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Abstract: With the forecasted dramatic growth of insect rearing in the near future, frass (insect excreta)
has been increasingly considered a sustainable resource for managing plant nutrition in cropping
systems and a promising alternative to conventional fertilizer. However, the impact of soil fauna on its
fertilizing effect has not been investigated so far. In this study, we investigated the effect of earthworms
(Lumbricus terrestris L.) on nitrogen (N), phosphorus (P), potassium (K) and calcium (Ca) uptake and
crop growth in the presence of frass from mealworm (Tenebrio molitor L.). Using a pot experiment,
we found that earthworms increased N, P, K and Ca concentration in barley (Hordeum vulgare L.) in the
presence of frass, suggesting that earthworm activity enhances the short-term recycling of nutrients
from frass. Compared to treatments with and without frass and earthwormes, the specific leaf area of
barley was the highest in the presence of both earthworms and frass. This confirms that earthworms
and frass have a synergistic effect on soil fertility. Overall, our study shows that earthworms may
improve the efficiency of organic fertilizers and argues therefore for the importance of developing
sustainable agricultural practices that promote earthworm populations.

Keywords: earthworms; frass; insect excreta; insect farming; nitrogen; phosphorus; soil fauna;
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1. Introduction

In the context of the massive increase in the human population at an unprecedented level, insect
rearing represents an opportunity to answer the growing demand for proteins with a low ecological
footprint [1]. Although insect production is highly efficient in converting by-products into biomass,
it also yields a waste stream consisting especially of insect feces (“frass”). Given the “zero waste”
context and the need to contribute to the circular economy, the possibility of recovering frass as a
fertilizer has recently been considered by researchers [2—4]. For instance, Houben et al. [3] have found
that frass from mealworm (Tenebrio molitor L.) might be as efficient as conventional mineral fertilizer to
sustain crop growth due to its rapid mineralization after its incorporation into the soil and the presence
of nutrients in a readily-available form. A couple of studies have suggested that microbial activity
might partially control the effect of frass on soil fertility, either in natural conditions [5-7] or in cropping
systems [2,3]. However, the impact of soil fauna has not been considered so far. It is known that soil
fauna, especially earthworms, may positively affect plant growth [8,9] due to, among others, changes
in soil structure and water regime [10], improvement of soil organic matter and nutrient cycling [11,12],
and stimulation and dispersal of beneficial microorganisms [13]. Moreover, adding exogenous organic
amendments generally stimulates earthworm activity which reciprocally improves the fertilizing effect
of these amendments [13-15], even though some contradictory results have also been found [12,16].
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Since frass is an organic amendment, it is therefore likely that its effect on soil fertility might also
be mediated by earthworm activity. Therefore, the aim of this study was to investigate the impact
of the earthworm presence on the fertilizer potential of frass. For this purpose, we carried out a pot
experiment to determine the effect of earthworms on the frass fertilizing effect. Barley (Hordeum vulgare
L.) was grown in greenhouse conditions with or without frass from mealworm (Ienebrio molitor L.) in
the presence or absence of earthworms (Lumbricus terrestris L.).

2. Materials and Methods

A pot experiment was conducted to determine the effect of earthworms on the fertilizer potential
of frass. Frass (YnFrass) from mealworm (Tenebrio molitor L.) was provided in the form of powder
by Ynsect (Paris, France), an industrial company farming this insect at a large-scale. Chemical
characteristics of frass are presented in Table 1.

Table 1. Chemical characteristics of frass (data from Houben et al. [3]).

Organic C Total N Total K Total P Soluble  Hemicellulose-Like  Cellulose-Like  Lignin-Like

1 1 1 1 pH  Fraction Fraction Fraction Fraction
skg skg skg skg %Corg %Corg %Corg %Corg
393 50 17 20 5.8 49.3 31 15.2 44

The studied soil was sampled in Beauvais (Northern France) and was classified as a Haplic
Luvisol (IUSS Working Group WRB, 2015), a soil with properties suitable for soil fauna activity [17].
Soil characterization was carried out by Houben et al. [3] following the procedures described
elsewhere [18] and revealed that organic C was 1.54%, total N was 0.18%, the cation exchange
capacity (CEC) was 12.5 cmol. kg~!, and pH was 7.8.

The experimental device was based on our previous study which aimed at estimating the fertilizer
potential of frass [3]. Briefly, plastic plant pots were filled with 3500 g of either soil or a mixture of
soil and frass at a rate of 10 Mg dry matter ha™! (hereafter called “Frass” treatment), or untreated soil
(hereafter called “Control”). Three earthworms (Lumbricus terrestris L.) were added in half of the pots
(hereafter called “Frass + earthworms” or “Control + Earthworms” treatments) representing biomass
of 12.05 + 0.24 g and 12.25 + 0.17 g in Frass + Earthworms and Control + Earthworms treatments
respectively, according to the recommendations by Vos et al. [19]. Each of the four treatments was
replicated four times.

Eight seeds of barley (Hordeum vulgare L.) were sown in each pot. After 10 days, excess germinated
seedlings were removed (first harvest) so that only four uniform plants per pot were allowed to
grow for the following eight weeks (ca. 120 plants m~2). The trials were conducted under controlled
greenhouse conditions (temperature 18-25 °C, 16 h photoperiod) with daily sprinkler watering to
maintain the soil moisture at field capacity. After 9 weeks, the shoots were harvested with ceramic
scissors. Three fully-grown young leaves per replicate were scanned at 600 dpi and then dried at 60 °C
for 72 h to determine specific leaf area (SLA). All aboveground biomass was dried at 60 °C for 48 h
in a similar manner and weighed. The concentrations of P, K, and Ca in aerial parts were analyzed
by inductively coupled plasma-atomic emission spectroscopy (ICP-AES; Jarrell Ash) after aqua regia
digestion. The concentration of N in aerial parts was analyzed using the Dumas combustion method.
Earthworms were extracted from pots, counted, and weighed. As suggested by Coulis et al. [20],
available P concentration in soil was assessed using water extraction (soil:water 1:60; w-v) following
the procedure described by Sissingh [21]. Available K and Ca concentrations were determined using
the acetate ammonium-ethylenediamine tetraacetic acid (AAEDTA) [18,22]. Soil pH was measured in
water (soil:water 1:5; w-v).

All recorded data were analyzed using descriptive statistics (mean + standard error) and normality
was determined using the Shapiro-Wilk test. One-way ANOVAs and Tukey’s multiple comparison
tests or Kruskal-Wallis and Mann-Whitney tests were used to compare biomass, SLA, and nutrient
concentrations in the shoot and soil according to whether the distribution was normal or not, respectively.
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Pearson’s correlation coefficient was used to analyze the relationship between SLA and N concentration.
All statistical analyses were performed using R software version 3.5.0 [23] and the package Remdr [24].

3. Results and Discussion

3.1. Earthworm Survival

At harvest, earthworm survival was 100% for all the treatments and their burrowing activity was
clearly visible (Figure 1). In addition, their number and biomass per pot at the end of the experiment
were not significantly (p > 0.05) different from that before their incorporation into the soil. This indicates
that frass had no toxic effect on earthworms and allows us to ascribe the following results to the
actual presence of earthworms. The similar earthworm biomass between the beginning and the end
of the experiment contrasts with Sizmur et al. [25] who found in a 12-week microcosm experiment a
continuous decrease of earthworm (L. terrestris) biomass in soil with no amendment or with organic
amendments including farmyard manure, anaerobic digestate, and compost. However, Sizmur et
al. [25] carried out their experiment without plants, which could possibly explain the discrepancy
with our study. Since L. terrestris may feed on plant roots [26,27], it is likely that, by providing an
additional source of food, the presence of plants contributed to maintaining earthworm biomass all
over the experiment.

Figure 1. Representative pictures of soil collected in pots at the plant harvest illustrating the intense
burrowing activity of earthworms.

3.2. Impact of Earthworms on Nutrient Uptake and Crop Growth

Many studies have reported that earthworm activities significantly increase N concentration in
plant tissues [13,28], predominantly due to an earthworm-induced stimulation of N mineralization,
which in turn, enhances N availability for plants [29,30]. For instance, Amador et al. [31,32] showed
higher N mineralization in the drilosphere of L. terrestris, leading to an accumulation of nitrate
in earthworm burrow soil. This increase of nitrate can result in higher N uptake, as observed for
oilseed rape grown in an earthworm-inoculated (Metaphire guillemi) soil [33]. In agreement with these
researchers, our results showed that irrespective of the treatment, N concentration in barley shoot was
higher with than without earthworms (Figure 2).

More importantly, our results suggest a synergistic effect between frass and earthworms since
the Frass + Earthworms treatment displayed the highest N concentration in barley shoot (Figure 2).
The positive effect of frass on N uptake by plants has been previously discussed and was attributed
to its very rapid mineralization after its incorporation into the soil [3]. Here, our results indicate
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that earthworms induced a higher uptake of N in the presence of frass. Although the present study
did not allow us to identify the pools from which N was taken up by plants, it is likely that the
presence of earthworms stimulated the release of N from frass since earthworms generally promote N
mineralization from organic fertilizer [8]. For instance, Postma-Blaauw [12] showed that L. terrestris
enhanced the release of N from crop residue by increasing its mineralization while it had no effect on
the mineralization of soil organic matter-derived N. Using 15N, Amador and Gorres [34] found that L.
terrestris could double the amount of litter-derived N taken up by maize grown in mesocosms. In another
study, N uptake by maize was 26 and 74% higher from manure and compost treatments, respectively
in the presence of earthworms (Pheretima hawayana) compared to control without earthworms [14].
This was attributed to an increase of the decomposition of organic N by earthworms which enhanced
the N mineralization from the manure and compost treatments, as also observed by Rashid et al. [35].
Besides increasing microbial metabolic activity [3], frass, like other organic amendments, might also
have promoted earthworm activity [36], which could further increase N mineralization.
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Figure 2. Concentrations of N, P, K, and Ca, specific leaf area (SLA), and biomass of barley. Values
are average (n = 4) + standard error. Columns with the same letter do not differ significantly at the
5% level.

Unlike N, the presence of earthworms decreased P concentration in the shoot of the control
(Figure 2), which can be related to the decrease of available P concentration in soil (Figure 3). Earthworms
have been reported to enhance P availability in the short run due to changes in complexes induced by
competition for sorbing sites between orthophosphates and carboxyl groups of the mucus produced
in the gut [37]. However, after three weeks of incubation, Le Bayon and Binet [38] found a dramatic
decrease of P availability in the presence of L. terrestris, which was ascribed to the immobilization of P
by microorganisms. Phosphorus availability may also be reduced due to soil pH increase brought
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about by earthworm activities [39]. Our results indicate, however, that soil pH was unaffected by
the presence of earthworms (Figure 3), which therefore suggests that the lower P availability in the
Control + Earthworm treatment would predominantly result from P immobilization by microorganisms.
As reported by Houben et al. [3], application of frass to soil improved P nutrition (Figure 2), which
is due to the presence of P in a readily available form as well as to the slightly acidifying effect of
frass which can, in turn, increase P solubility (Figure 3). By contrast to the control, the presence of
earthworms in the frass treatment increased P concentrations in shoots, suggesting that earthworms
promoted the recycling of P from frass. Interestingly, available P concentration was not increased in
the Frass + Earthworm treatment and pH was unaffected by earthworms (Figure 3), which indicates
that the higher P concentration in barley shoot in this treatment would not result only from a change in
the biogeochemical status of P. Improvement of P concentration in barley shoot might be explained by
a better distribution of P within the soil due to earthworm activities. Earthworms facilitate P transfer
of organic fertilizer within the soil [15,38,40], which can in turn increase the root accessibility to P,
especially for plants such as barley, whose spatial soil exploration by roots plays an important role
in the acquisition of P from organic fertilizer [41]. Similar to P, available Ca and K concentrations in
soil in the presence of frass were not increased by earthworms (Figure 3) while, as for P, the Frass
+ Earthworm treatment showed the highest Ca and K concentrations in the shoot (Figure 3). This,
therefore, suggests that mechanisms responsible for the earthworms-induced recycling of Ca and K
from frass are similar to that for P.
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Figure 3. Available P concentration (water extraction), available K and Ca concentrations (AA-EDTA
extraction), and pH in the soil. Values are average (n = 4) + standard error. Columns with the same
letter do not differ significantly at the 5% level.

The synergistic effect between earthworms and frass on plant nutrition was reflected by an increase
of SLA of barley shoot (Figure 2). Being related to the relative growth rate of plant species [42], SLA is
widely used as a target trait to unravel plant responses to soil properties, especially those linked to
soil fertility [43], and can explain plant productivity [44]. As a leaf functional trait, its characterization
allows us to elucidate the plant response to changes in soil properties at an individual scale. SLA is
usually well correlated to N availability and N concentration in plants [45,46], which was also found
in our study (r = 0.82; p <0.001). Therefore, its improvement in the Frass + Earthworms treatment
corroborates our findings that earthworms improve the fertilizer potential of frass. It is noteworthy that,
unexpectedly, shoot biomass was not improved by the presence of earthworms in the frass treatment.
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Shoot biomass is known to be less sensitive than SLA to a change of soil fertility as many factors
can drive it [47]. In the present study, the lack of biomass improvement in the Frass + Earthwoms
treatment, in spite of a higher soil fertility status, could be explained by competition for light induced
by the higher SLA [48,49]. The perspective is, therefore, to elucidate the plant density which optimizes
canopy light interception, crop yield, and nutrient use efficiency from frass. The lack of biomass
improvement could also have been due to herbivory by earthworms. Some studies reported L. terrestris
to commonly consume roots [27], especially in situations of low litter availability [26], which might,
in turn, reduce the aboveground biomass production, as shown for other organisms [50]. Therefore,
another perspective will be to investigate how the root consumption by earthworms may be affected
by organic amendments such as frass.

4. Conclusions

With the forecasted growth of insect farming in the near future, frass is increasingly considered a
promising resource for the sustainable management of plant nutrition in cropping systems and an
enticing alternative to conventional fertilizer. In this study, we evidenced that earthworms enhance
the fertilizer potential of frass. Indeed, their activity increases soil fertility and nutrient (N, P, K and
Ca) concentrations in barley in the presence of frass, likely by improving the short-term recycling
of nutrients from frass. More generally, our study highlights that, as key biological agents in the
transformation of organic matter and waste, earthworms may improve the efficiency of organic
fertilizers. Coupled with the other well-documented ecosystem services delivered by earthworms,
our findings further argue for the importance of developing sustainable agricultural practices that
promote earthworm populations.
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