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Summary

1. Exploited marine populations are thought to be regulated by the effects of fishing, species

interactions and climate. Yet, it is unclear how these forces interact and vary across a species’

range.

2. We conducted a meta-analysis of American lobster (Homarus americanus) abundance data

throughout the entirety of the species’ range, testing competing hypotheses about bottom-up

(climate, temperature) vs. top-down (predation, fishing) regulation along a strong thermal

gradient.

3. Our results suggest an interaction between predation and thermal range – predation effects

dominated at the cold and warm extremes, but not at the centre of the species’ range. Simi-

larly, there was consistent support for a positive climate effect on lobster recruitment at warm

range extremes. In contrast, fishing effort followed, rather than led changes in lobster abun-

dance over time.

4. Our analysis suggests that the relative effects of top-down and bottom-up forcing in regu-

lating marine populations may intensify at thermal range boundaries and weaken at the core

of a species’ range.

Key-words: American lobster, Atlantic cod, climate, meta-analysis, North Atlantic Oscilla-

tion Index, Northwest Atlantic Ocean, predation, species interactions, temperature

Introduction

In community ecology, there has been a long-standing dis-

cussion about the relative importance of bottom-up (cli-

mate and resources) and top-down (predation and

herbivory) regulation of ecosystems (Oksanen et al. 1981;

Hunter & Price 1992; Frank et al. 2006). For exploited

species, this conceptual model is complicated by the direct

effects of harvesting on the target species, as well as

potential indirect effects via predator or prey release

(Worm & Myers 2003; Frank et al. 2011). Furthermore,

these ecological controls may vary or interact along differ-

ent parts of a species’ range. For example, top-down con-

trol of prey species is thought to be particularly strong in

colder waters, attenuating at increasing temperatures

(Worm & Myers 2003) or switching to bottom-up control

(Frank et al. 2006; Frank, Petrie & Shackell 2007). Here,

we present a comprehensive analysis of these interactions

for a heavily exploited crustacean, the American lobster

(Homarus americanus), throughout its entire range in the

northwest (NW) Atlantic Ocean.

Crustaceans are an interesting case study because they

are targeted by major commercial fisheries world-wide

and are the only major invertebrate group that continues

to rise in global catches (Anderson et al. 2011). It is

unclear how much of this increase is forced simply by

increasing fishing effort or by widespread shifts in com-

munity and ecosystem structure. For example, in the NW

Atlantic continental shelf ecosystem there has been a well-

documented shift from large-bodied groundfish to inverte-

brates, including crustaceans (Worm & Myers 2003;

Frank et al. 2005). Several lines of evidence suggest that

the decline of large-bodied groundfish in some regions has

released large decapods, namely American lobster and

snow crab (Chionoectes opilio), from predation (Boudreau

& Worm 2010; Boudreau, Anderson & Worm 2011; Ste-

neck & Wahle 2013). Commercial landings and abun-

dance of American lobster have steadily increased since

the 1980s and continue to generate large catches, particu-

larly in the centre of their range; however, these abun-

dance trends have since reversed in the more southern

regions (ASMFC 2009). With the exception of a disease

event in the late 1990s (Mullen et al. 2004), which

impacted the southern New England (SNE) stock (Wahle,*Correspondence author. E-mail: s.boudreau@dal.ca
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Gibson & Fogarty 2009), it is unclear which factors are

driving the waxing and waning of these populations.

Given sharp biogeographical gradients (Wahle, Brown &

Hovel 2013), it is possible that the forces acting upon lob-

ster populations differ along the species’ range (e.g. Holt

& Barfield 2009).

We examined four competing hypotheses to explain

variation in lobster abundance. Lobster abundance may

be regulated by top-down control from (i) groundfish,

resulting in negative relationships between lobster and

various groundfish species abundances, or (ii) fishing

effort, with increased effort reducing lobster abundance.

Alternatively, lobster abundance may be regulated primar-

ily by bottom-up forces such as (iii) changes in bottom

temperature or (iv) regional climate forcing, represented

here by the North Atlantic Oscillation (NAO) index. As

ecological controls may act differently on various life

stages and in different temperature regimes (Frank et al.

2006), we tested these hypotheses across biologically rele-

vant time-lags and in relation to the strong gradients in

temperature along the lobster’s range.

Materials and methods

data

To explore statistical relationships between lobster, groundfish,

fishing, temperature and climate, we compiled available lobster

abundance indices and paired them with groundfish, temperature,

NAO index and fishing effort time series for all major lobster

fishing regions in the NW Atlantic, including both the United

States (US) Eastern seaboard and Eastern Canada (Fig. 1; Table

S1 in Supporting Information). These areas encompassed the

entirety of the species’ known range and a strong thermal gradi-

ent, from approximately 4–16 °C mean annual bottom tempera-

ture. Where possible, we used fishery-independent scientific

survey and assessment data. The US Eastern seaboard included

three larger regions for which trawl surveys and assessments are

conducted: the Gulf of Maine (GOM), Georges Bank (GB) and

SNE (Fig. 1). In addition, several states have conducted long-

term nearshore trawl surveys; we included time series from Mas-

sachusetts (MA), Rhode Island (RI) and Connecticut (CT).

In contrast, there are presently no long-term survey indices

available in Atlantic Canada. Hence, we tested the additional

hypothesis that lobster landings can be used to approximate

population trends in this species; this may be justified since high

fishing pressure tends to remove a large and relatively constant

fraction of new recruits each year (Fogarty 1995). The Canadian

regions included Nova Scotia (NS), specifically the Scotian Shelf

and Bay of Fundy [lobster fishing areas (LFA) 27–36, 38],

southeast Newfoundland (NL) (LFAs 10 and 11) and the south-

ern Gulf of St. Lawrence (SGSL) (LFAs 23–26A and 26B). We

first regressed lobster landings against existing abundance and

biomass indices (Table S2 in Supporting Information) from

trawl surveys in a linear model on a log–log scale to test the

hypothesis that abundance can be predicted from landings data

for these fisheries. We included available fishery-independent

data (1999–2010) from NS, as well as longer-term data from

National Marine Fisheries Service (NMFS) research-survey

abundance for SNE, GOM and GB. For state-run surveys in

MA, RI and CT, the standardized survey abundance index was

similarly correlated with landings recorded by these states.

We spatially and temporally matched lobster abundance indi-

ces (USA) and landings (Canada) with estimates of an ecosys-

tem index represented by groundfish abundance from research

surveys conducted by the NMFS and the Canadian Department

of Fisheries and Oceans (DFO) as closely as the available data

sources allowed. Specifically, in USA regions, we matched lob-

ster abundance with predator research-survey abundance

(# tow�1). For Canadian regions, we matched lobster landings

with groundfish research-survey biomass (kg tow�1). In MA, RI

and CT, a survey-based index of abundance is available from

the Atlantic States Marine Fisheries Commission (ASMFC)

(mean catch per tow summed for 53–228 mm carapace length).

For SNE, GOM and GB, a fisheries assessment is conducted,

which provides an estimate of total abundance. Here, we used

output from the University of Maine model (abundance, mil-

lions), which assimilates both trawl survey and landings data

(Chen, Kanaiwa & Wilson 2005; ASMFC 2009).

We selected groundfish species based on existing stomach con-

tent data bases (i.e. the top 10 predators of lobster documented

in Hanson & Lanteigne 2000; Comeau et al. 2008; Boudreau &

Worm 2010), with some additional species selected because they

were identified as potential predators on lobster by regional

experts (Table S3 in Supporting Information). Cod was included

in all regions except SGSL due to lack of evidence of predation

on lobster (Hanson & Chouinard 2002) and in CT due to scarcity

of records (State of Connecticut Department of Energy & Envi-

ronmental Protection (CTDEEP) 2012). The abundance indices

of the selected species were summed for each region to produce a
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Fig. 1. Study regions. To illustrate gradients in ambient tempera-

ture, we underlayed the median temperature across all recorded

temperature samples from a depth of 0–100 m at 1° 9 1° resolu-

tion between 1 January 2005 and 1 January 2012. SGSL, south-

ern Gulf of St. Lawrence; NL, Newfoundland; NS, Nova Scotia/

Bay of Fundy; GOM, Gulf of Maine; GB, Georges Bank; SNE,

southern New England; MA, Massachusetts; RI, Rhode Island;

and CT, Connecticut. Insert shows the leading climate index for

the region, the North Atlantic Oscillation (NAO) Index (Decem-

ber–March). Temperature data were accessed from the Fisheries

and Oceans Canada Ocean and Ecosystem Science’s Hydro-

graphic Climate Database on May 5 2014 (http://www.bio.gc.ca/

science/data-donnees/base/data-donnees/climate-climat-eng.php).
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synthetic predator abundance ecosystem index. The suite of spe-

cies included teleost groundfish, small demersal sharks and

skates, collectively referred to as ‘groundfish’. The groundfish

indices for the SNE, GOM and GB were provided by the North-

east Fisheries Science Centre (NEFSC), with the SNE lobster

indices being paired with the Mid-Atlantic Bight. In Canada, the

research surveys were obtained from the Department of Fisheries

and Oceans’ ecosystem trawl survey, and indices for each State

(CT, MA, RI) were obtained from state-run surveys (Table S1 in

Supporting Information). We also explored individual species

correlations with lobster abundance at lags 0–8 years.

We extracted bottom temperature data from trawl surveys (RI,

CT) and the DFO hydrographic climate data base (all other

regions; Gregory 2004). We extracted temperature at depth

ranges of 0–50 m for GOM, SNE, NS and SGSL (DFO 2006,

2007; ASMFC 2009). To reflect the distribution of lobsters in NL

and GB (ASMFC 2009; DFO 2009), we used depths of 0–40 and

100–300 m, respectively. Since MA is divided into GOM and

SNE stock groups, we used the average temperature of these two

regions for MA. We assumed that broad-scale climate conditions

were reflected in the NAO index (December–March), which rep-

resents the difference of normalized sea-level pressure between

Portugal and Iceland (Hurrell 1995). The NAO index reflects the

dominant weather pattern in the North Atlantic region and cap-

tures decadal trends in climate and physical oceanography (Hur-

rell 1995). Support of the NAO’s influence on ecological

processes has been building in recent decades (Visbeck et al.

2001; Drinkwater et al. 2003; Fogarty & Gendron 2004). We

obtained the index from 1950 to 2013 from the National Center

for Atmospheric Research (Hurrell 2013). To assess the effects of

fishing effort, we used the number of reported traps (ASMFC

2009) in the USA, with the exception of RI which was excluded

due to a short time series (N = 8). In Canada, we used the total

number of licenced traps for the SGSL, NS and NL. Since the

fishing power of traps and hauling patterns of individual harvest-

ers may have changed through time in the Canadian regions

(Fisheries Resource Conservation Council 2007), we also consid-

ered an alternative analysis where we excluded the Canadian

regions from the effort analysis.

data transformation and standardization

We log-transformed the lobster, predator, effort and temperature

data to fit our models on a multiplicative scale. While it is diffi-

cult to correctly age lobsters, there is a consensus that recruit-

ment into the fishery occurs at around age 7 and that it is

therefore necessary to incorporate time-lags of 6–9 years into pre-

dictive models that relate larval or settlement processes to catches

or changes in adult abundance (Flowers & Saila 1972; Drink-

water et al. 1996; Acheson & Steneck 1997; Wahle, Incze & Fo-

garty 2004; Wahle, Gibson & Fogarty 2009). We therefore lagged

the lobster time series by 0–8 years, so that lobster abundance

followed the predator, temperature or climate series, to reflect

probable effects on early life stages of lobster that would be

detected later in the catch or trawl survey time series. We corre-

lated the lagged lobster abundance time series with predation,

temperature and climate time series for each region. We corrected

correlation confidence intervals for temporal autocorrelation

using the modified Chelton method (Pyper & Peterman 1998) and

transformed the correlation coefficients with the variance stabiliz-

ing Fischer z transformation prior to fitting meta-analytic models.

We correlated traps and lobster abundance at positive (traps

leading lobster) and negative (lobster leading traps) lags of

3 years, because it was not clear a priori, whether fishing effort

would lead or follow changes in lobster abundance.

statist ical analyses

We used a meta-regression of correlation coefficients to consider

the evidence for multiple hypothesized drivers of lobster abun-

dance. Since the strength of top-down and bottom-up control can

vary with temperature and latitude (Worm & Myers 2003; Frank

et al. 2006; Frank, Petrie & Shackell 2007), we plotted the corre-

lation coefficients between lobster abundance and predation, tem-

perature, and climate against latitude and mean temperature.

Both revealed systematic curved trends in the correlation coeffi-

cients. To formally test the effect of temperature on the correla-

tions, we fit meta-regressions with region-level mean temperature

as a quadratic modifier using the METAFOR package (Viechtbauer

2010) for the statistical software R (R Core Development Team

2012). This approach can be thought of as a sliding meta-analysis

in which the intercept (the meta-analytic mean correlation) is

allowed to vary with some modifying variable (mean region tem-

perature).

We can express the quadratic meta-regression model for each

potential correlate (predation, temperature, climate or effort) and

at each lag as

ri ¼ b0 þ b1Ti þ b2T
2
i þ ei; ei �Nðhi; viÞ eqn 1

where ri represents the log- and Fischer z-transformed correlation

coefficient for region i, b0 represents the intercept, b1 the slope,

b2 the quadratic coefficient and Ti the mean annual bottom

temperature in region i. The sampling error ei is assumed to be

normally distributed with mean zero (hi = 0) and within-region

variance vi. We also considered a random-effect version of the

model where hi was modelled as a random variable drawn from a

normal distribution, but results were similar and not systemati-

cally biased; we present the fixed-effect version for simplicity.

We are using relative abundance estimates and this could be

problematic when combining different predators from trawl sur-

vey data, as these species might differ in their catchability. Hence,

our composite predator index may not accurately reflect the

actual abundance of different predators in the ecosystem. For this

reason, we also explored correlations between lobster and each

predator species by region over the same time-lags.

Results

The available lobster abundance time series spanned

c. 25 years in the USA and 25–50 years in Canada

(Fig. 2). Over much of the observed period, lobster popu-

lations in the NW Atlantic increased in abundance,

despite intensive fisheries. Some regions (particularly from

GB southwards) have also shown recent declines, while

abundance trends and landings appeared mostly stable or

increasing from the GOM northwards (Fig. 2). Predator

time series spanned between c. 20 and 40 years. The total

abundance or biomass of lobster predators declined in

most regions, with some recent increases, for example in

GB dogfish (Squalus acanthias) and haddock (Melano-

grammus aeglefinus) populations (Murawski et al. 2000).
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Temperature has fluctuated widely, but tended to increase

in many regions over time (Fig. 2). Fishing effort, mea-

sured as the number of traps, approximately tracked lob-

ster abundance trends in most regions (Fig. 2). The NAO

index (Fig. 1 inset) was predominantly in a ‘high’ (above

average) phase from 1980 until the early 1990s and has

since decreased.

Most of the lobster abundance indices examined were

correlated with landings (Fig. S1, Supporting Informa-

tion). In NS, landings were not statistically significantly

related to survey abundance (R2 = 0�07, P = 0�24, note

low sample size of N = 10 years), but were positively cor-

related to survey biomass (R2 = 0�43, P = 0�03). For the

larger regions of GOM, SNE and GB, landings correlated

well with the University of Maine stock assessment model

estimates, maybe in part because landings are included in

the model inputs (likely violating assumptions of indepen-

dence). However, similarly strong relationships were seen

between landings and raw survey abundance indices of

lobster in the individual regions of MA, RI and CT (Fig.

S1, Supporting Information).

We found significant meta-analytic correlations between

predator and lobster abundance at lags of 2–5 years at

the extremes of the lobsters’ thermal range (Fig. 3). The

quadratic coefficient was significant (P = 0�01–0�06) at

lags of 3–5 years (Table S4 in Supporting Information).

The relationship between lobsters and the NAO index

was most consistently positive across regions at long time-

lags of 4–7 years and in warmer regions (Fig. 3). Overall,

bottom temperature alone did not appear to have a
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Fig. 2. Time-series data. Shown are un-

transformed abundance indices for lob-

sters (solid line) as well as fishing effort

(dashed line), groundfish predator abun-

dance or biomass (see Table S3 in Sup-

porting Information, for species) and

temperature (°C). Regions are arranged

from coldest (Newfoundland) to warmest

(southern New England). The y-axes for

lobster predators are anchored at 0, and

the value printed on the lobster abun-

dance panels indicates the maximum num-

ber of traps (in 1000 s, dashed line).
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strong or consistent effect on lobster abundance (Fig. 3).

Across predators, the NAO index and temperature, we

failed to find strong effects in the middle of the lobsters’

thermal range at any lag. We found little evidence that

the model residuals were spatially correlated after

accounting for mean temperature in each region (Fig. S2,

Supporting Information). Effort was most positively cor-

related with lobster at lags of 0 to �3, particularly in war-

mer regions, meaning effort closely followed abundance

trends (Fig. 4). These conclusions remained unchanged

when we removed Canadian regions from the meta-analy-

sis (Fig. S3, Supporting Information).

Individual predators (Table S3 in Supporting Informa-

tion; Fig. 5) correlated to varying degrees with lobster

abundance indices across regions. At the cold end of the

range, Atlantic cod, wolffish, thorny skate and cusk were

negatively correlated with lobster in the GOM and NS.

Cod, halibut and wolffish were also negatively correlated

with lobster in NL. At the warm end of the range (SNE,

CT), smooth dogfish was negatively correlated with lob-

ster, as well as striped bass in CT and shorthorn sculpin

in the SGSL. In summary, it appeared that predator

effects in the north were most commonly related to

changes in cod abundance, while in the south they are

mostly related to changes in smooth dogfish. Again, weak

or no correlations were observed along the centre of the

species range (i.e. in MA and RI, Fig. 5).

Discussion

The super abundance of lobsters in the face of heavy fish-

ing has presented an enigma to natural resource managers

and has been part of a wider trend of increasing reliance

on invertebrate fisheries in the region (Anderson, Lotze &

Shackell 2008; Steneck et al. 2011; Steneck & Wahle

2013) and around the globe (Anderson et al. 2011). Our

analysis provides evidence that changes in groundfish

abundance as well as climate may both play a role in reg-

ulating recent changes on lobster abundance, but that

these effects vary systematically with life stage (as evi-

denced by different time-lags) and across the species’

range. We detected negative correlations between ground-

fish and lobsters – particularly at the extremes of the lob-

sters’ thermal range at lags of 2–5 years – but not in

regions of intermediate temperature. Climate variation, as

captured by the NAO index, was positively correlated

with lobster abundance, mostly at long lags, and again at

the warm end of the lobsters range. Further, as the effect

of fishing effort on lobster was positive at leading lags, it

does not appear that fishing is driving lobster abundance,

but rather that fishing effort follows changes in abun-

dance over time. Thus, a combination of release from pre-

dation pressure by groundfish and favourable climatic

conditions may explain the super abundance of lobsters

across part of their range (Steneck & Wahle 2013). Impor-

tantly, our results suggest that thermal range boundaries

may interact to increase the roles of predation and climate

forcing in regulating these populations and possibly oth-

ers. As many species tend to be surveyed at the core of

their distribution, rather than at the edge (Sagarin &

Gaines 2002), the relative impact of top-down and bot-

tom-up forces on such populations may be systematically

underestimated.

top-down control and thermal range limits

Our findings of stronger top-down control at the thermal

range limits of American lobster may be partly explained

by the ‘abundant-centre hypothesis’. The hypothesis holds

that a species’ abundance is often greatest at the centre of

its range and lower towards the edges of the range (Sagarin

& Gaines 2002). Following from this phenomenon are

expectations that edge populations are more variable and

extinction more likely at range edges. These types of

dynamics can also explain increased effects of predation

pressure at range edges for metapopulations (Holt & Keitt

2000). Although the abundant-centre distribution is a

widely held paradigm in biogeography, empirical evidence

is tentative as many populations are undersampled along

their range edges (Sagarin & Gaines 2002). Lobster popula-

tions, however, are well sampled across their range; thus,

our results may provide empirical evidence of stronger

groundfish control at thermal range limits. This might

result, in part, from the pattern of overlap in the thermal

ranges of predators and prey (Fig. 6). Cold-adapted Atlan-

tic cod are found in regions between 2 and 11 mean annual

water temperature (Brander 1995). This species appeared to

dominate predation effects in the cool regions in our study

(Fig. 5); smooth dogfish, in contrast, is a warm-tolerant,

subtropical species (Compagno 1984) that dominated the

warm regions; it is also evident how these effects diminish

towards the regions at the centre of the lobsters’ range

(Fig. 5). At the range edge, based on the abundant-centre

hypothesis, populations will also tend to be smaller,

growth rates slower and more susceptible to changes in

survival (Sagarin & Gaines 2002). Thus, these predator–

prey range dynamics might be expected to interact result-

ing in stronger top-down control at the range limits of the

prey (Fig. 6). At the southern edge of the American lobster

population, where the water is often warm, the growth

rates deviate from this hypothesis as individuals grow

faster (e.g. SNE), except when environmental extremes

(such as hot summers) challenge their physiological limits

(ASMFC 2009). Lobsters may, however, be more suscepti-

ble to changes in survival since shell disease, a source of

natural mortality, may be thermally mediated (Glenn &

Pugh 2006).

At first glance, our results appear at odds with previous

work in the North Atlantic that has examined the effect

of temperature on top-down and bottom-up control

(Worm & Myers 2003; Frank et al. 2006; Frank, Petrie &

Shackell 2007). These studies found that negative preda-

tor–prey correlations were strongest in northern regions

and weaker (or positive) in warmer regions. Species

© 2014 The Authors. Journal of Animal Ecology © 2014 British Ecological Society, Journal of Animal Ecology
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richness, differences in primary production and tempera-

ture itself were proposed as mechanisms underlying these

patterns (Frank et al. 2006; Frank, Petrie & Shackell

2007). The key difference between our study and previous

results, however, is that we extended our analysis to the

range limits of our prey species – whereas Worm & Myers

(2003) and Frank et al. (2006) examined correlations at

mean temperatures from 0 to about 8 °C, we extended

the analysis to a mean temperature of about 16 °C. Our

results show the same decline in correlation strength in

moderately warm regions, but stronger negative correla-

tions at the thermal extremes of the prey’s range (Fig. 3).

Thus, our results extend patterns of top-down and bot-

tom-up control to the entirety of a species’ range. While

the previously proposed mechanisms likely continue to

act, we suggest that the dynamics of predators and prey

at the prey thermal range boundary might increase the

strength of top-down control there.

Our results are consistent with those of Boudreau &

Worm (2010) who documented negative effects of a more

limited suite of predatory groundfish (Atlantic cod, cusk,

longhorn sculpin, monkfish and wolffish) on lobsters in

the GOM. Other predators or pathogens may play addi-

tional roles; we note that one factor not accounted for in

our study was the disease contributing to the sudden

decline in SNE lobster abundance in the late 1990s (Wa-

hle, Gibson & Fogarty 2009). Similarly, we did not quan-

tify the effects of changes in predator size composition.

There is some recent evidence to suggest that examining

predator abundance may only capture some part of top-

down effects and that changes in groundfish body size

may be of similar importance (Shackell et al. 2010;
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Fig. 3. Explaining variation in lobster

abundance. Meta-regression curves are
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means within the range of mean tempera-
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North Atlantic Oscillation index and tem-

perature leading lobster abundance.
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Wahle, Brown & Hovel 2013). The argument is that the

removal of larger fish from an assemblage can effectively

diminish their function as predators, even if collective

groundfish biomass remains stable or even increases in

some areas.

We used lags in our analysis to account for the possible

effects of predators on different lobster life stages. Lob-

sters, like most decapods, undergo ontogenic habitat

shifts, and early benthic life stages are largely dependent

on sheltering habitats to minimize predation risk (Wahle

1992; Wahle & Steneck 1992). At later stages, the species

might be outgrowing many of their predators and becom-

ing less dependent on shelter (Wahle 1992; Wahle & Ste-

neck 1992). Negative correlations between individual

groundfish predators and lobster occurred predominantly

in the colder regions (Fig. 5; Fig. S4 Supporting Informa-

tion); however, the strength of these interactions did not

change substantially over a range of plausible time-lags

(0–8 years). Thus, according to our meta-analysis (Fig. 3)

groundfish may be having an impact on a number of sub-

adult life stages preceding the recruitment of lobsters to

the fishery. This result was consistent in an alternative

analysis with cod abundance included in the SGSL’s

groundfish index (Fig. S5 Supporting Information). We

note, however, that the lobster indices are integrated

annually whereas generally the groundfish surveys are sea-

sonal and of shorter duration, hence not necessarily cap-

turing full seasonal variation in groundfish abundances.

Fishing, in contrast to predation, did not appear to be

driving lobster population dynamics at the regional scale.

Instead, effort appeared to be following lobster abun-

dance, with positive correlations at negative lags (Fig. 4),

indicating that landings may be an appropriate proxy for

lobster abundance in this instance. Although trap and

licence limits have been in effect in Atlantic Canada since

1968 (Pezzack et al. 2006), the number of traps has gener-

ally increased along with landings in the US (ASMFC

2009). Changes in trap design over time and associated

changes in catchability could also have an influence on

effort, yet this is difficult to quantify (Miller 1990).

Undersized lobsters are largely protected from the fishery,

as instantaneous fishing mortality (time-lag 0) acts on lob-

sters of minimum legal size, whereas climate and ground-

fish play a role across all life stages. Overall, the fishery

appeared to be following increases in lobster abundance

with up to a 3-year lag, implying delayed increases in

effort as abundance increased (Fig. 4). These large

increases in effort have brought about a precarious reli-

ance on lobster fishing, particularly in the GOM (Steneck

et al. 2011).

Increased fishing effort also leads to large quantities of

bait being used to lure lobsters into traps; this is believed

to help fuel the increase in lobster abundance in the

GOM, where effort is extremely high (millions of traps

deployed year round), and large bait inputs may help to

‘farm’ lobsters (Grabowski et al. 2009). This explanation

is not believed to explain abundance increases in other

regions, such as southwest NS (Boudreau & Worm 2010),

which features much lower, and more constant trap densi-

ties (Myers et al. 2007; Grabowski et al. 2009). More gen-

erally, our results indicate that effort is following

abundance with several years lag, that is, fishermen are

adjusting their effort as abundance changes, not driving

abundance either via fishing mortality or bait inputs.

bottom-up effects

When exploring the roles of climate variation and temper-

ature, we found that the NAO was an important variable

explaining changes in lobster abundance at intermediate

to long time-lags, roughly corresponding to the age of

lobsters at recruitment – lobster take 6–8 years to recruit
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to the fishery on average. These findings are consistent

with previously documented region-wide influences of

NAO climate forcing (Hurrell 1995), but did not appear

to be easily explained by temperature variation within

each region (Fig. 3). Temperature is known to play an

important role on different life stages of American lob-

ster, including hatching, settlement and growth. For

example, in Maine, 54% of the variance in lobster land-

ings from 1946 to 1986 could be explained by a positive

relationship with sea surface temperature (SST) at the

time of larval settlement (Acheson & Steneck 1997). In

NS (1929–1970), 68% of the variance in landings was

explained by SST in addition to the previous year’s catch

(Flowers & Saila 1972). In accordance with our findings,

Drinkwater et al. (1996) were not able to link SST with

the increase in lobster landings throughout the American

lobster’s range in the 1980s and early 1990s, although

they acknowledged a potential role of SST in the past. In

2012, the GOM experienced anomalously high SST, on

average about 2 °C higher than the 1982–2011 mean

(Mills et al. 2013). Sea surface temperatures in the GOM

have increased by an average of 0�026 °C year�1 since

1982, accelerating after 2004 to 0�26 °C year�1 (Mills

et al. 2013). The 2012 temperatures influenced lobsters by

triggering their movement inshore 3 weeks earlier than in

past years and increasing their moulting rate, and thereby

boosted the number of legal-sized lobsters available to the

fishery (Mills et al. 2013).

In the present study, we typically used yearly tempera-

ture averages, in order to match the temporal scale at

which lobster and groundfish survey data were aggre-

gated; however, we note that the summer season tends to

be the most important time for lobster growth, move-

ment, feeding and possibly predation (ASMFC 2009).

Future studies could focus on changes in finer-scale tem-

perature patterns (e.g. seasonal means, variability,

extremes) and may uncover subtle temperature effects that

were obscured in our analysis.
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Other effects of the NAO on prevailing winds, near-

shore currents and larval advection may be more influen-

tial in driving lobster abundance at the scale of our study.

Since larval lobsters are planktonic (Harding, Drinkwater

& Vass 1983), their feeding success and survival could

depend on climatically driven changes in on plankton

communities. For example, in the GOM, Calanus finmar-

chicus abundance (1961–1991) showed a positive relation-

ship with the NAO index (Conversi, Piontkovski &

Hameed 2001). In Narragansett Bay and RI Sound, a

shift (1980–2005) from benthic to pelagic fish and inverte-

brate species strongly correlated with an increase in the

winter NAO index and a reduction in chlorophyll a con-

centration (Collie, Wood & Jeffries 2008). These changes

could be expected to influence lobsters at the larval stage

and result in correlations with lobster abundance at

longer lags.

Alternatively, the NAO could impact lobster abundance

by affecting the supply and settlement of postlarva. Postlar-

val supply and settlement are believed to be major drivers

of adult lobster population size and favourable environ-

mental conditions have been inferred as a mechanism for

observed increases in lobster abundance and recruitment

(ASMFC 2009). There are many factors which play a role

in settlement success, including the transport of the larvae,

the distribution of the brooding females (and larval

release), temperature, advection and turbulence (Incze, Wa-

hle & Palma 2000; Chass�e & Miller 2010; Incze et al. 2010);

hence, the effect of the NAO on lobster abundance patterns

could be complex. We note that wind direction, wind curl,

temperature and geopotential height (the altitude of

700 mb pressure surface) have all been correlated to Ameri-

can lobster settlement in New England (Pershing et al.

2012).

Conclusions

As global fisheries are expanding increasingly towards for-

age fish and invertebrates (Pauly et al. 1998; Branch et al.

2010; Anderson et al. 2011), it is important to expand the

ecological knowledge base for these low trophic level fish-

eries (Anderson, Lotze & Shackell 2008). In this study, we

found evidence for both top-down (predator release) and

bottom-up (large-scale climate) regulation of lobster

abundance in the NW Atlantic. Evidence for these mecha-

nisms was strongest at the edges of the lobster’s thermal

range, with top-down effects dominating at the cold and

warm extremes (influencing subadults), and bottom-up

effects in the warmer regions (influencing recruitment).

Thus, our results suggest that the relative influence of

top-down and bottom-up forcing in regulating these mar-

ine populations may intensify at thermal range boundaries

and weaken at its core. Given that species tend to be sam-

pled near the core of their range (Sagarin & Gaines 2002),

we may therefore tend to underestimate the role of top-

down and bottom-up control in marine communities. The

central role of species’ thermal range limits in our results

emphasizes the importance of considering community reg-

ulation across large spatial scales and suggests that cli-

mate change may alter current patterns of community

regulation as species’ thermal ranges are shifting in sync

with regional temperature change (Pinsky et al. 2013).
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