

[image: image1]
Explaining Recruitment Stochasticity at a Species’ Range Margin












	 
	ORIGINAL RESEARCH
published: 12 July 2021
doi: 10.3389/fmars.2021.659556





[image: image]

Explaining Recruitment Stochasticity at a Species’ Range Margin

Mats Westerbom1*, Patrik Kraufvelin2, Olli Mustonen1 and Eliecer Díaz3

1Tvärminne Zoological Station, Helsinki University, Hangö, Finland

2Department of Aquatic Resources, Institute of Coastal Research, Swedish University of Agricultural Sciences, Öregrund, Sweden

3Department of Information Technology, Metropolia University of Applied Sciences, Espoo, Finland

Edited by:
Iñigo Muxika, Technological Center Expert in Marine and Food Innovation (AZTI), Spain

Reviewed by:
Roman Wenne, Institute of Oceanology (PAN), Poland
Jonathan Paul Aden Gardner, Victoria University of Wellington, New Zealand

*Correspondence: Mats Westerbom, mats.westerbom@helsinki.fi; mwesterbom@gmail.com

Specialty section: This article was submitted to Marine Ecosystem Ecology, a section of the journal Frontiers in Marine Science

Received: 27 January 2021
Accepted: 11 June 2021
Published: 12 July 2021

Citation: Westerbom M, Kraufvelin P, Mustonen O and Díaz E (2021) Explaining Recruitment Stochasticity at a Species’ Range Margin. Front. Mar. Sci. 8:659556. doi: 10.3389/fmars.2021.659556

Advancing our understanding of how environmental variability affects the distribution of organisms is crucial for ecology and conservation. The exploration of changes in demographic patterns close to species distribution margins is important as populations here may provide a window into future population changes also elsewhere. However, the knowledge of factors causing recruitment variation is still inadequate in many systems and this deficiency is particularly evident close to species’ distribution borders. We studied the spatiotemporal variability in recruit-adult dynamics in a blue mussel, Mytilus trossulus, population to get insights into how environmental variables drive variation in recruitment and how this variability affects adult population growth. Thirty sites along a wave exposure gradient were monitored during four consecutive years. From each site, mussels were collected both from artificial recruitment units and from natural mussel beds. Our results showed high year-to-year variation in recruitment strength with high spatial variation. Mussel recruitment to artificial units and later recruitment to the benthos correlated highly. Juvenile abundances 1 year later paralleled prior recruitment strengths and caused synchronous but time-lagged changes in adult cohorts. Seawater salinity was the strongest predictor for recruitment variation, whereas sea temperature and wave exposure had low predictive power for this early life stage. For juveniles and for adults in the benthos, wave exposure explained the variation best, whereas temperature and especially salinity explained less. The results indicate that (a) the studied blue mussel population is strongly driven by variation in recruitment strength that (b) drives the size of the later cohorts, and the population is possibly even (c) recruitment limited in some years. Our study predicts a challenging future for this range population, resulting from a higher frequency of recruitment failure caused by a deteriorating sea climate. Knowledge about factors underlying variation in recruitment is thus essential for forecasting the future of this range population and for conserving its future state.
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INTRODUCTION

Questions of why population sizes fluctuate through space and time and how organisms and the environment interact to produce patterns in natural systems are central for population ecology. At the heart of providing an answer to these questions lies the understanding of the factors that shape the supply and establishment of offspring to populations (Sutherland, 1987). In open populations with complex life cycles, recruitment is the closest equivalent to local reproduction as there is often only a loose link between local fecundity and subsequent establishment of offspring (Kinlan and Gaines, 2003). Therefore, in open populations, such as among several tree species (Carnicer et al., 2014), insects (Encalada and Peckarsky, 2012), fish (Doherty and Fowler, 1994; Kimmerling et al., 2018), and marine invertebrates (Sutherland, 1987; Karlson and Levitan, 1990), recruitment supply may limit population growth and may even be more important than density-dependent factors (e.g., Okamoto et al., 2020).

More than two decades ago, Caley et al. (1996) argued that a major weakness of most contemporary studies was a lack of attention to processes affecting survival of recruits over appropriate scales of time and space. More specifically, Caley et al. (1996) suggested a deeper focus on unraveling (1) the extent to which temporal and spatial variations in recruitment underlie variations in adult populations and (2) the underlying causes behind recruitment variation. Two decades later, the understanding of these mechanisms and how they modulate populations is still poorly known in many systems (Beukema et al., 2010; Shanks et al., 2017; Okamoto et al., 2020). This indeed also concerns blue mussel research in the Baltic Sea (Liénart et al., 2021) where there has been a call for studies on how different life stages of blue mussels respond to changes in the environment (Jaatinen et al., 2021). In light of pending ecosystem change, most evidently caused by a changing climate, the understanding of population dynamics in marginal areas is becoming increasingly important. In this context, marginal areas may be especially important for predicting changes also occurring elsewhere as responses to changes in the environment are generally seen earlier at species distribution limits (e.g., Gaston, 2003).

This paper addresses three main objectives: (1) it quantifies the spatiotemporal variation in recruitment among sites and years, (2) it tests the main causes of this variation, and (3) it examines the implications of recruitment variability for population replenishment. We hypothesize that recruitment strength: (a) is positively affected by seawater salinity and wave exposure, and negatively by temperature (Westerbom et al., 2019b), and (b) is the main factor determining juvenile and adult abundance. In the lack of major predation pressure on, and low interspecific competition for blue mussels in the Baltic Sea (Kautsky, 1982), density-dependent population regulation is mainly driven by intra-specific competition for food and space (Kautsky, 1982). However, the strength of the link between early recruitment variation and population growth and structure has not been studied in this system. If the hypothesis that recruitment strength affects the abundances of later cohorts is valid, abundance patterns of juvenile and adult cohorts should reflect previous recruitment abundances to the benthos (e.g., Sutherland, 1987). In contrast, if benthic density-dependent regulation is strong, peaks in recruitment should be smoothed out by density-dependent mechanisms and the predictability of adult population size from earlier recruitment statistics should in these cases be low (Doherty and Fowler, 1994). It therefore follows; in a recruitment-limited population, population density should vary with colonization success, rather than only being structured by internal density-dependent processes in the benthos (Doherty and Fowler, 1994).

To assess the spatiotemporal variability in recruitment and maintenance of a sublittoral mussel population, and to understand the primary drivers structuring it, we conducted a 4-year survey of a blue mussel (Mytilus trossulus) population along an archipelago wave exposure gradient. Using 1,200 samples spread over 30 sites in space and 4 years in time, we monitored the establishment of recruits both on artificial substrates (600 samples) that offer comparable structures over years and sites and also through the use of benthic samples from the natural mussel bed (600 samples). We then followed up how recruit establishment subsequently influenced the natural benthic population. This allowed us to assess of how the yearly recruitment strength is transformed into benthic recruit establishment, juvenile development and finally to adult population size. The northern Baltic Proper is a well-suited testing ground for benthic recruitment biology as there are no significant benthic invertebrate predators on blue mussels modifying recruitment input into adult populations and because interspecific competition is very limited due to the low number of dominant species (Kautsky, 1982; Díaz et al., 2015; Westerbom et al., 2019a). Additionally, whereas in most systems it is practically impossible to morphologically distinguish sibling species of Mytilidae from each other in their early life stages (Rilov et al., 2008; Phillips, 2017; Sorte et al., 2017), this problem is absent in the northern Baltic Proper, where only one mussel, of the genus Mytilus, is found (e.g., Larsson et al., 2017; Kijewski et al., 2019). This is a substantial advantage as taxonomic uncertainty in many systems aggravates ecological conclusions, because species-environment interactions are species-specific (Kimmerling et al., 2018).



MATERIALS AND METHODS


Study Area and Study Species

The northern Baltic Sea is tideless and characterized by brackish water with a strong seasonality in water temperature and with salinity as an overriding factor controlling the distribution of species (Vuorinen et al., 2015). Since the 1970s, seawater salinity in the studied area has been declining from an annual mean of about 6.5 PSU to less than 6.0 PSU today (Westerbom et al., 2019b). The change may be considered small, but from the perspective of the blue mussel, it is a significant deterioration in sea climate conditions as mussels in the northern Baltic Sea live close to their lower salinity tolerance, making the system a border area for blue mussel distribution (for further reading, see Westerbom et al., 2002, 2019b). The consequences of this salinity decline for specifically blue mussel recruitment patterns have not been evaluated in this system (see however Westerbom et al., 2019b; Jaatinen et al., 2021). Rocky sublittoral communities within the northern Baltic Sea are completely dominated by small blue mussels, M. trossulus, that cover 50–100% of shallow seascapes and contribute with more than 90% of the animal biomass, providing ecosystem structure, stability, and a wealth of ecosystem services (Koivisto and Westerbom, 2012; Attard et al., 2020). Blue mussels are mainly found in the depth range of 3–20 m, but these mussels dominate the rocky shore animal community down to at least 30 m depth. M. trossulus has a biphasic life stage, with a dispersive planktotrophic larval stage and a sedentary adult stage. In the northern Baltic Proper, spawning occurs in June–July, whereas settlement occurs in July–September (Kautsky, 1982; Antsulevich et al., 1999). Like in many other cold water systems, reproduction is limited to only one annual peak period (Antsulevich et al., 1999; Sokolowski et al., 2017).



Site Selection

We examined the recruitment of M. trossulus and subsequent population succession during the spring and autumn of 2004–2008 on the south-eastern archipelago area of the Hanko peninsula, Finland (59°55′ N, 23°15′ E, Figure 1). The Hanko peninsula comprises a significant archipelago area at the entrance to the Gulf of Finland and is therefore ideal for studying spatiotemporal dynamics in systems with a complex geomorphology of the coastal zone. In order to understand the drivers for recruitment in this complex archipelago area, we selected 30 rocky sites along a local wave exposure gradient that is distributed over ca 65 km2 with a perimeter of the area of ca 35 km (Westerbom and Jattu, 2006).
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FIGURE 1. Study area with sampling stations. Red dot shows the position of the water monitoring station Längden. Black arrow in the left panel shows the average wind direction, whereas smaller + gray arrows indicate the direction of the average sea currents. Flanked by stations with the coordinates (WGS84) N: 59.864005445°/23.264735324°, S: 59.757547032°/23.218394607°, W: 59.791964318°/23.137171110°, and E: 59.847815912°/23.303082314°.




Sampling


Artificial Recruitment Units

We conducted two annual sampling campaigns, one at the beginning and one at the end of the reproductive season. In May 2004–2007, we placed out five spat collectors, consisting of roughed rope protruding from anchoring bricks, at 8 m depth at each site. We had roughened the polyester ropes (Ø 8 mm) on the bricks with a grinding machine to obtain a soft and hairy surface. To each brick, we attached three pieces of ropes, each 11 cm in length. Using SCUBA, we installed bricks with new ropes on the seafloor each year in May. We deployed replicates > 10 m apart at each site, making each brick an independent sample unit (all ropes on each brick were later pooled). In mid-September, we retrieved the bricks by SCUBA and we cut off three 10 cm pieces of rope and dried them for 5 days in 60°C. We then gently brushed attached recruits with a mean size of 0.6 mm off the ropes and counted these under a dissecting microscope. Occasionally, there were also mussels on the ropes that in terms of size were clear outliers. These are not young of the year recruits (Littorin and Gilek, 1999) that we therefore omitted from the counts. Finally, we thoroughly examined brushed ropes under a dissecting microscope to ensure that there were no mussels left. Mussel recruits from the collectors provide a standardized estimate of the recruitment potential in the benthic boundary layer. Similar artificial recruitment substrates have therefore routinely been used to correct for variation in benthic structures allowing for comparison among sites and years (e.g., Littorin and Gilek, 1999; Toupoint et al., 2012; Wilcox et al., 2020). To follow the timing of the recruitment process, we used control ropes at two sites. These showed that recruitment to the ropes started in August and was over by October as no significant increases or decreases were seen from September to October (see also Littorin and Gilek, 1999).



Benthic Samples

In order to provide an estimate of benthic recruitment success and recruit establishment, we collected five benthic samples per site in May 2005–2008, from 8 m depth, spaced at 10–20 m distance between replicates. At this time of the year, recruits are 8–10 months old and they have survived 6 months of winter conditions. For sampling, we used a 20 × 20 cm quadrat from which we collected all material into a bag. In the laboratory, we washed the samples through a series of successively finer mesh sieves (9.5, 4, 2, 1, and 0.5 mm) to separate size classes from each other upon which the mussels were counted. As we later pooled counts in 9.5 and 4 mm mesh sieves, this procedure provided us with four size classes of benthic mussels that regarding the two smallest sieves also differentiate year classes.



Definition of Recruits, Juveniles, and Adults


Recruits

In this study, we call mussels found on recruitment collectors (on ropes) and in the 0.5 mm mesh (from bottom samples) recruits. Recruits on the rope had an average size of 0.6 mm, whereas benthic mussels found in the smallest mesh sieve are less than 2 mm long. Benthic recruits are here equivalent in age to those defined by e.g., Beukema et al. (2010) and they are 8–10 months old.



Juveniles

We operationally define juveniles as benthic mussels found within mesh sieve 1 mm. These juveniles have survived two winters in the benthos during which they have reached a size of ca 2–4 mm in length.



Adults

We operationally call benthic mussels in mesh sieve 2 mm as small adults, whereas we call mussels found in the two larger mesh sieves large adults. Mussels in mesh sieve 2 mm varied in length between 4–8 mm, whereas mussels in mesh sieve 4 and 9.5 mm are larger than 8 mm (the blue mussels can reach a maximum length of ca 35 mm in the study area).



Environmental Data

To account for spatial variability and the lack of environmental monitoring data from each of the 30 stations, we extracted data interpolated from coastal data models, hosted by the Finnish Environment Institute. These data included sea surface salinity and sea surface temperature. To account for annual differences among years and stations, we used actual and frequent monitoring data from the Längden water monitoring station, which is located within the study area (Figure 1) and adjusted annual values for the individual stations according to the proportional differences among stations from the models. Environmental data are gathered 2–3 times per month at the Längden monitoring station. For salinity, we used June–August values as this period encompasses the time for blue mussel breeding, dispersing, settlement and recruitment. The processes of metamorphosis and settlement constitute a dramatic ecological shift in mussels when they are sensitive to abnormal environmental conditions (e.g., Jenewein and Gosselin, 2013). For temperature, we used only mean values from August as it was hypothesized that only summer temperature highs would limit propagule survivorship (Fly and Hilbish, 2013; Westerbom et al., 2019b) and August coincides with the upper yearly temperature maximum in this area. For station-specific wave exposure, we used the Isaeus wave exposure index modified by Bekkby et al. (2008). The wave exposure model is a GIS based model that includes shoreline topography, fetch, wind data and depth in estimating the wave exposure for each site and depth.



Data Analysis

We ran parametric one-way ANOVAs whenever possible to test for annual changes in recruitment on ropes, as well as for testing changes in different cohorts in the benthos. In most cases, we transformed variables by log (x + 1) or square root (x + 1) to meet assumptions of normal distribution and homogeneity of variances. In case these assumptions were not met, we used Kruskal–Wallis tests. We used the Pearson correlation to evaluate possible correlations between different life-history stages. All samples in this study were balanced and included a total of 600 natural benthic and 600 artificial/experimental rope samples distributed over 30 sites and 4 years.

We assessed the individual association between five different response variables, i.e., recruits on ropes in autumn, spring samples of benthic recruits, benthic juveniles, benthic small adults and benthic large adults, and three to four explanatory environmental variables (depending on context) using distance-based linear modeling, DISTLM (Legendre and Anderson, 1999; McArdle and Anderson, 2001). The DISTLM analyses are based on a resemblance matrix that shows the level of similarity in abundance among sampled stations. We entered the response variables untransformed as individual counts and we added a dummy variable of one in order to cope with empty samples. We normalized the environmental variables prior to analyses.

In evaluating the influence of the environmental variables, we used the “BEST” option (Clarke and Gorley, 2006). BEST identifies a series of alternative models including an increasing number of explanatory variables. Then, the most parsimonious model among these is identified by the Akaike information criterion (AIC). Alternative models differing from each other with less than 2 units are identified as potential parallel models, and in these cases, the models with the lower number of variables included are preferred (Burnham and Anderson, 2002). We identified the individual relationship of each environmental variable to the registered mussel densities in each size class based on marginal F tests. We performed the DISTLM analyses in PERMANOVA + as implemented in PRIMER software version 7 (Anderson, 2005; Anderson et al., 2008).



Spatial Analysis for Recruitment

In order to estimate and visualize the spatial variability in recruitment among islands and over the archipelago, we ran spatially explicit analyses based on INLA (Integrated Nested Laplacian Approximation) combined with GLMM modeling. We built spatial models for recruits on the rope (model I) and for recruits in the benthos (model II). We chose INLA as it is able to handle spatial dependency in the calculation of parameters explaining recruitment variation in space. For modeling, we used the Gaussian random field (GRF). GRF is a collection of spatial random variables where the samples occur in a spatially continuous domain and therefore exhibit distance-based relationships (Moraga, 2019). To deal with these relationships, we used the stochastic partial differential equation approach (SPDE) and implemented it in the Bayesian R-INLA package (for closer description of the model, see Supplementary Material).



RESULTS


Recruitment Variability in Time

During the four study years, the average seawater salinity differed considerably, being high in 2004 (6.0 ± 0.3), low in 2005 (5.5 ± 0.1) and 2006 (5.4 ± 0.5), and again high in 2007 (5.9 ± 0.2, mean ± SD). Seawater temperature in August (mean ± SD) showed very small variations among years (16.6 ± 2.9, 16.9 ± 2.0, 16.9 ± 2.1, 16.8 ± 1.9, for the respective years 2004–2007). Wind patterns differed among years. In 2004, there were relatively calm W–SSE winds. In 2005, SW winds were common. In 2006, the wind direction was variable and characterized by strong eastern, moderately southern and calm winds from the west. Finally, in 2007, strong winds from WSW–SW alongside with strong eastern winds were common (Figure 2).
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FIGURE 2. Wind roses from Hanko Russarö weather station (10 km west from the study area) showing wind patterns between June and August during the 4 years, 2004–2007.


In 2004, the recruitment rate of M. trossulus was extremely high to the artificial substrates throughout the archipelago area, whereas it was more than one order of magnitude weaker in 2005 and in 2006. In 2007, the recruitment rate was again high (Figure 3). These differences were highly significant among years (Kruskal–Wallis H3 = 435.8, P < 0.001) and the changes in recruitment to the artificial units reflected parallel changes in sea salinity (Figure 3).
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FIGURE 3. Mean abundance of different mussel size classes (±SE) during four years. Left panel shows recruit abundance on artificial units (ropes) in autumn 2004–2007 and mean (±SE) summer salinity. Right panel shows the structure of the benthic population during 4 years, sampled in spring each year 2005–2008. The star exemplifies how the recruits of 2004 have traveled through the different cohorts. A1–A4 combine the left and right panel and visualizes how similar the recruitment pulses were on the collectors and in the benthos.


Recruitment success to the benthos differed among years (ANOVA F3,596 = 114.3, P < 0.001) and showed a strong positive correlation with recruits on ropes 9 months earlier (Figure 3, Pearson r = 0.7, N = 600, P < 0.001). Juvenile abundances also varied strongly among years (Kruskal–Wallis H3 = 216.3, P < 0.001, Figure 3) and they correlated strongly with benthic recruits 12 months earlier (Pearson r = 0.81, N = 450, P < 0.001). In 2005, recruitment to the benthos was extremely high and caused a nearly nine-fold increase in juvenile abundance 1 year later. The pulse of new recruits had, however, wider consequences as the number of small adults correlated positively with the number of juveniles found in the benthos the previous year (Pearson r = 0.6, N = 450, P < 0.001). Also, small adults showed highly significant changes in abundance among years (Kruskal–Wallis H3 = 130, P < 0.001). Large adult mussels showed clear year effects (ANOVA F3,596 = 8.2, P < 0.001) with abundances in 2008 differing from the abundances in the previous years. In 2005–2007, there were no differences in adult abundance among years. Hence, the pulse of the new recruits in 2004 traveled through the population and manifested itself in the adult population of 2008 at the end of the study.



Factors Affecting Recruitment to Artificial Units in Autumn and to the Benthos in Spring

Using the explanatory variables salinity, seawater temperature, wave exposure, and number of adult mussels, we ran two DISTLMs to evaluate the roles of these factors for the recruitment to artificial units in autumn and for the recruitment to benthos in spring. The BEST model for both analyses included all four variables and marginal tests showed that all variables were highly significant (Table 1). For recruitment to ropes in autumn, 53.8% of the total variation in the data cloud was explained with salinity as the most influential factor, explaining 51.7% of the total variation. The other three variables explained less than 7% individually (Table 1).


TABLE 1. Relationship between number of mussels within different groups and registered environmental variables according to five DISTLMs.
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For the recruitment to the benthos in spring, 31.1% of the total variation in the data cloud was explained and salinity was again the single variable that was the most influential factor. However, the explanatory power of salinity for the benthic recruits in spring was clearly lower (23.8%) than for the recruits in autumn whereas water temperature (13.6%) and wave exposure (11.9%), now played a greater role (Table 1).



Factors Affecting the Number of Juveniles and Adults in the Benthos in Spring

To examine which factors that were driving the number of benthic juveniles and small and large adults in spring, we ran three DISTLMs using the explanatory variables salinity, seawater temperature, wave exposure, and number of adult mussels (the latter factor only for juveniles and small adults). The BEST model for all three analyses included all applied variables and marginal tests showed that all variables were highly significant (Table 1). For benthic juveniles, 36.4% of the total variation in the data cloud was explained. Marginal tests identified wave exposure as the single variable that was most strongly attributed to changes in this data (15.8%) followed by salinity (10.6%) and temperature (8.4%) (Table 1).

For benthic small adults, 40.2% of the total variation in the data cloud was explained by the model. Marginal tests identified that wave exposure was clearly the most important variable (24.1%) followed by number of adult mussels (11.1%) and seawater temperature (11.0%), while salinity (5.0%) had a marginal effect (Table 1). For benthic large adults, 25.0% of the total variation in the data cloud was explained and marginal tests showed that wave exposure was clearly the most important variable (13.7%), while seawater temperature (4.5%) and salinity (2.8%) had very low explanatory power (Table 1).



Recruitment Variability in Space

The INLA models showed that recruits were not homogeneously spaced over the archipelago and there were strong year effects in their spatial distribution (Figure 4). In 2004, when salinity and recruitment were very high, we observed a peak recruitment on ropes in the inner archipelago. In contrast, during years with low recruitment (2005 and 2006), recruitment to the ropes was more evenly spaced over the entire archipelago gradient. In 2007, when seawater salinity was high again, we observed the highest recruitment in the outer archipelago. The model confirmed the DISTLM results and indicated that salinity had a positive effect on recruitment, whereas temperature and wave exposure showed weak negative effects (Supplementary Material). Benthic recruits also showed a patchy distribution, with clear year effects that mirrored the results from the artificial collectors. The model confirmed the DISTLM results, but in the model, the density of adult mussels did not explain variation in benthic recruitment.
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FIGURE 4. Spatiotemporal distribution of recruits collected from (A) experimental brick collectors in fall and from (B) the benthos in the following spring. Panels show the posterior Gaussian random fields (w) for each year in natural log scale. Positive and negative values indicate areas where the recruitment was strong or weak, respectively.




DISCUSSION

In the larger context of identifying processes that structure blue mussel populations living at the lower limit of their salinity tolerance (e.g., Westerbom et al., 2019b; Jaatinen et al., 2021), this study contributes to the understanding of range ecology by providing insights into environmental factors that drive recruitment processes and by showing how recruitment pulses manifest into adult population structure. In line with the working hypotheses, (1) we demonstrate that fluctuations in ambient seawater salinity ultimately facilitates or obstructs the size of the blue mussel population in this range area by affecting the yearly recruitment strength. We also show that (2) peaks and dips in recruitment clearly affect the size of later cohorts and, thus, fluctuating recruitment causes synchronous but time-lagged changes in the overall population density and structure (van der Meer et al., 2001; Beukema et al., 2010; Beukema and Dekker, 2014). Finally, (3) the results suggest that recruit abundance is highly stochastic over the archipelago. This stochasticity is both temporal, showing large inter-annual variations, but it is also spatial, showing inconsistent patterns of highs and lows with regard to recruitment success over the archipelago area.

Ecological research often assumes that recruits are in plentiful supply and that population size is mainly determined by post-recruitment density-dependent interactions (c.f. Underwood and Keough, 2001). However, many studies have shown that variability in recruitment success is in fact a key driver for later population growth, and for the stability of populations (Roughgarden et al., 1988; Westerbom et al., 2019b; Okamoto et al., 2020; Wilcox et al., 2020). Nevertheless, the patterns and causes of spatial and temporal heterogeneity in recruitment processes have often remained elusive (Caley et al., 1996; Broitman et al., 2008; Rilov et al., 2008; Sokolowski et al., 2017). By using artificial recruitment units that are homogeneous in structure, we were able to record high temporal variation in early recruitment that adequately predicted later recruitment strength to the benthos. We further showed that this variation was reflected in the size of juvenile and adult cohorts 12–24 months later (Figure 3). At the same time, DISTLM showed that numbers of adult mussels only weakly explained recruitment (Table 1). These results suggest that regulation mechanisms are not strong enough to erase recruitment signals (this concerns both strong and weak signals) thus suggesting a recruitment driven system. Jaatinen et al. (2021) showed only weak effects of density-dependency in these mussel beds and corroborate this interpretation. The strong coherence between recruits in autumn on artificial units and later recruits in the benthos in spring across years and sites, as well as the clear relation between high and low recruitment on later life-history stages, suggest that recruitment is a key process per se for determining population size in this system. This notion does not preclude potential effects of inter- or intraspecific interactions in the plankton, or during the early post-recruitment, but it suggests that populations during some years are under-saturated with established recruits, possibly even recruitment limited (c.f. Karlson and Levitan, 1990; Palardy and Witman, 2014). In contrast to the “recruit–adult” hypothesis (Menge, 2000), which suggests that recruitment density is a good predictor of adult density when low, but not when high, early and later recruitment in this study predicted later cohorts well, also during high recruitment years. This raises two questions: (1) what are the causes behind recruitment fluctuation and the resulting variations in later life-history stages and (2) what are the consequences of this variation for the future population development in a changing Baltic Sea?

Our inferences on the drivers behind spatiotemporal changes in recruitment, and the subsequent changes in later life-history stages are correlative. Consequently, we did not design this study to provide mechanistic explanations of cause and effect relationships. Patterns were however clear, and they are corroborated by a number of recent studies. On a regional scale, shifts in population structure that follow geographical variations in salinity means have been shown (Westerbom et al., 2002, 2019a,b; Nyström Sandman et al., 2013; Kotta et al., 2015), but it has remained unclear which life stage that is the most sensitive one to such salinity changes (Jaatinen et al., 2021). The results of this study indicate that summer salinity, i.e., including the period of fertilization, pelagic drift, metamorphosis and settlement of blue mussels is a key driver that affects the recruitment potential in this system. Westerbom et al. (2019b) showed that an anomaly in sea salinity that remained high throughout the spring 1997 triggered a massive, homogeneous and synchronous recruitment event over the entire northern Gulf of Finland. This massive recruitment event elicited population growth in three distinct populations that persisted much longer at the high salinity end of the Gulf. Westerbom et al. (2019b) also identified a non-linear relationship between salinity on the one hand and population endurance, stability and biomass on the other. Over a short geographical distance where salinity declined by merely 0.5 PSU, there was a clear transition in Mytilus biomass that persisted through time. The existence of a tipping point in salinity is supported by findings in this study where we show that high recruitment to both the artificial units and to the benthos is associated with years when salinity conditions are high (closer or above 6 PSU). Completely the opposite patterns are shown during years when salinity levels are close to or below 5.5 PSU, which represent the lower boundary in long-term averaged salinity records. Hence, changes in recruitment are not driven by factors that operate predominantly on small scales, such as e.g., predation, competition bottom topography or structure, but they are driven by factors that operate on archipelago wide, or larger, scales. Another finding, revealed by the DISTLM was that salinity systematically affected younger cohorts more than older cohorts, whereas once established, wave exposure seemed to affect later cohorts more than the earlier ones, and salinity had a low effect for these mussels.

Recent studies by Westerbom et al. (2019b), Jaatinen et al. (2021), and Liénart et al. (2021) have indicated negative effects of gradually increasing seawater temperatures on population dynamics of Baltic Sea blue mussels. Even if temperature would be a general archipelago wide factor that should affect recruitment strength, we could only find a low negative effect of temperature on recruitment strength and later cohorts. This weak response is likely a result of very small yearly differences in seawater temperature during the years of this study and a lack of extreme highs in 2004–2008. Changes in phytoplankton composition have been shown to influence mussel dynamics over decadal scales (Liénart et al., 2021). A transition in phytoplankton composition or food amount would unlikely explain the stochastic changes in recruitment and population development that we documented here and that took place over a relatively short time-span and during a period when no apparent changes in inter-annual Chl-a concentrations could be seen (data from Finnish Environment Institute). Regional circulation patterns and upwelling events have been considered important for driving the supply of planktotrophic larvae and year class strengths in benthic populations (Porri et al., 2006; Palardy and Witman, 2014). Changes in hydrodynamics can affect the strength of yearly recruitment, but also their spatial patchiness. Since the production of offspring and delivery of recruits likely are decoupled from local population size (Kinlan and Gaines, 2003), the persistence of adult populations critically depends on external transport mechanisms that deliver larvae to adult populations (Caley et al., 1996; Wilcox et al., 2020). Elucidating the effects of transport mechanisms are beyond the scope of this study, but transport mechanisms and their seasonal frequency and stochasticity are possibly important when explaining year-to-year variability in recruitment success and their spatial patchiness that was seen in this study (e.g., Gaylord and Gaines, 2000; Porri et al., 2006; Rilov et al., 2008; Reaugh-Flower et al., 2011).

There is circumstantial evidence in the data suggesting that delivery of recruits may be an important factor determining spatial variation in recruitment in this system. The recruitment patterns in the archipelago showed strong year effects but no spatial consistency (Figure 4). Such chaotic distribution could be driven by erratic changes in surface and near-surface currents, whose direction and strength is driven primarily by wind (e.g., Delpeche-Ellmann et al., 2016). Meteorological forcing may therefore leave a chaotic fingerprint in recruitment patterns in the Baltic Sea, where tides are non-existent and where surface current direction and speed are determined by the wind. Upwelling events may also have contributed to the observed patterns. During upwelling, the water surface layer where pelagic mussels are entrained moves seaward in the Ekman layer (Delpeche-Ellmann et al., 2016), which may reduce larval availability nearshore. During moderate and low recruitment years, higher abundances of recruits were found in the seaward side of the study area, which may be an imprint of the effects of transport mechanisms at open sea driven by regional upwelling events or by general geographical (metapopulation) transport processes. Geographical transport, especially if the studied population is a sink-population (Pulliam, 1988) would explain the regional pattern with generally more recruits seaward and less landward (as seen in Jaatinen et al., 2021). The Tvärminne archipelago opens to the south-west and the predominating wind direction is from south-west (Figures 1, 2). Possibly, the complex geomorphology of the archipelago filters arriving larvae and causes higher settlement at sites closer to the geographical transport route at the open sea. In summer, global wind patterns are weaker and local wind patterns are stronger, causing a highly variable wind pattern (Delpeche-Ellmann et al., 2016 with references), which may explain the opposite recruitment patterns seen, e.g., in 2004 when wind speed was comparatively low. As shown by Jaatinen et al. (2021), blue mussel populations in the outer archipelago are much more stable over time compared to those closer to the mainland. While many factors may contribute to this pattern, the higher population stability offshore may mirror a higher temporal stability in recruitment, which may be a result of a more steady supply of larvae.



CONCLUSION

A commonly accepted view is that marginal populations living near the limit of their geographical range show higher sensitivity to stress, greater probability of local reproductive failure and a higher probability of recruitment limitation (e.g., Karlson and Levitan, 1990). We show here that recruitment strength varies highly in this marginal population and effects of recruitment variability is seen later in the adult cohorts. We also show that the number of recruits is affected by a fluctuating salinity. Hydrological changes in the Baltic Sea are among the fastest recorded globally (Belkin, 2009; Reusch et al., 2018) where negative trends in salinity development and positive trends in the evolution of water temperature have been shown (Westerbom et al., 2019b). As all evidence here indicates that fluctuating background conditions are the most important drivers for recruitment dynamics in this area, then alterations in climate may critically amend future patterns of mussel distribution through changes in recruitment success (Vuorinen et al., 2015; Westerbom et al., 2019b). Such climate driven changes in mussel abundance or distribution have been reported globally (e.g., Beukema and Dekker, 2014; Sorte et al., 2017) and those changes have been advocated to water temperature rise. This study emphasizes the importance of salinity changes as a key mechanism that through recruitment drives this marginal mussel population and predicts a challenging future enforced by ongoing climate change that is lowering the salinity of the Baltic Sea and raising its seawater temperature (see e.g., Westerbom et al., 2019b; Jaatinen et al., 2021). The present study provides an initial step for a better understanding of the implications of a decreased salinity caused by ongoing climate change on the recruitment biology of Baltic blue mussels and it provides insight into how marginal species respond to large-scale ecosystem change. Information from simplified systems and especially those from marginal areas, characteristics which both are true for the current study area, provide important insights into how climate change may reallocate species distributions or affect their abundance structure also in their current central areas of distribution that may become peripheral when conditions change (e.g., Sagarin et al., 2006). The conditions in the marginal areas may then serve as time machines for the study of larger-scale changes in an exercise of “space-for-time” substitution (Blois et al., 2013; Reusch et al., 2018).
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Salinity Temperature Wave exposure Adult number (large) Total variation explained %
A recruits on rope 53.8 (all)
Pseudo-F 39.6"* 15.0"* 26.2"**
Variation explained % - 62 2.4 4.2
B1 benthic recruits 31.1 (all)
Pseudo-F 94 .5*** 81.2"** 19.8**
Variation explained% - 13.6 11.9 3.2
B2 benthic juveniles 36.4 (all)
Pseudo-F o 546t 3180
Variation explained % 10.6 8.4 - 5.0
B3 benthic small adults 40.2 (all)
Pseudo-F 31.29* 73.7°* 74.9*
Variation explained % 5.0 11.0 - 111
B4 benthic large adults 25.0 (all)
Pseudo-F 7S 28.4
Variation explained % 2.8 45

***P < 0.001. The most influential variable is shown with dark background and the least with white background. For recruits, Salinity explained best the variation whereas
for all the other groups, wave exposure was the best predictor.
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