
was recorded in finger millet straw substrate followed by
soybean straw (12), sorghum straw + saw dust (11.3), and
sorghum straw (10.5). The maturity of the compost also
depends upon the chemical nature (cellulose, hemicellu-
lose and lignin contents) of the substrates with varying C/N
ratios. Lignin contents of the straws used in the current study
were reported to be in the order of soybean straw > finger
millet straw and > sorghum straw (17.6%, 15-16% and 7%,
respectively) (Badu et al. 2011; McIntosh 2010). Clearly, the
C/N ratios of these straws also decreased in the same pattern,
i.e., lower lignin content in the substrate resulted in lower
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Fig. 3 Decomposition pattern of the straws measured in terms of pH,
C/N ratio, volatile solids (VS%), electrical conductivity (EC) and
humic acid content (%) in the composting reactor

C/N ratio by the end of composting period such as sorghum
straw < soybean straw < finger millet straw.

The C/N ratio below 20 was reported to be a good indi-
cator of compost maturity, with a ratio of 15 or less being
ideal (Goyal et al. 2005). It was also reported that ideally,
the C/N ratio of mature compost should be about 10, which,
however, is very difficult to achieve, due to the presence
of complex and recalcitrant organic compounds that resist
decomposition due to their physical or chemical properties
(Goyal et al. 2005). Some studies reported that a C/N ratio
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below 20 is indicative of an acceptable maturity, with a ratio
of 15 or even less being preferable (Rashad et al. 2010). The
composting of materials with low C/N ratio results in more
N losses than in high C/N ratio wastes (Sanchez-Monedero
et al. 2001; Wei et al. 2015). Therefore, in the present study,
all the straws except finger millet underwent efficient com-
posting process as indicated by their lower final C/N ratios.

Changes in volatile solids (VS) removal

The VS content (organic content) of the composting mate-
rials in all the reactors decreased with time (Fig. 3) due to
microbial decomposition of organic matter. The overall VS
destruction (over a period of 60 days) in composting reac-
tors of sorghum straw and sorghum straw 4+ saw dust was
observed to be higher (56% and 58%, respectively) than in
finger millet straw (40%) and in soybean straw (39%). This
result is clearly due to higher moisture and lower TS and
VS contents observed in sorghum straw than in the remain-
ing straws/saw dust (Table 1). Lower VS (higher moisture)
content in sorghum straw reduced the carbon load in the
reactor (better C/N ratio) and enabled better microbial activ-
ity as well as decomposition. In the composting reactors of
finger millet straw and soybean straw, higher VS load would
have created imbalance in C/N ratio resulting in reduced
microbial activity/decomposition. Also, finger millet straw
and soybean straw indicate higher structural recalcitrance
to microbial destruction due to their higher VS contents and
thus lower VS destruction was observed.

Elemental and NPK dynamics

The nutrient value of the compost is dependent upon its
macronutrients composition. The total N, P, and K con-
tents increased with composting time. The total N content
obtained in the present study for all the composts by day
60 was in the range from 2.03 to 2.65% (Fig. 4) while P
contents were in the range of 0.79—-1.85% and K was found
to be in the range of 1.52-2.42%. Nitrogen content was
highest in soybean compost, whereas P and K contents
were found to be highest in sorghum straw compost (1.85%
and 2.42%, respectively). The NPK contents observed in
the present study were found to be in agreement with the
proposed elemental standards for composts by the Indian
fertilizer control order, 1985 (Singh and Nain 2014). The
N contents of different straw composts were higher than
those reported by Moharana and Biswas (2016) for chick-
pea stover (1.63%) >rice straw (1.51%) > mustard stover
(1.50%) > wheat straw (1.32%) > tree leaves (1.21%) com-
posts after 120 days of composting period. The increase
in N content in the compost materials is due to the loss
of dry matter content (as total C) in the form of CO, and
water vapour loss during natural evaporation and microbial
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Fig.4 NPK dynamics of the finger millet straw, sorghum straw, soy-
bean straw and sorghum straw + saw dust during the composting pro-
cess

decomposition processes. Several other studies also reported
similar results for NPK contents (Pan et al. 2012; Wei et al.
2015; Mhindu et al. 2013).

Other elements such as Ca, Mg, B and S and trace ele-
ments Fe, Mn, Cu and Zn in all the composts were found to
be increasing in concentration with time indicating active
decomposition pattern of the organic material in straws
(Table 2). However, Calcium (Ca) is found to be particu-
larly high in all composting materials and this could be
due to the addition of calcium amended rock phosphate at
the beginning of the experimental period. The remaining
elemental contents (except Ca) were found to be within the
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Table 2 Elemental dynamics (in g 1™ in finger millet straw (FMS), sorghum straw (SS), soybean straw (SB) and sorghum straw (SS) + saw dust

compost pits (SS+SD)

Time in days (Concentration in g 171)

FMS Fe Cu Mn Zn Ca Mg B S

0 0.11+0.2 0.00+0 0.07+0.3 0.02+0.1 10.63+0.2 396+1.1 0.01+0 3.1+£0.2
1 0.54+0.1 0.00+0 0.1+£0.3 0.04+0.1 11.97+04 42+14 0.01+0.1 2.8+0.2
10 1.3+03 0.01+0 0.25+0.1 0.06+0.1 17.57+0.4 483+12 0.02+0.2 3.4+0.8
20 1.8+0.2 0.01+0 0.19+0.2 0.06+0.1 15.45+0.3 63+1.8 0.02+0.2 4.1+0.6
30 0.97+0.3 0.0+0 0.31+0.3 0.05+0 2547+1.2 6.3+0.8 0.02+0.1 44+1.1

40 1.26+0.3 0.01+0 0.31+0.3 0.08+0 40.85+0.1 6.6+0.3 0.02+0 42+14
50 1.85+0.1 0.0+0.2 0.24+0.3 0.07+0 44.17+14 8.4+0.3 0.02+0 45+1.8
60 24+0.2 0.09+0.2 0.01+£0.2 0.79+0 60.88 +2.1 11.44+1.6 0.01+0 42+22
SS Fe Cu Mn Zn Ca Mg B S

0 0.11+0 0.00+0 0.03+0 0.02+0 3.73+0.4 1.67+0.8 0.00+0 0.90+0

1 2.83+1.1 0.01+0 0.12+0.1 0.03+0 5.88+0.5 2.73+0.2 0.02+0 1.34+0.1
10 1.27+0.3 0.01+0 0.25+0.1 0.04+0 13.84+1.6 3.51+£0.3 0.01+0 1.85+0.3
20 1.36+0.2 0.01+0 0.31+0.2 0.04+0 15.56+1.2 3.40+0.2 0.01+0 1.84+0.3
30 1.05+0.2 0.01+0.1 0.21+0.1 0.04+0 1347+1.2 3.08+0.5 0.01+0.1 1.66+0.2
40 456+0.3 0.01+0.1 1.58+04 0.05+0 93.84+1.6 3.64+0.2 0.03+0.1 1.76 +0.3
50 4.14+1.2 0.02+0 1.13+0.3 0.06+0 65.85+1.2 4.96+0.3 0.03+0.1 226+04
60 7.17+1.6 0.07+0 1.1+£0.20 2.68+0.6 126.28+1.4 5.49+0.4 0.03+0.1 2.28+1.2
Time in days (Concentration in g 17!)

SB Fe Cu Mn Zn Ca Mg B S

0 9.76 £ 1.1 0.02+0 043+0 0.03+0 8.6+0.1 5.0+0.25 0.06+0.2 0.80+0.1
1 9.13+12 0.00+0 0.03+0 0.01+0 6.6+1.2 2.8+0.2 0.02+0.2 0.71+0.1
10 9.03+0.8 0.01+0.1 0.22+0.1 0.03+0 142+1.1 49+0.36 0.04+0 1.67+0.2
20 9.85+0.6 0.02+0.1 0.34+0.1 0.04+0 17.1+£0.6 3.4+0.32 0.02+0 1.64+0.2
30 9.89+0.8 0.01+0 0.36+0.1 0.02+0 31.9+0.8 5.6+02 0.05+0 1.49+0.2
40 9.92+0.7 0.01+0 0.40+0.1 0.04+0 40.4+0.3 6.7+0.2 0.05+0 2.52+0.3
50 9.90+0.8 0.02+0 0.95+0.1 0.05+0 542+0.3 8.3+0.31 0.06+0 2.58+0.3
60 9.90+1.2 0.09+0.1 0.02+0 1.86+0.2 92.3+0.2 8.1+0.27 0.03+0 2.58+03
SS+SD Fe Cu Mn Zn Ca Mg B S

0 0.11+0.1 0.00+0.1 0.03+0 0.02+0 3.7+0 1.67+0 0.00+0 0.90+0

1 420+0.3 0.01+0.1 0.14+0.1 0.02+0 48+04 247+1.2 0.02+0 0.85+0

10 2.06+0.3 0.01+0.2 0.58+0.2 0.04+0 26.3+0.6 285+1.1 0.02+0 1.65+0.6
20 4.98+0.2 0.01+0.2 1.90+0.2 0.07+0 752+0.2 47109 0.05+0.1 1.69+0.5
30 2.29+0.2 0.02+04 0.31+0.1 0.04+0.2 23.1+0.3 3.30+0.2 0.02+0 1.64+0.3
40 4.06+0.2 0.02+0.3 0.53+0.1 0.04+0.1 359+0.3 3.62+0.5 0.03+0 1.80+0.3
50 452+03 0.02+0.1 0.80+0.1 0.05+0.1 48.3+0.3 4.88+1.2 0.03+0.1 2.00+0.3
60 7.03+0.8 0.07+0.1 0.77+0.2 1.10+0.1 50.5+04 597+1.1 0.01+0 0.10+0.2

standard limits for composts according to Indian fertilizer
control order (1985) as well as in agreement with several
other research efforts using different ligno-cellulosic wastes
including food and municipal solid wastes (Hseu 2004;
Awasthi et al. 2014; Singh and Nain 2014; Hanc et al. 2014).
Metal contents in the composts were found to be within the
acceptable limits and are essential for the plant growth and
soil fertility management (Yadav and Garg 2011).
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Changes in microbial activity

The prerequisite qualities for a compost to be safely applied
to soil are a high degree of stability and maturity, indicated
by a stable organic matter content, the absence of phytotoxic
compounds and the absence of plant or animal pathogens
(Bernal et al. 2009). In the present study, growth trend of
bacterial and fungal populations followed a pattern typically
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observed during the composting process, i.e., higher activ-
ity until day 30 and a decline thereafter (Fig. 5). On day
1, the microbial (bacterial and fungal) population in reac-
tors of finger millet straw and sorghum straw was com-
paratively lower than that observed in reactors of soybean
straw and sorghum straw +saw dust and this could be due
to slow adaptation of microbial populations in these straws.
In the composting reactor of sorghum straw + saw dust, the
microbial population was consistently higher than the rest
of the straw treatments indicating better decomposition rates
as also confirmed by other parameters such as higher VS
destruction, higher EC and pH conditions (close to neutral)
(Fig. 3). Higher microbial activity in sorghum straw + saw
dust could be clearly due to the availability of additional
porosity (Troy et al. 2012) due to the presence of saw dust.
Additional porosity offers additional aeration and thus
additional aerobic decomposition. Temperatures gradually
decreased to ambient levels after a period of elevation during
first ten days and as a result the decomposition process of
organic matter stabilized.

The stability and maturity of compost are important fac-
tors for compost manufacturers as well as for end users,
because unstable and immature composts could contain
high microbial activity and intermediate organic com-
pounds (such as organic acids). Immature composts affect

the concentration of oxygen in the soil and may immobilize
nitrogen present in the soil, thus causing critical N-defi-
ciencies in the crops (Zucconi et al. 1981a, b; Hue and Liu
1995).

The maturity of compost is also related to the presence
of humic acids (HA) in the composts. HAs are normally
generated towards the last stage of composting (Veeken
et al. 2000), which requires several weeks to a few months
(Inbar et al. 1990). They are extremely important soil com-
ponents because they constitute a stable fraction of carbon,
thus regulating the carbon cycle and the release of nutri-
ents, including nitrogen, phosphorus and sulfur (Stevenson
1984). In this study, humic acid (HA) content in all the
composting reactors increased with time (0.001% to 1.85%)
indicating that the microbial decomposition occurred effi-
ciently (Fig. 3). Compost maturity has been reported to be
closely related to the presence of humic acids (Tiquia 2005).
Because, after composting, humic acid content is signifi-
cantly increased contributing to the stability of soil organic
matter and thus indicating that the compost is mature enough
for subsequent land application (Zhou et al. 2014). Humic
substances are generated during microbial decomposition/
activity in two ways (Lopez et al. 2002) (1) lignin deriva-
tives are oxidized from side chains of lignin which form
the core structure of humic substances, and (2) during the
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polymerization of monomers. In the present study, humic
acid content was observed to be higher in the composting
reactor of sorghum straw + saw dust (HA-1.85%) than in sor-
ghum straw (1.65%), soybean straw (1.52%) and in finger
millet straw (1.42%). Therefore, composting materials that
contain higher amounts of lignin may contribute to acceler-
ated formation of humic substances (Zhou et al. 2014).

Lignin contents in literature studies were reported to
be in the order of saw dust > soybean straw > finger millet
straw and > sorghum straw (27-34%, 17.6%, 15-16% and
7%, respectively) (Badu et al. 2011; Mclntosh 2010). In the
present study, humic acid was also observed to be in the
same order as above, i.e., higher HA formation from the
straw amended with saw dust, (sorghum straw + saw dust
—1.77%) > soybean straw (1.45%) > finger millet straw
(1.34%) and > sorghum straw (1.2%) corroborating the above
finding that higher the lignin content, higher the amount of
the humic acid formed by the end of the composting pro-
cess. Therefore, HA contents of the composts in the present
study could improve water-holding capacity, pH buffering
and thermal insulation (Stevenson 1984), and stimulate the
activities of microfloral and microfaunal organisms within
the soil environment (Burns et al. 1986).

Seed germination assays and statistical analyses

The seed germination index (GI) has been defined as a fac-
tor of relative seed germination and relative root elongation
(Moharana and Biswas 2016). It was reported that imma-
ture and unstable composts cause phytotoxicity affecting
seed germination and root growth and thus result in lower
seed GIs (Raj and Antil 2011; Awasthi et al. 2014). Previ-
ous research efforts show that a GI value of 80% indicates
maturity of the compost and the absence of phytotoxicity
(Tiquia 2005; Huang et al. 2006). In the present study, when
this observation was used as a benchmark to determine the
phytotoxicity of the composts, results showed that finger
millet straw compost at 100% extract application (no dilu-
tion) exhibited phytotoxicity in tomato and soybean result-
ing in<80% of GI. Soybean straw (100% extract) com-
post exhibited phytotoxicity only for tomato seeds with a
GI < 80%, whereas no phytotoxicity was observed in soy-
bean and chickpea seeds at any dilution (>80% GI). Sor-
ghum straw compost was also phytotoxic to tomato seeds
at 100% extract application but not in soybean or chickpea
seeds. On the other hand, compost obtained from sorghum
straw 4+ saw dust did not exhibit any phytotoxicity at any
dilution in all the three tested seeds.

To confirm the above findings, we performed statisti-
cal analyses for the obtained data as explained in Sect. 2.5,
by considering the type of compost as one factor and type
of seed as the other factor. Tables 3, 4, 5 and Fig. 6 show
the results of the ANOVA performed for the obtained
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Table3 Mean sum of squares for GI of composts obtained from
straws of sorghum, finger millet, soybean and sorghum straw + saw
dust (values inside parenthesis indicate degrees of freedom)

Source Tomato Chickpea Soybean
Compost (C) 1909.8"™ (3) 1066.1™ (3) 6804.8%* (3)
Extraction (E) 9557.5%* (3) 4697.0%* (3) 13108.7*%* (3)
CxE 3314.3%% (9) 2978.4%* (9) 1942.1%%* (9)
Residual 689.2 (43) 652.8 (56) 626.5 (61)

**Means significant at p <0.01
ns non-significant at p >0.05

Table4 LS Means for GI of composts obtained from straws of sor-
ghum (SS), finger millet (FMS), soybean (SB) and sorghum + saw
dust (SS+ SD) when tested with tomato, chickpea and soybean seeds

Compost  Extract Tomato seeds Chickpea Soybean
seeds seeds
Control 80+13.1 100+12.8 85+11.2
FMS 25% extract 108 +11.7 110+11.4 67+12.5
50% extract 53+15.2 135+11.4 107 +12.5
100% extract ~ 38+15.2 153 +12.8 35+12.5
SB 25% extract 99+13.1 133+11.4 144+11.2
50% extract 161 +13.1 116 +11.4 150+11.2
100% extract ~ 38+15.2 81+11.4 102+11.2
SS 25% extract  103+13.1 173+11.4 111+11.2
50% extract 88+15.2 138+12.8 176 +11.2
100% extract  16+26.3 79+12.8 128+11.2
SS+SD  25%extract  135+11.7 108 +£12.8 159+11.2
50% extract 60+13.1 139+11.4 165+11.2
100% extract 73 +13.1 114+114 164+11.2

data. Statistical results show that at a 95% confidence level
(@=0.05), main effect of compost is statistically significant
for soybean seeds but not for tomato and chickpea, while
the main and interaction effect of extraction and com-
post X extraction were significant for tomato, chickpea and
soybean seeds (Table 3). In the following discussion section,
we focused mainly on the results of 100% compost extracts
rather than on the 25%, 50% and 75% extracts. This was
done mainly to understand the phytotoxicity effects of the
composts in a real time situation, when a farmer uses the
compost as such instead of diluting it with water.

From Table 4, it can be observed that the LS means for
GI was influenced by three factors, (1) one was the sensitive
nature and health of the seeds at the time of germination,
(2) nutrients availability in the medium grown (water in the
control and compost extract in sample assays) and (3) the
phytotoxicity of the compost extract. In the control assays,
the LS means for GI was lower in the tomato than in chick-
pea and soy bean seeds indicating the sensitive nature of
tomato seeds and robustness of chickpea and soybean seeds
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Table 5 Multiple comparisons of composts from the four agricultural straw residues

Effect Tomato
Compost 1 Extract 1 Compost 2 Extract 2 Estimate Standard error DF t value Pr> 11

Compost X extract FMS 100 SB 100 -0.25 21.44 43 -0.01 0.991
FMS 100 SS 100 21.80 30.31 43 0.72 0.476
FMS 100 SS+SD 100 —34.66 20.05 43 -1.73 0.091
SB 100 SS 100 22.05 30.31 43 0.73 0.471
SB 100 SS+SD 100 —34.40 20.05 43 -1.72 0.093
SS 100 SS+SD 100 —56.45 29.35 43 -1.92 0.061
Chickpea

Effect Compost 1 Extract 1 Compost 2 Extract 2 Estimate Standard error DF t value Pr> 11

Compost X extract FMS 100 SB 100 72.25 17.14 56 4.22 0.000
FMS 100 SS 100 74.92 18.07 56 4.15 0.000
FMS 100 SS+SD 100 39.83 17.14 56 2.32 0.024
SB 100 SS 100 02.67 17.14 56 0.16 0.877
SB 100 SS+SD 100 -3243 16.16 56 -2.01 0.050
SS 100 SS+SD 100 —-35.10 17.14 56 —2.05 0.045
Soybean

Effect Compost 1 Extract 1 Compost 2 Extract 2 Estimate Standard error DF t value Pr> 1

Compost X extract FMS 100 SB 100 —-67.67 16.79 61 —-4.03 0.000
FMS 100 SS 100 —-93.73 16.79 61 -5.58 0.000
FMS 100 SS+SD 100 —129.33 16.79 61 -17.70 0.000
SB 100 SS 100 —26.06 15.83 61 —1.65 0.105
SB 100 SS+SD 100 —61.66 15.83 61 -3.90 0.000
SS 100 SS+SD 100 —-35.61 15.83 61 -2.25 0.028

Statistical comparisons were made between 100% extracts of the composts that were tested using tomato, chickpea and soybean seeds

FMS finger millet straw, SB soybean straw, SS sorghum straw, SS + SD sorghum straw + saw dust

that could have directly influenced their rate of germination
(GI). The assays of 100% compost extracts of Finger millet,
soybean and sorghum straws showed quite low LS means
for GI in tomato seeds which can be mainly attributed to the
phytotoxic nature of the compost extracts at 100% concentra-
tion. The same straws did not show phytotoxic nature at 25%
and 50% concentration for tomato seeds (Table 4). Similarly,
100% compost extract of finger millet straw was phytotoxic
and, thus, showed low LS means in soybean seeds than when
25% and 50% of its extracts were tested. On the other hand,
100% compost extract of sorghum straw + saw dust showed
high LS means indicating no phytotoxicity of the compost
for all the three tested seeds (Table 4). This further indi-
cates that the GI can only be dependent on the type of seed
tested (for the seed germination assay) and that different
seeds result in significantly different GIs as also reported
by Dimitrios and Ioannis (2009). It can also be observed
from Table 4 that 25% and 50% compost extracts did not
show lower LS means for GI than controls which further
confirms their phytotoxic nature towards tomato and soybean
seeds. For chickpea and soybean seed types, all pair wise

comparisons of compost means were statistically significant
(p <0.05) at 100% extraction except sorghum and soybean
(Table 5). Furthermore, all pair-wise comparisons of com-
post means were non-significant (p >0.05) in tomato seed
type at 100% extraction. This indicates and reinforces our
finding that each compost could perform differently with dif-
ferent types of seeds. Furthermore, such interaction effects
indicate that the main factor effects cannot be independently
interpreted and that composts cannot be attributed mature
and stable based upon a seed germination assay with one or
two particular types of seeds.

Apparently, tomato seeds were found to be more sensi-
tive than soybean or chickpea to the composts when tested
at 100% extract application. Furthermore, finger millet straw
compost was found to be more phytotoxic and less mature
than soybean, sorghum or sorghum straw + saw dust com-
posts as it showed < 80% GI in more than one seed type
and in more than one dilutions. Also, the results of germi-
nation assays performed with finger millet straw compost
were found to be inconclusive as the compost yielded phy-
totoxicity at 25% and 100% extract applications but not at
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Germination assays of Soybean seeds

Gl Comparisons for Compost*Extraction

200

150

100+

$5.5D0 550
RS0 SBO

RS 25

50

RS 100

RS 100 RS 25

RS0 SS0 SB100RSS0  $5100S825  SS_SD25 5550
SB0 55500 s525 SB5055_SD 5055_SD 100

T T T

100 150 200
Differences for alpha=0.05 |
Not significant Significant

ur
o

Germination assays of Chickpea seeds

Gl Comparisons for Compost*Extraction

1754

150

$5.5D50
5550

RS0
B

1254
850
550 100
RS25
S5 25

100 - 55,200 &

8100
55100

o OSBRSS 0

T T T T T
75 100 125 150 175
Differences for alpha=0.05

Not significant ignit

Germination assays of Tomato seeds
Gl Comparisons for Compost*Extraction

200

100

50

SS100  RS100 555050 X
SB100 RS50SS_SD 100580 SS0SS50 SS

RS0 55.SD0

&
8

RS25
5525

SB25
$550

=58P '
ss.501
555050

58100
RS 100

55100

S8 28RS 25 SS.SD25  $BSO
=

T T
0 50

T T T
100 150 200

Differences for alpha=0.05
Not significant

Significant

Fig.6 Multiple comparison plots of Germination Indices of four
composts and their extracts (25%, 50% and 100%) obtained during
seed germination assays of tomato, chickpea and soybean. Red bars
show ‘not significant” and blue bars show “significant” results of ger-

50% extract application indicating some error either during
the assay preparation, testing or some abnormality of seeds.

A much older research study by Aggelis et al. (2002)
reported the following categories to characterize different
composts/substrates. The study proposed that, if the GI value
is < 65%, then the compost/substrate was characterized as
phytotoxic; if GI value was 66% < 100%, then the compost/
substrate was characterized as a stable, non-phytotoxic
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mination indices of the four composts and their extracts. SB soybean
straw, SS sorghum straw, RS finger millet straw, SS+SD sorghum
straw + saw dust

and could be applied for agricultural purposes; and if the
GI>101%, the compost/substrate was characterized as phy-
tonutrient—phytostimulant and could be used as fertilizer in
agriculture. When above findings are applied to the present
study, phytotoxicity appeared to be seed specific rather than
compost specific, as composts from finger millet straw,
soybean straw and sorghum straw showed GI < 65% only
in tomato seeds (at 100% extract application) whereas in
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soybean seeds, finger millet straw compost was found to be
phytotoxic (at 25% dilution and 100% extract) indicating
more further tests to be performed. In chickpea seeds none
of the composts exhibited any phytotoxic nature. There-
fore, the characterization proposed by Aggelis et al. (2002)
should be carefully applied considering also the sensitivity
of the seeds tested in addition to the phytotoxic nature of the
composts/substrates.

Furthermore, Zucconi et al. (1981a, b), reported that dur-
ing the decomposition process, some toxins (organic acids
for example) are produced as a result of organic matter
hydrolysis and get quickly converted into other byproducts
or get inactivated by microorganisms. However, it seems
that if the first contact of the organic matter does not induce
toxicity to the root materials, then the plant somehow shows
a capability to recover and survive further (Moharana and
Biswas 2016). This theory could somewhat explain the rea-
son behind how the phytotoxic nature of finger millet straw
compost was affecting GI in tomato and soybean seeds but
not in Chick pea seeds. Chick pea seeds exhibited a capac-
ity to withstand the phytotoxic nature of the composts in
comparison to tomato and soybean seeds.

Conclusions

In the present study, physico-chemical and microbiologi-
cal parameters of composts obtained from sorghum straw
and sorghum straw + saw dust indicated better decomposi-
tion pattern than from soybean and finger millet straws as
evident by decrease in C/N ratio (from an initial 41-61 to
10-17) and microbial VS (organic matter) destruction, EC
and HA formation. Elemental analyses showed progressive
increase in micro (Fe, Mn, Cu, Zn and B) and macronutrient
(N, P, K, Ca, Mg, S) composition indicating overall better
decomposition pattern in composts of sorghum straw and
sorghum straw + saw dust than in soybean and finger millet
straws. Statistical analyses of GI experiments using tomato,
soybean and chickpea seeds confirmed that only the compost
obtained from sorghum straw + saw dust was mature, sta-
ble and free from any phytotoxicity as all the seeds showed
statistically significant GIs. Furthermore, it was difficult to
attribute a single threshold GI value to indicate maturity of
a compost and cannot further be applied to different types
of composts as different seeds responded differently to the
same compost. Nonetheless, the present study showed that
straw residues can be efficiently composted and enhance
their mineralized elemental composition (C, N, P, K) which
can help to improve the health of the agricultural soils and
contribute to organic as well as sustainable farming.
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