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Abstract: 

Bioturbation activity of tubificid worms has been recognized as a key process influencing 

organic matter processing and nutrient cycling in benthic aquatic ecosystems. This activity is 

expected to modify benthic microbial communities by affecting the physical and chemical 

environment in sediments. Nevertheless, quantifications of bacterial community changes 

associated with bioturbation in freshwater ecosystems are still lacking. The present study aimed 

at evaluating the impact of tubificid worms on bacterial community structure using NGS 

approach (16S metabarcoding) and long (6 months) laboratory experiments on four 

heterotrophic wetland sediments. Worm bioturbation activity significantly stimulated 

biogeochemical processes at the water-sediment interface but only had a marginally significant 

effect on bacterial community structures. Yet, bacterial diversity was consistently reduced in 

presence of worms. Such decrease could be associated with the stimulation of organic matter 

mineralization by worms, leading to a reduction of the diversity of trophic niches available for 

bacterial species. The slight changes in bacterial community structures induced by bioturbation 

did not appear to control biogeochemical processes. Thus, the stimulation of biogeochemical 

processes by worm bioturbation was more associated with a stimulation of the initial bacterial 

community than with a drastic change in bacterial communities induced by worms. 
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INTRODUCTION 

Bioturbation by benthic fauna has been recognized as a key process influencing organic matter 

processing and nutrient cycling in aquatic ecosystems (Aller, 1983; Papaspyrou et al., 2006; 

Mermillod-Blondin and Lemoine, 2010; Gautreau et al., 2020). Sediment reworking, biogenic 

structure building (e.g., burrows), and bio-irrigation induced by bioturbating fauna modify pore 

water chemistry and then have consequences on microbial communities and associated 

biogeochemical processes (Kristensen et al., 2012; Deng et al., 2020). The impact of 

bioturbation on biogeochemistry and nutrient dynamics at the water-sediment interface has 

been evaluated in diverse benthic ecosystems (marine, lacustrine, and river sediments; see the 

review by Mermillod-Blondin, 2011), but most studies quantifying the interactions between 

bioturbation processes and microbial community structures focused on marine environments 

(e.g., Taylor and Cunliffe, 2015). These works showed that bioturbation significantly impacts 

bacterial community structures by modifying biogeochemical gradients and by increasing the 

availability of organic matter (e.g., mucus production, transport of fresh organic matter) in 

sediments (Papaspyrou et al., 2005; Papaspyrou et al., 2006; Cuny et al., 2007; Bertics and 

Ziebis, 2010; Lukwambe et al., 2018; Dale et al., 2019a; Deng et al., 2020; Hou et al., 2021). 

For example, Laverock et al. (2010) demonstrated that bacterial communities from irrigated 

burrows of the ghost shrimp were more diversified than bacterial communities from non-

bioturbated sediments. In oil-contaminated coastal sediments, Taylor and Cunliffe (2015) also 

showed that burrows of the polychaete Hediste (Nereis) diversicolor harbored different 

bacterial and eukaryotic communities compared with non-bioturbated sediments. Moreover, 

bacterial community changes induced by bioturbating fauna in oil-contaminated sediments are 

expected to favor the presence of bacteria supporting natural bioremediation processes (Cuny 

et al., 2007; Taylor and Cunliffe, 2015). Therefore, changes in bacterial community structure 

induced by bioturbating fauna could have a significant influence on benthic ecosystem 

functioning, but evidence of such mechanism is still lacking (but see the paper of Taylor and 

Cunliffe (2015) showing a bioturbation-induced increase of obligate hydrocarbonoclastic 

bacteria genera associated with an enhanced hydrocarbon degradation). 

In comparison with marine systems, interactions between bioturbation and microbial 

community structures have been poorly studied in freshwater ecosystems despite the 

documented significant contribution of bioturbation on biogeochemical processes in lakes and 

wetlands (e.g., Svensson et al., 2001; Mermillod-Blondin et al., 2008; Hölker et al., 2015; 

Baranov et al., 2016). In these systems, tubificid worms are recognized as main “ecosystem 

engineers” modifying the physical environment by their bioturbation activities (ingestion-
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egestion mechanism, sediment reworking and gallery building; McCall and Fisher, 1980; 

Navel et al., 2011). By ingesting fine particles at depth and egesting fecal pellets at the sediment 

surface, tubificid worms modify sediment stratigraphy (McCall and Tevesz, 1982; Ciutat et al., 

2006; Li et al., 2016; Pigneret et al., 2016) but also bacterial abundances among sedimentary 

layers (Wavre and Brinkhurst, 1971; Mermillod-Blondin et al., 2002). Indeed, Wavre and 

Brinkhurst (1971) measured a significant decrease in the abundance of bacteria associated with 

fecal pellets compared to those associated with ingested sediments, due to their passage through 

the digestive tract. The building of gallery networks by worms also increases water-filled 

porosity and water exchanges at the water-sediment interface, influencing pore-water 

chemistry (Krantzberg 1985; Anschutz et al. 2012), microbial activity (Mermillod-Blondin et 

al., 2018), organic matter processing (Navel et al., 2012) and nutrient cycling (Chatarpaul et 

al., 1980; Nogaro and Burgin, 2014). As observed with marine bioturbating fauna (Papaspyrou 

et al., 2006; Laverock et al., 2010; Taylor and Cunliffe, 2015), it can be expected that 

geochemical changes associated with biogenic structures of tubificid worms would also 

dramatically change bacterial community structure. Nevertheless, this expectation has never 

been observed in the few laboratory experiments evaluating the interactions between tubificid 

worms and bacterial community structure. Using T-RFLP (Terminal Restriction Fragment 

Length Polymorphism) and cloning library analyses, Zeng et al. (2014) did not detect any 

significant impact of tubificid worms on the bacterial community structure of lake sediments 

although they noticed an increased proportion of Betaproteobacteria in the bacterial community 

bioturbated by worms. Using a fingerprint approach (ARISA), Mermillod-Blondin et al. (2013) 

also reported a low impact of tubificid worms on bacterial community structure of river 

sediments. Then, the stimulation of organic matter processing and associated microbial 

activities by tubificid worms reported in the same experiment (Mermillod-Blondin et al., 2013) 

was attributed to a stimulation of the present bacterial community rather than a drastic change 

of this bacterial community. However, these previous studies were performed in laboratory 

experiments of around one month, a duration which is not necessarily long enough to detect a 

significant change in bacterial community structure. In line with this argument, Huang et al. 

(2016) developed an experimentation of two months that demonstrated that tubificid worm 

bioturbation could affect the community structure of ammonia-oxidizing bacteria of lake 

sediments. Moreover, influence of bioturbating tubificid worms on bacterial community 

structures have never been investigated using Next Generation Sequencing (NGS) approaches 

that are more accurate and exhaustive than fingerprint approaches (T-RFLP and ARISA) for 

identifying bacterial groups. 
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Therefore, the present study aimed at filling these gaps by evaluating the role of bioturbating 

tubificid worms (specimens of the species Limnodrilus hoffmeisteri) on heterotrophic bacterial 

community structure in sediments using NGS approach (16S metabarcoding) and long (six 

months) laboratory experiments. The experiments were run with four wetland sediments and 

their associated heterotrophic bacterial communities to evaluate whether the influence of 

tubificid worms on bacterial communities would be community/sediment-dependent. In 

parallel, we measured biogeochemical processes at the water-sediment interface (CO2 fluxes 

reflecting organic matter mineralization; and nutrient – NH4
+, NO3

-, PO4
3- – fluxes at the water-

sediment interface) to determine whether changes in bacterial community structure may 

control/drive ecosystem processes. By analyzing bacterial community structures at the 

sediment surface (0-1 cm) and in “deep” sediment layer (4-5 cm), the present experiment aimed 

at discriminating the potential impact on bacterial communities of fecal pellet egestion at the 

sediment surface from the influence of biogenic structures produced by worms in deep 

sediment layer. The present study allowed to test four hypotheses: 

(1) As observed in previous studies (e.g., Pigneret et al., 2016), tubificid worms are expected 

to stimulate biogeochemical processes at the water-sediment interface of the four sediments. 

(2) Bioturbating activities are expected to modify sedimentary bacterial community structure; 

(3) Bacterial community diversity is expected to decrease at the sediment surface due to 

ingestion-egestion mechanisms (passage through the digestive tract). In contrast, biogenic 

structures associated changes in geochemical gradients are expected to increase bacterial 

diversity in deep sediment layer; 

(4) In addition, the present study would determine for the first time whether the expected 

stimulation of biogeochemical processes by worms was mediated by a drastic and consistent 

change of heterotrophic bacterial communities in the four sediments. 

 

 

MATERIALS & METHODS 

 

2.1. Collection of sediments  

We selected sediments from four heterotrophic wetlands in the East of Lyon (France) that were 

expected to be colonized by different microbial communities due to their contrasted 

surroundings/watersheds (Table 1). After collection and travel back to the laboratory, the four 

sediments were sieved on net with a mesh size of 1 mm to eliminate coarse particles and benthic 

macrofauna, and for sediment homogenization. The volumetric grain size distribution of the 



6 

 

four sediments were measured by laser diffractometry (Malvern Mastersizer 2000G). This 

analysis showed contrasted distribution peaks among sediments: SED1 was the finer sediment 

followed by SED4, SED2 and SED3 (Figure 1). Indeed, SED1 was characterized by 77% of 

particles that could be ingested by Limnodrilus hoffmeisteri (particles < 184 µm, according to 

Juget, 1979) whereas only 62% of particles could be ingestible by worms in SED3. Analyses 

of total organic carbon (TOC) concentrations in the four sediments performed at the start of 

the experiment by elemental analysis (see the procedure below in paragraph 2.5. on sediment 

chemical analyses). TOC concentrations showed that the four wetlands received high quantity 

of allochtonous organic matter from their watersheds with mean percentages (± standard 

deviation) of TOC per sediment dry mass of 8.9 ± 0.6%, 12.4 ± 0.09, 8.12 ± 1.0% and 12.0 ± 

0.15% for SED1, SED2, SED3 and SED4, respectively. As a main determinant of benthic 

microbial respiration rates (e.g., Fuss and Smock, 1996), the high TOC concentrations 

measured in the four sediments underlined a dominance of heterotrophic processes in the four 

wetland sediments. 

 

2.2. Experimental setup 

The experiment was carried out in microcosms consisting of 1L glass beakers (internal 

diameter: 10.5 cm, height: 14 cm) filled with a 5-cm thick layer of sediment overlaid by 7 cm 

of synthetic water (96 mg.L−1 NaHCO3, 39.4 mg.L−1 CaSO4·2H2O, 60 mg.L−1 MgSO4·7H2O, 

4 mg.L−1 KCl, pH = 7.5: US EPA, 1991) saturated with dissolved oxygen by bubbling with air 

the upper part of the water column. A total of 24 beakers were used to test the four sediments 

(SED1, SED2, SED3, and SED4), with 6 beakers per sediment. After preparation, beakers were 

maintained in the dark at 15 °C during 10 days before worm introduction. After this time of 

stabilization and before worm introduction, chemical measurements were performed to ensure 

that CO2 and nutrient (NH4
+, NO3

- and PO4
3-) release rates from the sediment were comparable 

for the 6 beakers assigned to each sediment. Then, two treatments were applied per tested 

sediment with three replicated beakers per sediment treatment: (1) without invertebrates 

(control) and (2) with 240 tubificid worms (tubificid treatment). Tubificid worms used in the 

experimental systems were obtained from a commercial breeder (Grebil, France) and were 

predominantly specimens of the species Limnodrilus hoffmeisteri (95 % in worm abundance, 

Creuzé des Châtelliers, comm. pers.). These worms were acclimated to experimental conditions 

(15°C, sediment with a comparable grain size distribution and organic matter content than 

sediments used for the experiment) during 15 days. The tested density of 28,000 individuals 

per m2 fitted with typical natural densities (McCall and Fisher, 1980). 
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Once introduced into the columns, worms dug rapidly into the sediment (< 2 h). Experiments 

were conducted at 15 °C over 6 months, in the dark. Dark conditions were maintained during 

the whole duration of the experiment to prevent green algal growth in the water column of 

beakers. Indeed, occurrence of algal bloom in microcosms would make the interactions 

between worm activities and heterotrophic bacteria more complex to evaluate. Every 3–4 days, 

1/3 of the volume of overlying water was renewed with synthetic water in each beaker. After 

6 months of experiment, CO2 and nutrient fluxes at the water-sediment interface were 

quantified in each beaker to evaluate the role of worms on these processes. During microcosm 

dismantling (month 6), sediment samples were also collected at depths of 0-1 cm (surface 

sediment layer) and 4-5 cm (deep sediment layer) with a cut-off syringe in each beaker for the 

measurement of total organic carbon, total nitrogen, total phosphorus and for the description 

of bacterial community structures. All sediment samples were frozen at -80°C. Tubificid 

worms were also recovered from sediments in all beakers to evaluate survival rates in the 4 

sediments. These survival rates were high and comparable among the four sediment treatments 

with survival percentages > 95%. 

 

2.3. CO2 fluxes at the water-sediment interface 

For all beakers, CO2 effluxes were determined at the laboratory during incubations of 30 min 

using a Plexiglas chamber (14.5 cm internal diameter and 18 cm long) and a flow-through 

technique using an ultra-portable greenhouse gas analyzer (Los Gatos Research, Mountain 

View, U.S.A.). Each beaker was placed in the Plexiglas chamber previously filled with N2 and 

sealed with a lid containing two ports connected to a peristaltic pump and to the greenhouse 

gas analyzer via gas-tight nylon tubing. The pump pulled ambient air into the airspace of the 

chamber at a rate of 800 mL.min−1 (equivalent to a turnover time of 3 min) and out through the 

gas analyzer. CO2 efflux rates were calculated for each beaker as the increased concentrations 

during incubations of 30 min in the dark at 15 °C. They were expressed in µmol of CO2.s
-1.m-

2. Measured efflux rates were considered as proxies of organic matter mineralization occurring 

in beakers, allowing a comparison of degradation processes among treatments. 

 

2.4. Nutrient fluxes at the water-sediment interface 

After 6 months of experiment, 1/2 of the volume of overlying water was replaced with synthetic 

water. Then, in each beaker, water samples (50 ml) were collected every hour during 6 h to 

measure nutrient fluxes at the water-sediment interface. Water samples were taken using acid-

washed 100 ml syringes and filtered through Whatman GF/F filters (0.7 µm). Concentrations 
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of NH4
+, NO2

- + NO3
- (hereafter referred to as NO3

- considering the very low concentrations of 

NO2
-), and PO4

3- in water were measured within 24 h of sample collection by colorimetric 

methods using a sequential analyzer (EASYCHEM 200, AMS, Frepillon, France). The release 

rates of NH4
+, NO3

- and PO4
3- across the sediment-water interface was calculated from changes 

over time in the concentration of each chemical species in the water column. The release rates 

were expressed as µg.h-1.m-2 of water-sediment interface. 

 

2.5. Sediment chemical analyses 

Total organic carbon and total nitrogen content of sediment samples were determined by high‐

temperature combustion of in situ pre‐acidified dry samples (60°C, 48 h) and subsequent 

measurement of CO2 and N2 by thermal conductometry using an elemental analyzer (FlashEA, 

Thermo Electron Corporation). Total phosphorus content of sediment samples was determined 

by the method of Murphy and Riley (1962) after acid (H2SO4) mineralization with persulfate 

at high temperature (120°C). 

 

2.6. Bacterial community structures (16S metabarcoding) 

For each sample, DNA was extracted from 0.25 g of sediment using the PowerSoil DNA 

Isolation kit (MoBio Laboratories), according to the manufacturer’s instructions. The V4-V5 

hypervariable regions of the 16S gene were amplified using a primer pair producing a 410 bp 

amplicon (515f-C: 5'-GTGCCAGCMGCCGCGGTAA, 926r:  5'-

CCGYCAATTYMTTTRAGTTT; Parada et al. 2016; Caporaso et al. 2012; Quince et al. 2011). 

A first PCR (PCR1) was performed in a 25 μl reaction volume, using KAPA HiFI HotStart 

ReadyMix (containing 0.5 U of KAPA HiFi HotStart DNA Polymerase), 1 μl of DNA template, 

0.24 μM reverse and forward primers, 0.20 mg/ml BSA, and nuclease free H2O. Thermal cycles 

were as follows: 95°C for 3 min (95°C for 30s, 55°C for 30s, 72°C for 1 min) 25 times, and 

72°C for 5 min. The PCR was replicated three times for the 48 samples (4 sediments * 2 worm 

treatments * 2 sediment depth layers * 3 replicated beakers) and 2 controls (extraction and PCR 

controls). Amplification replicates were then pooled and purified using Agencourt AMPure XP 

beads. A second PCR (using PCR1 as DNA template) with 8 cycles was performed for sample 

indexing (indexes+P5/P7). PCR2 products were also purified with AMPure beads. Then, DNA 

was quantified using the Quantifluor dsDNA kit (ThermoFisher). All samples were pooled in 

equimolar proportions, and sequenced on an Illumina MiSeq platform with 5% PhiX (Flow 

Cell V3, Paired-End 2 * 300 bp) by Biofidal (Vaulx-en-Velin, France). 
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Read number per sample varied from 130,236 to 293,612 with average 175,208 (median 

168,766) reads per sample, except for PCR (547 reads) and extraction (9,103 reads) controls. 

Reads were processed with DADA2 R package (Callahan et al., 2016a, 2017), following the 

workflow described in Callahan et al. (2016b). In addition to demultiplexing and primer 

removal, R1 reads were trimmed at 270 bp and R2 reads at 160 bp (according to quality 

profiles). To account for variable sequencing depth, we performed an abundance normalization 

by subsampling each sample to 90 000 sequences (i.e. the minimum number of sequences per 

sample after the filtering steps). We used the DADA2 method to infer Amplicon Sequence 

Variants (ASV), which does not rely on arbitrary threshold, and resolves variants that differ by 

as little as one nucleotide. Number of inferred ASV ranged from 1,658 to 5,557 unique 

sequences per sample (average 3,136). Taxonomy assignment of ASV was performed using 

the Silva database v128 (Pruesse et al., 2007; Quast et al., 2013). Eukaryotic sequences were 

filtered out based on this taxonomic assignment. The ASV abundance tables and taxonomic 

assignments produced at this stage were then analyzed using functions from the phyloseq R 

package (McMurdie and Holmes, 2014) to calculate alpha (ASV richness, Shannon index) and 

beta (Bray-curtis distances) diversity indices. Phylogeny-informed diversity indices were also 

computed: Faith’s Phylogenetic Diversity (alpha diversity; PD function from the R package 

Picante; Faith, 1992; Kembel et al., 2010) and weighted Unifrac distances (beta diversity; 

Lozupone et al., 2011). Sequences of all ASV were aligned and cleaned using the AlignSeqs() 

function from the DECIPHER R package (with default parameters; Wright 2015, 2016) and 

trimAl to remove all positions in the alignment with gaps in 99% or more of the sequences (“-

gt 0.01”, Capella-Gutiérrez et al., 2009). Final alignment length was 393bp. Then the 

phylogenetic tree of all ASV was inferred by first constructing a neighbor-joining tree, and 

then fitting a GTR+G+I (Generalized Time-Reversible with Gamma rate variation) maximum 

likelihood tree using the neighbor-joining tree as a starting point (phangorn R package; Schliep 

2011). 

 

2.7. Statistical analyses 

 Concentrations of total organic carbon, total nitrogen and total phosphorus in sediments 

were compared among sediment types, depths (surface and deep layers) and worm treatments 

using 3-way analyses of variance (ANOVA 3). The same statistical analysis was performed on 

ratios between total organic carbon and total nitrogen that were used as indicators of organic 

matter biodegradability in sediments (e.g., Meyers and Teranes, 2001; Sampei and Matsumoto, 

2001). Fluxes of CO2, NH4
+, NO3

- and PO4
3- measured at the water-sediment interface in 
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microcosms were compared among sediment types and worm treatments using 2-way ANOVA. 

For all variables, the normality and the homoscedasticity of the residues were tested using the 

Shapiro-Wilk’s test and the Levene’s test, respectively. When these assumptions were not met, 

data were transformed in ranks before statistical analyses using 2-way ANOVA. 

 The influence of sediment type, depth, and tubificid worms on sedimentary bacterial 

community structure was visualized using a double centered correspondence analysis (CA) 

performed with data on ASV abundances obtained from microcosms. Differences in bacterial 

community structures among sediment depth, sediment type and worm treatments were tested 

using permutational multivariate analyses of variance (PERMANOVA; Anderson 2001). 

Statistical tests were based on 1000 permutations of the Bray-Curtis matrix. To more 

specifically focus on the influence of tubificid worms on the bacterial communities, the 

dissimilarity (Bray-Curtis distance) of bacterial community structures between microcosms 

with worms and microcosms without worms was also calculated for each sediment type and 

sediment depth (n=9 calculated pairwise dissimilarities between 3 microcosms with and 3 

microcosms without worms). These dissimilarities associated with worm addition (hereafter 

referred to as “between” dissimilarities) were compared with dissimilarities calculated between 

the three replicated microcosms (for each sediment type and sediment depth: 3 replicated 

microcosms with worms, and 3 replicated microcosms without worms, for a total of 6 

calculated pairwise dissimilarities, hereafter “within” dissimilarities). This comparison aimed 

at determining whether addition of tubificid worms significantly changed bacterial 

communities in each sediment type and depth. In such case, “between” dissimilarities are 

expected to be significantly higher than “within” dissimilarities. For each sediment depth, the 

significance of bacterial community structure changes associated with sediment type and worm 

treatments were tested using a 2-way ANOVA after a logit-transformation of data to meet 

normality assumptions. The same analysis was also performed using Unifrac distances 

(accounting for phylogenetic relationships between ASV). 

 The influences of depth, sediment and worm treatments on bacterial community 

diversity indices (ASV richness, Shannon diversity and Phylogenetic Diversity) were tested 

using non-parametric Wilcoxon and Kruskal-Wallis tests. 

 To explore the covariance between biogeochemical processes and bacterial community 

structures, we performed a coinertia analysis between the table of bacterial community 

structure (ASV abundances), and the table of element concentrations and nutrient fluxes, using 

the R package ade4 (Dray et al., 2007). This analysis measured the match between a 

correspondence analysis (CA) of ASV abundance data, and Principal Component Analysis 
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(PCA) of biogeochemical data. This multi-table analysis was performed to examine the links 

between the two tables, each table using the same 48 samples as rows. The relationship between 

each pair of data sets was measured using the Rv-coefficient (vectorial correlation coefficient; 

Robert and Escoufier 1976). The Rv-coefficient between two tables ranges between 0 and 1 

and is a multidimensional equivalent of the ordinary correlation coefficient between two 

variables. For two given data sets Xk and Xl, the Rv-coefficient writes as follows:  

𝑅𝑣(𝑋𝑘 , 𝑋𝑙) =
𝐶𝑜𝑣𝑣(𝑋𝑘 , 𝑋𝑙)

√𝑉𝑎𝑣(𝑋𝑘)√𝑉𝑎𝑣(𝑋𝑙)

 

with 𝐶𝑜𝑣𝑣(𝑋𝑘 , 𝑋𝑙)  = Trace (𝑋𝑘
𝑡𝐷𝑛𝑋𝑙𝐷𝑝  as the vectorial covariance and Vav (𝑋|𝑘)  = Trace 

(𝑋𝑘
𝑡𝐷𝑛𝑋𝑘𝐷𝑝)  and Vav (𝑋|𝑙)  = Trace (𝑋𝑙

𝑡𝐷𝑛𝑋𝑙𝐷𝑞)  as the vectorial variance for Xk and Xl, 

respectively; Matrix Dn contains row weights (common to both data sets) and matrices Dp and 

Dq contain the column weights of Xk and Xl, respectively (Blanc et al., 1998). To test the 

significance of Rv-coefficients, rows were randomly permutated within tables. Permutations 

were repeated 1,000 times to obtain a null distribution of Rv-coefficients. We assessed for 

statistical significance by determining the proportion of null values that were greater than the 

observed Rv-coefficients. 

 

RESULTS 

Influence of tubificid worms on organic matter processing and biogeochemical processes 

The presence of tubificid worms significantly reduced the concentrations of total organic 

carbon and total nitrogen in the two depth layers of the four sediments (ANOVA 3, worm effect, 

F(1,32)=20.5, p<0.0001 for TOC and F(1,32)=8.6, p<0.01 for TN) at the unique exception of the 

surface layer of SED3 (Figure 2). This worm effect was not influenced by sediment type 

(ANOVA 3, “worm*sediment” effect, F(3,32)=1.0, p=0.38 for TOC and F(3,32)=0.4, p=0.76 for 

TN) despite significant differences in concentrations of total organic carbon (TOC) and total 

nitrogen (TN) among the four sediments (Figure 2, ANOVA 3, sediment effect, F(1,32)=278, 

p<0.0001 for TOC and F(1,32)=41.3, p<0.0001 for TN). Differences detected between sediment 

layers were mainly associated with SED3 showing around 3-fold higher TOC and TN 

concentrations in the top sediment layer than in depth (Figure 2).  

In link with TOC and TN changes associated to worm activities, TOC/TN ratios were 

significantly higher in sediments with worms than in sediments without worms (ANOVA 3, 

worm effect, F(1,32)=18.3, p<0.001) in the 4 sediments despite their contrasted TOC/TN ratios 

(ANOVA 3, sediment effect, F(1,32)=157, p<0.0001). More precisely, the presence of worms 
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increased mean TOC/TN ratios in from 10.75 to 11.72 in SED1, from 18.13 to 19.49 in SED2, 

from 15.47 to 17.47 in SED3, and from 18.09 to 18.63 in SED4. In contrast with TOC, TN and 

TOC/TN ratio, the influence of worms on the total phosphorus (TP) concentrations was not 

consistent among the four sediment types (ANOVA 3, “worm*sediment” effect, F(3,32)=6.9, 

p<0.01) and sediment depth (ANOVA 3, “worm*depth” effect, F(3,32)=109, p<0.0001). For 

example, tubificid worms increased TP concentration in the top layer of SED3 and produced 

the opposite effect in depth (Figure 2). It is also worth noting that TP concentrations widely 

varied among sediments with values from ca. 0.025% of dry sediment in SED1 to 0.105% in 

SED2 (ANOVA 3, sediment effect, F(3,32)=568, p<0.0001). 

Worm activities stimulated the release of CO2 from microcosms and NH4
+ fluxes at the water 

–sediment interface (ANOVA 2 on ranks, worm effect, F(1,16)=59.3 and p<0.0001 for CO2 

fluxes, and F(1,16)=29.4 and p<0.0001 for NH4
+ fluxes) whatever the tested sediment (ANOVAs 

2 on ranks, “sediment*worm” effect, F(3,16)<2.3, p>0.05 for the two fluxes). These worm effects 

were consistent for the 4 tested sediments although CO2 and NH4+ fluxes were significantly 

different among sediments (ANOVA 2 on ranks, sediment effect, F(3,16)=4.9 and p<0.05 for 

CO2 fluxes, and F(3,16)=14.3 and p<0.0001 for NH4
+ fluxes for the two fluxes). For example, 

NH4
+ influxes (i.e. consumption of NH4

+ during incubation) were measured in SED1 whereas 

NH4
+ was released from sediment to water column (NH4

+ efflux) in SED4 (Figure 3). NO3
- and 

PO4
3- fluxes were also stimulated by tubificid worms (Figure 3, ANOVA 2, worm effect, 

F(1,16)=36.1, p<0.0001 for NO3
- fluxes and F(1,16)=109, p<0.0001 for PO4

3- fluxes) but this worm 

effect depended on sediment type (ANOVA 2, “worm*sediment” effect, F(3,16)=16.7, p<0.0001 

for NO3
- fluxes and F(3,16)=66.4, p<0.0001 for PO4

3- fluxes). More precisely, stimulations of 

NO3
- and PO4

3- fluxes by tubificid worms were mainly observed in SED2 and SED3 (Figure 

3). 

 

Influence of worms on bacterial community structures in sediments 

The sequencing of the metabarcoding 16S rRNA libraries yielded high-quality sequences 

distributed across 48 samples (4 sediments * 2 worm conditions * 2 sediment layers * 3 

replicates). After rarefaction-based abundance normalization (subsampling 90 000 sequences 

per sample), Amplicon Sequence Variants (ASV) were inferred with the algorithm DADA2. A 

taxonomical identification was inferred (when possible) for each ASV, as well as an estimation 

of its abundance (i.e. proportion of sequences) in each sample, which was expected to represent 

its relative abundance in the corresponding community. 
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Barplot representation (Figure 4) showed that the most abundant phyla were Planctomycetes, 

Bacteroidetes and Acidobacteria in all sediment types. However, Planctomycetes seemed to be 

largely dominant in SED1 and SED4, whereas the ratio between Planctomycetes and 

Bacteroidetes seemed to be more even in SED2, and to a lesser extent in SED3. 

The first two axes of the correspondence analysis explained 24.4% of the variance in the 

bacterial community structure dataset. Based on these two axes, the correspondence analysis 

and PERMANOVA tests showed that differences in bacterial community structures among 

samples were mainly determined by sediment type (Figure 5, PERMANOVA, F(3,44)=27.9, 

p<0.0001). Although Figure 4 and Figure 5 did not indicate strong changes in bacterial 

community structures associated with worms, we detected a marginally significant effect of 

worm presence on bacterial community structure (PERMANOVA, F(1,46)=2.0, p=0.058). In 

contrast, there was no significant influence of sediment depth on bacterial communities 

(PERMANOVA, F(1,46)=1.6, p>0.1). 

To determine whether changes of community structures could be detected at a finer scale, we 

measured the dissimilarity between bacterial communities (i.e. Bray-Curtis and Unifrac 

distances), in each depth layer independently. If the presence of bioturbating worms did not 

significantly change the bacterial community structures, the average dissimilarity between 

treatments (with vs. without bioturbation; referred to as “between” dissimilarities) would be 

comparable to the average dissimilarity between triplicates (“within” dissimilarities; see M&M 

for a detailed explanation). Figures 6 and S1 (based on Bray-Curtis and Unifrac distances 

respectively) showed that for all sediment types and sediment layers, bacterial communities 

dissimilarity was always lower among triplicates (i.e. within a given condition) compared to 

the dissimilarity measured between experimental conditions (+/- worms). Two-way ANOVAs 

indicated that “between” dissimilarities were significantly higher than “within” dissimilarities 

in surface and deep layers of sediment (surface layer: F(1,52)=766 and p < 0.0001 for Bray-

Curtis distances, F(1,52)=779 and p < 0.0001 for Unifrac distances; deep layer: F(1,52)=165 and p 

< 0.0001 for Bray-Curtis distances, F(1,52)=138 and p < 0.0001 for Unifrac distances). 

These results indicated that bioturbation by tubificid worms was associated with changes in 

bacterial community structures. Although these community changes were not influenced by 

sediment type in the deeper layer of sediments (ANOVAs 2, “worm*sediment” interaction, 

F(3,52)=1.0 and p > 0.2 for Bray-Curtis distances, F(3,52)=1.5 and p > 0.4 for Unifrac distances), 

this effect was not consistent across the four tested sediments in surface layer (ANOVAs 2, 

“worm*sediment” interaction, F(3,52)=48.5 and p < 0.0001 for Bray-Curtis distances, 

F(3,52)=14.6 and p < 0.0001 for Unifrac distances). First, the CA representation (Figure 5) 
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showed that the presence of worms did not induce convergent bacterial community changes 

(i.e. in the same direction) in the four sediments. For example, tubificid worms tended to 

modify bacterial community structure in the surface layer of SED1 by influencing ASV groups 

contributing to the horizontal axis of the CA whereas the influence of worms on bacterial 

community structure in the surface layer of SED3 tended to modify ASV groups contributing 

the vertical axis of the CA (Figure 5). Second, statistical analysis of the count matrix (ASV 

abundances) using DESeq2 (Love et al., 2014) did not support any systematic change due to 

the presence of worms in all sediment types (see details in the Supplementary Material 1). 

 

Influence of worms on bacterial diversity in sediments 

Based on alpha diversity estimates (Richness, Shannon index and Phylogenetic Diversity), a 

reduced bacterial diversity was measured in presence of worms (Figure 7; Wilcoxon tests, 

worm effect, p < 0.005 for the three alpha diversity indices) despite large differences in 

bacterial diversity among the 4 tested sediments (Kruskal-Wallis tests, sediment effect, p < 

0.001 for the three alpha diversity indices). In contrast, sediment depth did not have any 

influence on bacterial diversity (Wilcoxon tests, depth effect, p > 0.15 for the three diversity 

indices). 

 

Links between the influences of tubificid worms on biogeochemical processes and bacterial 

community structures 

A co-inertia analysis has been performed to evaluate the co-variation between biogeochemical 

processes and bacterial community structure datasets. The structure shared by the two datasets 

was not significantly different from a structure expected from random association (Rv-

coefficient = 0.26, p > 0.05), indicating a lack of significant co-variation between the table of 

bacterial communities and the table of nutrient fluxes (CO2, NH4
+, NO3

-, PO4
3-). 

 

DISCUSSION 

As reported in the literature (Svensson et al., 2001; Hölker et al., 2015; Baranov et al., 2016), 

tubificid worms stimulated both CO2 and nutrient fluxes at the water-sediment interface for the 

four sediment types. Stimulations of CO2 fluxes by worms (+50% to +400%) were comparable 

to those reported by Pigneret et al. (2016) in short-term experiments lasting one month. The 

influence of worms on nutrient fluxes was also consistent with data reported from the literature 

showing increased fluxes of inorganic dissolved nitrogen (NH4
+ and NO3

-) from sediments to 
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overlying water in the presence of bioturbating invertebrates (Svensson et al., 2001; Michaud 

et al., 2006; Gautreau et al., 2020). These stimulations of fluxes by tubificid worms cannot be 

explained by worm excretion and respiration rates. Indeed, by assuming that 1 mole of O2 

consumed produces 1 mole of CO2 during respiration, the O2 consumption of Limnodrilus 

hoffmeisteri measured by Lou et al. (2013) at 15°C (temperature of the present experiment) in 

freshwater suggests that the sole respiration of the 240 worms introduced in our mesocosms 

would be responsible of a flux of around 0.003 µmol of CO2.s
-1.m-2, a flux rate which is at least 

3-fold lower than the stimulation of CO2 flux induced by worms in our sediments (Figure 3). 

Thus, positive effects of worms on nutrient and CO2 fluxes were predominantly due to a 

stimulation of microbial activities involved in organic matter mineralization. By creating dense 

gallery networks, worms increased the exchanges at the water-sediment interface, increasing 

microbial activities involved in nutrient cycling and organic matter processing in mesocosms. 

Interestingly, working on a period of several months, which is longer than experiments usually 

performed with bioturbating fauna, allowed us to quantify a significant reduction of total 

organic carbon and nitrogen contents in sediments in presence of worms. Similarly, Shen et al. 

(2017) observed the same effects of two bioturbation species (the clam Meretrix meretrix and 

polychaete Perinereis aibuhitensis) on sedimentary organic matter during a field experiment 

of 2-3 months in sandy intertidal flats. The observed changes in organic matter content in 

sediments, which are consistent with CO2 fluxes (reflecting organic matter mineralization), 

illustrate the major role played by tubificid worms in organic matter processing. 

Although biogeochemical processes were largely mediated by worm bioturbation, bacterial 

communities were mainly structured by sediment type (Figure 5). Indeed, differences in 

sediment grain sizes (Figure 1), total organic carbon, total nitrogen and phosphorus contents 

(Figure 2) likely have shaped contrasting habitats for microorganisms. As a matter of fact, a 

myriad of microbial studies (Findlay et al., 2003; Johnson et al., 2012; Battin et al., 2016; Smith 

et al., 2018; Avila et al., 2019) demonstrated that habitat heterogeneity and especially organic 

matter availability play a key role in structuring microbial communities. In these conditions, 

environmental changes induced by worms were not strong enough to outweigh the structuring 

effect associated with sediment types. Despite this result, we observed a marginally significant 

effect of worms on bacterial community structures on the whole dataset, which was 

significantly strengthened when considering each sediment independently. Indeed, 

dissimilarities in community structures were higher between worm and control treatments than 

among replicated control mesocosms and among replicated worm mesocosms, illustrating a 
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significant influence of worms on bacterial community structures for each sediment and 

sampled depth layer. However, these changes were not consistent among sediments for the top 

sediment layer as the presence of worms did not impact the same bacterial groups in the four 

sediments. These observations suggest that worm-bacteria interactions were mainly driven by 

initial bacterial community structures. More precisely, worm activities did not stimulate or 

reduce the abundances of the same bacterial groups in the four sediments because these 

sediments were colonized bycontrasted bacterial communities (as observed in Figure 5). 

Despite the fact that worm-bacteria interactions largely depended on tested sediment, we 

demonstrated for the first time that tubificid worms consistently reduced bacterial diversity at 

sediment surface but also in deep layers of sediments. The reduced diversity of bacteria at the 

sediment surface was consistent with our hypothesis stating that fecal pellets egested at the 

surface by worms were impoverished in bacteria after passage through the digestive tract as 

observed in tubificid worms (Wavre and Brinkhurst, 1971) and in earthworms (Schönholzer et 

al., 2002; Gómez-Brandón et al., 2012; Aira et al., 2016). Reduced diversity in deeper sediment 

layers was more surprising as bioturbation was expected to diversify the biogeochemical 

conditions in sediments and thus the ecological niches available for bacteria (Laverlock et al., 

2010). The reduced bacterial diversity on the whole sedimentary column due to tubificid worms 

could be associated with the impoverishment in organic matter measured in sediments 

bioturbated by worms. Indeed, Deng et al. (2020) recently showed that the availability of fresh 

organic matter had a significant control on bacterial community structures in marine sediments. 

Thus, during the six months of the present experiments, tubificid worms most likely reduced 

the quality (consuming the most biodegradable fraction of organic matter) and the diversity of 

the organic matter in sediments by stimulating organic matter degradation (i.e., CO2 production 

and total organic carbon loss). Measurements of TOC/TN ratios in sediments supported this 

interpretation because the higher ratios measured in bioturbated than in non-bioturbated 

sediments indicated a lower biodegradability of organic matter in bioturbated sediments 

(Sampei and Matsumoto, 2001). Consequently, the availability and diversity of organic matter 

was more limiting in bioturbated than in non-bioturbated sediments, reducing the ability of 

multiple bacterial taxa to coexist (increased competition with the reduction of trophic niches, 

Wilson and Lindow, 1994; Langenheder et al., 2010; Simek et al., 2014; Pernthaler, 2017). 

Indeed, the positive relationship between the diversity of organic molecules and bacterial 

diversity has been already demonstrated in several environments (Sarmento and Gasol, 2012; 

Teeling et al., 2012; Landa et al., 2013; Li et al., 2018; Zhao et al., 2019; Liu et al., 2019; 



17 

 

Muscarella et al., 2019). Therefore, our results suggest that the enhancement of organic matter 

processing and nutrient cycling by worm bioturbation reduces the number of trophic niches 

available on the sedimentary column, decreasing bacterial diversity. It is worth noting that these 

results obtained in experimental conditions are not necessarily applicable to the wetland 

ecosystems which are characterized by regular supplies of organic matter or significant 

autotrophic productivity that would fuel the sedimentary compartment with fresh organic 

matter. Considering these two aspects (organic matter supply and/or autotrophic activity) in 

future works would add more field-relevant processes in our experiment approach. For example, 

allowing the development of phototrophic organisms at the water-sediment interface of our 

microcosms would probably change the vertical distributions of biogeochemical processes and 

microbial communities in the sediment (as observed in marine sediments by Deng et al., 2020), 

leading to more complex interactions between worms and micro-organisms than those 

observed in the present study. 

Our last hypothesis stating that bioturbation-driven changes in bacterial communities were 

directly involved in the stimulation of biogeochemical processes was not validated by our 

results. Indeed, bioturbation activities produced significant stimulations of CO2 and nutrient 

fluxes but induced only slight changes of bacterial community structures. Besides, variations 

in bacterial community structure and variations in biogeochemical fluxes among sediment and 

worm treatments did not have a significant co-structure, indicating that the stimulation of 

biogeochemical processes was not mediated by specific modifications of bacterial communities 

by worms. Thus, worm bioturbation more likely stimulated the activities of microorganisms 

initially present in each sediment. As the studied process of organic matter degradation is 

performed by a wide diversity of bacterial taxa (high functional redundancy, Risse-Buhl et al., 

2017), it is not surprising that the significant stimulations of this microbial process by worms 

in the four sediments were not associated with a comparable change in bacterial community 

structure in the four sediments. Nevertheless, it could be different for more specific functions 

which are not shared by a large variety of bacteria (i.e. lower functional redundancy). To better 

understand the role played by bacteria in several biogeochemical processes, we tried to infer 

metabolic functions using FAPROTAX pipeline (Louca et al., 2016) by finding phylogenetic 

correspondences between our ASV dataset and bacterial genomic reference databases. This 

approach gave promising results by indicating a relative decrease (-39% in average) in 

abundance of methanotroph bacteria in the surface layer of bioturbated mesocosms where 

worms rework and aerate sediments. Nevertheless, this kind of results was based on less than 

19% of all ASV, because most of them were too phylogenetically distant from the bacteria 
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species present in the reference databases to achieve any reliable metabolic inference. 

Therefore, evaluating the role of tubificid worms on bacterial functional groups involved in 

key elemental cycles (carbon, nitrogen and sulfur cycles in sediments would require further 

analyses such as metagenomics or qPCR approaches targeting specific functions (e.g., Dale et 

al., 2019b). This next step is fundamental to finely decipher the metabolic capacities of 

bacterial communities and their responses to abiotic and biotic environmental conditions. 
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Table 1: Brief description of the four wetlands of the Lyon region (France) where sediments 

were collected for the present study. 

 

Code Wetland name Description Locality Location 

SED1 La Chaume braided channel of Ain River Balan 45°49'51.5"N 5°05'26.5"E 

SED2 Django industrial area Chassieu 45°44'12.3"N 4°57'24.1"E 

SED3 IUT University campus Villeurbanne 45°47'14.2"N 4°52'55.3"E 

SED4 Minerve commercial area Bron 45°42'52.3"N 4°54'54.0"E 
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Figure 1: Grain size distribution of the four sediments measured by laser diffractometry. 

Sediment codes as in Table 1. 
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Figure 2: Total organic carbon, nitrogen and phosphorus content in the four sediments 

separated by treatment (+/- worms) and depth. Grey and white boxplots represent the 

treatments without and with worms, respectively. Sediment codes as in Table 1. 
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Figure 3: CO2, NH4
+, NO3

-, and PO4
3- fluxes at the water-sediment interface (rates expressed 

in µmol of CO2.s
-1.m-2 and in µg of N or P.h-1.m-2 for nutrient fluxes). Grey and white boxplots 

represent the treatments without and with worms, respectively.  Sediment codes as in Table 1. 
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Figure 4: Barplot of bacterial community structure in the four sediments, in the presence or 

absence of worms. Community structure is represented at the phylum level. Only phyla 

representing at least 1% of the reads in at least one sample are represented. Triplicates have 

been merged. Sample sizes have been normalized to 90,000 sequences in each sample, thus the 

x-axis (‘Abundance’) ranges from 0 to 270,000 sequences (i.e., 3 triplicates * 90,000 

sequences). Sediment codes as in Table 1. 
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Figure 5: Correspondence analysis of bacterial community structures based on ASV 

abundances. Ø and W correspond to the treatments without and with worms, respectively. S 

and D correspond to the surface (0-1cm) and deep (4-5cm) layers of sediment, respectively. 

Sediment codes as in Table 1. 
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Figure 6: Dissimilarity between bacterial communities caused by bioturbating activity. For 

each sediment type, dissimilarities (Bray-Curtis distances) were calculated pairwise among the 

triplicated microcosms with worms, and also among the triplicated microcosms without worms 

(i.e. “within” dissimilarities); and calculated pairwise between microcosms with and without 

worms (i.e. “between” dissimilarities). Panels (a) and (b) correspond to the surface and depth 

layers respectively. Sediment codes as in Table 1.  (See M&M for a detailed explanation of 

this analysis.) 
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Figure 7: Alpha diversity estimates of bacterial communities at depth 0-1 cm (a) and 4-5 cm 

(b) in the four sediments. PD represents the Phylogenetic Diversity index. Sediment codes as 

in Table 1. 

 


