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Abstract

Small pelagic fishes, also termed forage fishes, represent a critical link between secondary
production and myriad top predators in marine ecosystems, including the Northeast US shelf. In
this dissertation, I analyze the drivers of forage fish distribution throughout the Northeast US
shelf and the drivers of the abundance of the ecologically important northern sand lance. Chapter
2 examines the basic ecology of northern sand lance and uses these insights to identify
mechanistic drivers of their abundance. I then explore different scenarios of these drivers to
project sand lance abundance through the end of the 21% century, which appears precarious for
adult sand lance unless current trajectories change. Chapter 3 analyzes the environmental drivers
of the distribution of the six dominant, offshore forage fish species (northern sand lance, Atlantic
herring, alewife, blueback herring, Atlantic mackerel, and Atlantic butterfish) on the Northeast
US shelf to elucidate the role of environmental covariates in shelf occupancy by these taxa. The
results of this chapter indicate shelf occupancy of butterfish and Atlantic mackerel are increasing
through time while occupancy of sand lance is decreasing with time. The occurrence of most of
these species is also moving deeper and northward with time. Chapter 4 assesses the source-sink
dynamics of three sand lance hotspots through Lagrangian particle tracking models simulating
larval sand lance transport. Connectivity varies among these hotspots with Georges Bank and
Stellwagen Bank having notable retention while the Great South Channel relies on larvae from
other hotspots. Retention on Stellwagen Bank and Georges Bank are linked to strong wind
events during the larval period of sand lance. Collectively, this dissertation improves our
understanding of the dynamics driving variability in the Northeast US shelf forage fish complex,
particularly for northern sand lance.

Thesis Supervisor: Joel Llopiz
Title: Associate Scientist
Woods Hole Oceanographic Institution
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Chapter 1

General Introduction

Small pelagic fishes are critical components of global marine ecosystems, representing
the link between zooplankton and pelagic top predators. Their role as prey for many
commercially and ecologically important organisms has led to these fishes earning the moniker
“forage fishes.” The importance of forage fish is so ubiquitous that 75% of all marine ecosystems
have at least one predator with a diet that that is 50 % or greater composed of forage fish (Pikitch
et al., 2014). These fishes are critical to human consumption and usage as well. Forage fish
species presently represent half of the top ten fisheries species by landings (Alder et al. 2008;
Pikitch et al. 2014). While these fishes remain important food fish for regions such as western
Africa and the Mediterranean, nearly 90% of forage fish landings are directed for uses such as
fish oil and fish meal (Alder et al. 2008). The balance between human demand for these fishes,
particularly for agricultural and aquacultural production, and the need to maintain large numbers
in the wild to provide food for other important species is a contentious and difficult balance to
strike. Understanding the drivers of forage fish abundance is therefore critical to the global
economy, food security, and the stability of many marine ecosystems.

Forage fishes are typically abundant in productive shelf ecosystems and upwelling
regions throughout the world’s oceans. However, they typically only represent one to less than a
dozen species in a given region (Cury ef al. 2000). This high abundance and low diversity leads
to many of these ecosystem being term “wasp-waist” ecosystems. This term originates from most
of a region’s production—generated by a diversity of phytoplankton and zooplankton—being
funneled through a handful of species that provide forage to a large diversity of predators. These

handful of species in turn feed a diverse array of predators including marine mammal, seabirds,



and large pelagic fishes. The dominance of these fishes, and their essential trophic level, can
cause shifts in their abundance to have large scale ecosystems consequences. This includes
decreases in abundance of predators, as seen for seabirds in Alaska and the Northeast Atlantic
(Divoky et al. 2015; Carroll et al. 2017). It can also lead to a release of top-down pressure on
plankton communities, leading to excessive production that may reach the sea floor, as observed
off Namibia following the overfishing of the local sardine (Bakun, 2017). However, it is
common for small pelagic species in wasp-waist ecosystems to oscillate out of phase with one
another, leaving an abundance of at least one species in the ecosystem at any given time. The
most famous example of this is the sardine and anchoveta of Peru, where climate and fishing
induced changes to the ecosystems led to large scale collapse of the Peruvian anchoveta in the
1970s and the subsequent rise of sardine in response (Bertrand et al. 2014). However, as is the
case with the anchoveta, a shift in species often does not result in an identical ecosystem, with
shifts in forage species often leading to shifts in the distribution and availability of prey to top
predators. Thus, understanding the drivers of forage fish abundance and distribution, and
ultimately forecasting these factors, is essential to our understanding of marine ecosystems and
their future under changing conditions.

The Northeast US shelf represents an ecosystem with a large abundance of forage fishes
serving as the prey for predators ranging from groundfish to large marine mammals. This region,
spanning from Cape Hatteras through the Gulf of Maine, has historically represented one the of
most economically valuable regions in terms of fisheries. The most iconic finfish fisheries
include Atlantic cod and bluefin tuna, both notable forage fish predators (Richardson et al. 2014;
Logan et al. 2015). The forage fishes of the region include six abundant offshore species:

Atlantic herring (Clupea harengus), Atlantic mackerel (Scomber scombrus), alewife (4losa
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pseudoharengus), blueback herring (Alosa aestivalis), Atlantic butterfish (Peprilus triacanthus)
and northern sand lance (4dmmodytes dubius). This moderately diverse forage fish complex
causes the Northeast shelf to only exhibit partial wasp-waist behavior, with a broader diversity of
energy pathways than most upwelling centric wasp-waist ecosystems. Nonetheless, the forage
fishes of the region both serve as important prey for iconic species and notable fisheries in the
case of Atlantic herring, butterfish, and Atlantic mackerel leading to a desire to understand
drivers of forage fish abundance and distribution throughout the region.

Given the Northeast US shelf spans greater than six degrees of latitude along the western
Atlantic, the region harbors a variety of environmental gradients, hydrography, and
hydrodynamics. The southern extent of the region, Cape Hatteras, represents the detachment
point for the Gulf Stream where this western boundary current becomes a free jet causing
spatiotemporal variability in the influence of Gulf Stream waters on the region. Above Cape
Hatteras through the southern coast of Cape Cod lies the Mid-Atlantic Bight, a region
characterized by large areas of sandy substrate and typically strong seasonal stratification. Wind
stress and lower temperatures lead to a largely cool and well-mixed water column from late fall
through spring but warming temperatures in the late spring/early summer lead to strong
stratification in this region and a “cold pool” of winter bottom water, creating habitat for many
colder water demersal species (Chen ef al. 2018). Georges Bank lies to the northeast of the Mid-
Atlantic Bight and east of Cape Cod. Georges Bank is a largely shallow and sandy bank
harboring well mixed waters throughout the year due to strong tidal forcing. The region has a
clockwise gyre due to tidal rectification for much of the year, though the strength of this gyre
varies seasonally based on stratification (Naimie ef al., 2014). The tidal mixing of the region and

upwelling from the edges of the bank lead Georges Bank to be one of the most productive
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regions in the ocean and harbor some of the historically largest groundfish and scallop fisheries
in the world, in addition to habitat for many forage fishes. To the north of Georges Bank lies the
Gulf of Maine, a deeper, colder region with highly dynamic hydrography. The deep basins of the
Gulf of Maine and the Northeast Channel allow deep, nutrient rich slope waters from the Gulf
Stream influenced Slope Sea and Arctic influenced Labrador Sea to enter the region and form
large portions of the region’s bottom water (Mountain, 2012; Townsend et al., 2015). The
competing influences of Gulf Stream waters from the south and Arctic waters from the Labrador
current lead to marked interannual variability in primary and secondary production throughout
the Gulf of Maine (Greene and Pershing, 2007; Mountain, 2012). The southward flow of the
majority of the Northeast US shelf also leads to characteristics of the Gulf of Maine, such as
changes in bottom water composition and production, that influence much of the Northeast US
shelf.

The spatiotemporal variability in hydrographic and hydrodynamics lead to a moderate
diversity of marine organisms occupying the region, including the aforementioned diversity of
forage fishes. Atlantic herring, northern sand lance, and alewife represent the colder-water
species of the complex, while blueback herring, Atlantic mackerel and butterfish typically
occupy warmer waters. All six species are primarily zooplanktivores, with most of these species
primarily feeding on copepods (Suca et al. 2018). However, diets do vary such as consumption
of fish larvae in the case of the clupeids and Atlantic mackerel and the consumption of gelatinous
zooplankton by butterfish. Other than the site-attached northern sand lance, each of the species
within the forage fish complex exhibit seasonal shifts in distribution largely linked to spawning.
For example, species such as Atlantic butterfish are known to occupy warmer waters of the

region, such as the deep slope waters, in the winter and early spring, while occupying the shelf

12



waters of the Mid-Atlantic Bight and Gulf of Maine in the fall (Adams, 2017). The river
herrings, alewife and blueback herring, which migrate into rivers in the late spring to spawn in
freshwater systems and return to the coastal ocean in the summer and early fall are another
example. These spawning centered migrations provide some insight into the general distribution
of these fishes by season, but finer scale understanding of their distribution and interannual
variability in this distribution and its relationship to hydrography are largely understudied.

Of the six dominant forage fishes, northern sand lance and Atlantic herring have typically
represented the most abundant species in any given year. These two species exhibit out-of-phase
oscillations in abundance, similar to that observed in other forage fish complexes. The cause of
this oscillation remains largely unknown, though hypotheses such as intra-guild predation have
been put forth (i.e. the consumption of sand lance larvae by Atlantic herring; Fogarty, 1991)
However, we do know that the oscillation between the dominance of these two species affects
the distribution of these fishes’ predators, including Atlantic cod (Richardson et al. 2014). A
better understanding the drivers of this oscillation will have implications for the Northeast US
shelf ecosystem.

Understanding the drivers of sand lance abundance across the Northeast US shelf is
essential for answering the question of why these species oscillate out-of-phase. Sand lance
abundance varies by orders of magnitude from one year to the next. When abundant, sand lance
may represent the largest biomass of any fish species across the Northeast US shelf (Staudinger
et al., 2020). However, sand lance abundance also crashes episodically, such it did for much of
the 1990s when abundance was a small fraction of what it was in 1980s. This species is not
actively fished, thus environmental drivers of abundance are most likely at play. The lack of a

directed fishery has also led to few studies being focused on the species despite its ecological
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importance. Factors such as bottom-up, top-down, and hydrographic forcing may have a large
role in the recruitment dynamics and survival of this species, yet this has largely been left
unexplored.

In addition to shelf-wide changes in abundance, sand lance abundance and presence
varies notably on regional scales, with individual banks having episodic explosions in abundance
while others are empty (Staudinger et al., 2020). Given that sand lance are unlikely to make large
scale migrations as adults, these dynamics are assumed to be largely driven by differential
recruitment at these smaller scales. Larval transport is one of the largest drivers of spatial
variability in recruitment for site attached species (Pineda et al., 2007). Variability in
hydrodynamics can lead larvae to settle in vastly different locations and in different abundances
from year to year. A common method for better understanding the potential role of larval
transport in small scale recruitment variability is through Lagrangian tracking models where
larvae are simulated as particles according to their hatch dates, larval durations, vertical
distributions, behavior and settlement timing (Cowen and Sponaugle, 2009). However, a key
component necessary for these models to be accurate is tuning the parameters based on
observations, most notably the expected hatch dates, settlement dates, and the vertical
distribution of larvae. Much of this information is unknown about sand lance and thus attaining
this information on which to base subsequent simulations may shed light on the drivers of their
small-scale spatial variability.

The study of fishes on the modern-day Northeast US shelf and the future of their
abundance and distribution requires the incorporation of the shifting climate of the region. The
Northeast US shelf is one of the fastest warming regions of the global oceans, with ecosystems

such as the Gulf of Maine warming faster than 99% of all ocean waters (Pershing et al. 2015).
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The physical drivers of these changes include increased heat flux from the warming local climate
and shifts in the path of the Gulf Stream. The Gulf Stream has begun to meander and shed rings
at rate nearly double its historical rate since 2000, resulting in large volumes of warm, salty
water from warm core rings occupying the Mid-Atlantic Bight (Gangopadhyay et al. 2020).
Tropical species have increasingly been observed in the region corresponding with these changes
in Gulf Stream behavior, leading to new and dynamic species interactions. Additionally, the
more northward position of the Gulf Stream in recent years has led to an increased influence of
warm, salty slope water on the Gulf of Maine and larger Northeast US shelf. A regime shift in
the Gulf Stream position started around 2009, where sea surface height values began to change
along the Tail of the Grand Banks and bottom temperatures throughout the Gulf of Maine began
to rise at unprecedented rates (Friedland ef al. 2020; Neto ef al. 2021). Understanding the
relationship between forage fish distribution and hydrography throughout our historical records
is essential to model forage fish responses to the hydrographic conditions that are now changing
dramatically. Given the importance of these fishes for their ecological role and their value to
fisheries, understanding the fate of forage fishes will be essential for preparing communities
along the Northeast US shelf for a changing climate and ecosystem.

In this thesis, I aim to better understand the role of hydrography, hydrodynamics, and
trophic influences on the distribution of forage fishes and the abundance of northern sand lance.
In chapter 2, I study the life history of northern sand lance to elucidate mechanistic drivers of
their abundance throughout the Northeast US shelf. I then use different scenarios of projected
changes to these drivers to forecast scenarios of future adult sand lance abundance through the
end of the 21 century. In chapter 3, I use the Northeast Fisheries Science Center bottom trawl

survey data to construct models of shelf occupancy for the six dominant forage fish species of
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the Northeast US shelf. I further analyze how these changes in shelf occupancy are related to
local hydrographic and hydrodynamic conditions relative to interannual differences in overall
presence from factors such as recruitment variability. Finally, in chapter 4, I aim to better
understand the source-sink dynamics of three sand lance hotspots within the Gulf of Maine
through models of larval transport. I also analyze how interannual variability in these transport
pathways relate to local wind phenomena and how retention within each hotspot varies on small
scales. Collectively, this thesis advances our state of knowledge on the relationships between
forage fishes on the Northeast US shelf and the hydrography and hydrodynamics of the region.
This work provides a clearer picture of how the forage fish complex, especially northern sand

lance, will behave in response to a rapidly shifting climate through the end of the century.
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Chapter 2

Sensitivity of sand lance to shifting prey and hydrography indicates
forthcoming change to the northeast US shelf forage fish complex

Reprinted with permission of ICES Journal of Marine Science

2.1 Abstract

Northern sand lance (4dmmodytes dubius) and Atlantic herring (Clupea harengus) represent the
dominant lipid-rich forage fish species throughout the Northeast US shelf and are critical prey
for numerous top predators. However, unlike Atlantic herring, there is little research on sand
lance or information about drivers of their abundance. We use intra-annual measurements of
sand lance diet, growth, and condition to explain annual variability in sand lance abundance on
the Northeast US Shelf. Our observations indicate that northern sand lance feed, grow, and
accumulate lipids in the late winter through summer, predominantly consuming the

copepod Calanus finmarchicus. Sand lance then cease feeding, utilize lipids, and begin gonad
development in the fall. We show that the abundance of C. finmarchicus influences sand lance
parental condition and recruitment. Atlantic herring can mute this effect through intra-guild
predation. Hydrography further impacts sand lance abundance as increases in warm slope water
decrease overwinter survival of reproductive adults. The predicted changes to these drivers
indicate that sand lance will no longer be able to fill the role of lipid-rich forage during times of
low Atlantic herring abundance—changing the Northeast US shelf forage fish complex by the

end of the century.
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2.2 Introduction

Small pelagic fishes, or forage fishes, are critical components of both neritic and oceanic food
webs. They represent an important link between planktonic production and a diversity of larger
predators, including numerous endangered species. However, forage fish abundance and
recruitment are often sensitive to temperature and secondary production, leading to large
fluctuations in abundance, making this trophic link highly variable in space and time (Chavez et
al., 2003; Clausen et al., 2018; Thompson et al., 2019; Sydeman et al., 2020). Further, numerous
studies show that fluctuations in forage fish abundance can lead to marked effects on predator
condition and breeding success (Barrett et al., 2012; Kadin et al., 2012; Engelhard et al., 2013;
Church et al., 2019). Owing to the sensitivity of forage fish to climate regimes, and, in turn, the
breeding and condition of their predators, there is great interest in understanding climate—forage
fish relationships and using them to project forage fish abundances into the future (Fréon et al.,
2005; Alder et al., 2008; Checkley et al., 2017) .

Sand lances (family Ammodytidae) are one such group of quintessential forage fishes
throughout temperate and sub-polar shelf ecosystems of the Northern Hemisphere. This is
particularly true for northern sand lance (Ammodytes dubius) in the Northeast US Shelf
ecosystem (Figure 2-1A). Of 72 regional predators consuming sand lance, populations of
humpback whales (Megaptera novaeangilae) and numerous seabirds are particularly reliant on
this resource (Staudinger et al., 2020). However, the lack of a directed sand lance fishery and,
therefore, regular assessments, has hampered our understanding of basic sand lance ecology that
is needed to predict the species’ characteristically large interannual fluctuations in abundance

(Figure 2-1B,C; (Nelson and Ross, 1991; Richardson et al., 2014; Staudinger et al., 2020).
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Figure 2-1. Hydrography of the Northeast US Shelf and sand lance abundance. (a) Overview of
the Northeast US Shelf with blue arrows indicating prevailing surface currents of the region, red
arrow indicating path of warm slope water entering the Northeast Channel (green box), and the
purple arrow indicating flow of LSW entering the Northeast Channel. Inset displaying the 40 m
isobath of Stellwagen Bank, and the three regions of the bank (north, central, and south)
including trawl locations referenced throughout the text. (b) Mean interpolated cube-root catch
of sand lance over the Northeast US shelf as part of the NEFSC spring bottom trawl survey from
1978 to 1982. (¢) Same as (b), except for the period of 1991-1995.

Evidence indicates other sand lances of the genus Ammodytes are particularly sensitive to
prey availability and temperature regimes at multiple life stages throughout their range
(Winslade, 1974; Tomiyama and Yanagibashi, 2004; van Deurs et al., 2011, 2014, 2015; Régnier
etal.,2017,2018; Clausen et al., 2018; Wright et al., 2017; Murray et al., 2019; Von Biela et al.,
2019). Larval prey availability and adult exposure to elevated overwintering temperatures are

hypothesized to drive variability in catch of the species 4. marinus (T. Régnier et al., 2017,

19



Wright et al., 2017). Further, significant reductions in size-at-age were observed for A.
personatus off Alaska during the warm and zooplankton-poor “blob” event, and reductions in
catch of A. japonicus were correlated with decreasing zooplankton abundance off Japan (Von
Biela et al., 2019; Nishikawa et al., 2020). These relationships indicate that recruitment and
condition of sand lances are linked to prey availability, although existing studies have not
explicitly connected adult prey availability and condition to recruitment. Despite numerous
studies on congeners, little to no information currently exists on the drivers of northern sand
lance abundance throughout its range.

In addition to most forage fish species individually exhibiting population fluctuations,
they often oscillate out-of-phase with one another, leading to one species replacing the role of the
other when environmental conditions change (Bakun and Broad, 2003; Moéllmann ef al., 2008;
Alheit et al., 2014). The Northeast US Shelf forage fish complex has historically exhibited an
oscillation between dominance of northern sand lance and Atlantic herring (Clupea harengus;
Sherman et al., 1981; Richardson ef al., 2014). The causes of this oscillation remain unknown,
especially regarding sand lance. Intra-guild predation, zooplankton prey availability, and habitat
suitability may be contributing factors (Sherman et al., 1981; Fogarty et al., 1991; Richardson et
al., 2014). Intra-guild predation, when a species not only competes with (e.g. for food) but also
consumes another species, can lead to an overwhelming competitive advantage in food webs,
driving oscillatory patterns of competitor abundance (Polis et al., 1989). Zooplankton regimes in
the region also fluctuate on seasonal to decadal scales, resulting in temporally inconsistent prey
availability for small pelagic fishes (Kane, 2007; Morse et al., 2017; Perretti et al., 2017).

Beyond natural variability in zooplankton regimes, the Northeast US shelf has

experienced dramatic warming of both surface and bottom waters throughout the late 20" and
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early 21 century. Warming has been linked to changes in heat flux from atmospheric forcing
and changes in Gulf Stream dynamics that alter advective processes in the region (Greene and
Pershing, 2007; Pershing et al., 2015; Kavanaugh et al., 2017; Gangopadhyay et al., 2019; Chen
et al., 2020). This recent warming has negatively impacted temperate fish species occupying the
shelf, driving both implied direct mortality and range shifts of numerous fishes (Pershing et al.,
2015; Henderson et al., 2017; Kleisner et al., 2017).

Here, we combine stomach content, lipid content, and growth analyses of sand lance to
better understand their ecology and phenology, and then use these results to inform a mechanistic
approach to understanding the drivers of sand lance population fluctuations across the Northeast
US shelf. We hypothesize that northern sand lance abundance on the Northeast US shelf is
controlled by a combination of adult prey availability, intra-guild predation on larvae, and winter
hydrographic conditions. We then predict sand lance abundance throughout the 21 century on
the Northeast US shelf using projections of the primary drivers of sand lance abundance that we
identified: Calanus finmarchicus abundance, Atlantic herring abundance, and warm slope water

proportions.

2.3 Materials and Methods

2.3.1 Sand lance collections

Adult sand lance (age 1+) were collected from Stellwagen Bank with a 1.0 x 0.5 m,
small-mesh (0.63 cm) beam trawl (Figure 2-1A). Stellwagen Bank, a sandy bank in
Massachusetts Bay within the Gulf of Maine, is a top predator hotspot and representative of
typical sand lance habitat throughout the Northeast US shelf (Hazen et al., 2009; Richardson et
al.,2014). Thus, our insights from Stellwagen Bank collections were used to better understand

the ecology and predict environmental drivers of this species across their range.
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Collections occurred monthly in 2019 (except January, July, and December) and
opportunistically on cruises from 2016 through 2018 (Table 2-S1). Trawl duration was 10
minutes and distances ranged from 0.5-1 km. Collected sand lance in 2019 were flash frozen in
foil in liquid nitrogen upon retrieval. Sand lance collected prior to 2019 were placed in a -20°C
freezer and then stored in ice for transportation. All specimens were collected in accordance with
the guidelines and approval of Woods Hole Oceanographic Institution’s Institutional Animal
Care and Use Committee (approval #23453).

Stellwagen Bank can be split into three larger “regions”, south, central, and north (Figure
2-1A). Collections aimed to cover both the northern and southern regions of Stellwagen Bank
where sand lance density is historically high, except for February when collections solely

occurred in the southern and central regions of the bank due to limited ship time.

2.3.2 Zooplankton collections

Simultaneous CTD and zooplankton tows were performed at each station where sand
lance were captured. A SeaBird 19plus was lowered to 1 m above the bottom, coupled with a 30-
cm diameter, 150-um mesh zooplankton net that sampled vertically on the upcast. This resulted
in a cast from 3 m above the bottom to the surface, allowing for the calculation of water volume
sampled. Zooplankton samples were immediately preserved in 95% ethanol upon retrieval.

Prior to processing, zooplankton samples were reduced to approximately 500 organisms
with a modified box splitter. Zooplankton were sorted, counted, and identified to the lowest
possible taxa at the Polish Plankton Sorting and Identification Centre and in the lab at Woods

Hole Oceanographic Institution following Kane (2007).
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2.3.3 Sand lance dissections

Adult sand lance were thawed to near room temperature in the laboratory for dissections.
Standard length, fork length, whole weight, eviscerated weight, liver weight, stomach content
weight, and gonad weight were recorded for each fish. Stomach contents were preserved in 95%
ethanol after weighing. Heads of each fish were removed for otolith extraction and ageing by
making a vertical cut immediately posterior to the opercula. The remaining portion of each fish
(stomach contents and head removed) was weighed and freeze dried for subsequent lipid
extraction (see lipid extractions). Gonadosomatic index was calculated as the ratio between

gonad weight and somatic weight.

2.3.4 Stomach content identification

Stomach contents of each fish that contained prey were examined to identify the specific
zooplankton prey of sand lance and how consumption varies seasonally. Details of stomach
content identification methods can be found in the supplementary information. Feeding incidence
was defined as the proportion of stomachs inspected on each sampling date that contained prey
items. An overall proportion of prey taxa by number and biomass was also calculated for each
month of collection.

For pre-2019 samples, feeding incidence was assessed as the presence or absence of prey
in the stomach under a microscope after dissection. Samples collected before 2019 were not flash
frozen, and thus prey items were often degraded and thus may have biased results toward items
that were more robust to digestion. We therefore did not calculate diet by biomass or number for

pre-2019 collected sand lance.
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2.3.5 Age and growth
A subset of fish from March, April, June, August and November of 2019 were

haphazardly selected for otolith-based ageing. Full details of ageing analysis can be found in the
supplementary information. For abundant age classes, a von-Bertalanffy growth curve was fit to
standard length (SL) by month (m) for each age class with sufficient number of individuals (n
>30) following the equation:

SLy, = SLe, (1 — e~km=mo)y

where k is the growth coefficient. Von-Bertalanffy growth curves were fit primarily to estimate

the parameter SLe in order to determine which month standard length of individuals in an age

class approached their annual maximum when somatic growth ceases. The equation thus follows
the standard von-Bertalanffy growth equation except for using month as the time scale. Von-
Bertalanffy curve fitting was performed using the vB function in the FS4 package in R (Derek

and Wheeler, 2020).

2.3.6 Lipid extraction and content analysis

Lipid extractions were performed for opportunistically collected sand lance prior to 2019
following the exact modified Folch method presented in Post & Parkinson (2001). For 2019
collected sand lance, up to 25 fish per month of collection were processed for lipid extraction
following a further modified method to minimize lipid oxidation. Details of this method are
described in the supplementary material.

Percent lipid values were then fit with a cyclic penalized cubic regression spline with day
of collection as the predictor and region of collection on Stellwagen Bank (north, central, south)
as a factor via the mgcv package in R to determine the effect of day of year on sand lance lipid

content while accounting for regional variability (Wood, 2017). Region of collection within
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Stellwagen Bank (north, central, south) was included due to observed differences in zooplankton

and hydrography by region (Figure 2-S1, 2-S2). The model was written as follows:

Percent Lipid = B, + s(DOY) + Region

Where percent lipid represents percent lipid of whole sand lance, s(DOY) represents the fitted
smoothing function for day of year (DOY), and region is fit as a categorical predictor. We report
change in deviance explained (ADE) from the full model for each variable as an estimate of their
relative importance.

Eighteen individuals were selected for duplicates, encompassing two individuals from
each month of collection, to determine intra-fish variability in lipid content estimates. Duplicates

indicated < 3% intra-fish difference.

2.3.7 Northeast US shelf sand lance abundance

Estimations of Northeast US shelf sand lance abundance came from the spring Northeast
Fisheries Science Center (NEFSC) bottom trawl survey, spanning from 1968 to present. During
each survey, 300-400 stations are sampled in a random stratified design, ranging from the
Western Scotian Shelf to Cape Hatteras (Figure 2-1B,C). At each station, all sand lance are
weighed and individuals are measured, with sub-sampling occurring when catches were large.
Further details of the survey and sampling gear are found within Politis et al. (2014). The log
area weighted stratified mean abundance in catch of each survey was calculated to estimate
interannual variability in sand lance abundance (Richardson et al., 2014). The spring survey
typically occurs in March and April, well within the feeding window of sand lance (see Results),
and has largely been consistent in timing, gear, and vessel—allowing the survey to provide a

consistent index of northern sand lance abundance (Politis ez al. 2014). This is opposed to the fall
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survey which occurs at a transitional window in sand lance life history from feeding to preparing
for fall reproduction, leading to possible conflation of abundance trends with inter-annual
variability in behavior (see Results; Murray ef al. 2019). The survey is also not explicitly
designed to sample sand lance habitat and thus there are rarely multiple trawls within a stratum
that represent equivalent sand lance habitat quality. We therefore focused on the log area
weighted stratified mean abundance for the entire survey region, assuming the broad spatial
range and large sample size mitigated the likelihood of spurious or small-scale behavior related
biases in abundances estimates. Sand lance abundance exhibits major fluctuations, ranging
orders of magnitude, allowing the survey to represent sand lance abundance trends despite being
imprecise.

In 2009, the survey changed vessels and gear, notably switching the net liner from 1.27 to
2.54 cm, leading to a noticeable decrease in sand lance catchability during the calibration study
(Miller et al., 2010; Richardson et al. 2014). The time series of sand lance abundance thus ends
in 2008 to avoid conflation of gear selectivity with abundance trends. We do not have age
estimates for each year of the survey, and thus all age classes of sand lance are included in the
log area-weighted stratified mean abundance. The most comprehensive ageing of sand lance
from the NEFSC spring trawl survey suggests >90% of individuals collected in the survey are
age-2 or age-3 (Nelson and Ross, 1991). Due to this finding, we assumed that abundance of age-
2 and age-3 individuals were responsible for the changes in overall sand lance abundance in the
survey. While the survey provides a robust estimate of the abundance of age-2 and age-3 sand
lance throughout the Northeast US Shelf, overall abundance of sand lance is likely

underestimated due to low selectivity of age-1 individuals (Nelson and Ross, 1991).
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2.3.8 Historical EcoMon zooplankton data

Calanus abundance anomalies were calculated following Kane (2007) and Perretti et al.,
(2017) from collections of the NEFSC EcoMon sampling program spanning 1977 to present.
Briefly, a mean abundance by date is computed by area for Calanus finmarchicus. This is
accomplished by binning all samples for a given species to bi-monthly collection dates based on
median cruise date, taking the mean abundance, then fitting a spline interpolation between mean
bi-monthly abundance to give expected abundance on any given day of the year. Data were
spatially constrained to the Gulf of Maine ecological production unit (Lucey and Fogarty, 2013).
All years (1977-2008) were used because annual sampling effort included at least 35% spatial
coverage of the Gulf of Maine ecological production unit (Morse et al., 2017). The Gulf of
Maine was chosen as opposed to the full Northeast US shelf as this region serves as the source of
Calanus finmarchicus for much of the Northeast US shelf. The Gulf of Maine has deep basins
that provide habitat for diapausing Calanus and the general southward flow of the region advects
Calanus to the other regions of the Northeast US shelf (Kane, 2005, 2007; Runge et al., 2015; Ji
etal.,2017).

Zooplankton data were constrained to cruises centering around bi-monthly dates from
January to July to correspond with our observed feeding patterns for sand lance. Winter-summer
Calanus abundance anomalies were then lagged to approximate an average Gulf of Maine
Calanus abundance at 3—4 years prior to the spring bottom trawl survey estimate of sand lance
abundance. A 3—4 year lag was selected as this represents the years in which the parents of fish
collected in the survey (age-2s and 3s) would be feeding on Calanus prior to spawning in the
fall. The specific selection of this time lag was based upon our observations of sand lance
feeding, growth, and lipid content being tightly coupled with their feeding on Calanus. The time

lag used therefore represents a test of the parental condition hypothesis, whereby higher
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abundances of Calanus available to parents would result in either more or higher quality eggs,
and thus higher abundances of sand lance in the survey three and four years later when they
become catchable in the survey as age-2 and age-3 individuals. We specifically focus on this
time lag because of the results of our sampling of seasonal feeding and reproductive ecology of
sand lance as opposed to testing multiple time lags to isolate the lag with the highest correlation

coefficient.

2.3.9 Atlantic herring index

Atlantic herring are intra-guild predators of northern sand lance, meaning that adults of
each species are competitors for prey but Atlantic herring also consume the larvae and juveniles
of northern sand lance (Suca et al., 2018). Hence, Atlantic herring may exert a strong top-down
influence on northern sand lance abundance by consuming the early life stages of sand lance
(Polis et al., 1989).

Similar to sand lance, Atlantic herring catchability in the NEFSC bottom trawl survey
changed during the time series. Catchability of Atlantic herring substantially increased on the
survey in the mid-1980s, possibly due to a change in trawl doors (which has been consistently
noted; NEFSC, 2018; Miller et al., 2010). Richardson et al. (2014) thus developed a composite
index of Atlantic herring abundance, from 1968 through 2010, combining numerous state and
federal fisheries independent surveys of Atlantic herring using a non-linear least-square
optimization procedure. This composite index represents an estimation of the overall Atlantic
herring abundance on the Northeast US Shelf. It is worth noting that Atlantic mackerel likely
also exert a top-down effect on sand lance via intra-guild predation but their transitory use of the
region and tendency to avoid gear used in standardized surveys precluded effective use of

Atlantic mackerel abundance as a predictor (Mbaye et al., 2020).
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The composite Atlantic herring index was lagged to represent Atlantic herring abundance
2-3 years prior to the bottom trawl survey estimate of sand lance. This lag indicates the
abundance of Atlantic herring on the Northeast US shelf when survey-collected sand lance were
larvae and early juveniles and thus susceptible to predation by Atlantic herring. We specifically
focus on this time lag because of the results of previous research (Polis ef al. 1989; Suca et al.
2018) as opposed to testing multiple time lags to isolate the lag with the highest correlation

coefficient.

2.3.10 Slope water proportions
We then further explored hydrographic drivers of variability in sand lance abundance on

the Northeast US Shelf in conjunction with trophic (prey availability and predation) effects. We
tested the hypothesis that increasing warm slope water proportion would have a direct
detrimental effect on adult northern sand lance abundance on the Northeast US shelf. Slope
waters enter the Gulf of Maine through the Northeast Channel (Figure 2-1) and are composed
largely of two sources, colder and fresher Arctic-influenced Labrador slope water (LSW) and
warmer, saltier Slope Sea and Gulf Stream-influenced “warm” slope waters (WSW) of which the
relative proportions of each source vary interannually (Mountain, 2012). These slope waters then
mix and circulate around the Gulf of Maine, becoming a substantial portion of the shelf water of
the Northeast US shelf (Mountain, 2012), the primary habitat of northern sand lance on the
Northeast US shelf. These warm slope waters have been shown to have deleterious effects to
wintertime populations of Calanus, the primary prey of sand lance (Record ef al., 2019). This
deleterious effect of warm slope water on Calanus does not appear to carry through the spring,
with local production decoupling warm slope water proportions and integrated annual Calanus

abundance (Record et al., 2019). Thus the mechanism behind warm slope water’s effect on sand
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lance abundance could manifest in two ways: indirectly through decreasing prey availability to
spawners—thus lowering parental condition and spawning output—or through a direct negative
effect on over-winter survival of adult sand lance via elevated bottom temperatures and lower
winter prey availability. Our observations suggest that the latter scenario is more likely as
biological sampling showed that reproductive sand lance have their lowest energy reserves in
winter, making mature individuals (age-2+) susceptible to mortality from increased metabolism
and lack of prey availability from elevated warm slope water proportions. Thus, we hypothesized
that increasing warm slope water proportions would have a deleterious effect at a 0-year lag,
given the slope water conditions that either favor age-2+ survival or mortality would occur in the
winter prior to the spring trawl survey (i.e. in the same year as the survey). We also note that
warm slope water may influence the catchability of sand lance in the survey due to its effect on
bottom temperature. However, schooling behavior of congeners have been shown to be primarily
linked to feeding and food availability (van Deurs ef al. 2011), thus we believe this effect would
be small relative the changes in true abundance given the survey overlaps with peak feeding for
sand lance (see Results). Additionally, hindcast bottom temperatures from a hydrographic model
on the Northeast US shelf indicate that mean bottom temperatures during the survey do not
correlate with sand lance abundance in the survey (Chen et al. 2011, see Supplementary
Information and Figures 2-S13-15).

Slope water proportions were extracted from the ecodata package in R (Fratantoni, 2019;
Mountain, 2012). Slope water proportions were derived from bathythermograph data, CTD data,
and water samples collected from Niskin bottles from Northeast Fisheries Science Center
surveys from the 1977 to present between 150-200 m in the Northeast Channel (42.2—42.6° N,

66—66.8°W, Figure 2-1). Data collected from 150—200 m are assumed to be waters sourced from
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three sources, Scotian Shelf water (2°C, 32 salinity) , Labrador slope water (6°C, 34.7 salinity),
and warm slope water from off the Northeast US Shelf (10°C, 35 salinity). The relative
proportion of each source was calculated via a 3-point mixing algorithm following Mountain,
(2012). These temperature and salinity end-member values of each water mass are assumed to be
constant over time, though local heat fluxes and mixing likely alter these values. Despite these
fluctuations, warm slope water proportion provides a reliable estimate of warmer waters entering
the Gulf of Maine and provides an estimate of winter thermal conditions for sand lance over this
period. While buoy data exist in the Northeast Channel from 2004-2018 (NERACOOS buoy N),
annual estimates of slope water proportions were selected in order to extend the time series back

to 1977, thus matching the length of available zooplankton data.

2.3.11 Sand lance abundance regression

Log sand lance abundance from NEFSC bottom trawl surveys were related to Calanus
abundance, the composite Atlantic herring index, and warm slope water proportion using a

multiple linear regression written as follows:

log (SL;) = B, + B1 * Calanus,_3 4 + B, * Atlantic herring,_, 3 + 3 * WSW,

Where SL represents stratified mean spring trawl survey abundance of sand lance in year ¢,
Calanus represents winter-summer Calanus abundance anomaly at a 3—4 year lag, Atlantic
herring represents the Atlantic herring index at a 2-3 year lag, and WSW represents warm slope
water proportion in year ¢. Predictor variables were not strongly correlated (r <0.5). We
inspected model residuals for temporal autocorrelation (see Figure 2-S11) and used generalized
additive models to confirm linear relationships and use of linear regression. We also considered a

model including a population dynamics term either in the form of a transformed response
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variable log(SLy/SL:.3) and an autoregressive term (SL.3) to allow the model to represent the
current abundance relative to the parent population.

We performed a leave-one-out cross-validation to test the predictive capability of our
regression within our dataset. This method iteratively trains the model using n-1 observations
and uses the model fitted to the training set to predict the left-out observation. The R? and root-
mean-square-error for the predicted vs. observed values were calculated to determine model

predictive performance.

2.3.12 Change in slope water proportions with time

A changepoint beta regression was fit to the time series of warm slope water to determine
if a changepoint occurred in warm slope water proportion after 2000, concurrent with other
changes in regional hydrography near this time (Andres, 2016; McCarthy et al., 2018;
Gangopadhyay et al., 2019; Friedland et al., 2020a). Beta distributions were used because warm
slope water values are represented as proportions. The stepwise beta regression was written as

follows:

WSWwW
log (ﬂ—TW)) = o + frt + Ba(t — 1) (¢)

L({t)=0ift<Tt

=1lift>rt

where WSW represents the proportion of warm slope water, t is time in years, and t is the
changepoint. The parameters PBo, 1, B2, T, and 0 (the dispersion parameter) were fit via maximum
log likelihood using the fmincon function in Matlab. Significance (o = 0.05) was determined
through parametric bootstrap (1000 simulations). The p-value was defined as the proportion of

times the simulated difference in maximized log likelihood of the changepoint beta regression

32



and the beta regression without a changepoint exceeded the difference between these regressions

using our observed values, as described in the following equation:

S0 x()

1000
X(l) = 1 lf (LL(i)CPsim - LL(l)ﬁstm) > (LLCPobs - LLﬁobs)

=0 lf (LL(i)CPsim o LL(l)Bstm) < (LLCPobs - LLﬁobs)

Where LL represents the maximum log likelihood, CP represents the changepoint regression, and

B represents the standard beta regression.

2.3.13 Projections of sand lance abundance

Log sand lance abundance was projected from 20202100 using multiple combinations

of time-series predictor variables to represent several future scenarios. Eight scenarios were

99 ¢¢ 29 ¢¢ b

simulated, encompassed by four groupings (“current trajectory,” “optimistic,” “average herring,’
“reduced warm slope water”; Table 2-1; Figure 2-S3). Owing to observed declines in Atlantic
herring biomass and recruitment (NEFSC, 2018), predicted declines in Calanus abundance
(Grieve et al., 2017), and our observation of increases in warm slope water proportion, we
termed the predictors following this pattern as the “current trajectory’ scenario. Long-term
projections indicate suitable Calanus habitat throughout the Northeast US Shelf will decrease in
the coming century, although there is regional variability in observations and projections of this
trend (Reygondeau and Beaugrand, 2011; Grieve et al., 2017, Ji et al., 2017). Atlantic herring

recruitment has been below average since 2013, with six of the eight worst recorded recruitment

years occurring since 2013 (NEFSC, 2020). Herring spawning stock biomass is also below
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average and declining, despite stable to decreasing fishing mortality rates (NEFSC, 2020). Such
declines, which are not easily attributable to fishing mortality, led to speculation that aspects of
the rapidly changing Northeast US shelf ecosystem may be the cause of poor herring recruitment
and result in continued declines in Atlantic herring (though egg predation by haddock may also
be a cause; Richardson et al., 2011). While it is impossible to know if Atlantic herring
populations will eventually recover, it will likely at least take multiple years for the stock to
recover from the historically poor recruitment levels seen since 2013.

Importantly, in each of the four groupings of projection scenarios, Calanus abundance
was represented by a normal random variable with a linearly decreasing abundance of Calanus
from the mean of the existing time series to 68% percent of its mean to represent the projected
decrease in Calanus under Representative Concentration Pathway (RCP) 4.5 or to 50% of its
mean, representing the projected decrease in Calanus abundance under RCP 8.5 (variance was
assumed to remain constant in time; rates of decline follow Grieve ef al., 2017). Each predictor
was simulated independently owing to the lack of strong correlation among predictor variables.
Sand lance abundance was then estimated using our fitted multiple linear regression and these
simulated regressors. This was then repeated 1000 times to get a mean simulated log sand lance

abundance, along with interquartile range, for each year from 2020-2100.

2.3.14 Projection metrics

For each scenario, we calculated the percent decline in sand lance abundance from the

beginning of the simulation through the following equation:

SL, —SL
Percent Decline = <x_—2020> % 100
SLy020
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Where SL, represents the average projected sand lance abundance in year x.

We also calculated the proportion of years in each simulation of each scenario that had

below average sand lance abundance and proportion of years that had below average abundances

of both sand lance and Atlantic herring in the same year. This latter metric is perhaps most

informative as this represents an ecosystem with below average abundance of both dominant

lipid-rich forage fishes on the Northeast US shelf.

Table 2-1. Description of scenarios used in predictions of sand lance abundance through the end

of the 21 century.

Scenario

Description

Calanus

Atlantic herring

Warm slope water

Current
Trajectory

Optimistic

Average
Herring

Reduced
Warm Slope
Water

Declining
Calanus

Low Atlantic
herring
Increasing warm
slope water

Declining
Calanus
Average Atlantic
herring
Pre-2009 warm
slope water

Declining
Calanus
Average Atlantic
herring
Increasing warm
slope water

Declining
Calanus

Low Atlantic
herring
Pre-2009 warm
slope water

Normal random variable
with linearly decreasing
mean (32% decrease in
RCP 4.5, 50% decrease in
8.5). Constant variance
with time corresponding
to variance of used time
series (1977-2008)
Normal random variable
with linearly decreasing
mean (32% decrease in
RCP 4.5, 50% decrease in
8.5). Constant variance
with time corresponding
to variance of used time
series (1977-2008)
Normal random variable
with linearly decreasing
mean (32% decrease in
RCP 4.5, 50% decrease in
8.5). Constant variance
with time corresponding
to variance of used time
series (1977-2008)
Normal random variable
with linearly decreasing
mean (32% decrease in
RCP 4.5, 50% decrease in
8.5). Constant variance
with time corresponding
to variance of used time
series (1977-2008)
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Normal random
variable with
mean and
variance
corresponding to
previous decline
(1973-1988)

Normal random
variable where
u=0, o=1

Normal random
variable where
pu=0, o=1

Normal random
variable with
mean and
variance
corresponding to
previous decline
(1973-1988)

Beta random variable
with mean and
dispersion parameter
following fitted
changepoint
regression

Beta random variable
with mean and
dispersion parameter
corresponding to pre-
2009 time series
(1977-2008)

Beta random variable
with mean and
dispersion parameter
following fitted
changepoint
regression

Beta random variable
with mean and
dispersion parameter
corresponding to pre-
2009 time series
(1977-2008)



2.4 Results

2.4.1 Sand lance feeding, lipid accumulation, and growth

Feeding incidence (the percentage of stomachs with prey) varied monthly for sand lance
collected in 2019, with highest values occurring in the winter and spring (52—84%; n = 212;
Figure 2-2A). Feeding incidence decreased to zero in August and remained at zero through
October, followed by a reappearance of prey in the guts in November—consistent with patterns
of monthly feeding incidence from previous years (Figure 2-2A; Figure 2-S4). During months of
feeding (other than November and February), the copepod Calanus finmarchicus (Calanus
hereafter) dominated stomach contents, ranging from 30.4% of diet by biomass in February to
78% of the diet by biomass in April (Figure 2-2B).

Whole body lipid content of sand lance varied significantly by day of year and by region
within Stellwagen Bank, peaking throughout the bank in August (n = 197; deviance explained =
35.2 %; Figure 2-2C; Figure 2-S5). Notably, lipid content decreased rapidly between October
and November in connection with spawning during this time window as evidenced by the sharp
increase and subsequent decrease in gonadosomatic index (day of year ADE = 32.5%, Figure 2-
2E). Additionally, lipid content varied spatially within the bank, with highest lipid content values
occurring on the northern portion of the bank in each month (region ADE = 3.0%)).

Intra-annual size-at-age for both age-2 (n = 54) and age-3 (n = 45) fish approached their
annual maximum in the summer, concurrent with the cessation of feeding and lipid accumulation
(Figure 2-2D). Age-2 fish reached their annual maximum length in June (mean SL = 168.3 mm,

median SL =171.0 mm, L~ = 170.8 mm) and age-3 fish reached their annual maximum length by

August (mean SL = 184.3 mm, median SL =182.5 mm, Le = 184.0 mm).
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Figure 2-2. Ecology and phenology of adult sand lance collected on Stellwagen Bank in 2019. (a)
Feeding incidence by DOY for fish collected in 2019 (n=202). (b) Sand lance diet by proportion of
biomass for each month (n =70 fish containing prey, n= 15 279 prey). (c¢) Per cent lipid of whole fish for
sand lance separated by region and DOY on Stellwagen Bank (n = 197). Solid lines represent fitted values
from a generalized additive model including month and region with shading representing 95% confidence
intervals (deviance explained = 38.5%). (d) Standard length by DOY for age-2 (n=54) and age-3 (n=45)
and dashed lines represent fit von-Bertalanffy curves for each age class. (¢) Gonadosomatic index (GSI)
by DOYs for males (n=105) and females (n=107) along with mean = SEM GSI for each sex by monthly
collection. Horizontal axis ticks in each plot represent first of the respective month.
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2.4.2 Sand lance abundance regression

Sand lance abundance and lagged winter-summer Calanus abundance anomalies were
significantly correlated throughout the time series (R*= 0.21, p = 0.015), and particularly well in
the 1980s and 1990s (R*= 0.46, p < 0.01; Figure 2-3A). However, the relationship decouples
later in the time series and no longer correlated, concurrent with an increase in Atlantic herring
in the region (Figure 2-3A). Lagged Atlantic herring index and sand lance abundance were
negatively correlated (R? = 0.28, p < 0.01) throughout the time series, with Atlantic herring in
low abundance during the 1980s “boom” of sand lance and in high abundance when the sand
lance time series began to decouple from lagged Calanus abundances in the late 1990s and early

2000s (Figure 2-3A).
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Figure 2-3. Time series of the environmental drivers of sand lance abundance. (a) NEFSC spring
bottom trawl sand lance abundance (log scale; blue), 3- to 4-year lagged winter-

summer Calanus abundance anomaly in the Gulf of Maine (red), and 2- to 3-year lagged Atlantic
herring index (green). (b) NEFSC spring bottom trawl sand lance abundance (log scale; blue)
and warm slope water proportion entering the Northeast Channel (gold). Dashed line indicates
fitted changepoint beta regression (changepoint = 2009, p <0.001).
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Warm slope water proportion was negatively correlated to log sand lance abundance (R?
=0.52, p <0.01; Figure 2-3B). A cross-correlation analysis indicated that only a 0-year lag
between warm slope water proportion and sand lance abundance was significant (adjusted for
autocorrelation; Figure 2-S6). Incorporating 3—4 year lagged Calanus abundance, 2-3 year
lagged Atlantic herring index, and unlagged warm slope water proportion in a multiple linear
regression explains a majority of the interannual variance in the northern sand lance spring trawl
survey, indicating these three mechanisms are likely the dominant drivers of northern sand lance
throughout the Northeast US shelf (R*>= 0.76; Figure 2-3; Table 2-2). Inclusion of population
dynamics terms either as a transformed response variable or as an autoregressive term did not
improve model fit and thus were not included.

Leave-one-out cross-validation indicated high predictive performance within the dataset
(R?=0.68, RMSE=1.07) and showed no notable outliers between the predicted and observed
values (Figure 2-S7).

Table 2-2. Fitted parameter estimates for the multiple linear regression of sand lance abundance
anomaly (n=25 yrs).

Slope

Regressor Estimate p-value

Gulf of Maine Calanus Anomaly 2.48 0.009
Atlantic herring index -1.27 <0.001
Warm slope water proportion -5.89 <0.001

2.4.3 Warm slope water changepoint

The fitted changepoint beta regression indicated a significant changepoint in 2009
(p<0.001), with the rate of warm slope water proportions increasing with time rising by over ten-

fold after 2009 (B1 =0.01; B> = 0.26; Figure 2-3B; Table 2-3). Slope water proportions showed
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no significant mean change with time prior to this observed change point (i.e. from 1977-2008;
Figure 2-3B; Table 2-3).

Table 2-3. Fitted parameter estimates for the changepoint beta regression of warm slope water
proportion with time (n=39 yrs). Model p-value <0.001.

Parameter Estimate
Bo -18.8
B 0.01
B2 0.26
T 2009

2.4.4 Projections of sand lance abundance

Rates of sand lance decline were similar for each RCP projection in the four scenarios
(current trajectory, reduced warm slope water, average Atlantic herring, and optimistic). The
average decline in sand lance abundance was 45.6% and 74.6% by 2100 for RCP 4.5 and 8.5,
respectively (Figure 2-4). The minimum decline for both RCP 4.5 and 8.5 was in the “reduced
warm slope water” scenario, with percent declines of 38.5% and in the “optimistic” scenarios for
RCP 8.5 at 71.4%. The maximum percent decline for both RCP scenarios was in the “average
Atlantic herring” scenario at 52.0% and in the “current trjectory” scenario at 76.9%.

Scenarios varied drastically in both the proportion of years with below average sand
lance abundance and proportion of years with below average sand lance and Atlantic herring
abundance (Figure 2-4, Table 2-4). The “reduced warm slope water”” scenario had the lowest
average proportion of years with below average sand lance abundance, with 34% and 47% of
years having below average sand lance abundance for RCP 4.5 and 8.5, respectively. The
“average Atlantic herring” scenario resulted in the highest number of years with below average

sand lance abundance, averaging 97% and 98% of years for RCP 4.5 and 8.5, respectively.
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Figure 2-4. Projections of sand lance abundance under various scenarios. Predicted sand lance
abundance (log) under “reduced warm slope water” scenario (dotted lines), “optimistic” scenario
(thin solid lines), “current trajectory” scenario (thick solid lines), and “average Atlantic herring”
scenario (dashed lines). Color represents the projected decline of Calanus under RCP 4.5 (blue)
or the projected decline of Calanus under RCP 8.5 (red). Shaded regions represent bounds for
the upper (75%) and lower (25%) quantiles. Black dashed line represents mean sand lance
abundance from 1968 to 2008.

When Atlantic herring are included in the calculation of below average years of
abundance, the “current trajectory” scenario predicts the most below average years, while the
“optimistic scenario” results in the lowest number of these years (Figure 2-5). An average of
20% of years in RCP 4.5 and 26% of years in RCP 8.5 of the “optimistic” scenario had both

negative sand lance and negative Atlantic herring anomalies. However, an average of 94% of

years in RCP 4.5 and 96% of years in RCP 8.5 of the “current trajectory” scenario had both
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negative sand lance and negative Atlantic herring anomalies indicating nearly all years having
below average sand lance and Atlantic herring in the future.

Table 2-4. Percent sand lance decline under four scenarios and each RCP projection of Calanus
decline and proportions of years from 2020-2100 with negative sand lance anomalies and with
both negative sand lance and negative Atlantic herring anomalies.

Proportion of Proportion of

Proportion of Proportion of
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. . . Negative Sand . . Negative Sand
Scenario Decline  Negative Sand Decline  Negative Sand
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(%) Lance . (%) Lance .
. Herring . Herring
Anomalies : Anomalies :
Anomalies Anomalies
Current
. -51.6 0.96 0.95 -76.9 0.98 0.97
trajectory
Reduced warm
-38.5 0.34 0.33 -74.8 0.47 0.46
slope water
Average
Atlantic -52.0 0.97 0.47 -75.1 0.98 0.48
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Optimistic -40.4 0.64 0.20 -71.4 0.72 0.26
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Figure 2-5. Histograms representing proportion of years between 2020 and 2100 that each
simulation had negative sand lance abundance anomalies and negative Atlantic herring
anomalies for (a) the “current trajectory” scenario, (b) “optimistic” scenario, (c) “average
herring” scenario, and (d) “reduced warm slope water” scenario. Color represents RCP 4.5 (blue)
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and 8.5 (red) rates of Calanus decline. Thick dashed line represents proportion of years from
1968 to 2008 with both negative sand lance and Atlantic herring anomalies.

2.5 Discussion
Our work indicates that the future of adult northern sand lance in the Northeast US shelf

ecosystem is tenuous, owing to the observed and predicted changes in hydrography and prey
availability across the region. The sensitivity of sand lance to these changing factors are directly
linked to their capital breeding strategy, whereby the species has a defined feeding and growth
period, and individual lipid reserves undergo a two-fold change within one breeding season to
allocate energy for reproduction. Further, if ongoing declines in Atlantic herring recruitment and
biomass persist for decades to come (NEFSC, 2018), our predictions suggest the Northeast US
shelf will be in a state of low adult abundances of its two most dominant lipid-rich forage fishes
for much of the 21% century.

Projections of long-term declines in sand lance abundance indicate marked change in the
forage fish complex of one of the world’s most economically valuable shelf ecosystems
(Hoagland et al., 2005) as concurrent negative anomalies of northern sand lance and Atlantic
herring have only occurred in six years from 1968-2008. Such a shift may open niche space for
higher abundances of warm, temperate small pelagic species such as Atlantic butterfish (Peprilus
triacanthus) and Atlantic menhaden (Brevoortia tyrannus), diversifying the forage fish complex
(Friedland et al., 2020b). This, combined with and linked to changes to Calanus’ distribution,
will likely alter the food web of the Northeast US shelf and represent a northward contraction of
the region’s “lipidscape” (Record ef al., 2018). The timing and implications of a shift in forage
fish community warrants continued, targeted estimates of forage fish abundances and concurrent

measurements of the condition of top predator taxa throughout the Northeast US shelf.
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Tropicalization and shifts in forage community are likely to be detrimental to lipid-rich
piscivores, such as humpback whales and bluefin tuna (Thunnus thynnus), while simultaneously
ushering in piscivores commonly seen at lower latitudes such as black sea bass (Centropristis
striata) and summer flounder (Paralichthys dentatus) (Henderson et al., 2017; Kleisner et al.,
2017). This potential shift in community composition, from forage fish to top predators, would
change much of the food web and fisheries of this region.

Declines in Ammodytes condition and catch have been documented in the Pacific,
suggesting this key type of forage fish may be in global jeopardy due to shifting climate
(Nishikawa et al., 2020; Von Biela ef al., 2019). Suggestions of sensitivity of European
congeners to temperature further this concern (Lindegren ef al., 2018). Many protected species
on the Northeast US shelf, such as humpback whales and seabirds, consistently target sand lance
as their primary forage and may be in jeopardy from declining sand lance regardless of Atlantic
herring’s abundance (Staudinger et al., 2020). Populations of seabirds in the Northeast Atlantic
suffer high chick mortality when local sand eel (4. marinus) abundances decline (Harris and
Wanless, 1991; Rindorf et al., 2000). Recent reports indicate that declines in local sand lance
populations even decrease adult survival of Arctic terns (Sterna paradisaea) in Iceland (Peterson
et al., 2020). We may thus expect similar levels of repercussions to sand lance-reliant top
predators on the Northeast US shelf within this century with recent data suggesting that declines
in productivity of the endangered roseate tern (Sterna dougallii) in the Northeast US due to
decreasing sand lance are already underway (J. Walsh, pers. comm.).

The lines of concurrent evidence of a capital breeding strategy for northern sand lance are
consistent with observations of congeners around both the Pacific and Northeast Atlantic

(Robards et al., 1999; Wright et al., 2017; Von Biela et al., 2019). However, one major
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difference is timing of the dormancy period. Ammodytes in the Northeast Atlantic are largely
considered to be dormant in the winter, along with Ammodytes dubius populations in Greenland
(van Deurs et al., 2011; Danielsen et al., 2016; Wright et al., 2017). Our observations of late
summer dormancy indicate aestivation—a pattern observed in the warmer water Ammodytes
Jjaponicus—as opposed to hibernation observed in Northeast Atlantic congeners (Kuzuhara et al.,
2019). Robards et al. (1999) also suggest that Ammodytes personatus in the Pacific undergo
winter dormancy, though they did not analyze stomach contents and their observations of
seasonal lipid accumulation match the pattern we observe. It is therefore possible Ammodytes
personatus also undergoes aestivation and feeds in the winter, contrary to current theory.

Our work further supports the importance of prey availability, namely lipid-rich
zooplankton, to the life history of Ammodytes. Studies throughout the Pacific have indicated sand
lance growth is linked to food availability (Kuzuhara et al., 2019; Von Biela et al., 2019) and,
further, that recruitment follows changes in zooplankton abundance on decadal scales
(Nishikawa ef al., 2020). We observed that the seasonal feeding pattern of Ammodytes dubius
was consistent with times of historically high Calanus abundance in the Northeast US Shelf
ecosystem where peaks in abundance typically occur from April through June, after which
Calanus enter diapause in the late summer (Kane, 2007; Figure 2-S8,2-S9). This suggests the
timing of sand lance feeding and subsequent reproduction may be linked to the phenology of
Calanus. Additionally, the overlap of lipid accumulation and somatic growth with feeding, and
the subsequent cessation of feeding, growth, and lipid accumulation during gonad development,
indicate that northern sand lance condition and reproduction may be sensitive to bottom-up
forcing of prey availability. Indeed, even spatial differences in Calanus availability appear to

drive differences in lipid accumulation in northern sand lance (Figure 2-2C). Elevated lipid
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content on the northern portion of Stellwagen bank corresponds with localized increases in
seasonal Calanus abundance brought by the western Gulf of Maine Coastal Current that
intercepts this region (Figure 2-S1, 2-S2). Such a link between sand lance condition and Calanus
abundance indicates that projected decreases in Calanus on the Northeast US shelf will likely
lead to a decrease in availability of high-quality prey for sand lance, and thus may decrease
parental condition and spawning output (Grieve et al., 2017).

While consistent with other studies in indicating the importance of Calanus to
Ammodytes, the mechanism suggested from our data differs from larval match-mismatch
hypotheses proposed to drive Ammodytes recruitment in the Northeast Atlantic (T. Régnier ef al.,
2017) in that our data suggest Calanus abundance is linked to adult sand lance

condition. While the three year lag of sand lance behind Calanus abundance may
represent both an effect of Calanus on parental condition of age-2 fish and larval feeding for age-
3 fish, the strongest time-lag correlations between sand lance abundance and Calanus anomalies
occur at a 3—4 year lag as opposed to a 2-3 year lag, indicating the effect of parental condition is,
at the very least, more pronounced than an effect of Calanus abundance on larval feeding (Figure
2-S10). However, it is important to note that this does not exclude the possibility that Calanus
abundance plays a role in the early life history of sand lance and further research is needed
regarding this question. An effect of parental condition on offspring abundance and/or survival
has been both theorized and observed in multiple systems (Green, 2008; Hare, 2014; Hixon ef
al., 2014, Saenz-Agudelo et al., 2015), including for haddock on Georges Bank (Friedland ef al.,
2008), and has even been incorporated into population models for herring in Iceland (Oskarsson
and Taggart, 2010). It is noteworthy that this effect of Calanus on sand lance recruitment appears

to be largely independent of the sand lance spawning stock as population dynamics terms did not
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improve model fit. This may be due to parental condition overwhelming an effect of abundance
and/or the per capita benefit of increased Calanus on parental condition being reduced in years
and areas with high densities of sand lance. Both scenarios could lead to present populations of
sand lance being largely independent of the size of their parents’ population, as observed here.
We are also presently unsure if increased Calanus abundance only plays a role in lipid
accumulation, or a role in both lipid accumulation and growth. Future studies are needed to
assess changes in length-at-age and lipid accumulation for sand lance with changing zooplankton
abundance and regimes.

In addition to the capital breeding strategy driving recruitment through parental
condition, the large intra-annual change in lipid content for sand lance makes them susceptible to
overwinter conditions. Individuals are at their lowest energy reserves after spawning and are thus
sensitive to increased temperatures and shortages of prey. Such sensitivity to winter conditions
has been shown in Ammodytes marinus, indicating this scenario is not unique to northern sand
lance (van Deurs et al., 2011). This sensitivity becomes problematic for sand lance populations
with recent shifts in hydrography, particularly the changepoint in warm slope water proportion
entering the Northeast Channel (Figure 2-3). This changepoint in hydrography will likely lead to
northern sand lance enduring winter regimes with consistently high temperatures and low prey
(Record et al., 2019).

The changepoint in warm slope water proportion is noteworthy for the Northeast US
shelf ecosystem. Other changepoints have been identified in advective processes in the Northeast
US shelf region since 2000, notably a near doubling in the number of warm core rings shed from
the Gulf Stream, a westward shift of the Gulf Stream destabilization point, and a rapid shift to an

earlier spring transition date throughout the Northeast US shelf after 2008 (Friedland ez al., 2015;

47



Andres, 2016; Gangopadhyay et al., 2019). The cause of this changepoint is still undetermined,
but hypotheses include a slowing of the Gulf Stream and warming of Slope Sea waters on the
coastal side of the Gulf Stream (Andres, 2016; Gangopadhyay et al., 2019; McCarthy et al.,
2018). While a change in survey gear precludes consistent estimates of northern sand lance
abundance after 2008, this rapid increase in warm slope water proportion following 2009 is
likely to be detrimental to sand lance populations throughout the Northeast US shelf via
increasing overwinter mortality of this species.

Our work also indicates that sand lance populations may be heavily regulated by intra-
guild predation from Atlantic herring. This mechanism has been proposed before (Fogarty et al.,
1991; Polis et al., 1989), and subsequent diet studies indicate larval sand lance are important
prey for Atlantic herring and Atlantic mackerel (though the overall abundance of the former is
much greater; Suca et al., 2018). These dynamics largely allow either Atlantic herring or
northern sand lance to be the dominant forage fish throughout the Northeast US shelf in any
given year. However, when other drivers prevent a species from rebounding when their intra-
guild predator is low, concurrent low abundances of both species can occur. While this has not
happened often in the case of the Northeast US shelf, our projections indicate this situation of
low northern sand lance and Atlantic herring abundances may happen frequently in the coming
decades, and thus the ecosystem level implications of this change require monitoring.

Perhaps the most alarming result of our projections is that the “current trajectory”
scenario—based on current trends and knowledge regarding the future of Calanus, herring, and
warm slope water— indicates the worst outcome for the future of forage fish complex on the
Northeast US shelf. These projections were also robust to the rate of decline of Calanus, with

both RCP 4.5 and 8.5 rates of decline resulting in greater than 90% of years between 2020-2100
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having below average abundance of both sand lance and Atlantic herring. Given concurrent
changepoints in warming rates and advection throughout the region (Andres, 2016;
Gangopadhyay et al., 2019; Friedland et al., 2020a), and Calanus’ sensitivity to changing
temperature and salinity (Grieve et al., 2017), the least certain aspect of these projections is the
future of Atlantic herring. However, even if Atlantic herring are to return to oscillating around
their historic mean, it would take a drastic decline in warm slope water proportions to allow sand
lance and Atlantic herring abundances on the Northeast US shelf to return to similar levels
observed prior to 2008. Even this “optimistic” scenario results in a higher proportion of years
with negative anomalies of sand lance and Atlantic herring than observed from 1968-2008,
showing the projections of change to the forage fish complex on the Northeast US shelf—most
notably a clear decline in sand lance—are consistent among projections. However, the true
disappearance of northern sand lance may take longer than the NEFSC trawl survey indicates.
The deleterious effect of warm slope water occurs for post-spawning adults (age-2+) and thus it
is likely age-1 sand lance will be able to withstand this change in hydrography. These younger
fish may not be sufficient for many predators though, as the ongoing decline in roseate tern
productivity indicates (J. Walsh, pers. comm.). Further, if warm slope water affects catchability
of sand lance in the NEFSC spring survey, even if the effect is small relative to changes in
abundance, this would lead to sand lance disappearing at a slower rate than many of our
projections suggest. Such an effect would result in a future more closely following either the
“reduced warm slope water” or “optimistic” scenario. Our analysis of seasonal bottom
temperatures suggests a catchability effect is unlikely, but sand lance focused surveys could
better resolve this question and refine projections of their abundance. While the future of the

forage fish on the Northeast US shelf will certainly have a great degree of spatiotemporal
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complexity not incorporated or assessed in our projections, large scale changes to sand lance
abundance are likely to have ecosystem-wide effects and need to be considered in management

and protection of top predator populations throughout the region.

2.6 Supplemental Methods, Figures, and Tables

2.6.1 Stomach Content Analysis

Stomach contents were analyzed using a Leica 205C stereomicroscope. Prey were
identified to lowest possible taxonomic unit, except for small calanoids comprising the genera
Pseudocalanus, Paracalanus, Clausocalanus, and Microcalanus which were collectively
referred to as “small calanoid” due to difficulty in identifying them morphologically (Suca et al.,
2018). The first ten individuals of each prey taxon in each stomach were measured using an
optical micrometer and measurements were incorporated into length-weight relationships to
estimate the biomass contribution of each prey taxon (see Table S-S2 for length weight
relationships). Prey copepods were not staged, however, Calanus finmarchicus prey were
separated to into juvenile (CI-CIV) and late-stage (CV and adults) given the size difference and
tendency for the stage-specific abundances of this taxon to vary independently (Greene et al.,
2013). When possible, damaged copepods that precluded identification were grouped into small
and large groups and enumerated separately. As proxies for size of damaged copepods for
biomass estimates, the average size for small calanoids, Centropages spp., and Temora
longicornis within each stomach was assigned as the length for small damaged copepods while
the average size for Metridia spp. and late stage Calanus finmarchicus were used for the

approximate length of large damaged copepods.
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2.6.2 Age and Growth

Whole otoliths were extracted from each fish, cleaned with deionized water and a
Kimwipe and photographed through a Leica DSLR phototube connected to a Leica M205C
stereomicroscope. Right sagittal otoliths were imaged and used for ageing. Whole otoliths were
read twice independently by the same reader. If age estimates did not match, a third read was
performed to determine a final age for the individual, assuming it matched an age from the
previous two reads (Matta and Baker, 2020). Ageing of Ammodytes using whole otoliths is
consistent with age analysis performed on the congener Ammodytes personatus (Von Biela et al.,

2019; Matta and Baker, 2020).

2.6.3 Lipid Extraction

Each whole fish (minus stomach, head, and intestine contents) was freeze-dried,
pulverized, and 0.3000 g of dried tissue weighed for lipid extraction. Each dried tissue aliquot
was treated with 2:1 chloroform methanol (v/v), homogenized for 30 s and centrifuged for 5 min
at 4000 rpm. The supernatant was decanted to a fresh tube, and the extraction repeated. 3 ml of
0.9% NaCl solution was added to the combined supernatant, followed by centrifugation for 5
min to create a biphasic system. The organic layer was then decanted to a pre-weighed vial and
dried at 40°C until the weight of the vial changed less than 0.0001 g. Vials cooled to room
temperature in a desiccator before final weights were taken. Percent lipid was determined by
dividing the difference in weight of the dried vial and its empty weight by the initial amount of

tissue used for the extraction.

2.6.4 FVCOM Bottom Temperature Analysis

Bottom temperature analyses were performed using the hindcasts from the third

generation Gulf of Maine Finite Volume Community Ocean Model (FVCOM-GOM3; Chen et
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al.,2011). FVCOM-GOM3 assimilates satellite-derived SST and CTD data from buoys and
surveys (Xue ef al., 2014), resulting in reliable temperature hindcasts. For temperature analyses,
daily bottom temperatures were averaged for each node of the model domain located west of
65°W, south of 44.5°N, deeper than 20 m, and shallower than 300 m (Figure 2-S13) for January
through March (winter) and March through April (spring, overlapping with the survey) of each
year. These values were then averaged to 0.25°x 0.25° bins to reduce spatial bias toward regions
with high numbers of nodes before calculating an average bottom temperature for each season of
each year. The log area weighted stratified mean abundance of sand lance from the NEFSC
spring survey was weakly negatively correlated with mean winter bottom temperature (r = -0.11,
p = 0.55, Figure 2-S14) and very weakly positively correlated with mean spring bottom

temperature (r = 0.07, p = 0.68, Figure 2-S15).

52



200

150+

Mean Calanus
Abundance m3

0_

1001
50 I I I I
2 3 4 5 6 8 9

Month

Region

BN
c
s

Figure 2-S1. Mean Calanus abundance by region on Stellwagen Bank by month in 2019. Colors

represent region (n = 52 casts).

53



. - -
38r @® North
37+ ® Central

o ® South
36 N

&£ 3s

e

5341

5

g33r

S

232}

3.1
b © o
3r & & & Q
op [ [ N P
319 32 321 32.2 323 324 325 326 327
Salinity
May
‘ ; - y
: ® North
1or X ® Central
W @® South
o Y A L
© o .
g 87 .
2 .
|
o 7r
E
- /&’
6 I .
*e
L
5¢ ¥ ®@ @ .
& Q & 3 & ©
[ [ [ ] [ F
4t h ; ’ ’ h il
28 28.5 29 295 30 30.5 3N 31.5 32
Salinity

Temperature (°C)

Temperature (°C)
w

® North | |
@ Central
@® South

v o b o o © e

g & & & & BN
L v o
[ LS ST

317 318 319 32 321 322 323 324 325 326
Salinity
June

@® North

® Central

® South

305 31
Salinity

Figure 2-S2. Monthly temperature-salinity plots of CTD casts on Stellwagen in 2019. Colors
represent region and sold lines represent isopycnals.

54



Current Trajectory

3 1 e 2%
) ®
g ) x =
& < rye )
I e Q
(S = ke]
T S
2 -~ D %]
TS o £ E
;= o] @
§< = F oI =
— @ | = =
5 9 < @
@] P e
o = RCP45 — RCP85 = Atlantic herring Warm Slope Water L o&
o T T T T T
2020 2040 2060 2080 2100
Year
Optimistic
2 - IR
9 @
= S| x =
& < rYe o
© 2 a
O >« - ———— = o
T S
2 I=I L o~ .gn %)
85w 5 s
5 < @
=<z ~—= ol =
-E @ | = <
5 o < 8
o oo o
(=] = RCP 4.5 = RCP 8.5 == Atlantic herring Warm Slope Water | Od‘_’
' T T T T T
2020 2040 2060 2080 2100
Year
Average Herring
g 7 L w© _ ‘8_ a
g T
B
= o x =
8 2 Fea q_)
3 IE Q
O =~ = 9
T o 7 ]
QES 2| e
5] g © = =
== @ @
= — oI | =
= 2 | - =
5 ° < 1]
O] o 2
< = RCP 45 = RCP 85 = Atlantic herring Warm Slope Water L 0&
A T T T T T
2020 2040 2060 2080 2100
Year
Reduced WSW
o QL
S r e ree
3 &
E | x =
s < rYe o
© b a
Q> b T = o
T S |
2 g ' N E) w
T8 o = E
c 3 4 o] @
=<5 FeT =
S = = =
5 5] < 8
Q oo o
o = RCP 4.5 = RCP 8.5 = Atlantic herring Warm Slope Water | Qﬁ
) T T T T T
2020 2040 2060 2080 2100
Year

Figure 2-S3. Time series of projected sand lance drivers. Blue and red represent rate of Calanus
decline under different RCPs. Shading represents bounds of the upper (75%) and lower (25%)
quantiles.
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Figure 2-S4. Feeding incidence by month for fish collected 2016-2019. Solid line represents
fitted values from a generalized additive model of feeding incidence by month fit with a cyclic
cubic regression spline (n = 300 fish, deviance explained = 78.1%). Shading represents 95%
confidence intervals.
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Figure 2-S5. Percent lipid of whole fish of sand lance collected on Stellwagen Bank from 2016—
2019. Solid line represents fitted values from a generalized additive model of percent lipid by
month fit with a cyclic cubic regression spline and shading represents 95% confidence intervals
(n =284, deviance explained = 46.2%).
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Figure 2-S6. Cross-correlation analysis of NEFSC spring bottom trawl log area weighted mean
sand lance abundance and warm slope water proportion (n = 28 years). Vertical axis represents
correlation coefficients and dashed blue lines represent significance threshold of 0.05 (adjusted

for autocorrelation following Pyper & Peterman 1998).
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Figure 2-S7. Predicted vs. observed value for each iteration of the leave-one-out cross-validation
along with a one-to-one line.
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Figure 2-S8. Calanus abundance by month of collection on Stellwagen Bank. Mean abundance
of Calanus finmarchicus +/- SEM by month for vertical zooplankton casts on Stellwagen Bank
concomitant with beam trawl collections of adult sand lance (n = 52 casts).
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Figure 2-S9. Phenology of Calanus abundance on the Northeast US Shelf from the NEFSC
EcoMon collections. Solid line represents fitted values from a generalized additive model of
Calanus abundance by month fit with a cyclic cubic regression spline (n = 27,727 casts, deviance
explained = 10.4%). Shaded areas represent 95% confidence intervals.
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Figure 2-S10. Cross-correlation analysis of NEFSC spring bottom trawl log area weighted mean
sand lance abundance and Gulf of Main Calanus abundance anomaly (n = 32 years). Vertical
axis represents correlation coefficients and dashed blue lines represent significance threshold of
0.05 (adjusted for autocorrelation following Pyper & Peterman 1998). Negative lags (in years)
are when sand lance abundance lags behind Calanus abundance.
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Figure 2-S11. Autocorrelation analysis of the sand lance abundance regression residuals.
Vertical axis represents correlation coefficients and dashed blue lines represent significance
threshold of 0.05.
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Figure 2-S12. Sand lance diet by month as proportion by number for fish collected on
Stellwagen Bank in 2019.
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Figure 2-S13. Mean winter (January—March) daily bottom temperatures for 2008. Bottom
temperature data were gridded to 0.25° x 0.25° bins for estimating shelf-wide bottom
temperatures in each year (1978-2008) using the third generation Gulf of Maine Finite Volume

Community Ocean Model (FVCOM-GOM3).
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Figure 2-S14. Annual log area weighted stratified mean abundance of sand lance from the

NEFSC'’s spring survey plotted against annual mean winter (January—March) bottom temperature
from FVCOM-GOM3.

66



© - .
™
(b
3 °
c [ I ]
] <+
©
S - 7 )
o =2
<-9 AN o0 hd
L = e
= e® e .
SN’ .
C c [ ] [ ]
o — [ ]
- o [ )
© 7] b ™ bt
% °
w ° bt G
N
e

5.5 7.0

0 6.5
Mean gpring Bottom
Temperature (C)

Figure 2-S15. Annual log area weighted stratified mean abundance of sand lance from the

NEFSC’s spring survey plotted against annual mean spring (March—April) bottom temperature
from FVCOM-GOM3.
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Table 2-S1. Summary of biological data collected on sand lance from Stellwagen Bank.
GSI=Gonadosomatic Index

Number Feeding Mean Number Mean Lipid Mean GSI

Year  Month Processed  Incidence %  of Prey (SD) % (SD) (SD)

2016 9 10 0 NA 18.1 (3.7) 0.027 (0.014)
2016 10 10 20 NA 18.1 (4.4) 0.148 (0.058)
2016 11 20 10 NA 12.1 (4.2) 0.249 (0.107)
2017 5 4 0 NA 22.0 (5.3) 0.002 (0.001)
2017 11 20 0 NA 11.0 (2.6) 0.243 (0.085)
2017 12 4 75 NA 11.5(3.0) 0.003 (0.001)
2018 2 6 100 NA 7.86 (3.3) 0.003 (0.001)
2018 3 10 100 NA 8.7 (2.6) 0.003 (0.002)
2018 5 8 75 NA 25.0 (3.3) 0.003 (0.001)
2018 7 6 50 NA 21.4 (3.6) 0.012 (0.013)
2019 2 12 75 77 (116) 12.7 (3.6) 0.004 (0.002)
2019 3 25 84 502 (373) 14.2 (3.2) 0.002 (0.001)
2019 4 25 84 172 (213) 15.0 (4.4) 0.007 (0.012)
2019 5 20 52 20 (20) 18.1(7.1) 0.004 (0.002)
2019 6 25 12 53 (73) 22.1(6.4) 0.004 (0.002)
2019 8 20 0 0 24.0 (4.9) 0.021 (0.011)
2019 9 25 0 0 24.2 (5.5) 0.100 (0.068)
2019 10 20 0 0 22.5(4.1) 0.222 (0.041)
2019 11 35 12 3(0.5) 15.8 (4.4) 0.012 (0.004)
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Table S2. Length-dry weight relationship for common prey taxa found in stomach contents of sand lance.

Prey Taxon Equation Reference
Calanus finmarchicus DW=0.0257*L"(3.141) (Cohen & Lough, 1981)
Small Calanoid & Temora DW=0.0237*L"(3.745) (Cohen & Lough, 1981)
(used Pseudocalanus)
Centropages spp. DW=0.0214*L"(3.87) (Cohen & Lough, 1981)
Appendicularia log(DW)=2.47*log(L)-6.1 (Hopcroft, Roff, & Bouman,
1998
Chaetognatha DW=0.00046*1."(3.727) (Pearre, 1)981)
Limacina sp. DW=0.137*L"(1.5005) (Bednarsek, Tarling, Fielding, &
Bakker, 2012)
Barnacle cyprid DW=0.00422*1"(3.141) (Muxagata & Williams, 2011)
Cladocera DW=0.00189*L"(2.25) (Dumont, Van de Velde, &
Dumont, 1975)
Mysidae DW=0.0066*L"(2.57) (Chigbu & Sibley, 1996)
Euphausicea log(DW)=0.3681*1log(L)+0.3696 (Society, 2016)
Other copepods DW=0.0257*L"(3.141) (Cohen & Lough, 1981)
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Chapter 3

Environmental drivers and trends in forage fish occupancy of the
Northeast US shelf

3.1 Abstract

The Northeast US shelf ecosystem is undergoing unprecedented changes due to long-term
warming trends and shifts in regional hydrography leading to changes in community
composition. However, it remains uncertain how shelf occupancy by the region’s dominant,
offshore small pelagic fishes, also known as forage fishes, has changed throughout the late 20"
and early 21% centuries. Here, we use species distribution models to estimate the change in shelf
occupancy, mean weighted latitude, and mean weighted depth of six forage fishes on the
Northeast US shelf and whether those trends were linked to coincident hydrographic conditions.
Our results suggest that shelf occupancy is increasing or unchanging for most species in both
spring and fall, largely linked to increasing temperature and bottom salinity. Exceptions include
decreases to shelf occupancy by sand lance and decreases to coincident favorable environmental
conditions for Atlantic herring in the fall. Our work shows that changes in shelf occupancy and
favorability of coincident environmental conditions have varying coherence, indicating complex
mechanisms behind observed shelf occupancy for many species. Future work and management
can use these results to better isolate the aspects of forage fish life histories that are important for

determining their occupancy of the Northeast US shelf.
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3.2 Introduction

Small pelagic fishes dominate the biomass of many productive coastal ecosystems,
including upwelling systems and temperate shelves (Cury et al., 2000; Pikitch et al., 2014).
These fishes represent both important local fisheries and serve as the focal prey of numerous top
predators, giving these fishes the moniker of “forage fishes” in many regions (Pikitch ez al.,
2014). The coastal Northwest Atlantic is one of these productive, forage fish rich ecosystems,
particularly in northern regions such as the Gulf of Maine and Scotian Shelf. The Northeast US
shelf occupies a large portion of the coastal Northwest Atlantic, spanning oceanographic and
ecological gradients that are temporally dynamic (Chen et al., 2020; Friedland et al., 2020a).
Accordingly, the composition of the forage fish community of the region has historically
oscillated on both small and large spatio-temporal scales (Fogarty ef al., 1991; Richardson et al.,
2014). These oscillations include seasonal changes in shelf occupancy by forage fish taxa based
on spawning migrations and drastic interannual variability in overall abundance of each species
(Fogarty, 1989; Suca et al., 2021). These oscillations have notable effects on both fisheries
catches of small pelagic fishes and the diet and distribution of their predators (Overholtz, 2002;
Overholtz and Link, 2007; Smith and Link, 2010; Richardson et al., 2014).

The Northeast US shelf hosts a moderate diversity of small pelagic fishes from a variety
of taxonomic families with differing life history strategies. Throughout much of the middle to
late 20™ century, the offshore forage fish complex of the Northeast US shelf was dominated in
biomass by northern sand lance (Ammodytes dubius) and Atlantic herring (Clupea harengus;
Suca et al., 2021; Richardson et al., 2014) with high abundances of Atlantic butterfish (Peprilus
triacanthus) occupying the shelf in the fall (Adams et al., 2015; Adams, 2017). Of these species,
sand lance distribution is the only one with minimal seasonal variability. This is in large part due

to their reliance on sandy substrates for burying (Nettestad ef al., 1999; Staudinger et al., 2020).
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Despite this obligate connection with substrate, sand lance presence is highly variable on small
spatial scales and interannual scales (Staudinger et al., 2020). The cause of broad scale
interannual variability has been linked to drivers of recruitment and overwinter survival given
the lack of fishery for this species (Suca et al., 2021), yet the favorability of coincident
environmental conditions (often referred to as habitat suitability) has not been explored for this
species.

Unlike the non-targeted sand lance, historical Atlantic herring abundance has been driven
by both fishing, including heavy exploitation until the 1980s (Overholtz and Link, 2007), and
environmental conditions, such as haddock predation on herring eggs (Richardson et al., 2011).
Atlantic herring exhibit seasonal migrations, moving to portions of the Mid-Atlantic Bight in the
winter and spring (in addition to portions of the coastal Gulf of Maine) and move to more
specific spawning locations such as Georges Bank in the fall (Sinclair and Iles, 1985; Overholtz,
2002). While Atlantic herring exhibit some predictable behaviors, such as spawning migrations,
the pelagic and schooling behavior of these fish lead to highly dynamic and variable distribution
patterns in space (Overholtz, 2002). The degree to which coincident environmental conditions
play a role in herring shelf occupancy has not be explored in depth. Recent work suggests that
shelf occupancy for Atlantic herring might be increasing as part of a larger tropicalization of the
Northeast US shelf (Friedland et al., 2020b).

Alewife (Alosa pseudoharengus) and blueback herring (Alosa aestivalis), collectively
known as river herring, are other important clupeids in the offshore Northeast US shelf forage
fish complex. These species are known to school with Atlantic herring during offshore foraging
periods, leading to high bycatch despite lacking targeted fisheries for much of the 20" century

(Turner et al., 2015, 2017). A notable separation in life history from Atlantic herring is the
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anadromous spawning behavior of river herring, with mature adults moving into rivers and lakes
in the spring to spawn and post-spawn adults exiting these freshwater systems in the early to
mid-summer to return to the ocean-based foraging (Turner ef al., 2017). Of the two species,
alewife is considered a more northerly species and constitute most of the river herring biomass
throughout the offshore Northeast US shelf, in part due to the more coastal distribution of
blueback herring (Lynch et al., 2020). Despite their lower abundance, blueback also overlap with
Atlantic herring in trawl survey catches, indicating potential for bycatch and mixed schools of
forage species (Turner et al., 2015). Previous studies have shown both species of river herring
are sensitive to temperature which can drive increased overlap with Atlantic herring and Atlantic
mackerel (Turner et al., 2017).

Atlantic mackerel (Scomber scombrus), another forage species that often mixes with
Atlantic herring, exhibit notable migratory behavior throughout the Northeast US shelf with
highly variable occupancy in spring and migration in the fall after spring spawning, largely in
Canadian waters (Radlinski ef al. 2013). Atlantic mackerel populations on the Northeast US
shelf are composed of two spawning contingents, a southern contingent that spawns in US waters
throughout southern New England and the Gulf of Maine, and a northern contingent that spawns
on the Scotian shelf and Gulf of St. Lawrence (Overholtz, 1976; McManus ef al., 2018).
Atlantic mackerel are thought to be highly sensitive to temperature regimes that affect spawning,
larval survival, and adult migration patterns (Radlinski ef al. 2013; McManus et al., 2018). As
planktivorous fishes, Atlantic mackerel larvae have been shown to correspond with areas of
higher zooplankton abundance in both the northwest and Northeast Atlantic, suggesting an
important link between Atlantic mackerel distribution and prey fields (Macy et al., 1998;

McManus et al., 2018). However, catch of Atlantic mackerel in surveys has been highly variable
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in the region, leading to efforts to better understand what drives Atlantic mackerel catchability
and shelf occupancy through time (Radlinski et al. 2013; Deroba et al., 2010).

Atlantic butterfish (butterfish hereafter), the final members of the offshore Northeast US
shelf forage fish complex, are a sub-tropical to temperate species than the temperate to sub-polar
distribution of sand lance and Atlantic herring (Adams et al., 2015). They also have the
distinction of primarily consuming gelatinous zooplankton (Smith and Link, 2010; Suca et al.,
2018). Butterfish fisheries on the Northeast US shelf have been historically inconsistent with the
largest fishing pressure occurring in the 1980s and a recent implementation of a directed fishery
in 2013 (Adams et al., 2015). Like Atlantic herring, butterfish exhibit notable seasonal patterns
in distribution due to spawning behavior, with large butterfish largely moving to the Northeast
US shelf edge in the winter and returning to more nearshore shelf waters in summer and fall
during spawning, tightly linked to temperature regimes (Adams, 2017).These fish also exhibit
age-specific differences in shelf occupancy, particularly in the fall when young butterfish occupy
more nearshore water while larger individuals remain offshore (Adams, 2017).

The Northeast US shelf is one of the most rapidly warming regions of the global oceans
(Pershing et al., 2015; Chen et al., 2020). This warming has led to observed and predicted
changes to the thermal habitat area available to the forage fishes of the region (Kleisner ef al.,
2017; Friedland et al., 2019). However, the description of a species’ niche and habitat often goes
beyond just thermal constraints (Friedland et al., 2020b). Previous studies have used a broad
suite of potential predictors to describe such habitat and indicated that occupiable habitat by the
collective forage fish community of the Northeast US shelf is increasing (Friedland et al.,
2020b), though abundance trends do not always align (Friedland et al., 2021). However, the

explicit relationships and mechanisms underlying these changes on individual species levels is
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less clear. Additionally, it is uncertain to what degree coincident environmental conditions are
the drivers of this change in occupancy or if external factors, such as recruitment variability,
contribute the observed changes.

Here, we use species distribution models to estimate the change in shelf occupancy, mean
weighted latitude, and mean weighted bottom depth of six forage fishes of the Northeast US
shelf. We further explore the extent to which coincident measures of hydrographic and
hydrodynamic conditions control the observed interannual patterns in shelf occupancy compared
to changes in external factors such as overall abundance. We hypothesize that shelf occupancy in
the Northeast US shelf will vary markedly by season but is generally decreasing for the
historically abundant, colder-water species (northern sand lance, Atlantic herring, and alewife),
increasing for the more sub-tropical species (butterfish and blueback herring), and variable for
the migratory Atlantic mackerel. We also hypothesize that each species will likely be changing
their mean weighted depth and moving northward with time, depending on temperature
sensitivity. We believe this will be particularly notable in fall due to warming trends both
constraining northerly species habitat to higher latitudes and deeper waters while expanding the
northern range and depth of occupiable shelf for southerly species. Finally, we assess the degree
to which patterns in shelf occupancy are connected to changes in coincident hydrography and
hydrodynamics, or if they are linked to external factors such as recruitment or other parameters

that covary with year.

3.3 Materials and Methods

3.3.1 Survey collections
Catches of forage fishes on the Northeast US shelf came from the spring and fall

Northeast Fisheries Science Center (NEFSC) bottom trawl surveys, spanning 1968 to present for
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the spring survey and 1963 to present for the fall survey. During each survey, 300—400 stations
are sampled in a random stratified design, ranging from the Western Scotian Shelf to Cape
Hatteras. At each station, catches of each species are weighed and individuals are measured, with
sub-sampling occurring when catches were large. Further details of the survey and sampling gear
are found within (Politis et al., 2014). We note that this survey is a bottom trawl and thus does
not fully or perfectly capture the habitat of pelagic, schooling fishes. However, this survey is
used to attain indices of abundance for the purpose of stock size for these fishes and is reliable
for understanding their distribution (Deroba et al. 2018; NEFSC, 2020). The one possible
exception to this is Atlantic mackerel, for which the survey is considered less reliable (see
discussion; Deroba et al. 2010).

The survey has changed gears on multiple occasions, including a change in survey vessel.
In 1985, during the tenure of the first vessel, Albatross IV, the trawl doors were changed which
resulted in a notable change in Atlantic herring catches in the survey (NEFSC, 2020). Given
noted mixed school behavior of river herring (alewife and blueback herring) with Atlantic
herring, we assumed this change also affected catches of river herrings (Turner et al., 2015). The
change in doors was not considered to have as large an effect on the catch of the other forage
fishes included in this study and is thus only considered for the clupeids. In 2009, the survey
switched from the R/V Albatross IV to the R/V Henry Bigelow resulting in notable changes in
catches for all species in this study (Miller ef al., 2010). This change in ship was coupled with a
change in cod-end liner for collections, widening the mesh from 1/2” to 1’ and rendering sand
lance catchability unreliable after 2009 (Richardson et al., 2014). A suite of inshore strata was
also lost in the transition from the R/V Albatross IV to the R/V Henry Bigelow. We decided to

retain inshore strata from the R/V Albatross IV because these strata represent important habitat
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for some taxa and an exploratory analysis indicated that models using only offshore strata did not
influence the predictive capability of predominantly offshore species.

Fall butterfish catches were split into two size classes based on age and known
differences in distribution (Adams, 2017). Small butterfish, known to inhabit more nearshore
waters in fall, were classified as those <11 cm, while large butterfish were all fish >11 cm. This
was only done for the fall survey as the spring survey primarily catches large individuals

(Adams, 2017).

3.3.2 Environmental Data

Conductivity, temperature, and depth sensors (CTDs) became commonplace on the
bottom trawl surveys in 1992, and this in situ data was used for sea surface temperature (SST),
sea surface salinity (SSS), bottom temperature (BT), and bottom salinity (BS) when available. To
fill in data from years prior to 1992, hindcast estimates of hourly surface and bottom temperature
and salinity were used from the third generation Gulf of Maine Finite Volume Community
Ocean Model (FVCOM-GOM3; (Chen et al., 2011; Li et al., 2017)). Horizontal resolution
ranges from 0.3 to 10 km, with finer horizontal resolution in coastal regions and tidal mixing
fronts (e.g. Georges Bank, Figure 3-S1) and coarser resolution at the boundaries near the shelf
break (Chen ef al., 2011; Xue et al., 2014; Ji et al., 2017). GOM-FVCOM is nested within the
FVCOM-Global model to ensure water property conservation at its boundaries (Chen et al.,
2011). Previous studies have confirmed that GOM-FVCOM accurately recreates hourly to
interannual variability in currents (Sun ef al., 2016; Li et al., 2017), including a comparison with
observed drifters (Sun et al. 2014). GOM-FVCOM assimilates satellite SST, and CTD data from
surveys and a buoy array, leading to accurate representations of temperature and salinity

throughout much of the survey domain (Xue et al., 2014).
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To ensure FVCOM accurately represented temperature and salinity fields during the
trawl surveys, hourly estimates from GOM-FVCOM were matched to every station from 1992-
2016 for salinity and every station with available temperature data from 1979-2016 from in situ
CTD casts or expendable bathythermographs. Overall trends show good agreement with surface
temperature (Spring R?=0.81, Fall R?=0.95) and moderately good agreement for surface salinity
(Spring R?=0.79, Fall R?=0.72), bottom temperature (Spring R?=0.71, Fall R?=0.79), and bottom
salinity (R?>=0.77, Fall R>=0.80). The residuals from these trends were grouped by stratum and
any stratum that had an average residual >2°C for spring and >3°C for fall for temperature or >1
for salinity was excluded from analyses in all years (Figure 3-1). The more relaxed threshold for
fall was to ensure there were sufficient strata to represent the habitat of the fishes in the study
due to FVCOM’s poorer performance of recreating bottom temperatures in the summer and early
fall (Li et al., 2017). This strategy of removing entire strata across years was to retain the random
stratified nature of the survey so that interannual differences were not driven by spatial biases.
This led to the exclusion of 17 strata in the fall (4.9% of the cumulative area) and 35 strata in the
spring (10.1% of cumulative area; Figure 3-1). In the case of the spring survey, slope strata were
excluded which represents known habitat for Atlantic mackerel and butterfish (Overholtz et al.
2011; Adams, 2017). It is thus important to acknowledge that our metrics represent shelf
occupancy within the strata included in each model and do not always represent the full shelf

occupancy for each species, namely spring Atlantic mackerel and butterfish.
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Figure 3-1. Map of Northeast US shelf and strata from the Northeast Fisheries Science Center
spring and fall bottom trawl survey. Strata are color coded by whether they were used for
modeling for the given season based on accuracy of FVCOM temperature or salinity estimates.

Daily mean total kinetic energy (TKE) was used to incorporate kinetic energy generated
from tidal dynamics along many shallow banks on the Northeast US shelf that represent
zooplankton aggregations and feeding hotspots ( Lough and Manning, 2001; Wishner et al.,
2006). Use of daily current averages negates tidal effects due to the multiple shifts in direction
throughout the course of the day. We thus calculated an estimate of daily mean kinetic energy

based on hourly data with the following equation:

1
12312(1121‘ +v%)

24

TKEDaily =

Where u; and v; represent vertically averaged hourly zonal and meridional velocities at a given
location. u; and v; estimates originated from FVCOM-GOM3.
Sediment grain size data were estimated based on point observations in the US

Geological Survey East Coast Sediment Texture Database
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(http://pubs.usgs.gov/0f/2005/1001/data/surficial _sediments/ecstdb2005.zip). Sediment grain

size were interpolated to each collection location using inverse distance weighting in
the gstat package in R (S.G., 2021).

Bathymetric slope estimates were calculated from NOAA NCEI bathymetry data. A two-
kilometer slope was used as the metric to represent local scale slope that is less likely to be
associated with the offshore slope of the Northeast US shelf, where strong correlations exist

between bottom hydrography and slope (Mountain, 2012).

3.3.3 Species distribution model formation

Species distribution models were formed using generalized additive models (Wood,
2017). Generalized additive models are non-parametric extensions of generalized linear models,
with the assumption that variables are additive. GAMs can represent complex, nonlinear
relationships between predictor and response variables, a common occurrence with ecological
data (Guisan and Thuiller, 2005).

For each taxon, the full suite of hydrographic and benthic variables were included. Year
was included as a random intercept for each species and season to account for changes in overall
abundance of each taxon driven by dynamics other than habitat availability (Brodie et al., 2015;
Thorson, 2019). These year effects were coupled with a fixed gear effect, reflecting a change in
intercept based on catchability by the gear changes described above. This resulted in the

following general equation:

r
log <1 f pr) = B + Gear + s(Envy, k = 6) + s(Env,, k = 6) ...+ s(Env,, k = 6)+)

+ te(Longitude, Latitude) + s(Year, “re”)
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where Pr represents the probability of occurrence of a given species, s represents a thin-plate
regression spline, k represents the number knots for the basis functions of the spline, Env
represents an environmental predictor (e.g. temperature), te represents a tensor product, re
represents a random effect, and B represents the model intercept. The number of knots were
capped at six to prevent overfitting of data, ensuring the relationships between the predictor
variables and the response are ecologically feasible (Rooker ef al. 2012). Models were fit to all
but the final three years of the usable time series for each taxon (1979-2013 Atlantic herring,
alewife, blueback herring, Atlantic mackerel, and butterfish; 1979-2005 for sand lance).

We used the information theory approach to model selection and fitting (DeLeeuw,
1973). Variance inflation factors (VIF) were used for determination of which variables to drop
from consideration before model selection. These values were determined using the vif.gam
function in the mgcv.helper package (Clifford, 2019) . Variables with a VIF>10 were removed
from consideration. While this value is fairy relaxed, we chose this value to include as many
possible predictors in model selection as reasonably possible. If multiple variables resulted in
VIF >10, single variable GAMs (including year effects and longitude, latitude tensor product)
were fit to the data for each variable and the model containing the variable with the lowest AIC
was retained. This process was repeated until the largest possible suite of variables with VIFs<10

remained.

3.3.4 Model selection and averaging

After predictors resulting in high VIF values were removed, all possible combinations of
predictors for each taxon and season were compared using Akaike Information Criterion (AIC)
via the dredge function within the MuMIn package in R (Barton, 2010). In all cases, year random

intercepts and the tensor product of longitude, latitude were included to reduce run time. Models

81



with AIC values <4 from the best fit model were averaged to account for uncertainty in model
selection given the exploratory nature of our analyses and information theory-based approach.
These model averages for each taxon and season were used for all subsequent analyses and

predictions.

3.3.5 Model Validation

Predictive capability of models was tested using receiver operating characteristic curves
(ROC). ROC curves measure true positive rate (specificity) against false positive rate
(sensitivity) at different thresholds. The area under this curve (AUC) can be used as a metric of
predictive strength of presence/absence models, with values close to 1 representing high
predictive capability and values close to 0.5 representing capability approaching random chance.
AUC values were calculated for model predictions over the final three years of each time series.

Individual variable importance for the final, averaged models were determined through
the sum of Akaike weights. Akaike weights were calculated as follows:

exp [~ 5]
S exp [~ g A]

wW; =

Where A; represents the difference in AIC of a particular model from the lowest AIC for any
model iteration for a given species and season. The Akaike weight for each model in which a
variable was included was then summed to reach the sum of Akaike weights (SW) for the
variable. Values close to 1 represent high variable importance, with values close to 0

representing low importance (Giam and Olden, 2016).

3.3.6 Proportion of suitable habitat

Environmental covariates for each year of the survey (1979-2016 for all species but sand

lance; 1979-2008 for sand lance) were averaged over 0.1° x 0.1° bins across “usable” strata for
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each season. For FVCOM sourced data (temperature, salinity, mean kinetic energy), these values
were averaged over March-April for the spring surveys and September-October for the fall
survey, corresponding to the primary months of each survey. In each case, a small portion of grid
cells (~3%) did not contain an FVCOM node and thus did not have temperature, salinity, or
kinetic energy estimates. Values for these cells were estimated using inverse distance weighting
with the gstat package in R (S.G. 2021).

For each year, the final, averaged model for each taxon and season was used to predict
probability of occurrence within each grid cell. If a grid cell had a probability of occurrence
greater than the mean prevalence for a given species and season, it was deemed suitable. Mean
prevalence was used instead of a threshold such as 0.5 as using prevalence has been identified as
minimizing the discrepancy between specificity and sensitivity (Jiminez-Valverde & Bobo
2007). Annual proportion of suitable habitat for each season was calculated as the proportion of
grid cells exceeding this threshold.

We performed predictions and calculations of shelf occupancy both using models that
included the random year intercepts and gear effects, thus including a proxy for likelihood of
occurrence due to factors other than environmental covariates, and we performed these
predictions and calculations using models where the random year intercepts were set to 0 and the
gear effect was set to that of the R/V Albatross 1V after the door change (1985-2008),
representing the gear type with an intermediate catchability and smallest standard error of the
three gear types. These methods allow for comparison of trends in shelf occupancy that
incorporate interannual differences due to factors like recruitment or catchability which are not

explicitly measured by the model (inclusion of random year intercepts and gear effects) to trends
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that solely assess changes to shelf occupancy due to changes in the environmental predictors (no
random intercepts and fixed gear).

To estimate how much year intercepts and gear were related to total abundance of a given
species caught in a given season, we calculated the correlation between year and gear specific
intercept values and log stratified area-weighted mean abundance of a given taxon in a given
season throughout the shelf. These models were fit as a simple linear regression (although note
the log transform of the abundance metric).

Temporal trends in proportion of shelf occupancy for both fixed and random intercept
predictions were tested with beta regression using the R package betar, with annual proportion of
suitable habitat as the response variable and year as the predictor.

We also calculated mean weighted latitude and depth of occurrence for each taxon and
season. Depth values were assigned to each grid cell from 0.1° by 0.1° spatial averages and
temporal trends in mean weighted latitude and depth were calculated for both shelf occupancy
estimates with and without year and gear-specific intercepts. This has the advantage over direct
survey observations in making these calculations over a fixed grid each year, removing any
potential for subtle biases from changes in trawl locations within each strata by year that may

confound these calculations (Mauread et al. 2021).

3.4 Results

3.4.1 Predictor importance and predictive capability

Predictor importance, as determined by sum of Akaike weights, varied notably by forage
fish species in spring (Table 3-1). Sea surface temperature and eddy kinetic energy were the
environmental predictors with the most consistently high sum of Akaike weights, with both

having a SW>0.9 for four of the six species (Figure 3-2). Temperature and/or salinity were
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important predictors for all species in the spring. Daily mean kinetic energy had high SW values
for sand lance, Atlantic mackerel, alewife, and Atlantic mackerel. Sediment grain size had high
SW values for sand lance and blueback herring and bathymetric slope only had an SW >0.9 for
alewife.

Table 3-1: Sum of Akaike weights for variables for spring models. Variables with no value were
not included in the model because of variance inflation (see methods). AUC represents the area
under the receiver operating curve for predictions of the test set of data for each model.

Spring
Variable Sand lance  Butterfish  Atl. herring  Alewife  Blueback herring  Atl. mackerel
Bottom temperature - 1 - 1 - 1
Bottom salinity 0.999 - 1 - - -
Surface temperature 0.716 - 1 1 1 1
Surface salinity - - 0.142 0.999 0.895 1
EKE 1 - 0.962 1 - 0.999
Bathymetric slope - - - 0.987 - -
Grain Size 0.962 - 0.786 0.379 0.999 0.891
AUC 0.822 0.888 0.724 0.762 0.713 0.610

Fall models were less complex, often including only one environmental predictor.
Bottom temperature was overwhelmingly important in fall models, included in all species
models except sand lance (Table 3-2; Figure 3-3). Bottom temperature was the only predictor
included for Atlantic herring, alewife, blueback herring, and Atlantic mackerel due to its high
predictive capability leading to high variance inflation factors with other predictors. Both large
and small butterfish fall models included more predictors, such as mean kinetic energy and grain
size.

Variance estimates of the random year effects varied notably among species in both
seasons, with the highest values for sand lance in both seasons. Blueback herring and alewife
generally had low variance estimates compared to the other forage species (Table 3-S1,3-S2).
Atlantic herring and Atlantic mackerel had moderate variance estimates in both seasons. Gear
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effects varied notably by species, with minimal effects for butterfish and mackerel for both
seasons, while gear effects were strongest for Atlantic herring.

Table 3-2: Sum of Akaike weights for variables for fall models. Variables with no value were
not included in the model because of variance inflation (see methods). AUC represents the area
under the receiver operating curve for predictions of the test set of data for each model.

Fall
Sand Butterfish ~ Butterfish Atl. Blueback Atl.
Variable lance (<11 cm) (>11cm) herring Alewife herring mackerel

Bottom temperature - 1 1 1 1 1 1
Bottom salinity - - - -
Surface temperature - - 0.995 -
Surface salinity - 0.999 0.672 -
EKE 1 0.451 0.998 -
Bathymetric slope - - 1 -

Grain Size - 0.461 0.965 - - - -

AUC 0.826 0.615 0.687 0.977 0.973 0.971 0.936

Most spring models showed reliable predictive capability for stations and years outside of
the dataset (AUC > 0.70) while Atlantic mackerel model had an AUC of 0.61 (Table 3-1). The
butterfish model had the highest predictive capability (AUC=0.89) and was the most
parsimonious. Fall models only containing bottom temperatures had high predictive capability,
with AUC >0.9 for all four taxa. Similarly, daily mean kinetic energy was the only
environmental predictor included in the sand lance model due to high variance inflation factors
when coupled with other predictors, though the predictive capability was lower (AUC=0.83;
Table 3-2). Unlike spring, both large and small butterfish models, which included multiple
environmental predictors, had low AUC values (0.61 for small butterfish, 0.69 for large

butterfish).
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Figure 3-2: Response curves for variables with the three highest sum of Akaike weights per
species for spring models.
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Figure 3-3. Response curves for variables with the three highest sum of Akaike weights per
species for fall models.

3.4.2 Year and gear-specific intercepts and catch comparisons

Intercept estimates and stratified area-weighted mean abundance estimates from the
survey were strongly correlated for most species in both seasons (Table 3-3; Figures 3-S2, 3-S3).
Exceptions were alewife and blueback herring in the spring and blueback, Atlantic mackerel, and

large butterfish in the fall. Sand lance and Atlantic herring had the strongest correlations in both
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season between year and gear-specific intercept estimates and log stratified area-weighted mean
abundance.

Table 3-3. Correlation between year-specific intercepts and mean stratified area-weighted
number of individuals per tow for spring and fall models.

Corr.
Species Season Coefficient  p-value
Sand lance Spring 0.890 <0.001
Fall 0.653 <0.001
Butterfish Spring 0.447 0.007
Fall—Large 0.195 0.262
Fall—Small 0.487 0.00
Atl. herring Spring 0.747 <0.001
Fall 0.929 <0.001
Alewife Spring 0.011 0.946
Fall 0.511 0.001
Blueback Spring -0.051 0.773
Fall 0.242 0.160
Atl. mackerel Spring 0.554 <0.001
Fall 0.207 0.232

3.4.3 Trends in occupiable habitat

Annual trends in spring occupiable habitat varied by species and by whether gear and
year intercepts were incorporated (Table 3-3; Figure 3-4). Using year-specific random intercepts
Atlantic herring, blueback herring, Atlantic mackerel, and butterfish showed significant increases
in spring proportion of shelf occupancy while sand lance showed a significant decrease in shelf
occupancy with time. Using a fixed gear and removing year-specific intercepts, sand lance and
butterfish showed a significant increase in occupancy with time while all other species had non-
significant trends. Slope estimates for alewife, blueback herring, and sand lance showed opposite

signs between shelf occupancy with and without year-specific intercepts and gear effects.
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Figure 3-4. Trends in proportion of occupiable shelf including (red) and excluding year and
gear-specific intercepts (black) in spring. Significant trends are indicated by a solid line. Shading
reflects 95% confidence intervals.

Fall trends in shelf occupancy were stronger (greater slope estimates) and more
frequently significant than in spring (Table 3-4; Figure 3-5). Trends in occupiable shelf in fall
were also more coherent between year-specific and fixed intercept models for most species

(Table 3-4). The notable exception was Atlantic herring which had a significant increase in
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occupiable shelf in year and gear-specific model predictions, while having a significant negative

trend with model predictions with fixed gear and no year intercepts.
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Table 3-4: Trends in shelf occupancy without year and gear-specific intercepts (fixed intercept)
and shelf occupancy (year-specific intercept) with time as estimated through beta regression.

Butterfish were only split into small and large groups for fall models.

Species Season Intercept Slope estimate  Pseudo- R? p-value
Sand lance Spring Year-Specific -0.053 0.300 <0.001
Fixed 0.010 0.294 <0.001

Fall Year-Specific -0.044 0.188 0.001

Fixed -0.002 0.163 0.016

Butterfish Spring Year-Specific 0.026 0.173 0.005
Fixed 0.047 0.282 <0.001

Fall—Large Year-Specific 0.041 0.282 <0.001

Fixed 0.037 0.429 <0.001

Fall—Small Year-Specific 0.014 0.163 0.006

Fixed 0.011 0.538 <0.001

Atl. herring Spring Year-Specific 0.101 0.266 <0.001
Fixed 0.006 0.020 0.374

Fall Year-Specific 0.096 0.29 <0.001

Fixed -0.002 0.122 0.021

Alewife Spring Year-Specific 0.008 0.067 0.096
Fixed -0.002 0.029 0.287

Fall Year-Specific 0.027 0.689 <0.001

Fixed 0.004 0.253 <0.001

Blueback Spring Year-Specific 0.035 0.215 <0.001
Fixed -0.003 0.016 0.415

Fall Year-Specific 0.063 0.662 <0.001

Fixed 0.010 0.201 0.001

Atl. mackerel Spring Year-Specific 0.078 0.613 <0.001
Fixed 0.001 0.001 0.843

Fall Year-Specific 0.057 0.484 <0.001

Fixed 0.015 0.204 0.001

3.4.4 Mean weighted latitude and depth

Spring annual trends in mean weighted latitude and depth varied with species, but
generally trended north and deeper with time (Table 3-5). Butterfish and Atlantic mackerel
showed the most pronounced and significant northward shift in weighted mean latitude while

Atlantic herring and alewife showed the least change in weighted mean latitude (Figure 3-6).
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Butterfish and Atlantic mackerel also showed the most pronounced and significant increase in

mean weighted depth (Figure 3-7).
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Figure 3-6. Trends in spring weighted mean latitude based on including (red) and excluding year
and gear-specific intercepts (black) in spring. Significant trends are indicated by a solid line.
Shading reflects 95% confidence intervals.
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Shading reflects 95% confidence intervals.

94



Table 3-5: Trends in annual mean weighted latitude and depth of shelf occupancy based on
intercept condition for spring models.

Slope
Species Predictor  Intercept estimate R? p-value
Sand lance Latitude  Year-Specific -0.003 0.194 0.015
Fixed -0.003 0.133 0.048
Depth Year-Specific 0.170 0.269 0.003
Fixed -0.040 0.168 0.024
Butterfish Latitude  Year-Specific 0.016 0.429 <0.001
Fixed 0.023 0.457  <0.001
Depth Year-Specific -0.375 0.176 0.009
Fixed -0.495 0.282 <0.001
Atl. herring  Latitude  Year-Specific 0.001 0.022 0.378
Fixed 0.001 0.009 0.571
Depth Year-Specific -0.260 0.419 <0.001
Fixed -0.085 0.095 0.059
Alewife Latitude  Year-Specific 0.001 0.010 0.534
Fixed 0.002 0.109 0.051
Depth Year-Specific -0.002 <0.001 0.958
Fixed -0.050 0.066 0.118
Blueback Latitude  Year-Specific 0.004 0.091 0.066
Fixed 0.003 0.034 0.266
Depth Year-Specific -0.178 0.237 0.002
Fixed -0.093 0.062 0.130
Atl.
mackerel Latitude  Year-Specific 0.014 0.295 <0.001
Fixed 0.001 0.001 0.842
Depth Year-Specific -0.351 0.498 <0.001
Fixed 0.011 0.001 0.840

Fall annual trends in mean weighted latitude and depth varied more by species than in the
spring (Table 3-6). Most species indicated no significant trend or a significant northward and
deeper trend with time. However, Atlantic herring and alewife showed significant decreases in
mean weighted latitude with time (Figure 3-8). Atlantic herring in fall had opposite trends in
mean weighted depth in model predictions with and without year and gear-specific intercepts

(Figure 3-9).
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Figure 3-8. Trends in fall weighted mean latitude based on including (red) and excluding year
and gear-specific intercepts (black). Significant trends are indicated by a solid line. Shading
reflects 95% confidence intervals.
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Table 3-6: Trends in annual mean weighted latitude and depth of shelf occupancy based on
intercept condition for fall models.

Slope p-
Species Predictor Intercept estimate R? value
Sand lance Latitude  Year-Specific 0.002 0.070  0.157
Fixed -0.002 0.283  0.002
Depth Year-Specific 0.142 0.288  0.002
Fixed 0.014 0.162 0.028
Lg.
Butterfish Latitude  Year-Specific 0.009 0.347 <0.001
Fixed 0.009 0.383 <0.001
Depth Year-Specific -0.317 0.343 <0.001
Fixed -0.314 0.359 <0.001
Sm.
Butterfish Latitude  Year-Specific 0.008 0.331 <0.001
Fixed 0.007 0.490 <0.001
Depth Year-Specific -0.309 0.283 <0.001
Fixed -0.254 0.436 <0.001
Atl. herring ~ Latitude  Year-Specific -0.005 0.446 0.001
Fixed 0.001 0.029 0.310
Depth Year-Specific 0.388 0.600 <0.001
Fixed -0.072 0.128 0.028
Alewife Latitude  Year-Specific -0.006 0.507 <0.001
Fixed 0.001 0.053 0.163
Depth Year-Specific -0.390 0.554 <0.001
Fixed -0.190 0.246  0.001
Blueback Latitude  Year-Specific -0.001 0.006 0.647
Fixed 0.003 0.147 0.018
Depth Year-Specific 0.511 0.481 <0.001
Fixed -0.278 0.275 <0.001
Atl.
mackerel Latitude  Year-Specific 0.003 0.059 0.141
Fixed 0.006 0.193  0.006
Depth Year-Specific -0.470 0.375 <0.001
Fixed -0.336 0.237  0.002

3.5 Discussion
Our work suggests that the effects of tropicalization on the Northeast US shelf can be

observed in changes to the forage fish community’s shelf occupancy. Clear effects include the

movement of weighted mean bottom depth and weighted mean latitude to largely deeper and
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more northward locations for species in both seasons. However, our work also elucidates a
distinction between changes in observed shelf occupancy by forage fish species throughout the
time series as driven by the combination of year and gear-specific versus changes driven by
coincident environmental conditions. Identifying these differences is important for understanding
the effects of climate change and variability on the life history of fishes as effects of fishing,
recruitment, and local hydrographic conditions can lead to compounding or compensatory effects
on a species’ occurrence.

Atlantic herring provide a clear example of the distinction between trends in shelf
occupancy as driven by coincident environmental conditions compared to external (year and
gear-specific) factors. Atlantic herring had significant positive trends in shelf occupancy in both
spring and fall through time, yet shelf occupancy as predicted by environmental covariates had
no trend in spring and a significant decrease with time in the fall. These results reflect increasing
catch of Atlantic herring throughout the trawl survey due to recovery from past fishing and shifts
in survey gear, while the trends based on environmental covariates suggest that the area of
favorable habitat for Atlantic herring is decreasing with increasing mean temperatures and
bottom salinity. This decrease in habitat suitability is intuitive given the more northerly
distribution and reliance on temperate to sub-polar zooplankton as food for Atlantic herring
compared to other forage fishes in the region (Bowman et al. 2000; Suca ef al. 2018).
Differences between trends in shelf occupancy and trends in shelf occupancy based on
environmental covariates were not striking for all species, however, with spring butterfish
catches showing strong coherence between interannual variability in these two metrics. This
pattern in butterfish is consistent with existing literature tying their distribution and trawl survey

catch to temperature, although we observe the strongest pattern being with bottom temperature as
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opposed to surface temperature (Adams, 2017). These notable differences in coherence between
the two shelf occupancy metrics can provide direction to future studies of climate impacts on the
forage fishes of the Northeast US shelf, with coincident environmental conditions being
important for species such as butterfish and Atlantic mackerel, while external factors strongly
outweigh these environmental covariates for Atlantic herring and sand lance during the time
window of this study.

Coherence between shelf occupancy and shelf occupancy as described by environmental
covariates was also slightly stronger across species in the fall than the spring. Bottom
temperature was an important variable for all species except sand lance in the fall, indicating that
fall shelf occupancy may be more tightly linked to thermal niche availability than it is for spring
(with the exception of butterfish). Trends were often intuitive for both seasons, with Atlantic
herring’s environmental condition-driven shelf occupancy decreasing with time (and thus
increasing bottom temperature), while all others increased, largely following our hypotheses.
However, patterns in alewife shelf occupancy did not follow our expectations, with shelf
occupancy not changing with time in spring and increasing in the fall. This is notably opposite of
the trends observed in previous work modeling presence/absence data of alewife, though it is
consistent with trends observed when modeling abundance of alewife (Lynch et al., 2020).
Response curves for presence and temperature conditions often indicated season specific thermal
windows of occurrence for fishes, supporting a strong role for thermal habitat availability in
species occurrence (Kleisner et al., 2017; Morley et al., 2018). Notable exceptions were clear
positive relationships between temperature and butterfish occurrence, and large uncertain
probabilities of occurrence of alewife at high temperatures in the fall. These uncertain tails are

likely due to high occurrence of these fishes in regions of the coastal Gulf of Maine, where north
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to south advection dominates in the form of the Gulf of Maine Coastal Current (Townsend et al.
2015; Figure 3-S4). The coastal current represents a pathway for transport of Calanus
finmarchicus, an important prey item for many forage fish species, particularly alewife (Ji et al.,
2017; Suca et al., 2018).

Contrary to the largely parsimonious bottom temperature-driven models for the fall,
spring models often included other predictors, including sea surface temperature and mean
kinetic energy. This may be linked with the spring representing an important time of feeding for
these species and thus their distribution may be more variable corresponding to following food at
small scales (Smith and Link 2010; Suca et al. 2018). We originally explored using zooplankton
taxa as predictor variables, but the large loss of data caused by their inclusion (tows only occur at
every third trawl and even these collections tend to be inconsistent) precluded many years from
being included in model formation with often <50 stations remaining per year. The incorporation
of prey as predictor variables will likely become more practical in coming decades as the
EcoMon survey zooplankton collections became more consistent with trawls later in the time
series. However, whether forage fishes even follow zooplankton aggregations remains an open
question and it is likely that this prey following behavior, if it occurs at all, does so at scales too
small for the Northeast Fisheries Science Center trawl survey to observe (Holland ez al. 2021).

Another possible cause of more complex and less accurate spring models is the more
subtle and complex gradients in temperature and salinity properties in the spring compared to
fall. In the early fall, during much of the survey, the region is highly stratified leading to
decoupling of surface and bottom temperatures while both still follow known gradients by
latitude and cross shelf distance (Townsend et al. 2015). In spring, waters are largely well-mixed

and thus there is greater coherence between surface and bottom temperatures and salinities,
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making identifying the mechanisms driving shelf occupancy more difficult to elucidate. The only
exceptions to this are regions of high bottom temperatures and bottom salinities in the deeper
regions that contain Gulf Stream influenced slope water and elevated surface salinity from Gulf
Stream intrusions which were important in identifying Atlantic herring and Atlantic mackerel
spring occupancy, respectively (Mountain, 2012). The positive relationship between spring
Atlantic mackerel presence and surface salinity may be an indication of preference for warm,
saline Gulf Stream influenced water that enter the Northeast US shelf (Churchill and Cornillon,
1991), illustrated by habitat maps showing the highest occurrence near the shelf edge in the Mid-
Atlantic Bight (Figure 3-S5). Multiple changepoints in Gulf Stream behavior occurred in the 21%
century, including a westward shift in the destabilization point (Andres, 2016) and near doubling
in the production of warm core rings (Gangopadhyay et al., 2019). These changes in Gulf Stream
behavior are also likely linked to changepoints observed in warm slope water entering the Gulf
of Maine (Suca et al., 2021) and the marked change in bottom temperatures around 2009
(Friedland et al., 2020a). Collectively, these changes are likely to lead to increased bottom
salinity throughout much of the shelf and increased intrusions of waters with high surface
salinity. Our results suggest this may have negative consequences for Atlantic herring shelf
occupancy in the spring, while increasing shelf occupancy for Atlantic mackerel in the spring.
Changes in the Gulf Stream behavior is likely one of the largest factors driving the change of
both hydrography and species composition observed in our study and others (Kleisner et al.,
2017; Friedland et al., 2020b, 2020a). It is worth noting that Gulf Stream water is unlikely to
influence small butterfish shelf occupancy in the fall. This is because the negative relationship
between the occurrence of small butterfish and sea surface salinity is more likely due to a cross

shelf effect rather than avoidance of Gulf Stream influenced water (see Figure 3-S4).

102



Collectively, our results corroborate trends of species distribution shifts throughout the
Northeast US shelf, including changes in shelf occupancy, depth, and latitude of the forage fish
complex. Most species had deeper mean weighted depth with time, particularly in the fall which
is consistent with past observations for species such as alewife (Nye et al., 2009). However,
unlike Nye et al. (2009), we noticed significant changes in depth for Atlantic herring in both
seasons and a different trend for Atlantic mackerel in the fall (deeper instead of shallower). The
northward shifts in our study for many species is also consistent with those seen for similar
species from previous studies (Kleisner et al., 2017; Friedland et al., 2020b).

However, a limitation of our study is our inability to address the drivers of non in-situ
environmentally driven shelf occupancy for many species beyond abundance and survey gear,
particularly Atlantic herring, sand lance, and river herring. For Atlantic herring and sand lance,
shelf occupancy is tightly correlated with trawl abundance, suggesting shelf occupancy is
primarily controlled by changes to collective biomass and gear catchability. The drivers of these
fluctuations have been studied for both species, providing hypotheses for the mechanisms behind
these patterns (Richardson et al., 2011; Suca et al., 2021). River herring intercept values,
however, did not significantly correlate with abundance metrics in the spring (or for blueback
herring in the fall), suggesting mechanisms other than environmental covariates used in this
study and survey abundance drive interannual differences in shelf occupancy. This may be due to
their spawning behavior in the spring and coastal distributions (Lynch ez al., 2020), but further
research is needed to refine hypotheses. Future work can also expand beyond our focus explicitly
on presence/absence models to incorporate abundance. Previous research suggests opposite
trends may occur in the relationships between a species’ presence and abundance with a given

environmental covariate (Lynch ef al., 2020; Friedland et al., 2021). Abundance models for

103



schooling small pelagic fishes often have poor fits and predictive capability when using trawl
survey data (see methods; (Deroba, 2018), leading to presence/absence models driving hurdle
model predictions (Deroba, 2018). This limitation is also related to issues with catching small
pelagic fishes using bottom trawl survey gear. This survey is often used for forage fish studies,
but catches may miss portions of these species’ behaviors and niches by not sampling the full
water column. An important example of this phenomenon is Atlantic mackerel, the species
which had the lowest spring predictive capability of our models. In this case, not only does the
trawl survey have issues with capturing the vertical distribution of this species, but mackerel
habitat extends beyond the Northeast US shelf in the spring into the Slope Sea (Overholtz et al.
2011). Additionally, due to issues with re-creation of accurate bottom temperatures, we excluded
many of the slope strata for our spring models. This caused a loss of strata where both Atlantic
mackerel and butterfish are often caught, possibly leading to poorly constrained spring Atlantic
mackerel models. Conversely, despite this loss of known habitat, spring butterfish models were
the most accurate (as defined by AUC) of all spring models indicating we were able to accurately
constrain the relationship between butterfish presence and bottom temperature for the non-slope
strata of the Northeast US shelf. Incorporating alternative survey methods to accurately assess
forage fish abundance in the vertical domain and expanding the horizontal sampling area for
species that extend beyond the shelf will be essential in further research.

Shifts in shelf occupancy of forage species may have consequences on food web
interactions and fisheries given the importance of forage fishes as prey for top predators on the
Northeast US Shelf. This may be particularly true for predators that follow forage species in their
distribution (Overholtz and Link, 2007; Richardson ef al., 2014). While total shelf occupancy is

largely driven by abundance and recruitment for many forage fish species, environmental
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covariates linked to shelf occupancy can provide insight into regions where they may occur
frequently and can represent reliable feeding hotspots for predators (Silva et al., 2021). Mean
weighted depth and latitude of habitat suitability for many of the forage fishes trended deeper
and northward with time, potentially shifting foraging grounds for predators as well. These
changes may shift the distance traveled from port for fishing vessels targeting predators reliant
on these forage species or even change which port lies closest to fishing hotspots (Kleisner ef al.,
2017; Selden et al., 2020).

Ultimately, it will be important to study the interactions between future forage fish survey
catches (observed year and gear-specific shelf occupancy) and environmental covariates
associated with shelf occupancy. Our results show that these metrics do not always align, and
may even show opposite trends, but future conditions may lead to coincident environmental
covariates becoming a limiting factor in the life history of certain forage fishes. Understanding if
or when this comes to fruition will be essential to our understanding of the future dynamics of

the changing Northeast US shelf forage fish complex.
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3.6 Supplemental Information

Table 3-S1: Gear intercept estimates and year variance estimates for spring models by species.

Spring
Variable Sand lance  Butterfish  Atl. herring  Alewife  Blueback herring  Atl. mackerel
Gear A - - -0.968 -0.383 -2.133 -
Gear B - -4.117 1.263 0.315 0.181 -2.239
Gear C - 1.365 2.324 0.418 0.925 1.273
Year 0.889 0.435 0.210 0.190 0.150 0.628
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Table 3-S2: Gear intercept estimates and year variance estimates for fall models by species.

Fall
Sand Lg. Sm. Atl. Blueback Atl.
Variable lance Butterfish Butterfish herring  Alewife herring mackerel
Gear A - - - -6.165 -4.801 -5.350 -
Gear B - -0.555 -0.350 3.120 0.365 0.288 -3.124
Gear C - 0.737 0.526 4.829 1.663 2.074 0.628
Year 0.820 0.110 0.290 0.540 0.132 0.296 0.260
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Figure 3-S1: Finite volume coastal ocean model grid used for temperature and salinity estimates
for years prior to 1992. Color represents depth estimate of each grid point.
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Figure 3-S2: Correlations between log stratified area-weighted mean abundance and year and
gear intercept estimates for spring models. Solid lines indicate a significant correlation (p<0.05).
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Figure 3-S3: Correlations between log stratified area-weighted mean abundance and year and
gear intercept estimates for fall models. Solid lines indicate a significant correlation (p<0.05).
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Figure 3-S4: Gridded (0.1° x0.1°) probability of occurrence, as measured through habitat
occupancy, averaged over all years used in each fall averaged model by species. Color ramp
varies by species to highlight patterns within a given species.
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Chapter 4

Larval transport pathways from three prominent sand lance
hotspots in the Gulf of Maine/Georges Bank region

4.1 Abstract

Northern sand lance (Ammodytes dubius) are one of the most critically important and abundant
forage fishes throughout the Northeast US shelf. Despite their ecological importance, little is
known about the larval transport pathways of this species. Here, we use otolith microstructure
analysis to estimate settlement and hatch dates of sand lance, and then use these measurements to
parametrize particle tracking experiments to assess the source-sink dynamics of three prominent
sand lance “hotspots:” Stellwagen Bank, the Great South Channel/Nantucket Shoals, and
Georges Bank. Our results indicate the larval duration of northern sand lance lasts about two
months, with a broad range of hatch and settlement dates. Our particle tracking experiments
suggest transport generally follows the north to south circulation of the Gulf of Maine region,
with Stellwagen Bank serving as a source of larvae for the Great South Channel while the Great
South Channel primarily serves as a sink of sand lance larvae from Stellwagen Bank and
Georges Bank. Particle tracking experiments suggest retention is the primary source of larvae on
Georges Bank. Retention within both Georges Bank and Stellwagen Bank varies interannually in
response to changes in local wind events. In the case of Stellwagen Bank, larval transport
pathways appear to contribute to small scale variability in adult presence based on the overlap of
regions of high retention and predator hotspots. Collectively, these results provide a framework
for the potential connectivity among these sand lance hotspots— essential information for

understanding the recruitment dynamics of this forage fish.
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4.2 Introduction

Northern sand lance (Ammodytes dubius) represent one of the most critically important
forage fishes on the Northeast US shelf, serving as prey for 72 different predators including
numerous commercially fished species, marine mammals, and seabirds (Staudinger et al., 2020).
Sand lance exhibit extremely large fluctuations in interannual abundance throughout the
Northeast US shelf, in addition to a high degree of patchiness in space (Fogarty et al. 1991;
Richardson et al., 2014; Suca et al., 2021). Despite their abundance, there is not an active fishery
for northern sand lance in the Northwest Atlantic, a marked difference from congeners in the
North Sea (Christensen et al., 2008). Due to the lack of a fishery, the dramatic interannual
fluctuations in sand lance abundance and distribution are assumed to be linked to interannual
variability in environmental conditions that cause large and small scale changes in recruitment
and adult survival (Staudinger et al., 2020; Suca et al., 2021).

Little is known about the spawning time of sand lance throughout the Northeast US shelf,
but existing studies suggest they are capital breeders with spawning occurring in the late fall or
early winter (Murray et al. 2019; Nelson & Ross, 1991; Suca et al., 2021). After spawning, eggs
are demersal and adhere to substrate, leading to minimal transport from the time of spawning to
hatch (Smigielski ez al. 1984; Wright & Bailey, 1996). Hatch duration for the congener
Ammodytes americanus is long and temperature dependent, with egg durations lasting as long as
70 days in cold temperatures (Smigielski et al., 1984). The larval duration for northern sand
lance, however, is largely unknown, though estimates based on collections of larvae range from
1-3 months (Potter & Lough, 1987), similar to what has been observed for European congeners
(Wright & Bailey, 1996).

Northern sand lance are unique among the forage fishes of the Northeast US shelf in their

requirement of sandy substrate for burying when they are not actively feeding on zooplankton
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(Gilman, 1994). This requirement contributes to a defined settlement phase for sand lance larvae
whereby they transition from a pelagic stage to a benthopelagic lifestyle, similar to adults (Nanjo
et al., 2017; van Deurs et al. 2009). While adult movement has not been studied for northern
sand lance, congeners are assumed to have high site fidelity, not leaving the bank at which they
settle throughout their adult life (Laugier ef al., 2015; van Deurs ef al., 2013). This site fidelity
and sediment requirement leads to the emergence of sand lance “hotspots,” or regions where
adult sand lance occur consistently in interannual surveys. In the Gulf of Maine/Georges Bank
region (Gulf of Maine hereafter), there are three dominant hotspots: Stellwagen Bank, the Great
South Channel/Nantucket Shoals (GSC hereafter), and Georges Bank (Figure 4-1; Staudinger et
al., 2020). These three hotspots vary dramatically in size and hydrography, generating different
patterns in sand lance abundance among the three hotspots that often oscillate independently of
shelf wide trends in sand lance abundance (Suca et al., 2021).

The most northern of the three hotspots, Stellwagen Bank, is a relatively small, sandy
bank located north of Provincetown on Cape Cod, MA, USA. Stellwagen Bank is well known as
a top predator hotspot, particularly for marine mammals and seabirds (Powers et al., 2020; Silva
etal.,2019,2021). Stellwagen Bank is also important for Atlantic cod, with their utilization of
the bank depending on the availability of sand lance (Richardson ef al., 2014). There is notable
spatial heterogeneity of sand lance presence within Stellwagen Bank, with a shoal on the
southwest corner that has the most persistent sand lance abundance (Wiley et al. 2003). The
northern portion of the bank has highly variable sand lance abundance that can intermittently
exceed sand lance abundances from the southwest corner (Richardson et al., 2014). Circulation
on Stellwagen Bank and the adjacent Massachusetts Bay is heavily influenced by the Gulf of

Maine Coastal Current, which regularly intercepts the northwest corner of the bank (Pettigrew et

115



al., 2005). The location and strength of the Gulf of Maine Coastal Current, in addition to local
upwelling processes, are tightly linked to local wind phenomena, generating highly variable
circulation on Stellwagen Bank on seasonal to interannual scales (Pettigrew et al., 2005;
McManus et al., 2014).

The GSC region (including Nantucket Shoals) is a large sandy region to the east and
south of Cape Cod, MA, USA. The region has less clearly defined boundaries than Stellwagen
Bank and Georges Bank, but generally occupies the sandy shoals west of the deepest portions of
the Great South Channel (Harris & Stokesbury, 2010). Similar to Stellwagen Bank, the GSC
region also represents a marine mammal and seabird feeding hotspot, particularly for sand lance-
reliant predators such as Roseate terns (Goyert, 2014; Powers et al., 2020). The hydrography of
the region varies seasonally based on stratification, but prevailing currents move along the
isobaths of the region from the northeast to the southwest (Beardsley et al. 1985). Despite being
south of Cape Cod, the region is heavily influenced by Gulf of Maine water masses due to the
strong north to south flow along the eastern coast of Cape Cod (Brooks, 1985). Variation in this
general flow increases markedly in winter with strong influence of local wind forcing (Beardsley
et al. 1985).

Georges Bank is one of the most productive fisheries regions in the world and the largest
sand lance hotspot in the Gulf of Maine region (Cohen & Wright, 1979; Ji et al., 2008). While
Georges Bank includes a variety of substrates, the majority is sand and may serve as sand lance
habitat (with the exception of gravel patches near the northern flank of the bank; Harris &
Stokesbury, 2010). The region’s high productivity comes from the strong tidal fluxes and fronts,
keeping large portions of Georges Bank well-mixed throughout the year (Horne et al., 1989; Ji et

al., 2008), along with high production recycling rate in the central Bank (Townsend & Petigrew,
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1997). The hydrography of the bank is also defined by a large, anti-cyclonic tidal rectification
gyre that leads to high retention along the bank. However, this gyre is weakest in winter months,
and thus susceptible to off-bank transport from wind events (Naimie et al., 1994; Lewis et al.,
2001).

Here, we to aim better understand the larval transport pathways among the three
prominent Gulf of Maine sand lance hotspots (Stellwagen Bank, the GSC, and Georges Bank),
including their roles as sources or sinks of sand lance larvae. We first estimate hatch and
settlement dates for northern sand lance through otolith microstructure analysis of settled age-0
sand lance collected from two of these hotspots. We then use this information for tracking
simulated sand lance larvae in forward and backward tracking experiments from each of the
three hotspots. Specifically, we hypothesize that sand lance larvae hatched on Stellwagen Bank,
the most northerly hotspot, will serve as a source of larvae to the GSC, while the GSC will serve
as a local sink of sand lance larvae. We hypothesize that larvae hatched in the GSC will be swept
south of all three hotspots to the more southerly Mid-Atlantic Bight. We also hypothesize
Georges Bank will represent a semi-closed population whereby larvae hatched on Georges Bank
are primarily retained on the bank with little contribution from the other two hotspots. These
general trends in larval transport likely vary interannually, with local wind events enhancing or
reducing retention. Understanding the larval transport pathways and the mechanisms driving
interannual variability in these pathways can be used to better study the relevant scales and

spatial connections for predicting sand lance recruitment in the Gulf of Maine.
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4.3 Materials and Methods

4.3.1 Sand lance collections
Settlement stage sand lance were collected from Stellwagen Bank and the GSC in May

(GSC only) and June of 2019 (both Stellwagen and GSC; Figure 4-S1, Table 4-S1). Age-0 sand
lance were collected with a fine mesh beam trawl as described in Suca et al. (2021). Individual
sand lance <10 cm were immediately preserved in ethanol upon net retrieval to maintain otolith

quality.

4.3.2 Otolith preparation and aging

We extracted the sagittal otoliths from 50 individual sand lance from each sampling
region and month of collection resulting in otoliths from 150 total individuals. Right sagittae
were mounted on a slide using cyanoacrylate. Sagittae were polished using 10-pm lapping film
until daily rings became apparent using a Leica DM2500 compound microscope with a 50X
objective. Once daily rings were clearly visible, images of each sagitta were taken using a Leica
MC120 HD camera and the Leica Application Suite software. Images were taken in horizontal
sections across the otolith at 500x magnification, ranging from 3 to 6 sections. For each otolith
section, multiple focal planes were captured and merged into multi-layer images to aid reading
and interpreting the otolith microstructure (Pringle & Baumann, 2020). Otolith images were
imported as stacks for reading and rings were counted using ImagelJ software.

Settlement timing was estimated as the change in growth axis of each sagitta (Laugier et
al.,2015; Wright & Bailey, 1996). We estimated each individual’s larval duration as the number
of rings from the sagitta’s core to the change in growth axis. The juvenile period until day of
collection was estimated as the number of rings between the change in growth axis and the

otolith edge. We assumed the final ring would correspond to the day of capture, thus the day of
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settlement was estimated at the day of capture minus the number of days in the juvenile period.
Hatch dates were estimated by subtracting the sum of the days from the juvenile period and
larval period from the date of capture. We assumed the first ring represents the first day post-
hatch as has been shown for the congener Ammodytes marinus (Wright & Bailey, 1996).

Each sagitta was read by two separate readers. Estimates of juvenile and larval period
from each reader were compared separately. We did this to ensure accurate estimates of larval
duration and settlement dates and to avoid the potential for “false” agreement among reader
estimates resulting from similar cumulative age estimates despite differing larval and juvenile
period estimates. If a larval or juvenile period estimate differed by more than five percent, the
period was re-read by the second reader. If the third read agreed with either of the previous two
reads (+/- 1 day), the matching estimate was used for the length of the given period. If the third

estimate did not agree, the otolith was deemed unreadable and was not used for further analyses.

4.3.3 Bio-physical individual based model
The hydrographic and hydrodynamic conditions were generated using the third

generation Gulf of Maine-Finite Volume Community Ocean Model (GOM-FVCOM; Chen et al.,
2011) that has a horizontal resolution of 0.3 - 10 km, with finer resolution in coastal regions and
tidal mixing fronts (e.g. Georges Bank) and coarser resolution at the boundaries near the shelf
break (Chen et al., 2011; Ji et al., 2017; Xue et al., 2014). The GOM-FVCOM is itself nested
within the FVCOM-global model to ensure water property conservation at its boundaries (Chen
et al., 2011). Previous studies have confirmed that the GOM-FVCOM accurately recreates
hourly to interannual variability in currents (Chen et al., 2011; Sun et al., 2016), including a
comparison with actual drifter observations (Sun ef al., 2016). For our drift simulations, a

particle tracking routine with a fourth order Runge-Kutta time stepping scheme was used to
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resolve advection, similar to the previous applications for the region, such as the tracking for
haddock larvae (Boucher ef al. 2013) and copepods (Ji et al., 2017).

A suite of particle tracking experiments, in both forward and backward tracking
directions, was conducted at an annual scale for 27 years (1990-2016). Particles were released on
a0.01°x 0.01° grid in waters <40 m depth on Stellwagen Bank (bounded within the box 42.13-
42.5°N, 70.5-70.12°W) and waters >15 m and <40 m depth in the Great South Channel (bounded
within the box 42.5-40.5°N, 70.0-69.0°W; Figure 4-1). Particles were placed on a 0.05° x 0.05°
grid in waters < 60m depth on Georges Bank (bounded within a box 42.33°-40.0° N, 69.2°-65.5°
W). Particles were placed to a deeper depth on Georges Bank due to higher occurrence of sand
lance at deeper depths on Georges Bank compared to other areas of the Northeast US shelf (see
supplementary methods). Particles were not placed in regions shallower than 15 m in the GSC to
minimize the inclusion of potential Ammodytes americanus habitat given this regions’ proximity
to the coast (Nizinski et al. 1990).

Particles were advected in 10-minute time steps through interpolation of hourly velocity
fields. Random walk routines were not incorporated due the high model resolution and the depth-
keeping nature of the particle tracking runs (Ji e al., 2017). Previous work suggests that sand
lance larvae below 28 mm length are almost evenly distributed within the upper water column,
while larger stages appear to move to greater depths later in spring (Potter & Lough 1987).
Observations of larger individuals at depth temporally overlap with our estimates of settlement;
hence, this vertical movement might be the beginning of the settlement process. To represent the
homogeneous vertical distribution of sand lance larvae, we used depth-keeping particle runs at
10 m spacing in the upper 40 m (5, 15, 25, and 35m). Given the absence of clear behavioral

information on northern sand lance larvae, we chose not to incorporate diel vertical migration
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patterns into our simulations. This framework resulted in 1230 particles per depth per day per
direction for Stellwagen Bank, 4152 particles per depth per day per direction for the GSC, and

15,108 particles per depth per day per direction for Georges Bank.
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Figure 4-1. Map of regional sand lance “hotspots” (A) and particle seeding locations for (B)
Stellwagen Bank, (C) the Great South Channel, and (D) Georges Bank. Contours represent the
coastline and 100 m isobath. In panel B, Stellwagen Bank is divided into sub-regions and
labeled. In panels C and D, particle seeding locations are located too closely together to clearly
see spacing.

Forward projections were released based on the mean hatch date +/- standard deviation of
hatch date. Particles were released from each location and depth each day at midnight. Particles

were released only once daily since a test of releasing particles hourly showed minimal

differences in end location based on hour of release (see supplementary methods). For backward
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projections, dates of release were based on the mean hatch date by region of collection +/-
standard deviation + mean larval duration for a given region. This was done instead of the mean
settlement date by region of collection +/- standard deviation because hatch dates were more
variable than settlement dates and thus this method encompassed the range of observed
settlement dates while also ensuring a balanced number of releases between forward and
backward tracking experiments. Since we did not collect any larvae from Georges Bank, we used
the hatch and settlement date values from our collections in the GSC due to its similar

hydrography and ecosystem dynamics (Lucey & Fogarty, 2013).

4.3.4 Temporal and spatial estimates of hotspot connectivity

Particles were considered to have potentially “settled” or “hatched” in a given hotspot if
they occurred over the region either during the mean +/-standard deviation of settlement or hatch
dates. These values were set as the ranges from which the particles originated (i.e. Stellwagen
Bank had a different set of hatch and settlement date ranges than the Great South Channel and
Georges Bank based on otolith microstructure analysis).

Annual estimates of hotspot “connectivity”” were estimated as the proportion of release
locations that had at least one particle at a given depth and day that potentially “settled” or
“hatched” at a given hotspot per day. This framework focuses on location of release as the
sampling unit as opposed to individual particles. This was done to have particles at each release
location represent a group of hatching sand lance that distribute throughout the water column.
Given we know very little about the actual larval behavior of sand lance, we assumed a particle
released from any of the four release depths reaching a hotspot may represent a connection
between these hotspots. Additionally, while there is some variability in transport by release

depth, the mixed layer depth of the region during the larval duration of sand lance is greater than
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our release depths, leading to less variable flow in the vertical domain compared to stratified
systems and seasons (Paris & Cowen, 2004; Townsend et al. 2015). A connectivity value of 1
represents a scenario where all release locations within a hotspot had at least one particle that
originated or settled in a given hotspot per day of release. We calculated this annual estimate of
hotspot connectivity for each location of release to each hotspot for both forward and backward
tracking. We note that while we use the term connectivity to reference larvae potentially
originating or settling from one hotspot to another, these metrics do not represent true population
connectivity as this requires settled individuals to survive to reproductive maturity, which we do
not explore (Pineda et al., 2007).

We also looked for spatial trends in hotspot connectivity. To do so, we estimated
connectivity by release location through averaging annual hotspot connectivity for each release
location within a given hotspot. This was done to elucidate small spatial scale patterns in
connectivity—particularly to see if certain release locations were favorable for retention in a

given hotspot.

4.3.5 Comparison with wind regimes

Due to the observed importance of wind as a driver of winter/spring retention of
groundfish larvae and zooplankton in Massachusetts Bay (Jiang et al., 2007; Runge et al., 2010)
and Georges Bank (Lewis ef al., 2001; D. Mountain et al., 2008; Werner et al., 1996), we
analyzed the relationship between local wind stress and retention for Stellwagen Bank and
Georges Bank. We aimed to test the hypothesis that the frequency of either north or south strong
wind events influence retention on Stellwagen Bank and that strong north wind events on
Georges Bank lead to lower retention. Daily mean wind stress estimates from FVCOM were

spatially averaged into 0.1° x 0.1° grid cells within the bounding box defining each sand lance
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hotspot from January to April of each year (see above for bounding box description). For both
north and south winds, a strong wind day was considered a day where FVCOM estimates of
wind stress exceeded 0.146 Pa in the given direction. This value corresponds to the wind stress
generated from a mean daily wind velocity of 10 m s! (generating an approximate sea state of 6
on the Beaufort scale) based on the equations within Large and Pond (1981). The number of
strong wind days were calculated for each 0.1° x 0.1° grid cell over a given hotspot and then
averaged over that grid to get an annual mean number of strong wind days for a hotspot. Annual
retention metrics were then related to the mean number of strong wind days over a hotspot
through beta regression.

In the case of Stellwagen, both north and south wind events were tested as both could
lead to enhanced retention via different mechanisms. Near Stellwagen, north winds lead to
onshore transport and thus retention in Massachusetts Bay directly west of Stellwagen Bank
(Jiang et al., 2007; Runge et al., 2010), while strong south winds move these retention zones
eastward and generate a retentive feature over the southwest corner of Stellwagen Bank (Jiang et
al. 2007). For Georges Bank, we only focused on north winds as north winds push larvae to the
southern flank of Georges Bank, into the slope current, thus transporting them away from

Georges Bank and preventing retention (Mountain et al., 2008).

4.3.6 Comparison with Stellwagen Bank surveys

We compared our estimates of backward and forward retention on Stellwagen Bank to
fall sand lance surveys on Stellwagen Bank using the U.S. Geological Survey’s Seabed
Observation and Sampling System (SEABOSS) equipped with a modified van Veen grab (0.1
m?; Figure 4-S2; Blackwood and Parolski, 2001). This survey is described in detail in Silva et al.

2021, but briefly 44 fixed stations were sampled each spring and fall from 2013-2016 across
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Stellwagen Bank, largely focused on sandy substrates. We only used fall surveys as age-0 sand
lance are transitioning from the larval to juvenile stage during the timing of the spring surveys
(March—May) leading to inconsistent catchability in the spring. We used the mean number of
sand lance caught per station per year to represent an annual estimate of sand lance abundance.
We then related this to the forward and backward retention metrics through simple linear
regression. Correlations were calculated relating forward and backward metrics to survey catches
from 2013-2016 and 2014-2016 (i.e. excluding 2013). This was done to account for the survey
not collecting any sand lance in 2013, which may have been linked to high mortality from the

record setting heatwave in 2012 (Mills et al., 2013).

4.3.7 Connectivity and retention among Stellwagen Bank sub-regions

In addition to looking at annual trends in connectivity and retention for Stellwagen Bank
as a whole, we parsed the bank into three sub-regions (see Figure 4-1B) to identify spatial scale
of retention within the bank. We specifically focus on the southwest corner of Stellwagen Bank
to assess the importance of retention (southwest corner to southwest corner) relative to
contributions from other portions of the bank in this well-known sand lance and top-predator
hotspot within Stellwagen Bank (Hazen et al., 2009; Silva et al., 2021; Wiley et al., 2003).
Connectivity metrics were calculated the exact same way as done for the three larger regional
hotspots. Given the three sub-regions of Stellwagen Bank vary markedly in size, and thus
particles are more likely to be connected to larger regions, we also divided this connectivity
metric by the size of the sub-region of connection. This results in a metric of connectivity per m?,
allowing for an understanding of the likelihood of sub-region connection or retention based on

arca.
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4.4 Results

4.4.1 Hatch and settlement date estimates

Mean hatch dates and settlement dates varied by region and month of collection (Table 4-
1; Figure 4-S3). Settling individuals on Stellwagen Bank generally hatched and settled earlier
than those collected in the GSC, with individuals hatching an average of 22.5 days earlier on
Stellwagen Bank. Individuals also settled later in the GSC, with an average settlement date for
Stellwagen Bank occurring an average of 18.6 days earlier than the GSC. Larval duration,
however, was similar between the two regions, with Stellwagen individuals having a slightly
longer mean larval duration of 69.2 days, while GSC individuals had a mean larval duration of
65.5 days. Hatch dates varied by month of collection in the GSC, but mean larval period was
very similar (65.6 days in May and 65.4 in June; Table 4-1).
Table 4-1: Standard length, larval duration estimates, hatch dates, and settlement dates for age-0

sand lance from otolith microstructure analysis. GSC represents the Great South Channel. n
represents the number of usable otoliths (see Methods).

Standard Length Larval Duration Hatch Dates Settlement Dates
_Region Month n (Mean +/- SD) (Mean +/- SD) (Mean +/- SD) (Mean +/- SD)
GSC May 50 4536 +/-7.21 65.60 +/- 7.87 21 Jan-21 Feb 28 Mar-25 Apr
Stellwagen June 47 68.72 +/- 8.41 69.23 +/- 5.94 24 Dec—24 Jan 5 Mar-2 Apr
GSC June 48 54.52 +/- 8.90 65.44 +/- 6.98 10 Jan—13 Feb 20 Mar-17 Apr
GSC Total 98 50.54 +/-9.27 65.52 +/-7.41 15 Jan—18 Feb 23 Mar-21 Apr

4.4.2 Annual patterns in hotspot connectivity

All three hotspots showed notable differences in interannual connectivity to other
hotspots (Figure 4-2). As expected, retention metrics (connectivity metric from a hotspot to the
same hotspot) were similar between forward and backward simulations, though absolute values
differed. (Also as expected, connection to other hotspots varied notably between forward and

backward tracking experiments).
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Figure 4-2. Interannual trends in the connectivity metric among the three hotspots for forward
tracking (A,C,E) and backward tracking (B,D,F) experiments. The title of each panel represents
the origin of the experiment, and colors represent connectivity to each hotspot. The connectivity
metric represents the proportion of release locations at the origin hotspot that led to “settled”
(forward) or “hatched” (backward) particles at a given hotspot (see methods for details).

Forward tracking experiments from Stellwagen Bank exhibited intermediate to high

retention and high connectivity with the GSC (except for the early 2000s; mean connectivity
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value=0.198; Figure 4-2A). Forward connectivity of Stellwagen Bank with Georges Bank was
intermittent with a mean connectivity value of only 0.036, with connectivity higher in the 1990s
and decreasing in the 2000s. Backward tracking experiments from Stellwagen Bank (Figure 4-
2B) had intermediate connectivity with Stellwagen Bank (mean connectivity value=0.085;
retention and notable connection with the GSC and Georges Bank only in 1990.

Forward tracking experiments from the GSC had minimal connectivity with all three
hotspots, averaging less than 0.05 connectivity except for 1990, when there was high
connectivity to Georges Bank and retention within the GSC (Figure 4-2C). There was also
intermediate connectivity with Georges Bank in 2011-2013 (peaking at 0.116) and retention
within the GSC in 2012 (0.312), with nearly no connection with Stellwagen Bank in any year.
Interannual backward tracking experiments from the GSC had variable connectivity with each of
the three hotspots, with each of the three hotspots ranging from minimal (e.g. <0.001
connectivity with Georges Bank in 1998) to intermediate (e.g., 0.436 with Georges Bank in
1992) connectivity interannually with the GSC (Figure 4-2D). However, with the notable
exception of 1990, when GSC retention was 0.881, GSC retention had the lowest connection of
the three hotspots for backward tracking experiments.

Georges Bank particle tracking experiments indicated retention had the highest degree of
connectivity for both forward and backward runs, averaging retention of 0.480 for forward runs
and 0.633 for backward runs (Figure 4-2E,F). Retention on Georges Bank was notably higher
than retention on Stellwagen Bank and the GSC, while still having notable interannual
variability, ranging from 0.10 to 0.809 for forward runs and 0.240 to 0.930 for backward runs.
Forward tracking experiments from Georges Bank showed minimal connection to Stellwagen

Bank and usually weak connection to the GSC, with the exception of 1992, where connectivity
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reached 0.298 (Figure 4-2E). Backward tracking experiments from Georges Bank indicated
minimal connection with Stellwagen Bank and the GSC, except for a moderate contribution from

the GSC in 1990 (0.190).

4.4.3 Spatial patterns in connectivity

Each hotspot showed notable within-bank patterns of retention and connectivity to other
hotspots. Stellwagen Bank had the strongest gradients of within hotspot spatial variability where
both forward and backward particle tracking experiments had the highest values of retention on
the southwest corner of the bank, with average values reaching 0.15 (Figure 4-3A,B). This was
most pronounced in the backward tracking experiments, while forward tracking experiments had

high retention values along much of the western flank of the bank and on the northwest corner.

Am . Stel Ilwig en Bm . __ Stellwagen
/" 015 /q -
245 26 0.12
are
. i sk 01 o
3 o1 B °k 8
- = =
g Z g 5 008 3
£ 425 3 Zax { £
7 £ 3 T. 0.06 5
5 5 ~
a2z H \ g
005 § \ 5
az1s 8 \ . 004 8§
a1 3 N
0.02
208 20
[ 0
E £
Lot glude Lo ngt ude
C... Great South Ghannel D, . Great South Channel
4245/‘ 3 0.25 a2 e 0.025
4/ et
e o
. 2 ok 0.02 £
e, 02 £ any t
= =
o 43 g 23
g EXE-B z
e 0155 24 (e
3 g3 2
3 8 3 3
3 \ o1 E 001 £
N -] o
4z1s N 3 o ()
a2t NBoos 21 0.005
[ 2 0
= Zos e w4 ez
Lungllune Longitude
E Georges Bank F_. Georges Bank <10
asra @ salBank .
s 008 s Ny \ .
424 0.07 a4t 1
o ) °
el 006 £ mwp HSESE-
P u_n5§ g =} 153 2 ;
£ w25 004 2 Er L H
3 s - T B
0.03 £ £
a2 an 1
o \ Q
. 0.02 ol \
205 0.01 W 05

) @
0. 7
Lenglluue Longitude

Figure 4-3: Spatial patterns in connectivity based on release locations from Stellwagen Bank for
forward (A,C,E) and backward tracking (B,D,F) experiments. Titles represent the hotspot pairs
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Forward connectivity from Stellwagen Bank to the GSC was more evenly distributed throughout
Stellwagen, though the northwest corner had the highest connectivity values with the GSC with
average connectivity values exceeding 0.25 (Figure 4-3C). Forward connectivity from
Stellwagen to Georges Bank only occurred from the eastern flank of Stellwagen Bank, with no
connectivity originating from the southwest corner (Figure 4-3E). Backward connectivity from
Georges Bank and the GSC to Stellwagen did not show much pattern due to the very low overall

connectivity in these cases (Figure 4-3D,F).
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Spatial patterns in connectivity and retention in the GSC followed the dominant
upstream-downstream patterns of the region, with highest forward retention occurring from
releases in the northern (upstream) portion of the GSC and with lowest in the southwest portion
(downstream; Figure 4-4C). Backward retention patterns showed the opposite pattern, with
highest backward retention occurring in the southwest (downstream) and minimal retention in
the northern portion of the GSC (upstream; Figure 4-4D). Backward connectivity from
Stellwagen and Georges Bank to the GSC was highest in the portions of the GSC in closest
proximity to these other hotspots, with high connectivity to Stellwagen Bank in the northern
portion of the GSC (Figure 4-4B) and the highest connectivity to Georges Bank in the southeast
portion of the GSC (Figure 4-4F). Forward connectivity from the GSC to Georges Bank was
highest in the northern portion of the GSC with intermediate values in the southern portion of the

GSC (Figure 4-4E).
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Figure 4-5. Spatial patterns in connectivity based on release locations from Georges Bank for
forward (A,C,E) and backward tracking (B,D,F) experiments. Titles represent the hotspot pairs
for the connectivity metric. Contours represent the coastline and 100 m isobath. Note that color
bars for connectivity are scaled for each panel.

Spatial distribution of retention on Georges Bank varied between forward and backward
tracking experiments (Figure 4-5 E,F). Forward tracking experiments showed highest retention
in the shallowest region (western/central) of Georges Bank with average retention values
reaching 0.80, while backward retention was nearly homogenous across Georges Bank, with the
exception of lower retention near the most offshore portions of the bank (eastern and southern).
Forward connectivity from Georges Bank to the GSC was highest in the southwest portion of the

bank, the region with the closest proximity to the GSC (Figure 4-5 C). All other connectivity

metrics across Georges Bank were low.
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4.4.4 Relationship of interannual retention with wind metrics

The number of strong south wind days on Stellwagen Bank were significantly related to
retention for both forward and backward tracking experiments (Table 4-2; Figure 4-6A,B). Years
with few days of strong south winds resulted in many particles being swept to the south from
Stellwagen Bank through the GSC to the Mid-Atlantic Bight (Figure 4-6C). In backward
tracking experiments, years with few strong south wind days resulted in particles largely
originating from more northerly regions such as the Bay of Fundy and Scotian Shelf (Figure 4-
6D). Years with a high number strong south wind days resulted in particles remaining near
Stellwagen Bank and in the western Gulf of Maine for both forward and backward tracking
experiments (Figure 4-6E,F). The number of strong north wind days had no relationship with

forward or backward retention on Stellwagen Bank (Table 4-2).

Table 4-2: Slope, pseudo-Rz, and p-values for beta regressions between wind patterns for
forward and backward retention metrics for Stellwagen and Georges Bank.

Region Direction Regressor Slope Pseudo-R? p-value
Stellwagen = Forward Strong North Wind Days  0.025 0.013 0.560
Stellwagen =~ Backward Strong North Wind Days  -0.029 0.018 0.482
Stellwagen = Forward Strong South Wind Days  0.197 0.089 0.029
Stellwagen =~ Backward Strong South Wind Days  0.240 0.152 0.003
Georges Bank Forward Strong North Wind Days  -0.038 0.154 0.030
Georges Bank Backward Strong North Wind Days  -0.044 0.148 0.029

Retention on Georges Bank was significantly negatively related to the number of strong
north wind days for both forward and backward particle tracking experiments (Figure 4-7A,B).
In years with few strong north wind days, particles remained largely over Georges Bank for both
forward and backward tracking experiments (Figure 4-7 C,D). In forward tracking experiments,
years with large numbers of strong north wind days resulted in many particles being swept to the

south from Georges Bank to the Mid-Atlantic Bight (Figure 4-7 E). Patterns of particle
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distributions during years with many strong north wind days for backward tracking experiments
led to more particles originating from more north and easterly locations, such as the northeast

peak of Georges Bank, than in years with few strong north wind days (Figure 4-7F).

4.4.5 Comparison of retention with Stellwagen abundance

Backward retention on Stellwagen Bank showed a strong relationship with mean
abundance from the SEABOSS surveys for years 2014, 2015, and 2016 (Table 4-3; Figure 4-8).
This relationship disappeared, however, with the inclusion of 2013 when no sand lance were
collected despite high backward retention. Similar patterns were observed between forward
retention and mean fall sand lance abundance on Stellwagen Bank, with a strong positive
relationship for 2014-2016 and no fish caught in 2013 despite also having a high forward

retention metric.
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Figure 4-6. Relationship between number of days with strong south winds from January-April
and (A) forward and (B) backward retention on Stellwagen Bank. Red lines represent fitted beta
regression curves. Panels C-F show particle dispersal densities for 75-day forward (C,E) and
backward (D,F) tracks during 2004 (C,D) a year with few days of strong south winds and 2016
(E,F), a year with many days of strong south winds.
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Figure 4-7: Relationship between number of days with strong north winds from January-April
and (A) forward and (B) backward retention on Georges Bank. Red lines represent fitted beta
regression curves. Panels C-F show particle dispersal densities for 73-day forward (C,E) and
backward (D,F) tracks during a 1995 (C,D) a year with few days of strong north winds and 2010
(E,F), a year with many days of strong north winds.
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Figure 4- 8. Correlation of mean sand lance abundance from annual fall surveys and the forward
and backward retention metric for Stellwagen Bank (connectivity metric for Stellwagen to
Stellwagen) for 2014-2016 (dashed black line; forward r=0.999, backward r=0.971) and 2013-
2016 (red line; forward r=-0.056, backward r=0.305).

4.3.6 Connectivity and Retention among Stellwagen Bank Sub-regions

The southwest corner of Stellwagen Bank had temporally variable connections with itself
and the other sub-regions, with the most coherence occurring between retention (southwest
corner to southwest corner) and connectivity with the central portion of the bank (Figure 4-9).
Retention was notably the strongest route of forward connection when connectivity was
standardized to area, exceeding that of the central portion of the bank (Figure 4-9C). Backward
connectivity indicated weaker retention than forward connectivity, with connection to the
northwest corner of the bank being the strongest for particles backtracked from the southwest

corner when connectivity was standardized to area (Figure 4-9D).
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Figure 4-9. Connectivity metrics for particles originating from the southwest corner of
Stellwagen Bank within Stellwagen Bank for forward (A,C) and backward tracking (B,D)
experiments. Colors represent connectivity to each sub-region within Stellwagen Bank. SW
represents the southwest corner and NW represents the northwest corner. In panels C and D,
connectivity metrics are standardized to the area of the sub-region of the connectivity metric.

4.5 Discussion

Our results indicate that connectivity among the three most pronounced sand lance
hotspots in the Gulf of Maine varies notably on interannual and intraregional spatial scales. The
drivers of these patterns are also linked to local wind forcing in the case of Stellwagen Bank and
Georges Bank, which are highly variable from year to year. Our work also elucidates that the
source-sink dynamics of these hotspots are variable from year to year yet have some consistent

patterns—for example, Georges Bank and Stellwagen Bank relying on retention while the GSC
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largely relies on other hotspots for sources of larvae. Understanding these patterns in source-sink
dynamics among the three major Gulf of Maine sand lance hotspots can help in our
understanding of how the abundance of sand lance in each hotspot may be connected, along with
identifying the scales that are important for sand lance recruitment.

Hotspot-specific differences in retention and connectivity indicate each location plays a
different role in the larger source-sink dynamics of the region. Georges Bank is almost
exclusively connected with itself (retention) and likely represents a semi-closed population of
sand lance that only episodically receives larvae from other hotspots. The important tole of
retention is consistent with other spawning fishes on Georges Bank, such as haddock (Werner et
al., 1993; D. Mountain ef al., 2008; Werner et al., 1996), Atlantic cod (Werner ef al., 1993;
Mountain et al., 2008; Werner et al., 1996), and Atlantic herring (Bakun, Babcock, & Santora,
2009; Jech & Stroman, 2012). The tidal rectification gyre over Georges Bank contributes to the
high retention of particles on Georges Bank, though this gyre frequently breaks down on
seasonal scales (Smith & Morse, 1985). One notable difference between the ecology of sand
lance on Georges Bank compared to haddock and Atlantic cod is the much earlier spawning and
hatching period for sand lance, resulting in larvae being present on the bank from January
through April, as opposed to Atlantic cod and haddock which spawn in March and April
(Mountain et al., 2008; Potter & Lough, 1987; Werner et al., 1996). This results in the larval
period of sand lance coinciding with the weakest tidal rectification currents and the greatest
influence of wind patterns on circulation (Naimie et al., 1994). Thus, the timing of sand lance
spawning maximizes the susceptibility of larval retention to local wind forcing, leading to the
negative relationship between number of strong north wind days and retention on Georges Bank.

North winds are able to both move forward tracked particles to the southwest and thus off
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Georges Bank in addition to increasing the proportion of larvae that would have originated from
the northeast peak of Georges Bank (where sand lance are not abundant) for backward tracking
experiments. Lewis et al. (2001) observed similar patterns for simulated “plankton” across
Georges Bank from 1968-1998, indicating both that this pattern is persistent through time, and
may have additional effects on sand lance larval survival through regulating prey availability on
Georges Bank. The combination of strong north winds moving larval sand lance off Georges
Bank and these winds potentially reducing prey availability may have notable effects on sand
lance recruitment in this region.

Unlike Georges Bank, the GSC averaged little retention throughout our particle tracking
experiments. Apart from 1990, a year with anomalously strong south winds leading to a reversal
of flow from south to north (see supplemental material), particles backtracked from the GSC
were mostly sourced from Stellwagen Bank and Georges Bank. This pattern indicates that the
GSC represents the most pronounced sink of sand lance larvae of the three hotspots in this study.
This is further evidenced by the lack of the GSC as a source for other hotspots, with 1990
representing the only year when the GSC contributed a significant number of particles to another
hotspot (Georges Bank). The GSC has stronger and more consistent residual current direction
than much of Stellwagen Bank and Georges Bank, resulting in particles following the north to
southwest flow regimes of the region (Beardsley et al. 1985). The location of the GSC leads
particles being swept south from Stellwagen Bank and west off Georges Bank to cross the region
and may cause the GSC to be one of most consistent sand lance hotspots of the Northeast US
shelf. It is worth noting that particles released from the Great South Channel were transported to
the Mid-Atlantic Bight, a region that historically represented a sand lance hotspot on the

Northeast US shelf (Staudinger et al., 2020). The Mid-Atlantic Bight sand lance hotspot has
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largely disappeared in recent years (and was thus not included in this study; Suca et al. 2021) but
it is likely the sand lance in the GSC region that served as a source population for this hotspot
prior to its decline.

Surprisingly, our results show that substantial retention of simulated larvae can occur
over Stellwagen Bank, particularly for particles released from the southwest corner. Local sand
lance surveys even suggest that retention may play a large enough role to factor into the total
abundance of sand lance on Stellwagen Bank, helping to elucidate why sand lance abundance
and presence on Stellwagen Bank is so variable (Silva ef al. 2021). Retention is not the sole
driver of sand lance abundance, however, as evidenced by the lack of sand lance collected in
2013 despite high retention. The year prior, 2012, had a low abundance of Calanus finmarchicus,
the primary prey of adult sand lance, and high winter temperatures (Table 4-S2). The
combination of these two factors may have led to low recruitment for sand lance on Stellwagen
Bank due to reduced capacity for adults to develop gonads and reduced adult survival (Suca et
al. 2021). Thus, while recruitment may contribute to local abundance, this can be easily
overwhelmed by additional environmental influences.

Our results show interannual variability in retention on Stellwagen Bank is coupled to
local wind patterns, though it is noteworthy that the patterns suggest a different mechanism than
proposed for other species in the region. Unlike Atlantic cod, which see enhanced retention and
recruitment in the western Gulf of Maine during years with strong north winds from onshore
Ekman transport (Runge et al., 2010), the enhanced retention of sand lance on Stellwagen Bank
appears to be driven by the eastward movement of retentive features from Stellwagen Basin to
the southwest corner of Stellwagen Bank during years with strong south winds (Jiang et al.

2007). This is further supported by our observation that backward retention metrics were highest
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for particles released from the southwest corner of Stellwagen Bank and that retention of
particles on the southwest corner exceeded connectivity with other portions of the bank in many
years in forward tracking experiments The association of spatial and interannual patterns in
retention with local wind forcing suggest monitoring of wind strength over Stellwagen Bank is
particularly important for understanding spatiotemporal patterns in local recruitment. However,
we must note that, while statistically significant, the relationship between south wind and
retention on Stellwagen Bank was weak. This is likely largely due to factors other than wind
forcing modulating the western Gulf of Maine coastal current. Previous research has shown that
flow patterns in the region are not solely controlled by wind forcing and more work is needed to
elucidate the more complex drivers of these hydrodynamics, such as local eddies and meanders
(Churchill et al., 2005).

Understanding spatial variability in retention is also a significant development in our
understanding of the Stellwagen Bank ecosystem. Stellwagen Bank represents essential top
predator foraging habitat, especially for humpback whales and seabirds (Powers et al. 2020;
Silva et al. 2021). However, the drivers of the spatial heterogeneity in sand lance and sand lance
predator distribution over Stellwagen Bank, namely the cause of the localized hotspot in the
southwest corner (Lutcavage et al. 2000; Wiley et al. 2003; Hazen et al. 2009), has remained
largely a mystery due to the broad availability of suitable substrate across the bank (Valentine
and Cross, 2021). Hypotheses such as active fish aggregations from internal wave formation
have not been supported by field observations (Pineda et al. 2015). This spatial heterogeneity in
retention is also remarkable given the much smaller size of Stellwagen Bank compared to other
sand lance hotspots. Our work suggests that even small sub-regions of banks like the southwest

corner of Stellwagen may have high localized retention and be self-seeding. These larval
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retention patterns may be a large contributor to the persistence of the southwest corner as a sand
lance hotspot and serves as a viable hypothesis for the mechanism behind the spatial
heterogeneity in sand lance observations in the southern and central portions of the bank.
However, our observations of spatial heterogeneity in retention metrics do not explain the
episodic explosions of sand lance abundance on the northwest corner of Stellwagen Bank, which
can intermittently exceed those on the southwest corner (Richardson et al., 2014). Our results do
not show this region as having substantial backward retention or connectivity to the other
hotspots studied. Our results do, however, show that forward connectivity from the northwest
corner of Stellwagen Bank is high and thus spawning sand lance from the northwest corner may
further contribute to sand lance abundance on the southwest corner of the bank. Our
backtracking of particles from the southwest corner confirms this pathway, with backward
connectivity from the southwest corner to the northwest corner being the strongest route of
connectivity when standardized to area. Given the lack of backward retention on the northwest
corner, it appears sand lance observed on the northwest corner must come from an external
source, likely north of Stellwagen Bank due to the prevailing current structure (Bigelow 1927,
Brooks 1985; Franks & Anderson 1992; Townsend et al., 2015). The coastal Gulf of Maine lacks
large regions of sand substrate and is thus unlikely to be a significant contributor of sand lance
larvae to Stellwagen Bank (Ethratta & Ink, 2006), but regions such as the Bay of Fundy and the
Scotian Shelf further to the north have large populations of sand lance (Frank ef al., 2011).
However, transport from these distances likely requires years with strong north winds to generate
sufficient southward flow along the coastal Gulf of Maine (e.g. 2010; Figure 4-7F). The
requirement of an external source of sand lance larvae along with specific wind conditions may

drive the inconsistency of sand lance observations on the northwest corner. This also suggests
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the mechanisms driving abundance of sand lance on Stellwagen Bank are specific to subregions
within the bank and dispersal pathways in both the northern and the southern portions of the
bank are linked to wind conditions.

The three sand lance hotspots detailed in this study are not the sole locations of adult sand
lance throughout the Gulf of Maine, and thus there are other possible sources and sinks of sand
lance larvae throughout the region. A key example of this is the aforementioned sources of larvae
for the northwest corner of Stellwagen Bank. We restricted our analyses of hotspots to those
within the Gulf of Maine/Georges Bank, but regions such as the Bay of Fundy and Scotian Shelf
are likely to contribute to settling sand lance on Stellwagen Bank which would further decouple
correlations between sand lance abundance and retention on Stellwagen Bank. Additionally,
many of the simulated forward tracked larvae from all three hotspots that are not transported to
another hotspot are likely able to settle in the Mid-Atlantic Bight. This region has large swaths of
sandy substrate, representing a viable destination for many of the simulated spawned larvae
(Nelson & Ross, 1991). However, the abundance of sand lance observed in this region from the
Northeast Fisheries Science Center bottom trawl survey is notably lower in recent years than in
the 1980s (NEFSC, 2020). The exact cause of this is unknown but given the upstream hotspots
(the GSC and Georges Bank) have not had an increase in retention, we believe that a lack of
larval supply via hydrographic shifts is not the root cause.

An additional limitation to our study is the lack of understanding of larval sand lance
biology. Potter and Lough (1987) represent the only study of larval sand lance vertical
distribution, with their results showing a movement of larvae to deeper water as sand lance
larvae grow to near settlement age. However, we lack understanding of larval sand lance vertical

movements in the water column prior to this, leaving us unsure if larvae exhibit clear diel
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vertical migration patterns or what point they may exhibit concerted horizontal movements. If
larvae do exhibit concerted vertical or horizontal movements prior to the settlement process,
incorporating such behavior in our particle tracking experiments would likely alter some of our
results. Numerous studies have shown that the inclusion of larval behaviors alter dispersal
pathways (Faillettaz et al., 2018; Levin, 2006; Rypina ef al., 2014). This is most notable for
larvae that exhibit vertical movements in areas with high vertical velocity shear (Garwood et al.,
2021; Tapia & Pineda, 2007). The Gulf of Maine in winter is well mixed and thus vertical
velocity shears are low on banks for much of the larval duration of sand lance (Mountain &
Manning, 1994), though waters begin to stratify in the spring and thus vertical gradients in
velocity being to increase as sand lance larvae approach settlement (Mountain & Manning, 1994;
Naimie et al., 1994). While we did not attempt to incorporate larval behavior due to a lack of
existing knowledge for this species, it is possible that vertical movements do occur among larvae
and that these movements could affect the results presented here. Future work should focus on
better understanding larval sand lance behavior and incorporating this behavior into dispersal
models to see if emergent patterns in dispersal pathways and retention change among these three
hotspots.

An additional source of unexplored variability may lie within the settlement and hatch
timing of sand lance. For example, we did not include temperature dependent growth of sand
lance larvae in our particle tracking experiments. Recent work suggests temperature regimes play
an important role in larval transport trajectories of certain fish species (Raventos et al., 2021).
Further, studies of sand lance congeners have incorporated interannual temperature differences
into larval transport pathways (Christensen et al., 2008). However, these studies found

temperature did not play a large role in the transport pathways and predicted recruitment of
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lesser sandeel (Ammodytes marinus; (Christensen et al., 2008; Jensen et al., 2003). We did not
include temperature dependent growth in our particle tracking experiments given the lack of
information on temperature dependent growth for northern sand lance and its connection to
settlement timing. We expect the effects of including temperature dependent growth in this
system to be minor given the well-mixed water column and more consistent temperatures in
winter when compared to other seasons. However, future work should investigate the effects of
temperature on the settlement timing of northern sand lance and if these effects lead to changes
in modeled larval transport. Our estimates of settlement timing and hatch dates may also not be
perfectly representative of the expected settlement and hatch dates of sand lance in a given
region. Both of these metrics may be sensitive to origin of an individual, and since connectivity
metrics vary interannually among these hotspots, observed settlement and hatch dates in a region
may be sensitive to the degree of connectivity of that region with other hotspots. For example, if
the settling individuals in the GSC are primarily from the GSC (e.g. 1990), the otoliths of settling
individuals from the GSC likely accurately reflect hatch dates. However, if the settling
individuals are a distribution of individuals hatched in the GSC, Georges Bank, and Stellwagen
Bank, the observed hatch dates would reflect a mix of hatch dates from these regions and not
truly represent the mean hatch date of larvae on the GSC. Unfortunately, hydrographic and
hydrodynamic forcing from FVCOM for 2019 was not available when the experiments were
conducted for this study, but future work should explore the variability in hatch and settlement
dates observed on these hotspots based both on temperature regimes and the expected
connectivity among the hotspots.

Our use of hydrographic and hydrodynamically coupled Lagrangian tracking models is

another limitation when it comes to translating our results to realistic drivers of recruitment.
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Lagrangian particle tracking models are used frequently to estimate particle trajectories for
movements of water parcels (Roach & Speer, 2019), plankton (e.g. Miller et al., 1998; Ji et al.,
2017), and larval stages of organisms, including fishes (Huret et al., 2007; Churchill et al., 2011;
Boucher et al., 2013; Petrik et al., 2014) and shellfish species (e.g. Chen et al., 2021 and
references therein) in our study area. However, fine scale differences in velocity interpolation
and chaotic trajectories near stagnation points can lead to vastly different trajectories for nearly
placed particles within Lagrangian tracking models (see supplementary methods). These large
discrepancies even appear when using small time steps if the particle tracking experiments last
for long periods, as is the case in our work. Therefore, we must caution that our experiments
represent a subset of the potential drift trajectories of water parcels (and thus larval sand lance)
released from each of our hotspots and not a full representation of the fate of larvae hatched or
backtracked from each location. Discrepancies also arise when comparing forward and backward
tracked particles. These discrepancies are not due to the random walk nature of the water parcels
as illustrated by Christensen et al. (2007) because random walk is not considered in our
calculation. Instead, they are largely due to the difference between the forward and backward
velocities before and after a particle was tracked. However, this can result in a different location
than the particle would be in a forward tracking experiment as multiple pathways can result in
the same location. This leads to an impossibility of backtracking a particle to repeat the forward
tracking path in a reversed direction which is particularly difficult at stagnation points or
convergent flows where the Lagrangian coherence scale is small. While we believe our
backtracking experiments (and backtracking experiments generally), can assess the dispersal
probability and capture the general connectivity patterns, we must note this concern when

interpreting the results of such studies.
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Collectively, our results indicate that larval dispersal pathways among Stellwagen Bank,
the GSC, and Georges Bank vary interannually and spatially within each hotspot. Interannual
variability and the spatial distributions of retention are also linked to local wind phenomena. This
connection between retention and wind phenomena allows managers and stakeholders interested
in local sand lance retention to focus on winter—spring wind patterns as indicators of likely
strong or weak retention for Stellwagen Bank and Georges Bank. Given settling sand lance are
difficult to collect due to their small size and patchy distribution, these metrics may be helpful to
ameliorate our lack of direct recruitment estimates from trawl surveys. However, wind events are
not the sole driver of local retention and more research into other mechanisms is warranted,
especially for retention over Stellwagen Bank. While our work does not provide a clear
correlation between larval dispersal pathways and adult abundance, our results do indicate that
local presence of sand lance may be linked to larval dispersal pathways and that larval retention
may play a role in local sand lance abundance if other conditions are stable. However,
environmental conditions are rarely stable for multiple consecutive years, and thus interannual
changes in retention and dispersal must be paired with observations of drivers of adult sand lance
abundance drivers when ultimately predicting spawning stock biomass. Future research should
work toward incorporating environmental drivers of adult abundance and larval dispersal
pathways into a stock assessment and stock recruitment relationships for this critical, yet

understudied forage fish.

4.6 Supplemental Methods, Figures, and Tables

4.6.1 Depth cut-off analysis

We used the Northeast Fisheries Science Center spring bottom trawl survey to assess the mean

depth sand lance occur on Georges Bank compared to the surrounding Northeast US shelf.
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Details of the survey and sampling gear are found within Politis ez al. (2014). Briefly, the survey
spans from 1968 to present, with each survey encompassing 300—400 stations sampled in a
random stratified design, ranging from the Western Scotian Shelf to Cape Hatteras.

We performed a logistic regression for the presence/absence of sand lance in relation to depth for
trawls on Georges Bank and a logistic regression for the presence/absence of sand lance in
relation to depth for trawls on the rest of the Northeast US shelf. Given our knowledge that sand
lance are rarely caught at depths >40 m on Stellwagen Bank (Silva ef al. 2021), we estimated the
depth that had the equivalent probability of occurrence of sand lance for Georges Bank as the
probability of occurrence at 40 m for the rest of the Northeast US shelf. This value was then used

as the depth cut-off for particle seeding on Georges Bank.

4.6.2 Tidal experiment
We released particles hourly on January 1, 2002 (date arbitrary) to compare the effect of hour of

release (and therefore initial tidal state) on the final locations of particles released from
Stellwagen Bank. As with other simulations, 1230 particles were released from each 5, 15, 25,
and 35 m depths and were treated as depth-keeping. Final destinations were visualized by hour of

release to see if particle trajectories were noticeably different by time of release.

4.6.3 Calanus and sea surface temperature calculations

Annual Gulf of Maine Calanus anomalies were calculated following Perretti ef al. 2017 and
Morse et al. 2017. Daily sea surface temperature values and anomalies were extracted for the
region over Stellwagen Bank (42.5-42.0 N, 70.5 -70.0 W) from NOAA Optimum Interpolation
SST V2 dataset provided by the NOAA/OAR/ESRL PSL, Boulder, Colorado, USA, from their
Web site at / https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.highres.html. Values were

averaged spatially over the region and then by time of interest. Winter SST and winter SST
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anomalies were calculated as an average of daily values from January—March of each year,
representing the time which post-spawn adult sand lance would be susceptible to mortality from
elevated temperatures (Suca et al. 2021). Mean daily SST and SST anomalies for the entire year

were also calculated.

4.6.4 Particle dispersal comparison

To look at small scale discrepancies in dispersal trajectories due to numerical interpolation errors
and chaotic flows near stagnation points, we seeded particles at 10 m spacing (484 particles) at
the center of Georges Bank and tracked their forward trajectory for 75 days from January 15,
2002. The results are visualized in Figure 4-S6 (ten minute time step) and 4-S7 (one minute time
step). Results show that particles disperse and separate large distances even when placed very
close together. While such phenomena are unavoidable, it can serve effectively as a diffusion

pattern.
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Table 4-S1: Collection locations, dates, and counts for age-0 sand lance used for otolith
microstructure analysis. GSC represents the Great South Channel.

Region Date Station Longitude Latitude Count

GSC 190521 Ch2 -69.78 41.57 2
GSC 190521 Ch3 -69.77 41.59 3
GSC 190521 Ch4 -69.79 41.58 4
GSC 190521 Ch5 -69.83 41.58 4
GSC 190521 Cho6 -69.87 41.56 4
GSC 190523 Ch7 -69.87 41.75 2
GSC 190523 Ch8 -69.87 41.75 7
GSC 190523  Ch9 -69.87 41.73 10
GSC 190523 Ch 10 -69.87 41.71 9
GSC 190523 Ch 11 -69.87 41.70 5
Stellwagen 190603 S11 -70.24 42.18 4
Stellwagen 190603 S12 -70.27 42.18 8
Stellwagen 190603 S13 -70.31 42.17 9
Stellwagen 190604  NI13 -70.40 42.39 2
Stellwagen 190604 NI14 -70.42 42.40 9
Stellwagen 190604  NI15 -70.44 42.41 15
GSC 190617 Ch9 -69.87 41.73 1
GSC 190617  Ch10 -69.87 41.71 10
GSC 190617 Ch 12 -69.86 41.70 7
GSC 190617 Ch 13 -69.88 41.72 10
GSC 190617 Ch 14 -69.86 41.69 11
GSC 190617 Ch 15 -69.86 41.68 9

151



Table 4-S2: Annual Calanus anomalies for the Gulf of Maine and Stellwagen Bank sea surface
temperature (SST) metrics.

Calanus Mean Daily Mean Daily Mean Daily Winter Mean Daily SST

Year Anomaly  Winter SST (°C) SST (°C) SST Anomaly (°C) Anomaly (°C)
2012 -0.174 6.428 12.452 2.079 2.262
2013 -0.083 5.958 11.730 1.603 1.532
2014 -0.102 4.410 11.152 0.060 0.955
2015 0.138 4.473 11.270 0.123 1.073
2016 0.235 5.981 12.083 1.632 1.893
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Figure 4-S1: Collection locations of age-0 sand lance on Stellwagen Bank and in the Great
South Channel in summer 2019. Shading indicates bathymetry and contours represent the

coastline and 40 m isobath.
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Figure 4-S2: Sampling location for the Stellwagen Bank SEABOSS sand lance survey.
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Figure 4-S3: Larval duration (LD) of age-0 sand lance collected on Stellwagen Bank and the
Great South Channel (GSC) in summer 2019. LD estimates are from otolith microstructure
analysis.
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Figure 4-S4: Probability of sand lance occurrence of sand lance from the NEFSC spring bottom
trawl survey in relation to depth on Georges Bank (red) and the rest of the Northeast US shelf.
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Figure 4-S5: Final locations (85 days after release) for particles released hourly on January 1,
2002. Colors represent hour of release. Aggregations indicate little variability among final
locations based on hour of release.
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Figure 4-S6: Final locations (75 days after release) for particles released with 10 m spacing (left
panel) from January 15, 2002 using one-minute time steps.
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Figure 4-S7: Final locations (75 days after release) for particles released with 10 m spacing (left
panel) from January 15, 2002 using ten-minute time steps.

159



Chapter 5

Conclusions

Throughout my dissertation, I aimed to better understand the Northeast US shelf forage
fish complex through studying the drivers of their distribution, and in the case of northern sand
lance, their abundance and recruitment. The information garnered from these research projects
improved this understanding, confirming that there are shifts in the distribution of many of the
forage fishes of the region with causes ranging from cross and on-shelf redistribution of adult
fish, changes in recruitment, and reductions in adult survivability. Perhaps most notably, we now
have a much better understanding of the drivers of recruitment and abundance of northern sand
lance, a species which we knew very little about despite their essential ecological role. These
insights may serve to help managers plan for a shifting distribution and abundance of prey fishes
for the commercially important and protected predators that rely on them as food.

In chapter 2, I elucidated the drivers of northern sand lance on shelf-wide scale. To do
this, we explored their basic biology and ecology from collections on Stellwagen Bank,
including that these fishes are capital breeders that rely heavily on Calanus finmarchicus
copepods for energy in preparation for reproduction. Sand lance recruitment, in turn, is related to
the abundance of these copepods, which we believe to be through the mechanism of parental
condition. However, northern sand lance recruitment can be further regulated by intra-guild
predation from the fellow forage fish Atlantic herring. Finally, adult sand lance appear to be
highly sensitive to increases in warm slope water composition within the Gulf of Maine and the
greater Northeast US shelf. The mechanism appears to be through overwinter mortality from
increased temperatures leading to increases in metabolic costs and decreases in winter Calanus

abundance, leading to both high temperatures and lower food availability for these fish during
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winter when warm slope water proportions are high. The future of these drivers spells out a
precarious situation for age-2+ northern sand lance on the Northeast US shelf, with projected
decreases in Calanus abundance and a sharp increase in warm slope water proportion starting in
2009. The one bright spot for sand lance is the decrease in Atlantic herring recruitment and
abundance, likely leading to declines in intra-guild predation. This generates a concerning
situation for the collective Northeast US shelf forage fish complex as these conditions would
lead to most years from now through the end of century having below average abundances of
both Atlantic herring and northern sand lance, fundamentally shifting prey availability for the
myriad predators that rely on these lipid rich forage fishes. Some of these species, such as roseate
terns and winter skate, rely heavily on sand lance as prey and it is possible that the decline of
large sand lance may lead to detrimental effects on these species moving forward.

However, despite the historical reliance on sand lance and Atlantic herring, many of these
predators forage on other species, ranging from invertebrates such as longfin squid to other
forage fishes such as butterfish, Atlantic mackerel, and river herring. These latter species have
not been as historically abundant as Atlantic herring and sand lance (with the exception of river
herring prior to large scale dam implementation) and thus it is remains uncertain how well these
fishes will be able to fill this role of prey. Increased reliance on these alternative prey species
may have consequences on the distribution, condition, and behavior of these predators, which
require monitoring going forward. While my second chapter was able to elucidate the primary
drivers of the abundance of age-2 sand lance across the Northeast US shelf, including drivers of
recruitment, we still know quite little about the detailed processes involved in sand lance
recruitment. One specific example is the role of young Calanus stages on the feeding and

survival of larval sand lance. Calanus appear to have a role in larval survival of congeners in the
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Northeast Atlantic, with increased Calanus production leading to increased larval survival and
thus recruitment (Regnier et al. 2017). While we found the strongest connection between
Calanus abundance and sand lance to occur at the lag corresponding to parental condition (which
was also supported by our laboratory analyses), we did not explicitly explore the role of Calanus
on larval survival and if this mechanism exists in addition to parental condition effects. Future
research can aim to answer this outstanding question, particularly through a combined study of
the diet of larval sand lance throughout the Northeast US shelf and if enhanced recruitment of
sand lance occurs when local Calanus abundances are high. Additionally, the probable loss of
older age classes by the end of the century leaves us with the question of whether age-1 fish will
be able to generate enough reproductive output to sustain populations of sand lance. The role of
environmental conditions on the growth and survival of age-1 fish remains an outstanding
question. The Northeast Fisheries Science Center trawl survey primarily catches age-2+
individuals, with poor catchability of age-1 fish. This leads to difficulty in acquisition of age-1
samples or the ability to look at the dynamics of age-1 individuals throughout their first year. A
combination of a modified trawl survey, such as using a modified scallop dredge (van Deurs et
al. 2012), and larger scale sampling with van Veen grabs (Greenstreet ef al. 2010) could
ameliorate this issue and eventually develop a time series that would allow an exploration of age-
1 sand lance growth and survival in relation to environmental conditions. Given the plasticity of
growth rates in congeners, it is possible that these age-1s could grow to larger sizes and
contribute substantially to sand lance recruitment when prey availability is high (von Biela et al.
2019). Future research is needed to see if this can come to fruition and be sufficient for

maintaining sand lance populations.
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In chapter 3, I analyzed how forage fish distributions are related to in-sifu environmental
variables to elucidate the habitat associations of these fishes during the spring and fall. The
results indicated variance in the response of these fishes to different thermal regimes and
hydrographic conditions. One notable result of this work is that the presence of these fishes in
the Northeast Fisheries Science Center bottom trawl survey has variable coherence with
coincident environmental conditions. Occurrence and shelf occupancy for some taxa, such as
Atlantic butterfish, are tightly linked to interannual variably in coincident environmental
conditions, while others, such as sand lance and Atlantic herring, show little to no coherence
between the interannual variability in occurrence and in coincident environmental conditions.
Instead, presence for these species were related to interannual variability in the year intercept
(i.e. related to overall abundance), and in the case of Atlantic herring, changes to survey gear.
This finding further supports the results of chapter 2 showing that interannual variability of sand
lance observed in the survey is linked to changes in recruitment and survival and not changes in
catchability or cross shelf movements. In the case of Atlantic herring, this suggests that the
changes in survey presence are linked to factors external to coincident hydrography but that the
favorability of coincident hydrography during these surveys is decreasing with time. This is
consistent with classification of sand lance and Atlantic herring as more sub-polar to temperate
species that may be declining in abundance and/or occurrence with warming conditions
throughout the Northeast US shelf. Conversely, temperate to sub-tropical species such as
Atlantic mackerel and butterfish show increasing occurrence in time, bolstering the conclusions
from chapter 2 indicating the forage fish complex is likely shifting from sub-polar/temperate to

temperate/sub-tropical taxa. How these generally warmer water species fill the role of forage for
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the numerous predators of the region remains an open question and will need to be monitored
carefully in the coming decades.

While this chapter provides a good baseline for understanding the occupancy associations
of the forage fishes, much more research and data collection is needed to refine the drivers of
habitat suitability and abundance for these taxa. Namely, the use of the bottom trawl survey for
pelagic forage fishes may cause conflation of gear selectivity and abundance and/or occurrence
patterns. This could lead to unintuitive results, such as survey occurrence and landings being out-
of-phase or independent of each other. Trawl survey catches match well with landings for many
of these species, but they do not for Atlantic mackerel (Deroba et al., 2010). Since this species is
highly mobile and exhibits dense schooling behavior, the otter trawl gear used may not catch
representative abundances of Atlantic mackerel. This emphasizes the need for additional survey
methods that go beyond bottom trawl surveys for these mobile pelagic species. Examples may
include acoustic trawl surveys such as those performed for Atlantic herring in the Northeast
Atlantic and walleye pollock in the Gulf of Alaksa and Bering Sea, utilizing acoustics to estimate
school density while confirming school compositions through mid-water trawls (Simmonds,
2003; Woillez et al. 2016). We also need to better utilize and acquire prey availability data for
these species in the form of zooplankton collections. The Ecosystem Monitoring program of the
Northeast Fisheries Science Center has collected a wealth of data on zooplankton densities
already, exceeding the data availability of many regions. However, historical inconsistencies in
the trawl data collection and zooplankton collection only on every third bottom trawl station (and
often less) lead to a paucity of coupled bottom trawl collections and zooplankton data. In chapter
3, this led to an inconsistent sampling effort among years that precluded complete time series

analyses if zooplankton were included. More targeted, finer scale studies relating species
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abundance and/or presence to zooplankton collections within the Gulf of Maine may demonstrate
the ultimate utility of expanding zooplankton collections. These studies could inform scientists
and managers of the role zooplankton play in shaping the distribution of forage fishes and
whether expanding zooplankton sampling effort is necessary.

In chapter 4, I looked at the source-sink dynamics of three sand lance hotspots throughout
the Gulf of Maine to better understand the potential connectivity of these regions. To do so, |
used estimated hatch and settlement dates from sand lance collected in the Great South Channel
and Stellwagen Bank to provide the first estimates for sand lance settlement timing on the
Northeast US shelf. This information was then used to parameterize a bio-physical based
Lagrangian tracking model to simulate larval transport of sand lance from 1990-2016 to look at
mean source-sink pathways among the hotspots in addition to interannual variability in these
patterns. The results indicated that Stellwagen Bank serves as a source of sand lance larvae for
the Great South Channel, the Great South Channel serves as a sink for larvae from Stellwagen
Bank and Georges Bank, and Georges Bank is a semi-closed population where retention is the
primary mechanism for simulated larvae settling on Georges Bank. One surprising finding was
the evidence of retention on Stellwagen Bank. Retention appears to even occur at sub-bank
scales, with high retention on the southwest corner of Stellwagen Bank—the most persistent sand
lance hotspot within Stellwagen Bank. Additionally, interannual variability in retention on both
Stellwagen Bank and Georges Bank appears to be related to wind patterns, whereby the number
of strong wind days leads to either enhanced (Stellwagen) or decreased (Georges Bank)
retention. These insights are important for beginning to understand what might drive small scales
patterns in sand lance recruitment and the degree to which sand lance hotspots may be connected

or self-seeding.
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However, much remains to be learned about larval sand lance dispersal and ecology. One
gap in knowledge is our lack of understanding of larval behavior and vertical distribution on diel
and ontogenetic scales. Some research has been done on this topic, but the data were limited to
Georges Bank and catchability issues appeared to confound the ability to gain understanding of
the diel movements of sand lance larvae. If sand lance larvae undergo notable diel vertical
migration, this may cause shifts in their larval transport trajectory, and thus the results from this
chapter may change. Additionally, effort should be put toward generating a temperature
dependent growth and survival curve for sand lance larvae. If settlement timing is temperature
sensitive due to shifts in growth rate, this could fundamentally alter results and the degree of
interannual variability, especially given the interannual variability in spring temperatures on the
Northeast US shelf. Laboratory studies of temperature dependent growth should be coupled with
observations of hatch and settlement dates over a range of years to see if winter/spring
temperatures lead to shifts in mean settlement times for these fish. Shifting timing of hatch and
settlement may also change the results from this chapter, especially if the shifts in timing result
in a shift of simulated larvae’s exposure to wind events or other ephemeral hydrodynamic
processes throughout the region. The mechanisms behind retention need refining as well, as the
number of strong wind days were only moderately related to the degree of retention, especially
for Stellwagen Bank. A better understanding of fine scale hydrodynamic processes and the
drivers of these processes is necessary to have a complete mechanistic understanding of retention
and connection among these sand lance hotspots. Finally, this chapter further empathized the
need to attain a metric of sand lance recruitment. Our collections on Stellwagen Bank provide
something closer to recruitment than the Northeast Fisheries Science Center bottom trawl survey,

yet this survey is small scale and not designed to specifically assess recruitment. Even with these
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caveats, catches on Stellwagen Bank showed evidence of retention increasing sand lance
recruitment. Many more years and areas of collections are needed to better establish the
relationship between recruitment and retention for Stellwagen Bank and to develop a similar
metric for Georges Bank. These preliminary data do show that these kinds of surveys have the
potential to provide valuable data and insight into sand lance population dynamics.

This thesis has collectively improved our understanding of the forage fish complex of the
Northeast US shelf, especially our understanding of the biology and drivers of abundance of
northern sand lance. The observed and forecasted changes to the forage fish complex require
careful monitoring and consideration moving forward, as these changes are likely to affect
predator distribution and behavior. However, this thesis does not provide a complete picture of
how the forage fish complex operates, nor is it able to provide a certain vision of the future.
Much more research is needed to attain these goals, and that research necessitates the
improvement and development of survey techniques to accurately identify abundance trends for
these species and the environmental drivers of these trends. In this thesis, I identified
environmental associations of species occurrence for the dominant forage fishes, but I only took
an in-depth look at the drivers of abundance and recruitment for northern sand lance. Similar in-
depth studies on the drivers of recruitment for each of the other forage fishes (or expanding upon
existing studies in the case of Atlantic herring) are necessary for truly forecasting the dynamics
of this trophic guild. Attaining these goals would serve to both protect fishers relying directly on
forage species or their predators and ensure appropriate management of these taxa to prevent
overexploitation. Though it will be difficult and nuanced, achieving these goals simultaneously

should be the next line of research on the forage fishes of the Northeast US shelf.
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