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3.3. Nematofauna diversity  
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Average 

Similarity (%)
T C CBS1 CBS2 CBS1+BA CBS2+BA

T 84.7 (3.3)      

C 40.8 (3.8) 90.2 (2.2)     

CBS1 66.2 (1.9) 27.3 (3.3) 89.8 (2.3)    

CBS2 80.2 (3.2) 32.2 (2.9) 67.0 (2.6) 88.1 (1.0)   

CBS1+BA 56.0 (1.7) 20.8 (2.4) 66.0 (1.8) 60.3 (2.4) 93.2 (0.3)  

CBS2+BA 77.4 (3.2) 43.4 (2.0) 57.5 (1.6) 68.1 (1.0) 57.1 (3.3) 88.6 (1.2) 
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Differences between controls and treatments were compared by parametric one-way ANOVA 

tests. A posteriori paired multiple-comparisons were performed using Tukey HSD test. 

Statistically significant differences were assumed when p<0.05. For statistical analysis of 

bacterial community structure, relative abundances of T-RFs were transformed with arcsin 

(x^0.5) to get a normal distribution of data (1998). Correspondence Analyses (CA) were then 

performed with MVSP v3.12d software (Kovach Computing Service, Anglesey Wales) to 
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assess the impact of PAH spiking on the bacterial community structure as a function of 

microcosm treatments. �
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Bacterial cells were counted by flow cytometry, initially, and after 15 and 30 days of 

incubation. Bacterial biomass observed in initial conditions was 5.32 ± 0.33 × 10
7
 cells cm

−3
. 

Interestingly, bacterial biomass in C and PAH microcosms after 15 days of incubation was 

roughly similar to the initial biomass observed in situ 5.14 ± 0.23 × 10
7
 cells cm

−3
. The 

highest values were observed in PAH+BS and PAH+BS+BA microcosms in presence of 

meiofauna (8.45 ± 0.42 × 10
8
 and 8.28 ± 0.51 × 10

8
 cells cm

−3
, respectively; Fig. 2). After 30 

days of incubation, PAHs spiking did not significantly change benthic bacterial abundances 

relative to the control microcosms (Fig. 2 upper panel). It is worth noticing that, bacterial 

biomasses in contaminated microcosms (PAH) and control microcosm (C) were similar, 

irrespective of the presence of meiofauna (around 5 × 10
7
cells cm

−3
 Fig. 2 upper panel). 

However, after 15 and 30 days of incubation, biostimulation (PAH+BS) and biostimulation 

coupled with bioaugmentation (PAH+BS+BA) resulted in a significant increase (p < 0.001) of 
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indigenous bacterial abundance (7.27 ± 0.95 × 10
8
 and 7.55 ± 1.45 × 10

8
 cells cm

−3
, 

respectively) relative to C and PAH microcosms, in presence or absence of meiofauna. The 

number of added cells was 1.9 10
9
 cells for 1040 cm

3
 of sediment (volume for 400g of 

sediment), therefore, the increase of cells in the bioaugmentation treatment relative to the 

initial cell density was around 3%. After 15 and 30 days of incubation, cytograms of PAH 

microcosms clearly showed two distinct populations (B1 and B2, Fig. 3) that were also 

observed in C microcosm irrespective of the presence or absence of meiofauna (Fig. 3). 

Interestingly, these two populations were also observed in PAH+BS and PAH+BS+BA 

microcosms as well as two other populations (B3 and B4) after 15 days of incubation. 

However, B3 and B4 populations were not detectable after 30 days in both remediation 

treatments.  

At the end of the incubation, the whole sediment was removed from the microcosm for 

meiofauna enumeration in microcosms Meio+. In C microcosms, total meiofauna represented 

on average 485 ± 16 Ind/microcosm, i.e 60 ± 2 Ind. 10 cm
-2

 (considering a sediment 

microcosm surface of 80 cm
2
) with the following repartition, 84 % nematodes, 11 % 

copepods, 5 % polychaetes. Interestingly, meiofauna abundance observed in C microcosms 

after 30 days of incubation was roughly similar to the initial abundance observed in situ 63 ± 

2 Ind. 10 cm
-2

, with a similar reparation between the major groups. Contamination by the 

PAH mixture had a clear effect (p<0.05) on meiofauna with a strong reduction of total 

biomass (42 ± 7 vs 485 ± 16 Ind/microcosm, for PAH and C microcosms, respectively) 

together with a complete disappearance of polychaetes and copepods. As a consequence, 

nematodes represented the single main taxon identified in PAH microcosm. In contrast, 

biostimulation strongly enhanced by a factor of two meiofaunal density compared to the C 

microcosms (777 ± 9 vs 485 ± 16 Ind/microcosm). Nevertheless, this increase was only 

observed for nematodes, the density of copepods and polychaetes remained similar to that of 

the C microcosms. The combination of biostimulation with bioaugmentation resulted in 

higher densities (p < 0.001) relative to the PAH+BS treatment (975 ± 6 vs 777 ± 9 

Ind/microcosm, respectively; Fig. 2 lower panel). As observed for the PAH+BS treatment, the 

increase in total density was explained by increase in nematode abundance, densities of 

polychaetes and copepods remaining unchanged. 
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Oxygen consumption was measured just after microcosm settlement and after 15 and 30 days 

of incubation. At the beginning of the experiment, areal SOC (Fig. 4) was roughly similar in 

all microcosms ranging from 1.8 to 2.2 nmol O2 cm
−2

 min
−1 

except in PAH (Meio -) where the 

highest value vas observed (3.2 nmol ± 0.03). Maximum oxygen penetration was around 1 to 

1.5 mm and no significant difference was observed between microcosms (data not shown). 

Sediment oxygen consumption decreased (p<0.05) with the duration of incubation in all 

microcosms. At the end of incubation, maximum oxygen penetration ranged from 0.23 to 0.6 

cm, maximum penetration was observed in PAH+BS+BA microcosms, whereas minimum 

values were observed in C microcosms (Fig. 5). Sediment oxygen consumption (SOC) 

profiles were relatively similar in control and contaminated microcosms, with maximum 

value observed at the sediment surface and a second peak at the maximum oxygen penetration 

corresponding to the oxygen demand for the oxidation of reduced compounds. Areal SOC 

(Fig. 4) were similar in C and PAH microcosms with average rate of 1.07 nmol ± 0.07 O2 

cm
−2

 min
−1

. No significant difference in areal SOC was observed between the presence and 

absence of meiofauna. However, oxygen profiles clearly showed that vertical oxygen 

distribution and vertical oxygen consumption were strongly influenced by the presence of 

meiofauna, which resulted to a lower oxygen penetration (Fig. 5). Bioremediation treatments 

resulted in a deeper oxygen penetration relative to the control and contaminated microcosms, 

and reached up to 6 mm depth in PAH+BS+BA. Sediment oxygen consumption profiles for 

bioremediation treatments were considerably different to those of PAH and C microcosms, 

with low or no consumption from sediment surface down to 5 mm depth and a peak of 

consumption at the maximum oxygen penetration level. This increase in oxygen penetration 

was due to a decrease in the oxygen demand as indicated by the areal SOC (Fig. 5). The 

lowest value was observed for PAH+BS microcosms (Meio+) and corresponded to a more 

than 50 % reduction relative to the control and contaminated microcosms. As observed under 

low nutrient conditions, no significant influence of meiofauna was observed for areal SOC 

(HSD tests). Under low and high nutrient conditions, no significant correlation was observed 

between areal SOC measured after 15 and 30 days of incubation and the corresponding total 

inorganic carbon concentration. 
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Molecular fingerprints (T-RFLP) of the bacterial benthic communities were analyzed after 15 

and 30 days of microcosm incubation. Average number of TRFs ranged from 34 ± 13 

(PAH+BS Meio-, 30 days) to 113 ± 24 (Control Meio+, 30 days). In all treatments, the 

absence of meiofauna decreased the number of TRFs with the disappearance of specific TRFs 

(e.g. HaeIII 202, 253, 272, 323, and HinfI 111, 248, 341) confirming the population 

modifications observed from flow cytometry counts. This suggests that meiofauna play a role 

in shaping bacterial communities. This hypothesis was confirmed by correspondence analysis 

performed on microbial community fingerprints from the initial samples and after 15 and 30 

days of incubation for C and PAH microcosms (Fig. 6 upper panel). The two axes explained 

more than 50 % of the variance observed. The time of incubation (axis 1) has a great impact 

of microbial community structure in the presence or absence of meiofauna. Interestingly, after 

15 days of incubation, bacterial community structure observed in C microcosms in the 

presence of meiofauna was similar to the initial structure observed in situ. Contamination by 

PAH resulted in a small shift in the microbial composition as also indicated by flow 

cytometry counts, however the absence of meiofauna strongly modified the microbial 

community structure relative to the initial structure with less than 50 % of similarity (C 

microcosm vs initial). Microcosms with meiofauna were clearly separated from the 

corresponding treatment without meiofauna along the axis 2. In addition, as observed for 

meiofauna microcosms, the PAH contamination did not result in a strong change in the 

bacterial composition relative to the corresponding control (Fig. 6 upper panel). All T-RFLP 

profiles observed after 30 days of incubation were clearly separated from those observed after 

15 days indicating that incubation time and meiofauna were the main structural factors 

whereas PAH contamination had little effect. When bioremediation treatments were used to 

enhance PAH biodegradation (Fig. 6 lower panel), biostimulation and biostimulation 

combined with bioaugmentation did not result in distinct communities. Moreover, the 

structuring role of meiofauna on the bacterial community composition in these two treatments 

was no longer observed, as T-RFLP profiles, either with or without meiofauna, were not 

clearly separated (Fig. 6 lower panel).  
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The aim of the study was to investigate the role of meiofauna in shaping bacterial community 

structure as a function of PAH contamination and the treatments used to enhance 

biodegradation of PAH. For that purpose, sediment was artificially defaunated by sieving 

sediment through a mesh of 40 microns. In order to decrease possible artifacts, the settled clay 

particles left from the sieving water were then added to each experimental microcosms, 

mimicking so as much as possible initial conditions. The impact of meiofauna on bacterial 

community is usually assessed i) by artificially increasing the density of meiofauna in 

laboratory experiments (Cuny et al., 2007) or ii) by comparing in situ bacterial composition 

over a range of meiofauna abundance (Van Gaever et al., 2009). ). It is often difficult to find 

natural sediments harboring a range of meiofauna abundance from zero to high abundances 

with similar physicochemical conditions. Microcosm experiments that artificially manipulate 

densities can represent attractive tools allowing for the understanding the complex 

interactions between these two main actors of the benthic food web. Nevertheless, as for any 

laboratory experiments, the artificial density manipulation might be accompanied by artifacts 

that can preclude clear conclusions and in situ transposition of results. Consequently, in this 

study, efforts were made to minimize as much as possible these artifacts. Impact of meiofauna 

on microbial community was assessed by comparing abundance, function and structures in 

Meio+ and Meio– microcosms. Sediment oxygen consumption (Fig. 5) and oxygen 

distribution measured just after microcosm settlement (one day of incubation) was similar in 

the presence or absence of meiofauna for C microcosms suggesting thus that removing 

meiofauna provoked no effect on the functioning of the sediment. Nevertheless even artifacts 

caused by sieving have been minimized, possible role of a modification of sediment 

granulometry on microbial community (structure and function) cannot be totally ruled out.  

�
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The abundance of meiofauna observed in C microcosms at the end of incubation was similar 

to natural abundance observed in situ in the sampling site with range around 60-70 Ind. 10 

cm
-2

. Density of meiofauna was similar to what is observed in other sediments of Bizerte 

lagoon exhibiting the same granulometry, organic content and pollutant concentration 

(Boufahja et al., 2007). The meiofauna did not affect bacterial abundance, as the biomass of 

indigenous bacteria was similar in all microcosms (after 15 and 30 days of incubation) 
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regardless of the presence or absence of meiofauna. In contrast, significant correlations 

between bacterial biomass and meiofauna biomass have been observed in deep-sea sediments 

emphasizing the role of bacteria in providing quality food to the meiofaunal population 

(Raghukumar et al., 2001). Nevertheless, the present study clearly highlights the important 

role of meiofauna as structuring factor for microbial community diversity under low nutrient 

conditions (Fig. 6 upper panel). A significantly different bacterial diversity was found in 

control microcosms in the absence of meiofauna compared with the initial structure with the 

appearance of specific TRFs (e.g. HaeIII 194, 302, 321 and HinfI 219, 329). This clearly 

indicates that meiofauna in sediments strongly influences bacterial community composition, 

and it has been observed elsewhere that nematodes can have a significant structuring top-

down influence on bacterial diversity (De Mesel et al., 2004). Recently, using microcosm 

incubation and addition of meiofauna, Nascimento et al. (2012) observed significant 

difference in bacteria community species composition as a function of added meiofaunal 

biomass. These changes in microbial community structure were concomitant with an increase 

in organic matter mineralization. Similarly, Näslund et al. (2010) revealed a decrease in 

bacterial diversity due to the presence of higher meiofauna abundance. Overall, the present 

study shows that the removal of meiofauna causes the appearance of specific populations that 

were probably inhibited in the presence of meiofauna due to predation and/or competition for 

nutrients. Artificially removing meiofauna might have suppressed the negative effects exerted 

by meiofauna on these specific microbial populations, thus stimulating their growth. In 

addition, specific bacterial groups might also depend on the presence of meiofauna. Indeed, 

the absence of meiofauna decreased the number of TRFs with the disappearance of specific 

TRFs (e.g. HaeIII 202, 253 and HinfI 111, 248). According to the MICA data base, HinfI 248 

could correspond to a clostridium species. Therefore, artificially removing meiofauna resulted 

to different bacterial communities with nevertheless similar densities than those measured in 

sediments where meiofauna were present.  

Incubation time resulted in a decrease of areal sediment oxygen consumption in all 

microcosms. Under low nutrient contents, this decrease was not explained by changes in 

bacteria biomass, neither by a decrease in TOC concentration as no significant correlation 

between TOC and SOC was observed. As observed for bacterial density, meiofauna had no 

significant impact on areal sediment oxygen consumption for contaminated and control 

microcosms, as areal rates were not significantly different (Fig. 4). However, under low 

nutrient conditions, the presence of meiofauna severely affected vertical oxygen distribution, 

which resulted in a lower oxygen penetration (Fig. 5). The absence of meiofauna led to an 
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expansion of the oxic zone due to a lower oxygen demand, thus allowing oxygen access to 

deeper horizons; which finally increases the oxygen consumption layer and therefore the areal 

rate. Consequently, under low nutrient conditions, total activity (areal sediment oxygen 

consumption) was relatively similar in all microcosms regardless of the presence or absence 

of meiofauna. This suggests that oxygen flux did not depend on the presence of meiofauna, 

but the latter had an impact on the vertical repartition of oxygen consumption, with a 

significant increase at the top surface. Similar roles of meiofauna in the oxygen depth 

distribution and consumption were also observed in deep-sea sediments (Veit-Kohler et al., 

2011) in response to the deposition of particulate organic matter after a phytoplankton bloom, 

with an increase in oxygen consumption volumetric rates due to an increase of meiofauna 

density at the sediment surface together with a decrease in oxygen penetration. 

�
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After 30 days of incubation, degradation of PAHs was very low in the contaminated 

microcosms irrespective of the presence or absence of meiofauna. Therefore, meiofauna did 

not significantly enhance PAH degradation irrespective of the molecule considered. This is in 

contrast to Näslund et al. (2010) who found that high meiofauna abundance (832 ± 94 Ind. 10
-

3
m

-2
), representing ten times more than the density observed in the present study, inhibited the 

degradation of naphthalene, presumably through grazing on PAH-degrading bacteria. Other 

studies have also pointed towards the important role of meiofauna in organic matter 

degradation by maintaining the bacterial community in an active growth phase (Moens et al., 

2005). This will increase the bacterial demand for nutrients, and probably speeds up the 

organic matter decomposition rates (Moens et al., 2005; Nascimento et al., 2012). This 

suggests that PAH degradation was nutrient limited in the sediment, a limitation that was 

alleviated when extra nutrients were supplied as in the bioremediation treatments, resulting in 

the complete biodegradation of the three PAH molecules. Total biomass of meiofauna 

strongly decreased in contaminated microcosms, with a high reduction in the abundance of 

nematodes and a complete disappearance of polychaetes and copepods indicating strong toxic 

effects of the PAH cocktail. Similar toxic effects were observed with a single PAH molecule 

(10-50 ppm pyrene) that provoked significant decreases in the abundance of nematodes, 

copepods, and the juveniles of polychaetes and oligochaetes, as well as the grazing rates 

(Petersen et al., 2009; Sundback et al., 2010). Nevertheless, in our work, the decrease in 

meiofauna abundance, due to PAHs toxicity, was not accompanied by changes in bacterial 

abundance, suggesting the presence of PAH tolerant populations in the non-contaminated 
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sediment (analysis of the sediment did not reveal any significant PAH contamination). 

Bacterial community structure changes as response to PAH addition have been often observed 

using a single molecule, e.g. 50 ppm of pyrene (Hjorth et al., 2007), 200 ppm of phenanthrene 

(Muckian et al., 2009) or a complex mixture of PAH (20 ppm each for phenanthrene, pyrene 

and benzo(a)pyrene) (Zhou et al., 2009). Nevertheless, contamination with high PAH 

concentration simulating an oil spill can also provoke minor or no significant changes of the 

bacterial community structure (Paisse et al., 2010), suggesting the presence of PAH tolerant 

bacteria in the studied sediment. Indeed, in our study PAH addition led both to the appearance 

and the disappearance of specific bacteria (TRFs); which finally resulted in similar cell 

densities relative to the control. PAH contamination might have decreased competition for 

resources and space, allowing thus growth of less competitive PAH tolerant bacteria. 

Nevertheless, these changes in the bacterial community structure upon PAH addition were 

minor as revealed by the correspondence analysis which showed strong similarity between 

PAH and C microcosms. Degradation of PAH might result to the production of toxic 

compounds. Unfortunately, PAH metabolites were not measured at the end of incubation, 

nevertheless, the observed patterns clearly suggest that the toxic effects of the three PAH 

cocktail were removed after 30 days of incubation in bioremediation microcosms. Previous 

works have shown that the dead-end metabolites, obtained after biodegradation, of the three 

PAH used in this study were highly less toxic than the parent compound (Sepic et al., 2003; 

Pagnout et al., 2006).  

Larger differences in the bacterial community structure were observed between microcosms 

with or without meiofauna, irrespective of the presence of PAH. This clearly shows that the 

top-down biotic factor was apparently more important in shaping microbial composition than 

the abiotic factors. Similarly, an important role of the polychaetes Nereis diversicolor in 

shaping microbial composition was observed in oil-contaminated sediments concomitant with 

an increase in oil biodegradation due to bioturbation (Cuny et al., 2007). Interestingly, in the 

present study, PAH spiking had no significant impact on oxygen consumption relative to the 

T microcosms; areal rates were not significantly different (Fig. 5), despite the strong reduction 

in meiofaunal abundance. Since, bacterial density remained unaffected by PAH 

contamination, this would suggest that in this sediment, oxygen consumption was mainly due 

to bacterial activity whereas meiofauna played a minor role.  

�
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In the present study, the biostimulation treatment resulted in high percentage degradation of 

Phe and Fl (95% and 78%, respectively) and to a lesser extent Pyr (63%) which is in 

agreement with the study of Yu et al. (2005) that showed biostimulation with the addition of 

mineral salt medium can efficiently biodegrade PAH with up to 97% degradation for fluorene, 

phenanthrene and pyrene. Nevertheless, the combination of biostimulation and 

bioaugmentation increased Pyr biodegradation whereas no significant increase was observed 

for Phe and Fl. Efficiency of PAH biodegradation by bioaugmentation is often lower than 

with biostimulation (e.g. Perelo, 2010) and combination of both techniques doesn't always 

result in a enhancement of biodegradation (Goni-Urriza et al., in press), presumably because 

of the competition for nutrients and resources between indigenous bacteria and allochthonous 

bacteria (Yu et al., 2005). As a consequence, the toxic effects of PAHs on meiofauna and 

bacteria observed in PAH microcosms were removed. Indeed, bacterial and meiofauna 

abundances strongly increased in both bioremediation treatments, with significantly higher 

densities than those observed in C or PAH microcosms. Addition of nutrients favored growth 

of hydrocarbon-degrading bacteria that were probably nutrient limited in PAH microcosms 

since little PAH biodegradation was observed. Therefore, bacteria and meiofauna in 

bioremediation microcosms benefit from both the decrease in PAHs toxicity and the nutrient 

addition that alleviated nutrient limitation. Despite the increase of bacteria and meiofauna 

density, sediment oxygen consumption, measured at the end of incubation, was lower in 

PAH+BS and PAH+BS+BA microcosms relative to the control. The differences observed 

were not explained by differences in organic carbon concentration as TOC concentrations 

were similar in all microcosms (Table 1). Oxygen profiles showed that diffusion was the main 

process governing oxygen distribution and that respiration was low, allowing a deep oxygen 

penetration up to 6 mm depth whereas oxygen penetrated to only 2 mm depth in the C 

microcosms. This suggests that the strong oxygen demand observed in T microcosms was 

used to degrade the remaining organic matter that was still present after 30 days of incubation, 

suggesting a low lability of the latter. Addition of nutrients strongly enhanced bacterial and 

meiofauna biomass favoring so biodegradation of recalcitrant organic matter by the so-called 

"priming effect" that is defined as an acceleration of OM mineralization trough an input of a 

limiting factor (organic or mineral fertilizers) for microbial biomass (Kuzyakov et al., 2000). 

The absence of detectable respiration in the top 5 mm as indicated by the oxygen profiles, 

suggests the removal of this recalcitrant organic matter that was probably biodegraded 

through the addition of excess nutrients. The changes in densities were concomitant with a 
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strong modification of the bacterial community composition. Interestingly, the inoculation of 

the hydrocarbon-degrading bacterium (Bacillus megaterium) did not result in a shift in 

bacterial community structure, since microbial composition was roughly similar in both 

PAH+BS and PAH+BS+BA microcosms. It is worth noticing that, in both bioremediation 

treatments, the structural role of meiofauna as shaping factor for microbial structure was no 

longer observed, as none of the treatments were clearly separated in the correspondence 

analysis (Fig. 6 lower panel). This suggests that addition of nutrients was the main structural 

factors on bacterial community diversity in comparison to meiofauna that had little effect. 

85 �&� �0'�&��

This study has shown that spiking with a PAH cocktail provoked little effects on bacterial 

community structure in non-contaminated sediments suggesting a relative resistance of the 

latter. In contrast, meiofauna played an important role in shaping bacterial diversity. The 

structural role of meiofauna on bacteria community structure was still evident even under 

PAH contamination despite the toxic effects on meiofauna. However, this structural role of 

meiofauna disappeared when nutrients were added to the sediment resulting in an almost 

complete removal of PAHs. Overall, these results suggest that under nutrient limitation, 

biological top down control by meiofauna was more effective in shaping bacterial community 

structure than was the selective pressure exerted by toxic pollutants.  
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