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Executive Summary:

The Project Applicant (Tulalip Tribes), sub awardee (University of Washington), and Collaborating
Partners successfully accomplished all of the goals and objectives for this Project. We conducted bi-
weekly zooplankton sampling in spring through fall 2016 at 16 sites in Northern Washington and
Puget Sound with support from this grant and collaborations with 10 federal, state, and county
agencies, tribes, universities, and non-profit groups. These data constituted the third full year of
zooplankton monitoring in the region which initially funded in 2014 and 2015 with Pacific Salmon
Commission funding through the Salish Sea Marine Survival Project (SSMSPY). In this report, data
from these 2016 zooplankton collections are combined with 2014, 2015, and 2017 zooplankton data
collected under the newly-formed Puget Sound Zooplankton Monitoring Project and data collected as
part of other projects to form three datasets: 1) data from the SSMSP throughout the region in 2014-
2017, 2) a 2003-2017 monthly time series at a single station in the Strait of Juan de Fuca; and 3) a
spatially-extensive dataset collected monthly in conjunction with juvenile salmon growth data in
2011. These zooplankton data were compared with survival hydrographic, chlorophyll, and salmon
growth data provided from several other regional monitoring programs to explore zooplankton
community response to environmental change and its implications to salmon.

2014-2017 was a period of unusually large climate variance for the region. A strong marine heatwave
affected coastal and inland regions of the Northeast Pacific beginning in late 2014, with high
temperature anomalies throughout the region and record high temperatures recorded in 2015 in
several regions of Puget Sound. Warm, though slightly cooler, temperatures continued in 2016,
followed by a very cold winter and a return toward near-normal temperatures in some regions in
2017, with continued warm anomalies in others. These large, interannual shifts in the physical
environment had strong bottom-up effects on the zooplankton with responses differing among sub-
regions. All regions had higher zooplankton biomass in 2015 and 2016 compared to 2014, followed

1 See https://marinesurvivalproject.com/
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by regional differences in response in 2017, likely due to differences in the return toward ‘normal
conditions among regions. Chinook salmon growth and coho salmon survival were also higher in
2015 than 2014, indicating that the elevated temperature and prey availability provided better
conditions and growth-potential through bottom-up processes.

Ordination of the 2003-2018 zooplankton time series revealed a clear relationship between the
dominant axis of zooplankton community variance and the Pacific Decadal Oscillation and
relationships between the second axis of community variance with marine survival time series
estimates for some Puget Sound coho and Chinook salmon stocks. However, in 2011, preliminary
examination of in situ measures of salmon growth (IGF-1) and zooplankton prey biomass showed no
relationships.

The similarities and differences in response among years and regions improve our understanding of
the underpinnings of observed changes and their implications for integrated fishery, hatchery, and
habitat management integral to salmon recovery. Zooplankton abundance, biomass, and metrics of
their composition have been provided to NOAA and local tribes for annual coho salmon return
forecasting; zooplankton data are now publicly available for download for use in ecosystem modeling
and other research activities. On-going research stemming from this project includes further
investigation of environmental controls on zooplankton, relationships to salmon growth, and bottom-
up processes that correlate with juvenile growth and survival of ESA-listed Chinook salmon.

Purpose: Detailed description of problem or impediment of fishing industry that was
addressed by the project and objectives of the project.

Through implementation of annual zooplankton monitoring and comparisons to other biotic and
abiotic factors that may influence salmon growth and survival, this project addresses impediments to
the fishing industry by providing annual monitoring data that benefits local salmon and ecosystem
management communities. This monitoring is needed to develop the important associations between
zooplankton and other ecosystem indicators that affect salmon growth and marine survival.
Understanding how those associations vary among regions of the Salish Sea as they may differ in
physical conditions is integral to our understanding of how they respond in tandem to climate change.
Since its inception and continuing, this project addresses impediments to the fishing community
through direct participation among the fishing community, which benefitted all fishing communities
with four of seven zooplankton collection partners being tribes currently exercising fishing rights. It
refined and standardized, systematic, comprehensive sample collection and analysis methods and
protocols for a sustainable Puget Sound Zooplankton Monitoring Program. Other fishery
management agencies’ regional involvement complimented the tribes’ regional sampling to enable
representative sampling in all Puget Sound subregions, including Hood Canal; which was
complimented by ongoing zooplankton sampling in the Strait of Juan de Fuca Success in employing
the methodology of this distributed approach benefits knowledge of marine factors affecting salmon
survival that remains sorely lacking for geographic regions that support economically and culturally
important salmon fisheries. Programmatic successes in sample collection and analysis methods
benefit other similar zooplankton and ecosystem monitoring efforts, while the development and
comprehensive update of marine survival rate time series datasets afforded by this study for all
available Chinook and coho stocks across Puget Sound and the Strait of Georgia, are powerful tools
needed to address impediments to the fishing industry.



In western Washington, resource managers continue to grapple with the overall need to sustainably
integrate harvest, hatchery, and habitat actions (so called “All H” management), particularly in the
face of climate variation and its cascading influences on the Puget Sound food web, with
unpredictable effects on salmon marine survival. The inability to accurately assess the efficacy of All
H management actions has impeded the fishing industry, salmon recovery actions, and nearly all
aspects of fisheries management. Both domestic harvest management and international commitments
with Canada under Pacific Salmon Treaty Annex amendments have been severely hampered without
the tools needed to more accurately predict marine survival and forecast salmon returns. The inability
to recover salmon has increasingly put Treaty Rights at risk and diminishes the Treaty Trust
responsibilities held by the US government to the tribes.

All of these efforts have been complicated by lack of systematic comparable data leading to
uncertainties surrounding factors that affect the relationship between prey availability, early marine
growth of juvenile salmon, and the interannually and regionally, highly-variable marine survival rates
that have been observed in Puget Sound, the Strait of Georgia and among different subregions.
Ecological indicators affecting marine survival in key regions of the Salish Sea environment are
unavailable for forecasting, clouding ability to understand how they may help predict survival or
idenitfy limiting factors for recovery. These indicators are vital for lowering estimation error in
forecasts of adult salmon returns, increasingly influenced by environmental variability. This causes
increasing impediments to the fishing industry or in the ability to accurately assess the efficacy of
fisheries management and recovery efforts.

Prey availability is one of the primary factors that control fish growth and hence size-at-age (LaPape
and Bonhommeau 2013), and is known to be very important to juvenile salmon survival. Several
studies have linked zooplankton prey availability to juvenile salmon growth and smolt-to-adult
survival (e.g., Cross et al. 2009; Beamish et al. 2004), including a study of the relationships between
feeding, growth, and survival of juvenile salmon in Puget Sound that found strong evidence of food-
limited growth during the critical early ocean entry period of rapid growth for juvenile salmonids in
epipelagic habitats, with differences in feeding and survival observed among regions (Duffy 20009,
Duffy et al. 2010, Beauchamp and Duffy 2011; Figure 1). Under the “critical size/critical period”
hypothesis, juvenile salmon that do not achieve a minimum size by the end of their first summer at
sea will not survive through winter (Beamish and Mahnken 2001). Therefore, sufficient prey to
support high growth rates during the first summer after river emigration is important to recruitment of
a year-class (Beamish and Mahnken 2001; Beamish et al. 2004; Moss et al. 2005).

This study addresses impediments to the fishing community by improving fisheries management
through the development and refinement of a standardized, systematic zooplankton collection and
analysis program. Associations with biotic and abiotic factors afforded by the zooplankton collections
under this study further our understanding of mechanistic relationships between prey availability,
salmon feeding, growth, and survival; integral components of a Puget Sound Ecosystem Indictor
Program. Understanding how growth limitation varies among life stages or regions is constrained by
a paucity of data on the dynamics of food supply in Puget Sound. Little is known about the temporal
and spatial availability of key zooplankton and other prey, or how they change with climate and
environmental variability. This has been recognized as a significant information gap by many
agencies around the region who seek to understand changes in fish production. This project directly
helped to fill that data gap by accomplishing the three primary objectives of this project and their
associated activities and tasks by providing spatially-resolved zooplankton data throughout Puget
Sound and Northern Washington to improve our understanding of spatial and temporal patterns of
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zooplankton in the region (Objective 1), quantifying relationships between zooplankton, salmon
growth, survival, and the environment (Objective 2), and providing biologically-based Ecosystem
Indicators to aid adult salmon return forecasts (Objective 3).

Annually, this project provides stability in fisheries management planning and impediments to fishing
community (fishers and industry) planning that can lead to fishing opportunities when harvestable
abundances are available while enabling fishery managers to better control fisheries when fewer
harvestable salmon are expected to return, preventing overfishing and future fisheries restrictions.
Over the long-term, it will continue to address future impediments to the fishing community through
furthering our understanding of how critical relationships between environmental variability and
ecosystem predictors affect salmon prey availability, growth, and natural patterns of marine mortality
in the face of increasing environmental variability due to climate change affecting ecosystem
processes as they relate to the management and recovery of a sustainable Puget Sound ecosystem,
from physical habitat to the top end of the food web: Orca whales and people. This directly benefits
all fishers, fishing communities, tribal Treaty Rights, and has a broad economic benefit and quality-
of-life impact to the northwest as many of the general public move here and live here because of our
natural surroundings.

Approach - Detailed description of the work that was performed.

Field Collections

In 2016, a total of 391 new samples were collected by 10 participating groups from 15 monitoring
stations in the San Juan Islands, Bellingham Bay, Strait of Juan de Fuca, and Puget Sound (Figure 1,
Table 1, Table 2). At each location, one full water column vertical tow was conducted at the deepest
local water depth using a 60-cm diameter, 200-um mesh ring net with flow meter. Also at each
location, an oblique bongo net tow was conducted using 60-cm, 335-um mesh bongo nets equipped
with a flow meter and towed over the upper 30 m of the water column (the depth over which juvenile
salmon feed during daytime). Of the collected samples, 210 were bongo net tow samples and 181
were vertical net tow samples. Of all the samples collected, 95% of the bongo tows (n=200) and
100% of vertical net tows passed QC for high quality collections; the few that did not had collection
issues such as missed target tow depths and erroneous flow meter readings so were not taxonomically
analyzed. In addition, 22 new samples were collected from the JEMS? time series station in 2016
using a 75-cm diameter, 150-um mesh net towed vertically over 0-40 m and 80-120 m depth strata
(only 0-40 m data are reported on herein). All samples are archived at the University of Washington.

2 Zooplankton samples have been collected monthly from the Strait of Juan de Fuca since 2003 at this station during
research cruises conducted by the Washington Department of Ecology and the University of Washington Puget Sound
Regional Synthesis Model (PRISM) program (http://www.prism.washington.edu/home).
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Table 1. Station name and sampling frequency by site. Only stations sampled from 2016 on listed.

Station
Station name code Sampling group Sampling frequency and months
Cowlitz Cow Kwiaht (KWT) April-October since 2014:
Watmough Bay | WAT Kwiaht (KWT) bi-weekly
Eliza Island ELI Lummi Nation (LUM) March-October since 2014:
bi-weekly
JEMS JEMS Shannon Point Marine Center | January-November since 2003,
/ WA Department of Ecology | monthly
(DOE)
Hope HOPE NOAA April-October since 2014;
Saratoga Passage | SARA | NOAA monthly
Admiralty Inlet ADI Port Gamble Sklallum Tribe | March-October since 2014:
(PGST)/WDFW bi-weekly
Thorndike Bay TDB PGST/WDFW March-October since 2014:
bi-weekly
Eldon HCBO003 | Hood Canal Salmon March-October since mid 2016:
Enhancement Group monthly
(HCSEG)/DOE
Sisters Point HCBO004 | HCSEG/DOE
Camano Island CAM Tulalip Tribes (TUL) March-October since 2015:
Mukilteo MUK Tulalip Tribes (TUL) bi-weekly, occasional winter
Pt. Jefferson KSBPO1 | King County (KC) March-October since 2014;
Pt. Williams LSNTO1 | King County (KC) bi-weekly _
East Passage NSEX01 | King County (KC) rl:l]g\r/]fm)t/)er-February since 2014;
S. Ketron Island SKET Nisqually Indian Tribe (NIT) | March-October since 2014:

bi-weekly




Table 2. Zooplankton stations where vertical net samples were collected and paired Washington
Department of Ecology (DOE) hydrographic stations. HGSEG collaborated with DOE to sample; PGST
collaborated with Washington Department of Fish and Wildlife (WDFW) to sample. Except for stations
marked with *, all stations had 0-30 m oblique net tow samples collected nearby.

SSMSP/

SSMSP  SSMSP SSMSP SSMSP DOE DOE DOE DOE Depth

Group Station Lat. Long. Station Lat. Long. (m) Basin
KWT COoW! 48.6808 123.044 GRG002 48.808 122.953 70/205 San Juan
KWT COow? 48.6744 123.048 GRG002 48.808 122.953 70/205 San Juan
KWT WAT? 48.4355 122.793 SJF000 48.417 123.025 113/31 San Juan
KWT WAT* 48.4346 122.804 SJF000 48.417 123.025 40/172 San Juan
LUM ELI 48.6380 122.569 BLLO09 48.687 122.598 40/172 San Juan
JEMS -- - - SJF002 48.250 123.025 147 --
NOAA HOPE 48.4062 122.578 SKGO003 48.297 122.488 37/25 Whidbey
NOAA SARA 48.2567 122.544 SKG003 48.297 122.488 73/25 Whidbey
TUL CAM 48.0590 122.387 PSS019 48.011 122.3 188/107 Whidbey
TUL MUK 47.9717 122.322 PSS019 48.011 122.3 201/107 Whidbey
PGST ADI 48.0027 122.636 ADMO001 48.03 122.617 121/153 Admiralty

PGST TDB 47.7830 122.733 HCBO010 47.667 122.82 115/103 Hood Canal
HCSEG HCBO003" 47.5379 123.01 HCBO003 47.538 123.008 143/162 Hood Canal

HCSEG HCB004" 47.3562 123.025 HCB004 47.357 123.023 51/55 Hood Canal
KC KSBPO1®  47.7437 122.428 PSB003 47.66 122.442 276/110 Central
KC LSNTO1 475333 122.433 ELBO015 47.597 122.368 211/131 Central
KC NSEX01"  47.3586 122.387 EAPOO1 47.417 122.38 180/212 Central
NIT SKET 47.1524 122.659 NSQO002 47.1683 122.787 130/111 S. Sound
NIT DANAS 47.1833 122.831 DNAQ01 47.161 122.87 52/51 S. Sound

1Sampled only in 2014; 2Sampled in 2015-2017; 3Sampled in 2014-2015; “Sampled in 2016-2017; 5Sampled only in
2014-2015. *Does not have a companion oblique tow.
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Figure 1. Maps of A) the SSMSP and JEMS zooplankton stations coded by basin and sampling
group and B) the Washington Department of Ecology’s Long-Term Marine Water Monitoring
Program CTD stations; stations used in these analyses are circled in red.

Laboratory Processing

Taxonomy of all samples was conducted in Dr. Julie Keister’s laboratory at the University of
Washington. In the laboratory, samples were microscopically examined for taxonomic composition
and abundance. First, rare larger (>1 cm) organisms were removed from the entire sample for
identification and measurement. When abundances were very high, samples were first split with a
Folsom splitter. Two small (1 ml) aliquots were then taken using a Stempel pipette from a
quantitatively diluted whole sample (or split) for analysis. Finally, a larger aliquot (5-10 ml) was
taken to quantify mid-size taxa not adequately subsampled by smaller aliquots. All heterotrophic
organisms in subsamples were enumerated, identified, differentiated by life history stage (for most
taxa), and measurements were taken for organisms which vary greatly in size within a life stage. For
taxa that were measured, up to 30 individuals were measured per sample.

7



In addition to the new field collections described above, an additional 180 sample jars equating to
125 dates/sites from collections in 2011 conducted through separate funding by C. Greene (NOAA
Fisheries), were taxonomically analyzed using similar protocols. Full sampling protocols are
available on request from C. Greene; sites are as in Chamberlain et al. (2017).

All taxonomic data were digitally entered, QC’d, and calculated for abundances and biomass by
taxon and life history stage at the University of Washington. Full laboratory processing protocols can
be found in the annual King County Zooplankton Monitoring reports (available from King County or
J. Keister upon request).

Data Synthesis and Analysis:
Zooplankton data analyses

The density of organisms (number of of individuals m=) was calculated from sample counts using the
volume of water each net filtered. Eggs and copepod nauplii were recorded but not included in
analyses unless otherwise noted because they are temporally and spatially patchy and can be present
in very high abundances. The dinoflagellate Noctiluca were only enumerated in vertical tows and
were not included in all analyses for this reason. Siphonophore gonophores, a reproductive
component of the colonial calycophoran Muggiaea atlantica, were also removed before calculating
densities. While they are included in biomass calculations, siphonophore gonophores are not
considered individuals and have no perceived predatory/prey interactions (Purcell 1982). Krill
(Euphausiidae) were separated based on life stages of marked developmental differences: “Krill
Nauplii” (includes nauplii & metanauplii) “Krill Calyptopes” (includes calyptopis stages I-111) “Krill
Furcilia” (includes all furcilia stages) and “Krill Adults & Juveniles.” Krill nauplii and metanauplii
were not included in oblique net tows because the larger mesh size of those tows is believed to allow
extrusion of those life stages.

Biomass (in carbon) of large taxa was calculated from densities either using length:dry weight or
length:carbon relationships reported in the literature (e.g. Lavaniegos and Ohman, 2007; Webber and
Roff, 1995; Williams and Robins, 1979), and, for small organisms, from carbon conversions by
species and life stage taken from the literature. Where literature conversions were reported in dry
weight (DW) rather than carbon values, 0.45 x DW was used to convert to carbon weight.

To create time-series plots, semi-monthly sampling dates were categorized as falling on either the 1
or the 15" of the month, regardless of actual date, which typically deviated only a few days from the
1% or 15", Density for a taxon was recorded as zero if that taxon was not found in a sample that was

collected and processed; if a sample was not collected and processed for a particular date, those data
points were left blank. Tableau® 10.5 was used to plot time series.

Nonmetric Multidimensional Scaling (NMS) ordinations were run using PC-ORD™ 7.06. For 2014-
2016 data, all taxa were used; for the JEMS time series station, only copepod species were used. For
ordination of SSMSP data, Species Biomass X Station matrices were created from monthly averages
of biomass (C m™) at each station. For ordination of the JEMS time series data, a Species
Proportional Representation X Date matrix was created because quantitative abundance was missing
for many samples due to the lack of flow meter information (whereas proportions of species within
each sample were quantifiable). Due to the rarity of some taxa and high abundance of others, biomass
data were normalized using a logarithmic transformation [Logio (Y + 0.001) + 3], proportions data
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were arcsine-square root-transformed, and taxa that occurred in <5% of the samples were removed
from each matrix. Ordinations were run on the remaining taxa using the Sgrensen (Bray-Curtis)
distance measure. Distances between points in the ordination indicate the level of dissimilarity
between zooplankton communities, where closer points are less dissimilar than points that are farther
apart. Ordinations of the 2014-2017 SSMPS data were run on vertical net tow data from all stations
combined, and separately for six regions: Northern Washington, Admiralty Inlet, Hood Canal,
Whidbey Basin, Central Basin, and South Sound.

Environmental matrices to compare to the ordinations were created using long-term monitoring data
from the Washington Department of Ecology’s core monthly stations, which had the closest
proximity to the SSMSP zooplankton stations (Figure 1, Table 2, Table A3). Missing environmental
data were filled with values from the closest depth where data were otherwise available in the water
column (e.g., data from 4 or 5 m depth was used to fill missing 3-m data). If data from within £5 m
depth were not available, linear interpolation from surrounding months was used to fill missing
values. Correlations between environmental metrics and zooplankton ordination axes were calculated
in PC-ORD.

Overall, >200 zooplankton taxa were identified in samples. Detailed abundance and biomass data by
species and life stage are publicly available as a download from King County’s website:
https://green2.kingcounty.gov/ScienceL ibrary/Document.aspx?ArticleID=556.

Juvenile salmon growth

Juvenile Chinook salmon growth data shown in this document came from two sources. A time series
of growth in 1999-2017 came from data calculated by Iris Kemp (Long Live the Kings) from
individual length and weight measurements of fish captured during mid-water trawls conducted in
Puget Sound by the Fisheries and Oceans Canada during annual juvenile salmon surveys in
Septembers of each year. Depth-stratified trawls were conducted during daylight hours in offshore
waters (> 30 m bottom depth), with about 85% of tows conducted in the upper 30 m of the water
column where juvenile salmon primarily reside. All juvenile Chinook and coho salmon were scanned
for coded-wire tags (CWTs). Individual fork lengths were measured onboard for all CWT salmon,
and snouts containing CWTs were preserved for later dissection and decoding by WDFW personnel
(primary contact: Lynn Anderson, WDFW, Olympia, WA). Catch locations were coded to align with
WDFW recreational fishing areas. Release date and average weight of fish released from each
hatchery were retrieved from the Regional Mark Information System (RMIS) database
(www.rmpc.org) on 2 October 2018. Where length but not weight of a fish was recorded on re-
capture, weight was calculated from a length:weight regression (R?=0.98). Data were carefully QC’d
and discarded where questionable; fish from regions in which <10 fish were captured in any
particular year were discarded, resulting in a total of 3,730 individual fish in the dataset released in
1999-2017 from North Puget Sound, Central Sound, and South Sound hatchery release regions.
Average annual growth d* was calculated as the change in weight over the number of days since
hatchery release.

In 2011, broad spatial and temporal data on individual growth rates of juvenile Chinook salmon came
from an EPA-funded project led by C. Greene. The concentration of insulin-like growth factor-1
(IGF-1) was measured in individual fish captured throughout Puget Sound. See Chamberlain et al.
(2017) for full methods and a description of patterns in growth among months and regions. We add to
that study here by comparing zooplankton biomass patterns to the measured growth rates.
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Updating Coho and Chinook Salmon Population Data Resource Tables (PDRTS)
Salmon smolt-to-adult survival (SAR)

Salmon marine survival smolt-to-adult (SAR) time series data were updated for all Puget Sound and
Strait of Georgia hatchery- and natural-origin Chinook and coho salmon stocks that had adult return
data available during under this project (years) by Marianna Alexandersdottir, Alexanders
Consulting, Olympia, WA., through a subcontract with the Tulalip Tribes under this project. For
Salish Sea coho salmon stocks, this update was done as a continuation of work initiated by Kit
Rawson? for brood years 1970 through 2007; also done through a contract with the Tulalip Tribes
under this project, with participation under the Salish Sea Marine Survival Project by a team of US
and Canadian biometricians and fishery scientists from WDFW, Department of Fisheries and Oceans
Canada (DFO), NOAA Fisheries, University of Victoria, Victoria, BC, and private consultants, which
was published in Zimmerman et.al (2015). The dataset of estimates of survival for coho salmon for
outmigration years (OEY) 1972 to 2010 used by Zimmerman et.al. (2015) was updated for
outmigration years 2011 to 2015 by Rawson and Alexandersdottir (for brood years 2008-2013),
although the entire time series was not available for all stocks through return year 2016 at the time of
this report.

Chinook survival data through outmigration year (OMY) 2008 were published in Ruff et al. (2017)
also as part of the Salish Sea Marine Survival Project; Chinook salmon marine survival rates through
OMY 2011 were also updated by Kit Rawson and Marianna Alexandersdottir as part of this project
through contracts with the Tulalip Tribes in coordination with the same team of biometricians and
fishery scientists that produced the coho marine survival retrospective analysis. Screening of data and
computation of SARs from these data followed the same procedures as in the initial coho
retrospective analysis project (Zimmerman et al. 2015), adding three additional broodyears for each
of these retrospective marine survival analyses through return year 2017 for CWT recovery data
available in the Pacific States Marine Fisheries Commission’s Regional Mark Information System
(RMIS) database for coho and Chinook salmon Salish Sea-wide. These databases are known as
Population Data Resource Tables (PDRT) and can be accessed at:
https://nwsalmonprojects.basecamphg.com, an internal project management website used by all
collaborators under the Salish Sea Marine Survival Project. See Appendix B for a comprehensive
report of methods used for estimation of tag recoveries and results of the survival rate estimates.

Project Management - List individuals and/or organizations actually performing the
work and how it was done

e Tulalip Tribes: Mike Crewson (Project Administrator): overall project oversight and
management.

e Subcontractors for salmon marine survival time series updates: Kit Rawson, Swan Ridge
Consulting, Mount Vernon, WA; Marianna Alexandersdottir, Alexanders Consulting,
Olympia, WA.

e Collaborating agencies and entities for zooplankton collections: The Tulalip Tribes, Kwiaht,
the Lummi Tribal Nation, NOAA, the Port Gamble S’Klallam, WDFW, the Nisqually Indian
Tribe, King County, the WA Department of Ecology, and the Hood Canal Salmon
Enhancement Group.

3 Swan Ridge Consulting, Mount Vernon, WA.
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e University of Washington: Dr. Julie Keister (Principal Investigator): oversight of 2016
zooplankton sample collections, taxonomic analyses, zooplankton data analyses, public
presentations, and data dissemination; BethElLee Herrmann for zooplankton taxonomy and
QC, assistance with data analyses and report preparation; and Amanda Winans for oversight
of field collections, sample collection QC, zooplankton taxonomy, and assistance with data
analyses and report preparation.

e NOAA: Correigh Greene, Joshua Chamberlain, and Brian Beckman provided IGF-1 salmon
growth data from 2011 surveys.

Findings: Actual accomplishments and findings:
2014-2017 Environmental Conditions

The four years of zooplankton sampling covered in this report (2014-2017) encompass a time period
of the largest marine heatwave on record in the North Pacific (Bond et al. 2015; Di Lorenzo and
Mantua 2016) and its partial recovery. The warm anomalies first developed in the Subarctic Pacific in
Winter 2013-14 but did not greatly affect temperatures in coastal Washington and Puget Sound until
late summer and fall 2014. This extreme warm event, termed “The Blob” (Bond et al. 2015), was
followed by a substantial El Nifio that persisted until the spring of 2016. Water temperatures
throughout Northern Washington and Puget Sound were anomalously warm from fall 2014 through
fall 2016, with some regions experiencing record high temperatures in 2015 (PSEMP 2016). Summer
temperatures remained very high in 2016, although not as high as 2015 (PSEMP 2017). A very cold
2016-2017 winter helped return the system near normal in some regions of Puget Sound, particularly
nearer the ocean, while more southern regions stayed warm through 2017 (Figure 2).

In regions where zooplankton were sampled, there was a clear spatial pattern of warmer temperatures
in the more southern latitudes, moving from the Strait of Juan de Fuca, through Admiralty Inlet, into
South Sound, and a greater persistence of the anomalous warmth in Central and South Sound
compared to Northern Washington and Admiralty Inlet (Figure 2).

Chlorophyll biomass patterns in 2014-2017 did not differ among years as strikingly as temperature
patterns, but some pronounced differences among regions and years were apparent (Figure 3).
Chlorophyll biomass was much lower in all years in the Strait of Juan de Fuca and South Sound
compared to Central Basin and Admiralty Inlet. In most regions, there was evidence of large spring
and fall blooms. In Central Basin, chlorophyll biomass appeared higher overall during bloom periods
in the cooler years of 2014 and 2017 than in the warmer years of 2015 and 2016. That pattern was not
as clear in other regions, and because monthly chlorophyll profiles can miss much of the temporal
variability, it is difficult to draw conclusions from relatively minor differences. For more detailed
description of environmental changes in Washington State waters during these study years, see the
annual reports of the Puget Sound Marine Waters working group:
http://www.psp.wa.gov/PSmarinewatersoverview.php.
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2014-2017 Zooplankton abundance and biomass

Total zooplankton abundance and biomass from vertical and oblique net tow samples varied spatially
and temporally (Figures 4, 5, and 6). The strongest patterns were the seasonal cycles from low
abundances and biomass in winter to high abundances and biomass in (typically) late-spring through
summer; at all locations, there was high variability within the productive seasons.

Overall, sites in S. Whidbey Basin and Central Sound supported the highest biomass, but sites in
Admiralty Inlet and N. Hood Canal also had very high abundances periodically, particularly in
comparison to the San Juan Islands which had the lowest zooplankton abundances and biomass. N.
Whidbey Basin had occasional high abundances, but of many small taxa which didn’t translate into
particularly high biomass.

In most regions, abundances and biomass increased from 2014 to 2015, and remained high in 2016.
This was most apparent in vertical net tows which sample the entire water column and have a smaller
mesh size than oblique bongo net tows. In some regions, e.g., Admiralty Inlet, peak biomass
remained very high in 2017; in other areas, biomass was lower than in 2015 and 2016.

Cumulative biomass plots for each station (Figure 7) show differences among years and sites more
clearly than the time series plots. Most notably, at every station where 2014 samples were collected,
biomass was lower in 2014 than in the warmer years of 2015 and 2016. Biomass in some regions
reached 2-4X higher in 2015 than similar time periods in 2014, with biggest differences occurring in
May and June when juvenile salmon are beginning their early marine phase and are primarily
zooplanktivorous.

Differences in biomass in 2015, 2016, and 2017 were more variable among sites. At some sites,
notably several to the north (Watmough, Eliza, and Thorndyke), highest biomass occurred in the
warmest year, 2015. In Admiralty Inlet and at KSBP in Central Basin, biomass peaked in 2016 then
dropped to intermediate levels in 2017. In S. Whidbey Basin (Camano, Mukilteo), the more southern
stations of Central Basin (LSNT and NSEX), and in South Sound (S. Ketron), biomass in 2017 was
even higher than in 2015 and 2016: the biggest differences did not occur until July and August at
most of those stations, indicating a shift in the timing in 2017, perhaps related to the colder winter
and later warming.

Cumulative biomass plots of zooplankton taxa that are important prey items (decapod larvae,
amphipods, euphausiids, pteropods, and ichthyoplankton) did not show coherent patterns among
years and stations (Figure 8). Unfortunately, only a few stations were consistently sampled with
oblique tows in 2014 to make a direct comparison to warmer years. Of those that were, 2014 prey
biomass was relatively low compared to other years, but not generally the lowest year. Several
stations in north central Puget Sound (Admiralty Inlet, Thorndyke Bay, Camano, and Mukilteo) all
showed declining prey biomass from 2015 through 2017.
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2014-2017 Zooplankton community structure

Ordination of the vertical net tow zooplankton biomass data matrix showed clear regional and
seasonal structure in the zooplankton community and, to a lesser extent, separation among years
(Figure 9). The strongest clustering of communities showed regional differences. Many samples from
Northern Washington and Admiralty Inlet separated from other regions. From bottom to top along
Axis 2, samples from Northern Washington and Admiralty Inlet separated from those collected in
Central and Whidbey Basin. Samples from N. Whidbey Basin lay mostly to the left on Axis 1.
Samples from Hood Canal and South Sound showed the largest variance and nearly overlapped in the
ordination space.

The seasonal cycle of communities moved roughly counter-clockwise around Axis 1 and 2: January,
February, and most March communities fell at the top right of the ordination space (almost all of
which were sampled from S. Whidbey and Central Basin); April and May were more spread,
primarily falling towards the lower right of the ordination; late spring though late summer
communities (a period when all sampling groups collected), were much more varied, occupying more
than half of the full ordination space, but still showed some counter-clockwise structuring; October,
November, and December communities occupied the upper half of Axis 2, moving toward the left on
Axis 1.

Differences in community structure among years was less well defined than regional and seasonal
patterns. Many samples collected in 2014 fell to the left on Axis 1 compared to the other years.
Differences among 2015, 2016, and 2017 were not discernable in this analysis.

Taxa most strongly correlated with Axis 1 were the siphonophore Muggiaea atlantica and the
copepod Paracalanus spp. Both were negatively correlated (r = -0.77 and r = -0.73, respectively)
indicating that they were in highest biomass in samples to the left on Axis 1 in samples which were
primarily collected in late-summer and early-fall, from N. Whidbey Basin and South Sound (Table
3). Barnacle larvae (nauplii + cyprids) and the amphipod Cyphocaris challengeri correlated with Axis
2 in opposite directions (r = -0.79 and 0.65, respectively). No taxa correlated strongly with Axis 3
(Table 4). No environmental factor strongly correlated with any axis: the strongest correlates with
Axis 1 were 10-m temperature (r = -0.63) and minimum temperature in the water column (r = -0.60);
i.e., warmer temperatures to the left of the axis.

Because of the strong regional differences in communities, we also explored zooplankton community
structure within each region to more closely examine taxonomic and environmental correlations with
regional community structure. Those results are given in Appendix A. In most regions, seasonal
cycles strongly structured communities. In several regions, communities in 2014 separated from other
years. Several environmental factors strongly correlated with community structure in Admiralty Inlet,
Central Basin and South Sound,; less environmental influence was detected in Northern WA,
Whidbey Basin (except salinity), and Hood Canal (except dissolved oxygen).
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2014-2017 Salmon growth and survival

The time series of juvenile Chinook salmon growth calculated from re-capture of CWT hatchery
releases showed strong relationships with regional temperature anomalies (Figure 10). High growth
of individuals from all regions occurred during warmer years. Particularly high growth occurred in
2015 and 2016 coincident with the marine heatwave. Growth of fish released from rivers that enter
into Central Sound declined slightly from 2016 to 2017; growth of fish from South Sound declined
somewhat less, but was slightly lower than in 2016.

Coho salmon survival data from 2014 and 2015 outmigration years showed dramatically increased
survival of populations from almost every region available (Figure 11). In some cases, survival more
than tripled in 2015 outmigrants compared to 2014.

It is likely that the elevated temperatures in 2015 and 2016 broadly increased metabolic rates of many
taxa in Puget Sound, which if not outside their thermal performance optima and supported by
sufficient food resources, enabled higher growth and survival. For zooplankton, the result was large
population sizes and high total biomass; for juvenile salmon, higher individual growth was measured.
Higher growth during the early marine period when juvenile salmon are zooplanktivorous is
correlated with higher smolt-to adult survival (Beamish et al. 2004, Duffy and Beauchamp 2008,
Beauchamp and Duffy 2011). The improved metabolic and feeding conditions in 2015 seem to have
led to substantially higher coho salmon adult returns in 2016 through bottom-up processes. It is not
yet known whether high growth and survival continued for outmigrating salmon in 2016 and 2017.
Early reports of adult returns in 2017 and forecasts for 2018 indicate that they may not have fared as
well, necessitating continued investigation of the factors that influence survival, including predation
and winter growth and survival.

2003-2017 JEMS time series analysis

Ordination of the 2003-2017 copepod time series from the JEMS station in the Strait of Juan de Fuca
resulted in a 3-dimensional ordination that explained 85.6% of the variance in copepod community
structure. Axis 1 explained the most variance (38.9%); Axis 2 explained 21.4%; Axis 3 explained
25.2%. Axis 1 was strongly correlated with 3-m temperature (R?=0.59) and progressively more
weakly correlated with deeper water column temperatures. Anomalies in the Axis 1 time series (with
the seasonal cycle removed) showed similarities to the Pacific Decadal Oscillation, indicating large-
scale climate influence on the copepod composition (Figure 12). Copepods that drove variability
along Axis 1 (Table 5) were Pseudocalanus mimus (r=0.64), Triconia (r=0.47), Calanus marshallae
(r=0.40) and Acartia longiremis (r=0.45), all of which were positively correlated, indicating they
were more important in the community when the Axis anomalies were positive. Negatively correlated
were Ditrichocorycaeus anglicus (r=-0.92), Paracalanus spp. (r=-0.53), and Tortanus discaudatus
(r=-0.51). These ensemblages of taxa represent end-members between the coastal ocean where the
positively correlated taxa dominate, particularly during summer upwelling, and Puget Sound where
the negatively correlated taxa dominate. Climate-related changes in their importance in the Strait
likely indicate changes in estuary-ocean exchange on multi-month time scales. Neither Axes 2 or 3
showed strong relationships to environmental factors. Taxa that drove them were also not as clearly
associated with different regions. Correlated with Axis 2 were Calaocalanus, Paracalanus,
Pseudocalanus copepodites (unspeciatable), and Pseudocalanus moultoni (Table 5). Axis 3 was
driven primarily by Pseudocalanus mimus, Pseudocalanus moultoni, and the small cyclopoid
copepod Oithona similis.
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Salmon survival - correlations with JEMS time series:
Correlations with coho survival:

Of the ordination axes, Axis 2 showed the strongest correlations with salmon smolt-to-adult survival.
Several coho salmon stocks correlated strongly with Axis 2, although several others showed little to
no correlation (Figure 13). Of twelve stocks that outmigrate from rivers that enter into Puget Sound
or Northern Washington for which we had at least ten years of survival data available during 2003-
2015, the strongest correlates are shown in Figure 13. Another four stocks which correlated very
weakly (R?<0.1) are not shown. These were Skagit W, Skagit H, Quilcene H, Kalama Crk H; where
W indicates wild stocks and H hatchery stocks. All stocks correlated with Axis 2 in the same
direction (negative correlations) except the Nooksack Hatchery stock which was weakly positively
correlated. That stock is also the only one that is from outside of Puget Sound, which may indicate
the zooplankton community at JEMS indexes some different environmental factors in the north than
in Puget Sound. In general, stocks from Southern Whidbey Basin, Central Basin, and some from
Hood Canal were better correlated with Axis 2 than those from South Sound and Northern Whidbey
Basin. Proximity of the rivers to the JEMS station in the Strait of Juan de Fuca did not solely
influence the strength of the correlations—in Hood Canal, a wild stock from Big Beef Creek and a
Skokomish hatchery stock both had much stronger correlations with Axis 2 scores than a stock from
Quilcene hatchery farther north. Further exploration of stock-specific factors that may influence the
relationship to the copepod time series is warranted.

Correlations with Chinook survival

Of the JEMS copepod time series ordination axes, Axis 2 also showed the strongest correlations to
Chinook survival time series, although few were strongly correlated (Table 6). As with coho survival,
the correlations of Chinook survival from Puget Sound stocks with Axis 2 scores were all in the same
direction (negative). Of 16 stocks for which at least eight years of survival data were available during
2003-2014 out-migration years at the time of this report, the strongest correlations were found for
some stocks that enter into Whidbey and Central basins (Figure 14).

Zooplankton patterns and Chinook salmon growth in 2011

The high spatial resolution of zooplankton sampling in 2011 revealed high variability in total
zooplankton biomass and biomass of prey field taxa (Figure 15 and 16). Biomass peaked in May,
with very high biomass at some sites. Biomass was consistently higher in Admiralty Inlet, Central
Basin, and South Sound compared to low biomass in Hood Canal and Whidbey Basin, particularly in
May through August. Rosario Basin (Bellingham Bay) had intermediate levels with periodic high
biomass. The spatial pattern in total biomass and biomass of prey field taxa were unrelated to IGF-1
concentrations in juvenile Chinook salmon (Figure 17), which are an indicator of in situ growth on
several-day to week time scales. Growth in Hood Canal and Whidbey Basin were among the lowest
measured, but not consistently so. Preliminary mixed-effects modeling also did not find zooplankton
biomass as a significant predictor of IGF-1 in these samples. These comparisons are very preliminary
and more thorough exploration of the growth to zooplankton relationships are underway.
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Table 3. Pearson correlations (r and R?) between taxa and axes from NMS ordination of 2014-2017
vertical net tow data from all stations combined. Only taxa which correlated abs(r)>0.6 with one or
more axes are shown; taxa most strongly correlated with each axis (R?>> 0.5) are in bold.

Axis 1 AXis 2 Axis 3
r R? r R? r R?
Muggiaea atlantica -0.771 0.595 0.241 0.058 -0.132 0.017
Paracalanus spp. -0.731 0.535 0.048 0.002 0.006 0
Pseudocalanus copepodites 0.658 0.433 -0.341 0.116 0.049 0.002
Barnacles -0.251 0.063 -0.793 0.629 -0.082 0.007
Cyphocaris challengeri 0.345 0.119 0.651 0.423 -0.277 0.077
Metridia pacifica 0.266 0.071 0.092 0.009 -0.672 0.452

Table 4. Pearson correlations (r and R?) between environmental factors and axes from NMS ordination
2014-2017 SSMSP vertical net tow data from all stations combined. Only factors which correlated abs(r)
> 0.6 with one or more axes are shown. See Table A3 for list of abbreviations.

Axis 1 AXis 2 Axis 3
r R? r R2 r R2
T10 -0.627 0.393 0.155 0.024 -0.025 0.001
Tmin -0.599 0.359 0.157 0.025 -0.010 0
StDepth 0.327 0.107 0.583 0.340 -0.127 0.016
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Table 5. Pearson correlations (r and R?) between taxa and axes from NMS ordination of JEMS time
series data. All copepod taxa used in the ordination are shown; taxa most strongly correlated with each
axis (r>0.4) are in bold.

Axis 1 AXis 2 AXis 3
Taxon r R? r R? r R?
Acartia imm. 0.02 0.00 0.13 0.02 -0.16 0.03
Acartia hudsonica 0.06 0.00 0.02 0.00 0.18 0.03
Acartia longiremis 0.45 0.20 0.17 0.03 0.36 0.13
Acartia tonsa 0.08 0.01 0.38 0.14 -0.23 0.05
Aetideidae -0.05 0.00 -0.08 0.01 -0.05 0.00
Calanus marshallae 0.40 0.16 0.21 0.04 0.35 0.13
Calanus pacificus -0.29 0.08 0.23 0.05 0.07 0.01
Calocalanus spp. 0.10 0.01 0.43 0.18 -0.10 0.01
Centropagidae 0.30 0.09 0.15 0.02 0.14 0.02
Clausocalanus 0.07 0.01 0.26 0.07 -0.24 0.06
Clausidiiidae -0.11 0.01 0.02 0.00 -0.02 0.00
Ctenocalanus vanus 0.10 0.01 0.31 0.10 -0.17 0.03
Ditrichocorycaeus anglicus -0.92 0.84 0.02 0.00 -0.15 0.02
Epilabidocera longipedata -0.33 0.11 -0.05 0.00 0.07 0.01
Eucalanidae 0.28 0.08 -0.17 0.03 0.13 0.02
Euchaetidae 0.09 0.01 -0.10 0.01 0.04 0.00
Heterorhabdus spp. 0.03 0.00 -0.04 0.00 -0.11 0.01
Longipedia spp. -0.18 0.03 0.05 0.00 -0.07 0.01
Mesocalanus tenuicornis 0.18 0.03 0.32 0.10 -0.17 0.03
Metridia 0.23 0.05 -0.22 0.05 -0.07 0.01
Microcalanus 0.18 0.03 -0.15 0.02 -0.09 0.01
Microcalanus pusillus 0.31 0.10 -0.23 0.05 0.02 0.00
Microcalanus pygmaeus 0.25 0.06 0.00 0.00 -0.18 0.03
Microsetella sp. 0.25 0.06 -0.31 0.10 -0.38 0.15
Neocalanus spp. 0.32 0.10 -0.08 0.01 0.16 0.03
Oithona atlantica 0.07 0.01 -0.17 0.03 -0.17 0.03
Oithona similis 0.18 0.03 0.26 0.07 -0.50 0.25
Paracalanus spp. -0.53 0.28 0.62 0.38 -0.38 0.14
Paroithona sp. 0.11 0.01 -0.19 0.04 -0.35 0.13
Pseudocalanus (imm.) 0.28 0.08 -0.71 0.51 -0.35 0.12
Pseudocalanus mimus 0.64 0.41 0.18 0.03 0.61 0.37
Pseudocalanus minor 0.20 0.04 -0.28 0.08 0.26 0.07
Pseudocalanus moultoni 0.08 0.01 -0.41 0.16 0.69 0.47
Pseudocalanus newmani -0.32 0.11 -0.12 0.01 0.10 0.01
Racovitzanus 0.27 0.07 -0.14 0.02 -0.20 0.04
Scolecithricella 0.23 0.05 -0.21 0.04 -0.05 0.00
Tisbe 0.09 0.01 -0.01 0.00 0.13 0.02
Tortanus discaudatus -0.51 0.27 -0.12 0.01 -0.04 0.00
Triconia spp. 0.47 0.22 -0.18 0.03 -0.11 0.01
Triconia borealis 0.16 0.03 -0.09 0.01 -0.02 0.00
Triconia (tiny) 0.22 0.05 -0.14 0.02 -0.33 0.11
Triconia subtilis 0.17 0.03 -0.17 0.03 -0.30 0.09
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Table 6. Chinook salmon survival correlations with JEMS NMS ordination axes. Stock names and
abbreviations were provided by C. Ruff, Skagit River System Cooperative. Only stocks for which at
least eight years of smolt-to-adult survival data were available for 2003-2014 outmigration years are
shown. Correlations R?<0.01 are shown as 0. Significance of the correlations was not tested.

gﬁ!::[zsgey Basin River - Stock Correlation with JEMS Axes (R?)
Sub-yearling Axis 1 AXis 2 Axis 3
Central Basin  Garrison Springs H - GAR 0.02 0.10 0.08
Grovers Creek H - GRO 0.01 0.18 0
So00s Creek H - GRN 0 0.55 0.17
Voights Creek H - PUY 0.02 0.03 0
Hood Canal George Adams H - GAD 0.02 0 0.07
South Sound Clear Creek H - NIS 0.03 0.39 0.27
South Puget Sound F - SPS 0 0.37 0.05
Whidbey Basin Bernie Kai Kai Gobin H - TUL 0.04 0.67 0
Marblemount H - SKF 0.10 0.18 0
Marblemount H - SSF 0.07 0.65 0.08
Stillaguamish H - STL 0.12 0.09 0
Wallace River H - SKY 0.39 0.02 0.13
Yearling
Central Basin White River H - WRY 0.03 0.30 0.35
South Sound Tumwater Falls H - SPY 0.06 0.02 0.56
Whidbey Basin  Marblemount H - SKS 0.15 0.16 0.41
Wallace River H - SNY 0 0.26 0.20
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Figure 2. Temperature profiles over the upper 100-m from 2014-2017 monthly Department of
Ecology CTD casts at stations in closest proximity to Watmough Bay (S. San Juan Islands),
Admiralty Inlet, NSEXO01 in Central Basin, S. Ketron Island (South Sound), Thorndyke Bay
(N. Hood Canal), and Camano (S. Whidbey Basin) zooplankton monitoring stations.
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Figure 3. Upper 50-m chlorophyll biomass profiles from 2014-2017 monthly Washington
Department of Ecology CTD casts from stations closest to Watmough Bay (San Juan Islands),
Admiralty Inlet, NSEXO01 in Central Basin, and S. Ketron (South Sound) zooplankton stations. Note
that missing dates in these plots were interpolated — see Figure 2 for missing profiles.
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Total zooplankton abundance - vertical net tows
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Figure 4. Total 2014-2017 zooplankton vertical net tows abundances, coded by sampling group and
station. See Table 1 and Figure 1 for locations. Note Dana Pass not sampled in 2016 or 2017.
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Figure 5. Total zooplankton biomass from 2014-2017 vertical net tows, coded by sampling group
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and station, separated into two panels for clarity. See Table 1 and Figure 1 for locations.
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Total zooplankton biomass - bongo net tows
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group and station, separated into two panels for clarity. See Table 1 and Figure 1 for locations.
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Figure 7. Total zooplankton biomass from 2014-2017 vertical net tows at each station for which there
were sufficient data in at least three years. Biomass was cumulated across bi-weekly collections in each
year, starting from the earliest date sampled in all years which varied among stations. Note that the East
Passage station NSEXO01 was very similar to LSNT so is not shown here.
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