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Abstract: The impact of different feed waters in terms of eukaryotic populations and organic 25 

carbon content on the biofilm structure formation and permeate flux during Gravity-Driven 26 

Membrane (GDM) filtration was investigated in this study. GDM filtration was performed at 27 

ultra-low pressure (65 mbar) in dead-end mode without control of the biofilm formation. 28 

Different feed waters were tested (River water, pre-treated river water, lake water, and tap 29 

water) and varied with regard to their organic substrate content and their predator community. 30 

River water was manipulated either by chemically inhibiting all eukaryotes or by filtering out 31 

macrozoobenthos (metazoan organisms). The structure of the biofilm was characterized at the 32 

meso- and micro-scale using Optical Coherence Tomography (OCT) and Confocal Laser 33 

Scanning Microscopy (CLSM), respectively. Based on Total Organic Carbon (TOC) 34 

measurements, the river waters provided the highest potential for bacterial growth whereas 35 

tap water had the lowest. An increasing content in soluble and particulate organic substrate 36 

resulted in increasing biofilm accumulation on membrane surface. However, enhanced 37 

biofilm accumulation did not result in lower flux values and permeate flux was mainly 38 

influenced by the structure of the biofilm. Metazoan organisms (in particular nematodes and 39 

oligochaetes) built-up protective habitats, which resulted in the formation of open and 40 

spatially heterogeneous biofilms composed of biomass patches. In the absence of predation by 41 

metazoan organisms, a flat and compact biofilm developed. It is concluded that the activity of 42 

metazoan organisms in natural river water and its impact on biofilm structure balances the 43 

detrimental effect of a high biofilm accumulation, thus allowing for a broader application of 44 

GDM filtration. Finally, our results suggest that for surface waters with high particulate 45 

organic carbon (POC) content, the use of worms is suitable to enhance POC removal before 46 

ultrafiltration units. 47 

 48 

Keywords: biofilm structure, GDM system, bacterial growth capacity, metazoa, flux 49 

stabilization. 50 

 51 

52 
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1 Introduction 53 

Gravity-Driven Membrane (GDM) filtration is increasingly used for the production of 54 

drinking water in developing and transient countries. GDM filtration represents a new and 55 

relevant alternative compared to conventional membrane filtration for which significant 56 

amounts of energy and chemicals are used in order to control the biofilm formation. GDM 57 

filtration is performed at low transmembrane pressure (less than 0.1 bar) using a simple set-up 58 

(Arnal et al., 2008; Butler, 2009; Peter-Varbanets et al., 2010). Most of the current GDM 59 

systems are operated with pre- or post treatment of the water and with control of the biofilm 60 

formation (Arnal et al., 2008; Butler, 2009). The operation of these GDM systems thus 61 

required some energy, maintenance effort and a specific knowledge (Arnal et al., 2008; 62 

Butler, 2009). 63 

GDM ultrafiltration without any control of the biofilm formation (no flushing, no 64 

backwashing, and no chemical cleaning) was recently reported (Peter-Varbanets et al., 2010). 65 

Biofilm formation on membrane surfaces during GDM filtration results from the structured 66 

aggregation of biomass and from the accumulation of particulate matter. The development of 67 

a highly permeable biofilm on membrane surfaces allowed for the long-term operation 68 

(several years) of the system at a stable flux ranging from 4 to 10 L m-2 h-1. The stabilization 69 

of the permeate flux indicated no or very low biofouling of the membrane. However, two key 70 

questions need to be answered prior to a broader application of GDM filtration: (1) What are 71 

the mechanisms responsible for flux stabilization? (2) Which factors influence the level of 72 

flux stabilization?  73 

Microbial activity has been shown to be a key factor leading to flux stabilization. A 74 

continuous permeate flux decline was observed when GDM filtration was performed after 75 

inhibition of all organisms (using sodium azide) (Peter-Varbanets et al., 2010). Furthermore, 76 

it has been shown that a higher Total Organic Carbon (TOC) content in the feed water 77 

resulted in a lower level of flux stabilization (Peter-Varbanets et al., 2010). However, we have 78 

shown that the level of flux stabilization can be increased by predation: Highly permeable 79 

biofilms characterized by an open and heterogeneous structure develop in presence of 80 

predators (Derlon et al., 2012). Flat and compact biofilms associated with a low permeate flux 81 

were observed in absence of predation (inhibited by using a eukaryote-specific antibiotic). 82 

However, in this study the eukaryotic populations responsible for the increase of the biofilm 83 

permeability were not identified, as both, unicellular protists and larger metazoa were 84 

inhibited. In natural biofilms, metazoa significantly influence the biofilm structure formation. 85 

Metazoa such as nematodes first create and then live in protective habitats, which results in 86 
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the formation of patchy and heterogeneous biofilms (Riemann and Helmke, 2002). The same 87 

process was also reported for larger organisms such as larvae (Stief and Becker, 2005). If 88 

metazoa can engineer the biofilm structure, it can be hypothesized that these organisms are 89 

also responsible for the formation of heterogeneous and open biofilms on membrane surfaces 90 

observed during GDM filtration of surface water. Also, it is still unclear to which extent 91 

predation by higher organisms can balance high bacterial growth capacity and maintain high 92 

stable flux during GDM filtration. As a basis for more robust control of GDM filtration, the 93 

contribution of each group of predators (protists and metazoa) has to be separately evaluated, 94 

as well as the capacity of predation to increase the permeability of biofilms that develop at 95 

higher total organic carbon (TOC) content in the feed water. 96 

The objectives of this study were: (i) to identify the specific influence of protists and 97 

metazoan organisms on biofilm structure formation and on filtration performances, (ii) to 98 

evaluate the effect of particulate organic matter (in terms of TOC content) in the feed water 99 

on the biofilm structure formation and on filtration performances and (iii) to evaluate to what 100 

extent predation can increase permeability of biofilms developed at high TOC content in the 101 

feed water. Even though both protists and metazoa are predators of bacteria, we hypothesize 102 

that theywill play different roles in biofilm structure formation due to their differences in (i) 103 

size, (ii) motility, (iii) affinities for food resources, and (iv) capability to engineer habitats.. 104 

GDM filtration was evaluated with different feed water sources characterized by different 105 

TOC and predator composition (i.e., river, lake, and tap waters). Long-term dead-end 106 

filtration experiments were performed monitoring total amount and spatial distribution of the 107 

biofilm in combination with monitoring permeate flux and bacterial growth capacity.  108 

 109 

2 Materials and Methods 110 

2.1 Operating conditions and water sources 111 

Five different types of water sources characterized by different bacterial growth conditions 112 

and different predator diversity were evaluated (Table 1). 113 

 114 

Three systems were fed with river water from the Chriesbach river (Dübendorf, Switzerland) 115 

with water temperature controlled at 20°C using a submersible heater. In the River-W case, 116 

the system was operated without influencing the predator community. In this case, protists 117 

and metazoa were continuously added to the system and contributed to the development of 118 

the biofilm structure. For the River-Pre case, the river water was filtered through filter papers 119 
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with a pore size ranging from 12 to 25 µm (Whatman, Maidstone, UK) to remove most of the 120 

metazoa. Protists are smaller than metazoa and pass through the pre-filter. In the River-Inhib 121 

case, both protists and metazoa were inhibited using cycloheximide  (Sigma-Aldrich Chemie 122 

GmbH, Buchs, Switzerland). Lake water from taken from Lake Zurich (Switzerland) was 123 

used in the Lake-W case. In the Tap-W case, the system was operated with drinking water 124 

from the distribution system of the water supply of Dübendorf (Switzerland). We 125 

hypothesized that tap water was characterized by the absence of predators and by very low 126 

bacterial growth capacity. 127 

2.2 Experimental setup 128 

The experimental setups used in this study are shown in Figure 1. For experiments run with 129 

river and lake waters, the water was continuously fed to storage tanks in which the water level 130 

was kept constant by means of an overflow (Figure 1 a). The Hydraulic Residence Time 131 

(HRT) in the storage tank was around 2 h. In experiments with pre-filtered river water or tap 132 

water, a recirculation tank was connected to the water tank (Figure 1 b). The overall HRT in 133 

these two tanks was one day and a peristaltic pump was used to recirculate water from the 134 

lower tank to the main tank. In experiments with inhibition of predators, a peristaltic pump 135 

was used to continuously inject cycloheximide solution between the storage tank and the 136 

filtration modules (dashed line, Figure 1 a). Storage tanks were connected to standard 137 

polycarbonate filter holders with an inner diameter of 48 mm (Whatman, Maidstone, Kent, 138 

UK) using silicon tubing (Saint-Gobain®, France). A distance of 65 cm was maintained 139 

between the water level in the storage tank and the membrane surface resulting in a 140 

transmembrane pressure of 65 mbar. The water tanks and tubes were cleaned every week to 141 

remove settled and attached biomass. The permeate water of each module was collected in 142 

plastic bottles at daily intervals. 143 

 144 

Polyethersulfone ultrafiltration membranes (PBHK, Biomax Millipore, Billerica, MA, USA) 145 

with a nominal cutoff of 100 kDa were used with the exception of the system fed with pre-146 

filtered Chriesbach water where a polysulfone ultrafiltration membrane with a similar cutoff 147 

was used (Microdyn-Nadir GmbH, Wiesbaden, Germany). Polysulfone membranes were 148 

initially tested with normal river water and no differences with polyethersulfone membranes 149 

were observed in terms of biofilm structure and permeation. Prior to utilization, membranes 150 

were stored in deionized water for at least 24 h to remove conservation agents and other 151 

chemicals. The deionized water was renewed several times during this washing. The 152 

Commented [EM1] : I believe for the rest of the document we 
have US English. We should not mix and we should stick to this.
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hydraulic resistance of the new membranes was evaluated by filtering one litre of deionized 153 

water under 65 mbar. 154 

2.3 Cycloheximide injection 155 

Cycloheximide solution at a concentration of 1.5 g L-1 was injected in the modules using a 156 

peristaltic pump (Ismatec SA, Glattbrugg, Switzerland). The injection was performed 157 

discontinuously (15 minutes pumping, 60 minutes break). The flow rate (around 50 mL d-1) 158 

was adjusted to the measured filtration flux to reach an appropriate concentration of 100 mg 159 

L-1 in the feed water. 160 

2.4 Characterization of the biofilm structure 161 

2.4.1 Top view pictures and membrane coverage 162 

Top view pictures were used to get information about the overall morphology of the biofilms 163 

at a macroscopic scale (i.e., the fraction of the membrane surface that is covered by biofilms, 164 

Figure3). Top view pictures of the biofilms were recorded using a digital photo camera 165 

(Olympus C-7070, Le Mont-sur-Lausanne, Switzerland). For the image acquisition, filtration 166 

modules were opened and carefully placed on a stage. Top view pictures were then acquired 167 

and processed using ImageJ (http://rsb.info.nih.gov/ij/) to quantify the membrane coverage. 168 

First, the images were converted into 8-bits pictures. An automatic threshold (determined 169 

using the triangle method) was applied to binarize the images. According to our experiences, 170 

the triangle algorithm was the more accurate thresholding method based on visual 171 

observations and in order to distinguish the relevant structures, i.e., the biofilm and the 172 

uncovered membrane. The effective surface of the membrane was finally selected to calculate 173 

the membrane coverage. 174 

2.4.2 Optical coherence tomography 175 

Optical Coherence Tomography (OCT) (model 930 nm Spectral Domain, Thorlabs GmbH, 176 

Dachau, Germany) with a central light source wavelength of 930 nm was used to investigate 177 

the meso-scale structure of the biofilm. The use of long wavelength light allows to penetrate 178 

up to a depth of 2.7 mm (in air, i.e., with a refractive index of 1) with axial and lateral 179 

resolutions of 4.4 µm and 15 µm, respectively. For the image acquisition, filtration modules 180 

were opened and carefully placed on the OCT stage. OCT images were recorded keeping the 181 

samples immersed in a thin layer of permeate. Around 20 images of biofilm cross sections 182 

(either 5 mm x 1 mm, 5 mm x 0.5 mm, or 3 mm x 0.5 mm, depending of the biofilm 183 

thickness) were acquired at different time intervals and for each filtration module. Image 184 
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analysis software developed under Matlab® (MathWorks, Natick, US) was used to analyze 185 

OCT images. Image analysis consisted of the following steps:  186 

(1) detecting the membrane-biofilm interface (filtering followed by grey-scale 187 

gradient analysis);  188 

 (2) binarizing the image (automatic thresholding using Triangle algorithm);  189 

(3) calculating physical properties of the biofilm: mean biofilm thickness (  in µm), 190 

absolute (Ra in µm) and relative roughness (Ra’) coefficients. 191 

 192 

These parameters were calculated according the following equations: 193 

         (1) 194 

        (2) 195 

        (3) 196 

 197 

Linear regression analysis was performed to statistically evaluate the effect of the level of 198 

predation on the biofilm physical structure (membrane coverage, mean biofilm thickness and 199 

relative roughness coefficient). Only the biofilms developed in GDM systems operated with 200 

river waters were considered for this analysis. The linear least square function of R (R 201 

Development Core Team, 2011) version 2.13.0 was used to fit the model. This approach 202 

consisted in comparing the slopes of the change in the membrane coverage (or biofilm 203 

thickness or relative roughness) to the slopes estimated for a reference case (River-W).  First-204 

order equations with qualitative variables were used for this analysis (eq. 4): 205 

 206 

Yt  0 1  t 2  I(River Pre)  t 3  I(River  Inhib)  t t
  (4) 207 

 208 

Where Yt is the quantitative variable that is considered (mean biofilm thickness or relative 209 

roughness coefficient),  is the intercept,  is the slope of the River-W case, is the 210 

difference in slope of the River-W and River-Pre and 3 the difference in slope between 211 

River-W and River-Inhib. I(River-Pre) and I(River-Inhib) are the indicator variables (equal to 212 

0 or 1 depending of the data set that is considered). T-test and P-value calculations were then 213 

performed to statistically distinguish the different slopes that were calculated. A similar linear 214 
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regression approach was also applied to statistically evaluate the effect of the water properties 215 

(in terms of presence/absence of metazoa and in terms of TOC content) on the predicted 216 

permeate flux. 217 

2.4.3 Confocal laser scanning microscopy (CLSM) 218 

The micro-scale structure of the biofilm was characterized using CLSM. First, membranes 219 

were sampled and fixed with formaldehyde solution (2.5 %), washed twice with filtered Evian 220 

water and cut in sections of around 0.25 cm2. Then, biofilm samples were stained, incubated 221 

in the dark (4 h, 20ºC) and washed again. SYBR® Gold nucleic acid gel stain (1000 fold 222 

diluted stock solution, Invitrogen, Basel, Switzerland) was used to detect all microorganisms. 223 

Concanavalin A (50 fold diluted stock solution, Invitrogen, Basel, Switzerland)was used to 224 

stain the -D-mannose and -D-glucose groups of biopolymers. Alexa Fluor 514 was used as 225 

conjugate. Dehydration of the samples was then performed and consisted of six immersion 226 

steps of 20 min each in glycerol/water solutions with increasing glycerol/water content (40, 227 

60, 80, 90, 95 and 100%). The fluorescence of SYBR® Gold was detected by excitation at 488 228 

nm and emission at 495 - 540 nm. Concanavalin A was excited at 514 nm detected at an 229 

emission of 550 - 620 nm. The reflection from surfaces impermeable for light was detected at 230 

a wavelength of 633 nm using CLSM reflective mode. The Z-stacks were rebuilt in three 231 

dimensions with the software Imaris (Bitplane, Zürich, Switzerland). No quantification of 232 

microscale biofilm properties was performed based on CLSM images. 233 

2.5 Permeate flux 234 

The permeate flux was calculated by measuring the mass of water collected in each bottle and 235 

dividing the results by the filtration period and by the membrane area. The mass of permeate 236 

was weighed daily using a scale (Ohaus Adventure Pro®, Pine Brook (NJ), USA). Flux 237 

measured in the Lake-W case was normalized to 20°C using Eq.5: 238 

 239 

         (5)  240 

 241 

where J20°C, JT, μ20°C and μT indicate the corrected permeate flux at 20°C (L m-2 d-1), the 242 

measured permeate flux at room temperature (L m-2 d-1), the water viscosity at 20°C (Pa s) 243 

and the water viscosity at room temperature (Pa s), respectively. The kinematic viscosity 244 

depends on the temperature of the liquid and was computed with an empirical relationship 245 

(EPA, 2005): 246 

J20C 
JT  T

20C
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 247 

     (6) 248 

 249 

where T is the water temperature in °C and T is the viscosity of water at temperature T in 250 

Pa·s.  251 

2.6 Characterization of protistan and metazoan diversity 252 

The diversity of protistan and metazoan communities was characterized qualitatively by direct 253 

observations with a light microscope (Leica DMI 6000B fluorescence microscope or Zeiss 254 

Axio Imager equipped with 10x, 40x and 63x lenses). Multiple biofilm samples of about 0.6 255 

cm2 were scratched from the membrane with the help of a scalpel and then re-suspended in 256 

0.45 m permeate water of the corresponding set-up (Whatmann, Maidstone, United 257 

Kingdom). Pictures of the detected organisms were recorded with cameras mounted on the 258 

microscopes (Leica DFC290 or Zeiss AxioCam). The observed organisms were allocated to 259 

different groups with the help of identification literature (e.g. Streble and Krauter, 1976). 260 

Protists were divided into “flagellates”, “ciliates”, “amoebae” and “heliozoans”, metazoa into 261 

“rotifers”, “nematodes” and “oligochaetes”. 262 

2.7 Chemical analyses of carbon fractions 263 

The TOC and Dissolved Organic Carbon (DOC) concentrations of the river and the tap water 264 

were measured by an automatic total organic carbon analyzer (TOC-V,Shimadzu, Japan). The 265 

unfiltered samples were homogenized using a magnetic stirrer (Polytron PT 3100, 2 minutes 266 

with 15000 rpm).  Samples for DOC determination were filtered with a 0.45 m membrane 267 

filter (Whatmann, Maidstone, United Kingdom). The analyzer was calibrated with a stock 268 

solution composed of sodium nitrate (6.068 g L-1), potassium hydrophtalate (2.126 g L-1) and 269 

orthophosphoric acid (85%, 2 mL L-1) dissolved in carbon-free water. To determine the TOC 270 

content of the biofilms, membranes were sampled and the entire biofilms detached by 271 

flushing 100 mL of nanopure water with the help of a sterile syringe. Since biofilms were 272 

flushed with significant amounts of nano-pure water, there were only insignificant quantities 273 

of DOC and thus TOC was equal to the particulate organic matter. Before determination, the 274 

unfiltered samples were homogenized with a mixer (Polytron PT 3100, Kinematica, 275 

Bohemia,NY, USA) (2 min with 15000 rpm), a magnetic stirrer was added, and the sample 276 

was then closed using parafilm. Homogenization during injection ensured that the 277 

measurements were performed on a representative sample (avoiding sedimentation during 278 

injection into the TOC analyzer). 279 

T 1.784  (0.0575 T) (0.011 T
2)  (105 T

3)
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Representative values for the AOC (Assimilable Organic Carbon) content of the feed water 280 

was taken from (Hammes et al., 2010) and Lautenschlager et al. (2010) who evaluated the 281 

same water in an earlier study. In the Lake-W case the intake for the water samples was in 30 282 

m depth (instead of 5 m depth for this study). Nevertheless these values give a good 283 

indication of the order of magnitude of AOC contents in the feed waters. 284 

3 Results 285 

3.1 Evaluation of the different bacterial growth capacities 286 

Measurements of TOC, DOC and AOC are shown in Table 2. The lowest values were 287 

measured for tap water and the highest values for river waters. Intermediate values were 288 

measured for lake water. Assuming a direct relation between TOC / DOC / AOC contents and 289 

bacterial growth, the bacterial growth capacity was the lowest for the tap water and the 290 

highest for the river water. A higher bacterial growth capacity induced a higher biofilm 291 

accumulation (Table 2). Biofilm concentrations of 0.2 g C m-2 and of 0.6 g C m-2 were 292 

measured for the Tap-W and Lake-W cases, respectively. Significantly higher biofilm 293 

concentrations were measured for systems operated with river water (values ranging from 1.8 294 

to 8.7 g C m-2). The highest biofilm accumulation was found in the River-Inhib treatment (all 295 

predators inhibited) and the lowest for the River-Pre case (with pre-filtration of the river 296 

water). The influence of the pre-treatment of the water (anti-biotic or pre-filtration) on the 297 

biofilm accumulation will be discussed later.  298 

3.2 Permeate flux 299 

The change in the mean flux of each system was monitored for around 50 days of filtration 300 

(Figure 2). For systems operated after 10 days at values ranging from 8 to 10 L m-2 h-1 and 301 

remained at this level until the end of the experiment. Mean fluxes measured in the Tap-W 302 

system continuously decreased for the first 25 days to stabilize at a level of 13 to 15 L m-2 h-1. 303 

In addition, we noted that the specific fluxes of the modules operated in the River-W system 304 

were scattered in a broad range after day 25 (from 4 up to 22 L m-2 h-1). Filtration 305 

performance was thus not correlated with substrate concentration in the feed water and 306 

amount of biofilm accumulated on the membrane. 307 

3.3 Structure of the biofilms 308 

The change in the biofilm physical structures was evaluated for each system at different 309 

spatial scales (i.e., macro-, meso- and micro-scale) using a conventional camera (top view 310 

images, Figure 3a and b), OCT (Figure 4) and CLSM (Figure 5). These observations revealed 311 
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that the biofilms developed in the River-W case were composed of the three main parts: (1) 312 

large and thick heterogeneities (in dark brown on the top view picture) (2) in the nearest 313 

neighbourhood of these heterogeneities, clean membrane surfaces with no biofilm are 314 

observed (in white on the top view pictures) and (3) a thin biofilm that developed far from the 315 

biofilm patches (in light brown on the top view picture). Biofilm structures observed in the 316 

other conditions (River-Pre, River-Inhib, Lake-W and Tap-W cases, i.e., in absence of 317 

metazoa) were smooth and homogeneous (Figure 3b). No change in the biofilm structure was 318 

observed in these variants over time; full coverage of the membrane surface was noted from 319 

the beginning until the end of the experiments. 320 

 321 

Quantifications of the membrane coverage (Figure 6), of mean biofilm thickness (Figure 7a) 322 

and of the relative roughness coefficient (Figure 7b) were performed based on top view and 323 

OCT images using image analysis procedures as described in section 2.4.2. Quantitative 324 

results confirmed the visual observation that the physical properties of River-W biofilms were 325 

significantly different from those of the other types of biofilms. Membrane coverage in the 326 

River-W case decreased from almost 100% to around 80% over 60 days of filtration 327 

reflecting a macro-scale change in the biofilm structure. Membrane coverage measured in the 328 

other variants remained high (close to 100% indicating full coverage of the membrane) during 329 

the entire period of experiment. In addition, River-W biofilms were thicker than other 330 

biofilms (Figure 7a), which is likely due to their different morphology and higher biomass 331 

surface concentrations. The mean thickness of the River-W biofilms linearly increased to 332 

reach 200 µm after 60 days of filtration. Mean thicknesses of 100 to 150 m were measured 333 

in the other variants at the end of the experiments. Relative roughness coefficients of 0.5 to 334 

0.8 were calculated for the River-W biofilms whereas mean values of 0.25 were measured for 335 

all other types of biofilms. Statistical analysis was performed to evaluate the influence of the 336 

predation level on the change in the membrane coverage, mean biofilm thickness and in the 337 

relative roughness coefficient (Table 3). Slopes of the change in the different biofilm 338 

properties were different for the three cases (River-W, River-Pre, River-Inhib). The calculated 339 

P-values indicate that the slope for the River-Pre and River-Inhib treatments were statistically 340 

different from the slopes of River-W treatment. This means that the physical properties of the 341 

biofilms developed with River-W were statistically different from those observed for the 342 

biofilms developed in the River-Pre and River-Inhib cases. 343 

 344 
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3.4 Predator diversity 345 

Protistan and metazoan diversity in the different biofilms was characterized at different time 346 

between day 30 and day 60 except for the biofilms grown in the River-Inhib case (direct 347 

observations were done twice, at day 30 and 90) (Table 4). Based on these direct microscopic 348 

observations the River-W biofilms showed the highest organism diversity whereas the lowest 349 

diversity was observed for the Tap-W biofilms. In the River-W case flagellates were the 350 

dominant protists but some heliozoans, amoebae and ciliates were also observed. Metazoa 351 

were even more abundant than protists. Numerous rotifers, nematodes and oligochaetes were 352 

observed. Some larvae of Chironomidae were also observed. The community of the River-W 353 

biofilm was the only one that was characterized by the presence of metazoa. In the River-Pre 354 

Case, nematodes and oligochaetes were absent and very few rotifers were detected, which 355 

confirmed that pre-filtration was partly efficient to remove metazoa. Predominant protists 356 

were amoebae. Flagellates and heliozoans had also a rather high abundance in the biofilm. 357 

Inhibition of eukaryotes in the River-Inhib case was successful after 30 d of operation but 358 

partly successful after 60 d since a certain amount of living protists was observed. No 359 

metazoan organisms were however observed. Flagellates were the predominant organisms 360 

and some ciliates and amoebae were present. The predominant protists in the Lake-W biofilm 361 

community were amoebae. Ciliates and flagellates were present in small quantities. Metazoa 362 

were almost absent except for few rotifers but neither nematodes nor oligochaetes could be 363 

observed. Finally and as expected the abundance of protists and metazoa was very poor in the 364 

Tap-W biofilm. High abundance of Amoebae and flagellates were observed.  365 

Statistical analysis was performed to test the hypothesis that the TOC and metazoan contents 366 

of the water govern the permeate flux (Table 5). Results of this statistical analysis (i.e. very 367 

small P-values) indicate that if the water source has a significant TOC content or contains 368 

metazoa, the permeate flux will be statistically different from the one observed in absence of 369 

metazoa and for a low TOC content. Values of β2 and β3 indicate that an increasing TOC 370 

content decreases the permeate flux while the presence of metazoan tend to increase the 371 

permeate flux. 372 

 373 

4 Discussion 374 

4.1 How do metazoa (nematodes and oligochaetes) engineer the biofilm structure? 375 

In a previous study we demonstrated the significant influence of the presence/absence of 376 

predation during GDM filtration of creek river water (Derlon et al., 2012). However the 377 



  13

eukaryotic populations that engineered the biofilm physical structure were not identified. In 378 

the current study we demonstrated that the eukaryotes that engineer the biofilm, physical 379 

structure are nematodes and oligochaetes. The main question is how nematodes and 380 

oligochaetes engineer the biofilm structure. 381 

In the presence of nematodes and oligochaetes, biofilms were composed of thick and dense 382 

patches surrounded in their nearest neighbourhood by membrane surfaces free of biomass. Far 383 

from these biofilm patches, a thinner and ungrazed structure was observed (Figure 3a, 4). 384 

Such biofilm patches are habitats built up by metazoa. A great number of nematodes indeed 385 

agglutinate detritus, thus forming lumps and burrows in the size range of few millimetres 386 

(Riemann and Helmke, 2002). The size of these habitats can range from several hundreds of 387 

microns to several millimetres as revealed by the observation of top view images in our study. 388 

At a higher trophic level, larvae of insects were also observed in some River-W biofilms. 389 

Larvae have the same capacity as nematodes to build specific habitats. In streams, larvae 390 

build oblong, tunnel-shaped retreats on stone surfaces (Stief and Becker, 2005). By forming 391 

these specific structures, metazoa thus engineer the biofilm structure at the meso- and macro-392 

scales and observations at the micro-scale using CLSM thus provide only limited information. 393 

The membrane surfaces free of biofilm that surrounded these retreats resulted from both the 394 

agglutination of detritus and from the overgrazing by metazoan organisms living in these 395 

protective habitats. Overgrazing and detritus agglutination by metazoa resulted in lower 396 

membrane coverage (due to the detection of “white” surface) and in higher mean thickness 397 

and relative roughness coefficient that can be quantified by image analysis. In our study the 398 

presence of metazoan activity increased by a factor of 2 the mean biofilm thickness and by a 399 

factor of 2 to 3 the relative roughness coefficient.  400 

Biofilms do not only represent a habitat for nematodes but are also an important food resource 401 

(Majdi et al., 2011). In our study predation decreased the biofilm accumulation (reduction of 402 

30 % as compared to biofilm accumulation in the River-W and River-Inhib cases). Several 403 

studies reported that nematodes are opportunistic grazers. This implies that the diet of the 404 

nematodes is determined by the composition of the biofilms. Nematodes can graze on a wide 405 

range of food sources such as (i) green algae and cyanobacteria (Moens and Vincx, 1997), (ii) 406 

protozoans (Hamels et al., 2001), (iii) bacteria (Traunspurger, 1997) and (iv) EPS and organic 407 

detritus (Majdi et al., 2012). We can hypothesize that for biofilm developed during GDM 408 

filtration, the organic detritus that accumulate on the membrane surface represent the main 409 

food resource for the nematodes. The lower biofilm accumulation in the River-Pre case can be 410 

attributed to the removal of particulate matter by the pre-filtration and to the measurement 411 
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that were performed at an earlier stage of biofilm growth.  412 

Metazoan activity also influences the bacterial activity. Grazing by metazoa implies that the 413 

bacterial community is kept in an active growth phase, which induces a higher demand for 414 

nutrients. Higher demand for nutrients results in higher hydrolysis of particulate organic 415 

matter (De Mesel et al., 2003), which possibly enhances the biofilm permeability. Nematodes 416 

and oligochaetes secrete mucus (Riemann and Helmke, 2002). There is a relationship of 417 

commensalism between the mucus-secreting nematodes and the associated bacteria (Riemann 418 

and Helmke, 2002). Nematodes are believed to discharge hydrolytic enzymes into this mucus 419 

that hydrolize, alone or together with the bacterial enzymes, organic particulate matter. The 420 

hydrolysed compounds, such as sugars, could then be directly consumed by bacteria, thus 421 

yielding extra nutrients directly from the detritus. The habitat of nematodes is conceived as an 422 

“enzymatic” reactor that is fuelled with detritus of the aggregate, but also suspended 423 

particulate matter and colloids it accretes (Riemann and Helmke, 2002).  424 

All this different mechanisms associated to nematodes, oligochaetes and even insect larvae 425 

favour the development of highly heterogeneous biofilms that in turn enhances permeation. 426 

We could demonstrate that a modification of the predator community, e.g., removal of 427 

metazoa (River-Pre case), or a limited predator abundance (Tap-W case) is detrimental to the 428 

process performance since it induced reduced filtration performances. By contrast, the 429 

presence of metazoa was beneficial to the system performances and operating conditions 430 

should aim at favouring this diversity. Overall our results demonstrate the importance of 431 

metazoa in terms of niche construction. Metazoa indeed engineered the environment in which 432 

they grew (i.e., the biofilm) into a more favourable habitat (i.e., patchy heterogeneous 433 

biofilm), which in turn resulted in a significant modification of the surrounding environment 434 

(i.e., the GDM system). 435 

4.2 Combining GDM filtration with worms for the treatment of waters with high TOC 436 

content. 437 

In absence of predation, a higher TOC content of the feed water resulted in a lower permeate 438 

flux. The decrease of the permeate flux with an increasing TOC content is due to both a 439 

higher accumulation of particulate matter (originated from the influent) and a higher bacterial 440 

growth on soluble substrate. According to the equation of Carman-Kozeny the hydraulic 441 

resistance of a packed bed is a function of the porosity and thickness of the bed. Thus, the 442 

resistance of a biofilm is influenced by its structural parameters.  443 

The filtration of water with high TOC content is not always associated with a low permeation 444 

flux and predation can help to develop a highly permeable biofilm that develops. From this 445 
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observation, we can suggest that combining GDM filtration with removal of organic matter 446 

using worm-like organisms (e.g. oligochaetes or nematodes) is a suitable approach for the 447 

treatment of waters with high POC contents. Enhanced POC removal can be achieved by 448 

placing a worm reactor ahead of the filtration units or like in our case, by enhancing worm 449 

growth inside the filtration module itself. Worm reactors have also been investigated for the 450 

removal of excess sludge (Tamis et al., 2011). This technology consists in adding a worm 451 

reactor on the recirculation loop and its application is often limited by the retention of the 452 

worms into the reactor. In GDM systems, worm retention would not be a problem due to the 453 

full retention by the membrane. Due to the absence of cross-flow conditions during GDM 454 

filtration, particle deposition is not size-dependant and all particles (and thus predators) 455 

entering the system then accumulate on the membrane surface.  456 

Several types of worms are used to reduce excess sludge; free-swimming worms (e.g. 457 

Aeolosoma sp., Nais sp.) and crawling worms (e.g. Tubificidae, Oligochaeta), etc. 458 

Lumbriculus variegatus (Oligochaeta, Lumbriculidae) has been extensively used since this 459 

species has the higher potential to reduce sludge (Buys, 2005) but is rarely present in 460 

wastewater, and widely found in natural water bodies in Europe and Noth-America (Elissen et 461 

al., 2006). Lumbriculus variegatus would thus be a perfect candidate to reduce organic matter 462 

during GDM filtration of surface waters. Some other species like Aulophorus furcatus are 463 

naturally present in activated sludge (Tamis et al., 2011) and would thus be more adapted to 464 

treatment of surface water with high TOC content. In our study, worms were naturally present 465 

in the river water and no specific inoculation was required. In the lake water variant, worms 466 

were absent but this is likely due to the sampling point (5 meters deep but 1 m above the 467 

sediments). 468 

GDM filtration of water with high TOC and combined with removal of organic matter using 469 

worms appear thus feasible due to: (1) the full retention of worms, (2) the horizontal 470 

immobilization of the worms, (3) the existence of worm species adapted to high organic 471 

pollutant concentration like in activated sludge, and (4) the absence of inhibition by 472 

ammonium concentration. 473 

 474 

5 Conclusions 475 

i. Biofilm formation on membranes can be a major cause of flux decline. We were able 476 

to demonstrate that, at low transmembrane pressure and in absence of control of the 477 

biofilm formation, the composition of the microbial community (bacteria and 478 

predators) is as important as the amount of organic substrate in the feed water. 479 
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ii. High permeate flux was maintained during GDM filtration of waters with high TOC 480 

content due to the presence of predation by metazoa that increased the hydraulic 481 

permeability of the biofilm. Thick but open and heterogeneous biofilm structures 482 

developed in presence of metazoa. 483 

iii. In the absence of predation by metazoan organisms, the hydraulic permeability of the 484 

biofilm is governed by the TOC content only. Under these conditions, the permeate 485 

flux is inversely related to TOC content due to higher accumulation of biofilm. 486 

iv. Enhancing POC removal with worms before ultrafiltration units appears suitable for 487 

the treatment of surface water with high POC content.  488 

 489 

490 
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Figure 3: (a) Top view pictures of the biofilm developed on the same membrane in one River-596 

W case at different stages of the experiment. (b) Top view pictures of the biofilm on the 597 

membrane for different feed water sources at a similar stage of the biofilm development. Flux 598 

data are normalized at 20°C and expressed in L m-2 h-1. The membrane diameter is 47 mm. 599 

 600 

Figure 4: OCT pictures of the different types of biofilms. The scale bar is 500 μm. The 601 

images were taken after 51 days (River-W), 32 days (River-Pre), 43 days (River-Inhib), 64 602 

days (Lake-W), or 37 days (Tap-W) of filtration. 603 

 604 

Figure 5: Three dimensional reconstructions of the Z-stacks acquired with the confocal 605 

microscope of the biofilm grown with the different feed waters after 42 days (River-W), 39 606 

days (River-Pre), 30 days (River-Inhib), 45 days (Lake-W) and 37 days (Tap-W) of filtration, 607 

respectively. Green signal – SYBR© Gold stain, indicating presence of all biological cells; 608 

red signal – Concanavalin A stain, indicating presence of α-D-mannose and α-D-glucose 609 

groups in biopolymers (i.e. extracellular polymeric substance, EPS); gray signal – reflection 610 

of the solid surfaces. In the River-Pre case only the red and green signals are shown. The XY-611 

dimension is 775 μm x 775 μm. On the left side orthogonal views are illustrated. 612 

 613 

Figure 6: Change in the membrane coverage (%) measured for the different types of biofilm. 614 

Each data point corresponds to one biofilm.  615 

 616 

Figure 7: Change in the mean biofilm thickness (m) and in the relative roughness 617 

coefficient (%) measured for the different types of biofilm based on OCT images. Each data 618 

point corresponds to one biofilm. 619 

 620 
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Table 1: Details of the five different water sources used in this study in terms of protists, metazoan and 623 
TOC content. 624 

 625 

  626 

Water type Label 

Water characteristics 

Comments Protist 

content 

Metazoa 

content 

TOC content 

(mg TOC L-1) 

River water River-W present present 2.5-3 
Natural protistan and 

metazoan community 

River water  

pre-filtered 
River-Pre Present Removed  2.5-3 

Pre-filtration of water 

at 12 - 25 m to 

remove metazoa  

River water with  

eukaryotic 

inhibition 

River-Inhib Inhibited Inhibited 2.5-3 

Inhibition of both 

protistan and metazoan 

organisms by using 

eukaryote-specific 

antibiotic 

Lake water Lake-W Present Present 1.5-2 
Natural protistan and 

metazoan community 

Tap water Tap-W 

Present at 

extremely 

low 

abundance 

Absent < 0.5 

Poor protistan and 

metazoan community 

and low growth 

capacity 
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Table 2: Bacterial growth (expressed as TOC, DOC and AOC measurements) of the different feed water 627 
types from Chriesbach river, Lake Zurich and tap water. The number of analyzed samples is shown in 628 

brackets next to the measurement value. 629 

Water type 

Feed water content 
Biofilm  

concentration 

TOC 

± std. error 

(# samples) 

(mg C L-1) 

DOC 

± std. error 

(# samples) 

(mg C L-1) 

AOC 

± std. error 

(# samples) 

(mg L-1) 

TOC 

± std. error 

(# samples) 

(g C m-2) 

River water 

(River-W) 
3 ± 0.2 (19) 2.8 ± 0.2 (19) 0.31 6.0 ± 0.9 (3) 

River water pre-

filtered (River-

Pre) 

2.4 ± 0.1 (6)  2.3 ± 0.1 (5) 0.31 1.8 ± 0.7 (5) 

River water 

with inhibition  

(River-Inhib) 

2.8 ± 0.2 (14) 2.8 ± 0.2 (11) 0.31 8.7 ± 1.2 (3) 

Lake water 

(Lake-W) 
2 ± 0.1 (2) 1.5 ± 0.05 (2) 0.023 ± 0.021 0.6 (1) 

Tap water (Tap-

W) 
0.9 ± 0.1 (4) 0.7 ± 0.03 (4) 0.0022 0.2 ± 0.0 (2) 

1 (Hammes et al., 2010) 630 
2 from Lautenschlager et al. (2010) 631 

632 
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Table 3: Results of the statistical analysis of the influence of the predation level on the change in the 633 
membrane coverage, mean biofilm thickness and relative roughness coefficient.  is the intercept,  634 
is the slope of the River-W case, is the difference in slope of the River-W and River-Pre and 3 the 635 

difference in slope between River-W and River-Inhib. 636 
Statistical analysis of the membrane coverage data 

 Estimate Standard error T-test P-value 

0 100.54 0.88 113.9 < 2e-16 

1 (River-W) -0.28 0.02 -9.7 2.49e-15 

2 (River-Pre)    

3 (River-Inhib)    

 

Statistical analysis of the mean biofilm thickness data 

 Estimate Standard error T-test P-value 

0 -12.6 8.24 -1.5 0.13 

1 (River-W)  3.3 0.21 15.5 < 2e-16 

2 (River-Pre) -1.5 0.22 -6.7 2.92e-09 

3 (River-Inhib) -0.4 0.14 -2.8 0.00553 

 

Statistical analysis of the relative roughness coefficient 

  Estimate Standard Error T-test P-value 

0 20.1 6.93 2.9 0.00543 

1 (River-W)  0.76 0.18 4.3 7.02e-05 

2 (River-Pre) -0.72 0.16 -4.5 3.91e-05 

3 (River-Inhib) -0.55 0.16 -3.4 0.00146 

 637 
  638 
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Table 4: Presence and qualitative abundance of different protistan and metazoan groups in the biofilm 639 
grown with different water sources. +++ indicates predominant groups in a high abundance in the biofilm 640 

community, ++ an intermediate abundance and + the mere presence of the groups. – means that these 641 
organisms were not observed in the biofilm. 642 

 Water source 
 Protists Metazoa 

Flagellates Ciliates Amoebae Heliozoans Rotifers Nematodes Oligochaetes 

River-W  +++ ++ ++ ++ ++ ++ ++ 

River-Pre  ++ + +++ ++ + – – 

 River-Inhib  +++ ++ ++ – – – – 

Lake-W  + + +++ – + – – 

 Tap-W  ++ – ++ – – – – 

 643 
  644 
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Table 5: Results of the statistical analysis of the influence of metazoa and TOC of the water source on the 645 
measured permeate flux.  is the slope of the reference case (metazoa absent and low TOC content), 646 

is the difference in slope of the reference case and the case of high TOC content, and 3 the 647 
difference in slope between the reference case and of the case of metazoa present. 648 

Statistical analysis of the biofilm roughness data 

 Estimate Standard error T-test P-value 

1 (metazoa absent and 

low TOC content) 

18.1 1 19.1 3.51e-15 

2 (high TOC content)    

3 (metazoan present)    

  649 
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 650 
Figure 1: Schematic representation of the gravity-driven dead-end UF system including the water tank, 651 
the recirculation tank (Tap-W and River-Pre cases, figure 1b), the cycloheximide injection (River-Inhib 652 
case, figure1a, dashed line), the filtration module containing the UF membrane (100 kDa) and the bottle 653 

for permeate collection. 654 
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Figure 2: Change in the mean fluxes (L m-2 h-1) measured for the different types of water and over 50 days 656 

of filtration. The standard errors are shown as error bars. Explanation of experimental conditions are 657 
provided in Table 1. 658 
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 660 
Figure 3: (a) Top view pictures of the biofilm developed on the same membrane in one River-W case at 661 

different stages of the experiment. (b) Top view pictures of the biofilm on the membrane for different feed 662 
water sources at a similar stage of the biofilm development. Flux data are normalized at 20°C and 663 

expressed in L m-2 h-1. The membrane diameter is 47 mm.  664 
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 666 
Figure 4: OCT pictures of the different types of biofilms. The scale bar is 500 μm. The images were taken 667 
after 51 days (River-W), 32 days (River-Pre), 43 days (River-Inhib), 64 days (Lake-W), or 37 days (Tap-668 

W) of filtration. Arrows indicate the biofilm-membrane interface. 669 
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Figure 5: Three dimensional reconstructions of the Z-stacks acquired with the confocal microscope of the 671 
biofilm grown with the different feed waters after 42 days (River-W), 39 days (River-Pre), 30 days (River-672 

Inhib), 45 days (Lake-W) and 37 days (Tap-W) of filtration, respectively. Green signal – SYBR© Gold 673 
stain, indicating presence of all biological cells; red signal – Concanavalin A stain, indicating presence of 674 
α-D-mannose and α-D-glucose groups in biopolymers (i.e. extracellular polymeric substance, EPS); gray 675 
signal – reflection of the solid surfaces. In the River-Pre case only the red and green signals are shown. 676 

The XY-dimension is 775 μm x 775 μm. On the left side orthogonal views are illustrated. 677 
678 
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 679 
Figure 6: Change in the membrane coverage (%) measured for the different types of biofilm. Each data 680 

point corresponds to one biofilm.  681 
  682 
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 683 

 
 684 

Figure 7: Change in the mean biofilm thickness (m) and in the relative roughness coefficient (%) 685 
measured for the different types of biofilm based on OCT images. Each data point corresponds to one 686 

biofilm. 687 
 688 
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