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Abstract: Organic inputs constitute an alternative way to replace or reduce the use of agrochemicals
in order to increase sustainability and reduce negative impacts of agriculture on the environment. A
consistent determination of average yields obtained with organic fertilizers in comparison to synthetic
fertilizers is necessary to assess their potential in both commercial and organic agriculture. To achieve
this goal, a meta-analysis of existing scientific data of yields obtained with digestate or compost
tea fertilization was performed. After a systematic bibliographic search of scientific publications,
35 final papers remained from >1000 initial results. Data of crop yield with digestate or compost tea
fertilization, as well as control and synthetic fertilizer treatments, were extracted from the selected
articles and used to calculate response ratios (ratios of means), obtaining 106 observations. The meta-
analysis showed that digestate fertilization produced yields 80% higher than the control. Yields were
statistically similar to those obtained with conventional treatments with chemical fertilization (only
2% lower in average). The results for digestate are considered robust as the significance did not change
after conducting publication bias analyses. However, the high heterogeneity observed suggests the
existence of explanatory variables accounting for part of the observed dispersion. Subgroup analyses
were conducted to determine the variation of the results of digestate across crop species and field
or greenhouse experiments, while compost teas did not present adequate data quantity to obtain
reliable results. According to this meta-analysis, anaerobic digestate had an acceptable performance as
fertilizer for several crops at a reported application rate ranging from 100 to 480 kg N ha−1. Regarding
compost tea, yields were 92% higher than the control and 10% lower than synthetic fertilization
treatments, although more information is required to draw a conclusive result due to the low number
of observations of this fertilizer. Further investigation is necessary to understand yield variations
under different scenarios to study the influence of secondary variables and to propose management
measures for producers.

Keywords: bio-input; crop yield; organic fertilizer; response ratio

1. Introduction

In recent decades, the use of synthetic fertilizers has been crucial for high-production
agricultural systems [1]. However, despite the high yields reached in the short term,
their indiscriminate use can trigger several negative environmental effects, such as loss
of soil organic matter, nutrient lixiviation, greenhouse gas emissions and deterioration
of soil quality [2]. World grain production grew four times between 1960 and 2015 with
only a minor increase in the surface of land destined to these crops, while the quantity
of agrochemicals used multiplied by nine. This fact suggests that a certain increment in
agricultural production requires an even higher increase in the amount of agrochemicals
consumed [3].
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Around the world, efforts are being made to implement organic products as alter-
natives to synthetic inputs in agriculture in order to increase sustainability and reduce
negative impacts on the environment and human health [4]. Bio-inputs are products based
on active organisms or their metabolites that have properties of plant growth promotion,
control of plant diseases or improvement of soil conditions. Their production costs tend to
be lower and, in many cases, their elaboration implies using, reducing and treating organic
residues [5–8].

Among all bio-inputs, compost teas have become relevant due to their plague control
and plant growth promotion properties, associated with their beneficial microorganisms
and nutrient content. The general production method consists in brewing compost in
free-chloride water for a period of 2 to 10 days, depending on whether the process is
aerated or non-aerated, respectively. The brewed product is then filtered to obtain the
liquid fraction [9–12].

Another promising organic fertilizer is liquid digestate, also known as bioslurry, which
is produced by the anaerobic digestion of organic material, mainly as a by-product of biogas
generation [13,14]. Both types of bio-products are generated from organic residues, either
fresh (digestate) or previously composted (compost tea), and have high potential as plant
fertilizers. However, scientific literature regarding compost teas focuses mostly on their
biocontrol properties, while in the case of anaerobic digestate, its fertilization properties
are highlighted [15–17].

In this scenario, it becomes necessary to study the yields of crops fertilized with these
bio-inputs and to compare them with those obtained fertilizing with conventional synthetic
products, in order to provide solid knowledge for developing more sustainable alternatives
for agricultural production [10]. Although a narrative review with vote counting is a
traditional tool in these cases, its conclusions can be imprecise or even erroneous when
aiming to determine the existence and magnitude of an average effect [18]. Thus, it is not a
proper approach to analyze the effect of organic fertilizers in yields.

To our knowledge, studies conducted so far that assessed the effects and properties
of digestate or compost tea fertilization consist in scientific or technic literature reviews.
In the case of digestate, previous works state that digestate fertilization has a generally
positive effect compared to no fertilization [14]. The existing literature agrees that digestate
can produce similar yields than commercial fertilizers [19,20], depending on crop type
and the level of synthetic fertilizer replacement. However, these statements derive from
individual cases or experiments with methodological shortcomings [21]. Another review
cites a case where plants fertilized with compost tea showed a nutritional status similar to
conventional fertilizer treatments [22].

Meta-analysis is a powerful tool that makes it possible to summarize evidence from
multiple scientific reports by the application of quantitative statistical methods, collecting
and combining qualitative and quantitative relevant data to obtain statistically robust
conclusions. Besides meta-analysis being considered an evidence-based resource, not all
publications provide adequate data for the analysis, since some of them show heterogeneity
in criteria, population size, etc. [23]. Related to this, the most usual handicaps are the
difficult and time-consuming identification of appropriate studies, the possible occurrence
of publication bias and the need of advanced statistical techniques. Despite the drawbacks,
meta-analysis allows the researcher to calculate the average magnitude of an effect as
well as the heterogeneity in the data with their corresponding confidence levels, inferring
general conclusions [24,25].

Although several reviews and meta-analyses have compared crop yields obtained with
organic fertilizers against conventional chemical fertilization [1,2,26], results of multiple
organic fertilizers were often grouped together and analyzed in a nonspecific way. These
papers combined the results of animal manure, green manure, digestates, and other organic
fertilizers in a few general categories, although different types of bio-inputs can produce
different effects on plant productivity, as they differ in their properties, such as C/N ratio,
N, P and organic matter content, electrical conductivity, and pH [27]. In several cases,



Sustainability 2023, 15, 1357 3 of 23

organic fertilization categories in these reports included treatments combining organic
and synthetic fertilization, hindering the possibility of identifying the specific effect of
organic products.

For all of these reasons, the aim of the present work was to perform a meta-analysis of
crop yields fertilized with compost tea or anaerobic digestate, based on available scientific
reports published in the last decade. It is noticeable that the aforementioned antecedents
did not provide a quantitative measure of the general effect of digestate or compost tea,
and based their conclusions on a low number of observations. The novelty of our work is
that we used meta-analysis as a tool to obtain a quantitative result, determining the general
effect of these organic fertilizers on crop yields from a large number of published scientific
observations. Although the exclusion of some technic literature reduced the number of
eligible experiments, it improved the reliability on the results.

Considering that there are no meta-analyses reporting the use of these two bioproducts
on crop production, we aimed to isolate their individual effects as bio-fertilizers in order to
prove the potential of these products. Thus, we compared crop yields obtained with these
bio-inputs with respect to conventional fertilization and water control treatments through
the analysis of yield response ratios. Additionally, we conducted a subgroup-analysis to
determine variations in the effect across different crop species, or between experiments
conducted in field or greenhouse.

2. Methodology
2.1. Systematic Bibliographic Search

A systematic bibliographic search was performed to obtain peer-reviewed articles
published in English or in Spanish between the years 2010 and 2020. The terms “compost
tea”, “bioproduct”, “biogas slurry”, “biosludge”, “bioslurry”, “compost extract”, “culture”,
“digestate”, “fertilizer” and “organic fertilizer” were searched in the Title, Abstract and
Keyword fields, either alone or combined by logical operators in order to produce more
specific results.

The scientific databases comprised in the search were SciELO (https://scielo.org/es/
(accessed on 26 July 2020)), Science Direct (https://www.sciencedirect.com/ (accessed
on 5 September 2020)) and NCBI—PMC (https://www.ncbi.nlm.nih.gov/pmc/advanced
(accessed on 10 July 2020)). A secondary search was performed in Research Gate (https:
//www.researchgate.net/ (accessed on 8 November 2020)) and Google Scholar (https:
//scholar.google.es/ (accessed on 8 November 2020)) databases to find potentially useful
articles mentioned in the papers obtained by the primary search.

The bibliographic search produced approximately 1200 scientific papers, which were
reduced to a preselection of 194 articles after screening titles and abstracts. At a third stage,
preselected papers were read in full length, obtaining a final dataset of 35 articles which
complied with the selection criteria.

2.2. Selection Criteria

Only peer-reviewed articles reporting primary data were included in the meta-analysis.
When two or more papers were based on the same experiment, only the most relevant or
most complete was selected.

Selection criteria consisted in the following:

• Papers based on scientific experiments including at least one treatment of pure fertil-
ization with anaerobic digestate or compost tea (not combined with any other organic
or synthetic fertilizer);

• Papers based on experiments including a control treatment (no fertilizer), and option-
ally a pure synthetic fertilizer treatment (not combined with organic fertilizers).

• Papers based on field, greenhouse, and pot experiments were selected (papers based
on in vitro experiments were discarded);

• Papers based on experiments lasting at least 3 weeks or longer;

https://scielo.org/es/
https://www.sciencedirect.com/
https://www.ncbi.nlm.nih.gov/pmc/advanced
https://www.researchgate.net/
https://www.researchgate.net/
https://scholar.google.es/
https://scholar.google.es/


Sustainability 2023, 15, 1357 4 of 23

• Papers informing average crop yield value for each treatment, along with individual
or pooled dispersion measures;

• Papers that measured crop yield as biomass: dry or fresh weight of either the total
plant, aerial part or the organ of agronomic interest (e.g.,: fruit). When both dry and
fresh weights were reported, the former was selected. Other measures, such as leaf
area or number of fruits, were discarded.

2.3. Meta-Analysis

A meta-analysis of yields of crops fertilized with anaerobic digestate or compost tea
was performed in order to assess the effects of these bio-inputs in comparison to the control
treatment and synthetic fertilizer treatments. Meta-analysis consists in the application
of quantitative statistics to summarize evidence from a set of studies. This methodology
includes tools for the calculation of central tendency and heterogeneity measures for a
group of observations obtained from different studies, allowing inference of the magnitude
and significance of the real effect of a treatment [28].

Subgroup analyses were conducted for digestate/control and digestate/synthetic fertil-
izer observations, applying a random-effects model as described in Harrer et al. (2019a) [29].
The pooled subgroup RR values were considered significantly different from each other if
p < 0.05 following the chi-square test. The grouping variables were trial environment (field
or greenhouse) and crop species. Categories with less than 3 observations were excluded
from the subgroup analyses. Compost tea data was not included as the low number of
observations made impossible the categorization.

The outcome measure analyzed in a meta-analysis is usually called “effect size” (ab-
breviated “ES” [30]. The effect size selected for this meta-analysis was the ratio of means or
response ratio (RR), calculated according to Equation (2) [25]:

RR = ȳt/ȳc (1)

where “ȳt” represents the average yield of the treatment group (organic fertilizer), and “ȳc”
represents the average yield of the corresponding reference group (control or conventional
fertilizer).

This index is applicable to outcomes measured on a true ratio scale (such as mass),
with positive values and an absolute zero. The main advantages of RR are its simplicity
of calculus, its physical/biological meaning which quantifies the proportional change
resulting from an experimental manipulation, and its non-dimensional and standardized
value [18].

Two separate meta-analyses were performed for the following datasets:

• Dataset 1: RR of average yield obtained by fertilization with digestate or compost
tea, in relation with the average yield of the corresponding control treatment (same
experimental conditions except fertilization);

• Dataset 2: RR of average yield obtained by fertilization with digestate or compost tea,
in relation with the average yield produced by application of conventional fertilizer
(same experimental conditions except fertilization).

2.3.1. Data Extraction

The selected papers displayed their experimental results either in text, in tables or
graphically. In the latter case, values were digitized using the web tool WebPlotDigitizer
(https://automeris.io/WebPlotDigitizer/ (accessed on 23 April 2021) [31]).

Within a scientific paper, an experiment was defined as each experience conducted at
a single site, consisting of a single crop grown in homogeneous conditions (field or green-
house, soil type, irrigation, duration, planting and harvest dates, etc.), where treatments
varied only in fertilizer type and rate. As most articles described the results of two or
more experiments, it was necessary to determine the unit of observation. It was defined
as each single pair of treatment (digestate or compost tea) and reference groups (control

https://automeris.io/WebPlotDigitizer/
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or conventional fertilization) within the same experiment, from which one value of yield
response ratio was calculated (see example in Figure 1). Besides average yields, sample
sizes and measures of dispersion (variance, standard deviation or standard error) of both
treatment and reference groups were also extracted.
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Some articles reported only the results of analyses of variance (ANOVA), grouping
treatment means by their statistically similar values but informing no measure of disper-
sion for individual treatments. Other meta-analyses have solved this issue by estimating
dispersion from similar experiments within the dataset [26], using the average variance
of the whole dataset [27], or calculating the pooled variance for all the treatments in the
experiment [2]. The latter approach was applied in the present investigation, calculating the
pooled variance from the ANOVA results, considering that homoscedasticity and normality
assumptions of the data were fulfilled. This practice allows for the inclusion of a larger
number of observations, at the expense of losing precision.

The study of the influence of nitrogen application rate, crop type, or source materials
of the compost tea or anaerobic digestate was beyond the scope of the present investigation.
When two or more treatments consisted in the same fertilizer type, varying only the
application rate, the treatment with the highest yield was included in the analysis and
the others were discarded since these differences would be attributable to suboptimal
application rates rather than to a property of the fertilizer itself.

Whenever a single experiment presented two or more similar treatments included
in the scope of this investigation (e.g., two treatments fertilized with anaerobic digestate
from different sources), their values were pooled. This was necessary to prevent the unit-of-
analysis error as two or more effect sizes calculated with the same reference value would
be codependent, violating the assumption of independence of observations. In these cases,
average yields, sample sizes and standard deviations were combined prior to the calculus
of the RR observation, in accordance with Harrer et al. (2019) [29].

A preliminary number of 106 yield values of organic fertilization treatments was
reduced to 69 by pooling results of similar treatments within each experiment. The
final dataset for the analysis of organic fertilizer/control RR consisted of 69 observa-
tions from 69 experiments described in 35 articles. For the analysis of organic/synthetic
fertilizer RR, the dataset comprised 52 observations from 52 experiments reported in
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26 studies. Observations of anaerobic digestate and compost tea fertilization treatments
were handled separately.

2.3.2. Basic Formulae

Response ratios were transformed to the natural logarithm of RR (hereon represented
as “L”) to conduct the analyses. The transformation was applied for two reasons: first, to
linearize the metric, as the new variable is equally affected by deviations in the numerator
and the denominator of the original RR; second, the sampling distribution of RR is skewed,
while the distribution of its logarithm is much more normal in small samples.

The formulae for the calculus of each observation of L (Equation (2)) and its variance
(Equation (3)) were extracted from Hedges et al. (1999) [25]:

o Equation (2): observation of L

L = ln(RR) = ln(ȳt) − ln(ȳc) (2)

• Equation (3): Variance of L:

VL = (SDt)2/(nt ȳt
2) + (SDc)2/(nc ȳc

2) (3)

where “ȳ” is the average yield resulting from an experiment, “n” is the sample size and
“SD” the standard deviation of the group. Subscripts “t” and “c” denote treatment and
reference groups, respectively.

2.3.3. Preliminary Analyses

GOSH plot analysis [32] and influence analysis were conducted to identify possi-
ble outliers or subgroups of observations, as described in Harrer et al. (2019) [29]. No
subgroups were detected, according to the GOSH plots. Only two observations of the di-
gestate/control dataset were identified as outliers due to their high values of RR. Thus, the
final meta-analysis for this comparison excluded these observations, reducing the number
of observations from 61 to 59, in order to produce a more conservative and precise estimate
of the pooled effect size. No outliers were detected in the other datasets.

2.3.4. Software

Data tabulation and calculation were performed in Excel (Microsoft Office). Numeric
transformation from graphical values was performed by the web tool WebPlotDigitizer [31].
All the preliminary, meta-analysis and publication bias analyses were conducted in R (R
Core Team, 2020 [33], Figure 2), using the meta [34], metafor [35] and dmetar [36] packages.

Other R packages used for data manipulation, graphics and export of the results were:
dplyr [37], readxl [38], ggplot2 [39], rmarkdown [40], bookdown [41], kableExtra [42], and
knitr [43].
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3. Theory/Calculation
3.1. Meta-Analytic Model

The overall effect size was estimated from L observations using a Random Effects
Model. This type of meta-analytic model considers that individual effect sizes represent a
set of different populations with their own true effect sizes, and the model aims to estimate
the overall mean of true effect sizes across populations [36]. This model also provides an
estimate of between-population variance, τ2.

The model assigns inverse-variance weights to each observation to produce a more
precise estimate of the overall effect size. Observations with high dispersion (low precision)
will be assigned a lower weight than those with low dispersion [18].

Formulae for the calculation of the overall effect size are described in Hedges et al. (1999) [25],
Equation (4).

L∗ =
∑k

j=1 Wj Lj

∑k
j=1 Wj

(4)

Inverse-variance observation weight (Equation (5)):

Wj =
1

VLj + T2 (5)

where “Lj” is the j-th observation of log response ratio, “k” is the total number of obser-
vations, “L*” is the weighted average of L, “Wj” is each observation weight, “VLj” is the
observed variance of Lj, and “T2” is the estimator of τ2, the between-study variance. The
inverse-variance weight of each observation includes both the within-study (observed)
variance and the between-study variance.

The resulting overall value of log RR and its corresponding confidence interval limits
were transformed back to the original metric for their interpretation as response ratios.

3.2. Estimation of Between-Study Variance

There are several methods for calculating T2, the estimator of between-study variance
(τ2). A common method is the DerSimonian–Laird estimator, given its relative simplicity of
calculus and interpretation. However, it tends to underestimate heterogeneity, producing
narrower confidence intervals. Some alternative methods generate more accurate results,
such as the Hartung–Knapp–Sidik–Jonkman method (HKSJ, [31]), the Restricted Maximum
Likelihood method (REML, [18]), and the Mandel–Paule method (MP, [44]).

According to simulations conducted by Bakbergenuly et al. (2020) [45], the accuracy
of estimation of τ2 in meta-analysis of L might be limited depending on the sample size,
underlying data distribution and real values of L and τ2. In the referred study, MP showed
reasonably good results, but REML also behaved as a good estimator in some of the models.
Additionally, the latter is favored by some statisticians, so REML was the selected method
for the present meta-analysis.

Besides T2, Q and I2 statistics were used for assessing between-study heterogeneity in
the results. The equations are displayed below:

• Cochran’s Q: it is a standardized measure calculated as the sum of the squares of the
difference between each observed effect size (ESj) and the fixed-effect model estimate of
the overall effect size (M), weighted by the inverse of each study’s variance (SDj

2). This
value was used in the influence analyses to determine which observations had greater
contribution to overall heterogeneity. Its formula, according to Borenstein (2009) [18],
can be written as Equation (6).

Q =
k

∑
j=1

(
ESj − M

SDj

)2

(6)
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• Higgin’s and Thompson’s I2: represents the percentage of variability in the effect sizes
which is not caused by sampling error [29]. It is derived from Q, with the following
formula (Equation (7)):

I2 = Q−df
Q ∗ 100%

df = k − 1
(7)

where “df” is the number of degrees of freedom and “k” is the number of studies. Being a
percentage, I2 is useful to contrast heterogeneity across analyses.

3.3. Subgroup Analyses

After the general meta-analysis, digestate observations were partitioned by crop
species and by environment of the experiments to determine if effects varied between the
categories of each variable. Subgroup analyses were conducted for digestate/control and
digestate/synthetic fertilizer observations, applying a Random Effects Model as described
in Harrer et al. (2019) [29]. Compost tea data was not included in the analysis, as the low
number of observations made impossible the partition of the dataset.

Every subgroup analysis consists of two parts: (1) pooling the effect of each subgroup,
and (2) comparing the effects of the subgroup. Random-effects models were applied at
both levels. The pooled subgroup RR values were considered significantly different from
each other if p < 0.05 following a chi-square test. Categories with k < 3 observations
were excluded from the subgroup analyses. Heterogeneity data for groups with k < 5
observations is considered not reliable [18], and thus were not displayed in the resulting
forest plots.

3.4. Publication Bias

Publication bias analyses were performed to determine the existence of publication
bias in the datasets. These included Egger’s test [46] and the Duval’s and Tweedie’s
Trim and Fill procedure [47]. Egger’s test quantifies the significance of asymmetry in
the observations attributable to the existence of publication bias. Duval’s and Tweedie’s
Trim and Fill procedure calculates a conservative, “unbiased” estimate of the pooled
effect size and its confidence interval by adding modeled observations in the side of the
distribution where unpublished results would be expected to be. In this case, modeled
observations corresponded to low effect sizes, assuming that these results would be less
likely to be published.

4. Results
4.1. Analysis 1: Organic Fertilizer/Control Response Ratio
4.1.1. Dataset 1 Observations

The systematic bibliographic search produced a total of 69 observations of organic
fertilizer/control RR that satisfied the selection criteria. Included experiments comprise
25 different crop species, being wheat the most represented (19% of the observations),
followed by corn (14%) and tomato (9%). Five other crops had 3 to 5 observations each, rep-
resenting 28% of the dataset, and the remaining 17 crops presented less than 3 observations,
accounting for 30% of the data (Figure 3).

Figure 4a shows that 52% of dataset 1 comes from digestate field assays and 36% from
digestate greenhouse assays, totalizing 88% of digestate observations. The remaining 12%
corresponds to compost tea greenhouse observations, as no compost tea field observations
satisfied the selection criteria. Approximately 70% of the dataset comes from experiments
that lasted more than 2 months, completing the crop cycle in several cases (Figure 4b). The
remaining 30% is evenly distributed between observations from experiments lasting less
than one month, and those lasting up to two months.
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4.1.2. Meta-Analysis of RR

The meta-analysis of digestate/control RR resulted in a pooled ES of 1.80, based on
k = 59 observations. The lower and upper limits of the 95% confidence interval were
1.58 and 2.04, respectively, representing a significant difference between digestate and
control treatments. This result is conservative, as it was obtained after removing 2 atypical
observations with highly positive influence on the pooled value, which were highlighted by
the influence analysis. The pooled ES for compost tea/control RR obtained a value of 1.92,
with k = 8 observations. Its 95% confidence interval ranged from 1.49 to 2.47 (Figure 5).
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I2 values were high in both cases: 95.8% for compost tea and 96.1% for digestate.
As the meta-analysis considered a Random-Effects Model, each pooled ES represents
an estimation of the average ES for a range of statistical populations (different crops,
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environments, organic fertilizer qualities, etc.). It does not estimate the mean value of any
specific population, with definite experimental conditions.

4.1.3. Subgroup Analyses of Digestate/Control Yield RR

The effect on yield of digestate fertilization compared to control treatments showed
significant differences between crop species, being wheat and lettuce the groups with
higher RR values. Most cultures presented 5 observations or less, except for wheat and
corn (Figure 6).
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Figure 6. Effect of digestate fertilization on yield respect to control treatments for different
crop species.

No differences were detected between field and greenhouse experiments, although the
pooled value was moderately higher in the second group (Figure 7). In both cases, yields
obtained with digestate fertilization were significantly higher than the control treatments.
It is important to mention that the number of observations was higher than 5 in both cases.
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4.2. Analysis 2: Organic Fertilizer/Synthetic Fertilizer Response Ratio
4.2.1. Dataset 2 Observations

The systematic bibliographic search produced a total of 52 observations of organic/synthetic
fertilizer RR that matched the selection criteria. Included experiments comprise 20 dif-
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ferent crop species, the most represented of which were wheat (23% of the observations),
corn (15%) and barley (10%). The other 3 crops had 3 observations, comprising 17% of
the data, while the remaining 14 crops presented less than 3 observations (35% of the
dataset; Figure 8).
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bioslurry application.

As shown in Figure 9a, 94% of dataset 2 observations correspond to digestate. Diges-
tate field assays represent 59% of the dataset, and an additional 35% comes from digestate
greenhouse assays. All compost tea observations proceed from greenhouse assays, as
none compost tea field experiments satisfied the selection criteria. Regarding experiment
duration, 75% of the dataset comes from experiments that lasted more than 2 months
(Figure 9b). The remaining observations were obtained by experiments that lasted less than
one month (15% of the dataset), or up to two months (10%).
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4.2.2. Meta-Analysis of RR

According to the meta-analysis results (Figure 10), the pooled RR for the diges-
tate/synthetic fertilizer comparison was 0.98, based on k = 52 observations. The 95%
probability confidence interval ranged from 0.90 to 1.06, representing a non-significant
difference between yields obtained with both treatments. Regarding compost tea/synthetic
fertilizer RR, the meta-analysis was based on only k = 3 valid observations, producing a
pooled ES of 0.90 with a 95% probability confidence interval ranging between 0.70 and
1.17. The non-significant result for compost tea is considered merely informative due to
the low size of the dataset from which it was obtained. I2 values were also high for both
comparisons, as in the previous cases: 98.4% for compost tea and 95.9% for digestate.
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Numeric RR values and 95% confidence intervals (95%-CI) are expressed in the original metric (ratio).
Analyzed effect sizes (ES), standard errors (se) and the graphic scale (horizontal axis) are logarithmic
to represent the transformation of the data [7,12,13,15,48,51,52,54,56–59,61,63–74,76].

4.2.3. Subgroup Analyses of Digestate/Control Yield RR

The effect on yields of digestate fertilization compared to synthetic fertilization varied
significantly across crop species. The wheat, corn and barley were the only cultures with
5 or more observations, while the rest of the groups presented k = 3. Yields of wheat and
corn were statistically similar between digestate and synthetic fertilizers. In the case of
barley, yields obtained with digestate were significantly lower than synthetic fertilization
treatments (Figure 11).
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Figure 11. Effect of digestate fertilization on yield respect to synthetic fertilization for different
crop species.

Yields were statistically similar between digestate and synthetic fertilization treatments
in both field and greenhouse experiments, although the result was moderately higher in
the second group (Figure 12). This result is robust, as the two groups presented more than
5 observations.
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Figure 12. Effect of digestate fertilization on yield respect to synthetic fertilization treatments for
experiments conducted in different environments.

4.3. Publication Bias Analyses

Egger’s test and Duval and Tweedie’s Trim and Fill procedure were performed to de-
termine the existence of publication bias in the datasets. In all cases, the results of these tests
were either non-significant, indicating that there is no concrete evidence of the existence of
publication bias, or not conclusive, due to an insufficient number of observations.

4.3.1. Egger’s Test

All Egger’s tests (Table 1) produced non-significant results, meaning that there is no
substantial asymmetry. This result points to the absence of publication bias in the digestate
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datasets. In the case of compost tea, the test is based on a low number of observations,
meaning it is not reliable due to poor statistical power.

Table 1. Results of Egger’s test for the different comparisons.

Response Ratio p-Value Result Interpretation

Digestate/control 0.161 Non-significant The test does not indicate the
existence of substantial asymmetry.

Compost tea/control 0.079 Non-significant Insufficient data.

Digestate/synthetic
fertilizer 0.922 Non-significant The test does not indicate the

existence of substantial asymmetry.

Compost tea/synthetic
fertilizer 0.697 Non-significant Insufficient data.

4.3.2. Trim and Fill

The Trim and Fill procedures generated conservative, “unbiased” estimates for the
pooled effects of digestate or compost tea yields against control or synthetic fertilizer
treatments. In the case of digestate (Figure 13a,b), the value of the pooled estimate of
digestate/control RR reduced to 1.53 but the significance of the result remained. Similarly,
the pooled digestate/synthetic fertilizer RR decreased to 0.93 in the trim and fill estimate,
although the difference between treatments was still not significant. Regarding compost tea
(Figure 13c,d), RR for both comparisons remained unchanged as no modeled observations
were added, although this is attributable to the low number of observations and subsequent
low power of the analyses.
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5. Discussion

In the present study, a meta-analysis of the effects of fertilization with compost tea
and anaerobic digestate on crop biomass yield was performed to assess their potential
in agricultural production. Despite the high number of initial results yielded by the
bibliographic search (1195 scientific papers), most of them were excluded for not fulfilling
the predefined selection criteria. For this reason, the final number of meta-analyzed papers
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was 35, 30 of which corresponded to digestate and 5 to compost tea. In the second case,
the low number of papers suitable for the meta-analysis was mainly explained by the
lack of studies focused on fertilization with pure compost tea: most of them studied only
its effect as an organic pesticide, or analyzed the nutritional effect in combination with
commercial fertilizers.

According to this meta-analysis, digestate fertilization increased biomass yield by
80% on average in respect to control treatments, while compost tea showed an increase of
92% in yield compared to control treatments. Both values are higher than the 70% yield
increase reported by Wang et al. (2020) [2] for winter wheat yield with organic fertilizers.
Increments in crop yield were foreseeable when comparing these organic fertilizers against
control, as control treatments had no fertilization at all. Additionally, the fact that none
of the RR observations were significantly negative indicates that the bio-products did not
cause significant negative effects such as phytotoxicity, which is regarded as a possible
effect by some scientific sources [20,77]. However, the result for compost tea is considered
merely informative, due to the low number of observations from which it was obtained.

In digestate/control RR, one observation of RR = 14.1 from Cristina et al. (2020) [51]
and another of RR = 8.5 from Nabel et al. (2018) [71] were highlighted by the influence
analysis due to their high RR values and influence on the pooled result. Consequently,
they were removed from dataset 1 to produce a more conservative result. It is noticeable
that both observations correspond to experiments on sandy substrate, with low hydric
retention and poor nutrient content. In these conditions, digestate treatments exhibited a
strong positive effect on crop yield with respect to controls, with values even higher than
conventional fertilization treatments. These may suggest a high influence of organic matter
input in poor substrates. However, it is likely that the extreme RR values were mainly
driven by the abnormally low yields obtained in controls.

Publication bias analyses were either not conclusive or non-significant, indicating
no concrete evidence of publication bias. The results of digestate yields compared to
control and synthetic fertilizers are considered robust, as significance remained unchanged
after modeling conservative, unbiased estimators. Compost tea results also remained
unchanged, although they are not reliable due to the low number of observations and
consequent limited power of the analyses.

Concerning heterogeneity, the high I2 values indicate that the observations differ in
their true effects, which is compatible with the approach of the random-effects model.
Pooled effects represent average values obtained from a set of statistical populations [31],
whose specific effects are expected to vary due to differences in experiment duration,
environment, crop species, measurement techniques, fertilization level, and substrate,
among other factors [26,71].

Subgroup analyses of digestate observations were conducted to determine if the results
varied depending on the crop species or the environment of the experiments. Yields were
statistically similar between digestate and synthetic fertilizer treatments for all the assessed
crops except barley. In contrast, yields obtained with digestate were higher than the control
treatments’ for all crops except forage, suggesting that some crops, such as wheat and
lettuce, responded better to fertilization than others. However, the reliability of individual
crop results is low as the number of observations was 5 or fewer for all crops except wheat
and corn. According to Harrer 2019 [29], it is not recommended to compare two or more
subgroups when the entire number of studies in the meta-analysis is smaller than k = 10.

On the other hand, results grouped per environment of the experiment are robust, with
k ≥ 18 observations in all cases. As in the general analyses, digestate yields were higher
than the control and similar to synthetic fertilizer treatments for both greenhouse and
field experiments. The results did not differ significantly between environments, although
greenhouse experiments presented higher pooled values.

A meta-analysis of organic fertilizers found that the nitrogen input level of each
treatment conditioned yield RR [27]. In the present analysis, N input in the included papers
varied in a range between 100 and 480 kg N ha−1, with an average input of 244 kg N ha−1,
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considering only field studies that explicitly reported this value. This factor was not
considered as an explanatory variable in the meta-analysis, mainly due to the limited
number of observations available.

Compost tea and digestate are produced by the biological transformation of a wide
range of organic materials. Thus, fertilizer quality is expected to vary depending on the
raw materials used, stabilization level, production method, storage conditions, etc., which
may affect crop yield [20,48]. As observed by Luo et al. (2018) [1], experiment duration.
may influence on the results due to two facts; first, if an experiment focuses on incomplete
crop cycles (e.g., initial stages), treatment differences may not be representative of the total
cycle. Second, organic fertilizers contain a high proportion of nutrients in organic forms
that require mineralization for plant intake; in this case, short experiments would fail to
reflect the effect of long-term nutrient availability [78].

Regarding previous meta-analyses that calculated the effect of organic fertilizers on
yield, most or all of the published papers do not focus individually on the effect of compost
tea or digestate fertilization. They analyze the effects of a wide range of organic fertilizers
grouped in a few classes, including combined application of bioproducts with synthetic
fertilizers in most cases. As an example, Ding et al. (2018) [26] found that the combined
application of organic and conventional fertilizers increased the yield of rice by 7.8%, with
respect to exclusively conventional fertilization. They also suggested that the substitution
of mineral N by organic N should not exceed 20% of total N input to avoid yield loss.
Other meta-analyses conducted by Liu et al. (2021) [27] found that crop yields increased by
5.5–5.6% with substitution levels lower than 70% of total N.

Luo et al. (2018) [1] and Wang et al. (2020) [2] reported crop yield increase of 27% and
24–28%, respectively, for the combined application of mineral fertilizers and bioproducts,
with respect to pure mineral fertilizers. Nonetheless, these studies inform a significant
reduction in yields when replacing mineral N by equal amounts of N in organic fertilizers,
attributed to a lower bioavailability of this element in the organic matter, which requires
microbial degradation. In this sense, Seufert (2019) [78] states that yields of organic cultures
are approximately 19–25% lower than those of conventional crops.

The present study provides different results than previous meta-analyses for the
comparation between organic fertilizers and synthetic fertilization. Digestate treatments
resulted in a pooled yield similar to that obtained with synthetic fertilizers, as the 2%
difference between both treatments was not significant. Compost tea produced yields
10% lower than conventional fertilizers, with non-significant difference, based on a very
small number of observations. The discrepancies with respect to other meta-analyses may
be explained because previous studies considered the effect of different organic products
jointly. The analysis of several organic products in one single group may result in loss of
information, masking the effect of bioproducts with high fertilization quality in a general
average result.

Digestate and compost tea are products of anaerobic and aerobic biodigestion, re-
spectively. Both fertilizers contain a high proportion of nutrients in mineral form, read-
ily available for plant intake in the short term, explaining the similarity with inorganic
fertilizers [53,79,80]. These products also provide phytohormones, beneficial microorgan-
isms and slow liberation nutrients contained in the organic matter, and produce a positive
effect on soil physical properties, unlike synthetic fertilizers [10,11,61,62,64].

The application of these fertilizers contributes to increasing crop yields beyond the
short term, by adding nutrients, beneficial microorganisms, phytohormones and organic
matter to soils and substrates [20,61,81]. Besides the plant growth stimulation effect, several
authors report pathogen and disease control properties, mainly explained by the presence
of biocontrol agents, antibiosis and other mechanisms [14,22,82,83].

Additionally, these products can be combined with both organic and synthetic fertil-
izers, complementing their different fertilizing properties (e.g., short- or long-term fertil-
ization, organic matter, microbiota, etc.). Combined use with synthetic fertilizers can help
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to increase or maintain yields while reducing the input of synthetic products, minimizing
environmental negative impacts, as happens with other organic fertilizers [2,27].

Furthermore, production of these organic fertilizers is practicable at different scales.
Aerobic and anaerobic digestions may be suitable for both small farms and agro-industrial
facilities. Additional benefits include exploiting and treating organic residues while gener-
ating high quality products [84,85]. Digestate is a byproduct of biogas, a valuable energetic
resource; concurrently, its use as fertilizer improves nutrient cycling and C fixation in
agroecosystems [86,87].

The present meta-analysis indicates that digestate is a bioproduct with high potential
as fertilizer. Compost tea showed promising results, though further analyses based on a
larger number of observations are required to reach more reliable conclusions. Differences
in pooled RR between compost tea and digestate were not significant in any of the compar-
isons (organic fertilizer/control and organic fertilizer/synthetic fertilizer). However, this
apparent similarity between the pooled effects of both organic fertilizers is not considered
conclusive, due to the poor precision of the compost tea results.

More studies about bioproducts are needed to evaluate crop yield in different sce-
narios, under diverse environmental conditions and management techniques, in order to
establish proportions of raw materials, elaboration processes, and application techniques
and doses, ensuring a secure production. In this sense, it is essential that the results of future
experimental research be published with all the information necessary for their inclusion in
future meta-analyses, as previously detailed. Finally, meta-analysis proved to be a powerful
tool to summarize scientific information, reaching strong and comprehensive conclusions.

6. Conclusions

According to this study, fertilization with digestate significantly increased yields with
respect to control, reaching values similar to conventional fertilizers. This result is superior
to those reported by other meta-analyses for organic fertilizers, as previous works grouped
the effects of diverse organic products in a few categories, probably pooling together the
effects of high-performance organic fertilizers with those of poorer value.

The results for digestate are considered robust as their significance did not vary even
after modeling conservative, “unbiased” estimators. However, the high heterogeneity
observed suggests the existence of factors that may account for part of the variability.
Although the influence of crop species and environment of the experiments was assessed
by the application of subgroup analysis, further analyses based on a larger number of
studies are required in order to obtain a robust estimation of the effect of crop species and
other variables on yields.

In the case of compost tea, the analysis indicates that yields can be significantly higher
than the control and lower than that of synthetic fertilizers, with non-significant difference.
Nevertheless, these results are considered merely informative and further analyses are
required as the compost tea dataset comprised a very low number of observations. “Unbi-
ased” estimators for compost tea showed no change in the results, although they are not
reliable due to the low number of observations.

To conclude, meta-analysis proved to be a powerful tool that makes it possible to
summarize scientific information, reaching strong and comprehensive conclusions about
organic fertilization. However, it is required that experimental studies inform dispersion
values for each independent treatment, thus reducing the loss of information in posterior
meta-analyses and increasing reliability of the results.

Author Contributions: Conceptualization, F.C. and I.F.-P.; methodology, F.C. and M.A.; software, F.C.
and M.A.; validation, F.C., E.M.U. and I.F.-P.; formal analysis, F.C.; investigation, F.C., E.M.U. and
I.F.-P.; resources, I.F.-P., E.M.U. and M.C.; data curation, F.C.; writing—original draft preparation,
F.C. and I.F.-P.; writing—review and editing, E.M.U. and M.C.; visualization, E.M.U. and M.C.;
supervision, I.F.-P., E.M.U. and M.C.; project administration, I.F.-P.; funding acquisition, I.F.-P. All
authors have read and agreed to the published version of the manuscript.



Sustainability 2023, 15, 1357 20 of 23

Funding: This work was supported by the Fondo para la Investigación Científica y Tecnológica, Minis-
terio de Ciencia, Tecnología e Innovación, Argentina, under Grant PICT 2019-2193 to Iván Funes-Pinter.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Luo, G.; Li, L.; Friman, V.-P.; Guo, J.; Guo, S.; Shen, Q.; Ling, N. Organic amendments increase crop yields by improving

microbe-mediated soil functioning of agroecosystems: A meta-analysis. Soil Biol. Biochem. 2018, 124, 105–115. [CrossRef]
2. Wang, L.; Li, Q.; Coulter, J.A.; Xie, J.; Luo, Z.; Zhang, R.; Deng, X.; Li, L. Winter wheat yield and water use efficiency response to

organic fertilization in northern China: A meta-analysis. Agric. Water Manag. 2020, 229, 105934. [CrossRef]
3. Mamani, A.I.d.F.; Filippone, M.P. Bioinsumos: Componentes claves de una agricultura sostenible. Rev. Agron. Noroeste Argent.

2018, 38, 9–21.
4. De Corato, U. Agricultural waste recycling in horticultural intensive farming systems by on-farm composting and compost-based

tea application improves soil quality and plant health: A review under the perspective of a circular economy. Sci. Total Environ.
2020, 738, 139840. [CrossRef]

5. Alzamel, N.M.; Taha, E.M.M.; Bakr, A.A.A.; Loutfy, N. Effect of Organic and Inorganic Fertilizers on Soil Properties, Growth
Yield, and Physiochemical Properties of Sunflower Seeds and Oils. Sustainability 2022, 14, 12928. [CrossRef]

6. Biancini, G.; Marchetti, B.; Cioccolanti, L.; Moglie, M. Comprehensive Life Cycle Assessment Analysis of an Italian Composting
Facility concerning Environmental Footprint Minimization and Renewable Energy Integration. Sustainability 2022, 14, 14961.
[CrossRef]

7. Islam, S.F.-U.; de Neergaard, A.; Sander, B.O.; Jensen, L.S.; Wassmann, R.; van Groenigen, J.W. Reducing greenhouse gas emissions
and grain arsenic and lead levels without compromising yield in organically produced rice. Agric. Ecosyst. Environ. 2020,
295, 106922. [CrossRef]

8. Muhmood, A.; Javid, S.; Ahmad, Z.; Majeed, A.; Rafique, R. Integrated use of bioslurry and chemical fertilizers for vegetable
production. Pak. J. Agric. Sci. 2014, 51, 565–570.

9. Pane, C.; Palese, A.M.; Spaccini, R.; Piccolo, A.; Celano, G.; Zaccardelli, M. Enhancing sustainability of a processing tomato
cultivation system by using bioactive compost teas. Sci. Hortic. 2016, 202, 117–124. [CrossRef]

10. Evans, K.J.; Percy, A.K. Integrating Compost Teas in the Management of Fruit and Foliar Diseases for Sustainable Crop Yield and Quality;
Composting for Sustainable Agriculture; Springer International Publishing: Cham, Switzerland, 2014; Volume 3, pp. 173–198.
[CrossRef]

11. Dukare, A.S.; Prasanna, R.; Dubey, S.C.; Nain, L.; Chaudhary, V.; Singh, R.; Saxena, A.K. Evaluating novel microbe amended
composts as biocontrol agents in tomato. Crop Prot. 2011, 30, 436–442. [CrossRef]

12. Siddiqui, Y.; Islam, T.M.; Naidu, Y.; Meon, S. The conjunctive use of compost tea and inorganic fertiliser on the growth, yield and
terpenoid content of Centella asiatica (L.) urban. Sci. Hortic. 2011, 130, 289–295. [CrossRef]

13. Iocoli, G.A.; Gómez, M.A. Utilización de digerido anaeróbico de purín de cerdo: Actividad biológica del suelo y desarrollo
vegetal. Cienc. Suelo 2015, 33, 1–9.

14. De Groot, L.; Bogdanski, A. Bioslurry = Brown Gold? A Review of Scientific Literature on the Co-Product of Biogas Production;
Environment and Natural Resources Management, FAO: Rome, Italy, 2013; p. 33.

15. Pampillón-González, L.; Luna-Guido, M.; Ruíz-Valdiviezo, V.M.; Franco-Hernández, O.; Fernández-Luqueño, F.; Paredes-López, O.;
Hernández, G.; Dendooven, L. Greenhouse Gas Emissions and Growth of Wheat Cultivated in Soil Amended with Digestate
from Biogas Production. Pedosphere 2017, 27, 318–327. [CrossRef]

16. Kim, M.J.; Shim, C.K.; Kim, Y.K.; Hong, S.J.; Park, J.H.; Han, E.J.; Kim, J.H.; Kim, S.C. Effect of Aerated Compost Tea on the
Growth Promotion of Lettuce, Soybean, and Sweet Corn in Organic Cultivation. Plant Pathol. J. 2015, 31, 259–268. [CrossRef]

17. Martin, C.C.G.S. Potential of compost tea for suppressing plant diseases. CAB Rev. Perspect. Agric. Veter Sci. Nutr. Nat. Resour.
2014, 2014, 1–38. [CrossRef]

18. Borenstein, M. Introduction to Meta-Analysis; John Wiley & Sons: New York, NY, USA, 2021; p. 544.
19. Warnars, L.; Oppenoorth, H.; Bioslurry: A supreme fertilizer. A study on bioslurry results and uses. In Proceedings of the

IFOAM Organic World Congress 2014, ‘Building Organic Bridges’, Istanbul, Turkey, 13–15 October 2014; Hivos People Unlimited:
Díli, Timor-Leste, 2014.

20. Möller, K.; Müller, T. Effects of anaerobic digestion on digestate nutrient availability and crop growth: A review. Eng. Life Sci.
2012, 12, 242–257. [CrossRef]

21. Bonten, L.T.C.; Zwart, K.B.; Rietra, R.P.J.J.; Postma, R.; de Haas, M.J.G. Bio-Slurry as Fertilizer—Is Bio-Slurry from Household
di-Gesters a Better Fertilizer than Manure? A Literature Review; Alterra Wageningen UR: Wageningen, The Netherlands, 2014; p. 45.

22. Marín, F.; Diánez, F.; Gea, F.J.; Navarro, M.J.; Santos, M. Effect of compost tea on plant growth and plant disease management.
In Sustainable Crop Disease Management Using Natural Products; CABI: Wallingford, UK, 2015; pp. 234–2654. [CrossRef]

http://doi.org/10.1016/j.soilbio.2018.06.002
http://doi.org/10.1016/j.agwat.2019.105934
http://doi.org/10.1016/j.scitotenv.2020.139840
http://doi.org/10.3390/su141912928
http://doi.org/10.3390/su142214961
http://doi.org/10.1016/j.agee.2020.106922
http://doi.org/10.1016/j.scienta.2016.02.034
http://doi.org/10.1007/978-3-319-08004-8_9
http://doi.org/10.1016/j.cropro.2010.12.017
http://doi.org/10.1016/j.scienta.2011.05.043
http://doi.org/10.1016/S1002-0160(17)60319-9
http://doi.org/10.5423/PPJ.OA.02.2015.0024
http://doi.org/10.1079/PAVSNNR20149032
http://doi.org/10.1002/elsc.201100085
http://doi.org/10.1079/9781780643236.0234


Sustainability 2023, 15, 1357 21 of 23

23. Nakagawa, S.; Noble, D.W.A.; Senior, A.M.; Lagisz, M. Meta-evaluation of meta-analysis: Ten appraisal questions for biologists.
BMC Biol. 2017, 15, 18. [CrossRef]

24. Jin, Z.-C.; Zhou, X.-H.; He, J. Statistical methods for dealing with publication bias in meta-analysis. Stat. Med. 2014, 34, 343–360.
[CrossRef]

25. Hedges, L.V.; Gurevitch, J.; Curtis, P.S. The Meta-Analisys of Response Ratios in Experimental Ecology. Ecology 1999, 80, 1150–1156.
[CrossRef]

26. Ding, W.; Xu, X.; He, P.; Ullah, S.; Zhang, J.; Cui, Z.; Zhou, W. Improving yield and nitrogen use efficiency through alternative
fertilization options for rice in China: A meta-analysis. Field Crop. Res. 2018, 227, 11–18. [CrossRef]

27. Liu, B.; Wang, X.; Ma, L.; Chadwick, D.; Chen, X. Combined applications of organic and synthetic nitrogen fertilizers for
improving crop yield and reducing reactive nitrogen losses from China’s vegetable systems: A meta-analysis. Environ. Pollut.
2020, 269, 116143. [CrossRef]

28. Cochrane Collaboration. Cochrane Handbook for Systematic Reviews of Interventions; Cochrane Collaboration: London, UK, 2008.
29. Harrer, M.; Cuijpers, P.; Furukawa, T.A.; Ebert, D.D. Doing Meta-Analysis with R: A Hands-On Guide; Chapman and Hall/CRC:

London, UK, 2019. Available online: https://bookdown.org/MathiasHarrer/Doing_Meta_Analysis_in_R/ (accessed on
19 December 2022).

30. Viechtbauer, W. Conducting Meta-Analyses in R with themetaforPackage. J. Stat. Softw. 2010, 36, 1–48. [CrossRef]
31. Rohatgi, A. WebPlotDigitizer, Version 4.4. 2020. Available online: https://automeris.io/WebPlotDigitizer/ (accessed on

23 April 2021).
32. Olkin, I.; Dahabreh, I.J.; Trikalinos, T.A. GOSH—A graphical display of study heterogeneity. Res. Synth. Methods 2012, 3, 214–223.

[CrossRef]
33. R Core Team. R: A Language and Environment for Statistical Computing, Version 4.0.3; R Foundation for Statistical Computing:

Vienna, Austria, 2020. Available online: https://www.R-project.org/ (accessed on 19 December 2022).
34. Schwarzer, G. Meta: General Package for Meta-Analysis, Version 4.15-1. 2021. Available online: https://CRAN.R-project.org/

package=meta (accessed on 4 May 2021).
35. Viechtbauer, W. Metafor: Meta-Analysis Package for R, Version 3.0-2. 2021. Available online: https://CRAN.R-project.org/

package=metafor (accessed on 4 May 2021).
36. Harrer, M.; Cuijpers, P.; Ebert, D. Dmetar: Doing Meta-Analysis in R. Zenodo 2019. [CrossRef]
37. Wickham, H.; François, R.; Henry, L.; Müller, K. Dplyr: A Grammar of Data Manipulation; R Package Version 0.8.4. 2020.

Available online: https://CRAN.R-project.org/package=dplyr (accessed on 4 May 2021).
38. Wickham, H.; Bryan, J.; RStudio; Kalicinski, M.; Komarov, V.; Leitienne, C.; Colbert, B.; Hoerl, D.; Miller, E. Readxl: Read Excel

Files, Version 1.3.1. 2019. Available online: https://CRAN.R-project.org/package=readxl (accessed on 19 December 2022).
39. Wickham, H.; Chang, W.; Henry, L.; Pedersen, T.L.; Takahashi, K.; Wilke, C.; Woo, K.; Yutani, H.; Dunnington, D.; RStudio.

ggplot2: Create Elegant Data Visualisations Using the Grammar of Graphics, Version 3.3.5. 2021. Available online: https:
//CRAN.R-project.org/package=ggplot2 (accessed on 4 May 2021).

40. Allaire, J.J.; Xie, Y.; McPherson, J.; Luraschi, J.; Ushey, K.; Atkins, A.; Wickham, H.; Cheng, J.; Chang, W.; Iannone, R.; et al.
Rmarkdown: Dynamic Documents for R, Version 2.9. 2021. Available online: https://CRAN.R-project.org/package=rmarkdown
(accessed on 10 May 2021).

41. Xie, Y.; Allaire, J.J.; Kim, A.; Samuel-Rosa, A.; Oles, A.; Yasumoto, A.; Frederik, A.; Quast, B.; Marwick, B.; Ismay, C.; et al.
Bookdown: Authoring Books and Technical Documents with R Markdown, Version 0.22. 2021. Available online: https:
//CRAN.R-project.org/package=bookdown (accessed on 10 May 2021).

42. Zhu, H.; Travison, T.; Tsai, T.; Beasley, W.; Xie, Y.; Yu, G.; Laurent, S.; Shepherd, R.; Sidi, Y.; Salzer, B.; et al. KableExtra: Construct
Complex Table with «kable» and Pipe Syntax, Version 1.3.4. 2021. Available online: https://CRAN.R-project.org/package=
kableExtra (accessed on 4 May 2021).

43. Xie, Y.; Sarma, A.; Vogt, A.; Andrew, A.; Zvoleff, A.; Andre-Simon, A.S.; Atkins, A.; Wolen, A.; Manton, A.; Yasumoto, A.; et al.
Knitr: A General-Purpose Package for Dynamic Report Generation in R, Version 1.33. 2021. Available online: https://CRAN.R-
project.org/package=knitr (accessed on 4 May 2021).

44. Veroniki, A.A.; Jackson, D.; Viechtbauer, W.; Bender, R.; Bowden, J.; Knapp, G.; Kuss, O.; Higgins, J.P.; Langan, D.; Salanti, G.
Methods to estimate the between-study variance and its uncertainty in meta-analysis. Res. Synth. Methods 2015, 7, 55–79.
[CrossRef] [PubMed]

45. Bakbergenuly, I.; Hoaglin, D.C.; Kulinskaya, E. Estimation in meta-analyses of response ratios. BMC Med. Res. Methodol. 2020,
20, 263. [CrossRef] [PubMed]

46. Egger, M.; Smith, G.D.; Schneider, M.; Minder, C. Bias in meta-analysis detected by a simple, graphical test. BMJ 1997, 315, 629–634.
[CrossRef]

47. Duval, S.; Tweedie, R. Trim and Fil l: A Simple Funnel-Plot-Based Method of Testing and Adjusting for Publication Bias in
Meta-Analysis. Biometrics 2000, 56, 455–463. [CrossRef]

48. Reeve, J.R.; Carpenter-Boggs, L.; Reganold, J.P.; York, A.L.; Brinton, W. Influence of biodynamic preparations on compost
development and resultant compost extracts on wheat seedling growth. Bioresour. Technol. 2010, 101, 5658–5666. [CrossRef]

49. Ren, H.; Hu, J.; Hu, Y.; Yang, G.; Zhang, Y. Divergence of compost extract and bio-organic manure effects on lucerne plant and
soil. PeerJ 2017, 5, e3775. [CrossRef]

http://doi.org/10.1186/s12915-017-0357-7
http://doi.org/10.1002/sim.6342
http://doi.org/10.1890/0012-9658(1999)080[1150:TMAORR]2.0.CO;2
http://doi.org/10.1016/j.fcr.2018.08.001
http://doi.org/10.1016/j.envpol.2020.116143
https://bookdown.org/MathiasHarrer/Doing_Meta_Analysis_in_R/
http://doi.org/10.18637/jss.v036.i03
https://automeris.io/WebPlotDigitizer/
http://doi.org/10.1002/jrsm.1053
https://www.R-project.org/
https://CRAN.R-project.org/package=meta
https://CRAN.R-project.org/package=meta
https://CRAN.R-project.org/package=metafor
https://CRAN.R-project.org/package=metafor
http://doi.org/10.5281/ZENODO.2551803
https://CRAN.R-project.org/package=dplyr
https://CRAN.R-project.org/package=readxl
https://CRAN.R-project.org/package=ggplot2
https://CRAN.R-project.org/package=ggplot2
https://CRAN.R-project.org/package=rmarkdown
https://CRAN.R-project.org/package=bookdown
https://CRAN.R-project.org/package=bookdown
https://CRAN.R-project.org/package=kableExtra
https://CRAN.R-project.org/package=kableExtra
https://CRAN.R-project.org/package=knitr
https://CRAN.R-project.org/package=knitr
http://doi.org/10.1002/jrsm.1164
http://www.ncbi.nlm.nih.gov/pubmed/26332144
http://doi.org/10.1186/s12874-020-01137-1
http://www.ncbi.nlm.nih.gov/pubmed/33092521
http://doi.org/10.1136/bmj.315.7109.629
http://doi.org/10.1111/j.0006-341X.2000.00455.x
http://doi.org/10.1016/j.biortech.2010.01.144
http://doi.org/10.7717/peerj.3775


Sustainability 2023, 15, 1357 22 of 23

50. Ciaccia, C.; Montemurro, F.; Campanelli, G.; Diacono, M.; Fiore, A.; Canali, S. Legume cover crop management and organic
amendments application: Effects on organic zucchini performance and weed competition. Sci. Hortic. 2015, 185, 48–58. [CrossRef]

51. Cristina, G.; Camelin, E.; Tommasi, T.; Fino, D.; Pugliese, M. Anaerobic digestates from sewage sludge used as fertilizer on a
poor alkaline sandy soil and on a peat substrate: Effects on tomato plants growth and on soil properties. J. Environ. Manag. 2020,
269, 110767. [CrossRef]

52. Gissén, C.; Prade, T.; Kreuger, E.; Nges, I.A.; Rosenqvist, H.; Svensson, S.-E.; Lantz, M.; Mattsson, J.E.; Börjesson, P.; Björnsson, L.
Comparing energy crops for biogas production—Yields, energy input and costs in cultivation using digestate and mineral
fertilisation. Biomass Bioenergy 2014, 64, 199–210. [CrossRef]

53. Garfí, M.; Gelman, P.; Comas, J.; Carrasco, W.; Ferrer, I. Agricultural reuse of the digestate from low-cost tubular digesters in rural
Andean communities. Waste Manag. 2011, 31, 2584–2589. [CrossRef]

54. Riva, C.; Orzi, V.; Carozzi, M.; Acutis, M.; Boccasile, G.; Lonati, S.; Tambone, F.; D’Imporzano, G.; Adani, F. Short-term experiments
in using digestate products as substitutes for mineral (N) fertilizer: Agronomic performance, odours, and ammonia emission
impacts. Sci. Total Environ. 2016, 547, 206–214. [CrossRef] [PubMed]

55. Li, S.; Li, J.; Zhang, B.; Li, D.; Li, G.; Li, Y. Effect of different organic fertilizers application on growth and environmental risk of
nitrate under a vegetable field. Sci. Rep. 2017, 7, 17020. [CrossRef] [PubMed]

56. Quakernack, R.; Pacholski, A.; Techow, A.; Herrmann, A.; Taube, F.; Kage, H. Ammonia volatilization and yield response of
energy crops after fertilization with biogas residues in a coastal marsh of Northern Germany. Agric. Ecosyst. Environ. 2012,
160, 66–74. [CrossRef]

57. Elalami, D.; Monlau, F.; Carrere, H.; Abdelouahdi, K.; Charbonnel, C.; Oukarroum, A.; Zeroual, Y.; Barakat, A. Evaluation of
agronomic properties of digestate from macroalgal residues anaerobic digestion: Impact of pretreatment and co-digestion with
waste activated sludge. Waste Manag. 2020, 108, 127–136. [CrossRef]

58. Wu, C.-S.; Gao, Q.-H.; Kjelgren, R.K.; Guo, X.-D.; Wang, M. Yields, Phenolic Profiles and Antioxidant Activities of Ziziphus jujube
Mill. in Response to Different Fertilization Treatments. Molecules 2013, 18, 12029–12040. [CrossRef]

59. Frøseth, R.B.; Bakken, A.K.; Bleken, M.A.; Riley, H.; Pommeresche, R.; Thorup-Kristensen, K.; Hansen, S. Effects of green
manure herbage management and its digestate from biogas production on barley yield, N recovery, soil structure and earthworm
populations. Eur. J. Agron. 2014, 52, 90–102. [CrossRef]

60. Valentinuzzi, F.; Cavani, L.; Porfido, C.; Terzano, R.; Pii, Y.; Cesco, S.; Marzadori, C.; Mimmo, T. The fertilising potential of
manure-based biogas fermentation residues: Pelleted vs. liquid digestate. Heliyon 2020, 6, e03325. [CrossRef]

61. Ai, P.; Jin, K.; Alengebawy, A.; Elsayed, M.; Meng, L.; Chen, M.; Ran, Y. Effect of application of different biogas fertilizer on
eggplant production: Analysis of fertilizer value and risk assessment. Environ. Technol. Innov. 2020, 19, 101019. [CrossRef]

62. You, L.; Yu, S.; Liu, H.; Wang, C.; Zhou, Z.; Zhang, L.; Hu, D. Effects of biogas slurry fertilization on fruit economic traits and soil
nutrients of Camellia oleifera Abel. PLoS ONE 2019, 14, e0208289. [CrossRef]

63. Barbosa, D.B.P.; Nabel, M.; Jablonowski, N.D. Biogas-digestate as Nutrient Source for Biomass Production of Sida Hermaphrodita,
Zea mays L. and Medicago sativa L. Energy Procedia 2014, 59, 120–126. [CrossRef]

64. Verdi, L.; Kuikman, P.; Orlandini, S.; Mancini, M.; Napoli, M.; Marta, A.D. Does the use of digestate to replace mineral fertilizers
have less emissions of N2O and NH3? Agric. For. Meteorol. 2019, 269–270, 112–118. [CrossRef]

65. Mortola, N.; Romaniuk, R.; Cosentino, V.; Eiza, M.; Carfagno, P.; Rizzo, P.; Bres, P.; Riera, N.; Roba, M.; Butti, M.; et al. Potential
Use of a Poultry Manure Digestate as a Biofertiliser: Evaluation of Soil Properties and Lactuca sativa Growth. Pedosphere 2019,
29, 60–69. [CrossRef]

66. Cristina, G.; Camelin, E.; Pugliese, M.; Tommasi, T.; Fino, D. Evaluation of anaerobic digestates from sewage sludge as a potential
solution for improvement of soil fertility. Waste Manag. 2019, 99, 122–134. [CrossRef] [PubMed]

67. Vico, A.; Sáez, J.; Pérez-Murcia, M.; Martinez-Tomé, J.; Andreu-Rodríguez, J.; Agulló, E.; Bustamante, M.; Sanz-Cobena, A.;
Moral, R. Production of spinach in intensive Mediterranean horticultural systems can be sustained by organic-based fertilizers
without yield penalties and with low environmental impacts. Agric. Syst. 2019, 178, 102765. [CrossRef]

68. Abubaker, J.A.A.; Elnesairy, N.; Ahmad, S. Effects non-digested and anaerobically digested farmyard manures on wheat crop
cultivated in desert soil. J. Arid. Agric. 2017, 3, 1–10. [CrossRef]

69. Du, H.; Gao, W.; Li, J.; Shen, S.; Wang, F.; Fu, L.; Zhang, K. Effects of digested biogas slurry applicationmixed with irrigation water
on nitrate leaching during wheat-maize rotation in the North China Plain. Agric. Water Manag. 2018, 213, 882–893. [CrossRef]

70. Iocoli, G.A.; Zabaloy, M.C.; Pasdevicelli, G.; Gómez, M.A. Use of biogas digestates obtained by anaerobic digestion and co-
digestion as fertilizers: Characterization, soil biological activity and growth dynamic of Lactuca sativa L. Sci. Total Environ. 2019,
647, 11–19. [CrossRef]

71. Nabel, M.; Schrey, S.D.; Poorter, H.; Koller, R.; Nagel, K.A.; Temperton, V.; Dietrich, C.C.; Briese, C.; Jablonowski, N.D. Coming
Late for Dinner: Localized Digestate Depot Fertilization for Extensive Cultivation of Marginal Soil With Sida hermaphrodita.
Front. Plant Sci. 2018, 9, 1095. [CrossRef] [PubMed]

72. Baral, K.R.; Labouriau, R.; Olesen, J.E.; Petersen, S.O. Nitrous oxide emissions and nitrogen use efficiency of manure and
digestates applied to spring barley. Agric. Ecosyst. Environ. 2017, 239, 188–198. [CrossRef]

73. Haile, A.; Ayalew, T. Comparative study on the effect of bio-slurry and inorganic N-fertilizer on growth and yield of kale (Brassica
oleracea L.). Afr. J. Plant Sci. 2018, 12, 81–87. [CrossRef]

http://doi.org/10.1016/j.scienta.2015.01.011
http://doi.org/10.1016/j.jenvman.2020.110767
http://doi.org/10.1016/j.biombioe.2014.03.061
http://doi.org/10.1016/j.wasman.2011.08.007
http://doi.org/10.1016/j.scitotenv.2015.12.156
http://www.ncbi.nlm.nih.gov/pubmed/26780147
http://doi.org/10.1038/s41598-017-17219-y
http://www.ncbi.nlm.nih.gov/pubmed/29209063
http://doi.org/10.1016/j.agee.2011.05.030
http://doi.org/10.1016/j.wasman.2020.04.019
http://doi.org/10.3390/molecules181012029
http://doi.org/10.1016/j.eja.2013.10.006
http://doi.org/10.1016/j.heliyon.2020.e03325
http://doi.org/10.1016/j.eti.2020.101019
http://doi.org/10.1371/journal.pone.0208289
http://doi.org/10.1016/j.egypro.2014.10.357
http://doi.org/10.1016/j.agrformet.2019.02.004
http://doi.org/10.1016/S1002-0160(18)60057-8
http://doi.org/10.1016/j.wasman.2019.08.018
http://www.ncbi.nlm.nih.gov/pubmed/31476637
http://doi.org/10.1016/j.agsy.2019.102765
http://doi.org/10.19071/jaa.2017.v3.3127
http://doi.org/10.1016/j.agwat.2018.12.012
http://doi.org/10.1016/j.scitotenv.2018.07.444
http://doi.org/10.3389/fpls.2018.01095
http://www.ncbi.nlm.nih.gov/pubmed/30131816
http://doi.org/10.1016/j.agee.2017.01.012
http://doi.org/10.5897/ajps2018.1639


Sustainability 2023, 15, 1357 23 of 23

74. Zhou, S.; Xu, Z.; Zeng, X.; Bai, Z.; Xu, S.; Jiang, C.; Xu, S. Linking nitrous oxide emissions from starch wastewater digestate
amended soil to the abundance and structure of denitrifier communities. Sci. Total Environ. 2020, 722, 137406. [CrossRef]

75. Abubaker, J.; Ibrahim, N.; Alkanami, M.; Alaswd, A.; El-Zeadani, H. Response of winter wheat to the application rate of raw and
digested sheep manure alone and supplemented with urea in Libyan desert soil. Sci. Afr. 2020, 8, e00332. [CrossRef]

76. Abubaker, J.; Risberg, K.; Pell, M. Biogas residues as fertilisers—Effects on wheat growth and soil microbial activities. Appl.
Energy 2012, 99, 126–134. [CrossRef]

77. Scheuerell, S.; Mahaffee, W. Compost Tea: Principles and Prospects For Plant Disease Control. Compos. Sci. Util. 2002, 10, 313–338.
[CrossRef]

78. Seufert, V. Comparing Yields: Organic Versus Conventional Agriculture. In Encyclopedia of Food Security and Sustainability; Elsevier:
Amsterdam, The Netherlands, 2019; pp. 196–208. [CrossRef]

79. Pant, A.P.; Radovich, T.J.; Hue, N.V.; Paull, R.E. Biochemical properties of compost tea associated with compost quality and effects
on pak choi growth. Sci. Hortic. 2012, 148, 138–146. [CrossRef]

80. Xu, D.-B.; Wang, Q.-J.; Wu, Y.-C.; Yu, G.-H.; Shen, Q.-R.; Huang, Q.-W. Humic-Like Substances from Different Compost Extracts
Could Significantly Promote Cucumber Growth. Pedosphere 2012, 22, 815–824. [CrossRef]

81. Hargreaves, J.C.; Adl, M.S.; Warman, P.R. Are compost teas an effective nutrient amendment in the cultivation of strawberries?
Soil and plant tissue effects. J. Sci. Food Agric. 2008, 89, 390–397. [CrossRef]

82. Kupper, K.; Bettiol, W.; de Goes, A.; de Souza, P.; Bellotte, J. Biofertilizer for control of Guignardia citricarpa, the causal agent of
citrus black spot. Crop Prot. 2006, 25, 569–573. [CrossRef]

83. Xiao, J.; Zhu, J.; Chen, S.; Ruan, W.; Miller, C. A novel use of anaerobically digested liquid swine manure to potentially control
soybean cyst nematode. J. Environ. Sci. Health Part B 2007, 42, 749–757. [CrossRef]

84. Du, C.; Abdullah, J.J.; Greetham, D.; Fu, D.; Yu, M.; Ren, L.; Li, S.; Lu, D. Valorization of food waste into biofertiliser and its field
application. J. Clean. Prod. 2018, 187, 273–284. [CrossRef]

85. Vázquez, M.; Soto, M. The efficiency of home composting programmes and compost quality. Waste Manag. 2017, 64, 39–50.
[CrossRef]

86. Morero, B.; Vicentin, R.; Campanella, E.A. Assessment of biogas production in Argentina from co-digestion of sludge and
municipal solid waste. Waste Manag. 2017, 61, 195–205. [CrossRef]

87. Onwosi, C.O.; Igbokwe, V.C.; Odimba, J.N.; Eke, I.E.; Nwankwoala, M.O.; Iroh, I.N.; Ezeogu, L.I. Composting technology in
waste stabilization: On the methods, challenges and future prospects. J. Environ. Manag. 2017, 190, 140–157. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.scitotenv.2020.137406
http://doi.org/10.1016/j.sciaf.2020.e00332
http://doi.org/10.1016/j.apenergy.2012.04.050
http://doi.org/10.1080/1065657X.2002.10702095
http://doi.org/10.1016/B978-0-08-100596-5.22027-1
http://doi.org/10.1016/j.scienta.2012.09.019
http://doi.org/10.1016/S1002-0160(12)60067-8
http://doi.org/10.1002/jsfa.3456
http://doi.org/10.1016/j.cropro.2005.09.002
http://doi.org/10.1080/03601230701503724
http://doi.org/10.1016/j.jclepro.2018.03.211
http://doi.org/10.1016/j.wasman.2017.03.022
http://doi.org/10.1016/j.wasman.2016.11.033
http://doi.org/10.1016/j.jenvman.2016.12.051

	Introduction 
	Methodology 
	Systematic Bibliographic Search 
	Selection Criteria 
	Meta-Analysis 
	Data Extraction 
	Basic Formulae 
	Preliminary Analyses 
	Software 


	Theory/Calculation 
	Meta-Analytic Model 
	Estimation of Between-Study Variance 
	Subgroup Analyses 
	Publication Bias 

	Results 
	Analysis 1: Organic Fertilizer/Control Response Ratio 
	Dataset 1 Observations 
	Meta-Analysis of RR 
	Subgroup Analyses of Digestate/Control Yield RR 

	Analysis 2: Organic Fertilizer/Synthetic Fertilizer Response Ratio 
	Dataset 2 Observations 
	Meta-Analysis of RR 
	Subgroup Analyses of Digestate/Control Yield RR 

	Publication Bias Analyses 
	Egger’s Test 
	Trim and Fill 


	Discussion 
	Conclusions 
	References

