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Does the study of nano-microzooplankton community

size structure effectively define their dynamics ? Investigation in the Bay of Biscay (France).

INTRODUCTION

 

Open ocean photosynthesis is dominated by pico-nanophytoplanktonic production (0.2 to 20  m diameter, Sieburth et al., 1978), with most of the active primary producers smaller than 3 m filtered (< 63 µm) seawater and preserved in buffered formaldehyde (final concentration 2%). They  were counted under a binocular microscope. All the conversion factors and equations used to  convert the abundance of pico-, nano-and microplankton into biomass were obtained from the  literature (Table 1). The equivalent spherical diameter (ESD) of each cell was obtained by  calculating the diameter (m) of a hypothetical sphere of equivalent volume. The two conversion  from biovolume to biomass and from biovolume to ESD resulted in an exponential relationships  between the body mass and ESD of nano-microzooplankton cells in this study (Figure 2).



Mesozooplankton was collected from vertical tows through the entire photic zone using a  200µm-mesh WP2 net, preserved in buffered formaldehyde (final concentration 2%) and counted  under a binocular microscope. A second replicate was used to measure the mesozooplankton dry  weight. Mesozooplankton carbon biomass was determined by multiplying dry weights of each  sample by a factor of 0.38 (Bode et al., 1998).

 

Data analysis

 Size-abundance spectra (SAS) were obtained by presenting the log 10 of the abundances  (cells mL -1 ) versus the log 10 of the geometric mean of the respective size class (m 3 ).



The nano-microzooplankton community was then classified under 3 different classification  2-Body Sizes: <100 ngC cell -1 ; 100 to 1,000 ngC cell -1 ; 1,000 to 5,000 ngC cell -  1 ; 5,000 to 10,000 ngC cell -1 ; 10,000 to 50,000 ngC cell -1 ; 50,000 to  100,000 ngC cell -1 ; >100,000 ngC cell -1 . At the Gironde and Coast sites (Fig. 3), the water column varied from halostratified in  winter and spring to thermostratified in summer. In June at these two coastal sites, the water column



showed both types of stratification (Fig. 3). For example, at the Gironde site, changes in salinity and  temperature between the surface to a depth of 10 meters were 31.8 PSU to 34.3 PSU, and 17.2°C to  14.7°C, At the Offshore site, the water column showed a moderate halostratification in June with  only a surface salinity of 34.5 PSU (Fig. 3). The water column at the Offshore site was not stratified  in winter and early spring (February and April, Fig. 3) but became progressively thermostratified  from June to October; in late summer the water's temperature stays around 20.1°C from the surface  to a depth of 30 m subsequently dropping lower than 18°C below a depth of 40 m (Fig. 3).



At the three sites, the highest average concentrations of total NO (NO 2 and NO 3 ) along the  photic zone were observed in February with, for example, 12.1 ± 1.6 µmol l -1 at the Gironde site  (Fig. 4). In April, June and September, NO average concentrations varied from 5.8 ± 0.6 to 0.2 ±  0.1 µmol l -1 along the photic zones of the 3 studied sites (Fig. 4). Considering all three sites and all  4 studied periods, the average Si(OH) 4 concentrations along the photic zone were always lower than  6 µmol l -1 and the average PO 4 concentrations along the photic zone never exceeded 1 µmol l -1 (Fig.

 4). The N/P ratio was highest in April at the two coastal sites (77 at Gironde and 173 at Coast) and  lowest in September (below the Redfield ratio with 10 at Gironde and 11 at Coast). The highest N/P  ratio at Offshore site was found in September but didn't exceed 13.



Seasonal and spatial variations in phytoplankton biomass and composition

 

The average autotrophic biomass along the photic zone decreased from February to October  at the Gironde site (376.6 ± 459.3 µgC l -1 to 10.9 ± 2.4 µgC l -1 , Fig. 5). At the Coast and Offshore  sites, the average autotrophic biomass along the photic zone first increased between February and  April, reaching, respectively, 116.2 ± 15.6 µgC l -1 and 155.8 ± 40.1 µgC l -1 (Fig. 5a) and then  decreased in June and October. Large diatoms were responsible for more than 70% of the total  biomass in February, April and June at the Gironde site and in February and April at both Coast and  Offshore sites (Fig. 5b). In February, diatoms were dominated by large chain forming cells (e.g.



Thalassiosira sp.) at the two coastal sites. Smaller diatoms (i.e. diatoms <20 µm) such as



Leptocylindrus minumus became more abundant in April at Coast site (Fig. 5b). The biomass of  smaller autotrophs (ANF, cyanobacteria and picoeukaryotes) proportionally increased from April to  October at all three stations and dominated in October (> 60% of average biomass, Fig. 5b). 27.2 ± 13.6 µgC l -1 , respectively (Fig. 6a). The average biomass was still relatively high in June at  the Gironde and Coast sites (> 19.5 µgC l -1 , Fig. 6a) but never exceeded 8.2 µgC l -1 in February and



Seasonal and spatial variations of nano-microzooplankton biomass and taxonomic



October. The Offshore site always had the lowest average biomasses of the three sites (Fig. 6a).



Ciliates, especially naked ciliates, counted for a large part (> 70%, Fig. 6b) of the total  average nano-microzooplankton biomass at Coast site in February and April as well as in April at  Offshore site. The relative proportion of ciliates in the average biomass of nano-microzooplankton  was always the highest in April at the three studied sites (Fig 6b). The relative proportion of nauplii  biomass was higher in February and October compare to April and June at all sites (Fig. 6b) despite  small range of variations of their absolute abundances. The rest of the nano-microzooplankton  biomass was largely due to the unarmoured dinoflagellates (up to 61.8% of the total biomass, in  June at Offshore site, Fig. 6b). Even though the HNF had very high abundances (Table 2), their  contribution to the total biomass of the nano-microzooplankton was very low, overall less than 8%  (Fig. 6b).



Seasonal and spatial dynamics of nano-microzooplankton size structure.



Analysis of the size-abundance spectra (SAS) showed typical linear relationships at every  sites and every sampling period with regression coefficients comprised between 0.7 and 0.9 (Fig. 7).



Linear regression slope of the SAS at the Offshore site presented the highest temporal variations  with a decrease from -1.02 in February to -0.68 in April (Fig. 8). Both SAS slopes at the Offshore  and Coast sites decreased from February to April and then increased from April to October (Fig. 8).



At the Gironde site, the SAS slope varied slightly along the first three sampling periods but its value  increased in October and became very similar to the slopes of the two other sites (-0.85, -0.87 and - 0.89 respectively at Gironde, Coast and Offshore sites; Fig. 8).



Despite large variations in their abundances (Table 2), the relative proportion of most of the  small ESD size classes to the total biomass did not vary remarkably and remained low during the 4  sampling periods (Fig. 9a). Cells measuring less than 40 µm ESD never counted for more than 16%

 of the total nano-microzooplankton biomass at any of the sites (Fig. 9a). The relative proportion of  the 40-50µm ESD-size class was at all times much higher with values above 16% (Fig. 9a).



Furthermore, it dominated the community in June at Gironde and Coast sites, contributing for  72.1% and 68.2% of the total biomass, respectively, (Fig. 9a) with cell abundances of several  thousand per liter (Table 2). With the exception of April, the nano-microzooplankton biomass at



Offshore site was always dominated by this 40-50 µm ESD-size class with a relative proportion  greater than 40% (Fig. 9a). Large microzooplankton (> 60µm ESD) contributing substantially to the  total community biomass in February and October at Gironde and Coast, with a relative proportion  greater than 46% and in April at Offshore site with a relative proportion of 52.8% (Fig. 9a). The dynamics of the nano-microzooplankton body size structure followed the same pattern  as the ESD size structure (Fig. 9b). The small body size classes (< 1 ngC cell -1 ) didn't contribute  significantly to the final community biomass (<24.5%, Fig. 9b) but had very high abundance (Table  2). The relative proportion of the intermediate body size class (1-5 ngC cell -1 ) was the highest in  June at the three sites and this size class dominated the final community biomass in April and June  at Gironde, in June at Coast and in February and June at Offshore (Fig. 9b). The largest body size  classes (>10 ngC cell -1 ) dominated the nano-microzooplankton biomass in February and October at



Gironde and Coast sites and in April at Coast and Offshore sites (Fig. 9b) but never dominated the  total community abundance (Table 2).



Comparing the three classification types.



The Mantel test revealed a positive and significant correlation between the three  microzooplankton classification types (Table 3). The level of similarities between each of the 12  data sets (3 sites and 4 sampling periods) in terms of nano-microzooplankton composition was  comparable with every classification we used (r > 0.8 and p < 0.0001). In other words, there was no  difference in the characteristics of nano-microzooplankton dynamics when studying either  community size structure or taxonomic composition.



Linking nano-microzooplankton dynamics and environmental conditions.



Rank correlation of physical variables to the nano-microzooplankton abundances indicated

 that the best physical variables driving community patterns were temperature and NO 3  concentration whatever classification types we were using (Table 4). BEST analysis also showed  that the nano-microzooplankton dynamic was associated with bacterial and cyanobacterial  dynamics with every classification types were used. These associations were also observed with  ANF dynamics when using ESD and Taxons classifications only (Table 4). It was finally noted that  the correlation coefficient obtained with the BEST analyses, while significant, were not in any case  very high (< 0.5, Table 4).

 

DISCUSSION

 

In temperate marine environments, seasonal variations of the physico-chemical parameters  of the water column have a strong influence on the structure of phytoplanktonic communities  (Margalef, 1958;Fenchel, 1988;Breton et al., 2000;Chang et al., 2003) (Capriulo, 1991;Capriulo et al., 1991;Calbet and Landry, 2004). As a bottom- up effect, we can assume that changes in nano-microzooplankton community will follow changes in  phytoplankton community structure. Indeed, heterotrophic protist abundances have been described

 as a function of food availability in many previous studies (e.g. Dolan and Coats, 1990). Following 



Statistics didn't divulge any differences between the three dynamics. Therefore, we can argue that  using the size structure to characterize the dynamics of nano-microplankton lead to revealing the  same spatio-temporal patterns when using a taxonomic structure.



Finally, the ultimate goal of community dynamics studies is the understanding of the  relationships of a community with its environment and more precisely with its trophic environment  (i.e. Lindeman, 1942). Knowledge of community dynamics is necessary in food webs and 

  Spherical Diameter): <20 m; 20 to 30 m; 30 to 40 m; 40  to 50 m; 50 to 60 m; 60 to 70 m; >70 m.  All data were normalized prior to statistical analyses; using a double-root-transformation on  the abundance and biomass data and a log-transformation on the environmental data (Legendre and  Legendre, 1998). Two types of analyses were applied to the data sets: Mantel test (Legendre and  Legendre, 1998) to analyze whether the different ways of classifying nano-microzooplankton lead  to different description of its spatial/temporal dynamics, and BEST test, to analyze the biotic (i.e.  trophic) and abiotic (i.e. environmental) factors impacting nano-microzooplankton community  dynamics and to compare the factors selected for each classification types.

  constructed 3 matrices using nano-microzooplankton abundances of the 3  classification types (Taxons, Body Sizes and ESD). We used the average abundance values  throughout the water column. The 3 matrices have 12 rows (3 sites and 4 sampling periods) and 7  columns (7 different classes, for each classification). These matrices were used to calculate  dissimilarity matrices in order to model the resemblance between the sampled sites/months by the  mean values of community composition for each of the 3 nano-microzooplankton classification  types. Bray and Curtis distance measure was used because it's particularly suitable for quantitative  data (Legendre and Legendre, 1998). We then applied the Mantel test to see if there was a  correlation between the different distances matrices (Legendre and Legendre, 1998). In a simple  Mantel test, two matrices were compared. First a Pearson correlation (r) was calculated between the  matrices and after this, the second matrix was shuffled 10,000 times and the correlation  recalculated. This permutation procedure was done in order to construct a law of distribution of  correlation coefficients, in absence of statistically significant relation between the two matrices. The  original coefficient was then compared with this distribution in order to determine its statistical  significance (p value). The Mantel statistics were calculated for the 3 pairs formed by the different  nano-microzooplankton classifications: Taxons/Body Sizes, Taxons/ESD, Body Sizes/ESD.  The second analysis was a BEST test (Clarke and Warwick, 2001) done using the software  package PRIMER  6. The BEST analysis selected trophic and environmental variables that best  explain patterns in the nano-microzooplankton assemblage. The test was conducted by maximizing  a Spearman rank correlation between the resemblance matrices of environmental and trophic  variables (Euclidean distance) and community abundances (Bray-Curtis distance). The significance  of these results was tested using permutation tests. The environmental parameters analysed were:  Temperature (°C), Salinity (PSU), NO 2 concentration (µmol l -1 ), N0 3 concentration (µmol l -1 ), PO 4  concentration (µmol l -1 ) and N/P ratio. The trophic parameters tested were the biomasses (gC l -1 )  of the possible nano-microzooplankton's preys as well as their possible predators: Heterotrophic  Bacteria, Cyanobacteria, Picoeukaryotes, Autotrophic Nanoflagellates, Autotrophic Dinoflagellates  <20 m, Autotrophic Dinoflagellates >20 m, Diatoms <20 m, Diatoms >20 m, and



  At the three sites, average biomasses along the photic zone of nano-microzooplankton  peaked in April at Gironde, Coast and Offshore with 27.9 ± 13.2 µgC l -1 , 57.1 ± 32.8 µgC l -1 and

  this argument, the lack of suitable resources in September (dominance of cyanobacteria) and  February (large diatoms) might be the principal factor responsible for the low summer and winter  nano-microzooplankton biomasses in the Bay ofBiscay. Verity (1986) and Lynn and Montagnes (1991) show that the distribution of ciliates generally present a close association with  nanophytoplankton in temperate coastal ecosystems. In this study, ciliate biomasses seem more  closely related to microphytoplankton than nanophytoplankton but this might be because those  kinds of biomass composition snapshots are not powerful in showing the real level of produced  biomass of highly grazed prey. However, the BEST analysis revealed that ANF biomasses were one  of the main factors explaining the changes in the nano-microzooplankton taxonomic structure. In  late summer, the proportion of nauplii in the nano-microzooplankton community increases along  the coast of the Bay of Biscay since most of the reproduction of adult copepods occurs during  summer(Sautour and Castel, 1998).Most of the trophic relationships within planktonic food webs are based on size, i.e. the  larger consuming the smaller(Platt and Denman, 1977; Moloney and Field, 1991; Caparroy et al.,  2000; Stock et al., 2008). Therefore, the size structure of nano-microzooplankton should reflect the  phytoplanktonic composition with large grazers more abundant when large diatoms are the main  primary producers. When the community is described with SAS, this situation would then  correspond to flatter slopes, i.e. lower absolute values (Platt and Denman, 1977; Rodriguez and  Mullin, 1986). This is what was observed with this data. The slopes of the linear regression, when  fitted to the SAS, are steepest (i.e. highest absolute value) in October when bacteria are very  abundant and when picophytoplankton is the principal primary producer. The three study sites show  the phytoplanktonic dynamics with a diatom bloom occurring as soon as  February at Gironde but only in April at Coast and Offshore. This difference is visible when  analyzing the nano-microzooplankton SAS slope changes at the three sampling sites. The estuarine  site, Gironde, has a flatter slope in February due to the presence of bigger cells in the nano- microzooplankton community. The SAS slopes at Coast and Offshore decrease in April showing an  increase of large cells in the nano-microzooplankton when the bloom of diatoms is peaking at those  two sites.In the literature, most of the studies on plankton size structure are focused on phytoplankton  (e.g.Cermeno and Figueiras, 2008) or the modeling of the whole planktonic community (e.g. Baird  and Suthers, 2007). However, with the increasing interest on nano-microzooplankton community as  a major player of the planktonic food web(Azam et al., 1983), numerous studies are describing the  nano-microzooplankton dynamics in very different environments (e.g.Shinada et al., 2003; Gaedke  and Wickham, 2004; Fileman and Leakey, 2005). Identification of nano-microzooplankton cells  through classical microscopic methods is highly time consuming and new technologies such as  automatic plankton counters are quickly extending their attraction among ecologists (see review in Benfield et al., 2007). But those technologies, despite being very efficient at counting cells, do not  have the same capabilities in cell identification as an expert human eye. A good understanding of  the community dynamics depends on a good description of its composition and structure. Size  parameters of nano-microzooplankton cells are easy to compile but the question is whether it is a  sufficient descriptor on its own.The first problem occurs when choosing the best size parameter to use. Each study  corresponds to a different parameter: length, diameter, equivalent spherical diameter, biovolume,  cell carbon content, etc…(e.g.Kimmel et al., 2006; Cermeno and Figueiras, 2008; Basedow et al.,  2009). Despite the will to describe the same characteristic of a cell and its size, this variety may be  an obstacle to those who would like to compare data from different studies. In this study, the three  most widely used parameters where purposely used: biovolume, ESD and body mass. Since ESD  and biovolume are directly related to one another, one can be used to compare the structure of the  other without any difficulties. But depending on the conversion factor used, the body mass may not  be directly proportional to the first two parameters. In this case, the general relationship between  ESD and body mass matches an exponential slope. Although ESD is not representing the trophic  value of the nano-microzooplanktonic cell, it is an easier parameter to measure or estimate than the  body mass. Moreover, since the definition of ESD is the same for cells of every size and every sea,  it would be more reliable as a comparable and universal parameter. Therefore, we recommend on  using ESD as a proxy of size when studying nano-microzooplanktonic size structure.

  , and without doubt the most important, concerns the efficiency of size  descriptors to define nano-microzooplankton dynamics as clearly as the taxonomy. Before  answering that problem, the definition of "dynamics" of community needs to be agreed upon. As  proposed in Lindeman's paper on tropho-dynamics (1942), the dynamics of a community is the  pattern of its changes in size and composition over time and space resulting from the coactions  between the living members of the community and reactions of those members with the non-living  environment. Following that definition, the nano-microzooplankton dynamics portrayed with size  descriptors should show the same pattern of changes and of differences between seasons and sites  as the dynamics portrayed with taxonomy. The Mantel test used in this study focused on comparing  the patterns of the spatio-temporal differences observed in the size and composition of the nano- microplankton community with three different descriptors (taxonomy and two size parameters).


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TABLE CAPTIONS Table 1 :

 CAPTIONS1 Factors and formulae with their reference used to convert biovolume to carbon mass of

 each plankton organisms.



Table 2 :

 2 Seasonal abundances (cells l -1 ) with their standard deviations, of the different nano- microzooplankton classes from the 3 classification types (Taxons, ESD and Body Size) in average  over the photic zone at the three stations.



Table 3 :

 3 Statistical details of the Mantel tests run to compare similarities between the dynamics of  nano-microzooplankton community using three different classification types: Taxons, Body Size  and ESD. r refers to Pearson correlation coefficient. Statistical significance (p) was estimated using

	
	10,000 permutations.



Table 4 .

 4 Statistical details of the BEST analysis run to link nano-microzooplankton dynamics and  environmental conditions (biological and physical conditions). r refers to Spearman rank correlation  coefficient. Statistical significance (p) was estimated with permutations and is < 0.01.

	ESD (   m)												
	50-60	208.0  208.0	1980.3  1230.6	554.1  910.4	123.5  3.3	96.0  55.2	2018.4  919.2	702.9  1052.2	53.4  31.8	492.0  581.7	872.9  1014.4	150.1  230.4	118.8 89.1
	60-70	0.0  0.0	110.2  133.6	38.0  3.3	9.5  8.7	110.2  162.2	826.5  1180.0	144.4  86.3	3.8  6.6	39.9  64.2	193.8  243.7	26.6  46.1	14.1  19.7
	>70	43.1  23.0	44.3  4.5	31.2  16.9	47.6  28.9	20.4  26.5	45.3  13.9	17.5  28.2	24.3  23.8	30.2  13.0	12.4  7.0	12.1  10.9	2.5  2.3
	<0.1 (10 4 )	12.7  1.9	5.5  2.6	4.4  4.2	16.2  14.2	14.6  8.5	3.0  0.8	1.7  0.9	2.5  2.4	15.4  4.2	1.2  1.0 1.0  1.7	0.6  0.6

Table 4 .

 4 

	1				
				Correlation coefficient r	
	Environmental conditions	Best parameters	Taxon classification ESD classification Body Size classification
	Physical	Temperature and NO3 concentration	0.451	0.436	0.430
		Bacteria and			
	Biological	Cyanobacteria			0.307
		biomasses			
		Bacteria, Cyanobacteria and ANF biomasses	0.326	0.308	
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