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Overview 
The Northwest Atlantic, renowned for its fisheries, is rapidly warming and experiencing other climate-
related impacts. It will also see the largest development of coastal wind farms in the U.S. to date. The 
Northeast U.S. Shelf Long-Term Ecological Research program (NES-LTER) was designed to improve 
our ability to predict how climate change will affect the dynamics of the shelf’s planktonic food webs and 
their ability to support the productivity of higher trophic levels. The PIs propose to extend the NES-LTER 
to a second phase (NES II). The focus of NES I was on seasonal time scales for evaluating and 
understanding shifts between communities, associated food webs, and the resulting energy flow. While 
NES I findings supported hypotheses about the large amplitude of seasonal variability, the project’s 
participants also found striking levels of interannual and cross-shelf variability. These findings highlight 
the need for long-term observations and motivate new directions for NES II.  
 
Intellectual Merit 
Patterns of ecosystem change over seasons to decades have been documented in this region, but the key 
mechanisms linking changes in the physical environment, planktonic food webs, and higher trophic levels 
remain poorly understood. As a result, predictive capability is limited and management strategies are 
largely reactive. To address these needs, NES II not only maintains the long-term NES I strategy—which 
combines observations that provide regional-scale context, process cruises along a high gradient cross-
shelf transect, high-frequency time series at an inner-shelf location, coupled biological-physical food web 
models, and targeted population models—but also increases our attention to ecosystem responses to 
disturbance. In particular, the PIs will investigate the impacts on community structure and trophic transfer 
of (i) increasing prevalence of heat waves, (ii) intrusions of offshore water associated with increasing 
instability in the Gulf Stream, and (iii) offshore wind farms now under construction on the NES. The 
long-term research plan is guided by an overarching science question: “How is climate change impacting 
the pelagic NES ecosystem and, in particular, affecting the relationship between compositional (e.g., 
species diversity and size structure) and aggregate (e.g., rates of primary production, and transfer of 
energy to higher trophic levels) variability?”  The PIs will assess the extent to which the NES ecosystem 
possesses a biodiversity reservoir that is resilient to dramatic changes in the environment and that will 
allow the ecosystem to maintain overall productivity.  

The intersection of human activities, environmental variability, and climate change in the NES has 
complex effects on ecosystem dynamics. There are indications that the pace of change is accelerating and 
a systematic approach to observe multiscale changes with sufficient detail is critical to understand the 
underlying causes and implications. NES II will leverage the foundational knowledge of NES I to gain a 
predictive understanding of how future ecosystem productivity will be influenced by the interplay of 
disturbance, interannual variability, seasonal forcing, and long-term environmental trends as they act on 
communities and the physiology of the species they comprise.  

Broader Impacts 
The Northeast U.S. shelf provides an array of ecosystem services including energy development, 
shipping, recreation, and conservation; its integrity is critical to the health of the Northeast U.S. economy. 
In the face of climate change and increasing human utilization of the coastal ocean, sustaining these 
ecosystem services and protecting endangered species will require effective management, which requires 
understanding of ecosystem dynamics and functioning that the NES II project will provide. To this end, 
the project will continue close collaborations with NOAA scientists. NES II will also conduct education 
and outreach via three main components: (1) training and mentoring for undergraduate and graduate 
students and postdoctoral researchers in LTER research; (2) an LTER Schoolyard program that engages 
middle and high school teachers and students; and (3) public outreach through targeted events, our 
website, and social media channels. The co-PIs will infuse all of these activities with attention to justice, 
equity, diversity and inclusion (JEDI). The NES JEDI Committee has developed an action plan to 
continue to enhance and sustain diversity within our project, foster a sense of belonging and equity, and 
nurture and guide team members.  
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1. Brief NES History and Conceptual Framework 
NES LTER history. The Northeast U.S. Shelf (NES) is a highly productive temperate ecosystem in a 
coastal biome (Fig. 1). Human activities, environmental variability, and climate change intersect to have 
complex effects on NES ecosystem dynamics. The NES provides an array of ecosystem services 
including fishing, energy development, shipping, waste disposal, recreation, and conservation of iconic 
threatened species including Atlantic salmon, the North Atlantic right whale, and the Roseate tern. The 
region is rapidly warming and experiencing other climate-related impacts. Furthermore, there are 
indications that the pace of change is accelerating, emphasizing the need for the NES LTER program’s 
systematic approach to observe multiscale changes with sufficient detail to develop understanding of the 
underlying causes and implications.  

Fig. 1. Multi-scale observations and modeling are used 
to address LTER core areas within the NES site, 
spanning the continental shelf from North Carolina to 
Maine. Multi-decade high temporal resolution 
observations at a nearshore observatory (MVCO) are 
complemented by process observations focused along a 
seasonally occupied cross-shelf transect extending from 
MVCO to upper slope waters. Quarterly EcoMon 
surveys (example cruise track shown) and biannual 
trawl surveys by NOAA colleagues, along with NES-
specific enhancements to these cruises, provide select 
information at broad spatial scales and a greater 
contextual understanding of changes occurring in the 
NES ecosystem. Regional observing system 
components, including NOAA buoys, also provide 
context. Multi-scale modeling addresses impacts of 
high latitude processes and basin-scale forcing in this 
highly advective system by encompassing a domain 
that extends beyond the NES (lower right, with 
example SST). 

The overarching goal of NES LTER is to understand and predict how the composition and structure of 
planktonic food webs change through space and time in response to changes in the physical environment 
and how those changes impact ecosystem productivity across trophic levels. By conducting long-term 
studies of shelf-wide pelagic dynamics on the NES, our goals are to (1) characterize food web structure 
and function; (2) identify the mechanisms that link shifts in communities with changes in organic matter 
flows and trophic transfer pathways; and (3) understand the linkages and transfer of energy from the 
phytoplankton to pelagic forage fish. During the initial phase of the NES LTER project (NES I) we have 
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also begun characterizing and understanding the relationship between variability in species composition 
and variability in aggregate properties such as total biomass and production across a range of space and 
time scales, as well as how this relationship may be influenced by climate change and other forms of 
disturbance. The overarching question guiding the NES research program remains:  

How is climate change impacting the pelagic NES ecosystem and, in particular, affecting the 
relationship between compositional (e.g., species diversity and size structure) and aggregate 
(e.g., rates of primary production, and transfer of energy to higher trophic levels) variability?  

Conceptual and Theoretical Frameworks. Exactly how communities operate in any ecosystem depends 
on the nature of the environmental drivers and the composition of each community. Both the 
environmental conditions and the community composition are highly dynamic on the NES, and both are 
changing rapidly. As we transition to Phase II, a core element of the NES conceptual framework remains 
to quantify the range of physical conditions and processes that drive NES environmental variability on 
scales from days to decades (Fig. 2, top). Along-shelf advection and diverse processes at the shelf break 
lead to nutrient inputs, and processes controlling stratification affect vertical distribution. These and other 
processes also affect important factors such as light availability and temperature distribution.  

Living in this dynamic environment are diverse plankton communities that support variable production 
pathways. During NES I, we evaluated hypotheses that linked important aspects of trophic pathways to 
the intense seasonal changes in environmental conditions on the shelf. Aspects of those hypotheses were 
supported, while others were challenged in intriguing ways (see Sec. 2). In response to Phase I insights, 
we have modified our NES conceptual framework to reflect a composite food web schema encompassing 
major hypothesized pathways of energy transfer (Fig. 2, middle) and to emphasize changes of the 
physical-biological system over different time scales. We continue to emphasize the importance of 
changes in the composition of the phytoplankton, but now also consider how energy and organic matter 
pathways vary in relative importance in response to forcing at scales including seasons, disturbance 
events, and multi-year trends. Our approach continues to build from ecological theory regarding two 
important types of variability that ecological communities exhibit in response to environmental variation: 
compositional and aggregate. Our observational and modeling approaches address both compositional 
variability (as reflected in changes in the relative abundance of component taxa) and aggregate variability 
(as reflected in changes in summary properties such as total abundance, biomass, and production). We 
aim to understand both of these aspects of community variability, including the extent to which they 
exhibit synchrony, asynchrony, or compensatory dynamics, which are critical to predict the responses of 
community structure and function to physical and/or biological perturbations.  

Fig. 2. Conceptual framework characterizing links 
among LTER core areas at the NES site. Top: 
Conceptual diagram of physical processes across the 
shelf. Middle: Simplified food web connections 
emphasizing the structuring role of cell size at lower 
trophic levels. Bottom: Time-space scales of 
interactions among dynamic forcings, disturbances, 
and ecological processes drive shifts across a 
spectrum of community structure and food web 
states. The framework highlights State 1 conditions 
when large-celled primary producers are abundant, 
which may occur both seasonally (common in NES 
winter) and in response to disturbances that shift 
resource availability or competition; and State 2, 
exemplifying a system with primary producers 
dominated by small cells and important pathways to 
higher trophic levels involving gelatinous consumers 
that may in turn select for specialists in the forage 
fish community. 
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The focus of NES I was initially on seasonal time scales for evaluating and understanding shifts between 
communities, associated food webs, and the resulting energy flow and net community production. While 
NES I findings largely supported our hypotheses about the large amplitude of seasonal variability, we also 
found striking levels of interannual and cross-shelf variability. These findings highlight the need for long 
term observations and motivate new directions for NES II. Ultimately, we seek to develop mechanistic 
understanding that can be extended to predictions about the effects of ongoing climate change punctuated 
by disturbances across a range of scales (Fig. 2, bottom). 

2. Overview of NES II New Directions and Foci 
NES I time series, process cruise observations, and ecosystem models have generated important insights 
that relate to each of the LTER core research areas, including the spatial and temporal variability in 
physical forcing, distributions of inorganic nutrients and organic matter pools, taxonomic and size 
structure of plankton and fish communities, structure of food webs and trophic transfer pathways, and 
rates of primary and community production (Fig. 2). As we predicted, seasonal variability has proved to 
be especially high and has provided a means to explore hypotheses about mechanisms and ecosystem 
consequences of changes in the plankton (see Sec. 3).  

The extent to which this variability is linked to specific mechanisms of disturbance and their patterns of 
occurrence at event- to multi-year scales remains unresolved and motivates new foci for NES II. We will 
continue efforts to characterize seasonal ecosystem changes, with new emphasis on evaluating hypotheses 
about grazing control and links between food web pathways and phytoplankton community structure. We 
updated our conceptual model (Fig. 2) and introduced new questions and approaches to evaluate 
hypotheses about the ways key disturbance mechanisms perturb expectations from seasonal climatologies. 
The combination of observations and modeling conducted during NES I have brought forward the 
importance of three types of disturbance: (1) increasingly frequent marine heat waves (MHWs) at local, 
regional, and basin scales; (2) intrusions of offshore waters linked to phenomena such as changes in 
instabilities of the Gulf Stream and more warm-core rings; and (3) emerging installation of extensive 
offshore wind infrastructure on the NES. Along with the conceptual model, a theoretical framework 
helped guide our work during NES I. That framework, inspired by Micheli et al. (1999), continues to 
provide a useful scaffold for organizing our data collection, analysis, and modeling work. Motivated by 
preliminary discoveries in NES I, we will augment this framework to accomplish NES II goals.   

Micheli et al. (1999) pointed out that the temporal variability of an ecological community responding to 
environmental variation could be thought of as having two aspects: compositional variability—reflecting 
changes in the relative abundance of component species—and aggregate variability—reflecting changes 
in summary properties, such as total abundance, biomass, or production. Theoretical and experimental 
work (Gonzalez and Loreau 2009) has suggested that a combination of high compositional variability and 
low aggregate variability (a.k.a., compensatory dynamics) may confer resilience to community function in 
the face of disturbance or longer-timescale changes (e.g., associated with changing climate). In contrast, 
conventional wisdom holds that synchronous communities, which exhibit low levels of compositional 
variability and high levels of aggregate variability are relatively fragile. A mechanistic understanding of 
the drivers of both compositional and aggregate variability will be critical for predicting the responses of 
community structure and function to physical and/or biological disturbance. 

In Sec. 5.2, we report on intriguing preliminary results that indicate a spatial gradient in the synchrony of 
community dynamics, at least for some taxa. While our computational models have always explicitly 
represented spatial dispersal processes (via advection) and spatial heterogeneity (in, e.g., salinity, 
temperature, and nutrients), the NES I theoretical framework does not have a spatial component. We 
propose to add spatial complexity to our framework in NES II, in a way that remains conceptually (and 
mathematically) useful. A simplifying abstraction of space that has proven powerful in terrestrial and 
freshwater community ecology is the metacommunity (Liebhold et al. 2004)—a group of distinct habitat 
patches, hosting several potentially interacting species, connected by the dispersal of individuals. The 
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metacommunity concept is a simplification for the dynamic and spatially continuous NES; nevertheless, 
this simplification provides us powerful mathematical tractability for generating hypotheses, the validity 
of which we can explore with more complicated computational models.  

Recently, Lamy et al. (2021) described a framework—and importantly, a set of diagnostic statistics that 
can be directly applied to the NES transect and EcoMon time series—that generalizes and extends the 
Micheli et al. (1999) framework to metacommunities (Box 1). The framework, which we will adopt, 
“highlights the importance of spatial synchrony [or compensation] in the compositional trajectories of 
local communities and sheds light on the underlying processes structuring metacommunities” (emphasis 
added). Just as temporal compensation in community dynamics can be expected to confer resilience, we 
expect that so too will spatial compensation in community composition.   

Box 1. A theoretical 
framework for understanding 
spatiotemporal community 
variability (after Lamy et al. 
2021), illustrated with a 
simplified metacommunity 
comprising two species (red 
and blue) living in two local 
communities connected by 
dispersal. In each panel (A-
D), bottom two graphs 
illustrate the total biomass 
and relative species 
composition over time in the 
two local communities. 
These sum to form the 
metacommunity dynamic in 
the top central graph. 
Metacommunity variability 
through time has two aspects: 
aggregate and compositional. 
When aggregate 
metacommunity variability is high, there are relatively large variations in total biomass (A, B top 
graphs). These swings can be accompanied by changes in the relative abundance of species that are 
either small (A) or large (B). In contrast, the metacommunity may exhibit low aggregate variability, 
with approximately constant total biomass through time (C, D top graphs), again accompanied either 
by small (C) or large (D) changes in the relative abundance of the two species. If aggregate biomass 
changes synchronously in both localities, metapopulation aggregate variability is enhanced (A, B); if, 
on the other hand, oscillations in the aggregate are out of phase in the two locations (C, D), those 
oscillations are averaged out in the metacommunity sum. Compositional synchrony in space (B, D) 
favors compositional variability in the metacommunity, while out-of-phase compositional changes in 
space (i.e., compositional compensation; A, C) favors low metacommunity compositional variability. 

3. Results from Prior Support 
NES I research focused on three cross-disciplinary questions. The first centered on the interplay between 
the environment and spatial and temporal patterns of plankton species composition and biological 
production (Q1). Shifts in the plankton were then linked to variability in the feeding, condition, and 
distribution of pelagic forage fish (Q2). These two questions were foundational to Q3, which addresses 
vulnerability and resilience in the ecosystem in light of rapid climate change.   
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NES I Q1: What are the main factors controlling spatial and temporal patterns of plankton species 
composition and biological production? 

NES I Q2: How is variability in the feeding, condition, and distribution of pelagic forage fish linked to 
interannual variability and multi-year trends in plankton size structure and species composition and the 
ratio of export to total primary production? 

NES I Q3: Is the NES ecosystem (and the services it provides) vulnerable to dramatic transformations in 
the face of rapid climate-induced environmental changes? Or does the diversity of species confer 
resilience providing a buffer against dramatic changes in overall productivity via shifts in species 
composition? 

In the remainder of this section, we first highlight ten peer-reviewed publications that address these three 
questions and then summarize in more detail NES I findings that motivate the refined research questions 
that structure NES II (see Sec. 5). 

3.1. 10 significant publications from NES I 
Food web structure and function. Marrec et al. (2021a L&O) quantified rates of primary production and 
herbivorous grazing losses along the NES cross-shelf transect. These process studies showed seasonal 
patterns with strong shifts in trophic transfer coupling from high in winter to lower in summer. 
Relationships between seasonal shifts in ecosystem structure and functional differences in organic matter 
transfer emphasize links between production rates and their environmental and ecological drivers. (Q1) 
Drivers of seasonality in Synechococcus population dynamics on the NES. Hunter-Cevera et al. (2020 
L&O) used a 16-yr hourly time series and a mathematical model to examine the factors that determine 
abundance patterns and provide a framework for understanding seasonal controls on Synechococcus at the 
Martha’s Vineyard Coastal Observatory (MVCO). They found that drivers of cell division vary with 
season: cells are temperature-limited in winter and spring, but light-limited in the fall. (Q1)  
Functional diversity in phytoplankton. Fowler et al. (2020a PNAS) used multi-decade high resolution 
time-series observations of single cells coupled with a matrix population model to examine seasonal and 
interannual dynamics in small phytoplankton. Eukaryotes reproduce much more rapidly than other 
picophytoplankton and appear to be preferred prey of the micrograzer community and so contribute more 
to the region’s primary productivity than would be inferred from their abundance alone. (Q1)  
Conditions of an unusual spring phytoplankton bloom. Smith et al. (2021 JGR) used transect cruises 
and high-resolution time series observations to document an unusual winter-spring bloom of Phaeocystis 
pouchetii in shallow shelf waters. The bloom contributed significantly to spatiotemporal variability, 
overall productivity, and regional ecology during the winter/spring transition. (Q1) 
Spring dynamics at the shelf break. Combining in-situ and remote-sensing data and a numerical model, 
Oliver et al. (2022 JGR) examined the dynamics of how wind forcing affects productivity at the shelf 
break front. Springtime Ekman restratification driven by upfront winds drives ephemerally enhanced 
chlorophyll at the shelf break front and is linked to strong temporal variability of productivity. (Q1) 
Nutrients and temperature drive seasonality. Zang et al. (2021 ICES JMS) used a high-resolution 
coupled biological-physical model to assess the seasonality of phytoplankton dynamics and the 
underlying mechanisms modulating spatial heterogeneity. The model captured observed spatiotemporal 
patterns and suggested that differences in seasonality between the Mid-Atlantic Bight and the Gulf of 
Maine result from the interplay between nutrient and temperature effects. (Q1) 
Mechanisms of synchrony in zooplankton. Ji et al. (2021 ICES JMS) applied model-based scaling and 
sensitivity analyses to a 40-year plankton dataset from the Gulf of Maine. Spatial synchrony patterns in 
Calanus finmarchicus were shown to be season-dependent, with patterns largely driven by internal 
population dynamics in spring and both internal mortality and external dilution loss in fall. (Q2) 
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Linking zooplankton and forage fish variability. 
Suca et al. (2021b ICES JMS) combined stomach and 
lipid content with growth analyses to understand the 
population dynamics of sand lance and to construct an 
abundance regression model. C. finmarchicus 
abundance influences sand lance parental condition and 
recruitment (Fig. 3), directly driving interannual 
population variability. (Q2) 
Spatial patterns in forage fish communities. Suca et 
al. (2021a ICES JMS) used species distribution models 
to assess the environmental drivers responsible for 
changes in the forage fish community’s shelf 
occupancy. For some forage fishes, mean depth and 
latitude of shelf occupancy has trended deeper and 
northward with time, with some changes linked to 
habitat suitability associated with environmental 
conditions (e.g., warming) and others indicating more 
complex mechanisms. (Q2, Q3) 
Offshore transport of organic matter, nutrients, and 
plankton. Zhang et al. (2023 Prog Oceanogr) analyzed 
in-situ and remote-sensing data to quantify the exchange of physical and biological materials between the 
shelf and neighboring slope sea. Disturbance from Gulf Stream rings can induce substantial transport 
across the shelf break and strong multi-faceted impacts on the shelf ecosystem. (Q3)      
3.2. Mechanisms driving spatial and temporal variability in representative taxa from 

phytoplankton to fish 
During NES I, we paired surveys of planktonic species diversity with focused investigations of particular 
taxa to advance mechanistic understanding of the drivers of spatial and temporal variability in populations 
and communities (Q1). For our taxon-focused work, we selected representatives of critical aspects of our 
conceptual model, linking functional or ecological diversity and spanning trophic levels from primary 
producers to forage fish. Insights from these studies highlight the importance of seasonality across trophic 
levels; the ubiquitous significance of temperature variability in regulating organismal responses (i.e., 
physiology, behavior) and ecological interactions (e.g., predation, grazing, parasitism); and the 
complexity and range of relevant physical processes.   

To examine spatial and temporal patterns of diversity in phytoplankton communities, we sequenced the 
18S rDNA of biomass collected on cross-shelf transect cruises. Furthermore, we sampled size-
fractionated biomass to examine diversity and its drivers in more detail. Overall, species richness in 
surface waters was somewhat higher in summer than winter and increased by about 2-fold from on- to 
offshore stations, mostly driven by increases in the <5 μm size class, regardless of season (Fig. 4). 
Overall, the <5 μm size class was most species rich, consistent with findings for other regions (de Vargas 
et al. 2015). Species composition shifted with both season and distance from shore (Fig. 5) suggesting 
that these communities are closely tied to particular environmental conditions that support their growth, 
such as temperature, light and inorganic nitrogen, as has been observed in other planktonic communities 
(Anderson et al. 2022). The results raise new questions about the resilience of seasonally distinct 
communities to disturbance and the drivers of interannual variability (Sec. 5.1, 5.2). The sequencing 
effort is providing detailed information about phytoplankton communities. For example, we have 
identified over 200 species of the globally important diatom genus Chaetoceros inhabiting the NES. This 
number of species far exceeds what could be identified with microscopy allowing us to tease apart 
seasonal and disturbance signals in the growing time series with a high level of sensitivity. 

Fig. 3. Phenology and trophic connections in 
sand lance feeding ecology show importance of 
the lipid-rich copepod C. finmarchicus to diet (B) 
especially in spring (A). Suca et al. (2021b). 
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The smallest primary producers in NES waters are 
numerically dominated by the genus Synechococcus. These 
picocyanobacteria (~1 μm) are ubiquitous in temperate 
coastal ecosystems worldwide and important in ‘State 2’ 
food webs (Fig. 2). Our time series observations at MVCO 
(2003-present) have shown that Synechococcus population 
dynamics are highly seasonal with temperature playing a 
major role in driving bloom timing within and between 
years (Hunter-Cevera et al. 2014, 2016, 2020). During NES 
I, we documented similar seasonal dynamics for 
picoeukaryotic phytoplankton (Fowler et al. 2020a). We 
hypothesized that Synechococus and other small cell types 
dominate the primary producers across the NES transect in 
warm stratified regimes, such as those that occur naturally 
in summer or could be caused by increasingly frequent 
MHWs. The findings of Stevens et al. (revised) support 
this hypothesis, showing that the same physiological 
controls on division rate (e.g., temperature limitation in 
cold conditions) control Synechococcus populations at 
MVCO and across the transect (Fig. 6). Evidence points to 
some differences, such as earlier spring bloom timing 
offshore compared to MVCO, but these are also consistent 
with earlier seasonal warming on the outer shelf, further 
emphasizing the robustness of our understanding of 
temperature as a driver for picoplankton dynamics.    

The largest primary producers in NES waters are dominated 
by chain-forming diatoms, comprising numerous species and 
important in ‘State 1’ food webs (Fig. 2). Our observations 
of diatoms at MVCO (2006-present) highlight Guinardia 
delicatula as the top contributor to microplankton biomass 
across all seasons and years (Peacock et al. 2014). 
Observations on NES transect and broadscale cruises have 
confirmed the hypothesis that this species is important not 
only at MVCO but also throughout the region (Fig, 7). 
Furthermore, we have been able to show that broad patterns 
in the timing and location of blooms are consistent with our 
hypotheses about population dynamics being controlled by 
the interacting effects of temperature and mortality 
associated with parasitism. In Catlett et al. (subm.), we used 
machine learning classification combined with automated 
plankton imaging from 23 NES broadscale cruises since 
2013 to elucidate abundance and parasitic infection dynamics of G. delicatula, showing seasonality found 
at MVCO is evident across the region (Fig. 7). Our results are consistent with hypotheses that temperature 
indirectly regulates diatom abundance via direct suppression of parasitism, and further that ongoing 
warming may enable parasitic infection to occur throughout the year, driving shifts in this important 
diatom’s abundance dynamics with potential cascading effects on the NES ecosystem. 

The lipid-rich calanoid copepod, Calanus finmarchicus, plays a critical role in the NES food web, 
especially in transfer of energy to fish in ‘State 1’ pathways (Fig. 2). A fundamental question regarding 
the variability of C. finmarchicus is the relative importance of biologically driven population growth vs. 
physically driven population exchanges over their multi-month life histories. Our model-based scaling  

Fig. 5. Principal component analysis of 
phytoplankton community composition 
(from 18S rDNA amplicon sequencing) in 
summer (circles) and winter (diamonds) and 
with distance from shore (symbol colors). 

Fig. 4. Richness of 18S rDNA amplicon 
sequence variants (ASV) from surface waters 
in three size classes across the main transect 
in summer (top) and winter (bottom). 
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showed distinct drivers in different seasons (Ji et al., 2021). In spring, there is strong synchrony of 
interannual variability, largely driven by internal population dynamics (growth vs mortality loss). In fall, 
the synchrony weakens, and variability is influenced by both internal mortality and external dilution loss 
(Ji et al. 2021; Wiebe et al. 2022). These results are consistent with C. finmarchicus synchrony patterns 
across the NES (Honda et al. in revision). Follow-up studies on the detailed spatial scales and associated 
drivers are currently on-going and will continue in NES II, including extending to other copepod species.  

Northern sand lance (Ammodytes dubius) is an important lipid-rich forage fish species throughout the 
NES. Together with Atlantic herring (Clupea harengus), they dominate as critical prey for numerous top 
predators (Staudinger et al. 2020; Silva et al. 2021). In contrast to Atlantic herring, however, little 
previous work existed on sand lance to uncover drivers of their huge spatial and temporal abundance 
fluctuations. We examined the seasonal progression of sand lance diet, growth, and condition to explain 
annual variability in abundance (Suca et al. 2021b). Our observations showed that they feed, grow, and 
accumulate lipids in the late winter through summer, predominantly consuming the copepod Calanus 
finmarchicus (Fig. 3). Sand lance then cease feeding, utilize lipids, and begin gonad development in the 
fall. The abundance of C. finmarchicus is critical to recruitment and Atlantic herring can have a notable 
top-down effect on sand lance—muting the Calanus effect—through intra-guild predation upon larval 

Fig. 7. Example composite maps for fall and winter (2013-2021) for G. delicatula concentration (A, C) and 
parasitoid infection prevalence (B, D) across the NES broadscale emphasizing similar bloom dynamics as 
previously documented for MVCO. Largest diatom blooms are found in cold winter waters while highest 
infection rates occur in warmer conditions during fall and further offshore (E-H). Catlett et al. (subm.). 

    
Fig. 6. Relationships between temperature and Synechococcus concentration (A, B) and Synechococcus division 
rate (C, D) are similar at MVCO and across a larger spatial scale sampled during cruises along the NES transect 
from MVCO to upper slope waters. The color of each point indicates time of year. MVCO values are daily 
averages over 2003-2019; cruise data are for each individual sample (2-min intervals) and reflect the combination 
of seasonal and spatial variability on 21 NES I cruises across 2018-2022. Stevens et al. (revised). 

Page 12 of 549

Submitted/PI: Heidi M Sosik /Proposal No: 2322676



 

sand lance (Fig. 8). Hydrography further 
impacts sand lance abundance as increases 
in warm slope water coming into the region 
decrease overwintering survival of adults. 
These results are contributing to 
understanding of changes in forage fish 
habitat (Suca et al. 2021a) and generating 
new hypotheses about potential long term 
impacts on NES forage fish communities.  

3.3. Seasonal and spatial patterns in 
primary production, trophic 
transfer, and food web pathways 

Despite the ecological and economic 
importance of the NES, process studies that 
measure rates of organic matter production 
and flow are rare (Sibunka and Silverman 
1989; Balch et al. 2007; Mannino et al. 
2012). In NES, we measure gross primary 
production (GPP), net primary production 
(NPP=GPP minus phytoplankton 
respiration), and net community production (NCP= GPP-
community respiration), as well as rates of herbivory. We 
combine multiple approaches, ranging from small volume 
deck board incubations to chemical tracers measured over 
tens of kilometers, to integrate field observations with 
biogeochemical models to yield a multi-faceted view of 
production and trophic transfer. With long term 
observations that span from cell physiology to large scale 
patterns in productivity, we are beginning to disentangle the 
role of environmental conditions, phytoplankton size 
structure, and trophic transfer rates and are moving toward 
quantitative and predictive understanding of energy and 
matter flow in NES food webs. 

Seasonal and spatial patterns of primary production: By 
combining measures of production made using isotope 
(13C), chl-a generation (dilution), and triple oxygen isotope 
tracer methods, we confirmed our hypothesis that cross-
shelf production is generally higher in summer than winter for (Fig. 9), likely due to light and temperature 
effects. We also found cross-shelf gradients. NPP, for example, decreased from near- to offshore in both 
winter and summer (Fig. 10A, B). NCP shows similar spatial patterns to NPP but has larger seasonal and 
interannual variability, especially during winter (Fig. 11). In contrast to NPP which showed spatial 
variations in both seasons, GPP did not show consistent spatial variation across the shelf in winter, 
suggesting differences in the response of autotrophic respiration to seasonal drivers (Fig. 11). These 
gradients will be exploited in NES II for hypothesis driven examinations of the relative importance of 
nutrient supplies, hydrography, temperature, and species composition of producers and consumers in 
setting primary production rates (see Sec. 5.1). In particular, NES I results suggest that temperature 
control plays a large role in GPP variations, with lower values in warmer summers. Interestingly, NCP is 
much less sensitive to temperature than GPP while the temperature dependence of NPP has yet to be 
examined. Given the increasing prevalence of MHWs, the temperature dependence on production will be  

Fig. 8. Environmental drivers of sand lance abundance include 
(upper) C. finmarchicus winter-summer abundance anomaly 
(3- to 4-y lagged), Atlantic herring abundance index (2- to 3-y 
lagged), and (lower) warm slope water (WSW) proportion 
entering the region from offshore. From Suca et al. 2021b. 

Fig. 9. Observed seasonal variability in 
depth-integrated NPP across the NES 
transect over 4 years of 13C incubations. 
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explored in NES II (Sec 5.3). 

Effects of phytoplankton size structure on 
primary production: The strong seasonality 
in chl-a biomass on the NES was associated 
with systematic shifts in phytoplankton size 
structure between summer and winter, with 
small (<5 μm) phytoplankton biomass 
dominant in summer and large (>20 μm) in 
winter. We found that the relative 
contribution to NPP by the different size 
classes mirrored their relative contribution 
to biomass. In winter, large cells generated 
> 50% of NPP at coastal and mid-shelf 
stations reflecting the importance of the 
winter diatom community to organic matter 
production across most of the shelf (Fig. 
10A, B). The pattern was reversed in 
summer when the smallest cells generated at 
least 50% of NPP, reflecting the importance 
of cyanobacteria and small eukaryotes. 
Surprisingly, when rates of NPP were 
normalized to chl-a, the 5-20 μm size class 
had by far the largest NPP in both seasons 
(Fig. 10C, D). Persistently high chl-specific 
NPP rates for this size class suggest that it 
may be grazed more heavily than other size 
classes and thus make an outsized and 
unexpected contribution to energy flow on 
the NES regardless of season. Our biological 
model analyses suggest that higher 
phytoplankton growth rate due to warmer 
temperature is responsible for higher 
biomass-specific NPP in summer despite 
lower nutrient availability (Fig. 12). We will 
investigate these initial findings in NES II 
(Sec. 5.2). 

NES I yielded intriguing results showing that 
individual species may drive production 
rates. For example, during particularly warm 
summer transect conditions in 2019, diatoms 
(>20 μm) were dominant and NPP, NCP, 
GOP and microzooplankton grazing rates 
were highest of any summer—suggesting 
that species composition and by extension 
size structure can be important controls on 
rates (Castillo Cieza, in prep). Consequently, 
in NES II, we will explore size structure 
effects further (Sec. 5.2).  

Fig. 10. Variability in size-fractionated surface NPP (13C 
incubation) over 4 years showing large seasonal shifts in 
which size fraction dominates NPP (A, B) but not in which 
fraction dominates chl-specific NPP (C, D). 

Fig. 11. Rates of GPP (A) and NCP (B), averaged over all 
transect cruises by region and season, show spatial and 
seasonal patterns consistent with those found in NPP and 
phytoplankton composition, with higher values typically 
nearshore and in summer. Near (<50m water depth), mid (50-
100 m), outer (100-500 m) and off (>500 m) cross-shelf 
regions are shown. Error bars reflect the observed variability 
in high resolution rates, as can be seen in interannual and 
spatial variability in rates of NCP at measured at 2-km 
resolution (C, D) on NES transect cruises. Sp and F denote 
spring and fall.  
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Microzooplankton grazing and trophic transfer: 
Concurrently analyzing phytoplankton 
production and herbivorous consumption on 
transect cruises has allowed us to explore the 
fate and flow of organic matter. Herbivorous 
consumption by microzooplankton is the 
primary fate of marine primary production 
globally, directing matter and energy either to 
higher trophic levels or towards export and 
remineralization (Steinberg and Landry 2017). 
The strong seasonal and spatial gradients across 
the NES, accompanied by shifts in 
phytoplankton size structure, allowed us to 
document contrasting herbivory rates and 
pathways (Fig. 13). Herbivorous removal of 
phytoplankton by microzooplankton was high in 
winter (>50%) but surprisingly near absent in summer (<20%) (Marrec et al. 2021a). The very low 
microzooplankton grazing rates observed in summer contradicted our initial NES I hypotheses, led to 
changes in our conceptual framework for summertime trophic transfer (Fig. 2), and motivated NES II 
hypotheses about food web pathways involving mesozooplankton consumers (see Sec. 5.2).  

3.4. Processes impacting temperature, light availability, and transport of nutrients, organic 
matter, and plankton 

The Mid-Atlantic Bight continental shelf is characterized by seasonal formation of a cold pool, a body of 
cold water surrounded by vertical stratification above and a shelf break front offshore (Lentz 2017), and 
strong tidal- and wind-driven currents (Chen et al. 2011; Sun et al. 2016). Physical and biogeochemical 
properties differ drastically from those offshore (e.g., Hales et al. 2009). The shelf break front has strong 
temporal and spatial variability and serves as a barrier to contain the productive waters of the shelf. In 
winter, strong mixing deepens the surface mixed layer on both sides of the front, which suppresses light 
availability and thus overall production on the outer shelf. In early spring, we have found that weakening 
of mixing allows frontal isopycnals to relax and episodic westerlies drive the surface part of the front 
offshore through Ekman transport, creating a shallow surface mixed layer, increasing light levels, and 
stimulating phytoplankton blooms (Oliver et al. 2022). This ephemeral increase in production is likely a 

Fig. 12. Comparison of model-computed (red) and 
observed (black) carbon-specific NPP in surface waters 
over 10 NES transect cruises, showing mean and 
standard deviation over the cross-shelf locations. 

Fig. 13.  Seasonal and spatial 
patterns in phytoplankton growth 
and microzooplankton herbivory 
observed during NES I. Inset 
circles indicate Chl a 
concentration (μg L-1) in <10μm 
(light green) and >10μm (dark 
green) size fractions. After Marrec 
et al. (2021) but updated through 
2022. Summertime enhancement 
of phytoplankton growth vastly 
outpaces microzooplankton 
grazing, which is higher when 
larger phytoplankton dominate. 
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major part of the enhanced chlorophyll observed at the outer shelf in spring (Ryan et al. 1999). Instability 
of the shelf break front can develop into large-amplitude frontal meanders and eddies with enhanced 
upwelling and downwelling flows (Zhang and Gawarkiewicz 2015a). Our latest analyses indicate that 
upwelling associated with the frontal eddies can bring up nutrient-rich subsurface water to the nutrient-
depleted euphotic zone in summer and stimulate local production, consistent with hotspots of enhanced 
surface chlorophyll on the outer NES (Hirzel 2023).        

Our work has emphasized that the shelf break front is a leaky barrier, and physical processes, such as 
impinging Gulf Stream warm-core rings, can break the barrier and drive substantial exchange of water, 
nutrients, and biota across the shelf break (Zhang et al. 2023). Episodic events of warm-core ring  
impingement on the shelf are a major driver of the overall exchange between the shelf and open ocean. 
Impingement of rings can push the warm, salty ring water of Gulf Stream origin directly onto the shelf, 
changing the shelf habitat. These onshore intrusions can take different forms, including surface intrusion 
(Zhang and Gawarkiewicz 2015b), high-salinity water thermocline (mid-depth) intrusion, i.e., so-called S-
max intrusion, (Lentz 2003; Gawarkiewicz et al. 2022), and bottom intrusion (Ullman et al. 2014; Chen et 
al. 2022). In keeping with growing evidence of their frequency and intensity, we have updated our 
conceptual framework for NES II to incorporate these forms of intrusion, which can change vertical 
distribution of the warm waters and have different impacts on the shelf communities and productivity. 
Meanwhile, the exact origin of the intrusion water in the Gulf Stream also affects its nutrient 
concentration and in turn its impact on productivity. Surface Gulf Stream water is nutrient depleted, and 
its intrusion likely suppresses shelf productivity. Subsurface Gulf Stream water is nutrient-rich, and 
Oliver et al. (2022) have shown its intrusion can lead to enhanced biological productivity on the outer 
shelf. At the same time, ring impingement can draw a substantial amount of shelf water into the slope sea, 
representing a major transport of shelf biological communities (Zhang et al. 2023). Deciphering the 
ecological impact of these different processes will be a focus for NES II (see Sec. 5.3).  

In addition to shelf break frontal dynamics, many other physical processes affect hydrographic and 
biogeochemical properties on the NES. Since the production regime is different both latitudinally (e.g., 
Gulf of Maine vs. Mid-Atlantic Bight) and across the shelf (Zang et al. 2021), responses to environmental 
forcings also differ. Episodic extreme events such as storms can significantly impact offshore water 
intrusion and on-shelf stratification (Li et al. 2020; Li and Chen 2022), directly altering nutrient supply 
and phytoplankton bloom dynamics. The intrusion of warm salty water from offshore, facilitated by more 
frequently occurring MHWs, has potential to seed or promote anomalous blooms of otherwise uncommon 
plankton species such as Hemiaulus, Trichodesmium and subtropical dinoflagellates. We have shown that 
localized nearshore phytoplankton blooms can also be advected offshore, leading to a spatially extensive 
impact on nutrient and organic matter cycling on the shelf (Smith et al. 2021). Additionally, our synthesis 
of observations and model results has shown that deep water intrusion through the Northeast Channel 
(connecting shelf and slope) affects nutrient supply and production (Zang et al. 2022b) and also directly 
impacts variability of critical populations such as Calanus finmarchicus (Ji et al. 2021; Suca et al. 2021a).       

3.5. Unusual blooms promoted by interplay of biological adaptations, physical processes, and 
disturbance mechanisms 

Seasonal observations along the NES transect revealed a set of striking phytoplankton bloom events that 
stand out in having both distinct taxonomic (typically low diversity) composition and accumulated 
biomass exceeding typical seasonal levels (Fig. 14). While specific blooms are well known phenomena in 
coastal waters and were expected to be part of NES ecology, it is surprising to have encountered so many 
such events during our limited sampling to date (~4-5 1-week cruises annually over 5.5 years). Also 
remarkable is the scope of physical conditions and bloom ecology encountered. For example, in spring 
2018, we encountered a dense bloom of the colony-forming prymnesiophyte Phaeocystis on the inner 
shelf; in summer 2019, a massive near-monospecific mid-shelf bloom of the chain-forming diatom 
Hemiaulus occurred; and in spring 2022, high biomass of mixed diatoms was found in offshore waters, 
co-occurring with elevated levels of microzooplankton (Fig. 14). Nanoplankton-sized Phaeocystis cells 
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have distinct physiology and 
ecological roles linked to their 
mucus-producing colony 
formation and associated food 
web impacts; the 2018 bloom 
initiated in tidally mixed waters 
over Nantucket Shoals and was 
advected across the shelf (Smith 
et al. 2021). Imaging of 
Hemiaulus during the 2019 
bloom confirmed the presence 
of the diatom’s nitrogen-fixing 
symbionts, which appear to 
have provided a competitive 
advantage over the typical 
summer nanoplankton 
communities during a period 
with high temperatures and 
vertical stratification, and 
depleted nutrients (Castillo 
Cieza et al. in prep). The 
presence of this summer diatom 
bloom also revealed strong 
microzooplankton grazing 
pressure that is typically absent 
in pico-plankton dominated 
summertime communities. A warm-core ring was present near the shelf break in spring 2022, likely 
stimulating the diatom bloom triggered by a combination of available light and upwelled nutrients (Oliver 
et al. 2021). Taken together, the dramatic phytoplankton bloom events observed during NES I paint a 
picture of multi-faceted disturbance mechanisms interacting with resident biodiversity to trigger strong 
responses at the base of the food web. Our NES I conceptual framework had a focus on seasonal food 
web transitions, but now, armed with greater knowledge of the range of disturbances that can cause 
similar magnitude but more rapid ‘State 2’ to ‘State 1’ transitions, we have updated our framework 
accordingly (Fig. 2) and incorporated new hypotheses about likely ecosystem impacts of increasingly 
frequent disturbances such as heat waves and intrusion of offshore water onto the shelf.     

3.6. Synchronous vs. compensatory community dynamics within trophic levels 
In NES I, we began the collection of data and analyses of models that would allow us to improve our 
understanding of the relationship between variability in species composition of a community and 
variability in aggregate properties of the community such as total biomass or production in the NES 
ecosystem, as well as how these relationships may be influenced by climate change. Quantifying a 
community's location on the synchrony-compensation spectrum is important for understanding its 
potential fragility in the face of a changing climate. 

Our thinking was motivated by Micheli et al. (1999) who pointed out that community dynamics can fall 
into one of four categories that depend on the levels of compositional and aggregate variability: (1) In a 
synchronous community the populations that comprise it exhibit correlated fluctuations that produce 
fluctuations in the aggregate; (2) in an asynchronous community, populations vary in an uncorrelated 
fashion while still generating variability in the aggregate; (3) when populations exhibit negatively 
correlated variation, and as a result stabilize the aggregate, we say the community is compensatory; 
finally, (4) when the components, and hence the aggregate show only small variation, we say the 

Fig. 14. During NES I transect cruises (2018-2022), typical cross-shelf 
seasonal distributions of phytoplankton size classes (cruise means in 0.1-
degree latitude bins) were disrupted by extreme bloom events dominated by 
particular taxa as documented by automated imaging with IFCB (upper 
row: example IFCB images for each highlighted event). Examples include 
(left) a bloom of the colony-forming prymnesiophyte Phaeocystis in spring 
2018, during which very high concentrations of single Phaeocystis cells 
dominated the nanoplankton); (middle) an August 2019 mid-shelf bloom of 
chain-forming diatoms of the genus Hemiaulus, documented in IFCB 
images to be growing with nitrogen-fixing symbionts, dominating the 
microplankton; and (right) an intense mixed species diatom bloom in 
offshore waters during April 2022, dominating the microplankton. 
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community is static. Both pre-
existing data and our observations 
allow us to eliminate stasis as a 
characterization of the highly 
dynamic NES. Modeling, 
experiments, and field 
observations suggest that 
compensatory communities are 
more stable and resilient than 
synchronous communities 
(Gonzalez and Loreau 2009; 
Valencia et al. 2020). 
(Asynchronous communities 
would fall somewhere in the 
middle of this resilience 
spectrum.)  

One way to quantify the 
relationship between community and population variability is with a variance ratio test proposed by 
Loreau and de Mazancourt (2008). If xi(t) is a measure of population abundance for population i at time t, 

 is the time series of total population size, and σi
2 and σT

2 are the corresponding 
temporal variances, then φx = σT

2 σi)2 is a variance ratio that measures community synchrony. φx 

varies between 0 and 1. If the community components fluctuate in an uncorrelated fashion, φx 1/N. A 
value of φx near its maximum value of 1 indicates synchrony; a value near 0 indicates compensatory 
community dynamics, with components exhibiting negative correlations.  

By applying this variance ratio to the continuing time series of the abundance of the phytoplankton types 
that comprise the community at MVCO, we find that three groups of small phytoplankton exhibit 
synchronous dynamics (Fig. 15). While this synchronicity largely reflects the similar response of different 
groups of small cells to the seasonal cycle of temperature, a deeper analysis (with generalized additive 
models to extract variability at different timescales) reveals that the dynamics are synchronous at 
interannual scales as well.  

The conclusions that we draw from these time series (Fig. 15) are limited by their lack of spatial 
coverage;  however, with data collected on NES I cruises, Stevens et al. (revised) showed that the 
population dynamics of Synechococcus at MVCO approximate their dynamics across the shelf. Our 
preliminary analyses indicate that MVCO is also representative of the community dynamics across the 
shelf, at least in terms of synchrony. At each station along the NES transect, the variance ratio of the three 
phytoplankton groups falls between 0.4 and 0.78, indicating moderate synchrony. Discovering if there is 
spatial structure in community synchrony on the NES, understanding the potential drivers of that 
structure, and the spatiotemporal scales over which those drivers operate, are among the goals of NES II.  
These objectives require the new theoretical framework we will adopt (Sec. 2) and motivate new 
hypotheses to evaluate (Sec. 5).  

3.7. Results of Broader Impacts 
Training & Mentoring, including Research Experiences for Undergraduates (REUs). During NES I, we 
provided opportunities for training and mentoring for 12 postdoctoral researchers, 30 graduate students, 
and 51 undergraduate students. Each summer, the NES project sponsored an REU student through the 
Woods Hole Partnership Education Program (PEP), a 10-week program designed primarily for college 
juniors and seniors from underrepresented groups in marine and ocean sciences. We also sponsored an 
REU student through WHOI's Summer Student Fellow program and mentored students through URI's 
SURFO program and Wellesley’s summer research program, all of which actively recruit 

Fig. 15. Observed daily carbon concentration (cube root scaled) in three 
phytoplankton groups (Synechococcus, picoeukaryotes, and 2-10 μm 
nano-eukaryotes) at MVCO, 2003-2023. 
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underrepresented minorities. Almost half of the undergraduate women from Wellesley College who 
participated are from underrepresented groups, often getting involved in NES research as freshman 
through the Wellesley’s First Year Apprentice Program. 

Schoolyard and Data Jam. The NES-LTER Schoolyard program had at least 25 teachers registered each 
year, including teachers from Boston and New Bedford, MA, helping to increase participation of 
underrepresented minorities in STEM. Schoolyard teachers are regularly provided with curriculum 
content connections, tools for data analysis and interpretation, Data Jam resources, and professional 
development workshops including online Ask a Scientist webinars. Each year we held a Data Jam 
competition for grade 6-12 students to explore NES datasets and creatively communicate their 
interpretations, reaching >100 students annually and involving >15 NES team members as judges. Data 
Jam winners are offered field trips to WHOI. Four teachers had Research Experience for teachers (RET) 
opportunities, with three as active participants on project transect cruises. 

Outreach. We have conducted local, regional, national, and online outreach activities. Workshops have 
been presented at annual educator conferences such as the Massachusetts Assoc. of Science Teachers as 
well as Massachusetts Marine Educators. Team members (PIs, graduate students, technicians, and the EO 
coordinator) have hosted activity tables at community events such as “Party for the Planet” at the zoo in 
New Bedford, MA to reach families and the general public. We used social media to share the events and 
accomplishments of team members and the project along the way. 

Justice, Equity, Diversity, and Inclusion (JEDI). During NES I, we created a JEDI Action Plan for our site 
as a living document, as well as a land and water acknowledgment and Code of Conduct. Our JEDI 
committee includes a PI-level representative from each academic institution (WHOI, URI, Wellesley, and 
UMass-Dartmouth), as well as undergraduate and graduate students, postdocs, and technical staff. NES I 
co-PI Llopiz played a leadership role with the national LTER Network JEDI committee, including serving 
as their representative on the LTER Executive Board. A different NES team member starts each monthly 
all-hands meeting by contributing a “JEDI moment” to increase awareness and foster inclusive 
perspectives. Through our Schoolyard program, we have partnered with teachers in several major urban 
areas that are 30-85% non-white and 33-75% economically disadvantaged. The Schoolyard program is 
broadly accessible, and has included participants from public schools in Fairhaven, MA, a public STEM 
program in Baltimore, MD, and a tuition-free all-girls school in New Bedford, MA. We have mentored 19 
undergraduate students from underrepresented minorities in the sciences through the Woods Hole PEP, 
URI SURFO, and Wellesley First Year Apprentice, POSSE, Luce, and McNair programs. We launched a 
Mentorship Program focused on providing a sense of belonging and safety to project participants at all 
levels, especially during field research. Members of the NES leadership team have worked to learn about 
and adopt interaction approaches that are inclusive across the team.  

Engagement with management agencies and regional observing programs. NES I fostered strong 
connections with partner organizations including the Northeast Fisheries Science Center (NEFSC) and the 
operators of regional observing system components including the NSF-funded Ocean Observatories 
Initiative (OOI) and NOAA-funded Northeastern Regional Association of Coastal Observing Systems 
(NERACOOS). 

3.8. Results of Supplemental Support 
RAPID award. The NES team received a RAPID award in late 2020 that supported a special cross-shelf 
transect cruise during the fall season to observe plankton composition, primary production, growth and 
grazing rates, and food web transfers, as well as environmental conditions such as temperature, salinity, 
and nutrient concentrations. The added cruise allowed us to offset impacts of the COVID-19 pandemic 
(which caused a truncated summer transect in 2020) and explore new aspects of the seasonal progression 
of ecosystem impacts of an especially warm summer followed by fall heat wave conditions throughout 
much of the NES (Northeast Fisheries Science Center (U.S.) 2021). In addition to generating new 
knowledge about seasonal transitions, the supported cruise made it possible to provide training 
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opportunities for students and postdoctoral researchers who would otherwise have not been able to 
participate in field work during the pandemic.    

Equipment Supplement. NES received an equipment supplement in 2022 that enabled the acquisition of 
instrumentation critical for on-ongoing time series and process cruise observations. A SUNA nitrate 
sensor was delivered in July 2022 and integrated with the Stingray towed vehicle in time for the summer 
2022 transect cruise. An Imaging FlowCytobot was delivered in December 2022 and will be used for 
plankton characterization on cruises starting in 2023.  

Year 6 supplement. NES received funding to extend observations, modeling, and synthesis for an 
additional Phase I year. The original NSF-prescribed 5-year duration for NES I was intended to 
synchronize NES with LTER-wide renewal cycles, but the duration proved impractical in the face of 
pandemic-related delays in mid-term reviews. Funding enabled continuity in time series observations and 
seasonal cruises, responses to mid-term review recommendations (see Sec. 4), and completion of several 
studies synthesizing NES I findings (Zhang et al. 2023; Catlett et al. subm.; Stevens et al. revised).   

Career-Life Balance Supplement. NES received approval for a CLB supplement in early 2023 to mitigate 
impacts associated with a sudden and unexpected long-term approved leave for an NES I co-PI. The 
supplement has supported integration of a new co-PI (Sato) with the team, including participation in 
process cruises and taking on project responsibilities in areas related to population, community, and food 
web dynamics associated with zooplankton and forage fish. This ensures continuity in these important 
LTER core research areas and provides new complementary intellectual directions for NES II. 

3.9. Report on Data Availability 
As a supplementary document, we provide a table of datasets exported from the NES-LTER Data Catalog 
publicly available as collection "NES-LTER Data Products" (Beaulieu and Sosik 2023). The table 
includes ongoing, long-term as well as completed datasets, highlights associations to LTER core areas, 
and indicates datasets used in the 10 significant publications from NES I (Sec. 3.1). Datasets have been 
deposited into the Environmental Data Initiative (EDI) or other public repositories, including the National 
Center for Biotechnology Information (NCBI) and NASA Ocean Biology DAAC (SeaBASS). Products 
from NES (data sets, publications) are annotated in the Reference Cited section.  

4. Response to Mid-Term Review 
The mid-term review committee highlighted a number of NES-LTER strengths, in particular noting that: 
“site personnel have been highly productive in terms of recruitment, publication, and outreach, and have 
established active collaborations in the region and with other LTER sites”; “NES-LTER science is truly 
interdisciplinary bringing together experimentalists, observationalists, and modelers, and spanning 
physics to plankton to fish”; “the site incorporates many exciting and innovative technologies”; and “the 
NES-LTER team is diverse and efforts to broaden participation of underrepresented groups are targeted, 
well-informed, and already showing signs of success at several levels within the project participants”. 
The committee provided us with six recommendations. Some of these we addressed immediately, and 
some are addressed in this renewal.   

(1) Clarify core area connections. The review team highlighted a need for clarity in how core areas are 
defined and connected with the NES conceptual framework. They drew specific attention to the roles of 
disturbance and export production in our NES I framework. We formed interdisciplinary working groups 
(see details next point 2) to focus on these topics, integrate perspectives, synthesize knowledge gained 
during NES I, and highlight priorities for NES II. Working group efforts directly informed evolution of 
the NES conceptual framework, which has been updated to incorporate critical disturbance mechanisms 
and to reflect our evolving view of trophic transfer pathways (which we now emphasize in place of our 
previously ambiguous use of “export production”). Our refined definitions and thinking about 
connections among core areas are reflected in the questions and hypotheses in this renewal (Sec. 5). In 
particular, Q2 brings focus on community structure and trophic transfer impacts of three prioritized types 
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of disturbance: (i) increasing prevalence of heat waves, (ii) intrusions of offshore water associated with 
increasing instability in the Gulf Stream, and (iii) offshore wind farms now under construction on the 
NES. We also immediately implemented the specific recommendation to make direct dissolved organic 
matter measurements and plan to continue those in NES II so that we can more comprehensively address 
the organic matter core area.  

(2) Integrate across project components. The review team recommended that we take steps to increase 
integration among groups (e.g., observationalists and modelers) and across research areas (e.g., biological 
processes and environmental context) by leveraging the conceptual model, core areas, and theoretical 
framework. Immediately following the review, we formed several new working groups focused on 
meeting this challenge through such activities as collaborative literature review, synthesis of NES I 
findings, and prioritizing specific integration objectives. During the last 18 months, working group foci 
have included (i) ecosystem impacts of disturbances; (ii) data-model integration, particularly in regard to 
planktonic communities and processes; (iii) spatiotemporal variability in interactions among food web 
structure, nutrient availability, and fate of organic matter; and (iv) temporal synchrony and compositional 
vs. aggregate variability in plankton and fish communities, considering both theoretical and empirical 
findings. While the full impacts are still unfolding, the process has certainly stimulated more interaction 
and is likely to lead to more synthetic insights. The working group outcomes contributed extensively to 
the evolution of the conceptual framework and prioritization of questions for this renewal. We will 
continue this valuable working group process in NES II.  

We note that the review team felt that early NES research emphasized within trophic level understanding 
at the expense of broader perspectives. We carefully considered this critique as we prioritized integrative 
science questions for NES II. Each question is cross-cutting in terms of ecosystem components and levels 
of organization, with Q1 targeting deeper knowledge of typical seasonal and cross-shelf patterns, Q2 
focusing on three critical disturbance mechanisms (see response above) expected to cause perturbations 
from climatological states, and Q3 exploring larger scale implications for resilience and stability. As a 
final note, we believe there is already a trajectory of increased integration across components as our 
project matures; for example, work led by graduate students shows new findings from integration of 
observations with habitat models (Suca et al. 2021a), matrix population models (Stevens et al. revised), 
and non-linear mixing models (Honda et al. in revision).  

(3) Clarify ideas for advancing ecological theory. We welcomed the external review committee’s 
recommendation to clarify our ideas about the NES I theoretical framework, which “contrasts 
synchronous versus compensatory time dynamics, and their relationship to resilience.” In response, we 
formed a working group (see above) whose members continue to study the expanding literature on the 
subject. (Much of this literature was produced by an LTER Working Group formed coincidentally at the 
start of NES.) Working group meetings have already inspired new theoretical results, including a study on 
how zooplankton grazing behavior affects synchrony and food web stability (Archibald et al. in revision), 
and another about how synchrony in metacommunity models can depend sensitively on the mathematical 
description of dispersal (Neubert and van Daalen in prep). In addition, we have responded to the 
committee’s recommendation to begin applying our theoretical framework to NES datasets by 
standardizing our time series data at multiple taxonomic levels and beginning to assess community 
synchrony at the NES site with combinations of computational models and newly developed statistical 
approaches (e.g., Honda et al. in revision; see also our preliminary results in Sec. 3.6 and 5.2).  

(4) Enhance communication. We followed the review team’s recommendation to enhance our use of 
committees and formalize regular meeting schedules to target project goals. Since the mid-term review, 
our NES JEDI committee has met monthly focusing on our JEDI plan action items; we have held full 
NES team meetings monthly to share updates and opportunities, build community and JEDI awareness, 
and solicit broad input and feedback about project needs and challenges; and the NES Steering 
Committee has met at least twice monthly, often weekly. In addition, as noted above, we formed several 
science working groups focused on integration and within-project synthesis. Working group participants 
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span all project roles (PIs, technicians, students, etc.), reflect diverse composition in areas of interest and 
expertise, including an IM team member, and each group is co-led by an early career investor and a co-PI. 
Working groups met regularly, interacted asynchronously on identified objectives, and reported out and 
solicited broad input at full team meetings. We continue to leverage these efforts to push forward on 
cross-group synthesis of findings and generation of new hypotheses linked to our conceptual framework.  

(5) Prioritize data publication. Priorities of the NES team are fully aligned with the review team’s 
emphasis on the need to submit data packages on a timeline that meets the LTER Network Data Policy. 
After launching an ambitious multi-faceted observational program and grappling with COVID challenges, 
we acknowledged a need to catch up by redirecting and prioritizing IM efforts. We expanded the IM 
team, refocused support provided through WHOI’s Information Services group toward streamlining 
pipelines, and thoroughly engaged research team members in data package prioritization and preparation. 
As a result of these steps, we substantially increased the pace of data submission and, as of this writing, 
we have met the requirement to deposit data within 2 years of collection for ongoing, long-term data 
packages spanning all 5 LTER core areas (see Sec. 3.9).   

(6) Create data catalog. We followed the review team’s advice to provide a centralized data catalog 
available from our website, pioneering the use of a bibliographic cloud platform (Zotero; Beaulieu and 
Sosik 2023). Entries in this catalog are tagged by relevant core area(s) and include DOIs and repository 
access points. The goal of this catalog is to help users discover datasets and their associated access points 
in multiple community repositories. A secondary consideration was ease of catalog design and 
maintenance for the NES IM and team members. 

5. Proposed Research 
5.1. Overview NES context and strategy 

During NES II, we propose to maintain the long-term NES I strategy that combines observations 
providing regional-scale context, process cruises along a high gradient cross-shelf transect, high-
frequency time series at an inner-shelf location, coupled biological-physical food web models, and 
targeted population models (Fig. 1). At the same time, we will increase our attention to ecosystem 
responses to disturbance. The findings from NES I (Sec. 3) emphasize the ways we have characterized 
organic matter flow in the NES ecosystem by linking large scale modeling studies, in situ production rates 
at multiple trophic levels, and surveys of abundance and community composition from primary producers 
to forage fish. NES I results revealed major forms of disturbance in the region, their temporal and spatial 
scales and potential biological and ecological impacts, as well as key observational and modeling next 
steps required to understand the impacts. These insights motivate questions and hypotheses for NES II 
and set the stage for more in-depth exploration of patterns and mechanisms as our time series grow. 
Broadly, the three questions we propose to address concern (1) the typical or “climatological” seasonal 
and cross-shelf patterns in ecosystem structure and function; (2) processes and drivers that generate 
departures from climatologies (i.e., disturbances); and (3) long-term trends linked to climate change and 
other anthropogenic influences.  

5.2. (Q1) What are the mechanisms that drive the dominant seasonal and interannual patterns 
of variability in community composition, food web pathways, and productivity at spatial 
scales characteristic of the NES (10s - 100s of kms)? 

A notable characteristic of NES I results described above is extensive seasonal and interannual variability. 
Understanding the mechanisms that drive variability and how variability influences key linkages in the 
NES food web is a main goal of NES II and requires extending time series observations, adjusting our 
sampling approach, adding to process-based studies, and conducting model-based attribution analyses to 
assess the contribution of individual drivers to the variability at seasonal and interannual scales. 

H1.1 Cross-shelf seasonal and interannual variability in the distribution, abundance and productivity of 
organisms is caused by hydrographic conditions on the shelf and at the shelf break front.  
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During NES I, we characterized seasonal changes in hydrographic features on the inner- and mid-shelf 
and at the shelf break front (e.g., Smith et al. 2021; Oliver et al. 2022). Seasonality on the shallow inner 
shelf is characterized by dramatic temperature changes over the entire water column (Lentz 2008), while 
at the mid-shelf, the largest seasonal variations occur in vertical stratification, where the winter water 
column is cold and well-mixed and the summer water column is strongly stratified with a warm, nutrient-
depleted surface layer overlaid on a cold subsurface layer of relatively high nutrient concentrations 
(Zhang et al. 2013). At the shelf break front on the outer shelf, canonical seasonal variations are most 
dynamic and include changes in frontal location, frontal isopycnal steepness, strong subsurface 
temperature gradients across the front in the summer, and springtime frontal relaxation (Linder and 
Gawarkiewicz 1998; Zhang et al. 2011; Oliver et al. 2022). 

We will use our emerging time series to examine how changes in temperature, stratification, and frontal 
dynamics are linked to organism distribution, abundance, and productivity. Temperature is a well-
documented driver of organism distributions because growth and reproduction are often temperature 
dependent (Pörtner and Knust 2007). For example, the thermal growth responses of phytoplankton differ 
significantly among functional groups (e.g., cyanobacteria, diatoms, dinoflagellates) suggesting that 
temperature alone can alter community composition by altering relative growth rates among taxa 
(Anderson et al. 2021). Our high-spatial resolution analyses of phytoplankton communities and biological 
production rates across the shelf will allow us to connect seasonal shifts in temperature with effects on 
community composition and production. Furthermore, with our growing time series, we will characterize 
thermal niches across the food web (Rynearson et al. 2020) and correlate those with variability in 
community composition.  

In the summer, thermal stratification develops on the shelf and reduces nutrient supply to surface waters. 
A subsurface chl-a maximum develops on the mid-shelf in response to thermal stratification in summer 
(Zhang et al. 2013), and we are just beginning to discover the implications for production. In NES II, we 
will use our growing time series to examine whether the mid-shelf subsurface chl-a maximum is (1) a 
primary production hotspot, (2) a result of photoacclimation, or (3) driven by light-mediated zooplankton 
grazing (Moeller et al. 2019; Cornec et al. 2021).   

In addition to strong seasonality, physical, biogeochemical, and biological processes on the shelf change 
from year to year. Interannual variation in water temperature on the NES (Fig. 16a) is influenced by 
changes in atmospheric, upstream ocean, and 
open ocean conditions. NES I observations 
documented corresponding interannual 
variability in plankton communities that could 
have dramatic impacts on productivity. For 
example, the intense bloom of a diatom with a 
nitrogen-fixing symbiont unexpectedly 
encountered mid-shelf in summer 2019 (Fig. 
14) was tightly coupled with high NCP (Fig. 
17) and also associated with perturbations in 
typical summer food web pathways. Our 
analyses have suggested warm shelf water, 
associated stratification, and nutrient depletion 
in setting conditions where a diatom with 
nitrogen fixing symbionts could outcompete 
more typical summer flora. Ongoing warming 
trends may lead to more frequent occurrences 
as in 2019. Assessing the generality of these 
mechanisms and impacts on nutrient and 
energy flows in the ecosystem depend in large 

Fig. 16. Satellite-measured SST (a) and SST anomaly (b) 
time series for the NES, 1982-2022. In (b), the red line is a 
least-squares fit to the monthly anomaly, showing the long-
term warming trend; and the magenta line is the 90th 
percentile in anomaly, periods above which are defined as 
MHWs (Hobday et al, 2016). 
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part on longer time series as proposed for 
NES II to capture a wider spectrum of 
seasonal bloom occurrences and their 
conditions. 

The hydrographically dynamic shelf-break 
front plays an important role in separating 
biological communities in offshore and on-
shelf waters, primarily through steep 
gradients in temperature and nutrients (Cox 
and Wiebe 1979; Sato et al. 2018). For many 
plankton and fish species, steep gradients at 
the front may serve as a physiological 
boundary limiting their access to habitat on 
the shelf (Worm et al. 2005; Tittensor et al. 
2010). We hypothesize that fish primarily 
remain in warm slope waters and modify their distributions based on temporal and spatial changes in 
frontal features. Preliminary observations support this hypothesis, and our focus will be on documenting 
and understanding how variability in frontal features (e.g., front sharpness, width, slope, location, and 
frontal eddies) modifies temperature-dependent animal behaviors. We also hypothesize that forage fish 
aggregate at the front where their zooplankton and/or phytoplankton prey are abundant. Interestingly, our 
preliminary data collected across the shelf show the aggregation of scattering layers along the front (Fig. 
18). We have already shown that phytoplankton accumulate at the front in spring because of frontal re-
stratification (Oliver et al. 2022), and now hypothesize that phytoplankton accumulate at the front in other 
seasons as well, because of frontal-eddy induced upward injection of subsurface nutrient-rich water, or 
because surface convergence of the frontal flow can retain nutrient-enhanced biomass from primary 
production. Increased primary production could cause zooplankton to aggregate at the front where their 
food is abundant. 

For NES II, we propose to combine acoustics, optical imaging, water and net sampling, incubations and 
physical measurements collected during NES cruises and NOAA bottom trawl surveys, along with model 
runs to test H1.1. Standard core measurements made on transect cruises will be important. New for NES 
II, we will add the assessment of high spatial resolution zooplankton and fish distributions with 
multifrequency echosounders (with community composition verified by net and trawl samples), as well as 

Fig. 17. Biomass of the diatom Hemiaulus (blue), as 
estimated from IFCB data, shows a strong positive 
correspondence with NCP (orange) and a negative 
correlation with SST (black) during the August 2019 cross-
shelf transect cruise. Castillo Cieza et al. (in prep) 

Fig. 18. Example ship-based echograms of scattering layer responses across the NES shelf break in March 2018. 
Fine-scale acoustic measurements indicate fish movement across the thermohaline front. Temperature (b) and 
salinity (c) profiles observed by a nearby OOI glider in February 2018; black dashed lines highlight the front.
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distributions of gelatinous organisms assessed with high resolution in situ shadowgraph imaging on our 
towed sled. Frontal variability during cruises will be assessed from CTD profiles at stations and from our 
undulating towed sled (~4-5 kt ship speed, ~20 m min-1 vertical). Response of biological production to the 
front will be assessed with 2-km scale resolution rates of NCP derived from a shipboard mass 
spectrometer. Satellite-measured SST and chl-a will provide larger-scale context since unique surface 
characteristics of rings, slope and shelf waters allow us to distinguish different water masses (e.g., Zhang 
and Gawarkiewicz 2015b). These data will inform how spatial scales and physical features are linked to 
observed biological distributions and modeled patterns.   

H1.2 Synchronous community dynamics dominate when the temporal and spatial scales of variability in 
drivers are commensurate with life history time scales. 

The 20-yr time series at MVCO combined with data collected on over 20 NES cruises transecting the 
shelf represent the beginning of a robust seasonal time series that will be used to examine patterns of 
aggregate and compositional variability in the plankton (both locally and in the NES “metacommunity” 
cf. Box 1), the drivers of that variability, and their temporal and spatial scales. In NES II, we will examine 
how patterns of synchrony vary spatially and to what extent they depend upon taxonomic resolution and 
trophic level. Preliminary analyses suggest this will be a productive approach. For example, we find the 
synchrony observed among populations of Synechococcus and small eukaryotes at MVCO (Fig. 15) 
extends across the shelf, with variance ratios of 0.4-0.8, indicating moderate synchrony (Sec. 3.6). This 
pattern of cross-shelf synchrony depends, however, upon the components of the community that we 
include. For a broader range of size classes (pico-, nano-, and micro-plankton), community dynamics are 
approximately asynchronous (or mildly compensatory) nearshore but show a steady increase in synchrony 
with distance from shore (Fig. 19). Intriguingly, we have uncovered a similar, but less steep spatial 
gradient in local synchrony in the three dominant species of mesozooplankton: Calanus finmarchicus, 
Pseudocalanus spp., and Centropages typicus (Fig. 19).  

These preliminary results, and what we have learned during NES I (Ji et al. 2021; Honda et al. in revision) 
lead us to hypothesize that the cross-shelf gradients in synchrony (Fig. 19) are generated by offshore 
environmental variability (including variability generated by environmental disturbance) that operates 
more coherently, over longer timescales and larger spatial scales, than it does nearshore, where we expect 
such variability to be more random. We also expect that synchrony will emerge at larger spatial and 

Fig. 19. The variance ratio of three phytoplankton size classes (left) and three populations of zooplankton 
(Calanus finmarchicus, blue; Pseudocalanus spp., yellow; and Centropages typicus, green) across the NES 
transect (inshore to offshore, left to right), along with examples of the time series from which they were 
calculated. For these 3-component communities, x = 1/3 marks the threshold between synchrony and 
compensation. In both cases, the community is approximately asynchronous nearshore, and exhibits increasing 
synchrony with distance from shore. 
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temporal scales at higher trophic levels (e.g., Suca et al. 2021b). In addition, we expect to see the 
signature of compensatory dynamics emerge when the components of the metacommunities that we 
analyze are more finely resolved, and the effects of competition and niche differentiation become 
apparent (See H3.2 for diversity-compensatory relationships). Our analyses will use established statistical 
approaches for examining community synchrony (e.g., Schluter 1984; Loreau and de Mazancourt 2008; 
Gonzalez and Loreau 2009) and recent developments that allow for decomposition of time-scale specific 
contributions via spectral representation (e.g., Zhao et al. 2020; Shoemaker et al. 2022). Because our 
theoretical framework emphasizes changes in community composition across space and time (a type of β 
diversity, Anderson et al. 2011), we will also use methods for partitioning compositional variability 
provided by Lamy et al. (2021). 

H1.3 Temporal variations in plankton size structure and community composition alter the flow of carbon 
through food webs, influencing community productivity and the energy available to higher trophic levels. 

During NES I, we found that the size structure and taxonomic composition of NES planktonic 
populations undergo dramatic changes both seasonally and across the shelf (Fig. 15; Marrec et al. 2021a; 
Smith et al. 2021; Sterling et al. 2022) and are now beginning to examine the consequences for trophic 
transfer. In NES II, we will evaluate the hypothesis that interannual variation in plankton communities 
leads to interannual variation in community productivity via shifts in the flow of carbon through food 
webs. An alternative hypothesis is that shifts in composition and size structure of primary producers are 
dampened by the feeding ecology of progressively higher trophic levels leading to annually consistent 
flows of carbon through the NES food web. 

We will test these hypotheses with a variety of integrated approaches. A primary approach will be to 
determine phytoplankton composition and size structure as a function of spatial, temporal, and 
environmental conditions and examine how changes in composition influence productivity and predation 
on transect cruises. Connections among trophic levels will be examined with both ongoing and new 
approaches. Continuation of microzooplankton grazing rate incubations will be amended with addition of 
non-protist mesozooplankton, such as copepods, krill and gelatinous filter-feeders on select cruises and 
stations. Salps, in particular, can play a key role in energy transfer by directly feeding on small-sized 
phytoplankton (Stukel et al. 2021). We have evidence from summer 2022 that salps indeed were major 
consumers of picophytoplankton (Menden-Deuer & Steinberg in prep). Gelatinous consumers in the NES 
food web could lead to a significant shift in our conceptual understanding of the summer ecosystem 
particularly since microzooplankton enhance trophic transfer to higher trophic levels and ultimately fish, 
whereas consumption by gelatinous zooplankton is generally viewed as limiting higher order production.  

To understand feeding ecology and its interannual variability at higher trophic levels, we will continue to 
determine the gut contents of forage fish and the isotopic composition of fish and zooplankton. We will 
begin to examine copepod gut contents on selected stations from a subset of transect cruises. We will 
extend our food web investigation to right whales by leveraging a NOAA pilot grant to examine their 
feeding ecology on the NES. Finally, we will use ecosystem models to test hypothesis H1.3 by altering 
the magnitude and pathways of carbon flow through the food web. Changes in plankton community 
structure and productivity will be assessed after reconfiguring model parameters for prey preference and 
switching parameters. Finally, data from empirical and modeling approaches will be integrated to 
examine shifts in carbon flows over space and time and determine how those changes are related to shifts 
in phytoplankton composition.   

5.3. (Q2) How do community composition, food web pathways, and productivity respond to 
ecosystem disturbance at scales associated with MHWs, intrusions of offshore water onto 
the shelf, and renewable energy infrastructure? 

The NES environment is subject to a several major natural and anthropogenic disturbances. The 
influences of MHWs, offshore water intrusions, and offshore wind farms on shelf ecosystem dynamics 
and species composition will be new focal areas for NES II.    
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H2.1 Episodic intrusions of offshore waters onto the shelf increase spatial and temporal variability in the 
biological productivity and community composition and suppress overall productivity of the NES.  

The Gulf Stream has become more unstable in recent years (Andres 2016). Concurrently, more warm-
core rings have been shed into the slope sea off the NES (Gangopadhyay et al. 2020). This can lead to 
more pronounced offshore influence through more frequent impingement of rings on the shelf edge. 
Bottom-intrusion of the warm offshore water onto the shelf (Ullman et al. 2014; Chen et al. 2022) and 
increased occurrence of thermocline intrusion of the high salinity offshore water (Gawarkiewicz et al. 
2022) onto the NES have been well documented. Because offshore slope and ring waters have drastically 
different properties (e.g., Joyce et al. 1992; Zhang et al. 2023), more frequent intrusions onto the shelf are 
expected to lead to substantial changes in the NES ecosystem. 

We propose to explore specific predictions about these changes. (i) More frequent intrusion of offshore 
waters will alter the shelf physical environment and thus important habitat characteristics. (ii) Onshore 
intrusions induce more variability in primary productivity on the shelf, because of high variability in 
source waters; surface slope and ring waters have lower nutrient concentrations than the shelf, while deep 
slope and ring waters have higher concentrations. (iii) Overall shelf productivity will be suppressed by 
these disturbances because surface slope and ring water intrusions are more common. (iv) Intrusion of 
offshore waters will transport offshore organisms and alter species composition on the shelf. (v) Onshore 
intrusion facilitates the foraging migration of warm water animals into productive shelf water and 
enhances the energy transfer to them. (The impact of the onshore intrusion on the energy transfer across 
trophic levels could be strong at lower trophic levels but may diminish at higher trophic levels due to the 
mismatch of spatio-temporal scales associated with the biological and physical processes.)  

We will combine in situ and remote-sensing data with biophysical modeling to test these predictions. 
Individual ring water intrusions will be identified with satellite data. When available, in situ 
measurements will be analyzed to examine the influence of the intrusion events on nutrient availability, 
productivity, species composition and energy transfer. To the extent possible during transect cruises 
(within constraints of weather and time series priorities), we will incorporate some adaptive sampling to 
target offshore water intrusion. For instance, if an intrusion event is identified, we will use any flexible 
cruise time to investigate its spatial scale and biological characteristics. We will use our existing 
numerical models to examine large-scale influences of intrusion events. The cumulative impact of 
consecutive intrusion events on habitat, nutrient budgets, overall productivity, species composition and 
ecosystem change over interannual to multi-year scales, will also be investigated by synthesizing cruise 
data, time series data, and modeling results.   

H2.2 The impact of MHWs on the NES ecosystem is scale- and trophic level- dependent, with responses of 
species composition and productivity strongest at the base of the food web, and declining at higher 
trophic levels due to the scale mismatch between biological processes and MHW disturbances.  

Seawater temperatures have been rising throughout the NES in recent decades at a faster pace than most 
other ocean regions (Pershing et al. 2015) (Fig. 16). In addition to the general warming trend, extreme and 
prolonged positive temperature anomalies or MHWs (Hobday et al. 2016), have been occurring 
frequently in the recent decade (Scannell et al. 2016; Pershing et al. 2018). MHWs are expected to be 
even more frequent in the foreseeable future on the NES (Saba et al. 2016). Notably MHWs can be 
triggered by different mechanisms, including variability in atmospheric forcing (e.g., jet stream, Chen et 
al. 2014), changes in ocean advection such as Gulf-Stream ring or slope water intrusions (Saba et al. 
2016), and eddy-induced warm-water transport (Chen et al. 2022). The resulting MHWs could exhibit 
different timing, locations and magnitudes, which in turn could have different ecological consequences.   

MHWs may have significant impacts across trophic levels. Our studies before and during NES I have 
shown the sensitivities of the ecosystem to warming. Among primary producers, picophytoplankton 
including both Synechococcus and eukaryotic picoplankton exhibit strong responses to temperature 
changes in terms of concentration and division rate, both seasonally and interannually (Hunter-Cevera et 
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al. 2016, 2020; Fowler et al. 2020a). Diatoms, important contributors to microphytoplankton biomass, 
have more complicated temperature and seasonal responses that likely reflect the combined effects of 
direct thermal impacts, stratification-mediated changes in light and nutrients, and temperature-sensitive 
trophic impacts through grazing and parasitism (e.g., Peacock et al. 2014; Catlett et al. subm.). During 
NES I, we found an anomalous summer diatom bloom associated with warmer shelf waters suggesting 
that, under some conditions, MHWs may trigger a rapid transition from typical summer ‘State 2’ 
conditions to a ‘State 1’ food web with large primary producers (Fig. 14), low trophic transfer to 
microzooplankton (Fig. 13), and high NCP (Fig. 17).  

The impacts of MHWs on higher trophic levels are complex due to differences in the spatiotemporal 
scales between MHW disturbances and biological responses. Higher trophic level organisms have longer 
life cycles (e.g., months for mesozooplankton, years for fish) and thus experience environments over a 
more expansive spatial domain, both horizontally and vertically. MHWs are considered to be episodic and 
constrained in their spatial domain. This scale mismatch exists, at least for now, although MHWs could 
be more frequent in time and expansive in space in the future climate scenario (see Sec. 5.4). If prolonged 
and widespread MHWs lead to a new baseline, changes to the marine habitat could become semi-
permanent, and organisms at higher trophic levels are likely to be severely impacted. Consequently, the 
structure and function of the regional food web will be altered, leading to a potential regime shift. 

For NES II, we propose the following approaches to assess the impact of MHWs, with a special 
consideration of scale mismatch as described above. We will continue core observations of communities 
and food-web responses along the NES transect. With more frequent MHWs expected, we anticipate 
encountering MHW events in different seasons. This will allow us to monitor detailed responses in rates, 
community structure, and overall productivity. These observations will provide critical information for 
model sensitivity analyses and hypothesis testing. We will also conduct model-based sensitivity analysis 
focusing on the following: (i) identifying years with known MHW events and comparing against ‘normal’ 
years or climatological conditions in terms of biomass and productivity across trophic levels; (ii) 
perturbing the model system with idealized MHW events (with different timing, location and magnitude), 
and assessing model responses in terms of community structure and productivity at different trophic 
levels; and (iii) modifying the modeled food web configuration (incorporating results from experiments 
and observations) to evaluate responses of energy transfer pathways and efficiency. This can be achieved 
by adding novel food web components, adjusting temperature-dependent functions, and/or modifying 
interactions among different food web components.  

 H2.3 Large-scale installation of wind energy turbines will impact the NES ecosystem through altered 
circulation and mixing processes, nutrients fluxes, light availability, and offshore transport of organic 
matter and plankton.  

Offshore wind is considered a critical 
component of the global shift towards 
renewable energy. The Bureau of Ocean 
Energy Management (BOEM) has issued a 
large number of leases for commercial 
renewable energy development along the Mid-
Atlantic Bight and initial construction has 
begun (Fig. 20). Exactly how this 
development will affect the ecosystem 
remains unknown, but given the extent of 
lease areas and planned number of turbines, 
impacts are expected (Hooper et al. 2017; 
Galparsoro et al. 2022) and are newly added to 
our conceptual framework for NES II (Fig. 2).  Fig. 20. U.S. east coast offshore wind projects and lease 

areas approved by BOEM.  
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We expect that the structures supporting wind turbines will influence regional ocean circulation, the 
planktonic ecosystem, and fisheries. Locally, increased mixing associated with unsteady vortices 
generated by turbine monopiles can alter water column stratification, the transport of nutrients and 
planktonic organisms (including larvae of commercially important fish), and impact primary production 
(e.g., Chen et al. 2020a).   

During NES II, we propose exploratory research on this topic leveraging new multi-agency wind farm 
monitoring programs in the region, in conjunction with NES observations and modeling. NES transect 
observations will occur before, during, and after wind turbine installation, ideally continuing during their 
multi-decade planned operations. In addition to continuing relevant observational time series during NES 
II, we will carry out model simulations focusing on the impact of wind turbines on the production and 
distributions of planktonic organisms. For modeling approaches, we will follow Chen et al. (2020a) to 
explore how wind turbines could impact physical conditions and associated ecosystem properties. In 
particular, we will focus on how the offshore transport of water is influenced by the turbine-induced 
vorticity field in the water, associated momentum losses, and lateral/vertical mixing. We will also test 
how large-scale wind turbine installations could change the wind field within the region and in turn affect 
stratification, nutrient distributions, and primary production. To do this, we will conduct numerical 
experiments similar to those by Daewel et al. (2022), but with an expansion to include the impact on the 
along- and cross-shelf transport of nutrients and organic matter. The results from model simulations will 
also be used to inform site selection and data interpretation associated with our observational efforts. Into 
the future, wind energy infrastructure will be a long-term feature of the NES seascape and our exploratory 
efforts in NES II will set the stage for more in-depth study and understanding of the impacts.     

5.4. (Q3) Is the NES ecosystem (and the services it provides) vulnerable to dramatic 
transformations in the face of climate-induced environmental changes? Or does diversity 
confer resilience and provide a buffer against dramatic changes in aggregate productivity 
via shifts in composition? 

The NES ecosystem is at the forefront of climate-induced environmental changes, signified by prolonged 
and widespread MHWs and other long-term disturbances. We will continue to document ecosystem 
responses and uncover underlying mechanisms responsible for ecosystem vulnerability and resilience as 
we obtain longer time series during NES II.  

H3.1 Chronic MHWs associated with climate trends alter phenological and biogeographic patterns of 
organisms on the NES, leading to changes in community structure.  

When MHWs occur frequently and become chronic, the baseline thermal regime will be shifted. SST 
anomalies have crossed the MHW threshold frequently in the most recent decade (Fig. 16b). This NES 
warming trend is projected to continue. Consequently, the resident organisms are susceptible to warming, 
with linked alterations to ecosystem structure and function as emphasized in a recent synthesis across 
LTER marine pelagic sites including NES (Ducklow et al. 2022). Some of the first consequences of 
climate warming and global change are often seen in altered species phenology and in altered 
geographical distribution limits (Ji et al. 2010).  

In an open and dispersive system such as the NES with low spatial restriction, environmental changes 
continually impact the life cycles of species. As a result, populations respond over time adjusting their 
optimum position within bioclimatic envelopes. Plankton, with their short life cycles and ranges largely 
free of geographical barriers, are capable of quickly tracking changing bioclimatic envelopes, whether 
within a temporal niche as in seasonal succession (observed as a phenological response) or an overall 
spatial niche (observed as a geographical movement in a population) (Ji et al. 2010). At higher trophic 
levels (e.g., fish), organisms with high mobility can respond to warming by moving to areas within their 
temperature range for which physiological performance is maximized (in many cases northward or to 
deeper depths for NES species); whereas organisms with low mobility will experience high mortality due 
to thermal stress, resulting in population decline at the southern extent of their range and potentially 
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leading to population growth in the northern extent (Fogarty et al. 2008; Nye et al. 2009). Thus, warming-
induced biogeographic shifts could be a result of either direct movement or the integrated population 
response to changes in growth, mortality and recruitment at individual levels (Pörtner and Peck 2010). 
Since different species have different thermal preferences, species within a community are likely to be 
reshuffled, leading to changes in community structure in a new thermal regime.    

To test hypothesis H3.1, we will continue our sampling program to extend existing time series, and 
couple these with data-driven statistical and dynamic modeling analyses. Phenology analysis often 
requires high resolution time-series data. We will rely on in-situ observations (such as MVCO) for single-
location species-specific phytoplankton phenology analyses (following Hunter-Cevera et al. 2016), and 
ocean color satellite data for bloom phenology analyses across the entire NES region (following Song et 
al. 2010). Numerical experiments with the lower trophic level food web model developed in NES I (Zang 
et al. 2021) will be used to examine mechanisms linking warming and phenological shifts in different 
subregions of the NES. For zooplankton phenology analysis, we will focus on ecologically prominent 
copepods (e.g., Calanus finmarchicus) and gelatinous groups (e.g., ctenophores, salps, and 
appendicularians). The analysis will rely on data collected through NOAA EcoMon surveys and on NES 
transect cruises. As new data becomes available during NES II, comparisons will be made with historical 
phenological patterns as described in Staudinger et al. (2019) to further assess the role of warming in the 
shifts of multiple phenological parameters such as abundance peak, stage composition, diapause timing. 
For fish phenology, a follow-up analysis will be conducted in collaboration with our NOAA collaborators 
to evaluate whether and how the phenological shifts of multiple fish species on the NES (described by 
Walsh et al. 2015; Staudinger et al. 2019) might change as the warming continues.      

Our proposed assessment of biogeographic boundary shifts will be focused on zooplankton and fish 
species. We will adopt a widely used mean temperature of catch method (MTC; Cheung et al. 2013) to 
detect warming impacts on distributions. Recognizing the limitations of the MTC method (Agiadi et al. 
2022), we intend to use it to detect large scale patterns, and will complement it by computing additional 
distributional parameters (e.g., center of biomass, max/min latitudes, and mean depth of occurrence) as 
described by Nye et al. (2009). Our NES cross-shelf transect, strategically located at the boundary 
between the Gulf of Maine and Mid-Atlantic Bight, will allow us to detect the absence/presence of 
indicator species that are sensitive to warming. Additionally, our on-going observations will help validate 
and improve habitat models for zooplankton (e.g., Chust et al. 2014) and fish (e.g., Suca et al. 2022b).  

H3.2. The impact of abiotic forcing on NES productivity could be buffered through compensatory 
dynamics in the planktonic communities, thus dampening variability of energy transfer to higher trophic 
levels over longer time scales.   

Environmental fluctuations may negatively impact certain species in a community, causing compensatory 
increases for other species due to the release of competition or predation pressure from stress-intolerant 
species. This type of compensatory dynamic has long been hypothesized as an important mechanism to 
support community stability and ecosystem resilience (e.g., Patten 1975; McNaughton 1977). Numerous 
theoretic studies considered in a review by Gonzalez & Loreau (2009) have demonstrated that 
compensatory fluctuations at the population level could have a stabilizing effect at the community level, 
and this effect is likely enhanced as species diversity increases. A counter argument suggests that 
compensatory dynamics are rare in natural ecological communities, as shown in a synthesis study of 41 
natural communities from terrestrial and freshwater systems (Houlahan et al. 2007). A compensatory 
dynamic is often the result of internal density-dependency in a community, whereas the lack of it implies 
abiotic environmental factors as the primary drivers of population fluctuations. Most of these debates are 
based on analyses of terrestrial and freshwater systems, which differ from marine pelagic systems in 
scale, diversity, food-web structure, and driver-response relationships.  
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We hypothesize that compensatory 
dynamics in marine plankton 
communities reduce aggregate variability 
and support maintenance of ecosystem 
function at the community or 
metacommunity level. A high-diversity 
community is more resilient to 
environmental disturbance than a low-
diversity community through 
compensatory effects (Fig. 21). 
Preliminary analyses from NES I 
illustrate this with zooplankton 
observations along the NES cross-shelf 
transect. A community composed of 
three dominant species (two cold water 
species, Calanus finmarchicus and 
Pseudocalanus spp. and one warm water 
species, Centropages typicus) show 
compensation nearshore and more 
synchrony offshore (Fig. 19). Removing 
the warm water species (C. typicus) from 
the community shows the remaining 
copepods have synchronous dynamics, with a 
variance ratio close to 0.8 across the entire 
transect (results not shown in the figure). 
This relationship between diversity and 
aggregate variability due to compensation 
matches the theoretical analysis by Yachi and 
Loreau (1999). The NES forage fish also 
show compensatory effects between sand 
lance and herring over the last few decades 
(Suca et al. 2021a). Furthermore, our 
preliminary analyses of carbon stable isotope 
composition of NES forage fish suggest 
aspects of functional redundancy and food 
web flexibility. In particular, a consistent 
seasonal fluctuation in δ13C across 5 different 
species (blueback herring Alosa aestivalis; alewife Alosa pseudoharengus; Atlantic herring Clupea 
harengus; Atlantic butterfish Peprilus triacanthus; and Atlantic mackerel Scomber scombrus) shows 
evidence of temporal variability at the food web base and likely a similar seasonal diet shift by either the 
forage fishes themselves or the lower trophic levels (Fig. 22). Compensatory effects have been 
documented in the California Current Ecosystem (Lindegren et al. 2016), where mesozooplankton and 
small pelagic fishes demonstrate stable aggregate dynamics. Lindgren et al. (2016) suggested possible 
reasons for compensatory dynamics in ocean systems including shorter generation time relative to the 
characteristic timescale of environmental variability; and adaptations to drivers with higher variance at 
lower frequencies. The dispersive nature of shelf seas could also be important as species with 
compensational functional traits can be dispersed and occupy disturbed habitats.  

We propose to assess the compensatory dynamics of zooplankton and forage fish communities on the 
NES by combining both data analysis and modeling approaches. We will rely on the NOAA plankton and 
fish survey data for long-term shelf-wide analyses. Statistical indices (like those described in Sec. 3.6) 

Fig. 21. A conceptual illustration of high- vs. low-diversity 
communities responding to disturbance. In a low-diversity 
community, disturbance-induced loss of diversity reduces 
compensatory effects, resulting in higher aggregate variability; 
whereas in a high-diversity community, aggregate variability is 
less affected by disturbance due to compensatory effects. 

Fig. 22. Comparison of fall and spring δ13C across 5 species 
of NES forage fish. All species showing higher spring values 
suggests base-of-food-web variability tied to a coherent 
seasonal diet shift in the fishes themselves or the lower 
trophic levels. This is consistent with a hypothesis of more 
diatom-dominated food webs (State 1) in late winter/spring.  
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will be applied for community synchrony/compensation detection. Additionally, the lower trophic level 
food web model developed for NES I (Zang et al. 2021) will be adapted to test the responses of 
zooplankton communities within different size classes to changes in primary production regime. The 
focus will be on how prey-switching behavior can alter the energy transfer pathway and buffer the impact 
of changing phytoplankton size structure and productivity. Synchrony indices will also be computed for 
seasonal- to decadal-scale changes in zooplankton biomass of different size classes across the entire NES 
region. Through the extension of time series data during NES II, we will be better positioned to detect 
compensatory signals at a longer time scale, while the numerical experiments will allow us to explore 
mechanisms that contribute to compensatory effects under different disturbance scenarios. A cross-site 
comparison with the California Current Ecosystem will be conducted with principal component analyses 
similar to Lindegren et al. (2016), along with the variance ratio calculations.    

5.5. LTER core areas and approaches 
Many NES II approaches will closely 
follow those from NES I to produce 
longer term observations and results 
from process and experimental studies 
that we will continue to integrate with a 
variety of models. We use a range of 
approaches that span the LTER core 
research areas and provide the 
information needed to address our 
guiding questions (Table 1). The 
overview here is complemented by 
more method details provided as 
metadata in our published data sets (see 
Supplementary Table of Data Products). 

Primary Production: We will continue 
to measure and model aspects of 
primary production at multiple temporal 
and spatial scales. On transect cruises, 
we will use ship-board incubations to 
quantify rates of size-fractionated NPP 
(13C incorporation) and phytoplankton 
growth (dilution experiments). For 
more spatial detail, we will use a 
shipboard mass spectrometer to 
measure rates of NCP at km-scale 
resolution throughout the entire cruise - producing thousands of rates on a single cruise. We will also use 
triple oxygen isotopes, measured from CTD casts and the underway system, to quantify GPP. We have 
seen good agreement and complementary information between the different methods, showing that we 
can use these methods to assess production on multiple scales. With our biogeochemical models, we will 
continue to examine NPP and NCP patterns, diagnose mechanisms underlying spatiotemporal variability, 
and synthesize model and observational results to test hypotheses.  

Population Dynamics: We will continue to assess population dynamics of phytoplankton, zooplankton, 
and fish with a range of methods from NES I, along with some additions. We will characterize the 
abundance, biomass, and species composition of phytoplankton and heterotrophic protists with five 
complementary approaches: conventional flow cytometry, imaging flow cytometry, size-fractionated 
chlorophyll a, microscopy, and DNA sequencing. We will maintain FlowCytobot (FCB) and Imaging 
FlowCytobot (IFCB) deployments at MVCO, IFCBs for underway sampling during broadscale and 

Table 1. LTER core areas and observational approaches during 
NES I and continuing or planned for NES II. Bolded approaches 
are those with new or enhanced focus in NES II. 

Approach Pr
im

ar
y 

pr
od

uc
tio

n  

Po
pu

la
tio

n 
dy

na
m

ics
 

Or
ga

ni
c m

at
te

r 
m

ov
em

en
t  

In
or

ga
ni

c m
at

te
r 

m
ov

em
en

t  

Pa
tt

er
ns

 o
f 

di
st

ur
ba

nc
e  

Physical and hydrographic observations 
  

X X X 
Nutrients, dissolved & particulate C and N   X X X 
Flow cytometry & imaging 

 
X X 

 
 

Chlorophyll, including size fractions X X X 
 

 
DNA sequencing, incl. size fractions 

 
X X 

 
 

Zooplankton net tows  
 

X X 
 

 
Zooplankton imaging  X X   
O2/Ar gas tracers & triple O2 isotopes X X X X  
13C incubations X X X 

 
 

Microzooplankton grazing experiments X X X 
 

 
Macrozooplankton grazer addition exp’ts  X X   
Stable isotope analysis  X X   
Forage fish abundance  X    
Forage fish diet  X X   
Bioacoustics   X X  X 
Population models X X X 

 
 

Biological-physical coupled models X  X  X X X 
Forage fish abundance  X    
Forage fish diet  X X   
Stable isotope analysis  X X   
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transect cruises, underway automated flow cytometry (Attune NxT) on transects, and discrete sample 
enumeration of heterotrophic bacteria with flow cytometry from transect and MVCO cruises. For protist 
and bacterial diversity, size-fractionated samples will be collected from two transect cruises annually, and 
DNA extracted from high priority water samples. We will measure microzooplankton grazing rates with 
shipboard dilution experiments. New for NES II, when possible, given logistical and sampling constraints 
on ~one cruise annually, we propose to conduct targeted dilution experiments with mesozooplankton 
grazer additions at an adaptively selected station. Mesozooplankton and forage fish observations will 
continue to leverage our partnership with NOAA colleagues, benefiting from their on-going EcoMon 
surveys, their spring and fall trawl surveys to obtain forage fish specimens for diet analyses (at WHOI), 
and shared cost and time for zooplankton abundance/composition analyses for NES transect net samples. 
In addition to microscopy, net samples will be analyzed for metabarcoding and stable isotopes. During 
NES II, we propose to increase resolution of spatiotemporal patterns in zooplankton and fish with new 
focus on (1) in situ shadowgraph imaging (towed system, initially deployed during NES I and to continue) 
and (2) bioacoustics (leveraging historical transect and broadscale datasets and new observations in 
NES II), as well as to add a midwater trawl on transect cruises to characterize larval fish. Numerical 
modeling will be continued with the intermediate-complexity model implemented during NES I to 
simulate lower trophic level food web dynamics. 

Organic Matter Movement: Much of the NES organic matter movement is mediated by biological activity 
and our approaches listed above that characterize the abundance and movement of phytoplankton, 
zooplankton, and fish will therefore give important data on the biological aspect of organic matter 
movement. In addition, we will measure particulate organic carbon at multiple depths on our transect 
cruises. At the end of NES I, we also started measuring dissolved organic carbon and we will continue to 
do so in NES II. Our modeling efforts will provide valuable constraints on organic matter movement as 
they provide organic matter estimates in the forms of various plankton functional groups and detrital 
pools, as well as estimates of transfers among pools. Additionally, models will allow us to test how 
physical processes are changing organic matter movement and how this in turn affects the ecosystem.  

Inorganic Matter Movement: We will continue to collect a broad range of physical and chemical 
observations. This includes temperature, salinity, wind speed, water velocity, and discrete samples for 
nutrients, oxygen, and dissolved inorganic carbon. Modeling efforts will continue hindcasts with high 
spatial and temporal resolution for temperature, salinity, and nutrients. To examine the temporal and 
spatial variation and disturbance patterns of inorganic matter, we will integrate a variety of observational 
data sets collected on the shelf and in the neighboring slope sea. 

Patterns of Disturbance: In NES I, we established detailed information on many of the baseline patterns 
of the other four core areas. Additionally, we already saw some instances of disturbance such as unusual 
diatom blooms that occurred in an extremely warm summer and under spring conditions with strong 
offshore influence over the outer shelf. In NES II, we will focus one of our central questions on 
disturbance (Q2) and will use the observational data and modeling methods described above to 
understand how our system responds to disturbances ranging from warm core rings and heat waves to 
offshore wind infrastructure now under construction in our site. 

6. Related Research Projects, Regional and Cross-site Collaboration and Synthesis 
NES research will continue to require strong connections with partner organizations and the operators of 
regional observing system components. Critical elements include regional ship-based surveys operated by 
the Northeast Fisheries Science Center (NEFSC, NOAA National Marine Fisheries Service) for 
ecosystem monitoring, stock assessment, and protected species management. We will continue to achieve 
NES broadscale sampling objectives by adding observations to these cruises and our overall research 
objectives benefit greatly from the valuable multi-decade datasets collected by NESFC. On the nearshore 
end of the focal transect, high resolution time series will continue to be made possible due to our 
partnership with the MVCO, operated by WHOI. We will continue to maintain automated plankton 
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observations and other water column sampling that complement the core environmental properties 
measured at MVCO. Other important regional assets include NODC weather buoys and IOOS 
components in the Gulf of Maine (NERACOOS) and Mid-Atlantic Bight (MARACOOS). The NES team 
is actively involved in complementary networks such as the Integrated Sentinel Monitoring Network 
(ISMN), the Rhode Island EPSCOR C-AIM program, and a variety of affiliated research projects. NES II 
education and outreach activities will continue to benefit from strong partnerships with existing programs, 
including several long-running programs: Summer Student Fellowships at WHOI, Partnership Education 
Program (NOAA/NMFS, WHOI), Summer Undergraduate Research Fellowships in Oceanography at 
URI, and Sophomore Early Research Program and Science Center Summer Research Program at 
Wellesley. In turn, our activities will benefit these programs directly including through funding of 
students and engagement in training. 

The proposed research described above will be funded as part of NES II and not contingent on other 
funding. NES II investigators are involved, however, in several on-going projects that will extend the 
research proposed here and accelerate the pace of analytical and synthetic activities. In particular, (1) 
Sosik leads research funded by the Simons Foundation to advance imaging technologies and associated 
big data challenges for plankton studies, as well as support students and postdoctoral investigators who 
use NES datasets in their research; (2) Catlett has been awarded an NSF Ocean Sciences Postdoctoral 
Research Fellowship for in-depth analysis of impacts of parasitism on diatoms at the NES site; (3) Sato 
has been awarded a NOAA CINAR fellowship to study distributions of Northern shortfin squid in NES 
waters with acoustic methods; (4) Ji and Llopiz have been awarded a NOAA CPO project to evaluate 
zooplankton changes in the Gulf of Maine in support of the Stellwagen Bank National Marine Sanctuary;  
(5) Rynearson has been awarded NOAA CINAR funds to investigate the diet composition of right whales 
from scat samples using DNA metabarcoding; (6) Rynearson has been awarded NSF funds to investigate 
the physiology and thermal tolerance of the bloom-forming diatom-diazotroph association Hemiaulus-
Rhizosolenia observed on the NES in summer 2019; (6) Rynearson continues to lead the Narragansett 
Bay long-term plankton time series allowing us to extend some of our investigations from the shelf into 
the adjacent Narragansett Bay estuary; (7) NES investigators will be engaged with the newly funded 
“Pelagic Community Structure” LTER synthesis working group focused on cross-site synthesis and 
testing of conceptual models across a global latitudinal gradient and (8) NES investigators are leading the 
newly funded “Producers, Consumers and Disturbance” LTER synthesis working group focused on 
understanding how disturbances and environmental change across timescales are altering the production 
and transfer of organic matter from primary producers to herbivores. 

7. Broader Impacts 
All project team members will be encouraged to be involved with broader impacts inclusive of education 
and outreach (E&O), JEDI efforts, and engagement with management agencies. As in NES I, our E&O 
plan will provide opportunities for a broad range of learners, and our continued close collaboration with 
the NOAA NEFSC will improve knowledge of ecosystem services of the NES Large Marine Ecosystem. 
In NES II we are enhancing both our JEDI efforts and our connection to management agencies regarding 
the wind farm industry.   

Education and Outreach (E&O). NES E&O has three main components: (1) training and mentoring for 
undergraduate and graduate students and postdoctoral researchers; (2) an LTER Schoolyard program that 
engages Middle and High School teachers and students; and (3) public outreach through targeted events, 
our website, and established social media channels. Our goals continue to align with growing efforts to 
incorporate publicly available Earth and life science data into formal and informal educational activities 
to advance science, technology, engineering, and mathematics (STEM) literacy (e.g., Bader et al. 2016).  

Training & Mentoring, including Research Experiences for Undergraduates (REUs). We will involve 
undergraduate and graduate students and postdoctoral researchers directly in NES research, and they will 
gain valuable training in not only field, lab, data management, and analytical skills, but also in 
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collaborating in a multi-investigator/multi-disciplinary project. Over the course of the 5-year grant period, 
we will offer research experiences for undergraduates (REUs), including 10 sponsored by NES at WHOI, 
5+ at the University of Rhode Island (URI), and 10+ at Wellesley College. The NES REUs at WHOI will 
be coordinated with the Woods Hole Partnership in Education Program (PEP; see letter from O. Scott 
Price), a multi-institutional effort to promote diversity in the Woods Hole science community, and 
WHOI’s Summer Student Fellow (SSF) program. At URI, 1-2 undergraduates each summer will be 
incorporated into the NSF-sponsored undergraduate research fellowship in Oceanography (SURFO). At 
Wellesley, at least one undergraduate each summer and at least one during the academic year will be 
sponsored by programs engaging students from underrepresented minority groups (described in Facilities 
statement). We will support graduate students at WHOI and UMD and a postdoctoral researcher at WHOI 
(see Mentoring Plan), with leveraged funding expected for additional participants. New enhancements for 
our training in NES II include peer mentoring for cruise participants, working group leadership roles for 
early-career researchers, and direct involvement with our Schoolyard as described below. 

LTER Schoolyard. As in NES I, our proposed LTER Schoolyard program will continue to focus on 
Middle (MS) and High School (HS) curricula supporting introductory to advanced data analysis, e.g., 
change over time, ecological similarities/differences in marine vs. terrestrial systems, making claims 
supported by evidence and reasoning. We will engage teachers from the region (i.e., Massachusetts, 
Rhode Island, Maine, New Hampshire) to participate in professional development (PD) workshops and in 
research experiences such as the seasonal transect cruises, a successful part of NES I. We will engage the 
students of these teachers in curriculum use, classroom research, and using data/visuals on laptop or 
tablet-based applications (adapting to technology available in different schools). Curriculum content and a 
framework for student and teacher research experiences will be developed and aligned to Next Generation 
Science Standards (NGSS) including Disciplinary Core Ideas and Science and Engineering Practices for 
both MS and HS. Components of the Schoolyard program are: (1) Teacher PD workshops will be offered 
two to three times each year, led by Brickley with project graduate students/postdocs to support student 
data literacy skill development, enhance Claim-Evidence-Reasoning communication skills (McNeill and 
Berland 2017), and make the relevant NES research accessible. Involving graduate students/postdocs in 
PD with Brickley is a deliberate component of training for future Broader Impacts work. Additional 
teacher PD will be conducted in coordination with the Massachusetts Marine Educators (MME), National 
Marine Educators Association (NMEA), and Massachusetts Association of Science Teachers (MAST). 
Brickley’s active participation with these organizations facilitates connections to teachers in MA, RI and 
beyond. (2) Research experiences for teachers (RET) will include teacher-at-sea opportunities to 
participate and share their experience with students, and through the Ask-a-Scientist webinars and social 
media. (3) Students (MS, HS) will learn from the project through the NES Data Jam, where they access 
real project data, are guided to build data literacy and communication skills, and connect with the NES 
team as project judges. (4) Selected student groups demonstrating curiosity through the Data Jam will 
earn a full-day field trip, including the WHOI Visitors and Exhibit Centers, lab experience/tours, and 
NOAA’s Woods Hole Science Aquarium. We will continue to work with the Network Office and other 
sites to adopt an effective and attainable approach to assessment for each of the components. 

Outreach. Outreach will be aimed at targeted audiences and the public. While Schoolyard activities are 
designed for curricular use by students and teachers, outreach activities are aimed to increase awareness 
and engage curiosity about our research and the people and opportunities behind it. Brickley will attend 
events (MME, MAST, NMEA) to share data literacy ideas and content linked to NES research. Brickley 
will also share at youth-focused events such as the Falmouth Public Schools STEAM Fair and the MME 
High School Marine Science Symposium (HSMSS). Aligned with NES JEDI goals, the HSMSS is held in 
Boston each year as a professional-style symposium designed to encourage and engage youth 
(particularly the underserved population in Boston Public Schools) in marine science. Activity tables at 
public events, such as the “Party for the Planet” Earth Day event at the Buttonwood Park Zoo, will build 
local awareness of NES research in the largely underserved community of New Bedford, MA. Each of 
these avenues will be publicized and documented for further reach through the NES website and social 

Page 35 of 549

Submitted/PI: Heidi M Sosik /Proposal No: 2322676



 

media channels on YouTube and Twitter. Posts and shares will focus on giving the public audience direct 
connections to the people on the NES team, engage curiosity, help themselves see career opportunities, 
and promote JEDI in ocean science and engineering. We are positioned to share more about how our 
research benefits local communities such as the fishing community of New Bedford, which has a long 
heritage connecting BIPOC families to the industry. 

Justice, Equity, Diversity, and Inclusion (JEDI) efforts. Growth of JEDI activities and deliberate action 
towards diversification, equity and inclusion during NES I, led by NES co-PIs with engagement from the 
whole NES community, have set the stage through learning and experience to formulate and implement 
goals from our JEDI Action Plan. The Action Plan is centered around three foci: recruit, retain and 
promote, recognizing these three elements as key steps to democratize effort and level representation of 
perspectives in scientific teams. NES II activities will build on these three focal areas so that we continue 
to enhance and sustain diversity within our project, foster a sense of belonging and equity, and nurture 
and guide team members. While the NES leadership team already reflects gender, ethnic, and other 
aspects of diversity to some extent, we are mindful of being continually vigilant on this issue through 
stages of recruitment and succession planning. We will continue the successful engagement of diverse 
undergraduates from our respective institution’s summer programs.  

Whole team JEDI activities will continue to include our monthly ‘JEDI moments’ where team members 
share resources or insights from their self-study of structural inequities and barriers to inclusivity. JEDI 
moments will continue to be contributed by NES team members at all career stages, highlighting how our 
community learns together across project roles. To further increase retention of individuals in our project 
and in STEM more broadly, the JEDI Committee will take actions to strengthen our network through the 
sharing of resources between team members before, during, and after their participation in the NES 
project. We will continue to develop orientation materials and best-practices for onboarding to welcome 
new participants to the team. Our at-sea mentoring program has been so well received that we now plan 
during NES II to implement a similar program for our shore-based teams. To enhance the sense of 
belonging across the team, we will continue our listening sessions where co-PIs are available in small 
group meetings, listening to ideas, concerns, and discussion of suggestions including implementation 
strategies. Supporting and promoting the personal and professional growth of team members will include 
such strategies as recruiting promising REUs to graduate school, providing within-project opportunities to 
develop leadership, and engaging students and technical staff in authoring publications and presentations. 
The JEDI Committee will maintain communication with past participants to track their career progress, 
and, when appropriate, leverage the growing networks of individuals as we continue to recruit new 
scientists to the project. 

Engagement with management agencies. Our on-going collaboration with NOAA NEFSC aligns with 
efforts towards end-to-end modeling being conducted as part of the multispecies, ecosystem-based 
management on the NES. Our LTER research will improve knowledge of supporting and regulating 
services (e.g., primary production, nutrient and carbon cycling) that underpin fisheries as a provisioning 
ecosystem service. New in NES II will be enhancing our connection with the Wind Team at NEFSC with 
regard to potential effects of offshore wind infrastructure on ecosystem dynamics and services. The NES 
team has engaged with the licensees of wind farm projects. This engagement is nascent, a major 
developer has indicated an interest in substantive engagement. We highlight how our 5+ years of insights 
into the drivers of ecosystem function and their possible responses to disturbances can serve as a critical 
baseline for management of the essential services the NES region provides to the blue economy. 

Page 36 of 549

Submitted/PI: Heidi M Sosik /Proposal No: 2322676































Neslab recirculating chillers, GC column, refrigerated bath, turbomolecular pumps, and mechanical
pumps. The entire system is under automated control and can be checked from the internet.

Clinical and Animal: N/A
Computing: The Information Management (IM) component of the NES LTER project will be located

at WHOI, with the data center for physical research data storage (RDS) on premises at the Quissett
Campus. Information Services (IS) support will be provided by the WHOI IS pool of technical experts,
with specialists in system and database administration and applications programming. WHOI IS provides
a range of free and at-cost services for all WHOI researchers, students, and staff, including desktop,
server, and software support. WHOI IS Security provides several functions, including managing firewalls,
analyzing network traffic, providing network level antivirus and vulnerability protection, and identity and
password management, to ensure that systems are protected by a multilayered defense strategy, while
safely allowing outside access to public services. The NES LTER uses virtual machines and
network-attached storage appliances for high volume and high frequency data. WHOI IS also provides
data backup (on and off site) and disaster recovery services. The WHOI data center is equipped with
backup power/cooling and physically secured with electronic locks. Additional support for data curation
and archiving will be available from specialists at the MBLWHOI Library, in particular for minting DOIs
for data sets and implementing data access through the Woods Hole Open Access Server (WHOAS).
Cloud storage for file sharing across institutions is enabled by WHOI’s Google Drive services. WHOI IS
maintains the WordPress server used for our project website and an organizational account on GitHub to
facilitate our IM code development.

For routine computing, all PIs have computers and peripherals in their laboratories, including an
automated daily back-up system (administered by WHOI IS). Computational infrastructure available in
the Sosik laboratory includes three Dell Precision T7500/7600 six core workstations with more than 30TB
network attached storage for routine data analysis and access; and, for more demanding image analysis
and classification tasks, two Dell R710 PowerEdge servers, each with two 6-core Xeon X5660s 2.8GHz
processors, 72 GB of RAM, and 5TB of local disk space. WHOI has a dedicated high-memory server for
high throughput sequence data analysis, with 1 TB RAM, and 40 (80 hyperthreaded) processors.

We also have access to an institutional high-performance compute cluster connected to the RDS
repository via 100Gb/s Infiniband EDR. The cluster operates on a fair share policy and is administered by
the slurm scheduler. The cluster is currently composed of 85 standard notes (192GB RAM, 36 cores per
node), 1 shared-memory node (3 TB RAM and 80 cores), and one GPU node (4 Nvidia Volta V100 GPUs
connected via NVLINK). The cluster users share 200TB of scratch space to run compute jobs. For NES II
we have dedicated access to 100 TB of storage on this system and the ability to purchase additional space
if needed. Additional computing resources will be made available for this project through WHOI’s
Information Services department (see other resources described below).

WHOI maintains a site license for MATLAB and the MATLAB toolboxes, which will be used in the
proposed research. WHOI’s Graphics Services department offers expertise in animations, web design, and
video processing, including post-production video editing valuable for outreach activities.

Office: All PIs have their own laboratories equipped with personal computers, office space for
students and visitors, meeting space, and all necessary peripherals. Office space and computational
resources for graduate students and summer undergraduate fellows will be provided in their labs.

Other resources, personnel: Dr. Joel Llopiz led the zooplankton, fish ecology, and trophic dynamics
components of NES I. Dr. Llopiz is an expert in forage fish ecology and his role greatly contributed to the
success of NES 1. Dr. Llopiz is currently on extended approved leave with an uncertain return. When Dr.
Llopiz is able to return to active status he will continue to advise on the fish ecology, zooplankton
ecology, and food web dynamics aspects of the project.
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Other resources: We anticipate recruiting several REUs who will be sponsored through WHOI’s
long-running, endowed Summer Student Fellowship program. Through its institutional Information
Services (IS) group, WHOI will provide resources needed to maintain the NES-LTER data and
information system, including computational infrastructure, data storage, and support staff (programmers,
system administrators). Further, WHOI is finalizing the establishment of a formal, institutional Project
Management program. While the timing of full implementation remains under discussion, support for
NES LTER project coordination and management figures prominently in institutional prioritization.

UNIVERSITY OF RHODE ISLAND
PIs Menden-Deuer & Rynearson are both faculty members at the Graduate School of Oceanography,

the University of Rhode Island. They each hold a 9-month state supported faculty position.
Live culture and molecular facilities: PI Rynearson has three laboratory spaces to allow for separate

handling of 1) live cultures, 2) fixatives and DNA stains and 3) general molecular biology reagents and
procedures. The laboratory for handling live cultures contains 2 Percival incubators (30 ft3), a HEPA
Class 100 UV laminar flow bench, an Olympus dissecting scope and standard glass and plasticware for
media preparation and culturing live cells. The lab maintains a Guava Flow cytometer (Luminex) for
analysis of the abundance, size and optical properties of pico- and nanoplankton. A separate dark room is
used for fixatives and DNA stains and includes gel electrophoresis equipment for both agarose and
polyacrylamide gels and a Syngene Gbox HR for high resolution gel imaging. A third laboratory space is
equipped with instrumentation for standard molecular analysis and includes an Eppendorf EPMotion
BioRobot for high throughput liquid handling, 2 x 96-well PCR thermocyclers, refrigerated centrifuges,
microcentrifuges, refrigerator, freezer, two –80oC freezers for sample storage, liquid nitrogen dewars and
dry shippers, pipettors (both single and multi-channel, manual and electronic), balances and standard
glassware and plasticware. PI Rynearson has access to additional microscopes at GSO including three
Nikon microscopes: an Eclipse 800 for video and photography, a Diaphot 300 with epifluorescence, and a
second Olympus dissecting scope for isolating live cells.

PI Menden-Deuer has two adjacent laboratory spaces to allow for separate handling of live
experiments and toxin related work. There is a separate facility with independent generator support that
houses two 30 ft3 light and temperature-controlled incubators. The laboratory for handling live cultures
contains a laminar flow workbench for sterile manipulation of cultures and a Coulter Counter for
enumeration and size classification of plankton cultures. Menden-Deuer has three Nikon microscopes: an
Eclipse 800 for video and photography, a Diaphot 300 with epifluorescence, and a SMZ-U dissecting
scope for isolating live cells. The lab is equipped with standard glass and plasticware for media
preparation and culturing live cells. An autoclave is available adjacent to the lab for sterilizing materials.
Menden-Deuer maintains an active seagoing operation to study plankton population dynamics in situ and
has deckboard incubators along with the necessary hardware to incubate plankton samples under
simulated in situ light and temperature conditions. PI Menden-Deuer has access to 4 walk-in incubators
for culturing isolates in the basement of the same building as the labs and access to a separate EPSCOR
marine life sciences core facility on the GSO campus (see below).

Clinical and Animal: N/A
Computing: PIs Rynearson and Menden-Deuer and their lab members have access to desktop and

laptop computers that will be used to remotely access compute clusters for data analysis (see major
facilities below) and will be used locally for less intensive data analysis and manuscript preparation.

Offices: The PIs, student and technician offices are located at the Graduate School of Oceanography.
For students conducting experimental work, their offices are located adjacent to their respective
laboratory spaces.

Major Equipment and Facilities: The University of Rhode Island has excellent facilities and
equipment for physiological and genomics work related to aquatic ecosystems.  The staffed Center of
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Excellence in Marine Life Sciences contains a Satlantic FIRe system for measuring variable fluorescence,
a BD Influx sorting flow cytometer, a flowcam (Fluid Imaging), a Turner fluorometer, Lachat nutrient
analyzer, a Stratagene MX3005P real time PCR machine, a fiber–optic oxygen meter (PreSens), a laminar
flow bench, pipettors, thermocyclers, a nanodrop, a running seawater facility and 3 walk-in incubators.
All equipment can be used by the co-PIs following the published fee structure.

The main campus of the University of Rhode Island has excellent facilities and equipment for
molecular work related to aquatic ecosystems. URI houses a staffed RI INBRE center that contains:  an
Applied Biosystems 3130xl sequencer, a MiSeq Illumina sequencing platform, two Stratagene MX4000
quantitative PCR systems, a MJ research PCR thermocycler, a refrigerated centrifuge, a DNA SpeedVac,
a Zeiss LSM 5 PASCAL confocal imaging system, and Zeiss AxioPlan 2 imaging system, which are
available for use by the PIs and personnel on this project.

Research computing resources at URI are provided by the Center for Computational Research at no
charge to URI researchers. The data center is configured with emergency power supplies and high-speed
internet access through the URI central power and network connections. Central cooling is provided to
maintain a climate-controlled environment for the operation of HPC systems. Dedicated IT staff provide
operation, management and monitoring support to ensure the smooth operation of the data center facility.

Bluewaves high-performance computing cluster Bluewaves HPC cluster contains 62 standard
computer nodes [20 physical cores; 128 GB (60), 256 GB (1), or 512 GB (1) memory, 2TB local storage],
two large memory nodes (24 physical cores, 512 GB memory, 4TB local storage), and over 1.1 PB hard
disk spaces for fast I/O and secondary storage. The storage disks are configured with RAID 6 protection.
The computer nodes are connected with InfiniBand QDR network cables and switches and are assembled
in three 42U racks. The cluster is in its seventh year of operation. The cluster, while still operating, is near
the end of its life cycle and has limits for further expansion.

Andromeda high-performance computing cluster The Andromeda HPC cluster is a similar scale cluster
that largely serves groups of contributing users with some support for the broader URI user community. It
was established with contributions from individual researchers and currently has 47 nodes, providing
1704 cores with nodes having 64GB (8), 128GB (29), 256GB (3),  512GB (4), or 768GB (1) memory.
These are connected via an Omni-Path 100Gbps network, with shared storage to the 1.1 PB hard disk on
Bluewaves.

PI Rynearson also maintains a lab account on the Brown University IBM computer cluster. This IBM
iDataPlex system contains >450 nodes and >13,000 cores with both CPU and GPU (>40) nodes and ~3.2
PB of storage via GPFS. A variety of genomics analysis programs (assembly algorithms, CLC genomics
workbench, etc) are compiled on the cluster at present and additional software will be added at our
request.

Other basics: We have access to the internet, email support, phones, copiers, scanners, and printers.
URI provides basic software licenses such as Microsoft Office and MATLAB.

Other resources: GSO/URI will contribute support toward the NES-LTER. We are not permitted to
quantify this information in this proposal, but this support comes in several forms: (1) support for 1-2
summer research experiences for undergraduates (SURFO/REU) in each year of the proposal and (2)
because both PIs are supported by 9 month institutional salary support they request only minimal salary
support as part of this NES-LTER and can devote a greater than requested effort to the NES-LTER.
GSO/URI recognizes the NES-LTER and is willing to make a substantial, long term commitment in
support of the NES-LTER.

UNIVERSITY OF MASSACHUSETTS, DARTMOUTH
Laboratory: The Marine Ecosystem Dynamics Modeling Laboratory (MEDM-Lab), the University of

Massachusetts-Dartmouth, is an active research group with a focus on 1) FVCOM development, 2) ocean
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modeling, and 3) ecosystem process studies. The laboratory is equipped with a super performance Linux
cluster with a total of 3,784 processors.

Clinical and Animal: N/A
Computing: A super performance Linux cluster. The cluster includes 6 generation nodes, with a total

of 3,784 processors, 2304 of which are from the latest upgrade done in June 2020. The Latest processors
are 32-core 2.9 GHz Intel Cascade Lake with a total of 96 GB of RAM.

Office: MEDML has two permanent laboratory spaces that include offices for research scientists,
postdoctoral researchers, research associates, and graduate students. All offices are equipped with the
Internet, phones, workstations, and PCs/MACs. MEDML also has a model display room equipped with
three 56in TVs to display real-time NECOFS forecast animations through the NECOFS Web Map Server.

Major equipment: A super-performance Linux cluster and multiple workstations.
Other resources, personnel: Dr. Changsheng Chen is an expert in numerical modeling of ocean

physics. He oversees the FVCOM simulations that support NES research and has been involved in the
NES-LTER project since the start. Dr. Chen will continue to contribute to the project through his faculty
advising position for the graduate student supported at UMD.

Other resources: N/A

WELLESLEY COLLEGE
Sampling and Analytical Facilities: PI Stanley is an associate professor at Wellesley College. Her

laboratory has three field-deployable equilibrator mass spectrometers, configured for measuring a suite of
noble gas mole ratios. The systems contain Hiden or Pfeiffer quadrupole mass spectrometers, Agilent
compact pumping stations with turbomolecular pumps, VICI switching valves for automated calibration,
hot and cold zirconium-iron-vanadaium getters, Membrana Extra-Flow equilibrator cartridge, and an
assortment of gear pumps, flow meters, filters, fused silica capillary, and tubing. The instruments measure
ratios of the noble gases (Ne, Ar, Kr and Xe) in air or water depending on the position of the VICI
switching valve. Water (from a tank or an underway system of a ship or a coastal embayment) is pumped
through the Membrane Extra-Flow where the gas equilibrates with the headspace in the cartridge. In order
to aid equilibration, a small pump recirculates the air in the headspace through two drying cartridges. A
0.05 mm ID fused silica capillary carries gas from the headspace of the cartridge, or from the air directly,
through the getters and into the QMS. No carrier gas is used since the presence of other gases in the QMS
is minimized in order to prevent competition of ions within the QMS. A system similar to these but
without the getters will be used for this project to measure O2/Ar from the underway systems on ships to
constrain net community production. Stanley’s lab at Wellesley also contains a convection oven for drying
bottles, and a variety of other small lab equipment. Additionally, Wellesley College has a machine shop
with welding capabilities, and limited free technical support available to all professors.

Clinical and Animal: N/A
Computing: Stanley has access to multiple desktop and laptop computers which will be more than

sufficient for calculating rates of production from the gas data obtained as part of the LTER. If required,
she has access to workstations at Wellesley College.

Office: Stanley has an office near her laboratory.
Other resources: The proposed work will be enabled through the generous student support offered by

Wellesley College. Wellesley has a vibrant research program. Endowed funds and internal fellowships
will support a summer student on this project each year. During the semester, students will do research on
this project for credit and also one will be sponsored by the college’s Sophomore Early Research
Program, the Clare Luce Boothe Fellow program, or the McNair program, all of which provide funds for
students from underrepresented minority groups to perform research in labs.
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information is current, accurate, and complete. This includes, but is not limited to, information related
to domestic and foreign appointments and positions. Misrepresentations and/or omissions may be
subject to prosecution and liability pursuant to, but not limited to, 18 U.S.C. §§ 287, 1001, 1031 and 31
U.S.C. §§ 3729-3733 and 3802.

Certified by Sosik, Heidi M in SciENcv on 2023-02-14 17:31:17
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Effective 01/30/2023 OMB-3145-0058NSF BIOGRAPHICAL SKETCH

NSF BIOGRAPHICAL SKETCH
Provide the following information for the Senior personnel.

Follow this format for each person. DO NOT EXCEED 3 PAGES.

IDENTIFYING INFORMATION:
NAME: Ji, Rubao
POSITION TITLE: Senior Scientist
ORGANIZATION AND LOCATION: Woods Hole Oceanographic Institution, Woods Hole, MA,
United States

Professional Preparation:
ORGANIZATION AND LOCATION DEGREE

(if applicable)
DATE

RECEIVED
FIELD OF STUDY

University of Georgia, Athens, GA, United
States PHD 2003 Biological

Oceanography
University of Georgia, Athens, GA, United

States MS 2002 Computer Science

Ocean University of China, Qingdao, China MS 1994 Marine Ecology
Ocean University of China, Qingdao, China BS 1991 Marine Biology

Appointments and Positions
2019 - present Senior Scientist, Woods Hole Oceanographic Institution, Woods Hole, MA, United

States
2013 - 2019 Associate Scientist w/ Tenure, Woods Hole Oceanographic Institution, Woods Hole,

MA, United States
2009 - 2013 Associate Scientist, Woods Hole Oceanographic Institution, Woods Hole, MA,

United States
2005 - 2009 Assistant Scientist, Woods Hole Oceanographic Institution, Woods Hole, MA,

United States
2004 - 2005 Postdoctoral scholar, Woods Hole Oceanographic Institution, Woods Hole, MA,

United States
2003 - 2004 Research Associate, University of Massachusetts Dartmouth, Dartmouth, MA, United

States
1999 - 2003 Research Assistant, University of Massachusetts Dartmouth, Dartmouth, MA, United

States
1994 - 1998 Associate Scientist, First Institute of Oceanography, China, Qingdao, Not Applicable,

N/A, China
Products
Products Most Closely Related to the Proposed Project

1. Ji R, Feng Z, Jones BT, Thompson C, Chen C, Record NR, Runge JA. Coastal amplification of
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When the individual signs the certification on behalf of themselves, they are certifying that the
information is current, accurate, and complete. This includes, but is not limited to, information related
to domestic and foreign appointments and positions. Misrepresentations and/or omissions may be
subject to prosecution and liability pursuant to, but not limited to, 18 U.S.C. §§ 287, 1001, 1031 and 31
U.S.C. §§ 3729-3733 and 3802.

Certified by Ji, Rubao in SciENcv on 2023-02-14 09:21:48
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Analysis of Populations in Biological Systems, University of Arizona, Tucson (2017).
5. Chair,Theoretical Ecology Section, Ecological Society of America (2004 - 2005).

Certification:
When the individual signs the certification on behalf of themselves, they are certifying that the
information is current, accurate, and complete. This includes, but is not limited to, information related
to domestic and foreign appointments and positions. Misrepresentations and/or omissions may be
subject to prosecution and liability pursuant to, but not limited to, 18 U.S.C. §§ 287, 1001, 1031 and 31
U.S.C. §§ 3729-3733 and 3802.

Certified by Neubert, Michael G. in SciENcv on 2023-02-14 14:21:35
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Effective 01/30/2023 OMB-3145-0058NSF BIOGRAPHICAL SKETCH

NSF BIOGRAPHICAL SKETCH
Provide the following information for the Senior personnel.

Follow this format for each person. DO NOT EXCEED 3 PAGES.

IDENTIFYING INFORMATION:
NAME: Sato, Mei
POSITION TITLE: Assistant Scientist
ORGANIZATION AND LOCATION: Woods Hole Oceanographic Institution, Woods Hole, MA,
United States

Professional Preparation:
ORGANIZATION AND LOCATION DEGREE

(if applicable)
DATE

RECEIVED
FIELD OF STUDY

Oregon State University, Corvallis, OR,
United States Other training 2015 - 2017 Postdoctoral Research

Associate
University of Washington, Seattle, WA,

United States Other training 2013 - 2015 Postdoctoral Research
Associate

University of Victoria, Victoria, BC, Canada PHD 2013 Oceanography
University of Maine, Orono, ME, United

States MS 2006 Oceanography

Tokyo University of Fisheries, Tokyo, Japan BS 2004 Aquatic Biosciences
Appointments and Positions
2021 - present Assistant Scientist, Woods Hole Oceanographic Institution, Woods Hole, MA,

United States
2019 - 2021 Guest Investigator, Woods Hole Oceanographic Institution, Woods Hole, MA,

United States
2018 - 2020 Research Associate, University of British Columbia, Vancouver, British Columbia,

Canada
2015 - 2017 Postdoctoral Research Associate, Oregon State University, Corvallis, OR, United

States
2013 - 2015 Postdoctoral Research Associate, University of Washington, Seattle, WA, United

States
2009 - 2013 Research Assistant, University of Victoria, Victoria, British Columbia, Canada
2007 - 2009 Acoustic Data Analyst/ Project Coordinator, Sonic Corporation Co., Ltd., Tokyo, Not

Applicable, N/A, Japan
2004 - 2006 Research Assistant, University of Maine, Orono, ME, United States
Products
Products Most Closely Related to the Proposed Project

1. Sato M, Barth JA, Benoit-Bird KJ, Pierce SD, Cowles TJ, Brodeur RD, Peterson WT. Coastal
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upwelling fronts as a boundary for planktivorous fish distributions. Marine Ecology Progress
Series. 2018; 995:171-186.

2. Sato M, Benoit-Bird KJ. Spatial variability of deep scattering layers shapes the Bahamian
mesopelagic ecosystem. Marine Ecology Progress Series. 2017; 580:69-82.

3. Sato M, Dower J, Kunze E, Dewey R. Second-order seasonal variability in diel vertical
migration timing of euphausiids in a coastal inlet. Marine Ecology Progress Series. 2013;
480:39-56.

4. Sato M, Jumars PA. Seasonal and vertical variations in emergence behaviors of Neomysis
americana. Limnology and Oceanography. 2008; 53:1665-1677.

5. Sato M, Trites AW, Gauthier S. Southern resident killer whales encounter higher prey densities
than northern resident killer whales during summer. Canadian Journal of Fisheries and Aquatic
Sciences. 2021 October; 78:1732-1743.

Other Significant Products, Whether or Not Related to the Proposed Project
1. Sato M, Horne JK, Parker-Stetter SL, Essington TE, Keister JE, Moriarty PE, Li L, Newton J.

Impacts of moderate hypoxia on fish and zooplankton prey distributions in a coastal fjord.
Marine Ecology Progress Series. 2016; 560:57-72.

2. Benoit-Bird KJ, Welch TP, Waluk CM, Barth JA, Wangen I, McGill P, Okuda C, Hollinger
GA, Sato M, McCammon S. Equipping an underwater glider with a new echosounder to explore
ocean ecosystems. Limnology and Oceanography: Methods. 2018; 16:734-749.

3. Sato M, Horne JK, Parker-Stetter SL, Keister JE. Acoustic classification of coexisting taxa in a
coastal ecosystem. Fisheries Research. 2015; 172:130-136.

4. Sato M, Klymak JM, Kunze E, Dewey R, Dower JF. Turbulence and internal waves in Patricia
Bay, Saanich Inlet, British Columbia. Continental Shelf Research. 2014; 85:153-167.

5. Sato M, Yamazaki H. Estimating micro-scale intermittency of fluorescence fields from
conventional CTD measurements. Journal of Marine Systems. 2008; 70:240-247.

Synergistic Activities
1. Subject Matter Expert for the bioacoustic sensors of the Ocean Observatories Initiatives (OOI),

advising sampling protocol, conducting calibrations, and QA/QC of the data. 08/16 - present
2. Reviewer for journals: Limnology and Oceanography, Marine Ecology Progress Series, Journal

of Plankton Research, Deep-Sea Research II, ICES Journal of Marine Sciences, Progress in
Oceanography, Fisheries Research, Aquatic Living Resources, Invertebrate Reproduction and
Development; Reviewer for proposals: NSF Ocean Technology and Interdisciplinary
Coordination Program, NSF Biological Oceanography Program, NOAA Northwest Fisheries
Science Center Internal Grant

3. Workshop co-organizer (Synthesis of bio-acoustics programs for monitoring zooplankton and
fisheries in the North Pacific) at PICES 2019 Annual Meeting. 10/19

4. Co-organizer of workshops with stake holders (sport fishing guides/whale watching boat
owners) in British Columbia, Canada, designed to foster interactions and collaborations to study
endangered southern resident killer whales. 03/18 – 06/18
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SCV Biographical Sketch v.2023-1 (rev. 01/31/2023) Page 2 of 3

Page 99 of 549

Submitted/PI: Heidi M Sosik /Proposal No: 2322676



When the individual signs the certification on behalf of themselves, they are certifying that the
information is current, accurate, and complete. This includes, but is not limited to, information related
to domestic and foreign appointments and positions. Misrepresentations and/or omissions may be
subject to prosecution and liability pursuant to, but not limited to, 18 U.S.C. §§ 287, 1001, 1031 and 31
U.S.C. §§ 3729-3733 and 3802.

Certified by Sato, Mei in SciENcv on 2023-02-13 13:41:33
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Effective 01/30/2023 OMB-3145-0058NSF BIOGRAPHICAL SKETCH

NSF BIOGRAPHICAL SKETCH
Provide the following information for the Senior personnel.

Follow this format for each person. DO NOT EXCEED 3 PAGES.

IDENTIFYING INFORMATION:
NAME: Zhang, Weifeng (Gordon)
NSF ID: 000559007@nsf.gov
ORCID: 0000-0002-2819-1780
POSITION TITLE: Associate Scientist with Tenure
ORGANIZATION AND LOCATION: Woods Hole Oceanographic Institution, Woods Hole, MA,
United States

Professional Preparation:
ORGANIZATION AND LOCATION DEGREE

(if applicable)
DATE

RECEIVED
FIELD OF STUDY

Rutgers, The State University of New Jersey, New
Brunswick, New Jersey, United States PHD 2009 Oceanography

Zhejiang University, Hangzhou, Zhejiang, China MENG 2003 Fluid
Mechanics

Zhejiang University, Hangzhou, Zhejiang, China BS 2000 Engineering
Mechanics

Appointments and Positions
2018 - present Associate Scientist with Tenure, Woods Hole Oceanographic Institution, Woods

Hole, MA, United States
2015 - 2018 Associate Scientist, Woods Hole Oceanographic Institution, Woods Hole, MA,

United States
2011 - 2015 Assistant Scientist, Woods Hole Oceanographic Institution, Woods Hole, MA,

United States
2009 - 2011 Post-doctoral Scholar, Woods Hole Oceanographic Institution, Woods Hole, MA,

United States
2004 - 2009 Research Assistant, Rutgers, The State University of New Jersey, New Brunswick,

NJ, United States
Products
Products Most Closely Related to the Proposed Project

1. Zhang WG., Lentz SJ.. Wind-driven circulation in a shelf valley. Part I: Mechanism of the
asymmetrical response to along-shelf winds in opposite directions. Journal of Physical
Oceanography. 2017 December; 47:2927-2947. DOI: 10.1175/JPO-D-17-0083.1

2. Zhang WG., McGillicuddy DJ., Gawarkiewicz GG.. Is biological productivity enhanced at the
New England Shelfbreak Front?. Journal of Geophysical Research - Oceans. 2013 January;
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118:517-535. DOI: 2169-9275/13/10.1002/jgrc.20068
3. Oliver H, Zhang WG, Smith WO, Alatalo P, Chappell PD, Hirzel A, Selden CR, Sosik HM,

Stanley HR, Zhu Y, McGillicuddy D. Extradordinary diatom blooms driven by western
boundary current instability. Geophysical Research Letter. 2021; 48. DOI:
10.1029/2020GL091943

4. Oliver H, Zhang WG, Archibald KM, Hirzel AJ, Smith WO, Sosik HM, Stanley RH.R.,
McGillicuddy DJ. Ephemeral Surface Chlorophyll Enhancement at the New England Shelf
Break Driven by Ekman Restratification. Journal of geophysical research. Oceans.
2022 January; 127(1):e2021JC017715. Available from:
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2021JC017715 DOI:
10.1029/2021JC017715

5. Zhang WG, Alatalo P, Crockford T, Hirzel AJ, Meyer MG, Oliver H, Peacock E, Petitpas CM,
Sandwith Z, Smith WO, Sosik HM, Stanley RHR, Stevens BLF, Turner JT, McGillicuddy DJ.
Cross-shelf exchange associated with a shelf-water streamer at the Mid-Atlantic Bight shelf
edge. Progress in Oceanography. 2023 January; 210:102931. Available from:
https://doi.org/10.1016/j.pocean.2022.102931 DOI: 10.1016/j.pocean.2022.102931

Other Significant Products, Whether or Not Related to the Proposed Project
1. Zhang WG., Gawarkiewicz GG.. Dynamics of the direct intrusion of Gulf Stream ring water

onto the Mid-Atlantic Bight shelf. Geophysical Research Letters. 2015 September 30; 42:7687-
7695. DOI: 10.1002/ 2015GL065530

2. Zhang WG, Gawarkiewicz GG. Length-scale of the finite-amplitude meanders of shelfbreak
fronts. Journal of Physical Oceanography. 2015 October; 45:2598-2620. DOI: 10.1175/JPO-D-
14-0249.1

3. Zhang WG, McGillicuddy DJ. Warm Spiral Streamers over Gulf Stream Warm-Core Rings.
Journal of Physical Oceanography. 2020; 50(3331):3351. DOI: 10.1175/JPO-D-20-0035.1

4. Du J, Zhang WG, Li Y. Variability of deep water in Jordan Basin of the Gulf of Maine:
Influence of Gulf Stream Warm Core Rings and the Nova Scotia Current. Journal of
Geophysical Research - Oceans. 2021; 126. DOI: 10.1029/2020JC017136

5. Li X, Zhang W, Rong Z. The Interaction Between Warm-Core Rings and Submarine Canyons
and Its Influence on the Onshore Transport of Offshore Waters. Journal of Geophysical
Research: Oceans. 2021 December 13; 126(12):e2021JC017989. Available from:
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2021JC017989 DOI:
10.1029/2021JC017989

Synergistic Activities
1. Mentoring undergraduate students, graduate students and postdocs through the WHOI Summer

Student Fellow and Guest Student Programs, the MIT-WHOI Joint Program and the WHOI
postdoc scholar and investigator program

2. Member of an NSF OCE Physical Oceanography Program proposal review panel
3. Invited to and participated in the NSF Ocean Observatory Initiative Cyber-Infrastructure Beta

Test and Coastal Arrays Workshop, and Pioneer Array Relocation Innovation Lab workshop;
Contribution to the NSF Ocean Observatory Initiative online data streaming and data quality
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control
4. Co-chair of the Gordon Research Conference - Coastal Ocean Dynamics in June 2023
5. Associate Editor of the journal Frontiers in Marine Science - Physical Oceanography Section.

Certification:
When the individual signs the certification on behalf of themselves, they are certifying that the
information is current, accurate, and complete. This includes, but is not limited to, information related
to domestic and foreign appointments and positions. Misrepresentations and/or omissions may be
subject to prosecution and liability pursuant to, but not limited to, 18 U.S.C. §§ 287, 1001, 1031 and 31
U.S.C. §§ 3729-3733 and 3802.

Certified by Zhang, Weifeng (Gordon) in SciENcv on 2023-02-09 16:51:07
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Provide the following information for the Senior personnel.

Follow this format for each person. DO NOT EXCEED 3 PAGES.

IDENTIFYING INFORMATION:
NAME: Llopiz, Joel
ORCID: 0000-0002-7584-7471
POSITION TITLE: Associate Scientist (tenure-track faculty)
ORGANIZATION AND LOCATION: Woods Hole Oceanographic Institution

Professional Preparation:
ORGANIZATION AND LOCATION DEGREE

(if applicable)
DATE

RECEIVED
FIELD OF STUDY

Woods Hole Oceanographic Institution, Woods
Hole, MA

Postdoctoral
Fellow 2010 - 2012 Biological

Oceanography

University of Miami/RSMAS, Miami, FL Postdoctoral
Fellow 2008 - 2010 Biological

Oceanography

University of Miami/RSMAS, Miami, FL PHD 2008 Marine Biology and
Fisheries

Eckerd College, St. Petersburg, FL BS 2000 Marine Science
Appointments and Positions
2017 - present Associate Scientist (tenure-track faculty), Woods Hole Oceanographic Institution
2012 - 2017 Assistant Scientist (tenure-track faculty), Woods Hole Oceanographic Institution
2011 - 2013 Instructor, Massachusetts Marine Studies Consortium
2010 - 2012 Postdoctoral Scholar, Woods Hole Oceanographic Institution
2008 - 2010 Postdoctoral Associate, University of Miami/RSMAS
2005 - 2008 Graduate Research and Teaching Assistant, University of Miami/RSMAS
2002 - 2005 Graduate Research Fellow, University of Miami/RSMAS
2000 - 2002 Fisheries Biologist, Florida Fish and Wildlife Research Institute
Products
Products Most Closely Related to the Proposed Project

1. Suca JJ, Pringle JW, Knorek ZR, Hamilton SL, Richardson DR, Llopiz JK. Feeding dynamics of
Northwest Atlantic small pelagic fishes. Progress in Oceanography. 2018; 165:52-62.

2. Llopiz JK, Richardson DE, Shiroza A, Smith SL, Cowen RK. Distinctions in the diets and
distributions of larval tunas and the important role of appendicularians. Limnology and
Oceanography. 2010; 55:983-996.

3. Suca JJ, Wiley DN, Silva TL, Robuck AR, Richardson DE, Glancy SG, Clancey E, Giandonato
T, Solow AR, Thompson MA, Hong P, Baumann H, Kaufman L, Llopiz JK. Sensitivity of sand
lance to shifting prey and hydrography indicates forthcoming change to the northeast US shelf
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forage fish complex. ICES Journal of Marine Science. 2021; fsaa251. DOI:
10.1093/icesjms/fsaa251

4. Govindarajan A, Francolini R, Jech JM, Lavery AC, Llopiz JK, Wiebe PH, Zhang WG.
Exploring the use of environmental DNA (eDNA) to detect animal taxa in the mesopelagic
zone. Frontiers in Ecology and Evolution. 2021; 9:574877. DOI: 10.3389/fevo.2021.574877

5. Caiger PE, Lefebvre LS, Llopiz JK. Growth and reproduction in mesopelagic fishes: a literature
synthesis. ICES Journal of Marine Science. 2021; fsaa247. DOI: 10.1093/icesjms/fsaa247

Other Significant Products, Whether or Not Related to the Proposed Project
1. Llopiz JK, Cowen RK, Hauff MJ, Ji R, Munday PL, Muhling BA, Peck MA, Richardson DE,

Sogard S, Sponaugle S. Early life history and fisheries oceanography: New questions in a
changing world. Oceanography. 2014; 27(4):26-41.

2. Llopiz JK, Hobday AJ. A global comparative analysis of the feeding dynamics and
environmental conditions of larval tunas, mackerels, and billfishes. Deep Sea Research II. 2015;
113:113-124.

3. Llopiz JK. Latitudinal and taxonomic patterns in the feeding dynamics of fish larvae: A
literature synthesis. Journal of Marine Systems. 2013; 109-110:69-77.

4. Llopiz JK, Cowen RK. Variability in the trophic role of coral reef fish larvae in the oceanic
plankton. Marine Ecology Progress Series. 2009; 381:259-272.

5. Hernandez CM, Witting J, Willis C, Thorrold SR, Llopiz JK, Rotjan RD. Evidence and patterns
of tuna spawning inside a large no-take marine protected area. Scientific Reports. 2019;
9:10772. DOI: 10.1038/s41598-019-47161-0

Synergistic Activities
1. Mentored 18 undergraduate researchers in 9 yrs as a WHOI scientist
2. Co-chair of WHOI's Committee for Diversity, Equity, and Inclusion
3. Developed and taught 5 graduate-level courses for the MIT-WHOI Joint Program and an

undergraduate fish biology course for the Marine Studies Consortium (students from Tufts,
Wellesley, Northeastern, Wheaton, and Stonehill)

4. Co-chair of IMBER-associated CLIOTOP (Climate Impacts on Top Predators) program
5. Former (2016-2019) chair of the Regional Association for Research on the Gulf of Maine

(RARGOM)
Certification:
When the individual signs the certification on behalf of themselves, they are certifying that the
information is current, accurate, and complete. This includes, but is not limited to, information related
to domestic and foreign appointments and positions. Misrepresentations and/or omissions may be
subject to prosecution and liability pursuant to, but not limited to, 18 U.S.C. §§ 287, 1001, 1031 and 31
U.S.C. §§ 3729-3733 and 3802.

Certified by Llopiz, Joel in SciENcv on 2023-02-26 20:44:21
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Provide the following information for the Senior personnel.

Follow this format for each person. DO NOT EXCEED 3 PAGES.

IDENTIFYING INFORMATION:
NAME: Stanley, Rachel
POSITION TITLE: Associate Professor
ORGANIZATION AND LOCATION: Wellesley College, Wellesley, MA, United States

Professional Preparation:
ORGANIZATION AND LOCATION DEGREE

(if applicable)
DATE

RECEIVED
FIELD OF STUDY

Princeton University, Princeton, New Jersey,
United States

Postdoctoral
Fellow 2007 - 2009

NOAA Climate and
Global Change and Hess

Postdoctoral Fellow
MIT/WHOI Joint Program, Cambridge and

Woods Hole, MA, United States PHD 2007 Chemical Oceanography

National Oceanography Centre, Southampton,
Hampshire County, United Kingdrom Fellow 2000 - 2001 Fulbright Fellowship

Masschusetts Institute of Technology,
Cambridge, Massachusetts, United States BS 2000 Chemistry

Appointments and Positions
2020 - present Associate Professor, Wellesley College, Chemistry Department, Wellesley, MA,

United States
2016 - present Adjunct Scientist, Woods Hole Oceanographic Institution, Department of Marine

Chemistry and Geochemistry, Woods Hole, MA, United States
2015 - 2020 Assistant Professor, Wellesley College, Department of Chemistry, Wellesley, MA,

United States
2009 - 2014 Assistant Scientist, Woods Hole Oceanographic Institution, Department of Marine

Chemistry and Geochemistry, Woods Hole, United States
Products
Products Most Closely Related to the Proposed Project

1. Oliver H, Zhang WG., Smith Jr. WO., Philip A, Chappell PD, Selden CR., Sosik HM., Stanley
RH.R., Zhu Y, McGillicuddy Jr. DJ.. Diatom Hotspots Driven by Western Boundary Current
Instability. Geophysical research letters. 2021; 48:2020GL091943. Available from: https://doi.
org/10.1029/2020GL091943 DOI: https://doi. org/10.1029/2020GL091943

2. Oliver H, Zhang WG., Archibald KM., Hirzel AJ., Smith WO., Sosik HM., Stanley RH.R.,
McGillicuddy Jr. DJ.. Ephemeral Surface Chlorophyll Enhancement at the New England Shelf
Break Driven by Ekman Restratification. JGR Oceans. 2022; 127:e2021JC017715. Available
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