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Abstract

Food production and waste management are two increasing issues ensuing from the growing world population. Recycling
organic residues into amendment for food production seems to appear as an opportunity to partially solve this double challenge.
Vermicomposting is a process whereby earthworms transform organic residues into compost that can be used as a substrate for
plant growth. Many studies have evaluated the effect of vermicompost on plant growth, but a quantitative summary of these
studies is still missing. This is the first meta-analysis providing a quantitative summary of the effect size of vermicompost on plant
growth. We found that vermicompost brought about average increases of 26% in commercial yield, 13% in total biomass, 78% in
shoot biomass, and 57% in root biomass. The positive effect of vermicompost on plant growth reached a maximum when
vermicompost represented 30 to 50% of the soil volume. The best original material to be used for vermicompost production
was cattle manure. The effect was stronger when no fertilizer was added, and lower when the standard Metro-Mix 360 substratum
recommended by some authors was used as a growing medium in greenhouse or climatic chambers. Herbs (especially
Cucurbitaceae and Asteraceae) and legumes exhibited the largest biomass increase in the presence of vermicompost. These
results are discussed through an analysis of potential publication biases showing an over-representation of studies with a high
effect size. We finally recommend authors of primary research to provide a minimum set of statistical parameters, output
variables, and experimental condition parameters to make it easier to include their work in meta-analyses. Overall, our study
provides synthetic information on the beneficial effects of vermicompost for plant growth, which could help bring waste
management and agriculture together towards a society with a more circular economy:.

Keywords Commercial yield - Earthworm-worked soil amendment - Meta-analysis - Plant growth - Vermicompost

1 Introduction

Limiting our impact on the environment while feeding an
increasing world population is a complex challenge
(Godfray et al. 2010). The intensification of farming, based
on increasing quantities of mineral fertilizers (Tilman et al.
2001), has led not only to increasing yields but also to the
accumulation of phytochemicals in soils and to a global eu-
trophication of waters (Bennett et al. 2001). In addition, fer-
tilizer shortage is expected in the near future as they are
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produced from non-renewable sources of energy and matter
(Vitousek et al. 1997; Edixhoven et al. 2014). The increasing
human population and the frequent insufficient connection
between the sites of organic waste production (e.g., sewage
sludge, animal manure) and crop fields have led to the local
accumulation of waste and are responsible for major pollution
issues.

Vermicomposting is a process that uses earthworms to
transform organic residues into a secondary product named
vermicompost (Fig. 1), which can be used as a fertilizer for
crop production (Dominguez 2004). Vermicomposting is
therefore an interesting solution for both recycling the in-
creasing amount of organic waste and reducing the use of
fertilizers. Moreover, the large-scale use of composts is a
good way to increase the soil content in organic matter,
which is critical for their long-term fertility (Lal 2004;
Dignac et al. 2017).

Vermicompost is generally produced by epigeic earthworms
(Bouché 1977; Lee 1985) that remain in the litter layer and in the
first centimeters of soil and feed on fresh organic matter. Eisenia
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Fig. 1 Organic waste (a) can be
processed as vermicompost (b)
within ca. 100 days through
ingestion and digestion by
earthworms such as Eisenia fetida
or Eisenia andrei. Photographs:
M. Blouin

fetida, Savigny (1826) (Haplotaxida, Lumbricidae) and Eisenia
andrei, Bouché (1972) (Haplotaxida, Lumbricidae) are the most
common species used for vermicomposting because they have
high litter ingestion and reproduction rates (Arancon and
Edwards 2011). Vermicomposting is a way to benefit from some
of the services provided by earthworms (Blouin et al. 2013;
Bertrand et al. 2015a) without directly increasing earthworm
abundance in soils. In particular, vermicomposting makes it pos-
sible to (i) reduce the volume of organic waste, (ii) stabilize
organic matter, and (iii) increase plant biomass production
through several mechanisms: it increases the soil content in or-
ganic matter, which in turn decreases the soil bulk density and
increases the availability of water and mineral nutrients, it has
hormone-like effects, and it lowers the impacts of pests and path-
ogens (Edwards et al. 2004). Altogether, vermicomposting is a
promising solution for increasing the sustainability of agriculture.

Many studies have evaluated the effect of vermicompost on
plant growth. The present study summarizes this literature corpus
published over the last 20 years. We performed a meta-analysis
to summarize these results and quantify the impact of
vermicompost on plant growth. This analysis allowed us to as-
sess the mean impact of vermicompost on plant aboveground
and belowground biomass production and to determine the in-
fluence of different factors on the size of the vermicompost effect,
such as the proportion of vermicompost in the growth medium,
the organic material from which the vermicompost was made,
and the plant type. This meta-analysis was also an opportunity to
identify knowledge gaps and to draw recommendations for fu-
ture research and the use of vermicompost.

2 Materials and methods
2.1 Literature search
Publications were searched for in the ISI Web of Science

database over the 1997-2016 period using the following key
words: “vermicompost” AND “primary production” OR
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“plant growth” OR “plant production” OR “grain yield” OR
“plant biomass” OR “aboveground biomass” OR “below-
ground biomass” OR “plant yield” OR “role of
vermicompost” OR “influence of vermicompost” OR “poten-
tial effect of vermicompost.” The same search was also per-
formed for the 1997-2010 period, using the Scopus database.
Among the 949 references provided by this search, we select-
ed 625 references whose abstracts mentioned the biomass or
yield of plants grown in the presence or in the absence of
vermicompost. Because many references were published in
the gray literature or conference papers, we were only able
to retrieve the full text of 394 out of these 625 references.
Finally, we selected the articles based on the following infor-
mation: (i) the presence of a mean value for both a
vermicompost (VC) treatment and a control soil without
vermicompost (C) for root, shoot, or total biomass values,
shoot—root ratio, or commercial yield; (ii) the number of rep-
licates for each treatment; and (iii) a parameter describing the
deviation around the average value (variance, standard devia-
tion, or standard error). Only 68 publications met all the
criteria for the meta-analysis. During this search, we noted
that some studies compared the effect of compost and
vermicompost on plant growth (e.g., Jouquet et al. 2010).
However, the great majority of studies focused on the com-
parison of two treatments: a control soil without any organic
matter or mineral nutrient added on the one hand and a treated
soil with vermicompost added on the other hand. Therefore,
our meta-analysis is based on this type of comparison.

2.2 Data collection

In the 68 papers providing the above-mentioned information,
we identified four output variables: (i) plant total biomass (73
occurrences in 15 publications), (ii) root biomass (212 occur-
rences in 25 publications), (iii) shoot biomass (245 occur-
rences in 31 publications), and (iv) commercial yield (122
occurrences in 22 publications). Because of the very scarce
data about the effect of vermicompost on the shoot—root ratio
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(13 occurrences in 5 publications), this variable was not ana-
lyzed. A total of 665 relevant results were finally extracted.

Several co-variables describing the experimental condi-
tions were also documented: the proportion of vermicompost
in the growth medium, the type of experiment (field, green-
house, climatic chamber), the addition of a mineral fertilizer,
and the use of a standard culture medium (Metro-Mix 360,
made of vermiculite, bark, and Canadian sphagnum peat
moss). To analyze the effect of vermicompost quality, we also
retrieved the type of organic matter from which vermicompost
was obtained (green waste, urban waste, cattle manure...).
Finally, plant characteristics such as the functional type (herb,
grass, tree, legume) were also collected.

Other co-variables (e.g., the volume of soil, whether the
soil had been sieved, soil bulk density...) were retrieved but
did not lead to any statistical analysis either because the num-
ber of occurrences of this information was too low (rz < 10) or
because the resulting subgroups were too small (r < 10). The
following co-variables fell in this category: area/volume of
soil, location, temperature, humidity, light intensity, soil ori-
gin, whether the soil was sieved, whether a bio-inoculant or a
pathogen was added, soil bulk density, texture (sandy/loamy/
clayed), the proportions of carbon, nitrogen, phosphorus, cal-
cium, and magnesium, the pH, the name of the earthworm
species, the vermicompost density, elementary composition,
age, plant species, family, variety, origin (native/cultivated),
biological type (annual/biannual/perennial).

2.3 Meta-analysis
2.3.1 Calculation of effect sizes

For the four dependent variables characterizing plant growth
(total, root, shoot biomass values, yield), we expressed the
effect size as a response ratio (VC/C) because the outcome
of the experiments aimed at assessing the impact of
vermicompost on plant growth is measured on a physical scale
(Borenstein et al. 2009). We used the log response ratio,
log(VC/C), instead of other metrics such as the standardized
mean difference because the outcome of each studied variable
was unlikely to be zero (Borenstein et al. 2009) and because it
is recommended for a comparison between a treatment and a
control in experimental ecology (Hedges et al. 1999). The
natural logarithm linearizes the metric, treating deviations in
the numerator in the same way as deviations in the denomina-
tor, and the sampling distribution of the ratio is skewed,
whereas the distribution of L is much more normal in small
samples than that of the ratio (Hedges et al. 1999). The effect
size (Y;) was thus expressed as the logarithm of the response
ratio:

Y, — ln(meanVC )
meanC

We used this ratio to calculate the effect size on plant com-
mercial yield, aboveground biomass, belowground biomass,
and total biomass. We were also interested in analyzing the
effect of co-variables described in the experimental protocol
of each study (e.g., plant type, variation in the soil fertility, use
of a fertilizer, climatic conditions) to identify different groups
with different effect sizes. To this end, we used a random
effects model instead of a fixed effects model. The latter mod-
el was designed to compare studies conducted in similar con-
ditions with similar within- and between-study variances,
whereas the random effects model accounted for a stronger
effect of between-study variance as compared with within-
study variance in the computation of the global effect size
(Borenstein et al. 2009).

To compute the mean effect size M*, each individual effect
size was weighted with the reciprocal of the sum of the within-
study variance (V*y;) and the estimate of the between-study
variance (7%) (Borenstein et al. 2009).

Wi x Y

T
i1V

i

M* =

with W* = 1)V,
where V*y; is the within-study variance for study i V(Y;)
plus the between-study variance T* : Vy; = V(Y;) + T* where

T =24 with 0 =35 W, x ¥? —(ngg';f")z, df=k—1 and
C=2W, ZZLWZ 7
The variance V,+ of the mean effect size M* was then:
Vi = n;w*
i1 i

All figures were based on the log response ratio, and we
indicated the percentage of increase or reduction in the
vermicompost treatment as compared to the vermicompost-
free control and the number of observations used for the test
in each figure.

2.3.2 Subgroup analysis

We compared the mean effect sizes of the subgroups de-
fined by the different modalities of co-variables listed in
Section 2.2. We used a pooled variance estimate 77 for all
subgroup analyses because we considered that the true
between-study variance was likely to be the same for all
subgroups (Borenstein et al. 2009). Subgroups were com-
pared using a Q test of heterogeneity, where the measure of
heterogeneity was Cochran’s Q, calculated as the weighted
sum of the squared differences between individual study
effects and the pooled effect across studies (Cochran
1954). We only considered variables with a sufficient num-
ber of observations in each subgroup (n>10) to avoid
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speculative conclusions. Each subgroup analysis was con-
ducted independently from the other, so that there was no
integration of the effect of one co-variable when analyzing
the effect of a second co-variable.

2.3.3 Publication bias analysis

A bias analysis was performed to assess the reliability of
the calculated effect sizes. Three approaches were used
(Borenstein et al. 2009): (i) the shape of the funnel plots
(Light and Pillemer 1984), (ii) correlations between the
effect size and the number of replicates, and (iii)
Rosenthal and Orwin’s fail-safe numbers that estimate the
number of missing studies with a mean effect size of zero
(or another reference value for Orwin) that should be added
to obtain a non-significant difference. All calculations
were performed using the MetaWin 2.0 software
(Rosenberg et al. 2000).

3 Results and discussion

3.1 Effect of the presence of vermicompost on plant
growth

The addition of vermicompost significantly increased
shoot biomass by 78% and root biomass by 57% (Fig. 2).
These values are higher than the increases in plant biomass
following the addition of earthworms (respectively 23%
and 20% for shoot and root biomass values) found in an-
other meta-analysis (van Groenigen et al. 2014). This dif-
ference was likely due to the fact that we studied the

impact of adding organic matter that had been processed
by earthworms, i.e., vermicompost, while van Groenigen
et al. (2014) studied the impact of adding earthworms with-
out adding organic matter. In this latter case, organic matter
was supplied as litter to feed epigeic or anecic earthworms
or mixed to the soil for endogeic earthworms in both the
earthworm and earthworm-free treatments. In our case, we
assessed the concomitant impact of the addition of organic
matter and of the transformation of this organic matter by
epigeic earthworms, and it is recognized that adding organ-
ic matter to a growth medium improves soil functioning,
with complex but generally positive effects on plant
growth (Murphy 2014). This stresses that the compost lit-
erature is still focused on demonstrating a beneficial effect
of vermicompost but does not seek to analyze the underly-
ing mechanisms precisely or to specifically assess the ef-
fect of the processing of organic residues by epigeic earth-
worms. This also means that, while it is widely acknowl-
edged that adding compost promotes plant growth, what-
ever the type of compost, at present it is difficult to deter-
mine whether vermicomposts are more efficient than other
types of composts. To reach this goal, future studies should
compare plant growth after adding compost and
vermicompost made from the same quantity and quality
of organic matter, or conversely after adding amounts of
the two compost types adjusted to provide the same
amounts of nutrients (e.g., nitrogen or carbon).

Total biomass increased by 13% in the presence of
vermicompost (Fig. 2), which is not consistent with the
57% and 78% increases in root and shoot biomass values,
respectively. This divergence can be explained by the fact
that studies providing root and shoot data were generally

g - Yield;+26%;n=118

E _—— Shoot;+78%;n=241

E —_— Root;+57%;n=209

E —_— Total_Biomass;+13%;n=71

O.:OO 0.25 0.50 0.75 1.00 1.25

Effect size (In(R))

Fig. 2 Effect of vermicompost addition on commercial yield,
aboveground (shoot) biomass, belowground (root) biomass, and total
biomass of plants. Diamonds correspond to the mean effect size, and
horizontal bars to the 95% confidence interval. A confidence interval
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that does not overlap the 0 dashed line means that the effect size is
significantly different from 0. The percentage of increase following
vermicompost addition and the number of observations are displayed
for each variable
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not the same as those providing total biomass data: only
4% of the analyzed publications provided the three values,
and it was not possible to extrapolate the individual total
biomass values from the addition of the root and shoot
values because these values were averaged.

Plant yield increased by 26% (Fig. 2) in the presence of
vermicompost. Together with the observed increases in
plant root, shoot, and total biomass values, the increase in
commercial yield suggests that vermicompost is an effi-
cient mean to increase crop yield in agriculture, confirming
the results of former non-quantitative reviews (Chaudhary
et al. 2004; Lazcano and Dominguez 2011). The use of
vermicompost is thought to be particularly useful in organ-
ic farming because vermicompost provides nutrients that
would otherwise need to be brought by synthetic mineral
fertilizers that are prohibited in organic agriculture.
However, to be able to fully assess the upsides and down-
sides of vermicompost for agriculture, other steps are re-
quired. (i) It would be important to compare the increase in
plant growth attributable to vermicomposts to those attrib-
utable to composts produced in the absence of earthworms.
(i1) Composting tends to stabilize organic matter, so that
composts have long-lasting effects on soil fertility that
should be compared between standard composting and
vermicomposting. Such a comparison was not possible
for us because most vermicomposting studies are short-
term studies. (iii) The economic costs of producing
vermicompost and standard compost should be compared.

Proportion of Vermicompost

3.2 Co-factor analysis

In this subgroup analysis, we aimed to highlight the effects of
(i) the quantitative and qualitative aspects of the
vermicompost itself, especially the dose of vermicompost in
the growing medium, which greatly varied among studies, and
the original material transformed by earthworms, which could
present very different initial properties; (ii) the simultaneous
use of an inorganic fertilizer in addition to vermicompost; (iii)
the plant functional groups, to identify the plants most sensi-
tive to the effect of vermicompost; and (iv) the degree of
control of environmental parameters (field, greenhouse, or
climatic chamber experiment) or the use of a standard growth
substrate called “Metro-Mix 360" that is pushed forward in
vermicompost research.

3.2.1 Effect of the proportion of vermicompost in the growing
media

Vermicompost had a positive effect on shoot biomass for all
proportions but 60-80%, but the number of observations was
small for that proportion (Fig. 3). The optimal proportion of
vermicompost was between 20 and 60% of the growing medium
volume. This proportion is in accordance with the recommenda-
tions of many vermicompost producers advising a proportion of
25-50%.

Root biomass significantly increased in the treatments with
a proportion of vermicompost ranging between 0 and 60%.

o
v

180;100];+57%:;n=19

4

160;80];+8%;n=8

2

140;60];+119%;n=17

J004s

120;40];+115%;n=21

L 2

[0;20];+95%;n=93

180;100];+29%;n=12

160;80];+26%;n=7

140;60];+62%;n=15

jo0y

120;40];+122%;n=20

—_— [0;20];+110%;n=51

05 0.0 05

1.0 15

Effect size (In(R))

Fig. 3 Influence of the proportion of vermicompost on shoot and root
biomass values. Diamonds correspond to the mean effect size and error
bars to the 95% confidence interval; a confidence interval that does not
cross the 0 dashed line means that the effect size is significantly different
from O for a p value of 0.05. The percentage for each variable represents

the conversion of each effect size calculated in the In(R) metric (x-axis)
into a linear metric, with R=VC/C (variable in the vermicompost
treatment relatively to the control). n is the number of observations for
each variable
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The largest increase in root biomass was obtained with
vermicompost proportions between 20 and 40%, as advised
by producers. Higher vermicompost proportions (40—-60%)
led to a lower positive effect or even (60-80% and 80—
100%) a disappearance of the significant positive effect on
root biomass.

Increasing the proportion of vermicompost could be similar
to increasing the density of earthworms. In some cases, earth-
worm (Aporrectodea caliginosa) density was linearly corre-
lated with the increase in biomass production (Baker et al.
1999), as observed in a meta-analysis of the effects of earth-
worms on plant growth (van Groenigen et al. 2014). In other
cases, the relationship between earthworm density and plant
production was curvilinear, with a maximum positive effect
on plant growth observed at an intermediate density (Brown
etal. 1999; Chan et al. 2004). This last observation is more in
accordance with ours. It is still unclear whether the disappear-
ance of the positive effect at high proportions of
vermicompost or high abundances of earthworms is due to
an overdose of specific compounds such as hormone-like mol-
ecules, or to the prevalence of another mechanism with a
negative effect on plant growth, such as soil compaction, or
too strong competition for nutrients with microorganisms.

3.2.2 Impact of the original material on the effect
of vermicompost

The original material that provided the highest effect size of
vermicompost was cattle manure, with an increase of 27% in
yield, 113% in shoot biomass, and 88% in root biomass
(Fig. 4). Pig manure was also a good material leading to

Origin of vermicompost

increases in shoot and root biomass values of 30 and 55%,
respectively. Farms with a breeding activity could take advan-
tage of their organic residues by producing the most efficient
vermicompost to increase plant growth. Food waste is also an
interesting material that led to a significant increase of 44% in
shoot biomass (Fig. 4), but it had no significant effect on root
biomass. This kind of waste is becoming more and more
abundant with the concentration of human populations in cit-
ies and mass catering. Food waste could be seen as an oppor-
tunity to develop vermicomposting, since one quarter of the
food produced each year is never consumed (Kummu et al.
2012). Nevertheless, the reduction of food waste is the first
objective to achieve, especially with around 108 million peo-
ple at a high risk of or already facing severe acute food inse-
curity in 2016 Food Security Information Network (2017).
Paper waste was found more interesting for root growth (+
55%) than for shoot growth (+ 34%). The world production of
paper has increased at the global scale, with 450 million tons
in 2015 and 600 expected in 2030 (Szabo et al. 2009).
However, the environmental benefits of paper waste
vermicomposting remain questionable as compared to the nu-
merous benefits of recycling, such as the reduction of wood
consumption and subsequent landfilling, lower energy needs,
and lower water consumption (Bureau of International
Recycling (BIR), 2008). For example, recycling 1 ton of paper
saves around 682.5 gal of oil, 26,500 1 of water, and 17 trees
(http://www.theworldcounts.com/stories/Paper-Waste-Facts).
Nowadays, recycling paper is already very common and likely
to be more beneficial to the environment than the use of paper
in vermicomposting. In addition, this paper material can
contain pollutants (e.g., remains of petroleum-derived

I
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| — Green waste; +11%; n=13
! <
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! — Cattle manure; +27%; n=26
!
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: —_— Food waste; +44%; n=39
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: - p———  Cattle manure; +113%; n=17 g
1 o
! g Paper waste; +34%; n=10 o
|
| _ Pig manure; +30%; n=40
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: —_—— Cattle manure; +88%; n=29 )

o

: —_—— Paper waste; +55%; n=38 o
!
1 —_—— Pig manure; +55%; n=30
|

0.0 0.5 1.0

Effect size (In(R))

Fig. 4 Influence of the original material on the effect of vermicompost on
commercial yield, shoot biomass, and root biomass. Diamonds
correspond to the mean effect size and error bars to the 95% confidence
interval; a confidence interval that does not cross the 0 dashed line means
that the effect size is significantly different from 0 for a p value of 0.05.
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The percentage for each variable represents the conversion of each effect
size calculated in the In(R) metric (x-axis) into a linear metric (R = VC/C,
with VC/C: variable in the vermicompost treatment relatively to the
control). 7 is the number of observations for each variable
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hydrocarbons or in some cases heavy metals), which could be
transferred to plants, and this is particularly undesirable when
these plants are used as food.

Taken together, economic, social, and environmental analyses
are needed to assess the pros and cons of vermicompost produc-
tion from manure and food waste and to compare
vermicomposting to other alternatives (standard composting,
methanization. . .).

3.2.3 Impact of mineral fertilizers on the effect
of vermicompost

The addition of vermicompost increased biomass values what-
ever the mineral fertilization. Nevertheless, mineral fertiliza-
tion decreased the positive effect of vermicompost addition
from 38 to 14% for the commercial yield, from 134 to 28%
for shoot biomass, and from 72 to 39% for root biomass
(Fig. 5). It is interesting to note that in their meta-analysis of
the effects of earthworms on plant growth, van Groenigen
et al. (2014) showed that the effect decreased from + 19 to +
9% and was no longer significantly different from zero when
the amount of mineral nitrogen supply exceeded
30 kg N ha ' year '. These observations converge towards
the hypothesis that an increase in the availability of mineral
nitrogen (and other mineral nutrients) is partially responsible
for the increases in plant biomass when earthworms are pres-
ent or when vermicompost is added (Lavelle et al. 1992; Aira
etal. 2005). Earthworms indeed promote the mineralization of
the soil organic matter and litter, and vermicompost is rich in
mineral nutrients both in their mineral and organic forms.
However, N mineralization is a necessary but probably not a
sufficient mechanism to explain this positive effect of

Fertilizer utilization

earthworms or vermicompost (Blouin et al. 2006; Laossi
et al. 2010). Other concomitant mechanisms could be neces-
sary, such as the emission of signal molecules (Puga-Freitas
et al. 2012b) likely to be produced by microorganisms stimu-
lated by earthworms (Puga-Freitas et al. 2012a).

3.2.4 Impact of vermicompost on the growth of various plant
families

Vermicompost had a positive effect on the commercial yield
of all plant families present in our database (even with n < 10),
with the strongest effect on Lamiaceae (n=21, +31%),
Solanaceae (n = 34, + 28%), and Poaceae (n = 50, + 15%) (da-
ta not shown). The effect on shoot biomass was family depen-
dent, with a non-significant effect on Brassicaceae (n =15, +
55%) or Rosaceae (n =12, +4%), but with a significant one
on Cucurbitaceac (n =25, +242%), Fabaceae (n=22, +
164%), Asteraceac (n=26, + 136%), Poaceac (n=15, +
128%), and Solanaceae (n=113, +42%). Finally, the root
biomass of Poaceae significantly decreased with the addition
of vermicompost (n =15, —30%), whereas it was non-
significantly affected in Iridaceae, Brassicaceae, Liliaceae,
Musaceae, and Alliaceae, and significantly increased in
Cucurbitaceae (n=10, + 182%), Asteraceae (n=35, +
123%), Rosaceae (n=14, + 70%), Fabaceae (n=13, +
61%), and Solanaceae (n =96, +48%). Cucurbitaceae,
Asteraceae, and Fabaceae seemed to be the families that
responded best to vermicompost in terms of shoot and root
biomass values. Other families such as Poaceae exhibited a
positive response at the shoot level but a negative one at the
root level, together with an overall increase in total biomass;
this could indicate an adaptive reallocation of resources
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Fig. 5 Influence of the addition of a mineral fertilizer on commercial
yield, shoot biomass, and root biomass. Diamonds correspond to the
mean effect size and error bars to the 95% confidence interval; a
confidence interval that does not cross the 0 dashed line means that the
effect size is significantly different from 0 for a p value of 0.05. The

percentage for each variable represents the conversion of each effect
size calculated in the In(R) metric (x-axis) into a linear metric. » is the
number of observations for each variable (one observation consists of a
couple of control and vermicompost treatment values making the
calculation of R = VC/C possible)
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towards the shoots at the expense of the roots when the limi-
tation of plant growth is alleviated by increased nutrient avail-
ability (Wilson 1988). Because the effect of vermicompost is
dependent on the plant species, more data are needed about
the commercial yield of different plant species to better iden-
tify the conditions in which the use of vermicompost by
farmers will be most relevant.

3.2.5 Effect on different plant functional types

We distinguished between grasses (non-woody annual or peren-
nial plants with a graminoid morphology, including cereals, cor-
responding to the monocotyledons), trees (defined as woody
plants with a trunk), legumes (able to associate with Rhizobium
for atmospheric N, fixation, corresponding to the Fabaceae fam-
ily), and herbs (the remaining non-woody non-legume dicotyle-
donous species). Although there was a general positive effect of
vermicompost on commercial yield whatever the functional
group and on shoot and root biomass for a majority of functional
groups, a trend towards a negative effect of vermicompost on the
shoot of trees and on the roots of grasses was observed (Fig. 6).
The most reliable effect was observed on herbs, with a positive
effect on yield and shoot and root biomass, with a high number
of observations. Our results are in accordance with the 25 and
32% increases in aboveground biomass observed for grasses and
cereals, respectively, in the presence of earthworms (van
Groenigen et al. 2014). However, we found a positive effect of
vermicompost (+ 163%) on the shoot biomass of legumes, while
van Groenigen et al. (2014) showed that the presence of earth-
worms (mainly endogeic ones) did not significantly affect the
shoot biomass of this functional type. Their meta-analysis mostly

Functional types

addressed endogeic earthworms, whereas epigeic earthworms
are the ones commonly used for vermicompost production.
This suggests that different earthworm functional groups could
act through diverse mechanisms. For example, endogeic earth-
worms are more prone to modify the soil physical structure than
epigeic earthworms, and this could have consequences on water
availability or microbial habitats.

3.2.6 Effect of a standard growth substrate promoted
in the literature

A standard growth medium has been promoted by several au-
thors in recent years, i.e., Metro-Mix 360®, made of Canadian
Sphagnum peat moss, vermiculite, bark ash, starter nutrient
charge (with gypsum) and slow-release nitrogen, dolomitic lime-
stone, and a long-lasting wetting agent (Sun Gro Horticulture,
Agawam, USA). It is important to determine whether this growth
medium provides similar results to those obtained in other
growth media or to detect a potential bias of this substratum as
compared with others. The effect size of vermicompost on shoot
biomass was lower in the experiments with Metro-Mix 360 (+
43%) than in those with other growing media (+ 118%; Fig. 7).
However, the effect on root biomass was similar whether with
Metro-Mix 360 or with other media (+47% and + 37%, respec-
tively). Although Metro-Mix 360 was supposed to be a standard
growing media with a stable composition, the variance of the
effect size was similar whether it was used or not (Fig. 7). This
similarity in the variance of the effect size could be due to (i)
uncontrolled variations in the composition or properties of
Metro-Mix 360, (ii) poor homogenization of the
vermicompost-Metro-Mix 360 mix, or (iii) the standardization

1
1
: - Grass;+19%;n=34
' =
1 @
| a
: < Herb;+28%;n=80
'
L
T
H + Grass;+128%;n=15

o 1 . 0f sy UJ

Tree;-21%;n=12

+ T A g
: g Legume;+163%;n=22 | O
i  — Herb;+73%;n=196
1
1

—0—;— Grass;-38%;n=15
i P
| —— Legume;+53%;n=13 o
- S
'
: —— Herb;+54%;n=178
'
-1 0 1 2

Effect size (In(R))

Fig.6 Responses of the different plant functional types to the presence of
vermicompost in terms of commercial yield, shoot biomass, and root
biomass. Diamonds correspond to the mean effect size and error bars to
the 95% confidence interval; a confidence interval that does not cross the
0 dashed line means that the effect size is significantly different from 0 for
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conversion of each effect size calculated in the In(R) metric (x-axis) into
a linear metric. n is the number of observations for each variable (one
observation consists of a couple of control and vermicompost treatment
values making the calculation of R = VC/C possible)
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Fig. 7 Influence of the standard culture medium Mix360 on the effect of
vermicompost on shoot and root biomass. Bars correspond to the mean
effect size and error bars to the 95% confidence interval; a confidence
interval that does not cross the 0 dashed line means that the effect size is
significantly different from 0 for a p value of 0.05. The percentage for

of certain experimental conditions that may have amplified the
influence of non-controlled environmental parameters on the var-
iance output variables (Richter et al. 2009; Milcu et al. 2018).

3.2.7 Effect of the degree of environmental control

Environmental conditions can strongly differ among experiments
and be responsible for a great part of the variance of the
vermicompost effect size. Climatic conditions (temperature, hu-
midity, the photoperiod) are believed to be more stable in climatic
chambers than in the greenhouse or in the field and could result
in less variable effect sizes of the vermicompost effect. Our re-
sults invalidate this prediction (Fig. 8), as the highest effect size
variance was observed in climatic chambers and resulted in a
non-significant effect of vermicompost on root and shoot

Place of the experiment

each variable represents the conversion of each effect size calculated in
the In(R) metric (x-axis) into a linear metric. n is the number of
observations for each variable (one observation consists of a couple of
control and vermicompost treatment values making the calculation of R =
VC/C possible)

biomass values for these experiments despite a high number of
observations (n=43, +27% and n=40, +51% for root and
shoot biomass values, respectively). This could be explained by
the high variability occurring inside the small volume of a cli-
matic chamber due to the lack of inertia. A lower variance for
root and shoot biomass values was observed in the greenhouse,
likely due to the high number of observations (n =151 and n =
168, respectively), since 7%, the between-study variance, was
negatively correlated with n (see Section 2.3.1). Increasing the
number of observations in climatic chambers could reduce the
total variance and lead to the detection of a significant effect, as in
the case of studies in the greenhouse. Nevertheless, this is un-
likely to change the average value of the effect size, which was
rather low in climatic chambers. In addition, we noted that the
effect size on shoot biomass was the strongest in the field (+
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Fig. 8 Influence of the degree of control on experimental conditions on
the effect of vermicompost on shoot and root biomass values. Diamonds
correspond to the mean effect size and error bars to the 95% confidence
interval; a confidence interval that does not cross the 0 dashed line means
that the effect size is significantly different from O for a p value of 0.05.

The percentage for each variable represents the conversion of each effect
size calculated in the In(R) metric (x-axis) into a linear metric. » is the
number of observations for each variable (one observation consists of a
couple of control and vermicompost treatment values making the
calculation of R = VC/C possible)
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257%) as compared to the climatic chamber (+27%) or the
greenhouse (+ 62%). This could be due to the fact that
vermicompost is often applied at the soil surface in the field; this
localized nutrient supply and the absence of a dilution of
vermicompost in the soil could be beneficial to plant develop-
ment (Drew et al. 1973; Robinson 1994). Another explanation
could be that earthworms, like many soil organisms, can improve
plant growth via several mechanisms: signal molecules emitted
in their presence (Section 3.2.3) can improve both nutrient uptake
and disease and pest resistance (Puga-Freitas and Blouin, 2015).
As plants are less exposed to pests and diseases in climatic cham-
bers than in greenhouses or in the field, vermicompost could
induce a systemic resistance in the field, leading to a greater
difference in plant growth between the control and the
vermicompost treatment. Considering this mechanism in meta-
analyses would require documenting field observations of pests
and diseases to perform a subgroup analysis taking this co-factor
into account.

3.3 Publication bias

A meta-analysis inevitably misses some studies due to the pub-
lication and referencing system, the coverage of databases, the
algorithms used by search engines, or the choice of keywords. If
the effect sizes of the missing studies are randomly distributed,
they should not affect the average value of the effect size calcu-
lated in the meta-analysis. But if the missing studies have a
higher or lower effect size than the average effect size, then the
calculated effect size is biased (Borenstein et al. 2009). We re-
trieved references from the Scopus and Web of Science databases
that did not include all the studies published in the gray literature.
This could be responsible for a sampling of the literature not fully
representative of the whole literature. However, the retrieved
references are those available to a large majority of researchers,
and it is interesting to determine whether that literature corpus
exhibits a publication bias by itself.

When seeking for a publication bias with the different tech-
niques listed in Section 2, we found that three of the four vari-
ables we studied were likely to be subject to a publication bias:
the funnel plots of the shoot biomass, root biomass, and yield

Table 1 Results of the publication bias analysis based on correlations
between the effect size and the number of replicates (Kendall and
Spearman correlation coefficients), the number of studies, and the

exhibited a truncation for negative effect size values with a poor
number of replicates (data not shown). This was confirmed by
the significant negative correlation between the effect size and
the number of replicates for both coefficients of Kendall and
Spearman (Table 1). However, this correlation was low for the
shoot and root biomass values (—0.13 with a p value of 0.003
and —0.15 with a p value of 0.004, respectively), but higher for
yield (—0.28 with a p value of 0.00002). Rosenthal’s fail-safe
number differed between the variables by several orders of mag-
nitude: 10 for total biomass, 10° for root biomass, 10 for shoot
biomass, and 10® for yield. Orwin’s fail-safe number did not
provide the same ordering: total biomass (0.0) < yield (53.8) <
root biomass (224.1) < shoot biomass (1781.0) (Table 1). We
thus observed a lack of publications with low or negative effect
sizes together with a low number of replicates. Non-significant
studies are less likely to be published than significant studies
(14-39% 1less) (Borenstein et al. 2009). Because studies with
high effect sizes are more likely to find significant effects, there
was a publication bias towards a high effect size. This caused a
risk of overestimating the effect size, especially for the studies
with relatively small sample sizes (Borenstein et al. 2009). As a
consequence, the effect sizes calculated for yield and shoot and
root biomass values were potentially overestimated, but this was
not the case for total biomass.

In the same vein, competition among journals to attract the
best papers could result in an increasing bias towards a high
effect size when the impact factor of the journal increases. We
indeed observed that the highest effect sizes for shoot and root
biomass values (+221% and + 169%, respectively) were pub-
lished in the journals with the highest impact factors (between 4
and 5; Fig. 9), and there was a significant difference between the
effect sizes observed in this category of journals and those ob-
served in other categories.

3.4 Recommendations
3.4.1 Statistical parameters

The gap between the 949 publications matching our search and
the 68 studies we finally retained (7%) was due to (i) non-

number of missing studies (with a mean effect size of zero) that should
be added to obtain a non-significant difference (Rosenthal’s and Orwin’s
fail-safe numbers)

Number Kendall Spearman Rosenthal Orwin
Tau p value Rs p value
Total biomass 71 -0.132 0.098 -0.179 0.130 10,801 0
Root biomass 209 0.122 0.008 0.169 0.014 17,062 168
Shoot biomass 241 0.595 <0.00001 0.698 <0.00001 16,347,612.7 1783
Yield 118 0.329 <0.00001 0.46 <0.00001 155,286,798.3 53
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Fig. 9 Influence of the impact factor of journals on the effect of
vermicompost on commercial yield and shoot and root biomass.
Diamonds correspond to the mean effect size and error bars to the 95%
confidence interval; a confidence interval that does not cross the 0 dashed
line means that the effect size is significantly different from 0 for a p value

relevant publications removed after reading the summary (34%),
(i1) the fact that the full text was not available (24%), and (iii) the
absence of minimum required information (35%). It would be
possible to keep more than one third of the initial pool of refer-
ences if mean values were provided, together with a value de-
scribing variations around these means and the number of repli-
cates for both a control and a vermicompost treatment. Therefore,
we advocate for the generalized inclusion of such information in
all articles.

3.4.2 Number of measured variables

The number of output variables reported in a study is also
determining because it can help increase the robustness of
the results by cross-validation: for example, we found mean
effect sizes for shoot (+ 78%) and root (+57%) biomass
values inconsistent with results obtained for total biomass
(+ 13%). This apparent incoherence was easily explained by
the fact that the data were retrieved from different studies
(only 4% of the studies provided values for the three vari-
ables), making cross-validation between variables impossible.
Authors should therefore provide information on shoot, root,
and total biomass values, as well as on shoot—root ratios.

3.4.3 Information on experimental conditions

The number of studies available for subgroup analyses was
sometimes low because experimental conditions were not al-
ways well described. In general, the time of exposure to the
treatments, the type of soil, its physico-chemical properties,
the amount of fertilizer, and the climatic conditions among
others were poorly described in many studies. These elements

of 0.05. The percentage for each variable represents the conversion of
each effect size calculated in the In(R) metric (x-axis) into a linear metric.
n is the number of observations for each variable (one observation is a
couple of control and vermicompost treatment values making the
calculation of R = VC/C possible)

should be provided. It would also be very interesting to have
more data on the effect of vermicompost when plants are ex-
posed to pathogens or parasites, since biocontrol (Puga-Freitas
et al. 2016) or induction of systemic resistance in the presence
of earthworms (Blouin et al. 2005; Bertrand et al. 2015b) or
vermicompost (Chaoui et al. 2002; Arancon et al. 2005, 2007;
Edwards et al. 2010a) have been reported in the literature.

3.4.4 Efforts in publishing null results

To avoid the propagation of wrong values of vermicompost
effect size, which would arise strong skepticism towards this
field of research, we encourage scientists implementing exper-
imental studies on vermicompost to publish all their results,
including negative/null and non-significant ones. We also en-
courage editors of journals to tolerate null results (Rosenthal
1979) and to be careful with exceptionally high effect sizes by
asking the publication of rough data.

4 Conclusions

We found significant effects of vermicompost on plant biomass
production. As compared with a meta-analysis on the effects of
earthworms on plant growth (van Groenigen et al. 2014),
adding vermicompost led to similar (+26% for yield), lower
(+ 13% for total biomass), or higher (+ 78% for shoot biomass
and + 57% for root biomass) increases in biomass values. The
best conditions for observing a strong effect of vermicompost
on plant growth are the following: a proportion of
vermicompost ranging between 30 and 50% of the volume of
the growing medium, cattle manure as original material, the
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absence of a fertilizer, another substratum than Metro-Mix 360
as a growing medium, and field conditions. Cucurbitaceae,
Asteraceae, Fabaceae, and Poaceae were the most responsive
families. Herbs (dicotyledonous plants other than trees) and
legumes (Fabaceae) were the two most responsive functional
types.

The amount of organic residues is growing and will con-
tinue to grow worldwide. The higher the income level and rate
of urbanization, the higher the amount of solid waste pro-
duced: OECD countries produce almost half of the world’s
waste (Hoornweg and Bhada-Tata 2012), and a World Bank
study predicts a 70% global increase in urban solid waste from
1.3 billion tons per year in 2012 to 2.2 billion tons per year by
2025, with a corresponding rise from $205 billion to $375
billion for annual global costs (Hoornweg and Bhada-Tata
2012). Within this urban waste, the proportion of organic
waste is roughly 20-30%. Recycling circuits could be set
up, with vermicomposting as a way to transform organic ur-
ban waste into a resource. But as for compost, a major imped-
iment is the lack of a comprehensive assessment of the costs of
organic residue collection, handling, and processing that
would integrate marketing, distribution, and recycling in a life
cycle analysis reflecting external costs and societal benefits
(Shiralipour et al. 1992). Finally, general and synthetic knowl-
edge on vermicompost is still missing. We hope that the quan-
titative summary provided by the present meta-analysis will
help bridge this gap.
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