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EXECUTIVE SUMMARY

This report represents a synthesis of research investigating the inter-annual variability of
growth and life history of the endangered Delta Smelt (Hypomesus transpacificus) and the
potential environmental drivers associated with long-term trends. Analyses and results presented
in this report were focused on two Interagency Ecological Program sponsored studies; the Fall
Low-salinity Habitat Study (FLaSH) and the Drought Synthesis Study. Both studies are
interested in the effects of the freshwater outflow on habitat in the upper San Francisco Estuary
and the response of Delta Smelt to environmental variability. Using otolith micro-structure and
micro-chemistry we present a suite of methods to assess the growth and life history response of
Delta Smelt environmental variability from 1999-2014. This research was supported by several
contracts from both state and federal agencies to the lead author and collaborating authors within

the IEP, and is listed within the title page for each section.
Drought Studies

The 2014 Drought Operations Plan (DOP), developed jointly by state and federal agencies in
response to Governor Jerry Brown’s declaration of a drought emergency in January 2014 called
for a data synthesis effort aimed at understanding the impact of the drought on the Sacramento-
San Joaquin Delta ecosystem, with particular attention to Chinook Salmon (Oncorhynchus
tshawytscha), Delta Smelt (Hypomesus transpacificus), and Longfin Smelt (Spirinchus
thaleichthys) (DOP 2014). Given the severity of conditions in the current drought in the context
of long-term climate data (unprecedented moisture deficit, record high temperatures), this
synthesis effort to understand the drought impacts on the Delta Smelt is a necessary step for
informed management of its critical natural resources. Sections | and 11 of this report examine
growth and life history variability during the recent drought period 2012-2014 in comparison to
the 2007-2009 drought and to non-drought years since 2003 to address the effects of drought on
predicted responses of Delta Smelt. This report focuses on Delta Smelt growth rates during the
summer months for fish collected during the Summer Townet Survey; fall months for fish
collected during the Fall Midwater Trawl Survey; and winter months for fish collected during the
Spring Kodiak Trawl Survey. Analyses were conducted in collaboration with the IEP-MAST
Drought Synthesis Project Management Team led by Dr. Louise Conrad of the California

Department of Water Resources.
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Apparent growth and absolute growth rates derived from otolith micro-structure analyses
were reduced by approximately 10% from the long-term mean during the recent drought (2012-
2014) with 2014 exhibited the slowest growth rates in the time series (1999-2014). However,
growth rates during the 2007-2009 drought were more variable, with slow growth rates in 2007
and 2008, while growth rates were high in 2009. When drought years were combined and
analyzed categorically, growth rates were significantly reduced during droughts. We created a
composite variable of environmental drivers (temperature, X2, conductivity, food and water
clarity) at seasonal scales and examined inter-annual variability in summer growth rates in
response to the composite environmental drivers and found significant aggregate effects of
environmental drivers on growth. High conductivity, secchi depth and summer water
temperatures were associated with poor growth, while food was the only driver associated with
high growth rates.

FLaSH Studies

In the Fall of 2011, a large scale multidiscipline study was launched by the U.S. Bureau of
Reclamation (BOR) in cooperation with the Interagency Ecological Program (IEP) to investigate
the effects of freshwater outflow on low-salinity zone habitat conditions and the response of
Delta Smelt (Hypomesus transpacificus) to higher than normal fall outflow in 2011 (Brown et
al. 2014). High outflow years provide positive benefits to many estuarine species, including
species of management importance such as the Delta Smelt (Sommer et al. 2007; Feyrer et al
2007; Nobriga et al 2008; IEP-MAST 2015). However; the ecological mechanisms associated
with the effects of overall improved habitat conditions and Delta Smelt response are not well
understood. This study was motivated by the Biological Opinion (BiOP) on operations of the
Central Valley Project (CVP) and State Water Projects (SWP) issued by the U.S. Fish and
Wildlife Service (USFWS) in 2008 regarding the potential for continued operations to jeopardize
the endangered Delta Smelt (U.S. Fish and Wildlife Service 2008). The BiOP issued a series of
Reasonable and Prudent Alternatives (RPA) for continued operation. Adaptive management of
fall freshwater outflow to improve rearing conditions for Delta Smelt was identified based
primarily on relationships between fall habitat conditions and the presence of Delta Smelt
(Feyrer et al 2007; U.S. Fish and Wildlife Service 2010).
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Analysis and results presented in sections 111-V of this report addresses hypotheses outlined
by the Adaptive Management Plan for Fall Low-Salinity Habitats (FLaSH) focusing on summer
and fall habitat conditions effects on Delta Smelt growth and Life History (U.S. Bureau of
Reclamation 2012). Section I11 focuses on habitat conditions during the summer, examining
Delta Smelt collected during the Summer Townet Survey and was funded by IEP and BOR
contract number R13AP20021. In section IV we focus on adult Delta Smelt collected during the
Spring Kodiak Traw! during the FlaSH study years (2005-2006 & 2010-2011). The final section
focuses on Delta Smelt collected during the Fall Midwater Trawl from 2011-2014 and the Spring
Kodiak Trawl from 2012-2015.

In section (I11) we examined patterns in growth rates, somatic condition and life history
parameters (natal origins and hatch-date) at regional scales and across bi-weekly surveys during
the summer of 2012 and 2013. In addition we calculated an abundance index for each region and
survey to examine mortality and emigration rates. In both years abundance was highest in the
North Delta including the Cache-Liberty Slough regions and the Deepwater Ship Channel during
the first two surveys, but declined shortly there-after. Survival from survey 1 to survey 2 in both
years appeared to be dependent on growth rates, with fish growing slower than 0.35-mm per day
not represented in later surveys in the North Delta. In addition, condition factors for fish
remaining in the North Delta declined suggesting fish rearing in this region were in poor health.
Some fish rearing in the North Delta during the first survey had migrated to the Low-Salinity
Zone in between survey 1 and survey 2, and these fish had growth rates greater than 0.35-mm
per day supporting the observation that poor growth fish are not surviving through June. These
results are particularly important when examining recruitment of the 2012 yearclass, which were
the offspring of the large 2011 yearclass. The 20-mm survey in 2012 was relatively high,
suggesting a large number of larvae were produced from the 2011spawning stock, however, the
Summer Townet Survey index was low suggesting recruitment failure occurred during the
summer. This study further pinpoints this recruitment failure to have occurred between June 15"
and June 25", primarily in the North Delta, when water temperatures increased rapidly to above
22°C. Hammock et al 2015, examined the health and condition status of this fish using
biomarkers and discovered high incidence of contaminant related stress in the North Delta, thus
recruitment failure in 2012 was likely an interaction of food limitation, peaking water

temperatures and contaminants.
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In section (IV) we examined growth rates and life history patterns from adult Delta Smelt
collect by the Spring Kodiak Trawl Survey, for the paired dry-wet study years of 2005-2006 and
2010-2011. Life history patterns were determined via otolith strontium isotope ratios (Sr:%°Sr)
profiled with laser ablation from the core to the edge of the otolith and growth was quantified as
30-day otolith increment widths along the same otolith trajectory. To account for both intrinsic
and extrinsic effects of otolith growth, we used a mixed effects regression modelling approach,
accounting for the auto-correlative nature of otolith growth, seasonal variability and individual
specific effects. Life history diversity and growth rates were predicted, a priori, to be higher
during the wet years of 2006 and 2011. Three distinct life history phenotypes were identified in
this study. The dominant type was migratory, moving from freshwater natal sites to the low-
salinity zone, while individuals that resided in freshwater through-out their life were apparent
and contributed a larger percentage to the population in 2010 and 2011 when water temperatures
in freshwater were lower. A third type was identified as fish born in the low-salinity zone and
found to rear there for the majority of their lives. This contingent of the population contributed
significantly to the population in 2006. Growth rates did vary between year classes, with the
2010 and 2011 year class exhibiting higher growth and the 2011 year class exhibiting faster
growth during the fall months. Seasonal and age specific random effects were apparent,
suggesting strong ontogenetic effects occur and the interaction of ontogenetic lifestage and
seasonal variability is an important dynamic to account for when examining otolith growth.
Overall the mixed effects model with fixed intrinsic and extrinsic effects and random effects was
able to account for 85% of the variance in otolith growth. There did not appear to be a difference
in growth for the life history types, suggesting freshwater and low-salinity habitats provide
similar rearing conditions when water temperatures are cool in freshwater during the summer.
However, the lack of freshwater resident fish in 2006, a wet year, when water temperatures in
freshwater were high, suggests survival may be impacted during warm summers regardless of

freshwater flows.

In section (V) we explored relationships between fall growth rates and habitat attributes for
Delta Smelt collected during the FMWT (2011-2014) using marginal increment analysis and
compared 2011 to 2012-2014 using back-calculated fall growth from otolith increment widths
accreted during the fall for fish collected in the FMWT and the SKT Surveys. Marginal

increment analysis showed that growth rates were reduced for fish rearing in the fall in habitats
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with salinities greater than 2.5psu, as determined from the otolith strontium isotope ratio method.
Fall growth rates were greater in 2011 compared to 2012-2014 and 2014 had the lowest overall
growth recorded to date. Fall conditions in 2011 provided better rearing habitat for Delta Smelt,
with higher than normal freshwater outflow and relatively cool water temperatures. The years
from 2012-2014 were below normal to critically dry and much warmer than 2011. Mean
fecundity was higher in 2011 as well and was significantly increased for fish with higher fall
growth rates. Fecundity also appeared to vary among life history phenotypes, with freshwater
resident fish exhibiting higher fecundity than migratory fish when accounting for allometric

effects of fish size, and fall growth rates.
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BACKGROUND

Water year 2014 was the third consecutive year of dry conditions and signaled the next
significant period of dry conditions in California. The 2013-2015 drought falls in line with a
somewhat regular pattern of dry conditions occurring approximately every 15 years in California
(Dettinger and Cayan 2014). However, the 12-month period from February 2013 through
January of 2014 had the lowest amount of precipitation than any 12-month period in over 100
years (Swain et al. 2014), rendering the current drought even worse than previous extreme
droughts in California, such as the 1976-1977 and 1987-1992. In response to the unprecedented
dry conditions, Governor Jerry Brown issued an official drought proclamation on January 17,

2014 enacting state agencies to prepare for drought conditions.

California’s Central Valley Mediterranean climate has traditionally been characterized by
dramatic seasonal and inter-annual variation, with each year’s freshwater flow classification (as

Wet, Above Normal, Below Normal, Dry, or Critical, http://cdec.water.ca.gov/cqi-

progs/iodir/WSIHIST) largely dependent on the arrival of just a few storms, mainly during the

months of December and January (Dettinger et al. 2011). Therefore, single dry years do not
signify a drought; rather, they are expected within the normal range of hydrologic variability.
Multi-year dry periods that challenge the storage capacity of the water supply infrastructure,
however, are generally thought of as droughts and are likely to affect Delta ecology in addition

to disrupting agricultural and urban water use.

As a consequence of long-term climate variability, California’s native fish fauna is adapted to
variation in freshwater flows to the Delta. However; due to significant anthropogenic
modification of the Delta and estuary, native fish response to environmental variability have
been diminished. The population abundance of Delta Smelt and Longfin Smelt has been at
record lows during this unprecedented drought. Moreover, salvage of Delta Smelt and Longfin
Smelt has been low; possibly due to additional management actions to curtail export of the
species, but likely also a result of there being so few smelt left in the Delta. Thus, the low

abundance of smelt during the drought is likely the effect of extreme environmental variability.

Drought Predictions-IEP-MAST Drought Synthesis
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Conceptual models have been a cornerstone for management of the Delta and San Francisco
Estuary, not only to document current understanding of species-environment relationships
(Baxter et al. 2010; Sommer et al. 2007), but also for the purpose of developing predictions
necessary for adaptive management of fall outflow levels (US Bureau of Reclamation 2012)
and the impact of the recent drought on the low-salinity zone habitat and Delta Smelt (Conrad et
al. 2015 draft report). The Interagency Ecological Program’s Management Analysis and
Synthesis Team, (IEP-MAST) has recently completed a major synthesis and review of Delta
Smelt biology, that included an updated conceptual model for the species and factors influencing
its habitat (IEP-MAST 2015). This model was chosen for assessing drought effects because it
includes many biological, chemical, and physical factors of management relevance, and because
it summarizes their relationships in an organized way. The Delta Smelt Conceptual Model
adopts a multi-tiered hierarchical approach to reflect our current understanding of how the Delta
landscape, as well as abiotic and biotic variables that comprise the environmental drivers and
habitat attributes that together influence the Delta Smelt population demographics, reproduction,
and distribution.

The four-tiered approach incorporates the broad spatial and temporal scales on which drivers
of the Delta Smelt population act. Specifically, the first tier of the model, the Landscape
Attributes tier, contains fixed aspects of habitat that change depending on where Delta Smelt are
located (e.g., bathymetry, or proximity to South Delta CVVP and SWP water diversions). The
second tier, Ecosystem Drivers, reflects factors that influence Delta Smelt habitat but do not
directly affect Delta Smelt population dynamics (e.g., clam grazing influences plankton density,
which affects food abundance for Delta Smelt). Habitat Attributes, the third tier, include
characteristics of habitat that have direct impacts on Delta Smelt (e.g., water temperature). The
fourth tier, Delta Smelt Responses, describes the resulting abundance, distribution, and
reproduction of Delta Smelt. Factors relevant to Delta Smelt are described for each of these tiers
throughout the adult, larval, juvenile, and sub-adult life stages of Delta Smelt that roughly
coincide with the four seasons of the year, with some inter-annual variation and overlap between

life stages. The conceptual model is further described in detail in the IEP MAST synthesis report.

Application of the Updated Delta Smelt Conceptual Model for Drought Predictions
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As the newly updated Delta Smelt conceptual model (hereafter, conceptual model)
encompasses a wide range of attributes of the aquatic ecosystem of the Delta, it is a convenient
framework for assessing drought impacts on the interior estuary as a whole, in addition to
specific impacts on Delta Smelt. The structure of the conceptual model also calls for evaluation
of ecosystem attributes throughout the seasons, allowing for a consideration of drought impacts
not only during typically wet seasons when expected precipitation is lacking, but also during
summer and early fall when the lack of rainfall during preceding winter and spring months may
have important ecological impacts.

The IEP-MAST conceptual model was used to develop predictions for drought impacts by
first summarizing all the variables from each tier contained in the conceptual model. Using
published research, knowledge gained from the recent Delta Smelt synthesis effort (IEP MAST
2015), and expert opinion we made directional predictions for how each variable would respond
to sustained reduced inflow into the Delta during drought. Predictions were then made for each
season of the year with the following monthly groupings: Winter (January — March), Spring
(April — June), Summer (July — August), and Fall (September — December). These seasonal
groupings correspond to general periods when Delta Smelt adults, larvae, juveniles, and sub-
adults are present in the Delta, respectively. These groupings, perhaps most importantly for data
synthesis efforts, correspond to four routinely-conducted IEP surveys used to develop abundance
indices for Delta Smelt and Longfin Smelt: Spring Kodiak Trawl (SKT), 20mm Survey (20mm),
Summer Townet Survey (TNS), and Fall Midwater Trawl (FMWT) (Honey et al. 2004). The full
list of variables, and predictions for each season, are given in Table 1. Lastly, only evaluated a
partial list of these predictions because data were not available for all variables, and some
predictions require development of new metrics, based on more careful consideration than time

allowed for this progress report.

Preliminary analyses show that the current drought (2012-2014) has brought warmer air and
water temperatures, increased water clarity, a more landward location of the low-salinity zone
(LSZ), increased presence of the cyanobacteria Microcystis, and increased abundance of non-
native predators of larval and juvenile or small-bodied fishes (Mississippi Silverside and black
basses) (Conrad et al 2015). As predicted, these conditions have meant reduced abundance of

Delta and Longfin Smelt. For Delta Smelt, the remaining population was distributed farther
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upstream during IEP monitoring surveys for the recent drought, where habitat area and quality is
generally reduced, even in non-drought conditions. In fact, the relative abundance of Delta Smelt
in the toe-drain portion of the Yolo Bypass has increased dramatically since 2011 (Majardga et al
2015).

Delta Smelt Response to Drought

To assess the effect of drought on growth of Delta Smelt we examined the mean lengths-at-
date using bi-monthly surveys of the Summer Townet Survey, monthly surveys from the Fall
Midwater Trawl Survey (sub-adult growth rated during fall) and Spring Kodak Trawl Survey
(adult growth rates during the winter). This approach is very common in fish monitoring studies
for approximating population mean changes in length as a proxy for growth, however, estimates
can be biased for species with variable or protracted spawning periods and when gear selectivity
occurs for fish size. Gear selectivity is a current area of study for the IEP, however robust results
that would provide a means to adjust data have yet to be produced. Delta Smelt exhibit a
relatively long spawning period, often occurring from March-June in most years. Bennett (2005)
demonstrated with laboratory studies that Delta Smelt spawning and hatching occurs during a
period of time when water temperatures were between 12°C and 20°C, and coined this
phenomenon the “Temperature Window” for spawning. To account for the protracted spawning
period we used the calendar date for each year when daily mean water temperatures measured at
the Rio Vista CDEC water quality station were between 12°C and 20°C to serve as a proxy for
when fish were hatched (born). The Julian day of the year equidistant from when mean daily
temperature reached 12°C and exceeded 20°C was used as the mean hatch-date for the yearclass.
Apparent growth rate was then estimated for each survey by simply dividing the mean length-at-
survey by the estimated age, where age was estimated by subtracting the mean hatch-date from

the capture date.
Summer Townet Survey

Length frequency data from the Summer Townet Survey were expanded so that the dataset
had a length for each fish collected from 2003-2014. This dataset does not include the “plus-
counts”; fish counted but not measured during the survey. We assume there was no size bias in

the plus counting of Delta Smelt. The length data were not normally distributed (Shapiro-Wilks
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328 W =0.983, p-value = 2.51e-16). To compare lengths among the study years 2003-2014 a

329  generalized linear model (GLM) was fit with a gaussian log link function with fork-length a
330 function of survey and year. Survey had a strong effect on length (F = 183.8, df = 5 p<0.0001)
331  and increased from survey 1 to survey 6 as fish grew (Table 2). Length varied among study
332 years (F = 34.6, df= 11, p<0.0001) and were generally smaller in 2006, 2011 and 2012 when

333 accounting for survey effects (Figure 2).
334  Fall Midwater Trawl Survey

335 Fall midwater trawl length data were expanded as with the Summer Townet Survey and did
336  not account for plus counts. Length data was again not normally distributed (Shapiro-Wilks ,W
337  =0.9845, p-value = 1.377e-08), thus a log link function was used in a GLM. Survey had a

338  strong effect of fork-length (F = 69.3, df = 3. p<0.0001), as did year (F = 36.5, df = 11,

339  p<0.0001) (Table 3). Fish lengths increased with survey month and were much smaller in 2003
340 and 2006 (Figure 3).

341  Spring Kodiak Trawl Survey

342 Spring Kodiak trawl length data from 2002-2014 were expanded as with the Summer Townet
343  Survey and did not account for plus counts. Note that the Spring Kodiak Trawl study year

344  corresponds to the previous calendar year yearclass of fish. Length data was again not normally
345  distributed (Shapiro-Wilks ,\W = 0.9523, p-value = 1.4727e-08), thus a log link function was

346 usedina GLM. Survey had a strong effect of fork-length (F = 711.1, df = 4. p<0.0001), as did
347  year (F =212.6, df = 12, p<0.0001) (Table 4). Fish increased in length through the survey

348  months, and were smaller in 2002, 2004, 2007 and 2012 (Figure 4).

349  Apparent growth using estimate hatch-dates from the temperature window

350 Estimated mean hatch-date for the yearclass provided a good approximation for mean hatch-
351  date using traditional otolith age methods (Figure 5). Apparent growth rates during the recent
352 drought 2012-2014 for the summer and fall appeared to be significantly reduced relative to the
353  previous two years, a Wet Year (2011) and Below Normal Year (2010), and similar to the 2007
354  Critically Dry Year and 2008 Dry Years, however 2009 was also a Dry Year but growth rates
355  were elevated for that year (Figure 6). The apparent growth of adult Delta Smelt collected
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during the Spring Kodiak Trawl did not exhibit a similar pattern to the summer and fall surveys.
Overall growth was much slower over the winter months and may be driven by winter conditions

rather than carry over from summer and fall conditions.
DISCUSSION

Delta Smelt lengths-at-survey varied among the study years, however patterns were
not consistent as hypothesized. Mean fork-lengths tended to be smaller in the wet years
(2006, and 2011) during all surveys (not SKT corresponds to 2007 and 2012 for 2006 and
2011 years); dry years tended to have the opposite pattern. While gear bias likely has
some effect on the length distributions, the timing of hatching may have a strong
influence on the fish size-at-survey. Hatchdate distributions back-calculated from otolith
age varied over the years of study and was associated with spring temperatures. Thus the
length-at-survey analyses would need to account for the variability in hatch-date. This
could be done using mean lengths-at-survey and the estimated mean hatch-date for the
yearclass, but detailed analyses at the individual level would not be possible and
statistical inference would be limited, but would serve as a reasonable proxy for inter-

annual variability of apparent growth.

Apparent growth rate varied among the study years and was consistent with the
predictions from the MAST model. Growth appeared to be reduced during the 2012-
2014 drought period for Summer Townet Survey and Fall Midwater Trawl but was not
different during the Spring Kodiak Trawl. The years 2007 and 2008, of the previous
drought period exhibit similar results, although 2009, the third year of that drought had
high apparent growth in the Summer and Fall, thus other factors may be influence
patterns in apparent growth. If apparent growth patterns can be validated with years of
otolith derived empirical growth, this technique for indexing apparent growth may
provide a valuable tool for assessing long-term trend in the variability of growth using

historic survey data and water temperature data.

In conclusion, using length-at-survey date revealed patterns that did not support the
predicted effect of drought on fish size, but apparent growth using the estimated mean

hatch-date from the water temperature window more likely reflected inter-annual patterns
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385 in growth rate. As predicted from the MAST conceptual model, apparent growth was
386  reduced during drought periods during the summer and fall months. Fish lengths-at-
387  survey, particularly for the SKT survey are still an important metric of Delta Smelt
388  response to environmental conditions as length is likely a strong driver of individual
389  fecundity and it remains to be seen how growth rates may influence fecundity

390 independent of fish size. Thus in years when fish may hatch early, growth may be less
391  important for reaching a larger length during the spawning season as in years when
392  spawning may be delayed by cool spring temperatures, which often occur during wet
393  years. The inconsistency inter-annual patterns of lengths-at-survey during the SKT
394  survey compared to the FMWT and TNS may suggest that either a persistent length bias
395  occurs between these sampling gears or growth compensation is occurring during the
396 late fall-early winter in years when fish are small during the summer and fall.

397

398

399

400
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Erodible Sediment Supply, Proximity to Ocean, Proximity to Discharges,
Proximity to Diversions, Bathymetry (Proximity to and Extent of Shallow Areas)

Tier 3 - Hobitot Attributes
Food, Predation, Temperature, Food, Predation, Temperature,
Entrainment, Toxicity Transport, Entrainment, Toxicity

Spawning

Survival

Growth

Survival Growth

Food, Predation, Size and Food, Predation, Temperature
Location of LSZ, Toxicity Harmful Algal Blooms, Toxicity

401

402  Figure 1. The MAST life-cycle conceptual model for Delta Smelt. Fish responses (dark blue
403  box) to habitat attributes (light blue box), which are influenced by environmental drivers (purple
404  box) in the four “life-stage/seasons”(green box).
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Figure 2. Boxplot of length-frequency expanded fork-lengths from all 6 surveys of the Summer
Townet Survey (right) from 2003-2014 (left).
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Figure 3. Boxplots of length-frequency expanded fork-lengths from the four monthly surveys
(Sept-Dec) of the Fall Midwater Trawl Survey from 2003-2014.
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Table 1. Directional predictions for drought effects on the Delta LSZ ecosystem, with variables derived from the
Delta Smelt conceptual model, compared to the previous decade. 1 = predicted increase, | = predicted decrease, <
= no change predicted, | or 1 = prediction for increase or decrease can both be made, and black box = no prediction
made. For clam biomass, Pot.= Patamocorbula amurensis and Corb. = Corbicula fluminea. Only predictions in
black font were evaluated in the IEP-MAST Drought Synthesis Report (Conrad et al. 2015). Prediction for Longfin

Smelt were assumed to be the same as for Delta Smelt.

Habitat Attributes

Conceptual Model Tier & January - . September -
Variatl)ole Marcr): April - June | July - August DFe)cember
Landscape Attributes
Proximity to Ocean Ng N N2 N
Proximity to Water Projects ™ ™ T T
Environmental Drivers
Flows N% N2 NA N2
Water Diversions N% N% NA N2
Air Temperature g & & &
Water Clarity T T T T
Invasive Clam Biomass | 1 Pot., { Corb. N Pot., 1 Corb. M Pot.,  Corb. N Pot.,  Corb.
MSS Abundance _i_
LMB Abundance N2

Water Temperature
Position of LSZ
Harmful Algal Blooms

Abundance
Distribution

Life History Diversity
Growth
Fecundity
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Table 2. Genelized linear model results for Summer Townet Survey

Estimate ~ Std.Error t-value  Pr(>t|)

(Intercept) 0.401955 0.0042 95709 <2e-16 ***
Year[T.2004] 0.021526 0.0055 3.914  9.34E-05 ***
Year[T.2005] 0.012529  0.006209 2.018 0.043709 *
Year[T.2006] -0.035577 0.007126 -4.992  6.40E-07 ***
Year[T.2007] 0.014292  0.008674 1.648  0.099535
Year[T.2008] 0.011637  0.00722 1.612  0.107165
Year[T.2009] 0.035378  0.008757 4.04  5.51E-05 ***
Year[T.2010] 0.038736  0.005241 7.391  2.00E-13 ***
Year[T.2011] -0.025906  0.003932 -6.588 5.47E-11 ***
Year[T.2012] -0.017245 0.005124 -3.365 0.000777 ***
Year[T.2013] 0.033245  0.00557 5969  2.75E-09 ***
Year[T.2014] 0.0065 0.007577 0.858  0.391067
Survey[T.2] 0.005289  0.003967 1.333  0.182581
Survey[T.3] 0.047499  0.003811 12465 <2e-16 ***
Survey[T.4] 0.070086  0.003923 17.865 <2e-16 ***
Survey[T.5] 0.085982  0.004612 18.642 <2e-16 ***
Survey[T.6] 0.111581  0.004629 24.106 <2e-16 ***
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Table 3. Genelized linear model results for Fall Midwater Trawl Survey

Estimate Std. Error tvalue  Pr(>t|)
(Intercept) 3.957073 0.006544 604.72 <2e-16 ***
Month[T.11]  0.031075 0.009187 3.382 0.000748 ***
Month[T.12]  0.080799 0.007364 10.972 <2e-16 ***
Month[T.9] -0.03309 0.008624 -3.836 0.000133 ***
Year[T.2004] 0.136478 0.009294 14.685 <2e-16 ***
Year[T.2005] 0.079407 0.017443 4552 5.99E-06 ***
Year[T.2006] -0.02464 0.018361 -1.342 0.179913
Year[T.2007] 0.151353 0.016572 9.133 <2e-16 ***
Year[T.2008] 0.106034 0.018924 5.603 2.75E-08 ***
Year[T.2009] 0.145501 0.018653 7.8  1.62E-14 ***
Year[T.2010] 0.156885 0.013  12.068 <2e-16 ***
Year[T.2011] 0.095404 0.008477 11.255 <2e-16 ***
Year[T.2012] 0.15011 0.013315 11.274 <2e-16 ***
Year[T.2013] 0.09273 0.020084 4.617 4.43E-06 ***
Year[T.2014] 0.10378 0.027135 3.825  0.00014 ***
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Table 4. Genelized linear model results for Spring Kodiak Trawl Survey

Estimate Std. Error tvalue  Pr(>|t))
(Intercept) 4145575 0.002689 1541.651 <2e-16 ***
Month[T.2] 0.034597 0.001911 18.105 <2e-16 ***
Month[T.3] 0.059415 0.002038 29.159 <2e-16 ***
Month[T.4] 0.074326 0.002234 33.265 <2e-16 ***
Month[T.5] 0.145107 0.00289 50.202 <2e-16 ***
Year[T.2003] 0.068685 0.003073 22.354 <2e-16 ***
Year[T.2004] -0.01691 0.002922 -5.789 7.29E-09 ***
Year[T.2005] 0.042176 0.003118 13.528 <2e-16 ***
Year[T.2006] 0.005552 0.003825 1.452  0.1466
Year[T.2007] -0.03996 0.003692 -10.824 <2e-16 ***
Year[T.2008] 0.04511 0.004618 9.769  <2e-16 ***
Year[T.2009] -0.00698 0.003698 -1.887  0.0592 .
Year[T.2010] 0.007658 0.003861 1.983  0.0474 *
Year[T.2011] 0.022552 0.004097 5.504 3.79E-08 ***
Year[T.2012] -0.0255 0.003208 -7.949 2.07E-15 ***
Year[T.2013] 0.073881 0.004313 17.129 <2e-16 ***
Year[T.2014] 0.021702 0.004423 4.906 9.42E-07 ***
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INTRODUCTION

Quantifying vital rates across fish life stage transitions is central to understanding and
predicting variability in recruitment (Rose 2000). The ability to mathematically describe
variation in the growth and survival of delta smelt was recently shown to be a powerful tool for
testing alternative hypotheses about why and how delta smelt abundance has varied through time
(Rose et al. 2013a,b). This recently developed capability marks a large scientific step forward
from numerous previous studies that relied on correlation-based analyses, which often had
inconsistent results (Bennett 2005; Mac Nally et al. 2010; Thomson et al. 2010; Maunder and
Deriso 2011; Miller et al. 2012).

Classical fishery science predicts that environmental conditions and particularly predation
pressure select for rapid growth of fishes during their early life stages (Houde 1987; Sogard
1997; Duffy and Beauchamp 2011). However, individual studies have found the highest
predation pressure can occur on the fastest growing individuals of a cohort (Gleason and
Bengsten 1996) and a recent study of young Chinook salmon found that fast growth only
increased survival when ocean productivity was poor (Miller et al. 2013). This basic conceptual
framework suggests two analogous possibilities may occur for delta smelt. One possibility is
that when we compare growth rates of fish collected in 2014 to those of fish collected in
previous years, we will find that growth rates are similar because fast growth is persistently
selected for. The other possibility is that we will find faster growth in 2014 (and possibly other
dry years) relative to years of better overall environmental conditions because rapid growth is
strongly selected for when conditions are poor like we expect they will be this summer due to

warm weather and low outflow.

Our second conceptual model can be stated simply that not all spawning and rearing habitats
are created equal. The prevailing hypothesis is that both delta smelt and longfin smelt spawn in
freshwater (mainly in the Delta and Suisun Marsh; Moyle 2002). Recent research has shown that
delta smelt can spawn as far west as the Napa River (Hobbs et al. 2005; 2007). Although larval
stages of these fishes can be widely distributed throughout freshwater to mesohaline habitats of

the estuary, we have recently found that longfin smelt larvae that rear in the low-salinity zone are
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more likely to survive (Hobbs et al. 2010) and that delta smelt have both freshwater-resident and
low-salinity resident contingents that survive to adulthood (Hobbs unpublished data). Given the
extreme drought conditions forecast for summer 2014, we expect the low-salinity zone to extend
landward into regions generally considered to be poor rearing habitat. Further, we expect this
year’s drought conditions to limit the seaward distribution of delta smelt rearing habitat by
constricting it mainly to the legal Delta and to limit the landward distribution of longfin smelt

rearing habitat.

Resiliency can be described as the tendency to return to an average state following a
perturbation. Variable weather patterns and climate variability can have significant effects on
estuarine fish populations. However, estuarine species are particularly adapted to such dynamic
environmental variability, with life history strategies optimized to compensate for such
variability. The use of otolith micro-structure and micro-chemical analysis will enable us to
determine how resilient Delta Smelt life history strategies are to extreme drought. This

information will help fishery managers plan habitat restoration that is resilient to future droughts.
BACKGROUND

The delta smelt, is a small euryhaline fish, endemic to the upper San Francisco Estuary. It
completes its life cycle in only a year, has a low fecundity and is sensitive to warm temperatures
and high salinity. Indeed the life history of this species is a conundrum, given its persistence in a
highly altered Mediterranean estuarine habitat. In this study we are investigating the role of
phenotypic expression of life history variability in providing the species with the resiliency to
survive its changing world. With the use of state of the art otolith microstructure and
microchemistry tools, we have discovered the delta smelts strategy for dealing with climate
variability. However, data from recent years suggests the resiliency, that life history diversity
may afford, is disappearing. While researchers have been frantically investigating the myriad
factors contributing to their demise, the ultimate culprit may be climate change. Long-term
changes in the timing of the spring transition and warming of the Delta, have had subtle but
important effects on the reproductive timing and recruitment of the delta smelt, leading to
reduced life history diversity and resiliency. Given future climate predictions, the fate of the

delta smelt is bleak.

Page 28



593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622

623
624

Delta smelt is a mesothermal species found commonly at temperatures from 10°C to 22°C.
Wild caught delta smelt show a critical thermal maximum of 25.3°C for juvenile fish acclimated
to 17°C (Swanson and Cech 2000). Hatchery smelt acclimated to 16°C have a critical thermal
maximum of about 28°C but thermal tolerance differs among life stages with tolerance
decreasing from late-larval to post-spawning fish (Komoroske et al. 2014, 2015). Molecular
assays suggest that thermal stress can begin at about 20-21°C depending on life history stage,
and delta smelt are unable to compensate for thermal stress, meaning short term exposure to
stressful conditions can lead to chronic stress (Komoroske et al. 2015). These results are
consistent with reduced smelt catch at higher temperatures. The majority of delta smelt juveniles
(Summer Townet Survey, STN) and pre-adults (Fall Midwater Trawl Survey, FMWT) are caught
at water temperatures of <22°C (Nobriga et al. 2008, Komoroske et al. 2014). This is consistent
with absence of delta smelt from the San Joaquin River and south/central Delta during summer.
Presumably, delta smelt in the wild will avoid areas where water temperatures are near their

thermal maximum and would be less likely to be captured in surveys.

Early life history and growth of smelt in the San Francisco Estuary has been well studied.
Using otolith microstructure and microchemistry, daily growth can be estimated from otolith
increments and the location of growth can be inferred from strontium isotope ratios deposited in
the otolith and assayed with laser ablation techniques (Hobbs et al. 2006,2007 and 2010). In
this study, we explore the response of Delta Smelt to changing environmental conditions and the
recent critical drought in the Sacramento-San Joaquin Delta using otolith microstructure and
microchemistry to reconstruct life history diversity, natal origins and hatch-date distribution from
1999 to 2014.

Research Questions:

(1) What are the growth rates of Delta Smelt during 2014 and how do they compare to
growth rates of fish collected in previous years?
a. Is growth rate reduced during droughts?

(2) Are life history attributes effected by drought
a. Does drought effect the natal origin distribution?

Page 29



625
626
627

628
629
630

631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656

b. Does drought effect the phenology (hatch-date distribution)
c. Does drought effect life history diversity?

METHODS

Delta Smelt were collected by IEP staff during the Summer Townet Survey (June-August)
between 2002 and 2011, measured for forklength (mm) onboard, individually cataloged and
given a unique identification number and preserved in 95% ethanol. Samples from 1999-2001
were individually cataloged and given a unique identification number and measured for fork-
length (mm) by UCD staff onboard during the Summer Townet Survey. Beginning in August
2011 UC Dauvis staff followed the IEP surveys in shadow boat and was responsible for
cataloging and archiving Delta Smelt in liquid nitrogen. In the lab, Delta Smelt were thawed,
weighed, measured for length, and digitally photographed for additional measurements. Sagittal
otoliths were dissected from the head using ultra-fine forceps (Dupont® SE140, stainless steel)
and stored dry in tissue culture trays. Before mounting, the otoliths were “cleared” by soaking in
95% ethanol for 24 hours. Otoliths were mounted onto glass slides with Crystal Bond®
thermoplastic resin in the sagittal plane, ground to the core on both sides with wet-dry sandpaper
and polished with a polishing cloth and 0.3-micron polishing alumina on a MIT Corp. polishing
wheel. Otoliths were digitized with a 12-Megapixel digital camera (AM Scope:
www.amscope.com) at a magnification of 20X with an Olympus CH30 compound microscope.
Digital images at 20X magnification were merged into a complete image of a transect from the

core to the dorsal edge at a 90° angle from the primary axis of the otolith.

Age and Growth

Otolith increments were enumerated to estimate age using Image-J NIH software. Aging was
conducted by a minimum of two readers, and the mean, median, average percent error between
age readers was assessed. If the age reading by the independent readers for an individual fish
was greater than 10% average percent error, the sample was selected for processing of the second
otolith for age analysis. If age discrepancy among readers was found for the second otolith, that

sample was discarded. The absolute growth rate AGR (g) for individual fish was calculated by:
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Agemean

AGR (9) =

Where length-at-hatch was 5.2mm. Otolith increment counts have been shown to be an accurate
measure of age from hatch (Hobbs et al. 2007).

The hatch-date for each fish was calculated by subtracting the age from the capture date and was

reported as the number of days from January 1 to facilitate plotting.

Growth Rates

AGR’s were compared between years and water year index with ANOVA. Tukey multiple
comparisons were used to compare instantaneous growth rates among years and water year
types. Diagnostic plots of residuals were explored to assess model assumptions, including
normality (QQ-plot), homogeneity of variance (residuals vs. fitted values), constant variance
(scale-location plot) and outliers with cook’s distance plot as suggested by Zuur et al 20x.. The
use of AGR’s in comparing populations requires an assumption of linear growth during the time

period of study, thus we examined the age-length relationship with a linear and non-linear model.

Environmental Drivers

Environmental variables identified to be affected by drought conditions and potentially effect
Delta Smelt growth and survival during the spring-summer and summer-fall transition periods
were explored as predictor variables for annual mean AGR (See Conrad et al 2015 for a list).
Annual indices for each variable were transformed to anomaly values by subtracting the annual
index from the global mean for each variable and dividing by the global standard deviation.
Next univariate correlation analyses were conducted for each environmental driver and AGR.
Finally, Principle Components Analysis was used to combine environmental drivers into a
composite (Eigenvalue) variable and then used as a predictor variable for AGR in linear

regression analysis.

Temperature
Water temperatures (15-min intervals) from continuous water quality monitoring stations
were retrieved for Martinez (MRZ), Mallard Slough (MAL) and Rio Vista (RIV) from the
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California Data Exchange Center (http://cdec.water.ca.qov/) on November 24™ 2015. Data were

recorded in Fahrenheit (°F) and transformed to Celsius (°C) using:

o0 °F — 32
© 1.8

Daily means for each station were calculated from 15-minute interval data from January 1, 1999
to December 31, 2014. Finally, the daily mean temperature was calculated among the three
stations (MRZ, MAL and RIV). The daily mean temperature between July 1 and August 31 was

used as an index of summer water temperatures for analysis.

X2
The mean position of X2 was calculated from DAYFLOW from March 1 to July 31 of each year.

Water Clarity and Conductivity

Water clarity was quantified using Secchi disk depths (cm) and conductivity (us) was
measured using a hand-held Y SI meter at IEP-Summer Townet Survey stations (excluding the
South Delta and Napa River station). The mean value from all bi-weekly surveys within a year

was used as an annual index.

Food

Zooplankton data from the IEP-Environmental Monitoring Program (EMP) was used to
calculate an index of prey abundance using the Clark-Bumpus net and the microzooplankton
pump data for Limnoithona spp. Data consisted of density (numbers of target taxa per cubic
meters of water filtered) from monthly surveys conducted between March and August of each
study year. Data for stations in San Pablo Bay were excluded from the dataset. The mean
density of common prey taxa was calculated for each year and used as an annual index. Prey
taxa included Eurytemora affinis (EURYTEM), Psuedodiaptomus forbesii (PDIAPFOR),
Acanthocyclops vernalis (AVERNAL), Other Calanoid adults (OTHCALAD) and Calanoid
Copepodids (ALLCALJUV) and Limnoithona spp (TotalLimno). The index was calculated by

summing annual means of each taxa. An index of food abundance was calculated with and
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without Limnoithona sp. since it dominated to total abundance and is not a dominant taxa found

in Delta Smelt diets.

RESULTS

For this report we processed and examined 138 fish from the 2014 Summer Townet Survey
(STS), 161 fish from the 2011 STN and 55 fish from the 2010 STN and 4 fish from the 2009 for
age and growth and natal origins. These data were included into the existing dataset of STS
sampled which from 1999 to present (note we are missing 2003 and 2008 and the 4 individuals
from 2009 were excluded from the analyses due to too few samples). This dataset now includes
data for 72 fish from one Critically Dry year (2014), 555 fish from 5 Dry years, 350 fish from 4
Below Normal years and 480 fish from 4 Wet years, as determine by the water year index system
for a total of 1461 fish for age and growth (Table 1).

The relationship between fork-length (mm) and age (days) exhibited a linear relationship
from 20 days of age to approximately 120 days, after which the growth in length begins to slow
relative to age (Figure 1). Data for 28 fish greater than 130 days and 16 less than 40 days of age
were excluded from the statistical analysis to meet the assumption of linearity of growth rates.
AGR’s (g) varied between years, with growth rates ranging from 0.23 to 0.45 mm/day (25th and
75" percentile) ANOVA (MS 0.06, F= 20.46, df = 12 p<0.001) (Table 1). The year-classes,
2006, 2007, 2012-2014 had significantly reduced growth rates (Figure 2). The mean AGR in
2014, a Critically Dry year was the lowest mean AGR on record with mean of 0.37 mm/day +
0.4, 1o, a reduction in AGR of 9% from the grand mean for 1999-2013, ANOVA MS= 0.06,
F=16.2 df= 3 p<0.001. Tukey multiple comparisons were significant for the Critically Dry year
among all comparisons (p<0.0001), while the Dry Years were slower than the Below Normal
Years (p=0.003) and Wet Years were significantly slower than Dry Years (p=0.010) but not
different than Below Normal Years (Figure 3).

Anomalies

Anomaly values for X2 were consistent with water year type, positive anomalies (position up
estuary) occurred for Dry Years (2001, 2002, 2007 and 2013) and for Below Normal Years
(2004, 2010 and 2012) and negative (position down estuary) in one Below Normal Year (2005)
which had unseasonal high flows in May, and Wet Years (1999, 2000, 2006 and 2011) (Figure
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4). Salinity responded similarly with positive anomalies in 2000, 2002, 2004, 2007, 2012, 2013,
2014 (Figure 4). Mean summer water temperatures (July-Aug) did not correspond with water
year types, with positive anomalies for years 2000, 2001, 2002, 2004, 2005, 2006, 2013 and
2014, and negative for 1999, 2002, 2007, 2010, 2011, 2012(Figure 4). Food was more abundant
in 1999, 2000, 2005, 2006, 2011 with positive anomalies and less abundant in 2001, 2004, 2007,
2010, 2012, 2013, 2014 exhibiting negative anomalies (Figure 4). Water clarity as measure by
Secchi disk depth measurements exhibited a trend through time with negative anomalies from
1999-2006 and switching to positive anomalies in 2007 (Figure 4). Conductivity (p = -0.50), X2
(p =-0.40) summer temperature (p = -0.45) and secchi (p = -0.40) exhibited negative correlations
with AGR and positive correlations with food (p = +0.30), however, all trends were not

statistically significant.

Principle Component Analysis

Environmental drivers were combined by principle component analysis into three components
explaining overall 94% of the variance (Table 2). The first principle component explained 56%
of the variance and was positively associated with, in order of strength, X2-Conductivity-
Summer Temperature and Secchi, while food was the only variable to load negatively on PC
1(Table 2). The second principle component an additional 20% of the variance with Secchi
loading positively and Summer Temperatures negatively, while the remaining variables were
weakly associated with PC 2 (Table 2). Principle component 3 explained an additional 17% of
the variance with Food, Secchi, Summer Temperatures and Secchi loading negatively and X2
loading positively on PC3 (Table 2). Loading scores for each year were plotted against the three
principle axis (Figure 5). Years loading positively on PC were the drier years, with 2014, the
Critical Dry Year having the largest score (-2.51), while Wet years loaded negatively (1999,
2006 and 2011) (Figure 5). Years loading positively on PC 2 were recent years in the time series
when water clarity (Secchi has increased), while years loading negatively on PC were warm
summers (2001 and 2006) (Figure 5). Years loading positively on PC 3 cooler and had higher
X2 values, while years loading negatively were had either more food (2006) or were warmer
(2014) (Figure 5). AGR anomalies were marginally correlated to PC 1 (Kendall’s tau =0.41, p-
value = 0.057), while PC 2 (tau=-0.12, p-value = 0.59)and PC 3 tau=-.10, p-value = 0.67) were
not correlated to AGR (Figure 6).
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DISCUSSION

Delta Smelt growth rates (Absolute and Apparent Growth) were significantly reduced during
the recent drought (2013-2014), with growth rates in 2014 down approximately 10% over the
study period. This reduction in growth rate can have a significant impact for both survival to the
adult stage and fecundity. While a 10% reduction in absolute growth could result in smaller
adults (7-10mm) and ~500-1000 eggs per female, the additional mortality to the population
would be exponentially greater for a population experiencing growth selective mortality. The
reduction in growth rates observed for 2014 were similar to rates modelled by Rose et al (2013a)
which resulted in roughly a 5-fold change in the population growth parameter (A). Indeed, in this
modelling exercise, 2001 was estimated to have had the lowest growth rate during the juvenile
stages in late summer and fall for the years 1995-2004 (Rose et al 2013b). Our empirical growth
rates for the years 2006-2007 and 2012-2014 exhibited lower growth rates than those observed in
2001, thus growth rates for a majority of these years were likely poor enough to result in
significant reduction in population abundance.

Several environmental drivers responded to drought as predicted, with reduced freshwater
outflow resulting in the position of X2 moving upstream, and salinity in Suisun Bay increased.
Water temperatures for the recent drought were high, and exceptionally high for 2014. The
abundance of prey tended to be lower during the drier years (2001, 2007 and 2012-2014).
Combining environmental drivers into a composite variable for years provided a reasonable
predictor of growth rates for Delta Smelt during the summer supporting the hypothesis that
multiple environmental drivers interact to influence habitat and growth condition for Delta
Smelt.

Water clarity, (secchi depth) exhibited a linear trend through time and may be an underlying
driver of long-term change in the upper estuary. The expansion of submerged aquatic vegetation
and the loss of sediment supply behind reservoir dams are likely the causes of increased water
clarity. Delta Smelt have been shown to depend on turbid habitats for feeding and avoiding
predation. The interaction of increasing water clarity through time and inter-annual variability in
the abundance of prey may lead to non-linear growth dynamics through time. Indeed Secchi was
an important variable included in the environmental driver component for explain variation in

Delta Smelt growth rates.
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Figure 1. Age-Length relationship for Delta Smelt collected during the Summer Townet

Survey. Red line is a polynomial function fit to the age-length data showing deviation from a
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linear relationship at ages greater than 120 days of age.
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Figure 2. Boxplot of growth rate (g) mm/day for the year-class cohorts 1999-2014 (-2003, 2008
and 2009). Box represents the median, 25™ and 75™ percentile, and whiskers the 5™ and 95"
percentile.
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Table 1. Number of otoliths examined by year and Water Year Type.

Year mean 1sd 25"% 75"% n WYT
1999 044 + 006 029 048 177 W
2000 042 + 004 037 043 20 W
2001 040 + 004 029 043 182 D
2002 044 + 006 032 047 199 D
2004 042 + 006 030 046 8 BN
2005 045 + 005 033 048 101 BN
2006 038 + 004 026 041 61 W
2007 038 + 005 027 040 48 D
2010 043 + 005 033 046 55 BN
2011 041 + 006 023 045 222 W
2012 039 + 006 025 043 105 BN
2013 039 + 006 025 043 126 D
2014 037 + 004 026 040 72 C
Totals: 0.41 006 023 045 1457

Page 42



899  Table 2. Principle Component Analysis loadings.

900
PC1 PC2 PC3
Conductivity 0.56 -0.08 -0.21
Secchi 0.24 0.75 -0.53
July-August Temperature 0.35 -0.64 -0.48
X2 0.56 0.09 0.24
Food -0.44 -0.08 -0.63
Eigenvalues 2.82 1.00 0.86
Cumulative Proportion of Variance 56% 76% 94%
Year
1999 -2.5 -0.6 0.2
2000 -0.4 -0.6 -0.3
2001 1.2 -1.4 1.8
2002 0.5 -0.7 0.6
2004 0.6 -0.6 0.1
2005 -0.8 -0.3 -0.3
2006 -2.1 -1.3 -1.5
2007 1.0 0.2 0.2
2010 -0.5 1.8 0.9
2011 -2.8 1.6 -0.1
2012 0.9 1.2 0.0
2013 1.6 0.4 0.4
901 2014 3.2 0.3 -2.0
902
903
904
905
906
907
908
909
910
911
912
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I1.b Putting the Extreme Drought into a Long-Term Context: Life History Diversity

METHODS

Life history attributes of juvenile Delta Smelt were quantified using otolith microstructure to
back-calculate hatch-dates and determine natal origins using strontium isotope ratios 2’Sr:%°Sr at
the core of the otolith using laser ablation mulit-collector ICP-MS. Delta Smelt were collected
during the Summer Townet Survey (STS), a long-term monitoring survey conducted by the
California Department of Fish and Wildlife to determine the distribution and abundance of
juvenile pelagic fishes in the upper San Francisco Estuary. The STS conducts bi-weekly surveys
from June through August at x number of fixed stations in the upper estuary. For this study
Delta Smelt were collected in 1999, 2001-2002, 2004-2007, and 2010-2014 (Table 1). Fish were

measured for fork-length to the nearest millimeter onboard, and preserved in 95% ethanol.

Sagittal otoliths were dissected from the head using ultra-fine forceps and stored dry in tissue
culture trays. Before mounting, the otoliths were “cleared” by soaking in 95% ethanol for 24
hours. Otoliths were mounted onto glass slides with Crystal Bond® thermoplastic resin in the
sagittal plane, ground to the core on both sides with wet-dry sandpaper and polished with a
polishing cloth and 0.3-micron polishing alumina. Otoliths were digitized with a 12 Megapixel
digital camera (AM Scope: www.amscope.com) at a magnification of 20X with an Olympus
CH30 compound microscope. Otolith increments were enumerated and the distance from the
core to each daily ring was measured using Image-J NIH software. Three age readers separately
quantified otolith increments; the mean, median, average percent error and the coefficient of
variation of each individual fish were assessed. If the age reading by the three readers for an
individual fish was greater than 10% average percent error, the sample was selected for
processing of the second otolith for age analysis. When age agreement among multiple readers
could not be resolved, ageing was conducted by the principle investigator. If age agreement
could not be reduced to less than 10% APE the sample was removed from the study. Hatch-date
was estimated by subtracting mean age from the capture date, and reported as the calendar day

from January 1 for each year.
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Natal origins were determined using the strontium isotope ratios (3'Sr:%Sr) of the otolith core
using laser ablation multicollector ICPMS at the UC Davis Interdisciplinary Center for Plasma
Mass Spectrometry (http://icpoms.ucdavis.edu). A multi-collector inductively coupled plasma
mass spectrometer (Nu Plasma HR from Nu Instrument Inc.) was interfaced with a Nd:YAG 213
nm laser (New Wave Research UP213) for strontium isotope measurement by laser ablation
(LA-MC-ICP-MS technique). A laser beam of 40-um diameter traversed across the otolith from
the core to the edge at 10-um per second, with the laser pulsing at 10-Hz frequency and 5-10
Jlem?® photon output. Helium was used as the carrier gas to maximize sensitivity and minimize
sample deposition at the ablation site, and was mixed with Argon gas between the laser sample
cell and the plasma source. Gas blank and background signals were monitored until 3*Kr and
8K stabilized after the sample change (i.e. exposing sample cell to the air) and were measured
for 30 seconds. The laser was typically fired for 90-120 seconds and background signals were
subtracted from the measured signals automatically. Strontium isotope ratios (3'Sr/®Sr) were
internally normalized by the measured #°Sr/®®Sr ratio relative to assumed ratio of 0.1194, which
proportionally corrects for mass discrimination. The signal on mass 85 was monitored to correct
for any ®’Rb interference on ®’Sr. The analytical accuracy was determined by using the results of
replicate analyses of a aragonite coral standard at the beginning and end of several analytical
sessions. Replicate analyses yielded 8’Sr/%°Sr = 0.70919 + 0.000096 (n = 25), consistent with

modern seawater values of 0.70918.

Strontium isotope ratios (¢’Sr:2°Sr) of water samples collected among potential natal
freshwater rearing areas and across the low-salinity region of the upper estuary, encompassing
the known distribution of the species. Water samples were collected at IEP monitoring stations in
2011 using an acid rinsed polypropylene syringe from a bucket of water collected at the surface
of the water column. Water was filtered through a 0.45 pum syringe filter and the sample was
acidified (ImL of 3% nitric acid) to stop bacterial growth. At the UC Davis ICPMS lab, water
samples were initially screened for alkaline earth metals (such as strontium) and analytical
interferences (such as rubidium) on an Agilent 7500ce (Agilent Technologies, Inc.) Q-ICP-MS
(quadrupole inductively coupled plasma mass spectrometer.) After elemental screening, the
samples were transported to a class 100 (less than 100 particles per cubic foot of air) clean room

facility. Within this environment, an aliquot of each water sample was made at volume totaling
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approximately 1 nanogram of total strontium. This volume (ranging 3 — 70 mL) was evaporated
to dryness and reconstituted in sub-boiling double-distilled nitric acid (8M) for Sr
chromatographic separation. Strontium was isolated from all other water constituents by rinsing
water samples through a micro-column packed with Sr spec resin (Eichrom Inc.) The purified
strontium was subsequently oxidized with concentrated sub-boiling double-distilled nitric acid to
remove organics from column and dried to a powder. This powder was reconstituted in 2% sub-
boiling double-distilled nitric acid and analyzed with the Nu Plasma HR (MC-ICP-MS) to

determine the 8'Sr:%Sr ratio.

Samples were introduced into the Nu Plasma with a desolvating nebulizer system (DSN-100)
providing an order of magnitude sensitivity increase by evaporating most of the sample matrix
(water vapor) away. Ratios include 50-60 data points and each data point was integrated for 10
seconds. Baselines were measured for 30 seconds by ESA deflection (ion beams were defocused
away from detectors). Strontium isotope ratios (¥’Sr/*®Sr) were internally normalized as
described with the LA-MC-ICP-MS technique with the exception of the Krypton correction on
83y, In this case, #*Sr:#°Sr was assumed to be .00675476 (natural abundance of these isotopes)
and is used to estimate subtraction of ®*Krypton and ®®Krypton. Kr was subtracted until the
831/%83r ratio equals the canonical value of .00675476 (while iterating the mass-bias correction.)
Replicate analyses of NIST SRM 987 (strontium carbonate) were conducted bracketing every six
samples normalizing for instrument drift over the course of the day and analytical artifact
between sessions. An in-house modern coral std was processed in parallel with each water
sample set and resulted in &’Sr:®°Sr (n=8) = 0.709182 +/- 0.000017 (2SD). Water quality was
also collected using a YSI 6600. Water quality parameters included salinity (psu), electrical
conductivity (us), and temperature °C. To describe the relationship between strontium isotope
ratios and salinity, we fit a smoothing spline to data. In addition, a conservative linear mixing
model using three freshwater endmembers (North Delta- Cache-Lindsey Slough Complex
875r:85r = 0.70642, Sacramento River upstream of confluence with the North Delta Sr:#°Sr =
0.70583 and along the San Joaquin River near Jersey Point 8’Sr:%°Sr = 0.70721) was used with
the ®’Sr:®¥*Sr = global ocean value of 070918.

To construct and map of strontium isotopes ratios (2'Sr:2°Sr) the estuary was divided into

polygons in Arc-GIS based on areas defined by Feyrer et al. 2007. Strontium isotope ratios for
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water samples were assigned to a polygon using GPS coordinates. When multiple samples
occurred in the same polygon the average was used to assign the polygon an isotope value.
Polygons not sampled were assigned an isotope value based on nearest neighbor extrapolation
and evaluation of water quality variables, particularly salinity for adjacent polygon extrapolation.
This resulted in a “static” spatial distribution map of strontium isotope ratios, terms an iso-scape
for the estuary. Natal origins of Delta Smelt were determined using strontium isotope ratios

from the otolith core and the iso-scape map for fish collected during the Summer Townet Survey

Life History Diversity

Life history diversity was quantified using a combination of natal origins and 7-day hatch-
date groups to assign fish to a unique cohort based on origin and hatch-date. The numbers of
individuals assigned to each cohort was summed, and the Shannon-Weaver diversity index (H)

and Shannon’s Equitability Index (EH) was calculated for each year.

RESULTS
The strontium isotope iso-scape

The strontium isotope ratios #'Sr:®°Sr of water samples collected in 2011 varied predictably
across the freshwater — Low-Salinity Zone region of the estuary and were similar to data from
2006 and 2007 (Hobbs et al. 2010) (Figure 1). Strontium isotope ratios 8'Sr:%Sr varied
regionally within the estuary, in freshwater areas (psu <0.5) of the Delta isotope values never
exceeded 0.7072. Waters entering the South Delta from the San Joaquin River at Mossdale
averaged 0.70718 and varied little between years (26 = 0.0002). Water entering the North Delta
from the Sacramento River exhibited a wider range of variability, strontium isotope ratios
ranging from 0.70583 to 0.70652. Sacramento River water was typically lower (less than
0.7060) than the North Delta from Cache Slough to the Deepwater Ship Channel (0.70602-
070653). During high flow conditions in 2011 strontium isotope ratios less than 0.7065 could be
found as far west as Browns Island at the Confluence. Waters originating from the Sacramento
River and North Delta can be drawn through the West and Central Delta from the Delta Cross
Channel or through Three-Mile Slough. These waters with a strontium isotope ratio ~0.7065,
mix with San Joaquin River water and tributaries (Consumnes and Mokolumne Rivers) to the

east to create an iso-scape that ranges from 0.7066 to 0.7072. San Joaquin River water (100%
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pure) rarely makes up the full volume of the Central and South Delta and reaches the area awest
of the Confluence (unpublished date from McWilliams and Associates, particle tracking model
results from a wet year1999 and below normal year 2012). Assuming this holds true for all flow
conditions, isotopic ratios greater than 0.7072 would reflect some degree of mixing with low-

salinity waters.

Strontium isotopes exhibit a conservation mixing behavior, where the isotopic value of a
mixture of two source waters with known isotope values and bulk strontium concentration can be
accurately predicted with a relatively simple mixing model. We fit mixing model curves with
different freshwater sources (Sacramento River at the entrance to the Delta, North Delta waters,
and San Joaquin River water at Mossdale) with the global ocean strontium isotope of 0.70918.
Modelled curve results were plotted along with water sampled collected in the estuary in 2011
across a range of salinity values from 0.3psu to 5.4psu, and provided a good fit to empirical data
(Figure 2). Few values fell outside the 95% confidence intervals, but in general the model
predictions of strontium isotope ratios given a salinity value was within measurement error for a
hand-held salinity meter typically used in the field to associate fish distribution with salinity
zones. However, model fits for salinity values less than 0.5psu varied due to the differences in
the freshwater source, thus the dynamic mixing that occurs within the Delta can make salinity
predictions difficult. For example using a Sacramento River or North Delta source with isotope
ratios ranging from 0.7058 to 0.7065 can result in different salinity predictions for very low
levels of salinity, and when using the San Joaquin River ratio of 0.7072, considerable overlap
can occur from salinities of 0.4 to 1psu. However, particle tracking models suggest pure San
Joaquin River water rarely exits the Central Delta, thus we can reduce our uncertainty for natal
origin salinity estimates from strontium isotope values assuming the San Joaquin River water did

not contribute to isotope ratios found west of the confluence.

Natal origins of Delta Smelt were defined as follows, the North Delta, including the Cache-
Lindsey Slough area to the west, the Sacramento Deep-water Ship Channel down to the
confluence with the San Joaquin River at Sherman Island (¢’Sr:®°Sr < 0.7065). The Central and
South Delta has strontium isotope ratios that overlapped low salinity areas (<0.5psu) > 0.7066 to
<0.7077. The Low-Salinity Zone encompasses salinity habitats from 1 psu to 6 psu and can be

further refines using strontium isotope ratios due to the high precision of MC-ICPMS (Table 1),
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however fish with low-salinity natal origins in this study were few (65 of 887 total fish
examined), and thus fish with a natal strontium isotope ratio >0.7077 were assigned to the Low-

Salinity Zone natal habitat.

The natal origins of 887 Delta Smelt collected over 12 years were examined in this study
(Table 2). The North Delta region of the upper San Francisco Estuary comprised 57% of the
fish, and exhibited an increasing trend through time (tau = 0.46, p = 0.046). The Central-South
Delta made up 36% of the fish while the Low-Salinity Zone contributed only 7% of the
individual analyzed (Figure 3). Delta Smelt exhibit a protracted spawning period with a hatch-
date distribution for all years combined ranging from day 57 to day 174. The 5" and 95"
percentiles of hatch-date were day 79 and day 151 which corresponded with mean water
temperatures of 13°C and 18°C (Figure 4). Hatch-dates exhibited a decreasing trend through
time (tau = - 0.62, p = 0.0041), with hatch-dates in 2013 and 2014 being 30 days earlier than
1999 and 2001 (Figure 5). Day of year when water temperatures reached 12°C and 20°C did not
exhibit a statistically significant trend through time, however, day of year when temperatures

reached 20°C was approximately 30 days earlier than the years 1999-2007 (Figure 5).

The diversity of Delta Smelt cohorts ranged from a low of 16, 7-day hatch-date/natal origin
cohorts in 2005 to a high of 33 in 2011, with an overall average of 20.5 unique hatch-date/natal
origin cohorts per year. The Shannon-Weaver Diversity Index ranged from a low of 2.5 in 2001
and 2005 to a high of 3.2 in 2011, and the index of equitability, a measure of numerical evenness
among cohorts was near 1 indicating a relative even spread of individuals among cohorts (Figure

6). No trends through time were detected using the Mann-Kenall test (tau = -0.121, p = 0.63).
DISCUSSION

Delta Smelt exhibited trends in the natal origins and hatch-date distributions from 1999 to
2014 with more fish originating in the North Delta and fish hatching approximately a month
early in the recent critical drought years 2013-2014 than the wetter period, early in the time-
series (1999-2001). Water temperatures also warmed earlier in the year reaching a threshold
temperature of 20 °C approximately 30 days earlier in 2013 and 43 days earlier in 2014, while
the 12 °C threshold was actually 6 days later in 2013 and 11 days earlier in 2013 resulting in a

significant shortening of the “hatching-window” during the critical drought period. A shortening
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of the hatching-window could limit the production of larvae and result in recruitment limitation
and a poor adult year-class. This appeared to be an important driver in spring of 2012, when a
large adult year-class produced during the anomalously wet year in 2011, experienced a
shortened window with the 20 °C threshold occurring nearly 40 days earlier than 2010 and 2011.
The abundance of post-larval Delta Smelt in 2012, as indexed by the 20-mm Survey was
relatively high at 11.1 (mean 2002-2014 = 7.4), while the index of juveniles in the Summer
Townet Survey was low at 0.9, suggesting recruitment failure occurred during the late spring in
2012 when an unseasonably warm temperatures occurred, concomitant with the onset of the

recent drought.

To explore this pattern further, we examined the data from 2012 and 2013 Summer Townet in
greater detail and include results in section x and summarize here. We calculated a regional
index of relative abundance for each survey to explore spatial patterns of abundance change. In
both 2012 and 2013 fish were more abundant in the North Delta regions including the Cache-
Linsdey Slough area and the Deep-water Ship Channel during the first survey in early June.
Abundance declined precipitously in the North Delta between survey 1 and survey 2 when mean
daily water temperatures exceeded 20 °C. Using the otolith natal strontium isotope ratios, few
individuals arrived downstream at stations in the confluence and Suisun Bay regions, but it was
apparent many fish likely died in the North Delta between Surveys 1 and 2 in both years.
Survival from Survey 1 to Survey 2 in both years appeared to depend on growth rate and somatic
body condition, with fish not achieving a growth rate of at least 0.35mm/day not surviving to
Survey 2. This would suggest that recruitment failure has occurred in the North Delta in the late

spring when water temperatures in this region exceeded 20 °C.

Delta Smelt appear to be responding to the recent drought by moving further north,
presumably in response to encroaching salinity. The proportion of the Delta Smelt originating in
the North Delta and contributing to the population collected by the Summer Townet Survey has
exhibited an increase over time. This has also been observed in the Fall Midwater Trawl Survey
natal origin chemistry and by catch data during the Spring Kodiak Trawls. In 2009, additional
survey stations were explored in the North Delta, along the Sacramento Deepwater Ship
Channel, and have been consistently sampled since 2011. Since the onset of drought, the

centroid of distribution for Delta Smelt has shifted upstream, when calculated using core stations
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only, and has shifter even further upstream when all stations, including those in Sacramento
Deepwater Ship Channel are included. Moreover, the abundance of Delta Smelt collected in the
Toe-Drain of the Yolo Bypass has increased significantly since 2012 (Mahardja et al. 2015).
This shift north may be further jeopardizing the population by subjecting young to increasingly

warm temperatures during the drought.

While the life history diversity of Delta Smelt has not changed significantly during the recent
drought, the shift northward may be compromising the resilience of the population. It is still
unclear which environmental driver(s) is responsible for this distributional shift. The occurrence
of mature adults in the upper reaches of the Sacramento Deepwater Ship Channel and the Tow-
Drain suggests this shift is a behavioral response by adults, migration further north during the
spawning migration. This could be a response to the Low-Salinity Zone distribution further
upstream during the drought. Adult Delta Smelt spawning strategies may be tied to a
geographically distance from the Low-Salinity Zone, for placing eggs in an optimal location to
account for larval dispersal in the spring. While larvae appear to tolerate brackish conditions, as
evidenced from fish with natal strontium isotope ratios consistent with rearing in salinities near 2
psu and from culture studies (Lindberg et al. 2013), growth rates were lower for fish hatched in
the Low-Salinity Zone. Fish exhibiting the migratory phenotype, being born in freshwater and
rearing in the Low-Salinity Zone during the juvenile stage typically experienced faster growth

rates, thus this is likely the optimal life history strategy.

In summary, Delta Smelt exhibited changes in Life History attributes; natal origins and hatch-
dates in response to environmental conditions associated with the recent drought, and may be
undergoing a longer-term phenological shift in spawning and hatching earlier in the year and
moving further North in the estuary in response to climate change. This change in phenology
may pose further threats to Delta Smelt population resilience if their prey resources are not
responding similarly to shifting environmental conditions. Their apparent volitional movement
northward is also troubling considering the proposal for new freshwater export intakes along the
lower Sacramento River. Increased freshwater exports from the North Delta, along with climate
change may result in entrainment issues for the new facilities. It is becoming increasing clear

that Delta Smelt’s persistence in the upper San Francisco Estuary is near the brink of extinction.
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Table 1. The samples size by year (n) and the mean and 2c standard deviation of strontium

isotope ratio (¥’Sr:®°Sr) by natal regions (ND= North Delta, SD = South Delta and salinity

<0.5psu, the Low-Salinity Zone (LSZ 0.5-6psu).

n ND 20 n SD 20 n LSz 20 Total N
1999 22 07063 + 0.00014 23 0.7068 + 0.00026 2 07079 + 0.00002 47
2001 24 0.7064 + 0.00011 22 07069 + 0.00029 1 07078 + 47
2002 17 0.7063 + 0.00020 34 0.7068 + 0.00020 1 07080 = 52
2004 32 0.7063 + 0.00020 16 0.7067 + 0.00015 5 07080 + 0.00024 53
2005 33 0.7064 + 0.00016 30 07069 + 0.00027 1 07080 = 64
2006 12 0.7063 + 0.00015 9 07071 + 0.00023 21 0.7085 + 0.00024 42
2007 31 0.7061 + 0.00023 13 07069 + 0.00028 2 07079 + 0.00005 46
2010 31 0.7064 + 0.00012 19 07069 + 0.00033 5 07079 + 0.00019 55
2011 100 0.7063 + 0.00015 82 0.7071 + 0.00031 5 0.7085 + 0.00040 187
2012 80 0.7063 + 0.00010 14 07070 £ 0.00037 10 0.7082 + 0.00025 104
2013 87 0.7063 + 0.00016 30 0.7070 + 0.00032 8 0.7082 + 0.00038 125
2014 37 07062 <+ 0.00019 24 0.7071 + 0.00033 4 07079 + 0.00017 65
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Figure 2. Relationship between Strontium Isotope Ratios 8'Sr:#°Sr from water samples (circles)
and salinity (psu). Lines represent mixing curves from a linear mixing model with different
freshwater end-members in the North Delta 3'Sr:®Sr, 0.70581-0.70653 and ®®Sr = 0.9-1.4ppm
with seawater 8'Sr:%Sr 0.70918 #8Sr = 9ppm. Note: strontium isotope ratios >0.708 represent
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Figure 3. The natal origins as proportion of fish collected in the Summer Townet Survey. Natal
origins were determined using otolith strontium isotope ratios ®'Sr:#Sr
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Smelt Life Histories.
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BACKGROUND

Due to a number of studies on the relationships of habitat quality and delta smelt abundance,
the United States Fish and Wildlife Service (USFWS) formulated the USFWS Delta Smelt
Biological Opinion Reasonable and Prudent Action Component 3 or Fall X2 Action (USFWS
2008). Since the mechanism(s) underlying the relationships of habitat quality and abundance was
uncertain, the USFWS proposed and the US Bureau of Reclamation initiated a scientifically-
based adaptive management process to investigate the relationship. To determine the relationship
of Fall X2 on habitat quantity and quality a comprehensive investigation involving a multitude of
investigators was initiated in 2011 known as the Fall Low-Salinity Habitat Survey (FLaSH).
Although the approach incorporated many of the important factors affecting abundance of delta
smelt such as water quality, productivity, and the health of the fish, there was no examination of
juvenile delta smelt prior to the critical Fall period.

The abundance indices provided by the Summer Tow-net Survey can only explain a part of
the juvenile recruitment potential from the summer. It is important to ascertain the quality of fish
in summer. If the fall juvenile recruitments were of poor health they may not survive long,
regardless of the actions taken in the fall. In addition, poor growing fish in the summer may
result in smaller fish in the fall and potentially affect fecundity in the winter and spring.
Although the IEP recognizes that size and recruitment are important contributors to abundance
(Baxter et al, 2010, Feyrer et al. 2007, 2010), quality may be equally important to recruitment
success. Moreover, little or no information is available on the health of delta smelt in the summer
therefore the quality as measured by growth, health, and nutritional status of the fish entering the
critical fall period from the summer is unknown. An examination of the juvenile rearing period
in the summer may give insight as to how habitat quality contributes to the quality of recruitment
in the fall.

Due to the potential importance of summer conditions to fall recruitment of juvenile delta
smelt we examined patterns in growth, hatch-date, somatic condition and natal origin at the
highest spatial and temporal resolution available for the Summer Townet Survey. In addition we
calculated a regional index of juvenile abundance at the region and survey scale to better track
the changes in abundance and identify regions where recruitment failure is occurring during

summer.
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METHODS

Delta smelt were collected during the California Department of Fish and Wildlife
(CDFW)“Summer Townet Survey (STN)”” which samples at 41 fixed stations bi-weekly between
June and August since 1959. CPUE at each station was calculated as the mean catch of Delta
Smelt per volume of water sampled over the three replicate tows conducted at each station
(Figure 1). We used all stations sampled in each survey, including core stations and non-core
stations added in recent years. For further details on the sampling see the CDFW website:
(http://www.dfg.ca.gov/delta/projects.asp?ProjectiD=TOWNET).

An index of regional abundance was calculated for each survey by summing the catch per unit

of effort (CPUE) across stations within a region and then dividing by the number of stations for
each survey (Figure 1). Regions were defined by CDFW and were based on major geographic
areas of the estuary and included areas that were consistently freshwater habitats and areas that
were consistently low-salinity habitats. Regions differed in total area and the number of
sampling stations.

To minimize lethal take of Delta Smelt a sub-sample of the total catch was preserved in liquid
nitrogen from select surveys. In 2012, sub-samples were collected during surveys 1, 2, 5 and 6,
while in 2013, sub-samples were collected in surveys 1-5 (Table X). Fish were individual
wrapped in aluminum foil, given a unique fish identification number, flash frozen and stored in
liquid nitrogen. In the laboratory each fish was thawed, photographed and measured for fork-
length to the nearest millimeter, toweled dry and mass was recorded to the nearest 0.01-g on a
Metler Toledo Model 1600 microbalance.

Sagittal otoliths were dissected from the head using ultra-fine forceps (Dupont® SE140,
stainless steel) and stored dry in tissue culture trays. Before mounting, the otoliths were
“cleared” by soaking in 95% ethanol for 24 hours. Otoliths were mounted onto glass slides with
Crystal Bond® thermoplastic resin in the sagittal plane, ground to the core on both sides with
wet-dry sandpaper and polished with a polishing cloth and 0.3-micron polishing alumina on a
MIT Corp. polishing wheel. Otoliths were digitized with a 12-Megapixel digital camera (AM
Scope: www.amscope.com) at a magnification of 20X with an Olympus CH30 compound
microscope. Digital images at 20X magnification were merged into a complete image of a
transect from the core to the dorsal edge at a 90° angle from the primary axis of the otolith.
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Otolith increments were enumerated to estimate age and the distance from the core to each daily
ring was measured using Image-J NIH software. Aging was conducted by two readers, and the
mean, median, average percent error between age readers was assessed. If the age reading by the
independent readers for an individual fish was greater than 10% average percent error, the
sample was selected for processing of the second otolith for age analysis. If age discrepancy
among readers was found for the second otolith, that sample was discarded. The instantaneous
growth rate for individual fish was calculated by dividing the fork-length by the age estimate,
where age was the number of otolith increments. Otolith increment counts have been shown to
be an accurate measure of age from hatch (Hobbs et al. 2007). The hatch-date for each fish was
calculated by subtracting the age from the capture date and was reported as the number of days

from January 1 to facilitate plotting.

Age and Growth

Otolith increments were enumerated to estimate age using Image-J NIH software. Aging was
conducted by a minimum of two readers, and the mean, median, average percent error between
age readers was assessed. If the age reading by the independent readers for an individual fish
was greater than 10% average percent error, the sample was selected for processing of the second
otolith for age analysis. If age discrepancy among readers was found for the second otolith, that
sample was discarded. The absolute growth rate AGR (g) for individual fish was calculated by:

FLcatch - FLhatch

AGR (9) =
G (g) Agemean

Where length-at-hatch was 5.2mm.  Otolith increment counts have been shown to be an accurate
measure of age from hatch (Hobbs et al. 2007).

Natal Origins

Otoliths were mounted on petrographic slides (20 per slide) for otolith microchemistry.
Otolith strontium isotope ratios were quantified using methods previously developed (Hobbs et

al 2007; 2010). Briefly, the strontium isotope profile from the core to the edge along a similar
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path used for aging was scanned using a laser beam of 55-microns moving at a speed of 10-
microns per second. Laser profiles began at 100-micron in the core to ensure the analysis
encompass the entire natal chemistry. The strontium isotope ratios were resolved using methods
developed for Delta Smelt (Hobbs et al. 2005). The natal water source and life-history
transitions were determined for each fish (e.g. migration to the Low-Salinity Zone) (Hobbs et al
2005; Hobbs et al 2010).

Fish mass-length relationships are often non-linear and frequently modelled as a cubed
function of length such as Fulton’s condition factor. However, delta smelt mass-length
distributions have been found to vary across distinct life-history stages (Slater et al. 2014). Fish
collected in this survey ranged in lengths that transitioned across life-history stages. To create an
index of fish somatic condition, we fit a generalized additive model (GAM) to mass (wet weight-
grams) and fork-length (mm). The advantage of the GAM model is that is provides great
flexibility in fitting non-linear relationships that change as a function of life history stages. We
used the fitted residual value of individuals mass to length relationship from the GAM as an
index of somatic condition. The disadvantage to this approach is that the model requires fitting
to new data as subtleties in the mass-length relationship may change with additional data, thus

our index is specific to the dataset in question.

RESULTS

The majority of the fish collected for otolith analysis were collected during surveys 1 and 2.
Delta smelt were more abundant at stations in the Deep-water Ship Channel (DSC) and Cache-
Liberty Slough (CLS) complex during survey 1, with an index of 74.8 and 68.8 respectively,
while fish were much less abundant at stations downstream (Table 3). Delta smelt abundance in
the DSC and CLS declined to 31.6 and 25.7 respectively during survey 2, while abundance in the
confluence increased slightly (Table 3). Abundance at stations in CLS increased to an index of
38, while no fish were collected in the DSC and the index at the confluence increased slightly
during survey 3. In survey 4, the abundance in the DSC increased from zero to 31.6, while the
CLS declined to an index of 1.6 and abundance at the confluence declined to 1.2. Abundance in
Suisun Bay increased from zero to 4.6 (Table 3). By survey 5 the abundance of delta smelt had

decline to approximately 8% of the initial abundance in survey 1 (Table 3). Abundance in the

Page 63



1388
1389
1390
1391
1392
1393
1394
1395
1396
1397
1398
1399
1400
1401
1402
1403
1404
1405
1406
1407
1408
1409
1410
1411
1412
1413
1414
1415
1416
1417
1418

DSC in surveys 5 and 6 were higher than all other areas of the delta making up 57 to 68% of the
total catch index in the last two surveys.

We analyzed otoliths from 99 of the 163 Delta Smelt encountered during surveys 1, 2, 5 and 6
of the Summer Townet Survey in 2012 (Table 2). Insurvey 1, 69 delta smelt from 10 stations
(Figure 1) were collected, and 42 individuals, (61% of total catch), were examined for otolith
age, growth, and natal origins. Salinity in the Cache-Lindsey Slough confluence (721) and Deep
Water Ship Channel stations (719, 796 and 797) ranged from 0.09 to 0.49-ppt (X=0.27, = 0.160)
and Stations in the lower Sacramento River (704 and 706) ranged from 0.08 to 0.34-ppt (X=
0.20, + 0.120), and were collectively identified as the freshwater zone for survey 1. Salinity at
stations from the confluence of lower Sacramento River to Suisun Bay and Montezuma Slough
(513,508 and 609) ranged from 0.96 to 2.94 (xX= 2.1, + 0.760) and were identified as the low-
salinity zone (Table 1.) Strontium isotope ratios ®’Sr:®°Sr (SIR) of the natal core region varied
by sampling stations, with fish collected at stations 721, 719 and 797 ranging from 0.7061 to
0.7064, while fish collected at stations 796, 706, 704 and 513 ranged from 0.7063 to 0.7069, and
fish collected at stations 508 and 609 exhibited much higher values ranging from 0.7078 to
0.7085 (Figure 2A). SIR of waters in the North Delta from the deep water ship channel to the
confluence of Cache-Lindsey Slough complex ranged from 0.7061-0.7066 (x = 0.7063, £ 0.0002
20), while stations in the lower Sacramento River from stations 707-703 were slightly higher
(0.7066-0.7069) (x=0.7065, + 0.0004 206), as a result of delta waters. SIR in Montezuma
Slough and Suisun Bay ranged from 0.7071-0.7089) (x= 0.7076, = 0.0018 20) reflecting the
influence of low-salinity water. Otolith natal SIR generally matched SIR of the capture
locations, except for the individuals collected at station 513, suggesting these fish originated in
the Lower Sacramento River and moved to this station in Honker Bay. Delta smelt collected in
Montezuma Slough were hatched in low-salinity waters. Growth rates varied significantly
among individuals and were highly variable across stations. Growth rates of delta smelt
collected from stations in freshwater ranged from 0.28-0.53 mm/day (x= 0.39, + 0.07c) while
individuals collected in low-salinity stations ranged from 0.33-0.52 mm/day (xX= 0.4, + 0.06c)
(Figure 2B). No difference in growth was detected between stations in freshwater and low-
salinity water. Somatic condition index (SCI) also varied considerably among individual delta
smelt. Values below zero reflect individuals that had lower body mass relative to fish of that

length. Delta smelt collected at stations 719,721 were distributed around zero, while fish at
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stations 797, 796, 706 were above zero and all fish collected at station 513 were below zero,
depicting poor condition of these individuals. SCI of delta smelt collected from stations in
freshwater ranged from -0.03 to +0.10 (x= 0.015, + 0.035) while individuals collected in low-
salinity stations ranged from -0.05 to + 0.02 (xX=-0.01, + 0.020) (Figure 2C). No difference in
SCI was detected between stations in freshwater and low-salinity water (STAT). Hatch-dates
varied significantly among individuals and stations. Delta smelt collected in freshwater stations
(704-797) had a broad distribution ranging from day 73 (March 13™) to day 122 (May 1), with
an average hatch-date of day 96 (April 5™) + 12 days,1 o, while fish collected in low-salinity
stations (513-609) where generally hatched later in the year ranging from day 93 (April 2" to
day 117 (April 26™), with an average hatch-date of day 108 (April 17™) + 8 days,1 ¢ and
subsequently younger than delta smelt in freshwater (Figure 2D).

In survey 2, 69 delta smelt from 12 stations were collected, and 37 individuals, (54% of total
catch) were examined for otolith age, growth, and natal origins (Table 1). Salinity in the Cache-
Lindsey Slough confluence (721) and Deep Water Ship Channel stations (719 and 797) ranged
from 0.08 to 0.34-ppt (X=0.20, = 0.126) and Stations in the lower Sacramento River and
confluence (704 and 804) ranged from 0.068 to 0.071-ppt (X=0.07, = 0.001c), and were
collectively identified as the freshwater zone for survey 1. Salinity at stations from the
confluence of lower Sacramento River to Suisun Bay and Montezuma Slough (513, 508, 520 and
609) ranged from 0.73 to 4.49 (xX=2.5, + 1.70) and were identified as the low-salinity zone
(Table 1.) Strontium isotope ratios ¥'Sr:#°Sr (SIR) of the natal core region varied by sampling
stations, with fish collected at stations 721, 719 and 797 ranging from 0.7061 to 0.7064, fish
collected at stations 704, 804, 508 and 513 ranging from 0.7063 to 0.7072, while fish collected
at stations 508 and 609 exhibited much higher values ranging from 0.7076 to 0.7082 (Figure
3A). Like survey 1, some fish at station 513 originated in the Deep Water Ship Channel area,
while fish collected at other stations originated in the areas of collection. Growth rates of delta
smelt collected from stations in freshwater ranged from 0.28-0.53 mm/day (xX= 0.39, + 0.07c)
while individuals collected in low-salinity stations ranged from 0.33-0.52 mm/day (x=0.4, £
0.060) (Figure 3B). No difference in growth was detected between stations in freshwater and
low-salinity water. Somatic condition index also varied considerably among individual delta
smelt. SCI of delta smelt collected from stations in freshwater ranged from -0.07 to +0.05 (X = -

0.01, £ 0.020) while individuals collected in low-salinity stations ranged from -0.07 to + 0.07 (X
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=-0.012, + 0.040) (Figure 3C). Hatch-dates varied significantly among individuals and stations.
Delta smelt collected in freshwater stations (704-797) had a broad distribution ranging from day
78 (March 18™) to day 134 (May 13%), with an average hatch-date of day 102 (April 11™) + 13
days,1 o, while fish collected in low-salinity stations (513-609) where generally hatched later in
the year ranging from day 91 (March 31%) to day 133 (May 12™), with an average hatch-date of
day 111 (April 20™) + 10 days,1 ¢ and subsequently younger than delta smelt in freshwater
(Figure 3D).

In survey 5, only 11 delta smelt from 6 stations were collected, and 6 individuals from 4
stations, (55% of total catch) were examined for otolith age, growth, and natal origins (Table 1).
Salinity in the Cache-Lindsey Slough confluence (721) and Deep Water Ship Channel stations
(797) ranged from 0.06 to 0.36-ppt (X=0.21, £0.17c). The single station at the confluence
(801) average salinity was 0.57-ppt and included with stations 721 and 797 as a freshwater zone
for survey 5. Salinity at station 519 averaged 1.17 and thus was the only station representing
catch of delta smelt in the low-salinity zone for survey 5 (Table 1.) Strontium isotope ratios
87Sr:85r (SIR) of the natal core region varied by sampling stations, with fish collected at stations
721, and 719 ranging from 0.7061 to 0.7063, while the single fish collected at stations 801 was
0.7064 and the single fish collected at station 519 exhibited was 0.7075, reflecting the natal
origin in low-salinity water (Figure 4A). Growth rates of delta smelt collected from stations in
freshwater ranged from 0.39-0.42 mm/day (x= 0.40, + 0.02c) while the single individual
collected in low-salinity had a growth rate of 0.35 mm/day (Figure 4B). SCI of delta smelt
collected from stations in freshwater ranged from -0.07 to +0.10 (x= +0.002, + 0.07c) while the
single individual collected in low-salinity had an index of 0.03 (Figure 4C). Delta smelt
collected in freshwater stations had hatch-dates ranging from day 81 (March 21%) to day 131
(May 10™), with an average hatch-date of day 102 (April 11™) + 21 days,1 o, while the single
fish collected in low-salinity zone had a hatch-date of day 119 (April 28™) (Figure 4D).

In survey 6, only 14 delta smelt from 5 stations were collected, and all 14 fish were examined
for otolith age, growth, and natal origins (Table 1). Salinity in the Cache-Lindsey Slough
confluence (721) and Deep Water Ship Channel stations (797) and lower Sacramento River
(704) ranged from 0.06 to 0.37-ppt (X=0.26, = 0.150). Salinity at station 519 and 610 ranged
from 3.6 to 5.6-ppt and averaged 4.4-ppt + 1.0c (Table 1.) Strontium isotope ratios 'Sr:#°Sr

(SIR) of the natal core region varied by sampling stations, with fish collected at stations 721 and
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797 ranging from 0.7061 to 0.7065, while the two fish collected at stations 704 was 0.7062. Fish
collected in the low-salinity zone had one fish with a natal SIR of 0.7062, while the two other
fish had higher SIR of 0.7070 and 0.7079 (Figure 5A). Growth rates of delta smelt collected
from stations in freshwater ranged from 0.34-0.39 mm/day (x= 0.36, + 0.02c) while the fish
collected in low-salinity zone ranged from 0.30-0.36 mm/day (X = 0.34, + 0.03c) (Figure 5B).
SCI of delta smelt collected from stations in freshwater ranged from -0.10 to +0.17 (x= +0.017,
+ 0.08c) while fish collected in low-salinity zone ranged from -0.14 to + 0.017 (x=-0.077, +
0.080) (Figure 5C). Delta smelt collected in freshwater stations had hatch-dates ranging from
day 85 (March 25™) to day 112 (April 21st), with an average hatch-date of day 103 (April 12™) +
10 days,1 o, while the fish collected in low-salinity zone had a hatch-dates ranging from day 87
(March 27™) to day 159 (June 7™) (Figure 5D).

Fish were combined by salinity habitat type at the collection station across the six surveys in
2013 to further examine spatial and temporal variation in natal origin, growth rate, somatic
condition index and hatch-date. Natal origins of delta smelt rearing in freshwater habitats
(LSR, CLS & DCS) ranged from 0.7061 to 0.7069 and did not differ between surveys 1 and 2,
while natal origins of fish collected in the Low-Salinity Zone were lower in survey 2 with many
more individuals with a natal SIR below 0.7072 (Figure 7A ). Growth rates of fish rearing in
freshwater during survey 1 ranged from 0.28 to 0.53-mm/day (x= 0.39, + 0.07c) and from 0.27
to 0.51-mm/day (x=0.41, £ 0.050) in survey 2. There is a distinct shift in distribution of growth
rates during survey 2, where fish with a growth rate below 0.35-mm/day in survey 1 where not
observed in survey 2, except for a single individual. Meanwhile growth rates of fish collected in
the low-salinity zone during survey 2 (x= 0.43, + 0.04c) where higher than survey 1 (x=0.40, =
0.060) (Figure 7B). The somatic condition index for delta smelt collected during survey 1 (X=
+0.015, = 0.030) was higher than survey 2 (X= -0.013, £ 0.02c) for freshwater reared fish and
fish collected in the low-salinity zone during surveys 1 and 2 (Figure 7C). Hatch-date
distributions for delta smelt reared in freshwater did not differ between survey 1 (X= 96, + 120)
and survey 2 (X= 102, + 130), but where slightly earlier than fish collected in the low-salinity
zones insurvey 1 (X= 108, + 8c) and survey 2 (X= 112, + 10c) (Figure 7D). There were no
differences in hatch-dates for delta smelt collected in the low-salinity zones between survey 1
and 2.
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Table 1. Station identification codes and the regions used for the regional CPUE recruitment index.

Carquinez Suisun Bay Montezuma Confluence Central Delta Cache-Liberty Deepwater Ship
Slough Channel
323 405 606 508 812 711 795
340 411 609 513 815 713 796
418 610 520 902 716 797
501 704 906 719
504 706 910 721
519 707 912 723
602 801 914
804 915
809 918
919
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1530  Table 2. Summary of water quality, delta smelt catch and the numbers of individuals analyzed for otolith
1531  growth and micro-chemistry for the 2012 Summer Townet Survey.

Salinity Salinity Median o2 Delta
Survey  Station Salinity Group y y Smelt Smelt % of Catch

To Bottom Tem
P P Caught Examined

1 508  LowSalinity(1-6) 2.0 2.5 20.1 1 1 100%
1 513  LowSalinity(1-6) 1.0 1.6 20.0 4 4 100%
1 606  LowsSalinity(1-6) 4.7 4.9 21.3 1 0 0%
1 609  LowsSalinity(1-6) 2.8 2.9 20.5 7 5 71%
1 704  Fresh 0.3 0.3 21.6 5 4 80%
1 706  Fresh 0.1 0.1 22.1 1 1 100%
1 719  Fresh 0.2 0.2 22.4 12 8 67%
1 721  Fresh 0.1 0.1 20.5 16 9 56%
1 796  Fresh 0.5 0.5 22.5 2 2 100%
1 797  Fresh 0.3 0.3 22.7 20 8 40%
2 508  LowSalinity(1-6) 2.3 2.9 19.9 2 1 50%
2 513  LowSalinity(1-6) 0.7 1.0 19.2 15 9 60%
2 520 LowSalinity(1-6) 1.0 1.0 21.3 2 100%
2 606  LowsSalinity(1-6) 6.0 6.0 20.6 1 0 0%
2 609  LowsSalinity(1-6) 3.8 3.9 19.6 2 67%
2 704  Fresh 0.1 0.1 21.1 2 2 100%
2 719  Fresh 0.2 0.2 20.6 13 8 62%
2 721  Fresh 0.1 0.1 18.2 8 4 50%
2 796  Fresh 0.5 0.5 22.1 2 0 0%
2 797  Fresh 0.3 0.3 20.8 16 8 50%
2 804  Fresh 0.3 0.3 21.1 1 1 100%
2 809  Fresh 0.2 0.4 19.9 4 0 0%
5 519  LowSalinity(1-6) 3.1 3.3 21.0 1 1 100%
5 602  LowsSalinity(1-6) 5.4 5.5 21.2 1 0 0%
5 721  Fresh 0.1 0.1 19.8 2 2 100%
5 797  Fresh 0.4 0.4 23.6 5 2 40%
5 801 LowsSalinity(1-6) 0.5 0.6 20.6 1 1 100%
5 809  Fresh 0.4 0.4 20.0 1 0 0%
6 519  LowsSalinity(1-6) 4.8 5.6 20.8 2 2 100%
6 610  LowsSalinity(1-6) 3.6 3.6 19.7 1 1 100%
6 704  Fresh 0.1 0.1 22.0 2 2 100%
6 721  Fresh 0.1 0.1 20.4 1 1 100%
153 6 797  Fresh 0.3 0.4 22.8 8 8 100%
1533
1534
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Figure 1. Map of the Summer Townet Survey stations.
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1550  Figure 2. Recruitment index (Sum station CPUE/# stations) over the 6 surveys of the 2012 Summer
1551  Townet Survey.
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Table 3. Regional CPUE index for 2012 Summer Townet Survey

Survey 1
Survey 2
Survey 3
Survey 4
Survey 5
Survey 6
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Figure 3. Survey 1 boxplots for each station. Black dots represent values for individual fish. A.
Strontium isotope ratios of the natal cores, B. Growth rate C. Condition Index D. Hatch-date. Stations
721 to 704 were freshwater while stations below 704 were low-salinity habitats.
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Figure 4. Survey 2 results. Black dots represent values for individual fish. A. Strontium isotope ratios of
the natal cores, B. Growth rate C. Condition Index D. Hatch-date. Stations 721 to 704 and 804 were
freshwater while stations 503-609 were low-salinity habitat.
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1589
1590  Figure 5. Survey 5 results. Black dots represent values for individual fish. A. Strontium isotope ratios of

1591  the natal cores, B. Growth rate C. Condition Index D. Hatch-date.
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Figure 6. Survey 6 results. Black dots represent values for individual fish. A. Strontium isotope ratios of
the natal cores, B. Growth rate C. Condition Index D. Hatch-date.
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Figure 7. Box plots for surveys 1-6, with freshwater solid black circles, low-salinity zone (1-6-ppt),
open triangles depicting the salinity habitats where fish were collected. A. Strontium isotope ratios of the
natal cores, B. Growth rate C. Condition Index D. Hatch-date.

The Summer Townet Survey 2013

We analyzed 122 fish for age, growth and natal history out of a total of 167 Delta Smelt
encountered during the Summer Townet Survey in 2013 (73% of total catch) (Table 4). In
survey 1 (June 10™ -13™), 62 delta smelt from 10 stations were collected, and a total of 53
individuals, (85% of total catch), were examined for otolith age, growth, condition and natal
origins. Salinity in the Cache-Lindsey Slough confluence (721 & 723) and Deep Water Ship
Channel stations (719, 796 and 797) was fresh, ranging from 0.07 to 0.24-ppt while stations
downstream of 704 including 801 and 809 on the San Joaquin River had much higher salinity,

ranging from 0.36 to 4.81-ppt and were considered the low-salinity zone (Table 4). Temperatures
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were similar across the stations, with stations 801 and 809 being about a degree cooler. (Table
4). Strontium isotope ratios 3’Sr:%Sr (SIR) of the natal core region varied across sampling
stations, with fish collected in the freshwater stations 719, 721.723 and 797 ranging from 0.7059
to 0.7065, reflecting the isotope ratios of freshwater typically observed in the North Delta
(Cache-Liberty Deepwater Ship Channel area) (Figure 9A). Fish collected downstream of
station 706 varied greatly in their natal SIR (0.706 to 0.708) reflecting fish born in the North
Delta and fish born in low-salinity habitats (Figure 3A). Growth rates varied significantly
among individuals and were highly variable across stations. Growth rates of delta smelt
collected from stations in freshwater ranged from 0.28-0.53 mm/day (x= 0.41, + 0.07c) while
individuals collected in low-salinity stations ranged from 0.28-0.45 mm/day (X= 0.39, + 0.050)
(Figure 9B). No difference in growth was detected between stations in freshwater and low-
salinity water. Somatic condition index (SCI) varied considerably among individual delta smelt.
Fish collected in freshwater ranged from -0.06 to 0.07 and means were not different than fish
collected in the low-salinity zone, which ranged from -0.11 to 0.08 (Figure 9C). Hatch-dates
varied significantly among individuals and stations. Delta smelt collected in freshwater had a
broad distribution ranging from day 57 to day 118, with an average hatch-date of day 94 + 15
days,1 o, while fish collected in low-salinity where generally hatched earlier in the year ranging
from day 57 (April 2" to day 97 (April 26"™), with an average hatch-date of day 82 + 10 days, 1
o and subsequently older than delta smelt in freshwater (Figure 9D).

In survey 2 (June 24™ — 27™), 25 delta smelt from 8 stations were collected, and 21
individuals, (84% of total catch) were examined for otolith age, growth, and natal origins (Table
4). Salinity in the Cache-Lindsey Slough confluence and Deep Water Ship Channel stations were
fresh, ranging from 0.08 to 0.29-ppt while stations downstream of 704 including 809 on the San
Joaquin River had higher salinity, ranging from 0.42 to 6.68-ppt and were considered the low-
salinity zone (Table 4). Temperature in the low salinity zone ranged from 20.5 to 21.6°C while
in freshwater temperatures ranged from 20.1 to 21.1°C. Strontium isotope ratios ®’Sr:®°Sr (SIR)
of the natal core region varied across sampling stations, with fish collected in the freshwater
stations 719, 721 & 797 ranging from 0.7061 to 0.7065, reflecting the isotope ratios of
freshwater typically observed in the North Delta (Cache-Liberty Deepwater Ship Channel area)
(Figure 10A). Fish collected downstream of station 706 varied greatly in their natal SIR (0.7061
to 0.7089) reflecting fish born in the North Delta and fish born in low-salinity habitats (Figure
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10A). Growth rates varied significantly among individuals and salinity habitats in survey 2.
Growth rates of delta smelt collected from stations in freshwater ranged from 0.40-0.49 mm/day
(x=0.45, £ 0.03c) while individuals collected in low-salinity stations ranged from 0.29-0.45
mm/day (X=0.39, + 0.04c) (Figure 10B). Somatic condition index (SCI) varied considerably
among individual delta smelt. Fish collected in freshwater ranged from -0.05 to 0.06 and means
were not different than fish collected in the low-salinity zone, which ranged from -0.07 to 0.12
(Figure 10C). Hatch-dates were similar for fish collected in freshwater and low-salinity habitats
during survey 2. Delta smelt collected in freshwater had hatch-dates ranging from day 73 to day
110, with an average hatch-date of day 89 + 15 days,1 o, while fish collected in low-salinity
ranged from day 77 (April 2™) to day 93 (April 26™), with an average hatch-date of day 83 + 5
days,1 o (Figure 10D).

In survey 3 (July 8" — 11™), 20 delta smelt from 6 stations were collected, and 16 individuals,
(80% of total catch) were examined for otolith age, growth, and natal origins (Table 4). Salinity
in the Cache-Lindsey Slough confluence and Deep Water Ship Channel stations were fresh,
ranging from 0.07 to 0.36-ppt while stations below the confluence had much higher salinity,
ranging from 7.29 to 11.04-ppt and were considered the low-salinity zone. Salinity in Suisun Bay
and marsh region increased considerably from survey 2 to 3 (Table 4). Temperature in the low
salinity zone ranged from 20.5 to 22.1°C, while in freshwater temperatures ranged from 21.5 to
23.6°C and were on average 2°C higher than survey 1 and 2. Catch distribution shifted
downstream bayward of the confluence in survey 3. Strontium isotope ratios 8’Sr:%sr (SIR) of
the natal core region varied across sampling stations. Only one fish was collected in freshwater
(721) and it’s corresponding natal isotope ratio was 0.7064 (Figure 11A). Fish collected
downstream of the confluence varied greatly in their natal SIR (0.7061 to 0.7077) reflecting both
fish born in the North Delta and fish born in low-salinity habitats (Figure 11A). The growth
rate of the individual collected in freshwater was relatively high (0.48 mm/day) while individuals
collected in low-salinity stations ranged from 0.34-0.48 mm/day (X= 0.40, + 0.04c) (Figure
11B). Somatic condition index (SCI) varied considerably among individual delta smelt. The fish
collected in freshwater had a positive index of 0.05, while fish collected in the low-salinity zone,
which ranged from -0.11 to 0.06. The mean SCI for fish in the LSZ was -0.02+ 0.04c (Figure
11C). The hatch-date of the fish collected in freshwater was day 78 while fish from the LSZ had
hatch-dates ranging from day 74 to day 110, with an average hatch-date of day 88 + 9 days,1 o,
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while fish collected in low-salinity ranged from day 77 (April 2™ to day 93 (April 26™), with an
average hatch-date of day 83 + 5 days,1 o (Figure 11D).

In survey 4 (July 22" — 25™), 44 delta smelt from 6 stations were collected, and 20
individuals, (45% of total catch) were examined for otolith age, growth, and natal origins. A
large catch even occurred at station 519 (N= 33), however, we only examine 9 fish from this
catch. (Table 4). Salinity in the Cache-Lindsey Slough confluence , Deep Water Ship Channel
down to station 704 on the lower Sacramento River near Rio Vista were fresh, ranging from 0.10
to 0.20-ppt while stations below the confluence had much higher salinity, ranging from 7.73 to
11.82-ppt and were considered the low-salinity zone in survey 4. Temperature in the low salinity
zone ranged from 19.8 to 20.4°C while in freshwater temperatures warm, rangeing from 20.6 to
23.3°C. Strontium isotope ratios ®’Sr:%°Sr (SIR) of the natal core region varied across sampling
stations. Fish collected in freshwater had natal SIR value ranging from 0.7060 to 0.7064
reflecting natal origins in freshwater, while fish collected in the LSZ ranged from 0.7060 to
0.7076 identifying fish that were born in freshwater and had moved into the LSZ and fish that
were born and resided in the LSZ through survey 4 (Figure 12A). The growth rate of the
individual collected in freshwater ranged from 0.35 to 0.44 mm/day (xX= 0.39, + 0.03c) while
individuals collected in the LSZ ranged from 0.35-0.49 mm/day (x= 0.39, + 0.04c) and were not
different from fish collected in freshwater (Figure 12B). Somatic condition index (SCI) varied
considerably among individual delta smelt but not by habitat. Fish collected in freshwater ranged
from -0.06 to 0.08, while fish collected in the low-salinity zone, which ranged from -0.04 to
0.06. (Figure 12C). The hatch-date of fish collected in freshwater ranged from 75 to 114 with an
average hatch-date of day 94 + 17 days,1 o while fish from the LSZ had hatch-dates ranging
from day 72 to day 118, with an average hatch-date of day 90 + 12 days,1 o (Figure 12D).

In survey 5 (August 5™ —8™), only 3 delta smelt from 3 stations were collected and examined
for otolith age, growth, and natal origins. (Table 4). Salinity in the Deep Water Ship Channel
station was fresh 0.35-ppt while stations 519 and 602 had much higher salinity (4.76 and 8.74,
respectively) in survey 4. Temperature in the freshwater habitat was cooler than the previous 2
surveys and was 20.9 °C, while temperature in the LSZ sites was relatively cool at 19.2 and 19.6
°C. The fish collected at 797 and 602 had natal SIR values consistent with originating in
freshwater (0.7063 and 0.7065 respectively) while the fish collected at station 519 had natal SIR
values indicative of originating in the LSZ (Figure 13A). The growth rate of the fish collected
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at station 797 was 0.33mm/day, fish collected at station 602 had a growth rate of 0.36 mm/day
and the fish collected at station 519 had a growth rate of 0.35 mm/day. (Figure 13B). Somatic
condition index (SCI) for the three fish was generally poor, with the fish collected at station 797
was -0.03, fish collected at 602 was -0.01 and fish collected at station 519 was -0.11 (Figure
13C). The hatch-date of the fish collected at station 797 was 93, fish collected at station 602 was
111 and fish collected at station 519 was 91(Figure 13D).

In survey 6 (August 19" — 21%), 14 delta smelt from 7 stations were collected and 9 fish were
examined for otolith age, growth, and natal origins. (Table 4). Only a single station had
freshwater (719) 0.23-ppt, and salinity had intruded as far upstream as station 704 (2.57-ppt)
during survey 6. Salinity on the San Joaquin River side of the confluence was 2.2-2.92-ppt and
salinities bayward of the confluence ranged from 6.99 to 12.47-ppt (Table 1). Temperature at
station 719 was warm at 25.1°C , while temperatures elsewhere were relatively cool ranging
from 19.0 to 21.7 °C (Table 4). Natal SIR values of the five fish collected at station 719 were
between 0.7063 and 0.7064 indicative of natal origins in freshwater while fish at the other
stations ranged from 0.7062 to 0.7072. A single fish from station 802 had a natal signature from
the LSZ (Figure 14A). Growth rates of the fish collected at station 719 ranged from 0.29 to
0.34mm/day, while fish collected at the LSX stations had a growth rates from 0.31 to 0.36
mm/day (Figure 14B). Somatic condition index (SCI) for fish collected at station 719 ranged
from -0.02 to 0.05, while fish collected at the LSZ stations ranged from -0.05 to 0.02 (Figure
14C). The hatch-date of the fish collected at station 719 ranged from 87 to 138, representing a
new cohort of fish not seen in previous surveys, while fish in the LSZ stations ranged from 74 to
121 with some late hatched fish as well (Figure 14D).

Fish were combined by salinity habitat type at the collection station across the six surveys
in 2013 to further examine spatial and temporal variation in natal origin, growth rate, somatic
condition index and hatch-date. Natal SIR varied across salinity habitats and surveys. Fish
collected in freshwater habitats consistently had natal 8’Sr/%Sr values less than 0.7065, which is
consistent with water 8'Sr/*®Sr values of the North Delta region. Fish collected in low and high-
salinity habitats varied more than fish collected in freshwater habitats and consisted of fish with
freshwater natal origins (<0.7065) and values from 0.7066 to 0.7090 consistent with fish
inhabiting low-salinity habitats, thus fish in the LSZ consisted of migratory fish from freshwater

and fish which were natal to the LSZ (Figure15A). Growth rate also varied considerably among
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salinity habitats and across surveys. Growth rates tended to vary within habitat and surveys
greatly, however growth rate was low for fish collected in the LSZ during survey 2, which were
primarily fish originating in the LSZ. Growth rates were also lower during surveys 5 and 6.
Between survey 2 and survey 4 we saw very few fish with growth rates less than 0.35mm/day,
which was consistently with values observed in 2012 (Figure 15B). Somatic condition index
varied among individuals but no meaningful trend was found between salinity habitats or surveys
(Figure 15C). Hatch-dates varied across the surveys, but did not appear to vary between salinity
habitats (Figure 15D).

DISCUSSION

Delta Smelt abundance for the spawning population in spring of 2012 (2011 year-class) had
one of the highest indices in the last 20 years (Fall Midwater Trawl Survey Index = 343).
Meanwhile the 20-mm Survey index of 2012, which captured the offspring from the 2011 year-
class, was also one of the highest indices (11.1) since 2000. During the 2012 and 2013 Summer
Townet Survey we observed a decline in CPUE index between survey 1 and survey 2. The
majority of Delta Smelt captured during these two surveys occurred in the Deepwater Ship
Channel (DSC) and the Cache-Liberty Slough (CLS) complex, where we observed the largest
absolute decline in CPUE. Survival of Delta Smelt that remained in the DSC and CLS between
surveys 1 and 2 appeared to be growth rate dependent as Delta Smelt found in the DSC and CLS
during survey 2 had growth rates that were greater than 0.35-mm/day, while 28% of the Delta
Smelt found there during survey 1 had growth rates below 0.35-mm/day. However, the decline
in CPUE cannot be attributed solely to growth related mortality. The otolith strontium isotope
ratios provided evidence of fish migrating from the North Delta to the Low-Salinity Zone as
Delta Smelt collected in the Low-Salinity Zone (LSZ) during survey 2 had natal origins in the
DSC and CLS. Exploration of the strontium isotope ratios of the entire otolith profile (from core
to edge) confirmed that all but one fish found in the LSZ that had been hatched in the DSC and
CLS had higher isotope values near the edge of the otolith confirming their move to low-salinity
habitats. Meanwhile, Delta Smelt CPUE in the LSZ increased 400% during this time period,
however, the percentage of CPUE change may not be the most accurate measure of abundance
change when the CPUE is very low, as a few individuals could account for such a large relative

change in CPUE. Growth rates of Delta Smelt that had migrated to the LSZ between survey 1

Page 82



1766
1767

1768
1769
1770
1771
1772
1773
1774
1775
1776
1777
1778
1779
1780
1781
1782
1783

1784
1785
1786
1787
1788
1789
1790
1791
1792
1793
1794
1795

and 2 were greater than 0.35 mm/day providing further evidence supporting the idea that fish

growing slower than 0.35 mm/day in the DSC had died.

Interestingly, the somatic condition index of fish remaining in the DSC and CLS from survey
1 to 2 exhibited a slight decrease in condition, suggesting conditions for Delta Smelt were poor.
Very few individuals were from surveys 5 and 6 and did not make direct comparisons of somatic
condition to surveys 1 and 2, but somatic condition index of 5 of the 7 fish collected in these
later surveys were higher than fish collected in survey 2, suggesting survival to the late summer
in the DSC and CLS may have been contingent on somatic condition. These region has been
identified as a contaminant hotspot in the Delta. Hammock et al. (2015) found high incidence of
contaminant stress in Delta Smelt collected in the DSC and CLS regions; the same individual
fish examined in this report. Weston et al. (2014) repeatedly detected acute toxicity to Hyalella
azteca following storms in both western Cache Slough and Ulatis Creek, and attributed the
toxicity largely to pyrethroids in urban runoff. In a two-year study, Werner et al. (2000) found
that of the 24 sites sampled throughout the delta, Ulatis Creek most frequently showed acute
toxicity to Ceriodaphnia dubia (6 of 21 monthly samples were acutely toxic). Kuivila and Moon
(2004) detected high concentrations of the pesticides Molinate and Thiobencarb in Cache
Slough, and suggested that mixtures of pesticides could have chronic health effects on Delta

Smelt, particularly juveniles.

Water temperatures were extremely high in the summer of 2012, where temperatures in
freshwater ranged from 20.5 °C to 22.7 °C during survey 1 and 18.2 °C to 22.1 °C during survey
2, and were generally higher than 2013. Delta Smelt are sensitive to high water temperatures and
not frequently encountered at temperatures above 25 °C in field surveys and exhibit mortality
around 27 °C in lab experiments (Komoroske et al 2014). However, these field and laboratory
assessments of Delta Smelt sensitivity to temperature do not account for longer term effects on
growth or somatic condition. In addition, they do not include other factors such as food
abundance, turbidity or contaminants. Elevated water temperatures can have large influence on
the metabolic rate of fish and may have a significant effect on Delta Smelt inhabiting food
limited habitats. Slater et al. (in prep) examined Delta Smelt diets and stomach fullness of fish
analyzed in this report and showed Delta Smelt stomach fullness of fish rearing in freshwater had

a slightly lower mean stomach fullness in August compared to June. However, with water
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temperatures 2-3 °C higher in freshwater the metabolic demand would be much higher and food
supplies and stomach fullness may suggest the DSC and CLS were poor rearing habitats during
the summer of 2012 and may account for the rapid decline of Delta Smelt following the high
abundance index in 2011 when outflow was high and water temperatures much cooler than 2012.

Detailed analysis of Delta Smelt from the 2012 Summer Townet Survey revealed patterns
suggesting high mortality between survey 1 and survey 2 was associated with poor rearing
habitat with warm water temperatures, likely less prey availability or nutritional quality and
significant contaminant stress. The intersection of these stressors resulted in a significant decline
in the Delta Smelt abundance index from 2011 to 2012 and provides a key example of how
recruitment failure during the summer may be the primary factor driving the population
dynamics of Delta Smelt. Moreover patterns were similar for 2013, when the abundance index
of Delta Smelt was reduced, thus the role of density dependence in the recruitment mortality may
be a persistent impact on Delta Smelt rearing in the North Delta every year. In recent years the
proportion of adult Delta Smelt found in the SKT survey, and the proportion of fish originating
from the North Delta from otolith chemistry suggests the population may be moving into a
persistently poor nursery area. Future studies should be focused on what environmental drivers

are associated with this shift in distribution to the North Delta.
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1823  Table 4. Summary of water quality, delta smelt catch and the numbers of individuals analyzed
1824  for otolith growth and micro-chemistry for the 2013 Summer Townet Survey.

Total

Survey  Station Salinity Group Salinity ppt Temperature °C Catch N % of Catch

1 519 LowsSalinity(1-6) 4.8 20.7 1 1 100%
1 609 LowSalinity(1-6) 3.1 20.0 17 17 100%
1 610 Lowsalinity(1-6) 3.4 20.0 2 2 100%
1 704 Lowsalinity(1-6) 0.8 19.1 7 100%
1 706 Fresh 0.1 20.8 1 1 100%
1 707 Fresh 0.1 21.6 2 0 0%
1 719 Fresh 0.2 21.0 10 9 90%
1 721 Fresh 0.1 20.0 8 8 100%
1 723 Fresh 0.1 21.0 4 4 100%
1 797 Fresh 0.2 21.2 8 5 63%
1 801 Fresh 3.0 18.8 1 1 100%
1 809 Fresh 0.4 18.6 4 0 0%
2 508  Lowsalinity(1-6) 45 20.5 2 2 100%
2 606  LowsSalinity(1-6) 6.7 216 7 7 100%
2 609 Lowsalinity(1-6) 46 21.0 3 3 100%
2 610 LowSalinity(1-6) 42 21.3 3 3 100%
2 719 Fresh 0.2 20.5 2 1 50%
2 721 Fresh 0.1 20.1 1 1 100%
2 797 Fresh 0.3 21.1 4 4 100%
2 809 Fresh 0.4 20.2 3 0 0%
3 418 LowsSalinity(1-6) 11.0 20.5 1 1 100%
3 501 Lowsalinity(1-6) 7.4 221 2 2 100%
3 519 LowSalinity(1-6) 7.3 21.0 11 10 91%
3 602 LowSalinity(1-6) 9.2 20.3 4 3 75%
3 721 Fresh 0.1 215 1 1 100%
3 797 Fresh 0.4 23.6 1 0 0%
4 418 LowSalinity(1-6) 11.8 20.4 1 1 100%
4 519 Lowsalinity(1-6) 7.7 20.2 33 9 27%
4 602 LowSalinity(1-6) 10.4 19.8 2 2 100%
4 704 Fresh 0.2 22.6 1 1 100%
4 719 Fresh 0.2 23.3 6 6 100%
4 721 Fresh 0.1 20.6 1 1 100%
5 519 LowSalinity(1-6) 4.8 19.6 1 1 100%
5 602 LowSalinity(1-6) 8.7 19.2 1 1 100%
5 797 Fresh 0.3 20.9 1 1 100%
6 418 LowSalinity(1-6) 12.5 19.8 2 0 0%
6 519 LowSalinity(1-6) 7.0 21.7 1 1 100%
6 602 LowsSalinity(1-6) 10.2 19.0 3 0 0%
6 704 Lowsalinity(1-6) 26 20.7 1 1 100%
6 719 Fresh 0.2 25.1 5 5 100%
6 801 LowSalinity(1-6) 2.9 20.9 1 1 100%

1825 6 804 LowSalinity(1-6) 2.2 20.8 1 1 100%

1826

1827

1828
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1833  Figure 8. Recruitment index (Sum station CPUE/# stations) over the 6 surveys of the 2013
1834  Summer Townet Survey.
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Table 5. Regional CPUE index for 2013 Summer Townet Survey

Survey 1
Survey 2
Survey 3
Survey 4
Survey 5
Survey 6

CLS
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Page 87




0.7090 0.60
0.7085 0.5
0.50
0.7080 B
_ g oss
& o075 E 040
5. £
2 i
% 07070 g 035
s @
2 § 0.30
0.7065 2
® 025
0.7060
0.20
0.7055 0.15
1-519 1-609 1-610 1-704 1-706 1-719 1-721 1-723 1-797 1-801 1-519 1-609 1-610 1-704 1-706 1-719 1-721 1-723 1-797 1-801
C. D
180
5 160
g
g S
140
£ 5
c “—
= 2
5 g 10
8 5
g < 100
& 5
U) ey
S e
T

@
o

1-519 1-609 1-610 1-704 1-706 1-719 1-721 1-723 1-797 1-801 1-519 1-609 1-610 1-704 1-706 1-719 1-721 1-723 1-797 1-801

1858

1859  Figure 9. Survey 1 2013, boxplots for each station. Black dots represent values for individual
1860  fish. A. Strontium isotope ratios of the natal cores, B. Growth rate C. Condition Index D. Hatch-
1861  date. Stations 721 to 704 were freshwater while stations below 704 were low-salinity habitats.
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1865  Figure 10. Survey 2 2013, boxplots for each station. Black dots represent values for individual
1866  fish. A. Strontium isotope ratios of the natal cores, B. Growth rate C. Condition Index D. Hatch-
1867  date. Stations 719, 721 and 797 were freshwater, while 508, 606, 609 and 610 were low-salinity
1868  habitats.
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1879  Figure 11. Survey 3 2013, boxplots for each station. Black dots represent values for individual
1880  fish. A. Strontium isotope ratios of the natal cores, B. Growth rate C. Condition Index D. Hatch-
1881  date. Station 721 was freshwater and stations 418, 501, 519 and 602 were low-salinity habitats.
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Figure 12. Survey 4 2013, boxplots for each station. Black dots represent values for individual
fish. A. Strontium isotope ratios of the natal cores, B. Growth rate C. Condition Index D. Hatch-
date. Stations 704, 719 and 721were freshwater and stations 418, 519, and 602 were low-salinity
habitats.

Page 91



Natal ®'Sr/®Sr
Growth Rate (mm/day)

5-519 5-602 5-797

= =
o N] > 1Y
S] ] S S

Somatic Conditon Index

Hatchdate (# of days from Jan 1)
o]
o

@
o

5-519 5-602 5-797

1887

1888  Figure 13. Survey 5 2013 boxplots for each station. Black dots represent values for individual
1889  fish. A. Strontium isotope ratios of the natal cores, B. Growth rate C. Condition Index D. Hatch-
1890  date. Note only 3 fish were analyzed from survey 5. Station 797 was freshwater and stations
1891 519, and 602 were low-salinity habitats.
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1894  Figure 14. Survey 6 2013, boxplots for each station. Black dots represent values for individual
1895  fish. A. Strontium isotope ratios of the natal cores, B. Growth rate C. Condition Index D. Hatch-
1896  date. Station 719 was freshwater and stations 519, 704, 801 and 804 were low-salinity habitats.
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Figure 15. Box plots for surveys 1-6 2013,, with freshwater @ solid black circles, low-salinity
zone (1-6-ppt), open triangles A and high-salinity zone (>6-ppt) = solid black squares
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INTRODUCTION

In the Fall of 2011, a large scale multidiscipline study was launched by the Interagency
Ecological Program (IEP) to investigate the effects of freshwater outflow on the habitat
conditions and response of Delta Smelt (Hypomesus transpacificus) to higher than normal
outflow in 2011(Brown et al. 2014). High outflow years provide positive benefits to many
estuarine species, including species of management importance such as the Delta Smelt
(Sommer et al. 2007; Feyrer et al 2007; Nobriga et al 2008; IEP-MAST 2015). However; the
ecological mechanisms associated with the effects of overall improved habitat conditions and
Delta Smelt abundance are not well understood. The IEP’s Management Analysis and Synthesis
Team (IEP-MAST) recently completed a review of Delta Smelt biology and developed a
conceptual model framework for assessing habitat attributes effects on the Delta Smelt life cycle.
Using the conceptual model framework, hypothesis regarding direct links between habitat
attributes and Delta Smelt responses were examined for a pair of years when low outflow years
where followed by high outflow years (2005, 2010 low outflow and 2006, 2011 high outflow
years) known as the Fall Low-Salinity Habitat Study (FLaSH) (Brown et al. 2014). For a
majority of the hypotheses, either poor support was found or data was lacking. However; there
was general support for improved habitat conditions in 2011 resulting in higher survival from the

larvae to juvenile and from juvenile to sub-adult life stages (IEP-MAST 2015).

California Department of Fish and Wildlife’s Fall Midwater Trawl Survey (FMWT) Delta
Smelt annual abundance index was highest in the wet year of 2011, relative to 2005-2006 and
2010-2011, but did not exhibit a similar increase in the wet year of 2006 (Brown et al. 2014).
The abundance of larvae and early juveniles was high in 2005 and 2006, but juvenile and sub-
adult indices were low suggesting mortality was higher in these years compared to 2010 and
2011. Thus, habitat attributes that support high survival through-out the year, and thus all life
stages of Delta Smelt, are important drivers of adult abundance. ldentifying the reason(s) for
low abundance in a wet year may give important insights into key habitat attributes and
environmental drivers that could be managed in a way that would improve the likelihood of
abundance increases in all wet years. Moreover, habitat conditions in preceding wet years may
have important implications for the response of a population to the environmental conditions

present during a wet year. For example, the 2010 year-class, which produced the abundant 2011
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year class, was one of the lowest adult indices. Understanding the habitat attributes and
environmental drivers during these years may also provide key insights into the dynamics of the
Delta Smelt population. Thus even in low abundance years, the delta smelt may retain the life

history diversity to provide a resilient response during years of ideal habitat attributes.

Delta Smelt geographic range distribution varies seasonally and with life stages in response to
changing abiotic conditions such as salinity, temperature, turbidity and with the onset of maturity
and changing food densities (Dege and Brown 2004, Bennett 2005, Sommer et al. 2011, Merz
et al. 2011). In late fall and winter, a majority of adult smelt move into fresh water for
spawning, primarily the North Delta near the Cache Slough Complex and the Deepwater Ship
Channel (Sommer and Meija 2013; Murphy and Hamilton 2013). However, Delta Smelt
have been consistently found in Montezuma Slough during the spawning season, and thus they
may also spawn in Suisun Marsh (Murphy and Hamilton 2013). In spring, young smelt move
into brackish water, primarily in Suisun Bay and Suisun Marsh and through the central and south
Delta towards the Central Valley Project and State Water Project (Dege and Brown 2004;
Nobriga et al. 2008, Feyrer et al. 2007). This migratory behavior historically allowed them to
avoid unfavorable conditions in the upper Delta during periods of low inflow and high water

temperatures and to feed on abundant zooplankton in the low salinity zone.

Delta Smelt have also been found year-round in fresh water (Sommer et al. 2011a, Merz et
al. 2011, Sommer and Mejia 2013). With the advancement of otolith microchemistry, many
estuarine species have been observed to have both resident freshwater populations and migratory
populations ( Gillanders et al.2015). This life history strategy has been called “Partial
Anadromy”, and has been hypothesized to occur as a “Bet-Hedging” survival strategy. Having
both resident and migratory phenotypes, a population can persist in a dynamic habitat by
spreading the risk of catastrophic mortality between two environments. (Chapman et al. 2011)
In an estuary with a Mediterranean climate, inter-annual variability in precipitation and
freshwater flow to the estuary can be great, thus spreading risk across the freshwater and

brackish habitats would likely afford a species protection from extinction during poor conditions.

The factors that influence an individual to exhibit a resident or migratory phenotype are not

yet understood, but likely occur sometime in the early life stages. The hypothesized mechanisms
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can be physical and behavioral. Young fishes living in a flowing environment, like the tidal
reaches of freshwater habitats at the head of an estuary experience complex hydrology. Larval
behaviors, to some extent, would facilitate residency or migration (Secor 1999). Other
phenotypic traits, such as body size or growth are also likely to influence behaviors and interact
with the hydrology. For example, a young fish experiencing a poor feeding environment may
have to forage longer distances to find food, which may facilitate transport downstream in an
estuary with a strong residual flow downstream towards brackish water. In this case, slow
growth may be associated with a migratory phenotype. However, migration from freshwater to
brackish water can be energetically costly, and predation mortality along the migratory corridor
may be high, thus migratory phenotypes may select for faster growing young fish. Ultimately,
freshwater flows to the estuary would create habitats of varying quality and would likely interact
with different selection pressures to shape the phenotypic response of the population.

For the purpose of this report, we quantified life history attributes of Delta Smelt year-classes
(2005, 2006, 2010, and 2011) collected by the IEP’s Spring Kodiak Trawl Survey (SKT) during
survey years 2006, 2007, 2011, and 2012. This survey was conducted from January through
May and provides data on the distribution and abundance of adult life stages prior to and during
spawning. We chose these year classes for consistency with the IEP-MAST study of Fall Low-
Salinity Habitat (FLaSH) comparing a pair of dry years followed by wet years (2005, 2010 dry
and 2006, 2011wet).

Conceptual Model

Our conceptual model for this study is based on otolith data demonstrating that Delta Smelt
exhibit a life history strategy termed “Partial Anadromy” whereby individuals express different
life-history phenotypes (contingents) based on natal origins and/or migration history (Figure 1).
Delta smelt can exhibit complex movement histories, with fish born in freshwaters (North Delta,
near the Cache-Liberty-Deepwater Ship Channel) and remaining in freshwater through adulthood
(Freshwater Residents), or rearing in low-salinity habitat from hatch through adulthood
(Brackishwater Origin) and individuals migrating from fresh into brackish waters (Migrants).
Individuals expressing different life history phenotypes may be an adaptive strategy providing

population resilience for a species living in a dynamic habitat like the Sacramento-San Joaquin
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Delta. Inter-annual variability in freshwater outflow and associated habitat attributes may result
in selection of contingents best suited to the environmental conditions in a given year.
Environmental conditions (e.g. food availability, predation pressure) select for rapid growth of
fishes, particularly during their early life stages (Houde 1987; Sogard 1997; Jonsson et al. 2011).
However, studies have also found the highest predation pressure can occur on the fastest growing
individuals of a cohort, thus selection pressures may dampen growth variability (Gleason and
Bengsten 1996). Environmental conditions in the Delta and Low Salinity Zone (1-6 ppt) may
result in variable growth rates among contingents. Inter-annual variability of environmental
conditions and habitat attributes may result in different contingents comprising the adult
population of Delta Smelt, which may provide key insights into the linkages between habitat
attributes and Delta Smelt life history diversity and abundance. For example, lower outflow
years results in a smaller area of low-salinity habitat (IEP-MAST 2015), which may result in

slower growth and fewer migrant phenotypes.
Hypotheses
1. Contingent composition will not vary among study years.

a. The 2011 year class will have a more diverse composition.

2. Growth rates will not vary among study years.
a. The 2011 year class will have faster growth rates.

3. Growth rates will not vary among contingents.

a. Growth rates will be fastest among more abundant contingent.

METHODS
Environmental Data

Data for freshwater outflow was retrieved from the IEP’s DAYFLOW model
(http://lwww.water.ca.gov/dayflow/). Daily freshwater flows (OUTFLOW) in total acre-feet was

used to describe inter-annual differences during study years. Daily water temperature data was
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retrieved from CDEC (http://cdec.water.ca.gov/) for the Rio Vista station (RIV). Data for the

study years were averaged daily (15-min intervals over 24 hours).

Fish were collected during the spawning season (Jan-May) by the CDFW SKT Survey, thus
study year sample collections represent fish from the previous calendar year year-class of Delta
Smelt. Throughout this report we refer to the SKT surveys 2006, 2007, 2011 and 2012, which
represent the Delta Smelt birth years (year-classes) 2005, 2006, 2010 and 2011 respectively. The
SKT survey uses a 7.6-m wide by 1.8-m depth Kodiak trawl towed between two boats at the
surface for 10-minutes per tow among 39 fixed sampling stations located from the Napa River in
the West to the San Joaquin River in the South and the Sacramento Deep Water Ship Channel to
the North, encompassing the known distribution of adult Delta Smelt (Figure 2). Delta Smelt
were measured for fork-length and a sub-sample archived for gonad staging. In SKT survey
years 2006, 2007 and 2011 each fish was given a unique identification number and archived for
otolith analysis by dissecting the head and placing it into 95% ethanol onboard. In 2012, fish
were frozen in liquid nitrogen and dissected in the laboratory, where fork lengths were measured.
For otolith analysis, a subsample of 200 fish was targeted per study year. Subsamples were
chosen in direct proportion to the catch distribution by stratifying the catch between sample
stations west of the Sacramento-San Joaquin River confluence (station 704) and upstream of this

station. This was done to minimize sample bias towards regions with higher catch.

Otolith Growth

Otoliths were dissected from the head and stored dry in ThermoScientific Cell Culture Plates.
Before mounting, the membrane remains surrounding the otoliths were removed by soaking in
95% ethanol for a minimum of 24 hours. Once the membrane was removed, otoliths were
mounted onto microscope glass slides with Crystal Bond® thermoplastic resin in the sagittal
plane. Otoliths were sanded sulcus side up until the outermost rings were visible, turned and
sanded to core rings were visible with wet-dry sandpaper (Buehler 800 and 1200 grit) and
polished with a polishing cloth and 0.3-micron polishing alumina. Otoliths were digitized with a
12 Megapixel digital camera attached to an Olympus CH30 compound microscope at a

magnification of 20X, using AM Scope software (www.amscope.com) Otolith increments were
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enumerated and the increment width and radial distance (um) from the core to each daily ring

was measured using Image-J NIH software (http://imagej.nih.gov/ij/).

Growth Statistical Analyses

Otolith increment widths (30-day increments) were modelled using a series of mixed effects
regression models following the statistical approach outlined in Morrongiello and Thresher
(2015) (Table 2). Fixed intrinsic predictors of 30-day increment growth were fish Age, Sex, and
Age-at-Capture. Fixed extrinsic predictors included year class Cohorts, water temperatures and
the life history phenotypes. Adjacent otolith increment measurements within a fish are more
correlated to each other than to those of other fish because of individual-specific differences in
growth rates. The fish sampled are also seen as a random draw of all possible fish in a
population, therefore we included a random intercept for FishID which induces a correlation
among increment measurements within a fish and allows each individual to have an independent
model intercept ( i.e. from the model’s overall intercept). We included a random intercept for
the Month, for which the 30-day increment occurred, which induces a correlation among
increments from different fish deposited at the same proximate time of year. The Month random
intercepts pool the effects of different extrinsic sources of growth variation after effects on
intrinsic factors (Age, Sex and Age at Capture) are explicitly accounted form. These coefficients
provide temporally resolved estimates of whether conditions were good or poor for growth in a
given year and compared to the long-term average. We also explored whether the addition of

random Age slopes for FishID, Month and FishID improve model performance.

All analyses were performed using the Ime4, AlCcmodavg, and effects package in R 3.0.2 (R
Development Core Team 2013). 30-day growth increments, Age, and Age at Capture were
natural log-transformed to satisfy linear model assumptions and all predictor variables were
mean-centered to facilitate model convergence and interpretation of interaction terms. Analyses
of random effects were performed by fitting the desired model structure using restricted
maximum likelihood estimates of error (REML). Models with increasing fixed effect
complexity were fitted using maximum likelihood estimates of error. We assessed the relative

support for each candidate set of models using Akaike’s information criterion (AIC). AIC values
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were rescaled as the difference between each model and the model with lowest AIC. Best
models were then reanalyzed using REML to produce unbiased parameter estimates (Zuur et al.
2009).

Otolith Strontium Isotope Ratios

Otoliths were mounted on petrographic slides (20 per slide) for otolith microchemistry.
Otolith strontium isotope ratios ®’Sr:2°Sr were quantified using methods previously developed
(Hobbs et al. 2005; 2010). Otolith strontium isotope ratios (3'Sr:®Sr) were measured at the UC
Davis Interdisciplinary Center for Plasma Mass Spectrometry (http://icoms.ucdavis.edu). A
multi-collector inductively coupled plasma mass spectrometer (Nu Plasma HR from Nu
Instrument Inc.) was interfaced with a Nd:YAG 213 nm laser (New Wave Research UP213) for
strontium isotope measurement by laser ablation (LA-MC-ICP-MS technique). A laser beam of
40-um diameter traversed across the otolith from the core to the edge at 10-um per second, with
the laser pulsing at 10-Hz frequency and 5-10 J/cm? photon output. Helium was used as the
carrier gas to maximize sensitivity and minimize sample deposition at the ablation site, and was
mixed with Argon gas between the laser sample cell and the plasma source. Gas blank and
background signals were monitored until #Kr and K stabilized after the sample change (i.e.
exposing sample cell to the air) and were measured for 30 seconds. The laser was typically fired
for 90-120 seconds and background signals were subtracted from the measured signals
automatically. Strontium isotope ratios (4'Sr:¥*Sr) were internally normalized by the measured
831:883r ratio relative to assumed ratio of 0.1194, which proportionally corrects for mass
discrimination. The signal on mass 85 was monitored to correct for any ®’Rb interference on ®’Sr.
The analytical accuracy was determined by using the results of replicate analyses of an aragonite
coral standard at the beginning and end of several analytical sessions. Replicate analyses yielded
875r:885r = 0.70918 + 0.0001 (n = 87), consistent with modern seawater values of 0.70918. In
addition accuracy was assessed by examining cultured Delta Smelt otoliths reared at the Fish
Conservation and Culture Laboratory located at the Skinner Fish Facility in Byron California.
Replicate analyses yielded 8’Sr:®Sr = 0.70728 + 0.0001 (n = 87), consistent with known value of
0.70725. Data reduction was conducted off-line using Matlab 9.0 software. The strontium

isotope profile from the core to the edge along the transect path used for otolith increment
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measurement was scanned using a laser beam of 40-microns moving at a speed of 10-microns
per second. Laser profiles began at ~100-micron before the core to ensure the analysis
encompasses the entire natal chemistry. Life history contingent membership was based on the
strontium isotope ratio profile from the core to the edge of the otolith. Life history profiles were
compared to the strontium isotope isoscape to distinguish freshwater residence from the
migratory and brackish origin phenotypes. Analytical resolution of the laser ablation MC-
ICPMS using laboratory standards was used to determine the certainty of contingent membership

assignment.

The Strontium Isotope Isoscape

Water samples were collected at each SKT station in 2012 using an acid rinsed polypropylene
syringe from a bucket of water collected at the surface of the water column. Water was filtered
through a 0.45 um syringe filter and the sample was acidified (1mL of 3% nitric acid) to stop
bacterial growth. At the UC Davis ICPMS lab, water samples were initially screened for
alkaline earth metals (such as strontium) and analytical interferences (such as rubidium) on an
Agilent 7500ce (Agilent Technologies, Inc.) Q-ICP-MS (quadrupole inductively coupled plasma
mass spectrometer.) After elemental screening, the samples were transported to a class 100 (less
than 100 particles per cubic foot of air) clean room facility. Within this environment, an aliquot
of each water sample was made at volume totaling approximately 1 nanogram of total strontium.
This volume (ranging 3 — 70 mL) was evaporated to dryness and reconstituted in sub-boiling
double-distilled nitric acid (8M) for Sr chromatographic separation. Strontium was isolated from
all other water constituents by rinsing water samples through a micro-column packed with Sr
spec resin (Eichrom Inc.) The purified strontium was subsequently oxidized with concentrated
sub-boiling double-distilled nitric acid to remove organics from column and dried to a powder.
This powder was reconstituted in 2% sub-boiling double-distilled nitric acid and analyzed with
the Nu Plasma HR (MC-ICP-MS) to determine the 8'Sr:®Sr ratio.

Samples were introduced into the Nu Plasma with a desolvating nebulizer system (DSN-100)
providing an order of magnitude sensitivity increase by evaporating most of the sample matrix

(water vapor) away. Ratios include 50-60 data points and each data point was integrated for 10
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seconds. Baselines were measured for 30 seconds by ESA deflection (ion beams were defocused
away from detectors). Strontium isotope ratios (¥’Sr/*®Sr) were internally normalized as
described with the LA-MC-ICP-MS technique with the exception of the Krypton correction on
83, In this case, #*Sr:*°Sr was assumed to be .00675476 (natural abundance of these isotopes)
and is used to estimate subtraction of ®*Krypton and ®®Krypton. Kr was subtracted until the
831/%83r ratio equals the canonical value of .00675476 (while iterating the mass-bias correction.)
Replicate analyses of NIST SRM 987 (strontium carbonate) were conducted bracketing every six
samples normalizing for instrument drift over the course of the day and analytical artifact
between sessions. An in-house modern coral std was processed in parallel with each water
sample set and resulted in &’Sr:®Sr (n=8) = 0.709182 +/- 0.000017 (2SD).

Water quality was also collected using a YSI 6600. Water quality parameters included
salinity (psu), electrical conductivity (us), and temperature °C. To describe the relationship
between strontium isotope ratios and salinity, we fit a smoothing spline to data. In addition, a
conservative linear mixing model using three freshwater endmembers (North Delta- Cache-
Lindsey Slough Complex #'Sr:®Sr = 0.70642, Sacramento River upstream of confluence with
the North Delta ®’Sr:%Sr = 0.70583 and along the San Joaquin River near Jersey Point ®’Sr:%°Sr
=0.70721) was used with the #’Sr:®¢Sr = global ocean value of 070918.

Life History Phenotype-Contingent Composition

Contingent composition was determined for each region sub-sampled. The proportion of each
life history contingent comprising the sub-sample was expanded to the total catch of Delta Smelt
in each region. The total composition of each contingent was summed across regions.

year class
RESULTS

The strontium isotope iso-scape

The strontium isotope ratios ®’Sr:®Sr varied predictably across the freshwater — Low-Salinity

Zone region of the estuary. Water samples collected in 2012 exhibited a similar & Sr:®Sr -
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salinity trend to previous years and fit well with the mixing model results (Figure 3). Strontium
isotope ratios 'Sr:¥Sr in freshwaters never exceeded 0.7072 and ®’Sr:®Sr of low-salinity (<0.5
psu) was never below 0.7072. However, salinity values between 0.3 and 0.6 psu with the sole
freshwater source endmember of the North Delta values had similar values to San Joaquin River
8731:885r 0.7072 (not shown). Thus we used the 'Sr:¥Sr = 0.7080 as a conservative value
delineating the freshwater region and the low-salinity zone. A fish with a 'Sr:¥°Sr profile >

0.7080 would indicate at least some rearing in low-salinity habitat.

We examined otoliths for a total of 733 fish collected in the FLaSH study years during the
Spring Kodiak Trawl Survey. We identified three major life history types, including fish that
were born and reared for the entire life in freshwater “Freshwater Residents”- FWR, fish born
and reared for the majority of life in low-salinity habitat “Brackish-Origin”-BO, and fish that
were born in freshwater and had migrated to the low-salinity zone at some point before capture
“Migrants”- MIG (Figure 4). We also observed significant variability with regards to the time of
migration among the migratory type. However for this study we focus only on the major life

history phenotypes “contingents”.

The percentage of life history contingents varied among regions of the estuary and between
years of the study. All fish collected in the low-salinity zone region were either brackish origin
fish or migratory phenotypes (Table 1). No freshwater resident fish were found in the low-
salinity zone, but brackish origin fish were found in freshwater, presumably migrating upstream
to spawn. In each year, a majority of the catch occurred in freshwater (61-70%). We attempted
to sub-sample fish from the catch distribution to provide a representative and robust estimate of
the percentage of contingents (Appendix A). In three of the four study years we were able to
accomplish this; however, for the SKT 2011 our sub-sample was significantly skewed towards
freshwater catches due to biased sample archival (Table 1). In that year samples were archived
by CDFW staff, thus we could not adequately match the catch distribution (Table 1). Therefore
we provide both a percentage of each contingent based on our sub-sample (Sub-sample %) and
by expanding the percentages to total catch (Expanded %) and did not attempt a statistical test on

these data.

The migratory contingent made up the majority of the Delta Smelt catch in each study year
(61% - 93%- sub-sample; 68% - 92% expanded) Table 1, Figure 5. The freshwater contingent
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was found in all study years, but was highly variable between years, making up only 1% of the
catch for SKT 2007 and 46%- sub-sample and 32% expanded for SKT 2011 (Table 1). The
Brackish Water contingent was only observed in SKT 2007 and made up 18% of the catch in that
year (Table 1). The composition of contingents did vary over the study years, but we did not
observe higher diversity during the wetter years as hypothesized (H1) SKT 2007 and SKT 2012
(2006 and 2011 year classes) (See outflow in Appendix B). The composition among wet years
was different, with the 2006 year class comprised of a significant percentage of brackish origin
fish (Figure 5).

Freshwater residents comprised a larger percentage of the catch for SKT 2011 and SKT 2012
(20-32%) compared to SKT 2006 and SKT 2007 (1-8%) (Table 1). Seasonal mean water
temperatures at Rio Vista were cooler in 2010 and 2011 compared to 2005 and 2006 (Figure 6)
and a significant correlation between the percentage of freshwater residents and cool spring
temperatures was found (Figure 7).

Growth

The hierarchical structure of the mixed effect model allows us to partition growth variance
among intrinsic and extrinsic sources of growth variation. Intrinsic growth factors included the
Age, Sex and the Age-at-Capture. While intrinsic factors are important explanatory variables in
partitioning variance, they can obfuscate growth comparisons of other factors such and
environmental variability. A random intercept for each fish (FishID) allows for and quantifies
the magnitude of individual-specific deviations from average growth, but still assumes that age-
dependent growth responds similarly across all individuals. Including Age as a random slope for
each fish (FishID) is equivalent to the time-series based dendrochronological method of
detrending each individual’s increments to remove age-related trends prior to further analysis.

However, in our model this information is retained for further interpretation.

First we fit all possible random effects and interactions and used AICc to determine the best
fitting random effects structure. The random effects model (M2d:Appendix D), including a
random slope and intercept for Age and FishID and random slope and intercept for Age and
calendar month of increment formation had the best fit to the data and the additional variance

explained in the full fixed + random effects model was 21.4% (Table 3). Next we fit additional
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models of complexity for the fixed effects, Year class, Age-at-Capture, Life History Phenotype
and Sex. The best fitting model (M2d2) a Year class and Age-at-capture effect (Table 4). To
evaluate temperature effects, we compared the best fit model with a model with temperature
exchanged for the Year class effect; accounting for inter-annual variability in mean temperature.
This model did further explain variance in growth (Table 45. The fixed effects component of the
mixed effects model accounted for 63% of the variance in otolith increment growth (R*_ mmm)
and the fixed plus random effects explained 85% of the variance in otolith increment growth
(R*mm(e) (Table 5).

Incremental growth was influenced by the Age (Figure 8) and calendar month of increment
formation (Figure 9). Age and calendar month of increment formation were correlated and
explained the majority (93%) of the variance for random effects (Table 5). Age-at-capture had
the strongest effect on increment growth, while Age and Year class had significant effects with a
strong Age:Year class interaction term (Table 5). This interaction effect is the result of elevated
otolith increment growth for the 2011 Year class, when fish were born later and thus younger
relative to the calendar month of growth. However, since we accounted for the random effects of
Age and Month of increment formation, growth of the 2011 Year class was higher than other
year classes examined (Figure 9).

DISCUSSION

In this study, the contingent population structure varied, but was not related to freshwater
outflow as hypothesized (wet years 2006 and 2011), rather the proportion of freshwater resident
fish appeared to be associated with lower summer water temperatures at Rio Vista. Summer
water temperatures may be a driver of spatial distribution for Delta Smelt and temperatures in
freshwaters may limit their use of this habitat. Long-term changes in summer time distributions
have been observed for Delta Smelt, where they no longer reside in the Central or South Delta
during summer months when water temperatures exceeded ~22°C (Nobriga et al. 2008). In
2005 and 2006 daily mean water temperatures at Rio Vista exceeded 22°C during the summer
and we found fewer freshwater resident fish in these years. In addition, survival of Delta Smelt
from Spring-Summer (20-mm Survey-Summer Townet Survey), when Delta Smelt are migrating

from freshwater larval nursery areas to the Low-Salinity Zone, was lower in 2005 and 2006
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compared to 2010 and 2011 (IEP-MAST 2015), thus warm temperatures in freshwater may be a

driver of Delta Smelt recruitment success.

The abundance of the freshwater contingent did not appear to coincide with higher adult
abundance index for Delta Smelt. The contribution of the freshwater contingent was similar
between 2010 and 2011, however only the 2011 year class experienced much greater abundance
(Appendix C). Interestingly, the total catch in the Spring Kodiak Trawl did not fluctuate from
year to year as great as the abundance index (Appendix A). The index is calculated using only a
core set of 39 stations, with stations 719 and 799 not included in the abundance index. In the
four years of FLaSH study, these non-index stations made up a majority of the total catch of
Delta Smelt (SKT 2006-61%, SKT 2007-54%, SKT 2011-55% and SKT 2012-25%) (Appendix
A). We found the fish caught at these stations to be comprised of a large number of freshwater
resident fish (35% of the sub-sampled catch from these stations). In other IEP surveys additional
stations in the Sacramento Deep-Water Ship Channel have been added, and Delta Smelt have
been caught as far up as Washington Lake at the turning basin of the Sacramento Deepwater
Ship Channel. The long-term trend in the spatial distribution from IEP surveys has shifter from
the Central and South Delta to the North Delta, thus a significant proportion of the population
may now occur outside of core index stations. While the Spring Kodiak Trawl Survey index
may continue to represent the long-term trend in relative abundance using only core stations, this

may significantly hamper our ability to fully understand the drivers of Delta Smelt abundance.

The majority of the Delta Smelt examined in this study were found to have migrated from
freshwater habitats to the Low-Salinity Zone, suggesting this life history strategy continues to be
the dominant behavior. In 2006, we found a large number of fish that appear to have been born
in low-salinity habitats (Figure 5). These fish may have been born in freshwater and were
transported to the Low-Salinity Zone rapidly post-hatch, or maternal contribution of Low-
Salinity Zone strontium to the offspring may be obfuscating our natal origin identifications.
While we cannot rule out the latter, it is unlikely this is the case, as Delta Smelt have a very
small volume of yolk to derive maternal contributions and the otolith core at hatch is very small.
Recent laboratory rearing experiments have confirmed that Delta Smelt can successfully hatch
and rear in low-salinity, thus it is likely this is a viable life history strategy. However, the spatial

distribution of ripe female (Stage 4) Delta Smelt from the Spring Kodiak Trawl Survey shows a
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large proportion of these fish residing downstream of the confluence in low-salinity water. It is
possible these fish can make relatively rapid upstream movements to freshwater to spawn
(Bennett et al 2014). If they do readily spawn in low-salinity habitats, the limited numbers of
fish with low-salinity natal origins might suggest this is not a very successful strategy, and may
be s significant loss to the population. Indeed, at times, roughly have the ripe females are found
in the Low-Salinity Zone. Interestingly, we did observe brackish water origin fish in freshwater,
thus they too migrate back into freshwater to spawn. We did observe any freshwater resident
fish captured in low-salinity waters, thus the strontium isotope signatures appears to be a robust

indicator of salinity history.

Growth rates did not respond as predicted to higher freshwater outflow. Growth rates did
vary between year classes, with the 2011 year class exhibiting higher growth rates, particularly
during the fall, but growth was slower for the 2006 year class. The elevated growth rates in 2010
and 2011 corresponded with lower water temperatures, however; substituting temperature effects
for year class did not improve model fit. Regardless, this evidence suggests Delta Smelt benefit
from cooler water temperatures, particularly during the summer months when temperatures peak.
Laboratory studies have recently shown that Delta Smelt are particularly sensitive to warm water
temperature, expressing a molecular stress response 4-6°C below the thermal maximal
temperature, ~20-22°C (Komoroske et al 2015). Bennett (2005), found that Delta Smelt
spawning and successful hatching was strongly cued to temperature and found poor survival for
larvae above 20°C, thus the biological response of Delta Smelt to warm water temperatures is
strong. Elevated growth rates also appeared to be associated with lower temperatures seasonally.
Growth rates were fastest during the spring months in all years (March-May) (Figure 9). Growth
is typically fast in the early life stages of fish, however we accounted for the ontogenetic effect
of Age and thus life stage in our growth models, thus faster growth in spring was likely

associated cool water temperature.

Climate change predictions for the Sacramento-San Joaquin Delta suggest the Delta Smelt will
reach a significant level of thermal stress, restriction of reproductive timing and habitat loss by
2020 (Brown et al. 2013). The recent drought (2012-2015) has likely reduced this time frame,
and it is likely that Delta Smelt are currently exhibiting these responses to warm water

temperatures. Air and water temperatures have increased significantly in the last two years and
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Delta Smelt abundance has hit all-time lows. The hatch-date distributions and growth rates have
also shifted nearly a full month earlier than historic average and growth rates of young fish have
declined (Hobbs unpublished data). Data from this study suggests, the significant increase in
abundance for the 2011 year class was likely the result of both increased freshwater flows to the
estuary and cool temperatures in 2010 and 2011. A large body of evidence now exists
supporting the role of temperature in modulating the abundance of Delta Smelt, and likely other
native fishes in the San Francisco Estuary. Climate predictions for the estuary do not portend an
optimistic future for the Delta Smelt. Moreover, ongoing efforts to restore tidal marsh habitats in
the Delta are likely to increase temperatures further, as the flooding of shallow polders will only
increase water temperatures during the summer months. In light of the affects, we recommend
the creation of a thermal management plan for the Delta. Integrating thermal refuge into the
efforts to restore tidal marsh habitat may be one effective means to reduce water temperatures.
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Table 1. Delta Smelt catch, sub-samples analyzed for strontium isotope ratios 2'Sr:%°Sr , and the
percentage of life history contingents among regions for the sub-sample and expanded to total
catch. FWR= Freshwater Resident fish, MIG= Migratory fish and B) = Brackish Origin fish.
Spring Kodiak Trawl (SKT) begins in January and thus the study year represent the previous
year class of fish (e.g. SKT 2006 is the 2005 year class)

SKT 2006

Sub-Sample FWR MIG BO

SKT 2007

Sub-Sample FWR MIG BO

Low-salinity Zone

76 (41%)
108 (59%)

0%
0%

47 (32%) 0%
102 (68%) 1%

34%
12%

Sub-sample %
Expanded %

0%
0%

Sub-sample % 1%
Expanded % 1%

18%
18%

SKT 2011

Sub-Sample FWR

BO

SKT 2012
Sub-Sample FWR

BO

Low-salinity Zone

18 (9%)
182 (91%)

0%
0%

81 (40%) 0%
119 (60%) 32%

0%
0%

Sub-sample %
Expanded %

0%
0%
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Table 2. Description of model parameters

Parameter Code Description
Fixed Effects
Age Age Age (months) when otolith increment was formed
Sex Sex Male or Female
Age-at-capture agecap Age (months) at the time of capture. Measure of potential selectivity on growth.
Cohort fCohort  Yearclass (birthyear)
Temperature Temp Mean temperatures from 15-min water temperatures (°C) at Rio Vista CDEC station
Life History Phenotype fLHS Freshwater resident or migratory (reared in low-salinity habitat) types from otolith 87Sr:86Sr
Random Effects
FishiD fishid Unique fish identification for each fish
Month fMonth ~ Month when otolith increment was formed. Quantifies seasonal growth variability
Age Age Random Age slope on each FishID, Month, Life History Phenotype
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Table 3. Random effects model selection

df A_AICC Res.LL RZLMM(m) RZLMM(C)
M2d 17 0 39.03 0.635 0.850
Md4i 18 2.02 39.03 0.635 0.850
M4h 18 47471 -197.32 0.513 0.762
M2c 15 500.78  -213.39 0.524 0.770
M4g 16 501.65 -212.81 0.522 0.771
M4c 16 501.65 -212.81 0.522 0.771
Maf 18  1240.62 -580.28 0.050 0.963
Mde 18  1240.62 -580.28 0.050 0.963
M2b 15  1256.14 -591.07 0.039 0.963
M4d 16 1257.73 -590.85 0.038 0.962
M4b 16 1771.53 -847.75 0.163 0.988
Mda 14  1802.08 -865.05 0.159 0.989
M3d 17 292412  -1423 0.161 0.162
M3c 15  2920.07  -1423 0.161 0.162
M3b 15  2926.99 -1426.5 0.178 0.178
M3a 13 292295 -1426.5 0.178 0.178
M2a 13 1813.44 -871.74 0.157 0.988
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Table 4. Full Model (Intrinsic, extrinsic fixed factors) + random effects

Model Fixed Effects df A AICc ResLL RZ%wwm Riwmg
M2d2 Age * Cohort + Age-at-capture 16 0 42.36 0.633 0.849
M2d4 Age * Cohort + Lifehistory Phenotype 17 8.38 39.18 0.643 0.841
M2d0 Age * Cohort + Sex+ Age-at-caputre 17 8.69 39.03 0.721 0.801
M2d3 Age + Cohort + Age-at-capture 13 46.58 16.04 0.541 0.705
M2d7 Age + Lifehistory Phenotype + Age-at-capture 11 47 13.81 0.512 0.652
M2d6 Age * Lifehistory Phenotyope + Age-at-capture 12 48.32 14.16 0.485 0.521
M2d5 Age + Cohort + Lifehistory Phentoype 14 55.32 12.68 0.452 0.513
M2dl Age + Cohort + sex +Age-at-catpure 14 55.34 12.67 0.444 0.456
M2d2a Age * Cohort + Age-at-capture 16 0 42.36 0.633 0.849
M2d2b Age * Temperature + Age-at-capture 16 58.5 9.07 0.562 0.729
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2447

2448  Table 5. Parameter estimates and test statistics for random and fixed effects from best fitting
2449  model

Random effects:
Groups Variance Std.Dev. Correlation

Intercept FishiD  0.001 0.038

Slope Age 0.108 0.329 0.74
Intercept Month  0.054 0.232
Slope Age 0.925 0.962 0.99

Fixed Effects:
Estimate Std.Error t-value

(Intercept) 4.953 0.072 69.04
Age -0.865  0.295 -2.94
Cohort 2006 -0.011  0.014 -0.79
Cohort 2010 0.001 0.015 0.1

Cohort 2011 0.047 0.014 3.46

Age-at-capture -0.651 0.066 -0.88
Age:Cohort 2006  0.085 0.054 1.57
Age:Cohort 2010  0.329 0.057 5.75
Age:Cohort 2011  0.325 0.052 6.18

ANOVA Df SS MS F-value
Age 1 0.198 0.198 5.13
Cohort 3 0.450 0.150 3.88
Age-at-capture 1 4.284 4.284 110.82

2451 Age:Cohort 3 2.664 0.888 22.97
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Figure 1. Conceptual model of the life-history diversity of delta smelt Delta Smelt born in the
North Delta and residing there to complete the life cycle (blue arrows), residing in the Central-
South Delta (red), born and residing in the Low-Salinity Zone-LSZ (green). Note fish born in
the LSZ have been found to migrate into freshwater to spawn. Delta Smelt migrate from
freshwater to the LSZ (black) at different sizes.
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2468

2469  Figure 2. Map of upper San Francisco Estuary. Closed circles represent CDFW Spring Kodiak
2470  Trawl survey station locations (not all stations are sampled by the SKT survey), other symbols
2471 newer stations added since 2009. Stations were divided into two regions, upstream freshwater
2472  stations and downstream low-salinity zone stations (dashed line).
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Figure 3. Relationship between Strontium Isotope Ratios 'Sr:#°Sr from water samples (circles)
and salinity (psu). Lines represent mixing curves from a linear mixing model with different
freshwater end-members in the North Delta ®”Sr:®°Sr, 0.70581-0.70653 and ®8Sr = 0.9-1.4ppm
with seawater 8'Sr:%Sr 0.70918 #8Sr = 9ppm. Note: strontium isotope ratios >0.708 represent
salinity habitats greater than 1-psu and demarcate the transition from freshwater to the low-
salinity zone.
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Figure 4. Example profiles of strontium isotope ratios (2’Sr:2°Sr) for the three primary life
history phenotypes of adult Delta Smelt collected during (2012). Black = migratory phenotype,
Red = freshwater resident phenotype and Blue = Brackish Origin fish. Note: reproducibility
error on standard reference materials (cultured Delta Smelt otolith) is 0.0001-2¢ SD.
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Figure 5. The percentage of adult Delta Smelt life history contingents for year classes 2005,
2006, 2010, and 2011.
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Figure 6. Continuous daily water temperatures (Celsius) at the USBR- Rio Vista continuous
monitoring station (RIV) and seasonal mean daily water temperatures. Data available at

http://cdec.water.ca.gov/cdecstation
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2503  Figure 7. Relationship between the percentages of Freshwater Residents in the CDFW Spring
2504  Kodiak Trawl catch and spring (March-May) mean temperatures (Celsius) from the Rio Vista
2505 CDEC stations (RIV) for year classes 2005, 2006, 2010 and 2011
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Figure 8. Scatterplot of otolith increment widths (um) and monthly ages for the four year classes
of the FLaSH Study. Lines represent smoothed response curves with dashed lines representing
the 95% confidence intervals for each year class. Symbols for individual fish were jittered for
visual display.
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Figure 9. Scatterplot of otolith increment width (um) during the calendar months of increment
formation for the FLaSH Study year classes. Lines represent smoothed response curves with
dashed lines representing the 95% confidence intervals for each year class. Symbols for
individual fish were jittered for visual display.
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Appendix A. Delta Smelt catch per station and SKT Survey year and the numbers of fish

identified as freshwater resident phenotype (FWR), migratory phenotype (MIG) and brackish
water origin (BWR). Table divided into freshwater region and low-salinity region at station 704.

SKT 2006 SKT 2007 SKT 2011 SKT 2012
Station Catch FWR MIG BO Catch FWR MIG BO Catch FWR MIG BO Catch FWR MIG BO
340 51 0 15 0 0 - - 0 - - 2 0 2 0
405 2 0 2 0 0 - - 0 - - 2 - - -
411 5 0 1 0 0 - - 0 - - 9 0 2 0
418 2 0 2 0 0 - - 0 - - 1 0 1 0
501 14 0 7 0 0 - - 2 - - 18 0 7 0
504 5 0 2 0 0 - - 0 - - 8 0 1 0
508 5 0 4 0 1 0 1 0 0 - - 14 0 4 0
513 3 0 1 0 8 0 2 0 1 - - 25 0 4 0
519 8 0 2 0 23 0 4 2 7 - - 160 O 25 0
520 2 0 1 0 0 - - - 0 - - - 24 0 2 0
602 1 0 1 0 3 0 0 1 9 0 2 0 21 0 2 0
606 56 0 34 0 135 0 19 8 45 0 4 0 47 0 20 0
609 12 0 3 0 37 0 5 5 76 0 12 0 126 0 9 0
610 4 0 1 0 4 - - - 1 - - - 9 0 2 0
704 1 0 1 0 52 0 9 2 10 2 7 0 23 0 4 0
706 0 - - - 16 0 2 0 4 0 4 0 40 0 10 0
707 1 0 1 0 3 0 0 16 3 12 0 22 0 7 0
711 0 - 1 - - 0 - - 2 1 1 0
712 0 - 0 - - - 1 - - - 0 - - -
713 0 - - - 3 0 0 1 2 0 2 0 43 1 4 0
715 21 0 15 0 14 0 3 0 4 1 3 0 57 2 2 0
716 13 0 5 0 14 0 2 2 10 3 7 0 203 10 22 0
719 114 0 13 0 313 1 49 4 245 76 50 0 301 24 25 0
799 239 12 55 0 70 0 18 0 0 - - 0 - - -
801 1 - - 0 - - - 0 - - 11 0 5 0
804 2 1 - - 3 0 3 0 0 - - - 6 0 1 0
809 3 0 3 0 6 0 2 3 4 1 3 0 27 - -
812 0 - 0 - - 1 0 1 0 3 - -
815 1 - - - 0 - 0 - - 0 - -
902 3 0 1 0 0 - - 0 - - - 0 - -
906 0 - - 0 - - 1 0 1 0 0 - -
910 0 - - 0 - - 2 0 2 0 0 - -
914 1 - - - 0 - - 2 0 2 0 0 - -
919 2 0 1 0 0 - - 1 0 2 0 0 - -
920 1 - 0 - - 0 - - 0 - -
921 0 - 0 - - 1 - 0 - -
922 2 - 0 - - 0 - - 0 - -
923 0 - - 0 - - 0 - - 2 - -

Appendix B. Freshwater outflow from the DAYFLOW model for study years. Figure. Outflow

Total Acre-Feet from DAYFLOW for 2005, 2005, 2010 and 2011.
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2547  Appendix C. Spring Kodiak Trawl Survey Index.
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Appendix D. Hierarchial model structures tested for random and fixed effects.
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PROJECT DESCRIPTION

In the Fall of 2011, a large scale multidiscipline study was launched by the Interagency
Ecological Program (IEP) to investigate the effects of freshwater outflow on low-salinity zone
habitat conditions and measure the response of Delta Smelt (Hypomesus transpacificus) to higher
than normal fall outflow (Brown et al. 2014). High outflow years provide positive benefits to
many estuarine species, including species of management importance such as the Delta Smelt
(Sommer et al. 2007; Feyrer et al 2007; Nobriga et al 2008; IEP-MAST 2015). However; the
ecological mechanisms associated with the effects of overall improved habitat conditions and
Delta Smelt response are not well understood. The 2009 Biological Opinion for operation of the
CVP and SWP in the South Delta required increased fall freshwater outflow to improve rearing
conditions for Delta Smelt, conditions which serendipitously existed in the fall of 2011
(USFWS 2009).

The purpose of this study was to examine the potential effects of stressors (e.g. contaminants,
pathogens/diseases, and poor feeding success) and habitat attributes (Salinity, Temperature,
Turbidity etc.) on fish condition and health status in the fall of 2011 (Wet Year) and compare
health responses to 2012-2014 (Below Normal to Critically Dry Years). Delta Smelt were
collected during the Fall Midwater Trawl (FMWT) and the Spring Kodiak Trawl (SKT) from
2011 to 2014, frozen in liquid nitrogen and necropsied by the UC Davis Aquatic Health Program
in the Department of Veterinary Medicine (URL). In this report we used several metrics of
otolith growth as proxies for fish growth and condition to explore relationships between fall
habitat conditions and the growth response for Delta Smelt.

The approach of this study was to examine otolith based metrics of growth for Delta Smelt in
relation to the dynamic (salinity, temperature, turbidity etc.) and static habitat attributes (CDFW
sampling stations, and regions of the upper estuary) measured at the sampling site to assess the
effects of habitat attributes on fish health and survival from late summer through the winter
spawning season. Fish were collected from three regions in the upper San Francisco Bay Delta
Estuary (SFE), namely the Cache Slough complex (Cache Slough and Sacramento Deepwater

Ship Channel, C/S), the Sacramento/San Joaquin river confluence and Suisun Bay.
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In addition, otolith growth metrics were explored to better understand the effect of fish health
on reproductive output (fecundity) for female Delta Smelt collected during the Spring Kodiak
Trawl Survey. In this report we focus on otolith based metrics (growth and life history
phenotype and salinity history via otolith microchemistry) to assess the effect of habitat

attributes on short-term recent growth rates and fall growth rates of Delta Smelt.

INTRODUCTION

Fish are robust indicators of the ecological conditions in aquatic habitats. As such, fish
growth is an important endpoint for assessing the effect of environmental stressors on ecological
processes and functions. Growth in fish is indeterminate; where fish will continue to grow in
perpetuity given suitable habitat and feeding conditions, thus growth can be a reliable indicator
of habitat quality. To this end, fish otoliths (“ear-bones”) have been commonly used to
determine fish age (daily, annual) and age specific growth. Otoliths are comprised of calcium
carbonate and proteins, sequentially layered daily onto a primordial core formed prior to birth.
The layering of calcium and protein, when examined under light microscopy can be used to
quantify daily age, and the width of daily increments can be used as a proxy for daily growth, as
the secretion of calcium and protein is tied to the fish’s metabolism. However, validation of
direct proportional otolith growth and fish growth is required to make full use of this technique.
In previous studies, we have validated proportion otolith growth and fish growth for laboratory
cultured Delta Smelt (Hobbs et al. 2007). Thus, the growth history of Delta Smelt can be
reconstructed from the increment widths recorded since birth.

The chemical composition of the otolith can reveal provenance. Elements with similar
chemical properties to calcium are deposited within the otolith (e.g. Sr, Mg, Ba) in relative
proportion to the concentrations in the environment. Otoliths are biologically inert, such that,
once formed the chemical composition of the otolith is “locked” in place. This is particularly
valuable for determining the movement patterns of mobile fishes that undergo movements across
the landscape in association with reproduction. In our previous research we have used strontium
isotope ratios to reconstruct the salinity history of smelt utilizing the Low-Salinity Zone, as the
strontium isotope ratios of freshwater mix conservatively and predictively with saltwater, such

that narrow salinity zones can be identified with strontium isotope ratios in otoliths (Hobbs et al.
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2010). Thus, otoliths can be used to determine daily growth rates and the salinity habitat where
this growth occurred, making otoliths a valuable tool for assessing the effects of environmental

variability on habitat quality and fish production.

Conceptual Model

The IEP-MAST life-cycle model of Delta Smelt was applied to develop predictions for Fall
Low-Salinity effects on habitat attributes and the response of Delta Smelt. Using published
research, knowledge gained from the recent Delta Smelt synthesis effort (IEP-MAST 2015), and
expert opinion we made directional predictions for how each variable would respond to high
outflow conditions in the fall of 2011 relative to 2012-2014. Predictions were made for Summer
(July — August), and Fall (September — December) and Winter (January — March). These
seasonal groupings correspond to general periods when Delta Smelt juveniles, subadults and
maturing adult are present in the Low-Salinity Zone. These groupings, correspond to the
Summer Townet Survey (TNS) Fall Midwater Trawl (FMWT) and Spring Kodiak Trawl (SKT
(Honey et al. 2004). The full list of variables, and predictions for each season, are given in Table
1.

Elevated fall freshwater outflow was predicted to effect the distribution of the Delta Smelt and
move the population downstream, closer to the ocean and away from water projects in the South
Delta. Higher than normal fall outflow was predicted to move X2 into Suisun Bay and increase
the area of the Low-Salinity, reduce water clarity and water temperatures. High fall flows were
also predicted to improve feeding conditions for Delta Smelt and reduce toxicity. These effects
on habitat attributes in the Low-Salinity Zone would predict that Delta Smelt abundance and
survival from summer to fall would improve growth and support a more diverse population, with

higher fecundity.

The IEP-MAST drought synthesis project work team has evaluated the current monitoring
data and other special studies data to evaluate the impact of the recent drought on habitat
attributes in the Low-Salinity Zone and the response of Delta Smelt utilizing the MAST
conceptual model for Delta Smelt (IEP-MAST 2015).
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While this effort was designed to address the impact so drought, many of the same results
could be examined for the Fall Low Salinity Habitat Study. We examined anomaly values from
standardized long-term trends (2004-2014) comparing 2011 to 2012-2014 and have summarized
the finding in Table 1. Attributed with a solid black arrow depict the direction of the trend,
greyed arrows represent attributes not assessed. Water year 2011 was the second wettest period
since the beginning of the century. Freshwater outflows were extremely high and the resulting
location of X2, a geographic marker of Low-Salinity Zone was located in further downstream in
Suisun Bay in summer and fall, and the total area of Low-Salinity habitat was greater. Air
temperature, Mississippi Silverside abundance (larval predators of Delta Smelt) and Ammonia
concentrations (Sac Regional WWTP) were lower while water clarity (Secchi depth)
Largemouth Bass abundance and food abundances were greater. Delta Smelt were more
abundant in 2011, and had a broader spatial distribution resulting in faster growth rates (based on
an index of growth), greater life history diversity and higher reproductive output.

In this report we address research questions pertaining to the effect of fall habitat conditions
in 2011 on Delta Smelt growth rates in comparison to drier years of 2012-2015. Specifically we
quantified “Fall Growth” using the marginal increment widths of otoliths of Delta Smelt
collected during the Fall Midwater Trawl and the habitat attributes at the regional level and
reconstructed salinity history from otolith strontium isotope ratios to assess habitat attribute
effects on Delta Smelt growth. For fish collected during the Spring Kodiak Trawl, we quantified
the increment widths of daily increments formed during the Fall. However, fish collected in the
winter were beginning the formation of the annual winter band, and thus daily increment
periodicity is no longer reliable for back-calculating daily increments to a calendar date.
Therefore, we calculated the mean age at calendar dates for the fall months (Sept 1, Oct 1 and
Nov 1) of the Delta Smelt yearclass from the fish collected during the Fall Midwater Trawl.
Mean ages at calendar dates were then used to back-calculate a fall otolith increment growth
(Sept, Oct, and Nov) for Delta Smelt collected in the Spring Kodiak Trawl. Growth rates were
assessed among years and salinity history for the corresponding otolith growth using the otolith
strontium isotope ratios. Lastly, we examine the relationship between growth rates, life history

phenotypes and fecundity of Delta Smelt from 2011-2014.

METHODS
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In the current report, delta smelt received from the FMWT and SKT fish survey were
removed from liquid nitrogen by staff at the Aquatic Health Program at UC Davis. Fork lengths
(FL) and body weights (BW) were measured while frozen to determine condition factor (CF).
Samples were allowed to thaw briefly to allow the skin to appear natural, then pictures were
taken, with a ruler and ID tag, for future image analysis. Otoliths were removed for age, growth,
and isotopic microchemistry determinations. The gonads and liver were carefully separated from
the Gl tract. The GI tract was preserved in 95% ethanol at room temperature and sent to Randy
Baxter (Co-PI) at DFW for gut content analysis. Liver and gonads were weighed to determine
hepatosomatic (HSI) and gonadosomatic (GSI) indices, respectively. When livers and/or gonad
weights were greater than 0.005 g the samples were split into two portions. Un-split liver and
gonads were placed in 10% buffered formalin. If the liver or gonad were split then the first
portion was placed in 10% buffered formalin at room temperature for histopathology. Gonads of
females were histologically scored for development and a subset of the ripest females (late stage

4) was selected to quantify fecundity.

Otoliths

Sagittal otoliths were dissected from the head during necropsy and stored dry in tissue culture
trays. Before mounting, the otoliths were “cleared” by soaking in 95% ethanol for 24 hours.
Otoliths were mounted onto glass slides with Crystal Bond® thermoplastic resin in the sagittal
plane, ground to the core on both sides with wet-dry sandpaper and polished with a polishing
cloth and 0.3-micron polishing alumina. Otoliths were digitized with a 12 Megapixel digital
camera (AM Scope: www.amscope.com) at a magnification of 20X with an Olympus CH30
compound microscope. Otolith increments were enumerated and the distance from the core to
each daily ring was measured using Image-J NIH software . Three age readers separately
quantified otolith increments; the mean, median, average percent error and the coefficient of
variation of each individual fish were assessed. If the age reading by the three readers for an
individual fish was greater than 10% average percent error, the sample was selected for
processing of the second otolith for age analysis. When age agreement among multiple readers
could not be resolved, ageing was conducted by the principle investigator. If age agreement

could not be reduced to less than 10% APE the sample was removed from the study.
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Otolith accretion for the fall months Sept-Dec were back-calculated from the otolith by
counting back from the edge of the otolith on daily increments and extracting the length of
otolith accreted for each month. Accretion rates were calculated by dividing by the number of

increments in each month.

Microchemistry

Otoliths were mounted on petrographic slides (20 per slide) for otolith microchemistry.
Otolith strontium isotope ratios were quantified using methods previously developed (Hobbs et
al 2007; 2010). Briefly, the strontium isotope profile from the core to the edge along a similar
path used for aging was scanned using a laser beam of 55-microns moving at a speed of 10-
microns per second. Laser profiles began at 100-micron in the core to ensure the analysis
encompass the entire natal chemistry. The otolith strontium isotope ¥ Sr:2°Sr profile was aligned
with the daily increments to determine the age and size at life history transition stages. The
strontium isotope ratios were resolved using methods developed for delta smelt (Hobbs et al.
2005). The data were resolved to the micron distance from the core using the scan speed and
verified by post laser ablation digital imaging to make sure the laser line-scan length matched the
data resolved length.

Habitat Attributes and Environmental Drivers

Delta Smelt habitat attributes were identified using several approaches. Salinity zones were
identified (<1psu, 1-6psu and >6pus) using the surface salinity at each station where Delta Smelt
were collected during the Fall Midwater Trawl Survey. In addition stations within the Cache
Slough and Sacramento Deepwater Ship Channel were further identified amongst the <1psu
stations. The salinity zone habitat the fish utilized during the fall was determined using the
strontium isotope ratios of the last 200um of otolith before capture. Our previous work has
established a relationship between strontium isotope ratios and salinity (Hobbs et al 2010).

RESULTS

Marginal Otolith Accretion and Salinity Habitats
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We measured otolith accretion rates (daily increment widths (um)) and strontium isotope ratios
profiles for 325 Delta Smelt collected during the Fall Midwater Trawl from 2011-2014 (Table 2).
A majority of the samples came from 2011 (N = 233) while few fish were collected in 2012 (N =
42), 2013(N = 17) and 2014 (N = 33) (Table 2). Accretion rates did appear to be faster in 2011
for the September, October and November surveys (Figure 1). However, there was a significant
ontogenetic effect with trends across months with marginal otolith accretion slowing from

September through December and with fish size as approximated by otolith length (Figure 2).

To account for the ontogenetic effect we modelled the marginal accretion of otolith using a
generalized linear model with a Gaussian distribution and log link function to account for the
otolith size effect and compare models with year as a factor and three metrics for salinity regions
including the CDFW region grouping, the Fall-Low Salinity habitat zones (Cache Slough-
Sacramento Deepwater Ship Channel, <1psu, 1-6psu and >6psu) at capture, and the fall salinity
history from otolith strontium isotope ratios. Modeling was conducted is a stepwise removal
procedure and in all models otoliths size and year were retained, and comparisons were made
amongst the three models for fall habitat using AIC’s. Each model provided a robust fit to data,
no heterogeneity in variance was observed and data were residual plots showed no inherent
spatial or temporal correlation. The model including the fall salinity habitat derived from the
otolith strontium isotope ratios provided the lowest AIC of 2793.4, while the model with CDFW
regions provided the second lowest AIC of 2812.5 and the Fall Low-Salinity Habitat salinity
region the highest AIC of 2817.3 (Table 3). Marginal otolith accretion appeared to be lower for
individuals having spent the fall in salinity habitats greater than 2.5psu (Figure 3).

Fall growth rates estimates from otolith increments of Delta Smelt collected from the Fall
Midwater Trawl

Otolith accretion rates in September 2011 were approximately 1.5 times faster than
September accretion rates for the 2012-2014 years (ANOVA, MS=30.6, df=3, p<0.0001, while
October accretion rates were approximately 20% faster in 2011 (ANOVA, MS= 4518, df=3.
p<0.0001 (Figure 4). There were no differences in accretion rates in November, and in
December accretion rates for 2011 were only faster than 2012, while 2013 and 2014 accretion
rates were faster than 2011 (ANOVA, MS= 2.159, p<0.0001. Ontogenetic effects were not

accounted for in these models.
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Mean September otolith accretion rates differed among the regions of the estuary. In 2011
accretion was slower for fish collected in Suisun Bay and the Sacramento Deepwater Ship
Channel (SDWSC), while in 2012 accretion was fastest in Suisun Bay and Montezuma Slough
(Figure 5) Overall, fish collected in Montezuma Slough appeared to have the highest otolith
accretion rates while the SDWSC had the lowest for the month of September. However, these
are general patterns in means and no statistical tests were used since sample sizes were too low

in most cases (Figure 5).

Fall growth rates estimates from otolith increments of Delta Smelt collected from the Spring
Kodiak Trawl

We back-calculated the otolith accretion that occurred during the fall for 664 fish collected
during the Spring Kodiak Trawl (2012 = 195, 2013 = 198, 2014 = 156 and 2015 = 115). Since
fish collected during this survey are undergoing the formation of an annual age band, daily
otolith increment resolution was not possible and thus precise increment formation at calendar
date was not possible. We used the mean age-at-calendar date for the Delta Smelt collected
during the Fall Midwater Trawl Survey for each yearclass to select the age increments formed
during the fall for SKT fish. Since marginal otolith accretion was significant for September and
October, we used only these months to estimate fall growth for SKT fish. Strontium isotope
ratios deposited in the otolith during the fall was determined using the mean otolith length-at-age
for the Fall period. Salinity zones were then estimated using the described ranges of strontium
isotope ratios for defines salinity zones.

Greater than 90% of all Delta Smelt collected in the SKT survey from 2012-2015 reared in
habitats with salinity less 2.5psu (Table 4). The proportion of fish rearing in freshwater during
the fall and subsequently having spent the entire life in freshwater varied among the study years,
with 2013 having the greatest proportion, while the critically dry 2015 contributed the fewest
freshwater resident fish. The 2012 survey, which was the 2011 yearclass that experienced the
higher than normal fall outflow condition had a larger proportion of fish rearing in salinity
habitats from 1.6 to 2.5 psu (Table 4).

To account for the ontogenetic effect we modelled fall otolith accretion using a generalized
linear model with a Gaussian distribution and log link function to account for the otolith size

effect and test for a significant slope effect for year (survey years of SKT) and for salinity zones
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as a categorical variable. Examination of diagnostic plots suggested no violation of the
homogeneity of variance, independence and normality assumption. The ontogenetic effect
(otolith length at Sept. 1), larger-older fish having slower growth than younger-small fish was
highly significant p<0.0001, thus accounting for the ontogeny when comparing between years
was important (Figure 6). Inter-annual growth trends were similar to both back-calculated Fall
growth using FMWT fish and for marginal otolith increment accretion of FMWT fish. The 2011
yearclass (SKT 2012 survey) had higher accretion rates than 2012-2014 yearclasses, with a
highly significant negative slope through time (Figure 6). Fish rearing in the 0.5-1.0, 1.1-1.5 and

2.1-2.5 had faster otolith accretion rates relative to fish rearing in freshwater (Table 5).
Growth, Life History Phenotype and Fecundity

To determine the effect of fall otolith growth and life history phenotype on fecundity, we
examined the fecundity of 97 late stage 4 female Delta Smelt collected during the Spring Kodiak
Trawl Survey from 2012-2014 (2012 N = 36, 2013 N = 21 and 2014 N=40) and fall otolith
accretion rate as a proxy for growth and the life history phenotype (freshwater resident or
migratory type). Linear regression of fecundity with fork-length, fall growth and life history
phenotype as a factor was analyzed using the Im function in R. The model provided a good fit to
the fecundity data, with an adjusted R2 of 0.61, and was highly statistically significant (Table 6).
Examination of diagnostic plots suggested no violation of the homogeneity of variance,
independence and normality assumption. Fish fork-length and fall growth had a significant
positive effect on fecundity and freshwater resident fish had slightly higher fecundity than
migratory fish (Figure 7).

DISCUSSION

Delta Smelt responded to the high freshwater outflow conditions in the Fall of 2011 with
faster growth rates and higher fecundity. However, we were not able directly assess the
cumulative effect of different environmental drivers on growth and fecundity, as with field data,
high freshwater flows can have many interactive effects on habitat attributes simultaneously and
thus associating effects to any one driver is not possible. Growth rates can be influenced by a
variety of habitat attributes including temperature, salinity and prey availability. In general,

temperatures were cooler and salinity was lower in the fall of 2011 relative to 2012-2014. We
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did not directly assess prey availability in this report, however diet data was collected for Delta
Smelt collected during the 2012 and 2013 Spring Kodiak Trawl Surveys (2012 = 2011 yearclass
and 2013 = 2012 yearclass). Although we did not make direct comparison of otolith growth and
stomach fullness, mean stomach fullness did appear to be greater in winter 2012 compared to
2013, thus food availability was likely higher during the wet year of 2011-2012 (S.Slater
unpublished data). The increased outflow conditions in the fall of 2011 appeared to provide
better overall habitat conditions for Delta Smelt rearing in freshwater and the Low-Salinity Zone,
which resulted in greater abundance in the fall and winter, a wider spatial distribution, increased

feeding conditions and faster growing fish.

Marginal increment accretion showed similar inter-annual trends to fall growth accretion and
was driven by other habitat attributes including the salinity history of individuals derived from
the otolith strontium isotope ratios. Fish having reared in habitats with salinity greater than 2.5
psu exhibited reduced growth rates. Exposure to higher salinity can incur a greater energetic cost
from increased osmoregulation than lower salinity habitats and reduce growth rates. However,
Kammerer et al. (2015) showed that growth was not affected by elevated salinities as high as 10
psu in short term lab rearing studies. Diet data for fish rearing in different salinity zones in the
fall and winter months exhibited similar stomach fullness indices, but diet composition did vary,
and thus prey quality across the salinity zones may be an additional important driver of Delta
Smelt growth (S.Slater unpublished data). Nutritional indices did not appear to be significantly
different among low and high salinity habitats in this study, but there was some tendency for
RNA/DNA ratios and TAG concentrations to be slightly higher in freshwater (S. Teh et al
unpublished data). Contaminant exposure may be an additional stressor reducing growth rates in
higher salinity habitats, however there is limited information on contaminant exposures collected
at appropriate spatial and temporal scales to correspond with otolith growth rates. Hammaock et
al. (2015) found evidence of nutritional stress in Delta Smelt collected in Suisun Bay, but
histological evidence of contaminant effects was greater in the Cache-Liberty region of the North
Delta, thus it is less likely reduced growth in high salinity habitats was driven by contaminant

stress.

Adaptive management of the Low-Salinity Zone habitat for Delta Smelt, as prescribed by the

biological opinion issued for continued operation of the state and federal pumping facilities, call
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for increased freshwater flows in the fall to increase growth and subsequent fecundity of Delta
Smelt. While, it appeared that Delta Smelt growth and fecundity was elevated during a naturally
high freshwater outflow in the fall of 2011, such a response may not be directly inferred if
freshwater flows were artificially increased during a dry year. Environmental conditions
throughout the year influence the growth and production of eggs in Delta Smelt, thus if fish are
experiencing poor habitat conditions during a dry spring and summer, it is uncertain whether
increased flows in fall are going to produce similar results as measured in 2011. Moreover,
warm and dry springs have been associated with poor recruitment to the juvenile stage, thus few
fish may benefit from an artificially induced fall flow, and given the financial and political cost
of such an action, the result may not be quantifiable if new few are around to benefit. We
recommend such an action be utilized when high spring flows support recruitment of juveniles,

but summer and fall conditions are anticipated to be poor without a management action.

Using the Delta Smelt life cycle model produced by the IEP-MAST predicted growth and
fecundity would be higher in the fall and winter of 2011. Using otolith increment accretion rates
of marginal otolith increments deposited during the Fall Midwater Trawl Survey and back-
calculated fall increment accretion for fish collected during the Spring Kodiak Trawl, we showed
that growth was elevated in the fall of 2011 compared to 2012-2014. Moreover, increased fall
growth was associated with increased fecundity. Based on these data we recommend careful
management of freshwater outflows not only during the critical fall months, but through-out the
year to support growth and reproduction of Delta Smelt. The 2011-2012 years provide the best
example of why we suggest environmental conditions need to be maintained year round. The
conditions in 2011 resulted in high production of offspring in the spring of 2012, with the 20-mm
survey index reaching abundance levels similar years prior the pelagic organism decline.
However, by mid-June abundance declined rapidly, as we entered the first year of a significant
drought period, thus any benefits the Delta Smelt may gain from increased fall flows could be
easily wiped out by poor conditions the following spring. Management of Delta Smelt requires a
life-cycle approach, linking the habitat attributes and environmental drivers form life-stage to

life-stage much like the model put forth by the IEP-MAST synthesis report.
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Table 1. Fall habitat and Delta Smelt response predictions in response to elevated outflow.
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2917  Table 2. Fall Midwater Trawl Survey samples sizes for growth and life history

September  October November December
2011 37 45 26 125
2012 1 21 11 9
2013 4 2 3 8
2014 3 3 0 27
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Table 3. GLM model results for marginal otolith accretion.

Coefficients: Estimate Std. Error t value  Pr(={t])
(Intercept) 142.0 32.6 4.357 0.00002 ***
Otolith.Length -0.0015  0.0001 -12.658 <0.0000] #**
Year -0.0679  0.0162 -4.191 0.00004 ***
FallSalinity[T.1] 0.0038  0.0543 0.070 0.94460
FallSalinity[T.2] 0.0662  0.0523 1.264 0.20700
FallSalinity[T.3] -0.0218  0.0576 -0.379 0.70530
FallSalinity[T.4] -0.0154  0.0586 -0.263 0.79270
FallSalinity[T.5] -0.2466  0.1221 -2.020 0.04420 *
FallSalinity[T.6] -0.2269  0.0967 -2.347 0.01950 *
FallSalinity[T.7] -0.2703  0.1228 -2.201 0.02840 *

(Dispersion parameter for gaussian family taken to be 313.2745)

Null deviance: 168855 on 323 degrees of freedom
Residual deviance: 98368 on 314 degrees of freedom

AIC:2793.4
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2950 Table 4. The proportion of total catch rearing in different salinity habitats during the fall based
2951  on otolith strontium isotope ratios.

2952

Fresh 0.5-1.0 1.1-1.5 1620 2.1-25 26-3.0 3.1-40 4.1-50 5.1-60 Total
2012 22% 9% 22% 17% 22% 5% 3% 0% 0% 194
2013 48% 20% 16% 6% 6% 1% 2% 1% 1% 197
2014 24% 21% 25% 10% 11% 4% 3% 2% 0% 155
2015 12% 24% 33% 15% 13% 3% 1% 0% 0% 112
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2969  Table 5. GLM model results for Fall otolith accretion for Delta Smelt collected during the Spring
2970  Kodiak Trawl Survey 2012-2015 (2011-2014 Yearclasses).

2971
Coefficients: Estimate Std. Error  t value Pr(=t))
(Intercept) 308.2 18.320 16.822  <0.00001 ***
Otolith.Length -0.0012  0.000 -12.772 <0.00001 ***
Year -0.1525  0.009 -16.727  <0.00001 ***
FallSalinity[T.1] 0.0939  0.026 3.683 0.00025 ***
FallSalinity[T.2] 0.0813  0.023 3.489 0.000519 ***
FallSalinity[T.3] 0.0120  0.029 0.416 0.677566
FallSalinity[T.4] 0.0664  0.026 2.507 0.012405 *
FallSalinity[T.5] 0.0462  0.046 1.001 0.317317
FallSalinity[T.6] 0.0551  0.056 0.986 0.324396
FallSalinity[T.7] -0.0722  0.135 -0.535 0.592541
FallSalinity[T.8] 0.0575  0.252 0.228 0.819619
(Dispersion parameter for gaussian family taken to be 0.2237039)
Null deviance: 295.43 on 657 degrees of freedom
Residual deviance: 144.74 on 647 degrees of freedom

2972 AIC: 894.92
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Table 6. Linear regression model results for fecundity with fish fork-length, Fall otolith
accretion rate and the life history phenotype (0 = freshwater resident, 1 = migratory)

Coefficients: Estimate Std. Error tvalue  Pr(=ft))
(Intercept) -3212.36  384.014 -8.365 < 0.0001 ***
fork length 64.451 5794  11.124 < 0.0001 ***
Fallg.d 176.582 46.91 3.764 0.000294 ***
migration[T.1] -174.893  75.492 -2.317  0.02274 *

Residual standard error: 290.9 on 92 degrees of freedom

(5 observations deleted due to missingness)
Multiple R-squared: 0.6234, Adjusted R-squared: 0.6111
F-statistic: 50.75 on 3 and 92 DF, p-value: <2.2e-16
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3017  Figure 4. Boxplots of otolith accretion rate (um/day) accreted during the months of Sept-Dec.
3018 Data are from fish collected during the Fall Midwater Trawl 2011-2014.
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3022  Figure 5. Bar plot of mean otolith accretion rate (um/day) for the month of September. Data are
3023  from the Fall Midwater Trawl 2011-2014. Error bars depict £ 1SE. Bars without error bars had
3024  only single individuals capture and analyzed for growth. Table under figure is the sample size
3025  for each bar. No statistical test were attempted with this data.
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3032  Figure 6. GLM results for Fall otolith accretion accounting for the otolith size ontogenetic
3033  effect, and fall salinity habitat derived from otolith strontium isotope ratios and the year effect.
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