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Abstract
Oil palm plantations worldwide generate vast amounts of empty fruit bunches (EFB), often disposed of as waste and left
to undergo natural decomposition or incinerated, contributing to greenhouse gas emissions. However, EFB could be
used as soil conditioner to improve soil properties and increase crop yields. We conducted a meta-analysis to synthesize
evidence of the effect of soil amendment by different forms of EFB on crop growth and yield and how other factors
moderate performance. The meta-analysis included 19 studies on the growth and yield of crops grown on EFB-amended
and unamended soils. Applying EFB as mulch, biochar, or compost to soil led to a 49.2% increase in crop growth and
yield compared to unamended soils. When EFB were co-applied with a second material such as mineral fertilizers, crop
growth and yield was increased by 16.4% compared to unamended soils. The growth and yield advantages were affected
by the location of the experiment, soil texture, or the form of EFB applied. Compared to unamended soils, crops grown
on soils amended with pyrolyzed EFB, raw EFB, composted, and ash EFB recorded growth and yield increase by
~78.4%, 33.8%, 30.9%, and 21.0%, respectively. Overall, amending soil with EFB is likely to increase crop yield.
Still, the benefits must be clarified by a benefit-cost analysis based on the ratio of yield advantages from its usage to the
cost of accessing or using the product by farmers.
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Climate resilience

1 Introduction

Climate change is projected to modify the world’s soil re-
sources (e.g., Brevik 2013). In highly weathered tropical soils
in sub-Saharan Africa (SSA), the predicted increases in tem-
peratures may negatively impact soil-forming processes
(Bazzaz and Sombroek 1996) and soils’ role in providing vital
ecosystem services. Given that the population of SSA is
projected to quadruple by the end of the century (Gerland
et al. 2014), food insecurity could become the biggest chal-
lenge in the region (Zuberi and Thomas 2012). The adverse
impacts of climate change on crop production are expected to
exacerbate in the future, putting pressure on an already vul-
nerable society. Therefore, SSA countries should adopt inte-
grated and sustainable crop production practices that are cli-
mate change resilient and efficient in resource use.

In crop production, climate change resilience and sustain-
able use of arable soils could be realized through several
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processes. For example, applying organic amendments to re-
plenish soil nutrients has been suggested for resource-poor
farmers (Oppong Danso et al. 2015; Anyaoha et al. 2018).
The application of organic amendments can increase soil or-
ganic matter, improve soil fertility, and ameliorate degraded
soils (Rickson et al. 2015). Particularly for resource-poor re-
gions, the use of locally available bio-wastes such as empty oil
palm fruit bunches (EFBs) to improve soil water and nutrient
retention is suggested to be among the most sustainable op-
tions for soil conservation and improvement in soil fertility
(Ortiz et al. 1992; Sung et al. 2010; Moradi et al. 2015).
Empty oil palm fruit bunches are the biomass that remains
after the fresh oil palm fruits have been removed from the fruit
bunch. Palm oil plantations, globally, produce vast amounts of
EFB, which often are disposed of as waste where it undergoes
natural decomposition or through burning to increase green-
house gas emissions such as methane and carbon dioxide,
respectively. Empty oil palm fruit bunches constitute one-
third of the dry biomass generated from crude palm oil pro-
duction. Yearly, close to 99 million metric tons of EFB are
produced globally (Geng, 2013). Oil palm plantations in
Ghana produce approximately 390 t of EFB daily (Richard
Nwiah, personal communication). These enormous masses of
EFB could be incorporated into the soil, thereby mitigating
emissions emanating from its decomposition or incineration.

Several studies have reported on the use of EFB, applied
raw (organic mulch), pyrolyzed, or composted before appli-
cation to soils (Fig. 1) (Anyaoha et al. 2018). As a mulch,
EFBs primarily enhance soil water retention. When applied
in the composted form or as biochar, EFBs improved soil
water and nutrient content (Ahmad Dani 2018), possibly due
to the losses of C from the anaerobic respiration involved in
composting or the pyrolysis involved in biochar preparation
(Fig. 1). EFBs may be a cheap organic fertilizer (Lim et al.
2015) because they can improve soil organic carbon (SOC)
and other soil chemical properties such as pH and exchange-
able K (Bakar et al. 2011; Zaharah and Lim 2000). Yet, data
supporting the fertilizer value of EFBs and their effects on
crop yield is patchy and scarce. Some reviews (e.g., Kong
et al. 2014; Anyaoha et al. 2018) have evaluated the potential
of EFB as a soil amendment to improve soil fertility and in-
crease yield. However, these reviews did not account for po-
tential moderators or variables that may influence the role of
EFB in soils. The previous reviews have also been narrative
and might be subjective and irreproducible. Moreover, the
data on the use of EFB as a soil amendment in these reviews
have been either fragmented or anecdotal, suggesting the need
for a pooled quantitative synthesis of the evidence.

To fully implement a large-scale application of EFB as a
soil conditioner and exploit the potential agronomic benefits,
its effect on crop growth and yield must be quantified. To
justify a recommendation, there is a need to quantify the im-
pact of EFB application on crop growth and yield, vis-à-vis

unamended soils. A pooled quantitative study will allow rea-
sonable and reliable generalizations for broader utilization of
EFB in crop production and elucidate how some moderators,
e.g., soil, crop, and environmental factors, can enhance or
reduce the fertilizer value of EFBs. Therefore, a meta-
analysis was conducted to examine the performance of EFBs
applications on crop growth and yield and how the perfor-
mance is moderated by factors such as the location of exper-
iments, crop type, soil textural class, and form or type of EFB
applied. Further, the meta-analysis highlights critical pros-
pects and challenges of using EFB as a soil amendment for
agricultural production, particularly in smallholder farming
systems.

2 Methods

2.1 Data collection

We conducted a systematic literature search to collect growth
and or yield measurements from publications that had reported
side-by-side comparisons of no EFB (control group) and EFB
amended (experimental group). A title search was done in
Scopus and Google Scholar using combinations of the follow-
ing search terms: efb OR “empty fruit bunch” OR “oil palm
empty fruit bunch” AND “plant growth” OR “crop growth”
OR yield. Included studies reported growth and or yield data
on individual crop species grown in soil with EFB treatment
and an unamended control. A study was also included if it
reported an additional treatment where EFB was combined
with other amendments such as farmyard manure (FYM) or
mineral fertilizer. The reported data must originate from pri-
mary research and should not have been already included in
another paper to avoid multiple counting. Besides, growth or
yield observations should be reported for both the unamended
and EFB experimental groups. Also, the reported mean (X),
sample size (N), and a measure of dispersion (standard error
(SE), standard deviation (SD), or 95% confidence interval
(CI), not necessarily mandatory) should be present as numer-
ical or graphical data, or it should be possible to estimate from
the reported data. In studies where SD or SEwas not available,
SD was reassigned as 10% of the mean and the effect of this
assumption on the results was assessed by sensitivity analyses
(Adu et al. 2018, 2019). Non-independent observations were
accounted for as described in Supplementary Methods 1.

2.2 Computing effect sizes and aggregating
dependent effect sizes

We computed effect sizes and aggregated dependent effect
sizes (see Supplementary Methods 2) and performed two
types of analysis.We firstly performed a meta-analysis includ-
ing data of multiple variables (effect sizes) from the same
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sample (i.e., where the same plant provided data for the dif-
ferent outcomes such as plant height and shoot dry weight).
We used this non-aggregated dataset for moderator or sub-
group analyses. Subsequently, in studies where several out-
comes were presented for different plant traits, we aggregated
all these outcomes to produce a single effect size per a study,
using the Borenstein, Hedges, Higgins, and Rothstein
(BHHR) univariate procedure (Del Re 2015). The BHHR ac-
counts for the correlation among within-study effect sizes.
Due to the non-availability of between-measure correlations
within the studies, we inputted the within-study correlation
between effect sizes at r = 0.5. Subsequently, we performed
sensitivity analyses for r = 0.3 to r = 0.7. The BHHR proce-
dure is implemented in the MAd package (Del Re and Hoyt
2014) of the R Project for Statistical Computing (R Core
Team 2019).

A summary effect and heterogeneity of the summary
effect were subsequently estimated. In the case of

heterogeneity between studies, moderator analysis was
performed via meta-regression to explain the heterogeneity
therein. The log response ratio (R) (Eq. 1), computed as the
ratio of the natural logarithm of means of the unamended
and experimental group, was used. The R and attendant log
standard error (SE) were subsequently back-transformed
(i.e., R = eln R) for ease in interpretation. For each variable,
an R>1 indicated that the amendment of EFB to soil in-
creased the metric of interest, while R <1 showed a de-
crease compared to the control. A random-effects model
was used to determine the overall effect of EFB on the
aggregated effect size from each study using the mareg
function (Mad package) conducted in R Project for
Statistical Computing (R Core Team 2019). The restricted
maximum likelihood method (REML) was used to estimate
the between-study variance. The mean effect size was con-
sidered significantly different from zero if its confidence
interval did not include zero (Koricheva et al. 2013).

Fig. 1 Stockpile of empty oil palm fruit bunches (EFBs; top-left panel)
that have been shredded (top-right panel) processed for soil conditioning.
Empty oil palm fruit bunches are applied in several forms (bottom panel)
as a soil conditioner. They could contribute to soil water conservation,

nutrient cycling, enhancement of soil physicochemical properties, and
plant-microbe interactions to influence crop growth, development, and
yield. Still, these effects could be moderated by soil textural class and
or the form in which the EFB was applied. FYM farmyard manure.
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lnR ¼ ln
Y 1

Y 2

 !
¼ lnY 1−lnY 2 ð1Þ

where Y 1 and Y 2 are the mean of the EFB experimental and
unamended groups, respectively. The variance of lnR is
given by Eq. 2:

vlnR ¼ s21
N 1Y

2

1

þ s22
N2Y

2

2

ð2Þ

where N1 and N2 are the sample size of the experimental
group and the unamended group, respectively, and s1 and
s2 are the standard deviations of the experimental group
and the unamended group, respectively (Rosenberg et al.
2013). Moderator, publication bias, and sensitivity analy-
ses are described in Supplementary Methods 3 and 4,
respectively.

2.3 Data analyses

Statistical analyses were conducted in OpenMEE (Wallace
et al. 2017) and metafor (Viechtbauer 2010), and Microsoft
Excel 2016 was used to produce the forest plots.

3 Results and discussion

3.1 Overview of included studies, publication bias,
between-study variability, and sensitivity analysis

Based on the exclusion criteria used in the literature screening,
19 studies were included in the meta-analysis. The studies
generated 99 effect sizes (Supplementary Figure S1)
consisting of eight greenhouse experiments conducted in three
countries and 11 field experiments conducted in four countries
in Asia and Africa. Most data came from Malaysia
(Supplementary Figure S2a; Supplementary data: Table S1).
The included studies span 15 years, with the earliest published
in 2004 and the latest in 2019. The years 2010, 2016, and
2017 contributed the largest outcomes to the analysis
(Supplementary Figure S2b). The majority of the studies were
conducted on cereals, mainly on maize (Zea mays L.)
(Supplementary Figure S2c), and most studies measured
shoot-related parameters (Supplementary Figure S2d). Six of
the included studies had additional treatments where some
additives, such as FYM, were mixed with EFB and co-
applied (Supplementary data: Table S2). The measurement
of growth or yield is often based on multiple metrics. For
example, growth could be estimated as increased cell num-
bers, tissue volumes, plant height, stem or root diameter, shoot
or root fresh weight or dry weight, and leaf numbers, area, or
weight. Similarly, in addition to the yield measurement itself,

there are multiple yield components, including the number of
panicles per unit land area, the number of spikelets per pani-
cle, the percentage of filled spikelets, and 1000-grain weight
measured. This was typical of many of the included studies in
the present analysis, and each provided an estimate of the
efficacy of EFB application. However, the number of effect
sizes reported from individual studies was unequal, ranging
from 1 to 18.

Funnel plots produced for both the non-aggregated (k = 99;
Fig. 2a) and the aggregated (k = 19; Fig. 2b) datasets indicated
a weak tendency for smaller sample sizes to be associated with
stronger negative effects. For both datasets, the funnel plots
were near symmetrical (Fig. 2 a and b), and trim and fill
analysis indicated that no studies were missing to the side of
the overall mean. Rosenberg’s fail-safe number computed for
the non-aggregated dataset was 120629, a value remarkably
greater than the threshold of 505 (5 × n + 10) needed to
consider the mean effect size robust. Thus, a relatively larger
number of unpublished studies would be required to change
statistically significant effects observed in this analysis.

Variation in study outcomes between studies was overly
large with I2 values of >90%. Thus, the large dispersions in
the summary effect are probably explained by study-level co-
variates. Differences in experimental approaches, environ-
mental variables, and variations between studies could explain
the observed high heterogeneities. Besides, many additional
study characteristics could moderate the efficiency of EFB as
a soil conditioner. Soil factors such as organic carbon, bulk
density, soil moisture content, EC, and soil microbiological
properties, among others, could ultimately affect the soil’s
buffering capacity and therefore could have a moderating role
in the efficiency of EFBs as a soil conditioner. These potential
moderators were, however, hardly reported in the included
studies. This could be one of the reasons for the overly large
values of I2 obtained even after moderator analyses and meta-
regressions. Indeed, large I2 values reduce the predictive value
of meta-analyses (Melsen et al. 2014), but I2 are also substan-
tially biased when the number of studies is small. For exam-
ple, for a few studies with no true heterogeneity, the I2 can
overestimate heterogeneity by an average of 12 percentage
points (von Hippel, 2015). The large degree of uncertainty
in our observed estimates of the I2 could be attributed to low
statistical power due to the inclusion of a small number of
studies in the meta-analysis (Ioannidis et al. 2007). The sensi-
tivity analysis suggested that effect sizes for studies that had
initially been reported measures of dispersion were compara-
ble to those for which these measures had to be estimated
(Supplementary Figure S3). Similarly, a sensitivity analysis
conducted using various correlation values (r = 0.3 to r =
0.7) suggested no, or at best, very insignificant qualitative or
quantitative changes in the trends compared to that obtained
with our chosen r-value of 0.5 (Supplementary Figure S3).
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3.2 Growth and yield response of soils amended with
EFB

The application of EFB to soils led to approximately 49.2%
increase in crop growth and yield compared to unamended
soils (lnR = 0.40; 95% CI of 0.22–0.58; p < 0.001; Fig. 3a).
The I2 = 96.0% (93.1%, 98.5%) indicated that there is a large
degree of between-study heterogeneity. The present results
suggest that EFBs could be an important resource for tropical
agriculture, possibly organic fertilizer. If EFBs are

incorporated into the soil with a second material, the growth
and yield advantage of EFB plus additives over unamended
soil increased by 24.5%, however, not statistically significant
(lnR = 0.22; 95% CI = −0.002 to 0.439; p = 0.052; k = 6;
Fig. 3b). Again, the I2 = 91.1% (76.6%, 98.3%) indicated a
considerable degree of between-study heterogeneity. From
Fig. 3 a and b, the yield advantage from the application of
EFB appears to be lower when additives are added to the
EFB and co-applied. In the present work, however, we only
compared EFBswith unamended soil and separation of effects

Fig. 2 Funnel plots of average effect sizes (log ratio of means) for
(a) non-aggregated dataset (k=99) and (b) aggregated dataset (k=19),
which compared growth and yield between empty fruit bunches-
amended soils and non-amended soils; the X-axis shows the effect size

log ratio of means and the Y-axis presents the inverse standard error of the
effect size as a precision index. No effect size was estimated missing on
the right side of the overall mean from trim and fill analysis.

Fig. 3 Effect of empty fruit bunch amendment, with no additive (a; k=19)
and with additives (b; k=6), on growth and yield of crop plants. The error
bar indicates the 95% confidence interval (CI), and the dotted vertical line

(effect size = 0) indicates no effect. Effect size is considered statistically
significant if the 95% CI does not overlap the zero line.
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involving EFB or additives alone or their combination was not
assessed. Therefore, we cannot assign yield effects to EFB and
additives until these effects are known. It is also important to
note the fewer studies and outcomes in our analyses and the
attendant large confidence intervals. The reports of
Pangaribuan et al. (2017), Ghazali et al. (2018), and
Fahrunsyah et al. (2019) suggest that when combined with
additives, EFBs have a better effect.

Regardless of the EFB form applied, it primarily holds
onto and releases nutrients either through decomposition
or mineralization due to decreasing C:N ratio (Fig. 1)
(Lim and Zaharah 2000; Caliman et al. 2001). It has been
reported that the plant nutrient value of EFB (0.158% N,
0.08% P, 0.70% K, and 0.08% Mg) is high enough to
return to the soil and serve as an economically cost-
effective option of fertilization (Nithedpattarapong et al.
1996). Caliman et al. (2001) assessed the fertilizing value
of EFB from an application of 60 t ha−1 of EFB. They
noted that the initial content was 2.60, 0.725, 6.80, and
1.250 kg/palm for equivalent urea, triple superphosphate
(TSP), muriate of potash (MOP), and magnesium sulfate,
respectively. The average weekly equivalent fertilizer re-
leased within the first month was 0.11, 0.04, 0.87, and
0.06 kg/palm for urea, TSP, MOP, and MgSO4. The av-
erage monthly equivalent fertilizer released from the 2nd
to the 11th month were 0.22, 0.09, 1.10, and 0.15 kg/palm
for urea, TSP, MOP, and MgSO4, respectively. Potassium
was the primary content of EFB, with almost the entire K
in EFB released to the soil within 3 months after applica-
tion (Caliman et al. 2001). These dynamics might be crit-
ical in adjusting the rate and frequency of EFB applica-
tions in cropping systems.

Notably, the potential nutrient inputs of EFB to the soil
are affected by how the EFB is treated before application.
For example, composting of EFB before its application
results in a reduction in the C:N ratios (Thambirajah
et al. 1995). Microbial decomposition of the plant mate-
rial leads to an overall loss of cellulose and carbon and an
increase in nitrogen content, microbial protein, and humic
substances during the compositing of EFB (Thambirajah
et al. 1995). Also, where EFB is charred into biochar, the
pyrolysis temperature is a critical determinant of the phys-
icochemical properties of EFB-biochar. The porosity, ash
content, electrical conductivity (EC), and pH of EFB in-
crease with pyrolysis temperature, but cation exchange
capacity (CEC), and C and N contents decrease with in-
creasing pyrolysis temperature (Claoston et al. 2014).
EFB amendments likely improve crop growth and yield
by enhancing soil physical and chemical properties, sup-
pressing weeds and controlling erosion (Chiew and
Rahman 2002; Bakar et al. 2011; Moradi et al. 2012;
Carron et al. 2015; Budianta et al. 2018; Anyaoha et al.
2018).

3.3 Moderator and meta-regression analysis

Employing the original dataset of k = 99, analysis of mod-
erators and, subsequently, meta-regression was conducted
to determine the study characteristics that might account
for dispersions in the summary effect. The log ratio of
means was significantly positive for experiments conduct-
ed under greenhouse and field conditions. The difference
in growth or yield of greenhouse and field-grown plants
was significant, suggesting that the effect of EFB on crop
growth or yield might be affected by the location of exper-
iments (QB = 6.09; df = 1; p = 0.0136; I2= 96.97%,
Fig. 4a). We found approximately 68.0% difference be-
tween the growth and yield of crops grown under green-
house and in field conditions, even when both receive the
same EFB application. This observation is consistent with
Krug and Fink (1988). They measured growth parameters
such as relative growth rate (RGR) and net assimilation
rate (NAR) of radish in growth chambers, greenhouses,
and open fields and found that RGR and NAR from the
open field were the lowest. Lower yield and growth for the
field compared to greenhouse experiments is probably due
to the tendency of extreme and uncontrollable conditions
to occur under open field conditions compared to under
greenhouse conditions where most of the growth condi-
tions are controlled. Nevertheless, decisions on EFBs in
crop production should ideally be based on data generated
under field conditions.

Although the effect sizes differed from zero for all crops
except for tubers (Fig. 4b), the meta-regression analysis
showed that improvement in crop growth or yield under
EFB application is not affected by the type of crops (QB=
9.34; df = 5; p = 0.0962; I2= 97.05%;). The crop growth and
yield enhancement under the EFB application are not affected
by the part of the plant used as the metric in the included
studies (QB= 4.56; df = 4; p = 0.335; I2 = 96.8; Fig. 4c).
Compared to similar plant parts from plants grown on non-
amended soil, the log ratios of means for grains, leaves, roots,
shoots, and total plant biomass were 0.276, 0.391, 0.271,
0.283 and 0.501, respectively (Fig. 4c).

The effect size of growth and yield was positive and sig-
nificantly different from zero, irrespective of the form in
which EFB was applied (Fig. 4d). Subgroup analysis showed
that EFB applied as biochar, mulch, compost, or ash led to
approximately 78.4%, 33.8%, 30.9%, and 21.0% increase in
growth and yields, respectively, compared with crops grown
on the unamended soils. The meta-regression analysis also
showed that there are significant differences among effect
sizes for the various forms of EFB (QB = 12.6; df = 3; p =
0.005; I2= 96.84%; Fig. 4d). Compared with yield from other
forms of EFB amendments, the growth or yield was higher
when amended with EFB biochar than the unamended soils
and other forms of EFBs.
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In terms of the effects of EFBs amendment on soil proper-
ties, when applied as biochar, EFB can significantly change
the pore size distribution by altering the mesopores to micro-
pores ratio (Edeh and Mašek, 2021). The application of EFB
biochar to coarse-textured soil increased the soil’s surface ar-
ea, which in turn increases soil water retention (Moradi et al.
2015; Blanco-Canqui 2017; Atkinson 2018; Razzaghi et al.
2020) and nutrient retention (Oppong Danso et al. 2019;
Mukherjee and Lal 2013; Abdulrazzaq et al. 2014). The rela-
tively higher crop growth and yield caused by EFB biochar
are probably related to improved soil water retention and en-
hanced phosphorus uptake through increased pH of acidic
soils (Awodun et al. 2007; Oppong Danso et al. 2019;
Obour et al. 2019; Chintala et al. 2014).

Carron et al. (2015) reported that the contribution of raw
decomposing EFB to soil N, P, K, Mg, Ca, and organic C
lasted for only 1 month and decreased afterwards. Thus,
EFB decomposes and briefly contributes N, P, K, and Mg
when used as mulch for plant uptake. The application of
EFB compost to soil also led to an increased soil pH 60 days
after application (Caliman et al. 2001). EFBs have a low initial
N content of less than 2%, with high lignin and polyphenol
content. Therefore, to avoid the possible N immobilization
during decomposition, when EFB is applied as a mulch, it
should ideally be supplemented with a mineral N fertilizer
(Zaharah and Lim 2000). Given that there could be some
diminishing returns when EFBs are applied with additives, it
would be critical to probe further the dynamics underlying the
application of EFBs with mineral or organic fertilizers.

The use of EFB in crop production could also be consid-
ered climate-smart and sustainable (Aljuboori 2013; Suresh
2013). Co-composting of EFB with palm oil mill effluent,
for example, can reduce up to 76% of greenhouse gas

(GHG) emission by reducing the methane gas emitted from
uncontrolled dumping of EFB and the replacement of the use
of mineral fertilizers as soil amendments (Krishnan et al.
2017). In general, fresh EFB is about 50% carbon, but this
decreases during decomposition (Zaharah and Lim 2000). If
applied as biochar or compost, EFB mitigates GHGs via soil
carbon (C) sequestration of external C inputs. Conversely,
there is complete N-immobilization during the decomposition
of EFBs. Zaharah and Lim (2000) investigated the decompo-
sition and nutrient release from EFB components with and
without N fertilizers in a 9-month experiment. They reported
that the N content of EFB increased by an average of 54% for
the EFB stalk, spikelet, and mixture over the initial N content
of these EFB parts. Thus, the C:N ratio of EFB decreases with
time, facilitating mineralization of N.

Overall, EFBs impact on plant growth and yield is affected
by the soil types (QB = 15.2; df = 6; p = 0.0185; I2= 96.7%;
Fig. 4e). When crops are grown on EFB amended soils,
growth and or yield increased over unamended soils is in the
order of sand (0.566), sandy loam (0.411), clay loam (0.384),
loamy sand (0.207), sandy clay loam (0.118), and clay
(−0.065) soils (Fig. 3e). Thus, the present meta-analysis sug-
gests that plants cultivated on coarser textured soils amended
with EFB do relatively better than plants cultivated on EFB-
amended finer-textured soils. This is probably because coarse-
textured soils are more responsive to organic amendments
(Tester 1990). This could also be due to the law of diminishing
returns because the responses here were calculated as a per-
centage increase. For example, applying N to soil with a low
mineral N content might lead to a higher percentage yield
increase than the yield obtained from the soil with an inher-
ently higher mineral N content when the same rate of N is
applied. Even so, the effect of the EFB amendment on crop

Figure 4 Influence of study location (a), type of crop (b), part of the crop
measured (c), EFB form applied (d), soil texture (e), and soil pH (f), on
effect sizes of growth or yield of crop plants under EFB application. The
error bar indicates the 95% confidence interval (CI) and the broken

vertical line (effect size = 0) indicates no effect. Effect size is
considered statistically significant if the 95% CI does not overlap the
zero line. The number of study outcomes and total sample size included
in each category is displayed in parentheses.
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growth and yield was inconsistent. The inconsistent results
between and within soil types point to the need for more
studies to conclusively establish the effect of EFB amendment
on crop growth and yield across different soil textures. The
meta-analysis showed that plant growth and yield after EFB
amendment was not significantly affected by soil pH (QB =
0.663; df = 4; p = 0.956; I2= 97.28%; Fig. 4f).

4 Conclusions and perspectives

Using renewable by-products such as EFB for crop produc-
tion in a carbon-constrained future economy will become im-
perative. Meta-analysis of the literature showed that (i) EFB
effects on crop growth and yield were more pronounced under
greenhouse conditions compared to field-grown crops; (ii) due
to the lignocellulosic nature of EFB, its conversion to biochar
and application to soil led to larger effects on crop growth and
yield than when applied as a mulch, ash, or compost; (iii)
crops grown on EFB-amended soil showed significantly
higher growth and yield than crops grown on unamended soil;
and (iv) the impact of EFBs on crop production was more
pronounced on coarse-textured soils typically characterized
by low organic matter, increased leaching of nutrients, and
erosion. Consequently, to optimize the use of EFBs in crop
production, a better knowledge of the dynamics of its miner-
alization and the release of mineral nutrients, depending on
soil and environmental conditions, is critical. For the targeted
application of the EFBs, routine soil testing is required for
smallholder farmers who typically practice blanket soil
amendments without recourse to initial soil testing results.

The findings from this meta-analysis suggest that EFBs can
offer an economical route to sustainable agriculture in SSA
and other regions where there is limited use of mineral fertil-
izers to improve soil properties for crop production. However,
the cost versus benefits of using EFBs as soil conditioners,
including the cost of transforming EFB into biochar or com-
post, must be assessed to determine cost-effectiveness and
sustainability. This is because there are several alternative uses
of EFB, such as fuel for small-scale industries and food pro-
cessing companies, which might contribute to the cost of EFB
and compete for the resource.
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material available at https://doi.org/10.1007/s13593-022-00753-z.
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