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ABSTRACT OF THE DISSERTATION

Stable Isotope Analysis of Fish, Invertebrates, and Particulate Organic Matter in
the Sacramento-San Joaquin River Delta (California, USA)

by

Bobby James Nakamoto

Doctor of Philosophy, Evolution, Ecology, and Organismal Biology
University of California, Riverside, September 2021
Dr. Marilyn L. Fogel, Chairperson

Freshwater systems are irreplaceable natural resources, and they are
imperiled globally by both anthropogenic and natural pressures. The
Sacramento-San Joaquin river delta (SSJD) in California is among the most
heavily human impacted river systems. The SSJD drains the western slope of the
Sierra Nevada mountains and serves as a hub for California’s agricultural and
municipal water distribution system. Pervasive geomorphological and
hydrological alteration have created a novel distribution of water and habitat in
the SSJD. Here, | use stable isotope analysis of fatty acids and amino acids to
investigate the sources of organic matter available to consumers in the SSJD.
Moreover, | elucidate the basal sources of organic matter supporting fish of

conservation interest, such as the Chinook salmon (Oncorhynchus tshawytscha).
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My results confirm the importance of algae for fish in the SSJD. However, |
demonstrate that inputs of organic matter derived from fungi, bacteria, and higher
plants may be important as well. In Chinook salmon, | show that juveniles rearing
in off-channel habitats maintained higher muscular concentrations of fatty acids.
In total, my results suggest that availability of off-channel, and floodplain, habitats

is important to fish in the SSJD.
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Introduction

Background

Freshwater habitats are among the most economically and ecologically
significant ecosystems globally. Rivers, in particular, provide a home to habitat-
endemic species, serve as the media for a non-trivial portion of global
biogeochemical cycling, connect inland systems with each other and the marine
environment, and are exploited for municipal, recreational, and agricultural uses.
One of the most heavily altered freshwater systems is the Sacramento-San
Joaquin river delta (SSJD) in California, USA. Historically, this river delta drained
the western slope of the Sierra Nevada mountain range and would have
inundated vast wetlands and floodplains in CA’s central valley and provided
rearing grounds and habitat for native species. Concurrent with CA’s growth as
an economic and agricultural powerhouse, the degree of habitat alteration in the
SSJD has also increased. Generally, my work is concerned with how differences
in river conditions (e.g. discharge, water temperature), and habitat types (e.qg.
altered channel versus restored floodplain), interact to affect species of
socioeconomic interest, such as Chinook salmon (Oncorhynchus tshawytscha).

Species evolve through time to optimize fithess under the conditions
presenting selective pressures. Thus, alterations to the distribution of, and
characteristics within, freshwater systems influence the fitness of the species

within them. These changes in fitness can be positive or negative for the species



in question. However, widespread alterations in the distribution of freshwater
species across multiple habitat types associated with changes in water
chemistry, watercourse geomorphology, and the spatiotemporal distribution of
freshwaters suggest undesirable ecological outcomes for anadromous fishes,
such as salmon, and floodplain-dependent fish, such as Delta Smelt (Hypomesus
transpacificus), to be the norm. In addition to constituting the basal resources
supporting consumer communities, the composition and quantity of organic
matter (OM) supplied to aquatic ecosystems has implications for food web
structure and ecosystem functioning (e.g. terrestrial organic carbon export to
marine systems).

Analyses of stable isotope compositions of nutrients and OM are powerful
tools owing to the integration of isotopic signals from the contributing sources
and biogeochemical processes that formed the analyte. In other words,
consumers and producers reflect the isotopic composition of the resources they
assimilate. By measuring and comparing the isotopic compositions of OM in
environmental constituents, and applying a priori assumptions about likely
patterns of resource utilization, estimations of resource utilization and OM source
prevalence can be made. Stable isotope techniques are already used to
characterize and track the sources of nutrients and OM in major rivers and
floodplains and smaller stream systems. In some instances, however,

overprinting and turnover of isotopic signatures during transport, as well as



inadequate source differentiation, can complicate the interpretation of isotopic
data stemming from analysis of bulk OM. Confounding factors, such as
overprinting and source homogeneity, are a challenge when studying riverine
habitats with dynamic patterns of nutrient availability and cycling as well as

consumer resource availability through space and time.

Research Questions
Three primary research questions are addressed herein, and are as

follows:

1) Does the elemental and isotopic composition of POM vary appreciably
on shorter time scales than it has been previously studied? If so, what
environmental variables are most associated with these variations? (Chapter 1:
POM)

Significance: Conceptual and numerical models for riverine
ecosystems have historically assumed the elemental and stable isotope
composition of POM, as a proxy for POM’s biochemical composition, to
vary predictably as a function of differences in the primary OM sources to
the POM pool. Demonstrating increased variability in POM composition as
a function of in situ environmental variables, on small spatiotemporal

scales (weekly, < 10km), suggests that forthcoming models for riverine



productivity need to incorporate finer scale variations in the composition of

available OM and the role it plays in ecosystem functioning.

2) Which basal sources of protein are important for supporting fish?
(Chapter 2: Amino Acids)

Significance: Recalcitrant OM, typically non-nutritive terrestrial
residues, can be pervasive in large river systems. However, the role that
proteinaceous components of riverine OM play in supporting higher
trophic levels is likely outsized. Characterizing differences that arise in the
stable isotope composition of amino acids in POM between habitat types
provides a framework to assess not only bulk differences in the type or
OM available, but also potentially to trace sources of assimilated OM in

consumer species of interest, such as the chinook salmon.

3) How does rearing in different habitats (e.g. river channel versus
wetland) influence fish fatty acid nutrition? (Chapter 3: Fatty Acids)
Significance: Heterotrophic pathways may be important vectors for
OM into higher-level consumers in habitats where detrital contributions are
large or where phytoplankton inputs are low. Future conservation efforts
could be influenced by an increased understanding of the role that more

cryptic basal carbon sources (e.g., methane derived carbon) play in



supporting top-level consumers, relative to conventional (e.g.
phytoplankton) pathways. Isotopic analysis of specific, and energetically
valuable, biomolecules (i.e. fatty acids) constitutes a means to directly link
basal sources of organic carbon to consumer biomass. However, the role
that metabolism and dietary variability play in shaping observed patterns
in the stable isotope composition and abundance of fatty acids in
consumer tissues is poorly constrained in natural populations. This
uncertainty underpins the importance of studies like mine, which in
addition to their ecological interpretations, also provide context to interpret

future results.
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Abstract

We sampled freshwater suspended particulate organic matter (POM) to
determine its carbon and nitrogen stable isotope composition and collected co-
located water chemistry data in California’s Sacramento - San Joaquin Delta
from sites on the Mokelumne and Cosumnes rivers. A 10 km? area was sampled
across 12 sites and divided among three habitat types (i.e., riverine,
slackwater/slough, and off-channel), 34 times between November, 2016 and
July, 2017. Here, we describe the variability in water quality and POM variables,
and assess factors associated with that variability using dimensional reduction
and linear modeling within the context of our habitat types.

The stable isotope composition of freshwater POM and water chemistry
variables differed significantly across small areas (< 10 km) and short time
frames (weekly). Hydrological connectivity amongst sites was found to be an
important factor in the isotopic and elemental composition of POM. During
periods of low hydrological connectivity, in situ dynamics were strongly
associated with differentiation of POM in different habitats. Discharge (16-433
m°/s) and water temperature (8-30° C) were the variables most associated with
variations in the composition of POM. Slackwater sites showed the greatest
variability in POM composition, which may be symptomatic of longer water
residence times, increased cycling rates of nutrients and organic matter, or a

combination of the two.



Variability in POM stable isotope composition demonstrates that caution
should be exercised when interpreting analyses that assume a static POM stable
isotope composition based on two-end member mixing. Unconstrained variability
in space or time could confound interpretations of models and data. Moving
forward, conceptual and numerical models for river ecosystems that emphasize
temporally heterogeneous lateral exchange amongst habitat patches should be

prioritized when considering restoration efforts and monitoring outcomes.



Introduction

The composition and quantity of particulate organic matter (POM) supplied
to aquatic ecosystems has implications for food web structure and ecosystem
functioning (e.g. terrestrial organic carbon (OC) export to marine systems) (J. J.
Cole et al., 2007; Koehler, Wachenfeldt, Kothawala, & Tranvik, 2012; Yamashita,
McCallister, Koch, Gonsior, & Jaffé, 2015). Additionally, river conditions (e.g.
discharge and water temperature) and water chemistry influence the capacity of
river ecosystems to process imported, or to produce exportable, POM. The
composition of POM, at any given place and time, reflects upstream land-use
practices and geomorphology, as well as local water chemistry, river conditions,
and community composition. To date, however, few studies have examined
compositional variability of POM at fine spatiotemporal scales. The variability,
and potential uncertainty, of POM characteristics makes it difficult to determine
the significance or contribution of POM and its constituents to riverine ecosystem
function.

POM is typically comprised of varying proportions of degraded plant
biomass, entrained soil aggregates, and autochthonous organic matter (i.e.
phytoplankton, microalgae, and bacteria) (Kendall, Silva, & Kelly, 2001; Liénart et
al., 2016; Ngugi, Oyoo-Okoth, Gichuki, Gatune, & Mwangi-Kinyanjui, 2016). In
freshwater systems, basal sources of organic matter supporting secondary

production center around the relative importance of both terrestrial carbon



subsidies and autochthonous production (Brett et al., 2017). Contributions of OM
from autochthonous and terrestrial sources can have diverse impacts on
ecosystems, owing to variability in the nutritional quality and recalcitrance of OM
from each source. Terrestrially-derived OC supports ecosystem metabolism by
providing microbes with organic matter for respiration, but algal carbon more
readily propagates into higher trophic levels (Mitrovic & Baldwin, 2016; Sobczak
et al., 2005; Taipale et al., 2016). Biomarker analysis and compound specific
stable isotope analysis have been used to show preferential incorporation of
autochthonous OM into consumers (Taipale et al., 2014; Thorp & Bowes, 2016).
The higher nutritional quality, e.g. fatty acid content (Brett & Muller-Navarra,
1997; Torres-Ruiz, Wehr, & Perrone, 2007) and low C:N ratio biomolecules like
proteins (Muller-Solger, Jassby, & Muller-Navarra, 2002), in autochthonous basal
resources relative to terrestrial organic matter enhances its incorporation by
consumers.

Connectivity of floodplain and other off-channel habitats with the main
river channel has been shown to influence nutrient transformation, carbon
cycling, and autochthonous organic matter production (Ahearn, Viers, Mount, &
Dahlgren, 2006; S. K. Hamilton & Lewis, 1987; Junk & Wantzen, 2004; Pearson,
Pizzuto, & Vargas, 2016; Preiner, Drozdowski, Schagerl, Schiemer, & Hein,
2008; Sheibley, Ahearn, & Dahlgren, 2006; Welti et al., 2012). Anthropogenic

bank and channel alterations are globally pervasive, resulting in changes to

10



hydrographs and connectivity between main channel and off-channel habitats
(Hupp, Pierce, & Noe, 2009; Moyle & Mount, 2007). These physical alterations
have changed lateral and longitudinal biogeochemical cycling patterns, habitat
availability and biodiversity, often with negative results (Burgess, Pine, & Walsh,
2012; Inamine et al., 2010; Poff & Zimmerman, 2009; Poff, Olden, Merritt, &
Pepin, 2007). Reconnecting rivers with their floodplains and other off-channel
habitats as well as approximating historic natural flow regimes are important
facets of river restoration efforts (Funk et al., 2019; Hein et al., 2016; Paillex,
Dolédec, Castella, & Mérigoux, 2009; Poff & Zimmerman, 2009; Rood et al.,
2005). Results from engineered, natural, and modelled floodplain reconnections
have been positive with respect to restored ecological communities and reduced
human flood risk (Burgess et al., 2012; Guida, Swanson, Remo, & Kiss, 2015;
Hein, Reckendorfer, Thorp, & Schiemer, 2005; Paillex, Dolédec, Castella,
Mérigoux, & Aldridge, 2012; Pander, Mueller, & Geist, 2015; Stoffels, Clarke,
Rehwinkel, & McCarthy, 2014).

Reconnected floodplains and inundated polders, low lying lands usually
protected from inundation by dikes or levees, have reduced water velocities,
allow increased water residence times, and have an increased photic proportion
of the water column relative to channel habitat. These changes to river conditions
are conducive to algal growth and increase the potential for the proliferation of

algae in off-channel sites to subsidize local and downstream secondary
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production (Jassby & Cloern, 2000; Opperman, 2012; Opperman, Luster,
McKenney, Roberts, & Meadows, 2010). It is hypothesized that increasing the
proportion of floodplain and off-channel habitats will increase habitat availability
and the nutritional quality of the POM pool available for secondary production,
which could in turn support the growth of native fish populations (Jassby &
Cloern, 2000; Jeffres, Opperman, & Moyle, 2008; Katz et al., 2017; Opperman,
2012; Opperman et al., 2010; Stoffels et al., 2014).

Stable isotope composition of POM can be a powerful tool for the
characterization of organic matter owing to the integration of isotopic signals from
biogeochemical processes. Differences in the stable isotope composition of POM
can be interpreted as differences in the nutrient or OM regime at a given location
(Kendall, Elliott, & Wankel, 2007). In some instances, however, overprinting and
turnover of isotopic signatures during transport, as well as inadequate source
differentiation, can complicate the interpretation of isotopic data (Cloern, Canuel,
& Harris, 2002). That said, isotopic and elemental compositions of POM are
frequently measured as background variables in riverine studies. However, the
interpretation of POM composition has often stopped at linear mixing models
rather than delving into the complexity that POM isotope composition holds.

We started with the simple hypothesis that the isotopic composition of
POM in our river system would vary longitudinally, and perhaps linearly, with

terrestrial influence declining downstream, in favor of autochthonous production.
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To test this hypothesis, our strategy was to pair carbon (5'°C) and nitrogen (5'°N)
stable isotope compositions of POM to co-located water chemistry on and around
a site slated for floodplain restoration in 2020. Specifically, we examined the
relationships between stable isotopes in POM, water chemistry, and river
conditions, in a system characterized by a high degree of spatiotemporal
variability in abiotic variables (e.g. water residence time, water temperature, river
discharge). Although we began our analyses using simple linear models, we then
related our stable isotope and in situ water chemistry data, collected over an
extended time period (= 9 months), using multivariate statistics to closely

scrutinize POM dynamics.

Methods
Study Site

Widely recognized as one of North America’s most invaded and human
impacted ecosystems, the Sacramento-San Joaquin River delta (the Delta) has
been heavily altered over the past 150 years (Lund, Hanak, Fleenor, & Howitt,
2007). Habitat alteration, introductions of invasive species (e.g., filter feeders
such as clams), flow alterations, and increased water diversions for human use
(Cloern et al., 2016; Jassby, Cloern, & Cole, 2002; Tockner & Stanford, 2002)
have altered the composition and quantity of POM within the Delta for almost a

century. Concurrent with the physical and chemical changes to Delta habitats,
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populations of native fish species have declined as well (Mac Nally et al., 2010;
Moyle, Katz, & Quifiones, 2011; Sommer et al., 2007). Implicated in these
declines are multiple and often confounding drivers, not limited to decreases in
the nutritional quality and quantity of POM available to fuel secondary production
(Bennett & Moyle, 1996; Feyrer, Herbold, Matern, & Moyle, 2003; Jassby, 2008;
Sommer et al., 2007).

The McCormack-Williamson Tract (MWT) located near the confluence of
the Mokelumne and Cosumnes rivers has been highlighted as one of the priority
restoration opportunities within the Delta and has been the subject of other
research (Beagle, Whipple, & Grossinger, 2013; Brown & Pasternack, 2004;
Florsheim, Mount, Hammersmark, Fleenor, & Schladow, 2008; Moyle et al.,
2012; Young, 2017). The Cosumnes River has the distinction of being the only
large, unregulated river on the western slope of the Sierra Nevada Mountains. As
such, the Cosumnes maintains a mostly natural flow regime, with changes in
river condition, e.g. discharge and stage, occurring mostly as a result of interplay
between meteorological and antecedent conditions in the watershed.
Additionally, the lack of dams on the Cosumnes also results in a natural sediment
regime (Wohl et al., 2015). The natural variability in hydrologic conditions
coupled with an unaltered sediment regime on the Cosumnes is hypothesized to
be important for driving geomorphological processes on connected floodplains

(Florsheim & Mount, 2002; 2003). Conversely, the Mokelumne River, a primary
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tributary to the Delta is highly regulated with an altered flow regime and limited
sediment budget (Ahearn, Sheibley, & Dahlgren, 2005). The floodplains of the
Cosumnes River near its confluence with the Mokelumne River have been the
focus of process based restoration efforts over the past two decades (Swenson,
Whitener, & Eaton, 2003). The variability in hydrologic conditions, an unaltered
sediment regime, and floodplain habitat reconnection have resulted in enhanced
aquatic ecosystem productivity in the Cosumnes watershed (Jeffres et al., 2008;
Moyle et al., 2012). Restoration work at the MWT is an effort to expand
previously successful upstream actions to tidally influenced regions of the Delta.
Decreasing human flood risk and increasing direct metrics of native
species success (e.g. population or body condition data) in the Delta is the
ultimate goal of these restoration activities. However, positive ecological
outcomes from process-based restoration efforts are underwritten by the
biogeochemical changes affected by those efforts. Therefore, our data are
invaluable for contextualizing future changes in the biogeochemistry of the MWT
as restoration efforts proceed. Conclusions based on finer spatial-scale data (<
10 km? extent), like ours, focusing closely on a river reach and its associated
peripheral waterways (e.g. slackwater and floodplain habitats) may not apply
universally, although reducing the spatial extent of our study substantially
alleviated logistical concerns associated with intense sampling. Conversely, this

finely spatiotemporally resolved data lends itself perfectly to examination of the in
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situ dynamics of water quality and POM. Here we demonstrate coupling of
elemental and isotopic information on POM, with water chemistry and
environmental data to explore variability in POM composition and the factors
affecting it.

The MWT (38.253° N -121.284° W) is a 6.7 km? levee-ringed island, or
polder, situated in the northeast Delta with farmlands at or below sea level
(Figure 1.1). The surrounding riverine habitats are a mix of river channels,
backwater sloughs, and managed canals. Flows around MWT are dominated by
unregulated flow from the Cosumnes River and managed releases from
Camanche Dam into the Mokelumne River. During summer, Sacramento River
water enters the study site through the Delta Cross Channel (Figure 1.1). Due to
its position near the inland extent of the tidal prism, tidal cycles also influence the
movement of waters surrounding the MWT, particularly during periods of low
outflows and high tides. The MWT is bordered on the west by Snodgrass Slough,
which flows south from the Stone Lakes Wildlife Refuge and connects to the
Mokelumne River at the southern tip of the MWT. The Delta Cross Channel
diverts Sacramento River water via Snodgrass Slough into the Mokelumne River
to offset salinity intrusion into the Delta during low flow periods and ensure
ongoing delivery of freshwater to Central Valley Water Project and State Water
Project pumping facilities in the southern Delta (US Bureau of Reclamation,

2017).
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Nearly three months into our sampling period, the levee on the
southeastern side of MWT failed on February 11, 2017, resulting in a flooded
interior of the island. An emergency breach was excavated in a southwestern
section of levee to relieve interior levee pressure and prevent further levee
collapses. The levee failure created an off-channel flow-through habitat, similar
to the proposed restored state, that persisted until levees were repaired and the
island was reclaimed in May 2017. The temporary creation of off-channel habitat
was a unique opportunity to examine the spatiotemporal dynamics associated
with polder restoration as MWT and other similar locations have been identified
as potential locations to restore freshwater and wetland habitats throughout the

region (Young, 2017).
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Figure 1.1. Maps showing study area. Panel A: California, USA. Panel B:
Expanded image of Sacramento-San Joaquin River Delta. Panel C: Expanded
view of highlighted region in panel B, McCormack-Williamson Tract and
surrounding area with sample stations labeled by habitat type. Yellow area
demarcates arrow of inundation on the MWT during the flood period. Black
arrows adjacent to waterways indicate direction of flow, while the red arrow near
the Delta Cross Channel indicates conditional flow based on seasonal gate
operations.

Sampling Design

We conducted our sampling in three distinct habitat types (Figure 1.1;
river, slough, and off-channel) across three time periods (Figure 1.2; pre-flood,
flood, and post-repair). Riverine sites were located along the Mokelumne and
Cosumnes Rivers, and they generally exhibited higher water velocities and

increased depth relative to off-channel and slough sites. Slough sites were

18




typically characterized by lower velocities, longer water residence times, and high
plant abundances, (mainly invasive water hyacinth Eichhornia crassipes) relative
to other site types. The off-channel sites were in the shallow open-water habitat
created by the flooding of the MWT.

The delineation of the three time periods was based on environmental
conditions, namely the presence of the compromised levee which allowed
ongoing flooding of the MWT. Pre-flood samples were taken during November-
February when water temperatures and solar inputs were relatively low and large
winter storms elicited large peaks in the hydrograph that swelled river channels;
the flooded period samples were collected during February-May as temperatures
and solar inputs increased and off-channel inundated areas were expansive;
post-repair period samples were taken in May-June during the warmest,
sunniest, and the lowest discharge phase of our sampling. Therefore, our 12
sampling stations and 34 sampling days were divided into a 2:3:2 matrix of
spatiotemporal bins representing the pre-breach, flood, and post-repair periods

crossed with our three habitat types during periods of inundation (Table 1.1).
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Figure 1.2. Hydrograph for the MWT sampling during water year 2017. Mokelumne and Cosumnes discharge data
collected from gages at Camanche Dam (DWR CDEC) and Michigan Bar (USGS 11335000), respectively.
Sampling dates labeled by time period above with time period shifts indicated by shaded bar along x-axis.
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Variable Min - Mean - Max  Time Period Riverine Slough Off-Channel
Pre-Breach 39 38
Sample Size (n) - Flood 51 39 49
Post-Repair 29 32
Pre-Breach 9.9+1.2 10.1x1.5
Water
o 7.9-14.5-30.2 Flood 12.1x£1.8 16.1£2.6 15+2.7
Temperature (°C)
Post-Repair 18.5+£3.9 22.8+3.6
Pre-Breach 1.9+1 4+3.4
Ch"z:l%‘/’g’ l-a 0.53-2.7-22.8 Flood 1.5+0.7 2.6+2 2.1+1.2
Post-Repair 1.1+0.4 6.2+5.1
Pre-Breach  24.5x34.2 33.2+48.9
Turbidity (FNU) 1.3-17.4-272.4 Flood 14.5+£18.5 8.5+7 19.5+32
Post-Repair 8.5+2.9 9.8+7
. Pre-Breach 90.2+5.9 77.6x10
Dissolved Oxygen 453 6991354 Flood 92.1+7.4 91146  99+10.7
Saturation (%)
Post-Repair  90.2+6.3  93.1+13.1
- Pre-Breach  0.08+0.03 0.13+0.4
Spec'f'(cmcscj;‘g;mance 0.04 - 0.09 - 0.35 Flood 0.07+0.02 0.12+0.05  0.070.01
Post-Repair  0.06+0.02 0.09+0.01
] Pre-Breach  49.9+17.2  86+23.6
Total Dissolved 24.7 - 56.3 - 227.4 Flood 4524134 77.5:33  44.8+5.8
Solids (mg/L)
Post-Repair  37.3+12.8 55.5+9
Pre-Breach  0.04+0.01 0.06+0.02
Salinity (ppt) 0.02-0.04-0.17 Flood 0.03+0.01 0.06x£0.02 0.03+0.004
Post-Repair  0.03+0.01 0.04+0.01
Pre-Breach 7.1x0.2 7.0+0.2
pH 6.4-72-8.5 Flood 7.3x0.2 7.3x0.3 7.3x0.2
Post-Repair 7.2+0.3 7.2+0.2

Table 1.1. Summary of sonde water quality sampling (meanzsd) for each time

period and site type from the McCormack — Williamson tract, Sacramento
County, California between December 2016 and June 2017.

Water Quality Data

In situ water quality measurements were made using a YSI EXO2
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multiparameter sonde (Xylem Inc.; New York, USA), equipped with sensors for




pH, conductivity/turbidity, chlorophyll-a, dissolved oxygen (DO mg/L), and
temperature. The sonde was calibrated monthly and instrumental error is
assumed to be <1%. In the case of chlorophyll-a, resolution is 0.1 pg/L. DO-
percent saturation, specific conductance, total dissolved solids, and salinity were
estimated from in situ water quality measurements. Sampling was conducted
aboard a 5 m Jon boat, in transects surrounding POM sampling locations, at
speeds less than 10 km/hr with the sonde suspended from the gunwale at a
depth of 0.4 m. We avoided sampling waters disturbed by the boat’s movement.
Water quality measurements taken within 25 m of POM sample were averaged to
create paired POM-water quality data. All measurements were made between

the hours of 0900 and 1530 PST and collected in 5 s intervals.

POM Sampling

Grab samples of water (1L) were collected approximately 10 cm below the
surface and filtered on site through pre-combusted 25 mm GF/F filters, 0.7 um
pore size (GE Healthcare; Buckinghamshire, UK) using a hand pump. Filters
were stored separately in organic-free aluminum foil, and transported to the lab
for isotopic analysis. At the lab, GF/F filters were immediately dried overnight at

50°C and subsequently stored at -20°C.
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Laboratory Analysis

For isotopic analysis, half of each filter was stripped of extraneous glass
fiber and packed into a tin capsule (Cloern et al., 2002). Low C:N ratios of
preliminary samples and no visible effervescence upon reaction of a subset of
samples with 1N HCI (n=10) confirmed the lack of inorganic carbon in our
samples. Consequently, our samples were not acidified to avoid unpredictable
alteration of nitrogen isotopic ratios (Schlacher & Connolly, 2014). Carbon and
nitrogen isotopic analyses were conducted at the University of California Merced
Stable Isotope Laboratory using a continuous flow setup comprised of a Costech
4010 elemental combustion system with a zero-blank auto-sampler connected to
a Delta V-Plus isotope ratio mass spectrometer via a Conflo-1V open split
interface (Thermo-Fisher; Bremen, DE). Measurements of 8'°C and §'°N were
done on single samples, with standards placed throughout each run. Results are
reported in standard delta notation relative to the respective standards for carbon
and nitrogen, Vienna PeeDee Belemnite and atmospheric N2. In-house
standards used for validation were: Acetanelide (8'°C: -27.86%s; &'°N: -0.75%),
EM Soil (8'3C: -27.6%o; 8'°N: -1.7%.), and Peach Leaf (5'°C: -25.99%.; §'°N:
1.98%o0). Across all runs, Acetanilide (n=62) and Peach Leaf (n=44) yielded
standard material variations < 0.3 and 0.1 %. (1 o) for nitrogen and carbon
respectively, while EM Soil (n=44) varied < 0.5 and 0.1 %o (1 o) for nitrogen and

carbon, respectively. C:N ratios were calculated based on the known C/N content
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of the acetanilide standard (71.09 %C; 10.36 %N). The C:N ratios reported

herein are atomic ratios.

Statistical Analysis

All statistical analyses were performed in R, with the vegan and Im.beta
packages. We selected the variables in our dataset that were most relevant to
the composition of POM at our sites — [chlorophyll-a], Turbidity, C:N ratio, §'°C
and 8'°N — for principal component analysis (PCA). This technique has the
advantage of reducing the dimensionality of data, effectively combining
correlated variables, and potentially revealing a syndrome of correlations within a
large dataset that may be obscure to bivariate analysis. PCA is sensitive to
differences in the scale of variables. Therefore, data were transformed using
Tukey’s Ladder of Power transformation to approximate normality, which was
then followed by z-transformation to normalize the scale of variables before PCA.
We applied perMANOVA on the POM variables to identify significant differences
in POM composition between sample groups (habitat type, time period) and
validate observed differences in principal component space. We tested for the
effect of time period and habitat type on centroid location separately, considering
each factor fixed. Permutations were held at 999 and Euclidean distance metrics
were used throughout. In some cases, perMANOVA was implemented to test

whether significant differences existed between single variables amongst groups.
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This test behaves similarly to one-way ANOVA, yet is nonparametric (Anderson,
2001).

Following group-wise estimation of POM samples multivariate centroid
distances (using PERMDISP2 procedure in vegan), we performed one-way
ANOVA to determine if group dispersion varied; we considered the habitat type
or time period fixed factors and tested for an effect on the centroid distance in
multivariate space (Anderson, 2006). We used Euclidean distances, therefore
this procedure is a multivariate analogue for Levene’s test. Here we determined
whether significant perMANOVA results could be attributed to true differences in
POM characteristics (i.e. multivariate centroid location), or were an artifact of
differences in group dispersions. When ANOVA results were significant,
indicating at least one group had significantly different multivariate dispersion,
Tukey’s Honest Significant Difference (HSD) test was applied to determine which
groups (habitat type, time period) differed, and how. Bonferroni corrections were
used to constrain elevated Type | error rates for hypothesis testing.

We investigated relationships between environmental conditions and POM
composition using partial Mantel tests. This test compared Euclidean dissimilarity
matrices, constructed from POM and z-transformed environmental variables, to
determine whether samples taken under dissimilar environmental conditions also
had dissimilar POM compositions. The analysis was iteratively repeated on every

possible combination of variables to identify the environmental variable(s) with
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the dissimilarities most strongly correlated to POM compositional dissimilarities.
We conditioned for temporal autocorrelation in our partial Mantel tests by using
Euclidean distances between sampling dates.

The above analyses highlight the presence of differences in POM
composition but do not describe the direction of associations between
environmental variables and POM composition. We explored the directionality of
relationships between environmental variables (e.g. water temperature,
Cosumnes discharge, Mokelumne discharge, combined discharge, salinity, pH)
and POM characteristics (chlorophyll-a concentrations, turbidity, C:N ratio, 5'3C
and 8'°N), as indicated by PCA eigenvalues, using stepwise multiple regression.
We selected the best model for each principal component, as estimated by
Akaike Information Criterion (AIC) score. Variance inflation factors were < 1.6 for
all variables in the two models we tested, so we dismissed multicollinearity as a
confounding factor. Model residuals were checked for normality using the
Shapiro-Wilk test (P < 0.05), and assumptions of homoscedasticity were
assessed graphically (Appendices 1.1 & 1.2).

We also used the non-parametric Kendall’s rank coefficient test to
characterize bivariate relationships. Lastly, we applied a criterion to roughly
classify POM samples: C:N ratios in freshwater POM that were less than 8 are

diagnostic of dominance by heterotrophic microbes or microalgae, whereas C:N
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ratios greater than 15 are categorized as being dominated by a mix of terrestrial

plant and macrophyte inputs (Kendall et al., 2001).
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Figure 1.3. C:N ratios in POM samples through time at different habitat types.
Notice the spike at all site types near the start of February, followed by a steep
decline in both slough and off-channel sites. n=283.
Results
General POM Characteristics

We observed varying degrees of dominance by allochthonous and

autochthonous OM throughout our sampling. The majority of POM samples had
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C:N ratios between 8 and 15 suggesting contributions from both terrestrial and
phytoplanktonic or microbial sources (Figure 1.3; Table 1.2). C:N ratios < 8,
suggesting a primarily phytoplanktonic or microbial source, were measured in
18% of all POM samples; 36% of off-channel samples had C:N ratios < 8. In
contrast, only 8% of riverine and 21% of slough samples had C:N ratios < 8. In
all, 50% of the samples with a C:N ratio < 8 were collected during the flooded
period. A clear spike in C:N ratios at all habitat types was observed at the end of

the pre-flood period and start of the flood period (Figure 1.3).
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Table 1.2. Summary of particular organic matter isotopic and elemental data (meanzsd) for each time period and
site type for samples collected from the McCormack — Williamson tract, Sacramento County, California between
December 2016 and June 2017.

) ; 15 (o 13~ 1o
Variable C:N Ratio 8N (%) 8 °C (%o)

Period Pre-Breach  Flood Post-Repair Pre-Breach  Flood Post-Repair Pre-Breach Flood Post-Repair

Riverine 9.4+1.2 9.4+1.5 8.8+0.7 4.0+1.5 6.1+1.4 6.3+1.8 -27.6+0.7 -28+1.2 -28.7+1.1
Slough 8.9+0.9 8.3+0.9 8.7+0.8 4.5+1.6 7.2+1.8 7.4+2.1 -29.2+2.4  -30.7+2.1 -31.5+1.5
Off-Channel 8.9+1.5 5.5+1.7 -29.2+1.3




POM composition in our system was the result of an interplay between
delivered from upstream and the composition attained after environmentally-
mediated in situ processes had acted upon the pool of delivered POM. The §'°N
in POM (Figure 1.4; Appendix 1.3) was positively correlated with water
temperature and increased throughout the sampling period. The §'3C (Figure 1.5)
and the C:N ratio (Figure 1.3) did not show a directional shift throughout our
sampling, but the C:N ratio was weakly negatively correlated to temperature.
Univariate perMANOVA revealed that turbidity was the only variable that did not
contribute to differentiation among site types within a time period (Table 1.3). The
8'3C, the C:N ratio, and chlorophyll-a concentrations on the other hand, were
often significantly different across time periods and habitat types (Table 1.1 &

1.2).
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Table 1.3. Univariate comparison of variables between habitat types, during the flooded period, using perMANOVA.
Bonferroni correction for multiple comparisons (p = 0.003) were applied and habitat type was considered a fixed

factor.
Variable Riverine-Slough Riverine-Off Channel Slough-Off Channel
513C (%) pseudo-F4 gg = 66.1; pseudo-Fq g7 = 27.1; pseudo-Fq g5 = 17.3;
°° R®=0.43; P < 0.003 R?=0.22; P < 0.003 R?=0.17; P <0.003
15N] (0 pseUdO'F1,35 =18.7;
57N (o) N.S. N.S. R?=0.18; P <0.003
_ , pseudo-F1, gg = 14.1;
C:N Ratio R2-0.14: P < 0.003 N.S. N.S.
Turbidity N.S. N.S. N.S.
i pseudo-F4 gg = 13.9;
[Chlorophyll-a] R2-0.14: P < 0.003 N.S. N.S.




Riverine POM

Overall, C:N ratios at riverine sites were low, but were uncorrelated with
the chlorophyll-a concentration. During the pre-flood period, we identified a
positive correlation between §'>C and the chlorophyll-a concentration (Appendix
1.4). As higher flows persisted through January into February, §'°C generally
decreased moving into the flood period.

During the flood period, 5'°N values were more positive than during the
pre-flood period. Chlorophyll-a concentration was positively correlated with
discharge. However, the C:N ratio, the concentration of chlorophyll-a, and
dissolved oxygen percent saturation were not correlated. The C:N ratio was
positively correlated with turbidity (Appendix 1.4).

After levee repair, discharge decreased abruptly owing to reductions in
dam releases on the Mokelumne and natural decreases in Cosumnes River
discharge (Figure 1.2). During this period, the C:N ratio of POM decreased, while
8'°N, 5'3C, and chlorophyll-a concentration increased. However, chlorophyll-a
concentration was not significantly correlated with §'°N, 8'°C, discharge, or the

C:N ratio (Appendix 1.4).

Slough POM
We observed low percent saturation of dissolved oxygen with no

correlation with chlorophyll-a concentrations in slough sites during the pre-flood
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period (Appendix 1.5). This period was characterized by low connectivity
between slough and river sites and high macrophyte abundances, mainly the
floating plant Eichhornia crassipes. As with riverine sites, the C:N ratio of POM
from slough sites was routinely low (C:N < 10). In contrast to riverine sites, during
the flood period we observed exceptionally negative §'>C values, < -35%., at
slough sites (Figure 1.4). In fact, the slough samples showed the greatest
variation in 8'°C, in addition to having higher 8'°N than other site types. During
the flood period we observed the greatest connectivity between our, generally
lentic, slough sites and the river channels.

During the post-repair period when reduced discharge created slackwater
conditions at the slough sites, we observed the highest chlorophyll-a
concentrations, dissolved oxygen saturation values, and a relatively invariant C:N
ratio. The §'°C values measured at slough stations during the post-repair period
were, on average, the lowest 8'°C values measured in our study (Table 1.2).
However, while the mean was low, we no longer observed any extremely

negative 5'3C values, < -35%o.

Off-Channel POM
Off-channel POM was compositionally different from the riverine POM
delivered to that habitat through the levee breach. Reconnected off-channel

habitat was differentiated from riverine habitat by the isotopic composition of
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POM, as well as by the correlations amongst variables. We determined that at
off-channel sites, chlorophyll-a concentrations were significantly correlated with
discharge and turbidity (Appendix 1.6). Percent saturation of dissolved oxygen
was greater off-channel than in the river, but was not correlated with the
concentration of chlorophyll-a. The only POM variable that was significantly
different from the river during the flood period was §'°C (Table 1.3). Nonetheless,
chlorophyll-a concentrations at off-channel sites were generally intermediate to

those at the river and slough sites (Appendix 1.3).

Multivariate Analyses

The first two axes of the PCA of POM characteristics (i.e. turbidity, C:N
ratio, [chlorophyll-a], §'°C, and 8'°N) generated eigenvectors that explained
69.3% of the total variation and revealed spatiotemporal differences (Figure 1.6 &
1.7; Appendix 1.7). Principal component 1 (PC1) explained 40% of the variability
in the data and was most heavily loaded by the §'°N and turbidity. Principal
component 2 (PC2) explained 29% of the variability in the data and was most
heavily loaded by the chlorophyll-a concentration and §'°C. When all variables
and samples were considered together, perMANOVA on POM composition (i.e.
C:N ratio, 8'°C, 8'"°N, Turbidity, and [chlorophyll-a]) revealed a significant main
effect of sampling period on multivariate centroid location for riverine [pseudo-F2,

116 = 4.7, P <0.01] and slough [pseudo-F2, 106 = 8.4, P < 0.01] samples. A
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significant main effect of sampling period [pseudo-F2, 274 = 10.5, P < 0.001] was
still present when all samples were considered together (Appendix 1.8). A
significant difference in centroid location between site types was found between
riverine and slough sites only during the post-repair period [pseudo-F1, 59 =

11.6, P <0.01] (Table 1.4).
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Figure 1.6. Principal component analysis of POM characteristics from all habitat
types and sampling days. Principal components 1 and 2 are shown on the X and
Y axes, respectively, and different habitat types are shown in different colors.
Annotations indicate hypothetical positions for OM sources potentially
contributing to our POM. The 'mixed’ area is populated by POM samples without
a clear, seemingly-dominant, source. 95% confidence intervals are drawn as

ellipses (n=276).
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Figure 1.7. Principal component analysis of off-channel POM characteristics over
95% confidence ellipses for slough and riverine POM. Off-channel POM
populates both ellipses, incorporating characteristics of both riverine and slough
POM. Annotations indicate hypothetical positions for OM sources potentially
contributing to our POM. The 'mixed’ area is populated by POM samples without
a clear, seemingly-dominant, source.
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Table 1.4. Results of perMANOVA testing for an effect of habitat type on centroid location, within a given time
period; habitat type was considered a fixed factor. A significant result indicates that the true position of the
multivariate centroid for two different habitat types was significantly different within a given time period, and

significance was assessed at P < 0.01.

Pre-Flood River Slough
River - N.S.
Slough N.S. -
Flood River Slough Off-Channel
River - N.S. N.S.
Slough N.S. - N.S.
Off-Channel N.S. N.S. -
Post-Repair River Slough
River i pseudlc;-jb 53 1= 11.6
Slough pseudo-F1, 59=11.6; )

P <0.01




Only during the post-repair period did multivariate dispersion of POM
characteristics differ significantly between habitat types [ANOVA: F1,59 = 7.5, P
< 0.01]; specifically, we observed significantly increased dispersion at slough (M
= 7.1 =+ 5.6) sites relative to riverine (M = 3.4 + 1.2) sites during this period [Tukey
HSD: Slough - Riverine = 3.7 + 2.2, P < 0.01]. When considering the effect of
time period, pairwise comparisons following ANOVA [F2, 274 =7.1, P < 0.01]
indicated that pre-breach (M = 25.7 + 33.4) multivariate dispersion was
significantly greater than dispersion during the flood (M = 12.2 + 19.2; [Tukey
HSD: Pre-Breach — Flood = 13.5 £ 6.0, P <0.01]), and post-repair (M = 6.0 +4.7;
[Tukey HSD: Pre-Breach — Post-Repair = 19.7 + 9.0, P < 0.01]) periods. Flood
and post-repair POM parameter dispersions, however, were not significantly
different from each other.

Partial mantel tests showed that the model with the highest correlation
included Cosumnes River discharge and water temperature (Mantel rho: 0.47, p
= 0.001, permutations = 999). Multiple regression of PC1 yielded a significant
model including Cosumnes discharge, water temperature, pH, and salinity (Table
1.5). This result shows that increases in Cosumnes discharge, and decreased
water temperature, pH, and salinity were associated with increases in turbidity,
and C:N ratio with more negative 8'°N values. Multiple regression of PC2 also
yielded a significant model including water temperature, salinity, combined

Cosumnes/Mokelumne discharge and pH (Table 1.5). pH changed very little over
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the course of our sampling, however, it was correlated with other variables.
These results demonstrate that decreased water temperature, salinity, and
combined Cosumnes/Mokelumne discharge were associated with reduced

chlorophyll-a concentrations and more positive §'3C.
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Variabl Model 1 (PC1) Significance (p Model 2 (PC2) Significance (p
ariable Std. <) Std. <)
Coefficient (B) Error Coefficient (B) Error
Total Discharge - - - 0.41 2.1E-05 0.001
Water Temperature -0.3 1.5E-02 0.001 0.65 1.4E-02 0.001
pH -0.23 2.5E-01 0.001 0.65 2.1E-01 0.1
Salinity -0.12 3.4E+00 0.01 0.49 2.8E+00 0.001
Cosumnes
Discharge 0.43 3.2E-05 0.001 - - -
Residual Standard Residual Standard
Error 1.019 Error 0.86
Adjusted R® 0.49 Adjusted R® 0.48

Table 1.5. Description of models yielded from stepwise regression of POM characteristics on environmental
variables. Shown here are standardized regression coefficients (B) calculated from the significant model for PC1
[F4, 271 = 6594, P< 0001] and for PC2 [F47 271 = 6525, P <0001]



Discussion
POM Composition through Space and Time

Our results reveal higher isotopic variability in POM over smaller areas
and shorter time frames than previously published studies. We achieved this
novel finding by sampling diverse and dynamic habitats at the confluence of two
rivers with contrasting hydrology. Because off-channel habitats are non-trivial
components of river systems globally, their role needs to be fully understood to
construct accurate models of OM dynamics in river systems. Our results support
conceptual and numerical models that integrate temporally heterogeneous
exchange between habitat types as an important facet of fully understanding
ecosystem functioning, particularly in river-floodplain systems which are
especially dynamic with regards to lateral exchange between the channel and
off-channel habitats.

During our study, POM was not comprised of varying mixes of
compositionally static terrestrial and autochthonous sources. Had mixing of static
sources been the primary mechanism for formulating the POM sampled
throughout our study, we would have observed consistent relationships among
variables. It is also possible that alteration of POM, particularly by microbes,
quickly and unpredictably overprints and obscures signatures from sources that
may have had relatively uniform elemental and isotopic compositions (e.g.

terrestrial plant matter). Caution should be exercised when attempting to apply or
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extrapolate isotope source mixing models involving POM in systems where river
condition and the potential for lateral exchange between habitats varies greatly.
Although linear models provide some understanding of POM composition as it
relates to hydrological variables, not until we used multivariate analyses did we
see the more complex patterns in our data. For example, connectivity amongst
sites was an important determinant of POM composition. POM transported from
upstream sometimes resulted in a common POM composition amongst different
sampling locations, particularly during high-flow periods characterized by
increased connectivity between sites. In contrast, during periods of low
hydrological connectivity, differentiation of POM in different habitats was driven
by in situ processes. Accordingly, we found the greatest variation in POM
composition in slackwater habitats where connectivity was routinely low,
residence time was long, and disturbance limited.

The components comprising POM varied throughout our sampling period
with terrestrial plant particles always comprising a portion of riverine POM along
with algal biomass (Figure 1.6). The negative relationship between the C:N ratio
and 8"°N coupled with consistently low C:N ratios, sometimes in the absence of
significant chlorophyll-a concentrations, indicates that non-photosynthetic
microbial biomass on plant particles might have contributed significant OM as
well (Angradi, 1994; Macko & Estep, 1984). Conversely, the unexplained

covariance of 8'°N amongst site types throughout our entire sampling period
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suggests that 8'°N of POM was partially mediated by a factor that was universal
among sites, such as a widespread nutrient subsidy or environmental constraints
on nutrient cycling (Thibodeau, Hélie, & Lehmann, 2013). Persistent inputs of
nitrogen such as that bound in allochthonous OM or entrained in runoff and
during high flow events would also result in the negative correlation between
discharge and 8'°N that we observed (Table 1.5). The negative correlations
between §'°N and turbidity support this idea as well. Similarly, this correlation
could also result from the dilution of POM in pools having °N-enriched POM with
POM that is relatively °N-depleted from incoming water (Ock & Takemon, 2013).
Multiple plausible explanations when interpreting data like these make compound
specific isotope and biomarker analyses promising methods to apply in the future
to further understand the spatiotemporal dynamics of riverine POM composition
and the role it plays in supporting secondary production.

While in situ dynamics were important, the presence of POM transported
from upstream was ubiquitous throughout our study site particularly during
periods that were characterized by increased connectivity between sites (i.e. high
discharge). In support of this finding, our models show that POM centroid
location was generally invariable as a function of site type within a single time
period. Conversely, the movement of the multivariate centroid of all POM
throughout time is presumably influenced by the drastically different

meteorological and river conditions experienced throughout our sampling.
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Presumably, the importance of terrestrial inputs is greatest during periods of high
precipitation (November — April for our study site), while the prevalence of
autochthonous production increases when water temperatures and solar inputs
increase (May — October) (Harmelin-Vivien, Dierking, Banaru, Fontaine, &
Arlhac, 2010; Wantzen, de Arruda Machado, Voss, Boriss, & Junk, 2002).

The composition of POM was significantly influenced by variability in
habitat and environmental conditions. Increased multivariate dispersion at slough
sites may be symptomatic of longer residence times of water, increased cycling
rates of nutrients and organic matter, or a combination of the two. Our results for
carbon isotopes are consistent with previous work showing variability in POM
8'3C values and water age being associated with increased autochthonous
organic matter (Hein, Baranyi, Herndl, Wanek, & Schiemer, 2003). The role of
slackwater areas, such as our slough sites, as important habitats for nutrient
cycling and production of OM which can support riverine food webs has been
previously established (Hein et al., 2005). Conversely, the increased dispersion
during the build-up to the flood period seems unrelated to changes in
autochthonous production. Increased aquatic-terrestrial OM exchange in the
winter, due to flooding, is the apparent reason for increased multivariate
dispersion during that period.

The variation in the stable isotopic composition of POM we observed in

our < 10km? scale study is comparable to that found in continental scale studies
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of the stable isotope composition of POM in North America (Kendall et al., 2001;
Onstad, Canfield, Quay, & Hedges, 2000), Russia (Lobbes, Fitznar, & Kattner,
2000; Rachold & Hubberten, 1999), and New Zealand (Pingram, Collier,
Hamilton, Hicks, & David, 2012). POM composition did not, however, vary
randomly at our smaller scale. In addition to the univariate variability observed,
we found similar correlations among elemental and isotopic composition of POM
and hydrologic characteristics (i.e. streamflow and turbidity), as Kendall et al.

(2001), although on a finer scale.

Implications for Management and Restoration

Consistent with ideas presented by (Jassby & Cloern, 2000), we
documented that after achieving connectivity with the river, off-channel habitats
supported significant autochthonous productivity, as POM sampled off-channel
differentiated from the riverine sourced POM. Water quality and POM
composition variables, respectively, were rarely consistent among off-channel
stations, which highlights the spatial heterogeneity that can arise in poorly mixed
floodplain habitats. We observed increases in the concentration of chlorophyll-a
at most off-channel stations during flow pulses, which we have attributed to
turbulent mixing of antecedent floodplain water of varying water age back into
inflowing waters. Mean concentrations were, however, similar to those observed

in other studies of off-channel sites located in the Delta and during hydrologic
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connection (Ahearn et al., 2006; Lehman, Sommer, & Rivard, 2008; Schemel,
Sommer, Muller-Solger, & Harrell, 2004).

Excluding periods of increased flow, we did not find significant increases
in chlorophyll-a concentration in off-channel sites. Off-channel zooplankton
abundances may have suppressed measured chlorophyll-a concentrations by
exerting top-down control on planktonic autotrophs. Increased zooplankton
biomass in off-channel sites has been positively correlated with water residence
time, thereby exerting non-trivial grazing pressure (Baranyi, Hein, Holarek,
Keckeis, & Schiemer, 2002; Keckeis et al., 2003). In turn, off-channel
invertebrate communities can serve as high quality food for the growth and
development of fishes (Jeffres et al., 2008). The productivity of this newly
inundated site at MWT may be partially driven by terrestrial nutrient subsidies
that would decline over time. The potential role and significance of these
subsidies warrants further exploration and highlights the importance of
understanding the outcomes and efficacy of future restoration actions.

Hydrology and water quality are vitally important in determining POM
composition and in turn, the base of the aquatic food web. Cosumnes River
discharge and local water temperature were positively correlated with Euclidean
distances between POM variables, demonstrating the importance of discharge
and water temperature variability in establishing spatiotemporal heterogeneity in

POM composition. Following rain events, spikes in discharge were caused by
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increased flow from the Cosumnes River, which lacks upstream regulating dams,
emphasizing the ecological significance of unregulated river systems. The Delta,
and other similar ecosystems, may be best served by a more natural flow regime
incorporating multiple peaks in discharge throughout winter and spring. Access to
floodplains also reduces water velocity and increases residence time which
should increase the potential for autochthonous OM production and nutrient
cycling (Schiemer, Keckeis, Reckendorfer, & Winkler, 2001).

Our results highlight the dynamic nature of POM composition in this river
system and provide context to interpret data from similar systems. In dynamic
tidally-influenced systems, the nitrogen and carbon stable isotope compositions
of POM have the capacity to vary on finer spatiotemporal scales than have been
previously reported. This new knowledge of previously uncharacterized
spatiotemporal variability has implications for freshwater science, such as the
spatial and temporal distribution of future data collection efforts and the
interpretation of POM data aimed at quantifying ecosystem productivity and
trophic structure. Particular care should be taken in ecosystems, such as river-
floodplain sites, that are characterized by a high degree of spatiotemporal
variability in habitat availability and connectivity. If higher spatiotemporal
resolution is not logistically feasible, more complex size (e.g. fine vs. coarse
POM) and class (e.g. living vs. detrital) fractionations of POM could also provide

scientifically valuable insights (Delong & Thorp, 2006).
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Introduction

Estuaries globally are some of the most degraded and imperiled
ecosystems (Lotze et al. 2008). The Sacramento-San Joaquin River Delta
(SSJD) is one of the most geomorphologically, ecologically, and
hydrodynamically altered and managed system on the planet. Unfortunately, the
ecology of native fish in the SSJD is intertwined with the human-impacted
hydrology and geomorphology, to the detriment of the fish (Kiernan & Moyle,
2012; Moyle, 1995; Moyle et al., 2016; Moyle & Mount, 2007). Losses of
important intertidal wetlands, and other off-channel habitats (i.e. floodplains),
exacerbated by exotic species invasions, have resulted in ongoing declines in
native fish populations (T. R. Sommer et al., 2007).

A native fish of conservation concern is the Chinook salmon
(Oncorhynchus tshawytscha). Chinook salmon are an economically, and
culturally, significant fish species; however, populations are dwindling and
significantly bolstered by hatchery operations (Moyle et al. 2011). Anadromous
Chinook salmon migrate inland from the ocean, through the SSJD, to spawn.
After emergence, wild juveniles rear in freshwater habitats whilst emigrating
downstream, passing through estuary habitat towards the ocean. Ideally, this out-
migration coincides with the seasonal activation of floodplain habitat which
provides productive rearing habitat for the juveniles (T. R. Sommer et al., 2001,

2005). The resources assimilated during this period are important to early
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growth, which is a good predictor of successful recruitment to adulthood (Unwin
et al. 1997, McCormick et al. 1998). Chinook salmon, have life histories adapted
to exploitation of high primary productivity during seasonal floodplain activation
(Moyle et al., 2007). Although, detrital food web subsidies might also potentiate
significant growth in some individuals (Jeffres et al., 2020).

Phytoplankton are thought to be the most important basal resource for fish
in the SSJD, mostly due to their high nutritional content (e.g. highly unsaturated
fatty acids). Allochthonous and detrital carbon is thought to have lower
assimilation efficiency than algae, and can contain toxic components. Therefore,
reductions in phytoplankton productivity in the SSJD are implicated in the demise
of native fishes. In contrast to this idea, estimates for phytoplankton production in
the delta have trended upwards even during periods when fish populations have
continued to decline (Jassby, 2008; Jassby et al., 2002). Furthermore,
phytoplankton productivity was historically a relatively small part of the delta’s
annual production (Cloern et al., 2016). It seems alternatives to phytoplankton,
such as emergent macrophytes, are already utilized widely in some habitats (e.g.
tidal wetlands) that would have been more abundant in the historical SSJD
(Cloern et al., 2016; Grimaldo et al., 2009; E. R. Howe & Simenstad, 2011;
Sobczak et al., 2005; Young et al., 2020). The extent to which these resources

might be exploited by seasonal SSJD users, such as Chinook, is unknown. Year-
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round resident fish might interact with these alternative basal carbon sources
more frequently due to the ephemerality of high pelagic production in the SSJD.
The characteristics of available organic matter (OM) in the SSJD are
spatiotemporally heterogeneous. As most top consumers are mobile, they are
theoretically capable of accessing a wide array of OM. In general, fish feed at a
higher trophic level than invertebrate communities, despite the presence of plant
matter in fish gut contents. Thus, invertebrates link fish to their basal carbon
sources. Invertebrates also more commonly exhibit reliance on a single basal
carbon source than fish, which presumably have easier access to a wider range
of resources (Young et al., 2020). Invertebrates are relatively immobile, have less
plastic foraging capabilities, and are impacted by local biophysical and
hydrological conditions; these factors limit invertebrate diet to an accessible
subset of local resources. By feeding on a small array of invertebrates, fish might
assimilate OM from multiple basal carbon sources. Presumption of low
assimilation efficiency for amorphous vegetative material gives invertebrates, and
other fish, precedence in consideration as a significant source of nutrition when
identified in fish stomach contents. Whether or not inconspicuous components of
the vegetation found in fish gut contents (i.e. fungal or microbial biomass) might
contribute significantly is not fully resolved. Furthermore, these same
inconspicuous components might contribute to the nutrition of lower trophic level

invertebrates also.
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The most important resource for consumers seems to be environment
dependent in the SSJD. Open water habitats tend towards significant pelagic
production (i.e. phytoplankton) while consumers in habitats with high macrophyte
abundance, naturally, are exposed to increased inputs from those plants
(Lehman et al., 2008; Schroeter et al., 2015; Young et al., 2020). Overlaying the
balance between differing basal carbon sources is the role that heterotrophic
recycling of those sources (i.e. detrital food webs) might play in providing OM to
invertebrates and fish (Jeffres et al., 2020). Increased understanding of the
sources of nutrition for fish in SSJD is necessary to help natural resource
managers and conservation practitioners prioritize and implement successful

management actions.

Approach

While the dietary habits of some organisms can be described readily—
observationally, most organisms have diets that are more difficult to accurately
describe. Characterizing diet, and nutrition, can be complicated by an inability to
make long term observations in the wild, to discover cryptic prey, or to
disentangle the nutritional significance of multiple dietary items (Newsome et al.,
2007, 2010).

Two of the most common methods applied to study diet are bulk stable

isotope analysis of carbon and nitrogen (BSIA) and gut-content analysis (GCA).
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BSIA works because consumers assimilating carbon and nitrogen from dietary
items have isotopic compositions resembling that of their diet with well described
trophic fractionation. Trophic structure can be elucidated by comparing the
isotopic compositions of consumers and potential food sources. However, the
relationship can be noisy, because dietary items are not always isotopically
differentiated enough to apply mixing models, and specific information about the
source of biomolecules is not obtained.

Gut content analysis, on the other hand, has the benefit of providing
unequivocal evidence that a particular dietary item was consumed the date the
fish was captured. Unfortunately, GCA is labor intensive and can overestimate
the importance of less nutritive, but common or conspicuous dietary items, while
underestimating the significance of less prominent, but nutritionally dense, food
sources (e.g. microbes). Individual success can be reduced, even if sufficient
foods to meet energetic needs are consumed, if sufficient amounts of diet-
essential biomolecules are not consumed.

It is useful, here, to establish a distinction between an organism’s nutrition
and its diet. The diet could be considered the sum total of items consumed by an
organism. Nutrition, on the other hand, is concerned with the role that dietary
items play in supplying the specific vitamins, minerals, and macromolecules an
organism needs to survive and grow. At the most basic level, lipids,

carbohydrates, and proteins categorize the macromolecules comprising all
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dietary items. Consumers, by definition, are required to seek out foods that meet
their nutritional requirements of these macromolecules in order to survive and
reproduce. After consumption, OM can either be excreted, metabolized, or
assimilated into biomass without alteration.

The transfer of unaltered biomolecules between trophic levels is known as
routing (O’Brien et al., 2002). Routing results in a traceable, and nutritionally
significant link between consumers and dietary items. Furthermore, unaltered
biomolecules may be routed directly through multiple trophic levels (Chikaraishi
et al., 2011). The continued unaltered transfer of these biomolecules during
trophic transfers not only links adjacent trophic links (predator -> prey) but also
allows for the linking of top predators with the basal sources supporting them
when they are separated by multiple trophic levels. To meet demand, however,
routing is more necessary for some biomolecules than others (Newsome et al.,
2014).

In general, consumers are unable to synthesize a subset of biomolecules
that are indispensable to cell function de novo. These biomolecules are usually
termed, diet- essential (essential, or indispensable). Alternatively, they can be
synthesized, but not in sufficient amounts to meet demand or only if a certain
precursor is provided in the diet as well (i.e. “conditionally essential”’). For most
animals, certain amino acids are essential (EAA). For optimal growth and

reproduction these EAA must be present in the diet or supplied by microbiota in
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the gut. The inability of higher organisms (e.g. fish) to synthesize some amino
acids necessitates that their entire pool of these compounds derives from routed
biomolecules produced at lower trophic levels, or gut microbiota (Newsome et al.,
2020).

An emerging tool used to characterize the source of amino acids
comprising consumer tissues, and thus consumer diet, is compound specific
isotope analysis of amino acids (CSIA-AA). CSIA-AA provides more specific
information than BSIA by determining the isotope composition of individual
molecules rather than entire tissues. The utility of CSIA-AA in characterizing the
significance of possible basal protein sources to consumers derives from two
phenomena: 1) the potential for routing of unaltered amino acids (AA) between
trophic levels and, 2) taxonomic differences in metabolism driving, so-called,
“AA-Fingerprints.” AA-fingerprinting generally refers to measuring and exploiting
of the diagnostic patterns of isotope fractionation associated with varying
metabolism across/within different taxonomic groups.

Scott et al. (2006) found that CSIA-AA could elucidate variations in
microbial metabolism when the carbon isotope composition of amino acids in
microbial cultures was analyzed with discriminant function analysis. The key of
this methodology is the use of supervised machine learning techniques to
analyze the patterns and differences in amino acid carbon isotopes (AA-5'°C)

amongst groups. Larsen et al. (2009) applied this concept in a natural system to
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differentiate basal sources of carbon to consumers (e.g., Plant, Fungal,
Bacterial), as well as corroborate known insect diets through a comparison of
§'3C of AA in dietary items with those in consumers. Since then, this
methodology has been applied to a diverse array of questions involving carbon
sources supporting consumers in riverine (Bowes & Thorp, 2015; Thorp &
Bowes, 2016), mangrove (Larsen et al., 2012) and marine and coastal systems
(Larsen et al., 2015; McMahon et al., 2016; Smith et al., 2018), as well as
aquaculture authentication (Wang et al., 2018) and arctic invertebrate nutrition
(Larsen et al., 2016). Usually, linear discriminant analysis (LDA) is used to

generate classification functions based on AA-5'°C.

Objectives

Here, we present results from bulk and compound specific isotope
analysis of juvenile Chinook salmon, as well as other co-located consumers, in
the SSJD. We also present data on particulate organic matter and sources of
primary production collected from the same region to contextualize our results
from consumers. We then compare our data to prior CSIA-AA measurements
using LDA and an open-access Bayesian mixing model (FRUITS; (Fernandes et
al., 2014)) in order to estimate the importance of different basal carbon sources
to fish, in turn, assessing whether multiple pathways operate together to fuel

secondary production or if a single basal source dominates.
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Methods
Fish

Our samples come from the same region in the SSJD, however, they were
collected and analyzed as part of separate sampling efforts (Appendix 2.1a and
b). Cosumnes (2016) fish were captured by fyke netting floodplain habitat in the
Cosumnes river watershed during Winter of water year 2016. McCormack-
Williamson Tract (MWT; 2017) fish samples were collected after being stranded
in off-channel habitat. Inundation of the MWT was the result of a levee failure and
stranding occurred after the subsequent repair of the levee during the 2017 water
year. MWT is a short distance (10 km) downstream from the Cosumnes site.
Cosumnes (2018) fish were captured via fyke netting in the same area that
Cosumnes (2016) fish were captured, during water year 2018.

Only a subset of Chinook salmon analyzed for this study came from field
sampling of wild individuals. All wild salmon analyzed in this study were out-
migrating juveniles captured via fyke netting on inundated floodplains within the
Cosumnes river watershed (CA, USA). We also received a subset of tissue
samples (Delta, 2019) from experimentally enclosed Chinook juveniles sourced
from a hatchery (Jeffres et al. in prep). The experimentally enclosed individuals’
tissues were sampled after having been incubated in different, natural, habitats
as part of a study on juvenile salmonid growth in the SSJD. These experimental

individuals were enclosed in SSJD habitats for 45 days to allow their diet and
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tissues to approach steady state before being sacrificed. Fish tissue samples
were collected as dorsal muscle tissue. In all cases, tissue samples were stored

frozen until lyophilization and analysis.

Species FL (mm) n Origin
Chinook 79.4+9.4 5 Cosumnes, 2016
Striped Bass 267 1 Cosumnes, 2016
Chinook 68 +11.8 16 Cosumnes, 2018
Chinook NA 10 Delta, 2019
Bluegill 97.5+8.1 4 MWT, 2017
Bullhead 202.7+12.5 3 MWT, 2017
Crappie 112,114 2 MWT, 2017

Table 2.1. Description of fish analyzed in this study. Body size data was not
collected for the subset of Delta, 2019 fish analyzed. However, they were similar
in size to individuals sampled prior.

Plankton and Invertebrates

Planktonic organisms for isotope analysis were collected from the same
sites as fish using tows of 5 minutes each. A 0.3 m. diameter 50-uM. mesh
plankton net was deployed stationary in the current within 1 meter of the surface.
Upon collection, samples were concentrated into 250 mL Teflon bottles using DI
water for transport and storage. Samples were stored frozen.

In the lab, invertebrates were identified to the lowest taxonomic level
possible using relevant keys and phytoplankton cells were separated for isotope
analysis with the aid of a dissecting microscope (Thorp & Covich, 2010). To
obtain sufficient biomass for isotope analysis, individual organisms were pooled.

When possible, taxa were pooled by sampling event for analysis. However, for
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small organisms this was only possible for common taxa with high abundance
during sampling, i.e. cladocera and copepoda. Often, invertebrates collected
from a single tow were pooled and analyzed together as zooplankton. After
separation, invertebrate samples were freeze-dried before preparation for isotope

analysis.

Particulate Organic Matter and Producers

Archived POM samples collected from the MWT were used in this study
(Nakamoto et al. 2020). Briefly, surface waters were passed through
precombusted 0.2-uM pore size glass fiber filters until the filter reached
impermeability. Extraneous glass fiber was removed and filters containing POM
were dried at 50°C overnight, and stored frozen in precombusted aluminum foil.
To ensure adequate material for AA analysis, multiple (4) filters were pooled for
each analysis (Appendix 2.2a, b, and c).

Samples of primary producers and organic litter were taken by hand in the
field, rinsed with DI water, and transported to the lab in Whirl-Pak bags, or Falcon
tubes. All higher plant and algae samples were collected near MWT in water year
2017. Primary producer samples were dried at 50°C overnight, and ground to

powder using a mortar and pestle.
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Bulk Isotope Analysis

Dried samples were weighed into tin boats for stable isotope analysis.
Carbon and nitrogen isotopic analyses were conducted at the University of
California Merced Stable Isotope Laboratory using a continuous flow setup
comprised of a Costech 4010 elemental analyzer with a zero-blank auto-sampler
connected to a Delta V-Plus isotope ratio mass spectrometer via a Conflo-IV
open split interface (Thermo-Fisher Scientific; Waltham, MA, USA).
Measurements of §'°C and 8'°N were done on single samples with standards
placed throughout each run. Results are reported in standard delta notation
relative to the international standards for carbon and nitrogen, Vienna PeeDee
Belemnite and atmospheric N». In-house standards used for validation were:
Acetanelide (8'3C: -27.86%o; 8'°N: -0.75%.), EM Soil (8'3C: -27.6%0; 8'°N: -1.7%),
and Peach Leaf (5'°C: -25.99%.; 8'°N: 1.98%.). C:N ratios were calculated based
on the known C/N content of the acetanilide standard (71.09 %C; 10.36 %N) and
are reported as atomic ratios. Within run precision for standard materials is < 0.5

and 0.1 %o (1 o) for nitrogen and carbon, respectively.

Amino Acid Analysis
Lyophilized samples of consumer and producer tissue, or oven-dried POM
filters were hydrolyzed in 6N HCI at 110°C for 20 hrs. Free amino acids were then

reacted with acidified 2-isopropanol, followed by esterification with N-trifluoracetic
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acid anhydride to produce their N-trifluoroacetate/isopropyl ester derivatives (Silfer
et al. 1991). Amino acid derivatives were analyzed in triplicate for 8'°C on a
Thermo Scientific Delta V Plus IRMS interfaced to a Trace 1310 gas
chromatograph via Isolink 1l and Conflo IV interfaces (Thermo-Fisher Scientific;
Waltham, MA, USA) in the EDGE Stable Isotope Lab, UC Riverside (2017, 2018,
2019 samples) and UC Merced (2016 samples). Amino acids were separated on
a BPX-5 GC column (SGE Analytical; Ringwood, Victoria, Australia) with a 0.32
mm ID and a film thickness of 1um. The injector was held at 250°C and operated
in Split/Splitless mode. Splitless time was 1 minute for injections. The oven was
50°C and held for 2 minutes during injection. After 2 minutes, a ramp rate of
15°C/min was applied until the oven reached 125°C, after which the ramp rate was
decreased to 3°C/min until 160°C. The ramp rate was then increased again to
4°C/min until 190°C. Then the ramp rate increased again to 6°C/min until it reached
275°C. A final ramp of 15°C/min increased oven temperature to 320°C before
cooling. Combustion of separated AA derivatives to CO, for §'C analysis was
carried out in a nickel-lined ceramic reactor operated at 1000°C. Amino acid
working standard materials (Sigma-Aldrich; St. Louis, MO) of known isotopic
composition were derivatized and analyzed alongside samples to monitor
reproducibility and correct for the inclusion of derivative atoms in our analyte
molecules. 3'°C values of standard materials were measured with a Costech 4010

Elemental Analyzer (Valencia, CA, USA) interfaced to a Delta V Plus IRMS. True
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amino acid 8'°C values were calculated using the following equation: 8" Xsampie =
(8"Xpsam - 8"Xpsta + 8"Xusta * Psta) ! Psw. Where §"Xpsam is the value of the
derivatized sample, 8"Xpsyis the value of the derivatized standard, §"Xys is the
value of the standard-underivatized, and ps: is the proportion of atoms in the
derivative molecule that derive from the precursor amino acid. The isotope ratio of
Alanine (Ala), Glycine (Gly), Threonine (Thr), Serine (Ser), Valine (Val), Leucine
(Leu), Isoleucine (lle), Proline (Pro), Aspartic Acid/Aspartate (Asx), Glutamic
Acid/Glutamate (Glx), Phenylalanine (Phe), and Lysine (Lys) were measured with
this method. Within run standard deviations for standard materials ranged from

0.46 for Ala, Gly, and Thr up to 0.73 for lle (n=78).

Published Values

Literature values used to construct our LDA model were obtained from
prior publications of §'°C analysis of amino acids (Appendix 2.3). These values
were originally published with taxonomic information of varying detail. We
recoded the taxonomic complexity to four classes to facilitate interpretation in our
system: Algae, Bacteria, Fungi, and Plants. In total, we used previously
published 8'3C values for eight amino acids (Ala, Gly, Glx, Asx, Phe, Val, Leu,
lle) (Larsen 2012, Larsen 2009, Larsen 2013, Thorp 2016). Some publications

report 8'°C values for AA not listed here, however, we narrowed our data
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selection to result in a reference dataset with no gaps or incomplete rows to

minimize imputation.

LDA Model

Amino acid §'°C values were z-scaled, grouping the AA within each
sample, prior to LDA to obviate differences in 8'>C derived from differences in
local inorganic carbon isotope values (e.g., differing baseline) and to more
closely assess patterns across individuals. To ensure that our datasets (i.e.,
literature values and data from this study) would be normalized/standardized to a
comparable cellular metabolite pool we excluded Thr, Ser, Lys, and Pro before
LDA analysis. LDA model construction was done in two steps: exploratory model
parameterization, and final model construction and validation. In all cases, we
used the Ida function from the MASS package to generate discriminant functions
which could estimate source class as a function of amino acid 8'>C. In practice,
these discriminant functions are linear functions of AA values that maximize
intergroup variance, and minimize intra-group variance. A stepwise approach
was used to identify the combination of variables most effective at differentiating
our source groups (Algae, Bacteria, Fungi, Plants). That is to say, a separate
model for each combination of predictor variables (5'°C-AA) was constructed.
This model was trained using only the previously published §'°C-AA and the

accompanying information on taxonomy. The array of models generated in this

77



fashion were compared using leave-one-out (LOO) cross-validation; the model
was iteratively trained, excluding a single data point each time, and the models
ability to correctly identify the class membership of the excluded point was
measured. Data are not replaced, so the model was iterated N times and each
sample was left out once. A model with 90% leave-one-out validation accuracy
correctly identified the class of 90% of ‘left-out’ samples. The variables (AA) used
in the model with the highest validation accuracy were retained.

After the most effective combination of variables was determined, the final
model was trained using that same combination of variables, but incorporating
the entire dataset. We then projected our standardized §'°C values from
producers, consumers, and POM into our linear discriminant space to estimate
source class membership (Algae, Bacteria, Fungi, Plants) for our consumers,
producers, and POM based on their §'3C-AA. Significance of group differences

were assessed using MANOVA (Pillai-Bartlett Trace).

Statistical Analysis

All statistical analyses were performed in R (R Core Team, 2019).
Normality of variables was checked through visual inspection of Q-Q plots. Data
from each isotope, for groups from bulk data (i.e. fish, invertebrates,
macrophytes) were checked individually. Amino acids were checked individually,

as well. Before LDA, we tested for homoscedasticity in AA-8'>C among groups
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using the Fligner-Killeen test. Welch’s t-test, two-tailed, was used to compare
group means except when a paired t-test was used. Observations were paired by
collection date and location, when possible. Correlation was measured using
Pearson’s product moment correlation coefficient. Significance was assessed at

p < 0.05 throughout.

Source Proportion Estimates

In order to provide an estimate of the proportion of the AA pool from each
source (Algae, Bacteria, Fungi, or Plants) we used an open source Bayesian
mixing model: FRUITS (“Food Reconstruction Using Isotopic Transferred
Signals”) (Fernandes et al., 2014). We used the mean and standard deviation of
AA in our overall source groups (Algae, Bacteria, Fungi, Plants) as source values
and their uncertainty, respectively. For samples measured in this study, we used
the mean and measurement uncertainty (standard deviation of our triplicate
measurement). We used FRUITS to compare mean-centered AA-5'°C data from
consumers and POM to that in source groups. As with LDA, we considered the
full set of AA for normalization, but only compared the AA identified by the LDA
model (i.e. Gly, lle, Leu, Phe, Val) in FRUITS. FRUITS compares these two sets
of values and calculates credible interval estimates for the proportion of the AA

pool coming from each source.
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Posterior probabilities of source membership for our consumer and POM
samples generated by our LDA could also be considered point estimates for the
proportional contributions from potential sources (Fox et al., 2019; Smith et al.,
2018) Our posterior probabilities for class membership were used to constrain
simple priors for the individuals analyzed by the FRUITS mixing model. We
provided the prior information that the AA source with the greatest posterior
probability in LDA classification for that individual, was likely to contribute the
greatest proportion of considered AA’s, in that individual. The model was updated
through 5000 steps, for burn in, before 10000 sampled updates. Results from the
model were collected as credible interval estimates of contributions of individual

sources to specific consumer and POM samples.
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Figure 2.1. Bulk carbon and nitrogen isotope composition of primary producers
collected in the Sacramento-San Joaquin Delta (CA, USA).

Results
Bulk Carbon and Nitrogen Isotopes

The measured primary producers’ nitrogen and carbon stable isotope
composition varied widely from -4.2%. to 16.9%. and -33.8%- t0 -13.9%o,
respectively (Figure 2.1). Phytoplankton samples had §'*C ranging -33.7%. and -

24.6%., and 5'°N between -4.2%. and 12.6%. (n = 71). There was no significant
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negative correlation between the C:N ratio and 8'°C once outliers with high C:N
(> 150) were excluded. The macrophytes (n = 17) measured had §'°C between -
31.3%0 and -25.6%. and 8'°N between -2.7%. and 17%.. Algae (n=3) had §'°C
between -22.7%. and -18.6%. and 8'°N ranging 5.6%o to 7.8%.. Terrestrial plants
(n = 56) had §'°C ranging -33.8%o to -13.9%., and 8'°N between -2.5%. and 10%..
In general, the distribution of isotope compositions in phytoplankton (8'*°C =-28.2
+1.6%0; 8"°N = 2.6 + 3.1%.), macrophytes (5'°C = -28.6 + 1.3%.; 5°N =5.3 +
4.3%.), and terrestrial plants (8'°C = -29.1 + 3.4%o; 8"°N = 1.3 + 2.9%.) overlapped
significantly, while attached algae (5'°C = -20.4 + 2.1%.; "°N = 6.8 + 1.1%.) were

differentiated by higher 8'°C.
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Figure 2.2. Bulk carbon and nitrogen isotope composition of invertebrates

collected from the Sacramento-San Joaquin Delta (CA, USA). Nested taxonomic
groups are not summarized together. For example, the arthropod group does not
include specimens positively identified as insects. Note also that when there was

insufficient biomass for taxa-specific analysis, invertebrates from a single date

and location were pooled to be analyzed together and coded as zooplankton.

Invertebrates measured had §'°C between -38.1%. and -19.3%., and &'°N

between 1.0%. and 15.3%. (Figure 2.2). Cladocerans (8'°C = -32.2 + 2.3%0; 8'°N
= 6.5 +2.3%. ; n = 42) and copepods (8'°C = -31.7 + 2.1%0; 8'°N = 8.9 + 1.8%0; n=
30) had C:N ratios less than 11 that were uncorrelated to §'°C. Paired samples of

cladocera and copepods taken from the same sampling event had similar §'°C;

however, 8"°N in cladocera was 3.4%o to 1.4%. lower than that found in co-

occurring copepods (Paired t-test, n=21; t= -4.9743, p<0.01 95% 3.4%o. t0 1.4%o).
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Other macroinvertebrates, such as insects (8'°C = -27.3 + 2.6%0; 8'°N = 4.4 +
2.1%.; n = 27), non-insect arthropods (5'3C = -28.2 + 1.5%.; §'°N = 3.6 + 1.8%0; n
=7), and annelids (5'°C = -27.0 + 0.9%.; §'°N = 3.3 + 1.8%.; n = 9) generally had
lower 8'°N and higher §'3C than cladocerans and copepods. Mixed zooplankton
samples (5'°C = -29.5 + 2.4%o; 8"°N = 6.8 + 1.9%0; n = 99) were generally
isotopically intermediate to these two groups, as expected, but most similar to the
cladocerans and copepods.

The highest 3'°N and 5'°C values were in fish. Overall, fish §'°C ranged
from -34.7%o to -19.4%. and &'°N ranged from 7.2%. to 18.1%. (Figure 2.3). On
average, 8'°N in fish (11.2%.) was 4.2%o to 5.1%. higher (Welch t-test; 95%; p <
0.01) than §"°N in invertebrates (6.5%o). An adult American Shad (Alosa
sapidissima; FL = 276) had the highest §'°C and 8'"°N in our study, presumably
from assimilation of marine resources before inland migration; the next highest
§'°N and 5'°C were found in Striped Bass (Morone saxatilis; 8'°C = -24.1 + 2.9%o;
8"°N = 15.9 + 1.3%o; FL = 189.2 + 17.3 ; n = 5). Largemouth Bass (Micropterus
salmoides; n=1) measurement (3'C = -22.5%o; 8'°N = 15.2%. ; FL = 290 mm)
had relatively high 8'C and §'°N, similar to the Striped Bass measured. On the
other hand, Black Crappie (Pomoxis nigromaculatus; §'C = -32.3 + 2.0%.; §'°N =
10.4 + 0.8%0; FL =79 + 8.3 mm ; n = 10) and Golden Shiners (Notemigonus
crysoleucas; 8'°C = -30.2 + 0.5%0; 8'°N = 8.6 + 0.4%.; FL =88.3 +30.2 mm ; n =

3) had some of the lowest §'3C and §'°N measured in fish.

84



¢8

American Shad

18 1
Striped Bass
151 @] Largemouth Bass
Red Ear Sunfish
Z White Catfish
2 ]
o Black Bullhead
124 l Log Perch
Splittail
Black Crappie Chinook Salmon
Bluegill
91
Golden Shiner
Rainbow Trout
T T : I
-35 -30 25 20
8"%C

Figure 2.3. Bulk carbon and nitrogen isotope composition of fish collected in the Sacramento-San Joaquin River

Delta.



The Chinook salmon (n = 112) analyzed were similarly sized (66.6 + 8.5
mm) and all had similarly moderate bulk isotope values: 5'°C of -25.7 + 2.0%. and
8"°N of 10.6 + 0.5%.. Sacramento Spilittail (Pogonichthys macrolepidotus; §'°C = -
27.7 = 1.1%0; 8'°N = 11.3 + 0.4%.; n = 10) collected from the disconnected
floodplain did not have their length measured, but all seemed to be age-0
juveniles of less than 75 mm standard length. Redear Sunfish (Lepomis
microlophus; 8"°C = -26.2 +3.0; 8"° N = 14.1 + 1.1%0; FL=112 +19.7 mm ; n = 8)
and White Catfish (Ameirus catus; §'°C = -25.9 + 1.4%0; 8"°N = 13.1 + 1.5%o; FL =
249.8 + 55 mm ; n = 10) had slightly higher 8'°N, on average, than fish with
similar §'C as them, such as Bluegill (Lepomis macrochirus; §'°C = -26.5 +
2.3%0; 8"°N = 10.1 + 1.9%0; FL = 74.8 + 6.4 mm ; n = 8) and Black Bullhead
(Ameiurus melas; 5'C = -26.5 + 2.3%.; §'°N = 12.4 + 1.2%.; FL = 176.3 + 18.2
mm ; n = 5). Our measurements of Rainbow Trout (Oncorhynchus mykiss; 8'°C =
-22.4%0; 8'°N = 7.2%.; FL = 264 mm ; n = 1) and Pikeminnow (Ptychocheilus
oregonensis; 8'°C = -22.0%o; 8'°N = 9.2%. ; FL = 51 mm ; n = 1) were unusual,
relative to the other fish measured, owing to low 8'°N and high §'°C. On the other
hand, our measurements of Log Perch (Percina sp.; §'°C = -25.0%o; 5'°N =
12.0%0 ; FL =87 mm ; n = 1), and Sacramento Sucker (Catostomus occidentalis;
8'3C = -25.7%o; 8"°N = 15.3%. ; FL = 367 ; n = 1) were similar to other fish

analyzed.
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Figure 2.4. Carbon isotope composition of essential and non-essential amino
acids in Chinook salmon collected from the Sacramento-San Joaquin River Delta
(n=31).
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Consumer Source n Gly Ala Asx Glx Ser
Black Crappie MWT, 2017 2 |-16.8+30 -22.7+1.6 -225+0.3 -19.9+08 -11.0+2.1
Bluegill MWT, 2017 4 | -19.1+£35 -275+26 -242+27 -238+16 -16.3+4.5
Bullhead sp. MWT, 2017 3 |-194+£30 -255%0.7 -252+15 -221+1.4 -153+6.1
Cosumnes, 2016 | 5 | -34.3+3.0 -17.7+3.3 -105+2.0 -262+3.0 1.2=x13.2
Chinook Salmon | Cosumnes, 2018 | 16 | -16.7+3.5 -23.9+29 -20.2+5.0 -16.3+4.3 -10.7+4.2
Delta, 2019 10 | -21.5+6.6 -242+25 -21.5+3.0 -21.5+26 -4.6+5.1
Sacramento Splittail MWT, 2017 6 | 221 +13 -247+22 -252+14 -221%13 -132x17
Striped Bass Cosumnes, 2016 | 1 -23.7 -12.5 NA -12.9 -23.2
Zooplankton Cosumnes, 2016 | 1 -27.2 -23.7 -30.3 -20.7 -10.2
Table 2.2a. Carbon isotope composition (8'>C) of non-essential amino acids measured in fish.
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Consumer n
Black Crappie 2
Bluegill 4
Bullhead sp. 3

5

Chinook Salmon 16
10

Sacramento Splittail

Striped Bass

Zooplankton

lle

-222+0.5
-28.8 + 2.1
246 £2.2
-19.8 2.7
25414
-25.1 £2.1
-25.7 2.6

-17.6

-28.1

Leu

-26.6 £ 1.1
-35+2.4

-28.8 +3.4
-34.1 £3.3
-28.8 + 3.8
-309x+29
-30.7 £4A1

-8.0

-37.3

Lys
-20.6 £ 0.6
-27.8+1.8
-22.8 £0.7
-19.6 £4.0
-23.7+1.6
-23.1+£2.0
-24.8 £3.2

-23.7
-10.5

Phe
-29.3 £0.2
-35.9+1.3
-31.7 1.2
-25.1 £ 3.6
-30.8 +1.6
-31.6 £2.3
-33.1£23

-8.0

-22.1

Val
-29.1 0.7
-31.4+22
-30.8+1.4
-24.0 £3.3
27519
-28.9 +2.3
-30.5+0.9

-18

-25.8

Thr
-23.7 £ 3.0
-22.9+2.3
-26.6 £ 3.3
-11.3+4.4
-18.5 27
-16.4 £ 3.8
-23.3+1.7

-28.8
-31.5

Pro
-21.6+1.0
-26.6 +1.7
243 2.3
-14.0+2.2
221 +1.1
-20.8 +4.8
-235+1.2

-19.5
-18.4

Table 2.2b. Carbon stable isotope composition (5'°C) of essential amino acids measured in fish.




Amino Acid C Isotopes

We collected data on 12 amino acids in 49 muscle tissue samples, one
mixed zooplankton sample, 9 POM samples and 6 producers (i.e. filamentous
algae, macrophytes, and terrestrial vegetation; Appendices 2.4 and 2.5). Our
measurements for AA-5'3C in fish muscle spanned from -39.1%. to 10.5%o
(Figure 2.4; Table 2.2a, and b). In general, non-essential amino acids (i.e. Ala,
Gly, Asx, Glx, Pro, Ser) measured had lower §'3C than essential amino acids (i.e.
Leu, lle, Val, Phe, Lys, Thr) (Welch ttest; -19.3 vs -26.1; 95% CI Difference 5.7-
7.8) and were more variable. Values for §'3C in glycine were the most variable
within salmon (~16%o.), owing to individuals from 2016 having particularly low Gly-
8'3C. In contrast, other essential amino acids from the same fish had relative high

s'3C.

LDA and Mixing Model

While many combinations of AA seemed to provide some resolution of the
groups we were testing (Algae, Bacteria, Fungi, Plants) we only used the
combination of variables which yielded the highest reclassification accuracy of
training data points. Our most accurate LDA classification model attained a 91%
total reclassification rate using three linear discriminant functions and resulted
from inclusion of data on 4 essential amino acids (Leu, lle, Phe, and Val) and 1

nonessential amino acid (Gly) 8'*C values (Appendices 2.6 and 2.7). The first
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function captured 52% of the total variance, followed by 37% and 11% in the
second and third functions. The model was tested with MANOVA (Pillai trace =
1.7577, F3,15 = 16.412, p < 0.001) to validate group differences.

When producer data from this study were projected into linear discriminant
space, and source class membership was estimated, we found the model
correctly identified our local algae sample as algae while categorizing the other
producers measured, correctly, as higher plants (Appendix 2.8). Each of the
producer samples (n=6) was correctly assigned to its source class with posterior
probabilities averaging 0.97 + 0.4. Performing the same procedure on our data
from POM revealed that differing AA sources were dominant contributors of
considered amino acids across our POM samples (Appendices 2.9 and 2.10).
For example, AA in four out of nine samples were identified as primarily plant
derived. On the other hand, fungi were identified as the dominant AA source to
our POM three times and algae, only once.

Our mixing model results for POM were mostly consistent with those of
the LDA. The mixing model indicated that fungi and bacteria were the major
contributors to few samples while algae and higher plants were more pervasive.
While the LDA did not indicate that there were any samples that were bacterially
dominated, the mixing model did predict that bacteria may have been a major
contributor to at least one sample. Overall though, plants had the greatest

average estimated contribution to POM samples (Table 2.2). Algae was rarely
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identified as the dominant contributor by the mixing model, but was frequently

second.
Mean SD
Algae 0.15 0.18
Bacteria 0.17 0.29
Fungi 0.16 0.31
Plant 0.52 0.35

Table 2.3. FRUITS estimates for contributions of source classes to particulate
organic matter samples.

Class Posterior Median
Algae (n=38) 0.91+0.12 0.97
Bacteria (n=4) 0.93+0.8 0.95
Fungi (n=6)  0.86+0.18 0.93
Plant (n=1) 0.52 0.52
Table 2.4. Posterior probabilities for source class membership of fish derived
from LDA.

Average SD Lower Median Upper
Algae 0.28 0.19 0.02 0.26 0.65
Bacteria 0.22 0.10 0.06 0.21 0.44
Fungi 0.09 0.06 0.01 0.08 0.24
Plant 0.41 0.16 0.15 0.41 0.70
Table 2.5. FRUITS estimates for source contributions to fish.
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Consumers LDA Predicted Class
Bacteria (n=4) SD Fungi(n=6)

0.22 0.16 0.06
0.19 0.21 0.18
0.05 0.02 0.27
0.21 0.26 0.17

SD
0.04

0.21

0.23
0.22

Plant (n=1)
0.35
0.05
0.06
0.54

Table 2.6. FRUITS estimates for source contributions to fish, partitioned by LDA predicted source class.
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In contrast to POM, the influence of higher plants was less pronounced
when considering consumers. Particularly when considering LDA results alone.
LDA identified algae as the primary source of consumer AA in 73% (36 out of 49)
consumer samples (Figure 2.5). However, algae were not the only important
source identified. Our data from consumers mirrored much of the variability
present in our producer groups (Figures 2.6 and 2.7). All potential basal sources
were identified as a major contributor to at least one consumer by LDA. While
consumers were distributed widely in our linear discriminant space, posterior
probabilities for class assignment from LDA were routinely high (Table 2.3). LDA
class membership estimation of our non-algae associated consumer samples
indicated that six individuals each were classified with bacteria and fungi,
respectively. A Striped bass sample was the only consumer assigned to the
higher plant source class by LDA. Differences between the defined groups were
significant when tested with MANOVA (Pillai trace = 2.046, F;3 15 = 25.602, p <

0.001).
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Figure 2.7. Results from consumer class estimation during linear discriminant
analysis. Panels separated by sample collection event.

In relative contrast to the stark dominance of algae as indicated by LDA,
our mixing model predicted significant inputs from higher plants to consumers
(Table 2.4; Figure 2.8). Grouping mixing model results for consumers which were
grouped together by LDA narrows the disagreement, indicating that our two
methods are telling us similar messages. However, the mixing model does
indicate algae are less important than expected based on LDA results alone
(Table 2.5). Given the overlap of plants and algae in multivariate space, some

confounding of these sources in the mixing model would be unsurprising. Indeed,
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the estimated contribution from the corresponding source group of our producer
samples only averaged 75% + 11% (n=6). In contrast, LDA correctly classified
producer samples with posterior probabilities averaging 0.97. Similarly, LDA also
generated high posterior probabilities (>0.9) for consumer source class
assignments. It is also relevant to note that the mean FRUITs estimate for the
algal contribution to our algal sample was only 57%, with the second greatest
estimated contribution coming from higher plants. Therefore, there seems to be
an unresolved bias against algae, in favor of higher plants, in our mixing model

results.
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Figure 2.8. Distribution of average estimates for source contributions to fish from
FRUITS mixing model.

Discussion
Bulk Isotopes

Our bulk isotope measurements in producers are consistent with
previously published values. A 1999 survey of vegetation (n=868) in the San
Francisco Estuary, and parts of the SSJD, measured a similar range of values in
basal carbon sources (Cloern et al., 2002). Later measurements, including ours,

have found that individual source classes (e.g. phytoplankton) have continued to
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share similar ranges of 8'C and §'°N in the SSJD (Grimaldo et al., 2009;
Schroeter et al., 2015).

Isotope overlap of sources is extensive, however, some of the most
extreme group features are consistent among datasets. For example, the lowest
8'°N values are found in terrestrial plants; in general, aquatic producers seem to
have higher 8'"°N values. Presumably, '°N enriched sediment and nutrient runoff
(e.g. wastewater) contribute to this trend (Kendall et al., 2015). Also, with the
exclusion of C4 vegetation, the most positive §'°C values come from algae and
the most negative from phytoplankton. Interestingly, our sample of periphyton
had a low 8'3C value, more like aquatic plants or phytoplankton than the other
attached algae. Presumably, the partially heterotrophic nature of the periphyton
imparted the consortium with a §'3C value closer to that of available DOC
sources.

Our measurements illustrate how isotopic similarity between basal carbon
sources of interest (e.g. phytoplankton and macrophytes) can make
differentiating them, using limited tracers, infeasible. Use of a third isotope in
mixing models, i.e. sulfur, has proven useful, however, data of that type are not
always available (Bell-Tilcock et al., 2021; E. Howe & Simenstad, 2015; Young et
al., 2020). When the value of isotope tracers varies in sources through space and
time, as is the case for 8'°N, or undifferentiated between sources, §'°C,

estimation of trophic structure is not straightforward.
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Overall, we found that pelagic zooplankton — namely, cladocerans and
copepods- had the lowest invertebrate §'°C values, and relatively elevated 5'°N.
Low §'3C values, relative to other invertebrates, are consistent with prior
measurements of similar organisms in the SSJD and reflect selective feeding on
phytoplankton (Grimaldo et al., 2009; Young et al., 2020). On the other hand,
consumers such as insects and annelids, consistently had higher §'°C and
lower 8'°N than pelagic zooplankton. Potentially due to greater assimilation of
benthic, or allochthonous OM. Our mixed/composite zooplankton samples, as
expected, had isotope compositions indicative of contributions from cladocerans,
or copepods, as well as other macroinvertebrates (e.g. insects).

If typical trophic discrimination factors of 3.4%. and 1.5%. are used for
nitrogen and carbon, respectively, we find some invertebrates fall beyond the
area predicted for consumers relying on the resources we sampled (Post, 2002).
For example, some zooplankton have lower '°C and higher 5'°N values than
would be predicted based on reliance on the producers sampled. Incomplete gut
clearance might contribute to low §'°C values measured in some invertebrate
samples. However, relatively low C:N ratios (<10) throughout indicate gut
clearance was probably not the root cause of the low §'°C. It is more likely that
we did not sample the full extent of dietary item isotope variability in this study.
During periods of high productivity, §'°C of the OM produced can have §'3C

values as low as -37%. in the same region (Nakamoto et al., 2020). We were
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most likely to obtain sufficient zooplankton for isotope analysis from sites with
high pelagic productivity, so this was likely a factor. Conversely, §'°N of available
nitrogen rises as a result many biogeochemical processes (e.g. uptake) (Kendall
et al., 2007). Bulk nitrogen isotopes can be useful tracers of nitrogen cycling
processes, and sources. However, in systems with dynamic biogeochemical
cycling, trophic information might be overprinted (Kendall et al., 2009; Lehman et
al., 2014).

It seems evident from our bulk isotope measurements of larger predatory
fish, and is intuitive, that piscivorous fish such as Largemouth bass and Striped
bass occupy high trophic positions. This is in contrast to our samples from
Sacramento Spilittail, Bluegill, and Chinook salmon, who all had a similar bulk
isotope composition which seem consistent with insectivory. Our bulk
measurements in both Splittail and Chinook were also similar to those made
earlier in similar individuals (Feyrer et al., 2007). Other larger fish measured such
as White Catfish, Sacramento Suckers, and Bullhead, also had relatively high
8'°N. Presumably, Sacramento Sucker §'°N was elevated due to increased
uptake of detrital OM. While piscivory in White Catfish and Bullhead probably led
to elevated 5'°N. On the other hand, the Black Crappie and Golden Shiners
sampled had some of the lowest 8'C and &'°N measured in our study, and
presumably consumed more pelagic zooplankton, in contrast to insects, than the

aforementioned fish (e.g. Splittail and Chinook). In contrast to the low §'*C of the
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Black Crappie and Golden Shiners, we suspect the Pikeminnow and Rainbow
trout sampled may have more heavily interacted with terrestrial resources, or
attached algae, due to relatively elevated §'°C and low §'°N. These individuals
may have also assimilated carbon upstream of our study site in habitat where
terrestrial carbon is more important to secondary production before moving

downstream during the flooded period.

Basal Sources Supporting Fish

Our results from bulk analysis reveal trends in the data, but are
inadequate to cleanly tease apart fish resource utilization. Variability in the bulk
isotope composition of producers and invertebrates, along with inadequate
source differentiation, renders application of conventional C/N mixing models
infeasible. In the subset of samples AA-5'°C was available for, however, CSIA-
AA indicated that algal carbon was important to most consumers sampled. We
show that groups with dissimilar bulk compositions and predicted feeding (e.g.
Splittail, Chinook, and Crappie) might be interacting with similar basal resources
(i.e. algae). The disparity in bulk values indicates there may be a decoupling in
utilization of algal resources (e.g. benthic vs pelagic) though. In addition to
providing support for the importance of algae, we also demonstrate that other

sources, such as fungi, bacteria, and higher plants, might be significant as well.
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Sacramento Splittail are a native species that is reliant on floodplain
habitat to complete their life-cycle (Moyle et al., 2007). Annually, Splittail move
upstream from the San Francisco Estuary to spawn on freshwater floodplains.
The Splittail analyzed in our study seem to be post-larval fish which did not
emigrate from the floodplain before disconnection and were stranded. Splittail
floodplain emigration consistently takes place between 30-40mm SL, indicating
the signal may be ontogenetic (Feyrer et al., 2006). The early success of these
individuals in their migration to downstream habitats seems to be linked to the
hydroperiod of the floodplain and their success in resource acquisition. Usable
habitat for Splittail in the Cosumnes watershed is principally a function of
hydrology and year class strength is correlated to the days of flooding (T.
Sommer et al., 1997; Whipple, 2018). Resource acquisition is more likely a
function of production and competition and our data indicate that age-0 Splittail
are competing with co-located fish for algal resources. Competition from more
opportunistic floodplain foraging species we identified as consuming similar
resources, such as Bluegill, can only reduce the availability of resources for
populations (i.e. Splittail) for which those resources might be more critical
(Fletcher et al., 2019; Moyle et al., 2007).

Fish such as Bluegill, Bullhead, and Crappie were usually associated with
algal-AA. Although, one of our bullhead samples stood apart by having AA we

associated with a bacterial source. The sole fish closely associated with higher
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plant AA by our LDA was an adult striped bass. We measured high bulk muscle
8"°N in Striped Bass as well, which is consistent with piscivory in these fish
(Nobriga & Feyrer, 2007). Notably, the Striped Bass sampled was large, and thus
mobile, enough to have assimilated this organic matter in a downstream
estuarine habitat, where higher plants are more important to secondary
production, and moved upstream into our study site to spawn (Brown et al., 2016;
Nobriga & Feyrer, 2007). Migration after assimilation in a different habitat seems
likely, given that the other fish captured in our study area were predominantly
associated with algal resources.

All Chinook analyzed in this study were juveniles and our results confirm
the significance of algal OM to juvenile Chinook in the SSJD (Figures 5 and 6).
On the other hand, we also demonstrate that individuals might receive significant
AA subsidies from other sources (e.g. fungi). Pelagic zooplankton populations
integrate, and concentrate, local resources into fish. The fungal-AA associated
mixed zooplankton sample was comprised of zooplankton samples taken from
the same site as the fungal-AA associated Chinook. To what extent fungal and
bacterial components of the gut microbiome might contribute to the amino acid
balance of these consumers is unknown.

Utilization of increasingly scarce, off-channel habitats has been identified
as an important factor in juvenile salmon growth and success (Jeffres et al.,

2008; Katz et al., 2017). In particular, high densities of invertebrates, relative to
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the river channel, seem to make them great foraging grounds (Grosholz & Gallo,
2006; T. R. Sommer et al., 2001). The high nutritional quality of the
phytoplankton (i.e., presence of essential fatty acids), that flourish on floodplains
and support pelagic zooplankton, is what makes them such important basal
carbon sources for fish, even in the presence of other resources (Muller-Solger et
al., 2002; Taipale et al., 2014).

In addition to increased aquatic production, inundation of floodplains can
also increase the amount of allochthonous, or detrital, OM available to aquatic
communities (Junk et al., 1989; Junk & Wantzen, 2004). Allochthonous
resources are generally less nutritionally dense than phytoplankton. However,
bacterial or fungal conditioning could substantially improve the nutritional quality
of the OM and excess can always be oxidized to help meet metabolic demand
(Sobczak et al., 2002). An understudied, and potentially significant, vector for
detrital OM to reach aquatic consumers in the SSJD is periphyton.

Periphyton refers to the community of autotrophic and heterotrophic
microbiota adhering to surfaces in aquatic environments. In particular, this
microbial consortium could serve as in important conduit for detrital food webs.
Heterotrophs, such as fungi and bacteria, living in association with algae might
be primed by algal carbon inputs coming from the autotrophic component of the
biofilm. With respect to invertebrate, and fish, consumer communities, this

priming has a dual benefit. First, the easily metabolized algal carbon can be
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respired or provide substrate to increase extracellular metabolic potential (i.e.
potentiating breakdown of recalcitrant organic matter). Secondly, uptake of algal
biomolecules (e.g. highly unsaturated fatty acids) can increase the nutritional
value of the fungi, or bacteria. The efficiency at which this OM pathway operates
in the SSJD is unknown, but is significant in other systems, and warrants further

interest (Jardine et al., 2012, 2013).

Composition of POM

Particulate organic matter (POM) is a major pool of OM available to
pelagic consumers in most aquatic environments and is comprised of a
spatiotemporally varying mix of phytoplanktonic, bacterial, fungal, and vegetative
OM (Nakamoto et al., 2020). Thus, alterations to the composition of POM
through space and time impact consumer communities by adjusting the quality
and abundance of potential dietary items. Selective suspension feeders might be
more affected by the presence, or absence, of phytoplankton than more
indiscriminate feeders who could potentially uptake significant OM from other
sources.

Algae are considered the dominant basal OM source for higher trophic
levels in our system and chlorophyll-a is rarely below detection, so some
prevalence of algal AA in POM was expected (Ahearn et al., 2006; Nakamoto et

al., 2020). However, the SSJD is turbid and light-limited, which curtails pelagic
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production. Regardless, data from this study are consistent with the idea that
algae are an important source of nutritive biomolecules (e.g. EAA) to fish, and
the aquatic invertebrates they feed on (Galloway et al., 2014; Grimaldo et al.,
2009; Taipale et al., 2014). However, our somewhat limited survey also suggests
that material from higher plants dominates the POM matrix frequently. In general,
higher plant inputs seem more prominent in our POM samples than in consumer
samples which is still consistent with OM from algae being preferentially used by
consumer communities.

Macrophyte structural tissues and allochthonous inputs are generally of
low nutritional quality (e.g. low concentration of AA). However, high macrophyte
biomass in the SSJD, regardless of quality, potentially constitutes a significant
subsidy of OM and nutrients to consumers (Greenfield et al., 2007). Utilization of
lower quality basal resources by consumers may be potentiated by microbial
conditioning (i.e. immobilization and concentration of resources in microbial
biomass). While bacteria are conventionally considered to be the most active
players in this process, aquatic fungi also play an active role in decomposition,
dominating bacteria in some cases (Kagami et al., 2017; Mille-Lindblom et al.,
2006). Our results indicate that fungi might contribute significant OM to both
POM and consumers, under some circumstances. On the other hand, we did not
have a POM sample that was assigned to a bacterial source by LDA. However,

in contrast to the LDA result, our mixing model indicated that one POM sample
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may have been mostly bacterial in origin. An overabundance of senescing plant
matter, mostly invasive or exotic species, in the SSJD could provide ample
substrate for fungi, along with other decomposers, and represent the base of an
alternative detrital-based trophic channel (Gulis & Suberkropp, 2003; Mount et

al., 2012).

LDA and Mixing Model

Our results support previous work demonstrating the utility of §'>C-AA in
ecological studies, and provide some evidence for the generalizable nature of,
so-called, AA-fingerprints. Although our test set was limited to plants and algae,
when analyzed with LDA, our reference dataset correctly classified our samples
of local AA sources with the appropriate reference group (i.e. algae, bacteria,
fungi, plant). The necessity of variable selection in improving the accuracy of our
classification model (LDA) indicates that not all AA provide equally diagnostic
information for differentiation of groups. Different sets of AA may prove more
useful under different circumstances. The prominence of data from EAA in our
most effective model is unsurprising though, given previous studies have shown
EAA to be critical in differentiating taxonomically diverse AA sources (Liew et al.,
2019). In the future, studies attempting to resolve taxonomically similar sources
may be better served by comparing AA more tightly tied to central metabolic

processes (e.g. simple AA’s tied directly to glycolysis or the TCA cycle) (Wang et
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al., 2019). This work provides an example of how complex 5'3C-AA analysis can
be. Selection of amino acids for analysis and the modelling technique used to
interrogate the data can have a significant impact on the result. Further work on
systematics of isotopic variation in amino acids during biosynthesis, trophic
transfer, metabolism, and diagenesis will continue to increase §'°C-AA’s utility.

Incorporating the full isotopic range of our source groups as the source
uncertainty in mixing model, as opposed to using estimates from samples of local
producers or a smaller estimation of uncertainty, resulted in significant
uncertainty surrounding FRUITS source contribution estimates. LDA source
classification and mixing model results were not entirely consistent with one
another for this reason also.

The intent of LDA is transformation of the data to attain the greatest
possible resolution between source groups. Our mixing model, on the other
hand, simply estimated credible formulations of the sources that could result in
the observed data. Mixing models can easily underestimate the contribution of
major sources and overestimate the impact of minor sources. Indeed, we found
that our model underestimated the contribution from our producer samples own
source classes. The model also seemed to overestimate the contribution from
higher plants relative to algae.

The compositional variability of sources used in the mixing model may be

beyond that typically available to consumers within our constrained environment.
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Allowing for significant within-group variation in sources could have exacerbated
the aforementioned overestimation and underestimation of minor and major
sources, respectively. However, variation could be even greater and the effect of
metabolism and diagenesis on the mixing model result is unconstrained. In the
absence of sensitivity testing of trophic discrimination factors and without explicit
information on the true variability of AA-fingerprints in the environment, use of
conservative uncertainties in conjunction with discretion during interpretation is
appropriate. There is a pressing need to develop a more systematic

understanding of variation in §'3C-AA.

Conclusion

Our measurements of the bulk carbon and nitrogen isotope ratio in
producers and consumers do not cleanly dissect differences in resource
utilization and only sketch out a rough trophic structure. Bulk carbon and nitrogen
isotope analyses do not always offer adequate resolution between dietary items
in the SSJD. Currently, bulk sulfur isotope analysis and gut content analysis are
promising compliments to carbon and nitrogen isotope data. However, these
methods all lack the resolution to fully disentangle the role of more cryptic carbon
sources in the SSJD (e.g. heterotrophic food webs and periphyton) (Jassby &

Cloern, 2000; Sobczak et al., 2005; Young et al., 2020).
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Our results from CSIA-AA are consistent with the idea that algal
production is critical to overall ecosystem functioning in the SSJD. The majority
of fish sampled, including a significant number of juvenile Chinook salmon, had
amino acids in their tissues mostly associated with our algae source class.
However, we cannot definitively say whether these resources were pelagic (i.e.
phytoplankton), benthic (i.e. periphyton) or otherwise (e.g. benthic diatoms) for
the individuals sampled. Algae were also not the only important source of AA to
consumers. Our data indicate that fungi, bacteria, and higher plants all may have
contributed significantly to higher trophic level consumers. Those individuals
assimilating significant amounts of non-algal OM may have interacted with a
heterotrophic food web; fueled by microbial breakdown of vegetative OM. The
role that food items such as bacteria and fungi play in floodplains of the SSJD is
currently unknown, but may be significant. As the climate warms and the extent
of floodplain habitat declines, concurrent with increasing prevalence of invasive
vegetation, the importance of heterotrophic resources (e.g. OM routed through

microbes) may grow in the SSJD.
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Introduction
Background

A consumer’s capacity to acquire the high quality dietary items it needs to
fulfill its nutritional requirements is partially predicated on its ability to interact with
the right habitat at the right times (Osterblom et al., 2008). All habitat patches
provide different conditions for growth, and can affect future success differently.
These differences can be subtle or substantial. For example, easy access to food
may be offset by increased risk of predation. In other cases, certain habitat
patches may not provide adequate, or the right kind, of dietary items. Failure of
the diet to meet nutritional needs has negative impacts —notably, death.
Alternatively, access to adequate nutrition can improve body condition and
promote success (i.e. growth and/or reproduction). Determining how habitat
impacts nutrition, and thus success, is an important step in understanding and
managing species of conservation concern, such as Chinook Salmon
(Oncorhynchus tshawytscha).

The Chinook salmon is a fish of cultural, ecological, and economic
significance. Chinook are native to the Pacific coast of North America and are
anadromous, meaning they spend alternate portions of their life in freshwater and
saltwater. Specifically, Chinook are born in freshwater, but often mature in the
ocean. Due to conservation actions and hatchery supplementation of wild

populations, Chinook are not at risk of extinction. However, reproductive site-
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specificity and differences in the timing of freshwater immigration have
partitioned the species into distinct subpopulations. Their portfolio life histories
provide resiliency in an unpredictable environment, and decreases intraspecific
density-dependent pressures (e.g. competition for space and food) (Bourret et
al., 2016; Waples et al., 2004). Unfortunately, several subpopulations are listed
as threatened or endangered under the US Endangered Species Act.
Specifically, Chinook populations using the Sacramento-San Joaquin Delta
(SSJD; CA, USA) have declined significantly (Welch et al., 2021; Willmes et al.,
2018; Yoshiyama et al., 1998).

Due to anthropogenic alteration of hydrological and geomorphological
conditions, Chinook are no longer favored in the SSJD (Bennett & Moyle, 1996;
J. Katz et al., 2013; Mount et al., 2012). In the SSJD, the delivery of variable
amounts of rain and snowfall is confined to the Winter and early Spring. Newly
hatched juvenile Chinook emigrating from the SSJD cued on these cool seasonal
flow pulses to successfully complete their migration to the ocean (Buchanan &
Skalski, 2020; Marston et al., 2012; Michel et al., 2015; Perry et al., 2018).
Furthermore, activation of floodplains during those high discharge periods may
have provided high quality rearing habitat for the Chinook (Jeffres et al., 2008,
2020; J. V. E. Katz et al., 2017). The historic spatiotemporal patterns of
disturbance and habitat availability that Chinook adapted to are largely absent in

the modern SSJD.
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The modern SSJD is heavily altered by anthropogenic pressures (Kraus-
Polk & Fulton, 2020). The SSJD currently has a significant proportion of its water
diverted for municipal and agricultural usages, and levees and dams are
maintained for flood control and water storage (Hanak et al., 2017; Ray et al.,
2020). The result is a SSJD environment with a transformed temperature,
sediment, salinity, and flow regime (Monsen et al., 2007). The seasonal flow
pulses that Chinook emigrants historically cued on are captured in reservoirs and
distributed by resource managers during drier months. Rivers are largely
disconnected from their floodplains by levees, and a significant proportion of
habitats previously used by Chinook are now inaccessible (McClure et al., 2008).
What was historically a lush mosaic of intertidal wetlands and grasslands, subject
to seasonal flooding of anastomosing rivers, has been transformed into a maze
of channelized and urbanized waterways bearing little resemblance to the
Chinook’s adaptive environment.

Life history plasticity allows for variations in the timing of migration;
however, most Chinook in the SSJD migrate to the ocean within one year of
birth. During early marine residency, there is a spike in Chinook mortality focused
on individuals unable to grow enough to escape predation (Beamish & Mahnken,
2001; Woodson et al., 2013). Another spike in marine mortality occurs later,
when individuals with insufficient energy reserves for low-productivity periods (i.e.

Winter) starve (Hertz et al., 2016; Hurst, 2007). It seems that accelerated growth,
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development, and stockpiling of energy while still in freshwater could be critically
important to the future success of the Chinook in the ocean (Beamish &
Mahnken, 2001). It is known that longer bodied out-migrants are more likely to
return to reproduce, and rearing in floodplain habitat has been correlated with
increased growth rates in juvenile Chinook (Claiborne et al., 2014; Jeffres et al.,
2008; Satterthwaite et al., 2014). Therefore, rearing in floodplain habitat seems
likely to increase marine returns in SSJD Chinook.

The dynamics of Chinook rearing in the SSJD are not fully understood
though. Neither, the relative quality of SSJD rearing habitats nor the reasons for
differences in quality among habitats are fully resolved. Moreover, access to
habitats and resources to provide new habitats are limited by available space,
funding, and socioeconomic concerns. Identification of habitats supporting
Chinook, and descriptions of their role, is a step towards efficient management of
land and water resources.

Presently, floodplain and other off-channel habitats are thought to be the
best habitats for rearing Chinook (J. V. E. Katz et al., 2017; Takata et al., 2017).
Basically, higher invertebrate secondary production, than in river channels, is
thought to supply fish with abundant food (Grosholz & Gallo, 2006).
Autochthonous photoautotrophs, i.e. algae and phytoplankton, are thought to be
the most important source of carbon for consumers in large river systems (e.g.

SSJD). Direct consumption of these primary producers provides essential
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biomolecules and is associated with high consumer assimilation efficiencies.
However, it is not known whether similar basal carbon sources support
secondary production throughout the SSJD (Jeffres et al., 2020). Detrital organic
matter often lacks nutritive biomolecules, may contain toxic compounds, and is
not an efficient food source for invertebrates and fish (Fouilland & Mostajir, 2010;
Martin-Creuzburg et al., 2011; Mcmeans et al., 2015; S. J. Taipale et al., 2014).
Nonetheless, relatively poor quality dietary items may provide an energy subsidy
in certain habitats and ultimately promote Chinook success, as long as basic
nutritional needs can be met (Wetzel, 1995). Developing an understanding of
how Chinook nutrition varies across habitats is an important part of managing the

species and the spaces they require.

Fatty Acids

A class of compounds that can be used to characterize diet and nutrition
are fatty acids (FA). There are over 70 biologically relevant FA, however, only a
few comprise a major fraction of cellular lipids in fish (Ackman, 1967; Tocher,
2003). FA are ubiquitous as energy storage and membrane structural molecules,
and specific FA are important in supporting neural, eye, and immune-functioning,
healthy pigmentation, and behavioral development in fish; acquiring adequate
amounts of the necessary FA is important for optimal fitness (Alcorn et al., 20083;

M. V. Bell et al., 1999; Ishizaki, 2001; Masuda et al., 1998; Nicolaides & Woodall,
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1962; Watters et al., 2012). There is a diversity of FA forms in nature, and
complex biochemical regulatory processes control the metabolism of these
molecules. However, a relatively small number of major transformations
dominate the FA pool.

Different FA forms are identified by the length of their carbon chain, as
well as the number and position of double bonds using the nomenclature: [Chain
Length]:[Number of Double Bonds]n-[Double Bond Position]. For example, the
FA C18:1n-9 has 18 carbons in its chain and one double bond. The n-9 indicates
that the first carbon in the double bond is the ninth carbon, counted from the
methyl end. Other common unsaturated fatty acid types are the n-3 and n-6,
frequently referred to as omega-3 and omega-6, respectively. In some cases,
there are differences in the orientation of the double bond (i.e. cis vs trans
stereochemistry) and branching in the carbon chain (e.g. bacterial iso-FA),
however, these types of FA generally are not common in animals (Ackman,
1967; Kaneda, 1991).

The FA found in an organism’s tissues arise from two sources:
assimilation directly from the diet and synthesis using available precursors
(Budge et al., 2006). FA biosynthesis is part of lipogenesis, or the formation of
lipids. When excess carbohydrates and protein are available in the diet,
lipogenesis is upregulated in fish and energy, in the form of FA, can be stored

(Brauge et al., 1995). FA can be transported between depositional sites and
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other tissues that may need them, either as substrate for energy production, or
for anabolism (Tocher, 2003). In fish, the majority of lipogenesis is confined to
the liver, while deposition or oxidation of lipids occurs in other tissues
(Henderson & Sargent, 1985). The carbon substrate used by fish to form most
lipids during lipogenesis is acetyl coenzyme-A (Acetyl-CoA) and the process is
catalyzed by a family of fatty acid synthetase (FAS) enzymes (Wakil et al., 1983).
Fatty acids grows two carbons at a time, such that synthesis requires eight
acetyl-CoA, 42 ATP, and 112 NAD(P)H to produce a C16 FA (Tocher, 2003).

In herbivorous or omnivorous species, the carbon source for acetyl-CoA
formation is often pyruvate formed during glycolysis. Predators adapted to high
protein diets, such as salmon, may suffer when provided with high carbohydrate
diets due to glucose intolerance (Polakof et al., 2012). Previous work has
demonstrated salmonids may synthesize a significant amount of their FA from
amino acid substrate (i.e. alanine) instead, also relying on significant routing from
their lipid rich diets (Bou et al., 2016; Tocher, 2003).

Regardless of substrate, the most common products of FAS are the
saturated FA C16 and C18 and these are synthesized widely by most organisms
including fish (Sargent, 1989). The aforementioned FA initially synthesized by
FAS are saturated with hydrogens (i.e. possess no double bonds) and relatively
short, however, different organisms biosynthetically alter (e.g. desaturate or

elongate) FA to different degrees. Moving forward, it is useful to distinguish
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between saturated (i.e. those with no double bonds), unsaturated (i.e. those that
possess double bonds), monounsaturated (MUFA; one double bond), and
polyunsaturated (PUFA; multiple double bonds).

The degree of metabolic activity associated with a particular FA is a
function of organismal need, metabolic resources, and that organisms’ ability to
acquire the compound in their usual diet. It seems predators, such as Chinook,
may attempt to minimize metabolic alteration in favor of acquiring preformed FA
in their diet. For example, in marine settings where bioactive n-3 PUFA (e.g.
C22:6n-3) are abundant in dietary items, fish seem to be unable or unwilling to
undertake de novo synthesize of n-3 PUFA (Colombo et al., 2017; Henderson,
1996; Jin et al., 2018). This is an intuitive shortcoming considering the metabolic
waste (i.e. energy and substrate consumed) involved in utilizing resources to
biosynthesize unnecessary excess of any given compound. Conversely,
freshwater fish, in habitats where preformed n-3 PUFA are scarce have a greater
capacity for metabolism of n-3 PUFA precursors.

In general, three processes dominate metabolism of preformed FA:
elongation, desaturation, and oxidation/shortening. Elongation generally occurs
on the cytosolic face of the endoplasmic reticulum, and the biosynthetic
mechanism is not entirely dissimilar from the activity of FAS. However, the
enzymes and regulatory mechanisms are independent. Briefly, elongation

involves the enzyme mediated transfer of an acetyl moiety from a carrier (i.e.
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acetyl-CoA) to a growing FA through consumption of ATP and NADPH. NADPH
required to complete FA synthesis comes from both the pentose phosphate
pathway, and glycolysis (Dias et al., 1999). The result of each sequential
elongation cycle is a FA with 2 more carbons in the hydrocarbon chain.

The second major biochemical reaction determining the FA composition of
organisms is B-oxidation, which results in shortening of the FA chain. ssoxidation
most frequently takes place in the mitochondria and involves the sequential
liberation of acetyl-CoA from a FA chain (Schulz, 1991). B-oxidation results in
loss of the carboxyl and a-carbon. The acetyl-CoA produced can then be used in
the TCA cycle, or elsewhere. In addition to producing acetyl-CoA, p-oxidation
also produces NADPH and FADH; which can be consumed by the electron
transport chain to produce ATP. In a healthy fish, B-oxidation is likely to comprise
a significant amount of their energy production (Froyland et al., 2000; Sargent,
1989). When this reaction takes place in the mitochondria it is usually allowed to
proceed to completion, entirely catabolizing the FA. However, the peroxisome is
an organelle with similar enzymatic machinery to the mitochondria where
incomplete B-oxidation can take place (Froyland et al., 2000; Henderson &
Sargent, 1985). If the FA exits the cycle of having acetyl-CoA extracted from it

before being entirely decomposed, the product is a shortened FA.
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Figure 3.1. The activity of delta-nine desaturase on palmitic acid (C18:0)
inserts a double bond between C10 and C11 and results in the loss of 2
hydrogens.

A third reaction that is important in altering cellular FA is desaturation, or
the insertion of a carbon-carbon double bond in the FA chain (Figure 3.1).
Desaturation of FA is a multi-enzyme process occurring primarily in the
endoplasmic reticulum, ultimately catalyzed by a family of site specific
desaturase enzymes (Cook & McMaster, 2002). Desaturation is an aerobic
process that, like elongation, consumes NAD(P)H. The enzymes responsible for
these desaturations are categorized based on the location they insert the double

bond. In contrast to the FA naming nomenclature described above, which

indicates the double bonds position by counting from the methyl tail, desaturase
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enzymes are labeled based on their recognition distance from the carboxyl end
of the FA. For example, the enzyme responsible for desaturating C16 to C16:1n-
7 is A9-desaturase (Brenner, 1974; Hastings et al., 2001; Tocher, 2003); A9-
desaturase inserts a double bond, starting on the ninth carbon, counted from the
FA carboxyl carbon (Figure 3.2). Figure 3.3 provides an overview of the FA
synthetic network in fish. The necessity of both possessing the genes for specific
enzymatic machinery, and expending energy to express those genes, in order to
synthesize and alter FA mean that not all organisms synthesize and alter FA to

the same extent.
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Figure 3.2. Schematic showing sequential desaturation of a C18 fatty acid.
Trans-bonding is shown here, however, most common desaturase enzymes
produce cis-stereochemistry.
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For most consumers, certain PUFA must be supplied in the diet for
healthy development and cell functioning (Gladyshev & Sushchik, 2019;
Glencross, 2009). FA that must be supplied in the diet are called essential fatty
acids (EFA). EFA exist because not all organisms can synthesize all FA in
adequate amounts by themselves. Because some EFA play important biological
roles, an inadequate supply can negatively impact growth, development, and
performance (Takeuchi, 1997). Specifically, vertebrates lack the desaturase
enzymes responsible for forming C18:2n-6 and C18:3n-3 (A12, and A15
desaturases).

The varying capacity of organisms, and their propensity, to catabolize FA
or supplement their diet with de novo biosynthesis is underlain by a complex
polygenic framework. De novo biosynthesis can help meet physiological needs
but inters a cost to the organism relative to acquiring FA directly from the diet,
due to energy consumption during anabolism. Nonetheless, some EFA might be
considered only conditionally essential if the organism is able to synthesize
adequate amounts if provided with specific precursors in the diet. For Chinook,
C18:2n-6 and C18:3n-3 are undoubtedly EFA. If C18:2n-6 and C18:3n-3 are
supplied in the diet, Rainbow Trout (Oncorhynchus mykiss) are able to
synthesize downstream PUFA and it is likely Chinook can, as well. Thus, FA
such as C20:4n-6, C20:5n-3, C22:5n-3, and C22:6n-3 might be conditionally

essential in Chinook if C18:2n-6 and C18:3n-3 are provided in the diet.
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The FA composition of predator tissues reflects their diet, although
metabolism can play a role in decoupling predator-prey FA compositions (Budge
et al., 2011; Burns et al., 2011). Nonetheless, the FA composition of Chinook
should be affected by significant differences in community supporting them. For
example, n-6 and relatively short n-3 PUFA (e.g. C18:2n-6, C18:3n-3 and
C20:4n-6) are more abundant in freshwater and terrestrial systems while longer
n-3 PUFA (e.g. C20:5n-3, C22:5n-3, C22:6n-3) are abundant in marine systems
(Colombo et al., 2017). Terrestrial plants also produce more long chain FA (>22
carbons) and C18:2n-6 than do microbes or algae (Shanab et al., 2018; S.
Taipale et al., 2013). For this reason, the ratio of n-3/n-6 FA have been used to
estimate whether resources are primarily terrestrial (<1) or aquatic (>1). Data
indicate healthy fish growth, reproduction, and immune function are promoted
when consuming diets with n-3/n-6 ratios from 2-3 (Ahigren et al., 2009;
Makhutova et al., 2011).

Due to differences in the FA synthesized by producers, differences in the
FA profile of consumers may be related to differences in their diet (Budge et al.,
2006, 2007). However, in situations where the diet is incongruous with biological
need, or where the diet and tissues are not in equilibrium, the assumption of diet-
tissue FA parity is unlikely to hold true (Robin et al., 2003). Interpretation of
differences in the FA composition of Chinook may shed light on the primary

producers supporting them, but must be contextualized by metabolism. An
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increasingly utilized tool to further scrutinize the sources and metabolism of FA,

is stable isotope analysis (SIA).

Stable Isotopes

The stable isotope ratio of organic matter reflects the source or synthetic
processes underlying the atoms comprising it (Deniro & Epstein, 1978, 1981;
Macko et al., 1983, 1987). For this reason, SIA is a powerful tool for studying
ecological systems (Peterson & Fry, 1987). Bulk SIA, or the measurement of
whole tissues, can be used to determine the sources of organic matter
assimilated into consumer tissues, nutrients assimilated into producers, or
estimate trophic level (Dover et al., 1992; Layman et al., 2011; Post, 2002;
Victoria et al., 1992). However, bulk SIA is limited in its ability to identify the
source of specific compounds. Compound specific isotope analysis, on the other
hand, determines the stable isotope composition of specific molecules in organic
matrices. Compound specific isotope analysis can help determine the source of,
or the nature of transformations affecting, specific biomolecules.

FA are comprised, almost entirely, of hydrogen and carbon. Therefore,
these are obvious elements to target during compound specific analysis (Twining
et al., 2020). The hydrogen in FA is bound to carbon and is non-exchangeable on
ecological timescales (Sessions et al., 2004). However, the two elements may

provide complementary information. Carbon isotopes in FA have been used to
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produce mixing models estimating inputs of different organic matter sources to
consumers (Budge et al., 2008, 2012; Graham et al., 2014), whereas hydrogen
isotopes, on the other hand, have promise as a trophic tracer or a location proxy
(Bowen et al., 2005; Coulter et al., 2017; Pilecky et al., 2021; Suzuki et al., 2013).
Most isotope analysis of FA, to this point, have been observational. Experimental
work has focused on marine systems, soil organisms, and invertebrates. For this
reason, the effect that biophysical status (e.g. ontogenetic changes) and diet
quality can have on FA metabolism and isotope fractionation in juvenile Chinook
salmon are not well described.

Despite lacking a systematic understanding of intracellular isotopic
variation, lessons from bulk analysis can inform interpretation of compound
specific isotope data. In the case of 8°H, bulk measurements of organic matter in
freshwater systems have already demonstrated it to be a powerful tracer of
allochthonous inputs (Doucett et al., 2007; Solomon et al., 2009). Presumably,
evapotranspiration from photosynthesizing leaves results in significantly
increased &°H in allochthonous resources relative to collocated autochthonous
production. Conversely, the 8°H of organic matter produced during anaerobic
acetogenesis is extremely negative relative to what would be expected for
photoautotrophs (Valentine et al., 2004). In the case of carbon, coupled
methanogenesis-methanotrophy in freshwater habitats can inject organic matter

with low 8'°C into food webs (Deines, Bodelier, et al., 2007; Deines, Grey, et al.,
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2007; Deines & Grey, 2006). For these reasons, a significant offset of individual
FA 8°H in the positive direction could indicate inputs of allochthonous materials,
however, extremely negative 8°H and/or 8'>C could be the result of inputs from
anaerobic microbes.

When direct assimilation from the diet (i.e. dietary routing) occurs the
carbon and hydrogen isotope composition of biomolecules (i.e. FA) in consumers
is expected to reflect the isotopic composition of those molecules in their diet
(Fujibayashi et al., 2016; Newsome et al., 2014; Stott et al., 1997). Therefore,
differences in the carbon and hydrogen isotope fractionation associated with FA
synthesis across different producer taxa are reflected in the consumer tissues
assimilating those FA (Galloway et al., 2014; S. Taipale et al., 2013). Previous
measurements indicate this is true in some cases, although unexplained
variability between consumer FA and their diet has been observed (Chiapella et
al., 2021; Ruess et al., 2005). Ongoing reductions to §'C values of C18:2n-6 and
C18:3n-3 have also been observed with increasing trophic level (Gladyshev et
al., 2012). In other cases, differences in the carbon isotope fractionation between
EFA in consumers and their diet have ranged between positive and negative
values (Fujibayashi et al., 2016; Gladyshev et al., 2016; Lau et al., 2009; Twining
et al., 2020). Unexplained variability in the isotope composition of FA is generally
attributed to differences in metabolism. Namely, differences in the amount of FA

biosynthesis and alteration.
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Currently, too little is known about the interacting impacts of diet quality
and metabolic demands on the metabolism and associated isotopic fractionation
of FA to confidently attribute the isotope differences observed to a single cause.
Determining the FA composition of potential food sources can help tease these
factors apart. It seems that FA in high abundance, within the diet, relative to
organismal need constitute the best trophic tracers for mixing models.
Furthermore, FA with limited sources (EFA) are also considered the best trophic
markers due to their biosynthetic novelty. However, there is currently no
framework allowing for direct metabolic interpretation of FA stable isotope
compositions in consumers. Ontogenetic changes, environmental changes, or
changes in food availability could affect rates of lipogenesis and potentially the
isotope composition of the lipids produced in fish (Daly et al., 2009; Lai &
Yamada, 1992; Litz et al., 2017; Mizuno et al., 2012). In general, processes
removing FA (e.g. oxidation) are expected to remove FA depleted in 13C and 2H
most readily. This, presumably, leaves behind a residual pool of FA with higher
8°H and &'°C. However, enzymatic fractionations associated with biosynthetic
alteration (e.g. elongation and desaturation) could be non-trivial and of varying
directionality. To maximize the utility of isotope analysis in FA, the dynamics
between depositional pools, de novo synthesis, and dietary intake need to be

resolved.
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Objective

The present study is concerned with determining the differences that arise
in the FA composition of Chinook salmon rearing in different freshwater habitats.
Here, we present data on the FA contents and isotopic compositions of
experimentally enclosed Chinook salmon from six habitats in the SSJD. To
simulate freshwater rearing, juvenile Chinook from a hatchery were enclosed in
natural habitats like those they might encounter during seaward migration.
Following the experimental enclosure, we determined and compared the FA
contents of Chinook tissues to assess the quality of rearing habitats with respect
to FA nutrition. Namely, whether utilization of certain habitats might contribute
more towards Chinook success. We also assessed the FA composition of the
experimental Chinook to estimate whether the primary pathways of secondary
production vary between these habitats. To this end, we also measured the
carbon and hydrogen isotope composition of individual FA. We hypothesized that
individuals rearing in off-channel habitats were likely to accumulate greater FA
concentrations in their tissues. Furthermore, we anticipated these individuals
might receive FA from alternative basal sources (e.g. microbial recycling detrital
organic matter) which could result in drastic difference in FA relative
abundances, and extreme isotope values. Overall, these data increase our

understanding of Chinook nutrition in the SSJD.
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Methods
Enclosure Experiment

Juvenile Chinook salmon collected from the Feather River hatchery were
transported to the study site in a fish transportation trailer and the abdominal
cavity of each fish was implanted with an 8 mm. passive integrated transponder
(PIT) tag. At the study sites (Table 3.1), fish were held in plastic tanks for two
days to ensure tag retention. Following this retention period, fish were weighed,
measured, and placed in the experimental enclosures for 45 days. The dates of
enclosure were February 16, 2019 to April 2, 2019, with a deviation of one day
between sites for deployment and retrieval due to logistics.

The experimental enclosures consisted of a PVC pipe (25.4 mm.) frame
measuring 1.2 m. x 1.2 m. x 0.6 m., enclosed in a 6.3 mm. pore size plastic
mesh. Floats on the frame ensure that, when deployed, the top mesh floats even
with the waters’ surface. Following the 45-day enclosure period, fish were
collected. At this time, they were measured, weighed, and euthanized via a quick
blow to the head. Chinook were then stored frozen until bulk isotope and FA
analysis. This work was carried out in strict accordance with the
recommendations set forth by the UC Davis Institutional Animal Care and Use
Committee (Protocol #18883).

During enclosure deployment, zooplankton samples were collected weekly

using a 30 cm. diameter, 153 uM-mesh net. The net was towed through the
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water column on a 5 m. rope for 5-10 minutes, depending on zooplankton
density. Following collection, zooplankton were kept live in ambient water for
transport to the lab. In the lab, zooplankton were filtered into DI water and left
overnight. With the help of a dissecting microscope, zooplankton were separated
from detritus and stored in 1.5 mL micro-centrifuge tubes before preparation for

isotopic analysis.

Enclosure Locations

Six sites in the SSJD were selected to house fish enclosures (Table 3.1).
The habitats chosen for the experiment were selected based on their potential
use by Chinook, managerial significance, and differences in environmental
characteristics. The timing of our enclosure placement was designed to mimic

patterns of use by out-migrating juvenile salmon.
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Figure 3.4. Map of Chinook salmon enclosure locations in the Sacramento-San
Joaquin River Delta.
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Two of our sites are representative of many of the major river channels
throughout the SSJD, the Mokelumne River site (Moke) in particular (Whipple et
al. 2016). The Mokelumne has multiple dams along its watercourse and is
entirely disconnected from its floodplain. The Sacramento River site (Sac) is
similar to Moke; these sites are both situated in habitats with low water residence
times that function principally as water conveyance channels. Like the
Mokelumne, the Sacramento is a highly impounded and managed river. Unlike
the Mokelumne site, Sac does have some upstream floodplain habitats that may
support downstream production through export of floodplain organic matter.

Two of our sites were in the Cosumnes River watershed, the only major
river in the SSJD that is not dammed (Whipple et al. 2016). One of these sites,
the Cosumnes Triangle (CosTri), was on conserved floodplain. During wet years,
this area might be productive rearing habitat for fish. However, during dry years it
may never become inundated. The second site within the Consumnes river
watershed (CosBeach) was downstream of CosTri, near the Cosumnes River’s
confluence with the Mokelumne River. The CosBeach site was situated in a side-
channel of the Cosumnes river. During periods of low flow in the Cosumnes
River, CosBeach is tidally influenced and experiences relatively little directional
flow. However, when the Cosumnes River’s discharge is high, as it was during

our study, there is directional downstream flow due to overland flow flooding into
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the distal end of the channel. During the period of our experiment, both sites on
the Cosumnes river were subject to flow-through conditions.

The final two sites were in the Sacramento river, upstream of the Sac
channel site. One of these sites, Knaggs Ranch (Knaggs), was on flooded
agricultural land. The prospect of utilizing agricultural infrastructure to provide
floodplain-like habitat has attracted significant interest recently, primarily due to
its promise as rearing habitat for salmonids. The other off-channel Sacramento
River site, Baby Marsh (Marsh), is at the north end of the Sacramento river’s
primary floodplain —the Yolo Bypass. Similar to the aforementioned floodplain
habitat in the Cosumnes (CosTri), during wet years the Yolo bypass may provide
high quality habitat and an alternate migratory route for rearing Chinook.

However, in dry years it may provide little, or no, benefit to fish.

Bulk Isotope Measurements

Bulk stable isotope measurements of zooplankton and Chinook muscle
tissue were completed at the UC Davis Stable Isotope Facility. Samples of
muscle tissue and zooplankton were dried for 48 hours at 55° C. Approximately
1mg. was weighed into 10mm. x 8mm. tin capsules that were then crimped and
stored in a 96 well-plate. Samples were analyzed for their carbon isotope
compositions using an Elementar Vario EL Cube Elemental Analyzer (Elementar

Analysensysteme GmbH, Hanau, Germany) interfaced to a PDZ Europa 20-20

148



isotope ratio mass spectrometer (Sercon Ltd., Cheshire, UK). Samples were
analyzed via continuous-flow, using helium as a carrier, and unknowns were
interspersed with laboratory reference materials calibrated against the
international reference materials: IAEA-600, USGS-40, USGS-41, USGS-42,
USGS-43, USGS-61, USGS-64, and USGS-65. We report all isotope
compositions in delta notation relative to the international standard Vienna

PeeDee Belemnite. Long term reproducibility of standard values is 0.2%. for §'°C.

Fatty Acid Measurements

To quantify and measure the §°H and §'°C of our FA we used an
adaptation of the method set forth by O’Fallon et al. (2007). Briefly, frozen
samples of muscle tissue extracted from along the lateral line (0.5g wet weight)
were hydrolyzed in 1N KOH in methanol at 55°C for 1.5 hours. KOH was
neutralized by, and esterification of free fatty acids catalyzed by, addition of 24N
H.SO4. Samples were incubated again at 55°C for 1.5 hours to allow the reaction
to run to completion. After esterification, fatty acid methyl esters (FAME) were
extracted with 3mL of hexane accompanied by vortex mixing for 5 minutes. After
vortex mixing, the hexane was pipetted off and reserved in GC vials at -20°C until
analysis. Derivative molecules were analyzed in triplicate for §°H and §'°C with a
Delta V Plus isotope ratio mass spectrometer after separation on a 60 m HP-88

column in a Trace 1310 gas chromatograph (Thermo-Fisher Scientific; Waltham,

149



MA, USA) at the EDGE Isotope Lab, UC Riverside. Quantitation was done via
parallel derivatization and measurement of a C13:0 fatty acid standard.
Reproducibility of isotope measurements of standard material was 0.8%. for §'>C
and 8.5%. for 8°H The carbon and hydrogen isotope composition of the C13 FA
standard was measured, underivatized, using conventional bulk combustion and
pyrolysis methods in order to correct for the methyl carbon and hydrogen added
during derivatization. This correction assumes that the isotope fractionation

associated with methylation is constant among FA.

Statistical Analysis

We tested for differences in §'C, §°H, and FA content using one-way
ANOVA. ANOVA was followed by Tukey’s Honest Significant Difference (HSD)
test when significant differences were detected. Significance was assessed at
p<0.05. Before testing for differences in 8'°C between habitat type we normalized
our FA-8"3C using the mean bulk measurement of zooplankton from the same
site according to the equation: 8"°Cea - 8"°C00p = 8"°Cporm. We did not perform a
normalization on our ?H data. To compare our bulk zooplankton and fish isotope
data we used the typical trophic discrimination factors of 0.4%. and 3.4%. for §'°C

and 8'"°N, respectively. All statistical analyses were completed in R.

150



Results
Bulk Isotope Analysis

Our bulk measurements indicate there were only slight differences in the
carbon and nitrogen isotope of composition of the invertebrates collected from
our study sites. In general, all the sites had invertebrates with a similar carbon
and nitrogen isotope composition (5'C = -30.1 + 3.0%; 8'°N = 7.3 + 2.4%0; n
=147). An exception was the Moke site, which stood out as having invertebrates
with relatively lower §'°N and higher 5'3C than other sites. We determined that
our Chinook samples from all sites, except Moke and Sac, had isotope
compositions mostly consistent with feeding on the zooplankton collected at that
site (Figure 3.4). Although, fish from every site, except Knaggs, had more
positive §'°C values than would be predicted based on the collocated
zooplankton. Fish from Moke and Sac were also enriched in "°N relative to their

expected isotopic compositions, based on measurements in local zooplankton.
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Figure 3.5. Summary of the bulk carbon and nitrogen isotope composition
of Chinook salmon and collocated zooplankton.

Fatty Acid Abundances

We quantified, and measured the §°H and §'3C values of 12 FA, ranging
from saturated to highly unsaturated: C14:0, C16:0, C18:0, C16:1n-7, C18:1n-9,
C18:2n-6, C18:3n-3, C18:4n-3, C20:4n-6, C20:5n-3, C22:5n-3, C22:6n-3.
Overall, there were differences in the amounts (ANOVA: F(11, 204y = 61.46; p <
0.05; n = 216; Figure 3.5) of individual FA when fish from every habitat were
considered together. Saturated FA and MUFA such as C16, C18, C16:1n-7, and

C18:1n-9 were the most abundant, while n-3 PUFA such as C18:4n-3 and
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C18:3n-3 were generally scarce. Other n-3 and n-6 PUFA, such as C22:6n-3,

C20:5n-3, C20:4n-6, and C18:2n-6, occurred in intermediate amounts.
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Overall, the FA profiles of fish were similar between sites and the high n-
3/n-6 ratios (>3) indicate an aquatic source. One major surprise was the
increased proportion of C22:6n-3 in fish from Sac (Figure 3.6). Fish from Knaggs
and Marsh, on the other hand, had higher proportions of C16:1n-7 (Figure 3.7).
We found that the n-3/n-6 ratio at all sites was above 1 in all samples. Although
the overall composition was similar, we determined that the total amount of FA
varied with site (ANOVA: Fs 12 = 4.368; p < 0.05; n = 18; Figure 3.8). Individuals
from the Marsh had some of the highest total concentrations of FA, seemingly
followed by individuals from Knaggs. In comparison, Chinook from Sac, Moke,

CosBeach, and CosTri all had slightly lower total FA concentrations.

155



C22:6n-3

\'
1

ab a ab

— —
—
CosBeach CosTri Knaggs Marsh  Moke Sac
Site

mg FA / g tissue (w.w.)
< T

Figure 3.7. Comparison of Chinook salmon muscular concentrations of C22:6n-3
between habitat treatments. Letters indicate significant differences (p < 0.05;
Tukey HSD).

156



C16:1n-7

_ ©

= 6

2

% b

D 4 -

> -

E lab a a

221 ] =5 .
| i

CosBeach CosTri Knaggs Marsh  Moke Sac
Site

Figure 3.8. Comparison of Chinook salmon muscular concentrations of C16:1n-7
between habitat treatments. Letters indicate significant differences (p < 0.05;
Tukey HSD).
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habitat treatments. Letters indicate significant differences (p < 0.05; Tukey HSD).

We used ANOVA to detect differences in the amount of FA coming from
each FA class (i.e. Saturated, MUFA, and n-3/n-6 PUFA) between habitat types,
however, these significant ANOVA results were not always supported by a
significant post hoc test result. We determined that Marsh fish had the highest
concentrations of saturated FA, slightly more than individuals from Knaggs and
CosTri, and significantly more than individuals from CosBeach, Moke, or Sac
(ANOVA: F5,12) = 5.079; p < 0.05; n = 18; Figure 3.9). A similar trend to the

saturated FA was evident in MUFA, among sites (ANOVA: Fs 12 = 6.53; p <
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0.05; n = 18; Figure 3.10). While ANOVA indicated there were significant
differences in n-3 (ANOVA: Fs, 12) = 3.577; p < 0.05; n = 18; Figure 3.11) and n-6
(ANOVA: F5,12) = 2.099; p < 0.05; n = 18; Figure 3.12) PUFA concentrations

among sites, none of these differences were significant when tested with Tukey’s

HSD.
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Figure 3.10. Comparison saturated fatty acid concentrations in muscle
tissue between habitat treatments. Letters indicate significant differences (p <
0.05; Tukey HSD).
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Figure 3.11. Comparison monounsaturated fatty acid concentrations in
muscle tissue between habitat treatments. Letters indicate significant differences
(p < 0.05; Tukey HSD).
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Figure 3.12. Comparison n-3 (omega-3) fatty acid concentrations in
muscle tissue between habitat treatments. Letters indicate significant differences
(p < 0.05; Tukey HSD).
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Figure 3.13. Comparison n-6 (omega-6) fatty acid concentrations in
muscle tissue between habitat treatments. Letters indicate significant differences
(p < 0.05; Tukey HSD).

Differences in FA class totals between habitats were underpinned by
differences in the amount of individual FA. ANOVA found significant differences
between sites in the concentration of every FA (C14: F5 12 = 11.68; C16: F5, 12
=3.954; C16:1n7: F(5,12) = 19.5; C18: F(5,12) = 4.979; C18:3n-3: F(5, 12 = 20.1;
C18:4n-3: F5,12) = 27.77; C20:4n-6: F5, 12) = 3.243; C20:5n-3: F5, 12) = 11.51;
C22:5n-3: F5, 12) = 3.886; C22:6n-3: F (5, 12) = 5.232; p < 0.05 and n=18; Figure
3.13 — Figure 3.22) except for C18:2n-6 and C18:1n-9. Chinook from the Marsh
and Knaggs sites stood out as having some of the highest FA concentrations,

containing significantly more C16:1n-7, C18:3n-4, and C18:4n-3 than most other
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sites. For some other FA, such as C16, C18, C20:5n-3, and C22:5n-3, the Marsh
and Knaggs sites were not significantly greater, but still near the top of the
distribution. Despite relatively high amounts of other FA, the Marsh and Knaggs

fish had some of the lowest concentrations of C22:6n-3 measured.
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Figure 3.14. Comparison C14 fatty acid concentrations in muscle tissue
between habitat treatments. Letters indicate significant differences (p < 0.05;
Tukey HSD).

163



C16

a
= 10-
g Iab
g ab I
B 8-
= ab |ab
m 1
< \ b
L 6
()}
- ‘ | :
4

CosBeach CosTri Knaggs Marsh  Moke Sac
Site

Figure 3.15. Comparison C16 fatty acid concentrations in muscle tissue
between habitat treatments. Letters indicate significant differences (p < 0.05;
Tukey HSD).
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Figure 3.16. Comparison C18 fatty acid concentrations in muscle tissue
between habitat treatments. Letters indicate significant differences (p < 0.05;
Tukey HSD).
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Figure 3.17. Comparison C18:1n-9 fatty acid concentrations in muscle
tissue between habitat treatments. Letters indicate significant differences (p <
0.05; Tukey HSD).
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Figure 3.18. Comparison C18:2n-6 fatty acid concentrations in muscle
tissue between habitat treatments. Letters indicate significant differences (p <
0.05; Tukey HSD).
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Figure 3.19. Comparison C20:4n-6 fatty acid concentrations in muscle
tissue between habitat treatments. Letters indicate significant differences (p <
0.05; Tukey HSD).
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Figure 3.20. Comparison C18:3n-3 fatty acid concentrations in muscle
tissue between habitat treatments. Letters indicate significant differences (p <
0.05; Tukey HSD).

169



C18:4n-3

— C

3_0.9-

2

o

>

$ 0.6

= b

(@)] 1

<

L|_03' ab |

(@)]

== .
0.0 1 i ;l

CosBeach CosTri Knaggs Marsh  Moke Sac
Site

Figure 3.21. Comparison C18:4n-3 fatty acid concentrations in muscle
tissue between habitat treatments. Letters indicate significant differences (p <
0.05; Tukey HSD).
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Figure 3.22. Comparison C20:5n-3 fatty acid concentrations in muscle
tissue between habitat treatments. Letters indicate significant differences (p <
0.05; Tukey HSD).
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Figure 3.23. Comparison C22:5n-3 fatty acid concentrations in muscle
tissue between habitat treatments. Letters indicate significant differences (p <
0.05; Tukey HSD).

Individuals from river channel sites (i.e. Moke and Sac) had lower
concentrations of FA like C14, C18:4n-3, C18:3n-3 and to a lesser degree C16,
and C16:1n-7. But, fish from Moke and Sac had relatively high concentrations of
C20:5n-3, C22:5n-3, and C22:6n-3. Overall, individuals from Moke and Sac had
individual FA concentrations that were similar to one another between sites for
most FA (i.e. C14, C16, C18, C16:1n-7, C18:1n-9, C18:2n-6, C18:4n-3, C18:3n-
3, C22:5n-3, and C22:6n-3). But, in cases where their FA concentrations were
significantly dissimilar (i.e. C20:4n-6, and C20:5n-3), fish from Sac had the higher

concentration. The mean concentration of FA in fish tissues from CosBeach and
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CosTri was similar for every FA. In general, fish from CosBeach and CosTri did
not have the highest concentrations of individual FA, nor did they have the

lowest.

Stable Isotopes in Fatty Acids

In addition to differences in concentrations, we also determined there were
differences in 5°H (ANOVA: F(11, 204) = 124.6; p < 0.05; n = 216; Figure 3.23), and
8'3C (ANOVA: F(11, 204) = 65.65; p < 0.05; n = 216; Figure 3.24) across all FA,

independent of site.
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Figure 3.24. Comparison the hydrogen isotope composition of fatty acids. Letters indicate significant differences (p
< 0.05; Tukey HSD).
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Overall, both 8'C and &°H spanned a relatively large range. 5'3C ranged
from -18.1%. to -46.8%., while 5°H ranged between -162.8%. and -304.4%o. In
general, variability in the 8'°C and 8°H of specific FA between habitats was
smaller than that of variability among FA within an individual. C18:1n-9 had the
highest average §'3C (-22.6 + 2.5%. ; n = 18), while C18:3n-3 (-39.4 +3.9%. ; n =
18) and C18:4n-3 (-41.6 + 3.2%. ; n = 18) had the lowest. In the case of §°H, the
FA C20:4n-6 (-168.6 + 4.1%. ; n = 18) had the highest values while C20:5n-3 (-
281.1 £ 13.5%0 ; n = 18) had the lowest. In some cases, FA with fewer double
bonds had higher 8°H and lower §'°C than their less saturated products (e.g. C16
and C16:1n-7, as well as C18:1n-9 and C18:2n-6). In other cases, the reverse
was true, 8'°C was higher and 3°H lower in FA with more double bonds (e.g. C18
and C18:1n-9). In general, the FA with the highest §'°C values were shorter and
more saturated, while FA with lower §'3C values were those with longer carbon
chains (> 18) and were PUFA.

When FA §'3C values were normalized using data from collocated
zooplankton we found that a significant number had values near, or above, O (i.e.
FA in fish had higher 8'3C values than their presumed bulk food source). We
determined that similar significant differences in 5'°C between habitat types as in
the non-normalized data remained after normalization (ANOVA: F(s, 210) = 9.979;
p < 0.05; n = 216). We further determined there were significant differences

between sites in the normalized §'°C of every FA measured (C14: F(s 12 = 20.61;
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C16: F(5, 12) = 25.81 ; C16:1n7: F(5, 12) = 57.17; C18: F(5, 12) = 42.7; C18:1n-9: F(5, 12)
=11.19; C18:2n-6: Fs5, 12 = 6.063; C18:3n-3: F(5, 12 = 18.33; C18:4n-3: F5, 12) =
17.64; C20:4n-6: F5 12) = 81.1; C20:5n-3: F(5, 12) = 31.4; C22:5n-3: F5, 12 = 27.47;

C22:6n-3: F(5,12) = 28.83; ANOVA: p < 0.05 and n=18; Figure 3.25 — Figure 3.36).
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Figure 3.26. Comparison of the normalized carbon isotope composition of C14:0
fatty acids between habitat treatments. Letters indicate significant differences (p
< 0.05; Tukey HSD).
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Figure 3.27. Comparison of the normalized carbon isotope composition of C16:0
fatty acids between habitat treatments. Letters indicate significant differences (p
< 0.05; Tukey HSD).
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Figure 3.28. Comparison of the normalized carbon isotope composition of
C16:1n-7 fatty acids between habitat treatments. Letters indicate significant
differences (p < 0.05; Tukey HSD).
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Figure 3.29. Comparison of the normalized carbon isotope composition of C18:0
fatty acids between habitat treatments. Letters indicate significant differences (p
< 0.05; Tukey HSD).
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Figure 3.30. Comparison of the normalized carbon isotope composition of
C18:1n-9 fatty acids between habitat treatments. Letters indicate significant
differences (p < 0.05; Tukey HSD).
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Figure 3.31. Comparison of the normalized carbon isotope composition of
C18:2n-6 fatty acids between habitat treatments. Letters indicate significant
differences (p < 0.05; Tukey HSD).
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Figure 3.32. Comparison of the normalized carbon isotope composition of
C20:4n-6 fatty acids between habitat treatments. Letters indicate significant
differences (p < 0.05; Tukey HSD).
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Figure 3.33. Comparison of the normalized carbon isotope composition of
C18:3n-3 fatty acids between habitat treatments. Letters indicate significant
differences (p < 0.05; Tukey HSD).
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Figure 3.34. Comparison of the normalized carbon isotope composition of
C18:4n-3 fatty acids between habitat treatments. Letters indicate significant
differences (p < 0.05; Tukey HSD).
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Figure 3.35. Comparison of the normalized carbon isotope composition of
C20:5n-3 fatty acids between habitat treatments. Letters indicate significant
differences (p < 0.05; Tukey HSD).
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Figure 3.36. Comparison of the normalized carbon isotope composition of
C22:5n-3 fatty acids between habitat treatments. Letters indicate significant
differences (p < 0.05; Tukey HSD).
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Figure 3.37. Comparison of the normalized carbon isotope composition of
C22:6n-3 fatty acids between habitat treatments. Letters indicate significant
differences (p < 0.05; Tukey HSD).

One feature of our normalized 5'°C data were high §'°C values in fish from
CosBeach and CosTri, relative to other sites. In direct comparison, CosTri
seemed to have slightly higher normalized §'C than CosBeach when comparing
individual FA (e.g. C20:4n-6). In most cases, though, CosBeach and CosTri FA-
8'3C were not significantly different from each other. Similarly, Moke and Sac FA-
8'3C differed only for C16:1n-7. However, the FA-8'3C values of Moke and Sac
fish were generally intermediate to the other sites. In contrast, we found that

individuals from Knaggs and Marsh tended to have particularly low normalized

FA-5'3C (e.g. C18), although this was not always significant.
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We determined there were also differences in the §°H of most individual FA
between sites (C14: Fs, 12 = 4.728; C16: F5 12 = 13.53; C16:1n7: F(5, 12) = 9.578;
C18: F(5,12 = 16.52; C18:1n-9: F(5 12) = 19.31; C18:2n-6: F (5 12) = 7.677; C18:4n-
3: F(5,12) = 5.564; C20:5n-3: F(5, 12) = 11.91; C22:5n-3: F5, 12) = 16.59; C22:6n-3:

F, 129 = 11.6; ANOVA: p < 0.05 and n=18; Figure 3.37 — 3.48). We did not find
significant differences in 8°H between sites for C18:3n-3 or C20:4n-6 and there
were no clear site-specific trends in the differences in §°H of FA. Considering the
FA for which we did find significant differences in 8°H across sites, it was usually
only one or two sites driving those significant differences. One common feature
of our 8°H data, apparent in a handful of FA (i.e. C14, C18, C22:5n-3, and
C22:6n-3), is that individuals from the Marsh site had FA-5°H that was
significantly lower than at every other site. 5°H of C16 and C18:1n-9, on the other
hand, was generally higher in fish from Knaggs than at any other site. Similarly,

8°H of C16:1n-7 was higher in fish from Moke and Knaggs than at other sites.
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Figure 3.38. Comparison of the hydrogen isotope composition of C14:0 fatty
acids between habitat treatments. Letters indicate significant differences (p <
0.05; Tukey HSD).
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Figure 3.39. Comparison of the hydrogen isotope composition of C16:0 fatty
acids between habitat treatments. Letters indicate significant differences (p <
0.05; Tukey HSD).
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Figure 3.40. Comparison of the hydrogen isotope composition of C16:1n-7 fatty
acids between habitat treatments. Letters indicate significant differences (p <
0.05; Tukey HSD).
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Figure 3.41. Comparison of the hydrogen isotope composition of C18:0 fatty
acids between habitat treatments. Letters indicate significant differences (p <
0.05; Tukey HSD).
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Figure 3.42. Comparison of the hydrogen isotope composition of C18:1n-9 fatty
acids between habitat treatments. Letters indicate significant differences (p <
0.05; Tukey HSD).
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Figure 3.43. Comparison of the hydrogen isotope composition of C18:2n-6 fatty
acids between habitat treatments. Letters indicate significant differences (p <
0.05; Tukey HSD).
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Figure 3.44. Comparison of the hydrogen isotope composition of C20:4n-6 fatty
acids between habitat treatments. Letters indicate significant differences (p <
0.05; Tukey HSD).
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Figure 3.45. Comparison of the hydrogen isotope composition of C18:3n-3 fatty
acids between habitat treatments. Letters indicate significant differences (p <
0.05; Tukey HSD).
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Figure 3.46. Comparison of the hydrogen isotope composition of C18:4n-3 fatty
acids between habitat treatments. Letters indicate significant differences (p <
0.05; Tukey HSD).
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Figure 3.47. Comparison of the hydrogen isotope composition of C20:5n-3 fatty
acids between habitat treatments. Letters indicate significant differences (p <
0.05; Tukey HSD).
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Figure 3.48. Comparison of the hydrogen isotope composition of C22:5n-3 fatty
acids between habitat treatments. Letters indicate significant differences (p <
0.05; Tukey HSD).
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Figure 3.49. Comparison of the hydrogen isotope composition of C22:6n-3 fatty
acids between habitat treatments. Letters indicate significant differences (p <
0.05; Tukey HSD).

Discussion
Fatty Acid Concentrations

Our results from bulk isotope analysis indicate discretion is necessary in
interpreting the FA data. The differences in the FA composition of our
experimental Chinook unequivocally point to differences in FA nutrition and/or
metabolism among our sites. However, the bulk carbon and nitrogen isotope
values for fish were generally too high, relative to available invertebrates. In light

of this observation, it seems unlikely that the FA measured in our Chinook
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muscle were entirely at steady state with the diet during enclosure. The observed
discrepancy between Chinook and SSJD dietary items is consistent with residual
influence of marine derived feeds provided at the hatchery. Specifically, it seems
that slow growing fish (e.g. Moke and Sac) had bulk isotope compositions most
dissimilar from the expectation, while faster growing fish had isotope
compositions closer to the expected value. This trend is consistent with either
decreasing tissue turnover times being associated with faster growth rates,
and/or greater dilution of antecedent biomass with biomass accumulated during
enclosure (Jobling, 2004; Robin et al., 2003). Nonetheless, this result indicates
that experiments examining FA in juvenile Chinook following a dietary shift
should run longer than 45 days. Previous work has demonstrated adequate
turnover in fish after a period of 12 weeks (Budge et al., 2012).

Despite incomplete turnover, our results indicate that FA nutrition of
Chinook salmon in the SSJD differs among habitats. As a result of a uniform
hatchery diet, we assume all the fish in our study had identical FA compositions
at the beginning of the experiment. However, after the 45-day enclosure period,
we measured significant differences in the concentrations and stable isotope
composition of FA in Chinook muscle tissues. Despite differences, all fish
analyzed had FA concentrations that were similar and consistent with prior
measurements in Chinook (Daly et al., 2010; Kiessling et al., 2005; Mjaavatten et

al., 1998). For example, saturated and monounsaturated FA were the most
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abundant FA, while n-3 and n-6 PUFA were less abundant. Also, n-3 PUFA had
higher concentrations than n-6, primarily due to relatively high concentrations of
C22:6n-3. These results are not adequate to fully describe nutritional differences
in SSJD prey items between habitats, but they do illustrate that utilization of
different habitats has an impact on the FA nutrition of Chinook in the SSJD.

We were surprised to find that, in general, fish from CosTri and CosBeach
did not have significantly increased concentrations of FA in their muscle tissue
relative to fish from Moke and Sac. However, morphometric results from this
experiment indicate that Knaggs and Marsh fish grew the most, followed by fish
from CosBeach and CosTri, while fish from Moke and Sac grew very little and
had low condition factors (Jeffres et al. in prep). Maintenance of similar FA
concentrations whilst putting on significantly more biomass suggests fish from
CosBeach and CosTri were more successful foragers than fish from Moke and
Sac. Similarly, it seems fish from Knaggs and Marsh were more probably

successful foragers than those from CosBeach and CosTri.

Stable Isotopes in Fatty Acids

Our results from carbon and hydrogen isotope analysis of FA indicate that
the origin of FA in Chinook muscle was similar among habitats. Overall,
differences in the isotope composition of FA among habitat types were small.

Taken together with our bulk data showing incomplete turnover of tissues, this
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overall result is unsurprising. Nevertheless, the isotope composition of FA across
habitats were not homogenous, although, we did not observe consistent,
extreme, differences in the isotope composition of FA in Chinook muscle tissue
among habitats that might indicate an entirely different source of primary
production was supporting fish (e.g. coupled methanogenesis-methanotrophy). It
is likely, however, that an extended enclosure, allowing for increased tissue (FA)
turnover/accumulation, would increase the magnitude of differences and provide
more compelling evidence for habitat specific differences in FA availability.

Overall, we found that our measurements of §'°C and &°H in FA were
consistent with prior measurements (Gladyshev et al., 2012; Pilecky et al., 2021).
With respect to §'°C, we found a parabolic relationship exists between FA size
and saturation vs. the carbon isotope composition. That is to say, moderate
length, mildly unsaturated, FA such as C18:3n-3 and C18:2n-3 tend to have
more negative 8'°C values than shorter, or more heavily desaturated FA (e.g.
C16 or C22:6n-3). Presumably, this is because elongation of FA involves addition
of '3C-depleted subunits while desaturation may involve preferential reaction of
3C. The opposite was observed for §°H. Short, saturated, FA were more
negative than moderate length, monounsaturated FA. Conversely, 5°H of long-
chain PUFA (e.g. C22:5n-3) was more negative.

Lipids typically have low 3'3C values, relative to bulk biomass, because

formation of acetyl-CoA discriminates strongly against °C (Hayes, 2001; Monson
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& Hayes, 1980). Therefore, inputs of de novo synthesized FA could have lower
FA §'°C, relative to stored FA. Our bulk results also indicate residual biomass
from before the enclosure began was generally '*C-enriched, relative to biomass
accumulated during the experiment. For this reason, we feel confident that either
increasing the flux of lipids routed from the diet, or synthesized de novo, would
lead to decreases in the §'°C of FA.

De novo synthesis, or in situ alteration, may also introduce FA with lower
8°H. Half of FA hydrogen comes from NADPH. The hydrogen in NADPH is
generally derived from dehydrogenase reactions during catabolic central
metabolism (i.e. TCA cycle and the oxidative pentose phosphate cycle), although
some NADPH is produced via transhydrogenation of NADH; the remaining half of
hydrogen atoms in FA are sourced from intracellular water, due to exchange
during synthesis, and acetyl-CoA (Seyama et al., 1977; Wijker et al., 2019).
Presumably, residual FA from marine derived hatchery foods would have more
positive 8°H than FA accumulated during enclosure as ocean waters §°H value is
0%o while SSJD waters have negative 5°H, closer to -80%. (Tomkovic et al.,
2020).

Saturated and MUFA in fish from Marsh and Knaggs often had low
normalized 8'°C and &°H, relative to other sites. On the other hand, FA from
CosTri and CosBeach had relatively high 8'3C in their FA, although &°H tended to

be similar to other sites. Fish from CosBeach and CosTri may have been well
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enough rationed to subsist on a combination of dietary and stored lipids, but not
well enough to engage in significant de novo synthesis or deposition, leading to
the positive 8'°C values observed in those individuals. Fish from Moke and Sac
had 5'°C values more similar to those from Knaggs and Marsh, potentially
indicating increased de novo synthesis in those individuals as well. However,
given the differences in FA content, the circumstances initiating FA synthesis
may have been different. For fish from Marsh and Knaggs, increasing de novo
synthesis of FA makes sense in order to stockpile energy and biomass, while fish
from other sites may not have had excess energy, and metabolites, to direct
towards anabolism. Data on the isotope composition of FA in their original
hatchery food sources, as well as local sources, could help disentangle whether
differences in isotopes are linked to dietary, or metabolic, differences.

In response to abundant food, fish from Marsh may have been stockpiling excess
intake as lipid reserves. Fish from Moke and Sac, on the other hand, may have
consumed their lipid reserves during the enclosure period to stave off starvation
and began FA synthesis to maintain FA tissue concentrations. Early mobilization
of lipid stores would have ramifications for early marine success. In situations
where freshwater habitats are low quality, an early escape to marine or estuarine
habitats might afford access to better foraging opportunities. Through this means,
low foraging success early on in life might be offset by later growth, despite the

increased risk of predation due to early emigration (i.e. small size). On the other
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hand, accelerated consumption of lipid stores could result in earlier starvation if
higher quality foraging opportunities aren’t found.

The similarity in lipid concentrations between fish from CosTri, CosBeach,
Moke, and Sac despite differences in growth indicate that the observed
concentrations may have been maintained at the expense of growth. The high
amount of C22:6n-3 in fish from Sac, in contrast to their generally lackluster FA
content, also supports this hypothesis, as this PUFA may have been mobilized
from lipid stores (i.e. adipose tissue) accumulated during hatchery residence
when n-3 PUFA were more common in the diet. The lack of significant biomass
accumulation may have helped to concentrate preferentially retained C22:6n-3 in
the muscle tissue of these fish. Whether this C22:6n-3 was mobilized to provide
energy, or for its bioactive properties, is unknown.

One potential reason for the seeming accumulation of n-3 PUFA in fish
from Sac is related to accelerated outmigration. These fish may have initiated
signaling pathways to begin smoltification earlier than fish from other sites due to
their residence in relatively poor freshwater habitat. During smoltification,
Chinook undergo a complex series of biochemical, behavioral, and physical
changes to prepare themselves for marine conditions (Hoar, 1988; Stefansson et
al., 2008). There is evidence that tissue FA profiles are altered preemptively to
include greater proportions of n-3 FA during the transition to seawater and

catabolism of lipid stores increases to provide energy for the physiological and
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chemical changes taking place (Bell et al., 1996). However, accelerated
smoltification seems unlikely, as biophysical factors are thought to be less
important than seasonal cues (e.g. water temperature and photoperiod) (Marine
& Cech, 2004; Pereira & Adelman, 1985).

We found consistently more positive 3°H values in the FA C20:4n-6. A
potential cause for this is that C20:4n-6 tends to be more abundant in terrestrial
resources, which are also likely to have more positive §°H. While §°H was
generally uniform among treatments, 5'C of C20:4n-6 varied approximately 10%o
between habitats. This could be due to increased oxidation of residual C20:4n-6
in some individuals, which may not affect 8°H and does not necessitate a dietary
source of C20:4n-6. This, however, seems unlikely as concentrations of C20:4n-
6 were generally similar across treatments. This situation would be impossible to
maintain if oxidation were greater in some subjects with no reciprocal increase in
supply. Excess C20:4n-6 available in the diet could drive differences in the
carbon isotope composition of the FA among treatments. That said, synthesis of
C20:4n-6 from precursor FA is still supported by the data. A similar trend among
treatments in the 8'C of FA was evident in both C20:4n-6 and its EFA precursor
C18:2n-6, suggesting these differences were conserved during biosynthetic
alteration. Nonetheless, it remains unclear whether the C20:4n-6 measured in
our samples was residual material from hatchery rationing, derived from local

dietary items, or synthesized from precursors.
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Analysis of other n-6 FA would provide insight into the differences in the
FA isotope composition introduced during sequential alteration, however their low
abundance in our samples made this infeasible. If differences in the carbon
isotope composition of C20:4n-6 were driven primarily by differences in synthesis
flux, this result confirms that elongation of C18:3n-6 to C20:3n-6 does involve
addition of 13C-depleted carbon subunits since C22:4n-6 had more negative
8'3C than its measured precursor (C18:2n-6). Assuming these differences were
driven by biosynthetic flux differences, our data are also consistent with addition
of ?H-enriched hydrogen from NADPH as C20:4n-6 had more positive §°H than

C18:2n-6.

Conclusion

The FA data are complex. We are unable to definitively resolve whether
differences were principally driven by differences in the composition of dietary
items or availability of similar dietary items. Data on the FA composition of
potential food sources and the initial composition of incubated fish could provide
more context for the differences observed between treatments. It is also unclear
whether wild populations and hatchery derived fish have similar FA requirements.
Nonetheless, these analyses indicate that there are differences in the FA

nutrition of Chinook salmon rearing in different habitats in the SSJD.
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Overall, our results provide support for the importance of off-channel
rearing habitats for juvenile Chinook in the SSJD. However, our results also
highlight the mixed quality of off-channel habitats for Chinook rearing. Fish from
our off-channel treatments, such as the Yolo Bypass (Marsh) and Knaggs Ranch
maintained higher tissue FA concentrations than fish in the river channel. On the
other hand, fish from other off-channel treatments (i.e., CosTri and CosBeach)
did not maintain higher tissue FA concentrations. The reason we did not observe
increased FA concentrations in individuals from CosTri and CosBeach is not
clear. Evidently, not all off-channel or floodplain habitats, provide equal benefits
relative to rearing in the river channel. Regardless of biomass accumulation, the
benefits of adequate FA nutrition include both increased somatic growth, healthy
development, and potentially greater stored energy reserves (i.e. lipid storage).
Continuing to tease apart differences in rearing habitat quality in the SSJD is an

important step in managing Chinook populations.
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Appendices

Appendix 1.1. Plot of residuals vs predicted values used to assess model (PC1
Regression) assumptions of homoscedasticity. No systematic patterns are
apparent.
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Appendix 1.2. Plot of residuals vs predicted values used to assess model (PC2
Regression) assumptions of homoscedasticity. No systematic patterns are
apparent.
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Appendix 1.3. Chlorophyll-a concentration through time. Different habitat types

are shown with different colors and symbols.

Chlorophyll-a (ug/L)

°
20 1
Pre-Breach Flood Post-Repair
°
154 g
.
e o L
N .
104 ® ®
o
L ] ° e °
.
. °
° ., °
54 °
° .
'o"o. lA.= ¢ e (o '0.
L]
¢ o ° 3le a2 i LS So
] °
LIS ' . I em m
. . i i li ﬂ
't AN T T Roaiid
O-

Nov'16 Dec'16

Date

226

Jan'17 Feb"7 Mar17 Apr'17 May"7 Jun"7 Jul"17

Type
= Riverine
e Slough
4 Off-Channel



LTT

Appendix 1.4a. Table of Kendall correlation coefficients for POM and water quality data at river sites. Significance

was assessed at P < 0.05. Water temperature abbreviated to “W.T.”

Dissolved Oxygen

Riverine: Pre-Breach | C:N Ratio §°C  §'°N W.T.(°C)  Chlorophyll-a (ug/L) Turbidity (FNU) (% Saturation) Q
C:N Ratio - N.S. -0.42 N.S. N.S. N.S. 0.22 N.S.
5'°C N.S. - N.S. -0.26 0.33 0.42 N.S. 0.53
§"°N -0.42 N.S. - 0.23 N.S. -0.36 N.S. -0.23
W.T. (°C) N.S. -0.26 0.23 - -0.3 -0.4 N.S. -0.33
Chlorophyll-a (ug/L) N.S. 0.33 N.S. -0.3 - 0.55 N.S. 0.49
Turbidity (FNU) N.S. 0.42 -0.36 -0.4 0.55 - -0.24 0.72
Dissolved Oxygen 022 NS. NS. N.S. N.S. -0.24 - N.S.

(% Saturation)
Q N.S. 0.53 -0.23 -0.33 0.49 0.72 N.S. -
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Appendix 1.4b. Table of Kendall correlation coefficients for POM and water quality data at river sites. Significance
was assessed at P < 0.05. Water temperature abbreviated to “W.T.”

5'*C

5N

Dissolved Oxygen

Riverine: Flood C:N Ratio W.T. (°C)  Chlorophyll-a (ug/L) Turbidity (FNU) (% Saturation) Q
C:N Ratio - -0.32 -0.38 -0.31 N.S. 0.38 N.S. 0.38
5'°C -0.32 - 023 N.S. N.S. -0.27 0.55 N.S.
§"°N -0.38 023 - 0.43 -0.35 -0.5 N.S. -0.4
W.T. (°C) -0.31 N.S. 0.43 - -0.29 -0.36 -0.27 -0.41
Chlorophyll-a (ng/L) N.S. N.S. -0.35 -0.29 - 0.58 N.S. 0.27
Turbidity (FNU) 0.38 027 -05 -0.36 0.58 - N.S. 0.50
Dissolved Oxygen N.S. 055 N.S. -0.27 N.S. N.S. - N.S.

(% Saturation)
Q 0.38 N.S. -0.4 -0.41 0.27 0.50 N.S. -
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Appendix 1.4c Table of Kendall correlation coefficients for POM and water quality data at river sites. Significance
was assessed at P < 0.05. Water temperature abbreviated to “W.T.”

Dissolved Oxygen

. . ) _ . . . 13 15 ° _ . e
Riverine: Post-Repair | C:N Ratio 6 °C 6°N W.T. (°C) Chlorophyll-a (ug/L) Turbidity (FNU) (% Saturation) Q
C:N Ratio - -0.34 -0.6 -0.27 N.S. N.S. N.S. 0.29
5'°C -0.34 - N.S. N.S. N.S. N.S. 0.33 N.S.
15 =
§"°N -0.6 N.S. - 0.32 N.S. N.S. N.S. 0.44
W.T. (°C) -0.27 N.S. 0.32 - N.S. 0.45 -0.54 0 ;56
Chlorophyll-a (ug/L) N.S. N.S. N.S. N.S. - N.S. -0.27 N.S.
Turbidity (FNU) N.S. N.S. N.S. 0.45 N.S. - -0.65 N.S.
Dissolved Oxygen N.S. 033 N.S. -0.54 -0.27 -0.65 - N.S.
(% Saturation)
Q 0.29 N.S. -0.44 -0.66 N.S. N.S. N.S. -




0¢€¢

Dissolved Oxygen

. - . . 13 15 ° _ L
Slough: Pre-Breach C:NRatio 3°C 8°N W.T.(°C) Chlorophyll-a (ug/L) Turbidity (FNU) (% Saturation) Q
C:N Ratio - N.S. N.S. N.S. N.S. 0.23 N.S. N.S.
§'°C N.S. - -052 -0.36 N.S. 0.34 N.S. 0.44
§"N N.S. 052 - 0.22 N.S. -0.47 N.S. -0.4
Water Temperature (°C) N.S. -0.36 0.22 - N.S. -04 N.S. -0.49
Chlorophyll-a (ug/L) N.S. N.S. N.S. N.S. - 0.3 -0.26 N.S.
Turbidity (FNU) 0.23 0.34 -0.47 -04 0.3 - N.S. 0.8
Dissolved Oxygen N.S. NS. NS. NS. -0.26 N.S. - N.S.
(% Saturation)
Q N.S. 0.44 -04 -0.49 N.S. 0.8 N.S. -

Appendix 1.5a. Table of Kendall correlation coefficients for POM and water quality data at slough sites.
Significance was assessed at P < 0.05. Water temperature abbreviated to “W.T.”
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Appendix 1.5b. Table of Kendall correlation coefficients for POM and water quality data at slough sites.
Significance was assessed at P < 0.05. Water temperature abbreviated to “W.T.”

Slough: Post-Repair C:NRatio §”C &N W.T.(°C) Chlorophyll-a (ug/L) Turbidity (FNU) D.O. Q
C:N Ratio - -0.27 -0.4 N.S. N.S. N.S. N.S. N.S.
§'°C -0.27 - NS. -025 N.S. -0.26 N.S. N.S.
§"N -0.4 N.S. - 0.33 N.S. N.S. N.S. -0.55
W.T. (°C) N.S. -0.25 0.33 - 0.66 0.55 0.25 -0.62
Chlorophyll-a (ug/L) N.S. N.S. N.S. 0.66 - 0.55 N.S. -0.42
Turbidity (FNU) N.S. -0.26  N.S. 0.55 0.55 - N.S. -0.38
Dissolved Oxygen (% Saturation) N.S. N.S. N.S. 0.25 N.S. N.S. - -0.33
Q N.S. N.S. -055 -0.62 -0.42 -0.38 -0.33 -
Appendix 1.5c¢. Table of Kendall correlation coefficients for POM and water quality data at slough sites.
Significance was assessed at P < 0.05. Water temperature abbreviated to “W.T.”
. . : 13 15 o ) - D.O.
Slough: Flood C:NRatio 3°C 8°N W.T.(°C) Chlorophyll-a (ug/L) Turbidity (FNU) (% Saturation)
C:N Ratio - N.S. -0.35 N.S. N.S. 0.24 N.S. N.S.
5'°C N.S. - -0.3 -0.3 -0.38 0.3 N.S. 0.32
8N -0.35 -0.3 - 0.35 N.S. -0.43 N.S. -0.36
W.T. (°C) N.S. 0.3 0.35 - N.S. -0.39 N.S. -0.44
Chlorophyll-a (ug/L) N.S. -0.38 N.S. N.S. - N.S. N.S. N.S.
Turbidity (FNU) 0.24 0.3 -043  -0.39 N.S. - N.S. 0.36
Dissolved Oxygen NS. NS. NS. NS N.S. N.S. - N.S.
(% Saturation)
Q N.S. 0.32 -0.36 -0.44 N.S. 0.36 N.S. -
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D.O.

Off-Channel: Flood F?at’fo 5%C "N W.T. (°C) Ch"(’ro'cl’[‘f’ l-a T(“Frz'ﬂ';y (% Q
K9 Saturation)
C:N Ratio - -0.31  -0.27 -0.27 N.S. 0.33 -0.45 0.44
5'3C -0.31 - N.S. N.S. 0.24 N.S. N.S. N.S.
5N -0.27 N.S. - 0.33 -0.22 -0.36 0.24 -0.4
W.T. (°C) 027 N.S. 0.33 - N.S. -0.55 0.31 0.44
Chlorophyll-a (ng/L) N.S. 0.24 -0.22 N.S. - 0.29 N.S. -0.4
Turbidity (FNU) 033 N.S. -0.36 -0.55 0.29 - -0.49 0 ;17
Dissolved Oxygen Percent i i i -
Saturation 045 N.S. 0.24 0.31 N.S. 0.49 0.23
Q 0.44 N.S. -0.4 -0.44 -0.4 0.47 -0.23 -

Appendix 1.6. Table of Kendall correlation coefficients for POM and water quality data at off-channel sites.
Significance was assessed at P < 0.05. Water temperature abbreviated to “W.T.”




Appendix 1.7. Tabular summary of principal component analysis variable
loadings and proportions of explained variance.
Variable PCA1 PC2 PC3 PC4 PC5

Chlorophyll-a (ug/L) | 0.114 -0.736 0.376 -0.073 -0.547

C:N Ratio 0.491 -0.045 -0.725 0.301 -0.375
Carbon-13 0.276 0.617 0.503 0.275 -0.464
Nitrogen-15 -0.577 -0.132 -0.017 0.803 -0.062

Turbidity (FNU) 0.580 -0.243 0.283 0.428 0.584
Standard Deviation 1.42 1.2 0.91 0.68 0.50
Variance Explained | 40%  29% 17% 9% 5%

Cumulative Variance | 40% 69% 86% 95% 100%

Appendix 1.8 Results from perMANOVA test on POM composition data. Here we
test for the effect of time period (as fixed factors), with data grouped by different
habitat type(s). A significant result means that POM in that habitat type
significantly changed its multivariate centroid location (composition) as a function
of time. Significance was determined at P < 0.01.

River Sites | Slough Sites | River + Slough + Off-
perMANOVA Alone Alone Channel

Effect of

Time F2,116=4.7 F2,106 =8.4 FQ, 274 = 10.5
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Appendix 2.1a. Coordinates of Sacramento-San Joaquin river delta field
collection sites where wild fish were collected for stable isotope analysis.

Wild Fish Collection Lat. Lon.

Cosumnes, 2016 38.271953 -121.39596
MWT, 2017 38.271953 -121.489057
Cosumnes, 2018 38.271953 -121.39596

Appendix 2.1b. Coordinates of experimental Chinook salmon enclosures..

Site Lat. Lon.

CosBeach 38.26040376 -121.4236662
CosTri 38.27143766 -121.3966422
Knaggs 38.70598537 -121.6436053
Marsh 38.33034535 -121.6722033
Moke 38.25472096 -121.4295373
Sac 38.67367855 -121.6272913

Appendix 2.2a. Coordinates of particulate organic matter collections contributing
to the river derived aggregate particulate organic matter sample.

POM "R" Latitude Longitude

MOK 38.254617 -121.429978
COS 38.257989 -121.431031
CFL 38.255261 -121.438600
MWT 38.258989 -121.461331

Appendix 2.2b. Coordinates of particulate organic matter collections contributing
to the deltaic (i.e. off-channel and intertidal) aggregate particulate organic matter
sample.

POM "D" Latitude Longitude

LST 38.264542 -121.463408
MST 38.268365 -121.483754
DCC 38.245700 -121.506989
SGS 38.265875 -121.497989
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Appendix 2.2c. Coordinates of particulate organic matter collections contributing
to the floodplain derived aggregate particulate organic matter sample.

POM "F" Latitude Longitude

A2 38.265796  -121.472408
Cc2 38.247223  -121.483909
SE 38.229917  -121.492504
DC 38.241303 -121.5495154
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Appendix 2.3.

Description of compound specific carbon isotope data sources.

Class
Algae (n) Bacteria (n)  Fungi (n) Plant (n) Total
o Larsen et al. 2009 0 10 13 9 32
g Larsen et al. 2012 2 0 0 0 2
3 | Larsenetal. 2013 25 0 0 0 25
Thorp et al. 2016 1 1 1 2 5
Total 28 11 14 11 54

Appendix 2.4a. Carbon isotope composition, and standard deviation, of non-essential amino acids in primary

producers.

Simple Name Scientific Name Ala alasd Asx asxsd GIx gixsd Gly glysd Pro prosd Ser sersd
Alder Alnus sp. -202 02 -275 0.1 -29.0 03 -10.0 0.1 -276 0.1 -36 0.2
Algae Not Identified -8.5 0.3 -8.0 0.2 -9.9 0.2 -8.4 06 -16.8 0.2 NA NA
Blackberry Rubus sp. -235 01 -244 0.1 -28.8 041 -10.8 0.2 -253 01 NA NA
Egeria Egeria sp. 242 0.2 -20.9 0.4 -29.7 03 -16.6 01 -29.0 0.2 NA NA
Hyacinth Eichornia crassipes -144 03 -13.7 0.3 -186 0.2 -0.5 06 -17.8 0.1 NA NA
Ludwigia Ludwigia sp. -232 03 -21.1 0.1 -239 02 -164 041 -26.3 041 NA NA
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Appendix 2.4b. Carbon isotope composition, and standard deviation, of essential amino acids in primary producers.

Simple Name Scientific Name lle ilesd Leu leusd Lys lyssd Phe phesd Thr thrsd Val valsd
Alder Alnus sp. -30.1 0.2 -40.1 03 -258 041 -30.1 0.1 -109 0.2 -289 0.2
Algae Not Identified -13.0 03 -196 0.2 NA NA -18.4 0.2 NA NA -152 03
Blackberry Rubus sp. -265 1.0 -379 03 -242 01 -26.0 0.1 NA NA -30.6 05
Egeria Egeria sp. 272 NA -356 05 NA NA -27.9 0.2 NA NA -322 0.6
Hyacinth Eichornia crassipes -19.5 0.8 -27.3 03 -178 0.1 -19.8 0.1 NA NA -28.7 04
Ludwigia Ludwigia sp. -26.2 0.1 -36.1 0.1 NA NA -27.9 0.2 NA NA -30.0 0.2
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Appendix 2.5. Carbon isotope composition of essential and nonessential amino acids in fish and invertebrates.

Essential Non-Essential

j
- - a Species
| :

E Black Crappie

-20 1

& : Bluegill
e . . $ - ﬁ Bullhead
“© - °
g q F3 sac. Splittail
$ E Striped Bass
30 - 8 ¢ Zooplankton

lle Lelzu Lys Phe Thr Val Ala Asx GIx Gly Pro Ser
Amino Acid



Appendix 2.6. Loadings and explained variance from linear discriminant analysis.

AA/LD LD1 LD2 LD3
lle 1.195 1.33 -0.275
Phe 1.927 0.588 2.125
Val 0.493 0.653 -0.086
Leu -1.826 -0.301 1.714

Gly 0.958 -0.519 0.721
Proportion | 0.5181 0.3671 0.1148

Appendix 2.7. Confusion matrix for leave one out validation of our linear

discriminant model.

Predicted
Algae Bacteria Fungi Plant
Algae 0 2 1
S | Bacteria 9 0 0
E’ Fungi 0 11 0
Plant 0 1 10
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Appendix 2.8. Projection of data from local producers into the linear discriminant space describing variation in the
carbon isotope composition.

5.0 -

Sample

Alder
Algae
Blackberry
Egeria
Hyacinth
Ludwigia

-----
- ~

2.5

O+k¥BXO

0.0 -

LD2

Group

— Algae
Bacteria
--- Fungi
-5.0 1 “pecorl -- Plant

-50 -25 00 25 5.0

-2.5 -
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Appendix 2.9. Projection of data from POM into the linear discriminant space describing variation in the carbon
isotope composition of amino acids.

5.0 1
------ POM Source
05d /i ® Floodplain
el A |ntertidal
B River
AN :
9 0.0 1
Group
— Algae
-2.5- ---- Bacteria
-- Fungi
| ) -- Plant
_5.0- 1 \~; ----- - ] I

50 -25 00 25 5.0
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Appendix 2.10. Class assignment from linear discriminant analysis of particulate organic matter samples, broken
down by habitat of origin for the particulate organic matter.

4-

POM Source
€ Floodplain
>3 2 -

8 Intertidal
River
1 -
o -

Alg;ae

Fungi Plant
Predicted Classification
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Appendix 2.11. Distribution of average estimates for source contributions to POM from FRUITS mixing model.

D

O_ ‘A‘A

0.00 025 050 0.75
Proportion (FRUITS)

Source
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Appendix 3.1. Overview of bulk carbon and nitrogen stable isotope

measurements in fish, invertebrates, producers, and litter collected in the
Sacramento-San Joaquin Delta. Litter samples are differentiated from live
samples with “(L).”

Date 8BC  &°N Info C:N Lat. Lon.

51717 -19.8 7.8 Algae 19.6 38.2457 -121.5070
51717 -22.7 5.7 Algae 10.8 38.2517 -121.4888
4/2717 -18.6 6.9 Algae 16.6 38.2645 -121.4634
4/3/19 -26.8 10.6 Chinook 3.9 38.2604 -121.4237
4/3/19 -27.3 10.8 Chinook 3.9 38.2604 -121.4237
4/3/19 -26.4 10.8 Chinook 3.8 38.2604 -121.4237
4/3/19 -26.4 10.8 Chinook 3.8 38.2604 -121.4237
4/3/19 -27.7 10.8 Chinook 40 38.2604 -121.4237
4/3/19 -25.7 10.8 Chinook 3.8 38.2604 -121.4237
4/3/19 -25.6 10.9 Chinook 40 38.2604 -121.4237
4/3/19 -25.7 10.9 Chinook 3.9 38.2604 -121.4237
4/3/19 -25.9 10.9 Chinook 3.8 38.2604 -121.4237
4/3/19 -25.4 11.0 Chinook 3.9 38.2604 -121.4237
4/3/19 -26.3 11.0 Chinook 3.8 38.2604 -121.4237
4/3/19 -25.9 11.0 Chinook 3.8 38.2604 -121.4237
4/3/19 -26.5 11.0 Chinook 3.9 38.2604 -121.4237
4/3/19 -25.1 111 Chinook 3.9 38.2604 -121.4237
4/3/19 -26.8 11.1 Chinook 3.8 38.2604 -121.4237
4/2/19 -24.6 10.9 Chinook 3.8 38.2714 -121.3966
4/2/19 -24.7 10.9 Chinook 3.8 38.2714 -121.3966
4/2/19 -25.2 11.0 Chinook 40 38.2714 -121.3966
4/2/19 -23.7 11.0 Chinook 3.8 38.2714 -121.3966
4/2/19 -24.6 11.0 Chinook 3.8 38.2714 -121.3966
4/2/19 -24.6 11.0 Chinook 3.8 38.2714 -121.3966
4/2/19 -24.2 11.0 Chinook 3.8 38.2714 -121.3966
4/2/19 -24.4 11.2 Chinook 3.8 38.2714 -121.3966
4/2/19 -23.5 11.2 Chinook 3.8 38.2714 -121.3966
4/2/19 -24.9 11.2 Chinook 3.8 38.2714 -121.3966
4/2/19 -23.9 11.2 Chinook 3.8 38.2714 -121.3966
4/2/19 246 114 Chinook 3.9 38.2714 -121.3966

NA 275 114 Blueqill 3.8 38.2714 -121.3966

NA -284 11.7 Blueqill 3.8 38.2714 -121.3966

NA -27.3 11.9 Blueqill 3.7 38.2714 -121.3966

NA -28.8 12.0 Blueqill 3.8 38.2714 -121.3966

NA -27.1 113 Black Bullhead NA 38.2714 -121.3966
4/M12/18 -26.7 11.2 Chinook NA 38.2714 -121.3966
4/12/18 -26.1 11.2 Chinook NA 38.2714 -121.3966
41218 -27.0 121 Chinook NA 38.2714 -121.3966
4/13/18 -27.3 10.3 Chinook NA 38.2714 -121.3966
4/13/18 -27.6 10.6 Chinook NA 38.2714 -121.3966
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Date 8BC  &°N Info C:N Lat. Lon.

4/13/18 -27.2 10.7 Chinook NA 38.2714 -121.3966
4/13/18 -26.8 10.7 Chinook NA 38.2714 -121.3966
4/13/18 -26.7 10.8 Chinook NA 38.2714 -121.3966
4/13/18 -28.0 10.8 Chinook NA 38.2714 -121.3966
4/13/18 -27.4 11.0 Chinook NA 38.2714 -121.3966
4/13/18 -27.1 11.1 Chinook NA 38.2714 -121.3966
4/13/18 -26.9 11.1 Chinook NA 38.2714 -121.3966
414118 -27.1 11.0 Chinook NA 38.2714 -121.3966
4/14118 -27.5 11.1 Chinook NA 38.2714 -121.3966
4/15/18 -28.2 10.6 Chinook NA 38.2714 -121.3966
4/15/18 -27.8 10.6 Chinook NA 38.2714 -121.3966
4/15/18 -27.8 10.9 Chinook NA 38.2714 -121.3966
4/15/18 -26.8 11.0 Chinook NA 38.2714 -121.3966
4/16/18 -26.5 11.3 Chinook NA 38.2714 -121.3966
4/16/18 -27.0 115 Chinook NA 38.2714 -121.3966
4/24/18 -28.4 11.0 Chinook NA 38.2714 -121.3966
4/24/18 -27.5 11.4 Chinook NA 38.2714 -121.3966
4/25/18 -28.1 11.3 Chinook NA 38.2714 -121.3966
4/27118 -26.7 11.0 Chinook NA 38.2714 -121.3966
4/28/18 -27.7 10.5 Chinook NA 38.2714 -121.3966
4/30/18 -284 9.6 Chinook NA 38.2714 -121.3966
5118 -27.7 10.3 Chinook NA 38.2714 -121.3966
5/1/18 -28.4 11.0 Chinook NA 38.2714 -121.3966
5/2/18 -29.1 10.3 Chinook NA 38.2714 -121.3966
5/218 -27.5 10.4 Chinook NA 38.2714 -121.3966
5/2/18 -27.8 10.6 Chinook NA 38.2714 -121.3966
5/4/18 -27.6 10.5 Chinook NA 38.2714 -121.3966
4/219  -27.9 10.2 Chinook 3.8 38.7060 -121.6436
4/219 -27.2 10.2 Chinook 3.8 38.7060 -121.6436
4/219 -27.9 10.4 Chinook 3.9 38.7060 -121.6436
4/219 -28.5 10.5 Chinook 3.9 38.7060 -121.6436
4/219 -28.0 10.5 Chinook 3.9 38.7060 -121.6436
4/219 -28.0 10.5 Chinook 3.8 38.7060 -121.6436
4/219 -28.3 10.5 Chinook 3.7 38.7060 -121.6436
4/219 -28.1 10.5 Chinook 3.8 38.7060 -121.6436
4/219 -28.0 10.5 Chinook 3.8 38.7060 -121.6436
4/219 -27.5 10.5 Chinook 3.9 38.7060 -121.6436
4/219 -28.9 10.7 Chinook 3.9 38.7060 -121.6436
4/219 -28.1 10.8 Chinook 4.0 38.7060 -121.6436
4/219 -28.4 10.8 Chinook 42 38.7060 -121.6436
4/219 -28.5 10.8 Chinook 4.0 38.7060 -121.6436
4/219 -28.9 10.8 Chinook 3.9 38.7060 -121.6436
4/219 -28.2 10.9 Chinook 3.8 38.7060 -121.6436
5/10/16 -19.4 18.1 American Shad 3.6 38.3131 -121.3788
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Date 8C &N Info C:N Lat. Lon.
4/28/16 -29.4 11.1 Black Bullhead 3.7 38.3131 -121.3788
4/28/16 -26.9 12.3 Black Bullhead 3.5 38.3131 -121.3788
5/10/16 -23.2 13.6 Black Bullhead 3.5 38.3131 -121.3788
5/10/16 -25.6 13.6 Black Bullhead 3.8 38.3131 -121.3788
5/24/16 -30.3 9.1 Black Crappie 3.7 38.3131 -121.3788
5/24/16 -27.8 9.7 Bluegill 3.6 38.3131 -121.3788
5M12/16 -23.7 9.2 Chinook 3.6 38.3131 -121.3788
51216 -229 9.9 Chinook 3.6 38.3131 -121.3788
5/13/16 -24.1 9.6 Chinook 3.5 38.3131 -121.3788
5/13/16 -24.0 9.9 Chinook 3.8 38.3131 -121.3788
5/13/16 -23.9 10.0 Chinook 3.6 38.3131 -121.3788
5/13/16 -24.0 10.3 Chinook 3.7 38.3131 -121.3788
5/13/16 -23.8 10.4 Chinook 3.5 38.3131 -121.3788
51716 -23.0 9.2 Chinook 3.6 38.3131 -121.3788
517/16 -23.8 9.4 Chinook 3.7 38.3131 -121.3788
5/18/16 -24.2 9.6 Chinook 3.6 38.3131 -121.3788
5/18/16 -22.9 9.6 Chinook 3.5 38.3131 -121.3788
5/18/16 -24.1 9.8 Chinook 3.8 38.3131 -121.3788
5/18/16 -24.4 9.9 Chinook 3.6 38.3131 -121.3788
5/18/16 -22.8 10.3 Chinook 3.6 38.3131 -121.3788
5/18/16 -23.9 10.4 Chinook 3.6 38.3131 -121.3788
5/19/16 -23.6 9.8 Chinook 3.6 38.3131 -121.3788
5/19/16 -22.8 9.8 Chinook 3.6 38.3131 -121.3788
5/19/16 -23.9 10.2 Chinook 3.6 38.3131 -121.3788
5/20/16 -22.9 9.6 Chinook 3.7 38.3131 -121.3788
5/24/16 -23.6 9.8 Chinook 3.7 38.3131 -121.3788
5/24/16 -24.1 10.2 Chinook 3.6 38.3131 -121.3788
5/25/16 -25.0 10.2 Chinook 3.7 38.3131 -121.3788
5/24/16 -25.0 12.0 Log Perch 3.7 38.3131 -121.3788
4/6/16  -23.0 9.1 Pikeminnow 3.8 38.3131 -121.3788
3/25/16 -22.4 7.2 Rainbow Trout 3.5 38.3131 -121.3788
3/30/16 -25.1 15.2 Red Ear Sunfish 3.8 38.3131 -121.3788
3/30/16 -20.6 15.3 Red Ear Sunfish 3.9 38.3131 -121.3788
3/30/16 -26.9 154 Red Ear Sunfish 3.7 38.3131 -121.3788
4/6/16 -28.4 12.3 Red Ear Sunfish 3.7 38.3131 -121.3788
4/6/16 -24.5 13.8 Red Ear Sunfish 3.7 38.3131 -121.3788
4/6/16  -30.5 14.1 Red Ear Sunfish 3.6 38.3131 -121.3788
3/25/16 -25.7 15.3 Sacramento Sucker 3.8 38.3131 -121.3788
5/6/16 -26.2 15.3 Striped Bass 3.8 38.3131 -121.3788
5/6/16 -25.2 16.7 Striped Bass 3.6 38.3131 -121.3788
5/19/16 -26.3 14.2 Striped Bass 3.5 38.3131 -121.3788
5/19/16 -23.4 15.8 Striped Bass 3.7 38.3131 -121.3788
5/19/16 -19.3 17.6 Striped Bass 3.6 38.3131 -121.3788
4/28/16 -25.6 11.6 White Catfish 3.7 38.3131 -121.3788
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4/28/16 -26.9 14.2 White Catfish 3.7 38.3131 -121.3788
5/5/16 -26.0 13.2 White Catfish 3.5 38.3131 -121.3788
51116 -27.5 11.3 White Catfish 3.8 38.3131 -121.3788
511/16 -26.1 12.6 White Catfish 3.8 38.3131 -121.3788
5/20/16 -23.9 12.2 White Catfish 3.8 38.3131 -121.3788
5/20/16 -25.3 12.5 White Catfish 3.5 38.3131 -121.3788
5/20/16 -27.5 13.0 White Catfish 3.7 38.3131 -121.3788
5/20/16 -23.6 13.6 White Catfish 3.6 38.3131 -121.3788
5/20/16 -26.8 16.5 White Catfish 2.2 38.3131 -121.3788
4/3/19 -22.9 10.0 Chinook Salmon 3.9 38.2547 -121.4295
4/3/19 -24.4 10.0 Chinook Salmon 3.8 38.2547 -121.4295
4/3/19 -23.1 10.1 Chinook Salmon 3.9 38.2547 -121.4295
4/3/19 -23.0 10.2 Chinook Salmon 3.9 38.2547 -121.4295
4/3/19 -22.7 10.2 Chinook Salmon 3.9 38.2547 -121.4295
4/3/19 -23.1 10.2 Chinook Salmon 3.9 38.2547 -121.4295
4/3/19 -23.2 10.3 Chinook Salmon 3.9 38.2547 -121.4295
4/3/19 -23.8 10.3 Chinook Salmon 3.9 38.2547 -121.4295
4/3/19 -23.6 10.4 Chinook Salmon 3.8 38.2547 -121.4295
4/3/19 -23.1 104 Chinook Salmon 3.8 38.2547 -121.4295
4/3/19 -23.4 10.4 Chinook Salmon 3.9 38.2547 -121.4295
4/3/19 -22.9 10.6 Chinook Salmon 3.9 38.2547 -121.4295
4/3/19 -23.0 10.6 Chinook Salmon 3.8 38.2547 -121.4295
4/3/19 -22.8 10.9 Chinook Salmon 3.9 38.2547 -121.4295
4/3/19 -22.0 11.0 Chinook Salmon 3.8 38.2547 -121.4295

2017 -27.9 10.6 Splittail 3.8 38.2590 -121.4613

2017 -28.4 10.8 Splittail 44 38.2590 -121.4613

2017 -26.2 10.9 Splittail 3.8 38.2590 -121.4613

2017 -29.7 11.3 Splittail 56 38.2590 -121.4613

2017 -26.7 11.3 Splittail 3.9 38.2590 -121.4613

2017 -26.6 11.3 Splittail 3.9 38.2590 -121.4613

2017 -28.4 114 Splittail 4.8 38.2590 -121.4613

2017 -28.0 11.5 Splittail 44 38.2590 -121.4613

2017 -27.0 11.8 Splittail 40 38.2590 -121.4613

2017 -28.1 11.9 Splittail 3.7 38.2590 -121.4613
1/24/16 -34.7 10.0 Black Crappie 3.6 38.2992 -121.3848
1/24/16 -33.4 10.6 Black Crappie 3.8 38.2992 -121.3848
1/24/16 -29.3 10.7 Black Crappie 3.8 38.2992 -121.3848
2/24/16 -34.0 10.2 Black Crappie 3.7 38.2992 -121.3848
2/24/16 -32.9 10.4 Black Crappie 3.7 38.2992 -121.3848
2/24/16 -31.8 11.8 Black Crappie 3.9 38.2992 -121.3848
2/24/16 -245 7.8 Blueqill 3.9 38.2992 -121.3848
2/24/16 -22.0 8.0 Blueqill 3.6 38.2992 -121.3848
2/24/16 -25.9 8.3 Blueqill 3.7 38.2992 -121.3848
3/3/16 -30.8 8.1 Golden Shiner 40 38.2992 -121.3848
3/3/16 -29.7 8.7 Golden Shiner 40 38.2992 -121.3848
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3/3/16  -30.1 8.9 Golden Shiner 3.7 38.2992 -121.3848
4/26/16 -22.5 15.2  Largemouth Bass 3.7 38.2992 -121.3848
1/29/16 -25.7 131 Red Ear Sunfish 3.8 38.2992 -121.3848
1/29/16 -27.7 13.5 Red Ear Sunfish 3.6 38.2992 -121.3848
2/28/19 -31.9 6.2 Zooplankton 5.9 38.3304 -121.6722
2/28/19 -31.7 6.3 Zooplankton 6.0 38.3304 -121.6722
3/2719 -33.2 8.8 Zooplankton 5.2 38.3304 -121.6722
4/919 -32.3 8.9 Zooplankton 5.0 38.3304 -121.6722

12/23/15 -26.8 1.5 Annelida 5.0 38.2992 -121.3848
12/23/15 -27.0 25 Annelida 6.4 38.2992 -121.3848
12/23/15 -27.8 1.4 Arthropoda 7.1 38.2992 -121.3848
12/23/15 -26.3 4.4 Nematoda 5.8 38.2992 -121.3848
2/317 -31.4 8.1 Copepoda 6.0 38.2553 -121.4386
7717  -28.6 4.3 Zooplankton 9.5 38.2553 -121.4386
2/1517 -32.9 5.9 Cladocera 5.9 38.2580 -121.4310
4/1017 -32.3 6.0 Cladocera 5.3 38.2580 -121.4310
4/2717 -36.8 15.3 Cladocera 4.9 38.2580 -121.4310
2/117 -33.9 6.7 Cladocera 6.5 38.2580 -121.4310
2/317 -33.4 6.1 Cladocera 6.3 38.2580 -121.4310
2/6/117 -34.2 6.3 Cladocera 6.6 38.2580 -121.4310
2117  -31.4 9.1 Copepoda 6.6 38.2580 -121.4310
2/317 -32.0 9.1 Copepoda 6.3 38.2580 -121.4310
2/6/17 -30.4 9.3 Copepoda 5.8 38.2580 -121.4310
2/1517 -32.3 9.4 Copepoda 5.3 38.2580 -121.4310
7717 -29.8 4.4 Zooplankton 8.8 38.2580 -121.4310
12/10/18 -28.3 8.8 Zooplankton 5.1 38.2604 -121.4237
12/26/18 -30.0 5.9 Zooplankton 4.8 38.2604 -121.4237
11719 -34.2 8.0 Zooplankton 5.0 38.2604 -121.4237
2/119 -329 8.1 Zooplankton 5.5 38.2604 -121.4237
2/1419 -329 7.9 Zooplankton 5.8 38.2604 -121.4237
2/2719 -34.0 741 Zooplankton 5.5 38.2604 -121.4237
2/2719 -33.0 8.5 Zooplankton 5.5 38.2604 -121.4237
3/14/19 -345 6.9 Zooplankton 5.5 38.2604 -121.4237
3/26/19 -32.2 8.9 Zooplankton 5.4 38.2604 -121.4237
2/119 -341 9.1 Zooplankton 45 38.2714 -121.3966
2/13/19 -33.4 8.7 Zooplankton 5,5 38.2714 -121.3966
2/26/19 -33.3 9.6 Zooplankton 5.2 38.2714 -121.3966
NA -31.2 13.9 Amphipod 6.4 38.2714 -121.3966
2/317 -37.0 5.8 Cladocera 6.9 38.2457 -121.5070
2/6/17 -38.1 8.3 Cladocera 5.7 38.2457 -121.5070
4/2017 -33.1 6.0 Cladocera NA 38.2457 -121.5070
5/2517 -325 5.2 Cladocera 8.8 38.2457 -121.5070
4/2717 -33.1 6.0 Cladocera 5.4 38.2457 -121.5070
2/317 -36.3 8.6 Copepoda 7.0 38.2457 -121.5070
2/6/17 -35.5 11.3 Copepoda 5.6 38.2457 -121.5070
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4/2717 -33.1 9.3 Copepoda 5.4 38.2457 -121.5070
5/2517 -32.3 7.6 Copepoda 9.1 38.2457 -121.5070

7/717 294 2.6 Zooplankton 7.6 38.2457 -121.5070
4/2717 -32.3 10.3 Cladocera 5,5 38.2316 -121.4952
511/17 -30.5 8.8 Cladocera 5.1 38.2316 -121.4952
11/21/16 -27.3 10.4 Zooplankton 7.6 38.2316 -121.4952

1/6/17 -274 71 Zooplankton 8.5 38.2316 -121.4952
11717 -27.8 6.1 Zooplankton 8.9 38.2316 -121.4952
1/2017 -273 7.6 Zooplankton 8.3 38.2316 -121.4952
1/24/17 -27.7 5.5 Zooplankton 10.0 38.2316 -121.4952
127117 -27.8 6.8 Zooplankton 9.3 38.2316 -121.4952

2117 -27.6 6.7 Zooplankton 9.6 38.2316 -121.4952

2/317 -27.6 6.4 Zooplankton 9.2 38.2316 -121.4952

2/6117 -27.6 9.6 Zooplankton 8.2 38.2316 -121.4952

3/717 279 8.2 Zooplankton 8.6 38.2316 -121.4952
3/14/17 -27.2 5.3 Zooplankton 7.4 38.2316 -121.4952
3/22/17 -27.0 5.3 Zooplankton 8.0 38.2316 -121.4952
32717 -27.4 47 Zooplankton 7.5 38.2316 -121.4952

4/6/17 -26.9 6.5 Zooplankton 7.1 38.2316 -121.4952
4/1017 -27.4 4.6 Zooplankton 7.9 38.2316 -121.4952
4/2017 -27.4 6.0 Zooplankton 7.5 38.2316 -121.4952
4/2717 -27.4 5.6 Zooplankton 7.8 38.2316 -121.4952

5AN17 -27.4 57 Zooplankton 7.6 38.2316 -121.4952

5/817 -27.4 4.8 Zooplankton 8.5 38.2316 -121.4952
51717 -271 4.9 Zooplankton 7.7 38.2316 -121.4952
51917 -27.4 3.8 Zooplankton 8.0 38.2316 -121.4952
5/25117 -27.4 4.0 Zooplankton 8.2 38.2316 -121.4952

6/117 -27.2 5.3 Zooplankton 8.3 38.2316 -121.4952

6/717 -27.2 5.6 Zooplankton NA 38.2316 -121.4952

6/8/17 -27.2 4.1 Zooplankton 8.1 38.2316 -121.4952
6/15/17 -27.4 3.5 Zooplankton 8.0 38.2316 -121.4952
6/22/117 -27.8 4.3 Zooplankton 8.7 38.2316 -121.4952
6/23/17 -27.5 5.3 Zooplankton 8.2 38.2316 -121.4952

777 279 5.1 Zooplankton 8.7 38.2316 -121.4952
12/2117 -28.2 9.7 Zooplankton NA 38.2316 -121.4952
12/23/15 -26.6 6.3 Annelida 8.4 38.2992 -121.3848
12/23/15 -28.2 1.9 Arthropoda 10.6 38.2992 -121.3848
4/1017 -32.6 5.0 Cladocera 5.6 38.2517 -121.4888
211517 -24.9 10.6 Copepoda 5.9 38.2517 -121.4888
4/2717 -31.0 6.1 Zooplankton 5.7 38.2517 -121.4888
21517 -304 7.5 Cladocera 5.9 38.2517 -121.4888

1/9/19 -31.3 6.2 Zooplankton 5.7 38.7060 -121.6436
11719 -279 5.5 Zooplankton 6.7 38.7060 -121.6436
11719 -28.5 5.6 Zooplankton 5.7 38.7060 -121.6436
1/19/19 -33.6 7.1 Zooplankton 5.7 38.7060 -121.6436
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1/29/19 -31.5 6.7 Zooplankton 5.4 38.7060 -121.6436
12919 -31.3 6.7 Zooplankton 5.6 38.7060 -121.6436
12919 -28.9 7.3 Zooplankton 5.9 38.7060 -121.6436
21219 -30.5 7.3 Zooplankton 7.8 38.7060 -121.6436
21219 -28.8 7.8 Zooplankton 5.8 38.7060 -121.6436
2/26/19 -30.5 7.2 Zooplankton 5.3 38.7060 -121.6436
3/2719 -35.0 8.9 Zooplankton 5.6 38.7060 -121.6436
4/10/19 -35.8 111 Zooplankton 5.7 38.7060 -121.6436
4/10/19 -34.4 1141 Zooplankton 5.8 38.7060 -121.6436
12/23/15 -26.0 4.4 Annelida 6.4 38.3131 -121.3788
12/23/15 -26.0 6.4 Arthropoda 5.4 38.3131 -121.3788
3/10/16 -30.2 6.7 Cladocera 5.8 38.3131 -121.3788
3/10/16 -32.2 8.8 Copepoda 5.6 38.3131 -121.3788
3/10/16 -26.2 3.2 Insecta 5.4 38.3131 -121.3788
3/10/16 -25.0 4.2 Insecta 6.1 38.3131 -121.3788
3/10/16 -242 9.8 Polychaeta 8.7 38.3131 -121.3788

2/317 -31.0 7.1 Cladocera 5.7 38.2645 -121.4634
2/6/17 -33.3 5.3 Cladocera 6.5 38.2645 -121.4634
2/6/17 -32.8 7.2 Cladocera 6.3 38.2645 -121.4634
4/10/17 -31.0 6.5 Cladocera 5,5 38.2645 -121.4634
4/20/17 -28.5 6.5 Cladocera 6.0 38.2645 -121.4634
2/317 -291 9.5 Copepoda 49 38.2645 -121.4634
2/6/17 -30.2 8.9 Copepoda 6.2 38.2645 -121.4634
5117 -31.0 9.1 Copepoda 5.3 38.2645 -121.4634
7/717  -30.7 4.2 Unknown 9.3 38.2645 -121.4634
219/19 -30.5 54 Zooplankton 6.1 NA NA
4/2717 -32.0 9.0 Cladocera 6.4 NA NA
4/2717 -32.7 10.6 Cladocera 5.0 NA NA
4/2717 -32.0 10.6 Cladocera 5.2 NA NA
51117 -296 7.4 Cladocera 6.2 NA NA
2/6/17 -33.3 6.3 Cladocera 6.2 38.2547 -121.4295
2/6/17 -32.9 8.9 Copepoda 6.2 38.2547 -121.4295
5117 -29.0 6.3 Copepoda 8.0 38.2547 -121.4295
7/717 278 4.9 Zooplankton 8.7 38.2547 -121.4295
3/26/19 -31.3 4.9 Zooplankton 5.4 38.2547 -121.4295
4/2717 -30.4 13.5 Copepoda 5.1  38.2547 -121.4295
511/17 -30.0 9.5 Zooplankton 5.0 38.2547 -121.4295
11/21/16 -28.5 8.1 Zooplankton 8.9 38.2524 -121.4795
1/6/17 -27.5 6.3 Zooplankton 8.8 38.2524 -121.4795
11717 274 7.7 Zooplankton 9.2 38.2524 -121.4795
1/20/117 -27.3 8.0 Zooplankton 9.0 38.2524 -121.4795
1/24/17 -276 7.5 Zooplankton 9.0 38.2524 -121.4795
127117 -27.5 6.8 Zooplankton 9.0 38.2524 -121.4795
2117 275 7.8 Zooplankton 10.0 38.2524 -121.4795
21317 -27.7 6.3 Zooplankton 9.3 38.2524 -121.4795
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2/6/17 -27.5 8.0 Zooplankton 9.0 38.2524 -121.4795
7717 -30.2 5.4 Zooplankton NA 38.2684 -121.4838
7717  -28.2 4.2 Zooplankton 9.3 38.2590 -121.4613
1/31/16 -27.2 7.3 Acarina 6.7 38.3131 -121.3788
1/31/16 -29.5 1.2 Insecta 5.7 38.3131 -121.3788
2/3/17 -29.9 6.6 Cladocera 5.9 38.2911 -121.3813
2/317 -30.5 11.9 Copepoda 5.2 38.2911 -121.3813
7717 -28.6 3.8 Zooplankton 9.2 38.2911 -121.3813
12/23/15 -27.3 3.4 Annelida 6.9 38.3059 -121.3832
12/23/15 -29.0 3.8 Arthropoda 18.3 38.3059 -121.3832
1/31/16 -30.6 2.9 Cladocera 6.6 38.3059 -121.3832
12/23/15 -29.9 23 Insecta 12.1 38.3059 -121.3832
12/23/15 -28.6 2.9 Insecta 50.9 38.3059 -121.3832
131116  -27.1 2.1 Insecta 5.1 38.3059 -121.3832
1/31/16 -31.1 3.1 Insecta 6.4 38.3059 -121.3832
1/31/16 -19.3 5.4 Insecta 45 38.3059 -121.3832

2117 -354 7.2 Cladocera 6.6 38.2659 -121.4980

2117 -356 6.6 Cladocera 6.8 38.2659 -121.4980

2117 -34.0 10.0 Copepoda 6.4 38.2659 -121.4980

2117 -34.2 109 Copepoda 6.4 38.2659 -121.4980

2117 -28.2 117 Insecta 8.1 38.2659 -121.4980

2117 272 9.7 Mollusca 5.5 38.2659 -121.4980

7717 -29.3 6.6 Zooplankton 7.2 38.2659 -121.4980
11/21/16 -27.6 8.7 Zooplankton 7.8 38.2514 -121.5004

1/6/17 -27.7 5.4 Zooplankton 9.4 38.2514 -121.5004
11717 -276 7.6 Zooplankton 9.4 38.2514 -121.5004
12017 -27.7 6.1 Zooplankton 8.7 38.2514 -121.5004
12417 -27.3 6.9 Zooplankton 8.5 38.2514 -121.5004
12717 -28.2 6.5 Zooplankton 8.5 38.2514 -121.5004

2117 -29.4 93 Zooplankton 7.5 38.2514 -121.5004

2/3117 -28.4 9.2 Zooplankton 7.8 38.2514 -121.5004

2/6/17 -28.7 9.5 Zooplankton 8.2 38.2514 -121.5004
12217 -28.4 9.6 Zooplankton NA 38.2514 -121.5004
12/23/15 -27.2 25 Annelida 15.0 38.2992 -121.3848
12/23/15 -27.4 41 Arthropoda 6.0 38.2992 -121.3848
3/10/16 -29.5 5.9 Cladocera 6.1 38.2992 -121.3848
3/10/16 -31.9 7.7 Copepoda 6.2 38.2992 -121.3848
12/23/15 -21.9 5.7 Insecta 5.8 38.2992 -121.3848
1/31/16 -28.7 2.5 Insecta 14.8 38.2992 -121.3848
3/10/16 -25.0 4.3 Insecta 6.8 38.2992 -121.3848
1/25/16 -26.6 10.1 Arachnida 4.4 38.2727 -121.3952
1/31/16 -31.2 3.6 Cladocera 6.4 38.2727 -121.3952
1/25/16 -33.0 4.9 Copepoda 7.4 38.2727 -121.3952
1/31/16 -28.8 3.4 Insecta 6.0 38.2727 -121.3952
1/31/16 -255 7.6 Acarina 4.9 38.2992 -121.3848
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1/31/16 -25.8 2.6 Annelida 5.6 38.2992 -121.3848
1/31/16 -30.7 3.9 Cladocera 6.1 38.2992 -121.3848
3/15/16 -31.0 4.8 Cladocera 5.6 38.2992 -121.3848
1/31/16 -29.0 5.8 Copepoda 6.4 38.2992 -121.3848
1/31/16 -24.8 3.6 Insecta 6.1 38.2992 -121.3848
1/31/16 -31.9 5.7 Insecta 6.6 38.2992 -121.3848
3/15/16 -29.0 3.4 Insecta 5.8 38.2992 -121.3848
12/23/15 -28.0 1.0 Annelida 7.6 38.2727 -121.3952
12/23/15 -30.8 25 Arthropoda 11.2 838.2727 -121.3952
3/10/16 -29.8 4.8 Cladocera 6.9 38.2727 -121.3952
3/10/16 -33.2 7.6 Copepoda 5.9 38.2727 -121.3952
3/10/16 -31.2 4.3 Gastropod 6.5 38.2727 -121.3952
3/10/16 -28.8 5.0 Insecta 7.6 38.2727 -121.3952
12/23/15 -284 5.3 Annelida 10.6 38.2727 -121.3952
12/23/15 -28.4 5.2 Arthropoda 7.4 38.2727 -121.3952
1/25/16 -28.8 2.6 Cladocera 10.2 38.2727 -121.3952

3/7116  -30.7 4.2 Cladocera 6.4 38.2727 -121.3952
3/10/16 -30.2 5.9 Cladocera 5.9 38.2727 -121.3952
3/15/16 -29.5 5.3 Cladocera 6.1 38.2727 -121.3952
1/25/16 -32.0 6.1 Copepoda 9.2 38.2727 -121.3952

3/716 -31.7 8.8 Copepoda 6.1 38.2727 -121.3952
3/10/16 -325 7.5 Copepoda 6.1 38.2727 -121.3952
3/15/16 -31.9 8.7 Copepoda 5.9 38.2727 -121.3952
1/25/16 -29.6 3.9 Insecta 8.9 38.2727 -121.3952

3/716  -27.4 2.7 Insecta 15.8 38.2727 -121.3952

3/716  -25.7 3.9 Insecta 5.6 38.2727 -121.3952

3/8/16 -27.4 5.8 Insecta 7.6 38.2727 -121.3952

3/8/16 -26.2 6.9 Insecta 11.6 38.2727 -121.3952
3/10/16 -27.6 3.7 Insecta 6.1 38.2727 -121.3952
3/10/16 -28.2 4.5 Insecta 6.5 38.2727 -121.3952
3/10/16 -27.5 5.4 Insecta 5.9 38.2727 -121.3952
3/15/16 -27.8 4.5 Insecta 6.5 38.2727 -121.3952
3/15/16 -26.6 7.3 Insecta 71 38.2727 -121.3952
2/13/19 -33.5 8.9 Zooplankton 5.6 NA NA
2/26/19 -30.5 8.7 Zooplankton 5.2 NA NA
3/26/19 -32.6 9.8 Zooplankton 5.2 NA NA

21117 -35.2 4.4 Cladocera 6.7 38.2252 -121.4915

2117 -31.9 5.5 Cladocera 6.4 38.2252 -121.4915

2/6/17 -33.5 6.7 Cladocera 6.1 38.2252 -121.4915

2117 -32.0 104 Copepoda 5.6 38.2252 -121.4915

2/6/17 -31.8 9.1 Copepoda 5.9 38.2252 -121.4915

7717 -27.9 4.6 Zooplankton 9.6 38.2252 -121.4915
1/21/19 -30.2 4.8 Zooplankton 5.8 38.6737 -121.6273
1/28/19 -30.2 5.2 Zooplankton 5,5 38.6737 -121.6273
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2/11/19 -31.8 5.1 Zooplankton 5.8 38.6737 -121.6273
2/2519 -31.6 5.0 Zooplankton 5.6 38.6737 -121.6273
12/23/15 -28.9 -1.8 Quercus sp. (L) 76.9 NA NA
12/15/15 -29.7 0.2 Cirsium sp. (L) 271.8 38.2992 -121.3848
12/23/15 -31.5 -1.0 Unidentified Tree (L) 32.2 38.2992 -121.3848
12/23/15 -27.0 0.0 Quercus sp. (L) 57.7 38.2992 -121.3848
12/15/15 -29.2 -2.2 Populus sp. (L) 62.8 38.3131 -121.3788
12/15/15 -29.2 -1.2 Quercus sp. (L) 66.4 38.3131 -121.3788
12/15/15 -27.9 -11 Unknown (L) 105.2 38.3131 -121.3788
12/15/15 -28.8 0.0 Populus sp. (L) 134.5 38.3131 -121.3788
12/15/15 -29.7 0.1 Cirsium sp. (L) 135.1 38.3131 -121.3788
12/15/15 -28.0 4.3 Salix sp. (L) 74.0 38.3131 -121.3788

1/6/117 -29.2 -2.0 Woody Debris (L) 189.7 38.2645 -121.4634

1/6/17 -25.9 1.2 Woody Debris (L) 373.3 38.2645 -121.4634

1/6/17 -27.4 4.5 Woody Debris (L 126.3 38.2645 -121.4634
12/15/15 -30.4 0.4 Populus sp. (L) 89.0 38.2992 -121.3848
12/15/15 -30.3 0.9 Cirsium sp. (L) 49.1 38.2992 -121.3848
12/15/15 -30.1 0.9 Quercus sp. (L) 75.9 38.2992 -121.3848
12/15/15 -31.6 1.6 Salix sp. (L) 117.8 38.2992 -121.3848
12/15/15 -25.5 6.8 Rumex sp. (L) 31.8 38.2992 -121.3848
12/23/15 -26.3 -1.4 Unidentified Tree (L) 53.9 38.2992 -121.3848
12/23/15 -29.5 -0.7 Unidentified Tree (L) 39.0 38.2992 -121.3848
12/23/15 -29.2 -0.2 Quercus sp. (L) 53.2 38.2992 -121.3848
127117 -25.6 2.8 Egeria sp. 9.9 38.2580 -121.4310
12717 -27.7 3.4 Egeria sp. 11.4 38.2580 -121.4310
51717 -28.8 4.8 Ludwigia sp. 19.9 38.2457 -121.5070
51717 -28.3 9.7 Eichornia sp. 13.3 38.2457 -121.5070

1/6/17 -28.3 6.8 Ludwigia sp. 16.9 38.2645 -121.4634

1/6/17 -30.0 -2.7 Ludwigia sp. 51.5 38.2645 -121.4634

1/6/17 -29.6 1.4 Ludwigia sp. 67.4 38.2645 -121.4634

1/6/17 -29.7 2A1 Ludwigia sp. 33.9 38.2645 -121.4634

1/6/17 -30.0 3.7 Eichornia sp. 22.0 38.2645 -121.4634

1/6/17 -27.3 4.8 Eichornia sp. 36.1 38.2645 -121.4634

1/6/17 -28.3 5.9 Eichornia sp. 31.0 38.2645 -121.4634

1/6/17 -28.0 6.6 Eichornia sp. 27.8 38.2645 -121.4634

1/6/17 -29.1 3.7 Egeria sp. 14.6 38.2645 -121.4634

1/6/17 -31.3 17.0 Egeria sp. 9.5 38.2645 -121.4634
51717 -27.2 10.9 Eichornia sp. 27.4 38.2645 -121.4634
127117 -29.2 3.8 Egeria sp. 9.3 38.2547 -121.4295
127117 -28.3 5.2 Egeria sp. 8.8 38.2547 -121.4295
4/2717 -291 7.2 Periphyton 9.3 38.2517 -121.4888
12/23/15 -27.0 1.9 Phytoplankton 7.9 38.2992 -121.3848
12/23/15 -27.0 -1.4 Phytoplankton 12.7 38.2992 -121.3848
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Date §°C &"N Info C:N Lat. Lon.

12/23/15 -26.7 1.7 Phytoplankton 33.5 38.2992 -121.3848
51117 -31.4 12.6 Phytoplankton 7.0 38.2580 -121.4310
51117 -30.1 11.0 Phytoplankton 5.7 38.2316 -121.4952
3/10/16 -26.4 4.4 Phytoplankton 12.2 38.2992 -121.3848
3/10/16 -276 2.7 Phytoplankton 15.8 38.2992 -121.3848
12/23/15 -26.8 -0.8 Phytoplankton 8.5 38.2992 -121.3848
12/23/15 -26.9 -3.6 Phytoplankton 8.5 38.2992 -121.3848
12/23/15 -26.7 -2.6 Phytoplankton 10.9 38.2992 -121.3848
12/23/15 -271 -2.9 Phytoplankton 46 38.3131 -121.3788
12/23/15 -26.4 1.5 Phytoplankton 8.2 38.3131 -121.3788
3/10/16 -26.8 3.4 Phytoplankton 14.7 38.3131 -121.3788
3/10/16 -30.5 3.3 Phytoplankton 65.3 38.3131 -121.3788
3/10/16 -28.2 2.7 Phytoplankton 15.1 38.3131 -121.3788
51117 -28.4 10.4 Phytoplankton 41 38.2547 -121.4295
1/31/16 -279 1.4 Phytoplankton 17.2 38.3131 -121.3788
1/31/16 -28.0 0.9 Phytoplankton 19.0 38.3131 -121.3788
12/23/15 -26.0 1.7 Phytoplankton 9.9 38.3059 -121.3832
12/23/15 -26.3 1.1 Phytoplankton 11.0 38.3059 -121.3832
1/31/16 -28.2 3.3 Phytoplankton 15.2 38.3059 -121.3832
1/31/16 -28.1 3.2 Phytoplankton 15.6 38.3059 -121.3832

2117 -33.7 74 Phytoplankton 6.9 38.2659 -121.4980

2117 -31.0 7.5 Phytoplankton 9.7 38.2659 -121.4980
12/23/15 -25.1 -4.2 Phytoplankton 6.2 38.2992 -121.3848
12/23/15 -25.8 1.5 Phytoplankton 7.2 38.2992 -121.3848
1/25/16 -24.6 5.0 Phytoplankton 5.7 38.2992 -121.3848
3/10/16 -25.0 5.4 Phytoplankton 13.6 38.2992 -121.3848
3/10/16 -29.8 4.0 Phytoplankton 46.2 38.2992 -121.3848
3/15/16 -28.4 1.7 Phytoplankton 11.5 38.2992 -121.3848
1/25/16 -27.8 2.2 Phytoplankton 20.8 38.2992 -121.3848
3/10/16 -26.1 6.1 Phytoplankton 15.1 38.2992 -121.3848
3/10/16 -30.8 5.9 Phytoplankton 64.1 38.2992 -121.3848
3/15/16 -28.1 3.1 Phytoplankton 12.6 38.2992 -121.3848
1/25/16 -27.8 1.7 Phytoplankton 16.2 38.2727 -121.3952
1/25/16 -30.4 5.0 Phytoplankton 79.4 38.2727 -121.3952
1/31/16 -28.1 1.5 Phytoplankton 17.7 38.2727 -121.3952
1/31/16 -28.4 1.0 Phytoplankton 20.8 38.2727 -121.3952
1/25/16 -27.5 1.7 Phytoplankton 13.4 38.2727 -121.3952
1/25/16 -27.8 1.7 Phytoplankton 17.1  38.2727 -121.3952
1/25/16 -31.1 4.7 Phytoplankton 68.1 38.2727 -121.3952
1/2516 -30.7 1.0 Phytoplankton 123.7 38.2727 -121.3952
1/25/16 -30.8 3.9 Phytoplankton 139.1 38.2727 -121.3952
1/31/16 -28.3 0.5 Phytoplankton 20.8 38.2727 -121.3952
1/31/16 -27.5 0.9 Phytoplankton 18.6 38.2992 -121.3848
3/15/16 -28.1 3.6 Phytoplankton 6.9 38.2992 -121.3848
3/15/16  -28.1 0.0 Phytoplankton 16.1  38.2992 -121.3848
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Date 5°C &"N Info C:N Lat. Lon.
1/31/16 -27.8 0.5 Phytoplankton 21.1 38.2992 -121.3848
3/15/16 -28.8 3.6 Phytoplankton 7.4 38.2992 -121.3848
3/15/16 -28.3 -0.3 Phytoplankton 17.6 38.2992 -121.3848
12/23/15 -28.5 5.4 Phytoplankton 5.5 38.2727 -121.3952
1/25/16 -29.2 3.1 Phytoplankton 11.1  38.2727 -121.3952
3/10/16 -29.6 5.3 Phytoplankton 10.3 38.2727 -121.3952
1/25/16 -29.7 3.5 Phytoplankton 12.7 38.2727 -121.3952
1/25/16 -29.8 3.9 Phytoplankton 13.2 38.2727 -121.3952
3/10/16 -30.1 5.0 Phytoplankton 10.8 38.2727 -121.3952
12/23/15 -27.0 0.1 Phytoplankton 11.2 838.2727 -121.3952
12/23/15 -27.7 1.1 Phytoplankton 12.3 38.2727 -121.3952
12/23/15 -28.2 -3.7 Phytoplankton 13.9 38.2727 -121.3952
12/23/15 -27.6 -1.5 Phytoplankton 14.6 38.2727 -121.3952
1/25/16 -28.4 1.7 Phytoplankton 11.5 838.2727 -121.3952

3/7116 -28.0 2.8 Phytoplankton 16.4 38.2727 -121.3952
3/8/16 -27.4 2.8 Phytoplankton 14.5 38.2727 -121.3952
3/10/16 -27.9 5.4 Phytoplankton 12.6 38.2727 -121.3952
3/15/16 -27.7 1.8 Phytoplankton 16.6 38.2727 -121.3952
1/25/16 -27.0 2.0 Phytoplankton 13.8 38.2727 -121.3952
3/716 -27.8 1.9 Phytoplankton 16.7 38.2727 -121.3952
3/8/16 -27.8 2.3 Phytoplankton 16.5 38.2727 -121.3952
3/10/16 -27.4 4.9 Phytoplankton 14.2 38.2727 -121.3952
3/10/16 -30.6 3.0 Phytoplankton 1741 38.2727 -121.3952
3/15/16 -28.1 1.7 Phytoplankton 17.5 838.2727 -121.3952
3/10/16 -30.9 2.0 Phyto Lipid 155.2 38.3131 -121.3788
1/31/16 -304 1.7 Phyto Lipid 97.4 38.2992 -121.3848
1/31/16 -31.0 2.3 Phyto Lipid 222.1 38.2992 -121.3848
3/10/16 -33.1 4.3 Phyto Lipid 110.3 38.2727 -121.3952
3/10/16 -33.4 2.8 Phyto Lipid 169.2 38.2727 -121.3952
12/15/15 -31.8 4.3 Cirsium sp. 6.9 38.2992 -121.3848
12/23/15 -17.2 -1.2 Grass 40.1 38.2992 -121.3848
12717 -28.2 0.2 Betulaceae sp. 51.7 38.2580 -121.4310
12/23/15 -29.6 -2.5 Quercus sp. 40.9 NA NA
12/15/15 -25.8 3.8 Cirsium sp. 103.4 38.2992 -121.3848
12/15/15 -27.0 9.5 Rumex sp. 48.6 38.2992 -121.3848
12/15/15 -32.6 10.0 Cirsium sp. 13.6 38.2992 -121.3848
12/15/15 -31.8 -2.2 Populus sp. 12.3 38.3131 -121.3788
1/6/17 -29.5 -1.4 Rubis sp. 30.8 38.2645 -121.4634
1/6/17 -30.4 -0.6 Betulaceae sp. 25.5 38.2645 -121.4634
12717 -28.0 0.7 Betulaceae sp. 30.4 38.2547 -121.4295
12/15/15 -284 25 Litter 76.0 38.3131 -121.3788
1/31/16 -31.2 -1.9 Litter 44,6 38.3131 -121.3788
1/31/16 -29.1 -0.5 Litter 83.5 38.3131 -121.3788
12/15/15 -32.4 2.8 Quercus sp. 10.2 38.3131 -121.3788
1/31/16 -13.9 54 Grass 51.6 38.3131 -121.3788
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Date §%C &N Info C:N Lat. Lon.
12/23/15 -27.4 6.4 Unidentified Seed 5.9 38.3059 -121.3832
12/15/15 -28.1 -1.0 Moss 8.5 38.2992 -121.3848
12/15/15 -32.3 2.4 Moss 8.8 38.2992 -121.3848
12/15/15 -26.4 2.6 Moss 9.3 38.2992 -121.3848
12/15/15 -32.8 2.8 Moss 10.4 38.2992 -121.3848
12/15/15 -27.0 3.1 Moss 10.9 38.2992 -121.3848
12/15/15 -33.8 4.8 Moss 7.1 38.2992 -121.3848
3/10/16 -31.5 1.0 Seed 65.3 38.2992 -121.3848
3/10/16 -33.7 1.2 Grass 16.4 38.2992 -121.3848
12/23/15 -33.5 -0.4 Unidentified Tree 19.2 38.2727 -121.3952
12/23/15 -30.1 0.0 Quercus sp. 58.4 38.2727 -121.3952
12/23/15 -30.7 0.4 Unidentified Tree 50.9 38.2727 -121.3952
12/23/15 -28.4 0.6 Unidentified Tree 54.4 38.2727 -121.3952
12/23/15 -31.2 0.8 Salix sp. 71.1  38.2727 -121.3952
12/23/15 -27.6 -0.3  Unidentified Seed 157.4 38.2727 -121.3952
12/23/15 -30.5 2.5 Quercus sp. 6.8 38.2727 -121.3952
1/31/16 -30.0 1.0 Quercus sp. 40.3 38.2727 -121.3952
3/10/16 -329 1.7 Salix sp. 37.5 38.2727 -121.3952
12/23/15 -30.9 3.6 Grass 8.3 38.2727 -121.3952

256




Appendix 4.1. Summary of compound specific carbon and hydrogen isotope
measurements of muscular fatty acids extracted from experimentally enclosed
Chinook Salmon. Fatty acid concentrations are reported as mg/g of muscle
tissue (wet weight).

Code FA mgFA/g o(mg) 8°C o(5°C) &H o (8°H) Treatment
BM1 14 1.9 0.1 -32.2 0.9 -255.1 2.8 Marsh
BM2 14 14 0.0 -31.2 0.2 -256.5 2.7 Marsh
BM3 14 1.5 0.1 -31.4 0.1 -258.8 4.5 Marsh
CB1 14 0.6 0.0 -28.6 0.2 -226.8 11.8 CosBeach
cB2 14 0.2 0.0 -26.5 0.2 -210.2 3.5 CosBeach
CBs3 14 0.6 0.0 -28.8 0.4 -220.8 11.8 CosBeach
CT1 14 0.4 0.0 -27.3 0.3 -221.7 17.8 CosTri
CT2 14 0.9 0.1 -25.6 0.0 -220.4 6.1 CosTri
CT3 14 0.3 0.0 -26.4 04 -226.3 6.9 CosTri
KR1 14 0.6 0.0 -32.5 0.7 -223.8 14.3 Knaggs
KR2 14 1.3 0.1 -30.6 0.1 -239.6 1.5 Knaggs
KR3 14 14 0.4 -31.1 0.1 -230.1 5.7 Knaggs
MRA1 14 0.2 0.0 -25.6 0.7 -204.0 6.2 Moke
MR2 14 0.4 0.0 -24.2 0.8 -231.6 7.7 Moke
MR3 14 0.3 0.0 -25.2 0.2 -205.3 12.6 Moke
XSA1 14 0.3 0.0 -28.1 0.6 -255.4 3.4 Sac
XS2 14 0.2 0.0 -25.4 0.1 -216.6 3.5 Sac
XS3 14 0.1 0.0 -25.9 0.3 -218.0 18.7 Sac
BM1 16 8.4 0.6 -29.6 0.7 -241.6 1.3 Marsh
BM2 16 6.2 0.2 -28.5 0.1 -240.5 0.5 Marsh
BM3 16 6.7 0.4 -28.9 0.2 -242.4 0.8 Marsh
CB1 16 5.0 0.1 -24.7 0.5 -232.7 0.8 CosBeach
cB2 16 3.2 0.1 -23.8 0.1 -232.2 3.3 CosBeach
CB3 16 52 0.2 -25.6 0.2 -228.1 1.0 CosBeach
CT1 16 4.7 0.0 -23.7 0.2 -234.7 0.9 CosTri
CT2 16 6.5 0.2 -22.1 0.2 -232.1 0.9 CosTri
CT3 16 4.7 0.3 -23.0 0.3 -235.0 3.4 CosTri
KR1 16 4.4 0.2 -29.5 0.3 -216.5 3.7 Knaggs
KR2 16 71 0.1 -27.3 0.1 -228.9 0.3 Knaggs
KR3 16 6.7 0.1 -27.8 0.0 -221.8 1.2 Knaggs
MR1 16 3.6 0.3 -23.9 0.8 -230.9 1.3 Moke
MR2 16 5.8 0.1 -21.3 0.6 -237 1 1.5 Moke
MR3 16 4.3 0.2 -22.3 0.1 -225.7 1.7 Moke
XSA1 16 3.7 0.1 -24.7 0.5 -250.0 1.4 Sac
XS2 16 3.4 0.0 -23.1 0.1 -244.0 3.7 Sac
XS3 16 3.9 0.1 -24.0 0.2 -243.9 2.1 Sac
BM1 18 2.4 0.3 -29.8 1.1 -208.8 2.3 Marsh
BM2 18 1.7 0.1 -28.8 0.3 -208.2 2.8 Marsh
BM3 18 1.9 0.2 -29.6 0.3 -207.9 8.0 Marsh
CB1 18 1.5 0.1 -25.4 0.4 -190.5 3.2 CosBeach
cB2 18 0.9 0.1 -24.5 0.0 -190.7 8.4 CosBeach
CB3 18 1.3 0.1 -26.1 0.2 -190.1 1.3 CosBeach
CT1 18 1.1 0.0 -24.7 0.2 -195.7 4.3 CosTri
CT2 18 1.3 0.1 -22.9 0.2 -185.2 2.5 CosTri
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Code FA mgFA/g o(mg) 8°C o(5”°C) &H o (8°H) Treatment
CT3 18 1.0 01 238 02  -1954 1.0 CosTri
KR1 18 1.2 01 -302 05  -1840 4.1 Knaggs
KR2 18 16 01 -294 01  -1904 23 Knaggs
KR3 18 15 01 -294 03 -1851 50 Knaggs
MR1 18 1.1 00 -231 04  -1848 19 Moke
MR2 18 17 01 -21.3 06  -1931 39 Moke
MR3 18 1.4 01 212 03  -1819 17 Moke
XS1 18 12 01 252 06  -2060 52 Sac
Xs2 18 1.1 00 -238 02  -2024 41 Sac
XS3 18 12 00 -247 04  -2005 23 Sac
BM1  16:1n7 55 10 315 01  -2276 3.8 Marsh
BM2 16:1n7 3.7 01 -31.0 02  -2264 41 Marsh
BM3  16:1n7 4.2 02 -31.1 01 2298 1.2 Marsh
CB1  16:1n7 1.9 02 -270 01 2273 45  CosBeach
CB2 16:1n7 0.7 01 -265 02 2222 3.1 CosBeach
CB3  16:1n7 17 01 -271 02 2257 16  CosBeach
CT1  16:1n7 12 01 -277 02 2271 38 CosTri
CT2 16:1n7 15 01 -267 07 2265 16 CosTri
CT3 16:1n7 0.9 01 -281 10 2272 17 CosTri
KR1 16:1n7 2.4 02 -304 03 2029 14 Knaggs
KR2 16:1n7 3.0 01 -289 03  -2080 16 Knaggs
KR3 16:1n7 3.0 02 -294 05  -1990 22 Knaggs
MR1  16:1n7 0.8 00 -288 05  -1923 49 Moke
MR2  16:1n7 15 01 -275 09  -2101 28 Moke
MR3  16:1n7 16 01 -295 03  -1704 20 Moke
XS1  16:1n7 1.1 00 -286 08  -2371 35 Sac
XS2  16:1n7 05 00 -284 03  -2265 29 Sac
XS3  16:1n7 05 00 289 06  -2225 3.4 Sac
BM1  18:1n9 4.0 13 254 31  -2051 56 Marsh
BM2  18:1n9 3.0 01 -278 15 2117 31 Marsh
BM3  18:1n9 2.8 01 -229 38 2130 44 Marsh
CB1  18:1n9 3.4 02 206 28 -2185 54  CosBeach
CB2  18:1n9 2.1 01 -181 42 2127 65  CosBeach
CB3  18:1n9 2.1 02 -223 12 2052 20  CosBeach
CT1  18:1n9 2.4 02 -214 05 2184 83 CosTri
CT2  18:1n9 3.6 03 -21.8 04 2158 19 CosTri
CT3 18:1n9 2.0 00 -221 02 2240 7.0 CosTri
KR1  18:1n9 17 05 -259 22  -1906 23 Knaggs
KR2  18:1n9 2.8 00 -255 31 2013 09 Knaggs
KR3  18:1n9 25 01 -249 41 1949 29 Knaggs
MR1  18:1n9 25 01 -201 27 2179 09 Moke
MR2  18:1n9 3.1 01 -209 24 2191 1.1 Moke
MR3  18:1n9 2.9 01 -196 13 2236 295 Moke
XS1  18:1n9 2.7 01 -237 02 2224 21 Sac
XS2  18:1n9 2.9 01 -21.9 1.0 2264 43 Sac
XS3  18:1n9 2.8 01 -226 13 2233 21 Sac
BM1  18:2n6 17 06 -295 27  -1721 50 Marsh
BM2  18:2n6 1.4 01 -261 03  -1824 21 Marsh
BM3  18:2n6 1.3 00 265 11 -1765 08 Marsh
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Code FA mgFA/g o(mg) 8°C o(5”°C) &H o (8°H) Treatment
CB1 18:2n6 14 01 286 03  -187.7 741 CosBeach
CB2  18:2n6 0.7 00 -248 02  -1918 6.2 CosBeach
CB3  18:2n6 0.8 01 241 06  -1860 07 CosBeach
CT1  18:2n6 0.8 01 -242 14  -1872 66 CosTri
CT2  18:2n6 1.4 02 -233 01  -1921 57 CosTri
CT3 18:2n6 0.6 00 -244 15  -189.0 8.2 CosTri
KR1 18:2n6 05 02 -320 31  -1714 147 Knaggs
KR2 18:2n6 16 01 260 03  -190.9 37 Knaggs
KR3 18:2n6 1.4 01 -249 05  -1794 37 Knaggs
MR1 18:2n6 0.6 00 277 08  -2057 39 Moke
MR2 18:2n6 1.1 01 -232 10  -2007 23 Moke
MR3  18:2n6 0.7 00 255 02  -1956 1.2 Moke
XS1  18:2n6 1.1 01 271 06  -1981 48 Sac
XS2  18:2n6 1.0 00 259 01  -1905 135 Sac
XS3  18:2n6 1.0 01 2567 01  -2007 75 Sac
BM1  18:3n3 1.2 04 -434 16  -1646 07 Marsh
BM2 18:3n3 0.7 00 -408 05  -1665 1.0 Marsh
BM3  18:3n3 0.8 00 -416 11  -1648 0.9 Marsh
CB1  18:3n3 0.3 00 -379 08  -1652 1.8 CosBeach
CB2  18:3n3 0.1 00 -392 06  -159.2 3.3 CosBeach
CB3  18:3n3 0.3 00 -85 02 -1727 23 CosBeach
CT1  18:3n3 0.1 00 -343 14  -1682 147 CosTri
CT2 18:3n3 0.2 00 -31.9 06  -1612 3.0 CosTri
CT3 18:3n3 0.1 00 -339 21  -166.0 17 CosTri
KR1 18:3n3 0.5 01 -468 08  -1633 4.2 Knaggs
KR2 18:3n3 0.6 0.0 -43.0 0.5 -170.0 3.9 Knaggs
KR3 18:3n3 0.7 00 -420 02  -1738 37 Knaggs
MR1 18:3n3 0.1 00 -417 15  -1666 47 Moke
MR2 18:3n3 0.1 00 -373 06 -1726 96 Moke
MR3  18:3n3 0.2 02 38 57 -1674 55 Moke
XS1  18:3n3 0.2 00  -41.1 16  -1744 55 Sac
XS2  18:3n3 0.1 00 -420 08  -160.1 6.2 Sac
XS3  18:3n3 0.2 00 -408 13  -1635 187 Sac
BM1  18:4n3 0.9 03 -402 31  -2631 3.0 Marsh
BM2 18:4n3 0.5 00 -33 16  -2556 12.3 Marsh
BM3  18:4n3 0.6 00 378 15  -2648 1.2 Marsh
CB1  18:4n3 0.1 00 418 10  -2254 1.8 CosBeach
CB2  18:4n3 0.0 00 420 12  -2143 169  CosBeach
CB3  18:4n3 0.1 00 -398 08  -2320 7.1 CosBeach
CT1  18:4n3 0.03 0.0 -404 14  -2048 0.9 CosTri
CT2  18:4n3 0.1 00 -343 04  -199.7 97 CosTri
CT3  18:4n3 0.04 00 -411 04  -2149 69 CosTri
KR1 18:4n3 0.2 00 -444 17 2433 25 Knaggs
KR2 18:4n3 0.3 00 -431 21 2346 242 Knaggs
KR3  18:4n3 0.4 00 415 19  -2538 04 Knaggs
MR1  18:4n3 0.05 00 459 09  -2320 102.1 Moke
MR2 18:4n3 0.03 00 -446 22 2149 19 Moke
MR3  18:4n3 0.03 00 -468 10  -2740 103.1 Moke
XS1  18:4n3 0.06 0.0 442 09  -2262 3.2 Sac
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Code FA mgFA/g o(mg) 8°C o(5”°C) &H o (8°H) Treatment
X82 18:4n3 0.05 0.0 -42.7 1.0 -185.9 33.7 Sac
XS3 18:4n3 0.05 0.0 -42.5 1.9 -205.1 5.6 Sac
BM1 20:4n6 0.7 0.2 -32.4 0.5 -136.5 1.3 Marsh
BM2 20:4n6 0.5 0.0 -30.8 0.2 -137 1 4.3 Marsh
BM3 20:4n6 0.5 0.0 -31.2 0.8 -133.5 3.3 Marsh
CB1 20:4n6 0.5 0.1 -26.2 1.0 -137.6 5.1 CosBeach
CB2 20:4n6 0.4 0.0 -25.7 0.7 -128.0 2.6 CosBeach
CB3 20:4n6 0.4 0.1 -26.3 04 -141.3 2.3 CosBeach
CT1 20:4n6 0.3 0.0 -24.5 0.6 -130.4 3.4 CosTri
CT2 20:4n6 0.5 0.0 -23.8 0.3 -131.3 13.1 CosTri
CT3 20:4n6 0.5 0.5 -22.5 0.6 -127.4 3.7 CosTri
KR1 20:4n6 0.4 0.1 -30.9 1.3 -136.8 0.9 Knaggs
KR2 20:4n6 0.4 0.0 -31.7 0.2 -140.9 2.4 Knaggs
KR3 20:4n6 0.4 0.0 -32.2 0.2 -137.6 2.8 Knaggs
MRA1 20:4n6 0.4 0.0 -26.2 0.2 -134.9 4.5 Moke
MR2 20:4n6 0.3 0.0 -25.6 1.8 -129.8 4.0 Moke
MR3 20:4n6 0.3 0.0 -25.4 0.6 -128.1 11.9 Moke
XSA1 20:4n6 0.4 0.1 -28.8 0.7 -136.0 2.1 Sac
XS2 20:4n6 0.7 0.0 -27.3 0.8 -133.0 2.9 Sac
XS3 20:4n6 0.8 0.0 -27.3 0.3 -127.9 3.6 Sac
BM1 20:5n3 2.5 0.5 -36.3 2.0 -278.2 1.7 Marsh
BM2 20:5n3 1.7 0.1 -34.6 0.3 -279.2 1.3 Marsh
BM3 20:5n3 1.9 0.1 -35.2 0.8 -280.8 1.2 Marsh
CB1 20:5n3 1.1 0.1 -29.5 1.2 -254.8 3.0 CosBeach
CB2 20:5n3 0.8 0.0 -29.1 0.4 -254 1 3.3 CosBeach
CB3 20:5n3 1.0 0.1 -28.6 0.4 -259.1 2.3 CosBeach
CT1 20:5n3 0.7 0.0 -26.3 1.2 -248.9 3.2 CosTri
CT2 20:5n3 0.9 0.0 -25.1 0.3 -254.3 25.8 CosTri
CT3 20:5n3 0.5 0.0 -24.1 0.2 -248.0 1.9 CosTri
KR1 20:5n3 1.0 0.1 -34.0 0.6 -255.8 2.6 Knaggs
KR2 20:5n3 1.2 0.0 -35.2 04 -256.9 1.6 Knaggs
KR3 20:5n3 1.2 0.0 -35.2 0.2 -263.5 1.1 Knaggs
MRA1 20:5n3 0.6 0.0 -29.0 0.8 -242.5 6.5 Moke
MR2 20:5n3 0.5 0.0 -26.8 1.4 -245.4 4.8 Moke
MR3 20:5n3 0.5 0.0 -27.0 0.3 -217 .1 46.1 Moke
XSA1 20:5n3 0.9 0.1 -34.3 1.0 -258.4 2.3 Sac
XS2 20:5n3 1.3 0.0 -29.8 0.1 -247.0 4.3 Sac
XS3 20:5n3 1.8 0.0 -29.5 0.2 -249.6 1.2 Sac
BM1 22:5n3 0.9 0.1 -32.6 1.9 -254.4 5.6 Marsh
BM2 22:5n3 0.6 0.0 -31.5 0.3 -243.9 8.4 Marsh
BM3 22:5n3 0.6 0.0 -32.6 1.0 -259.9 3.2 Marsh
CB1 22:5n3 0.5 0.1 -27.0 2.0 -217.3 53 CosBeach
CcB2 22:5n3 0.3 0.0 -25.5 0.3 -217.5 9.3 CosBeach
CB3 22:5n3 0.3 0.0 -27.3 0.3 -225.6 6.7 CosBeach
CT1 22:5n3 0.3 0.0 -24.7 1.1 -217.6 154 CosTri
CT2 22:5n3 0.5 0.1 -24.8 0.7 -217.2 14.4 CosTri
CT3 22:5n3 0.3 0.0 -22.8 04 -216.7 2.1 CosTri
KR1 22:5n3 0.5 0.0 -29.8 0.3 -231.9 71 Knaggs
KR2 22:5n3 0.5 0.0 -32.6 0.1 -221.0 10.4 Knaggs
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KR3 22:5n3 0.5 0.0 -32.5 0.9 -231.0 6.3 Knaggs
MR1  22:5n3 0.3 0.0 -26.4 1.0 -205.7 6.5 Moke
MR2 22:5n3 0.3 0.0 -24.1 1.2 -219.4 4.1 Moke
MR3 22:5n3 0.6 04 -23.0 0.9 -214.8 8.4 Moke
XS1  22:5n3 0.4 0.0 -28.0 0.6 -228.4 4.0 Sac
XS2 22:5n3 0.5 0.0 -26.4 04 -215.0 7.9 Sac
XS3 22:5n3 0.6 0.0 -26.2 0.6 -220.8 8.5 Sac
BM1  22:6n3 1.9 0.2 -30.8 2.4 -252.6 7.5 Marsh
BM2 22:6n3 1.5 0.0 -28.8 0.5 -256.9 3.2 Marsh
BM3 22:6n3 1.3 0.1 -30.0 0.2 -257.8 0.2 Marsh
CB1 22:6n3 2.6 0.2 -25.7 0.2 -243.0 0.5 CosBeach
CB2 22:6n3 2.5 0.0 -25.2 0.1 -238.5 8.7 CosBeach
CB3 22:6n3 2.4 0.3 -27.0 0.2 -249.1 1.1 CosBeach
CT1 22:6n3 2.3 0.0 -25.2 0.2 -238.7 1.0 CosTri
CT2 22:6n3 2.7 0.2 -24.0 0.1 -232.3 3.0 CosTri
CT3 22:6n3 2.3 0.2 -24.0 0.1 -239.3 2.1 CosTri
KR1  22:6n3 1.8 0.1 -29.5 0.5 -247 1 2.5 Knaggs
KR2 22:6n3 1.9 0.1 -29.3 0.7 -245.0 0.2 Knaggs
KR3 22:6n3 1.9 0.1 -29.5 04 -245.4 2.8 Knaggs
MR1  22:6n3 2.7 0.1 -25.1 04 -239.8 2.0 Moke
MR2 22:6n3 2.4 0.2 -23.1 1.5 -239.0 1.2 Moke
MR3 22:6n3 2.3 0.1 -23.3 0.3 -237.8 0.6 Moke
XS1  22:6n3 2.7 0.5 -26.3 0.8 -245.8 0.7 Sac
XS2 22:6n3 5.1 0.0 -24.1 0.1 -239.4 0.7 Sac
XS3 22:6n3 7.0 0.0 -25.3 0.1 -238.1 1.3 Sac
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