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Abstract
Linear growth of soft-shell clams, Mya arenaria L., was studied at six locations in the White Sea situated in the middle and low tidal zones. The main aim was to analyse the growth heterogeneity both within beds (with respect to individual growth) and between beds (with respect to group growth). Mya population was characterized by a slow growth and a long lifespan. Maximum shell size was 70–80 mm, and longevity was at least 25 years. In addition, growth rates were highly variable, statistically significant differences being present both within and between the beds. No differences were found in group growth between different tidal horizons of the same site. The slowest growth of soft-shell clams was observed at sites with the greatest content of fine particles (silt and clay) in sediments. Differences between beds in Mya group growth could reflect variability of feeding conditions, which were probably determined by some local features (e.g. hydrodynamic regime). However, the variation of the individual growth rate within beds was comparable to that of the group growth rate between studied locations. To a great extent it seemed to be determined by the characteristics of the initial period of soft-shell clam growth.
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Background
Growth patterns of aquatic organisms are important characteristics of their populations, primarily as integrated indicators of habitat conditions. Bivalves are a convenient object for comparative studies of length growth since their age could be rather easily and reliably determined by counting annual shell growth marks. Examining intrapopulation heterogeneity of the molluscan growth is valuable in the ecological context. In some cases, the growth rate variability in different habitats of the same area and within the range of the species can be quite comparable [31, 65].
Growth rate heterogeneity within molluscan populations is usually studied in two respects. Numerous studies deal with the impact of various environmental factors on bivalve growth rate heterogeneity in different beds of the same species [4, 18, 25, 28, 52, 56, 62]. Beds (or local populations) are relatively dense aggregations formed in typical habitats and can be considered a characteristic form of intrapopulation organization of marine benthos [26]. Environmental factors considered usually include water temperature, salinity, and feeding conditions [64]. The most important among the latter are the concentration and quality of organic particles, duration of air exposure, water current velocity, and population density.
At the same time, an increasing attention is currently being paid to studies of molluscan growth heterogeneity within a single bed [65, 64, 11, 24, 51, 54, 70]. Differences in the individual growth rate within one habitat are apparently associated with the impact of factors of “individual” action, such as reproduction condition, size, age, and genetic characteristics of individuals as well as with interannual differences in environmental conditions [64]. To note, most if not all studies of individual growth rate of bivalves at the White Sea have concerned Mytilus edulis [65, 64, 54, 60, 63].
The soft-shell clam, Mya arenaria L., is a common boreal species inhabiting soft sediment. Due to several life history traits, it is a convenient model for population research. Adult clams can burrow into sediments down to a depth of 30–50 cm and do not change their habitat throughout their lifetime [66]. Therefore, the characteristics of their growth should reflect local environment conditions.
Growth rate and lifespan of soft-shell clams have been studied repeatedly in different geographical locations such as the North Atlantic [2, 7, 8, 12, 46, 58], the Kattegat [44], the Baltic Sea [23], the White Sea [37, 53, 57]. In some cases, the results of these observations showed a significant variation even within the same region. For the White Sea, the estimates of Mya lifespan varied from 7–8 to 25 years [37, 53, 57]. To a large extent, this could be explained by difficulties in using external shell morphology for age determination [2, 33, 40]. Growth of Mya arenaria can be affected by water temperature and salinity [2, 12], sediment type [47, 67], and nutritional conditions [52, 7, 6, 14, 48]. According to some researchers [2, 12], the temperature regime is a major cause of latitudinal growth changes of Mya arenaria, while other factors (salinity, duration of air exposure, water current velocity, sediment characteristics) lead to variability in growth parameters within local regions [52, 2, 7, 46, 53, 47, 67, 30]. Mya growth rate is higher in the lower intertidal zone and in upper subtidal zone [52, 7, 46]. There is a negative correlation between Mya growth rate and silting of the sediments [2]. Nevertheless, variability in growth characteristics of Mya arenaria within beds mostly remains unstudied.
Long-term (since 1980) observations of the structure of soft-shell clam beds have been performed at four typical tidal beaches of the Keret Archipelago in the White Sea [26, 37, 27]. The most prominent trait of these Mya beds was a pronounced dominance of a few generations over a considerable period of time (up to 15 years). Those were the 1988 and the 1999 generations. Due to a virtual absence of recruitment for a long period (5–11 years), these generations were relatively easy to distinguish from the others (by external shell morphology) at any given time. Therefore, both individual and group (average) growth parameters of 1988 and 1999 generations were identified with a high reliability. So these generations were used for the analysis of growth characteristic heterogeneity. The main aim was to analyse the growth heterogeneity both within beds (with respect to individual growth) and between beds (with respect to group growth).

Methods
Study area
This study was carried out at the Marine Biological Station of the Saint Petersburg State University (MBS St.P.S.U., Fig. 1) located in the Chupa Inlet mouth (Kandalaksha Bay, the White Sea). Mya arenaria beds were studied at the vicinity of MBS St.P.S.U. at four beaches of the Keret Archipelago (sites): (1) silty-sand beach in the Lebyazhya bight (lat. 66°17′N; long. 33°35′E); (2) silty-clay-sand beach in the Sukhaya Salma Strait (lat. 66°31′N; long. 33°65′E); (3) silty-sand beach at Bolshoi Gorely Island (lat. 66°32′N; long. 33°64′E); and (4) sandy beach with some silt in the Yakovleva bight (lat. 66°32′N; long. 33°83′E) (Fig. 1). Mya arenaria beds were observed from 1980 to 2013 at site 1, from 1989 to 1997 at site 2, and from 2000 to 2006 at sites 3 and 4 [26]. Observations were carried out at 1- to 3-year intervals mostly between late June and late July. Detailed description of sampling methods is provided in earlier publications [26, 37, 27]. At sites 1 and 2, molluscs were collected in the middle and low tidal zones and, at sites 3 and 4, only in the middle tidal zone (there were no soft-shell clams in the low tidal zone). Samples from different locations (e.g. middle tidal and low tidal zones) within each site were treated separately. Aggregation of molluscs in each tidal level (location) was regarded as an individual bed. In the Kandalaksha Bay, the amplitude of the tide does not normally exceed 2–2.5 m [9]. In the low tidal zone, samples were taken 20–30 cm above zero depth and, in the middle tidal zone, at 60–70 cm above zero depth. Samples were taken using series of frames with an area of 0.01–1 m2.[image: A10152_2016_457_Fig1_HTML.gif]
Fig. 1Study area. 1–4—investigated sites




                        
In the summer of 2004, sediment samples were taken at all the studied sites for the analysis of particle size distribution. Sediments were excavated up to 5 cm depth (3 samples at each location). The following fractions were registered for the analysis of particle size distribution: more than 10, 10–5, 5–3, 3–1, 1–0.5, 0.5–0.25, 0.25–0.1, 0.1–0.05, 0.05–0.01, 0.01–0.005 mm. The analysis was performed using the standard procedure in two stages [50]: (1) the determination of the proportion of coarse fractions by sieving the sediments through mesh sieves of 10, 5, 3, 1, 0.5, 0.25 mm and (2) separating sediments into fractions of 0.25–0.1 and 0.1–0.05, 0.05–0.01, 0.01–0.005 mm using aqueous analysis.

Sample processing
Shell length of Mya arenaria was measured to the nearest 0.1 mm. Age of molluscs was determined by counting annual growth marks on shells [37, 27]. An average shell length of the dominant generation (1988 or 1999) was determined at each sampling. As a result, the growth parameters of Mya arenaria were determined for a large part of mollusc life cycle (from 7 years at sites 3 and 4 to 25 years at site 1).
Both individual and group (average) growth characteristics of the 1988 and the 1999 generations were used to analyse the variability of Mya growth rate at the studied beds. Individual growth history of each clam (individual age row) was reconstructed by measuring the shell length during all winter growth delays. Individual age rows were used to assess growth heterogeneity within beds. Group growth parameters of the 1988 or the 1999 generations (group age rows) were obtained for each bed by averaging individual growth characteristics. Group age rows were used in the study of the growth characteristic heterogeneity between different beds.
For growth pattern reconstruction, the von Bertalanffy equation was used:[image: $$L_{t} = L_{\infty } (1 - \exp^{{ - k(t - t_{\text{o}} )}} )$$]


where L
                           
                    t
                   is the shell length (mm) at time t (year); L
                           ∞ (asymptotic or theoretically maximal length, mm), k (rate at which L
                           ∞ is approached, year−1), and t
                           o (theoretical time at which L
                           
                    t
                   = 0, year) are constants.
Growth rows were compared according to an algorithm suggested by Maximovich [35]: a pairwise comparison of growth rows and their clustering was carried out using the analysis of residual variances with regard to growth curves. Significance of variance distinctions was estimated by Fisher’s F-statistic (F). The ratio of Fisher’s F-statistic to the critical F value at P < 0.05, F/F
                           cr, was used as a measure of distance between the compared rows. F/F
                           cr < 1 meant the absence of significant differences between the compared growth rows. Clustering was performed using the method of weighed pairgroup average. If the age rows did not indicate that the growth rate slowed down with age, then the von Bertalanffy equation could not be used for their approximation [35]. In these cases, the age rows were approximated for cluster analysis by the linear equation:[image: $$L_{t} = a + bt$$]

 (1)

where a and b are constants.

Analysis of growth heterogeneity within the beds
Variation of growth characteristics within each bed was studied by comparing individual age rows of 5-year-old clams of the 1988 generation (sites 1 and 2) or the 1999 generation (sites 3 and 4). This age group was chosen for several reasons. First, the comparison of age series using the proposed algorithm [35] was possible only in molluscs older than 5 years. According to this algorithm, each age row should comprise at least 4 measurements, but the first growth mark (corresponding to the growth delay during the first winter after settlement) was not visible in specimens older than 2 years [27]. So the youngest specimens suitable for the age row comparison were 5-year-old clams. Furthermore, only clams with distinguishable marks of winter growth delay were suitable for the analysis. Observations at sites 3 and 4 ceased in 2006, when clams of the 1999 generation were 7 years old. There were relatively few clams at these sites, and growth rows could be reconstructed only for a few individuals. In 2005, when clams of the 1999 generation were 6 years old, no observations at these sites were made. Meanwhile, the 5-year-old clams of the 1988 and the 1999 generations were relatively numerous in the respective beds and mostly had well-defined marks of winter growth delay. Therefore, the analysis of individual growth heterogeneity was based on 5-year-old clams.
In individual beds 22 to 111, 5-year-old molluscs were used for the analysis (for sites 1, 2 from 1993 sampling and for sites 3, 4 from 2004 sampling). We intended to involve into the analysis the representatives of all size groups. Due to the insufficient data about the life cycle, the age rows were approximated by a linear Eq. (1).
We tried to find a correlation between the individual variability of Mya arenaria growth rate within beds and the features of the initial growth period. Annual shell length increment in some bivalves is known to correlate with the initial size (that is, the size before the start of the growing season) [64, 24, 54, 15, 38, 41, 55]. The dependence of Mya arenaria size by the end of the first year of life on the size of the first winter growth delay was assessed in each bed using Spearman’s rank correlation coefficient (at significance level α ≤0.05).

Analysis of growth heterogeneity between the beds
Variation of growth characteristics between different beds (6 beds overall) was studied in two ways.
Firstly, the group age rows were compared. They were constructed for the 1988 generation at sites 1 and 2 and for the 1999 generation at sites 3 and 4. The length of group age rows was aligned for all studied beds. The study of the 1999 generation at sites 3 and 4 was completed in 2006 when the clams were 7 years old. Therefore, only the data on the first 7 years were used for the other studied beds as well: sampling 1989–1995 at sites 1 and 2 and sampling 2000–2006 at sites 3 and 4.
Secondly, variation of growth characteristics between different beds was studied based on the results of the analysis of individual growth within beds. When comparing individual age rows in each bed, the clams were divided into clusters, each cluster comprising specimens with no significant differences of growth characteristics. The average growth characteristics were identified for each cluster. In this way, the group growth rows constructed for 5-year-old clams were also used to compare the growth in different beds.


Results
Abiotic conditions
The study sites were typical of the tidal zone of the Keret Archipelago. Their hydrological regime corresponded to that of the White Sea coastal zone in general [5]. All study sites were located in semi-closed areas and differed slightly in respect of salinity and sediment type. The surface salinity in the Lebyazhya bight (site 1) was relatively low, no more than 14–17 ‰ in summer, because of a nearby river estuary [37, 27]. The surface salinity at other sites ranged from 24 to 26 ‰ in summer [5]. As shown by analysis of sediment grain size distribution, sand was the base fraction at all study sites (from 42 % at site 1, MT, to 85 % at site 4) (Table 1). This fraction included 50–90 % of fine sand (particle size of 0.25–0.1 mm). The maximum amount of other fine fractions (clay and silt; particles less than 0.1 mm) was recorded at sites 2 and 3 (33 and 38 %, respectively), and the lowest amount (12 %) was registered at site 4.Table 1Grain size distribution in sediments


	Location (tidal zone_site)
	Sediment composition (average ± SE),  %

	Pebble
	Gravel
	Coarse sand
	Medium sand
	Fine sand
	Silt and clay

	>10
	10–1
	1–0.5
	0.5–0.25
	0.25–0.1
	<0.1

	MT_1
	9.9 ± 0.9
	19.5 ± 1.1
	8.3 ± 0.7
	9.0 ± 2.3
	25.3 ± 1.9
	27.9 ± 0.9

	LT_1
	6.4 ± 0.6
	17.4 ± 1.5
	11.2 ± 0.9
	13.0 ± 0.5
	23.9 ± 0.9
	28.2 ± 3.1

	LT_2
	0.41 ± 0.05
	0.8 ± 0.07
	0.87 ± 0.05
	3.6 ± 0.8
	61.5 ± 1.8
	32.9 ± 2.1

	MT_3
	5.8 ± 0.4
	7.1 ± 0.8
	9.5 ± 1.6
	39.2 ± 3.1
	38.4 ± 1.1

	MT_4
	3.1 ± 0.5
	12.6 ± 1.1
	32.5 ± 4.1
	40.0 ± 2.4
	11.9 ± 0.8



                                    MT and LT middle and low tidal zones, respectively; SE standard error



                        

Growth rate, lifespan, and maximum size of Mya arenaria at the study sites
The greatest differences between the average growth rate of the 1988 and the 1999 generations at the study sites were observed during first five years of molluscan life: from 4 mm per year (sites 2, 3) to 7 mm per year (site 4) (Table 2). At all the locations clams maintained a relatively high growth rate during the first 7–10 years: an average of 3 mm (MT_2)–5 mm (MT_4) per year (Fig. 2). Clams older than 15 years (site 1) had the lowest growth rate, less than 1–1.5 mm per year.Table 2Dynamics of average shell length (L ± SE, mm) of the 1988 (sites 1, 2) and 1999 (sites 3, 4) generations of Mya arenaria
                                    


	Age (years)
	
                                            L ± SE

	Location namea
                                          

	MT_1
	LT_1
	MT_2
	LT_2
	MT_3
	MT_4

	1
	8.2 ± 0.1
	9.2 ± 0.1
	5.4 ± 0.1
	7.1 ± 0.1
	4.2 ± 0.1
	7.4 ± 0.3

	2
	12.0 ± 0.1
	13.9 ± 0.2
	9.1 ± 0.2
	9.9 ± 0.2
	8.1 ± 0.2
	11.1 ± 0.3

	3
	15.8 ± 0.3
	17.0 ± 0.1
	14.1 ± 0.2
	14.4 ± 0.2
	12.2 ± 0.2
	14.3 ± 0.3

	4
	–
	22.1 ± 0.2
	19.4 ± 0.3
	19.1 ± 0.2
	15.9 ± 0.3
	25.7 ± 0.5

	5
	24.3 ± 0.4
	25.0 ± 0.2
	20.3 ± 0.4
	19.5 ± 0.3
	17.5 ± 0.2
	35.7 ± 0.5

	6
	–
	29.4 ± 0.3
	–
	–
	–
	–

	7
	30.1 ± 0.7
	31.9 ± 0.4
	24.0 ± 0.5
	30.0 ± 0.5
	25.5 ± 1.4
	35.8 ± 0.9

	8
	34.1 ± 0.6
	36.9 ± 0.8
	25.9 ± 0.4
	28.7 ± 0.7
	–
	–

	9
	34.5 ± 0.5
	38.1 ± 0.3
	30.1 ± 2.1
	31.7 ± 1.6
	–
	–

	10
	39.5 ± 1.0
	41.7 ± 0.4
	–
	–
	–
	–

	11
	43.0 ± 0.4
	43.0 ± 0.4
	–
	–
	–
	–

	12
	47.1 ± 1.2
	45.1 ± 0.4
	–
	–
	–
	–

	13
	46.2 ± 1.1
	50.1 ± 0.6
	–
	–
	–
	–

	14
	48.5 ± 0.8
	50.3 ± 0.5
	–
	–
	–
	–

	15
	52.8 ± 1.3
	50.9 ± 0.5
	–
	–
	–
	–

	16
	50.3 ± 1.5
	50.2 ± 0.8
	–
	–
	–
	–

	17
	–
	–
	–
	–
	–
	–

	18
	62.6 ± 1.6
	56.4 ± 1.0
	–
	–
	–
	–

	19
	57.6 ± 2.2
	53.6 ± 1.3
	–
	–
	–
	–

	20
	57.3 ± 1.8
	57.4 ± 1.3
	–
	–
	–
	–

	21
	–
	–
	–
	–
	–
	–

	22
	–
	59.0 ± 1.1
	–
	–
	–
	–

	23
	62.1 ± 3.2
	58.6 ± 1.1
	–
	–
	–
	–

	24
	–
	60.6 ± 1.8
	–
	–
	–
	–

	25
	–
	59.2 ± 1.3
	–
	–
	–
	–

	
                              L
                              ∞
                            
	82.02
	67.16
	37.50
	59.80
	128.10
	68.17

	
                              k
                            
	0.06
	0.09
	0.16
	0.08
	0.03
	0.12

	
                              t
                              0
                            
	–0.50
	–0.43
	0.07
	–0.40
	–0.14
	0.35

	
                                            L
                                            max (age, years)
	71 (20)
	70 (20)
	46 (9)
	37 (8)
	38 (7)
	50 (7)



                                    aLocation name is as follows: MT_1 middle tidal zone at site 1, LT_1 low tidal zone at site 1, MT_2 means middle tidal zone at site 2, etc., dash no data, L
                                    
                          ∞
                        
                                    , k, and t
                                    0 constants of the Bertalanffy equation, L
                                    
                          max
                         maximum observed size, mm, SE standard error
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Fig. 2Reconstruction of the shell length growth of the 1988 (sites 1, 2) and the 1999 (sites 3, 4) generations of Mya arenaria. Dots average shell length at each sampling time; vertical lines indicate 95 % confidential intervals; for location names see Table 2
                                    




                        
The observations at site 1 continued throughout the whole life cycle of the 1988 generation, ending with the death of its last representatives. The oldest clam of this generation found at the middle intertidal zone was 23 years old and at the low intertidal zone, 25 years old. The maximum shell length of clams was about 70 mm (20 years old). This was close to the maximum clam sizes found at this site throughout the observation period, 72 mm at MT and 79 mm at LT.
The observation periods at the other sites were much shorter, 7 years at sites 3 and 4, and 9 years at site 2 (Table 2). Single individuals of the 1988 generation must have survived at site 2 after the end of observations in 1997. Similarly, the 1999 generation was not entirely eliminated at sites 3 and 4 by the end of observations in 2006. This indicates that the maximum size and age recorded for molluscs of the 1988 and the 1999 generations at sites 2–4 were not the maximum possible ones. Noteworthy, specimens with a length of 75 and 78 mm were found at different times at sites 2 and 4, respectively. Unfortunately, their age could not be reliably determined on the basis of external shell morphology due to shell erosion near the hinge and the convergence of the rings at the shell edge.

Individual variability of growth characteristics within the beds
The differences between individual growth rates of the 1988 and the 1999 generations of soft-shell clams within the beds were highly significant. The size of 5-year-old clams varied by a factor of 2–4. For example, the shell length of 5-year-old individuals at location MT_1 varied from 11 to 43 mm.
Three to seven groups of molluscs with no significant differences of growth characteristics were obtained using cluster analysis (Table 3). As an example, Fig. 3 shows a similarity dendrogram of 25 clam age rows of the 1988 generation sampled at location MT_2. Using comparative analysis, the complex of rows was divided into three clusters uniting specimens with no significant differences of growth characteristics. The group growth reconstruction in the clusters is shown in Fig. 4 (MT_2). Interestingly, the distinctions between group growth models were manifested as early as at the time of the second winter growth delay (Fig. 4) and persisted afterwards. Almost no cases of compensatory growth were registered.Table 3Growth characteristics of 5-year-old Mya arenaria of the 1988 and 1999 generations (samplings of 1993 and 2004, respectively) and results of individual age rows comparison


	Location
	Characteristics
	Shell length (mm)
	Shell length during winter growth delay (mm)
	
                              N
                            
	
                              A
                            

	Number of the growth marks

	1
	2
	3
	4
	5

	MT_1
	Min
	11.4
	–
	3.5
	8.2
	11.7
	13.1
	60
	5

	Max
	43.0
	–
	14.6
	24.9
	35.2
	41.2

	Average
	24.3 ± 0.6
	–
	7.5 ± 0.3
	13.8 ± 0.4
	19.2 ± 0.5
	23.0 ± 0.6

	LT_1
	Min
	10.2
	–
	4.5
	6.6
	10.2
	11.8
	111
	4

	Max
	38.1
	–
	15.5
	25.8
	33.2
	37.0

	Average ± SE
	25.0 ± 0.5
	–
	9.4 ± 0.2
	16.1 ± 0.4
	21.0 ± 0.5
	23.7 ± 0.5

	MT_2
	Min
	13.5
	–
	5.4
	8.9
	10.9
	13.4
	25
	3

	Max
	29.2
	–
	10.2
	17.6
	23.1
	26.3

	Average ± SE
	20.3 ± 0.6
	–
	7.3 ± 0.2
	12.4 ± 0.5
	16.3 ± 0.6
	19.5 ± 0.7

	LT_2
	Min
	10.6
	–
	4.4
	7.5
	12.6
	16.4
	22
	4

	Max
	31.0
	–
	11.5
	21.2
	26.3
	29.8

	Average ± SE
	19.5 ± 0.5
	–
	6.8 ± 0.7
	11.6 ± 0.8
	15.8 ± 1.5
	18.6 ± 1.6

	MT_3
	Min
	11.4
	–
	3.8
	6.3
	8.0
	10.0
	79
	7

	Max
	26.6
	–
	10.4
	16.0
	20.7
	23.8

	Average ± SE
	17.5 ± 0.2
	–
	6.4 ± 0.3
	9.5 ± 0.2
	12.4 ± 0.2
	15.4 ± 0.2

	MT_4
	Min
	26.4
	–
	4.7
	10.0
	15.8
	20.7
	70
	4

	Max
	45.6
	–
	13.6
	20.7
	30.6
	39.7

	Average ± SE
	35.7 ± 0.6
	–
	7.9 ± 0.2
	15.7 ± 0.3
	22.6 ± 0.4
	30.6 ± 0.5



                                    Max, Min, Average maximum, minimum, and average size, respectively, SE standard error, N sample size, A the number of groups received by cluster analysis; for location names see Table 2; dash no data



                           [image: A10152_2016_457_Fig3_HTML.gif]
Fig. 3Similarity dendrogram of age rows of the 1999 generation sampled in 2004 (location MT_2). Vertical axis is ratio F/F
                                       cr; circles show clusters of age rows with no significant distinctions




                           [image: A10152_2016_457_Fig4_HTML.gif]
Fig. 4Reconstruction of shell length growth of 5-year-old clams in the clusters. Dots average shell lengths during winter growth delay; vertical lines indicate 95 % confidential intervals; for location names see Table 2
                                    




                        
Comparison of individual age rows yielded generally similar patterns (Fig. 5). So we looked for correlations between the shell length by the end of the first year of life and the size of the first winter growth delay. This analysis involved soft-shell clams collected in 1989 at sites 1, 2 and those collected in 2000 at sites 3 and 4. The relation between the parameters appeared to be almost linear (Fig. 6). Spearman’s rank correlation coefficient was statistically significant in all the cases (p < 0.05), ranging from 0.72 to 0.87.[image: A10152_2016_457_Fig5_HTML.gif]
Fig. 5Growth curves of individual clams of the 1988 generation at location LT_1 (data of 1993)




                           [image: A10152_2016_457_Fig6_HTML.gif]
Fig. 6Dependence of shell length of one-year-old clams upon the shell length in the first winter growth delay




                        

Variability of group growth between the beds
The group age rows of 5-year-old clams (Fig. 4) were used for the assessment of growth variation between different locations. As a result, a complex of 27 rows was formed where each bed was represented by 3 to 7 age rows. The complex was divided into 7 groups with the help of cluster analysis (Fig. 7). The only age row, which did not enter into any association, was that of MT_3. It comprised the most slow-growing molluscs, 12 mm over the five years of life. Soft-shell clams from site 1 demonstrated an almost entire range of growth variability in the study area (Fig. 8). Group rows of the site included both the slowest-growing (Cluster 1) and the fastest-growing clams (Cluster 7). Mya arenaria from locations MT_3 and MT_4 demonstrated extreme variants of the growth rate. Soft-shell clams from location MT_3 were characterized by a relatively low growth rate and were allocated mostly in the lower part of Fig. 8. By contrast, clams at location MT_4, by contrast, were characterized by a relatively high growth rate and were allocated mostly in the upper part of Fig. 8. The growth curves constructed for site 2 (both LT_2 and MT_2) formed the central part of Fig. 8.[image: A10152_2016_457_Fig7_HTML.gif]
Fig. 7Similarity dendrogram of group age rows, describing individual variability of the growth characteristics of 5-year-old molluscs in separate beds. Vertical axis is ratio F/F
                                       cr; circles show clusters of age rows with no significant distinctions; 1–7 cluster number
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Fig. 8Group growth reconstruction of 5-year-old clams at sites 1–4. Each curve is a reconstruction of mollusc growth with no significant differences of growth characteristics in the separate bed; a one style for the whole site (for the sites allocation see Fig. 1); b one style for whole cluster; numbers 1–7 indicate clusters (as in Fig. 7)




                        
The comparative analysis of growth of 5-year-old clams from different beds had some deficiencies. For example, each row consisted of four successive measurements only (shell length during 2–5 winter growth delay), while the size of the first growth ring remained unknown. However, as shown before, the initial stages of growth may have a significant impact on later growth rate. Therefore, the average sizes of Mya arenaria during 1–7 winter growth delays in each bed (Table 4) were estimated using data on 1989–1995 and on 2000–2006 for sites 3 and 4. These age rows were also used for comparing the growth in different beds. It was found that the mean size during 7 winter growth delays differed by almost one and half in different beds, varying from 23 mm (location MT_2) to 34 mm (location MT_4) (Table 4). No significant differences were found between clams from site 1 and site 4 as a result of statistical comparison of age rows (the rows were approximated by the von Bertalanffy model) (Fig. 9). These clams had the highest growth rate, 31–34 mm in 7 years (Fig. 10). At the other beds (sites 2 and 3), the growth rate was significantly lower, 22–27 mm in 7 years (Figs. 9, 10). Interestingly, the slowest growth was observed at sites with the greatest content of fine particles (silt and clay) in sediments, 33–38 % (Table 1). At site 4, where the fastest growth was observed, the proportion of silt and clay was the lowest, about 12 %.Table 4The average shell length (L ± SE, mm) of Mya arenaria during 1–7 winter growth delays


	Number of growth marks
	
                                            L ± SE

	Locationa
                                          

	MT_1
	LT_1
	MT_2
	LT_2
	MT_3
	MT_4

	1
	2.5 ± 0.1
	2.6 ± 0.01
	2.3 ± 0.1
	2.3 ± 0.1
	2.3 ± 0.1
	2.2 ± 0.1

	2
	9.0 ± 0.2
	10.4 ± 0.1
	8.5 ± 0.1
	8.6 ± 0.2
	5.7 ± 0.1
	7.4 ± 0.1

	3
	14.6 ± 0.3
	16.6 ± 0.2
	13.6 ± 0.2
	13.0 ± 0.2
	10.1 ± 0.1
	14.1 ± 0.2

	4
	19.4 ± 0.5
	21.2 ± 0.3
	17.1 ± 0.3
	17.2 ± 0.3
	13.3 ± 0.2
	20.3 ± 0.3

	5
	23.1 ± 0.6
	23.9 ± 0.4
	19.1 ± 0.4
	19.8 ± 0.4
	15.9 ± 0.2
	28.3 ± 0.5

	6
	28.7 ± 1.9
	28.1 ± 0.6
	20.5 ± 0.4
	23.6 ± 0.9
	21.5 ± 0.6
	30.2 ± 0.8

	7
	31.7 ± 2.1
	30.5 ± 1.1
	22.9 ± 0.4
	26.7 ± 0.8
	24.9 ± 0.7
	33.8 ± 0.9



                                    SE standard error

                                    aFor location name see Table 2
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Fig. 9Similarity dendrogram of group age rows (Table 4) 7-year-old clams at studied locations. Vertical axis is F/F
                                       cr ratio. Horizontal axis is location. For location names see Table 2
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Fig. 10Reconstruction of group growth of 7-year-old clams at studied locations. Dots average shell lengths during winter growth delay; vertical lines indicate 95 % confidential intervals; for location names see Table 2
                                    




                        


Discussion
Group growth
One of the most substantial results in this study was determination of maximum longevity of Mya arenaria in the White Sea, which was found to be no less than 25 years. Predominance of a single generation in Mya arenaria beds and its long-term monitoring during virtually the entire Mya life cycle helped a lot to make this conclusion [26, 27]. This is much more than previously reported for the White Sea soft-shell clams (from 7–8 to 17 years) [37, 53, 57, 34, 36]. The lifespan of Mya was probably underestimated in previous studies due to difficulties in age determination using external shell morphology [40], namely, the lack of clear first-year growth lines due to erosion of the shell near the hinge and the convergence of growth lines formed during the later stages of the life cycle.
Our results on the maximum lifespan (at least 25 years) and the maximum shell length (72–79 mm) of Mya arenaria agree with those from other parts of the distribution area, where longevity varied from 4 to 28 years and maximum length ranged from 27 to 150 mm [33, 3, 13, 16, 19, 20, 21, 68]. However, the maximum growth rate in our study was much lower than that in other areas of Mya arenaria distribution, especially the Atlantic coast of North America. In our study, the length of 7-year-old clams was 24–36 mm, while in the mid-Atlantic Mya arenaria reached an average size of 150 mm by the age of 8 [1], and in southern Baltic, 40 mm by the age of 5 [23].
The slow growth of soft-shell clams revealed in our study may be associated with severe temperature conditions and low salinity [37, 5]. Negative seawater temperatures (down to −1.5 °C) are observed in the study area from late November to late April, while in the summer the 2-m upper water layer warms up to 15–17 °C. The salinity in summer is as little as 14–17 ‰ at site 1 and 24–26 ‰ at other sites. Low salinity is known to have a negative influence on the growth of soft-shell clams [2, 12, 46]. However, there were no substantial differences in Mya growth rate at sites 1 and 4, which differed considerably in respect of salinity. At the same time, Mya group growth was quite different at sites 3 and 4 despite similar salinity conditions. In addition, a much faster growth of Mya arenaria (40 mm over 5 years) was found in the southern Baltic [23], where surface salinity was even lower than in our study (5 ‰). As the feeding conditions (the rate of primary production) are quite close in the Kandalaksha Bay of the White Sea and in the southern Baltic [10, 22], a possible reason of a faster growth of the soft-shell clams in the latter area might be more favourable temperature conditions (the absence of negative temperatures in winter).
The differences in Mya group growth at different sites in our study might be associated with some local features. Temperature regime, though known to affect the growth rate of bivalves—Mytilus edulis [17, 49], Macoma balthica [56, 69], Mya arenaria [2, 12], etc.—is unlikely to have played a role in our study as there was no large temperature gradient across the study sites.
The growth rate of Mya arenaria is also known to be influenced by the population density [7, 48, 59]. We did not specially study this effect. However, at site 1 the numbers of clams in the middle intertidal zone were almost twice lower than in the low tidal zone throughout the observation period and yet no significant differences in the growth rates of clams from different tidal levels of site 1 were observed [37]. Therefore, as far as we can judge, population density was unlikely to play a role in determining the growth rates of clams in our study.
Food supply can have a great impact on the growth rate of bivalves. In case of filter feeders, indirect but reliable indicators of feeding conditions are hydrodynamic activity and, for intertidal species, duration of air exposure. To begin with the latter, the growth rate of Mya arenaria is known to be higher in low tidal and subtidal zones than in upper and middle tidal zones [52, 7, 46]. At the White Sea the average duration of air exposure in the middle tidal zone is about 12 h, while at the low tidal zone, about 6 h [45]. However, we found no significant differences in the growth rate of clams in the low and the middle horizon of the same site.
Hydrodynamic activity, the second indirect indicator of feeding conditions, can, in turn, be inferred from sediment characteristics such as the size distribution of sediment particles. The slowest growth of soft-shell clams was observed at sites with the greatest content of fine particles (silt and clay) in the sediments. By the same token, the fastest growth was observed at site 4 where the proportion of silt and clay was the lowest. A negative correlation of Mya growth rate with the proportion of fine particles in sediments has been shown before [2]. So, we may be fairly sure that the differences in the growth rates of soft-shell clams revealed in our study were associated, at least, in part, with the differences in sediment characteristics across the sites.
This conclusion is also supported by a comparison of Mya growth rate that takes into account individual growth heterogeneity in different beds. All soft-shell clams at site 3 showed the slowest growth, while clams at site 4 showed the fastest growth. No individuals at site 3 grew as fast as those at site 4.

Individual growth
The variation of individual growth rate within the beds was similar to or exceeded that of group growth rate between the beds. The average size of 5-year-old clams in 1988 and 1999 generations varied from 18 to 36 mm between 6 studied beds, while the individual size varied from 11 to 43 mm in a single bed with the highest variation (location MT_1).
As noted above, little is known about variation of Mya arenaria growth rate within a bed. There are more data on other species, especially Mytilus edulis. Considerable variation in the shell length of the White Sea mussels of the same age has often been noted [60, 63, 32]. The annual shell increment is shown to depend mostly on the shell size attained by the start of the growing season [64, 54, 41, 55, 61]. Moreover, the decisive influence of size by the start of the second growth season on later growth rate (during the entire life cycle) was shown for several bivalve species: Mytilus edulis [41], Mytilus trossulus [24], Macoma balthica [15], Macoma incongrua [38].
In the White Sea, this effect is partly due to the fact that the recruitment period is stretched over 2–3 months [42, 43, 39]. Differences in size by the start of the second growth season arise, to a large extent, from the difference in the time of juvenile settling. Clams that settled before the others get larger by the first winter and probably grow faster for the rest of their lives. Because of a long recruitment period (2–3 months) of Mya arenaria beds, the size of clams during the first winter growth delay varied from 1.2 to 5.8 mm in location LT_1 (1988 generation) [40], i.e. the difference was almost five times.
Later on, the difference in the growth rate persisted. The dependence of the growth rate during the first year of life upon the size during first winter growth delay was almost linear (Spearman’s rank correlation at different habitats 0.7–0.9). Seven-year-old clams of the 1988 generation in LT_1 had a shell length of 21–49 mm (unpublished data). Compensatory growth was virtually observed in this case.
Genetic differences could also underlie the difference in the time of juvenile settling. Mytilus edulis from different cohorts, which settle at different times, are shown to differ genetically [29]. Unfortunately, there are no data on the genetic heterogeneity of Mya arenaria population in the White Sea.
Internal differentiation in Mya beds in terms of growth rate may be accompanied by differentiation in respect of other properties, such as respiration rate and mortality. This kind of differentiation has been reported for mussels [60, 63]. Apparently, individual growth characteristics can serve as an indicator of internal heterogeneity of bivalve beds. More detailed assessment of observed phenomenon requires additional data and may be the subject of further research.


Conclusion

                        Mya arenaria in the White Sea is characterized by slow growth and long lifespan. Its maximum size is 70–80 mm, and longevity is at least 25 years. In addition, the heterogeneity in growth rate across the study sites was high. Statistically significant differences in growth rate were found both within beds and between beds situated quite close to each other.
The group growth curves obtained for local beds did not take into account internal the heterogeneity of the individual growth rate. However, the characteristics of group growth were seen as an integral assessment of environmental conditions at a particular site. No differences were found between different tidal horizons of the same site. The slowest growth of soft-shell clams was observed at sites with greatest content of fine particles (silt and clay) in sediments. The differences between the beds in respect of Mya group growth rate could reflect variability of feeding conditions, which were probably determined by some local features (e.g. hydrodynamic regime).
However, the variation of individual growth rate within beds was quite comparable with that of group growth rate between the study locations. To a great extent this variation of individual growth rate was, apparently, determined by the characteristics of the initial period of soft-shell clam growth.
It remains unclear whether the internal heterogeneity changes throughout the mollusc life cycle and whether it is accompanied by differentiation in other population characteristics, such as lifespan and mortality rate. It would be also interesting to estimate the proportion of groups significantly differing in the growth rate. All these aspects could be the subject of future research.
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