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Abstract

Sugarcane yields at Wonji-Shoa Sugar Estate (WSSE) in central Ethiopia have
declined by 48% over the last 70 years. Previous studies suggest that a decline in
sugarcane yield is attributed to long-term intensive production system and the
subsequent depletion of soil fertility. Hence, it was hypothesized that the soil fertility in
the WSSE has been depleted, potentially contributing to the yield decline. To test this
hypothesis, a series of bio-sequential soil samples were taken from adjacent cultivated
lands (CL) and uncultivated lands (UL) in the two categories of WSSE: the old
plantation (OP) and the new plantation (NP) lands, which have been cultivated for 70
and 13 years, respectively. The samples were analyzed for selected soil properties and
compared using the t-test statistical tool. The results revealed that the soil organic
carbon, total nitrogen, available phosphorus, exchangeable potassium, sulfur, zinc,
and EC of the OP have declined significantly by 16%, 13%, 50%, 39%, 82%, 15%, and
58%, respectively, whereas no significant decline was observed in the NP. Calcium,
magnesium, sodium, manganese, copper, and boron didn’t decline significantly in both
plantations. The rating of organic carbon, available phosphorus, sulfur, boron, and EC
were below the critical values. The findings confirm that the major soil properties of
WSSE have dwindled as a result of the long-term intensive production system and
appear to be responsible for the yield decline. Therefore, it is crucial for the sugar
estate to design appropriate soil fertility management strategies to arrest the declining
yields and produce the crop sustainably.

Keywords: Cultivated land, plantation, soil properties, uncultivated land, yield
decline.

Introduction tropical and subtropical countries
(Zulu et al., 2019). As a result,

sugarcane has emerged as one of the

The sugar industry plays a crucial role
J Y Play top 10 cultivated crops in the world

in the economic development of
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(Selman-Housein et al., 2000).
Sugarcane is used to produce
renewable energy, biomaterials, and
food or feed, and thus plays a
significant role in both rural and urban
livelihoods, and the socio-economic
transformation of developing countries
(Solomon and Shukla, 2019). Given
that Ethiopia has suitable agro-climatic
conditions for sugarcane cultivation
(Berkum et al., 2005; Ming et al.,
2006), it is essential for the country to
take advantage of the benefits derived
from cultivating this crop.

The inception of the sugar industry in
Ethiopia dates back to 1951, when a
Dutch company called United N.V.
Handles  Vereeniging  Amsterdam
(HVA) was granted a concession of
5,000 hectares of land (Kassie, 2022).
The establishment of this modern

sugarcane  plantation  showcased
Ethiopia's significant potential for
sugarcane  production, with the

capacity to produce up to 10.8 tons ha”
' month™,  surpassing  global
productivity by 2.3 tons (ESIG, 2023).
Recognizing this  potential, the
Ethiopian government has prioritized
the development of sugar industry
since 2010. As a result, the number of
sugarcane plantations has increased
from four covering 30,000 hectares to
10 encompassing over 102,000
hectares of land (Taye et al., 2020).

Despite the expansion of sugarcane
plantation,  yields have  been
experiencing a drastic decline over the
last 70 years. For instance, at Wonji-
Shoa Sugar Estate (WSSE) alone, the

yield has decreased by about 48%
(Tesfaye, 2021). Therefore, it is
crucial to understand, identify, and
manage the problem of yield decline to
sustain the productivity of the crop and
foster the role of the sugar industry in
contributing to the  economic
development of the country.

Soil quality has a strong impact on
crop yield, and its degradation has a
negative effect on soil fertility, which
ultimately causes yield decline
(Mendes et al., 2021; Gobinath et al.,
2022). The intensive farming system
used in sugarcane plantations, which
includes monocropping, on-field cane
burning for harvesting, excessive
tillage, and uncontrolled traffic of
heavy machinery is often blamed for
causing soil degradation (White et al.,
2012; Kopittke et al.,
2019). According to Gomiero (2019),
these practices are known to contribute
to a phenomenon referred to as "soil
fatigue™ or "soil sickness”, which is
characterized by a gradual decline in
yields over time, even when optimal
management practices are
implemented.

Monocropping has been reported as a
major cause of the degradation of the

physical, chemical, and biological
properties of soil with negative
repercussions on the beneficial
microflora and essential nutrients

(Misra et al., 2019; Lei et al., 2020).
Moreover, it intensifies the severity of
crop pests and plant parasitic
nematodes (Chirchir et al., 2010;
Aman, 2020). Under continuous
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monocropping, decaying cane trash
and the ratoon cane root system also
release allelochemicals into the soil
that create unsuitable conditions for
plant growth (Sampietro et al., 2007).

One of the major operations in the
intensive sugarcane production system
is on-field cane burning for harvesting,
which eliminates what should be
returned back to the soil as organic
matter (OM) (Davies, 1998). During
burning, the temperature can exeed
400°C (Davis, 1998), which results in
the oxidation of carbon and the
volatilization of major nutrients, such
as nitrogen and sulfur. It also
eliminates humus, bacteria,
microorganisms, and worms from the
soil surface (Vitousek and Sanford,
1986; Chi et al., 2017). Burning also
induces salinity as ash contains a
considerable amount of soluble ions
(Kalra et al., 2000; Khan and Qasim,
2008; An and Park, 2021; Bang-
Andreasen et al., 2021). Additionally,
calcium oxide (CaO), another major
constituent of ash, reacts with water to
form Ca(OH)? resulting in high soil
pH (Singh et al., 2007; An and Park,
2021). Since sugarcane is sensitive to
salinity (glycophyte) (Wahid et al.,
1997; Watanabe, 2020) and high pH
(Labajo and Pabiona, 2022), these
situations may result in inhibiting
growth in the long run.

Excessive tillage and heavy machinery
traffic also contribute to soil
degradation (Farhate et al., 2022).
Tillage deteriorates soil OM content
through modifying the soil climate,
mixing OM with the soil matrix, and

damaging the soil structure. Tillage
also exposes OM by removing the
protective  soil microaggregates
(Balesdent et al.,, 2000). These
circumstances  increase  microbial
activity, oxidation rates, and ultimately
the biodegradation and liberation of
organic compounds in soil solutions.

In spite of the fact that sugarcane has
been produced intensively for the last
70 years in the Ethiopian Sugar
Estates, there has been a lack of
comprehensive studies on the soil-
related factors contributing to the
decline in sugarcane yields. Since the
establishment of the Wonji-Shoa
Sugar Estate, only two studies have
attempted to address the problem
(Alemayehu and Lantinga, 2016;
Tesfaye, 2021). However, these
studies only considered a few soil
parameters, which are insufficient to
draw conclusive recommendations.
Therefore, a thorough analysis is
necessary to comprehend the role of
long-term intensive sugarcane
production system in depleting major
soil properties, especially in the
WSSE, where yield decline is the most
severe in the country. The hypotheses
of this study is that the continuous and
intensive production system has led to
soil  fertility depletion, thereby
contributing to the decline of
sugarcane yields over the years. The
objective of this study was, therefore,
to assess and demonstrate changes in
selected soil properties under a long-
term intensive sugarcane production
system in central Ethiopia to explain
the declining sugarcane yields in the
Wonji-Shoa Sugar Estate.
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Material and Methods

Description of study site
Location

The study was conducted from
October, 2021 to August, 2022 at
Wonji-Shoa Sugar Estate (WSSE), the
pioneer sugar estate of Ethiopia.

Wonji-Shoa Sugar Estate is situated at
a distance of about 110 km from Addis
Ababa, in southeasterly direction in
Oromia  Regional  State.  The
geographical location of the plantation
site is within 8°19'54"—
8°29'15"N and 39°13'34"-39°19'21"E
at an altitude of 1540 to 1650 meters
above sea level (Fig. 1).
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Fig 1. Map of the study site depicting old (green) and new (yellow) plantations of the Wonji-Shoa Sugar Estate

Climate

The long-term mean annual (1980-
2020) maximum and  minimum
temperatures of the study site are
14.5°C and 27.4°C, respectively (Fig.
2). The area experiences a bimodal and

unpredictable distribution of rainfall,
with an average annual precipitation of
768 mm. The main rainy season
occurs from June to September.
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Fig 2. Monthly mean rainfall, and maximum and minimum temperature of the study area.

Establishment of Wonji-Shoa
Sugar Estate

Prior to the development of the
sugarcane plantation, the Wonji plain
and its environs were covered in
abundant vegetation (Megersa
Olumana and Ndambuki, 2014) which
was registered as government land and
mainly used as grazing lands by semi-
pastoralists (Kassie, 2022). Following
the inception of WSSE, the land
use/cover of the area was significantly
changed.

Sugarcane production at Wonji-Shoa
began in 1954 on 5000 ha of land, and
an additional 1170 ha of land (out-
grower scheme) was included in 1975.
The land was developed using furrow
irrigation system which was abstracted
from Awash River. In 2006, a new
expansion project was started in the
eastern part of the old plantation (in a
place called Waketio) (Fig. 1), which
was formerly under cereal cultivation
(Booker Tate and MCE, 2003). The

project was successfully completed,
and sugarcane production commenced
in 2009 on a 750-ha land area. This
new sugarcane plantation  was
developed with an  over-head
(sprinkler) irrigation system (Taye et
al., 2020).

Geology and soils of the study

area
Located in the main Ethiopian Rift
Valley, the geology of the WSSE
resulted from the volcanic activity and
rift tectonics. The main geological
units of the site are dominated by
basalts, silicics, tuffs, ash-flows,
trachytes, and other volcanic rocks.
The age of lacustrine rift sediment is
contemporaneous with the Wonji
volcanics, which largely include
volcano clastic sediments and tuffs
with silts, clays, and diatomites. In
some parts of the plantation, alluvial
deposits are also common (Megersa
Olumana and Ndambuki, 2014).
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Table 1. Soil type of Wonji-Shoa Sugar Estate fields

Soil Types Group (FAO classification) Extent
Vertisols Haplic Vertisols 70%
Cambisols Cambisols, clayic 26%

Cambisols, ruptic

4%

Source: BRLi and GIRDC (2013)

The Wonji plane consists of thick
stratified sediments of predominately
fluvatile origin (Mukherji, 2000). Clay
soils as well as sandy and loamy soils
are generally associated with old
channels, levees, sandbanks, and
meander scars of the present and old
courses of the Awash River. They
have a sinuous distribution throughout
the sugarcane plantation, but all
together occupy only 30% of the

plantation (Table 1). The remaining
70% of the land is covered by
vertisols, which are widely spread
throughout the plantation. Vertisols
occupy the lowest parts of the alluvial
landscape and represent extensive
plains/back swamps behind old levees
(Table 1). The soil textural class and
slope of both the new and the old
plantation are presented in table 2.

Table 2. Soil texture and slope of the new and the old plantation of Wonji-Shoa Sugar Estate.

Description Old Plantation New Plantation
Sand (%) 12.36 40.33

Silt (%) 21.00 25.67

Clay (%) 66.64 34.00

Textural Class Clay Clay Loam
Slope (%)* 0.02-0.05 1-4

Old Plantation (Started in 1954); New Plantation (Started in 2009).
*Source; Megersa Olumana and Ndambuki (2014); Booker Tate and MCE (2003).

Methods of soil sampling

The changes (decline) in soil fertility
were studied following the definition
and procedures outlined by Hartemink
(2006), which employ the bio-
sequential sampling method. Bio-
sequential sampling is a method where
paired soil samples are collected
simultaneously from cultivated and
uncultivated lands that are adjacent to
each other (Sanchez et al., 1985).
Then, the samples are analyzed
separately and the results are

compared to examine the extent of
change in soil properties. The basic
assumption in this type of sampling is
that the soils of the cultivated and
uncultivated lands are similar, and that
any changes in soil properties emanate
from the adopted farming systems and
the associated management.

Selection of sampling sites

The sites for the soil sampling were
selected from the two categories of
plantation ages of the WSSE, i.e., the
old plantation (OP) and new plantation
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(NP) (Fig 1). For the sampling, 14
(eleven from the OP and three from
the NP) representative cultivated fields
were systematically selected in such a
way that the sampling sites were
evenly distributed across the entire
plantation. Meanwhile, from the
adjacent field of each selected
cultivated field, the second category of
sampling sites, namely the
corresponding  uncultivated  land
(primarily grasslands) with similar
topography and local soil-forming
factors, was chosen. This selection
ensured that the disparities between
the two soils were solely attributable
to the cultivation practices of
sugarcane. The lands were confirmed
to be uncultivated for sugarcane
production, from the plantation map of
WSSE, which was prepared during the
inception of the sugar factory and from
the historical satellite images of the
site. In total, 28 sites were selected for
the soil sampling.

Collection of soil samples

Since most sugarcane roots are found
in the top 0-40 cm of soil (Otto et al.,
2009), soil samples from this layer
was used for the analysis. About 20—
30 core samples were taken in an X-
shape pattern from each field/site and
then composited. Afterwards, from
each of the composited sample,

duplicate sub-samples were taken.
Then, a total of 54 soil samples were
sent to Wonji Research Center
laboratory.

Soil samples preparation and
analysis

The collected soil samples were air-
dried and ground to pass through a 2
mm size sieve. For analyzing total N
(N) and organic carbon (C), the
subsamples were again passed through
a 0.5 mm sieve. Then, the samples
were analyzed for the parameters listed
in Table 3 following the standard
method (Lemma et al., 2021).

After preparing the soil samples at
Wonji Research Center laboratory,
analysis was carried out for OC, total
N, available phosphorus (P), pH,
electrical conductivity (EC),
exchangeable bases and cation
exchangeable capacity (CEC) as
indicated in table 3. The samples were
additionally sent to the Horticoop
PLC-Ethiopia (Bishoftu) Soil and
Water Analysis Laboratory, for the
analysis of soil micronutrients (Copper
(Cu), iron (Fe), manganese (Mn), zinc
(Zn), boron (B), and molybdenum
(Mo)) and available sulfur (S) (Table
3).
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Table 3. Extraction and determination methods of the selected soil parameters

Soil parameter Unit Extraction Method Determination Method
Soil pH - Soil:Water ratio 1: 2.5 Potentiometric

Soil EC dSm- Soil:Water ratio 1: 2.5 Conductivity meter
oC % Walkley and Black wet digestion  Titration

TN % Kjeldahl procedure Titration

Av-P ppm Olsen Spectrophotometer
Fe, Mn, Zn, Cu mg kg~ DTPA extraction ICP-OES

B mg kg~ DTPA-sorbitol ICP-OES

Exc-K*, Exc-Na* cmolkg! Ammonium acetate (pH = 7) Flame photometric
Exc-Ca, Exc-Mg cmolkg! Ammonium acetate (pH = 7) EDTA titrimetric
CEC cmolkg™! Na acetate method Flame photometric
Av-S, Mo mg kg~ Mehlich-Ill ICP-OES

EC, Electrical Conductivity; OC, organic Carbon; TN, total Nitrogen; Av-P, available Phosphorus; Av-S, available
Sulfur; Exc-K*, Exchangeable Potassium; Exc-Na*, Exchangeable Sodium; Exc-Ca, Exchangeable Calcium;
Exc-Mg, Exchangeable Magnesium; Fe, Iron; Mn, Manganese; Zn, Zinc; Cu, Cupper; B, Boron; Mo,
Molybdenum; CEC, cation exchangeable capacity; DTPA, Diethylene Triamine Pentaacetic Acid

Exchangeable Sodium  Percentage
(ESP) (Equation 2.5.1) and percent
Base Saturation (BS) (Equation 2.5.2)
were calculated as described by

Hazelton and Murphy (2016).
ExcNa

ESP= 222+ 100 (2.5.1)
Bs= ZBasicCationy) , 150 (25.2)
CEC

Data analysis and
interpretation

Laboratory results of the bio-
sequential  soil  samplings  were
compared by applying t-test analysis
(P < 5%) using Genstat 2018 (VSN
International, 2015). The results were
also compared with established classes
of deficiency and sufficiency (ratings)
as well as critical values. Accordingly,
soil organic C, total N (Tekalign et al.,
1991), available P (Cottenie, 1980)
and Cu, Fe, Mn and Zn (Lindsay and
Norvell, 1978), extractable S (Bashour
and Sayegh, 2007), pH (Murphy,
1968), exchangeable bases (FAO,
2006), CEC (Landon, 1991), B (Jones,

2003), Mo (FAO, 1982), BS and ESP
(Hazelton and Murphy, 2016) were
rated and categorized into different
ranks as determined in the literature.

The relative changes (RC) in the soil
properties were also determined by
computing the difference between the
mean values of individual soil
properties of the bio-sequentially
sampled soils and dividing by the
value of the uncultivated land (Mesfin
and Mohammed, 2020), using the
equation indicated below;

RC (%) = ===x100%  (25.3)

Where, RC is the relative change of
soil properties, CL is the mean of soil
properties in cultivated lands; UL is
the mean of soil properties in

uncultivated lands.

Results and Discussion

Soil pH
For the old plantation (OP) fields,
there were no significant differences in
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soil reaction between the cultivated
land (CL) and the uncultivated land
(UL) (Table 4). However, for the new
plantation (NP) fields, the soil reaction
was significantly (P < 0.05) higher in
the CL than in the UL. Furthermore,
both the CL and UL showed a
significant (P < 0.05) differences in
soil reaction, between the NP and OP
fields, with the NP fields showing
more alkalinity than the OP fields.

Murphy (1968) categorizes Ethiopian
soils as slightly alkaline for pH values
ranging from 74 to 7.8 and
moderately alkaline for pH values
ranging from 7.9 to 8.4. Therefore,
both the CL and UL in the OP are
mildly alkaline, while the NP is
moderately alkaline. Furthermore, the
current pH levels of both the OP and
NP were 18% and 24% higher than the
optimum value for sugarcane (6.5)
(Labajo and Pabiona, 2022).

The stable pH in the OP and the
decreased pH in the NP might be due
to the differences in the soil texture
between the two plantations i.e. the OP
has a high clay content while the NP
has a low clay content (Table 2).
According to Curtin et al. (2013), soils
with high clay contents have better
buffering capacity (the capacity of a
soil to resist changes in the soil pH in
the presence of acidifying or alkalizing
factors) for change in the soil pH. This
finding is also in agreement with Chi
et al. (2017) who reported that soil
with high clay contents showed no
significant change in the soil pH under
long-term cultivation. However, the

higher pH in the NP compared to the
OP might be attributed to the
pedogenesis of the soil in each
plantation. Therefore, to gain a deeper
understanding of this phenomenon,
additional investigation is necessary.

Generally, the slightly elevated pH
observed at the study site, exceeding
the optimum value, could potentially

hinder nutrient availability,
particularly for micronutrients and
phosphorus (Neina, 2019). These

trends may have a negative impact on
cane yield in the future, therefore, it is
important to promote management
measures.

Soil Electrical conductivity

In the old plantation fields (OP), soil
electrical conductivity (EC) was
significantly (P < 0.05) lower (58%) in
the cultivated land (CL) than in the
uncultivated land (UL), whereas in the
new plantation fields (NP), no
significant difference was obtained
(Table 4). Furthermore, the EC in the
OP was significantly (P < 0.05) higher
than in the NP in both land types. The
soils in both plantations and land types
were found to be in non-saline range
as the soil EC was < 4, which is rated
as non-saline by Richards (1954). This
has important implications for the
plantations, as sugarcane is a typical
glycophyte plant that grows poorly on
high EC soil (Wahid et al., 1997).

Despite the long term practices of
furrow irrigation systems and pre-
harvest cane burning, the observed
lower EC levels compared to the
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critical value were unpredicted.
Remarkably, the current EC value was
also 51% lower than the soil analytical
result of the OP, which was done 22
years ago (Mukherji, 2000). This
result also contradicts the findings of
other researchers, such as Le Roux et
al. (2007), who observed an increase
in EC in an irrigated farm. Khan and
Qasim, (2008) also stated that the ash
left after pre-harvest cane burning adds
enormous amounts of cations such as
Fe, Mn, Zn, Cu, Ca, Mg, Na, S, K, and
P to a soil, which can increase the soil
EC. Similarly, Wong and Lai (1996)
and Kalra et al. (2000) stated that ash
in a soil can result in the precipitation
of soluble cations with a concomitant
increase in the soil EC.

The decline in soil EC observed in this
study might result from the quality and
quantity of irrigation water used in the
WSSE. According to Zeyede and
Mulate (2021), the EC of irrigation
water used at WSSE (0.51 Sm™) is in

the safe category. This, coupled with
the furrow irrigation method in the
OP, may have leached down the
cations and thus kept the EC within an
optimum range. This is also consistent
with Chang and Oosterveld (1981),
who found similar results on lands
irrigated for 65 years.

The higher EC in the OP than the NP
in both land types may be attributed to
the difference in soil texture, where the
soil of the NP has relatively higher
sand contents (Table 2) compared to
OP. Because soil with a higher sand
proportion has a relatively limited
ability to retain and hold cations, it
loses nutrients more quickly than soil
with a higher clay proportion. Thus,
cations that are responsible for
increasing soil EC might be leached
from the soil of the NP, which
ultimately led to the lower EC. In line
with this finding, Kim et al. (2017)
also found a strong correlation
between clay content and soil EC.

Table 4. Soil Organic Carbon (%), Soil pH, and EC (dS m') of soils of Wonji-Shoa Sugar Estate and their relative

change (%)
Soil Parameter ~ Plantation Age Cultivated Land ~ Uncultivated Land ~ Relative Change  P-value
pH (1:2.5) OP 7.65 7.51 1.88 0.136
NP 8.09 7.98 1.42 0.021
P-value 0.034 0.001
EC (1:2.5) OP 0.15 0.37 -57.86 0.012
NP 0.12 0.13 -10.46 0.083
P-value 0.019 0.015
oC OP 1.19 1.42 -15.68 0.008
NP 0.69 0.59 17.22 0.180
P-value 0.187 0.041

OP, Old Plantation (Started in 1954); NP, New Plantation (Started in 2009); OC, Organic Carbon; EC, Electrical

Conductivity. The sampling depth was 0-40cm.

Organic carbon
A significant (P < 0.05) difference in
soil organic carbon (C) content was

obtained between the cultivated land
(CL) and the uncultivated land (UL) of
the old plantation (OP), with the
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organic C content of the UL exceeding
that of the CL by about 16% (Table 4).
However, no significant difference
was observed in the new plantation
(NP). The ratings of Tekalign et al.
(1991) categorize soils with percent
organic C contents ranging from 0.5 to
1.5 as "low." Accordingly, for all land
types, whether CL or UL, NP or OP,
the soil organic C contents are low.

Regarding the two categories of
plantation ages, the soils of OP fields
were exceeding that of NP fields by
about 24% and 58% in the CL and in
the UL, respectively. However, the
change was significant (P <0.05) only
in the case of the CL.

In the OP, the significant decline in the
organic C could be attributed to the
long-term (70 years) excessive tillage
practices and the pre-harvest cane
burning. Prior studies indicate that the
organic C contents of a soil can be
depleted by increased disturbance of
the soil during land preparation
(tillage) (Morrison and Gawander,
2016; Mesfin and Mohammed, 2020).
Tillage enhances soil aeration and
eventually mineralization of labile
organic matter, aggregate breakdown,
and removal of topsoil. Furthermore,
the pre-harvest cane burning practiced
in the study site removes plant
residues, which would be returned to
the soil as organic matter (OM).
During burning, the high temperature
that exceeds 400°C also negatively
affects the organic C through
oxidation of the organic matter (Chi et
al., 2017).

In contrast to the OP, the organic C
did not show significant (P < 0.05)
differences between the CL and the
UL in the NP, which might be due to
the relatively shorter period of
cultivation (13 years) of sugarcane. On
the other hand, the significantly higher
OC in the OP than the NP might relate
to the gentler land slopes and the
higher clay contents in the OP than in
the NP (Table 2). In areas with steeper
slopes, geomorphic processes of
erosion preclude the deposition of
organic C (Mesfin and Mohammed,
2020). Furthermore, soils with low
clay contents have generally low
organic C due to the lack of occlusion
of  particulate  organic = matter
(Schweizer et al., 2021). Similarly,
Bechtold and Naiman (2006) reported
a significant and positive relationship
between organic C and clay
concentrations.

The observed depletion and the low
ratings of the organic C in the
plantations might contribute to the
yield decline encountered in WSSE.
Therefore, in light of the roles that
organic C plays in soil fertility and
cane productivity, the current study
calls for immediate management
measures to be implemented to
improve the level of organic C. Crop
rotation (green manuring), trash
retention, traffic control, and minimum
tillage are among the best solutions
currently being used in the major
sugarcane-producing countries of the
world (Franco et al., 2018). Further
research is warranted to determine the
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role of these practices in increasing
soil organic C at WSSE.

Total Nitrogen

In the OP, total nitrogen (N) content of
the CL was significantly (P < 0.05)
lower (13%) than the UL, while in the
NP no significant (P < 0.05) difference
was observed between the two land
types (Table 5). On the other hand, a
significant (P < 0.05) difference was
observed in the total N content
between the OP and NP only for the
UL, whereby the soils of the OP
exceeded the soils of the NP by about
40%. However, in the CL, no

significant difference was observed
between the two plantations. In
addition, the total N contents of soils
from OP sampled from the cultivated
and uncultivated fields are 0.12 and
0.14%, which are in the category of
“medium” and "high", respectively
according to the rating of Tekalign et
al. (1991). However, the total nitrogen
contents of soils in NP from both
cultivated and uncultivated lands range
from 0.09 to 0.10%, which are of
"medium"” status according to the
rating of the same authors (ibid).

Table 5. Total Nitrogen, available Phosphorus and available Sulfur contents of soils of Wonji-Shoa Sugar Estate

(WSSE) and their relative change (%).

Soil Parameter Plantation Age Cultivated Land  Uncultivated Land  Relative Change  P-value
Total N (%) OoP 0.12 0.14 -12.58 0.001
NP 0.09 0.10 -9.68 0.063
P-value 0.077 0.022
Av-P (mg kg") OoP 5.64 9.96 -50.12 0.014
NP 2.10 1.97 6.86 0.306
P-value <0.001 <0.001
Av-S (mg kg-1) OoP 22.64 128.36 -82.36 0.019
NP 10.08 15.14 -33.41 0.152
P-value <0.001 <0.001

OP, OId Plantation (Started in 1954); NP, New Plantation (Started in 2009), N, Nitrogen, Av-P, Available

Phosphorus, Av-S, Available Sulfur.

In the CL, the fast mineralization of
the organic substrates during intense
cultivation may be responsible for the
significant drop in total nitrogen as
compared to the UL (Morrison and
Gawander, 2016). Additionally, the
high temperature during pre-harvest

cane burning causes nitrogen to
volatilize and  oxidize,  which
ultimately decreases soil N

concentrations (Vitousek and Sanford,
1986; Chi et al., 2017). In contrast to
the  sprinkler irrigation  system

employed in the NP fields, the
uncontrolled irrigation practices in the
OP, often leading to waterlogging
(Megersa Olumana and Ndambuki,
2014), could also contribute to the
substantial decline in total N.
According to Hamonts et al. (2013),
waterlogging causes root anoxia and
excessive denitrification, which results
in a substantial loss of soil N.
Furthermore, as organic carbon is a
surrogate for total nitrogen (Murage et
al., 2000), the observed decline in total
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nitrogen content could be attributed to
the decline noticed in the OC content
(Table 4).

In the UL, the significantly higher
total N in the soils of the OP than the
NP as well as the high rating of the OP
and the medium rating of the NP
might be due to the difference in soil
texture and the land slope among the
two plantations (Table 2). Since clay
soils have a fine texture and more
persistent aggregates, it may operate as
a medium for higher levels of total N
concentrations (Raiesi, 2006). Unlike
soils with a high sand content, the
leaching losses in a soil with a high
clay content are very low (Wang et al.,
2022). Areas with steep slopes are
highly susceptible to soil erosion,
leading to the leaching of N and other
soluble  elements, consequently
reducing total N concentrations in the
soil. Hence, the steeper slope (1-4%)
and the lower clay content (35%) in
the NP, while the gentler slope (0.02
to 0.05%) and the higher clay content
(60%) in the OP (Table 2) could be
responsible for the observed result. In
agreement with this finding, Bechtold
and Naiman (2006) reported a positive
correlation between N and clay
concentration.

However, the non-significant
difference between the total N contents
of the OP and the NP in the CL may
be associated with the same trends
noticed in the organic carbon (Table
4). Despite the lower clay content of
the NP, the roots and stubbles biomass
of sugarcane and its gradual

decomposition in the CL might
maintain the total N level of both
plantations to the same level.

Available Phosphorus

In the old plantation (OP), the
available phosphorus (P) content of
the cultivated land (CL) was
significantly lower (P < 0.05) than the
uncultivated land (UL), exhibiting a
50% decline (Table 5). In contrast, no
significant difference was observed
between the two land types of the NP.
Additionally, the available P contents
of the OP fields of both the CL and the
UL ranged between 5.64 and 9.96 mg
kg soil ™, which are classified as "low"
according to the rating of Cottenie
(1980). Furthermore, the available P
contents of the NP fields under both
CL and UL ranged between 1.97 and
2.10 mg kg soil™, which are in the
category of "very low" according to
the rating of the same author (ibid).
This means the sugarcane plants are
predisposed to P deficiency and
require ample fertilization with P-
containing fertilizers, particularly in
the NP fields. What is more,
significant (P < 0.05) differences
occurred in the available P contents
between the OP and NP under both the
CL and UL. Notably, the available P
content of soils in the OP under the CL
exceeded the available P content of
soils in the NP fields under the same
cultivation condition by more than
threefold. For the UL, this difference
exceeded fivefold. Generally, the
finding clearly indicated that the long-
term intensive production systems
severely depleted the available P
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content of the OP below the critical
value (8 mg kg?) (Tekalign et al.,
1991).

In the OP, the significant decline in
available P in the CL compared to the
UL can be attributed to P uptake by
the sugarcane crop without the
application of P-related fertilizers in
the Sugar Estate. This depletion of
available P is consistent with findings
from other studies (Belayneh and
Eyasu, 2020; Mesfin and Mohammed,
2020) that have documented similar
declines in areas without P fertilizer
application. This is because sugarcane
requires a significant amount of P,
with an estimated 34 kg ha™ of P
needed to produce 100 ton ha’ of
sugarcane (Calheiros et al., 2018). On
the other hand, the lower available P
levels in the NP than the OP are
probably caused by the geomorphic
processes of erosion in the NP due to
its steeper land gradient. The higher
proportion of sand in the soils of the
NP may also exacerbates the leaching
losses of available P, as this type of
soil has poor nutrient retention
capacity. Additionally, the higher pH
in the NP (8.09) than the OP (7.65)
(Table 4) might result in fixation of P.

Available Sulfur

The old plantation (OP) had
significantly (P < 0.05) lower available
sulfur (S) content in the cultivated land
(CL) than in the uncultivated land
(UL), with the available S content of
the UL being 82% higher than that of
the CL (Table 5). However, in the new

plantation  (NP) no  significant
difference was observed between the
CL and the UL. On the other hand, the
available S content of the OP was
significantly (P < 0.05) higher than the
NP, with the OP fields surpassing that
of the NP fields by nearly twofold and
eightfold in the CL and UL,
respectively. Bashour and Sayegh's
(2007) classify soils with available S
concentrations between 10 and 20 mg
kg in the low category and greater
than 45 mg kg' in the very high
category. Accordingly, the CL and UL
of the NP and OP are both classified as
low, whereas the UL of the OP is
classified as very high. Furthermore,
the available S concentrations of the
CL were 25% and 66% lower than the
threshold level (30 mg kg™) in the OP
and NP, respectively (Havlin et al.,
1991).

The drastic decrease (82%) in
available S in the OP and its
subsequent low rating indicate that S is
the nutrient most adversely affected by
the long-term intensive production
system of sugarcane. This might be
due to the fact that sulfur is a nutrient
mineralized from organic matter that is
not bound to clay or organic particles
and hence leaches easily (Calcino et
al., 2018). Sulfur is also among the
largest constituents of the sugarcane
plant (47 kg SO, per 100 tons of
sugarcane) (Hamid and Dagash, 2014)
and is taken up by the crop in a large
amount (30 kg S per 100 tons of
sugarcane) (Shukla et al., 2022).
Therefore, the excessive tillage and
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furrow irrigation system coupled with
the high uptake of the crop, have led to
a significant decrease in available S in
the OP. In line with this finding,
Zhang et al. (2019) also observed a
significant decrease in available S
when a land use transformed from
uncultivated to a sugarcane plantation.

The fact that the available S in the OP
is substantially greater than the
available S in the NP may be related to
the higher clay content in the OP than
in the NP (Table 2). Evidently, soils
with a low clay content are poor in
organic matter content (Schweizer et
al., 2021) and thus low in S
concentration (Calcino et al., 2018). In
addition, leaching losses are extremely
high in soils with a high sand content
(Wang et al., 2022) and steeper land
gradient (Mesfin and Mohammed,
2020). In this context, the sand content
and the gradient of the land are higher
in the NP than the in the OP (Table 2)
and soil erosion is relatively more
severe in the NP, and thus resulting in
the observed low ratings of available
S.

According to Shukla et al. (2022),
after N, P, and K, S is being widely
recognized as the fourth key nutrient
for plants. Sulfur plays a significant
role in lowering soil pH, boosting
micronutrient availability, and
enhancing metabolic and physiological
processes (Hamid and Dagash, 2014).
However, S management in the WSSE
has received scant attention. Hence,
the current finding revealed the
possible roles of S in the decline of

yield that utmost attention should be
given for management of soil sulfur in
the sugarcane plantation.

Exchangeable bases

Exchangeable Potassium

In the OP, the exchangeable potassium
(K) content was significantly lower (P
< 0.05) in the cultivated land (CL)
than the uncultivated land (UL), where
a 39% decline was observed (Table 6).
Contrastingly, no significant
difference was observed among the
two land types in the NP. In the case
of the two categories of plantation
ages, no significant differences were
observed between the OP and NP in
both the UL and CL. Soils with
exchangeable K contents greater than
1.2 cmolskg™ are considered very
high (FAO, 2006) and the critical level
is 0.38 cmolwkg™ (Barber, 1984).
Accordingly, for all land types,
whether CL or UL, NP or OP, the
exchangeable soil K contents are in the
category of "very high" and above the
critical level.

Potassium is a nutrient  most
abundantly taken up by sugarcane,
accounting for 332 kg ha* per 100 ton
ha' of biomass (Calheiros et al.,
2018), as well as it is accumulated in
sugarcane in the highest proportion
(150 kg ha™* K per 100 ton ha' of
harvestable culms) (Oliveira et al.,
2018). Thus, one of the major causes
of the significant depletion of the
exchangeable K in the current study
may be attributed to such an enormous
uptake of the nutrient by the crop over
several years. In addition, the mobile
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nature of the nutrient that leads to
excessive leaching, coupled with the
absence of K fertilization in WSSE,
may exacerbate the depletion. On the
contrary, such a significant depletion
was not observed in the NP, perhaps
due to the short period of cultivation
(13 years) and the sprinkler irrigation
system. Unlike the furrow irrigation
system in the OP, the irrigation system
in the NP is a sprinkler, where water is
applied only to the optimum level. As
a result, the amount of the nutrient
leached from the CL of the NP may be
minimal.

Exchangeable Calcium and
Magnesium

Both the exchangeable Calcium (Ca)
and exchangeable Magnesium (Mg)
did not show significant variation
among the CL and the UL (Table 6).
In addition, exchangeable Ca in both
land types and exchangeable Mg in the
UL did not significantly differ
between the OP and the NP.
Nevertheless, exchangeable Mg was
significantly higher in the CL of the
OP than the NP. The exchangeable Ca
contents range between 20.4 and 32.84
cmolwkg™, in both categories of
plantation ages and in both land types.
As a result, it is classified as "very
high" based on the rating of FAO
(2006). Furthermore, under both land
types, the exchangeable magnesium
(Mg) contents in the OP and in the NP
range between 3.33 and 7.16
cmolkg™ which is in the category of
"high" according to the rating by the

same literature (ibid). Furthermore, as
per the designation of Landon (1991),
exchangeable Ca and Mg are above
the critical values, which are 0.2
cmolmkg® and 0.5 cmolxkg ™,
respectively.

The non-significant difference between
the CL and the UL as well as the very
high and high ratings of exchangeable Ca
and Mg, respectively, imply that these
nutrients may not be affected by long-term
sugarcane cultivation. This might be due
to pre-harvest cane burning, which adds
significant amounts of ash back to the
soils. It is evident that ash is a major
source of cations (Nkana et al., 1998).
Similar findings were also reported by
Hartemink (1998); Tellen and Yerima
(2018); Belayneh and Eyasu (2020);
Mesfin and Mohammed (2020), where
they found no significant difference
between CL and UL in exchangeable Ca
and Mg. Therefore, the role of these
cations in the yield decline problem of
WSSE might be of minor importance.

Erosion and leaching, which are
problematic under the steep slope and
light-textured soil conditions of the NP
(Table 2) coupled with the high
susceptibility of Mg for leaching (Fan et
al., 2021), may be the causes of the
significantly lower exchangeable Mg
observed in the CL of the NP. However,
the non-significant difference observed in
exchangeable Ca content among the CL
and UL as well as among the OP and the
NP may be related to the fact that
exchangeable Ca is more tightly held on
soil colloids than the other cations
(Gavrilescu, 2014) and hence less
susceptible to leaching losses.
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Table 6: Exchangeable bases (cmol)kg-1), cations exchangeable capacity (CEC) (cmol+kg-') and related properties of soils, of Wonji-

Shoa Sugar Estate and their relative change (%)

Soil Parameter  Plantation Age Cultivated Land (CL) Uncultivated Land (UL) Relative Change P-value

Exc-K OP 1.39 228 -39.35 <0.001
NP 1.79 2.21 -18.66 0.138
P-value 0.061 0.302

Exc-Na OP 1.82 1.75 3.70 0.283
NP 0.58 0.59 -1.59 0.333
P-value 0.006 0.005

Exc-Ca OP 32.84 32.84 <0.001 0.500
NP 20.40 27.07 -24.63 0.117
P-value 0.154 0.184

Exc-Mg OP 7.16 6.47 10.67 0.153
NP 3.33 4.40 -24.24 0.104
P-value 0.022 0.129

CEC OoP 45.56 44.72 1.90 0.245
NP 34.19 35.60 -3.95 0.346
P-value 0.233 0.054

BS OoP 97.65 98.47 -0.83 0.401
NP 8147 100 -18.53 0.116
P-value 0.339 0.457

ESP OP 3.87 3.87 0.00 0.550
NP 1.78 1.71 432 0.224
P-value 0.071 0.010

OP, Old Plantation (Started in 1954); NP, New Plantation (Started in 2009), Exc-Na, exchangeable Sodium; Exc-K, exchangeable
Potassium; Exc-Ca, exchangeable Calcium; Exc-Mg, exchangeable Magnesium (%); CEC, Cation Exchangeable Capacity; BS, Base

Saturation; ESP, Exchangeable Sodium Percentage (%)

Cation exchangeable capacity,
base saturation and

exchangeable sodium
percentage

Cation Exchangeable Capacity (CEC)
and percent base saturation (BS)
showed no significant differences (P <
0.05) among the CL and UL as well as
among the OP and NP (Table 6).
Exchangeable sodium  percentage
(ESP) in the CL did not also
significantly vary among the OP and
NP, whereas in the UL, it was
significantly (P < 0.05) higher in the
OP than in the NP. According to
Landon's (1991) classifications, soils
having Cation Exchangeable Capacity
(CEC) values between 25 and 40%
and over 40% are classified as “high”
and “very high”, respectively. Thus,
the soil CEC of the CL and UL is rated
as “very high” in the OP and “high” in

the NP. In addition, as per the rating of
Hazelton and Murphy (2016), the soil
BS values are classified as “very high”
(>80%) and the ESP values are within
the non-sodic category (< 6%) in both
categories of plantation ages.

The reasons for the very high rating of
the OP and the high ratings of the NP
in CEC could be related to the
differences in soil texture. As shown
on table 2, the percentage of clay in
the OP is higher than in the NP. Thus,
the soils in the OP contain a lot of
surface negative charges that attract
and hold cations, leading to greater
CEC (Tomasic et al., 2013). Wang et
al. (2005) also discovered a positive
correlation between soil CEC and soil
clay content.

The  higher  concentrations  of
exchangeable cations (Table 6), the
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slightly alkaline soil pH (Table 4), and
the good quality of irrigation water
(Zeyede and Mulate, 2021) might be
responsible for the non-significant
differences observed in CEC levels
between both land types. This a stable
CEC, in turn, maintained the BS and
ESP  within  permissible  ranges.
Previous research showed that when
soil pH is high, the levels of CEC, BS,
and ESP are also high (Kabala and
Labaz, 2018; Chowdhury et al., 2021;
Mohiuddin et al., 2022). This is
mainly due to the precipitation of the
two major cations, Ca?* and Mg**, out
of the solution by COs*> and HCO;
ions (Hazelton and Murphy, 2016). It
was also well reported that CEC is an
inherent soil characteristic that is
hardly possible to  significantly
change, particularly in highly reactive
clay soil (Havlin, 2005; Chowdhury et
al., 2021). This is also consistent with
the soil survey conducted in the OP of
the WSSE (Mukherji, 2000), where
the CEC (38.7 cmolwkg'), BS
(93.3%), and ESP (3.7%) values were
very close to the current result. Several
studies elsewhere also indicate that
CEC is not much affected by long-
term intensive production system
(Kopittke and Menzies, 2017; Tellen
and Yerima, 2018). Nevertheless,
some studies reported declining trends

in CEC after long-term intensive
production  system, which they
attributed to the acidification of the
soil and the decline of SOM
(Hartemink, 1998; Mesfin  and
Mohammed, 2020).

Micronutrients

In the old plantation (OP), zinc (Zn)
level was significantly (P < 0.05)
lower (15%) in the cultivated land
(CL) compared to the uncultivated
land (UL), whereas molybdenum (Mo)
level was significantly (P < 0.05)
higher (4.2%) in the CL than in the
UL. However, no significant
differences were observed in the new
plantation (NP) in both micronutrients.
On the other hand, iron (Fe) levels
were significantly (P < 0.05) higher in
the CL than in the UL in the NP, but
there were no significant variations in
the OP (Table 7). In both the OP and
the NP, copper (Cu), manganese (Mn),
and boron (B) showed no significant
(P < 0.05) differences among the two
land types. In the case of the two
categories of planation ages, except for
Fe and Mo, the OP was significantly
(P < 0.05) higher than the NP in all the
micronutrients under both land types
(Table 7).
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Table 7. Micronutrient contents (mg kg-") of soils of Wonji-Shoa Sugar Estate and their relative changes (%)

Soil Parameter Plantation Age Cultivated Land (CL) Uncultivated Land (UL)  Relative Change  P-value

Cu OopP 34 3.55 -3.73 0.187
NP 1.47 1.45 1.68 0.114
P-value <0.001 <0.001

Fe OopP 5.19 457 13.56 0.157
NP 5.19 453 14.68 0.043
P-value 0.427 0.275

Mn OopP 17.12 13.68 25.15 0.133
NP 6.12 5.36 14.27 0.215
P-value <0.001 <0.001

Zn opP 1.36 1.60 -14.74 0.025
NP 1.15 1.12 242 0.428
P-value 0.003 0.039

B opP 0.57 0.59 -3.27 0.221
NP 0.40 0.39 3.53 0.244
P-value 0.012 0.006

Mo opP 0.25 0.24 418 0.031
NP 0.24 0.25 -1.47 0.364
P-value 0.217 0.455

OP, Old Plantation (Started in 1954); NP, New Plantation (Started in 2009), Cu — Copper; Fe — Iron; Mn — Manganese, Zn

- Zinc; B - Boron, Mo — Molybdenum

In the OP, the Cu contents of both the
CL and the UL range from 3.41 to
3.55 mg kg soil* while in the NP it
ranges from 1.45 to 1.47 mg kg soil?,
which are in the statuses of "very
high" and  "high",  respectively
(Lindsay and  Norvell, 1978).
Furthermore, the soil Zn, Fe, Mn, B,
and Mo contents for all land types,
whether CL or UL, NP or OP recorded
1.12 to 1.6 mg kg*, 4.53 to 5.19 mg
kg?, > 5.36 mg kg™, and 0.39 to 0.59
mg kg?, and 0.24-0.25 mg kg?,
respectively. Thus, Zn and Fe contents
are rated as “medium” and Mn is rated
as “very high”, based on the
classification of the same authors
(ibid). Additionally, Mo and B are
rated as “high” and “low”, as per the
rating of FAO (1982) and Jones
(2003), respectively.

The absence of a significant decline in
most of the micronutrient
concentrations might be due to the
miner uptake of these nutrients by the
crop. In a 100 ton ha’ sugarcane
plant, the accumulations in a plant
shoot are only about 8.0, 3.0, 0.6, 0.4,
and 0.3 kg for Fe, Mn, Zn, Cu, and B,
respectively (Kingston, 2013; Oliveira
et al., 2018). Furthermore, pre-harvest
cane burning returns back a significant
amount of micronutrients to plantation
soils. For instance, a study conducted
by Vallejo-Torres and  LoOpez-
Hernandez (2001) indicated that the
amount of micronutrients added to a
soil after pre-harvest cane burning
accounts for about 281 g Zn ha™ year’
1127 g Cu ha' year?; 611 g Mn ha’
! year™: and 6662 g Fe ha™ year™.

Unlike the other micronutrients, Zn in
the OP was found to be the only
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micronutrient significantly depleted
(15%). This suggests that Zn is the
micronutrient most profoundly
impacted by the long-term intensive
production system of sugarcane. The
exceptional decline of Zn observed in
this case may be attributed to the fact
that Zn is the most mobile element in
the soil and thus susceptible to
leaching (Kicinska, 2020).

The clay percentage is higher (Table
2), and the slope is gentle in the OP,
which is contrariwise in the NP. As a
result, nutrient leaching is more
prevalent in the NP, while nutrient
adsorption is higher in the OP
(Tomasic et al., 2013). This situation
could be the possible reason for the
significantly higher levels of B, Cu,
Mn, and Zn in the OP than in the NP.
However, the non-significant
differences  between  the  two
plantations in Fe and Mo are
unexpected, and thus need further
research.

Tropical soils are typically deficient in
B and Zn due to the low natural
fertility of the soils, brought about by
high levels of weathering and poor
management of corrective measures
(Franco et al., 2011). This could
explain why the WSSE soils have a
low B rating and a medium Zn rating.
Similarly, according to a study
conducted on a Brazilian sugarcane
plantation, Zn and B are the most
limiting micronutrients (Marangoni et
al., 2019). Furthermore, the medium
rating observed in Fe might result
from the fact that Fe is the largest

micronutrient taken up by the
sugarcane plant (6 kg per 100 ton ha ™)
(Oliveira et al., 2018). It is also crucial
to consider that in the WSSE, the
slightly alkaline nature of the soils
(Table 4) might depress the solubility
of the micronutrients and thereby
responsible for the low or medium
rating of these  micronutrients.
According to Selman-Housein et al.
(2000), increasing a pH by one unit
results in a tenfold decrease in metal
solubility.

Previous studies confirmed that
micronutrient deficiencies diminish
crop yield and quality, expose the
plant to a number of pests, and reduce
nutrient use efficiency (Neina, 2019).
Thus, the deficiency of micronutrients
may contribute to the yield decline
encountered in the WSSE. Hence,
considering the low organic matter
contents and the moderately alkaline
pH (Table 4) of the WSSE soils,
further study is required in relation to
plant tissue analysis and crop
responses. Particularly, the low and
medium ratings observed in B, Fe, and
Zn should be given priority attention.

In general, this study has several
notable strengths that contribute to its
robustness. Firstly, it includes a
thorough comparison of the soil
properties against standard ratings,
allowing for an assessment of the soil
health and fertility. Additionally, the
study examines fields cultivated for
different periods (OP vs. NP), in
reference to uncultivated land. This
approach enables a more
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comprehensive understanding of the
changes in soil properties over time.
As a result, it is anticipated that this
study will provide valuable insights
into the extent of alterations in soil
properties,  fostering a  clearer
understanding of the soil dynamics in
the study site. However, the
limitations of this study that warrant
further investigation include the need
for plant response studies and tissue
analysis to better understand how
sugarcane responds to different soil
fertility  conditions.  Additionally,
assessing soil biological properties
would provide valuable insights into
the microbial activity and nutrient
cycling processes. Another aspect
worth exploring is the evaluation of
the individual soil fertility indicators
in relation to sugarcane yield, as this
can help prioritize and fine-tune
management practices. It is also
important to address similar issues in
other sugar estates across the country
to gain a broader perspective on the
challenges and potential solutions in
the industry. In spite of these
limitations, this study provides
compelling evidences on the existence
of one of the potential causes of yield
decline in WSSE, i.e., depletion of soil
fertility.

Conclusions
The results of this study have
demonstrated that the long-term

intensive production system has led to
the depletion of major soil fertility
indicators. This depletion is evident
from the significantly lower values of

soil fertility indicators in the cultivated
land compared to the adjacent
uncultivated land in the old plantation,
but there is no significant difference in
the new plantation for most of the
parameters. Particularly, organic C,
total N, available P, exchangeable K,
available S, Zn, and B are among the
most exhausted soil nutrients. Soil pH
is also above the optimum level for
sugarcane. An additional but not
unexpected finding, not considered in
the original research aim, was that the
slope and soil texture of a farm play a
significant role in dictating soil
properties. In light of the heavy
feeding nature of the sugarcane plant,
the current findings have revealed that
the depleting soil nutrients are the
most likely causes of the drastic
decline in sugarcane yields in Wonji-
Shoa Sugar Estate over the last 70
years. Therefore, this problem calls for
soil fertility enhancement strategies,
such as breaking the monoculture
system of sugarcane cultivation
through green manuring, minimizing
tillage practices, regulating machinery
traffic, and retaining cane residue.
Future studies should focus on these
issues along with establishing a
minimum data set for soil properties in
relation to sugarcane yields.
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