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Abstract. 
 Under optimal conditions, bivalves tend to filter the ambient water at a maximum rate but under suboptimal environmental conditions, including low or very high algal concentrations, the filtration rate is reduced.  The upper algal concentration at which the blue mussel, Mytilus edulis, exploits its filtration capacity over an extended period of time was identified by stepwise raising the algal (Rhodomonas salina) concentration in steady-state experiments above the threshold for continuous high filtration rate. The duration time before incipient saturation reduction decreased with increasing algal concentration, and the threshold concentration for incipient saturation reduction of filtration activity was found to be between about 5,000 and 8,000 cells mL−1, equivalent to 6.3 and 10.0 μg chl a L−1, respectively. Reduced filtration rate was related to total number of algal cells ingested previous to incipient saturation and found to be 
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 cells. Video-microscope recordings of pseudofaeces production revealed that the trigger threshold concentration for formation of pseudofaeces was about 12,000 cells mL−1. Faeces produced by saturated mussels consisted of closely packed undigested algal cells, indicating severe overloading of the digestive system caused by high algal concentrations which mussels are not evolutionary adapted to cope with.
 

1. Minireview of the Current State of the Art
1.1. Physiological Regulation of Feeding
 There is still no general agreement regarding physiological control of water pumping by suspension-feeding bivalves in response to changes in concentrations of organic and inorganic particles in the ambient water.  Under optimal conditions, suspension-feeding bivalves filter the ambient water at a maximum rate, but under suboptimal environmental conditions, including low or very high concentrations of algal cells, the valve gape is reduced, and the mantle edges retracted [1–14].  However, it has for a long time been a matter of discussion whether the filtration rate in suspension-feeding bivalves is physiologically regulated [14–23], or if it should be conceived as a basically autonomous process [2, 5, 24–27]. More recently, MacDonald and Ward [28] suggested that the blue mussel Mytilus edulis may have “adopted a “maximal clearance rate” strategy, clearing particles from suspension at a rate that is independent of seston quality.” 
     The valve-opening response to the absence or the presence of algal cells has been thoroughly studied in Mytilus edulis and other suspension-feeding bivalves by, for example, Jørgensen [29], Riisgård and Randløv [1], Jørgensen et al. [2], Ward and Targett [30], Riisgård [3], Clausen and Riisgård [6], Dolmer [31, 32], Newell et al. [7, 8],  and  Maire et al. [27].  Observations of the opening-closing behaviour in other bivalve species have been made by, for example, Hopkins [33], Higgins [34], Bernard [35], Ward et al. [36], Thorin et al. [37], Pascoe et al. [38], and Filgueira et al. [14]. In general, when suspension-feeding bivalves are exposed to very low algal concentrations, this eventually leads to reduced valve gape or complete closure. Thus, Riisgård et al. [9] demonstrated the regulation of the opening state and the filtration activity of M. edulis, the cockle Cardium edule, and the soft clam Mya arenaria in response to the presence and the absence of algal cells, and the authors suggested that this phenomenon represents a true physiological adaptation to situations with meagre phytoplankton suspensions. Controlled laboratory studies, using video camera recording of valve-gape responses of M. edulis to the presence or the absence of algal cells in the ambient water, have revealed that the critical algal concentration below which its closes its valves is between about 0.9 [12] and around 0.5 
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g chl a L−1 [38]. However, most of the dispute about physiological regulation of the filtration rate has so far dealt with regulation of filtration rate in (very) high algal concentrations [5], and it has so far not been convincingly clarified whether the reduction in filtration rate is due to saturation of the digestive system, or whether it is the result of controlled “physiological compensations” (e.g., [15, 20, 22, 28, 39]). 
Due to lack of clear definitions of “physiological regulation” of the filtration rate, Riisgård [5] suggested that valve closure and the reduction of filtration rate at high algal concentrations due to saturation of the alimentary canal should be designated “saturation reduction.” High concentrations of inorganic particles (silt) may in many situations (e.g., resuspension of bottom materials in stormy weather) reduce the overall food value of suspended phytoplankton cells by a diluting effect. Above the trigger concentration for production of pseudofaeces, this dilution effect is counterbalanced by sorting by means of the labial palps as demonstrated in mussels and other suspension-feeding bivalves [40–42]. However, the role of mucus secreted by the gill epithelia in particle processing has been debated (e.g., [43]), and according to Beninger et al. [44], pseudofaeces elimination is the final rejection step in a “cascade of particle processing events which begin with capture on the gill.”
Jørgensen [45] suggested that sorting of particles by the labial palps depends upon the ability simultaneously to ingest food particles in suspension and to eliminate mucus-bound particles as pseudofaeces, although it is not well understood how the concentration of particles controls the rate of mucus secretion [25]. But overloading of the ciliary gill-pump resulting in production of pseudofaeces is not likely to be directly coupled with saturation reduction.
1.2. Role of Mucus in Feeding
Normal feeding in Mytilus edulis and other suspension-feeding bivalves with laterofrontal cirri depends on the cirri-trapping principle [46–48] where bands of lateral cilia produce the main water transport through interfilamentary canals of the gill while suspended particles are separated from the main currents and transferred onto the frontal surface by the action of the laterofrontal cirri. The particle capture process and the subsequent particle transport in suspension in surface currents to the mouth and down the esophagus may not involve mucus [25, 26, 45–47], but this question is debated [43, 44, 48–52]. However, higher concentrations of suspended particles in the ambient water elicit secretion of large amounts of mucus, and particles that become entangled in mucus are transported along rejection tracts to the mouth palps to be converted into pseudofaeces and ejected [44, 45, 53, 54]. It has long been known (e.g., [25, 41, 55]) that particle quality is sensed on the labial palps of suspension-feeding bivalves, a process that contributes to sorting and rejecting nonfood particles. It is less well known if surface chemistry and sensing play a role in the capture process itself. Particle size affects capture efficiency, but qualitative factors may also influence particle capture, such as stickiness, electrostatic charge, and mucopolysaccharides, that is, possible interactions between the extracellular matrix of living cells and cilia and/or mucus of the bivalve gill filaments [43, 55–58]. 
According to Jørgensen [25, 26, 45], mucociliary mechanisms only serve to clean the gills for excess particulate material. Undisturbed mussels produce little or no mucus, and suspended particles in amounts to “a few mg per liter” may be cleared from the water and ingested without mucus being secreted. Jørgensen [45] suggested that the degree to which particles can become concentrated in the ventral food groove is related to the critical concentration of particles in the surrounding water that can be processed without formation of pseudofaeces, and the critical concentration is of the order of 1 mm3 L−1. Above the critical concentration, suspended food particles in the currents that run inside the marginal grooves are transferred directly to the stomach, whereas mucus strings with imbedded particulate material are carried outside the food grooves. When the mucus strings reach the labial palps, the winding-up activity of the palps creates pseudofaeces that are dropped onto rejection tracts along the mantle edges which carry it to the posterior end where the pseudofaeces are expelled close to the exhalant jet [25, 44, 45].
More recently, Maire et al. [27] assessed the filtration activity of the Mediterranean mussel, Mytilus galloprovincialis, under different concentrations and compositions of seston by using an automated image acquisition and analysis system which allowed for simultaneous measurements of valve gape and exhalant siphon area. Filtration rates were measured through clearance measurements whereas pumping rates were measured using hot-film probes. Immediately after the addition of algal cells (Isochrysis galbana), valve gape, exhalant siphon area, and filtration rate increased as mussels reached their maximum filtration activity. When the algal concentration was maintained above the threshold of about 800 cells mL−1 (or 0.5 
	
		
			

				𝜇
			

		
	
g chl a L−1) by successive algal additions, valve gape, exhalant siphon area, and filtration rate remained maximal. Addition of inorganic silt (kaolinite) caused no effect on exhalant siphon area, valve gape, and filtration rates for concentrations up to 30 mg DW L−1, but pseudofaeces were produced at all tested kaolinite concentrations indicating that the mussels were efficiently sorting kaolinite from algae before ingestion. However, an extremely high kaolinite concentration of 40 mg DW L−1 induced a decrease in filtration rate, probably caused by “saturation of the sorting capacity of the mussels” [27]. In filtration rate experiments with M. edulis, Kiørboe et al. [59] found that addition of 5 mg natural silt increased the filtration rate by about 30 to 40% as compared to rates in a pure algal suspension.  
Mussels produce two kinds of faeces, known as intestinal and glandular faeces [60]. When ample food is available, the intestinal faeces constitute the vast majority of the excreted material, but, when only little food is present, it decreases considerably in amount. The intestinal faeces consist of less digested material transported directly into the hindgut, bypassing the digestive diverticula (midgut gland, e.g., [61]). The glandular faeces stem from food which gets into the digestive diverticula and so is much more thoroughly digested. These faeces appear as a ribbon on top of the intestinal faeces [60], and reduction in assimilation efficiency at high algal concentrations can be explained by the by-passing of the digestive gland [54, 62], which is an indication of incipient saturation.
2. New Observations on Mytilus edulis 
In order to obtain more knowledge about physiological regulation of the feeding behaviour of Mytilus edulis, we focused an experimental study on (1) measurement of the filtration rate using the steady-state method at well defined algal concentrations levels that eventually lead to “saturation reduction” and (2) triggering concentrations of algal cells that result in pseudofaeces production. The main aim was to identify the upper algal concentration at which M. edulis is exploiting its filtration rate capacity over an extended period of time. By raising the algal concentration above the threshold for continuous high filtration rate, the intention was to measure the duration time before incipient saturation reduction could be observed. Further, it was of interest to evaluate if saturation and subsequently reduced filtration rate could be related to the total number of algal cells ingested previous to incipient saturation. Finally, in order to identify the critical concentration of algal cells for formation of pseudofaeces and to evaluate if algal cells bypass the digestive diverticula in M. edulis exposed to algal concentrations that eventually lead to saturation, we made video recordings of pseudofaeces production and microscope observations of intestinal faeces as an important part of the study reported here.
2.1. Materials and Methods
2.1.1. Experimental Mussels, Steady-State Method, and Experimental Approach
Blue mussels, Mytilus edulis Linnaeus, 1758, were collected in the nearby Kerteminde Bay (Stavreshoved) in August 2009. Twenty mussels of the same size (
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 mm) were transferred to an aquarium with 15.8 L through-flowing biofiltered seawater (Figure 1). All experiments were conducted at a mean temperature of 
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Figure 1: Experimental setup for performing steady-state experiments with mussels at defined algal concentration.


Within a certain range of algal concentrations the blue mussel Mytilus edulis is continuously filtering with a constant rate (e.g., [4, 5]). Therefore, when a group of blue mussels is placed in an aquarium with well-mixed seawater added algal cells (retained with 100% efficiency by the mussels) from a culture at a constant rate (P) by means of a dosing pump and, further, with a constant through-flow due to inflowing particle-free seawater at a constant rate (Fl), the filtration rate (F) can be calculated as [1, 6]:
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									where n: number of actively filtering mussels, Ca: algal concentration in added culture, Cc: steady-state algal concentration in the mussel aquarium. 
     In order to use the steady-state method for identifying the upper threshold above which Mytilus edulis becomes saturated and subsequently reduces its filtration rate, experiments were conducted on a group of mussels. A dosing pump supplied the aquarium holding the experimental mussels with suspension of pure algae (Rhodomonas salina) which were kept homogeneous by strong mixing with 4 air stones (Figure 1). The through-flow ensured that the water in the aquarium was exchanged about once a day. The algal concentration was measured by means of an electronic particle counter (Elzone 180). 
Two important prerequisites for obtaining reliable filtration rates are full mixing in the aquarium and fully open and continuously suspension-feeding mussels. However, the latter prerequisite may not be fulfilled if the algal concentration in the aquarium exceeds a certain upper algal concentration, above which the mussels become saturated and hence shut down. The present working hypothesis and the experimental approach to identify the upper concentration threshold are shown in Figure 2. The conceptual illustration shows how the lowest algal concentration above which Mytilus edulis reduces its filtration rate may be experimentally determined as done in the present work. When the mussels are exploiting their filtration rate capacity at a relatively low level (“low”, about 2,000 cells mL−1) where a steady state can be maintained, the algal concentration is then after some time elevated (“high”, >2,000 cells mL−1), and, if the new algal concentration is above an upper concentration threshold (
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, and then it may be suggested that the incipient saturation (S) is reached increasingly faster at increasingly higher algal cell concentrations.





	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
			
				
			
				
			
		
	
	


	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
	


Figure 2: Conceptual illustration of experimental approach for using the steady-state method (Figure 1) to identify the upper algal concentration above which Mytilus edulis reduces its filtration rate. At algal concentrations above the lower threshold (Cl), M. edulis is stimulated to open its shells and exploit its filtration rate capacity so that a steady state is maintained over an extended period of time, but, when the algal concentration is elevated above an upper concentration threshold (Cu), the mussel becomes saturated (s) after some time (
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) so that the mussel shuts down thus giving rise to a rapidly increasing algal concentration in the aquarium.
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g chl a cell−1 [6].
2.1.2. Measurement of Clearance Rate
In addition to values obtained from (1) during the experimental period, the filtration rate was also frequently measured by means of the so-called clearance method where the filtration rate is measured as the volume of water cleared of suspended particles per unit of time. To do this, the algal dosing pump and the water through-flow to the mussel aquarium were stopped. Then the subsequent reduction in the algal cell concentration as a function of time was followed by taking water samples (10 mL) at 10-min time intervals and measuring the cell concentration with an electronic particle counter (Elzone 180). Because the mussel aquarium with well-mixed seawater was added, algal Rhodomonas salina cells (mean diameter 6.9 μm) that are 100% efficiently retained by the gills of the mussels (i.e., cell diameter larger than 4 μm; [63]). The filtration rate (F) was determined from the exponential decrease in algal concentration as a function of time using the usual clearance formula (e.g., [25, 64]): 
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 slope of regression line (b) in a semi-ln plot for the reduction in algal concentration with time in a well-mixed aquarium: 
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 are the terminal and initial concentrations of particles, V is water volume in aquarium, and n is number of mussels. A control experiment without mussels showed that sedimentation of algal cells was insignificant.
2.1.3. Video and Microscope Observations
Pseudofaeces expelled from Mytilus edulis of different size were observed by means of a horizontal stereo microscope with a built-in video camera (Leica MZ8) connected to a video recorder (Panasonic NV-FS200 HQ). Observations were made on individual mussels of different size. A mussel was placed in an observation aquarium (12°C) in front of the stereo microscope. Algal cells (Rhodomonas salina) were added to the water in the observation chamber in different initial concentrations in order to identify the threshold concentration for production of pseudofaeces, seen as threads of mucus with imbedded algae expelled in the immediate vicinity of the posterior end of the exhalant opening. Mixing was ensured by means of an air stone, and the decrease in algal concentration was measured at different time intervals along with 10 min sequences of video recordings to monitor the pseudofaeces production.  
     Faeces collected in complementary steady-state feeding experiments in which mussels of different size were exposed to high algal concentrations resulting in saturation and production of long faeces strings were studied with an inverted microscope (Leica DM IRB) equipped with a digital camera (CMOS camera MC13xx).
2.2. Results
The data obtained from the steady-state feeding experiments are shown in Figure 3. In all cases, a steady state was first established at a relatively low algal concentration of about 1,600 to 2,200 cells mL−1 before the algal concentration was increased by the addition of algal cells to establish a desired new algal concentration to be subsequently maintained at a new steady-state level by adjusting the algal concentration in the algal stock flask. The calculated steady-state filtration rates, cf. (1), at the low and higher algal concentration are shown in the right panel of Figure 3 and in Table 1, and examples of measurement of the filtration rate by means of the clearance method, cf. (2), are shown in Figure 4. It is seen that the filtration rate was constant and independent of algal concentration when the exposure time was shorter than the time (
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) it took to attain incipient saturation of the mussels. After that, the algal concentration in the mussel aquarium rapidly increased because the mussels shut down; that is, the steady-state was interrupted. When the algal dosing pump and water through-flow was then stopped and the subsequent decrease in algal cell concentration followed, the calculated filtration rate, cf. (2), was strongly reduced, both compared to similar measurements at low algal concentrations and estimated steady-state filtration rates. From Figure 4(b), it is seen that the reduced filtration rate at the high algal concentration was gradually increasing (i.e., steeper slope of regression lines), eventually to become near identical with the rate previously measured at the low algal concentration, as the mussels grazed down the algae and new additions were made. From the present findings, it can be concluded that the upper Rhodomonas salina concentration level at which the mussels do not become saturated after an extended period of time (>3 h) lies between about 5,000 (Figure 3(A7)) and 8,000 (Figure 3(A4)) cells mL−1, or, in other words, the threshold algal concentration for reduction of the filtration rate due to incipient saturation lies between about 5,000 and 8,000 cells mL−1, equivalent to 6.3 and 10.0 
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Table 1: Mytilus edulis. Feeding experiments (no. 1 to no. 10) conducted with a group of 20 mussels during a period of 50 days. Series of experiments were conducted at low (L) algal concentration (C) before the concentration was increased to a higher (H) level. The mean (±SD) steady-state filtration rate (F) at first low algal concentration and then at subsequently higher concentration is shown along with the time (
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) where steady state was maintained at high concentration before incipient saturation (cf. Figure 1). Finally, the total number of algal cells (Rhodomonas salina) ingested (
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Table 2: Mytilus edulis. Slope (b) of linear regression lines shown in Figures 4(a) and 4(b) along with the estimated individual filtration rate (
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	Data from Figure 4(a)	Data from Figure 4(b)
	Time period no.	b (h−1)	F (mL min−1)	Time period no.	B (h−1)	F (mL min−1) 
	

	1	−1.131	14.9	1	−0.918	12.1
	2	−1.290	17.0	2	−0.396	5.2
	3	−1.320	17.4	3	−0.726	9.6
	4	−1.290	17.0	4	−1.074	14.1
				5	−1.536	20.2
				6	−1.242	16.4
	








	
		
			
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
		
	


	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
	
	
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
			
				
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	








	
		
			
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
					
				
					
				
					
				
					
			
		
	


	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
		
			
		
	
	
		
	
	
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
	








	
		
			
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
		
	


	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
			
				
			
		
	
	
		
			
			
				
			
		
	
	
		
			
			
				
			
		
	
	
		
			
			
				
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	








	
		
			
				
					
					
						
					
						
					
						
					
						
					
						
					
						
					
						
					
						
					
						
					
						
					
						
					
						
					
						
					
						
					
						
					
						
					
						
					
						
					
						
				
				
					
					
				
				
					
					
				
				
					
					
				
				
					
					
				
				
					
					
				
				
					
					
				
				
					
						
					
						
					
						
					
						
				
				
					
						
					
						
					
						
					
						
				
				
					
					
				
				
					
					
				
				
					
					
				
				
					
					
				
				
					
					
				
				
					
					
				
				
					
					
				
				
					
					
				
				
					
					
				
				
					
					
				
				
					
					
				
				
					
					
				
				
					
					
				
				
					
					
				
				
					
					
				
				
					
					
				
				
					
					
				
				
					
					
				
				
					
						
					
						
					
						
					
						
				
				
					
						
					
						
					
						
					
						
				
			
		
	


	
		
			
		
	
	
		
			
		
		
			
		
	
	
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
	
	
		
			
		
	








	
		
			
				
					
					
						
					
						
					
						
					
						
					
						
					
						
					
						
					
						
					
						
					
						
					
						
					
						
					
						
					
						
					
						
					
						
					
						
					
						
					
						
					
						
					
						
					
						
				
				
					
					
				
				
					
					
				
				
					
					
				
				
					
					
				
				
					
					
				
				
					
					
				
				
					
					
				
				
					
					
				
				
					
					
				
			
		
	


	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
	
	
		
			
			
				
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	








	
		
			
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
		
	


	
		
			
		
	
	
		
			
		
		
			
		
	
	
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
	








	
		
			
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
		
	


	
		
			
		
	
	
		
			
		
	
	
		
	
	
		
			
		
	
	
		
	
	
		
	
	
		
			
		
	
	
		
	
	
		
			
		
		
			
		
	
	
		
	
	
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
			
				
			
		
	
	
		
			
			
				
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	








	
		
			
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
		
	


	
		
			
		
	
	
		
			
		
		
			
		
	
	
		
	
	
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
	








	
		
			
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
					
			
			
				
					
			
			
				
			
			
				
			
			
				
			
			
				
					
			
			
				
			
			
				
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
		
	


	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
			
				
			
		
	
	
		
			
			
				
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	








	
		
			
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
					
				
					
				
					
				
					
			
		
	


	
		
			
		
	
	
		
			
		
		
			
		
	
	
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
	








	
		
			
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
		
	


	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
			
				
			
		
	
	
		
			
			
				
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	








	
		
			
				
				
					
				
					
				
					
				
					
				
					
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
					
				
					
				
					
				
					
			
		
	


	
		
			
		
	
	
		
			
		
		
			
		
	
	
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
	








	
		
			
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
		
	


	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
	
	
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
			
				
			
		
	
	
		
			
			
				
			
		
	
	
		
			
			
				
			
		
	
	
		
			
			
				
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	








	
		
			
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
					
				
					
				
					
				
					
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
					
				
					
				
					
				
					
			
		
	


	
		
			
		
	
	
		
			
		
		
			
		
	
	
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
	








	
		
			
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
		
	


	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
			
				
			
		
	
	
		
			
			
				
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	








	
		
			
				
				
					
				
					
				
				
					
				
					
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
					
				
					
				
					
				
					
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
					
				
					
				
					
				
					
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
		
	


	
		
			
		
	
	
		
			
		
		
			
		
	
	
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
	








	
		
			
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
			
			
				
					
			
			
				
			
			
				
			
			
				
			
			
				
					
			
			
				
					
			
			
				
					
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
		
	


	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
			
				
			
		
	
	
		
			
			
				
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	








	
		
			
				
				
					
				
					
				
					
				
					
				
					
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
					
				
					
				
					
				
					
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
					
				
					
				
					
				
					
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
		
	


	
		
			
		
	
	
		
			
		
		
			
		
	
	
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
	








	
		
			
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
		
	


	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
			
				
			
		
	
	
		
			
			
				
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	








	
		
			
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
			
			
				
			
			
				
					
			
			
				
			
			
				
			
			
				
					
			
			
				
			
			
				
					
				
					
				
					
				
					
			
		
	


	
		
			
		
	
	
		
			
		
		
			
		
	
	
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	



Figure 3: Mytilus edulis. Steady-state feeding experiments (no. 1 to no. 10, Table 1) conducted with a group of 20 mussels during a period of 50 days. (A) Measured algal concentration in aquarium with mussels. Arrows indicate addition of algal cells to instantly establish a desired new algal concentration. (B) Estimated filtration rate using (1) (open and closed symbols) or using (2) (cross). Symbols: closed circle is steady state at low algal concentration (about 2,000 cells mL−1); closed triangle is steady state at high algal concentration (>2,000 cells mL−1); open square is algal concentration after incipient saturation of mussels; cross is reduction in algal concentration after stoppage of algal dosing pump and water through-flow. Numbers indicate series (Table 1).
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(b)
Figure 4: Mytilus edulis. Exponential decrease in algal cell concentration (C, cells mL−1) as a function of time due to grazing by a group of mussels (
	
		
			
				𝑛
				=
				2
				0
			

		
	
) in a closed aquarium (
	
		
			
				𝑉
				=
				1
				5
				.
				8
				L
			

		
	
) with well-mixed seawater. Arrows indicate addition of algal cells. Linear regression lines for different time periods (indicated by numbers) are shown, whereas the slopes (b) along with the estimated filtration rates (F) are shown in Table 2. (a) Data from Figure 3, experiment no. A2; (b) data from Figure 3, experiment no. A4.


The time interval before incipient saturation (
	
		
			
				Δ
				𝑡
			

		
	
) at high algal concentration is shown in Table 1 along with the estimated total number of cells ingested before saturation. From Figure 5, it appears that 
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 decreases with increasing algal concentration. The curves in Figure 5 show the asymptotic least square fits for 
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 cells mL−1 (dotted line) leads to 
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 and for 5000 cells mL−1 (unbroken line), the equation leads to  
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Figure 5: Mytilus edulis. Time before incipient saturation (
	
		
			
				Δ
				𝑡
			

		
	
) as a function of algal concentration (C) in steady-state experiments. Lines are asymptotic least square fits for 
	
		
			
				Δ
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				/
				(
				𝐶
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				)
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 shown for 
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				0
			

			
				=
				8
				0
				0
				0
			

		
	
 cells mL−1 (dotted line) and for 5000 cells mL−1 (unbroken line).


The mean Rhodomonas salina cell diameter in the mussel aquarium was measured to be 
	
		
			
				6
				.
				9
				±
				0
				.
				3
			

		
	
 μm, and; hence, the mean cell volume was 174 μm3. The mean (±SD) total number of cells ingested previous to incipient saturation was found to be 
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 cells (Table 1), and; thus, the total volume of ingested cells was about (
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 μm3=) 2 mm3. Obviously, the estimated value of 
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				t
				o
				t
			

		
	
 depends on both previous feeding condition and digestion rate, which becomes of increasingly importance with increasing 
	
		
			
				Δ
				𝑡
			

		
	
, but; nevertheless, it is a useful approximate measure of the maximum ingestion volume.
Figure 6 shows a time series of videographic prints of pseudofaeces being expelled from the mantle cavity close to the exhalant opening of a mussel exposed to 23,000 algal cells mL−1. By analyzing the videotape recordings, the number of pseudofaeces lumps expelled during 10 min intervals at known algal concentration could be semi-quantified (Table 3). It appeared that the production of pseudofaeces started momentarily at algal concentrations above 12,000 cells mL−1 (i.e., pseudofaeces trigger concentration). It appears from Table 3 that, once the pseudofaeces production was triggered, it continued, although at a reduced rate when the algal concentration gradually, due to grazing by the mussel, came below the trigger threshold concentration. 
Table 3: Mytilus edulis. Pseudofaeces production by mussels exposed to different initial algal (Rhodomonas salina) concentrations. Opening degree symbols: 3: fully open, 2: reduced, 1: nearly closed. No observation = no. Filtration rate (F) using (2). *New addition of algae.
	

	Series no.	Shell length (mm)	Time (min)	C (cells mL−1)	Pseudofaeces (no. per 10 min)	Opening degree	F (mL min−1)
	

	1	34.3	0	23,500	22	no	25.5
	52	13,700	46	3
	112	9,100	22	2
	

	2	34.3	0	16,700	26	2	23.4
	50	10,200	18	1
	118	8,900	no	no
	120*	10,000	34	no	31.5
	170	5,800	19	2
	235	4,000	9	2
	

	3	34.3	0	10,000	0	1	15.3
	68	4,900	0	3
	127	2,600	0	3
	

	4	36.8	0	19,200	17	1	66.3
	30	9,100	4	3
	90	2,600	0	3
	

	5	36.8	0	12,900	8	2	51.6
	8	12,700	26	3
	42	6,000	1	3
	90	2,700	0	3
	

	6	36.8	0	14,600	6	2	50.4
	40	9,400	4	3
	85	3,500	0	3
	 225*	12,100	0	3	60.3
	300	5,100	0	3
	342	1,000	0	3
	

	7	63.7	0	21,500	42	2	67.8
	43	8,500	42	2
	93	2,600	26	2
	 180*	10,600	41	1	56.7
	227	2,400	14	3
	285	1,400	5	2
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(d)
Figure 6: Mytilus edulis. Time series of videographic prints (0 to 6 s) showing pseudofaeces (small arrow) being expelled from the mantle cavity close to the exhalant opening of a 34.3 mm shell length mussel exposed to 23,000 algal (Rhodomonas salina) cells mL−1. Inhalant (inh) and exhalant (exh) water indicated by dotted arrow.


Mussels exposed to high steady-state concentrations (14,500 to 20,000 cells mL−1) begun after a few hours to produce long strings of faeces. The width (W, μm) of the somewhat flattened faeces strings increased with the shell length (L, mm) of the mussels: 
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. In all cases, microscope studies of the faeces revealed that they consisted of closely packed undigested algal cells (Figure 7). 
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(b)
Figure 7: Mytilus edulis. (a) String of faeces from a 36.6 mm shell length mussel fed algal cells (Rhodomonas salina) at a concentration of 20,000 cells mL−1. (b) Closeup of faeces revealing closely packed undigested algal cells.


3. Interpretations and Basic Features of Feeding Behaviour
The present study has demonstrated that Mytilus edulis continuously filter the ambient water at a maximum rate when fed an algal concentration between the lower critical level and the upper algal threshold concentration for incipient saturation. In this concentration interval, the mean individual filtration rate of the 21.5 mm shell length mussels was about 15 mL min−1 (Figure 3) which may be compared with 14.2 mL min−1 estimated from the mean shell length according to Kiørboe and Møhlenberg [41] who used the “suction method” to measure the individual filtration rate (F, l h−1) of M. edulis as a function of shell length (L, mm): 
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 (see also [4], Table  1 therein). This indicates a modest individual variability of the filtration rate within the group of mussels used in the present study, which shows that the threshold algal (Rhodomonas salina) concentration for incipient saturation reduction of the filtration rate lies between 6.3 and 10.0 
	
		
			

				𝜇
			

		
	
g chl a L−1. A median value of 5.1 
	
		
			

				𝜇
			

		
	
g chl a L−1 has been found for Danish fjords and coastal waters [65], and; further, the mean phytoplankton biomass measured in the Great Belt (close to the collecting site of mussels used in the present work) in the period 1988–2009 has been found to be 
	
		
			
				2
				.
				8
				±
				2
				.
				1
			

		
	
 
	
		
			

				𝜇
			

		
	
g chl a L−1 (Environmental Center Odense, pers. comm.). Clearly, these phytoplankton biomass levels do generally not exceed the concentration for incipient saturation reduction of the filtration rate of Mytilus edulis (see also, e.g., Stirling and Okumus [66], Figure  2(d) therein; [67], Figure  4(c) therein; [28], Table  1 therein; [68], Figure  3(a) therein) which on this background does not need to possess an ability of “physiological regulation” of the filtration rate to high algal concentrations, as also earlier emphasized by Clausen and Riisgård [6] and Riisgård [5], and for M. galloprovincialis by Maire et al. [27]. The pseudofaeces trigger concentration of about 12,000 cells mL−1, corresponding to 15.0 
	
		
			

				𝜇
			

		
	
g chl a L−1, supports the view that pseudofaeces production may primarily be a cleaning mechanism for protecting the gill from being overloaded with particulate material [25–27, 41, 45], although pseudofaeces may also play a role in the sorting of edible particles from inorganic silt [44, 55, 69, 70].  
The time interval before incipient saturation at high algal concentration decreases with increasing algal concentration (Figure 5), and a similar phenomenon has earlier been observed by Petersen and Riisgård [71] in the ascidian Ciona intestinalis where particle loads above a certain level result in a decrease in the ascidian's filtration rate. In the present study, the total number of cells ingested previous to incipient saturation reduction was about 
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				1
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				×
				1
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 cells for the small (21.5 mm) mussels used, but this value can of course be expected to increase considerably with increasing size, as also found for “small” and “large” ascidians by Petersen and Riisgård [71, Table  1].
     The present study has demonstrated that Mytilus edulis continuously filter the ambient water at a maximum rate when fed an algal concentration between the lower critical level and the upper algal threshold concentration for incipient saturation. In an earlier study, Riisgård [3] found that the filtration capacity of M. edulis was exploited for at least 8 h between about 2,000 and 6,000 Rhodomonas baltica cells mL−1. More recent observations of M. edulis studied by Pascoe et al. [38] were found to be consistent with “physiological regulation” of suspension feeding bivalves “according to indicators of such regulation suggested by Riisgård [4, 5].” Thus,  the algal concentration below which the filtering activity ceases was found to be ~0.5 
	
		
			

				𝜇
			

		
	
g chl a L−1, valve closure and reduced filtration rate due to saturation were observed after feeding for >2 h at ≥30,000 Isochrysis galbana cells mL−1 (~6 
	
		
			

				𝜇
			

		
	
g chl a L−1), and, between these algal concentration levels, the filtration rate was maximal. In M. galloprovincialis, the lower trigger threshold concentration was found by Filgueira et al. [14] to be 2.08 
	
		
			
				𝜇
				g
			

		
	
 chl a L−1 whereas the “threshold for saturation reduction” was about 26.91 chl a L−1, and, between these algal concentrations, the filtration rate remained high and constant. Although there is still no general agreement regarding physiological control of water pumping in response to (very) high concentrations of particles in the ambient water, present consensus tends to be that the filtration rate is high and constant, that is, basically autonomous, between a lower critical level and an upper algal threshold. However, it remains to be clarified if reduced filtration rate at high algal concentrations is caused by physiological regulation (supporting maximum assimilation and growth) or overloading (adversely affecting food uptake and growth). 
     The microscope studies of faeces produced by saturated mussels revealed that they consisted of closely packed undigested algal cells, and this may not support the theory of a feed-back controlled physiological regulation of the ingestion rate. Thus, although the filtration rate in saturated mussels (and ascidians) may be reduced due to a physiological response this does not necessarily mean that the filtration rate is adjusted by a physiological regulatory mechanism to ensure a constant assimilation rate (cf. [72, Figure  8]) or a constant ingestion rate [73, Figures  4.8].  Rather, undigested algal cells in the faeces (Figure 7) along with the production of pseudofaeces indicate severe overloading of both the digestive system and the ciliary-gill pump caused by the abnormally high algal concentrations which suspension feeding mussels are not evolutionary adapted to cope with. In other situations, with normal algal concentrations but high silt concentrations, this may not lead to saturation of the digestive system and subsequently reduced filtration rate although the simultaneous pseudofaeces production may be high [6, 59]. Jørgensen [45] suggested that the pseudofaces trigger concentration is about 1 mm3 L−1, equivalent to 5800 Rhodonomas salina cells which is somewhat lower than that found in the present study where the trigger concentration was determined to be about 12,000 cells mL−1, which also result in saturation reduction of the filtration rate although the two phenomena are not directly coupled.
     In nature, many factors may influence the filtration rate of bivalves, and feeding under laboratory conditions may not accurately reflect in situ filtration where a wide spectrum of changing environmental factors may influence the feeding behaviour (e.g., [28]). Nevertheless, the present study is believed to reflect important basic features of mussels’ feeding behaviour in nature where phytoplankton is the main source of nutrition. Thus, among the many parameters that may affect the in situ feeding behaviour, the phytoplankton biomass (expressed as the chl a concentration) seems to be the most important although, for example,  high concentrations of silt/seston leading to pre-ingestive rejection/pseudofaeces production may also affect the feeding of mussels in many estuaries and exposed coastal waters.
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