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Abstract

We build on previous research describing correlative links between changes in the abundance of the copepod Calanus finmarchicus, a
foundational zooplankton species of the pelagic food web, and diminishing recruitment of young-of-year American lobster (Homarus
americanus) to benthic nurseries in the Gulf of Maine. Using parallel 31-year time series of lobster larvae and zooplankton collected on
the New Hampshire coast between 1988 and 2018, we investigated how changes in phenology of stage | larval lobster and their putative
copepod prey, C. finmarchicus, affect their temporal overlap and potential to interact during the larval season. We found that over the
time series both the lobster egg hatch and first appearance of larvae began earlier in the season, a trend significantly correlated with
ocean warming. The last appearance of larvae in late summer has been delayed, however, thereby extending the larval season. Even
with the longer larval lobster season, the C. finmarchicus season has increasingly been ending before the peak abundance of stage |
lobster larvae. The net effect is a widening mismatch in phenology of the two species, an outcome consistent with the hypothesis that
changes in abundance and phenology of C. finmarchicus have contributed to recent declines in lobster recruitment.

Keywords: American lobster; phenology; match-mismatch; trophic interactions; predator-prey; zooplankton; neuston net; Calanus finmarchicus;, larvae; postlar-

vae

Introduction

Effects of climate change, including warming, coastal and
ocean acidification, and hypoxia, are causing profound alter-
ations to marine ecosystems (Doney et al. 2012, Poloczanska
et al. 2016, Pershing et al. 2018) and the productivity and sus-
tainability of important marine resources (Free et al. 2019).
In marine invertebrates and fish with planktonic larvae, a
warming climate alters the seasonal phenology of reproduc-
tion and growth that may have consequences for trophic
interactions between the larval stage and critical planktonic
food sources, which also change seasonally. Cushing (1969,
1990) invoked the match-mismatch hypothesis (MMH) that
suggested that year-class success of planktotrophic species
depends on sufficient overlap between a larval cohort and
critical planktonic foods. Subsequently, numerous studies
have evaluated variation in the seasonal overlap of predator
and prey, and attempted to evaluate the link to recruitment
success (Mertz and Myers 1994, Durant et al. 2005, 2007,
Perretti et al. 2017). Here, we examine the phenology of the
American lobster (Homarus americanus, hereafter lobster)
and the copepod Calanus finmarchicus (hereafter C. fin-
marchicus or Calanus) and hypothesize that recent dramatic
declines in lobster larval survival may be linked not only to
declines in the abundance of a critical copepod prey (Carloni
et al. 2018) but also to an increasing mismatch in their
phenology.

Climate change has altered several coastal fisheries of the
Northwest Atlantic and the Gulf of Maine (GoM) (Oviatt
2004, Brander 2010, Cheung et al. 2013, Pinsky and Mantua
2014, Richards and Hunter 2021). Lobster, however, has been
thriving in this region, particularly over the past decade, where
population levels have increased by 50%, and spawning stock
biomass is currently at historic highs (ASMFC 2020). Despite
expectations of high larval production from the record levels
of egg production over the past decade, young-of-year (YOY)
recruitment to coastal nursery grounds has been at record
lows in recent years, magnifying the need to better understand
the factors that affect survival from egg hatch to settlement, a
process that takes roughly 26 days at temperatures of 18°C~
21°C, with approximate developmental times for stages I, II,
I, and IV of 3, 3, 4, and 16 days, respectively, in lab-reared
larvae (MacKenzie 1988, Katz et al. 1994), although there is
evidence that developmental rates may be significantly shorter
in the wild (Annis et al. 2007).

In our original study, we found that high spawner abun-
dance translated to high early-stage larval production. How-
ever, the abundance of pelagic postlarvae and benthic YOY
recruits surprisingly showed no correlation with early-stage
larval abundance, or with abiotic factors (i.e. temperature,
wind advection, and the North Atlantic Oscillation index), but
rather was significantly coupled to time trends in the cope-
pod, C. finmarchicus, a foundational species of the GoM’s
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pelagic ecosystem (Carloni et al. 2018). Copepods and other
zooplankton have been reported in the diets of wild-caught
lobster larvae (Herrick 1895, Juinio and Cobb 1992), and
recent DNA sequencing and microscopy by Ascher (2023) and
feeding behavior studies by Layland (2023) add to this long-
standing relationship, and dispel any doubt that all three lob-
ster larval stages and the postlarval stage readily consume and
in some contexts selectively feed on C. finmarchicus. This ev-
idence suggests that Calanus may be an integral food source
for early-stage larvae to complete metamorphosis to the post-
larval stage, a biological transformation that requires high-
quality nutrition (Eagles et al. 1986, Ascher 2023). Here, we
examined the phenology of the putative predator and prey
to evaluate whether a widening temporal mismatch together
with the documented decline in abundance of C. finmarchicus
would reinforce the food limitation hypothesis proposed by
Carloni et al. (2018).

The GoM is among the fastest-warming bodies of water
on the planet (Nye 2010, Mills et al. 2013, Pershing et al.
20135), and phenological shifts have been reported for several
species in recent years (Richards 2012, Staudinger et al. 2019).
Northern shrimp (Pandalus borealis) is at the southern end
of its range in the GoM and has become a de facto indica-
tor species for the region as the population in the GoM has
declined precipitously in the face of a rapidly changing envi-
ronment (Richards and Hunter 2021). Although the drivers
are numerous and their interaction complex, changes in the
predator field and shifts in egg hatch phenology have been
identified as an important component of the precipitous de-
cline in its population (Richards 2012, Richards and Hunter
2021).

American lobster abundance is currently near historic high
levels, though there have been recent notable changes that
have coincided with warming waters of the Gulf: (i) pop-
ulation increase and expansion to historically cooler loca-
tions in the northeastern GoM and farther offshore (Goode
et al. 2019, ASMFC 2020); (ii) declines in the size at maturity
(Waller et al. 2019, 2021); and (iii) egg hatch occurring earlier
in the spring (Haarr et al. 2018, ASMFC 2020, Goode 2021).
Unclear, however, is how changes in the timing of egg hatch
affect the temporal overlap with planktonic food sources.

C. finmarchicus is a large-bodied copepod (adults: ~2.5-
3.0 mm) that widely dominates the zooplankton biomass of
the Arctic and boreal North Atlantic (Conover 1988, Williams
1988, Melle et al. 2014, Pepin and Head 2009). The combina-
tion of size, abundance, and the high lipid content in the eggs,
prefeeding naupliar, and late copepodite stages (Jonasdottir
1999, Lee et al. 2006) makes this species a critically important
source of energy for higher trophic levels, including larval fish
(Planque and Batten 2000, Beaugrand et al. 2003), crustaceans
(Harvey and Morrier 2003), and baleen whales, including the
endangered North Atlantic right whale, Eubalaena glacialis
(Kann and Wishner 1995, Woodley and Gaskin 1996, Baum-
gartner and Mate 2003, Meyer-Gutbrod et al. 2021).

In the GoM, C. finmarchicus has pronounced seasonal and
yearly variation in the timing of the hatch and overall abun-
dance (Bigelow 1926, Meise and O’Reilly 1996). The year-
to-year variability is driven largely by changes in the local vi-
tal rates of the reproducing population rather than through
the advection of individuals into or out of the GoM (Mullin
1963, Ji et al. 2022). As a result, changes in environmen-
tal conditions (e.g. temperature and food availability) can
have direct consequences on the timing and magnitude of the
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peak biomass of C. fimmarchicus each year. In the past two
decades, the GoM has been warming at a faster rate than most
other coastal regions due to a combination of global temper-
ature rise (Pershing et al. 2015) and changing circulation pat-
terns, including a weakening influence of the cold, nutrient-
rich Labrador Current from the north, and a strengthening
influence of the warm, salty, and nutrient-poor Gulf Stream
(Record et al. 2019, Friedland et al. 2020, Gancalvez-Neto et
al. 2021, Townsend et al. 2023). These environmental changes
are influencing the phenology of C. finmarchicus through-
out the GoM, which has increased production in the spring,
but decreased production during the summer in recent years
(Record et al. 2019). This summer period is a critical time for
lobster as females are hatching eggs, and larval survival to the
postlarval stage has been strongly linked to food quality and
quantity (Eagles et al. 1986). Changing phenology of preda-
tor and prey species can lead to a mismatch in their temporal
overlap, and thus affect larval condition and survival (Cushing
1990).

As climate change continues to have far-reaching effects on
coastal ecosystems, it is paramount to gain a comprehensive
understanding of the processes that affect recruitment and the
sustainability of North America’s most valuable single-species
commercial fishery. This research builds on our previous stud-
ies describing the correlative links between changes in the
abundance of C. finmarchicus and recruitment of YOY lobster
to benthic nurseries in the GoM (Carloni et al. 2018, ASMFC
2020, Wahle et al. 2021). Here, we assess how changes in phe-
nology over a three-decade time series have altered the tempo-
ral overlap of adult C. finmarchicus and larval lobsters during
the spring and summer and speculate on the implications of
this widening mismatch for lobster recruitment.

Methods

Study area and data sources

We evaluated phenology shifts of lobster egg hatch, larvae,
and zooplankton from the following concurrent monitor-
ing programs conducted off the New Hampshire coast, USA
(Supplemental Fig. 1).

Commercial sea sampling

New Hampshire Fish and Game Department conducted
monthly sampling of the commercial lobster catch from
NOAA Statistical Area (SA) 513 from May to November at
three areas along the New Hampshire coastline from 2002
to 2017 (Supplemental Fig. 1). Sampling was conducted dur-
ing day trips on commercial lobster boats fishing in New
Hampshire waters, where a variety of biological data were
collected, including developmental stage of eggs. Egg-bearing
lobsters with visible signs of empty egg casings, visible mossy-
appearing cementum, and/or visible prezoeae were classified
as hatching (Haarr et al. 2023). A full description of the
egg-staging technique used in this study can be found online
(https://www.youtube.com/watch?v=cJogiaAofCg).

Zooplankton and larval lobster sampling

Normandeau Associates, Inc. has conducted zooplankton and
larval lobster monitoring off the New Hampshire coast since
1978 as part of ongoing environmental impact studies. Zoo-
plankton were sampled at three stations using oblique tows
with a pair of 1-m-diameter plankton hoop nets (505 um
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mesh) (Supplemental Fig. 1). Nets were fitted with depres-
sors to keep the nets hortizontal and flow meters and towed
for 10 min under variable speeds to allow nets to sample
the majority of the water column with each tow sampling a
volume of ~500 m?. Samples were collected monthly from
1988 to 2018 and fixed in buffered formalin before enumera-
tion. To sample lobster larvae, a neuston net (1000 pum) was
deployed with depressors to keep the net horizontal while
sampling the top 0.5 m of the water column. Thirty-minute
tows were made during the day, sampling an average area
of ~3730 m? (a volume of 1865 m?). Tows were conducted
weekly from May to October. In our analysis, we used weekly
mean values for stage I and postlarval (stage IV) abundance
from 1988 to 2018 due to consistency in sampling during
that time period. We did not analyze trends in stage II and
stage III larvae as these stages are rarely caught in this sur-
vey likely because they are primarily found at greater depths
than are sampled by a neuston net (Harding et al. 1987). Ad-
ditionally, bottom water temperatures were used from two
sources: (i) Normandeau from 1988 to 2018 at two stations
collected four times per month to assess correlative relation-
ships with first appearance of stage I and (ii) NERACOOS
Western Maine Shelf Buoy B (20 m) to assess relationships
with egg hatch. For these analyses, we used the mean temper-
atures from April to June as spring warming has been shown
to influence the timing of egg hatch (Goldstein and Watson
2015).

Statistical analysis

Proportion of eggs hatching was calculated by dividing the
number of egg-bearing lobster in the process of hatching by
the total number of egg-bearing lobsters within the same year
class (i.e. predicted to hatch within the same year). We used
Pearson’s correlation coefficient (r) to assess linear relation-
ships between variables. In cases where variables violated the
normality assumption (as assessed via a Shapiro-Wilk test),
Spearman’s rank test was used. Time-series trends were as-
sessed using Mann—Kendall, and deemed significant at the
P < 0.05 level; additionally, autocorrelation was tested us-
ing a Durbin—Watson test. Due to differences in sampling fre-
quency, changes in phenology of lobster larvae were assessed
on a weekly basis, whereas trends in C. finmarchicus were as-
sessed by 2-week blocks, which were expressed as time periods
(e.g. time period 1 = first two weeks of January). For lobster
larvae, we defined first and last appearances as first and last
catch of each season and duration as time between first and
last catch. We defined the start of C. finmarchicus season as
the time period where the 25th percentile of the cumulative
annual index was reached, the end of the season as the 75th
percentile, and the duration as the 25th—-75th percentile.

We also evaluated the degree of overlap between the larval
lobster and C. finmarchicus season using a mismatch index
modeled after Burthe et al. (2012), assessing the difference in
time between peak stage I lobster larval abundance and the
end of the C. finmarchicus season as follows:

Week of year C. finmarchicus reached 75th percentile —
week of year of peak abundance of stage I = # of weeks of
match or mismatch.

Negative values represent a potential mismatch, while pos-
itive values suggest a higher level of temporal overlap. Stage
I larvae were chosen for this analysis as food quality and
quantity have been shown to influence survival rates of early-

stage larvae (Anger et al. 1985, Eagles et al. 1986), whereas
postlarval lobsters are more resistant to starvation due to en-
ergy reserves (Juinio and Cobb 1992, Ascher 2023). Foun-
dational time series (1988-2018) for stage I and postlarval
lobster larvae, as well as C. finmarchicus, can be found in
Supplemental Fig. 2. All data were analyzed using the statisti-
cal software package JMP Pro 16.1.0.

Results

Between 2002 and 2017, egg hatch peaked in July a major-
ity of time (69%), followed by June (31%). June also repre-
sents the predominant month eggs begin to hatch, which has
trended significantly upward with a 3-fold increase over time
(Fig. 1a, Mann—Kendall: P < 0.05). The earlier onset of hatch-
ing correlates significantly with warming mean spring bottom
temperatures (April-June) over the period (Fig. 1b, Pearson’s:
r = 0.7013, P = 0.0025). Accordingly, the first appearance
of stage I larvae (Fig. 2a) has occurred significantly earlier in
the season (Mann-Kendall P = 0.007), which also correlates
with spring temperature (Spearman’s —0.4344, P = 0.0011).
Interestingly, in recent years, stage I larvae have not only ap-
peared earlier but also been present later (Fig. 2b), resulting in
a longer season duration (Fig. 2¢, Mann—-Kendall: P = 0.001).
In contrast to the stage I larvae, the first appearance, last ap-
pearance, and season duration of postlarvae have varied with-
out trend over the time series (Mann—Kendall > 0.0); how-
ever, because stage I larvae have been appearing earlier in the
season, the total larval season duration (first appearance of
stage | to last appearance of postlarvae) has significantly in-
creased (Fig. 2d, Mann—Kendall: P = 0.009), resulting in an in-
verse correlation between the date of first appearance of stage
I and total larval season duration (Pearson’s r = —0.5004,
P =10.0067).

The onset of the C. finmarchicus season has varied without
trend over the 31-year time series (Mann-Kendall: P > 0.05);
however, the end of season has tended to come earlier in recent
years, resulting in significantly shorter seasons (Figs 3a and b;
Mann-Kendall: P = 0.02). As previously stated, in most years
lobster eggs hatch in July. We also found the strongest cor-
relation between monthly abundance of C. finmarchicus and
postlarval lobsters to occur in July and August (Table 1), sug-
gesting that these summer months may be a critical period
for earlier stage larvae to access high-quality food that is nec-
essary for reaching the postlarval stage. Not only the C. fin-
marchicus season duration has become shorter but since 2012
it has also ended (reached 75th percentile) before this critical
period begins (1 July) in six of the seven years, coupled with
sustained low levels of abundance after 1 July (Fig. 3a and c).
In short, the earlier end to the C. finmarchicus season has been
outpacing the earlier start to the lobster larval season.

Seasonal peaks in abundance for both stage 1 and post-
larvae remained stable throughout the time series (Mann—
Kendall: P = 0.05), whereas C. finmarchicus showed a sig-
nificant trend toward peaking earlier in the season (Mann-
Kendall: P < 0.022; Supplemental Fig. 3). Differences in the
timing of the peak in stage I lobster larval abundance and the
C. finmarchicus season were integrated into a mismatch in-
dex (Fig. 4a), which trended downward (i.e. reduced tempo-
ral overlap) over the time series (Mann—Kendall: P = 0.039).
Between 1999 and 2008, stage I larvae tended to peak well
within the C. finmarchicus season (mismatch index average
= +3.4 weeks) coinciding with a period of high postlarval
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Figure 1. (a) Percentage of egg-bearing lobsters with eggs in the process of hatching in the month of June, from commercial lobster sea sampling in
New Hampshire coastal waters from 2002 to 2017 (b) Relationship between percentage of egg-bearing lobsters hatching in June and mean bottom

water temperature (20 m) from April to June (2002-2017).

abundance. In contrast, from 2009 to 2018, stage I larvae
peaked well after the C. finmarchicus season ended (mismatch
index average = —2.6 weeks), which coincides with a period
of low postlarval abundance (Fig. 4b). Changes in temporal
overlap grouped by decade are also evident in the proportion
of catch by time period. During the first two decades, 1989-
1998 and 1999-2008, there was strong temporal overlap de-
noted by positive values of the index, but in the last time seg-
ment, 2009-2018, the C. finmarchicus season ended earlier,
causing a widening mismatch compared to the previous two
decades (Figs 4b and 5). In addition to this apparent diver-
gence in overlap, there has been a 70% decline in the abun-
dance of Calanus during the larval season in the most recent

decade.

Discussion

It has long been known that lobster larvae feed on cope-
pods (Herrick 1911, Harding et al. 1983), and our observa-
tions, as well as recent molecular and behavioral research,

confirm that all four planktonic stages can capture and ingest
adult C. finmarchicus (Ascher 2023, Layland 2023), a species
that has significantly more lipid reserves compared to some
other common copepods in the region (DeLorenzo Costa et
al. 2006, Ascher 2023). In fact, there is evidence that C. fin-
marchicus may be a preferred prey item (Layland 2023) in
certain contexts. Thus, changes in the abundance and rela-
tive timing between peak larval abundance and this energy-
rich copepod may have a profound impact on larval survival,
resulting in recruitment success of lobster. Using a 31-year
time series collected on the New Hampshire coast, we found
links between ocean warming, the timing of lobster egg hatch,
and the first appearance of stage I larvae that indicate an ear-
lier onset and lengthening of the larval season. Through the
parallel zooplankton time series, we were also able to quantify
the phenological shift in C. finmarchicus to reveal an increas-
ing mismatch (Cushing 1990, Burthe et al. 2012) between
the two species, especially over the past decade (2009-2018).
Our data show an increasing gap of time between the end of
the C. finmarchicus season and the time of peak of stage I
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Figure 2. Shifts in larval lobster phenology. (a) Larval stage | first appearance, (b) last appearance , (c) stage | season duration, and (d) total larval season
duration through the postlarval stage, from neuston net sampling along the New Hampshire coast, 1988-2018. Dotted lines are fitted trend lines.

lobster larval abundance. We speculate that the reduced tem-
poral overlap between planktonic larval lobsters and C. fin-
marchicus could exacerbate the impact of already declining
abundance of C. finmarchicus on lobster larval survival and
YOY recruitment in the GoM as suggested by the correlations
in Carloni et al. (2018) and Wahle et al. (2021).

The significant increase in spring temperatures correlates
well with timing of egg hatch and supports the hypothesis
that recent warming is an important factor influencing rapid
changes in the timing of this critical biological event. Accord-
ingly, stage I larvae have been appearing earlier in the sea-
son, but counter to expectations, the last appearance of this
stage has occurred later in the season, resulting in a longer
season duration. Similarly, in response to warming waters at
the southern extreme of its range in the GoM, the northern
shrimp has been hatching earlier and exhibiting an extended
larval season, which could be beneficial by increasing the win-
dow of opportunity for larvae to encounter favorable condi-
tions (Richards 2012). If indeed Calanus is an important food
source for early-stage larvae, the longer larval season reported
in our study does not appear to be advantageous for increased
larval survival, as not only is the Calanus season ending ear-
lier, particularly during these years of extended larval season
duration, but the abundance of this food source remains low
throughout the larval season.

We offer two hypotheses that may be playing a role in
longer larval season duration. First, lobsters are known to
take offshore to inshore seasonal migrations, likely to take
advantage of the warmer shallow waters to speed up egg de-
velopment and thus hatch (Cooper and Uzmann 1971, Krouse
1973, Campbell and Stasko 1986, Campbell 1986, Jury et al.
2019), whereby larger females undergo longer migrations and
experience different temperatures from smaller ovigerous lob-
sters (Cowan et al. 2007). There is also evidence that they will
move back toward deeper and cooler water once their eggs
are ready to hatch (Carloni and Watson 2018, Carloni et al.

2021). These complex reproductive movements, in combina-
tion with a rapidly changing environment involving unprece-
dented spring warming, could result in lobsters of different
sizes at varying depths experiencing vastly different tempera-
tures, and thus hatching at more disparate times than in the
past. Alternatively, the extended larval season may be an ar-
tifact of slower larval developmental times, possibly linked
to lower food quality or quantity (Eagles et al. 1986, As-
cher 2023). Although larvae can molt to postlarval stage with
lower quality food, stage duration is shorter and survival rate
increases with higher quality foods.

Lobster larval development and survival has been strongly
linked to food quality and quantity in the laboratory (Tem-
pleman 1936, Eagles et al. 1986, Ascher 2023). To date, there
are only a few published studies of larval diets from field col-
lections (Herrick 1911, Harding et al. 1983, Juinio and Cobb
1992), and there is only one for larvae from the GoM (As-
cher 2023). It is difficult to say whether C. finmarchicus is
a sufficiently important component of the diet of larval lob-
ster to limit survival; however, this copepod has a significantly
higher caloric and lipid content than other common copepods
in the region (DeLorenzo Costa et al. 2006) and constitutes
the primary food for many fish and marine mammals (Kane
1984, Woodley and Gaskin 1996). In addition, laboratory ob-
servations indicate that all stages of lobster larvae readily con-
sume C. finmarchicus with evidence suggesting a preference
for C. finmarchicus when given a choice among several cope-
pod species (Layland 2023). Both microscopy and molecu-
lar analysis have revealed C. finmarchicus in the natural diet
(Juinio and Cobb 1992, Ascher 2023). General experiments
quantifying the feeding rates of lobster larvae on natural di-
ets and focused experiments measuring the feeding rates on
different Calanus life stages would help fill a clear knowledge
gap. Further research is needed to better understand the dy-
namic driving relationship between trophic interactions and
larval development time.
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Figure 3. Shifts in C. finmarchicus phenology. (a) End of season and (b) season duration (2 week blocks) by year from 1988 to 2018. “Time periods”
correspond to 2-week blocks. Dotted line is the fitted trendline. Blue horizontal line in A denotes 1 July (time period 13); since 2009, the season has
ended on or before that date. (c) C. finmarchicus abundance from July to October, demonstrating in concert with (a) that not only has the end of season
(75th percentile) been occurring earlier in most recent decade, but abundance has been well below median values (horizontal line) after the critical larval

period begins (1 July).

Table 1. Correlation statistics by month between C. finmarchicus and post-
larval lobster abundance in New Hampshire waters, 1988-2018. Note, bold
text denotes signficant correlations (P < 0.05).

Month Spearman’s r P

May 0.25 0.1887
June —0.15 0.4311
July 0.64 0.0002
August 0.58 0.0007
September 0.25 0.1751
October 0.25 0.1806

We found several noteworthy relationships between C. fin-
marchicus and early-stage larvae, which give us a better un-
derstanding of how the abundance and availability of this
food source have changed over time. Over the 31-year time
series, we found a significant decline in the temporal over-
lap of these two species, a mismatch that can more closely be
tracked to the most recent decade (2009-2018) of our study.
For 2009-2018, the Calanus season ended nearly 3 weeks be-
fore the peak abundance of lobster stage I larvae in the water
column. There has been a 6-week shift in the end of the
Calanus season from the first to the last decade of our three-
decade time series, which means that the Calanus season in
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Figure 4. Mismatch index between larval lobster and C. finmarchicus phenology. (a) The decreasing overlap between peak abundance of stage | lobster
larvae and the end of the C. finmarchicus season. A negative index indicates that peak stage | occurred after the end of C. finmarchicus season. The
downward trend is statistically significant (Mann—-Kendal: P = 0.039). (b) Mean mismatch index values by decade over the 30-year time series (bars) and
postlarval abundance by decade (black line). Note that postlarval abundance is relatively high in years of greater overlap between peak stage | and C.

finmarchicus.

recent years has ended well before stage I lobster larvae peak.
This widening mismatch in temporal overlap in the most re-
cent decade was also accompanied by a 70% decrease in
the abundance of Calanus available during the larval sea-
son. The compounding effects of changing phenology and de-
clining abundance of this lipid-rich food source could have
wide-ranging implications for animals that rely on their en-
ergy content for growth and survival (e.g. Conover 1988, Lee
et al. 2006, Pepin and Head 2009, Melle et al. 2014). We ac-
knowledge the potential limitations of the small spatial scale
of our study in drawing conclusions for the broader GoM
ecosystem; however, trends in Calanus and their links to lob-
ster recruitment in the western GoM reported in our principal
study (Carloni et al. 2018) have since been corroborated by a
broad-scale analysis throughout the GoM, including the Bay
of Fundy (ASMFC 2020, Wahle et al. 2021). Moreover, phe-
nological shifts and declining summer production of Calanus
reported here agree with larger basin-scale analyses (Record
et al. 2019).

The drivers of C. finmarchicus phenology have not been
fully resolved. The species has a complex life cycle that in-
cludes a dormant (diapause) period where pre-adults accumu-
late lipids during the summer when food supply and environ-
mental conditions are favorable, and enter diapause in deep
water during the fall and early winter when food and envi-
ronmental conditions are poor, a possible bet-hedging adap-
tation to survive these conditions until the next spring phyto-
plankton bloom when they mature to adulthood, mate, and
release their eggs (Kaartvedt 2000, Varpe and Fiksen 2010).
The proximate cues controlling when C. finmarchicus enter
diapause are enigmatic. Given the great depth at which dia-
pause occurs (500+ m; Hirche 1996, Heath et al. 2004), it
is unlikely that changing light levels are sufficient to initiate
the molt to adulthood. This has led some to consider deple-
tion of energy reserves as the trigger for maturation (Hafker
et al. 2018, Skottene et al. 2019, Bandara et al. 2021). Be-
cause temperature at diapause depth varies little, the onset of
the C. finmarchicus season has varied without trend over the
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abundance in most recent decade (2009-2018) is 70% lower than that of the previous decade (1999-2008).

31-year time series. Therefore, changes in C. finmarchicus phe-
nology are more likely to arise from changes in the develop-
mental rates of the newly hatched C. finmarchicus. When the
eggs hatch, they ascend the water column and the naupliar lar-
val stages eventually begin to feed, develop, and accumulate
fats. Warmer surface temperatures accelerate development of
the copepod and result in smaller (Runge et al. 20135, Fields
et al. 2022), less fecund, adults (Carlotti and Hirche 1997).
As temperatures in the GoM continue to increase (Pershing
et al. 2015), and nutrient supplies and phytoplankton decline,
C. finmarchicus abundance may continue to decline and their
phenology may continue to contract.

Although we are beginning to understand the effects of cli-
mate change on the oceanography, ecosystem dynamics, and

fisheries of the GoM (Pershing et al. 2015, 2021, Richards
et al. 2016, Gongalez-Neto et al. 2021), our understanding
of the mechanisms at work behind these changes remains
largely correlative. In the case of the American lobster, the de-
coupling of the spawner—postlarval relationship occurs dur-
ing the early larval stages. We hypothesize that the supply of
planktonic food may play a role in that decoupling and limit
subsequent recruitment (Carloni et al. 2018). The stronger
correlation between C. finmarchicus and lobster postlarval
abundance compared to the other zooplanktors (e.g. other
copepod species, decapod larvae, gelatinous zooplankton, or
chaetognaths) or abiotic factors (i.e. temperature, wind advec-
tion, and NAO index) indicated that C. finmarchicus abun-
dance may be a limiting factor (Carloni et al. 2018). This
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contention is further supported by an analysis of NOAA’s
EcoMon zooplankton data base spanning the entire GoM,
where there was a strong correlation of the YOY index with
C. finmarchicus and an associated assemblage of cold-water
copepods (ASMFC 2020, Wabhle et al. 2021). Here, we pro-
vide new evidence that the widening mismatch in phenology
of larval lobster and C. finmarchicus may contribute to the
downturn in lobster recruitment. We acknowledge that the
long-term links we have reported could be driven by a larger
ecosystem shift that we currently do not understand, which
could be influencing both Calanus and postlarval lobsters in
a similar fashion.

Region-wide sustained low levels of YOY lobster recruit-
ment since 2012 have been of concern to the fishing industry,
scientists, and fishery managers. Although adult lobster abun-
dance remains at high levels, signs of a decline have emerged
in recent years. The Coastwide Ventless Trap Survey and the
Maine/New Hampshire Trawl Survey have also shown de-
clines in sublegal lobster in coastal Maine with significant
correlations to YOY indices (ASMFC 2020). This rate of de-
cline in recruitment may be tempered to some degree by in-
creased suitable thermal habitat in deep water and in the east-
ern GoM (Goode et al. 2019), although the agreement among
several different depth-stratified surveys corroborates a de-
clining population in the GoM. Additional research is required
to reveal the mechanisms of the hypothesized trophic inter-
action between larval lobster and Calanus, but our 31-year
time series reinforces our understanding of the linkages be-
tween American lobster recruitment and changes in the GoM’s
pelagic food web.
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