J-D Grattepanche 
email: jean-david.grattepanche@univ-littoral.fr
  
Elsa Breton 
  
Jean-Michel Brylinski 
  
Eric Lecuyer 
  
Urania Christaki 
  
  
  
  
  
  
  
  
  
  
  
coastal ecosystem dominated by Phaeocystis globosa blooms
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The community structures and succession of phytoplankton, protozooplankton and copepods were 16 studied from February 2007 to July 2009 in a coastal area of the eastern English Channel subject to 17 Phaeocystis globosa blooms. While diatom blooms preceded P. globosa blooms each year, the 18 community structure and stock of heterotrophic protists appeared to be related to the dominant P.

19 globosa life cycle stages. In 2007 the dominance of large colonies (>100 µm, 375 µg C L -1 ) which 20 resulted in a high biomass of healthy free cells (163 µg C L -1 ) accompanied high spirotrich ciliate 21 stocks (up to 58 µg C L -1 ) and high abundances of the copepods Acartia clausi and Temora 22 longicornis (up to 11 ind L -1 ). In 2008, the bloom which lasted a shorter period of time, was 23 dominated by large colonies (328 µg C L -1 ), and fewer free cells (131 µg C L -1 ). This corresponded 24 with a lower abundance of grazers, with stocks of heterotrophic protists and copepods 1.6 times and 25 2.2 times lower, respectively. In 2009, the P. globosa bloom was again dominated by large colonies 26 and <100 µm diatoms. This corresponded to a dominance of heterotrophic dinoflagellates among the 27 protists (62% of the total heterotrophic protist biomass) and Acartia clausi (55% of the copepod 28 abundance). Overall, heterotrophic dinoflagellates appeared to be likely the most important group of 29 phytoplankton grazers. 30 31 Lancelot et al., 1998). P. globosa, a species of ephemeral occurrence alternates between a colonial 36 stage in the earlier phase and solitary cells during the decline of the bloom (Rousseau et. al., 2007).

37

In the colonial form, P. globosa can represent over 90% of phytoplankton biomass (Lancelot, 1995; 38 Lamy et al., 2009), and be responsible for the massive load of organic matter into the ambient water, 39 often resulting in foam accumulation along the shoreline (Van Boekel et al., 1992).

40

Generally speaking, phytoplankton blooms occur as a result of growth greatly exceeding 41 mortality, often through escaping control by grazers (Strom 2002; Irigoien et al., 2005). In the 42 particular case of P. globosa, experimental and modelling studies suggest that in early stages of the 43 bloom, solitary cells are well-grazed by the microzooplankton but control ceases when colonies start 44 to form (Verity, 2000). Culture experiments have shown that the smaller forms of P. globosa, free

INTRODUCTION

32

In the North Sea and in the eastern English Channel, gelatinous colonies of Phaeocystis globosa 33 Scherffel, 1900 (Prymnesiophyceae) several mm in size (Rousseau et al., 2007) 3 cells of 4-8 µm, can support the growth and reproduction of protists, but not copepods (Tang et al., weights and converted into carbon units assuming a 40% carbon content (Gorsky et al., 1988). A 171 minimum of 400 copepods were used to calculate conversion factors (401, 1153 and for Temora longicornis, Acartia clausi and other copepods). The averages of carbon per individual 173 copepod were 3.56±1.73, 1.59±0.41 and 2.34±2.63 µg C copepod -1 for Temora longicornis, Acartia 174 clausi, and other copepods, respectively. These empirical conversion factors determined from our 175 samples were then used to convert abundance into biomass data.

177

Data analysis 178

To portray temporal patterns of different phytoplankton and heterotrophic compartments considered 179 in this study the method of cumulated function (Ibanez et al., 1993) was used. This method can be 180 applied to portray trends in data series with missing values and does not require special conditions.

181

The calculation consists of subtracting a reference value (here for a biomass parameter we used the 182 annual mean of the series) from the data; the resulting residuals are then successively added, early May and lasted about one month each year (37, 27 and 29 days in 2007, 2008 and 2009, 220 respectively, Fig. 3b,c). During the blooms, P. globosa represented up to 93% of the The plots of log transformed data of biomass of major phytoplankton groups and their potential 335 predators indicated curvilinear relationships. The biomass of total protists increased linearly with 336 total phytoplankton and levels around 70 µg C L -1 (Fig. 6a). The same type of relationship was 337 observed with ciliates vs PNF and dinoflagellates vs diatoms levelling around 50 and 30 µg C L -1 , 338 respectively (Fig. 6b,c). The calculated regressions for the linear part of the relations, showed a 339 stronger relation for total phytoplankton vs protists, followed by PNF vs ciliates and dinoflagellates 340 vs diatoms (Fig. 6,a,b,c). The relationship between dinoflagellates and P. globosa colonies 341 suggested a curvilinear relationship, with dinoflagellate biomass decreasing for biomass higher than 342 1 µg C L -1 (Fig. 6d). The log-log plots of copepod biomass and auto-and heterotrophic protists did 343 not show any significant relationship. our data suggests a significant role as consumers of Phaeocystis as well.

399

Copepods dominated the mesozooplankton assemblage (68.4%, Table II) with the usual copepod 400 species found in the eastern English Channel and in the North Sea [START_REF] Breton | Qualité du pool nutritive et nutrition des copépodes pélagiques en Manche 471 orientale[END_REF], Rousseau et al. 401 2000[START_REF] Brylinski | Method of detecting faunistic gradients: FCT curves. Zooplankton 479 distribution off Cape Gris-Nez (France)[END_REF]). Abundances of copepods (0.03 -10.9 ind. L -1 , Table II) were similar to those 402 previously recorded for the study site, November 1995 to July 1997 [START_REF] Breton | Qualité du pool nutritive et nutrition des copépodes pélagiques en Manche 471 orientale[END_REF]. In our samples,

403

Acartia clausi and Temora longicornis were the most abundant species found during this study 404 (Table II). [START_REF] Brylinski | The pelagic copepods in the Strait of Dover (eastern English Channel). A 481 commented inventory 120 years after Eugène Canu[END_REF] The log-log plots displayed curvilinear relationships between phytoplankton and predator. Irigoien unsuitable for copepods, this could intensify predation on dinoflagellates (Fig. 6d). The cumulated 440 sum analysis showed some significant temporal relationships between copepods and phytoplankton 441 and between copepods and heterotrophic protists. While phytoplankton and protists have similar 442 growth rates, the absence of log-log relation between copepods and protists (autotrophic and 443 heterotrophic) can be attributed to the time lags between the appearance of prey and the predator (of 444 the order of days to weeks).

446

The more than two year's sampling allowed assessment of the variability found in a "regular 447 and recurrent event", the phytoplankton blooms of the eastern English Channel. We found 448 differences in the phytoplankton blooms as well differences in the grazer assemblages, notably a 449 marked variability from one year to the other in abundances of ciliate microzooplankton and the 450 identity of the dominant copepod species. In contrast, heterotrophic dinoflagellates appear to be a 

  commonly dominate 34 the phytoplankton community during spring, following the decline of an earlier diatom bloom (e.g.,

  183 forming a cumulative function. Successive positive residuals produce an increasing slope indicating 184 higher values than the overall mean, whereas successive negative residuals produce a decreasing 185 slope indicating values lower than the overall mean. A succession of values similar to the mean consecutive terms of the cumulative sums 189 x t = value for each sampling date (t) 190 p k = annual mean 191 Spearman correlations were calculated using series of cumulative sums (Sp). These correlations 192 have an informative rather than an absolute value since the terms of cumulative sums are 193 autocorrelated. For this reason correlations can be relevant only if the correlation coefficient (r) is 194 highly significant (p = 0.01 so 1%) for the degrees of freedom considered. 195 Log-log plots of total phytoplankton, diatoms, colonies and free P. globosa cells were used to 196 investigate linkages with grazers, in particular ciliates and dinoflagellates (Irigoien et al. 2005).

8

  Salinity ranged from 33 to 35 and the seawater temperature from 4.6°C to 18.2°C (Fig.2a).201Concentrations of inorganic nutrients exhibited typical seasonal patterns for this temperate coastal 202 area: Highest concentrations were recorded at the end of winter before the onset of the 203 phytoplankton bloom reaching 37.23 µM for NO 3

221

  microphytoplankton and up to 100% of the nanophytoplankton biomass and large colonies (>100 222 µm) constituted most (56 to 93%) of the P. globosa biomass. With regard to inter-annual 223 differences, from 2007 to 2009 maximum biomass values increased for P. globosa colonies (from 224 316 to 392 µg C L -1 ) and free colonial cells (from 62 to 153 µg C L -1 ) while flagellated cells 225 decreased slightly (from 66 to 50 µg C L -1 ; Fig. 3c). 226 Diatoms were always present with mean biomass values of 92% of total phytoplankton 227 biomass over the study period. Diatom biomass ranged from 2 to 345 µg C L -1 (

429

  et al. (2005) using a large scale data set, observed the same type of relationship, observing a plateau 430 of microzooplankton biomass with increasing phytoplankton biomass at around 50 mg C m -3 ; which 431 they attributed to the presence of unfavourable prey and/or predation by mesozooplankton. In our 432 study microzooplankton also levelled at around this same value range (70 mg C m -3 Fig 6a). In the 433 plots of ciliates vs PNF and dinoflagellates vs diatoms, protistan biomass levelled at lower levels 434 (Fig. 6b, c; 50 and 30 mg C m -3 , respectively) suggesting predation of copepods on 435 microzooplankton which may have favoured further phytoplankton accumulation. The log-log 436 relation between dinoflagellates and P. globosa colonies (Fig. 6d) indicated that while small 437 colonies (representative of low biomass) may be suitable prey for dinoflagellates, larger colonies 438 (representative of high biomasses) are more difficult to consume. Given that large colonies are 439

451

  relatively consistent assemblage in terms of both their aggregate biomass compared to 452 phytoplankton, and their species composition. Heterotrophic dinoflagellates likely represent the 453 primary consumers of phytoplankton, but there is also indication that they suffer enhanced predation 454
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  Table I); nutrient concentrations always dropped dramatically at the end of spring. A

	205			
	206	decrease in the maximum value of inorganic nutrients was observed from 2007 to 2009 and this was
	207	more pronounced for NO 3	-+ NO 2	-concentrations (Table I). POC ranged from 114 to 1675 µg C L -1
	208	in 2007 and from around 100 to 600 µg C L -1 in 2008 and 2009 (Table I)
	209	Phytoplankton		
	210	Chlorophyll a (chl a) concentrations ranged from 0.8 to 20.3 µg Chla L -1 (Table I) with minima
	211	during autumn/winter (October -February) and maxima in late spring (April-May, Fig. 2b). The
	212	peak value of chl a concentration observed during spring coincided with the P. globosa bloom,
	213	except in 2009 when the chl a maximum was due to diatoms and occurred before the peak of the
	214	phytoplankton biomass (Fig. 2b). Total phytoplankton biomass ranged from 2 to 638 µg C L -1 , with
	215	a maximum in spring and a minimum in autumn/winter (from October to February Table II; Fig 2b).
	216	Based on our data a highly significant empirical relationship between POC:chl and
	217	Cphytoplankton:Chl was calculated (COP=92.0 + 47.6 [Chla], and Cphytoplankton=29.4 +
	218	23.6[Chla], r 2 =0.425 and r 2 =0.552 with p<0.0001 respectively, figures not shown).
	219	Phaeocystis globosa blooms are ephemeral and at our study site occurred from late March to

  TableII). The mean Phaeocystis colonies and diatoms (Fig.5g-i). In 2008, copepod 328 cumulated sums remained close to the annual average but with a slight increase corresponding to the 329 bloom of P. globosa colonies in May (Fig.5h). Considering heterotrophic protists as prey, Temora 330 longicornis were related to ciliate biomass (r = 0.42, n = 51, p < 0.002; data not shown) and Acartia

	regard to temporal trends of 331
	300 332	clausi to heterotrophic dinoflagellate biomass (r = 0.35, n = 51, p < 0.012; data not shown).
	301 333	less than 1 week and occurred between the two maxima of copepods (Fig. 4). Their highest
	302 334	abundance was observed in May 2007 when they reached up to 11.3 ind. L -1 (up to 82% of General Relationships
	303	zooplankton abundance) and they were absent during the rest of the year. Appendicularians
	304	(Oïkopleura dioica) feeding essentially on picoplankton, were also observed in low numbers (0 to
	305 306	F o F o 2.9 ind. L -1 , mean 15.3±11.8% of the mesozooplankton abundance). Temporal Trends based on cumulative sums F o
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228 of diatom biomass during the spring bloom (from March to May) was lowest in 2009 and highest in 229 2007 (Table

III

). The diatom 20-100 µm size class was the most important for all years and showed 230 the highest biomass mean during the spring bloom in 2008 (Table

III

). 9 We distinguished 3 distinct assemblages of diatoms. The first group, composed of cells 232 between 20-120 µm and characterized by Pseudonitzschia spp., and Chaetoceros spp., was present 233 during P. globosa blooms and persisted during the post-bloom period until August. In 2009 the 11 bloom (from March to May). The Acartia to Temora ratio of average biomass values increased from 296 0.25 in 2007 to 1.9 in 2009 (Table

III

, Fig.

4c

). Paracalanus parvus and Centropages hamatus were 297 also present in lower abundances and accounted for 7.0±5.4 and 13.6±13.3% of total copepod 298 abundance, respectively.

299

Pluteus and larvae of the urchin Echinocardium cordatum were present each year in spring during

307

The cumulative sums show temporal trends in terms of differences from overall averages, temporal 308 variations not easily seen in figures such as Figures

3 and 4

. We focused on the temporal trends of

  , we can speculate that nauplii maxima usually occur a few weeks before adult maxima can feed on the same range of prey as the adults (e.g. Isochrisis galbana of about 12 µm and 426 Rhodomonas marina 5-7 µm) (S. Souissi, Wimereux Marine Station, personal communication).
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	416	preference for dinoflagellates over phytoplankton (Vargas and Gonzalez, 2004; Leising et al., 2005
	417	a,b). With regard to the impact of copepod grazing on the communities of heterotrophic protists and
	418	phytoplankton, some rough estimates can be made based on maximal reported clearance rates, 40
	419	mL d -1 Temora -1 (Tiselius, 1989) and 30 mL d -1 Acartia -1 , (Gismervik and Andersen, 1997) and our
	420	peak copepod abundances (Fig. 4c). Such calculations suggest a weak control, clearing at most
		about 15% of the water column per day in 2008 and 2009 in the Acartia dominated years compared
		15

reported that T. longicornis habitually dominate copepod abundance 405 during the spring and A. clausi during the summer. 406 During our study period, T. longicornis showed a decrease from 2007 to 2009 that 407 corresponded with the decrease of P. globosa bloom duration, fewer large Phaeocystis colonies (> 408 100 µm) and lower ciliate biomass (Table III). It is tempting to relate the decrease in Temora 409 longicornis to declines in ciliate biomass (r=0.42; cf. Results), as this species is thought to feed 410 selectively on ciliates and discriminate against both Phaeocystis (Hansen and Van Boekel, 1991; 411 Hansen et al., 1993) as well as dinoflagellates (Vincent and Hartmann, 2001). The species which 412 replaced Temora longicornis, Acartia clausi, while known to ingest ciliates (Gismervik and 413 Andersen, 1997), apparently does not selectively prey on them in natural populations (Tiselius, 414 1989). The correlation between A. clausi and dinoflagellate biomass can be attributed to A. clausi 421 to 2007 in which peak populations of Temora may have been capable of clearing about 50% of the 422 water column per day. Nauplii of the 2 dominant copepod species were not quantitatively sampled

Table II :

 II Autotrophic and heterotrophic abundance and biomass ([min -max]; mean ± sd), and % of

	636	
	637	total protist biomass and total metazoan abundance, from February 2007 to July 2009 in the eastern
	638	English Channel.
	639	

Table III :

 III Averages of biological stocks (biomass or abundance) during the spring bloom periods
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