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Abstract

The earth is in the midst of a biodiversity crisis, and projections indicate continuing and accelerating rates of global

changes. Future alterations in communities and ecosystems may be precipitated by changes in the abundance of

strongly interacting species, whose disappearance can lead to profound changes in abundance of other species,

including an increase in extinction rate for some. Nearshore coastal communities are often dependent on the habitat

and food resources provided by foundational plant (e.g., kelp) and animal (e.g., shellfish) species. We quantified

changes in the abundance of the blue mussel (Mytilus edulis), a foundation species known to influence diversity and

productivity of intertidal habitats, over the past 40 years in the Gulf of Maine, USA, one of the fastest warming

regions in the global ocean. Using consistent survey methods, we compared contemporary population sizes to histori-

cal data from sites spanning >400 km. The results of these comparisons showed that blue mussels have declined in

the Gulf of Maine by >60% (range: 29–100%) at the site level since the earliest benchmarks in the 1970s. At the same

time as mussels declined, community composition shifted: at the four sites with historical community data, the sessile

community became increasingly algal dominated. Contemporary (2013–2014) surveys across 20 sites showed that ses-

sile species richness was positively correlated to mussel abundance in mid to high intertidal zones. These results sug-

gest that declines in a critical foundation species may have already impacted the intertidal community. To inform

future conservation efforts, we provide a database of historical and contemporary baselines of mussel population

abundance and dynamics in the Gulf of Maine. Our results underscore the importance of anticipating not only

changes in diversity but also changes in the abundance and identity of component species, as strong interactors like

foundation species have the potential to drive cascading community shifts.
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Introduction

Direct and indirect effects of human-induced global

changes have caused rapid and extreme shifts in com-

munity composition across ecosystems worldwide (Sala

et al., 2000; Lotze et al., 2006). Environmental conditions

can influence species directly (Levin et al., 2001), and

many studies reporting ‘fingerprints’ of global change

have focused on these direct effects on responding spe-

cies (e.g., Parmesan & Yohe, 2003; Root et al., 2003).

However, indirect effects are pervasive in communities

(Menge, 1995), so climate change-driven declines in

individual, strongly interacting species may lead to

chain reactions causing shifts in overall community

composition (Jackson et al., 2001; Ellison et al., 2005;

Bracken et al., 2007). Cascading extinctions (Borrvall

et al., 2000) can occur from the top-down (e.g., due to

the loss of keystone predators; Paine, 1966; Estes et al.,

1989) or from the bottom-up (e.g., in the absence of a

basal food source or foundation [habitat-providing]

species; Pandolfi et al., 2003). Here, we use comparisons

over a 40-year time period and 450-km spatial extent to

investigate declines in an important coastal foundation

species and to evaluate the potential implications for

overall community structure.

The blue mussel,Mytilus edulis, is a critical foundation

and prey species in coastal systems (Seed, 1969; Menge,
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1976) and appears to be facing an increasing risk of

extinction in locations along the USA east coast. Histori-

cally (before 1960), blue mussels occurred widely across

the northern Atlantic from the Arctic Sea to North Caro-

lina and from Svalbard, Norway to the French/Spanish

border (reviewed by Jones et al., 2009). Over the past

50 years, the southern range limit of established blue

mussel populations in the USA has shifted by 350 km to

the north, from Cape Hatteras, NC (35.2°N), to the cur-

rent limit at Lewes, DE (38.8°N; Jones et al., 2010). This

range contraction in the southeastern USA raises the

question of whether blue mussels are also declining in

the Gulf of Maine, between Cape Cod, Massachusetts,

and southern Canada (Fig. 1).

Declines of blue mussel populations may have severe

ecological and economic impacts. As filter feeders,

mussels form a link between marine and terrestrial pro-

ductivity by consuming particulate materials in the

nearshore ocean and biofiltration in general (e.g., Wid-

dows et al., 1979; Altieri & Witman, 2006; Bracken et al.,

2012). Mussels exist within relatively well-characterized

interaction webs in intertidal habitats, often excluding

competitors such as barnacles and seaweeds unless

kept in check by the top carnivores such as whelks and

sea stars (Paine, 1966; Menge, 1976). Mussels not only

‘feed’ intertidal food webs, they create beds with a

three-dimensional matrix that provides essential habi-

tat for a diverse assemblage of associated invertebrates

(Suchanek, 1987; Smith et al., 2006). Blue mussels are

also harvested as food by humans. In 2014, almost

4 million pounds of blue mussels – amounting to over

$10 million – were harvested in the USA, and approx.

85% of USA mussel landings are from the Gulf of

Maine (NOAA National Marine Fisheries Service,

2016). The majority of these mussel landings are from

wild beds, and cultured mussels, which account for

<20% of Maine landings, are initially seeded from wild

sources (Maine Department of Marine Resources, 2016).

Therefore, the persistence of mussels within the Gulf of

Maine is critical for sustaining both ecological and eco-

nomic systems, as loss of mussels could precipitate

changes in the abundance of interacting species, overall

community structure, and ecosystem functioning.

In this study, we used historical and contemporary

survey data to evaluate changes in blue mussel abun-

dance and community composition. Our objective was

to answer the following specific questions: (1) Have

mussels declined in abundance in the Gulf of Maine

over the past 40 years? (2) Has community composition

changed over this same time period, particularly the

contribution of mussels to compositional patterns? (3)

Is intertidal species diversity related to mussel abun-

dance? (4) Which locations are most susceptible to

future population declines, as indicated by the lowest

population sizes, proportion of juveniles, and repro-

ductive potential?

Materials and methods

Approach

We quantified changes in mussel abundances and community

composition by compiling historical records and conducting

site resurveys. To establish current baselines, we extended our

contemporary surveys to 20 sites across the Gulf of Maine. We

investigated the links between mussels and two interacting

species (the predatory whelk Nucella lapillus and another space

competitor, the barnacle Semibalanus balanoides) as well as

overall community diversity and composition using compar-

isons across time (historical vs. contemporary survey data)

and space (sites). Finally, to evaluate future mussel population

growth trajectories, we quantified mussel fecundity and size

structure within these 20 contemporary populations.

Historical data compilation

Historical blue mussel abundance data from the Gulf of Maine

were gathered using a three-step process, including: (1)

Fig. 1 Field sites in the Gulf of Maine. Sites were surveyed for

the historical comparisons (underlined), contemporary commu-

nity analyses (capitals), or both. Site names are as follows:

Quoddy Head (QH), Hamilton Cove (HC), Cutler (CU), South

Addison (SA), Schoodic Point (sp), Grindstone Neck (GN), Sea-

wall, Mount Desert Island (SW), Somes Sound, Mount Desert

Island (md), Vinalhaven Island (VI), Marshall Point (MP),

Chamberlain (CH), Pemaquid Point (PP), Cape Newagen (CN),

Boothbay (bb), East Harpswell (eh), Dyer Cove (DC), Rye Beach,

NH (NH), Folly’s Point (FP), Loblolly Point (LP), Canoe Beach

(CB), Cunner Ledge (CL), The Glades (TG), Horizon Beach

(HB), and Rock Harbor (RH). Geographic coordinates are avail-

able in Data set S1.
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database searches, (2) literature reviews, and (3) data extrac-

tion. We used species- and location-specific keywords to

search online databases [ISI Web of Knowledge (1800–2013),
BioOne, Google Scholar, Sea Grant Publication Index, Biodi-

versity Heritage Library, EBSCOhost Wildlife & Ecology Stud-

ies Worldwide, and University of Maine Dissertation Index].

We also reviewed cited references and included papers from

our own reference files. Our main criterion for inclusion was

the reporting of site-specific, quantitative mussel abundance

data. In total, we reviewed over 8100 titles, 500 abstracts, and

180 papers, eventually including data from 36 published

sources representing a total of over 500 abundance estimates

[by year 9 site 9 location (e.g., tide height)]. Although we

focused our field study on hard-bottom, intertidal sites, the

database also includes some data from soft-bottom and subti-

dal sites. Abundance values were extracted from text, tables,

or figures [using ImageJ (Rasband, 2009) or WebPlotDigitizer

(Rohatgi, 2015)] or were provided by the authors as raw data.

Our most extensive historical dataset, published by Menge

(1976) and Lubchenco & Menge (1978), was transcribed from

original data notebooks. The full database of historical mussel

abundances is provided in Data set S1.

Historical resurveys

We identified five historical studies, reporting mussel abun-

dances quantified between 1972 and 2007, which provided

adequate methodological information that allowed us to

resurvey each study location (e.g., site and tide height; Fig. 1)

using the same survey methods, as described below. All his-

torical and contemporary abundance data were from quadrat

counts conducted along horizontal transects or intertidal

zones. Where specified, locations of random quadrats were

determined using a random numbers table, and point-count

abundance estimates relied on plexiglass quadrats containing

100 points randomly located in x, y space.

Menge (1976) and Lubchenco & Menge (1978) surveyed

Grindstone Neck (GN), Chamberlain (CH), Pemaquid Point

(PP), and Canoe Beach (CB) between 1972 and 1976. We tran-

scribed abundance estimates for all species from all surveys

(Data set S2). Historical data from summer months (May

through August) were used for analyses (but differed by year;

thus, month was not included in our statistical analyses). We

resurveyed these sites in May and July of 2013 and 2014. For

the resurveys, three 30-m horizontal transects were laid at low

(0 m), mid (1 m), and high (2 m) tide heights at each site. Ten

0.25-m2 quadrats were randomly placed along each transect,

and mussel abundances were determined using both visual

percent cover estimates and point-count estimates (both meth-

ods were used at different times by Lubchenco & Menge,

1978). For subsequent analyses, we used the contemporary

visual percent cover estimates, which were slightly

(0.85 � 0.22%) higher than point-count estimates and, thus,

more conservative in identifying declines (also see Dethier

et al., 1993).

Larsen (2012) counted mussels at three rocky intertidal sites

in July 1975: Somes Sound on Mount Desert Island (MD),

McKown Point in Boothbay Harbor (BB), and Pinkham Point

at East Harpswell (EH). All organisms were scraped from two

haphazard 0.25-m2 quadrats at each of three tide heights (low,

mid, and high) and were sorted and counted in the laboratory.

We resurveyed these sites in July 2014 with the one method-

ological difference that we counted the few mussels present

in situ.

Dudgeon et al. (1999) conducted surveys at CH and PP in

May of 1989 and Schoodic Point (SP) in September of 1990. At

each site, mussel abundance was measured in 6–14 quadrats

(0.04 m2) randomly placed along 20-m horizontal transects at

each of three tide heights: low (0 m), mid-low (0.5 m), and

mid-high (1.0 m). Whereas photographic abundance estimates

were presented in Dudgeon et al. (1999), our analyses

(Table 1) are based on raw point-count data provided by the

authors. We resurveyed in July 2013 and May 2014, also quan-

tifying abundance via N = 12–26 point-count estimates across

the two sampling dates.

Bertness et al. (2004) compared mussel abundance between

habitats dominated by mussels or the alga Ascophyllum nodo-

sum across two sites (CH and PP) in July 2001. Eight to 10

0.25-m2 quadrats were haphazardly counted approx. 2 m

apart at two different tide heights: low (0 m to lower limit of

Ascophyllum canopy) and high (upper limit of Ascophyllum

canopy to bare rock). Mussel abundance was estimated as

visual percent cover. We resurveyed these sites (10 quadrats

per habitat 9 tide height 9 site) in July of 2013 and 2014.

Tam & Scrosati (2014) surveyed mussels in May to July 2007

at ‘exposed’ and ‘very exposed’ sites, which included CH and

PP. Raw data were provided by the authors, and resurveys

were conducted at CH and PP in May 2014 and July of 2013

and 2014. At each site, a 10-m horizontal transect was laid at

1 m tide height, and mussel abundance [visual percent cover

(values used in analyses) and total individuals] was quantified

in 15 randomly placed, 0.25-m2 quadrats. Because the identi-

ties of all field sites surveyed by Tam & Scrosati (2014) were

not available, CH and PP values were compared to the average

values for exposed and very exposed sites, respectively.

Contemporary latitudinal surveys

We conducted community surveys at 20 rocky intertidal sites

across the Gulf of Maine in both May and July of 2013 and

2014 (Fig. 1). At each site, we laid a 50-m horizontal transect

parallel to the waterline and then N = 5 vertical transects per-

pendicular to the waterline at randomly determined locations.

The horizontal transect was laid in the same general vicinity

during each site visit, but vertical transect locations differed

by sampling date (i.e., these were not ‘permanent’ transects or

quadrats). Along each vertical transect, we surveyed all spe-

cies in 0.0625-m2 quadrats from 0 m mean lower low water to

the upper edge of the intertidal zone (i.e., end of the barnacle

zone/bare rock) at 0.5-m elevation intervals. In each quadrat,

we determined percent cover of sessile species and bare space

(using visual estimates; values could be >100% due to canopy

layering) and individual counts for mobile species. Given vari-

ation in tidal amplitude between sites (2–6 m), each transect

included between 5 and 13 quadrats. To assess population

growth dynamics (e.g., Westerbom et al., 2002), we also
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determined mussel size structure during each site survey by

removing all mussels from N = 5 random quadrats

(0.0625 m2) and transporting them to the laboratory on ice,

where they were sorted into 5-mm-size bins. We also mea-

sured gonadosomatic index (GSI), an index of reproductive

potential, of N = 40 mussels sampled haphazardly from the

size structure quadrats. Each mussel used for GSI analysis

was measured with calipers and dissected to determine shell

dimensions and tissue wet weights, respectively. GSI was cal-

culated as gonad weight � total soft tissue mass.

Data analysis

Historical and contemporary mussel abundance data were

averaged across replicate quadrats and sampling dates, and

Table 1 shows parallel comparisons between time periods

based on results of nonparametric Mann–Whitney U-tests or t-

tests when analyses were based on summary data. We

assessed significance at P < 0.00179 using a Bonferroni correc-

tion for multiple comparisons. We addressed differences

between contemporary data and the Menge (1976) and Lub-

chenco & Menge (1978) studies using a generalized linear

model (Proc GENMOD, using a gamma distribution with a

log link function) in SAS Statistical Software (Cary, NC, USA).

Specifically, we evaluated mussel abundance as a function of

time period (1972–1976 vs. 2013–2014), tide height (low, mid,

high), and site (GN, CH, PP, CB).

To assess changes in interacting species (barnacles and

whelks) and community composition, we compared the tran-

scribed community data from Menge (1976) and Lubchenco &

Table 1 Mussel abundance from historical and contemporary surveys (2013–2014). Historical data are from 1972–1976 (Menge,

1976; Lubchenco & Menge, 1978), 1975–1976 (Larsen, 2012), 1989–1990 (Dudgeon et al., 1999), 2001 (Bertness et al., 2004), and 2007

(Tam & Scrosati, 2014). Abundance values are percent cover except for those from 1975–1976 (Larsen, 2012) which are individual

counts. Detailed survey methodologies are provided in the text. P values are from nonparametric Mann–Whitney U-tests (1972–

1976 and 2007 comparisons) or t-tests when analyses were based on summary data (1975–1976, 1989–1990, and 2001 comparisons)

(nd = no data). Arrows indicate direction of significant changes between historical and contemporary surveys based on a Bonfer-

roni-corrected P value of 0.00179

Year Site Location

Historical abundance

Contemporary

abundance

P ChangeMean SE N Mean SE N

1972–1976 Grindstone Neck High 4 1 63 5 2 40 0.29

1972–1976 Grindstone Neck Mid 17 2 96 10 3 40 <0.001 ↓
1972–1976 Grindstone Neck Low 32 4 78 12 3 40 <0.0001 ↓
1972–1976 Chamberlain High 5 1 28 9 1 40 0.03

1972–1976 Chamberlain Mid 62 5 40 15 4 40 <0.0001 ↓
1972–1976 Chamberlain Low 69 5 40 0 0 40 <0.0001 ↓
1972–1976 Pemaquid Point High 19 2 89 4 1 40 <0.0001 ↓
1972–1976 Pemaquid Point Mid 57 4 75 2 0 40 <0.0001 ↓
1972–1976 Pemaquid Point Low 70 4 50 4 1 40 <0.0001 ↓
1972–1976 Canoe Beach High 12 2 39 8 2 40 0.01

1972–1976 Canoe Beach Mid 15 3 45 2 1 40 <0.001 ↓
1972–1976 Canoe Beach Low 1 0 24 0 0 40 <0.01 ↓
1975–1976 Mount Desert Island Low to High 1184 nd 6 3 1 6 <0.0001 ↓
1975–1976 Boothbay Low to High 861 nd 6 1 1 6 <0.0001 ↓
1975–1976 East Harpswell Low to High 133 nd 6 2 1 6 <0.0001 ↓
1989–1990 Chamberlain Low 1 1 13 0 0 26 0.14

1989–1990 Chamberlain Mid–Low 2 1 12 14 6 24 0.16

1989–1990 Chamberlain Mid–High 9 5 9 15 6 26 0.55

1989–1990 Pemaquid Point Low 2 1 11 0 0 26 0.01

1989–1990 Pemaquid Point Mid–Low 0 0 14 1 0 26 0.30

1989–1990 Pemaquid Point Mid–High 0 0 6 2 0 26 0.01

1989–1990 Schoodic Point Low 14 4 8 3 2 12 0.02

1989–1990 Schoodic Point Mid–Low 1 1 8 7 3 26 0.22

1989–1990 Schoodic Point Mid–High 12 5 8 5 2 26 0.15

2001 Chamberlain &

Pemaquid Point

Ascophyllum 5 3 10 3 1 80 0.52

2001 Chamberlain &

Pemaquid Point

Mussel Bed 74 4 8 16 2 80 <0.0001 ↓

2007 Chamberlain Mid 22 2 150 16 3 45 <0.0001 ↓
2007 Pemaquid Point Mid 1 0 150 6 1 45 <0.0001 ↑
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Menge (1978) to those from our 2013–2014 community survey

at the same tide heights (0, 1, and 2 m). We investigated the

effect of differences in quadrat size between these two com-

munity survey data sets (0.25 m2 vs. 0.0625 m2) by comparing

contemporary mussel cover estimates using both quadrat sizes

(from surveys across four sites and tide heights) and found an

average difference of 3.75 � 1.14% cover. We evaluated

changes in barnacle and whelk abundance with a generalized

linear model as for the mussel comparisons, described above,

except using a Poisson distribution for analyses of whelk

count data. We identified the percentage contribution of each

sessile species to the similarity and dissimilarity of community

composition between time periods (1972–1976 vs. 2013–2014)
using a SIMPER analysis, and we used PERMANOVA, run in

PRIMER v. 6 (Clarke & Gorley, 2006), to compare the sessile

community composition between time periods.

To evaluate contemporary patterns of mussel abundance,

GSI, and size structure, as well as species richness, we used

generalized linear models, as described above. Mussel abun-

dance (averaged across N = 1–5 transects depending on site

and tide height) was modeled as a function of month and

year of survey, site, emersion time, site 9 month, and

site 9 emersion time. Emersion time for each 0.5-m interval

was calculated as the proportion of time each tide height

was above the projected tide level (i.e., emersed), based on

tide height data for the 1 year period of 01 July 2013 to 01

July 2014 (tbone tides; http://tbone.biol.sc.edu/tide/). This

allowed us to correct for variation in tidal amplitude across

sites. We addressed the role of mussels in driving local

diversity (at the quadrat level) by modeling sessile species

richness and mobile species Fisher’s alpha (Hammer et al.,

2001) as a function of year, month, site, emersion time, mus-

sel cover, and mussel cover 9 emersion time. We also evalu-

ated factors driving GSI (including year, month, site,

month 9 site, and mussel length) and proportional abun-

dance of the smallest mussel size class (0–4.9 mm; including

year, month, and site). All values are reported as

means � SE unless specified otherwise.

Results

Blue mussels declined over the past 40 years at seven

sites spanning 450 km of the Gulf of Maine coast

(Table 1). Declines detected by our resurveys of the

Menge (1976) and Lubchenco & Menge (1978) studies

(time period v2 = 393.78, df = 1, P < 0.0001) were par-

ticularly evident at locations where mussels were his-

torically present in high abundance. Across four sites

(GN, CH, PP, and CB), mussel cover declined by an

average of 84%, 74%, and 6% at low, mid, and high tide

heights, respectively (tide height 9 time period

v2 = 128.57, df = 2, P < 0.0001; Table 1). Mid-zone

mussel cover at these sites has declined from a range of

15–62% in the 1970s to the current range of 2–15%
cover. Mussel abundance also declined by 99% across

the three sites originally surveyed by Larsen (2012) in

1975–1976. Comparisons to more recent baselines

indicated a decreasing trend but fewer differences

(Table 1).

Community composition changed between 1972–
1976 and 2013–2014, the same interval during which

blue mussels declined (PERMANOVA pseudo-

F = 53.67, P = 0.001; Fig. 2; Data sets S2 and S3). In

1972–1976, the dominant space holders were the barna-

cle S. balanoides and mussels, respectively contributing

38.8% and 34.1% to similarity within sites and surveys;

three algal species (Chondrus crispus, A. nodosum, and

Fucus spp.) contributed a total of 19.6%. However, in

2013–2014, mussels were not among the species that

accounted for >90% of similarity within the sessile com-

munity. Instead, the main contributors to similarity

between sites and surveys were S. balanoides (48.3%)

and five algal species (Ralfsia verrucosa, Hildenbrandia

sp., Mastocarpus stellatus, A. nodosum, and Fucus spp.),

which contributed a total of 41.8% (4.7–13.2% each).

Mussels were the second most important contributor to

differences in community composition between histori-

cal and contemporary time periods, with a contribution

of 11.7%, after 19.2% by the abundant species S. bal-

anoides (Table S1). Single-species comparisons showed

that S. balanoides increased (time period v2 = 18.71,

df = 1, P < 0.0001) and the predatory whelk N. lapillus

decreased (time period v2 = 1793.19, df = 1, P < 0.0001)

between 1972–1976 and 2013–2014 (Fig. 3).

Across the Gulf of Maine, within-site analyses indi-

cated that mussels characterized the sessile community

(based on species accounting for >90% of similarity) at

only two of 20 sites in 2013–2014 – Cunner Ledge (CL)

and Grindstone Neck (GN) – contributing ≤6% to

month and year comparisons. Mussel abundance did

not vary between years during our contemporary sur-

veys (v2 = 0.27, P = 0.6052) but did vary seasonally and

within and among sites (n = 595; Fig. 4). Mussels were

more abundant in May than July (v2 = 19.49,

P < 0.0001) and at lower tide heights (emersion time

v2 = 22.17, P < 0.0001). There was a great amount of

variability across sites (v2 = 326.89, P < 0.0001) as well

as interactive effects of site 9 month (v2 = 119.80,

P < 0.0001) and site 9 emersion time (v2 = 153.45,

P < 0.0001) on mussel abundance.

Our contemporary surveys indicated that the diver-

sity of sessile species varied with mussel abundance

and tide height in the Gulf of Maine (Table S2). Sessile

species richness differed with mussel cover 9 emersion

time (P = 0.01) as well as the main effects of emersion

time (P < 0.0001), site (P < 0.0001), and year (P = 0.03).

Post hoc analysis showed that sessile species richness

increased with increasing mussel abundance in the

upper intertidal (emersion time > 50%) (v2 = 9.78,

P = 0.0018), but was not related to mussel abundance

in the lower intertidal (P > 0.38 for all groups).
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Diversity (Fisher’s alpha) of mobile species differed by

emersion time (P < 0.0001) and site (P < 0.0001) but

was not related to the main or interactive effect of mus-

sel cover (P = 0.80).

Indicators of future population growth trajectories

differed between sites (Figs S1 and S2). In particular,

the proportional abundance of the youngest individuals

(within the smallest size class of 0–4.9 mm) – an index

of recruitment – differed between populations and over

time (n = 380; Fig. 5). Size distribution varied by site

(v2 = 136.37, P < 0.0001) and month 9 site (v2 = 95.14,

P < 0.0001). Across sites, the youngest size class repre-

sented an average of 22.53 � 3.33% of mussels, with a

range of 0% (at South Addison in northern Maine) to

65% (in New Hampshire). There were also more

Fig. 2 Changes in community composition between 1972–1976

and 2013–2014 at four sites across the Gulf of Maine. (a) Non-

metric multidimensional scaling plot of differences by site (GN,

CH, PP, and CB) 9 tide height (L = low, M = mid, H = high)

between 1972–1976 (bold text) and 2013–2014. Values are from a

Bray–Curtis resemblance matrix after square-root transforma-

tion (3-D stress = 0.07). (b) Contributions to community compo-

sition of sessile species collectively comprising >90% of the

similarity within time periods. Values are based on percent

cover estimates from N = 820 and 228 quadrats surveyed in

1972–1976 and 2013–2014, respectively, across four sites (GN,

CH, PP, and CB) and during the summer months (May to

August).

Fig. 3 Abundance of (a) mussels Mytilus edulis, (b) barnacles

Semibalanus balanoides, and (c) whelks Nucella lapillus from two

time periods spanning 40 years. Abundance is based on esti-

mates of visual percent cover (mussels and barnacles) or counts

(whelks) in quadrats surveyed between May and August during

1972–1976 (N = 140–270) and 2013–2014 (N = 56–58). Values are

site means + SE across quadrats at three tide heights (0, 1, 2 m).

Details are given in ‘Materials and methods’ and Data set S1.
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individuals 0–4.9 mm found in May than in July

(v2 = 12.99, P = 0.0003) and in 2014 than in 2013

(v2 = 25.66, P < 0.0001). GSI, an index of reproductive

potential, varied by month (v2 = 114.89, P < 0.0001)

and site (v2 = 109.57, P < 0.0001) and increased with

mussel length (v2 = 133.68, P < 0.0001).

Discussion

Using consistent methodology across time, our results

show that blue mussels have declined in the Gulf of

Maine over the past 40 years. These declines occurred

across all seven sites surveyed in the 1970s, which span

>400 km of coastline. Our comparisons across time and

space showed that changes in mussel abundance were

associated with major shifts in community structure.

Over 40 years, mussels have gone from being a defin-

ing species of intertidal habitats in the Gulf of Maine to

being a minor contributor to compositional patterns

and a spatial subdominant. In addition, an increase in

competitors (the barnacle S. balanoides) and decrease in

the predatory whelk N. lapillus support the prediction

that mussel declines influence the community via

changing species interactions. The sharp decline in

whelk abundance indicates a strong bottom-up effect,

with declines in mussel prey having a major impact on

the trophic structure of this system. Furthermore, our

contemporary surveys showed that mussel abundance

was positively related to species richness – suggesting a

positive effect of habitat provisioning – in the relatively

stressful upper intertidal across 20 sites. These findings

of our contemporary surveys across sites mirrored

those of the historical comparisons, reinforcing the

importance of this foundation species to the broader

intertidal community, even as captured in visual sur-

veys (i.e., without destructively sampling to assess all

species that live in the mussel bed matrices; Suchanek,

1987; Smith et al., 2006).

Comparisons to historical surveys conducted

between 1972 and 2001 suggest that mussel declines

have been consistent over time, with increasing differ-

ences from baseline data collected further back in time.

Although few data are available prior to the 1970s

(Data set S1), some of the observed declines likely

started before the 1970s. For example, at Canoe Beach

(CB), albeit a site with relatively high human traffic (C.

Sorte, personal observations), Pearse (1913) observed

that in June 1912 ‘[Semi]balanus. . .is everywhere. Myti-

lus and Littorina are almost as ubiquitous’. However, by

1972–1976, average cover for mussels was approxi-

mately 6% (Data set S2). Repeating the surveys across

months and years within each time period allowed us

to compare seasonal and annual variability to differ-

ences between time periods as well as to minimize

Fig. 4 Contemporary (2013–2014) mussel abundance at 20 sites in the Gulf of Maine (organized from north to south; see Fig. 1). Maxi-

mum values are from the quadrat (i.e., tide height) of maximum abundance on each transect, averaged across five transects from four

survey dates (N = 20 total). Mean values represent an estimate of abundance across the entire intertidal zone from N = 4 surveys, after

first averaging abundance by tide height across transects and then across all tide heights to get the mean for each survey. Error bars are

1 SE.
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potential effects of between-period climatic differences

(e.g., Denny & Paine, 1998).

Declines in Gulf of Maine mussel populations are

analogous to the trajectories of populations between

Delaware and North Carolina where blue mussels are

now rare and/or locally extinct (Jones et al., 2010).

Thus, in the northwestern Atlantic, blue mussels have

experienced both a contraction of their southern range

edge (Jones et al., 2010) and significant decreases in

their region of historically maximum abundance (Tam

& Scrosati, 2011; Petraitis & Dudgeon, 2015). At the

same time, there is evidence that blue mussels have

extended their northern range edge into the Arctic by

recolonizing an area of historical extirpation at Sval-

bard (Berge et al., 2005). Future work could utilize

recently reported quantitative benchmarks to broaden

the spatial extent of these comparisons, including to the

coast of eastern Canada (Tam & Scrosati, 2011), Green-

land (Blicher et al., 2013), and the North Sea (Folmer

et al., 2014).

It is important to note that both our study and other

studies that have not included a genetic component

likely overestimate M. edulis populations, as the visu-

ally indistinguishable congener Mytilus trossulus

becomes increasingly common at more northern sites.

Genetic analyses have shown that M. trossulus coexists

with M. edulis at low frequency (<10%) in southern to

mid-coast Maine (i.e., the northernmost sites included

in our historical comparisons) but up to 50% frequency

in northern Maine (SA, CU, HC, and QH; Hayhurst &

Rawson, 2009) and north of our study region (Tam &

Scrosati, 2011). Such cases of morphological crypsis can

obscure attempts to track population shifts (Geller,

1999).

The causes of these changes in mussel abundance

and distribution patterns are likely multifold, includ-

ing direct and indirect effects of human activities

and global change. A significant factor in the decline

of blue mussels in the Gulf of Maine has been the

increase in their harvesting over the past 40 years.

Commercial harvest (in units of mussel biomass

taken annually) has increased approx. 10-fold over

this time period (NOAA National Marine Fisheries

Service, 2016), and the development of mussel aqua-

culture has also increased harvesting due to its reli-

ance on wild spat (Maine Department of Marine

Resources, 2016). Future work would ideally improve

tracking of harvesting activities across the Gulf of

Maine, as recreational regulations allow collection of

two bushels (approx. 50 kg) per day (Webber &

Maine Department of Resources, 2013), removal that

is unmonitored. Particularly impactful would be the

harvesting of likely mussel source populations in the

northern Gulf of Maine (e.g., Sorte et al., 2013), as

further evidenced by concurrent declines in mussel

recruitment rates (Petraitis & Dudgeon, 2015).

Declines due to direct removal by humans are likely

exacerbated via indirect effects of human activities

Fig. 5 Proportion of individual mussels in the smallest size class (0–4.9 mm) at 20 sites in the Gulf of Maine (organized from north to

south; see Fig. 1). Values are mean (+1 SE) proportional abundance in N = 20 quadrats across four survey dates (May and July of 2013

and 2014), except at QH, HC, CU, and RH where N = 16, 15, 11, and 18, respectively.

© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 341–352

348 C. J . B . SORTE et al.



including climate change and species invasions, with

feedbacks involving alterations in productivity, food

availability, large-scale storm disturbances, and, ulti-

mately, recruitment. Jones et al. (2009, 2010) used a

combination of laboratory tolerance experiments and

hindcasting with climate models to show that the blue

mussel’s southern range contraction appears to be a

consequence of ocean warming. Episodic warming

periods occurred in the Gulf of Maine between the

1930s and 1980s, including in the late 1960s (Drinkwa-

ter, 1996), whereas sea surface temperature seems to

have continually increased from the 1980s to the pre-

sent (Pershing et al., 2015). Multiple exposures to tem-

peratures of >32 °C – a low tide temperature that is not

uncommon during summer months – caused 50% mor-

tality in experiments with mussels from Nahant, MA

(Sorte et al., 2011). Even more moderate temperature

exposures can elicit mussels’ stress responses and hin-

der normal functions of growth and reproduction (Hof-

mann & Somero, 1995; Halpin et al., 2002). Declines in

mussel populations would also be consistent with

increases in hurricane activity (i.e., storm frequency) in

the North Atlantic (Carrington, 2002), as field mortality

rates of mussels in Rhode Island were accurately pre-

dicted by models of wave intensity combined with

observed temperature extremes (Carrington et al.,

2009). In addition, there is evidence of changing pro-

ductivity in the region (Greene & Pershing, 2007; Balch

et al., 2012), and predation intensity has changed due to

the introduction of nonnative species (e.g., green crabs

can be important predators in wave-protected habitats;

Leonard et al., 1999) and to alterations in trophic struc-

ture resulting from overfishing (Harris & Tyrrell, 2001).

Patterns of disturbance and recruitment are known

to play a key role in mussel population dynamics (Day-

ton, 1971), particularly in highly seasonal systems like

the north Atlantic (e.g., Menge, 1976; Dudgeon & Pet-

raitis, 2001; Witman et al., 2003). Indeed, our size fre-

quency data (Fig. S1) indicate that recruitment does

occur but that postsettlement mortality is high, prevent-

ing new recruits from surviving to enter the larger size

classes. Thus, as human activities directly and indi-

rectly increase disturbance, declining source popula-

tions and subsequent recruitment are expected to

impede future population replenishment, and this feed-

back loop seems to already be underway (e.g., Petraitis

& Dudgeon, 2015).

A combination of anthropogenic and other global

change drivers has been invoked to explain community

shifts in adjacent subtidal communities within the Gulf

of Maine. In the 1970s, shallow subtidal communities in

New Hampshire and southern Maine were dominated

by kelps and red algae in natural benthic habitats (Har-

ris & Tyrrell, 2001) and invertebrates (mussels and

barnacles) on experimental settlement plates (Dijkstra

& Harris, 2009; Dijkstra et al., 2011). However, over an

approx. 25-year period (by the late 1990s), both commu-

nities had shifted to dominance by non-native species,

primarily invasive algae on the natural substrata (Har-

ris & Tyrrell, 2001) and invasive sea squirts on the

experimental plates (Dijkstra & Harris, 2009; Dijkstra

et al., 2011). Harris & Tyrrell (2001) attributed the shift

on subtidal rocky reefs to indirect effects of global

change – population explosion and herbivory by the

urchin Strongylocentrotus droebachiensis – while Dijkstra

et al. (2011) correlated shifts in experimental outcomes

to a suite of direct environmental changes, particularly

temperature and nutrient availability. Further offshore,

Lucey & Nye (2010) found that the pelagic fish assem-

blage in this region shifted over the past 45 years,

becoming more similar to southern assemblages.

Emerging evidence for accelerating climate change

(Pershing et al., 2015) and profound community shifts

across the Gulf of Maine identifies the region as a ‘hot

spot’ and a ‘test bed’ of global change impacts (also see

Hobday & Pecl, 2014), similar to marine ecosystems in

Northern Europe (Southward et al., 1995; Hawkins

et al., 2003, 2009) and Australia (Wernberg et al., 2011).

Clearly, the shifts that we observed in the intertidal

community are part of a larger phenomenon of global

and regional changes. However, attributing the causes

of these changes is problematic given the number of

concurrent and interacting drivers, such as the anthro-

pogenic threats described above, as well as the many

potential indirect pathways through which impacts

may be manifested. Previous studies documenting the

importance of mussels in intertidal interaction webs

and to intertidal diversity (e.g., Paine, 1966; Seed, 1969;

Menge, 1976; Suchanek, 1987; Smith et al., 2006) – and

our own comparisons across space and time presented

here – suggest that the loss of mussels has precipitated

a number of the observed changes in strongly interact-

ing species and overall community composition. How-

ever, it is also likely that some portion of these

community-level changes are caused by alternate dri-

vers and/or are themselves the drivers of changes in

the mussel populations. The ability to ascribe causality

in longitudinal datasets is improved with increased fre-

quency of sampling (see Mieszkowska et al., 2014). For

example, sampling that encompasses periods of warm-

ing and cooling has allowed researchers to link climate

to population dynamics across a wide range of species,

including marine foundation species (Southward &

Crisp, 1956; Southward et al., 1995; Stenseth et al., 2002;

Hawkins et al., 2003; Wethey & Woodin, 2008; Genner

et al., 2009). Observations have been paired with mod-

eling (see Helmuth et al., 2006; Poloczanska et al., 2008)

or, rarely, experiments (reviewed in Wernberg et al.,
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2012) to disentangle the direct effects of changing envi-

ronmental context from the indirect effects of species

interactions. These studies point to the importance of

following the population trajectories of foundation spe-

cies as potential harbingers of community-level

changes (Hawkins et al., 2009).

Global change is not only continuing but in many

cases accelerating, particularly within the Gulf of

Maine: sea surface temperature increased at a rate of

0.03 °C yr�1 during 1982–2004 but 0.23 °C yr�1 during

2004–2015 (Pershing et al., 2015). It is, therefore, con-

cerning that we have already documented significant

shifts in intertidal mussel populations and the potential

for such shifts to successively impact diversity and

community composition. This raises the question of

how populations will continue to change in the future.

Mussel population dynamics varied between sites, and

we might anticipate the most severe population decli-

nes at locations with currently lower population sizes,

lower abundance of juveniles (i.e., less successful

recruitment), or lower abundance of medium size

classes (i.e., lower establishment and higher postsettle-

ment mortality). Locations of possible concern include

South Addison, Maine (where no mussels <5 mm were

found), and Seawall, Maine (the site with the lowest

mean abundance and few mussels < 5 mm). On the

other hand, several sites had higher than average pro-

portion of mussel recruits, and relatively high current

population sizes, including Grindstone Neck (Maine),

Rye (New Hampshire), and Loblolly Point, Cunner

Ledge, and The Glades in Massachusetts. The most vul-

nerable populations may increasingly depend on

replenishment via colonization by new recruits from

the broader metapopulation (i.e., less vulnerable source

sites). This dependence calls for a better understanding

of larval connectivity in the Gulf of Maine, as climate-

induced shifts in physical transport processes have the

potential to either promote or impede dispersal to

declining populations (Byers & Pringle, 2006; Sorte,

2013; Sorte et al., 2013). It is encouraging to find evi-

dence for reproductive viability – that is, seasonal

changes in GSI indicative of spawning – in all of the

populations we sampled. Where natural processes of

population replenishment are insufficient to counteract

population declines, conservation and management can

play important roles in protecting particular popula-

tions, especially if such populations are critical for seed-

ing multiple habitats linked by larval dispersal (Carson

et al., 2011).

In conclusion, we have uncovered declines in an

important coastal foundation species and changes in

community structure that were consistent across a

broad region and across a 40-year time period. Future

predictions and the mobilization of conservation efforts

depend on broadscale and long-term survey and moni-

toring efforts that provide quantitative baselines of

population sizes, and we aim for the database pub-

lished here (Data sets S1–S3) to serve this purpose. To

the extent that global change processes have driven

past declines of blue mussel populations, future

increases in temperatures, storm intensity, invasions,

harvesting, and impacts to marine food webs present

further threats to the currently dwindling populations.

Our results provide a scientific basis for future deci-

sion-making aimed at preventing continued declines of

foundation species whose persistence fosters diversity

and whose disappearance could drive an escalation in

community-level extinctions.

Acknowledgements

The contemporary surveys would not have been possible
without many students and volunteers, including A. Gannett,
K. Magrane, N. Albright, M. Bracken, C. Bracken-Sorte, A.
Bulseco-McKim, K. Furman, M. Hepner, K. Hudson, A. Jag-
tap, L. Pandori, M. Smith, and C. Veeneman. G. Bernatchez
provided expert assistance with historical data transcription
and analyses, and we appreciate S. Dudgeon and J. Tam’s
efforts in tracking down raw data. This study was funded by
a grant from MIT Sea Grant (Project 2013-R/RC-132) to C.
Sorte, R. Etter, and R. Hannigan. B. Menge was supported
by NSF grant DEB-1050694, and grants from the David and
Lucile Packard Foundation and endowment funds from the
Wayne and Gladys Valley Foundation. J. Lubchenco’s
research efforts were supported by the Lubchenco Marine
Science Fund at Oregon State University. This is contribution
number 463 from PISCO, the Partnership for Interdisciplinary
Studies of Coastal Oceans, funded primarily by the David
and Lucile Packard Foundation.

References

Altieri AH, Witman JD (2006) Local extinction of a foundation species in a hypoxic

estuary: integrating individuals to ecosystem. Ecology, 87, 717–730.

Balch WM, Drapeau DT, Bowler BC, Huntington TG (2012) Step-changes in the phys-

ical, chemical and biological characteristics of the Gulf of Maine, as documented

by the GNATS time series. Marine Ecology Progress Series, 450, 11–35.

Berge J, Johnsen G, Nilsen F, Gulliksen B, Slagstad D (2005) Ocean temperature oscil-

lations enable reappearance of blue mussels Mytilus edulis in Svalbard after a

1000 year absence. Marine Ecology Progress Series, 303, 167–175.

Bertness MD, Trussell GC, Ewanchuk PJ, Silliman BR, Crain CM (2004) Consumer-

controlled community states on Gulf of Maine rocky shores. Ecology, 85, 1321–

1331.

Blicher ME, Sejr MK, Høgslund S (2013) Population structure of Mytilus edulis in the

intertidal zone in a sub-Arctic fjord, SW Greenland. Marine Ecology Progress Series,

487, 89–100.

Borrvall C, Ebenman B, Tomas Jonsson TJ (2000) Biodiversity lessens the risk of cas-

cading extinction in model food webs. Ecology Letters, 3, 131–136.

Bracken MES, Gonzalez-Dorantes CA, Stachowicz JJ (2007) Whole-community mutu-

alism: associated invertebrates facilitate a dominant habitat-forming seaweed.

Ecology, 88, 2211–2219.

Bracken MES, Menge BA, Foley MM, Sorte CJB, Lubchenco J, Schiel DR (2012) Mussel

selectivity for high-quality food drives carbon inputs into open-coast intertidal

ecosystems. Marine Ecology Progress Series, 459, 53–62.

Byers JE, Pringle JM (2006) Going against the flow: retention, range limits and inva-

sions in advective environments. Marine Ecology Progress Series, 313, 27–41.

© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 341–352

350 C. J . B . SORTE et al.



Carrington E (2002) Seasonal variation in the attachment strength of blue mussels:

causes and consequences. Limnology and Oceanography, 47, 1723–1733.

Carrington E, Moeser GM, Dimond J, Mello JJ, Boller ML (2009) Seasonal disturbance

to mussel beds: field test of a mechanistic model predicting wave dislodgment.

Limnology and Oceanography, 54, 978–986.

Carson HS, Cook GS, L�opez-Duarte PC, Levin LA (2011) Evaluating the importance

of demographic connectivity in a marine metapopulation. Ecology, 92, 1972–1984.

Clarke KR, Gorley RN (2006) PRIMER v6: User Manual/Tutorial. PRIMER-E,

Plymouth.

Dayton PK (1971) Competition, disturbance, and community organization: the provi-

sion and subsequent utilization of space in a rocky intertidal community. Ecological

Monographs, 41, 351–389.

Denny MW, Paine RT (1998) Celestial mechanics, sea-level changes, and intertidal

ecology. Biological Bulletin, 194, 108–115.

Dethier MN, Graham ES, Cohen S, Tear LM (1993) Visual versus random-point per-

cent cover estimations: “objective” is not always better.Marine Ecology Progress Ser-

ies, 96, 93–100.

Dijkstra JA, Harris LG (2009) Maintenance of diversity altered by a shift in dominant

species: implications for species coexistence. Marine Ecology Progress Series, 387,

71–80.

Dijkstra JA, Westerman EL, Harris LG (2011) The effects of climate change on species

composition, succession and phenology: a case study. Global Change Biology, 17,

2360–2369.

Drinkwater KF (1996) Atmospheric and oceanographic variability in the northwest

Atlantic during the 1980s and early 1990s. Journal of Northwest Atlantic Fishery

Science, 18, 77–97.

Dudgeon SR, Petraitis PS (2001) Scale-dependent recruitment and divergence of inter-

tidal communities. Ecology, 82, 991–1006.

Dudgeon SR, Steneck RS, Davison IR, Vadas RL (1999) Coexistence of similar species

in a space-limited intertidal zone. Ecological Monographs, 69, 331–352.

Ellison AM, Bank MS, Clinton BD et al. (2005) Loss of foundation species: conse-

quences for the structure and dynamics of forested ecosystems. Frontiers in Ecology

and the Environment, 3, 479–486.

Estes JA, Duggins DO, Rathbun GB (1989) The ecology of extinctions in kelp forest

communities. Conservation Biology, 3, 252–264.

Folmer EO, Drent J, Troost K et al. (2014) Large-scale spatial dynamics of intertidal

mussel (Mytilus edulis L.) bed coverage in the German and Dutch Wadden Sea.

Ecosystems, 17, 550–566.

Geller JB (1999) Decline of a native mussel masked by sibling species invasion. Con-

servation Biology, 13, 661–664.

Genner MJ, Sims DW, Southward AJ et al. (2009) Body size-dependent responses of a

marine fish assemblage to climate change and fishing over a century-long scale.

Global Change Biology, 16, 517–527.

Greene CH, Pershing AJ (2007) Climate drives sea change. Science, 315, 1084–1085.

Halpin PM, Sorte CJ, Hofmann GE, Menge BA (2002) Patterns of variation in levels of

Hsp70 in natural rocky shore populations from microscales to mesoscales. Integra-

tive and Comparative Biology, 42, 815–824.

Hammer Ø, Harper DAT, Ryan PD (2001) PAST: paleontological statistics software

package for education and data analysis. Palaeontologia Electronica, 4, 9 pp.

Harris LG, Tyrrell MC (2001) Changing community states in the Gulf of Maine: syner-

gism between invaders, overfishing and climate change. Biological Invasions, 3, 9–21.

Hawkins SJ, Southward AJ, Genner MJ (2003) Detection of environmental change in a

marine ecosystem – evidence from the western English Channel. The Science of the

Total Environment, 310, 245–256.

Hawkins SJ, Sugden HE, Mieszkowska N et al. (2009) Consequences of climate-driven

biodiversity changes for ecosystem functioning of North European rocky shores.

Marine Ecology Progress Series, 396, 245–259.

Hayhurst S, Rawson PD (2009) Species-specific variation in larval survival and pat-

terns of distribution for the blue mussels Mytilus edulis and Mytilus trossulus in the

Gulf of Maine. Journal of Molluscan Studies, 75, 215–222.

Helmuth B, Mieszkowska N, Moore P, Hawkins SJ (2006) Living on the edge of two

changing worlds: forecasting the responses of rocky intertidal ecosystems to cli-

mate change. Annual Review of Ecology, Evolution, and Systematics, 37, 373–404.

Hobday AJ, Pecl GT (2014) Identification of global marine hotspots: sentinels for

change and vanguards for adaptation action. Reviews in Fish Biology and Fisheries,

24, 415–425.

Hofmann GE, Somero GN (1995) Evidence for protein damage at environmental tem-

peratures: seasonal changes in levels of ubiquitin conjugates and hsp70 in the

intertidal mussel Mytilus trossulus. Journal of Experimental Biology, 198, 1509–1518.

Jackson JBC, Kirby MX, Berger WH et al. (2001) Historical overfishing and the recent

collapse of coastal ecosystems. Science, 293, 629–638.

Jones SJ, Mieszkowska N, Wethey DS (2009) Linking thermal tolerances and biogeog-

raphy: Mytilus edulis (L.) at its southern limit on the East Coast of the United

States. Biological Bulletin, 217, 73–85.

Jones SJ, Lima FP, Wethey DS (2010) Rising environmental temperatures and bio-

geography: poleward range contraction of the blue mussel, Mytilus edulis L., in the

western Atlantic. Journal of Biogeography, 37, 2243–2259.

Larsen PF (2012) The macroinvertebrate fauna of rockweed (Ascophyllum nodosum)–

dominated low-energy rocky shores of the Northern Gulf of Maine. Journal of

Coastal Research, 28, 36–42.

Leonard GH, Bertness MD, Yund PO (1999) Crab predation, waterborne cues, and

inducible defenses in the blue mussel, Mytilus edulis. Ecology, 80, 1–14.

Levin LA, Etter RJ, Rex MA, et al. (2001) Environmental influences on regional deep-

sea species diversity. Annual Review of Ecology and Systematics, 32, 51–93.

Lotze HK, Lenihan HS, Bourque BJ et al. (2006) Depletion, degradation, and recovery

potential of estuaries and coastal seas. Science, 312, 1806–1809.

Lubchenco J, Menge BA (1978) Community development and persistence in a low

rocky intertidal zone. Ecological Monographs, 59, 67–94.

Lucey SM, Nye JA (2010) Shifting species assemblages in the Northeast US Continen-

tal Shelf Large Marine Ecosystem. Marine Ecology Progress Series, 415, 23–33.

Maine Department of Marine Resources (2016) Maine Marine Resource Information

by Species: Mussels. Available at http://www.maine.gov/dmr/rm/speciesinfor-

mation.htm (accessed 25 July 2016).

Menge BA (1976) Organization of the New England rocky intertidal community: role

of predation, competition, and environmental heterogeneity. Ecological Mono-

graphs, 46, 355–393.

Menge BA (1995) Indirect effects in marine rocky intertidal interaction webs: patterns

and importance. Ecological Monographs, 65, 21–74.

Mieszkowska N, Sugden H, Firth LB, Hawkins SJ (2014) The role of sustained obser-

vations in tracking impacts of environmental change on marine biodiversity and

ecosystems. Philosophical Transactions. Series A, Mathematical, Physical, and Engineer-

ing Sciences, 372, 20130339.

NOAA National Marine Fisheries Service (2016) Commercial fisheries statistics:

annual commercial landing statistics. Available at: http://www.st.nmfs.noaa.-

gov/st1/commercial/landings/annual_landings.html (accessed 25 July 2016).

Paine RT (1966) Food web complexity and species diversity. American Naturalist, 100,

65–75.

Pandolfi JM, Bradbury RH, Sala E et al. (2003) Global trajectories of the long-term

decline of coral reef ecosystems. Science, 15, 955–958.

Parmesan C, Yohe G (2003) A globally coherent fingerprint of climate change impacts

across natural systems. Nature, 421, 37–42.

Pearse AS (1913) Observations on the fauna of the rock beaches at Nahant, Mas-

sachusetts. Bulletin of the Wisconsin Natural History Society, XI, 8–34.

Pershing AJ, Alexander MA, Hernandez CM et al. (2015) Slow adaptation in the face

of rapid warming leads to collapse of the Gulf of Maine cod fishery. Science, 350,

809–812.

Petraitis PS, Dudgeon SR (2015) Variation in recruitment and the establishment of

alternative community states. Ecology, 96, 3186–3196.

Poloczanska ES, Hawkins SJ, Southward AJ, Burrows MT (2008) Modeling the

response of populations of competing species to climate change. Ecology, 89, 3138–

3149.

Rasband WS (2009) ImageJ. U. S. National Institutes of Health, Bethesda, MD, USA,

1997–2015. Available at: http://imagej.nih.gov/ij/ (accessed 25 July 2016).

Rohatgi A (2015) WebPlotDigitizer: HTLM5 Based Online Took to Extract Numerical Data

from Plot Images. Version 3.9. Available at: http://arohatgi.info/WebPlotDigitizer/

(accessed 25 July 2016).

Root TL, Price JT, Hall KR, Schneider SH, Rosenzweig C, Pounds JA (2003) Finger-

prints of global warming on wild animals and plants. Nature, 421, 57–60.

Sala OE, Chapin IFS, Armesto JJ (2000) Global biodiversity scenarios for the year

2100. Science, 287, 1770–1774.

Seed R (1969) The ecology of Mytilus edulis L. (Lamellibranchiata) on exposed rocky

shores. Oecologia, 3, 277–316.

Smith JR, Fong P, Ambrose RF (2006) Dramatic declines in mussel bed community

diversity: response to climate change? Ecology, 87, 1153–1161.

Sorte CJB (2013) Predicting persistence in a changing climate: flow direction and limi-

tations to redistribution. Oikos, 122, 161–170.

Sorte CJB, Jones SJ, Miller LP (2011) Geographic variation in temperature tolerance as

an indicator of potential population responses to climate change. Journal of Experi-

mental Marine Biology & Ecology, 400, 209–217.

Sorte CJB, Etter RJ, Spackman R, Boyle EE, Hannigan RE (2013) Elemental fingerprint-

ing of mussel shells to predict population sources and redistribution potential in

the Gulf of Maine. PLoS One, 8, e80868.

© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 341–352

MUSSEL DECLINES AND COMMUNITY SHIFTS 351

http://www.maine.gov/dmr/rm/speciesinformation.htm
http://www.maine.gov/dmr/rm/speciesinformation.htm
http://www.st.nmfs.noaa.gov/st1/commercial/landings/annual_landings.html
http://www.st.nmfs.noaa.gov/st1/commercial/landings/annual_landings.html
http://imagej.nih.gov/ij/
http://arohatgi.info/WebPlotDigitizer/


Southward AJ, Crisp DJ (1956) Fluctuations in the distribution and abundance of inter-

tidal barnacles. Journal of the Marine Biological Association of the U.K., 35, 211–229.

Southward AJ, Hawkins SJ, Burrows MT (1995) Seventy years’ observations of

changes in distribution and abundance of zooplankton and intertidal organisms in

the Western English Channel in relation to rising sea temperature. Journal of Ther-

mal Biology, 20, 127–155.

Stenseth NC, Mysterud A, Ottersen G, Hurrell JW, Chan K-S, Lima M (2002) Ecologi-

cal effects of climate fluctuations. Science, 297, 1292–1296.

Suchanek TH (1987) Extreme biodiversity in the marine environment: mussel bed

communities of Mytilus californianus. Northwest Environmental Journal, 8, 150–152.

Tam JC, Scrosati RA (2011) Mussel and dogwhelk distribution along the northwest

Atlantic coast: testing predictions derived from the abundant-centre model. Journal

of Biogeography, 38, 1536–1545.

Tam JC, Scrosati RA (2014) Distribution of cryptic mussel species (Mytilus edulis and

M. trossulus) along wave exposure gradients on northwest Atlantic rocky shores.

Marine Biology Research, 10, 51–60.

Webber MM, Maine Department of Marine Resources (2013) Compilation of Shellfish

Laws and Regulations: Marine Resources Documents. Available at: http://digital

maine.com/dmr_docs/1/ (accessed 25 July 2016).

Wernberg T, Russell BD, Moore PJ et al. (2011) Impacts of climate change in a global

hotspot for temperate marine biodiversity and ocean warming. Journal of Experi-

mental Marine Biology and Ecology, 400, 7–16.

Wernberg T, Smale DA, Thomsen MS (2012) A decade of climate change experiments

on marine organisms: procedures, patterns and problems. Global Change Biology,

18, 1491–1498.

Westerbom M, Kilpi M, Mustonen O (2002) Blue mussels, Mytilus edulis, at the edge

of the range: population structure, growth and biomass along a salinity gradient

in the north-eastern Baltic Sea. Marine Biology, 140, 991–999.

Wethey DS, Woodin SA (2008) Ecological hindcasting of biogeographic responses to

climate change in the European intertidal zone. Hydrobiologia, 606, 139–151.

Widdows J, Fieth P, Worrall CM (1979) Relationships between seston, available food

and feeding activity in the common mussel Mytilus edulis. Marine Biology, 50,

195–207.

Witman JD, Genovese SJ, Bruno JF, McLaughlin JW, Pavlin BI (2003) Massive prey

recruitment and the control of rocky subtidal communities on large spatial scales.

Ecological Monographs, 7, 441–462.

Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Table S1. Sessile species contributing to community dissimi-
larity between time periods.
Table S2. Results of a generalized linear model evaluating
the relationship between contemporary mussel abundance
and species diversity.
Figure S1. Mussel population size structure across four sur-
veys and 20 sites in the Gulf of Maine.
Figure S2. Mussel gonadosomatic index across 20 sites in
the Gulf of Maine.
Data set S1. Historical and contemporary baselines of mus-
sel abundance in the Gulf of Maine.
Data set S2. Historical (1972–1976) community data from
four sites in the Gulf of Maine.
Data set S3. Contemporary (2013–2014) community data
from 20 sites in the Gulf of Maine.

© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 341–352

352 C. J . B . SORTE et al.

http://digitalmaine.com/dmr_docs/1/
http://digitalmaine.com/dmr_docs/1/

