Marine Biodiversity Records© The Author(s) 2020
https://doi.org/10.1186/s41200-020-00188-z

Marine Record

Establishment of an extensive breeding population of a marine pulmonate snail far poleward of its previously documented range
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Abstract
The California salt marsh snail Melampus olivaceus, a species from southern California, has established a thriving population in the Elkhorn Slough estuary (Monterey Bay), hundreds of kilometers north of where it is long-established and regularly found. Since the late 1800s this high littoral zone salt marsh snail has occasionally been reported in central California, but only as isolated individuals or shells. We first observed a few individuals of M. olivaceus in Elkhorn Slough in 2013, and the species is now abundant and reproducing throughout the estuary in Salicornia pacifica (pickleweed) marshes. We also document for the first time that this species has a planktonic, feeding larva. Salt marsh snails may have been transported northward as planktonic larvae during periodic El Niño warm water events. Such transport has been reported for other species, but what makes this case unusual is the persistence, reproduction and abundance of the snail following transport.
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The California salt marsh snail Melampus olivaceus Carpenter, 1857 (hereafter salt marsh snail), is a pulmonate (air-breathing) gastropod that lives in the high littoral zone of estuaries in pickleweed (Salicornia pacifica) and other salt marsh plants (Morris et al., 1980). It is a detrivore and microalgal grazer (Page 1997; Whitcraft 2007). Like other pulmonates, members of the genus Melampus are (simultaneous) hermaphrodites (Abbott 1989); members of the few Melampus spp. whose reproductive biology has been described produce planktonic feeding veligers (e.g. M. bidentatus and M. coffea Russell-Hunter et al. 1972; Maia et al. 2012).
The historical northern range limit of M. olivaceus is somewhere to the south of Pt. Conception. Most sources list its northern range limit as Mugu Lagoon, California, located about 80 km west of Los Angeles (e.g. McLean 1978; Morris et al. 1980). Yates (1890) recorded it as abundant in Goleta Slough, about 80 km northeast of Mugu Lagoon, so it is possible that its historical northern range limit was actually in Santa Barbara County. M. olivaceus has been occasionally reported to the north of Pt. Conception, but only as isolated shells. For example, there is one record of a single empty shell of M. olivaceus found at the Salinas River mouth (Cooper 1867), about 300 km north of Pt. Conception, likely collected between the years 1853 and 1866. Fischer and Crosse (1870) list it as present even farther to the north, in San Francisco, citing Binney (1865) as a source. However, it is possible that the locality data they cite is incorrect, since just a few years earlier Binney stated that the northern range limit of M. olivaceus was San Diego.
The Elkhorn Slough estuary, located more than 300 km north along the coastline from Pt. Conception, has a long history of research on invertebrates. Various past studies included records of gastropods; none of these include M. olivaceus (e.g. MacGinitie 1935; Burch 1945; Smith and Gordon 1948; MacDonald 1969a; MacDonald 1969b; Fowler 1977; Nybakken et al. 1977; Carlton 1979; Fowler 1980; Morris et al. 1980; Kellogg 1985; Byers 1999; Carlton 2007; Oliver et al. 2009). Since about 2000, extensive annual surveys of salt marsh habitats have been conducted by staff of the Elkhorn Slough National Estuarine Research Reserve, and a master database of invertebrates maintained. M. olivaceus was not observed in these surveys until 2013. Thus, it seems unlikely that this salt marsh snail was present prior to 2013, at least in any numbers, or it would have been reported.
On 4 October 2013 a living Melampus olivaceus was discovered in association with pickleweed at a site in the mid-estuary on the Elkhorn Slough Reserve, during a routine survey. Another M. olivaceus shell was incidentally observed in the upper estuary several km upstream of the first site on 16 September 2015. Living individuals were also observed incidentally in 2016 at various sites in the estuary, though no systematic searches were undertaken for them. In 2018 (summer and fall) and 2019 (winter and summer) targeted searches for this species revealed hundreds of salt marsh snails aggregated in small groups in areas with pickleweed (at elevations from 1.5–2.0 m above Mean Lower Low Water), at sites ranging from the mouth of Elkhorn Slough at Moss Landing Wildlife Area upstream to the head of the estuary at Hudson Landing (Fig. 1). A few snails were found in the Old Salinas River channel (a smaller side arm connected to the main channel) but they were absent just north of the slough in pickleweed in the Pajaro River. Voucher samples were collected and archived at California Academy of Sciences in San Francisco. Snails were found in small groups at the base of pickleweed, on stems, the mud below the plant, or within crab burrows (Fig. 2a, b). M. olivaceus was often found in association with another pulmonate, the non-native species Myosotella mysotis. Some salt marsh snails were found under Jaumea carnosa (marsh jaumea). Snails were found in areas of damp mud without standing water or significant thatch.
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Fig. 1Location of Melampus olivaceus at Elkhorn Slough National Estuarine Research Reserve (ESNERR) and surrounding locations. Snails present (green dot) and absent (red dot). Site abbreviations: MLWA (Moss Landing Wildlife Area); OSR (Old Salinas River Channel)
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Fig. 2Melampus olivaceus Carpenter, 1857. a and b adult snails; c two egg masses (yellow arrow), 15 mm scale bar for a-c; d unhatched veliger, 8 days after deposition




Snails observed at Elkhorn Slough in 2016–2019 were of several size classes (shell length 6–16 mm). Egg masses were observed in the field in July and August of 2018 and 2019 at many sites (Fig. 2c). Egg masses collected at several sites were observed in an aerated seawater tank. Each egg mass measured approximately 2–3 mm in diameter and contained greater than 100 pale yellow eggs (15 egg masses counted).
How did the snail arrive in Elkhorn Slough from locations > 300 km of coastline to the south? Adults certainly do not move fast enough or live long enough to make this journey unassisted. They could however have been accidentally transported by boat traffic, on field gear of researchers, or on birds’ feet.
Alternatively, it seems plausible that larvae could have been transported from south of Pt. Conception to Elkhorn Slough. However, until now, nothing was known of the larval development of this species. Adults of M. olivaceus collected at Brookhurst Marsh (Huntington Beach, southern California) in July 2013 and maintained in the laboratory on seawater-dampened paper towels deposited many egg masses. Egg mass and capsule morphology were very similar to those described for M. bidentatus (Russell-Hunter et al. 1972). At deposition, eggs measured 70–72.5 μm in diameter, slightly smaller than the embryo size reported for M. bidentatus (Holle & Dineen 1957). Velar cilia could clearly be seen in early veligers in capsules (Fig. 2d). Hatching of veligers was stimulated by immersion of egg masses in seawater 18 days after deposition, and swimming veligers immediately began capturing unicellular algae using opposed bands of cilia on the velar lobes (as do larvae of M. bidentatus: Russell-Hunter et al. 1972). We thus conclude that M. olivaceus has a planktonic feeding larval stage.
How long the larvae of this species remain in the plankton is unknown, but the planktonic period could last a month or more, similar to that of M. bidentatus (Russell-Hunter et al. 1972). When currents are running northward, larvae could be transported hundreds of kilometers poleward in a relatively short time. Indeed, Sanford et al. (2019) estimated that current anomalies and oceanographic conditions might lead to advection of larvae by about 500 km poleward in a month in central California. Northward transport of plankton is particularly common during El Niño events (e.g. McGowan et al. 1998). Planktonic larvae of marine benthic invertebrates can be transported poleward during atypical circulation events associated with warm water anomalies (Gaylord and Gaines 2000). During these events, increased poleward flow of the Davidson Current transports pelagic larvae northward along the eastern Pacific coast (Pearcy and Schoener 1987). The 1867 Salinas River record might have been the result of the strong El Niño of 1864 (Quinn et al. 1987), and high abundance of snails in 2018–9 could be due to transport of larvae during the strong 2015–6 El Niño. Transport of southern species northward to the Monterey Bay region and beyond is not unusual during El Niño events. For instance Lonhart et al. (2019) documented northward range extensions of 7 species (including two molluscs) along the California coast associated with warm water anomalies during 2014–2018. Sanford et al. (2019) described 37 species with northern range extensions into northern California (21of which were benthic organisms with planktonic feeding larvae). However, these range extensions are typically transient, and the transported individuals typically die before reproducing. If conditions were appropriate for these species, they would have become established long ago after earlier El Niño events.
Melampus olivaceus in Elkhorn Slough appears to provide a rare counterexample of a southern species that has persisted, and is reproducing hundreds of kilometers north of its previous range limit. The population at Elkhorn Slough is broadly distributed throughout salt marshes in the estuary, and now abundant at most of these locations. Water temperatures have remained about 0.5 °C above average since the past El Niño, perhaps allowing the snail to establish where it could not previously (Fig. 3). As climate change heats the world’s oceans, such poleward range expansions will only become more common (e.g. Perry et al. 2005; Johnson et al. 2011, Yamano et al. 2011).
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Fig. 3Temperature sampled in South Marsh (ESNERR); annual anomalies are shown. Trend lines are shown in blue dashes. Water temperature shows a marked increase from 2000 to 2017 (Source: https://​beckmw.​shinyapps.​io/​swmp_​summary/​)
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