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The Seward Line: Marine ecosystem monitoring in the Northern Gulf of Alaska

Exxon Valdez Oil Spill Trustee Council Project 21120114-L
Final Report

Study History: Begun in fall 1997 as part of the joint National Oceanic and Atmospheric
Administration and National Science Foundation’s Global Ocean Ecosystems Dynamics
program, the Seward Line has become the most comprehensive long-term multidisciplinary
marine sampling program in the coastal Gulf of Alaska, monitoring changes in the oceanography
of a region that is critical to Alaska’s commercial and subsistence fisheries, and tourism
economies. From 1998 to 2004, conditions along the Seward Line were sampled on 6-7 cruises
per year spanning from March to December. When field studies ended in December 2004, the
North Pacific Research Board continued to fund the program, reducing its scope to a cruise each
May and September, with a focus along the Seward Line and the main passageways in western
Prince William Sound. In 2010, the Alaska Ocean Observing System began to also provide
financial support for the Seward Line observations. During 2011-2013, the Seward Line was
embedded within the North Pacific Research Board’s Gulf of Alaska Integrated Ecosystem
Research Program, which added determination of microzooplankton analyses to many cruises.
With the addition of Exxon Valdez Oil Spill Trustee Council support through Gulf Watch Alaska
in 2012, (Project 16120114-J) and elevation of the Seward Line to a Long-Term Monitoring
program by North Pacific Research Board during the summer of 2014, the Seward Line had
secured a stable funding base. In 2018 the Seward Line became part of the National Science
Foundation’s Long-term Ecological Research program. The Northern Gulf of Alaska Long-Term
Ecological Research allowed expansion of the sampling domain, the addition of a summer
cruise, and provided funds for additional measurements and personnel (scientists, students, and
staff) as well as access to larger vessels on some cruises.

Abstract: Gulf of Alaska waters undergo year-to-year variability in the physical environment
superimposed on longer-term cycles and long-term trends. These variations influence ocean
chemistry and propagate through the food web’s lower trophic levels, ultimately influencing fish,
seabirds, and marine mammals. The Seward Line program monitors the changes in physics,
chemistry, and lower trophic levels (i.e., plankton) to describe the current state and natural
variability inherent in this ecosystem, which is at risk of significant anthropogenic impact. Our
observations are the basis for critical indices of ecosystem status that help us understand key
aspects of stability and change in upper ecosystem components over short and long timescales.
During the 2017-2021 study years, the Gulf of Alaska physical and lower trophic level metrics
slowly returned to a normal state following the extremes of the 2014-2016 marine heatwave,
with response delayed by additional heatwave conditions during 2019. The spring phytoplankton
bloom responds strongly to heatwave events with altered timing, reduced biomass, and smaller-
sized species. With the Seward Line now having 25 years of observations, we can show that for



zooplankton the state of the Pacific Decadal Oscillation corresponds to broad changes in
community composition. Upper trophic level predators, such as seabirds, also show long-term
trends that are taxa specific.

Key words: Biological, chemical, Gulf of Alaska, marine mammals, nutrients, oceanography,
physical, phytoplankton, Prince William Sound, seabirds, Seward Line, zooplankton.

Project Data: Data exist in three major groups: ocean physics, nutrients and chlorophyll, and
species-resolved zooplankton catches. Seabird data is reported on the GWA pelagic component.

There are no limitations on the use of the data; however, it is requested that the authors be cited
for any subsequent publications that reference this dataset. It is strongly recommended that
careful attention be paid to the contents of the metadata file associated with these data to evaluate
data set limitations or intended use. Data are stored in a comma-delimited CSV format.

All data reside online (or will within 2 years of collection) and are publicly available through
several locations, primarily from the Gulf of Alaska data portal and published with DataONE at
the links below:

https://portal.aoos.org/gulf-of-alaska.php#metadata/e25fe12-1c98-4416-8561-
5d61c¢87c0384/project

https://search.dataone.org/portals/NGALTER/About-the-Data-Catalog

The data custodian is Carol Janzen, Director of Operations and Development, Alaska Ocean
Observing System, 1007 W. 3 Ave. #100, Anchorage, Alaska 99501, 907-644-6703.
janzen(@aoo0s.org.

Data are archived by Axiom Data Science, a Tetra Tech Company, 1016 W. 6™ Ave.,
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The Seward Line: Marine ecosystem monitoring in the Northern Gulf of Alaska

EXECUTIVE SUMMARY

The Seward Line program has sampled the physical, chemical, and biological properties along a
150 mile-long transect from the mouth of Resurrection Bay, Alaska to offshore waters using
ships for 25 years. Principal tools include electronic packages that profile the physical properties
of the water column (e.g., temperature and salinity), bottles that sample discrete depths for
measuring water chemistry (e.g., nutrients) and single-celled organisms (i.e., phytoplankton and
microzooplankton), nets that sample the multicellular meso- and macro-zooplankton, and
observers that census seabirds and marine mammals. Its major objectives are to monitor the state
of these ecosystem components, describe their variability, and understand the relationships
among them to thereby improve our understanding and management of this highly productive
habitat.

Long time-series are required before meaningful patterns or trends begin to emerge. For physical
and lower trophic level studies after the unprecedented marine heatwaves in 2014-2016 and
2019, many metrics appear to have return to their pre-heatwave state. Twenty-five years of
observations are now allowing us to disentangle broader-scale temporal patterns that were not
apparent previously.

INTRODUCTION

Long time-series are required for scientists to identify secular change (and infer cause) in the
face of substantial year-to-year variability. Like other regions, the North Pacific undergoes
significant interannual variability, driven partially by variations in basin- or global-scale
phenomena (e.g., El Nifio, the Pacific Decadal Oscillation). Longer-term variations referred to as
“regime shifts” have occurred in the past and will likely occur again. These are expressed as
fundamental shifts in ecosystem structure and function, such as the 1976 regime shift that
resulted in a switch within the Gulf of Alaska (GOA) from a shrimp-dominated fishery to one
dominated by pollock, salmon, and halibut (Anderson and Piatt 1999). Long-term observations
are also critical to describe the current state, and natural variability inherent in an ecosystem at
risk of significant anthropogenic impact such as occurred during the Exxon Valdez oil spill.
Given the potential for such profound impacts, the Seward Line provides these critical
observations on the current state of the northern Gulf of Alaska (NGA) ecosystem.

Inherent in the concept of any long-term observation program is the ability to assess effects of
climate variation. Beyond this long-term aspect, the Seward Line sampling program is designed
to capture the major gradients in lower tropic level production as estimated from broad-scale
analyses of satellite ocean color imagery (assumed to represent phytoplankton production
gradients). This design allows us to investigate the mechanisms by which variations in physical
and chemical conditions translate into changes in the composition and abundance of organisms



in the planktonic food web, and how apex predators, such as seabirds, integrate and reflect these
changes. The first-order driver of production variability is the intense environmental seasonality
of the system (Brickley and Thomas 2004, Waite and Mueter 2013). Our cruises span the major
spring-late summer gradient in this seasonality, while retaining a focus on important periods for
the life cycles of various zooplankton species. The early May period was selected to capture the
peak productivity associated with the spring bloom. The consistent timing of the May cruise has
allowed us to look at phenology shifts (e.g., Mackas et al. 2012) in the large Neocalanus spp.
copepods that dominate the spring zooplankton biomass (Coyle et al. 2019). The September
cruise captures the end of the low productivity oceanographic summer, when smaller phyto- and
zooplankton dominate, and precedes the stormy fall overturn. Changes in the microzooplankton
community are likely to accompany this seasonal gradient, as hinted at in earlier work showing,
for example, higher abundances of dinoflagellates in summer compared to spring (Strom et al.
2007, Strom and Fredrickson 2008).

Dominant spatial gradients in the coastal GOA are the east-west contrast and the cross-shelf
zonation (Brickley and Thomas 2004, Waite and Mueter 2013). The Seward Line station layout
is explicitly designed to capture the important cross-shelf divisions (described above), as well as
incorporating Prince William Sound (PWS) as a largely enclosed, estuarine “end member” of
this coastal continuum. Mating biological observations (e.g., plankton community composition)
directly to physical and chemical sampling allows us to define these zones according to their
oceanographic properties rather than fixed geographic coordinates (Coyle and Pinchuk 2003,
2005). This is crucial in a region where variations in cross-shelf transport, down- or upwelling
intensity, and mesoscale eddy activity can shift frontal boundaries rapidly (Stabeno et al. 2004).
Multi-decadal observation of the coastal GOA is required for broad-scale atmospheric indices
such as the Pacific Decadal Oscillation to emerge, while shorter-term events such as the El Nifio
Southern Oscillation may have less predictable impacts (Stabeno et al. 2004). Most recently, a
warm-water anomaly referred to as “the Blob” has had far ranging impacts in the GOA (Arimitsu
et al. 2021, Danielson et al. 2022, Suryan et al. 2021). Ultimately, the Seward Line observations
help us understand how environmental effects (i.e., oceanographic conditions and their
variability) relate to higher-order emergent ecological properties such as spatial and temporal
coherence of communities, resilience, and diversity (Beaugrand et al. 2010, Wiltshire et al.
2008).

OBJECTIVES

The scientific purpose of this project is to develop an understanding of the marine ecosystem
response to climate variability and provide baselines against which to assess anthropogenic
influences on the GOA ecosystem. Toward this end, the Seward Line cruises on the NGA shelf
determine the physical-chemical structure, phytoplankton biomass and size composition, and the
distribution and abundance of zooplankton, along with their seasonal and interannual variations.



Some of the data are compared with historical data sets whereas other data sets are a more recent
product of our continuing sampling effort.

Specifically, the objectives for cruises each May and September are:

1. Determine thermohaline, velocity, and nutrient structure of the Seward Line across the GOA
shelf, and at stations throughout PWS (Fig. 1).

Determine phytoplankton (chlorophyll) biomass and size distribution.
Determine the distribution and abundance of metazooplankton.

Determine the distribution and abundance of microzooplankton (starting in 2014).

nok N

Opportunistically, determine rates of growth and egg production of selected key
zooplankton species.

6. Support determination of carbonate chemistry (i.e., ocean acidification).

7. Determine distribution and composition of seabirds (and marine mammals) along the
Seward Line, PWS and Kenai coastline.

8. Provide at-sea experience for graduate and undergraduate students.

Objectives 4, 5, 6 & 8 are primarily supported through other consortium funding, while 7 has
costs shared between Gulf Watch Alaska and the consortium. Consequently, this report focuses
on Objectives 1, 2, 3, and 7 which were largely supported by Exxon Valdez Oil Spill Trustee
Council (EVOSTC) funds, while the other objectives are covered in lesser detail. Additional
detail for Objective 7 is provided in the final report for project 21120014-M.

METHODS

Project design and conceptual approach

Core program: The Seward Line Program consists of 13 primary and 9 secondary stations along
the Seward Line and 4 stations in western PWS. These are sampled in May and early September
typically from either National Science Foundation (NSF) vessel R/V Sikuliaq or the U. S. Fish
and Wildlife Service (USFWS) vessel R/V Tiglax (Fig. 1). Beginning in 2014, we added an
additional two stations to the offshore end of the Seward Line to improve coverage of the
oceanic ‘end member’ of this coastal ecosystem.

Oceanographic sampling methodology has remained stable since sampling began in the fall of
1997 (Weingartner et al. 2002), although the logistics of vessel availability (R/V Tiglax) has
pushed summer sampling from mid-August to early/mid-September. All hydrographic and
bottle-based sampling is conducted during the day, as well as collection of the smaller
zooplankton species that do not migrate vertically, and do not avoid nets. Seabird and mammal
observations are made during station transits. At night, sampling is conducted for the larger and
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Figure 1. The Seward Line’s primary stations, embedded within the Northern Gulf of Alaska-
Long-Term Ecological Research (LTER) program. Open circles indicate intensive stations, black
circles indicate regular stations. Yellow star shows position of LTER mooring. Yellow circle
indicates the location of Seward.

more mobile zooplankton, many of which can only be sampled efficiently during their daily
migration toward the surface under the cover of darkness. Although this protocol results in some
backtracking along the transect line, it ensures that all data can be employed in analysis without
biases arising from diel cycles and avoids the need for sailing with duplicative personnel to staff
day/night sampling teams. At present, there are no autonomous or remote sensing technologies
that allow sufficient sampling of the biological components of this program — they can only be
adequately assessed by vessel-based observations. Nonetheless, the Seward Line program
provides the opportunity for testing and validating any such technologies as they become
available.

Hydrography and nutrients

Each station includes high-resolution vertical profiling of water properties (including
temperature, salinity, chlorophyll a fluorescence, photosynthetically active radiation (PAR),
beam transmission, dissolved oxygen) to within 5 m of the bottom using a Seabird 911Plus
conductivity-temperature-depth (CTD) with dual temperature, conductivity and oxygen sensors.
Dissolved inorganic nutrients (phosphate, silicic acid, nitrate, nitrite, ammonium) and carbonate



chemistry (a.k.a., “Ocean Acidification” parameters) are collected from rosette (Niskin) bottles
that sample at 10 m depth intervals in the upper 50 m, and at irregularly spaced but consistent
depths to the bottom. Oxygen samples are collected from rosette bottles for calibration of high-
resolution sensors. Oxygen is measured according to specifications set forth by the World Ocean
Circulation Experiment (WOCE; Gordon et al. 1993). Nutrient samples are collected, filtered
(0.4 um), frozen at -40 or -80°C, and transported to the University of Alaska Fairbanks Nutrient
Analytical Facility, where analyses are carried out based on protocols described in the GO-SHIP
Repeat Hydrography Nutrient Manual (Baker et al. 2020) using a QuAAtro39 continuous
segmented flow analyzer (Seal Analytical). These state-of-the-art protocols ensure high-
precision, accurate analyses of nutrients in seawater.

The physical and chemical data are used to quantify the seasonal, interannual, and along- and
cross-shelf distributions of water masses and their variability. Interdecadal time scales are also
addressed through use of ship-based gridded sea surface temperature compilations (e.g., Huang
et al. 2017), upwelling indices, the Pacific Decadal Oscillation (and other atmospheric indices),
oceanographic buoy data, and the EVOSTC-supported continuous measurements at GAK-1
(EVOSTC project 21120114-I). Although limited to surface observations, satellite sensor data
(ocean color, surface altimetry and sea surface temperature) is used to place our shipboard data
in broader spatial and temporal contexts (Appendix 1). These data, combined with atmospheric
and oceanographic model reanalysis hindcasts, can help characterize aspects of the system that
we do not directly measure. This holistic approach to interpreting the physical environment is
critical to extrapolating our shipboard measurements and enabling a physics-to-birds-and-
mammals understanding of the GOA ecosystem.

Chlorophyll

Chlorophyll a is the most widely used index of phytoplankton biomass, and one of the few
biological parameters that can be sensed in situ or remotely by satellites. Chlorophyll a is
sampled at all stations and analyzed at sea as a measure of phytoplankton biomass and as a
means to calibrate in vivo fluorescence sensors on the CTD package. We coordinate sampling
depths with water column chemistry measurements (i.e., at 10 m intervals in the upper 50 m).
Samples are collected with the rosette on up-casts and filtered at low vacuum through 20 pm
pore-size polycarbonate filters and onto glass fiber filters (0.7 um effective pore size) to estimate
phytoplankton biomass partitioning into >20 and <20 um size classes. Previous work has shown
that these two size classes respond to different sets of environmental conditions and have
different fates in the coastal GOA food web (Strom et al. 2007, 2010). In the past, chlorophyll
samples were stored frozen for post-cruise fluorometric analysis (Parsons et al. 1984).
Subsequent concerns about degradation of pigments by this approach (Wasmund and Topp 2006)
have resulted in the extraction process commencing immediately after filtration and fluorometry
conducted on shipboard since 2014.



Phytoplankton and microzooplankton

Determination of phyto- and microzooplankton composition and biomass provides information
on the functioning of the ecosystem, and responses to environmental forcing. Knowledge of
phytoplankton composition allows us to relate physical processes (mixing, light availability) and
nutrient supplies to the nature of the production response. Large chain diatoms may be
particularly important in connecting pelagic production with the benthos. Large heterotrophic
dinoflagellates can respond strongly to diatom blooms; their biomass indicates potential grazing
impact of microzooplankton on diatom blooms, a major trophic transfer pathway in coastal GOA
waters sampled so far (Strom et al. 2001, 2006, 2007). Large microzooplankters are also
important prey for the crustacean zooplankton (Liu et al. 2005, 2008). A scarcity of large
microzooplankton indicates a highly recycled food web with relatively less export to benthos or
larger pelagic species. In general, knowledge of phyto- and microzooplankton composition and
biomass is essential for evaluating the food web structure and potential trophic transfer
efficiency of the region.

Phytoplankton community composition (primarily diatom and dinoflagellate identification) is
assessed using inverted light microscopy of formalin-fixed samples. Acid Lugol’s fixation and
inverted light microscopy (Sherr and Sherr 1993) are used to identify, count, and size all
microzooplankton >15 um in size (using a semi-automated digitizing system, Roff and Hopcroft
1986). Biomass is estimated from microzooplankton cell volumes using published conversion
factors (Strom et al. 2006, 2007). The >15 um size class of microzooplankton can be directly
consumed by mesozooplankton. All phytoplankton and microzooplankton sampling was
confined to the same surface mixed layer (50 m and above) as employed for chlorophyll
determination.

Primary production

Intermittent point measurement of primary production using both stable and radioisotopes over
the past two decades have highlighted that the intense day-to-day (and within day) variability in
solar irradiance due to cloud cover is a major driver of production rate variability (Strom et al.
2010). Primary production is currently measured at one PWS and four Seward Line stations per
cruise, representing a gradient from nearshore to offshore (oceanic) waters. Water is collected
from 6 depths per station and incubated on deck at light levels (fractions of surface irradiance)
corresponding to those at collection depth. Uptake of 13C from labeled sodium bicarbonate (an
inorganic carbon source) into particulate matter over 24 h allows calculation of the production
rate (ugC liter! d'); depth integration of these data yields the water column production rate
(mgC m2d™).

Ocean color as observed by satellites offers appropriate time frames over which to estimate
relative productivity. Through appropriate interpolation and averaging of pixels, it is possible to
construct weekly, monthly, or seasonal values of chlorophyll which over these longer periods
tend to correlate with the magnitude of primary production. Here we generated 8-day mean
chlorophyll concentrations from MODIS Aqua for a 100 km wide swath centered along the
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Seward Line. These data were further averaged to yield a “spring” (April-June) and summer
(July-August) value, for which anomalies were calculated over the life of this satellite (2003-
present).

Metazooplankton

Metazoan zooplankton represent the key linkage between production by single-celled organisms,
and larger organisms such as fish, seabirds and marine mammals. Although typically considered
as a single unit, the term encompasses a wide array and vast size range of species for which no
one piece of sampling equipment can suffice. To address this challenge, our sampling uses three
different types of plankton nets. During daytime, mesozooplankton samples are collected with a
Quad net consisting of 25 cm diameter nets of 2.6 m length equipped with General Oceanics
flowmeters. A pair of these nets is constructed of 150 um mesh and samples small, primarily
early copepodid stages of calanoids (e.g., Coyle and Pinchuk 2003, 2005), while nauplii and the
smallest copepodid stages of neritic species are sampled with a pair of nets equipped with 50 pm
mesh (not generally processed). Quad net tows are made from 100 m to the surface at the 13
primary stations along the Seward Line, and at all PWS stations. During night-time, a 0.25-m?
Hydrobios Multinet system with 0.5 mm mesh nets is fished to assess larger meso/macro-
zooplankton and micronekton, such as euphausiids that are important components in the diet of
many fish, seabirds and marine mammals. The Multinet is equipped with one drogue net plus
five nets that can be programmed to open and close at specific depths, or opened and closed
electronically from the deck if a conducting cable is available. Depth, flow meter counts, and
volume filtered are recorded at 1 second intervals. The Multinet is fished at each of the 13
primary Seward Line stations (Fig. 1), plus the 10-12 stations within PWS. At each station, 5
samples are collected at 20 m depth intervals from 100 m depth to the surface. As time permits,
additional Multinet collections are made to 600 m at GAK13 and PWS2 to assess over-wintering
populations of Neocalanus spp. in 5 layers: 600-400 m, 400-300 m, 300-200 m, 200-100 m, and
100-0 m. All zooplankton samples are preserved in 5-10% formalin and stained with Rose
Bengal for later analysis to the lowest taxonomic category possible.

During traditional taxonomic processing, all larger organisms (primarily shrimp and jelly fish)
are removed and enumerated, and the sample is repeatedly split using a Folsom splitter until the
smallest subsample contains about 100 specimens of the most abundant taxa. The most abundant
taxa are identified, copepodites staged, measured, enumerated, and weighed, with each larger
subsample examined for the larger, less abundant taxa. Blotted wet weights of all specimens of
each taxon and stage are taken on each sample with =1 pg Cahn Electrobalance until weights
stabilize, after which point the wet weight biomass is estimated using mean wet weight. Wet
weights on euphausiids, shrimp and other larger taxa are always measured and recorded
individually for each sample. Beginning in 2018, length-weight relationships were established
for most taxa and wet-weights are predicted from length. Typically, at least 400-600 organisms
are recorded per net-sample. The data are uploaded to a Microsoft Access database for sorting
and analysis. Long-term patterns and trends are typically performed on power-transformed data



(typically power 0.15). Analysis to date indicates the Multinet collections are consistent with
those obtained using a 1.0 m> MOCNESS during the Global Ocean Ecosystems Dynamics
program years (1998-2004).

Seabirds and mammals

The Seward Line design (spring and fall seasons, cross-shelf) provides an opportunity to
examine seabird and marine mammal responses to seasonal changes and the cross-shelf gradient
of physical and biological parameters. The spring survey occurs just prior to or at the beginning
of the breeding period and the fall survey occurs when birds must prepare for harsh winter
conditions or long migrations.

Seabird and marine mammal surveys were conducted when the vessel was underway, including
transits between sampling stations and sampling lines, and when towing underway instrument
packages. A single observer conducted surveys from the bridge or flying bridge using a modified
line-transect protocol. The observer searched an area within a 300 m, 90° arc from the bow to the
beam, using hand-held 10x binoculars when necessary. Observations were recorded using four
distance bins: 0—50 m, 51-100 m, 101-200 m, and 201-300 m. Observations of rare birds or
large flocks, or marine mammals observed outside of the sampling window were recorded as
“off-transect”. Observations were recorded directly into a laptop computer using software
Dlogv3 (R. G. Ford Consulting, Portland, Oregon) which logged the geographic coordinates of
each sighting, as well as the track line and environmental conditions at 20 sec intervals. Data
were processed by subdividing survey transects into 3-km segments.

RESULTS

Physics

In order to focus our attention on the habitat experienced by the sampled plankton, the following
analyses consider averages over the upper 100 m of the water column - the depth to which
zooplankton vertical net tows often collect samples. We also restrict our analyses to GAK-1
through GAK-13 because the stations GAK-14 and GAK-15 on the lower continental slope were
not sampled in the earlier years of the program.

During spring, we observe on average a relatively narrow half-degree range (5.5 to 6.0 °C) of 0-
100 m temperatures across Seward Line stations GAK-1 to GAK-13 (Fig. 2). In contrast, the
mean temperatures over this depth range in September exceeds two degrees (7.7 to 9.9 °C;

Fig. 2), with nearshore temperatures usually significantly warmer than offshore waters (Fig. 3).
The sign of the temperature gradient changes over the intervening months: nearshore waters are
typically cooler than offshore waters in spring but warmer than offshore waters in fall (Fig. 3). In
all months the coastal salinities are lower than salinities found offshore. The range of salinity
across the Seward Line in May is typically between 31.5 to 32.6; in September the cross-shelf
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Figure 2. Mean 0-100 m upper water column temperature (top) and salinity (bottom)
computed across Seward Line stations GAK-1 through GAK-13 for May (blue), September
(red) and October (magenta).

salinity range more than doubles in magnitude (range 30.3 to 32.6), reflecting accumulation of
freshwater in the coastal zone over the course of the summer (Fig. 2).

Warmest springs occurred in 1998, 2003, 2015-16, and 2019, and these generally correspond to
warmer Septembers, although September 2014, 2017, and 2022 were also notably warm (Figs. 2
and 3). The vertical and horizontal structure of heat and haline anomalies (Fig. 4) exhibit
appreciable patchiness, showing that surface anomalies often do not well reflect conditions at
depth. Notably cooler springs occurred in 2002, 2007-3009 and 2013 (Janout et al. 2010). Cool
Septembers and Octobers occurred in 2000, 2002, 2013 and 2019. Warm May conditions are
often associated with low salinity conditions (1> = 0.25, p = 0.04).
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Figure 3. Average water temperatures in the upper 100 m along the Seward Line during May
and September, 1998-2021.

Due to memory in the system and potential unidentified mechanistic linkages, Seward Line
thermal anomalies in May can provide an indication of likely conditions four months later in
September. Regression analyses show that mean May upper water column temperature on the
Seward Line provides a significant leading predictor of the September temperature anomaly (? =
0.38, p=0.006). In contrast, the mean May salinity is only weakly related to the September
salinity (p = 0.07). Neither temperature nor salinity in the month of September is a predictor of
following May conditions.

An examination of summer season changes (May to September) in temperature and salinity
(Fig. 5) shows that in most years (12 of 17) the change in upper water column heat content
corresponds to a predictable change in upper water column salinity. Five other years, however,
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Figure 4. Water temperature anomalies (°C - color bar) along the Seward Line during May
and September for the prior six study years.
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appear as outliers to this relation. These include the Pacific marine heatwave (PMW) years of
2014, 2016, and 2019 and cool phase years of 2010 and 2013. Four of these five years exhibited
the smallest (out of all 17 years 2005-2022) warming from May to September, while the other
year (2013) exhibited the largest decline in salinity and was an important transitional year into
the 2014-2016 PMH.
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Figure 5. May to September change in Salinity as a function of the change in temperature
over the same time frame. All data points based on averages over 0-100 m depth and across
GAK-1 through GAK-13 on the Seward Line.

Macronutrients

In general, macronutrient concentrations in surface waters reflect the seasonal progression of
their input and utilization. Nutrient recharge occurs in winter due to storms mixing nutrient-rich
subsurface waters into the surface, prevailing downwelling conditions advecting nutrient-rich
offshore waters onto the shelf, and the limited biological uptake during winter’s light limiting
conditions. The observed concentrations in the surface mixed layer during May (Fig. 6) reflect
the extent to which the nutrients have been utilized by the spring phytoplankton community and
provide clues about the timing and strength of the spring bloom in any given year. May nutrient
concentrations also demonstrate how the bloom clearly peaks at different times in different
cross-shelf regions. The silicic acid drawdown in spring indicates sustained diatom production,
during the spring bloom, and as the season progresses the depletion of nitrate and phosphate
contribute to a shift in community composition by summer. Nitrate can be depleted over much of
the shelf into summer, and a community of small cells is maintained by recycled ammonia and
phosphate. However, enhanced freshwater input in summer and fall brings along silicic acid,
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resulting in relatively elevated concentrations of silicic acid in surface waters of the inner shelf.
The convoluted nature of the Gulf of Alaska shelf allows for regions where tidal mixing,
subsurface flows and/or storms can provide intermittent nutrient input that contributes to summer
and fall production. Nutrient concentrations in fall reflect the degree to which the onset of fall
storms are able to break stratification, enhance surface mix layer depth, and increase nutrient
inventories.
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Figure 6. Nitrate concentration in near-surface (<10m) waters of the Seward Line during
May (left) and September (right).

Phytoplankton (chlorophyll) and primary production

Phytoplankton measurements during early May target the period of typically highest chlorophyll
concentration over the shelf (based on remote sensing data), when phytoplankton growth
outpaces grazing pressure and sinking losses. September measurements can capture the late
summer community, when nutrients are limiting and biomass is low, or can give insights into the
period of fall wind mixing, surface nutrient replenishment, and associated (minor) fall diatom
bloom.

The past 5 years have seen a maturation of the phyto- and microzooplankton time series,
allowing us a decadal-scale perspective that is providing new science insights and predictive
tools. A major recent effort has been the development of 25-year chlorophyll-a time series from
historic Seward Line and PWS data. This effort involved reconciling dozens of different data sets
collected by several different investigators over the years; time-series analysis and use for model
validation are on-going. In a related effort, chlorophyll-a data from Seward Line cruises has been
combined with estimates of spring bloom magnitude from remote sensing to create a predictive
‘phytoplankton size index’ The size composition of the Seward Line continental shelf
phytoplankton community during early May is linearly related to the ultimate magnitude of the
overall spring bloom (Fig. 7). The unusually large 2021 spring bloom is apparent in the time
series and was the subject of a “one pager” provided to the North Pacific Research Board that
year. The size index for spring 2022 predicts one of the largest cumulative blooms in the time
series (Fig. 8). This size index has been incorporated into the National Oceanic and Atmospheric
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Administration’s early season Preview of Ecological and Economic Conditions (PEEC) review,
as well as the annual Gulf of Alaska Ecosystem Status Report. Recently the 25-year time series
of PWS chlorophyll a data have also been compiled and is being used to parameterize and
validate food web models for PWS.
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Figure 7. Phytoplankton size index (average fraction of chlorophyll-a [chl-a] in large cells on
Seward Line shelf, early May) predicts ultimate magnitude of Northern Gulf of Alaska spring
bloom (shown as cumulative April-June chl-a anomaly) when size index >0.5 (dashed red

line; 1’=0.61).

Primary production data are painting a picture of an ecosystem alternately regulated by light and
nutrients. (Note that production measurements during 2020 were severely curtailed by COVID-
19 restrictions on cruise length and personnel). From our growing database of stable isotope-
based daily productivity estimates, we have been able to establish robust predictive relationships
with environmental variables. In spring and fall, water column primary production is a first-order
function of chlorophyll a biomass, albeit with interannual shifts in the slope of the relationship,
particularly in spring (Fig. 9). Summer (not funded by EVOSTC) represents a two-layer system:
production in the deep (subsurface) chlorophyll maximum layer is a function of light, while in
the surface mixed layer production relates linearly to biomass and inversely to concentrations of
recycled nutrients (ammonium, phosphate).
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Spring (Apr-Jun) cumulative chl-a anomaly: Seward Line shelf
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Figure 8. Time series of spring bloom magnitude, from remote sensing, as cumulative
chlorophyll-a (chl-a) anomaly, yellow square shows that predicted 2022 spring bloom
magnitude is one of the largest in the time series.
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Figure 9. Integrated primary production from Seward Line, Prince William Sound, and other
Northern Gulf of Alaska shelf stations during recent years in spring (early May) and fall
(early-mid September). In spring and fall primary production is a first-order function of
chlorophyll-a biomass, with the slope of the relationship showing interannual variation. For
the entire data set, mgC fixed [mg chl-a]! d! = 22 for spring, 18 for fall. Primary production
was not measured in spring 2020; 2021 samples have been processed and data are currently
being analyzed.

Microzooplankton

Our growing time series shows the unusually high microzooplankton biomass associated with the
massive spring 2021 diatom bloom (Fig. 10A), in the context of an 11-year time series. As for
chlorophyll-a, during the past year we have undertaken a reanalysis of this entire time series.
Informed by findings from our recent North Pacific Research Board-supported project on
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mixotrophy in the NGA, we have been able to extract known, morphologically distinct
mixotrophic taxa from our historic data set (derived from Lugol’s iodine fixed samples). These
taxa play a key role in the ecosystem, acting simultaneously as primary producers and
consumers, and buffering the ecosystem response to environmental variability. As one example,
the chloroplast-retaining ciliate Mesodinium spp. is one of the most abundant mixotrophs in the
NGA ecosystem, where it can contribute >50% of total ciliate biomass (Fig. 10B). Our time
series shows the near disappearance of Mesodinium during the 2014-16 PMH, followed by a
recovery to levels higher than those seen prior to the heatwave.

A) Microzooplankton biomass: May
B) Mesodinium spp.
mshelf
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Figure 10. Selected results from microzooplankton time series and reanalysis. A) Time series
of total microzooplankton biomass on the Seward Line in early May, showing high levels on
the shelf during the massive spring 2021 diatom bloom. Values are averages from 10-m
samples at 3-5 stations in each zone. B) Mixotrophic ciliate Mesodinium spp. is a key player
in the ‘microzooplankton’ community. This ciliate specializes in long-term retention of
cryptophyte chloroplasts and can comprise >50% of total ciliate biomass. Mesodinium spp.
tends to be especially important nearshore (blue symbols) and in the spring and summer.
Mesodinium appears to have increased in the ecosystem following the profound 2014-16
marine heatwave.

Metazooplankton

The metazoan zooplankton community on the GOA shelf consists of over 200 holoplanktonic
species, of which about 3 dozen contribute the majority of the abundance and biomass. The
major suspension feeding groups captured by the 500-um nets are the calanoid copepods and
euphausiids, while the cnidarians (jellyfish and kin) and chaetognaths (arrow worms) are the
major planktonic predators. The PMH had relatively little impact on the abundance of the large
copepods that dominate the spring copepods community (Fig. 11), although their biomass
increased because warmer temperatures accelerated their development (leading to sampling of
larger-than-normal individuals). Spring copepod biomass remained elevated post PMH, but
declined during 2019, then rebounded. Euphausiids biomass was low during the PMH,
particularly within PWS (not shown), but recovered subsequent to the PMH.

In contrast, years with where warm waters persist into September have a marked increase in less
lipid-rich, warm-water California Current species (Fig. 12). The abundance of warm water
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calanoid copepod species (Fig. 13) during fall is highly correlated (1*=0.5) to the Pacific Decadal
Oscillation during prior months. In most years, euphausiid biomass increases between our spring
and September surveys.
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Figure 11. Average wet-weight biomass of major “‘grazing” zooplankton groups along the
Seward Line during May 1998-2022. Note 2020-2022 is preliminary for euphausiids.
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Figure 12. Percentage of calanoid copepod community abundance contributed by warm-
water species as by 150um-nets along the Seward Line during August/September 1998-2021.
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Figure 13. Abundance anomaly of warm-water calanoid copepods along the Seward
Line compared to the Pacific Decadal Oscillation (PDO) for the preceding six months;
both are highly correlated (¥’=0.51).

Seabirds and marine mammals

Survey effort during 2017-2021 covered 5219 km during spring (April-May), and 5448 km
during fall (September; Fig. 14). No seabird observations occurred during spring 2020 due to
COVID-19 restrictions. During 2017-2022 spring and fall cruises we observed 77 species of
marine birds and 13 species of marine mammals, with extralimital records including southerly
species such as the temperate/tropical Risso’s dolphin (Grampus griseus) and the tropical red-
footed booby (Sula sula). Species showed distinct spatial and seasonal abundance patterns
(Fig. 15). For example, during 2017-2021, common murres (Uria aalge) were most abundant
within ~ 60 km of breeding colonies during April-May (pre-breeding), while in September (post-
breeding) they were more widely dispersed, with concentrations east of Kodiak and in the
Copper River plume.

Our surveys build off earlier efforts that began in 1998, and we collaborated with prior
investigators to integrate the full spring Seward Line seabird time-series (Fig. 16; Cushing et al.
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Figure 14. Densities (birds km?) of selected seabird taxa during 2014-2022, April-May and
September cruises. Note that different scales are used for the four seabird taxa.

2023). This time period includes a series of predominantly colder years (2007-2013), followed
by the 2014-2016 PMH, allowing examination of the responses of diverse seabird taxa to
changing conditions. Seabird responses to shifts between cold and warm conditions have varied
among taxa. Tubenoses (e.g., albatrosses, storm-petrels, fulmars, shearwaters) were associated
with warm conditions, with higher abundance and increased use of the middle shelf during
2015-2018. In contrast, alcids (e.g., murres, puffins, guillemots, murrelets) and gulls (e.g.,
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Figure 15. Seabird survey effort (linear km) during 2014—2022, April-May and September
cruises.
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kittiwakes, glaucous-winged gulls) concentrated inshore during and after the heatwave (Fig. 16).
Since the heatwave, abundance of alcids and gulls has remained low during spring. Temporal
patterns of seabirds differed between spring and fall, especially for alcids. Abundance of
tubenoses during fall was variable and includes species that breed in the North Pacific (e.g.,
northern fulmar, Fulmarus glacialis), the tropical Pacific (albatrosses), and the southern
hemisphere (shearwaters). The largest influxes of Buller’s shearwaters (Ardenna bulleri)
occurred during fall in warm years such as 2014, 2015 and 2019.

A. Total alcids May September

126
Inner shelf 6.83
o 3.68
Middle shelf £ 1.96
) 1.03
Quter shelf E 0.52
@ 0.24
Oceanic 0.08
0.00

2000 2005 2010 2015 2020 2010 2015 2020

B. Total gulls May September

7.33
Inner shelf 4.24
L) 243
Middle shelf E 1.38
@ 0.76
Outer shelf B 0.40
@ 0.19
Oceanic 0.07
0.00

2000 2005 2010 2015 2020 2010 2015 2020

C. Total tubenoses May September

Birds km™

425

Inner shelf 20.0

D 9.31

Middle shelf 4.31
1.97

Outer shelf 2 0.87
035

Oceanic o

2000 2005 2010 2015 2020 2010 2015 2020
Year Year

Figure 16. Mean densities (birds/km’) of major seabird taxonomic groups within domains
along the Seward Line. For each year, transects within 10 km Seward Line stations GAK-1—
GAK-13 were used to calculate station-centered mean densities; these values were then
averaged within each of 4 domains. Note that different scales are used for the three seabird
groups. Black indicates no seabird surveys were conducted. Data credits: May 1998—2000: R.
H. Day, ABR, Inc.—Environmental Research and Services;, May 2001-2003: L. de Sousa,
University Alaska Fairbanks; May 2007—2022 and September 2006-2021: K. Kuletz, U. S.
Fish and Wildlife Service.

Distributional patterns differed among marine mammal species (Fig. 17). The most abundant
Odontocete, Dall’s porpoise (Phocoenoides dalli), was widely distributed, while harbor
porpoises (Phocoena phocoena) were primarily coastal. Sperm whales (Physeter microcephalus)
occurred in shelf-break and slope habitats, and in deep waters within PWS. Killer whales
(Orcinus orca) were most abundant in PWS, along the Kenai coastline, and east of Kodiak. Fin
whales (Balaenoptera physalus) were the predominant baleen whale observed over shelf and
oceanic waters, while humpback whales (Megaptera novaeangliae) were near the coast, near
Middleton Island, and east of Kodiak. Common minke whales (Balaenoptera acutorostrata)
were most frequently over the inner shelf. Northern fur seals (Callorhinus ursinus) occurred
widely over shelf and oceanic habitats, mainly during spring. Steller sea lions (Eumetopias
Jjubatus), harbor seals (Phoca vitulina), and sea otters (Enhydra lutris) favored coastal waters.
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Figure 17. Distribution of marine mammals during 2014—2022, April-May and September
cruises. Black lines represent survey locations.

DISCUSSION

Physics

The coastal GOA is experiencing long-term warming and surface freshening (Danielson et al.
2022); along with increasing salinity at depth, these trends are increasing the intensity of
stratification (Royer and Grosch 2006, Kelley 2015) and decreasing depth of the mixed layer
(Ducklow et al. 2022). The Seward Line program was well-positioned to document and study the
2014-16 PMH and the both the “blob” El Nifio events within it (Litzow et al. 2020, Arimitsu et
al. 2021, Suryan et al. 2021). By 2017, many physical parameters had returned to near their long-
term means, although 2019 again emerged as an anomalously warm year. Cooling during that
fall was rapid, returned the system to more normal conditions. While satellites provide valuable
assessment of surface water temperatures at Gulf-wide scales, they can be a poor predictor of
temperatures at depth and in nearshore environments, thus only direct measurements of physical
properties through the water column can provide the information on long-term changes and their
mechanisms.

The integrated upper water column temperature in May provides a significant predictor of
thermal conditions in August, thus we can expect that the intervening months also likely reflect
the thermal anomalies with similar magnitude and sign. This useful finding provides basis for
classification of a single growing season as either “warm” or “cool” relative to the long-term
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average. To the extent that thermal conditions regulate metabolic rates, a simple index of
temperature anomaly in May provides an ecologically useful metric when considering ecosystem
dynamics and species-specific impacts.

The magnitude of warming of the upper water column over the course of the summer provides
some indication of the likely change in shelf salinity during this time, but a handful of years fall
off the “normal” relation that most years follow. This observation requires further analysis
because determining the mechanistic links between the two may engender new insights into the
workings of the GOA continental shelf.

Nutrients

The warming and freshening trends in the Gulf of Alaska will enhance stratification of surface
waters leading to reduced mixing of the upper ocean as more energy will be needed to break
down the enhanced stratification. Thus, this expected water column structure will result in
reduced nutrient input during the summer and fall with repercussions to the phytoplankton
community composition, and export production. The extent to which enhanced input of fresh
water could contribute to river plume turbulence and mixing of the inner shelf with a
concomitant input of subsurface nutrients is something that requires further study.

Phytoplankton (chlorophyll) and primary production

While chlorophyll concentrations were persistently low during heatwave springs, our data are
showing that variations in the phytoplankton carbon:chlorophyll ratio partially compensate for
such apparent biomass differences. Perhaps the major and most significant effect of the
heatwaves, on the whole-community level, is the change in phytoplankton community size
composition. The large diatom cells and chains that characterize a ‘typical’ subarctic spring were
scarce during the heatwaves, replaced by a community of small flagellates. Size is a primary
determinate of phytoplankton fate, in terms of the transfer of production to planktonic grazers
(microzooplankton, microzooplankton) versus sinking losses, so these size composition effects
have major implications for both pelagic and benthic consumer communities.

Microzooplankton

Microzooplankton showed major declines during spring of 2014-16 heatwave years, in parallel
with declines in large phytoplankton. Returns to normal biomass levels were rapid and declines
were not evident during the shorter heatwave of 2019. The community composition was affected
by the heatwave on both general (ciliates versus flagellates) and species-specific levels; there is
some evidence that microzooplankton species composition shifts have persisted to the present
day, a hypothesis that we are currently exploring.

Metazooplankton

Spring copepod biomass remained elevated post PMH, but declined during 2019, then
rebounded. Euphausiid biomass was low during the PMH, particularly within PWS (not shown),
but recovered subsequent to the PMH. The Seward Line program and other studies have
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documented a change in the summer zooplankton communities associated with warmer years.
During the 2014-2016 heatwave, the contribution of smaller, less lipid-rich California Current
species reached a peak level, and there was poor survival of forage fish (Zador and Yasumiishi
2017) and commercial species (Rogers et al. 2021). The reduction in prey consequently forced
many seabirds inshore where food was likely more abundant, although major seabird mortality
still occurred in some species (Piatt et al. 2020; see next section). With a 25-year record of
observations we can now show that the abundance of warm water species during fall is highly
correlated (r*=0.5) to the Pacific Decadal Oscillation during prior months (Ducklow et al. 2022),
confirming prior conjecture that their prevalence arose from increased northward
advection/survival during warm years. In fact, even the spring zooplankton community can be
correlated to intensity of the Pacific Decadal Oscillation. We propose that changes in wind
intensity promote greater wintertime downwelling in the positive Pacific Decadal Oscillation
phase, transporting more Neocalanus copepods onto the shelf where growth and survival are
enhanced compared to animals that spend more of their lives offshore in oceanic waters.

Seabirds and marine mammals

Movement of piscivorous seabirds such as gulls and murres into coastal waters during the
heatwave was probably caused by a reduction in their prey on the continental shelf (Arimitsu et
al. 2021). The heatwave has been associated with shifts in forage fish populations and changes in
the diets of alcids and gulls in the NGA (Arimitsu et al. 2021, Suryan et al. 2021), and alcids and
gulls exhibited multiple years of reproductive failures, and murres experienced mass starvation
(Piatt et al. 2020, Schoen et al. 2022). Similar to our observations during the heatwave, black-
legged kittiwakes breeding at Middleton Island reduced their use of the shelf near that island
(Osborne et al. 2020), where capelin consistently had occurred in prior years (McGowan et al.
2020), and instead foraged farther from their colony, often near the coast of the mainland or the
outer islands of PWS. Since the heatwave, abundance of alcids and gulls has remained low on
the shelf during spring, suggesting that they have not fully recovered from these food-web
disruptions. Long-term observations are critical in providing the context of such unusual events
(Cushing et al. 2023).

CONCLUSIONS

Although the coastal GOA is experiencing long-term warming, surface freshening and increased
stratification, the last five years have seen a return to the pre-heatwave state for many of our
physical and lower trophic-level biological metrics. Warming conditions inhibit nutrient
exchange and thereby reduce phytoplankton primary production, biomass, and cell size.
Community composition of micro-, meso-, and macrozooplankton is also typically altered by
climate forcing, particularly during summer and fall. Upper trophic level species such as seabirds
similarly respond to changes in their prey base. Nonetheless, the system appears capable of
recovery from extreme events such as the PMH.
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to ROVs. Invited presentation. PICES Annual Meeting, Yokohama, Japan, October.
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