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Abstract 
Aims  Plastic films efficiently control weed devel-
opment in agriculture but may have environmental 
impacts, including alterations of the soil function-
ing and its microbiota. Canvases made of plant fibres 
are promising biodegradable alternatives show-
ing uniform soil covering like plastic films, unlike 
straw mulching which is often laid unevenly on the 
ground. Hemp is particularly interesting for its resist-
ance and possible effects on the soil microbiota. We 
tested the effect of several mulches differing in their 

biodegradability and homogeneity (uniform/uneven 
soil covering) on soil functioning and crop yield.
Methods  In greenhouse, we assessed the effects of dif-
ferent mulching on lettuce yields, soil properties (temper-
ature, moisture, enzymatic activities) and the soil micro-
biota. We cropped lettuces either on bare soil (control), 
a homogeneous non-biodegradable mulch (plastic film), 
a biodegradable heterogeneous mulch (hemp straw) and 
a biodegradable and homogenous mulch (hemp canvas).
Results  Plastic film increased soil temperature, 
decreased most enzymatic activities, and altered 
the soil microbiota composition. The hemp canvas 
decreased fungal diversity, while increasing soil mois-
ture, laccase activity, and the abundance of specific 
Ascomycota, Proteobacteria and Actinobacteria taxa. 
Plastic and hemp canvas gave similar lettuce yields.
Conclusions  Mulching with plastic films and hemp 
canvases changed soil functioning (C cycle enzy-
matic activities) and the soil microbiota. Although 
similar lettuce yields were obtained, effects of the 
plastic film were likely mediated by the increased soil 
temperature and accelerated organic matter degrada-
tion, while effects of the hemp canvas resulted from 
increased soil moisture and recalcitrant matter degra-
dation, combined with the stimulation of potentially 
beneficial soil microorganisms.
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Abbreviations 
RNA	� Ribonucleic acid
ITS	� Internal transcribed spacer
ANOVA	� Analysis of variance
PERMANOVA	� Permutational analysis of variance
OTU	� Operational taxonomic unit
ISO	� International organization for 

standardization
SEM	� Standard error of the mean
sPLS-DA	� Sparse partial least square discrimi-

nant analysis
FDR	� False discovery rate
ACE	� Abundance coverage estimator
RWC​	� Relative water content

Introduction

Weed control in farmed fields is a recurring issue in 
modern farming (Bagavathiannan et al. 2019). Weeds 
compete with crops for resources and may host 
pests and phytopathogens, resulting in yield losses 
(Chikowo et  al. 2009). Mulching consists in cover-
ing a soil; it is an efficient solution to prevent weed 
germination and growth by creating a physical barrier 
that restricts access to light (El-Beltagi et  al. 2022), 
and responds to the public demand to diminish herbi-
cide use (Mogensen and Spliid 1995).

Mulching with plastic films is a popular and 
affordable way to control weeds (Mugalla et al. 1996; 
Steinmetz et al. 2016), especially in vegetable farms 
(Beriot et  al. 2021) and organic farming (Bond and 
Grundy 2001). Amongst their known advantages 
besides efficient weed control, plastic films i) are 
robust toward weathering, so that perennial crops 
can be grown (Hablot et  al. 2014), ii) increase soil 
surface temperature (Liu et  al. 2010), iii) increase 
water retention when irrigation is applied below the 
mulch, while also reducing evaporation – and this 
improves water use efficiency (Li and Xiao 1992; 
Wang et  al. 2009; Zhang et  al. 2017) –, iv) acceler-
ate plant maturation, harvest, yields, and sometimes 
quality (Ricotta and Masiunas 1991; Lament 1993; 
Laugale et al. 2015; Zhang et al. 2017; Li et al. 2022), 
and v) are potentially involved in pest damage reduc-
tion (Mac-Kenzie and Duncan 2001; Nottingham and 
Kuhar 2016). It is important to note that most of the 
advantages listed above are due to the fact that plas-
tic films create a physical barrier that homogeneously 

covers soils. Therefore, homogeneous soil covering is 
a desired and important feature of mulching.

Plastic mulching also has disadvantages because i) 
it accelerates soil organic matter turnover and deple-
tion (Lee et al. 2018), which may increase (Nan et al. 
2016) or decrease (Zhao et al. 2022) CO2 emissions 
depending on the context, ii) it sorbs and releases 
agrochemicals and additives (Nerín et  al. 1996; 
Wang et al. 2019), iii) it repels rainwater, which may 
increase runoff and soil erosion (Rice et  al. 2004), 
iv) it induces costs associated to its removal, result-
ing in no net labour savings for farmers (Schonbeck 
1999; Berger et  al. 2013; Steinmetz et  al. 2016), v) 
its incineration generates toxic greenhouse gases (Van 
Ruijven and Van Vuuren 2009), vi) the consequences 
of its direct incorporation into agricultural soils are 
unknown (e.g., biodegradable plastic mulches, Ban-
dopadhyay et  al. 2018), vii) it accumulates in the 
environment (Derraik 2002; Zhou et al. 2019) and is 
forecast to persist over the long term (Barnes et  al. 
2009), viii) its fragmentation into micro/nano-plastics 
may affect different trophic levels (Steinmetz et  al. 
2016; Bradney et  al. 2019; Iqbal et  al. 2020; Beriot 
et al. 2021), including the soil microbiota (Shen et al. 
2016; Wang et al. 2016), and ix) it presents a potential 
risk for human health (Lehner et al. 2019). In Europe, 
a reduction of all “single-use” plastic-based products 
was announced in 2019 (European Parliament 2019), 
calling for soil mulching alternatives in agriculture.

Bio-sourced and biodegradable mulches are prom-
ising solutions for sustainable agriculture. In par-
ticular, canvases generated from woven plant fibres 
are solid, homogeneous and biodegradable mulch-
ing alternatives to plastic films (Tan et  al. 2016). 
Amongst available plant materials, hemp (Cannabis 
sativa L.) is of prime interest (Schluttenhofer and 
Yuan 2017) due to i) its eco-friendly and sustainable 
cropping properties (e.g. weed control in crop rota-
tions; Montford and Small 1999; Poisa and Adamov-
ics 2010), ii) the resistance and durability of its high-
quality fibres (Schluttenhofer and Yuan 2017) used to 
manufacture homogeneous canvases that fully cover 
the soil, and iii) its beneficial properties when com-
posted and integrated in soils (Dresbøll and Jakob 
Magid 2006). Studies have suggested allelopathic 
effects of hemp fibres on soil microbes (Pudelko et al. 
2014; Agnieszka et  al. 2016) through the release of 
secondary metabolites (e.g., non-toxic phytocan-
nabinoids, terpenes, and phenolic compounds, see 
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Schluttenhofer and Yuan 2017). While the exact 
mechanisms are not fully understood, trophic and 
ecotoxicological effects of hemp biodegradation on 
soilborne living organisms (Radwan et al. 2008; Nis-
sen et  al. 2010; Frassinetti et  al. 2018; Scott et  al. 
2018) and their activity (Van der Werf et  al. 1995; 
Winston et al. 2014; Aubin et al. 2015; Ahmad et al. 
2016) are often reported. However, no study has as 
yet compared soil mulching with plastic film versus 
hemp canvas during crop growth.

Considering the crucial role of microbes in agri-
cultural soil functioning (Wall et  al. 2012) and 
the effects of mulching practices on soil micro-
bial activities (Li et  al. 2022), our objective was 
to assess the effect of several mulches differing in 
their homogeneity and biodegradability on the soil 
microbiota, and explore potential connections with 
key abiotic (temperature, moisture) and biotic (enzy-
matic activities) soil functioning parameters and 
crop yield. For that purpose, we cropped lettuces in 
mesocosms under greenhouse conditions either on 
bare soil (control), a homogeneous non-biodegrad-
able mulch (plastic film: the current reference agri-
cultural practice), a biodegradable heterogeneous 
mulch (hemp straw: same density as the canvas) and 
a biodegradable and homogenous mulch (hemp can-
vas: made of woven fibres). We first hypothesized 
that plastic film and hemp canvas would have simi-
lar effects on soil properties because they are both 
homogeneous mulching methods (H1: homogeneity 
hypothesis). We also hypothesized that hemp straw 
and canvas will have similar effects on the soil prop-
erties because they are both biodegradable mulch-
ing methods (H2: biodegradability hypothesis). 
We also hypothesized that the hemp canvas would 
result in unique effects coming from the interaction 
between its homogeneity and biodegradability prop-
erties, that would distinguish it from the plastic and 
hemp straw mulches (H3: interaction hypothesis). 
We assumed that i) the plastic film and hemp can-
vas would have a physical effect due to their homo-
geneity and full covering of the soil, likely on the 
soil water content and temperature, ii) the hemp 
straw and canvas mulches would have a nutrient 
and/or allelopathic effect on the soil microbiota due 
to hemp biodegradability, and iii) an interaction 
between mulch homogeneity and biodegradabil-
ity should be observed with the hemp canvas treat-
ment. The effects of soil mulching were assessed on 

important agronomical traits such as lettuce yield 
and soil temperature and moisture, which are both 
important drivers of plant growth. Together with the 
analysis of the soil microbial community composi-
tion (bacteria and fungi), we measured important 
enzymatic activities of the carbon (labile vs recal-
citrant sources), nitrogen, phosphate and sulphur 
cycles involved in organic matter decomposition, 
plant nutrient provision, and soil health (Sainju et al. 
2022; Jian et al. 2016).

Materials and methods

Soil sampling, crop choice and greenhouse settings

The soil was sampled in an organic vegetable farm 
involved in the project that funded this research work. 
The soil was a sandy agricultural soil. It was sam-
pled in May 2019 in Auxonne, France (47°11′08.1"N; 
5°24′05.9"E) and brought to the Plant Phenotyping 
Platform for Plant-Microbe Interaction 4PMI green-
house platform, INRAE Bourgogne Franche-Comté. 
The physical and chemical composition of the soil is 
provided in supporting Table S1. The preceding crop 
was tomato (Solanum lycopersicum L.). The soil was 
dried at room temperature, sieved to 2 mm, and stored 
in a sealed box. Twenty mesocosms (17 × 27x37cm) 
containing 17  kg of dry soil were set up (Fig.  S1). 
The containers were pierced and placed on individ-
ual trays to allow sub-irrigation and drainage. The 
soil was rewetted to 80% of the relative water con-
tent (RWC). Four mulching treatments were applied 
in five biological replicates: i) no mulching (bare soil 
control); ii) plastic films (30 µm, ~ 29 g/m2, CELLO-
PLAST SA, Val-du-Maine, France); iii) hemp straw 
partially covering the soil surface; iv) hemp can-
vas fully covering the soil surface. Hemp straw and 
canvas were applied at the same density (hemp den-
sity 400  g/m2, Geochanvre F SA, Lézinnes, France, 
https://​www.​geoch​anvre.​fr/). The mesocosms were 
randomly distributed on three tables and left to stabi-
lise for two weeks. Four young lettuce seedlings (Lac-
tuca sativa var. Isadora, Provence Plant SA, Tarascon, 
France) were transplanted in each corner of each mes-
ocosm; the mulch was cut if necessary (Fig. S1). This 
lettuce variety is typically used and grown on this soil 
by the farmer. The lettuces were grown four weeks 
(16  h  day light, 18  °C nighttime, 22  °C daytime). 

https://www.geochanvre.fr/
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Watering was applied from the top every day by gen-
erous mist spraying above the lettuces, and from the 
bottom once a week by sub-irrigation to recover 80% 
RWC. The containers were randomised every week.

Soil parameter recording

During the growth period, one mesocosm of each 
mulching treatment was equipped with a probe bur-
ied ~ 10  cm in the soil (SD12, Campbell Scientific 
Ltd, Vincennes, France) to monitor relative humid-
ity and temperature (Fig. S1). The probes were con-
nected to a custom portable device for data acquisi-
tion, and the data were extracted and analysed with 
Rgui software (R Core Team 2021). Humidity was 
expressed as a percentage of the soil RWC, and pre-
sented as the overall mean calculated based on the 
averaged hourly records. As for soil temperature, day 
and night trends were similar. Consequently, data are 
showed as the overall mean calculated based on aver-
aged daily day and night temperature records.

Lettuce yield

Lettuce shoots were collected at harvest, weighed 
(fresh shoot weight) and dried (50  °C, 48  h). Roots 
were extracted, washed thoroughly and dried (50 °C, 
48 h) to obtain the dry weight. The dry shoot weight 
was divided by the dry root weight to obtain the 
shoot-root ratio.

Soil DNA extraction, amplicon preparation, 
sequencing and bioinformatic analysis

At harvest, 50 g of homogeneous bulk soil free from 
roots were sampled in the middle of each mesocosm 
and stored at -20  °C. Soil metagenomic DNA was 
extracted from 250 mg of soil using a DNeasy Power-
Soil-htp 96 well DNA isolation kit (Qiagen, France). 
Bacterial and fungal diversity were obtained by 
sequencing the V3-V4 hypervariable regions of the 
bacterial 16S rRNA gene (small subunit of the ribo-
somal operon), using primers Pro341F and Pro805R 
(Baker et  al. 2003; Herlemann et  al. 2011) and the 
Internal Transcribed Spacer 2 (ITS2) region in the 
ribosomal operon of fungi, using primers ITS-3F and 
ITS-4R (White et  al. 1990; Ihrmark et  al. 2012) via 
Illumina Miseq 2 × 250  bp paired-end analysis. We 
analysed the 16S rRNA and ITS2 sequences using 

an OTU pipeline, as previously described (Jacquiod 
et al. 2022). For the sake of simplicity, the 16S rRNA 
gene and ITS amplicon datasets are referred to in 
the text as bacterial and fungal community datasets 
despite the presence of minor archaeal and protist 
sequences, respectively. More details on the sequenc-
ing procedure is provided in the supplementary file. 
The list and description of the sequenced samples is 
provided in Table S2. Raw sequences were submitted 
to the Sequence Read Archive (SRA) public reposi-
tory (16S dataset: PRJNA999557; ITS2 dataset: 
PRJNA999582).

Soil enzymatic activities

At harvest, 500  g of rootless homogeneous fresh 
soil material were sampled in the middle of each 
mesocosm, placed in sealed plastic bags and 
shipped to Biochem-Env Platform (Versailles, 
France). A standardised ISO procedure was applied 
(ISO20130 2018; Cheviron et  al. 2022), including 
an estimation of the total water content of each soil 
sample in order to standardise enzymatic activities 
based on dry soil weight. The following activities 
were measured: xylanase, cellulase, β-glucosidase 
for the C cycle; phosphatase, alkaline phosphatase, 
phosphodiesterase for the P cycle; arylamidase for 
the N cycle; and arylsulphatase for the S cycle. Lac-
case activity was measured to estimate recalcitrant 
organic matter degradation with an adapted proto-
col (Eichlerová et  al. 2012). Soil respiration was 
used as a proxy of the global metabolic activity and 
monitored with the MicroResp™ method (Camp-
bell et al. 2003).

Univariate statistical analysis

The effects of mulch homogeneity, mulch biodegrada-
bility and their potential interaction were tested on all 
recorded variables with the two-factor model “ ~ hom
ogeneity*biodegradability” with the following attrib-
utes for the four treatments: bare soil control (homo-
geneous effect = No; biodegradation effect = No); ii) 
plastic film (homogeneous effect = Yes; biodegrada-
tion effect = No); iii) hemp straw mulch (homoge-
neous effect = No; biodegradation effect = Yes); iv) 
hemp canvas (homogeneous effect = Yes; biodegrada-
tion effect = Yes). Statistical analyses were performed 
with Rgui software (R Core Team 2021). Normality 
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and variance homogeneity were verified using Sha-
piro and Bartlett tests, respectively. If normality was 
kept, significance was inferred from ANOVA under 
Tukey’s honestly significant difference (HSD) post-
hoc test to compare the four mulching treatments 
(package agricolae, de Mendiburu 2019). If normal-
ity was rejected, significance was inferred from the 
non-parametric Scheirer-Ray-Hare test under Dunn’s 
post-hoc test to compare the mulching treatments. 
This method tests interactions between two factors 
and estimates variability partition (Sokal and Rohlf 
1995; Jacquiod et  al. 2022). Data was expressed as 
averaged values plus/minus the standard error of the 
mean (± SEM). The detailed variance analysis of all 
variables is presented in Table S3.

Multivariate analysis of the soil microbiota

Microbiota diversity coverage was assessed with 
rarefactions curves (Fig.  S2). The samples were 
normalised by random resampling (n = 17,000 
for the 16S rRNA gene, n = 3,000 for the ITS2 
region), as recommended (Schöler et  al. 2017). 
Alpha diversity indices were calculated with the 
‘vegan’ package in R (Dixon 2003), using the fol-
lowing indices: observed richness (S), estimated 
Chao-1 richness, estimated abundance coverage 
estimator (ACE) richness, the Simpson reciprocal 
index (1/D, D = Dominance), the Shannon index 
(H), and equitability (H/ln(S)). Community beta 
diversity was estimated with the Bray-Curtis dis-
similarity index and a PERMANOVA and distance-
based redundancy analysis (Bray-Curtis dissimilar-
ity ~ homogeneity*biodegradability, 10,000 group 
permutations, ‘adonis’ and ‘capscale’ functions, 
‘vegan’ package, Dixon 2003). Discriminant OTUs 
whose abundance was changed by mulch homoge-
neity, biodegradability, and their interaction were 
identified from the raw unrarefied data with a like-
lihood ratio test under negative binomial distribu-
tions and generalised linear models (FDR-adjusted 
P < 0.01, fold-change > 2), as recommended (Mac-
Murdie and Holmes 2014; Schöler et  al. 2017). 
We tested the concordance between the microbial 
community structure and the collection of vari-
ables measured in the study (lettuce growth, enzy-
matic activities) using a sparse partial least square 
discriminant analysis with blocks (block sPLS-DA) 
implemented in the ‘mixOmics’ package (‘block.

splsda’ function, Rohart et  al. 2017). Two distinct 
models were generated – one for bacteria and the 
other for fungi. Only the correlations between 
microbial OTUs and the soil/lettuce parameters 
with a |strength|> 0.5 were considered.

Results

We first compared the effects of the four mulching 
treatments on a range of soil and plant properties. 
Second, we looked at the effect of mulching homo-
geneity (+ homogeneity: plastic film and hemp can-
vas;—homogeneity: bare soil control and hemp straw) 
and biodegradability (+ biodegradability: hemp straw 
and canvas;—biodegradability: bare soil control and 
plastic film) and their potential interaction (homogene
ity*biodegradability).

Soil moisture and temperature

The daily soil RWC (Fig.  1A) was lowest under 
plastic mulch, and highest under the hemp can-
vas. The biodegradable mulch had a higher RWC 
than the other treatments (- biodegradable mulch: 
53.31 ± 0.49%, + biodegradable much: 56.51 ± 0.45%, 
variance 26.30%, P < 0.001, Table S3). A significant 
interaction was detected (variance 41.75%, P < 0.001, 
Table  S3), as the RWC was higher under the hemp 
canvas and lower under the plastic mulch compared 
to bare soil and hemp straw, respectively. Homoge-
neous mulching had a marginal effect (- homogene-
ous mulch: 55.29 ± 0.53%, + homogeneous mulch: 
54.54 ± 0.40%, variance 2.10%, P = 0.05, Table S3).

The daily soil temperature (T°C, Fig.  1B) was 
lowest in bare soil, and highest under plastic mulch 
(+ 1.04  °C compared to the control). An interac-
tion was detected (variance 23.91%, P = 7.88 × 10–3, 
Table S3): temperature increased under plastic mulch 
compared to bare soil, while remaining stable when 
biodegradable mulches were used. Homogeneous 
mulching had a marginal effect (- homogeneous mulch: 
22.26 ± 0.16%, + homogeneous mulch: 22.73 ± 0.17%, 
variance 14.65%, P = 0.04, Table  S3). Biodegradabil-
ity did not impact temperature (P = 0.53, Table  S3). 
In sum, the plastic film increased soil temperature but 
decreased the soil moisture, while the hemp canvas 
only increased soil moisture.
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Lettuce yield

Lettuce fresh shoot, dry shoot and dry root weights were 
significantly higher when lettuce was grown with plas-
tic mulch compared to hemp straw mulch (Fig. 2A–C). 
The fresh and dry shoot weights of lettuces grown with 
the hemp canvas and the plastic mulch were similar. The 
shoot–root ratio was not affected (Fig. 2D). A marginal 
trend was detected for mulch biodegradability (variance 
14.65%, P = 0.04, Table 1). It impacted the fresh shoot 
weight by 70.90  g (- mulch: 306 ± 27.18  g, + mulch: 
235.10 ± 28.76 g), the dry shoot weight by 7.8 g (- mulch: 
36.00 ± 2.50  g, + mulch: 28.00 ± 2.82  g), and the dry 
root weight by 2.72 g (- mulch: 14.34 ± 1.04 g, + mulch: 
11.62 ± 1.04 g). Mulch homogeneity had a strong effect 
(variance 47.11%, P = 2.00 × 10–3, Table 1): yields were 
higher with homogeneous mulch than in the absence of 
mulch, and impacted the fresh shoot weight by 125.10 g 
(+ homogeneous mulch: 333.10 ± 18.82 g,—homogene-
ous mulch: 208.00 ± 24.93 g), the dry shoot weight by 
11.8 g (- homogeneous mulch: 26.20 ± 2.67 g, + homo-
geneous mulch: 38 ± 1.64 g), and the dry root weight by 
4.87 g (- homogeneous mulch: 10.55 ± 0.76 g, + homo-
geneous mulch: 15.42 ± 0.82  g). No interaction was 

detected (P = 0.92, Table 1). In sum, yields were simi-
lar when lettuces were grown on the plastic film and the 
hemp canvas, highest on the plastic film and lowest on 
hemp straw.

Alpha diversity of the soil microbiota

All alpha diversity indices were analysed together by 
PERMANOVA (Table 1), and only the most signifi-
cant ones were presented separately (Fig.  3). Bacte-
rial richness was not affected (Fig. 3A). The bacterial 
Shannon index was significantly higher under plas-
tic mulch than in bare soil, indicating an increased 
bacterial evenness (Fig.  3B). Despite a slight effect 
of homogeneity on the bacterial Shannon index, no 
overall effect was detected (P = 0.32). No effect of 
biodegradability was detected either (P = 0.52).

Fungal richness and the fungal Shannon index 
were significantly lower under the hemp can-
vas than under the plastic mulch and in bare soil 
(Fig.  3C–D). A strong biodegradability effect was 
observed (variance 38.07%, P < 0.001, Table  1), 
resulting in decreased richness and evenness with 

Fig. 1   Soil relative water content (RWC) and temperature 
recorded throughout the experiment. A Average soil RWC and 
(B) average soil temperature recorded by the probe in the soil 
mesocosm of each treatment. The soil RWC values were cal-
culated based on the averaged hourly records (mean ± SEM, 

n = 852). The soil temperature values were calculated based on 
the averaged day and night records of each day (mean ± SEM, 
n = 84). Different letters indicate statistically significant differ-
ences. Significance of the factors: * P < 0.05; ** P < 0.01; *** 
P < 0.001. w, with; w/o, without
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hemp-based mulch. A marginal effect of homogene-
ity was detected (variance 18.15%, P = 0.01). The 
interaction had no effect (P = 0.32). In sum, plas-
tic mulch increased the soil bacterial evenness, and 
hemp biodegradability reduced fungal diversity, 
especially under the hemp canvas.

Beta diversity of the soil microbiota

The soil bacterial community was significantly struc-
tured by mulch homogeneity, mulch biodegradabil-
ity and their interaction (variance 25.20%, P < 0.001, 

Fig. 4A). The bacterial community structure in bare 
soil showed a negative association with mulch homo-
geneity and biodegradability (constrained component 
1 = 12.61%), with a reduction of Acidobacteria and 
increased Actinobacteria, Firmicutes and Cyanobac-
teria (Fig.  4C). The bacterial community structure 
in the soil mulched with the hemp canvas showed a 
positive association with the interaction effect (con-
strained component 2 = 6.83%), with a distinct com-
munity composition (Fig.  4C). Mulch homogeneity 
affected 22 bacterial OTUs – mainly Proteobacteria 
– that mostly decreased under homogeneous mulch 

Fig. 2   Lettuce growth 
parameters recorded 
under each soil mulch-
ing modality at harvest. A 
Fresh shoot biomass, B dry 
shoot biomass, C dry root 
biomass, D shoot-to-root 
ratio. Mean ± SEM, n = 5. 
Different letters indicate 
statistically significant 
differences. Significance of 
the factors: * P < 0.05; ** 
P < 0.01; *** P < 0.001. w, 
with; w/o, without
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(20/22, Table S4). Mulch biodegradability affected 33 
bacterial OTUs – mainly Proteobacteria – that mostly 
increased in response to mulch biodegradability 
(Table S5). The interaction between mulch homoge-
neity and biodegradability altered 141 bacterial OTUs 
(Fig.  S3) – mostly Actinobacteria and Firmicutes 
– whose abundance was reduced by mulching com-
pared to bare soil. Two OTU clusters showed higher 
abundances under the hemp canvas: a Proteobacteria-
driven cluster increased only under the hemp can-
vas, and the abundance of an Actinobacteria-driven 
cluster was partially maintained by the hemp canvas 
compared to bare soil, whereas it decreased under the 
plastic and hemp straw mulches (red boxes, Fig. S3).

The soil fungal community structure was also 
significantly impacted by mulch homogeneity, 
mulch biodegradability and their interaction (vari-
ance 21.38%, P < 0.001, Fig.  4B). In soil mulched 
with the hemp canvas, the fungal community was 
positively associated with the interaction effect 
(constrained component 1 = 9.48%), with a decrease 

of Ascomycota and increased unclassified fungi 
(Fig. 4D). The hemp mulch showed a positive asso-
ciation with the biodegradability effect, segregating 
away from the bare soil control (constrained com-
ponent 2 = 7.01%), with distinct community compo-
sitions (Fig.  4D). Then, we extracted fungal OTUs 
responding to mulch properties. Mulch homogeneity 
affected 16 OTUs – mainly Ascomycota. Half of them 
increased and the other half decreased as a result of 
homogeneous mulching (Table  S4). Mulch biodeg-
radability affected 16 OTUs – mainly Ascomycota 
again – that mostly increased as a result of mulch bio-
degradability (12/16, Table S5). The interaction effect 
altered 41 OTUs – mostly Ascomycota – including 
some enriched by the hemp canvas, belonging to 
unclassified Sordariomycetes, and Stachybotrys char-
tarum (red square, Fig.  S4). In sum, the soil micro-
biota structure under the hemp canvas was associated 
with the interaction effect between mulch homogene-
ity and biodegradability, resulting in the enrichment 
of a specific set of microbial OTUs.

Table 1   PERMANOVA 
results from the different 
datasets

The table shows the 
PERMANOVA results from 
the lettuce traits (Euclidean 
distance), bacterial (16S 
rRNA gene) and fungal 
(ITS) alpha diversity 
(Euclidean distance), 
beta diversity (Bray-
Curtis dissimilarity), and 
soil enzymatic activities 
(Euclidean distance). The 
same model was tested for 
all datasets (dataset ~ mulch 
homogeneity * mulch 
biodegradability, 10,000 
free permutations). 
Df, degree of freedom; 
SoS, sum of squares; F, 
Fisher-test index; Var. (%): 
percentage of variance 
attributed to each effect; 
P, p-value; Signif., 
significance of the p-value 
(* P < 0.05; ** P < 0.01; 
*** P < 0.001)

Dataset Factors Df SoS F Var. (%) P Signif.

Plant traits Homogeneity 1 80,453 20.04 47.11 2.00 × 10–3 **
Biodegradability 1 26,028 6.48 15.24 2.60 × 10–2 *
Interaction 1 69 0.02 37.61 0.92 −
Residuals 16 64,243 0.38 − −

Bacterial alpha diversity Homogeneity 1 94,056 1.08 5.03 0.32 −
Biodegradability 1 48,217 0.56 2.58 0.52 −
Interaction 1 340,043 3.92 18.19 4.99 × 10–2 *
Residuals 16 1,387,356 0.74 − − −

Fungal alpha diversity Homogeneity 1 483,722 7.08 18.15 1.17 × 10–2 *
Biodegradability 1 1,014,806 14.85 38.07 7.99 × 10–4 ***
Interaction 1 73,587 1.08 2.76 0.32 −
Residuals 16 1,093,591 0.41 − − −

Bacterial beta diversity Homogeneity 1 0.1 1.51 7.04 2.91 × 10–2 *
Biodegradability 1 0.12 1.84 8.6 1.10 × 10–3 **
Interaction 1 0.13 2.05 9.56 1.00 × 10–4 ***
Residuals 16 1.05 − 74.8 − −

Fungal beta diversity Homogeneity 1 0.12 1.24 6.09 4.80 × 10–2 *
Biodegradability 1 0.15 1.55 7.59 3.00 × 10–4 ***
Interaction 1 0.15 1.57 7.7 2.00 × 10–4 ***
Residuals 16 1.52 − 78.62 − −

Soil enzymatic profiles Homogeneity 1 113.54 9.67 30.47 9.99 × 10–5 ***
Biodegradability 1 17.86 1.52 4.79 0.21 −
Interaction 1 53.37 4.54 14.32 1.81 × 10–2 *
Residuals 16 187.91 0.5 − − −
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Soil enzymatic activities

The soil enzymatic activities are presented in Fig. 5 
(C cycle: panels A-D; N cycle: panel E; S cycle: 
panel F; P cycle: panels G-I). The xylanase and cel-
lulase activities were significantly lower under plastic 
mulch than under the other treatments (Fig.  5A–B). 
Laccase activity was significantly different in 
all treatments, and ranked as follows: hemp can-
vas > plastic mulch > bare soil > hemp straw (Fig. 5C). 
β-glucosidase activity was significantly lower under 
the hemp canvas and the plastic mulch than in bare 
soil (Fig. 5D). Arylamidase activity was significantly 
lower under the plastic mulch than in bare soil and 
under the hemp canvas (Fig.  5E). Arylsulphatase 

activity was significantly lower under the plastic 
mulch than in bare soil and under the hemp mulch 
(Fig.  5F). Alkaline phosphatase activity was signifi-
cantly lower under the plastic mulch than under the 
hemp canvas (Fig.  5G). No difference was observed 
for the phosphatase and phosphodiesterase activities 
(Fig. 5H–I), or for soil respiration (Fig. S5).

The PERMANOVA revealed a significant effect 
of mulch homogeneity (variance 30.47%, P < 0.001, 
Table  1), mainly driven by the high laccase activ-
ity and low β-glucosidase activity under homoge-
neous mulch (P < 0.001, Fig.  5C–D). A significant 
interaction was detected (variance 14.32%, P = 0.02) 
because of the differences between the ‘plastic film’ 
and ‘hemp canvas’ activities (P < 0.05, Fig.  5A, B, 

Fig. 3   Alpha-diversity 
analysis of the soil bacterial 
and fungal communi-
ties. Panels A-F, diversity 
indices of the bacterial 
community (16S); panels 
G-L, diversity indices of the 
fungal community (ITS). 
Mean ± SEM, n = 5. Differ-
ent letters indicate statisti-
cally significant differences. 
Significance of the factors: 
* P < 0.05; ** P < 0.01; *** 
P < 0.001. w, with; w/o, 
without
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E, G). Despite significant trends, no overall effect of 
mulch biodegradability was detected (P = 0.21). In 
sum, soil mulched with the plastic film harboured 
the lowest enzymatic activities. Activities were simi-
lar under the other treatments, except for laccase and 
β-glucosidase whose activities were higher and lower 
in soil mulched with the hemp canvas, respectively.

Block sPLS‑DA of the soil microbiota, soil 
enzymatic activities and lettuce yields

A block sPLS-DA was done to test the level of cor-
relation between the microbial datasets and the soil/
lettuce variables in response to the mulch treatment. 
The analysis revealed a strong correlation between 
the bacterial community and the soil/lettuce variables 
(arrow plots, R2 = 0.71, P < 0.001, Fig. S6). Likewise, 
a strong correlation was found for the fungal com-
munity (arrow plots, R2 = 0.74, P < 0.001, Fig.  S6). 
Circle correlation plots detected bacterial and fun-
gal OTUs whose abundance was correlated with 
enzymatic activities and lettuce growth (Fig. 6A–B). 

Most enzymatic activities correlated with each other, 
except those of β-glucosidase and laccase. Lettuce 
growth was negatively correlated with β-glucosidase 
activity, but slightly positively correlated with lac-
case activity. Using the list of discriminant taxa, we 
detected eight bacterial OTUs whose abundances 
were significantly enriched by the hemp canvas 
(Fig. S3, red dots in the dendrogram of the Proteobac-
teria-driven cluster), and showing a positive correla-
tion with laccase activity and the lettuce yield (yel-
low stars, strength > 0.5, Fig. 6A). They included five 
Alphaproteobacteria (four unclassified Sphingomo-
nadales – Erythrobacteraceae, Sphingomonadaceae, 
Novosphingobium, Kaistobacter – and one unclassi-
fied Caulobacteracea), one Gammaproteobacterium 
(unclassified Xanthomonadacea), one Betaproteo-
bacterium (unclassified Ellin_6067), and one Actino-
bacterium (unclassified Acidimicrobiale). Only one 
unclassified fungal OTU (significantly enriched by 
the hemp canvas, Fig.  S4) was positively associated 
with laccase activity, but not with the lettuce yield 
(yellow stars, strength > 0.5, Fig. 6B).

Fig. 4   Bacterial and fungal 
soil community struc-
tures and compositions. A 
Bacterial and (B) fungal 
community structures 
estimated by distance-
based redundancy analysis 
based on the type of soil 
cover (PERMANOVA: 
community ~ cover 
homogeneity*cover biodeg-
radability, Bray-Curtis dis-
similarity). The relevance 
of the constrained models 
was tested using 10,000 free 
permutations, and the first 
two constrained compo-
nents (CAP: Canonical 
Analysis of Principal Coor-
dinates) where shown. The 
vectors represent the direc-
tion of the effects and their 
significance. * P < 0.05; ** 
P < 0.01; *** P < 0.001. 
Relative abundance of (C) 
bacterial and (D) fungal 
phyla, and their grouping 
according to taxonomy
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Fig. 5   Soil parameters measured under the cover modalities at 
harvest. A xylanase, B cellulase, C laccase, D β-glucosidase, 
E arylamidase, F arylsulphatase, G alkaline phosphatase, H 
phosphatase, and (I) phosphodiesterase activities. Enzymatic 

activities were all measured at standardised temperature and 
soil humidity. Mean ± SEM, n = 5. Different letters indicate sta-
tistically significant differences. Significance of the factors: * 
P < 0.05; ** P < 0.01; *** P < 0.001. w, with; w/o, without
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Discussion

We aimed to describe the effects of mulch homoge-
neity, mulch biodegradability and their interaction on 
soil functioning, the soil microbiota and crop yield. 
We hypothesized that hemp-based canvas, which is 
both homogeneous and biodegradable, would have 
similar and specific effects on soil functioning and 
plant growth compared to plastic film and hemp straw 
mulches. We discussed our results by considering the 
effects of i) mulch homogeneity, ii) mulch biodegra-
dability, and iii) their interaction effect.

Effects of mulch homogeneity (H1)

We confirmed our first hypothesis (H1) that the 
hemp canvas presented similarities with the plastic 
mulch due to their common homogeneity property. 
Mulch homogeneity had the highest number of sig-
nificant effects found in this study (n = 20, Table S3), 
indicating that homogeneous mulches such as plas-
tic film and hemp canvas have similar effects when 
compared to non-homogeneous mulch (hemp straw) 
or bare soil (control). However, several effects were 
weak (0.01 < P < 0.05), e.g., changes in the soil cli-
matic parameters. While the physical barrier effect 
could explain this because the heat that radiates from 
the soil can be trapped (Liu et  al. 2010) and water 

run-off can be increased (Rice et al. 2004), the vari-
ability resulting from the difference in effect intensity 
between the plastic mulch and the hemp canvas also 
explained these weak effects. However, mulch homo-
geneity was beneficial for plant growth: yields were 
equal and highest when lettuces were grown with the 
hemp canvas and the plastic mulch. The higher soil 
temperature under homogeneous mulch may partly 
explain this: higher temperature can accelerate plant 
growth (Wilcox and Pfeiffer 1990), especially lettuce 
growth (Salomez and Hofman 2007; Gruda 2008). 
While this may be true with plastic mulch, other 
mechanisms are likely at play with the hemp canvas, 
as discussed later.

Mulch homogeneity had marked effects on the 
activity of C cycle enzymes. β-glucosidase activ-
ity (which targets labile carbon sources) and lac-
case activity (which targets recalcitrant sources) 
were decreased and boosted by mulch homogene-
ity, respectively. The higher soil temperature under 
homogeneous mulch may have enhanced microbial 
activity (Pietikäinen et  al. 2005), especially toward 
more accessible carbon sources. Lower β-glucosidase 
activity potentially indicated the exhaustion of acces-
sible nutrients at harvest, hence a shift toward the 
use of recalcitrant substrates by the microbial com-
munity via increased laccase activity. Despite these 
changes, the soil respiration was stable, indicating 

Fig. 6   Circle correlation plots of the sPLS-DA between the 
microbial datasets and the soil/lettuce dataset. The plots show 
the correlations of bacterial and fungal OTUs with soil enzy-
matic activities and lettuce yield. The x and y axes show the 
correlation strength. Only variables with strong correlations 
are shown (Pearson |rho|> 0.5). Microbial OTUs are in pale 

red, while enzymatic activities (Bglu, β-glucosidase; xyl, xyla-
nase; cell, cellulase; lac, laccase; arylA, arylamidase; arylS, 
arylsulphatase; alkP, alkaline phosphatase; phos, phosphatase) 
and lettuce yield (shoot_fresh) are in purple. Yellow stars, 
microbial OTUs significantly enriched by the hemp canvas
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maintained global microbial activities. Therefore, 
soil functioning was likely shifted/restructured by 
mulching. This was supported by changes in the soil 
microbiota associated with mulch homogeneity, e.g., 
higher bacterial evenness denoting the reduction of 
dominance effects. Consistent patterns were observed 
amongst the taxa impacted by mulch homogene-
ity. The autotrophic Cyanobacterium Acutodesmus 
obliquus decreased under homogeneous mulch, likely 
due to the lack of/insufficient light. Taxa involved 
in C cycling were increased by mulch homogene-
ity, e.g., Sordariomycetes taxa (Su et  al. 2020), and 
S. chartarum involved in recalcitrant matter decom-
position via its laccase activity (Mander et al. 2006). 
Agronomically important species were also affected, 
like the phytopathogens Septoria cretae (Quaedvlieg 
et al. 2013) and Olpidium brassicae (Lot et al. 2002), 
which were increased and decreased by mulch homo-
geneity, respectively. The pesticide-remover species 
Acinetobacter lwoffii DNS32 (Tao et  al. 2019) was 
also decreased by mulch homogeneity. In sum, homo-
geneous mulches had an effect on soil functioning 
and increased lettuce yield and temperature, altered 
the soil microbiota, and favoured enzymatic activities 
involved in the use of recalcitrant carbon sources.

Effect of mulch biodegradability (H2)

We confirmed our second hypothesis (H2) that the 
hemp canvas had similarities with the hemp straw 
mulch due to their common biodegradability property. 
Mulch biodegradability had the second highest num-
ber of significant effects (n = 18, Table  S3), indicat-
ing that the biodegradable hemp mulches had similar 
effects when compared to the other non-biodegrad-
able treatments. Mulch biodegradability increased 
the soil RWC, likely due to water retention by the 
mulched plant residues (Tuure et al. 2021; Wang et al. 
2021) and hemp permeability (compared to plastic 
and to the dry topsoil crust observed on bare soil). 
However, the lowest lettuce yields were observed for 
the hemp straw treatment, where the degraded hemp 
fibres maintained high soil surface moisture. Lettuce 
growth appears to be favoured when soil water is not 
in excess (Dessureault-Rompré et  al. 2020). Alter-
natively, the lower lettuce yields in the presence of 
biodegradable mulches could be linked to the timing 
of organic matter degradation and nitrogen immobi-
lization by microbes (Chen et  al. 2014). A transient 

disequilibrium of the C/N ratio may have occurred 
when hemp carbon was incorporated to the soil, and 
this may have favoured microbial growth and nitrogen 
uptake to the detriment of lettuces. This is supported 
by the higher soil enzymatic activities involved in the 
C (cellulase), N (arylamidase) and P (alkaline phos-
phatase) cycles observed in the soils covered with the 
biodegradable mulches.

Mulch biodegradability had a strong effect on fun-
gal diversity by reducing their richness and evenness, 
hence a potential allelopathic/trophic effect of hemp. 
Several fungal OTUs were stimulated by the biode-
gradable mulches, including unclassified Sordari-
omycetes and S. chartarum linked to organic matter 
decomposition (Mander et  al. 2006; Su et  al. 2020). 
Some unclassified protist OTUs belonging to Cili-
phora were also stimulated, in line with the reported 
increase in protists following soil organic matter addi-
tion under anaerobic conditions (Randall et al. 2020). 
The higher soil moisture may have induced partially 
anoxic conditions favouring protists. Biodegradable 
mulch also influenced the abundance of phytopatho-
gens by decreasing the abundance of S. cretae (Quae-
dvlieg et  al. 2013) and increasing the abundance of 
Phialophora cyclaminis (Williams 1991), but also 
decreasing the abundance of members of the Basidi-
omycota yeast Kondoa linked with increased crop 
yields (Stefan et  al. 2021). Several bacterial OTUs 
were also stimulated by mulch biodegradability, 
including members of families known to host spe-
cies involved in nutrient cycling and to have benefi-
cial effects on plants like Oxalobacteraceae (Janth-
inobacterium: Yin et  al. 2021, Massilia: Xiao et  al. 
2022), Sphingomonadaceae (Kaistobacter: Ji et  al. 
2021) and Xanthomonadaceae (Luteimonas mephitis 
and Thermomonas: Lee et al. 2022, Xie et al. 2022; 
Lysobacter: Xiao et al. 2022). Some play pivotal roles 
in decomposing soil recalcitrant organic matter like 
lignin (Geobacter: Merino et al. 2021; Prosthecobac-
ter: Zhu et  al. 2020). Agronomically important taxa 
were also increased, like potential Erwinia pathogens, 
whose abundance in the soil is linked to the C/N 
ratio (Xie et al. 2022), Azoarcus members potentially 
involved in soil pesticide degradation (Lian et  al. 
2022), and potential plastic-degrading Exiguobacte-
ria (Maroof et al. 2022). In sum, mulch biodegrada-
bility increased the soil water content and stimulated 
several microbial taxa and soil enzymatic activities. 
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Hemp had a strong effect on fungal diversity, suggest-
ing a selection mechanism.

Interaction between mulch homogeneity and 
biodegradability (H3)

We confirmed our third hypothesis (H3) that the 
hemp canvas had specific effects on soil function-
ing, due to the combination of its homogeneity and 
biodegradability properties (n = 12, Table S3). Thus, 
weaving hemp fibres into a canvas had non-additive 
effects diverging from those of the homogeneous and 
biodegradable properties observed with the plastic 
film and hemp straw, respectively. This was exempli-
fied by the diverging soil water contents of the plas-
tic film and the hemp canvas, as well as the soil tem-
perature that remained stable under the hemp-based 
mulches but increased under the plastic film. Higher 
temperature likely enhanced lettuce growth, but also 
likely increased transpiration rates; this may explain 
the converse patterns of soil temperature and moisture 
observed with the plastic film. The higher tempera-
ture under the plastic mulch could also be explained 
by the low albedo of the black films and its insulat-
ing effect, which both trapped calories. Despite these 
differences, plastic and hemp canvas mulching had 
similar effects on lettuce yields, implying that other 
mechanisms were at play with the hemp canvas.

Interaction effects were also seen on the soil 
microbiota: very distinct bacterial and fungal assem-
blages were observed under the hemp canvas com-
pared to the other treatments. This was particularly 
true for the fungal community. The hemp canvas had 
a strong effect on fungal diversity and evenness, indi-
cating a potential selection mechanism. Several fun-
gal OTUs belonging to Ascomycota were enriched 
by the hemp canvas, including some with known 
activity toward organic matter decomposition (e.g., 
some Sordariomycetes, Su et al. 2020; S. chartarum, 
Mander et al. 2006). Other trophic levels were likely 
stimulated by the hemp canvas: a member of Orbili-
aceae – a family specialised in nematode predation 
(Li et al. 2006) – was also enriched. Two clusters of 
soil bacterial OTUs displayed remarkable abundance 
signatures associated to the hemp canvas. The first 
one was driven by a few Proteobacteria, little abun-
dant in bare soil and at an intermediate level under 
the plastic and hemp mulches, but at high abundances 
under the hemp canvas. Several taxa from this cluster 

are involved in plant growth promotion and nutrient 
cycling, such as some Erythrobacteraceae (Tang et al. 
2019), Sphingomonadaceae (Luo et  al. 2019a), and 
Caulobacteraceae (Luo et al. 2019b). These taxa were 
enriched by the hemp canvas and positively associ-
ated with laccase activity and lettuce growth, in line 
with previous reports. The second cluster was driven 
by Nocardiaceae (Actinobacteria), which strongly 
decreased under the plastic and hemp straw mulches 
compared to bare soil, but not under the hemp can-
vas. Soil Nocardiceae are involved in organic matter 
decomposition (Jacquiod et al. 2013) and bioremedia-
tion (Pathom-Aree et al. 2021). Therefore, our results 
support a stimulation of potentially beneficial soil 
microbes induced by the hemp canvas. This enrich-
ment of specific microbial groups strongly correlated 
with important functional changes, as evidenced by 
the block sPLS-DA.

The soil enzymatic activities were also altered 
by the interaction effect. The lowest levels were 
recorded under the plastic mulch across all cycles: 
the C cycle (xylanase and cellulase activities), 
the N cycle (arylamidase), the S cycle (arylsul-
phatase) and the P cycle (alkaline phosphatase). 
This suggests nutrient depletion under the plastic 
mulch (Lee et  al. 2018), probably resulting from 
higher soil temperature and microbial activities 
that provided the nutrients that sustained better 
lettuce growth. Laccase and arylamidase activi-
ties increased under the hemp canvas. This has 
to be discussed in light of the microbial stimula-
tion induced by the hemp canvas, featuring key 
microbial members involved in nutrient cycling. 
Therefore, our results indicate that soil mulch-
ing with a hemp canvas changed the soil activity 
and functioning. This could result from combined 
effects on the climatic variable (stable soil temper-
ature and a higher moisture) and the carbon source 
(hemp biodegradation). These effects likely acted 
synergistically by modifying soil ecological fac-
tors in a favourable way for potentially beneficial 
microbes and their activities, leading to a similar 
lettuce yield to that of the plastic mulch. Thus, our 
results indicate that plant-soil-microbial feedbacks 
seemed to be altered by the soil mulching modal-
ity. Plant-soil-microbial feedbacks were identified 
as a crucial factor for better understanding the dis-
crepancies observed between laboratory and field 
trials (Chen et al. 2023).
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Mulching with hemp canvases seems a good 
alternative to plastic mulch, especially owing to its 
positive effect on specific soil microorganisms and 
enzymatic activities. The interaction between hemp 
canvas homogeneity and biodegradability affected 
abiotic and biotic soil properties, but did not affect 
lettuce yields. Our study suggests that hemp canvas 
has similar performances to plastic mulch as regards 
plant yield and is more protective of soil function-
ing than plastic mulch. One could even expect higher 
plant yields with hemp canvases dyed black with 
natural pigments to reduce their albedo and increase 
soil temperature, in a similar manner to plastic mulch, 
while keeping the advantage of a biodegradable 
mulch. Further experiments including field trials are 
needed to confirm our observations done under con-
trolled greenhouse conditions. Indeed, important gaps 
between laboratory and field-based studies are often 
observed, and plant–soil–microbial feedbacks may be 
altered by environmental factors and their interactions 
in the field (Chen et al. 2023).
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