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Abstract
The timing of biological events, known as phenology, plays a key role in shaping ecosystem dynamics, and

climate change can significantly alter these timings. The Gulf of Maine on the Northeast U.S. Shelf is vulnerable
to warming temperatures and other climate impacts, which could affect the distribution and production of
plankton species sensitive to phenological shifts. In this study, we apply a novel data-driven modeling approach
to long-term datasets to understand the population variability of Calanus finmarchicus, a lipid-rich copepod that
is fundamental to the Gulf of Maine food web. Our results reveal how phenology impacts the complex inter-
mingling of top-down and bottom-up controls. We find that early initiation of the annual phytoplankton
bloom prompts an early start to the reproductive season for populations of C. finmarchicus in the inner Gulf of
Maine, resulting in high spring abundance. This spring condition appears to be conducive to enhanced preda-
tion pressure later in the season, consequently resulting in overall low C. finmarchicus abundance in the fall.
These biologically controlled dynamics are less pronounced in the outer Gulf of Maine, where water exchanges
near the boundary have a greater influence. Our analysis augments existing hypotheses in fisheries oceanogra-
phy and classical ecological theory by considering unique plankton life-history characteristics and shelf sea
dynamics, offering new insights into the biological factors driving C. finmarchicus variability.

Phenology, or the study of cyclic variability and seasonal
timings of biological events, plays a key role in shaping the
dynamics of marine ecosystems. From the onset of blooms to
the timing of migrations and occurrence of seasonal

reproductive windows, understanding the phenology of a sys-
tem offers invaluable insights into the potential biotic and
abiotic factors driving population dynamics (Sydeman
and Bograd 2009). Changing phenologies have long been
identified in both terrestrial and marine systems and analyzed
within the broader context of food web dynamics to develop
ecological theories, understand the synchrony between preda-
tors and prey, and explain mortality patterns (Durant
et al. 2007). Elucidating the drivers of shifting phenologies is
becoming increasingly important as climate change continues
to exert profound impacts on marine environments
(Ji et al. 2010; Langan et al. 2021). Understanding these
changes is crucial for advancing our knowledge of ecosystem
structure, sensitivity, and resilience in a changing ocean.

The Gulf of Maine (Fig. 1), located on the Northwest Atlan-
tic shelf, is warming at a rate faster than most global marine
ecosystems and is projected to continue warming in the
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coming decades (see review by Pershing et al. 2021 and papers
therein). This rapid and continued warming, along with
shifting patterns of ocean circulation, is predicted to alter phe-
nologies and the distribution of species in the region (Runge
et al. 2015; Record et al. 2019). Of particular concern are the
impacts these climate-induced changes will have on
populations of the lipid-rich copepod, Calanus finmarchicus,
which serves as a vital link between lower and higher trophic
levels (Runge et al. 2015; Pershing et al. 2021). It is the
primary prey species for the critically endangered North
Atlantic right whale as well as many commercially and
ecologically important fish species (Melle et al. 2014; Stau-
dinger et al. 2020; Ross et al. 2023). Therefore, variability in
C. finmarchicus populations, including phenological shifts
and/or abundance changes, could have substantial impacts on
the entire Gulf of Maine ecosystem.

To avoid visual predation and survive periods in which
food is scarce, a key life-history strategy of C. finmarchicus is to
diapause at depth in the basins of the Gulf of Maine (Meise and
O’Reilly 1996). However, the timing and duration of diapause
varies significantly from year to year, with predation cues,
food availability, and increasing temperatures all impacting
C. finmarchicus diapause schedules (Johnson et al. 2008;

Ji 2011; Maps et al. 2012). Due to its complex multistage life
cycle, uncertainties over the mechanisms triggering diapause, and
other bottom-up and top-down controls that influence its popu-
lation dynamics, modeling C. finmarchicus and understanding
the mechanisms driving its spatiotemporal distribution remains a
considerable challenge (Ji et al. 2021; Ratnarajah et al. 2023).

Although temperature and advection are important for
C. finmarchicus growth and transport, recent studies suggest
that these physical factors may not play as significant a role in
driving spring C. finmarchicus population dynamics in the
Gulf of Maine as was previously hypothesized (Ji et al. 2021;
Honda et al. 2023). Both bottom-up and top-down biological
processes could drive population variability, particularly dur-
ing the winter–spring growing season. However, the relative
importance of such internal biological processes, such as local
food availability, reproductive timing, and predation pressure
remains uncertain (Ji et al. 2021; Pershing and Kem-
berling 2023). To examine these potential biological mecha-
nisms influencing C. finmarchicus variability, this study aims
to link the phenology of the annual phytoplankton bloom to
seasonal fluctuations of C. finmarchicus interannual abun-
dance. We focus on bloom initiation date because it not only
influences the start of C. finmarchicus’s reproductive season

Fig. 1. Bathymetry of the Gulf of Maine with black boundaries representing the spatial areas of Wilkinson Basin, Jordan Basin, and Georges Basin. Direc-
tionality of average surface and bottom currents are indicated by orange and white arrows (respectively). Wilkinson Basin and Jordan Basin constitute the
inner basins of the Gulf of Maine.
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and subsequent spring zooplankton biomass variability
(Plourde and Runge 1993; Friedland et al. 2015, 2023), but
also directly impacts bloom amplitude, duration, and food
availability (Friedland et al. 2018). We hypothesize that the
onset timing of the annual phytoplankton bloom plays a key
role in driving C. finmarchicus population dynamics in the
basins of the Gulf of Maine throughout the year, and we test
this hypothesis through a novel analysis of the phenology of
spring and fall population abundances and average late win-
ter/early spring population stage structure in order to further
elucidate the environmental drivers of a foundational species
in the Gulf of Maine.

Methods
Our methods for this analysis are focused on estimating

the average long-term seasonal trends of populations of
C. finmarchicus using an unevenly distributed spatiotemporal
dataset. We correlate seasonal average population abundances
within the basins of the Gulf of Maine in order to analyze the
influence of changes in phenology on population dynamics.
We then link the timing of key seasonal events to potential
drivers of variability, which change spatially across the region.

Data
This study utilizes publicly available plankton abundance

data from the Marine Monitoring Assessment and Prediction
(MARMAP) survey (1977–1987) and the Ecosystem Monitor-
ing (EcoMon) program (1988 to the present) collected by the
U.S. National Oceanic and Atmospheric Administration
Northeast Fisheries Science Center (NMFS/NEFSC 2021).
Approximate bimonthly samples were collected using a 61-cm
bongo net with a 333-μm mesh towed between the surface to
a maximum depth of 200 m at fixed stations (for MARMAP) or
using a stratified random sampling design (for EcoMon). For
the basins of the Gulf of Maine, there are varying degrees of
seasonal representativity across all years, with the average
number of spring/fall samples per basin per year ranging from
approximately four to seven (Supporting Information Fig. S1).
Despite the irregular spatiotemporal distribution of the data,
based on a previous study, we ascertained that data collected
within each of the three basins of the Gulf of Maine are inter-
annually synchronized, indicating that subpopulations within
each of these basins are varying in phase (Honda et al. 2023).
Therefore, to analyze interannual trends, we aggregated the
samples within the geographic boundaries representing Wil-
kinson, Jordan, and Georges Basin, as shown in Fig. 1.

The satellite surface chlorophyll a concentration data
(Ocean Color Index algorithm) are the 8-d composite of
MODIS-Terra chlorophyll a products from 2001 to 2019. The
level-3 data with a 4-km spatial resolution were extracted from
35�N to 45�N and �76�W to �64�W for further analysis
(NASA Ocean Biology Processing Group 2020).

Statistical approach
Our statistical approach is based on using generalized additive

models (GAMs) to generate complete time series for each dataset
and taking weighted seasonal averages to understand how sea-
sonal abundances change interannually within each basin. First
developed by Hastie and Tibshirani (1986), GAMs are a useful
alternative to traditional multiple linear regression to model
complex, non-linear ecological relationships, as they are able to
capture additive smooth relationships and interactions between
the response variable and the predictor variables, allowing for
both flexibility and interpretability (Hastie and Tibshirani 1986;
Pedersen et al. 2019).

We fitted all samples (i) collected within each basin (j) to
the following GAM:

Yij ¼ βijþ s1j DoYij
� �þ s2j Yearij

� �þ ti1j DoYij,Yearij
� �þεij ð1Þ

where βij is the intercept and covariates DoYij and Yearij repre-
sent the day-of-year and year (respectively) of sample i in
basin j. Smooth functions s1j and s2j model the direct effect of
day-of-year and year on Yij, while ti1j DoYij,Yearij

� �
is a tensor

interaction smooth for the interaction between day-of-year
and year. Additionally, εij represents normal error with mean
0 and variance σ2. For plankton data, we take Yij ¼ ln Rij

� �
,

where Rij is the total density of C. finmarchicus captured with
the bongo net (mostly stages C3–C6, in units of
[(abundancem�3)+1]. For chlorophyll a data, we take
Yij ¼ ln Cij

� �
, where Cij is the concentration of chlorophyll a, in

units of mgm�3. In both cases, we utilized an identity link
function to fit abundance/chlorophyll a concentration. Model
fits and validation details are summarized in Supporting Infor-
mation Table S1. All GAM analyses were performed using the
“mgcv” R package (Wood 2017).

In order to more clearly discern trends in the unevenly
distributed data, with the fitted model of Eq. 1, we generate
a weekly time series (bY) with associated standard errors (SE)
starting from January 1st of the first year of each dataset
(i.e., 1977 for MARMAP/EcoMon and 2001 for MODIS-Terra
chlorophyll a) to December 31st of the last year of each
dataset (i.e., 2021 for MARMAP/EcoMon and 2019 for
MODIS-Terra chlorophyll a). This interpolation was neces-
sary because C. finmarchicus abundances can fluctuate sig-
nificantly within short time frames, particularly in the
spring, so our method aims to account for differences in
the timing of sampling across years to effectively capture
rapid changes in abundance. To incorporate uncertainty in
the GAM-interpolated values, for each year (y) and season
(s), we computed the weighted seasonal average (Yys)
according to Eq. 2:

Yys ¼
Ptf

t¼t0 wt � bY� �
Ptf

t¼t0wt

ð2Þ
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where wt ¼ 1
SE2

t
and t0 and tf represent the first and last day of

the season (respectively) within the year. For this study, we
define winter as ranging from day 1 to 90 (January to March),
spring from day 91 to 181 (April to June), summer from day
182 to 273 (July to September), and fall from day 274 to
365 (October to December). We then estimated the Spe-
arman’s rank correlation ρð Þ and associated p-value between
weighted average seasonal C. finmarchicus population fluctua-
tions and hypothesized drivers. To verify that these averages
were representative of the data, we correlated the seasonal
GAM averages with the seasonal MARMAP/EcoMon data aver-
ages. For all basins, the average seasonal interdecadal signals
are positively correlated (ρ>0.32) and statistically significant,
with a confidence level of at least 90% (p-value <0.1;
Supporting Information Fig. S2).

Copepodite stage index calculation
To understand the mean copepodite stage composition of

the C. finmarchicus population, we calculated the copepodite
stage index (CSI) according to Eq. 3,

CSI¼
P6

s¼1s� csP6
s¼1cs

ð3Þ

where s is the copepodite stage number from 1 to 6 and cs is
the abundance of stage s (Skjoldal et al. 2021). Here, we calcu-
late CSI based on the available stage-resolved MARMAP/
EcoMon data; however, the 333-μm mesh net used to collect
these samples is more likely to catch stages C3–C6. In the late
winter and early spring, high CSI indicates that there are more
later stages than earlier stages, which suggests that the next
generation of C. finmarchicus has not yet started to develop
after emerging from diapause as late-stage copepodites. Con-
versely, a low CSI indicates that there are more earlier stages
than older stages, which indicates that the reproduction/
recruitment season of the population started earlier.

To investigate the hypothesis that an overall younger popu-
lation in the late winter/early spring leads to high overall
spring abundances, we determined the average stage composi-
tion (Eq. 3) of the population and correlated these values to
overall average spring abundance. We calculated the average
CSI from the 75th day-of-year to the 105th day-of-year within
each year to match both the approximate bloom start date
(DC, defined in Eq. 4) and the 30-d timescale of reproduction,
egg hatching, and population growth that occurs in the late
winter and early spring following the annual phytoplankton
bloom (Campbell et al. 2001).

Bloom initiation calculation
For each spatial location and year of the MODIS-Terra chlo-

rophyll a data, we generated a complete daily time series of
chlorophyll a seasonality and calculated bloom initiation date
(DC) as the day on which the maximum rate of increase occurs
prior to day 120 of each year, as shown in Eq. 4:

DC ¼ argmaxt ≤120
dC
dt

tð Þ
� �

ð4Þ

where dC
dt represents the rate of change of chlorophyll a (C)

with time (t) within each year. To avoid detection of short-
lived spikes, we also enforced a condition that the overall con-
centration must exceed a threshold of 0.75mgm�3 for 16d.
This threshold was chosen based on chlorophyll a conditions
conducive to C.finmarchicus egg production (Durbin et al.
2003; Runge et al. 2006). Calculation of the overall DC trend is
not sensitive to this enforced condition, as combinations of
0.5–0.75mgm�3 for 8 or 16d did not alter the interannual
variability of DC (Supporting Information Fig. S3). This
approach for calculating DC is similar to the “Rate of Change
Method” described by Brody et al. (2013), but has been modi-
fied to suit conditions favorable for C. finmarchicus egg devel-
opment and reproduction in the Gulf of Maine to allow for
detection of the late winter/early spring bloom even if chloro-
phyll a concentrations are relatively low but high enough for
egg production. Unlike threshold-based methods, this
approach ensures the early detection of the phytoplankton
bloom, which is crucial for starting the reproductive season of
C. finmarchicus (Head et al. 2000; Runge et al. 2006). For each
basin, we took the mean DC across all spatial locations (based
on the spatial resolution of the MODIS-Terra chlorophyll
a data) to estimate the average bloom initiation date for each
year. Spatial bloom initiation maps for all three basins are
found in Supporting Information Figs. S4–S6.

To test the hypothesis that CSI could be influenced by the
phenology of the annual phytoplankton bloom, we calculated
the average bloom initiation date (Eq. 4, DC) across all basins
and correlated this value with average CSI.

Results
Spring and fall population dynamics

There is a strong, statistically significant (p < 0.01), negative
correlation between the weighted seasonal averages (Eq. 2) of
the spring and fall populations in both Wilkinson Basin
(ρ = �0.83) and Jordan Basin (ρ = �0.80) (Fig. 2). In contrast,
the Georges Basin rank correlation between spring and fall
weighted seasonal averages has a positive correlation that is
weaker, but still statistically significant (ρ = 0.44; p < 0.01).
Refer to Supporting Information Fig. S7 for plots of the sea-
sonal average correlations of the raw MARMAP/EcoMon data
compared to GAM average correlations.

Spring population vs. CSI
Spring abundances and CSI display statistically significantly

negative relationships in the inner basins (Fig. 3), with the
dynamics in Wilkinson Basin having ρ = �0.82 and p < 0.01,
and Jordan Basin having ρ = �0.31 and p = 0.05. In contrast,
correlations in Georges Basin are negative but not significant
at the 95% confidence level (ρ = �0.21; p = 0.17).
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CSI vs. spatial average bloom initiation
Bloom initiation date and CSI are significantly positively cor-

related (Fig. 4) in Wilkinson Basin (ρ = 0.56; p = 0.01) and
Jordan Basin (ρ = 0.77; p < 0.01). This indicates that the timing
of the annual phytoplankton bloom may play a key role in
prompting an early start to the reproductive season in the inner
Gulf of Maine, as early initiation corresponds with low CSI in a
particular year. Conversely, Georges Basin does not display a sig-
nificant relationship between these variables (ρ = 0.14; p = 0.58).

Discussion
Across the interconnected basins of the Gulf of Maine, a

complex array of factors shape the population dynamics of
C. finmarchicus, reflecting the intricate interplay between
local biotic influences and broader advective processes.
Despite the relatively close spatial proximity of the basins
and high advective connectivity, our results show that the
dynamics in each of the basins differs, but that Wilkinson
Basin and Jordan Basin exhibit a higher degree of similarity
with each other than with Georges Basin. This indicates
that comparable seasonal biological mechanisms are driving

the observed spatial population synchrony, as both basins
are influenced by upstream shelf water at the surface, lead-
ing to similar winter–spring hydrographic conditions and
biological production responses (Fig. 1) (Ji et al. 2017; Ji
et al. 2021; Honda et al. 2023). In contrast, Georges Basin
exhibits different dynamics, with populations in this basin
showing much greater variability and displaying a positive
correlation between spring and fall abundances and a wea-
ker, negative correlation between spring abundance and CSI
(Figs. 2f, 3c). This difference is likely attributed to the fact
that the Georges Basin diapausing population is more
directly influenced by exchanges at the boundary with
external waters via the Northeast channel (Fig. 1). Although
the entire Gulf of Maine is interconnected and can be
influenced by these water masses, it takes a longer amount
of time for this water to enter the inner basins of the Gulf
of Maine, so Jordan and Wilkinson Basins are less
influenced by these intrusions than Georges Basin
(Ji et al. 2021). Thus, external processes likely play a more
important role in driving population dynamics in Georges
Basin, while similar biological drivers primarily influence
the dynamics of Wilkinson and Jordan Basins.

Fig. 2. Annual spring and fall data, averages, and trends within the basins of the Gulf of Maine. Left-hand panels show Marine Monitoring Assessment
and Prediction (MARMAP)/Ecosystem Monitoring (EcoMon) samples collected within each basin (small circles) and MARMAP/EcoMon data seasonal aver-
ages (large circles), as well as generalized additive model (GAM)–derived seasonal averages (lines). Right-hand panels display scatter plots with Spe-
arman’s rank correlation ρ values and associated p-values for each basin. Abundances are in units of ln(abundance m�3+1).

Honda et al. Shifting phenology drives zooplankton variability

182

 19395590, 2025, 1, D
ow

nloaded from
 https://aslopubs.onlinelibrary.w

iley.com
/doi/10.1002/lno.12752 by M

bl W
hoi Library, W

iley O
nline Library on [21/05/2025]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



For the inner basins of the Gulf of Maine, our results indi-
cate that the phenology of annual biological events plays a
key role in shaping population dynamics throughout the year.
The positive correlation between bloom initiation date and
CSI in Wilkinson and Jordan Basins (Fig. 4) supports our
hypothesis that early bloom initiation prompts an early start
to the reproductive season, as indicated by low average CSI.
Furthermore, the negative correlation between CSI and spring
abundance indicates that the earlier start to the reproductive
cycle in late winter/early spring leads to high overall abun-
dance in the spring. These dynamics could potentially be
explained by the growth-mortality hypothesis, commonly
explored in fisheries science (e.g., Anderson 1988; Davis
et al. 1991), and more recently suggested to apply to
C. finmarchicus (Ji et al. 2021). Our analyses show strong evi-
dence that early bloom initiation prompts an early start to the
reproductive season, allowing more time for the next

generation of young copepodites to grow in size before smaller
zooplanktonic predators have had time to peak. This results in
a mismatch between C. finmarchicus peak abundance and peak
abundance in predators later in the year and allows for overall
high spring abundance, as illustrated in Fig. 5 (top panel) and
Supporting Information Fig. S8.

Following a particularly high spring abundance season, our
findings reveal a subsequent decline in fall abundance, as
evidenced by the strong negative correlation observed
between spring and fall abundances in Wilkinson Basin and
Jordan Basin (Fig. 2b,d). This phenomenon could be inter-
preted in the context of the Lotka-Volterra model of density-
dependent predator–prey interactions (Volterra 1926).
According to this model, high surface populations of copepod
prey (e.g., C. finmarchicus) provides ample food for predators,
consequently fostering their reproduction and leading to an
increase in predator abundance during the summer and fall

Fig. 3. Average spring abundance (units of ln[abundance m�3 + 1]) compared to average copepodite stage index (CSI) from the 75th day-of-year (DoY) to the
105th DoY for each year. Marine Monitoring Assessment and Prediction (MARMAP)/Ecosystem Monitoring (EcoMon) samples collected within each basin are
indicated by small circles, MARMAP/EcoMon data seasonal averages are indicated by large circles, and generalized additive model (GAM)–derived seasonal aver-
ages are represented by lines. Spearman’s rank correlation ρ values and associated p values are denoted in the lower left-hand corner of each plot.
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seasons. This increase in the predator population exerts
heightened top-down pressure on C. finmarchicus, resulting in
a subsequent decline in their abundance during the fall
months. Simple Lotka-Volterra model results further support
the presence of density-dependent predator–prey interactions
in the inner Gulf of Maine (Supporting Information Fig. S8).
However, since C. finmarchicus has a number of location-
dependent and migrating predators ranging from invertebrates
(e.g., euphausiids, chaetognaths, siphonophores), to fish
(e.g., larval Atlantic cod, herring), to large mammals (e.g., the
North Atlantic right whale), it is difficult to quantify total
predation-induced mortality and identify specific predators
most responsible for driving down C. finmarchicus populations
(Ohman and Hirche 2001; Meyer-Gutbrod and Greene 2018;
Wiebe et al. 2022). Thus, analyzing C. finmarchicus spring and
fall abundances allows us to estimate overall C. finmarchicus
mortality within the year, and our results suggest that that

density-dependent predation could be an important factor
driving C. finmarchicus population dynamics.

Another significant mechanism that could impact C.
finmarchicus interannual population variability is the timing
of diapause initiation in the summer and fall months, which
could also result in low fall abundance. Early bloom initiation
allows C. finmarchicus eggs to hatch earlier, and individuals in
the population would then be able to develop and accumulate
lipids sooner, which may prompt an early descent into dia-
pause in the summer or early fall (Johnson et al. 2008; Maps
et al. 2012). The complex interaction between food availabil-
ity and predation pressure could also be an important factor
in the initiation of diapause, as low summer food availability,
as well as enhanced predation, could induce C. finmarchicus to
enter diapause (Ji 2011; Skottene et al. 2020; Kvile et al. 2021).
Once diapausing at depth, C. finmarchicus metabolizes the
lipids acquired at the surface, and the rate of respiration

Fig. 4. Average copepodite stage index (CSI) from the 75th day-of-year (DoY) to the 105th DoY for each year compared to spatially averaged bloom ini-
tiation date (DC). Marine Monitoring Assessment and Prediction (MARMAP)/Ecosystem Monitoring (EcoMon) samples collected within each basin are
indicated by small circles, MARMAP/EcoMon data seasonal averages are indicated by large circles, and generalized additive model (GAM)–derived sea-
sonal averages are represented by lines. The 95% confidence intervals for spatial average DC are indicated by the shaded green envelope. Spearman’s
rank correlation ρ values and associated p values are denoted in the lower left-hand corner of each plot.
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increases with water temperature (Fields et al. 2023). Low tem-
peratures (i.e., below 5�C) allow for normal respiration rates
and a full diapause duration. However, since lipid storage is
limited and the population initially descended into diapause
early, individuals may consequently emerge from diapause
early (i.e., in the mid to late fall) (Maps et al. 2012). This
would likely lead to increased mortality due to predation,
advection out of the system due to greater surface currents,
and a mismatch between emergence from diapause and food
availability, all of which would result in reduced abundances
in the fall (Sorochan et al. 2021). Additionally, higher sea bot-
tom temperatures during the summer and fall could result in
elevated metabolism (e.g., Saumweber and Durbin (2006);
Pierson et al. (2013)), forcing an even earlier exit from the dia-
pause phase and consequently leading to a higher mortality
rate from higher temperatures, food scarcity, and increased
predation pressure at the surface (Ji et al. 2021). These poten-
tial pathways leading to low fall abundance of C. finmarchicus
are outlined in Fig. 5 (top panel). In short, complex interac-
tions between both bottom-up and top-down pressures can
consequently lead to fewer individuals in the fall following a
high spring abundance season.

Understanding the phenology of a system can lend insights
into the intricate interplay of top-down and bottom-up

forcing on population dynamics. Through our analysis linking
the phenology of bloom initiation to CSI fluctuations, our
results suggest that the timing of the annual phytoplankton
bloom and availability of food in the late winter/early spring
may serve as crucial factors influencing C. finmarchicus abun-
dance throughout the year, resulting in significant impacts to
species interactions and overall ecosystem dynamics. Further-
more, the long term cyclic pattern between spring and fall
abundance indicates a primary role for the interaction
between spawning phenology and local predation in control-
ling the dynamics of C. finmarchicus, particularly for the inner
basins of the Gulf of Maine, where fall population abundance
could also be influenced by the summer advective supply from
the Maine Coastal Current originating from the Scotian Shelf
(Ji et al. 2017). Predicting the relative role of internal produc-
tion vs. supply in the wake of climate change remains a chal-
lenge, and it is unclear how further freshening and warming
may impact the system (Record et al. 2024). While recent bot-
tom temperature increases have corresponded to a decrease in
fall abundance in Jordan and Georges Basin, the signal was
inconsistent in previous decades, and overall bottom tempera-
ture variability across the basins is irregular (Supporting Infor-
mation Fig. S9). It remains to be seen whether the most recent
oceanographic shift associated with the northward migration of

Fig. 5. Conceptual diagram depicting hypothesized conditions leading to observed spring and fall population dynamics within a particular year.
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the Gulf Stream and change of supply of C. finmarchicus into the
Gulf of Maine (Record et al. 2019; Meyer-Gutbrod et al. 2021)
will radically alter the observed long term pattern. Since
C. finmarchicus is a foundational species in the North Atlantic
food web, understanding its seasonality and the environmental
conditions driving changes in its abundance and distribution is
essential for predicting the impacts of climate change on marine
populations in the region.

Data availability statement
Plankton abundance data were collected by the MARMAP/

EcoMon survey program, publicly available at the
U.S. National Oceanic and Atmospheric Administration
National Centers for Environmental Information site (https://
www.ncei.noaa.gov/archive/accession/0187513; see NMFS/
NEFSC 2021). MODIS-Terra chlorophyll a data is publicly
available at the NASA MODIS site (https://modis.gsfc.nasa.
gov/data/dataprod/chlor_a.php; see NASA Ocean Biology
Processing Group 2020). R and MATLAB scripts used to con-
duct the statistical analyses are available at https://github.
com/iahonda/Shifting-Phenology.git.
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