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Abstract
Salmon migrate thousands of kilometers through dynamic ecosystems of the North Pacific
Ocean, however, their open ocean life phase is poorly understood with limited research
comparing salmon trophic ecology across the entire basin. Understanding the marine trophic
ecology of salmon has the potential to reveal information about ocean conditions, competition,
prey abundance, as well as salmon health and survival. The first goal of this research was to
build an open-access database to centralize Pacific salmon diet data using a standardized format
(‘North Pacific Marine Salmon Diet Database’). This database was then populated with an initial
data set that came from 62 sources identified through a systematic literature review, targeting
peer reviewed and gray literature from time periods with high research activity: 1959–1969 and
1987–1997. The second goal was to examine spatial and interspecies differences in diet and
trophic niche for chum, pink and sockeye salmon across the North Pacific between 1959 and
1969, a period during a negative phase of the Pacific Decadal Oscillation and prior to significant
hatchery enhancement. In the Western Subarctic, all species tended to consume zooplankton and
prey availability was higher than the Eastern Subarctic. In the Gulf of Alaska and Eastern
Subarctic, interspecies differences in diet were most apparent with chum and sockeye
specializing on zooplankton and micronekton, respectively, while pink ate a mixture of
zooplankton and micronekton. In the Bering Sea chum ate zooplankton while sockeye and pink
alternated between zooplankton and micronekton. In addition to the large-scale trophic patterns,
these data revealed novel fine-scale spatial trophic patterns, including latitudinal, onshoreoffshore, and cross-gyre gradients. These results showed that pink were more generalist
consumers, and their diets may be a better reflection of overall prey presence and abundance in
the environment. Conversely, chum and sockeye were more specialist consumers, and their diets
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may be a better reflection of interspecies dynamics and/or specific prey presence and abundance
of zooplankton and micronekton, respectively. Overall, this research provides an open-access
database that can help address gaps in ecological understanding of the North Pacific, as well as
complementary data analyses to further understanding of salmon marine ecology.
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Lay Summary
Salmon spend at least 50% of their lives in the ocean, but this part of their life is not well
understood. One way we can learn about the lives of salmon is by studying what they eat. This
information can tell us what food is available, whether this food is healthy and nutritious, and
whether there may be competition for food. There is some historic data on salmon feeding, but
these data are scattered throughout many sources and countries. To help other researchers, this
study initiated consolidation of these diet data into a database that is publicly available. This
research also analyzed the data within this database and found that different salmon species have
different feeding patterns across the vast North Pacific Ocean that are determined by the
environmental conditions that they encounter and the competition that they meet. This
information can help us understand what challenges salmon face.
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Preface
This thesis is the original, unpublished work of Caroline Graham. The research was designed by
Dr. Brian P. V. Hunt, Dr. Evgeny A. Pakhomov and Caroline Graham. Caroline Graham
conducted the systematic literature review. Data were extracted and standardization by Caroline
Graham, as well as by research assistants Dr. Marina Espinasse, Nicole Link, and Carmen
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Marine Salmon Diet Database is publicly available on GitHub:
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Chapter 1: Introduction
In the North Pacific, salmon are iconic and valuable keystone species that play important
roles in terrestrial, freshwater and marine environments. Anadromous salmon nourish freshwater
and surrounding terrestrial ecosystems by bringing nutrients from the marine environment back
to their natal rivers when they return to spawn and die (Helfield and Naiman, 2001; Naiman et
al., 2002; Verspoor et al., 2011). They also provide food to many organisms along the way,
including bears, birds, and orcas (Gende et al., 2002; Hanson et al., 2010; Payne and Moore,
2006). Salmon are of great cultural importance in the North Pacific, especially for some
Indigenous Peoples for whom salmon shape their ways of life and are of immeasurable cultural
value (Colombi and Brooks, 2012; Garner and Parfitt, 2006). Salmon have even been defined as
a “cultural keystone species” due to their foundational role in the cultures of some Indigenous
Peoples (Garibaldi and Turner, 2004). Salmon are also economically valuable, providing food,
revenue, jobs and tourism opportunities in North Pacific countries, such as Canada, Japan,
Korea, Russia and the United States (Criddle and Shimizu, 2014; Gislason et al., 2017).
Developing a better understanding of salmon life histories and the factors impacting their
survival is critical for the continued existence and prosperity of culturally, ecologically, and
economically valuable Pacific salmon.
The six major anadromous Pacific salmon species—Chinook (Oncorhynchus
tshawytscha), coho (O. kisutch), sockeye (O. nerka), pink (O. gorbuscha), chum (O. keta) and
steelhead (O. mykiss)—have been studied widely by individual countries of the North Pacific rim
with a focus on the freshwater and early marine phases of their life cycles. However, the late
marine phase of their life cycle, during which they migrate thousands of kilometers through the
open ocean, is not well understood (Groot and Margolis, 1991). During their epic migrations,
1

they cross international boundaries and encounter many other species and stocks from across the
North Pacific. For example, chum salmon from Japan have been found to migrate all the way to
the Gulf of Alaska, where stocks from Canada and the United States also intermix (Beacham et
al., 2009; Myers et al., 2007). On the western side of the North Pacific, salmon from both Japan
and Russia rear in the Sea of Okhotsk and Western Subarctic (Myers et al., 2007; Urawa et al.,
2004). To the north, Asian and North American salmon meet in the Bering Sea (Myers et al.,
2007; Ruggerone et al., 2003; Seeb et al., 2004). Although some coordinated international efforts
have been made to study salmon in the open ocean, mainly through the International North
Pacific Fisheries Commission and the North Pacific Anadromous Fish Commission, more efforts
are needed to address this international phase of the salmon life cycle (Davis et al., 2009, 1996;
Myers and Aydin, 1996; Walker et al., 2005). The late marine phase is difficult to study due to
the logistical challenges of open ocean research in a vast and dynamic region, however, there are
important questions that need to be addressed.
Although salmon face many challenges throughout their life cycle from both natural and
human-induced pressures, the challenges they face during their marine phase are the least
understood. These include changing ocean conditions, such as temperature, ocean acidification,
stratification, and circulation patterns. The North Pacific has long been subjected to natural shifts
in ocean conditions, including multidecadal shifts, such as those measured by the Pacific
Decadal Oscillation Index and the North Pacific Gyre Oscillation Index, as well as interannual
shifts, such as those measured by the El Niño Southern Oscillation Index (Di Lorenzo et al.,
2008; Hare and Mantua, 2000; Mantua and Hare, 2002; Ware, 1995). However, human-induced
climate change is a more recent phenomenon that contributes to changing ocean conditions,
causing overall warmer temperatures, increased ocean acidification, increased stratification and
2

changing circulation patterns, among other impacts (Doney et al., 2012). Climate change is
expected to shrink available salmon habitat in the North Pacific, especially in more southern
regions, in accordance with species’ thermal tolerances (Abdul-Aziz et al., 2011). While some
salmon species and stocks may experience new habitat opening up in northern regions, not all
salmon will be able to take advantage of this habitat. Climate change is also expected to change
prey distributions and abundances. For example, studies have shown that squid, a common
oceanic prey for several Pacific salmon species, have a distinct lower temperature threshold and
their distribution is therefore heavily influenced by environmental conditions (Kawabata et al.,
2006; Tian et al., 2013). As another example, in the northeast Pacific, a switch from warmer to
cooler ocean temperatures has been found to increase zooplankton biomass in the more southern
regions and shift community composition to larger, boreal copepod species (Batten and Welch,
2004; Peterson and Schwing, 2003; Brodeur and Ware, 1992). The opposite is true when
conditions shift from cooler to warmer. These are just a few examples of the ways in which
changing ocean conditions can affect salmon, but this is not the only threat they face during their
marine phase.
Another threat to salmon during the marine phase is related to density-dependent factors
caused by rising numbers of Pacific salmon. The overall abundance of salmon in the North
Pacific is considered to have reached a record high, based on available historic data. This has
largely been attributed to favorable ocean conditions in more northern and offshore areas and
increased hatchery production of mainly chum and pink salmon (Francis and Hare, 1994; Hare
and Mantua, 2000; Irvine and Fukuwaka, 2011; Kim et al., 2017; Ruggerone and Irvine, 2018).
This has raised questions about competition and the overall carrying capacity for salmon in the
North Pacific. Some research has pointed to the early marine phase as a critical time in the life
3

history of salmon, partially attributed to density-dependent factors, like food availability
(Beamish and Mahnken, 2001). Fukuwaka and Suzuki (2000) found that in the waters of coastal
Japan, when the density of juvenile chum increased, the weight of their stomach contents
decreased. Ruggerone and Goetz (2004) found that juvenile Chinook has reduced first-year
growth and survival in years of high pink salmon abundance. Other research has speculated that
density-dependent factors could play a role in the late marine phase as well, however, this is not
as well understood. Evidence for density-dependence during the late marine phase largely comes
from research on salmon marine ecology during years of high versus low pink salmon
abundance. There is some evidence of reduced marine growth for chum, Chinook and sockeye
salmon during years when pink salmon are more abundant in the ocean (Bugaev et al., 2001;
Ruggerone et al., 2005, 2003). Additionally, studies have found that chum salmon may preyswitch during the late marine phase and feed on less nutritious prey, such as gelatinous
zooplankton, when more pink salmon are present (Andrievskaya, 1966; Kaga et al., 2013;
Tadokoro et al., 1996). In order to gain a holistic understanding of the challenges salmon face
today, we need to focus efforts towards the least understood marine phase of the salmon life
cycle.
Diet data can provide important insight into the lives of organisms—especially those like
salmon that are challenging to observe and track—and diets have been used to examine many
different organisms and ecosystems. Diet data can help to address scientific questions regarding
evolution, competition, spatial and temporal dynamics, ecosystem changes and organism health,
among others. For example, diets have been used to study the evolution of humans, along with
organisms such as bats, fish, and other primates (Dean et al., 2007; DeCasien et al., 2017; Luca
et al., 2010; Perry et al., 2007; Schondube et al., 2001). Diet studies have also revealed important
4

competition dynamics between species ranging from krill and copepods, to dingoes and foxes, to
sharks and dolphins (Cupples et al., 2011; Heithaus, 2001; Stige et al., 2018). Diets can even
reveal ecosystem-level changes, such as the shift from larger epipelagic fish to smaller
mesopelagic species in the eastern tropical Pacific Ocean, as revealed by the diets of yellowfin
tuna (Olson et al., 2014). In the California Current system, the diets of marine birds have
indicated important changes in marine communities, such as changing abundances of rockfish
and euphausiids that correspond to shifting climatic conditions (Sydeman et al., 2001). Across
the North Pacific, salmon diets have been used to address many similar research questions.
Salmon are size-selective consumers and are often considered ecosystem samplers whose
diets can reveal what is available in the surrounding environment (Brodeur, 1990; Groot and
Margolis, 1991). They consume a variety of prey, from zooplankton, like copepods, euphausiids
and pteropods, to micronekton, including small fish and squid. Salmon diet studies have been
used to address questions regarding salmon health and competition during their late marine
phase. Salmon diets can reveal insight into salmon health because some prey items are more
nutritious than others in terms of caloric value and lipid content (Daly et al., 2010; Davis et al.,
1998). Davis et al. (1998) found that species of cnidarians had some of the lowest caloric values
among potential salmon prey items, while copepods, euphausiids, fish and squid species had
some of the highest. Lipid composition is important to salmon health as well since lipids are
sources of energy for fish growth, reproduction, and migration (Tocher, 2003). Fish and
crustacean zooplankton have been found to have higher lipid content compared to noncrustacean zooplankton, and varying consumption of these prey can affect salmon lipid
composition (Bailey et al., 1995; Daly et al., 2010; Kaga et al., 2013). For salmon, essential fatty
acids include docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), and salmon prey
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items have been found to contain varying quantities of these fatty acids (Daly et al., 2010).
Besides providing insight into salmon health, studying diets can reveal potential competition
between species or stocks which can be observed through prey-switching behavior which may
indicate less resource availability. Chum salmon in particular have been found to exhibit this
behavior when they switch to feeding on less nutritious prey, such as gelatinous zooplankton
(Andrievskaya, 1966; Kaga et al., 2013; Tadokoro et al., 1996).
Salmon diet studies have also been used to answer questions regarding temporal and
spatial ecosystem dynamics in the North Pacific Ocean, but studies have often been limited in
either time or space. Although many studies show that temporal ecosystem changes have
occurred across the North Pacific, especially over multidecadal time scales, salmon diets have
rarely been studied over these time scales (Anderson and Piatt, 1999; Irvine et al., 2009; Kim et
al., 2017; Mantua et al., 1997). In one multidecadal study, Brodeur et al. (2007a) found that the
proportion of pteropods and copepods in juvenile coho diets was higher during weak upwelling
or warm years, while the proportion of euphausiids was higher during strong upwelling and high
productivity years in the California Current system. Kaeriyama et al., (2004) also examined diets
over a multidecadal time scale in the Gulf of Alaska and found that squid composition of most
salmon species’ diets decreased during La Niña events. In addition to temporal changes, studies
have also revealed large-scale spatial diet differences within the eastern North Pacific and within
the western North Pacific (Brodeur et al., 2007b; Hertz et al., 2015; Karpenko et al., 2007).
However, very few studies have looked across the entire basin, even though salmon can migrate
between the east and west during their impressive journeys (Myers et al., 2007; Qin and
Kaeriyama, 2016). Studies have shown that the eastern and western Subarctic Pacific have
distinct features and the western side is characterized by higher cholorphyll, higher zooplankton
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and lower temperatures, while the eastern side is characterized by lower chlorophyll, lower
zooplankton and higher temperatures (Harrison et al., 1999; Polovina et al., 2011; Saito et al.,
2011; Sugimoto and Tadokoro, 1997). More robust temporal and spatial research is needed to
understand the marine phase of the salmon life cycle in the past in order to predict what may
happen in the future.
Salmon diet data have been collected since the early 1900s by researchers across the
North Pacific, however, these data have remained scattered in different publications, databases,
and grey literature, making it difficult to find and utilize (Wilbert McLeod Chapman, 1936;
Silliman, 1941). The process to collate these disparate data into a useable format presents many
challenges considering that the data have been reported using a variety of methods, metrics and
languages. However, collating and providing these data to all interested parties is of high
importance if researchers are to begin to better understand the complex marine phase of the
salmon life cycle. Open science is on the rise around the world and this concept involves
ensuring that data, code, collaborative platforms and scientific findings are available to everyone
(Fecher and Friesike, 2014). As the ocean faces a period of rapid change and salmon face an
uncertain future, it is more important than ever to adopt open science principles (Tai and
Robinson, 2018). This will allow research to happen quickly, efficiently and collaboratively to
address growing concerns about salmon productivity in the North Pacific.
The purpose of this thesis was to collate and analyze historic marine salmon diet data
from across the North Pacific Ocean, to better understand the complex dynamics of the marine
phase of the salmon life cycle. Chapter 2 details the creation of the “North Pacific Marine
Salmon Diet Database”, which is an open-access relational database built to house different types
of salmon diet data from their ocean phase. This chapter also details the initial collection of data,
7

which includes stomach content data from time periods with high research activity that were
identified through a systematic literature review process. In Chapter 3, diet data from the North
Pacific Marine Salmon Diet Database were analyzed to study spatial and interspecies differences
in diet and trophic niche between the three most abundant salmon species: pink, chum and
sockeye. Very few studies have compared salmon trophic ecology across the eastern and western
North Pacific and this research examines both diet and trophic niche during a negative Pacific
Decadal Oscillation phase before the effects of hatchery enhancement were significant. In
conclusion, this research presents a new open-access tool for researchers and the first application
of this tool to begin to piece together the understudied marine phase of the salmon life cycle.
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Chapter 2: A salmon diet database for the North Pacific Ocean
2.1

Introduction
Even though salmon spend 1-6 years of their life in the marine environment, this phase of

their life cycle is poorly understood compared to their freshwater phase (Groot and Margolis,
1991). There are limited data on how salmon are distributed, what they feed on, and what threats
to survival they may face during this phase, which includes nearshore and offshore components.
The marine phase is hypothesized to contain salmon population bottlenecks (Beamish and
Mahnken, 2001), and research has shown that salmon smolt to adult survival rates can be less
than 1% for some stocks in the North Pacific (Bradford, 1995). There is also evidence that
Pacific salmon marine survival has been declining over the past several decades in certain areas,
especially more southern stocks (Mueter et al., 2003; Zimmerman et al., 2015). Therefore, it is
becoming urgent that researchers understand what is happening to salmon during the marine
phase of their life cycle, especially after they have moved offshore, because this phase tends to
be data-poor compared to the early marine coastal phase.
One of the most important factors affecting salmon survival is the presence and
abundance of suitable prey. Although it is difficult to assess prey distribution across ocean
basins, information on prey presence and abundance can be derived from salmon diets. Marine
diet data has the potential to give insight into food webs, niche overlap among species/stocks,
competition, health, and changing ocean conditions (Dale et al., 2017; Davis et al., 2009; Qin
and Kaeriyama, 2016). Since the early 1900s, researchers have been examining the diets of
Pacific salmon to provide information on species biology and the conditions that salmon face in
the ocean (W. M. Chapman, 1936; Silliman, 1941). Although there have been some reviews of
salmon diet data in the North Pacific, these have been limited in time and space and the data are
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not normally made publicly available (Brodeur, 1990; Brodeur et al., 2007a; Davis et al., 2009;
Kaeriyama et al., 2004; Karpenko et al., 2007; Qin and Kaeriyama, 2016; Starovoytov, 2007).
Salmon diet data have been collected using a variety of methodologies employed by
researchers from countries across the North Pacific. These data are scattered across the peer
reviewed and gray literature, making collation challenging. However, there is high value in
collating these data, considering the costliness and difficulty of conducting fieldwork in the open
ocean. Synthesizing these data can reveal important information about salmon open ocean life
history experience and further understanding of the potential impacts of changing oceans on
salmon productivity. Additionally, more comprehensive, accurate and robust diet data will be an
asset to ecosystem models, which are increasingly being applied in ecosystem-based
management (Jamieson et al., 2010). As salmon face an uncertain future with climate change
(Healey, 2011; Erik R Schoen et al., 2017), this is a critical time to consolidate available
knowledge in order to advance research on salmon marine ecology.
The goal of this project was to develop an open-access database framework for collating
marine salmon diet data, alongside available salmon biological data, prey biological data, and
environmental data. An initial contribution of salmon stomach content diet data from offshore
areas was compiled through a systematic literature review, followed by quality control and
standardization procedures for two time periods: 1959–1969 and 1987–1997. These decades
were selected partially because they are time periods in which there are a larger quantity of data
available on salmon diets. This database will continue to grow as more sources are identified and
added and can be used as a tool by researchers to study salmon marine survival and North Pacific
ecosystem dynamics.
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2.2
2.2.1

Methods
Systematic literature review
In order to identify sources that contained salmon diet data, in the form of stomach

contents, a systematic literature review was performed using database keyword searches of
ProQuest: Aquatic Sciences and Fisheries Abstracts, Web of Science: Core Collection and Web
of Science: Zoological Record (Clarivate Analytics, n.d., n.d.; Food and Agriculture
Organization of the United Nations, n.d.). Not all salmon diet studies are part of the peerreviewed literature and many North Pacific researchers have published data through the North
Pacific Anadromous Fish Commission (NPAFC) and the defunct International North Pacific
Fisheries Commission (INPFC). Therefore, database search results were supplemented with
relevant INPFC documents and bulletins (North Pacific Anadromous Fish Commission, n.d.),
NPAFC documents (North Pacific Anadromous Fish Commission, n.d.) and bulletins (North
Pacific Anadromous Fish Commission, n.d.), and relevant bibliographic references found within
these documents and bulletins (Table 2.1).
The database keyword searches identified 591 unique sources. Sources were filtered for
relevance and excluded based on the following criteria:
(i) the source did not have salmon stomach content diet data from between 1959–1969 or
1987–1997 for the marine environment, as defined by the area beyond the Riverine
Coastal Domain (~15 km) (Carmack et al., 2015) (556 sources);
(ii) the source did not have extractable diet data and authors did not respond to inquiries
(1 source);
(iii) the source was a review, in which case the original sources were used, if possible and
relevant, to extract data (2 sources);
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(iv) the source overlapped completely with another source, i.e., the data were reported
using the exact same metrics for the same samples as another source (2 sources).
The database search was supplemented with sources that met the same criteria from the INPFC
documents and bulletins and the NPAFC documents and bulletins, bringing the total number of
unique sources to 62 (Table A1).
2.2.2

Data extraction
For each salmon diet sample, we extracted the following data (if available): source

metadata (e.g., publication year, title, authors) (Table A2), salmon capture method (Table A3),
site information (time, location), salmon information (e.g., taxonomy, life stage, sex), salmon
replicates, type of diet data (e.g., percent weight of prey, total number of prey), and prey
information (e.g., taxonomy, life stage, quantity) (Table A4). A diet sample is defined as a
distinct sample in time and space from a specific source and is entered into the database exactly
as it is reported in the source. A sample can contain diet data from one salmon or more than one
salmon when individuals were grouped together for diet analysis (up to 2,215 salmon in this data
compilation). If different diet metrics were reported for the same diet sample (e.g., number of
prey and volume of prey), then all metrics were entered into the database. If the data were not
available in table format, but figure format only, then the data were extracted using
WebPlotDigitizer (Rohatgi, 2019).
For each source, we extracted data as they were presented in the sources in almost all
cases and therefore it was extracted according to the data resolution of the source. For example,
if the sample location was presented as a station, it was extracted as a station with specific
geographical coordinates, but if it was presented as a transect or area, then it was extracted as a
transect or area with latitude and/or longitude minimums and maximums. If geographical
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coordinates were not specified, then they were estimated based on survey maps or descriptions
present in the source. Prey taxonomy was reported to different resolutions across sources (e.g.,
Copepoda versus Neocalanus cristatus). In order to keep the lowest data resolution reported in
the source while also being able to compare across sources, each prey item was reported at all
possible taxonomic levels (kingdom, phylum, class, order, family, genus, species). In addition to
the salmon diet data, if the source presented additional related data for salmon biological
parameters (i.e., variables) (Table A5), prey biological parameters (Tables A6–A7), or
environmental parameters (Table A8), these data were extracted as well. For detailed information
about the different types of data extracted and the extraction methodology see Tables A2–A8.
Data were visualized using R statistical software v3.6.1 (R Core Team, 2019).
2.2.3

Database framework
We built an open-access relational database in MySQL v8.0.18 called the “North Pacific

Marine Salmon Diet Database” (“MySQL,” 2019). The North Pacific Marine Salmon Diet
Database contains all of the extracted data noted above: diet data, salmon biological data, prey
biological data, and environmental data. This database also allows for inclusion of prey
biological data that are not associated with a salmon sample. For example, if a researcher
conducted a zooplankton tow for potential prey and they have biological data for these potential
prey (e.g., length, weight), these data can be added to the database. In this database, all data are
linked by site, which has both a temporal and spatial component. All data are also related to a
source in order to distinguish related data and trace its origins. While the database was built
specifically to house North Pacific salmon data from the marine environment, the database
structure was designed to easily be applied to other predator and prey interactions with only
slight modifications, hence the predator-prey terminology used (Figure 2.1).
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2.3

Data records
The North Pacific Marine Salmon Diet Database currently contains 6,869 diet

observations from 6,305 unique diet samples of over 69,942 salmon. Types of diet data included
percent weight of prey, absolute weight of prey, average weight of prey, percent volume of prey,
percent number of prey, absolute number of prey, average number of prey, frequency of
occurrence (numerical and percent), stomach content index, index of fullness, and index of
relative importance. The database also houses 11,965 observations of salmon biological
parameters for 6,172 unique salmon samples. One observation means one biological parameter
measured for one sample of salmon, which can contain one or many fish. Salmon biological
parameters include length, weight, daily ration, empty stomachs, male/female ratio and many
others. Additionally, the database includes 238 observations of prey biological parameters from
112 unique prey taxonomic categories. Prey biological parameters include body length, body
weight, body width and size index. Finally, the database contains 2,790 observations of
environmental parameters. Environmental parameters include temperature, salinity and others.
2.3.1

Spatial and temporal coverage
Diet samples were collected at 751 unique spatial locations, which included areas

(polygons), transects, and point locations across the North Pacific from the California Current to
the Sea of Japan (Figure 2.2). Salmon biological data were collected from 709 locations, prey
biological data from 4 locations, and environmental data from 446 locations. Salmon biological
data were reported across the entire North Pacific, while prey biological data were sparsely
reported from a few locations in the Gulf of Alaska and the Sea of Okhotsk/Kuril Islands.
Environmental data were mainly available from the eastern and central North Pacific Ocean.
Since our search was focused on specific time periods, most of the data we collected fell within
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our specified decadal periods: 1959–1969 and 1987–1997 (Figure 2.3). However, some sources
reported data from other time periods and these data were also included in the database. While
diet data and salmon biological data were consistently reported across the temporal range,
environmental data and prey biological data were inconsistently reported.
2.3.2

Salmon and prey species coverage
Sockeye (Oncorhynchus nerka), pink (Oncorhynchus gorbuscha) and chum

(Oncorhynchus keta) were reported most frequently in our database, while coho (Oncorhynchus
kisutch), Chinook (Oncorhynchus tshawytscha) and steelhead (Oncorhynchus mykiss) were
reported less frequently (Figure 2.4). The most commonly reported prey groups were amphipods,
fish (Class Actinopterygii), euphausiids, cephalopods (Subclass Coleoidea), and copepods (Fig.
3). The category ‘miscellaneous’ was also commonly reported, although it usually made up just a
small percentage of the diets. Within the diet data reported in the database, there are 186 unique
prey taxa, meaning the lowest taxonomic classifications of prey items. Only 18.5% of salmon
diet data were reported to the species level, while the majority were reported to higher taxonomic
levels (e.g., Amphipoda, Decapoda, Euphausiacea).
2.4

Technical validation
Standardization procedures were used to verify and collate the data. Since some of the

taxonomic records were outdated, the taxonomies were verified and updated using the World
Register of Marine Species (Horton et al., 2019). For types of diet data that should add to a
cumulative percentage of 100 (e.g., percent weight, percent volume), diet samples were excluded
if the cumulative percent of prey was above 105% or below 95%. If the cumulative percentage
did not add to 100 but still fell within this range, diet data values for that sample were rescaled to
add to 100. For other metrics, including absolute and average weight and number of prey, as well
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as numerical frequency of occurrence, we consulted a salmon diet expert to determine if our
highest values were reasonable to find in adult salmon stomachs (V. Zahner, pers. comm.).
2.5

Usage notes
The database, as well as associated documentation and code, are available in the North

Pacific Marine Salmon Diet Database GitHub repository, which will be updated as more historic
data are digitized and made available by the Pelagic Ecosystems Laboratory at the University of
British Columbia (Graham et al., 2020). The North Pacific Marine Salmon Diet Database is
publicly available and can be used under the license of CC BY, meaning that the work can be
distributed, remixed, adapted and built upon with acknowledgement of authors.
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2.6

Tables

Table 2.1. The number of salmon diet data sources identified from a systematic literature review.
A keyword search was used to identify sources in three online databases (Proquest: Aquatic
Sciences and Fisheries Abstracts, Web of Science: Core Collection, Web of Science: Zoological
Record), which contained most of the peer-reviewed literature. The former steelhead species
name “Salmo gairdneri”, when included as a search term, did not provide any more relevant
sources that met our criteria. A manual search through the NPAFC and INPFC documents and
bulletins provided most of the gray literature. A total of 62 unique sources met the qualifications
for database entry.
Results
Results
Search terms
Source
before
after
filtering
filtering
(Chinook OR "Oncorhynchus
tshawytscha" OR coho OR
"Oncorhynchus kisutch" OR sockeye
OR "Oncorhynchus nerka" OR pink OR
"Oncorhynchus gorbuscha" OR chum
OR "Oncorhynchus keta" OR steelhead
OR "Oncorhynchus mykiss")
AND
(marine OR ocean* OR coast* OR
"Gulf of Alaska" OR "Bering Sea")
AND
(stomach OR gut* OR "prey
composition" OR "diet* composition"
OR "composition of diet" OR
"composition of prey")
AND
(diet* OR prey OR food)

Proquest: Aquatic Sciences
and Fisheries Abstracts

410

23

Web of Science: Core
Collection

182

6

Web of Science: Zoological
Record

142

12

North Pacific Anadromous
Fisheries Commission
Documents
North Pacific Anadromous
Fisheries Commission
Bulletins
International North Pacific
Fisheries Commission
Documents
International North Pacific
Fisheries Commission
Bulletins

23

16

5
6
Total = 62
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2.7

Figures

Figure 2.1. The relational model for the North Pacific Marine Salmon Diet Database. The yellow
symbols represent the primary key, red represents foreign keys, and blue represents not NULL
attributes. Not all predator and prey biological parameter relations are displayed in the diagram.
Just one example is given for one predator and one prey biological parameter.
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Figure 2.2. The spatial distribution of diet samples across the North Pacific Ocean. The density
of diet samples, in the form of points, lines, and polygons (rectangles) based on the latitude and
longitude minimum and maximum values.
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Figure 2.3. The number of samples for each type of data reported across the temporal range
1950–2011. If a single sample consisted of data from multiple years, then the median year was
selected to represent the sample and half years were rounded down.
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Figure 2.4. The number of diet samples that contain each salmon and each prey taxonomic
classification. (A) The number of diet samples in the database for each species of salmon.
(B) The number of samples containing each prey taxonomy. Prey taxonomy refers to the lowest
taxonomic level identified by the source. Prey taxonomies that were reported in less than 20
samples were excluded.
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Chapter 3: Salmon trophic ecology reveals spatial and interspecies dynamics
across the North Pacific
3.1

Introduction
Pacific salmon spend at least 50% of their life cycle as post juveniles in the coastal or

open ocean, yet this phase of their life cycle is the least understood (Groot and Margolis, 1991).
The marine phase is of increasing concern due to unanswered questions about the carrying
capacity of the North Pacific, including how it may be impacted by climate change and longterm hatchery enhancement (Beamish, 2017; Beamish and Mahnken, 2001; Ruggerone and
Irvine, 2018; Ruggerone and Nielsen, 2004; Erik R. Schoen et al., 2017). Even though total
numbers of Pacific salmon are increasing, many stocks are in decline, especially in more
southern regions, and all salmon face an unpredictable future with climate change (Abdul-Aziz et
al., 2011; Healey, 2011; Irvine et al., 2009; Irvine and Fukuwaka, 2011; Ruggerone and Irvine,
2018). Studying salmon foraging ecology can provide insight into salmon health, ocean
conditions, and interspecies interactions, illuminating the challenges that salmon may face during
the marine phase. Furthermore, understanding historic salmon spatial and interspecies dynamics
in the marine environment can help to improve understanding of the past, present and future of
salmon production in the North Pacific.
The abundance of the three most common salmon species in the North Pacific—pink
(Oncorhynchus gorbuscha), chum (O. keta) and sockeye (O. nerka)—is estimated to have nearly
tripled from less than 300 million adults during the 1960s to approximately 800 million adults in
2009 (Ruggerone and Irvine, 2018). These species all rear in off-shelf regions and their
substantial increase has been partially attributed to hatchery enhancement, especially of chum
salmon, which started to climb in the 1970s. This culminated in hatcheries contributing 60% of
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chum, 15% of pink and 4% of sockeye produced in the North Pacific between 1990 and 2015
(Ruggerone and Irvine, 2018). Furthermore, increases in salmon production have also been
attributed to favorable ocean conditions in specific regions and during certain time periods. For
example, multi-decadal climate shifts related to the Pacific Decadal Oscillation (PDO) have been
discussed as important drivers of salmon productivity, producing distinct warm and cool
conditions across the North Pacific (Irvine et al., 2009; Kim et al., 2017; Mantua et al., 1997). In
the eastern Pacific, the regime shift of 1977, from positive to negative PDO phase, led to warmer
than normal conditions in the east and increased salmon production in more northern regions
while production decreased in more southern regions (Anderson and Piatt, 1999; Mantua et al.,
1997). In the western Pacific, Russian salmon productivity was negatively correlated with the
PDO index, while Japanese and Korean salmon productivity was positively correlated (Kim et
al., 2017). North Pacific ecosystems have also been impacted by climate change which has
caused rising temperatures, increasing ocean acidification, growing oxygen minimum zones and
changing circulation patterns, among other impacts (Doney et al., 2012). While coastal
ecosystems are particularly affected by climate change, offshore areas are also experiencing
changes that impact salmon. Changing ocean conditions can affect foraging conditions available
to salmon due to shifts in the types, distributions and biomass of prey species (Atcheson et al.,
2012; Healey, 2011; Welch et al., 1998). It is thus critical to obtain historical baseline data on
salmon foraging ecology that can help in understanding intra- and inter-specific salmon species
responses to changing ocean conditions and increased hatchery production.
Salmon are size-selective consumers that have often been thought of as ecosystem
samplers, consuming whatever prey is available in their environment (Brodeur, 1990; Karpenko
et al., 2007). However, salmon are not completely indiscriminate consumers and different
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species have been found to have different dietary trophic niches. Chum have been shown to
mostly consume zooplankton and are often considered to have a unique trophic niche due to their
high consumption of gelatinous zooplankton (Brodeur, 1990; Dulepova and Dulepov, 2003;
Myers and Aydin, 1996; Welch and Parsons, 1993). Sockeye and pink salmon diets are largely
comprised of crustacean zooplankton and micronekton, in varying proportions (Ito, 1964;
Kaeriyama et al., 2004; Qin and Kaeriyama, 2016). It has been hypothesized that competitive
interactions exist between salmon, especially in years where pink salmon are abundant
(Karpenko et al., 2007; Ruggerone et al., 2003; Ruggerone and Nielsen, 2004; Tadokoro et al.,
1996). Evidence for this competition is found during years of high pink salmon abundance in the
form of reduced salmon growth, reduced abundances of large phytoplankton and copepods, and
chum salmon prey-switching to less nutritious prey (Andrievskaya, 1966; Batten et al., 2018;
Ruggerone et al., 2005, 2003; Tadokoro et al., 1996). Improved understanding of the diets and
trophic niche width and overlap of different salmon species can give insight into their degree of
specialization, potential for competition, and vulnerability to changing conditions in the North
Pacific. Furthermore, as ecosystem samplers, salmon diets provide insights into the effect of
changing ocean conditions on zooplankton and micronekton, and the information gained in this
way can be better qualified with a detailed knowledge of salmon trophic ecology.
The North Pacific Ocean is composed of a mosaic of dynamic ecosystems and regions,
which include the Gulf of Alaska, Bering Sea, Sea of Okhotsk, Sea of Japan and the Subarctic
Pacific (Figure 3.1). Diverse geomorphology and oceanographic processes in these regions lead
to different levels of productivity and communities of plankton and nekton (Table 3.1). Although
the diets of Pacific salmon in the open ocean have been studied since the early 1900s, there are
very few quantitative studies comparing the diets of salmon species and their trophic niches
23

across all regions of the dynamic North Pacific basin. However, salmon diets and trophic niche
have been found to vary spatially across certain parts of the North Pacific. Research has revealed
onshore to offshore changes in salmon diets (Auburn and Ignell, 2000; Carlson et al., 1996),
intra-regional spatial differences (Davis et al., 2009; Fukataki, 1967; Kanno and Hamai, 1971;
Starovoytov, 2007), as well as inter-regional differences (Brodeur et al., 2007b; Hertz et al.,
2015; Karpenko et al., 2007; Qin and Kaeriyama, 2016; Takeuchi, 1972). Comparisons between
the eastern and western North Pacific, specifically for post-juvenile salmon in off-shelf areas,
have been limited, with the exception of Qin and Kaeriyama (2016) who compared spatially
patchy salmon diet data in the Gulf of Alaska, Bering Sea and Western Subarctic Gyre from an
unspecified time period. They found evidence that pink and sockeye predominantly consumed
squid in the Gulf of Alaska and zooplankton in other areas, while chum consumed different
zooplankton species throughout these three regions. Qin and Kaeriyama (2016) also examined
overall trophic niche overlap for the entire North Pacific basin and reported high overlap for
chum, pink and sockeye. However, the question of how trophic niche varies spatially is still
unresolved. Since the migratory pathways of salmon span vast regions of the North Pacific,
analysis of spatial diet data from across the basin can further understanding of the complex
marine phase of the salmon life cycle.
Here we use the North Pacific Marine Salmon Diet Database (Graham et al., 2020) to
investigate spatial and interspecies differences in diet and trophic niche between the three most
abundant salmon species (chum, pink and sockeye) across the North Pacific Ocean during a
baseline period. The spatial data used are from 1959–1969, during which time there was a lot of
interest in studying salmon on the high seas and salmon diet data were collected with relatively
good spatial coverage. The 1959–1969 time period was during a negative Pacific Decadal
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Oscillation phase, meaning cooler conditions than normal in the eastern Pacific and warmer
conditions than normal in the central and western Pacific (Mantua and Hare, 2002), and preceded
the major effects of hatchery enhancement (Ruggerone and Irvine, 2018). This study establishes
a historic baseline from which researchers can compare cross-basin changes in diet and trophic
niche for chum, pink and sockeye salmon that furthers understanding of salmon production and
the impact of ocean conditions across the North Pacific.
3.2
3.2.1

Methods
Data extraction and standardization
We extracted all pink, chum, and sockeye stomach content diet data between the years

1959 and 1969 from the North Pacific Marine Salmon Diet Database, as well as associated
source, predator, and site information (Graham et al., 2020). Diet data for other salmon species
did not have good spatial coverage and are therefore not included. If data were collected over a
range of years that fell at least partially outside of this time period, then the latter data were
excluded from the analysis. We eliminated the data that were not reported as weight or volume
diet data because these were by far the most common diet metrics reported in the database and
thus were the most comparable across the North Pacific. If data were reported as raw prey weight
or volume, then they were converted to proportional data. Weight and volume data were
combined for the analysis since they are closely related metrics and duplicated data were
removed.
Since salmon are size-selective feeders, to standardize the data we only used diet data for
salmon that were ocean age 1 and above. If the source provided the maturity of the salmon then
immature, maturing, mature, and kelt were all included. If the source provided lengths or weights
for the salmon then we used diet data from fish greater than 30 cm (Beamish, 2018) or greater
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than 289 g, based on the length-weight relationship for the genus Oncorhynchus from FishBase
(Binohian and Pauly, 2000). If the samples included a mixture of juveniles (< ocean age 1) and
post-juveniles, then these samples were excluded. If the source did not provide any information
about salmon life stage but the data were collected from an offshore environment, then the
samples were assumed to consist of post-juvenile salmon and were used in the analysis.
Most data were reported as summary statistics of diet data from multiple salmon of the
same species and life stage collected by the same source from a certain time and spatial location
with a certain gear type. However, where data were reported as raw data for individual fish, this
information was averaged for each source, salmon species, salmon life stage, time, spatial
location, and gear type. In order to compare diet data across multiple sources, we determined the
prey taxonomic level of the analysis based on the level of detail reported in most cases for prey
taxonomic groups. Since most studies reported to higher taxonomic levels (e.g., order –
Decapoda, Amphipoda, subclass – Copepoda), we decided to use the following prey taxonomic
categories in our analysis: amphipod, cephalopod, copepod, decapod, euphausiid, fish, and
gastropod. Prey taxa that did not fit into these categories was grouped into an ‘other’ category.
For this study, the ‘other’ category included prey taxonomies such as cnidarians, ctenophores,
chaetognaths, polychaetes, ostracods, and larvaceans. To avoid false zeros, sources were
eliminated if we had reason to believe they did not examine or report all of the prey categories
listed above (1 source).
In addition to the diet data, we extracted average 8-daily total chlorophyll concentration
data across the North Pacific between 1997–2010 from the Giovanni online data system
[SeaWiFS SeaWiFS_L3m_CHL_8d v2018] (Acker and Leptoukh, 2007). These data were used
to visualize spatial differences in productivity across the North Pacific. There is very limited
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chlorophyll data from the 1959–1969 time period, however, previous research supports the largescale inter-regional trends in productivity reflected in the 1997–2010 data as long-term trends
(Mackas and Tsuda, 1999; Saito et al., 2011; Sugimoto and Tadokoro, 1997).
3.2.2

Data analysis
We examined diet and trophic niche differences among different regions of the North

Pacific: the Bering Sea, Sea of Okhotsk, Sea of Japan, Gulf of Alaska/Eastern Subarctic Pacific
and the Western Subarctic Pacific (Figure 3.1). The Bering Sea was defined as the region north
of the Aleutian Islands and Alaska Peninsula, south of the Bering Strait, west of Alaska, and east
of Russia. The Sea of Okhotsk was defined as the region east of Sakhalin, north of the Kuril
Islands and Hokkaido, and west of the Kamchatka Peninsula. The Sea of Japan was defined as
the region between the Japanese archipelago, Sakhalin, Korea and the Russian mainland. The
Gulf of Alaska/Eastern Subarctic was defined as the region south of the Bering Sea, east of 165°E and west of Southeast Alaska and British Columbia. The Western Subarctic was defined
as the region south of the Bering Sea, west of -165°E and east of the Kamchatka Peninsula and
Kuril Islands. If a sampling area overlapped with two regions, then the sampling area was
assigned to the region where the majority of the sampling area lay.
To examine the differences between salmon species diets, we first performed twodimensional non-metric multidimensional scaling (NMDS) based on a Bray-Curtis dissimilarity
matrix of the arcsine square root transformed proportional diet data (Legendre and Legendre,
2012). The Bray-Curtis dissimilarity matrix is frequently used with community data that contain
lots of zeros and this dissimilarity measure gives more weight to abundant species than rare
species (Bray and Curtis, 1957; Legendre and Legendre, 2012). The arcsine square root
transformation is commonly used for proportional data and can handle many zero values that are
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common in diet data (Sokal and Rohlf, 1995). This transformation is used to spread out the
distribution of values while reducing the influence of the most common and most rare taxonomic
groups. NMDS uses a dissimilarity matrix to rank differences between samples and reproduce
those differences in a reduced number of dimensions. The NMDS analysis produces a measure
of stress that represents the differences in distance between samples in reduced dimensional
space versus complete multidimensional space, and that stress value should not exceed 0.2 for
community data (Clarke, 1993). When visualizing the results, samples that are plotted closer
together are more similar. Prey taxonomic category vectors, calculated by performing a version
of Clarke and Ainsworth's (1993) BIOENV analysis, were projected onto the ordination plot to
show how prey categories correlated with sample differences (Oksanen et al., 2016).
Pairwise analyses of similarity (ANOSIM) were then performed to test for differences in
diet between species pairs. The ANOSIM test produces an R value between 0 and 1, which
indicates whether species diets are more similar (closer to 0) or different (closer to 1), based on a
comparison of within-group and between-group Bray-Curtis dissimilarities. To further
interrogate species differences, we used a similarity percentages test (SIMPER) to determine the
contribution of each prey taxonomic category to the average between-group Bray-Curtis
dissimilarity (Clarke, 1993).
To assess spatial diet patterns across the North Pacific, we used Ward’s clustering
method to analyze a Bray-Curtis dissimilarity matrix of the arcsine square rooted transformed
proportional diet data. Ward’s method is an agglomerative hierarchical clustering method that
merges objects by minimizing the within group sum-of-squares (Ward, 1963). Although the sumof-squares calculation is technically based on a Euclidean model, this method still produces
meaningful clusters for non-Euclidean data (Borcard et al., 2018). We also tried average linkage
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agglomerative hierarchical clustering and it produced similar clusters, so the results are not
included.
We clustered data separately for each salmon species and determined an appropriate
number of clusters by optimizing the silhouette coefficients and plots. Silhouette coefficients are
a measure of a sample’s similarity to its own cluster compared to other clusters and can range
from -1 to 1, with a higher value signaling that the sample fits well within its own cluster
(Rousseeuw, 1987). We examined average silhouette coefficients and silhouette plots for a range
of cluster numbers from 2 to 9 for sockeye, pink and chum. To further illuminate spatial diet
patterns, we calculated Spearman’s rank correlation coefficients to determine how well each prey
taxonomic group correlated with latitude and longitude midpoints. Spearman rank correlation is
a nonparametric method for assessing how well the relationship between two variables can be
described with either a linear or non-linear function.
To understand how trophic niche overlap between salmon species changed spatially
across the North Pacific based on their diets, we used Schoener’s index, defined by:
$
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where Pab is the percentage overlap between species a and b, pia (and pib) are the percentage of all
the prey taxonomic categories used by species a (or b) that is prey taxonomic category i, and n is
the total number of prey taxonomic categories found in the diets. This is a common and simple
index to examine percentage niche overlap with proportional data that are not sensitive to how
prey items are grouped (Krebs, 1999; Schoener, 1970). Previous studies have considered niche
overlap values of greater than 60% to be biologically significant (Wallace, 1981; Zaret and Rand,
1971). Other niche overlap indices, like Pianka’s index, gave similar results so they are not
29

included here. We also calculated average trophic niche overlap by species for the entire North
Pacific and by region. Only samples where all three species were found at the same time and
place were included in the trophic niche overlap calculations.
We also examined how trophic niche width, based on their diets, changed spatially for
each salmon species using Levin’s measure, defined by: 1 = 1/ ∑ *#' , where p is the proportion
of diet consisting of prey taxonomic category i. We report the standardized index which is: 1( =
(1 − 1)/(5 − 1), where n represents the total number of prey taxonomic categories. Levin’s
measure gives relatively more weight to the abundant species as opposed to the rare species and
it can be used with proportional data (Krebs, 1999; Levins, 1968). Novakowski et al. (2008)
considered niche width values to be low if they were less than 0.4, moderate if they were less
than 0.4 and greater than 0.6 and high if they were greater than 0.6. Other niche width indices,
like the Shannon-Weiner index, gave similar results so they are not included here. Additionally,
we calculated average trophic niche width by species for the entire North Pacific during this time
period and by region. Only samples where all three species were found at the same time and
place were included in the trophic niche width calculations.
We compared trophic niche width with trophic niche overlap between salmon species
using beta regression with a logit link function. Beta regression is used to model relationships
between variables that have values between 0 and 1 (Ferrari and Cribari-Neto, 2004). We tried
other link functions, but they performed similarly to the logit link function based on the Akaike
Information Criteria values, therefore these results are not included. Width and overlap data were
transformed prior to regression using the following equation to remove values of exactly 0 or 1:
(y · (n − 1) + 0.5)/n, where n is sample size (Smithson and Verkuilen, 2006). We also calculated
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a pseudo R2 value, which is the squared correlation of the linear predictor and link-transformed
response.
All statistical analyses were conducted in R statistical software v3.6.1 (R Core Team,
2019) with multivariate analyses performed using the “vegan” package (Oksanen et al., 2016).
The “cluster” package was used to calculate silhouette coefficients (Maechler et al., 2019), the
“spaa” package was used to calculate niche width and niche overlap indices (Zhang, 2016) and
the “betareg” package was used to perform beta regression analyses (Cribari-Neto and Zeileis,
2010). Results were visualized using R statistical software v3.6.1 (R Core Team, 2019).
3.3

Results
A total of 9 sources were used in the final diet data spatial meta-analysis and these

sources provided data from the Sea of Japan, Sea of Okhotsk, Subarctic Pacific, Bering Sea, and
the Gulf of Alaska between the years 1959 and 1969 (Table 3.2). Most available data were
collected from the Subarctic Pacific, Bering Sea, and the Gulf of Alaska, while minimal data
were collected from the Sea of Japan and Sea of Okhotsk.
3.3.1

Species differences in diet composition
Species differences in diet were apparent between sockeye, chum and pink salmon with

the most abundant prey items being ‘other’ for chum, fish for pink and cephalopods for sockeye
(Figure 3.2). A non-metric multidimensional scaling ordination in two-dimensional space (stress
= 0.199) confirmed differences in diet among the salmon species (Figure 3.3). This was also
supported by ANOSIM tests which showed significant differences between all pairwise
comparisons of species — chum and sockeye (R = 0.185, p < 0.001), chum and pink (R = 0.161,
p < 0.001), as well as sockeye and pink (R = 0.037, p < 0.001). Prey taxonomic classification
vectors overlaid on the NMDS ordination plot showed the prey taxonomic category of ‘other’
31

mainly driving differences between chum and other species, while several different prey species,
including fish and cephalopods, drove differences between pink and sockeye (Figure 3.3). A
SIMPER analysis revealed that the prey taxonomic categories contributing most to dissimilarity
between pink and sockeye salmon were fish (14.6%), cephalopods (13.9%), amphipods (13.2%)
and euphausiids (12.2%). Fish made up 22.8% of prey in both pink and sockeye diets.
Cephalopods made up 11.0% of pink diets and 26.6% of sockeye diets. Amphipods made up
21.1% of pink diets and 18.0% of sockeye diets. And finally, euphausiids made up 17.6% of pink
diets and 17.9% of sockeye diets. The category of ‘other’ contributed the most to dissimilarity
between chum and other species (18.8% for pink, 19.1% for sockeye), while other prey
taxonomic categories did not come close to ‘other’ in percent contribution (Table 3.3). The
category of ‘other’ made up 41.6% of prey in chum diets, 6.2% of prey in pink diets and 5.3% of
prey in sockeye diets.
3.3.2

Spatial differences in diet composition
Cluster analyses produced 6 clusters for chum (silhouette coefficient = 0.49), 6 for pink

(silhouette coefficient = 0.35), and 4 for sockeye (silhouette coefficient = 0.41) (Figure 3.4).
Based on the clusters, there appeared to be some spatial patterns for chum, pink and sockeye, to
varying degrees (Figure 3.5). Spatial differences in diet were also supported by Spearman rank
correlations between latitude, longitude and the different prey taxonomic categories (Table 3.4).
The cluster analysis revealed a distinct feeding behavior for chum in the Gulf of Alaska
and Eastern Subarctic, where they consumed a high proportion of prey items classified into the
‘other’ taxonomic category (Cluster 2). While this dietary pattern was also present to some
extent in the Western Subarctic, it was minimal in the Bering Sea. Spearman rank correlations
revealed a significant positive correlation between longitude and ‘other’ (ρ = 0.445, p < 0.001)
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while there was a weak negative, non-significant correlation between latitude and ‘other’ (ρ = 0.039, p = 0.418). From the cluster analysis, chum appeared to consume more amphipods and
copepods in the Bering Sea and the northern Gulf of Alaska/Eastern Subarctic compared to other
areas (Cluster 3). Amphipods showed a significant negative correlation with longitude (ρ = 0.255, p < 0.001), while copepods showed a weak, non-significant negative correlation (ρ = 0.086, p = 0.078). In the Western Subarctic, chum seemed to consume a mixture of mainly
euphausiids, gastropods and ‘other’ (Clusters 1, 2, & 4). Euphausiids (ρ = -0.308, p < 0.001) and
gastropods (ρ = -0.515, p < 0.001) had significant negative correlations with longitude, while
‘other’ (ρ = 0.445, p <0.001) had a significant positive correlation with longitude. In the Sea of
Okhotsk, chum consumed mostly cephalopods (Cluster 5), but the sample size was limited and
confined to a relatively small spatial area. Cephalopods did show a significant negative
correlation with longitude (ρ = -0.365, p < 0.001) and a weaker, but still significant, negative
correlation with latitude (ρ = -0.141, p = 0.004).
For pink salmon diets, the cluster analysis revealed evidence of an onshore to offshore
gradient in the Gulf of Alaska/Eastern Subarctic where they consumed more gastropods closer to
shore, specifically off the coast of Southeast Alaska and Canada (Cluster 5). This trend was not
apparent in the Spearman rank correlations, likely because this spatial pattern only occurred in a
small area of the North Pacific. From the cluster analysis, pink salmon also appeared to consume
more euphausiids, copepods and ‘other’ in the Subarctic Pacific (Clusters 3 & 6), compared to
the Bering Sea. However, only copepods showed a significant negative correlation with latitude
(ρ = -0.285, p <0.001) while euphausiids and ‘other’ showed weak, non-significant negative
correlations (ρ = -0.010, p = 0.844; ρ = -0.052, p = 0.279). Euphausiids did show a negative
correlation with longitude (ρ = -0.198, p < 0.001) and were more common prey in the western
33

North Pacific (Cluster 3). Amphipods (Cluster 1) and fish (Cluster 4) were common in pink diets
across the North Pacific, but amphipods were more common in the western North Pacific (ρ = 0.271, p < 0.001) and fish were more common in the northern North Pacific (ρ = 0.208, p <
0.001). In the Sea of Okhotsk and Sea of Japan there were few samples, but amphipods
dominated these samples (Cluster 1).
Based on the cluster analysis, sockeye diets showed some evidence of a latitudinal
gradient in the Gulf of Alaska/Eastern Subarctic where they appeared to consume more fish in
the north and more cephalopods in the south. Spearman rank correlations supported this pattern,
with fish having a strong positive correlation with latitude (ρ = 0.184, p < 0.001) and
cephalopods having a strong negative correlation with latitude (ρ = -0.2, p < 0.001). In the
Bering Sea, the cluster analysis revealed potential longitudinal patterns which included sockeye
consuming more fish in the eastern Bering Sea (Cluster 4), more cephalopods in the central
Bering Sea (Cluster 2) and a variety of mainly zooplankton in the western Bering Sea (Cluster
1). When looking across the entire North Pacific, the cluster analysis showed that sockeye
consumed more zooplankton in the Western Subarctic (Clusters 1 & 3) and more micronekton in
the Bering Sea and Gulf of Alaska/Eastern Subarctic (Clusters 2 & 4). These patterns were not
always apparent in the Spearman rank correlations, likely because they were not strictly
latitudinal or longitudinal gradients. The Spearman rank correlations showed significantly lower
consumption of cephalopods in the north (ρ = -0.2, p < 0.001) and a higher consumption of fish
in the north and west (ρ = 0.184, p < 0.001). Additionally, Spearman rank correlations showed
higher consumption of euphausiids and amphipods in the west (ρ = -0.117, p < 0.008; ρ = -0.258,
p < 0.001). Prey taxonomic categories such as decapod, copepod, gastropod and ‘other’ did show
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significant correlations with latitude or longitude but made up a relatively small percent of
sockeye diets (Table 3.4).
3.3.3

Species differences in trophic niche overlap and trophic niche width
Schoener’s index of niche overlap revealed spatial patterns in trophic niche overlap for

all three species interactions (chum/pink, chum/sockeye, and pink/sockeye) (Figure 3.6). Overall,
trophic niche overlap did not exceed the 60% threshold for biological significance for any of the
species pairs. The highest trophic niche overlap across the North Pacific was between pink and
sockeye (46.6%), followed by chum and pink (31.8%), and lastly by chum and sockeye (30.9%).
This pattern was consistent for the Gulf of Alaska and Eastern and Western Subarctic, but in the
Bering Sea, overlap between chum and sockeye was higher than overlap between chum and pink.
In general, trophic niche overlap was higher in the Western Subarctic for all species pairs,
followed by the Bering Sea and then the Gulf of Alaska/Eastern Subarctic. Chum and pink
overlap as well as chum and sockeye overlap appeared to follow similar spatial patterns with
patches of high trophic niche overlap in the western portion of the Eastern Subarctic and in the
Western Subarctic, especially near the Aleutian Islands. Pink and sockeye overlap was more
spatially homogenous.
Levin’s standardized measure of trophic niche width revealed spatial patterns in niche
width for chum, pink and sockeye (Figure 3.7). Overall, niche width was low for all species.
Chum had the narrowest niche width (0.108), followed by sockeye (0.129) and then pink (0.138).
However, this pattern was not consistent across the spatial regions. Trophic niche width was
highest in the Western Subarctic for all species, compared to other regions. Pink and sockeye
seemed to follow similar spatial patterns in trophic niche width, while chum appeared to have a
lower niche width in the central portion of the Gulf of Alaska/Eastern Subarctic compared to
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other areas. Beta regression of trophic niche width and trophic niche overlap by species all
resulted in positive slopes and relatively low R2 values (Figure 3.8). The relationships with
highest R2 values were chum width compared to chum/pink overlap (R2 = 0.197) and chum width
compared to chum/sockeye overlap (R2 = 0.143). Other relationships had much lower R2 values
(≤ 0.06).
3.4

Discussion
This study examined the trophic ecology of the three most abundant open ocean rearing

North Pacific salmon species—sockeye, pink and chum—for the time period 1959–1969, a
baseline period during a negative phase of the PDO and before the major growth of hatchery
enhancement. We demonstrate differences in trophic ecology across the more data rich North
Pacific regions, including the Gulf of Alaska/Eastern Subarctic, the Bering Sea and the Western
Subarctic. In the Gulf of Alaska/Eastern Subarctic and the Bering Sea, salmon consumed a
mixture of zooplankton and micronekton while in the Western Subarctic they consumed mostly
zooplankton. Within regions, smaller-scale spatial trophic patterns were observed, including
latitudinal, onshore-offshore, and cross-gyre gradients. These spatial patterns differed by species
and chum, pink and sockeye salmon were found to have distinct feeding patterns in diverse
regions of the North Pacific. Overall, chum had the most distinct foraging ecology, with high
consumption of ‘other’—which likely consisted of mainly gelatinous prey, such as cnidarians
and ctenophores—and consistent consumption of zooplankton across the North Pacific. Sockeye
and pink had high trophic niche overlap and consumed more varied diets containing both
zooplankton and micronekton, depending on the region. Sockeye tended to eat more micronekton
than pink, while pink had more diverse diets in which they consumed a mixture of zooplankton
and micronekton, giving them the largest trophic niche width among the three species. Below we
36

discuss these finding in detail and their application in untangling the dynamic marine phase of
the salmon life cycle.
Our findings on large-scale spatial patterns in interspecies diets and trophic niche largely
agreed with previous findings for the North Pacific Ocean. In the Western Subarctic, chum, pink
and sockeye diets were the most similar with all species consuming mainly zooplankton. This
region had both the highest trophic niche overlap and niche width values. On the other side of the
Pacific, in the Gulf of Alaska and Eastern Subarctic, interspecies diet differences were most
apparent, with chum consuming mainly zooplankton while pink consumed a mixture of
zooplankton and micronekton and sockeye consumed mostly micronekton. Niche overlap and
niche width were lower in the Gulf of Alaska and Eastern Subarctic compared to the Western
Subarctic in all cases. Although environmental and biological data from 1959–1969 were
limited, previous research has found a long-term trend in which the western part of the Subarctic
Pacific has been more productive, in terms of primary productivity and zooplankton biomass,
compared to the eastern part (Table 3.1; Figure 3.9). Therefore, diet specialization in the eastern
part may be due to more limited prey in this region. This could be attributed to a higher
concentration of nutrients in the west than the east (Serno et al., 2014; Nishioka et al., 2020). In
the Bering Sea, chum mostly consumed zooplankton while pink and sockeye consumed largely
micronekton. Trophic niche overlap values were in the range of values calculated for the
Subarctic Pacific/Gulf of Alaska and niche width was low for all species in this region. Qin and
Kaeriyama (2016) found similar large-scale spatial patterns between these regions with some
slight differences. They found chum, pink and sockeye salmon consumed mostly zooplankton in
the Western Subarctic and Bering Sea, while they mainly consumed micronekton, specifically
squid, in the Gulf of Alaska, except for chum which consumed largely zooplankton in all
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regions. These differences could be due to the time period in which they collected their samples,
however, the sampling dates in that study were not noted which makes comparisons difficult.
Our results also included some data from other regions, like the Sea of Okhotsk and Sea of
Japan, however, data from these regions were limited, making it difficult to draw any
conclusions about the trophic ecology of salmon in these areas.
In addition to large-scale trophic patterns, our data revealed some fine-scale spatial diet
patterns by species. One of these fine-scale patterns was the consumption of gastropods by pink
salmon in the eastern Gulf of Alaska. Other studies have shown gastropods to be important prey
for juvenile and adult pink salmon near southeast Alaska (Orsi et al., 1997; Sturdevant et al.,
2012; Sturdevant and Ignell, 1997), suggesting that this is a consistent feature of the region. In
the Gulf of Alaska, sockeye salmon showed latitudinal differences in diet, consuming more fish
in the north and more cephalopods in the south. Cephalopods have previously been shown to
make up a large component of salmon diets in the Gulf of Alaska/Eastern Subarctic (Kaeriyama
et al., 2004; Qin and Kaeriyama, 2016). The prevalence of cephalopods in the diets of sockeye in
the south, likely reflects their temperature-dependent growth and distributions, with greater
abundance in the warmer southern Gulf of Alaska/Eastern Subarctic than the cooler northern
Gulf of Alaska/Eastern Subarctic (Fiscus and Mercer, 1982; Forsythe, 2004). These findings
highlight the potential importance of ocean conditions in determining salmon diet, and the need
for a better understanding of how factors such as temperature, salinity, stratification and
circulation impact North Pacific ecosystems and foraging conditions for salmon.
In addition to the fine-scale diet patterns, our robust spatial data pointed to some novel,
fine-scale trophic niche patterns, a metric that is normally reported for salmon only at coarse
spatial scales. With regards to trophic niche overlap, while pink and sockeye showed fairly
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consistent spatial overlap across the North Pacific, chum revealed certain hotspots of niche
overlap with both pink and sockeye. These areas included the perimeter of the Alaskan Gyre, in
addition to the area directly south of the Aleutian Islands. In these areas, niche width was also
relatively high for chum. These fine-scale patterns in trophic niche may be attributed to all
salmon species feeding on abundant prey that accumulate at the edges of the Alaskan Gyre and
the Western Subarctic Gyre compared to lower prey biomass in the middle of these gyres
(Mackas and Tsuda, 1999). We found a positive relationship between niche overlap values and
niche width values, and this relationship was particularly apparent for chum niche width and
chum niche overlap with sockeye and pink salmon. This supports the idea that in areas where
prey are abundant and diverse, such as the edges of these gyres, chum salmon are consuming the
same prey that pink and sockeye are consuming, and these areas may provide a refuge from
competition. However, when chum migrate away from these areas and prey become less
abundant, competition increases and chum begin to specialize, causing them to have both low
niche overlap and width values.
Our findings support previous research showing that chum salmon have a distinct
foraging ecology compared to other species of salmon and we provide new evidence in support
of chum specializing due to competition with other salmon species. Chum have been found to
specialize on zooplankton and types of prey not usually consumed by other species, specifically
gelatinous prey, such as cnidarians and ctenophores (Brodeur, 1990; Dulepova and Dulepov,
2003; Myers and Aydin, 1996; Welch and Parsons, 1993). Chum have been shown to have
anatomical differences compared to pink and sockeye which may be related to their
specialization on gelatinous prey that is generally considered lower quality compared to other
zooplankton and micronekton prey (Davis et al., 1998). For example, chum salmon have large
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and highly acidic stomachs, which allow for rapid digestion of large prey items, and a small
spleen, which may force chum to adopt less active feeding strategies (Azuma, 1995; Welch,
1997). In our analysis, we examined historic diet data that were coarse in taxonomic resolution;
however, the ‘other’ category that was often consumed by chum and rarely by other species has
been identified by previous studies as likely comprising mainly gelatinous prey that is quickly
digested and difficult to identify during stomach content analyses (Brodeur, 1990; Davis, 2003).
Our research found that chum were not always consuming gelatinous prey across the North
Pacific and they were found to disproportionately consume large amounts of ‘other’ in the Gulf
of Alaska/Eastern Subarctic, an area with relatively low productivity (Table 3.1; Figure 3.9). Our
trophic niche spatial comparison revealed that in areas where chum salmon were consuming
large amounts of ‘other’ they had very low niche overlap with pink and sockeye and they also
had low niche width. This suggests that chum specialization on prey not usually consumed by
other species may be a way of avoiding competition in areas of lower productivity. Limited
previous research supports the idea that chum salmon may change their diets in response to
increases in the abundance of other salmon species which can cause competition (Andrievskaya,
1966; Kaga et al., 2013; Tadokoro et al., 1996).
Our findings support previous research showing that pink and sockeye salmon have
similar diets and trophic niche, however, our results suggest that there are important interspecies
spatial differences to consider as well. Pink and sockeye diets were the most similar and had the
highest trophic niche overlap, both alternating between zooplankton and micronekton prey.
However, these species showed spatial differences in diets reflected in variable consumption of
micronekton. Sockeye had a tendency to consume more micronekton compared to pink,
especially in the Gulf of Alaska/Eastern Subarctic where they consumed a high percentage of
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cephalopods. This tendency of sockeye to consume at a slightly higher trophic level compared to
pink is supported by stable isotope analyses, even though their diets are usually considered to be
very similar (Welch and Parsons, 1993; Johnson and Schindler, 2009; Kaeriyama et al., 2000;
Qin and Kaeriyama, 2016). Sockeye also had less diverse diets than pink and chum, with the
fewest number of clusters and the lowest niche width among species, indicating that they may
specialize on micronekton when they are available. Qin and Kaeriyama (2016) also hypothesized
that sockeye selectively feed on squids when they are available. Pink salmon showed the greatest
niche width among species and alternated between zooplankton and micronekton more than both
chum and sockeye. This is in contrast to the results of Qin and Kaeriyama (2016) who found
chum to have the highest trophic niche width, however, our results do show similar niche width
for pink, chum and sockeye when averaged across all spatial areas. It is possible that this
similarity in trophic niche was due to the coarseness of the diet information and it is important to
analyze higher-resolution taxonomic data that could yield different results.
When comparing the diets of sockeye, pink and chum salmon we found that they fell into
a gradient of specialist to generalist consumers, and that this gradient had a spatial component.
Chum salmon were found to be the most specialized consumers due to their high consumption of
‘other’, likely gelatinous prey, and this may be due to competition with other salmon species.
Sockeye salmon were also found to be more specialist consumers, specializing on micronekton,
and more specifically cephalopods, compared to other species. Pink salmon, in contrast, were
more generalist consumers, alternating between a diverse array of zooplankton and micronekton
across the North Pacific. Our results suggest that different species may be able to provide
different information about the dynamic marine phase of the salmon life cycle based on their
tendencies to be specialists versus generalists. Generalists, like pink salmon, may better reflect
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overall prey presence and abundance in the environment, while specialists like chum and
sockeye may better reflect interspecies dynamics (competition) and/or specific prey presence and
abundance—micronekton for sockeye and zooplankton for chum.
The information gained from the diets of each salmon species provide important insights
into the marine phase of the salmon life cycle that can help in understanding the future of salmon
production and North Pacific ecosystems. A robust spatial comparison with more recent data on
salmon diets may help in understanding the carrying capacity of the North Pacific by revealing
whether competition has increased with increased salmon production over the past half-century.
If this is true, we might expect chum salmon to consume more gelatinous prey. The data used in
this study were collected during a negative phase of the PDO, during which conditions were
cooler than average in the east and warmer than average in the central and the west. Comparison
of these data with a positive phase of the PDO could yield valuable insights into the effect of a
shift on ocean conditions on salmon prey fields, competition and production, including the
effects of warming in the eastern Pacific. For example, we would expect climate driven ocean
warming to cause changing prey distributions and abundance, potentially leading to increased
abundance of prey that prefer warmer waters, like squids and decreased abundance of prey that
prefer cooler waters, such as certain fish and copepods (Batten and Welch, 2004; Peterson and
Schwing, 2003). Finally, it should be noted that improved taxonomic data in diet studies could
make an important contribution to improved understanding of ocean warming impacts on salmon
trophic ecology. For example, such data can be used to estimate the nutritional quality of prey,
an important aspect for salmon production that can only be coarsely examined with low
taxonomic resolution data.
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3.5

Conclusion
Overall, this study provided a novel and robust cross-basin comparison of salmon diet

and trophic niche during a negative PDO phase in the north Pacific (1959–1969). While
supporting limited previous research on large-scale spatial and interspecies salmon diet
differences, this study also revealed novel fine-scale patterns that point to the importance of submesoscale oceanographic features in Pacific salmon foraging ecology. Our findings suggest that
the spatial trophic ecology of chum, pink and sockeye salmon may provide unique insights into
challenges salmon face from changing ocean conditions and interspecies interactions. Studying
the diets of specialist consumers, like chum and sockeye salmon, may further understanding of
competition, productivity, and ocean conditions relevant to specific prey items, like gelatinous
organisms in the case of chum and micronekton in the case of sockeye. Studying the diets of pink
salmon, which tend to be generalist consumers, may further understanding of overall prey
presence, abundance and diversity, which can help in understanding ecosystem responses to
changing ocean conditions. In the future, salmon may face increased challenges from climate
change and rising hatchery production and studying both the large-scale and fine-scale spatial
trophic ecology of different salmon species can provide insight into these challenges. Future
research should address how interspecies and spatial trophic dynamics have changed over time in
order to inform questions related to salmon production in a rapidly changing world.
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3.6

Tables

Table 3.1. Oceanographic and biological information for each region of the North Pacific Ocean. The regions correspond to the shaded
areas in Figure 3.1. Sea surface temperatures were calculated using time averaged reconstructed monthly sea surface temperatures
from the NOAA Extended Reconstructed Sea Surface Temperature (ERSST) model (version 4). Chlorophyll concentrations were
calculated using time averaged 8-daily total chlorophyll concentrations from the Giovanni online data system, developed and
maintained by the NASA Goddard Earth Sciences Data and Information Services Center [SeaWiFS SeaWiFS_L3m_CHL_8d v2018].
For sea surface temperatures, chlorophyll concentrations, and zooplankton concentrations, the years that were averaged are listed in
parenthesis. Results reflect available long-term regional averages as much as possible because data were sparse for the 1959–1969
time period, with the exception of reconstructed temperature data for which the 1959–1969 data reflected the same long-term interregional differences shown in the table. The errors listed are standard deviations.
Region
Gulf of
Alaska/Eastern
Subarctic
(Alaskan
Gyre)
Western
Subarctic
(Western
Subarctic
Gyre)
Bering Sea

Sea ice
dominated
ecosystem
No

Large
continental
shelf
No

Sea surface
temperature
(°C)
9.89 ± 2.13
(19502019)1

Chlorophyll
concentration
(mg/m3)
0.700 ±
1.410 (19972010)2

Zooplankton
concentration
(mg/m3)
243.03 ±
283.49
(1960-1994)3

Common zooplankton
species

Common nekton species

Neocalanus spp.,
Thysanoessa spinifera, T.
longipes4

No

No

7.88 ± 2.25
(19502019)1

0.558 ±
0.368 (19972010)2

355.69 ±
356.63
(1954-1994)3

Neocalanus spp.,
Parasagitta elegans8

Pseudopentaceros wheeleri5;
Pandalus borealis, Theragra
chalcogramma,
Hippoglossoides elassodon6;
Berryteuthis anonychus7
Cololabis saira, Todarodes
pacificus5

Yes

Yes

4.25 ± 1.13
(19502019)1

1.722 ±
1.447 (19972010)2

Western
Bering Sea:
923.35
(1984-2006)8

Western Bering Sea:
Eucalanus bungii,
Neocalanus plumchrus,
Parasagitta elegans8

Eastern
Bering Sea:
492.37 ±
448.12
(1955-1994)3

Eastern Bering Sea:
Calanus spp., Parasagitta
elegans, Aglantha digitale9

Western Bering Sea:
Boreoteuthis borealis,
Stenobrachius leucopsarus,
Pleurogrammus
monopterygius, Theragra
chalcogramma10
Eastern Bering Sea: T.
chalcogramma, Clupea pallasi,
Mallotus villosus11
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Region

Sea of
Okhotsk
Sea of Japan

Sea ice
dominated
ecosystem
Yes

Large
continental
shelf
Yes

No

No

Sea surface
temperature
(°C)
4.15 ± 0.78
(19502019)1
13.19 ±
3.26 (19502019)1

Chlorophyll
concentration
(mg/m3)
1.766 ±
1.522 (19972010)2
0.761 ±
0.879 (19972010)2

Zooplankton
concentration
(mg/m3)
1104.15
(1984-2006)8
49.05 ±
22.18 (19661990)13

Common zooplankton
species

Common nekton species

Thysanoessa raschii,
Metridia okhotensis,
Parasagitta elegans8
Calanus spp., Oithona
spp.14; Metridia pacifica13

Theragra chalcogramma,
Clupea pallasii, Leuroglossus
schmidti12
Todarodes pacificus, Theragra
chalcogramma15
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Table 3.2. The sources from the North Pacific Marine Salmon Diet Database included in the
analysis. Sources are listed in order of their source_id number, which corresponds to their
source_id in the database.
Source ID Reference
1
Andrievskaya, L. D. (1966). Food relationships of the Pacific salmon in the sea.
Voprosy Ikhtiologii, 6(1), 84–90.
8
Fukataki, H. (1967). Stomach contents of the pink salmon, Oncorhynchus
gorbuscha (Walbaum), in the Japan Sea during the spring season of 1965. Bull.
Jap. Sea Reg. Fish. Res. Lab., 17, 49–66.
10
Ito, J. (1964). Food and feeding habits of Pacific salmon (genus Oncorhynchus)
in their oceanic life. Bulletin of the Hokkaido Regional Fisheries Research
Laboratory, 29, 85–97.
13
Kanno, Y., & Hamai, I. (1972). Food of salmonid fish in the Bering Sea in
summer of 1966. Bulletin Faculty of Fisheries Hokkaido University, 22, 107–
128.
14
Karpenko, V. I., Volkov, A. F., & Koval, M. V. (2007). Diets of Pacific salmon
in the Sea of Okhotsk, Bering Sea, and northwest Pacific Ocean. North Pacific
Anadromous Fish Commission Bulletin, 4, 105–116.
18
Takeuchi, I. (1972). Food animals collected from the stomachs of three salmonid
fishes (Oncorhynchus) and their distribution in the natural environments in the
northern North Pacific. Bull. Hokkaido Reg. Fish. Res. Lab, 38, 1–119.
44
Lebrasseur, R. J., & Doidge, D. A. (1966). Stomach contents of salmonids caught
in the Northeastern Pacific Oean - 1963 & 1964. Fisheries Research Board of
Canada, 5(23).
45
Lebrasseur, R. J., & Doidge, D. A. (1966). Stomach contents of salmonids caught
in the Northeastern Pacific Ocean - 1962. Fisheries Research Board of Canada,
4(22), 80 pp.
46
LeBrasseur, R. J., & Doidge, D. A. (1966). Stomach contents of salmonids caught
in the Northeastern Pacific Ocean - 1959 & 1960. Fisheries Research Board of
Canada, 3(21), 67 pp.
Table 3.3. The percent contribution of prey taxonomic categories to the average Bray-Curtis
dissimilarity between sockeye, pink and chum salmon in the North Pacific Ocean, as determined
by SIMPER analysis.
Prey taxonomic
Sockeye/Chum
Pink/Chum
Pink/Sockeye
category
Amphipod
10.9
11.9
13.2
Cephalopod
13.9
8.2
13.9
Copepod
5.3
6.2
5.6
Decapod
1.8
1.6
2.1
Euphausiid
11.4
11.0
12.2
Fish
12.9
12.6
14.6
Gastropod
6.4
9.3
7.2
Other
19.1
18.8
5.6
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Table 3.4. Spearman rank correlations between latitude, longitude and prey taxonomic categories
for chum, pink and sockeye. Latitude and longitude midpoints were calculated for spatial
polygons. Longitude was assessed on a scale from 0° to 360° with lower values in the west and
higher values in the east. Negative correlations are red and positive values are blue with darker
colors representing stronger correlations. Significant correlations (p < 0.05) are denoted by
asterisks.
Prey taxonomic
Chum
Pink
Sockeye
category
Latitude
Amphipod
-0.012
-0.080
-0.017
Cephalopod
-0.141*
-0.138*
-0.200*
Copepod
0.046
-0.285*
-0.082
Decapod
0.069
0.071
0.154*
Euphausiid
-0.090
-0.010
0.156*
Fish
0.0876
0.208*
0.184*
Gastropod
-0.142*
-0.057
-0.028
Other
-0.039
-0.052
-0.012
Longitude
Amphipod
-0.255*
-0.271*
-0.258*
Cephalopod
-0.365*
-0.372*
0.063
Copepod
-0.086
-0.335*
-0.192*
Decapod
0.007
0.056
-0.078
Euphausiid
-0.308*
-0.198*
-0.117*
Fish
-0.142*
-0.051
-0.129*
Gastropod
-0.515*
0.006
-0.262*
Other
0.445*
-0.135*
-0.098*
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3.7

Figures
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Okhotsk
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Subarctic Gyre
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Alaskan Gyre

Subarctic Pacific
Sea of
Japan

Figure 3.1. A map of the regions in the North Pacific Ocean. The colors in the Subarctic Pacific
represent the Gulf of Alaska/Eastern Subarctic (blue, right) and the Western Subarctic (gray,
left).
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Figure 3.2. Average proportional diet composition by species across the North Pacific. Known
sample sizes (total number of salmon) are displayed above each bar. These numbers are an
underestimate of the actual sample size since it was not always reported in the source.
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Figure 3.3. Non-metric multidimensional scaling ordination of Bray-Curtis dissimilarities
between arcsine square root transformed proportional weight/volume data for prey taxonomic
classifications of chum, pink and sockeye stomach content data. Prey taxonomic classification
vectors are overlaid on the ordination to show how prey taxonomic groups relate to species
differences in diet composition. Ellipses represent standard deviation.
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Figure 3.4. Dendrograms of a cluster analysis performed on Bray-Curtis dissimilarities between
arcsine square root transformed proportional weight/volume diet data for (A) chum, (B) sockeye
and (C) pink salmon. Colored bars below dendrograms denote different clusters. Ward’s
clustering method was performed separately for each salmon species. Silhouette coefficients and
plots were used to determine the number of clusters.
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Figure 3.5. Spatial representation of a cluster analysis performed on Bray-Curtis dissimilarities
between arcsine square root transformed proportional weight/volume diet data of (A) chum, (B)
sockeye and (C) pink salmon. Ward’s clustering method was performed separately for each
salmon species. Silhouette coefficients and plots were used to determine the number of clusters.
The proportional cluster composition for each species and spatial area (BS = Bering Sea,
GoA/ES = Gulf of Alaska/Eastern Subarctic, SoJ = Sea of Japan, SoO = Sea of Okhotsk, WS =
Western Subarctic) is displayed (D) with known samples sizes (total number of salmon) above
each bar. The average proportional diet composition of each cluster and species is displayed (E)
with known sample sizes above each bar. The sample sizes displayed are an underestimate of the
actual sample sizes since these values were not always reported in the source. Cluster colors
correspond to the color-coding scheme from Figure 3.4.
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Figure 3.6. A spatial map of trophic niche overlap, measured using Schoener’s index of niche
overlap, for (A) chum/pink, (B) chum/sockeye and (C) pink/sockeye calculated for each site
where chum, sockeye and pink were collected together at the same time. Additionally, the
average spatial niche overlap for the entire North Pacific (All) and broken down by three regions
(BS = Bering Sea, GoA/ES = Gulf of Alaska/Eastern Subarctic, WS = Western Subarctic) are
displayed with standard error bars (D).
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Figure 3.7. A spatial map of trophic niche width, reported using Levin’s standardized measure,
for (A) chum, (B) sockeye and (C) pink calculated for each site where chum, sockeye and pink
were collected together at the same time. Additionally, the average spatial niche overlap for the
entire North Pacific (All) and broken down by three regions (BS = Bering Sea, GoA/ES = Gulf
of Alaska/Eastern Subarctic, WS = Western Subarctic) are displayed with standard error bars
(D).
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Figure 3.8. The relationships between trophic niche width for salmon species and trophic niche
overlap between species pairs fitted using beta regression with a logit link function. Prior to
regression, data were transformed using (y · (n − 1) + 0.5)/n, where n is sample size, to remove
values of 0 and 1. The R2 value represents the pseudo-R2 value, which is calculated by squaring
the correlation of the linear predictor and link-transformed response.
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Figure 3.9. Time averaged 8-daily total chlorophyll concentration (mg/m3) at 9 km x 9 km
resolution across the North Pacific from 1997-2010. Values above 3 mg/m3 are gray. Source:
Giovanni online data system, developed and maintained by the NASA Goddard Earth Sciences
Data and Information Services Center [SeaWiFS SeaWiFS_L3m_CHL_8d v2018].
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Chapter 4: Conclusion
Pacific salmon are facing an increasingly unpredictable future as they are exposed to
threats at all stages of their dynamic life cycle. The least understood threats to salmon occur
during their marine phase and the high seas portion of their life cycle in particular is not well
understood. This is likely because it is challenging to study, due to the inaccessibility of the open
ocean and the high cost of this research. However, increasingly questions are arising about the
effects of climate change on this phase and about the carrying capacity of the North Pacific as
total salmon abundance reaches a record high (Ruggerone and Irvine, 2018). Salmon diets have
been studied for decades and they can help to answer some of these questions by revealing
information about salmon health, potential competition, and changing ocean ecosystems. This
research arose from a need to 1) collate and make available historic salmon diet data from the
marine phase and 2) gain a better understanding of baseline spatial and interspecies trophic
dynamics across the North Pacific Ocean.
Prior to the development of the North Pacific Marine Salmon Diet Database, it was very
time-intensive to find and analyze salmon diet data from the marine environment at the North
Pacific basin scale. Even though salmon diets have been studied for decades, these data have
previously only been available in disparate peer-reviewed and gray literature from the countries
of Korea, Japan, Russia, Canada and the United States. This new database tool will be
instrumental in facilitating international collaboration on issues that are pertinent to salmon
during their dynamic marine phase, when they cross international boundaries and interact with
stocks from different countries (Beacham et al., 2009; Myers et al., 2007; Ruggerone et al., 2003;
Urawa et al., 2004). Chapter 2 presented the initial compilation of data for the database that were
identified through a systematic literature review process. However, the database will continue to
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grow and was built to house all types of salmon diet information—from stomach contents, to
stable isotopes, to fatty acids—as well as associated predator and prey biological information and
environmental data. This resource is available to everyone and our hope is that it will encourage
researchers to consider standardizing the format of their data to allow for easy incorporation into
the database and to encourage the release of data that are currently being held in inaccessible
institutional archives.
In Chapter 3, a subset of the initial compilation of data from the North Pacific Marine
Salmon Diet Database, presented in Chapter 2, were analyzed to study baseline spatial and
interspecies salmon dynamics across the North Pacific Ocean. This study presented a robust,
cross-basin spatial analysis of salmon trophic ecology from a baseline period 1959–1969, during
a negative Pacific Decadal Oscillation phase when the effects of hatchery enhancement were
minimal. Data on chum, pink and sockeye salmon diets revealed both large- and fine-scale
spatial patterns and interspecies differences in trophic ecology. These findings supported limited
previous research by Qin and Kaeriyama (2016) on large-scale spatial and interspecies diet
differences in the North Pacific, such as higher consumption of zooplankton in the more
productive Western Subarctic compared to the less productive Eastern Subarctic/Gulf of Alaska
where certain species like pink and sockeye consumed more micronekton. This research also
supported previous studies showing overall interspecies differences in the trophic ecology of
chum, pink and sockeye, with chum consuming more zooplankton while pink and sockeye
alternated more between zooplankton and micronekton. However, these findings revealed novel
fine-scale interspecies trophic patterns, that were not revealed by previous coarser and/or regionspecific spatial studies. For example, chum salmon were found to have higher trophic niche
width and overlap with pink and sockeye at the edges of the Subarctic gyres, which may be due
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to an abundance of diverse prey in these areas that could provide relief from competition.
Overall, interspecies differences suggested that chum, pink and sockeye can help reveal unique
and important spatial information about the changing North Pacific Ocean. Pink, the more
generalist consumers, may better reflect overall prey presence and abundance in the
environment, while chum and sockeye, the more specialist consumers, may better reflect
interspecies dynamics and/or specific prey presence and abundance of gelatinous prey and
micronekton, respectively.
This study provided information on baseline spatial and interspecies trophic dynamics for
chum, pink and sockeye, however, further research is required to understand how these dynamics
have changed over time and will continue to change with increased hatchery production and
varying environmental conditions, such as those brought on by climate change. Numerous
studies have shown that environmental conditions affect the composition of North Pacific
ecosystems and in turn affect the diets and trophic ecology of salmon (Anderson and Piatt, 1999;
Batten and Welch, 2004; Brodeur et al., 2007a; Kaeriyama et al., 2004; Kim et al., 2017; Mantua
et al., 1997; Peterson and Schwing, 2003). There is less evidence linking increased salmon
abundance to changes in salmon trophic ecology, however, fluctuations in numbers of pink
salmon have been correlated with ecosystem-level changes, including diet shifts for chum
salmon (Andrievskaya, 1966; Karpenko et al., 2007; Ruggerone et al., 2003; Ruggerone and
Nielsen, 2004; Springer and Van Vliet, 2014; Tadokoro et al., 1996). Based on fluctuations in
pink abundance, Connors et al. (2020) found that spatial considerations are of high importance
when trying to understand the combined effects of hatchery enhancement and climate change on
salmon production. By understanding past spatial and interspecies salmon trophic ecology, we
can better understand the present and future of salmon in the North Pacific.
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In conclusion, this study presents a new tool for North Pacific researchers and an
example of how this tool can be used to address questions about the understudied marine phase
of the salmon life cycle. Studying salmon diets can not only help further understanding of
salmon life histories but can also help further understanding of North Pacific ecosystems more
broadly and promote better management practices. For example, diet information is an important
component of ecosystem models, which are becoming critical tools in ecosystem-based
management (Jamieson et al., 2010). However, in order to increase understanding of the dynamic
and vast North Pacific Ocean, people must work together at an international level to study these
ecosystems and share data that are critical to the management of salmon and other North Pacific
species. We hope that this research encourages collaboration in a time of rapid, human-induced
change.
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Appendix
Table A1. The references included in the database. References are listed in order of their source
ID number, which corresponds to their source ID in the North Pacific Marine Salmon Diet
Database.
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Table A2. The metadata extracted for each source.
Column
Explanation
source_id
A unique number that is generated and assigned to each source (e.g., 1,
2, 3…etc.)
publication_year
Publication year in the format: YYYY
title
Title of the source
author1
First author of the source in the following format: M. C. Graham or M.
Graham (first and middle names are abbreviated by initials and a period
while last names are completely spelled out)
author2
Second author of the source in the following format: M. C. Graham or
M. Graham (first and middle names are abbreviated by initials and a
period while last names are completely spelled out)
author3
Third author of the source in the following format: M. C. Graham or M.
Graham (first and middle names are abbreviated by initials and a period
while last names are completely spelled out)
author4
Fourth author of the source in the following format: M. C. Graham or
M. Graham (first and middle names are abbreviated by initials and a
period while last names are completely spelled out)
author5
Fifth author of the source in the following format: M. C. Graham or M.
Graham (first and middle names are abbreviated by initials and a period
while last names are completely spelled out)
author6
Sixth author of the source in the following format: M. C. Graham or M.
Graham (first and middle names are abbreviated by initials and a period
while last names are completely spelled out)
author7
Seventh author of the source in the following format: M. C. Graham or
M. Graham (first and middle names are abbreviated by initials and a
period while last names are completely spelled out)
author8
Eighth author of the source in the following format: M. C. Graham or
M. Graham (first and middle names are abbreviated by initials and a
period while last names are completely spelled out)
author9
Ninth author of the source in the following format: M. C. Graham or M.
Graham (first and middle names are abbreviated by initials and a period
while last names are completely spelled out)
author10
Tenth author of the source in the following format: M. C. Graham or M.
Graham (first and middle names are abbreviated by initials and a period
while last names are completely spelled out)
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Column
url
citation
source_notes
data_processing_notes
date_entered
entered_by

Explanation
URL associated with source, if applicable
The full citation for the source
Any additional notes about the source; for example, if the data might be
overlapping with another source, this is indicated in this attribute
Notes about how the data were processed – in the lab or field, were
quantities measured using scales or visually estimated, etc.
The date the source was added to the database
The full name of the person who entered the data (e.g., Caroline
Graham)

Table A3. The data extracted for each salmon gear type.
Column
Explanation
gear_type_predator_id
A unique number that is generated and assigned to each unique
predator gear type for each source (e.g., 1, 2, 3…etc.)
gear_type
The most basic description of the type of gear given in the
source (e.g., trawl, gillnet, longline)
gear_length_value
The gear length
gear_length_min
If there are a range of gear lengths, then this attribute represents
the minimum length
gear_length_max
If there are a range of gear lengths, then this attribute represents
the maximum length
gear_length_units
The units associated with the gear length; units are fully spelled
and plural (e.g., meters instead of meter)
gear_width_value
The gear width
gear_width_min
If there are a range of gear widths, then this attribute represents
the minimum width
gear_width_max
If there are a range of gear widths, then this attribute represents
the maximum width
gear_width_units
The units associated with the gear width; units are fully spelled
and plural (e.g., meters instead of meter)
gear_depth_value
The gear depth; if the gear is reported to be deployed at the
surface then the depth value is assigned to 0
gear_depth_min
If there are a range of gear depths, then this attribute represents
the minimum depth; if the gear is reported to be deployed at the
surface then the depth value is assigned to 0
gear_depth_max
If there are a range of gear depths, then this attribute represents
the maximum depth
gear_depth_units
The units associated with the gear depth; units are fully spelled
and plural (e.g., meters instead of meter)
mesh_size_value
The gear mesh size
mesh_size_min
If there are a range of gear mesh sizes, then this attribute
represents the minimum mesh size
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Column
mesh_size_max
mesh_size_units
fishing_depth_value
fishing_depth_min

fishing_depth_max
fishing_depth_units
tow_speed_value
tow_speed_min
tow_speed_max
tow_speed_units
duration_deployment_value
duration_deployment_min
duration_deployment_max
duration_deployment_units
gear_notes

Explanation
If there are a range of gear mesh sizes, then this attribute
represents the maximum mesh size
The units associated with the mesh size; units are fully spelled
and plural (e.g., millimeters instead of millimeter)
The fishing depth; if fishing is reported to be at the surface then
the depth value is assigned to 0
If there are a range of fishing depths, then this attribute
represents the minimum fishing depth; if fishing is reported to
be at the surface then the depth value is assigned to 0
If there are a range of fishing depths, then this attribute
represents the maximum fishing depth
The units associated with the fishing depth; units are fully
spelled and plural (e.g., meters instead of meter)
The gear tow speed
If there are a range of gear tow speeds, then this attribute
represents the minimum tow speed
If there are a range of gear tow speeds, then this attribute
represents the maximum tow speed
The units associated with the tow speed; units are fully spelled
and plural (e.g., knots instead of knot)
The gear duration of deployment
If there are a range of gear durations of deployment, then this
attribute represents the minimum duration of deployment
If there are a range of gear durations of deployment, then this
attribute represents the maximum duration of deployment
The units associated with the duration of deployment; units are
fully spelled and plural (e.g., minutes instead of minute)
Any additional comments on the gear

Table A4. The diet data extracted for each salmon predator.
Column
Explanation
predator_id
A unique number that is generated and assigned to each
predator sample
source_id
This number corresponds with the source_id from the
‘sources.csv’ file
year_min
YYYY; if there is just one value for the year then it is
found in this attribute; if there are a range of values for
the year then the minimum value is found in this attribute
year_max
YYYY; if there are a range of values for the year then the
maximum value is entered into this attribute
warm_cool_years
Either ‘warm’, ‘cool’ or NA; this attribute will only have
a value if the samples are explicitly reported as being
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Column

odd_even_years

season_min

season_max

month_min

month_max
date_min

date_max
time_min

time_max
lat_min

Explanation
from a warm versus cool year(s) and can only be
uniquely identified this way
Either ‘odd, ‘even’ or NA; this attribute will only have a
value if the samples are explicitly reported as being from
an odd versus even year(s) and can only be uniquely
identified this way
Either ‘spring’, ‘summer’, ‘autumn’, or ‘winter’; if there
is just one value for the season then it is entered into this
attribute; If there are a range of values for the season then
the minimum value is entered into this attribute; this
attribute will only have a value if there is no value for the
month/date and the source explicitly defines the temporal
sampling period by season
Either ‘spring’, ‘summer’, ‘autumn’, or ‘winter’; if there
are a range of values for the season then the maximum
value is entered into this attribute; this attribute will only
have a value if there is no value for the month/date and
the source explicitly defines the temporal sampling
period by season
Month names are completely spelled out with the first
letter capitalized; if there is just one value for the month
then it is entered into this attribute; If there are a range of
values for the month then the minimum value is found in
this attribute
Month names are completely spelled out with the first
letter capitalized; if there are a range of values for the
month then the maximum value is found in this attribute
Expressed using year, month, and day; if there is just one
value for the date then it is entered into this attribute; if
there are a range of values for the date then the minimum
value is found in this attribute
Expressed using year, month, and day; if there are a range
of values for the date then the maximum value is found in
this attribute
HH:MM:SS; if there is just one value for the time then it
is found in this attribute; if there are a range of values for
the time then the minimum value is found in this attribute
HH:MM:SS; if there are a range of values for the time
then the maximum value is found in this attribute
If there is just one value for the latitude then it is found in
this attribute; If there are a range of values for the latitude
then the minimum value is found in this attribute; values
are in decimal degrees format
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Column
lat_max
lon_min

lon_max
predator_lowest_taxonomic_level

predator_life_stage
predator_life_stage_min
predator_life_stage_max
predator_freshwater_age
predator_freshwater_age_min

predator_freshwater_age_max
predator_ocean_age
predator_ocean_age_min

predator_ocean_age_max
predator_maturity
predator_maturity_min
predator_maturity_max

Explanation
If there are a range of values for the latitude then the
maximum value is found in this attribute; values are in
decimal degrees format
If there is just one value for the longitude then it is
entered into this attribute; If there are a range of values
for the longitude then the minimum value is entered into
this attribute; values are in decimal degrees format
If there are a range of values for the longitude then the
maximum value is found in this attribute; values are in
decimal degrees format
The lowest taxonomic level reported in the source; if a
source reports to the species level then this attribute
includes both the genus and species names (e.g.,
Oncorhynchus nerka); only scientific names are reported,
not common names
Either ‘juvenile’, ‘adult’ or NA
If there are a mixture of juveniles and adults, then
‘juvenile’ is entered here
If there are a mixture of juveniles and adults, then ‘adult’
is entered here
An integer to indicate the number of years spent living in
freshwater
If there are a mixture of freshwater ages, then this
attribute represents the minimum age; an integer to
indicate the number of years spent living in freshwater
If there are a mixture of freshwater ages, then this
attribute represents the maximum age; an integer to
indicate the number of years spent living in freshwater
An integer to indicate the number of years spent living in
the ocean
If there are a mixture of ocean ages, then this attribute
represents the minimum age; an integer to indicate the
number of years spent living in the ocean
If there are a mixture of ocean ages, then this attribute
represents the maximum age; an integer to indicate the
number of years spent living in the ocean
Either ‘juvenile’, ‘immature’, ‘maturing’ ‘mature’, ‘kelt’
(for steelhead), or NA
If there are a mixture of maturity levels, then the
minimum maturity level is found here
If there are a mixture of maturity levels, then the
maximum maturity level is found here
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Column
predator_length_value_cm

predator_length_min_cm

predator_length_max_cm

predator_weight_value_g

predator_weight_min_g

predator_weight_max_g

predator_subsample_id

predator_sex
hatchery_wild
predator_replicates
predator_notes

Explanation
The length of a predator in centimeters (could be either
fork length or total length); only reported if there is no
other way to determine life stage, or if length or weight
categories are the only way to uniquely identify samples
of diet data from a source
The minimum length of a predator in centimeters (could
be either fork length or total length) if there are a range of
sizes; only reported if there is no other way to determine
life stage, or if length or weight categories are the only
way to uniquely identify samples of diet data from a
source
The maximum length of a predator in centimeters (could
be either fork length or total length) if there are a range of
sizes; only reported if there is no other way to determine
life stage, or if length or weight categories are the only
way to uniquely identify samples of diet data from a
source
The weight of a predator in grams; only reported if there
is no other way to determine life stage, or if length or
weight categories are the only way to uniquely identify
samples of diet data from a source
The minimum weight of a predator in grams if there are a
range of sizes; only reported if there is no other way to
determine life stage, or if length or weight categories are
the only way to uniquely identify samples of diet data
from a source
The maximum weight of a predator in grams if there are a
range of sizes; only reported if there is no other way to
determine life stage, or if length or weight categories are
the only way to uniquely identify samples of diet data
from a source
A unique number that is generated and assigned to
predator samples if a source reports the diets of
individual predators with no unique identifiers; values are
assigned for each source starting from 1 and increasing
by a value of 1 each time (e.g., 1,2,3…); if unique
subsample_ids are not required then the default value is 0
Either ‘male’, ‘female’ or ‘unspecified’
Either ‘hatchery’, ‘wild’ or ‘unspecified’
The total number of predator replicates per sample
Any additional comments on the predator
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Column
gear_type_predator_id1
gear_type_predator_id2

gear_type_predator_id3

gear_type_predator_id4

gear_type_predator_id5

type_diet_data
diet_data_units
formula

prey_lowest_taxonomic_level

prey_kingdom
prey_phylum
prey_class
prey_order
prey_family
prey_genus
prey_species
value_diet_data
prey_sex

Explanation
This id number corresponds with the
gear_type_predator_id from the ’gear_type_predator’ csv
file
This id number corresponds with the
gear_type_predator_id from the ’gear_type_predator’ csv
file; this attribute is required if there are at least 2 types of
gear used to sample predators
This id number corresponds with the
gear_type_predator_id from the ’gear_type_predator’ csv
file; this attribute is required if there are at least 3 types of
gear used to sample predators
This id number corresponds with the
gear_type_predator_id from the ’gear_type_predator’ csv
file; this attribute is required if there are at least 4 types of
gear used to sample predators
This id number corresponds with the
gear_type_predator_id from the ’gear_type_predator’ csv
file; this attribute is required if there are at least 5 types of
gear used to sample predators
The diet metric reported in the source (e.g., percent
weight of prey, index of relative importance)
The diet data units (e.g., percent); if the diet data are
reported as a number then the units are left as blank
The formula for the diet metric, if applicable; this is for
metrics such as the index of relative importance or the
stomach content index because they may be calculated
differently in different sources
The lowest taxonomic level reported in the source; if a
source reports to the species level then this attribute
should include both the genus and species names (e.g.,
Calanus pacificus); in some cases the lowest taxonomic
level is not a scientific name – like ‘gelatinous’ or
‘zooplankton_collective’ or ‘miscellaneous’
The kingdom based on the lowest taxonomic level
The phylum based on the lowest taxonomic level
The class based on the lowest taxonomic level
The order based on the lowest taxonomic level
The family based on the lowest taxonomic level
The genus based on the lowest taxonomic level
The species based on the lowest taxonomic level
Diet data values for the specific prey item and the sample
Either ‘male’, ‘female’ or ‘unspecified’
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Column
prey_life_stage
prey_life_stage_min
prey_life_stage_max
prey_length_value_mm

prey_length_min_mm

prey_length_max_mm

prey_weight_value_mg

prey_weight_min_mg

prey_weight_max_mg

prey_notes

Explanation
The prey life stage
If there are a mixture of life stages, then this attribute
represents the minimum life stage
If there are a mixture of life stages, then this attribute
represents the maximum life stage
The length of prey in millimeters; only reported if there is
no other way to determine life stage, or if length or
weight categories are the only way to uniquely identify
samples of prey data from a source
The minimum length of prey in millimeters if there are a
range of sizes; only reported if there is no other way to
determine life stage, or if length or weight categories are
the only way to uniquely identify samples of prey data
from a source
The maximum length of prey in millimeters if there are a
range of sizes; only reported if there is no other way to
determine life stage, or if length or weight categories are
the only way to uniquely identify samples of prey data
from a source
The weight of prey in milligrams; only reported if there is
no other way to determine life stage, or if length or
weight categories are the only way to uniquely identify
samples of prey data from a source
The minimum weight of prey in milligrams if there are a
range of sizes; only reported if there is no other way to
determine life stage, or if length or weight categories are
the only way to uniquely identify samples of prey data
from a source
The maximum weight of prey in milligrams if there are a
range of sizes; only reported if there is no other way to
determine life stage, or if length or weight categories are
the only way to uniquely identify samples of prey data
from a source
Any additional comments on prey

Table A5. The associated salmon biological data for each salmon sample.
Column
Explanation
predator_id
A unique number that is generated and assigned to each
predator sample
source_id
This number corresponds with the source_id from the
‘sources.csv’ file
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Column
year_min
year_max
warm_cool_years

odd_even_years

season_min

season_max

month_min

month_max
date_min

date_max

Explanation
YYYY; if there is just one value for the year then it is
found in this attribute; if there are a range of values for the
year then the minimum value is found in this attribute
YYYY; if there are a range of values for the year then the
maximum value is entered into this attribute
Either ‘warm’, ‘cool’ or NA; this attribute will only have a
value if the samples are explicitly reported as being from a
warm versus cool year(s) and can only be uniquely
identified this way
Either ‘odd, ‘even’ or NA; this attribute will only have a
value if the samples are explicitly reported as being from
an odd versus even year(s) and can only be uniquely
identified this way
Either ‘spring’, ‘summer’, ‘autumn’, or ‘winter’; if there is
just one value for the season then it is entered into this
attribute; If there are a range of values for the season then
the minimum value is entered into this attribute; this
attribute will only have a value if there is no value for the
month/date and the source explicitly defines the temporal
sampling period by season
Either ‘spring’, ‘summer’, ‘autumn’, or ‘winter’; if there
are a range of values for the season then the maximum
value is entered into this attribute; this attribute will only
have a value if there is no value for the month/date and the
source explicitly defines the temporal sampling period by
season
Month names are completely spelled out with the first
letter capitalized; if there is just one value for the month
then it is entered into this attribute; If there are a range of
values for the month then the minimum value is found in
this attribute
Month names are completely spelled out with the first
letter capitalized; if there are a range of values for the
month then the maximum value is found in this attribute
Expressed using year, month, and day; if there is just one
value for the date then it is entered into this attribute; if
there are a range of values for the date then the minimum
value is found in this attribute
Expressed using year, month, and day; if there are a range
of values for the date then the maximum value is found in
this attribute
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Column
time_min
time_max
lat_min

lat_max

lon_min

lon_max
predator_lowest_taxonomic_level

predator_life_stage
predator_life_stage_min
predator_life_stage_max
predator_freshwater_age
predator_freshwater_age_min

predator_freshwater_age_max
predator_ocean_age
predator_ocean_age_min

Explanation
HH:MM:SS; if there is just one value for the time then it
is found in this attribute; if there are a range of values for
the time then the minimum value is found in this attribute
HH:MM:SS; if there are a range of values for the time
then the maximum value is found in this attribute
If there is just one value for the latitude then it is found in
this attribute; if there are a range of values for the latitude
then the minimum value is found in this attribute; values
are in decimal degrees format
If there are a range of values for the latitude then the
maximum value is found in this attribute; values are in
decimal degrees format
If there is just one value for the longitude then it is entered
into this attribute; if there are a range of values for the
longitude then the minimum value is entered into this
attribute; values are in decimal degrees format
If there are a range of values for the longitude then the
maximum value is found in this attribute; values are in
decimal degrees format
The lowest taxonomic level reported in the source; if a
source reports to the species level then this attribute
includes both the genus and species names (e.g.,
Oncorhynchus nerka); only scientific names are reported,
not common names
Either ‘juvenile’, ‘adult’ or NA
If there are a mixture of juveniles and adults, then
‘juvenile’ is entered here
If there are a mixture of juveniles and adults, then ‘adult’
is entered here
An integer to indicate the number of years spent living in
freshwater
If there are a mixture of freshwater ages, then this attribute
represents the minimum age; an integer to indicate the
number of years spent living in freshwater
If there are a mixture of freshwater ages, then this attribute
represents the maximum age; an integer to indicate the
number of years spent living in freshwater
An integer to indicate the number of years spent living in
the ocean
If there are a mixture of ocean ages, then this attribute
represents the minimum age; an integer to indicate the
number of years spent living in the ocean
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Column
predator_ocean_age_max
predator_maturity
predator_maturity_min
predator_maturity_max
predator_length_value_cm

predator_length_min_cm

predator_length_max_cm

predator_weight_value_g

predator_weight_min_g

predator_weight_max_g

predator_subsample_id

Explanation
If there are a mixture of ocean ages, then this attribute
represents the maximum age; an integer to indicate the
number of years spent living in the ocean
Either ‘juvenile’, ‘immature’, ‘maturing’ ‘mature’, ‘kelt’
(for steelhead), or NA
If there are a mixture of maturity levels, then the minimum
maturity level is found here
If there are a mixture of maturity levels, then the
maximum maturity level is found here
The length of a predator in centimeters (could be either
fork length or total length); only reported if there is no
other way to determine life stage, or if length or weight
categories are the only way to uniquely identify samples
of diet data from a source
The minimum length of a predator in centimeters (could
be either fork length or total length) if there are a range of
sizes; only reported if there is no other way to determine
life stage, or if length or weight categories are the only
way to uniquely identify samples of diet data from a
source
The maximum length of a predator in centimeters (could
be either fork length or total length) if there are a range of
sizes; only reported if there is no other way to determine
life stage, or if length or weight categories are the only
way to uniquely identify samples of diet data from a
source
The weight of a predator in grams; only reported if there is
no other way to determine life stage, or if length or weight
categories are the only way to uniquely identify samples
of diet data from a source
The minimum weight of a predator in grams if there are a
range of sizes; only reported if there is no other way to
determine life stage, or if length or weight categories are
the only way to uniquely identify samples of diet data
from a source
The maximum weight of a predator in grams if there are a
range of sizes; only reported if there is no other way to
determine life stage, or if length or weight categories are
the only way to uniquely identify samples of diet data
from a source
A unique number that is generated and assigned to
predator samples if a source reports the diets of individual
predators with no unique identifiers; values are assigned
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Column

predator_sex
hatchery_wild
predator_replicates
predator_notes
gear_type_predator_id1
gear_type_predator_id2

gear_type_predator_id3

gear_type_predator_id4

gear_type_predator_id5

biological_parameter
predator_bio_notes
value
mean
error
min
max
units

Explanation
for each source starting from 1 and increasing by a value
of 1 each time (e.g., 1,2,3…); if unique subsample_ids are
not required then the default value is 0
Either ‘male’, ‘female’ or ‘unspecified’
Either ‘hatchery’, ‘wild’ or ‘unspecified’
The total number of predator replicates per sample
Any additional comments on the predator
This id number corresponds with the
gear_type_predator_id from the ’gear_type_predator’ csv
file
This id number corresponds with the
gear_type_predator_id from the ’gear_type_predator’ csv
file; this attribute is required if there are at least 2 types of
gear used to sample predators
This id number corresponds with the
gear_type_predator_id from the ’gear_type_predator’ csv
file; this attribute is required if there are at least 3 types of
gear used to sample predators
This id number corresponds with the
gear_type_predator_id from the ’gear_type_predator’ csv
file; this attribute is required if there are at least 4 types of
gear used to sample predators
This id number corresponds with the
gear_type_predator_id from the ’gear_type_predator’ csv
file; this attribute is required if there are at least 5 types of
gear used to sample predators
The predator biological parameter reported in the source
(e.g., total length, fork length, body weight)
Any additional comments on the predator biological
parameters
The biological parameter value
The biological parameter mean
The error associated with the biological parameter mean
If there are a range of values for the biological parameter
this attribute represents the minimum value
If there are a range of values for the biological parameter
this attribute represents the maximum value
The units associated with the biological parameter; units
are fully spelled and plural (e.g., centimeters instead of
centimeter)
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Table A6. The data extracted for each prey gear type.
Column
Explanation
gear_type_prey_id
A unique number that is generated and assigned to each unique
prey gear type for each source (e.g., 1, 2, 3…etc.)
gear_type
The most basic description of the type of gear given in the
source (e.g., bongo net); if the prey is a diet item, then the
gear_type is ‘predator’ to indicate that it was not collected from
the environment but instead in a salmon stomach
gear_length_value
The gear length
gear_length_min
If there are a range of gear lengths, then this attribute represents
the minimum length
gear_length_max
If there are a range of gear lengths, then this attribute represents
the maximum length
gear_length_units
The units associated with the gear length; units are fully spelled
and plural (e.g., meters instead of meter)
gear_width_value
The gear width
gear_width_min
If there are a range of gear widths, then this attribute represents
the minimum width
gear_width_max
If there are a range of gear widths, then this attribute represents
the maximum width
gear_width_units
The units associated with the gear width; units are fully spelled
and plural (e.g., meters instead of meter)
gear_depth_value
The gear depth; if gear is reported to be deployed at the surface
then the depth value is assigned to 0
gear_depth_min
If there are a range of gear depths, then this attribute represents
the minimum depth; if gear is reported to be deployed at the
surface then the depth value is assigned to 0
gear_depth_max
If there are a range of gear depths, then this attribute represents
the maximum depth
gear_depth_units
The units associated with the gear depth; units are fully spelled
and plural (e.g., meters instead of meter)
mesh_size_value
The gear mesh size
mesh_size_min
If there are a range of gear mesh sizes, then this attribute
represents the minimum mesh size
mesh_size_max
If there are a range of gear mesh sizes, then this attribute
represents the maximum mesh size
mesh_size_units
The units associated with the mesh size; units are fully spelled
and plural (e.g., millimeters instead of millimeter)
fishing_depth_value
The fishing depth; if fishing is reported to be at the surface then
the depth value is assigned to 0
fishing_depth_min
If there are a range of fishing depths, then this attribute
represents the minimum fishing depth; if fishing is reported to
be at the surface then the depth value is assigned to 0
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Column
fishing_depth_max
fishing_depth_units
tow_speed_value
tow_speed_min
tow_speed_max
tow_speed_units
duration_deployment_value
duration_deployment_min
duration_deployment_max
duration_deployment_units
gear_notes

Explanation
If there are a range of fishing depths, then this attribute
represents the maximum fishing depth
The units associated with the fishing depth; units are fully
spelled and plural (e.g., meters instead of meter)
The gear tow speed
If there are a range of gear tow speeds, then this attribute
represents the minimum tow speed
If there are a range of gear tow speeds, then this attribute
represents the maximum tow speed
The units associated with the tow speed; units are fully spelled
and plural (e.g., knots instead of knot)
The gear duration of deployment
If there are a range of gear durations of deployment, then this
attribute represents the minimum duration of deployment
If there are a range of gear durations of deployment, then this
attribute represents the maximum duration of deployment
The units associated with the duration of deployment; units are
fully spelled and plural (e.g., minutes instead of minute)
Any additional comments on the gear

Table A7. The associated prey biological data for each prey sample. This data could come from
diet samples or from environmental samples of potential prey items.
Column
Explanation
prey_id
A unique number that is generated and assigned to each
prey sample
predator_id
A unique number that is generated and assigned to each
predator sample
source_id
This number corresponds with the source_id from the
‘sources.csv’ file
year_min
YYYY; if there is just one value for the year then it is
found in this attribute; if there are a range of values for the
year then the minimum value is found in this attribute
year_max
YYYY; if there are a range of values for the year then the
maximum value is entered into this attribute
warm_cool_years
Either ‘warm’, ‘cool’ or NA; this attribute will only have a
value if the samples are explicitly reported as being from a
warm versus cool year(s) and can only be uniquely
identified this way
odd_even_years
Either ‘odd, ‘even’ or NA; this attribute will only have a
value if the samples are explicitly reported as being from
an odd versus even year(s) and can only be uniquely
identified this way
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Column
season_min

season_max

month_min

month_max
date_min

date_max

time_min

time_max
lat_min

lat_max
lon_min

Explanation
Either ‘spring’, ‘summer’, ‘autumn’, or ‘winter’; if there is
just one value for the season then it is entered into this
attribute; If there are a range of values for the season then
the minimum value is entered into this attribute; this
attribute will only have a value if there is no value for the
month/date and the source explicitly defines the temporal
sampling period by season
Either ‘spring’, ‘summer’, ‘autumn’, or ‘winter’; if there
are a range of values for the season then the maximum
value is entered into this attribute; this attribute will only
have a value if there is no value for the month/date and the
source explicitly defines the temporal sampling period by
season
Month names are completely spelled out with the first
letter capitalized; if there is just one value for the month
then it is entered into this attribute; If there are a range of
values for the month then the minimum value is found in
this attribute
Month names are completely spelled out with the first
letter capitalized; if there are a range of values for the
month then the maximum value is found in this attribute
Expressed using year, month, and day; if there is just one
value for the date then it is entered into this attribute; if
there are a range of values for the date then the minimum
value is found in this attribute
Expressed using year, month, and day; if there are a range
of values for the date then the maximum value is found in
this attribute
HH:MM:SS; if there is just one value for the time then it
is found in this attribute; if there are a range of values for
the time then the minimum value is found in this attribute
HH:MM:SS; if there are a range of values for the time
then the maximum value is found in this attribute
If there is just one value for the latitude then it is found in
this attribute; if there are a range of values for the latitude
then the minimum value is found in this attribute; values
are in decimal degrees format
If there are a range of values for the latitude then the
maximum value is found in this attribute; values are in
decimal degrees format
If there is just one value for the longitude then it is entered
into this attribute; if there are a range of values for the
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Column

lon_max
predator_lowest_taxonomic_level

predator_life_stage
predator_life_stage_min
predator_life_stage_max
predator_freshwater_age
predator_freshwater_age_min
predator_freshwater_age_max

predator_ocean_age
predator_ocean_age_min
predator_ocean_age_max
predator_maturity
predator_maturity_min
predator_maturity_max
predator_length_value_cm

Explanation
longitude then the minimum value is entered into this
attribute; values are in decimal degrees format
If there are a range of values for the longitude then the
maximum value is found in this attribute; values are in
decimal degrees format
The lowest taxonomic level reported in the source; if a
source reports to the species level then this attribute
includes both the genus and species names (e.g.,
Oncorhynchus nerka); only scientific names are reported,
not common names
Either ‘juvenile’, ‘adult’ or NA
If there are a mixture of juveniles and adults, then
‘juvenile’ is entered here
If there are a mixture of juveniles and adults, then ‘adult’
is entered here
An integer to indicate the number of years spent living in
freshwater
If there are a mixture of freshwater ages, then this attribute
represents the minimum age; an integer to indicate the
number of years spent living in freshwater
If there are a mixture of freshwater ages, then this attribute
represents the maximum age; an integer to indicate the
number of years spent living in freshwater
An integer to indicate the number of years spent living in
the ocean
If there are a mixture of ocean ages, then this attribute
represents the minimum age; an integer to indicate the
number of years spent living in the ocean
If there are a mixture of ocean ages, then this attribute
represents the maximum age; an integer to indicate the
number of years spent living in the ocean
Either ‘juvenile’, ‘immature’, ‘maturing’ ‘mature’, ‘kelt’
(for steelhead), or NA
If there are a mixture of maturity levels, then the minimum
maturity level is found here
If there are a mixture of maturity levels, then the
maximum maturity level is found here
The length of a predator in centimeters (could be either
fork length or total length); only reported if there is no
other way to determine life stage, or if length or weight
categories are the only way to uniquely identify samples
of diet data from a source
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Column
predator_length_min_cm

predator_length_max_cm

predator_weight_value_g

predator_weight_min_g

predator_weight_max_g

predator_subsample_id

predator_sex
hatchery_wild
predator_replicates
predator_notes
gear_type_predator_id1
gear_type_predator_id2

Explanation
The minimum length of a predator in centimeters (could
be either fork length or total length) if there are a range of
sizes; only reported if there is no other way to determine
life stage, or if length or weight categories are the only
way to uniquely identify samples of diet data from a
source
The maximum length of a predator in centimeters (could
be either fork length or total length) if there are a range of
sizes; only reported if there is no other way to determine
life stage, or if length or weight categories are the only
way to uniquely identify samples of diet data from a
source
The weight of a predator in grams; only reported if there is
no other way to determine life stage, or if length or weight
categories are the only way to uniquely identify samples
of diet data from a source
The minimum weight of a predator in grams if there are a
range of sizes; only reported if there is no other way to
determine life stage, or if length or weight categories are
the only way to uniquely identify samples of diet data
from a source
The maximum weight of a predator in grams if there are a
range of sizes; only reported if there is no other way to
determine life stage, or if length or weight categories are
the only way to uniquely identify samples of diet data
from a source
A unique number that is generated and assigned to
predator samples if a source reports the diets of individual
predators with no unique identifiers; values are assigned
for each source starting from 1 and increasing by a value
of 1 each time (e.g., 1,2,3…); if unique subsample_ids are
not required then the default value is 0
Either ‘male’, ‘female’ or ‘unspecified’
Either ‘hatchery’, ‘wild’ or ‘unspecified’
The total number of predator replicates per sample
Any additional comments on the predator
This id number corresponds with the
gear_type_predator_id from the ’gear_type_predator’ csv
file
This id number corresponds with the
gear_type_predator_id from the ’gear_type_predator’ csv
file; this attribute is required if there are at least 2 types of
gear used to sample predators
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Column
gear_type_predator_id3

gear_type_predator_id4

gear_type_predator_id5

prey_lowest_taxonomic_level

prey_kingdom
prey_phylum
prey_class
prey_order
prey_family
prey_genus
prey_species
prey_life_stage
prey_life_stage_min
prey_life_stage_max
prey_length_value_mm

prey_length_min_mm

prey_length_max_mm

Explanation
This id number corresponds with the
gear_type_predator_id from the ’gear_type_predator’ csv
file; this attribute is required if there are at least 3 types of
gear used to sample predators
This id number corresponds with the
gear_type_predator_id from the ’gear_type_predator’ csv
file; this attribute is required if there are at least 4 types of
gear used to sample predators
This id number corresponds with the
gear_type_predator_id from the ’gear_type_predator’ csv
file; this attribute is required if there are at least 5 types of
gear used to sample predators
The lowest taxonomic level reported in the source; if a
source reports to the species level then this attribute
includes both the genus and species names (e.g., Calanus
pacificus); in some cases the lowest taxonomic level is not
a scientific name – like ‘gelatinous’ or
‘zooplankton_collective’ or ‘miscellaneous’
The kingdom based on the lowest taxonomic level
The phylum based on the lowest taxonomic level
The class based on the lowest taxonomic level
The order based on the lowest taxonomic level
The family based on the lowest taxonomic level
The genus based on the lowest taxonomic level
The species based on the lowest taxonomic level
The prey life stage
If there are a mixture of life stages, then this attribute
represents the minimum life stage
If there are a mixture of life stages, then this attribute
represents the maximum life stage
The length of prey in millimeters; only reported if there is
no other way to determine life stage, or if length or weight
categories are the only way to uniquely identify samples
of prey data from a source
The minimum length of prey in millimeters if there are a
range of sizes; only reported if there is no other way to
determine life stage, or if length or weight categories are
the only way to uniquely identify samples of prey data
from a source
The maximum length of prey in millimeters if there are a
range of sizes; only reported if there is no other way to
determine life stage, or if length or weight categories are
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Column

prey_weight_value_mg

prey_weight_min_mg

prey_weight_max_mg

prey_sex
prey_subsample_id

prey_replicates
prey_notes
gear_type_prey_id1

gear_type_prey_id2

gear_type_prey_id3

gear_type_prey_id4

gear_type_prey_id5

Explanation
the only way to uniquely identify samples of prey data
from a source
The weight of prey in milligrams; only reported if there is
no other way to determine life stage, or if length or weight
categories are the only way to uniquely identify samples
of prey data from a source
The minimum weight of prey in milligrams if there are a
range of sizes; only reported if there is no other way to
determine life stage, or if length or weight categories are
the only way to uniquely identify samples of prey data
from a source
The maximum weight of prey in milligrams if there are a
range of sizes; only reported if there is no other way to
determine life stage, or if length or weight categories are
the only way to uniquely identify samples of prey data
from a source
Either ‘male’, ‘female’ or ‘unspecified’
A unique number that is generated and assigned to prey
samples if a source reports the biological parameters of
individual prey with no unique identifiers; values are
assigned for each source starting from 1 and increasing by
a value of 1 each time (e.g., 1,2,3…)
The total number of prey replicates per sample
Any additional comments on the prey
This id number corresponds with the gear_type_prey_id
from the ’gear_type_prey’ csv file; if the prey is part of a
diet data sample then the id should be 1 which
corresponds to the ‘predator’ gear type (i.e. sample came
from a predator stomach)
This id number corresponds with the gear_type_prey_id
from the ’gear_type_prey’ csv file; this attribute is
required if there are at least 2 types of gear used to sample
predators
This id number corresponds with the gear_type_prey_id
from the ’gear_type_prey’ csv file; this attribute is
required if there are at least 3 types of gear used to sample
predators
This id number corresponds with the gear_type_prey_id
from the ’gear_type_prey’ csv file; this attribute is
required if there are at least 4 types of gear used to sample
predators
This id number corresponds with the gear_type_prey_id
from the ’gear_type_prey’ csv file; this attribute is
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Column

biological_parameter
prey_bio_notes
value
mean
error
min
max
units

Explanation
required if there are at least 5 types of gear used to sample
predators
The prey biological parameter reported in the source (e.g.,
body length, body weight)
Any additional comments on the prey biological
parameters
The biological parameter value
The biological parameter mean
The error associated with the biological parameter mean
If there are a range of values for the biological parameter
this attribute represents the minimum value
If there are a range of values for the biological parameter
this attribute represents the maximum value
The units associated with the biological parameter; units
are fully spelled and plural (e.g., centimeters instead of
centimeter)

Table A8. The associated environmental data for each salmon or prey sample.
Column
Explanation
environmental_data_id
A unique number that is generated and assigned to each
environmental data point
source_id
This number corresponds with the source_id from the ‘sources’
csv file
year_min
YYYY; if there is just one value for the year then it is found in
this attribute; if there are a range of values for the year then the
minimum value is found in this attribute
year_max
YYYY; if there are a range of values for the year then the
maximum value is entered into this attribute
warm_cool_years
Either ‘warm’, ‘cool’ or NA; this attribute will only have a
value if the samples are explicitly reported as being from a
warm versus cool year(s) and can only be uniquely identified
this way
odd_even_years
Either ‘odd, ‘even’ or NA; this attribute will only have a value
if the samples are explicitly reported as being from an odd
versus even year(s) and can only be uniquely identified this way
season_min
Either ‘spring’, ‘summer’, ‘autumn’, or ‘winter’; if there is just
one value for the season then it is entered into this attribute; If
there are a range of values for the season then the minimum
value is entered into this attribute; this attribute will only have a
value if there is no value for the month/date and the source
explicitly defines the temporal sampling period by season
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Column
season_max

month_min

month_max

date_min

date_max
time_min
time_max
lat_min

lat_max
lon_min

lon_max

environmental_data_type
measurement_depth

Explanation
Either ‘spring’, ‘summer’, ‘autumn’, or ‘winter’; if there are a
range of values for the season then the maximum value is
entered into this attribute; this attribute will only have a value if
there is no value for the month/date and the source explicitly
defines the temporal sampling period by season
Month names are completely spelled out with the first letter
capitalized; if there is just one value for the month then it is
entered into this attribute; If there are a range of values for the
month then the minimum value is found in this attribute
Month names are completely spelled out with the first letter
capitalized; if there are a range of values for the month then the
maximum value is found in this attribute
Expressed using year, month, and day; if there is just one value
for the date then it is entered into this attribute; if there are a
range of values for the date then the minimum value is found in
this attribute
Expressed using year, month, and day; if there are a range of
values for the date then the maximum value is found in this
attribute
HH:MM:SS; if there is just one value for the time then it is
found in this attribute; if there are a range of values for the time
then the minimum value is found in this attribute
HH:MM:SS; if there are a range of values for the time then the
maximum value is found in this attribute
If there is just one value for the latitude then it is found in this
attribute; if there are a range of values for the latitude then the
minimum value is found in this attribute; values are in decimal
degrees format
If there are a range of values for the latitude then the maximum
value is found in this attribute; values are in decimal degrees
format
If there is just one value for the longitude then it is entered into
this attribute; if there are a range of values for the longitude then
the minimum value is entered into this attribute; values are in
decimal degrees format
If there are a range of values for the longitude then the
maximum value is found in this attribute; values are in decimal
degrees format
The environmental data type reported in the source (e.g.,
temperature, salinity)
The depth associated with the environmental parameter
measurement; if the measurement in reported to be at the
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Column

depth_units
environmental_subsample_id

environmental_notes
value
mean
error
min
max
environmental_units

Explanation
surface (e.g., sea surface temperature) then the measurement
depth value is assigned to 0
The units associated with the measurement depth; units are fully
spelled and plural (e.g., meters instead of meter)
A unique number that is generated and assigned to
environmental samples if there are no other unique identifiers;
values are assigned for each source starting from 1 and
increasing by a value of 1 each time (e.g., 1,2,3…)
Any additional comments on the environmental parameter
measurement
The value of the environmental parameter
The mean of the environmental parameters
The error associated with the environmental parameter mean
If there are a range of values for the environmental parameter
this attribute represents the minimum value
If there are a range of values for the environmental parameter
this attribute represents the maximum value
The units associated with the environmental parameter; units are
fully spelled and plural (e.g., micrograms per liter instead of
microgram per liter)
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