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A case of close interspecific interactions between diatoms: selective attachment on a benthic motile species
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Although diatoms are extensively used as bioindicators, positive interactions between species have been rarely investigated. In this study, the attachment of diatoms of the genus Amphora on benthic motile diatoms is described. The analysis of a river biofilm sample shows that the attached diatoms clearly select large sigmoid Nitzschia hosts. The examination of a regional database suggests that the attachment of Amphora copulata may be common in rivers and that the preferred host is Nitzschia sigmoidea.

The extensive use of diatoms as bioindicators of water quality assumes that the composition of diatom communities is largely driven by abiotic environmental filtering [START_REF] Lobo | Diatoms as Bioindicators in Rivers[END_REF]). However, neutral processes and especially biotic interactions may also considerably shape microalgal communities [START_REF] Bottin | Diatom Cooccurrence Shows Less Segregation than Predicted from Niche Modeling[END_REF]. The most studied interactions among diatom species are those mediated by competition for light and nutrients [START_REF] Titman | Ecological Competition between Algae -Experimental Confirmation of Resource-Based Competition Theory[END_REF]. Cases of positive interactions between species have been rarely documented (e.g. [START_REF] Vanelslander | Complementarity effects drive positive diversity effects on biomass production in experimental benthic diatom biofilms[END_REF]. Epiphytism generally implies a large difference in size between the epiphytes and their host. Diatoms are well known epiphytes on filamentous algae and aquatic macrophytes. However, the attachment of a diatom on another diatom is less common and has been rarely reported. In this study, we present the selective attachment of a small freshwater diatom species on another benthic motile species. This interaction was qualitatively described by [START_REF] Round | Studies on freshwater Amphora species IV. The Amphora epiphytic on other diatoms[END_REF] from observations on glasses placed on top of sediment surfaces. We provide here a quantitative analysis from a local to a regional scale.

A biofilm sample was scraped in the Arc river (43°30'41.7''N, 5°28'57.2''E), France, on the flank of a large rock near the river bank. The fresh sample was observed under a light microscope. Diatoms were the most abundant microalgal group. Amongst a large amount of filaments of Melosira varians, many long and often sigmoid diatoms belonging to the genus Nitzschia were seen covered with a variable number of small diatoms (Fig. 1). The attached diatoms exhibit a cymbal shape when they are located on the edge of the host valve and have a biconvex outline when seen in the middle of the host valve. These observations typically correspond to the valve and girdle views of diatoms belonging to the genus Amphora. Nevertheless, it is difficult to identify species from fresh material [START_REF] Cox | Identification of freshwater diatoms from live material[END_REF]) and a sample digestion with boiling H 2 O 2 (1 hour) is necessary to remove organic matter, and observe the specific ornamentation of the siliceous frustules. The attached diatoms and their host were separated during the treatment. The most abundant Amphora species (4.8 %) and the most likely to correspond to the high number of attached diatoms was Amphora copulata (Kützing) Schoeman & Archibald 1986 (ACOP) (Table 1). However, the attached diatoms may also belong to the less abundant Amphora species identified in the sample, such as Amphora pediculus (1 %) or Amphora indistincta (0.2 %). The long sigmoid Nitzschia could be either N. sigmoidea or N. vermicularis, which had similar relative abundance in the sample. These species of Nitzschia are able to move on a substrate in curved directions. The Nitzschia observed in the river sample moved at a speed about 20 µm.s -1 which did not seem reduced when attached diatoms were present (S 1).

After observation of the live material, the sample was fixed with dilute lugol to stop cell movement before counting. There was no visible effect of fixation on cell associations. In order to assess the host specificity of the attached diatoms, five groups of abundant and large diatom forms were considered as potential hosts for ACOP (Table 2). The cells from each group, with and without attached diatoms, were counted under a light microscope at ×100 magnification (Table 2). About two thirds of the long Nitzschia had attached diatoms. However, no epiphyte was seen on more than one hundred observed individuals of the genus Gyrosigma, which have several common characteristics with the Nitzschia species that were observed in the sample: a large size, a sigmoid shape and a similar motility. There were only five cases (3 %) of attachment on filaments of Melosira varians and in each case, only one cell of ACOP was visible on the filament (Fig. 1). No attachment was observed on any large Navicula species and neither on the other genera of large diatoms represented in the river sample. These results demonstrated a clear host selection. The significance of attachment of ACOP at larger spatial scale was assessed through the analysis of co-occurrences in a recently published regional database of species incidence and environmental conditions among 196 sites in western France [START_REF] Bottin | Diatom Cooccurrence Shows Less Segregation than Predicted from Niche Modeling[END_REF]. ACOP was present in 44% of the samples in the regional database and in 86% of the samples in which N. sigmoidea occurred. Focus was given to the potential hosts observed in the Arc river sample: N. sigmoidea (in 11% of total samples), N. vermicularis (7%), M. varians (78%). Cymatopleura solea (13%) was also considered due to its presence in the river sample and the database, its large size, and because it presents fibulae on its frustule which may be a criterion of host selection by ACOP [START_REF] Round | Studies on freshwater Amphora species IV. The Amphora epiphytic on other diatoms[END_REF]. Two hypotheses were tested. The first one assumes that there is no more co-occurrences of ACOP with its potential host in the database than there may be by chance if the occurrences of ACOP were distributed randomly among sites. Therefore, the exact probability to get at least as many cooccurrences with ACOP as observed in the database was calculated from the number of possible combinations (Table 3, S 2). Also, random permutations (n=9999) of incidence data of ACOP across sites were carried out and the observed number of co-occurrences with each potential host species was compared with the distribution of simulated co-occurrences by permutations (Fig. 2). The co-occurrences of ACOP with N. sigmoidea and C. solea were significant (p < 0.05) whereas they were not significant with the two other species. Thus, there is no sign in the database of an association of ACOP with N. vermicularis or M. varians. This suggests that among the two Nitzschia species, N. sigmoidea may be a preferred host for ACOP and that attachment on M. varians is probably rare. Table 3. Number of occurrences and co-occurrences with Amphora copulata of 4 potential host species among the 196 samples of a regional database [START_REF] Bottin | Diatom Cooccurrence Shows Less Segregation than Predicted from Niche Modeling[END_REF], and probability to obtain randomly at least as many co-occurrences under the random and the abiotic environmental-control hypothesis. The second hypothesis is that the occurrences of ACOP are only driven by abiotic environmental factors and are not favored by the presence of a potential host species (N. sigmoidea or C. solea). Therefore, as with permutations, new patterns of occurrences of ACOP among sites were simulated, taking this time into account the species' ecological preferences. Following Bottin et al [START_REF] Bottin | Diatom Cooccurrence Shows Less Segregation than Predicted from Niche Modeling[END_REF], random forests were used (R package 'randomForest', Liaw and Wiener ( 2002)) to predict the occurrence of ACOP from the sixteen abiotic environmental parameters describing each sample of the database (elevation, slope, distance to the source and water quality parameters). The presence of ACOP at the sites where a potential host was present, was predicted from a random forest (500 trees) trained with observed occurrences of ACOP at the sites where the potential host did not occur (R² = 0.34 with N. sigmoidea and 0.25 with C. solea). The obtained pseudoprobabilities of presence (prediction scores) at all sites were used to simulate n=10000 patterns of occurrence of ACOP by drawing for each site, n times in a Bernoulli law. They were also used to derive the probabilities to get at least as many co-occurrences as observed in the database (Table 3, S 2). Under this second hypothesis, the observed co-occurrences of ACOP with C. solea were not significant. However, the co-occurrences with N. sigmoidea were still significant (p < 0.05) and suggest that N. sigmoidea may facilitate the presence of ACOP by providing an adequate substrate for attachment. Nevertheless, the tests only show that the data are consistent which a common attachment of ACOP on N. sigmoidea in rivers but the extent of this phenomenon can only be demonstrated by microscopic observations. Moreover, the power of the tests is limited for several reasons. The main one is the difference in mean abundance of ACOP and N. sigmoidea across sites which results from the size-abundance ecological relationship [START_REF] White | Relationships between body size and abundance in ecology[END_REF], 6:1 ratio in our sample), whereas the counting effort is usually constant among samples. Co-occurrences of the two species may be therefore underestimated. Thus, it cannot be concluded from the high proportion of sites where ACOP is present but N. sigmoidea is not (39% = (87-19)/ , Table 3), that ACOP may have other hosts or other habitats.

Diatom species

This case of attachment is particularly interesting because it involves a large number of diatoms on the frustule of a single motile diatom (Fig. 1) which can move in spite of the numerous attached cells. Moreover, this attachment is selective and probably widespread as the co-occurrences of ACOP and N. sigmoidea in a regional database suggest. ACOP may benefit from this interaction because the host moves relatively fast and can transport it where light and nutrients are available [START_REF] Cohn | Environmental-Factors Influencing Diatom Cell Motility[END_REF][START_REF] Bondoc | Selective silicate-directed motility in diatoms[END_REF]). This can be at the expense of N. sigmoidea which may suffer higher competition for resources with attached cells, undergo stronger drag and increased downstream drift, and be less mobile in dense biofilms. Ecophysiological studies on the association of the two species are needed to check the possibility that this relation may be an epiphytism, a parasitism or even a mutualism, if benefits for N. sigmoidea could be demonstrated. More generally, there is a need to clarify positive interactions between species for a more accurate use of diatoms as bioindicators in neo-or paleolimnology. Indeed, if the presence of a species is more determined by biotic interactions than by water quality, this species will have a poor indicator value. Moreover, for paleo-environmental reconstructions, it makes a difference whether a species is epiphytic on macrophytes or on epilithic diatoms.

S 1. Video sequence made from the river Arc sample divided into three parts: (a) movement of a 120 µm-long Nitzschia species, (b) same species with two attached Amphora cells. The cell swings from connective to valve side without slowing down (LM ×100). (c) Nitzchia sigmoidea moving with several Amphora cells attached to its frustule (LM ×200) (Material: Leica DFC290 hd camera on a Leica DM5500B microscope, frame rate=30/s).

S 2. Calculation of conditional probabilities given the observed occurrences of a potential host species in the regional database. where Pk are the possible combinations of k sites among the sites where a potential host is present, p i is the random forest-derived pseudo-probability of occurrence of ACOP at site i. https://www.int-res.com/articles/suppl/a080p055_supp/

Figure 1 .

 1 Figure 1. Light microscope photographs. A frustule of Nitzschia sigmoidea (a). A cell of N. sigmoidea covered with Amphora sp. (b, c, d), two conspicuous droplets (arrows, d) are characteristics of Amphora and can be seen in some attached cells (d). Frustules of N. sigmoidea and A. copulata probably accidentally re-associated after sample H 2 O 2 treatment (e). A single cell of A. copulata on a filament of Melosira varians (f). Scalebar = 10 µm

Figure 2 .

 2 Figure 2. Distribution of the F ratio of observed over simulated co-occurrences of Amphora copulata with 4 potential host species. The vertical segments represent the lower 95 % of the distribution and the cross is the median. The results of permutations (n=9999) of A. copulata's occurrences among sites are represented in grey. The black segments correspond to simulations of A. copulata's occurrences using an environmental model (random forest) taking into account physico-chemical conditions at each site.

C

  = number of co-occurrences of ACOP and a potential host n= number of sampled sites n 1 = number of occurrences of ACOP n 2 = number of occurrences of a potential host Random hypothesis:

Table 1 . List of taxa present in the H 2 O 2 -treated epilithic sample with estimation of their relative abundance (total abundance = 501). Taxon Relative abundance (%)

 1 

	Melosira varians Agardh

Table 2 .

 2 Number of diatom forms with and without attached diatoms, identified in the fresh biofilm sample (2 microscope slides were completely screened). The different forms listed in the table were assumed large enough to be potential hosts. In brackets are indicated the taxa representing each form which were identified after sample treatment with boiling H 2 O 2 .

		With	Without
	Potential host diatom forms	attached	attached
		diatoms	diatoms
	Long Nitzschia (>100 µm, N.	39	20
	sigmoidea, N. vermicularis, ...)		
	Gyrosigma (G. sciotense and G.	0	105
	attenuatum)		
	Filaments of Melosira varians	5*	149
	Large Navicula (N. tripunctata, N.	0	94
	lanceolata, N. capitatoradiata, ...)		
	Others (>50 µm, Cymatopleura,	0	48
	Surirella, Nitzschia, Diatoma, ...)		

*In each case, only one cell was attached on the filament.
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