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ABSTRACT.—In the Gulf of Maine, landings of American
lobster, Homarus americanus H. Milne-Edwards, 1837, have
doubled since the early 2000s, and are currently at record-
breaking levels. Estimates of spawning stock biomass (SSB)
are correspondingly high, but benthic recruitment of young-
of-year (YoY) lobsters has been declining precipitously since
2012 and is currently at time-series lows. We analyzed a long-
term time series of larval abundance collected off the coast of
New Hampshire, USA, via neuston tows to explore linkages
between trends in lobster SSB, larval abundance, and YoY
recruitment. There was a significant increasing trend in
stage I larvae in coastal New Hampshire, consistent with the
increasing levels of SSB in the Gulf of Maine over the same
period. However, the planktonic postlarvae from the same
survey have been declining in recent years, which correlate
well with diminishing benthic YoY recruitment at monitoring
sites in the western Gulf of Maine, from mid-coast Maine to
Cape Cod Bay, Massachusetts. Furthermore, we found that
both postlarval and YoY lobster time series were significantly
correlated with the abundance of the copepod, Calanus
finmarchicus (Gunnerus, 1770), but not other potential
zooplankton prey, gelatinous predators, or environmental
indicators, such as temperature or wind advection. To
our knowledge, these results are the first to (1) narrow the
likely timing of the decoupling of spawner abundance
and settlement to the few weeks of lobster planktonic
larval development, and (2) suggest that variability in YoY
recruitment, including recent widespread declines, may be
linked to changes in the zooplankton assemblage at the base
of the pelagic food web.

Recent studies in the Northwest Atlantic coastal and shelf waters of the US and

Canada suggest shifts in the abundance of zooplankton may limit recruitment success
and commercial yields of finfish at higher trophic levels (Morse et al. 2017, Perretti
et al. 2017). To date, however, little attention has been given to whether changes
in the zooplankton assemblage might also impact recruitment to commercially
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important crustacean stocks that now dominate the region’s fisheries. Currently,
American lobster, Homarus americanus H. Milne-Edwards, 1837, is the most valu-
able single-species fishery in the United States and Canada (DFO 2017, NOAA 2017).
The commercial harvest of American lobster ranges from Newfoundland to the oft-
shore waters of the US mid-Atlantic states. The most recent population assessment
for American lobster in the United States indicates that the Gulf of Maine/Georges
Bank stock is at a time-series high and has doubled since the early 2000s (ASMFC
2015). Furthermore, estimates of spawning stock biomass (SSB) for American lob-
ster are also at record high levels. Contrary to expectations, however, young-of-year
(YoY) recruitment has been decreasing in recent years throughout the Gulf of Maine
(ASMEFC 2015, Oppenheim 2016, ALSI 2017), and current estimates of YoY recruit-
ment are at or near time-series lows throughout the region. The enigma facing sci-
entists, managers, and industry is the persistent disconnect between a stock that is
currently at record high levels of abundance and low levels of YoY recruitment.

Quantifying the stock-recruitment relationship has been an elusive goal for many
species of marine fish and invertebrates, where high levels of stochastic variation
have been reported (Caddy 1986, Fogarty et al. 1991, Fogarty 1993, Myers 1998,
Wahle 2003). This is also true for the American lobster (Bannister and Addison 1986,
Fogarty and Idoine 1986, Wahle 2003). A highly variable relationship between SSB
and subsequent recruitment is not unexpected, as a myriad of factors operating be-
fore and after larval settlement determine the eventual success of a year class. Larval
advection, mortality by predation, and food limitation have traditionally been con-
sidered important sources of recruitment variability in marine populations, all being
affected by changes in the physical environment (Roughgarden et al. 1984, Gaines
and Roughgarden 1987, Olson and Olson 1989, Hudon and Fradette 1993, Wahle and
Incze 1997, Purcell et al. 2007).

For more than a century, planktonic food supply has been recognized as a factor
limiting fish recruitment at early life stages. Hjort (1914) suggested that food sup-
ply may determine recruitment success via starvation, or prolonged larval develop-
ment heightening the risk of predation. In the northwest Atlantic Ocean, copepods
dominate the zooplankton biomass as a significant consumer of phytoplankton.
Their lipid stores form an energy-rich link fueling higher trophic levels, including
the planktotrophic larvae of fishes and invertebrates. Over the past decade in this re-
gion, several researchers have linked decadal scale changes in recruitment success of
marine fishes to regime shifts in the zooplankton assemblage consumed by fish lar-
vae (Mountain and Kane 2010, Friedland et al. 2013, 2015, Perretti et al. 2017). These
findings coincide with reports of unprecedented changes in northwest Atlantic shelf
waters, particularly in the Gulf of Maine. In recent decades, coastal waters of the
Gulf of Maine have been warming and acidifying at a pace faster than most of the
world’s oceans (Key et al. 2004, Salisbury et al. 2009, Gledhill et al. 2015, Pershing
et al. 2015). Additionally, since 2005 there has been a stepwise downturn in chloro-
phyll-a concentration in nearshore waters, reflecting declines in primary production
and species composition of the phytoplankton assemblage (Balch et al. 2012). Such
regime shifts propagate up the pelagic food web bringing widespread changes in the
abundance and composition of the zooplankton assemblage.

Food limitation has not been as widely studied for the planktonic larvae of benthic
invertebrates as it has in marine finfishes, and for many species the relationship has
not been well established (Olson and Olson 1989). The tanner crab, Chionoecetes
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spp., is one of the few examples we are aware of for which starvation at the larval
stage has been implicated to play an important role in subsequent recruitment suc-
cess (Incze et al. 1987). American lobster larvae undergo three planktonic larval
stages (I-1II) followed by a metamorphosis to a postlarval stage (IV) that is initially
neustonic and eventually settles to the seabed in shelter-providing habitat. The en-
tire planktonic phase ranges in duration from approximately 4—6 wks, depending
on temperature (Lawton and Lavalli 1995). Laboratory studies conducted with the
American lobster indicate a strong dependence of larval survival and development
on food quality and abundance (Templeman 1936, Eagles et al. 1986). However, to
our knowledge, there has been no field research linking zooplankton food supply to
lobster larval abundance in situ.

Over the past 40 yrs, American lobster production in the Gulf of Maine has soared
as the center of production has shifted northward (Pinsky et al. 2013). While there
is general agreement that warming temperatures and the depletion of large-bodied
predatory groundfish have favored the increase of lobster and other benthic crusta-
cean populations in this region (Jackson et al. 2001, Worm and Myers 2003, Boudreau
and Worm 2010, Wahle et al. 2013a, ASMFC 2015), the recent decoupling between
high levels of SSB and low numbers of YoY remains elusive. Here, we examine a
unique long-term data set on lobster larval abundance along with other indicators of
lobster spawner abundance, YoY recruitment, and zooplankton abundance to better
understand the factors influencing fluctuations of YoY recruitment of this iconic spe-
cies. We identify a previously undocumented correlation between recent declines in
components of the copepod assemblage and declining trends in YoY lobster recruit-
ment that suggests a linkage between North America’s most valuable fishery and the
pelagic food web.

MATERIALS AND METHODS

STUDY AREA

Zooplanktonabundance trends, obtained from the Seabrook Station Environmental
Monitoring (SSEM) program off the coast of New Hampshire were compared to SSB
abundance via the Northeast Fisheries Science Center (NEFSC) trawl survey con-
ducted outside of 3 nautical miles (4.8 km) from shore in federal waters and to YOY
abundance via the American Lobster Settlement Index (ALSI) conducted along the
entire coast of Gulf of Maine (Fig. 1). Moreover, we integrated several additional en-
vironmental datasets, all of which are described below.

ABUNDANCE INDICES

Seabrook Station Environmental Monitoring (SSEM).—Normandeau Associates,
Inc. (Normandeau) has conducted zooplankton monitoring off the New Hampshire
coast since 1978 as part of the environmental impact studies of the Seabrook Power
Station (Fig. 1; Normandeau 2016). Lobster larvae were sampled from three stations
with a neuston net (I m deep x 2 m wide x 4.5 m long, and 1 mm mesh) weekly
between May and October. The net was deployed with depressor and flow meter to
sample 0.5 m to the surface. Thirty-min tows were made during the day, sampling an
average area of approximately 3730 m? (a volume of 1865 m?). In our analysis, we used
mean values for stage I and postlarval (stage IV) indices from 1988 through 2015; we
did not analyze trends in stage II and stage III larvae as these stages are primarily
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Figure 1. Spatial domain of this study, showing Seabrook Station Environmental Monitoring
sampling sites (squares) in coastal New Hampshire in relation to American Lobster Settlement
Index (ALSI; circles) and NEFSC Trawl Survey coverage (horizontal lines) throughout the Gulf
of Maine. ALSI sample sites (circles) enclosed within labeled boxes representing study areas
used in this analysis.

found at greater depths than can effectively be sampled by neuston net (Harding et
al. 1987).

Macrozooplankton were sampled in a separate survey using a pair of 1-m diameter
plankton hoop nets (0.505 mm mesh) in oblique tows at two stations along the New
Hampshire coast between nautical sunset and sunrise twice a month, each month
from 1989 to 2015. Nets with depressors and flow meters were towed for 10 min
while varying boat speed, causing the net to sink to within 2 m of the bottom and
then rise to the surface twice during the tow. The volume sampled averaged approxi-
mately 500 m3. On retrieval, nets were rinsed with filtered seawater and contents
preserved in 5%—10% buffered formalin. We used geometric mean values of annual
macrozooplankton species abundance in a series of correlative analyses.

American Lobster Settlement Index (ALSI).—ALSI is a diver-based survey assess-
ing the abundance of YoY lobsters repopulating coastal cobble nurseries annually at
the end of the postlarval settlement period in late summer/fall (Wahle et al. 2009,
2013b). The survey effectively quantifies YoY and older juvenile lobster, as well as
crabs and associated invertebrates (Wahle et al. 2013b, Hunt et al. 2017). At each
sampling site, divers use an airlift suction device to sample between 12 and 20 0.5
m? quadrats. Samples were collected in separate mesh (1 mm) bags for each quadrat
and sorted in the laboratory. We used data from surveys conducted at 10 study areas
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from Cape Cod Bay, Massachusetts, in the western Gulf of Maine to Beaver Harbour,
New Brunswick, in the eastern Gulf of Maine. Each study area contained from 2 to 10
fixed sampling sites (Fig. 1). The longest-standing sites, in the mid-coast Maine study
area, have been sampled since 1989; the length of the time series used in this analysis
for each study area is indicated in Table 1.

NEFSC Trawl Survey.—As a proxy for lobster spawning stock biomass in the Gulf
of Maine, we used estimates of mature female lobster abundance from the National
Marine Fisheries Service, NEFSC spring bottom trawl survey from 1988 through
2013. The survey utilizes a depth stratified random sampling design and spans the
federal coastal and shelf waters from the Gulf of Maine to Cape Hatteras (ASMFC
2015).

Maine/New Hampshire (ME/NH) Trawl Survey.—To obtain an index of pelagic
predator abundance, we used gelatinous zooplankton (scyphozoans, ctenophores,
and tunicates) densities from the ME/NH trawl survey from 2003 through 2015. This
survey utilizes a stratified random design modeled after the abovementioned NOAA

trawl survey, but within state waters. A full description of procedures and gear can
be found in Chen et al. (2005) and ASMFC (2015).

CLIMATIC INDICES

Wind Driven Transport.—We obtained time series of wind-driven Ekman trans-
port in the surface layer for a single 1° x 1° grid cell centered at 42.5°N, 70.5°W
derived at 6-hr intervals from modeled atmospheric pressure fields by the Fleet
Numerical Meteorology and Oceanography Center (FMNOC) and served by NOA A’s
CoastWatch Program (http://coastwatch.pfeg.noaa.gov). Zonal and meridional com-
ponents of transport were rotated to produce indices of cross-shelf and alongshore
transport. From these time series, we calculated mean cross-shelf and alongshore
transports (+1 SD) over the period from June to September for each year as an index
of overall transport during the sampling season. We also calculated month-specific
mean transports (+1 SD) and examined cumulative transport as it evolved over each
year to evaluate whether short-term variability might differ among years in a manner
correlated to patterns observed in the plankton time series.

North Atlantic Oscillation.—The North Atlantic Oscillation (NAO) index provides
an indication of atmospheric effects across the North Atlantic and was used to assess
linear relationships with indices of abundance for lobster postlarvae and Calanus
finmarchicus (Gunnerus, 1770). We chose to use the seasonal index of July, August,
and September as it closely matches the time period when larvae are in the water
column; these data were obtained from https://climatedataguide.ucar.edu.

Sea Surface Temperature (SST).—Estimates of daily mean SST from 1991 to 2015
were extracted from NOAA’s Optimally Interpolated Sea Surface Temperature
(OISSTv2; AVHRR-only) data product (https://www.ncdc.noaa.gov/oisst; accessed
via https://coastwatch.pfeg.noaa.gov/erddap/) for the grid ceil centered at 42.875°N,
70.125°W directly off the New Hampshire coast. From this time series, we calculated
mean SST June 1 to September 30 for each year to assess relationships with zoo-
plankton abundance.
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STATISTICAL ANALYSIS

We used Pearson’s correlation coefficient (r) to assess linear relationships between
variables. In cases where variables violated the normality assumption (as assessed
via Shapiro Wilk test), Spearman’s rank test was used to confirm the significance
as calculated by Pearson’s r. Significance in time series trends was assessed with the
Mann Kendall test. Based upon Incze et al. (2006), we excluded 1990 neuston tows
as an outlier from correlative analyses of SSEM postlarvae with both ALSI Midcoast
Maine and SSEM C. finmarchicus. In addition to being an unusually high value (i.e.,
a statistical outlier), the observation was based on limited sampling, which limits our
confidence that this data point adequately represents the zooplankton in that year.
Additionally, 1990 was excluded from all correlative analyses with plankton-net-
sampled macrozooplankton, as abundance estimates for some species were missing
in that year. We conducted four sets of analyses to assess:

(1) correlations between Gulf of Maine SSB and SSEM stage I larvae, and between
stage I larvae and postlarvae;

(2) spatial coherence of the SSEM postlarval time series and YoY recruitment at
study areas along the Gulf of Maine coast;

(3) correlations of postlarvae with dominant zooplankton taxa from the SSEM,
gelatinous zooplankton from trawl survey data, and selected environmental
indicators; and finally,

(4) relationships between SSEM C. finmarchicus and YoY recruitment at eleven
study areas along the Gulf of Maine coast.

To distinguish whether correlations were related to long-term trends, annual fluc-
tuations, or both, we conducted correlative analyses for both raw and detrended data
for all but the gelatinous zooplankton and environmental indicators. Detrended time
series consisted of the residuals from the time trend regression (i.e., the difference of
the raw value predicted from the regression model). All data were analyzed using the
statistical software package JMP Pro 12.1.0.

RESULTS

SPAWNING STOCK BIOMASS, LARVAL, POSTLARVAL DECOUPLING

Stage I lobster larvae increased significantly over the 27-yr neuston tow time series,
and were near record high abundance during the most recent years (Mann Kendall: P
= 0.005; Fig. 2). This correlates well with estimates of Gulf of Maine spawning stock
biomass, which was also at historic highs based on the NEFSC Spring Trawl Survey
(r=10.56, P = 0.002). In contrast, planktonic postlarvae in the same collections have
trended significantly downward over the same time period (Mann Kendall: P = 0.022;
Fig. 3), particularly since the peak in 2007. The most recent four years (2012-2015)
were below the time series median. Additionally, we found no significant correlation
between stage I larval and postlarval abundance (r = -0.16, P = 0.414), representing
the first evidence of a decoupling of early and late stage larval time series.

SPATIAL COHERENCE OF POSTLARVAE AND YOY RECRUITS

Planktonic postlarval abundance at SSEM correlated well with benthic YoY re-
cruitment at the six western Gulf of Maine sites from Cape Cod Bay through mid-
coast Maine, for both the long term trend (raw time series) and annual variability
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Figure 2. Seabrook Station Environmental Monitoring neuston-sampled stage I larvae (SE) and
Northeast Fisheries Science Center spring trawl survey for mature female lobsters. The two in-
dices are significantly correlated (» = 0.56, P = 0.002).
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Figure 3. Parallel time series indicating the spatial coherence of Seabrook Station Environmental
Monitoring neuston-sampled lobster postlarvae (SE) and American Lobster Settlement Index
(ALSI) young-of-the year (YoY) (SE) from mid-coast Maine. Only positive error bars are dis-
played. These two indices were significantly correlated over the 27 yr time series ( = 0.52, P
= 0.0006). Refer to Table 1 for associated correlation statistics for additional ALSI study areas.
Significant correlations between postlarvae and YoY lobsters were found throughout the western
Gulf of Maine. Units of abundance for postlarvae, n 1000 m2; for YoY, n m™2.
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Table 1. Correlation statistics (raw and detrended) illustrating spatial coherence in the abundance
of lobster postlarvae from neuston samples during Seabrook Station Environmental Monitoring
and benthic young-of-the-year at 11 American Lobster Settlement Index study areas along the Gulf
of Maine coast. Asterisks denote significant correlations (P < 0.05).

Pearson’s Pearson’s Time series
Location Years 7 raw P detrended P median
Beaver Harbor, NB 2000-2015 0.33 0.208 0.33 0.213 1.95
Jonesport, ME 2002-2015 0.36 0.198 0.27 0.335 0.35
Mt Desert Island, ME 2001-2015 0.40 0.157 0.43 0.120 0.33
Outer Penobscot Bay, ME  2001-2015 0.41 0.124 0.47 0.080 0.57
Mid-Coast, ME 1989-2015 0.64  <0.001* 0.69 <0.001* 1.10
Casco Bay, ME 2001-2015 0.80  <0.001* 0.61 0.015%* 0.53
York, ME 2001-2015 0.68 0.008* 0.36 0.189 0.53
Beverly, MA 1995-2015 0.87  <0.001* 0.89 <0.001* 0.58
Boston Harbor, MA 1997-2015 0.71  <0.001* 0.70 <0.001* 0.11
Cape Cod Bay, MA 1995-2015 0.62 0.003* 0.62 0.003* 0.22

(detrended time series) (Table 1). Figure 3 is an example of this spatial coherence for
mid-coast Maine, the longest of the ALSI time series, approximately 160 km from
coastal New Hampshire, where postlarval collections were made. The only exception
to this was the detrended ALSI time series for York, Maine. The postlarval-YoY rela-
tionship weakened substantially for the four ALSI study areas in the eastern Gulf of
Maine, which were not significant correlated with the SSEM postlarval time series.
Nonetheless, since 2012, both postlarval abundance at SSEM and YoY recruitment
throughout the Gulf of Maine have been on a steady decline representing a recent
period of strong spatial coherence. All YoY indices since 2012 have been below the
time series median, except Mt. Desert, Maine, and Beaver Harbour, New Brunswick,
in 2014.

ZOOPLANKTON—LOBSTER POSTLARVAL CORRELATIONS

Annually, from 1988 through 2015, >95% of the zooplankton (by abundance) in
samples from SSEM was composed of the copepods C. finmarchicus (primarily co-
pepodite) and Centropages typicus Kroyer, 1849 and larvae of the brachyuran crabs
of the genus Cancer. Less than 5% of the total zooplankton samples consisted of
Neomysis americana (S.I. Smith, 1873) and larvae of the caridean shrimp, Crangon
septemspinosa Say, 1818. The time trend for C. finmarchicus correlated well with lob-
ster postlarval abundance at SSEM, but we found no significant correlation for any of
the other zooplankton species (Table 2). The time series abundance of lobster post-
larvae and C. finmarchicus over the 27-yr period is depicted in Figure 4. Postlarval
lobster abundance correlated significantly with C. finmarchicus for both raw and
detrended time series at SSEM, indicating that postlarvae and copepods tracked
closely, not only in the long-term trend, but also in annual variability. Similarly, YoY
recruitment throughout much of the western Gulf of Maine correlated well with
variability in C. finmarchicus abundance at SSEM, especially for the raw time series
(Table 3). Raw YoY time series for five of the six ALSI study areas in the western Gulf
of Maine were significantly correlated with C. finmarchicus abundance, whereas
we found no such correlation for the four ALSI study areas in the eastern Gulf of
Maine. Detrended time series for four of the six western Gulf of Maine ALSI study
areas were also significantly correlated with detrended C. finmarchicus time series
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Table 2. Correlation statistics (raw and detrended) for neuston-sampled lobster postlarvae vs the
copepods, Calanus finmarchicus and Centropages typicus, crab larvae (Cancer spp.), Neomysis
americana and Crangon septemspinosa from plankton samples, all collected at Seabrook Station
Environmental Monitoring. Asterisks denote significant correlations (P < 0.05).

Zooplankton species Pearson’s r raw P Pearson’s  detrended P
Calanus finmarchicus 0.55 0.004* 0.63 <0.001*
Centropages typicus —0.26 0.207 —0.34 0.089
Cancer spp. 0.05 0.792 —-0.11 0.597
Neomysis americana -0.07 0.726 -0.31 0.120
Crangon septemspinosa 0.33 0.057 0.20 0.318

at Seabrook, again suggesting close tracking in year-to-year variability between YoY
lobster recruitment and copepods.

ENVIRONMENTAL CORRELATIONS

Neither lobster postlarval or C. finmarchicus abundance correlated significantly
with the following variables: temperature, wind driven transport (cross-shelf and
alongshore), NAO index, or gelatinous zooplankton abundance (Table 4). Annual
maximum and minimum (June—September) daily SST over the time series ranged
from 17.84 to 21.88 and from 12.97 to 15.96, respectively, and did not exceed
mortality thresholds for lobster postlarvae. Additionally, evaluation of wind-driven
transport at shorter time scales (monthly means and cumulative transport paths)
did not suggest that advection was a main driver of observed lobster postlarval or C.
finmarchicus dynamics at Seabrook.

DiscussioN

The SSEM larval time series offers an important and previously unreported in-
sight into the dynamics of stage-specific larval lobster abundance over a 27-yr period
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Figure 4. Parallel time series of neuston net-sampled lobster postlarvae and plankton net-sampled
Calanus finmarchicus from Seabrook Station Environmental Monitoring (SSEM). The two indi-
ces were significantly correlated over the 27 yr time series (» = 0.55, P = 0.0038). Refer to Table
2 for associated correlation statistics evaluating the spatial coherence between C. finmarchicus
at SSEM and young-of-the-year at American Lobster Settlement Index study areas throughout
the Gulf of Maine.
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Table 3. Correlation statistics (raw and detrended) illustrating the spatial coherence between
Seabrook Station Environmental Monitoring plankton-sampled Calanus finmarchicus and young-
of-the-year abundance by the American Lobster Settlement Index study area in the Gulf of Maine.
Asterisks denote significant correlations (P < 0.05).

Pearson’s r Pearson’s r

Location Years raw P detrended P
Beaver Harbor, NB 2000-2015 0.39 0.132 0.43 0.098
Jonesport, ME 20022015 0.24 0.416 0.11 0.714
Mt Desert Island, ME 2001-2015 0.28 0.338 0.27 0.356
Outer Penobscot Bay, ME 2001-2015 0.13 0.649 0.08 0.783
Mid-Coast, ME 1989-2015 0.52 0.006* 0.52 0.005*
Casco Bay, ME 2001-2015 0.80 <0.001* 0.63 0.013*
York, ME 2001-2015 0.55 0.035* 0.10 0.719
Beverly, MA 19952015 0.70 <0.001* 0.70 <0.001*
Boston Harbor, MA 19972015 0.44 0.058 0.43 0.066
Cape Cod Bay, MA 19952015 0.52 0.015* 0.52 0.015%*

and suggests the decoupling of SSB and YoY recruitment occurs during the devel-
opmental period between first larval and postlarval stages. Postlarval abundance is
well documented to be a determinant of YoY recruitment success (Wahle and Incze
1997, Incze et al. 1997, Incze et al. 2006), and is further corroborated by correlations
reported here between SSEM postlarvae and ALSI YoY abundance throughout the
western Gulf of Maine. It is therefore plausible that stage-specific larval dynamics
observed at SSEM represent more than a local anomaly and are general to a broader
geographic area of the Gulf of Maine. These findings are also consistent with circu-
lation patterns and larval transport modeling for the Gulf of Maine in which mid-
coast Maine represents the approximate boundary between the Eastern and Western
Maine Coastal currents (Incze et al. 2010). Similar trends in the spatial coherence of
YoY lobster recruitment have previously been reported in this region (Pershing et al. 2012).

To our knowledge, ours is the first analysis to identify a linkage between SSB and
early stage lobster larval abundance, with subsequent decoupling of the linkage af-
ter the first larval stage. This decoupling suggests that factors apart from egg pro-
duction begin to dominate larval dynamics during the later larval stages to become
an important determinant of YoY recruitment. Declines in postlarval abundance at

Table 4. Correlation statistics for wind driven transport (cross-shelf and alongshore), North Atlantic
Oscillation (NAO) index, and gelatinous zooplankton abundance for both lobster postlarvae and
Calanus finmarchicus.

Variable 1 Variable 2 Pearson’s P

Postlarvae Sea surface temperature (1991-2015) -0.35 0.078
Postlarvae Wind transport cross shelf (1988-2015) —-0.09 0.652
Postlarvae Wind transport alongshore (1988-2015) —-0.15 0.453
Postlarvae NAO (1989-2015) 0.16 0.434
Postlarvae Jellyfish (2003-2015) —0.12 0.707
C. finmarchicus Sea surface temperature (1991-2015) —-0.02 0.925
C. finmarchicus Wind transport cross shelf (1988-2015) 0.13 0.509
C. finmarchicus Wind transport cross shelf (1988-2015) 0.20 0.323
C. finmarchicus NAO (1989-2015) 0.10 0.625

C. finmarchicus Jellyfish (2003-2015) 0.23 0.443
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SSEM and YoY recruitment throughout the Gulf of Maine since 2012 suggest levels
of larval export or mortality have increased in recent years. Although we consider
the role of several environmental factors and potential sampling artifacts below, our
analysis and literature review suggest the abundance of postlarvae and subsequent
YoY recruits in the western Gulf of Maine may be limited by the availability of C.
finmarchicus.

Wind advection has been reported to affect spatial and temporal patterns of
American lobster postlarval supply and YoY recruitment (Hudon and Fradette 1993,
Incze et al. 1997, Wahle and Incze 1997, Pershing et al. 2012). Pershing et al. (2012)
reported significant correlations of large scale atmospheric indicators with YoY re-
cruitment at several of the ALSI monitoring sites through 2008. From our analysis
using ALSI data through 2015, however, neither cross-shelf nor alongshore advection
estimated for the coastal region near SSEM correlated well with postlarval abun-
dance. Additionally, we did not detect evidence that monthly cumulative transport
was a major driver of the observed lobster postlarval or C. finmarchicus dynamics.
A more conclusive analysis of how advection might drive variability in abundance of
late-stage larval lobster will likely require more detailed information on the spatial
structure and variability of currents in the region.

Changes in predation could contribute to declines in postlarval abundance and
YoY recruitment success. Gelatinous zooplankton (jellyfish and salps) represent a
category of predator that could influence zooplankton and lobster larval dynamics.
While there have been anecdotal accounts of increasing incidence of jellyfish and
salps in the Gulf of Maine, few quantitative data are available on this important class
of consumer in this region. Empirical data on the abundance of gelatinous zooplank-
ton have only been consistently recorded since 2003 from the ME/NH trawl sur-
vey. The gelatinous zooplankton have been increasing in many parts of the world’s
oceans in response to anthropogenic effects, and can dramatically alter the pelagic
food web dynamics through their feeding activity (Purcell 2005, Purcell et al. 2007).
Although we found no correlation of gelatinous zooplankton with lobster postlarval
abundance, we concede that these top-down impacts require additional study.

We have considered the possibility that the declining postlarval and YoY abun-
dance trends may be a sampling artifact related to warming temperatures. For ex-
ample, changes in thermal stratification could affect the availability of postlarvae to
surface-sampling neuston nets giving inaccurate readings of postlarval abundance
(Annis 2005). However, consistently robust correlations between postlarval abun-
dance and YoY recruitment from ALSI regions throughout the western Gulf of Maine
suggest that changes in sampling efficiency do not appear to have biased estimates
of postlarval abundance. It is also possible that as water temperatures have warmed,
larger areas of thermally suitable habitat have become available, allowing recruit-
ment to spread over a much larger area of seabed (Steneck 2006), potentially reducing
densities observed at shallow monitoring sites, and leading to underestimates of YoY
recruitment trends. Although YoY lobster recruitment has been reported as deep as
80 m in the Gulf of Maine (Wahle et al. 2013b), and we recognize the potential for
expanding deep-water settlement with warming temperatures, we currently have no
direct evidence of its impact.

Warming temperatures have been widely invoked as a key driver behind the dra-
matic increases in lobster abundance in the Gulf of Maine over the past two de-
cades through its direct effect on biological processes or indirect effect on species
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interactions or disease prevalence. In the eastern Gulf of Maine, correlative evidence
has linked warming temperatures to high levels of lobster recruitment through 2012,
which likely played a role in the recent boom in US lobster landings (ASMFC 2015,
Boudreau et al. 2015, LeBris et al. 2018). In the western Gulf of Maine, summer tem-
peratures have largely stayed well within the optimal range of approximately 12-18
°C (MacKenzie 1988, Mills et al. 2013) for larval development, even as warming con-
tinues. This may explain the absence of a direct correlation in annual variability of
temperature and postlarval abundance in the present study, but there are stronger
thermal effects reported by other studies at the species’ thermal range extremes
(Boudreau et al. 2015, Jaini et al. 2018).

Our results point to a potential bottom-up effect on lobster YoY recruitment suc-
cess in the western Gulf of Maine. We demonstrate a correlative link between lobster
postlarvae and the copepod, C. finmarchicus, a known food source of larval lobster
(Juinio and Cobb 1992, Lawton and Lavalli 1995). We hypothesize that the abundance
of C. finmarchicus in nearshore waters is a significant factor influencing recruitment
success in the American lobster. The following evidence is consistent with this hy-
pothesis: (1) annual variability in postlarval lobster and YoY recruitment correlates
well with C. finmarchicus, but not the other zooplankters that co-occur during the
summer larval season; (2) if non-selective processes, such as wind advection or jel-
lyfish predators, were influencing coastal zooplankton abundance, we would expect
stronger coherence among co-occurring taxa, but we found no such correlation; (3)
the seasonal peak of C. finmarchicus occurs just before the onset of the lobster lar-
val season, and dominates the zooplankton assemblage at this time (Normandeau
2016); (4) lobster larvae of all stages readily consume C. finmarchicus in laboratory
grazing experiments (D Fields, Bigelow Laboratory for Ocean Sciences, unpubl data),
and have been found in guts of lobster larvae collected in the wild (Juinio and Cobb
1992); and (5) the reported time trends in C. finmarchicus from SSEM are consistent
with those observed at a broader geographic scale (Meise and O'Reilly 1996, Pershing
et al. 2010, EcoMon 2017).

To our knowledge, our results are the first in situ evidence linking trends in lobster
postlarval abundance and YoY recruitment success to the availability of copepods. In
the laboratory, lobster larval survival and rate of development to the postlarval stage
has been reported to be strongly linked to food quality and quantity; high survival
requires that first stage larvae encounter an abundance of food (Eagles et al. 1986). In
early lobster larval rearing experiments conducted by Templeman (1936), reducing
copepod prey densities by half reduced larval survival to the postlarval stage from
60% to 20%, and nearly doubled the development time to the postlarval stage from
25-30 to 50-55 d. Decreasing the food levels by half again resulted in no larvae
reaching stage III. If the availability of C. finmarchicus is indeed a limiting factor in
lobster recruitment success, it is imperative we gain a better understanding of this
trophic interaction. Interestingly, there is also evidence that larger planktonic organ-
isms promote growth and survival of lobsters throughout most of their first season
of molting (Lavalli 1991).

Results from our study come at time when the Gulf of Maine ecosystem is undergo-
ing unprecedented environmental changes and associated shifts in the composition
of the pelagic food web (Balch et al. 2012, Morse et al. 2017). Recent comprehensive
time series analyses have demonstrated strong linkages between zooplankton dy-
namics and finfish recruitment in the Gulf of Maine (Pershing et al. 2005, Castonguay
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et al. 2008, Mountain and Kane 2010, Friedland et al. 2013, 2015, Morse et al. 2017,
Perretti et al. 2017). Two comparisons between our study and Perretti et al. (2017)
are noteworthy: (1) contrary to the finfish species cited by Perretti and colleagues,
whereby population dynamics were linked to changes in the small-bodied fraction
of the copepod assemblage, our analysis suggests lobster YoY recruitment success
may be more tightly coupled to the large-bodied fraction of copepods dominated by
C. finmarchicus; and (2) a dramatic shift occurred from 2000 to 2001, when lobster
postlarval and YoY recruitment went up as finfish recruitment went down, corre-
sponding to a shift from small to large copepod-dominated zooplankton assemblage.
While these correlative studies suggest shifts in the zooplankton regime may be
critical to fish yields, the mechanism of the trophic interaction remains poorly un-
derstood for most species. To our knowledge, no studies to date have examined such
linkages for the commercially important crab and lobster taxa that now dominate
fisheries in the Northeast US and Atlantic Canada, all of which have planktotrophic
larvae. While recruitment bottlenecks could occur at any point before or after larval
settlement to decouple the spawner-recruit relationship, here we provide suggestive
evidence of a decoupling occurring between early and late planktonic larval stages
that may be linked to the abundance of C. finmarchicus, a primary consumer at the
base of the pelagic food web.

Recent projections under continued warming suggest that lobster recruitment po-
tential within the western Gulf of Maine will diminish as the ratio of recruits-per-
egg declines when temperatures exceed optimal limits in the future years (LeBris et
al. 2018). The mechanism by which a temperature mediated decline in recruits-per-
egg could occur is not explicit in the LeBris model, but evidence of changes in the
pelagic food web associated with warming are accumulating and could have impor-
tant implications for the planktonic larval stages of the American lobster that may
already be manifesting themselves (Balch et al. 2012). Here we report evidence of a
recent downturn in lobster postlarval abundance and YoY recruitment in the face of
increasing SSB, suggesting that recruitment success per egg have been on the decline
in recent years.

The present study is perhaps a prime example of why SSB has been a notorious-
ly poor predictor of recruitment in many marine finfish and invertebrate fisheries
(Myers 1998, Wahle 2003), and underscores the value of long-term, multi-life stage
data sets to identify factors influencing year class strength. This work also reinforces
the need to integrate single-species life history time series with other ecosystem in-
dicators. As recent changes to the marine ecosystem outpace the ability of resource
managers to react, our results provide another example of the need for an ecosystem-
wide approach to fishery assessments and projections.
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