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ABSTRACT

Individuals of the same species can vary dramatically in their size, physiology
or behavior, thereby influencing their movement, growth and survival. Through
influencing demographics individual variation is important to population resilience in
the face of environmental change in space and time. Understanding the ecological
consequences of individual and population variation is timely considering the
dramatic rates of extinction and anthropogenic alterations we are witnessing including
global climate change. Coastal rainbow trout (Oncorhynchus mykiss) express a
dizzying range of variability in movement and growth rate. | used acoustic telemetry
to determine the diversity of O. mykiss movement patterns in an altered river.
Movement distance and frequency ranged widely from no movement over the 218d
study period to traveling 170km to the Pacific Ocean in 14d. However, most
individuals did not move more than 0.5km. Movement correlated with size, season
and location. Mortality correlated with the number of moves rather than distance
moved suggesting movement regardless of scale influenced survival. In laboratory
experiments | found more northerly O. mykiss populations had growth optimals at
colder temperatures than more southerly populations. However, temperature-
dependent growth varied among populations at very local scales. Temperatures
previously experienced did not affect temperature-dependent growth which is
beneficial for a species that may experience dramatic fluctuations in temperature
through space and time. | used a diet-switch experiment and model fitting to quantify

the nitrogen isotope tissue turnover rate and discrimination factor for seven O. mykiss

X



tissues. Among seven tissues, diet-tissue 615N discrimination factors ranged from 1.3
to 3.4%o. Model supported tissue turnover half-lives ranged from 9.0 to 27.7 days.
Using parameter estimates and their uncertainty, | developed stable isotope clocks to
estimate the time since resource-shifts. A greater understanding of the extent and
importance of individual and population-level variation in fundamental demographic
(i.e. growth and survival) and life history (i.e. anadromy and thermal optima)
parameters is key to the management and conservation of threatened species. This
research revealed that O. mykiss populations vary in these fundamental parameters,
implying the importance of local-scale management and conservation practices that

ensure the continued diversity of these parameters within and among populations.
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EXECUTIVE SUMMARY

Individuals of the same species can vary dramatically in their size, physiology
or behavior, thereby influencing their movement, growth and survival. Individual
variation forms the basis for natural selection and the diversity of organisms on earth
(Darwin 1859). Through influencing demographic processes individual variation is
also important to population resilience and sustainability in the face of environmental
change in space and time (Greene et al. 2010; Bolnick et al. 2011). Furthermore,
variation among populations has been demonstrated to confer species viability over
landscapes that vary through time and space (Schindler et al. 2010; Moore et al.
2010). Our understanding of the ecological consequences of individual and
population variation to species persistence is timely considering the dramatic rates of
extinction and anthropogenic alterations we are currently witnessing including global
climate change (Deutsch et al. 2008; Schindler et al. 2010).

Salmonids provide a model system to investigate both individual and
population level variation and how these influence population and species
persistence. Pacific salmon express incredible intraspecific trait variation allowing the
persistence of populations across large ranges of variable habitats through space and
time (Quinn 2004; Augerot and Foley 2005). Of Pacific salmon, coastal rainbow trout
(Oncorhynchus mykiss) express the greatest degree of individual variation in life

history (Quinn 2004; Augerot and Foley 2005). Life history variation in O. mykiss is



largely a reflection in the amount of movement expressed by individuals, and is
thought to be related to juvenile growth rates (Shapovalov and Taft 1954; Mangel and
Satterthwaite 2008; Satterthwaite et al. 2010, 2012). For example individuals may
spend their entire life within one stream habitat (resident rainbow trout), while others
born in this same stream habitat may migrate hundreds of kilometers to sea and back
prior to spawning (anadromous steelhead). O. mykiss life history varies incredibly
between these extremes arising from the great variation in timing and degree of
movement among individuals (Shapovalov and Taft 1954; Quinn 2004; Augerot and
Foley 2005). This high degree of individual variation presumably has allowed the
persistence of O. mykiss across such a wide range of habitat variation. O. mykiss
historically ranged from Baja California, Mexico, throughout coastal North America,
and across into Asia (Augerot and Foley 2005). Furthermore, due to their extensive
range O. mykiss currently exist in a range of habitat qualities from largely unaltered
habitats of Alaska and Asia to dramatically altered aquatic habitat, including
urbanized environments of Seattle, San Francisco and Sacramento. For example,
anthropogenic alterations have eliminated 80% of the original anadromous O. mykiss
habitat of California’s Central Valley, and the remaining habitat is dramatically
altered (Mcewan 2001; Lindley et al. 2006). The remarkable plasticity and individual
variation expressed by O. mykiss would suggest resilience to anthropogenic
alterations, however, most populations at the southern end of their range have a
relatively high threat of extinction (Augerot and Foley 2005). Thus, in the United

States O. mykiss is managed by NOAA Fisheries under the U.S. Endangered Species



Act (ESA) as a collection of Distinct Population Segments (DPS), where each DPS is
discrete and significant to the overall species (USFWS and NMFS 1996).

For my dissertation research | used a combination of field studies, laboratory
experiments and mathematical modeling to explore 1) the patterns, causes and
mortality consequences of individual O. mykiss movement within one case study
population; 2) how temperature-dependent growth varied among three O. mykiss
populations; and 3) developed a new method to determine the timing of resource
switches in O. mykiss using stable isotopes.

In the first chapter of my dissertation | used acoustic telemetry to investigate
the patterns and causes of movement and consequences for survival of wild O. mykiss of
the Mokelumne River. The Mokelumne River is a snow fed watershed that drains
1,624 km? of the Western Sierra Nevada Mountains and flows directly into the
Sacramento-San Joaquin Estuary. Like most other streams of the Central Valley of
California, the Mokelumne River now has several dams and diversions which greatly
reduce the amount of streamflow in the river and its natural variability (Pasternack et
al. 2004). Using a network of stationary acoustic receivers | determined the number
of 78 individually tagged wild O. mykiss that emigrated from the freshwater rearing
habitat as anadromous individuals. Using standardized transects within the freshwater
rearing section of the Mokelumne River I investigated the degree of movement and
survival of resident O. mykiss and how this related to individual size, habitat,
streamflow and season. Movement distance and frequency ranged widely from no

movement over the 218 day study period to traveling 170 km to the Pacific Ocean in



14 days. All six anadromous individuals emigrated in the spring and emigration was
correlated with peak streamflows. Movement of resident fish was also highest in
spring and summer relative to fall and winter. Like anadromous emigrants, smaller
residents moved more in the spring and summer of 2008, perhaps due to a history of
adaptation to the natural seasonal snow fed streamflow that was more apparent that
year (Quinn 2004; Mellina et al. 2005). Larger fish moved more in the upper reaches
in 2007, potentially exploring the habitat variability of these reaches to maximize
growth at the reach scale (Kahler et al. 2001; Gowan and Fausch 2002; Hojesjo et al.
2007). O. mykiss that were observed to move more were more likely to suffer
mortality. Thus, a trade-off exists between the potential growth benefits of other
stream habitats or oceanic conditions against mortality associated with movement to
realize these benefits (Gross et al. 1988; Northcote 1992; Quinn 2004).

Considering the potential for local adaptation in O. mykiss (Nielsen 1999;
Moyle 2002; Quinn 2004), and the great variability of conditions throughout
California (Moyle 2002; Lindley et al. 2006), populations may express optimal
growth at different temperatures. By determining life history (Mangel and
Satterthwaite 2008; Satterthwaite et al. 2010; Beakes et al. 2010) or conferring
survival to reproduction (Bond et al. 2008; Hayes et al. 2011), juvenile growth rates
influence population persistence. Growth rate in poikilothermic organisms generally
increases with temperature to a certain point then drops precipitously as temperatures
approach incipient lethal limits (Hoar et al. 1979; Myrick and Cech 2005). However,

details of temperature-dependent growth are lacking for many O. mykiss populations



and highly sought after by managers (Myrick and Cech 2004, 2005). In my second
chapter | conducted laboratory experiments testing O. mykiss growth at 14, 20 and
24°C for three populations of O. mykiss among two DPS of California. | then
compared my results to previous studies of other populations in California and
Oregon. Furthermore, as individuals may experience varying water temperatures
resulting from their varying degrees of movement (Chapter 1), or from seasonal
habitat changes (Myrick and Cech 2004; Boughton et al. 2007; Bell et al. 2011), |
investigated how the history of temperatures experienced by individuals affect
temperature-dependent growth and how this varies among populations. Patterns of
temperature-dependent growth varied among populations both within and among
DPS. More southerly populations exhibited a relative growth optimum at higher
temperatures. Patterns of temperature-dependent growth rate were not affected by
controlled manipulations of the history of temperatures experienced. As such,
individuals may attain growth related benefits (Bulkley 1967; Bond et al. 2008;
Satterthwaite et al. 2012) from optimal temperatures, regardless of what thermal
conditions they previously experienced, but these optimal temperatures vary among
populations of O. mykiss.

Coastal lagoons play a nursery role for O. mykiss by providing a far greater
growth potential than upper watershed rearing habitats, thereby increasing marine
survival (Hayes et al. 2008, 2011). In fact, O. mykiss can migrate multiple times
between freshwater, lagoon and marine habitats (e.g., Hayes et al. 2011). The

dramatic population consequences arising from individual variation in habitat use,



combined with the fact that much of these important habitats are altered by
anthropogenic influences, makes the nursery role of lagoons to O. mykiss of particular
interest (Shapovalov and Taft 1954; Bond et al. 2008; Hayes et al. 2011). Because
stable isotope values vary significantly between freshwater, lagoon and marine
habitats, they may prove useful in determining the timing of resource switches from
freshwater to lagoon habitats (Phillips and Eldridge 2006; Klaassen et al. 2010).
However, effective interpretation is predicated on laboratory validation (Deniro and
Epstein 1981; Gannes et al. 1997; Martinez del Rio and Wolf 2005). Furthermore,
many models used in stable isotope ecology rest on assumptions that, if not tested,
provide an uncertain foundation for field application (Martinez del Rio and Wolf
2005; Martinez del Rio and Anderson-Sprecher 2008; Boecklen et al. 2011). For my
third chapter I developed stable isotope clocks to track resource shifts in O. mykiss. |
used a laboratory diet-switch experiment and model fitting to quantify the nitrogen
isotope (8"°N) tissue turnover rate and discrimination factor for seven O. mykiss
tissues: plasma, liver, fin, mucus, red blood cells, muscle, and scales. Among tissues,
diet-tissue 8"°N discrimination factors ranged from 1.3 to 3.4%o. Model supported
tissue turnover half-lives ranged from 9.0 (fin) to 27.7 (scale) days. | evaluated six
tissue turnover models using AlCc. The use of equilibrium tissue values was
supported in all tissues and two-compartment models were supported in plasma, liver,
and mucus. Using parameter estimates and their uncertainty, | developed stable
isotope clocks to estimate the time since resource shifts. Longer turnover tissues

(scale) provided accurate estimates of time since resource switch for durations



approximately twice their half-life. Faster turnover tissues (fin) provided even higher
precision estimates, but only within their half-life post-switch. Averaging estimates of
time since resource shift from multiple tissues, using multiple-tissue clocks provided
the highest precision estimates of time since resource shift for the longest duration
(up to 64 days).

My dissertation research reveals how individual variation within and among
populations across varying landscapes affects fundamental demographic parameters
such as growth and survival. | found individual movement of O. mykiss to be related
to individual size, habitat, streamflow and season. Although differences observed
between the years in seasonal movement may be a result of differences in the sizes of
fish tagged, or the environment such as variability in streamflow, these results support
the hypothesis that resident fish move more during periods of increased prey
availability. The degree of instream movement and related survival were key missing
information for this population (Sogard et al. 2012), and lacking for Central Valley O.
mykiss in general (Lindley et al. 2007). Results from Chapter 1 provide insight into
the causes of movement and effects on individual survival, as well as illuminates the
remaining degree of life history variation important to the maintenance of this
imperiled population (Greene et al. 2010). While high instream growth in the
Mokelumne River, coupled with greater mortality associated with movement may
explain the disproportionately low level of anadromy in the Mokelumne River
relative to other watersheds, | observed a range of life histories based on movement

patterns for future restoration efforts and management to maintain and build on.



Results of Chapter 1 imply the importance of adequate streamflow including peaks
and variability to successful anadromous migrations and the maintenance of life
history diversity in this imperiled population.

By investigating the variation in patterns (i.e. optima) of temperature-
dependent growth among populations, I explored the scales of local adaptation in O.
mykiss. With climate change imposing perhaps the largest anthropogenic perturbation
to natural systems, understanding the physiological sensitivity of poikilothermic
organisms to temperatures they may experience is crucially important (Deutsch et al.
2008). Results presented in Chapter 2 highlight the need for population specific
management approaches when considering dam and water management, habitat
criteria, and efforts to restore imperiled populations of O. mykiss. Future research
examining the degree of within DPS variation in temperature-dependent growth for
O. mykiss among the remaining twelve DPS could prove invaluable to the sound
management and recovery of the species. Incorporating genetics into this continued
research would illuminate the degree to which genotype x environment and plasticity
each affect the variation of temperature dependent growth among O. mykiss
populations.

While stable isotope ecology lends itself as a useful tool to investigate
individual and population level variation, the field is still learning the degree to which
stable isotope ratios vary among individuals and populations (Layman et al.;
Boecklen et al. 2011). Chapter 3 provided a novel investigation of stable isotope

tissue turnover models and their assumptions. While each model had been considered



independently, to my knowledge no study had ever explicitly compared all six.
Furthermore, the extreme variation expressed in O. mykiss challenged many
assumptions of previous isotope clock models (Phillips and Eldridge 2006; Klaassen
et al. 2010). Thus, my explicit investigation of clock performance increased
understanding of principles in stable isotope ecology, and provided confidence in the
application to investigate resource switches in O. mykiss. Further research in the
degree of variability of isotope turnover rates and discrimination factors among
individuals and populations of O. mykiss is necessary to further establish the
generality of stable isotope clocks among different populations and varying
environmental conditions.

In summary, a greater understanding of the extent and importance of
individual and population-level variation in fundamental demographic (i.e. growth
and survival) and life history (i.e. anadromy and thermal optima) parameters is key to
the management and conservation of threatened species. As revealed by this research,
O. mykiss populations vary in these fundamental parameters, implying the need of
local scale management and the importance of management and conservation
practices that ensure the continued diversity of these parameters within and among

populations.
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CHAPTER 1
Movement and survival of wild coastal rainbow trout, Oncorhynchus
mykiss, in a regulated California river

INTRODUCTION

Movement may affect an individual’s growth, reproduction, and mortality by
determining access to resources, avoidance of predators or environmental stressors,
and facilitating social interactions including encounters with mates (Turchin 1998;
Dingle and Drake 2007). Collectively, the consequences of individual movement are
manifest in the distribution, structure, and dynamics of populations, connectivity of
metacommunities and delivery of subsidies among ecosystems (Holyoak et al. 2005;
Merz and Moyle 2006; Dingle and Drake 2007). For example, anadromous
migrations involving large numbers of fish traveling thousands of kilometers through
freshwater streams, across ocean basins and returning to their natal habitat illustrate
the ecological and evolutionary significance of movement as a fundamental life
history trait (Quinn 2004; Dingle and Drake 2007). In contrast, individuals of the
same population may instead complete their entire life cycle within this same natal
freshwater habitat (Northcote 1992; Quinn 2004). Resident stream fishes were long
considered sedentary (e.g. the restricted movement paradigm; Gerking 1959; Gowan
et al. 1994), yet advances in tracking technology now reveal variation in movement
among individuals (Gowan et al. 1994). The causes and consequences of variation in

spatial and temporal patterns of movement can provide insight into the evolution of
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species, the ecology of populations, and the connectivity of communities and
ecosystems.

Variability in movement among individuals within a single population likely
depends on numerous parameters including individual size, season, habitat, and
mortality risk. For example, in the stream environment, larger dominant trout
(Salmonidae) are better able to defend optimal feeding stations, and thus may be more
sedentary, forcing increased movement on smaller individuals (Northcote 1992;
Keeley 2001). Size-dependent variation in movement may also reflect evolutionary
consequences whereby in contrast to sedentary adults, movement in smaller sub-
adults is seasonal, perhaps due to a history of selection facilitating emigration
coincident with increased stream flow (Quinn 2004; Mellina et al. 2005).
Alternatively, in response to habitat heterogeneity, larger trout may move more to
maximize growth at the reach scale (Kahler et al. 2001; Gowan and Fausch 2002;
Hojesjo et al. 2007). Thus, where a trout resides may affect how much it moves,
depending on habitat quality and heterogeneity within its home range. Therefore, for
salmonids, a cost-benefit comparison may explain movement variability across
multiple scales, from small scales within rivers (Kahler et al. 2001; Keeley 2001,
Gowan 2007) to large-scale migrations to sea (Gross et al. 1988; Northcote 1992;
Mangel and Satterthwaite 2008).

The tremendous variation in movement among individual coastal rainbow
trout (Oncorhynchus mykiss) lends them as excellent models to understand the

ecological causes and consequences of movement (Moyle 2002; Quinn 2004; Augerot
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and Foley 2005). Individuals may spend their entire life within one stream habitat
(resident rainbow trout), while others, born in this same habitat, may migrate
hundreds of kilometers to sea and back prior to spawning (anadromous steelhead).
Further, there is a diversity of expression of these life histories arising from
differences in the timing and degree of movement among individuals (Shapovalov
and Taft 1954; Quinn 2004; Augerot and Foley 2005). Like in other species, the
degree of movement among individual O. mykiss likely depends upon individual size,
differences in growth potential across spatio-temporal scales, and the risks associated
with movements across these scales (Northcote 1992). The extreme variability in
degree of movement among individuals has likely allowed the species to persist
across such an extensive range (Augerot and Foley 2005); maintenance of this
variability both among individuals and among populations may prove important to
the sustainability of the species (Schindler et al. 2010; Greene et al. 2010).

The Sacramento-San Joaquin watershed, draining California’s Central Valley,
historically included a great diversity of aquatic habitats, including Sierran lakes and
streams, large productive rivers and the largest estuary of Western North America
(Conomos 1980; Hollibaugh 1996; Moyle 2002). These ecosystems supported a
productive and diverse collection of native fishes with diverse life histories, including
abundant O. mykiss (Moyle 2002). Dams and other hydrologic alterations have
eliminated or otherwise made inaccessible 80% of original steelhead spawning and
rearing habitat, resulting in dramatic population declines in this life-history strategy

(McEwan 2001; Lindley et al. 2006). As a result, Central Valley steelhead
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populations are listed under the US Endangered Species Act as threatened (NMFS
and NOAA 2006). Yet there is surprisingly little known about wild O. mykiss of the
Central Valley (Myrick and Cech 2004; Lindley et al. 2007; Sogard et al. 2012).
Dams have also greatly simplified Central Valley rivers by stopping the delivery of
larger coarse sediments downstream and buffering flows that would otherwise create
and maintain habitat complexity across space and time (Merz et al. 2004, 2006;
Kondolf et al. 2006). Habitat alteration may affect variability in growth potential both
within rivers and the ocean, as well as alter the consequences of movement within
rivers or en route to the ocean (e.g., mortality). Thus, habitat alteration may affect the
cost-benefit ratio of movement at multiple scales. While it is clear that the elimination
and alteration of habitat is largely responsible for declines of Central Valley O.
mykiss (McEwan 2001; Lindley et al. 2006), the extent of variation in movement
patterns in the remaining rearing habitat is unclear.

To determine the diversity of O. mykiss life history as a function of movement
in a regulated river, and further investigate the causes and consequences associated
with movement, | used acoustic telemetry to monitor the movement and survival of
wild O. mykiss of the Mokelumne River, a highly modified river typical of the Central
Valley. Telemetry has proven useful in monitoring movement patterns (Cooke et al.
2008; Semmens 2008), migration pathways (Perry et al. 2010; Del Real et al. 2012),
reach-specific mortality rates along migration corridors (Skalski et al. 2001;
Melnychuk et al. 2007; Welch et al. 2008) and investigating life history (Cooke et al.

2008; Melnychuk and Hausch 2011). I used standardized telemetry surveys along the
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rearing section of the lower Mokelumne River to examine fine scale O. mykiss
movement (<5 m resolution) and survival patterns over two varying flow years.
Because this study was nested within a larger network of stationary acoustic receivers
throughout the lower Mokelumne River and Sacramento-San Joaquin Delta (Perry et
al. 2010; Del Real et al. 2012), | was able to document movement of wild O. mykiss
ranging from less than 5 m to anadromous emigrations of over 150 km. | analyzed
movement and survival patterns in relation to fish size, season, streamflow and reach
scale habitat differences to answer the following questions: What is the proportion of
and correlates with emigration in post-yearling anadromous wild O. mykiss? What
environmental and individual traits correlate with movement of post-yearling resident
wild O. mykiss? What are the seasonal movement patterns of post-yearling resident
wild O. mykiss? How is survival of these individuals associated with size, movement

or location?

METHODS

Study system

The Mokelumne River drains a 1,624 km? watershed of the western Sierra
Nevada Mountains and flows directly into the Sacramento-San Joaquin Estuary
(Figure 1). Typical of snow fed watersheds, Mokelumne River flow historically
began increasing around October with increasing precipitation (and reduced
evapotranspiration) and peaked around June at over 68 m* s™, with sustained high
flows from snow melt throughout the summer, tailing off continually until the
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following September (Pasternack et al. 2004). Like most other Central Valley rivers,
the Mokelumne River is now highly regulated, with sixteen major water
impoundments as well as many diversions for agricultural, municipal, energy
production and flood control uses. This has resulted in a dampened hydrograph, with
peaks half their historic levels (Appendix, Figure Al; Pasternack et al. 2004; Merz et
al. 2006), and streamflows dependent upon the combined factors of human extraction
and interannual variability in precipitation. Camanche Dam (elevation 72 m) is the
most downstream barrier to anadromous fishes and reduces the available anadromous
stream habitat to 12% of original (Lindley et al. 2006), with 103 km of river
remaining available to anadromous fishes. By reducing peak flows and flow
variability and by blocking the natural transport of stream sediments, regulation has
dramatically simplified the remaining stream habitat available to O. mykiss in the
lower Mokelumne River (Merz et al. 2006; Sogard et al. 2012). Although the
alluvial plains of the river have been predominantly converted into vineyards and
orchards (Merz 2002), the riparian habitat immediately adjacent to the lower
Mokelumne River is surprisingly intact and supports an abundance and diversity of
both aquatic and terrestrial wildlife (Merz and Moyle 2006). Woodbridge Irrigation
District Dam (WIDD) is located 41 kilometers downstream from Camanche Dam
(Figure 1). This relatively small, agricultural dam is passable to fish, and marks the
boundary between riverine rearing habitats upstream and the tidally influenced

portion of the lower Mokelumne River and the estuary downstream (Merz 2002).
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Previous researchers have considered the lower Mokelumne River to be
comprised of six reaches, each defined by differences in substrate material and
gradient (see Merz 2001, 2002). The three reaches between Camanche Dam and
WIDD were the focus of my surveys. The furthest upstream reach, Reach 6, is of the
highest gradient, dropping 30 m in the eight river kilometers from Camanche dam
downstream to the Mackville Road Bridge (Figure 1). Reach 6 thereby has faster
water velocity, a more complex habitat composition and substrate dominated by
gravels with higher proportions of cobbles and boulders (East Bay Municipal Utilities
District, EBMUD, unpublished data). Reach 5 is of intermediate gradient, dropping
10 m in the next 8.5 river kilometers downstream between Mackville Road Bridge
and Elliot Road Bridge (Figure 1). Reach 5 contains an intermediate complexity of
habitat types and water velocities, with substrates dominated by gravels and sands
(EBMUD, unpublished data). Reach 4 is of very low gradient, dropping 18 m along
the 24.5 river kilometers between Elliot Road Bridge and WIDD (Figure 1). Reach 4
has very low complexity of channel morphology among a series of continuously
wide, deep, slow moving habitats with sand as the dominant substrate (EBMUD,
unpublished data).

Depending upon flow release, Camanche Dam may also buffer stream water
temperatures downstream (Merz et al. 2006). Stream temperatures within the rearing
section vary seasonally from a low of approximately 10°C in February to highs of
approximately 14-16°C from August through November (Sogard et al. 2012). As

water moves downstream it is warmed during the day and cooled at night, resulting in
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more extreme diel variation relative to upstream reaches. Below WIDD, the lower
Mokelumne River continues as a low gradient river meandering through sandy
alluvial plains until it flows into deeper estuarine habitats. However, due to extensive
levees and the cumulative effects of upstream water extractions, it is often smaller,

narrower and shallower than the three upstream rearing reaches.

Environmental data

Streamflow data as discharge and reach boundary elevations were collected
from Camanche Dam from California Department of Water Resources California
Data Exchange Center (CDEC). A GIS database habitat data including dominant
substrate and habitat type was previously collected and compiled by the East Bay

Municipal Utilities District (EBMUD, unpublished data).

Wild O. mykiss of the Lower Mokelumne River

A low proportion of anadromous individuals is hypothesized in the lower
Mokelumne River due to anthropogenic alterations changing growth potentials
combined with increased movement related mortality (Satterthwaite et al. 2010;
Sogard et al. 2012; Del Real et al. 2012). Based on a cost-benefit analysis that
modeled relative fitness gained by growth within the river relative to growth at sea,
and considering movement related mortality, Satterthwaite et al. (2010) predicted low
proportions of anadromy for O. mykiss within the lower Mokelumne River. These
model predictions were most sensitive to instream mortality estimates due to

uncertainty associated with insufficient mortality data (Satterthwaite et al. 2010). Del
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Real et al. (2012) found low downstream migration of lower Mokelumne River O.
mykiss and what downstream movement was observed was dominated by hatchery
fish. However, the full range of movement expressed by wild O. mykiss within the
lower Mokelumne River is still poorly understood (Satterthwaite et al. 2010; Sogard
et al. 2012). Therefore, greater knowledge of the patterns, causes and consequences of
movement and survival, specifically in relation to individual size, season, and
environmental conditions, is critical to our understanding of the full spectrum of life
histories in O. mykiss and potential management to maintain life history diversity and

population stability (Greene et al. 2010; Moore et al. 2010; Sogard et al. 2012).

Tagging methods

We tagged a range of sizes of naturally produced or “wild” O. mykiss (all
hatchery fish have been marked with an adipose fin clip since 1997; McEwan 2001)
in 2007 and 2008 to investigate the various scales of movement expressed as well as
correlates of movement and mortality including individual size (Appendix Figure
A2). All fish used in this study were surgically implanted with both a Vemco V9-2L-
69 kHz R64K coded acoustic transmitter and a passive integrated transponder (PIT)
tag (Allflex). We did not tag fish under 180 mm fork length (FL) so as to not exceed
a 5% transmitter-to-body-weight ratio (Del Real et al. 2012). As such, movement
patterns described in this study are for post-yearling individuals only (Sogard et al.
2012; Del Real et al. 2012). Standardized tagging procedures were used for all

surgical implantations (refer to Del Real et al. 2012 for further detail).
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In February of 2007, 52 wild O. mykiss were captured using standardized boat
electrofishing techniques (Meador et al. 1993; Del Real et al. 2012) in seven different
sites among the three rearing reaches (Figure 1). Fish were transported in 1.9 m® tanks
filled with river water to the Mokelumne River Hatchery and kept in raceways for
approximately one week to monitor health prior to tagging. After tagging, fish were
further monitored for another week, and then released in the same location as capture
for each fish on February 20 and 21. An additional 8 wild O. mykiss were captured
May 7-9. Surgery was performed on-site, and fish were immediately released
following recovery in tanks filled with oxygenated river water. Roughly 50% (29) of
the 60 tagged fish were either never detected or determined to be dead during initial
surveys. This left 31 fish for which | had reliable resighting/recapture histories. Wet
weight of tagged and monitored fish ranged from 100 to 1400 g (mean 372 g). Fork
length ranged from 221 to 507 mm (mean 304 mm; Appendix Figure A2).

In 2008, all tagging occurred on site; tagged fish were held in tanks of
oxygenated river water until full recovery from anesthesia and then released at the
capture site. We captured 51 fish using standardized boat electrofishing techniques
(Meador et al. 1993; Del Real et al. 2012) at six different sites among the three
rearing reaches. Release dates were February 4, April 2 and 8, and May 8 and 9. Of
the 51 fish, 9 were either never detected or determined to be dead during initial
surveys, leaving 42 fish with reliable resighting/recapture histories. Wet weight
ranged from 100 to 1150 g (mean 253 g) and fork length ranged from 198 to 498 mm

(mean 268 mm; Appendix Figure A2).
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In addition to the fish captured by electrofishing, 17 wild O. mykiss were
captured using two rotary screw traps in the lower reaches of the lower Mokelumne
River. These fish were tagged and released between February 4 and April 10. Only 5
of the 17 fish were subsequently detected. Because these 5 fish were captured in the
lower rotary screw trap at WIDD, at the lower boundary of the rearing section (Figure
1), they were potentially undergoing emigration to the ocean, and were therefore not
included in analyses of presumed resident behavior. Wet weight ranged from 83 to

231 g (mean 126 g) and fork length ranged from 202 to 411 mm (mean 268 mm).

Monitoring anadromous movements of wild O. mykiss

To monitor anadromous migrations of tagged O. mykiss, | collected data from
the network of stationary acoustic receivers (Vemco VR2W-69 kHz) monitored in
collaboration with EBMUD and the California Fish Tracking Consortium (CFTC; see
Perry et al. 2010; Del Real et al. 2012). One receiver was placed at WIDD, to
document any tagged O. mykiss leaving the freshwater rearing section and entering
the tidally influenced section of the lower Mokelumne River. Other receivers were
strategically placed downstream to monitor the migration pathways and timing of
anadromous migrations throughout the lower Mokelumne River, Sacramento River
system, and San Francisco Estuary. An array of stationary acoustic receivers was
maintained at the Golden Gate Bridge to record any tagged O. mykiss successfully
entering the Pacific Ocean. | defined any individual that passed the stationary

acoustic receiver at WIDD as an anadromous emigrant. Conversely, | considered any
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individual that was tagged above WIDD and never passed the receiver a resident for

the duration of this study.

Monitoring movement and mortality of wild resident O. mykiss

To investigate movement patterns and mortality, | surveyed the rearing
section using a hand held hydrophone. | mounted an omnidirectional hydrophone
(Vemco, VH165) to an articulating boom over the gunnel of a 4 m aluminum skiff
with 15 hp gas-powered motor. The hydrophone was connected to a Vemco acoustic
receiver (VR60 in 2007, VR60 or VR100 in 2008) that decoded the individual
identifier of each acoustically tagged wild O. mykiss. | used a handheld gps unit and
recorded the time and location of each fish observation to 5 m accuracy. With an
assistant, 1 surveyed the complete 41 km of the rearing section in a downstream
direction from Camanche Dam to just above WIDD. Each survey included the entire
rearing section, completed in one day, typically between the hours of 8 a.m. and 6
p.m.. To maintain high and equal detection probability among individuals and among
observations, we established a standardized survey protocol. We conducted
detection range tests with and without rain, and with and without the boat motor
running for a variety of streamflows and habitat conditions, using test tag moorings
placed in different habitats (Melnychuk and Christensen 2009). Tags were set on a 60
second nominal delay, meaning that they would emit signals on random sequences
every 30 to 90 seconds. Therefore, to ensure equal probability of tag detection along
the varying conditions of one survey as well as temporally among surveys, we
remained within a detection area for at least 180 seconds. Detection areas ranged
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from 5 m due to turbulent water or obstructions such as wood, boulders or gravel
bars, up to 200 m stretches of straight, unobstructed river. We surveyed around
habitat structures such as fallen submerged trees, throughout large habitats and within
each sub-channel of braided sections of the lower Mokelumne River to ensure
complete coverage. | estimated an overall mean detection probability of 94% (90% in
2007 and 95% in 2008) using methods outlined in Williams et al. (2002) and
Melnychuk et al. (2007).

To eliminate the possibility of false-positive detections, we monitored at least
two consecutive signals per observation (Melnychuk and Christensen 2009; Perry et
al. 2010). If we could discern movement during this time, we assumed the detections
were from a live fish. However, many fish were observed in the same location on
multiple surveys without notable movement. In these scenarios we conducted a
“splash test” to ensure that the detection was of a live fish, and not a shed tag lying on
the river bottom. To do this, signals of a detected fish were monitored for at least two
cycles, and then | would enter the river and either splash the surface of the water or
swim toward the detection location in an attempt to alter the fish’s behavior. I
maintained this disturbance for at least 180 seconds while my partner monitored
acoustic signals. Subsequent acoustic signals were monitored for another 180
seconds. If we received at least two strong signals prior to disturbance, then signal
strength was lower or there was a lack of detection during disturbance, and this
decreased or lack of signal strength persisted after the disturbance ended (to ensure

the disturbance altered the fish behavior rather than physically interfering with
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detection), we assumed that the fish was alive. We then either monitored two full
detections after the fish returned to its previous location or sought the fish out in its
new location. From these results we assumed that during disturbance the tagged fish
either moved further into cover, thereby affecting its tag’s signal strength, or moved
out of range of detection. Often, simply slipping into the water as unobtrusively as
possible altered the behavior of the tagged fish enough to affect signal strength. If the
signal strength was not altered by the splash test, | removed the fish from analysis and
assumed that the fish was dead. | assumed all detections determined to be in a live
fish were in originally tagged O. mykiss rather than in the stomach of a predator. |
qualitatively investigated each observation history of each fish to ensure that
movement patterns did not suddenly change to indicate predation (Melnychuk et al.
2007; Melnychuk and Christensen 2009; Perry et al. 2010).

In 2007 1 conducted 17 standardized surveys from February 26 to November
20. In 2008 | conducted 22 standardized surveys between February 26, 2008 and
February 12, 2009. | subsampled these 39 surveys so that there were even intervals
both among years and among seasons each year. This resulted in approximately
monthly intervals (including between tagging and the first subsampled survey) for
each year. Each monthly survey was generally within days of the equivalent survey
for the other year. Although battery life of the tags is stated to last approximately 283
days, detection dropped dramatically around 218 days after tagging each year.
Therefore, only data within 218 days of tagging for each fish were used. This resulted

in eight subsampled surveys in 2007 beginning February 26 and continuing monthly
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until the last survey on September 26 (Figure 2). In 2008, | used eleven monthly
surveys from February 26 to December 23 (Figures 2 and 3). To maintain consistency
among sampling methodologies, | used data from one location logged from the
network of stationary readers downstream of WIDD for fish that emigrated out of the
survey area coincident with each standardized stream survey date. | entered time and
location for each fish observation into a GIS database and calculated the distance
moved (km) between observations as both the raw distance, either positive indicating
an upstream movement, or negative indicating a downstream movement, and the
absolute value of each movement.

| analyzed detection data with certain assumptions. While tagged individuals
may have emigrated and returned prior to tagging, or done so after the tag battery
died, movement patterns observed in this study, including emigration, are derived
from a sample of equal time among individuals, spanning the expected period of
emigration (Northcote 1992; Mellina et al. 2005; Sogard et al. 2012). By conducting
splash tests | removed any data from tags on the river bottom from tag shedding or
predation from analyses. Therefore, |1 assumed mortality for any fish that was
observed at least once but never observed again after a given survey. No fish was able
to leave in an upstream direction due to Camanche Dam. It is also highly unlikely that
a fish could leave the study area downstream to the ocean and not be detected, since it
would have to swim by at least 20 of the over 150 downstream receivers. Given that
the detection probability of each of these receivers is extremely high (and in some

cases were estimated to be 1.0; Perry et al. 2010), the probability of a fish emigrating
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from the rearing section and not being detected by one of the receivers downstream
rapidly approaches zero (Williams et al. 2002; Perry et al. 2010). Finally,
measurements of resident survival are based on assumptions that observed mortality
was not simply a lack of detection, including due to battery failure. Truncating my
data to 218 days to avoid apparent mortality due to battery failure, and a mean
detection probability of 94% lend credence to survival measures of resident fish

reported here (Williams et al. 2002).

What are the proportions of and correlates with anadromy in O.
mykiss?

To determine the proportion of tagged fish that emigrated from the river, |
calculated the number of fish that passed by the WIDD receiver in each year. | used
logistic regressions to test for differences in the binary response of anadromous
emigration (or not) in response to individual FL and season, or FL and streamflow.
For this and all other statistical analyses | used R statistical software (R Development

Core Team 2008).

What are the correlates with movement in resident O. mykiss?

To test the hypotheses that movement is related to individual or environmental
characteristics, | tested for differences in a standardized movement metric with
respect to fish size (FL) and an individual’s home reach. I used general linear
models, separately for each year, with FL and home reach, and the interaction

between FL and home reach each as fixed factors. | calculated standardized

29



movement (MVT) for each fish for each year by summing the absolute value of each
distance (km) moved per sampling interval (i.e. period between observations) and

then dividing this by the number of intervals that individual was observed, or:

MVT = ¥ |distance moved| (1)

intervals observed’

The “intervals observed” was determined by subtracting the first survey observed
from the last survey the individual was observed and adding one to include the
interval between tagging and the first observation. In this regard movement was
standardized by interval to account for missed observations and mortality so that all
individuals regardless of recapture history and duration of survival were comparable
using a single metric of movement. MVT data were log transformed to meet
assumptions of normality and homoscedasticity of variance for analysis. | determined
the “home reach” or the reach in which an individual O. mykiss spent most of its time
(calculated as median reach number) for each fish, each year. In 2007, the number of
fish in each reach were, Reach 6 (n=24), Reach 5 (n=4), Reach 4 (n=3), and in 2008
were Reach 6 (n=26), Reach 5 (n=10), Reach 4 (n=6).

To determine the extent to which MVT resulted in net displacement of
individuals within the river I calculated the “home range” as the most upstream river
kilometer minus the most downstream river kilometer at which each individual was
observed. | then calculated the proportion of home ranges within each of three scales:

< 0.5km, 0.5 -8 km, and > 8km.
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What are the seasonal movement patterns of resident O. mykiss?

To test the hypotheses that movement varied as a function of FL, home reach
and season | used linear mixed effects models to investigate a metric of seasonal
standardized movement in relation to each of these independent variables, and each of
their interactions as fixed factors, and individual as a random factor (Zuur et al. 2009;
Bolker et al. 2009). | considered observations between February 26 and May 24 to be
spring, between May 25 and August 26 to be summer, between August 27 and
November 24 to be fall, and between November 25 and December 23 to be winter.
This resulted in four intervals in spring and three intervals in summer for both years,
one interval for fall of 2007, and three intervals for fall of 2008, and one interval for
winter of 2008. As a standardized seasonal movement metric | calculated the mean
absolute value of kilometers moved per season (mvt;) for each individual. Like MVT,
mvts also standardizes movement by survey accounting for missed observations and
mortality. Standardized seasonal movement (mvts) was also log transformed to meet
assumptions of normality and homoscedasticity of variance. In 2007, | observed 26,
25 and 18 fish in the spring, summer and fall seasons, respectively. Due to relatively
early tagging and by truncating my data to only use observations within 218 days of
tagging | did not use any of my surveys conducted in the winter of 2007. In 2008, |
observed 20, 35, 25 and 12 fish in the spring, summer, fall and winter seasons,

respectively.
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How is survival associated with size, movement or location?

To determine if survival was related FL, home reach or movement | separately
tested the hypotheses that binary survival and a standardized metric of survival varied
as a function of each of these independent variables. | calculated standardized
survival for each individual O. mykiss as the survey number on which the fish was
last observed divided by the total possible number of surveys for that fish. Due to
variation in tagging date, the date of final survey also varied among individuals, but
did not exceed 218 days since tagging. Thus, standardized survival is a continuous
relative index comparable among all individuals among both years. Standardized
survival was ArcsinSquareroot transformed to meet assumptions of normality and
homoscedasticity of variance for analyses. For each year | performed two separate
analyses of standardized survival using general linear models. The first tested for
effects of MVT, home reach, FL, and all interactions on standardized survival. MVT,
home reach, and FL were treated as fixed factors. The second tested for effects of the
percent of observations moved, home reach, FL, and all interactions as fixed factors
on standardized survival. | calculated the percent observations moved as the number
of times a tagged fish was observed in a new location relative to the total number of
observations for that fish. To meet assumptions of normality and homoscedasticity of
variance | transformed percent observations moved using an ArcsinSquareroot
transformation.

| also measured survival as a binary metric of whether or not the individual

survived the entire 218 day sample period. | used logistic regressions to investigate
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binary survival in response to home reach, FL, and degree of movement (as either

MVT or percent observations moved), and each two-way interaction as fixed factors.

RESULTS

Anadromy in wild O. mykiss

Of the 31 fish observed in 2007 only one emigrated from the rearing section.
This individual (225 mm FL) emigrated 48.5 km into the estuary in the spring, and
then returned to Reach 4 in the summer, where it remained for the remainder of the
study. The other 30 fish remained in the study reaches over the duration of the study,
or until they were no longer detected and assumed to have died.

In 2008, none of the 42 fish captured by electrofishing emigrated from the
rearing habitat. All 5 fish captured by screw trap below WIDD continued their
emigration further downstream. The largest individual (411 mm) entered the Pacific
Ocean in late April, 14 days after it was tagged. This successful 170 km anadromous
migration coincided with the peak streamflow for 2008 and the only period of
streamflow greater than 12 m* s for both years (Figure 3). All five emigrants
exhibited directional downstream movement focused in the spring (Figure 3). One of
the five emigrated into the Delta in spring and then returned to WIDD in the summer
(Figure 3). The other three emigrants moved down into the estuary where they either
died or remained between stationary readers until the batteries in their tags died. In

2008, I did not detect a relationship between FL and whether fish emigrated (logistic
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regression: p = 0.18), but emigration was significantly higher in the spring and with

higher streamflows (p < 0.001 and p = 0.03, respectively; Figure 3).

Resident O. mykiss movement relative to individual size and habitat

There was very little movement of resident O. mykiss in both years (Figure 2;
Appendix Figure A3). Most individuals had MVT values less than 0.5 km /mo each
year and nearly all fish moved less than 1 km/mo (Appendix Figure A3). In 2007
there were three individuals with MVT values between 1 km/mo and 7.5 km/mo, and
in 2008 there were five individuals with MVT values between 1 km/mo and 5.5
km/mo (Appendix Figure A3). MVT values were directly related to individual net
displacement or “home ranges.” Specifically, mean home range was 2.9 km in 2007
and 1.7 km in 2008, and the distribution of home range sizes among fish was similar
to the distribution of MVT (Appendix Figure A3). A large proportion of individuals
had home ranges less than 0.5 km (43% in 2007 and 67% in 2008). Many fish had
home ranges within the scale of a reach i.e. 0.6 - 8 km (47% in 2007 and 26% in
2008). Few fish had larger home ranges. In 2007, 10% of fish had home ranges from
8.1 to 22 km; in 2008 7% of fish had home ranges from 8.1 to 16 km.

In 2007, MVT of resident wild O. mykiss was not related to FL, home reach,
or an interaction between FL and home reach (p = 0.16, p = 0.21, and p = 0.14,
respectively). By contrast, in 2008 there was a significant relationship between MVT

and FL, such that smaller fish moved more (df = 1; F = 5.24; p = 0.03; Figure 4).
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Home reach and the interaction between home reach and FL were not significant in

2008 (p = 0.84 and p = 0.98, respectively).

Seasonal patterns of resident O. mykiss movement relative to size
and habitat

Standardized seasonal movement (mvt;) differed among seasons, and the
patterns differed between the two years (Figure 2; Appendix Figure A4). In 2007,
resident wild O. mykiss moved most in the spring, followed by the summer, and then
the fall (df = 2; F = 4.27; p = 0.02; Figure 2; Appendix Figure A4, no data available
for winter). There was a significant interaction effect between FL and home reach on
mvts in 2007 (df = 2; F = 3.42; p = 0.049), such that mvts increased with FL in Reach
6, movement increased dramatically with FL in Reach 5, and there was no movement
of any FL in Reach 4 (Figure 5). In 2007, seasonal movement was not related to home
reach, FL or the interaction between FL and season (p =0.23, p = 0.13, and p = 0.84,
respectively).

In 2008 resident O. mykiss moved the most in the summer, less in spring, very
little in fall and not at all in winter (df = 3; F = 5.65; p = 0.002; Figure 2; Appendix
Figure A4). Smaller fish had higher mvts (df = 1; F = 4.88; p = 0.03). Unlike 2007,
there was also a significant interaction effect between season and FL on mvts in 2008
(df = 3; F =3.12; p = 0.04; Figure 6), such that smaller fish moved more than larger
fish in the summer and spring, with no relationship in the fall due to limited

movement across all sizes, and no movement by fish of any size in the winter (Figure
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6). In 2008, seasonal movement of resident O. mykiss was not related to home reach

or the interaction between home reach and FL (p = 0.75 and p = 0.99, respectively).

Effects of size, movement and habitat on resident O. mykiss survival

In 2007 19 of 31 resident O. mykiss (60%) survived the entire 218 day study.
Standardized survival, a continuous metric of survival based upon the duration of
time survived, ranged from 14% to 100% of the 218 day study with a mean of 77%
(SD =31%). In 2008, 19 of 42 residents (45%) survived the entire 218 day study. In
2008 standardized survival ranged from 14% to 100% over the 218 day study with a
mean of 72% (SD = 33%). | did not detect any effect of movement, home reach, or
FL on binary survival (surviving the entire 218 day study) in either year (logistic
regression: a = 0.05). Nor did I detect any effect of movement, home reach, or FL on
standardized survival in 2007 (o = 0.05). However, in 2008, individuals that exhibited
a higher percent observations of movement had lower standardized survival (full
model: df = 1; F = 10.18; p = 0.003; percent observations of movement vs.
standardized survival: df = 1; F = 10.74; p = 0.002; Figure 7). There were no
significant effects of home reach or FL on standardized survival in 2008 (p = 0.57,

and p = 0.50, respectively).

DISCUSSION

I observed a “richness” (i.e. number) of life histories based on movement

patterns within post-yearling wild O. mykiss of the lower Mokelumne River. Though
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in low proportions, | did observe anadromous individuals. | also observed individuals
that emigrated to the estuary only to return to the freshwater rearing section of the
lower Mokelumne River each year. Furthermore, | observed a range of movement
patterns within the rearing section, with home ranges at multiple scales < 0.5km, 0.5
— 8 km, and 8 — 22 km. However, this “richness” of movement patterns was
distributed disproportionately across the population, as the vast majority of
individuals had home ranges less than 0.5 km.

In 2008, individuals that moved more (i.e. with a higher percent observations
of movement) had lower standardized survival (Figure 7). The fact that this
relationship was significant with the relative number of moves but not the relative
distance moved implies that movement, regardless of distance, increases the
likelihood of mortality. Except for anglers, most predators in this system are visual
predators including river otter (Lontra canadensis), Osprey (Pandion haliaetus),
Sacramento pike minnow (Ptychocheilus grandis), and striped bass (Morone
saxatilis). Movement of prey has long been known to increase vulnerability of prey to
visual predators in several ways (Lidicker 1975; Yoder et al. 2004). By moving, prey
leave protective cover, they can become more apparent relative to their background,
and they increase the likelihood of encounter with predators. All three mechanisms,
and others, are likely to contribute to the overall increased vulnerability and mortality
of prey with increased movement frequency or distance.

Patterns of size-dependent movement differed between 2007 and 2008. In

2007, | observed greater movement of larger fishes, but only in Reaches 5 and 6
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relative to Reach 4 (i.e. a reach by size interaction; Figure 5). This interaction
between the effects of FL and home reach on movement appears to be driven by fish
of fork lengths ranging from 300 to 450 mm, for which there was a higher
proportional representation in 2007 than 2008 (Appendix Figure A2). Reaches 5 and
6 have high growth potential (Merz 2002; Sogard et al. 2012), presumably due to
habitats dominated by gravels leading to high invertebrate production (Merz and
Ochikubo Chan 2005) and delivery as drift (Sogard et al. 2012) via higher relative
stream velocities. The complexity of habitats in Reaches 5 and 6 means that the short
distance movement observed here (from less than 0.5 to 8 km) can expose O. mykiss
to an assortment of habitats ranging in prey composition, abundance and availability.
Thus, with minimal energy expended, larger fish can move about to determine the
feeding station of optimal growth and, due to their size, have a high potential of
displacing smaller, subordinate fish (Gowan and Fausch 2002; Gowan 2007). By
contrast, Reach 4 is a series of long, deep, wide habitats of slow moving water with
limited morphological complexity. Thus, short distance movements would likely not
expose O. mykiss to differences in habitat quality. Consequently, there may be little
benefit to short scale movements in Reach 4, and considering the potential for
movement related mortality, the costs may outweigh the benefits to any movement
other than emigration in this reach.

In contrast to the previous year, smaller fish moved more than larger fish in
the spring and summer of 2008 (Figure 6). The increased sample size of smaller fish

in 2008 (Appendix Figure A2) may explain why | was able to detect this interaction
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between size and season on movement in 2008 and not in 2007. Although both years
were considered low flow for the lower Mokelumne River (Figure 2 relative to
Appendix Figure Al; Pasternack et al. 2004), 2008 still showed more variability in
discharge, with much higher peaks in flow. Thus, the lower predictability in
streamflow, coupled with movement related mortality may cause larger more
dominant fish to move less, forcing movement of smaller subordinate fish in seasons
of higher flow (Northcote 1992; Keeley 2001). Higher movement of smaller fish
relative to larger fish has been detected by previous studies on the lower Mokelumne
River (Merz 2002). In the Mokelumne River, like other snow fed Central Valley
rivers, peak flows are naturally elevated in the spring and summer months. Therefore,
increased movement among smaller individuals in the spring and summer may be the
result of evolutionary history selecting for increased dispersal and emigration
coincident with peak streamflows (Figs. 2 and 3; Quinn 2004; Mellina et al. 2005).
Indeed, all anadromous emigrations observed in this study were during months of
typical peak flows (Appendix Figure Al), and corresponded with spikes in discharge
from Camanche Dam (Figure 3). For instance, all 14 days of the single successful 170
km anadromous migration were within the highest peak flows observed for either
year (Figure 3). Thus, while there may be evolutionary or ontogenetic influences,
discharge from Camanche Dam may also be important to movement and anadromous
emigration of wild O. mykiss in the lower Mokelumne River. The increased

movement observed during seasons of typical high flows, and the strong correlation
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of anadromous emigration with peak streamflows (Figures 2 and 3) point to the
importance of peak stream flows to movement and anadromy.

As hypothesized by others, | found a negligible proportion of tagged fish that
exhibited anadromy in the lower Mokelumne River. While the tagging methods used
here limited inferences to post-yearling O. mykiss, the high proportions of larger fish
captured within the rearing section and low numbers of smaller emigrants captured
with rotary screw traps are further evidence of a high proportion of residency in the
lower Mokelumne River. In another dammed Central Valley river, the lower Feather
River, Kurth (2012) also found low proportions of anadromous O. mykiss using
acoustic telemetry and, similar to patterns previously observed in the lower
Mokelumne River (Del Real et al. 2012), Kurth (2012) also found lower proportions
of anadromy in wild fish than hatchery fish. By contrast, nearly all O. mykiss of the
lower American River, another dammed Central Valley river, are anadromous
(Sogard et al. 2012). Previous studies hypothesed that the low proportion of
anadromy in both the lower Mokelumne River (Sogard et al. 2012) and the lower
Feather River (Kurth (2012) result from elevated stream growth potential due to
discharge practices from upstream dams, coupled with increased mortality during
anadromous migrations. Indeed, | found evidence of movement related mortality
(Figure 7), creating a cost of movement of any degree from small scale resident
movements to large scale anadromous migration. Hopefully the empirically derived
mortality from this study (40% in 2007, 55% in 2008) will inform models used to

explain variation in anadromy among these watersheds. Unfortunately, there are no
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undammed rivers within the Central Valley to compare with the Mokelumne to assess
the effects of dams on anadromy in O. mykiss.

While it is unclear whether the habitat loss associated with dams diminished
the diversity of movement-related life histories in this watershed, the results of this
study indicate that a “richness” of life histories still exists for future restoration and
management efforts to maintain and build on. With recent recognition of the
importance of life history diversity to the persistence of populations in the face of
unpredictable variation or directional change in environmental conditions (i.e. the
portfolio effect), management to maintain or increase life history diversity of
individuals within and among populations may be crucial for the persistence of
Central Valley salmonids (Schindler et al. 2010; Greene et al. 2010; Moore et al.

2010; Carlson and Satterthwaite 2011).
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FIGURES

Figure 1 Map of the lower Mokelumne River between Camanche Dam and
Woodbridge Irrigation District Dam. Stationary acoustic receivers were placed at
each reach boundary (arrows). The three study reaches are numbered between each
receiver. Inset shows the Sacramento River, San Joaquin River and the San Francisco
Estuary. Map adapted with permission from (Merz 2002).
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Figure 2 Movement of individual acoustically tagged resident O. mykiss (left y-axis; km/mo) from 2007 (star, left panel) and

2008 (circle, right panel), with positive values indicating upstream movement and negative values indicating downstream
movement relative to no observed movement between surveys (horizontal line). Lines are daily discharge in cubic meters per
second (m®s™; right axis) from Camanche Dam for each year. Sample size are below each survey (n=).

Distance moved (km/mo)

15

10

-10

-15

% 2007 residents

© 2008 residents

*
- *
| i
1 1 ——* .
*
*
*
n=15 n=14 n=20 n=25 né=*20 n=19 n=18 n=1 n=18 n=16 n=33 n=32 n=29 n=22 n=24 n=13 n=12 [
I [ I I [ I | | I I I
Mar May Jul Sep Nov  Mar May Jul Sep Nov Jan

16

15

14

13

12

1

10

CMS



Figure 3 Movement of individual acoustically tagged emigrant O. mykiss (left y-
axis; km/mo) from 2008 (filled circle), with positive values indicating upstream
movement and negative values indicating downstream movement relative to no
observed movement between sampling (horizontal line). Line is daily discharge in
cubic meters per second (m*s™; right axis) from Camanche Dam for each year.
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Figure 4 Standardized movement MV T (km/mo), for individual resident O. mykiss
tagged in 2007 (stars) and 2008 (circles). The line represents the best fit relationship
between size and movement, which was significant for 2008 only.
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Figure 5 Standardized seasonal movement (mvts km/mo) relative to fork length
(mm) and home reach for individually tagged fish in 2007. Points are individual fish
coded by their home reach number. Lines are model fits for Reach 6 (solid green),
Reach 5 (large dashed red), and Reach 4 (small dashed orange). Lines were plotted
using the size range common to all three reaches with the upper limit at 375 mm FL
(vertical dotted line).
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Figure 6 Standardized seasonal movement (km/mo) relative to fork length (mm) and
season for individually tagged fish in 2008. Points are individual fish in spring
(upward triangles), summer (circles), fall (downward triangles), and winter (stars).
Lines are model fits for spring (small mixed dashed green), summer (solid red), fall
(medium mixed dashed brown), and winter (large dashed blue). The season x FL
interaction significantly affected seasonal standardized movement (df = 3; F =3.12; p
=0.04).
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Figure 7 Standardized survival in relation to percent observations moved for tagged
resident O. mykiss observed in 2008. Bubble size is proportional to the number of
individuals for that coordinate.
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CHAPTER 2
Population differences in temperature-dependent growth of
coastal rainbow trout (Oncorhynchus mykiss)

INTRODUCTION

We are witnessing unprecedented levels of anthropogenic alteration of natural
ecosystems possibly exceeding the ability of species to respond, with potential for
dramatic effects on entire communities and ecosystems (Chevin et al. 2010; Steffen et
al. 2011; Barnosky et al. 2012). Variation among individuals allows populations to
persist through environmental change in space and time (Darwin 1859; Bolnick et al.
2011). Similarly, trait variation among populations may help species persist by
dampening the greater variability of individual populations (i.e. the portfolio effect,
Schindler et al. 2010; Moore et al. 2010). Thus knowledge of the magnitude and
spatial patterns of variation among populations is important to understanding how
species as collections of populations will respond to anthropogenic habitat alteration
and climate change.

Anthropogenic alterations and climate change are particularly relevant to
poikilothermic organisms within aquatic systems (Deutsch et al. 2008; Woodward
2009). Anthropogenic impacts dramatically alter nutrient dynamics, trophic
interactions, and fundamental environmental qualities such as water temperature in
aquatic ecosystems (Woodward 2009). Population and community dynamics are all

influenced by basic temperature-dependent physiological processes such as growth
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and survival for poikilothermic organisms (Deutsch et al. 2008; Reed et al. 2011).
Salmonids, such as coastal rainbow trout (steelhead; Oncorhynchus mykiss), are faced
with potentially strong selective forces from environmental variation in coming years
due to climate change (Quinn 2004; Beer and Anderson 2011). Temperature effects
on growth may be more important for steelhead that rear in warmer waters of summer
and fall than for other salmon that may emigrate prior to these seasonally elevated
temperatures (McEwan 2001). At the southern end of their range (California),
steelhead populations are already at reduced numbers due to anthropogenic alterations
and reductions of upwards of 80% of original freshwater habitat (McEwan 2001,
Lindley et al. 2006), and are facing further expected increases in water temperatures
of 2-8°C, coupled with possible declines in flows in the next 100 years (Lindley et al.
2007). However, alteration in environmental conditions from climate change are
predicted to vary across the heterogeneous landscape of this region (Lindley et al.
2007; Cayan et al. 2008; Null et al. 2010). Therefore, knowledge of the range of
variation in temperature-dependent growth among populations will allow predictions
of how populations and the species as a whole are likely to respond to changing water
temperatures. Such information has valuable applications for spatial approaches of
management for the recovery of imperiled populations.

Strong spawning site fidelity coupled with local scale habitat variability
creates the potential for local adaptation among O. mykiss populations (Nielsen 1999;
Quinn 2004). Currently O. mykiss populations with access to the ocean within the

United States are managed by NOAA Fisheries under the Endangered Species Act
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(ESA) as a collection of Distinct Population Segments ( DPS, Figure 1; USFWS and
NMFS 1996), where each DPS is discrete and significant to the overall species.
Unfortunately, important population specific parameters such as temperature-
dependent growth are lacking (Myrick and Cech 2004). What little information that
exists comes from more northerly populations that likely encounter colder
temperatures than those of more southerly populations (Myrick and Cech 2004).
Currently, eleven of the fifteen O. mykiss DPSs are listed as either threatened or
endangered under the ESA, creating a further urgency for investigating population
differences in temperature-dependent growth. Therefore, information specific to each
DPS could be critical to recovery and management efforts (Myrick and Cech 2004).
How temperature affects growth of juvenile O. mykiss is important to
population dynamics for several reasons. First, there is increasing evidence that
growth rates of juveniles determine life history trajectories in O. mykiss, i.e. whether
individuals complete their life cycle in freshwater as “resident rainbow trout,” or
instead after rearing in freshwater undergo “anadromous” migrations to sea to attain
larger adult sizes before returning to their natal freshwaters to spawn. Faster growth
rates may allow individuals to adopt an anadromous life history earlier, thereby
avoiding prolonged freshwater mortality risk, while individuals that experience
extremely high or depressed growth rates are more likely to adopt a resident life
history (Mangel and Satterthwaite 2008; Satterthwaite et al. 2009, 2010).
Furthermore, several studies have shown that the size of individual steelhead upon

ocean entry determines the probability of survival at sea and returning to spawn
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(Ward et al. 1989; Hayes et al. 2008, 2011; Bond et al. 2008). Thus, growth of
juvenile steelhead prior to ocean entry confers adult survival and the likelihood to
reproduce (Hayes et al. 2011). Finally, like other fishes, O. mykiss exhibit size-based
fecundity with larger fish having higher fecundity (Shapovalov and Taft 1954;
Bulkley 1967; Bromage et al. 1990). Therefore, how juvenile growth is affected by
temperature may have both ecological and fitness consequences (Deutsch et al. 2008;
Reed, et al. 2011).

It is unclear whether the history of exposure to different water temperatures
through time affects temperature-dependent growth and the associated consequences.
For a species like O. mykiss with complex life histories there are several ways an
individual may experience different water temperatures through its lifetime. Resident
individuals may experience temperature differences among habitats within their home
range. O. mykiss may also experience varying water temperatures within one habitat
through time, especially if that habitat becomes isolated due to stream reaches drying
in low flow scenarios, an event that is more common for southerly populations
(Boughton et al. 2007; Bell et al. 2011). In contrast, anadromous individuals may
experience different water temperatures as they migrate from their headwater rearing
habitats through higher order stream reaches and estuary habitats en route to the
ocean (MacFarlane and Norton 2002; Myrick and Cech 2004).

In this study, I investigate two major questions: 1) how do temperature-
dependent growth and survival vary among populations of O. mykiss; and 2) do

temperatures previously experienced by individuals affect their growth and survival at
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current temperatures, and does this effect vary among populations? To answer these
questions, | conducted controlled laboratory experiments using O. mykiss from three
different populations among two different DPSs. | then compared my results with
previous studies from two more populations, including one from an additional more
northerly DPS, to further examine within and among DPS population differences in
temperature-dependent growth across a latitudinal gradient for O. mykiss. This study
thereby: 1) tested the hypothesis that more southerly populations had higher mean
growth rates at higher temperatures, and ii) compared growth rates among
populations at higher temperatures to better understand potential variation in

population responses to future increases in water temperature due to climate change.

METHODS

Source populations

| used three different populations in my experiments. Young-of-the-year O.
mykiss fry were obtained from (1) Battle Creek, a tributary to the Sacramento River,
within the Central Valley, California DPS, and (2) Scott Creek and (3) the San
Lorenzo River, both of which flow directly into the Monterey Bay within the Central
California Coast DPS (Figure 1). The Battle Creek population was provided by the
Coleman National Fish Hatchery, and the Scott Creek and San Lorenzo River
populations were from wild parents of these streams provided by the Monterey Bay
Salmon and Trout Project Conservation Hatchery (for more information on these
hatcheries and populations see Beakes et al. 2010). Battle Creek is a snow fed,
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regulated watershed representative of other northerly watersheds in California’s
Central Valley. While water temperatures are typically 14°C, steelhead from this
stream must migrate through the Sacramento River and San Francisco Estuary both of
which may have water temperatures up to 21°C (MacFarlane and Norton 2002;
Myrick and Cech 2004; Lindley et al. 2007). Scott Creek and the San Lorenzo River
are representative of rain fed coastal California watersheds with variable episodic
flows and water temperatures that vary through space and time (7-24°C). The San
Lorenzo River watershed has several small dams and diversions and is large for a
coastal watershed, whereas Scott Creek is smaller, relatively unregulated and also has
a long history of O. mykiss research (e.g. Shapovalov and Taft 1954; Bond et al.
2007, 2008; Hayes, Bond, Hanson, Freund, Ellen, et al. 2008; Hayes et al. 2011;
Beakes et al. 2010; Moore et al. 2011; Sogard et al. 2012). Thus, results from a
common garden experiment using these watersheds can provide insight into local
adaptation of different populations to dissimilar environmental conditions (Garland

Jr. and Adolph 1991; Beakes et al. 2010; Primmer 2011).

Experimental Design

All experiments were conducted at the NOAA Southwest Fisheries Science
Center, Santa Cruz, California. The experimental facility consisted of three separate
banks of tanks, each with its own water reservoir to maintain constant water
temperatures. Within each of these three banks were six cylindrical black tanks (43cm
diameter, 110L) that were continually fed recirculating oxygenated water from their
specific reservoir. This allowed me to test two populations simultaneously with three
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replicate tanks per population per temperature bank. Thus, all experiments were run
in two trials (May-August 2008; August-October 2008) due to available facilities and
the timing of available fry. [ used a “semi-random” nested design in which six
individuals from each population were randomly allocated to each of three tanks
within each temperature level (14°C, 20°C, and 24°C). Fish were then sorted to
achieve similar distributions of individual wet weights among all tanks (Table 1).
Populations were maintained in separate tanks to avoid artifacts such as inter-
population aggression or dominance that may have otherwise confounded population
specific temperature-dependent effects on growth (Imre et al. 2004). Each fish was
individually marked with an elastomer tag (Pacific Northwest Technology) to track
individual growth in response to experimental manipulations. Tanks were cleaned and
water quality, including temperature and oxygen levels, was checked daily.

The facilities available for this study allowed the testing of three treatment
temperatures, 14°C, 20°C, and 24°C. It has historically been thought that 14°C was an
intermediate or optimal temperature for growth (Wurtsbaugh and Davis 1977;
McEwan 2001), and that 20°C was an elevated temperature, at or beyond the apex of
the temperature-growth curve for O. mykiss (Wurtsbaugh and Davis 1977; McEwan
2001; Myrick and Cech 2004). Therefore treatment temperatures used in this study
test for differences among populations in the mean growth rate at an “intermediate”
(14°C), an “elevated temperature” (20°C), and a temperature higher than has
previously been tested (24°C). Each of these three treatment temperatures are within

the range of temperatures that the three source populations naturally experience
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(Lindley et al. 2007; Herbert et al. 2009; Hayes et al. 2011). Each experiment was
conducted for approximately two weeks. Two weeks has been shown to be sufficient
time for salmonid populations to show differences in temperature-dependent growth
rates (Geist et al. 2011).

It is understood that for poikilothermic organisms such as O. mykiss, growth
rate will increase with temperature to a thermal-growth optimum and then drop
precipitously, but that increased growth depends upon ample food to sustain elevated
metabolic rates at warmer temperatures (Brett et al. 1969; Wurtsbaugh and Davis
1977; Hoar et al. 1979; Sumpter 1992). Wurtsbaugh and Davis (1977) found this
relationship to be true for O. mykiss under ad libitum feeding, but that under lower
rations growth rate was lower at elevated temperatures. By feeding fish ad libitum
this study focuses on the potential maximum growth rates at different temperatures

among O. mykiss populations.

Experimental tests

To test for population differences in O. mykiss temperature-dependent growth,
and to investigate if there was any effect of previous temperatures experienced on
these patterns, | used the same individuals in a series of three different phases of
experiments, which | will refer to as “Experiments 1, 2 and 3.” Experiment 1 was
designed to test for population differences in temperature-dependent rates of growth
and survival. Experiment 2 examined how the effects of temperature-dependent
growth experienced in Experiment 1 (14°C, 20°C, and 24°C) affected subsequent
growth at a “benign” temperature (14°C; Sumpter 1992; Myrick and Cech 2004).
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Experiment 3 tested for effects of previous temperature levels experienced in
Experiment 1 (14°C, 20°C, and 24°C) on juvenile O. mykiss growth and survival at

three different treatment temperatures (14°C, 20°C, and 24°C).

Experiment 1: Population differences in temperature-dependent
rates of growth and survival

To test for population differences in temperature-dependent growth |
measured growth and survival of individual O. mykiss exposed to one of three
temperatures (14°C, 20°C, and 24°C) for each population. Fish from Battle Creek and
the San Lorenzo River were transported to the lab on the fourth week of May 2008,
and acclimated to continual flowing oxygenated water at approximately 14°C for 14
days. | then raised water temperatures in treatment blocks 1°C day™ (Myrick and
Cech 2005). Once all treatment temperatures (14°C, 20°C, and 24°C) were reached, |
measured the initial wet weight of all fish (Table 1). Fish were reared under treatment
temperatures for 16 days and then measured again in early July at the end of the
experiment. Scott Creek O. mykiss fry were available in mid-August 2008 and were
subjected to the same procedures described above, with initial measurements taken in
early September (Table 1) and final wet weight and survival measures recorded 16
days later.

| tested population and temperature effects on survival using generalized
linear models with an assumed underlying Poisson distribution and logit link
function (JMP statistical software). | examined Survival as a function of Population

and Temperature and the interaction between Population and Temperature.
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Population and Temperature were modeled as fixed factors and tanks were used as
replicates (n=3) for each Temperature and Population combination. Data were tested
for normality and homogeneity of variance before all statistical analyses.

The growth metric used in poikilothermic organisms may affect the results of
growth experiments (Sigourney et al. 2008). Because growth in salmonids has been
shown to be size-dependent (Elliott et al. 1995; Elliott and Hurley 1995, 1997;
Vallestad et al. 2002; Sigourney et al. 2008; Sogard et al. 2009), | used standardized
mass-specific growth rate (Ostrovsky 1995):

(wP-wp)
bt !

Growthrate =

where w is mass at times t and 0, t is the duration of the growth experiment
and b is the allometric growth rate exponent (Elliott and Hurley 1995; Sigourney et
al. 2008). The allometric growth rate exponent can be estimated empirically by
performing linear regressions of In(Growth) and In(W) across a range of sizes and
estimating the slope coefficient (Elliott and Hurley 1995; Sigourney et al. 2008).
Several studies have shown the allometric growth rate exponent to be approximately
0.31 for salmonids (Elliott et al. 1995; Elliott and Hurley 1995, 1997; Sigourney et al.
2008) and so like other studies (Vallestad et al. 2002; Quinn et al. 2004; Grader and
Letcher 2006), | used a value of b = 0.31. The use of standardized mass-specific
growth rate also allowed the comparison of my results to previous studies of

temperature-dependent growth in O. mykiss, which presented growth in weight

(Wurtsbaugh and Davis 1977; Myrick and Cech 2005).
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Population and temperature effects on growth were analyzed only on
survivors of the 16-day experiments using general linear models (Systat Software).
There were no differences in mean initial wet weights detected between temperature
levels and populations (df = 4, F = 0.25, p = 0.9), or by temperature treatment alone
(df =2, F=1.58, p = 0.2), but, mean initial wet weight did vary among populations
(df =2, F=8.5,p=0.0002; Table 1). However, standardized mass-specific growth
provides a growth rate independent of initial wet weight, by explicitly accounting for
the change in growth rate with mass (Elliott and Hurley 1995; Sigourney et al. 2008).
Using a general linear model, | investigated standardized mass-specific growth rate
(here after referred to as growth) as a function of Population and Temperature as
fixed factors, the interaction of Population x Temperature, and tank nested within the
interaction of Population x Temperature (Systat Software). The tank effect was not
significant (p = 0.50) allowing me to remove tank and re-run the reduced model using
individuals as replicates (Quinn and Keough 2002) and facilitating the resorting of
individuals for Experiment 3. | further investigated population specific patterns of
temperature-dependent growth rates using post-hoc specified hypothesis tests (Systat
Software). | tested for differences in mean growth rate among populations at each
temperature level, as well as differences in mean growth rates among the temperature
levels for each population, resulting in 18 specific hypothesis tests. Thus, to control
for family-wise Type | error | used a Bonferroni corrected alpha (0.05 / 18) for these

specific post-hoc hypothesis tests of o = 0.0028 (Quinn and Keough 2002).
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To further investigate population differences in temperature-dependent growth
| compared my results with those from previous studies of juvenile O. mykiss from
the Santiam River, OR, Upper Willamette River DPS (Wurtsbaugh and Davis 1977)
and Nimbus State Fish Hatchery on the American River, CA, Central Valley DPS
(Myrick and Cech 2005). All three studies had similar starting distributions of
individual O. mykiss wet weights (Table 1), and only fish fed ad libitum were used for
the comparison. | calculated standardized mass-specific growth rates using mean
starting mass, mean ending mass and duration of growth published in each report
(Wurtsbaugh and Davis 1977; Myrick and Cech 2005). | then plotted standardized
mass-specific growth in response to temperature levels for all five populations for

visual comparison.

Experiment 2: Effects of previous temperature exposure on growth

and survival at 14°C

| tested for effects of temperatures previously experienced (Experiment 1;
14°C, 20°C, and 24°C) on growth and survival of O. mykiss reared at the benign
temperature of 14°C (Sumpter 1992; Myrick and Cech 2004). At the termination of
Experiment 1, | decreased water temperature in all tanks to 14°C. Temperatures
remained at 14°C for 14 days after which | measured all fish again. Similar to the
analyses of Experiment 1, | used generalized linear models with an assumed
underlying Poisson distribution and logit link function in (JMP statistical software) to
test for the effects of previous temperature experienced on survival. Survival was

analyzed in response to Population, and Temperature; (temperature in Experiment 1:
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14°C, 20°C, or 24°C) as fixed factors, and their interaction (i.e. Population x
Temperature;).

To test for effects of previous temperature on growth, | used full factorial
general linear models investigating Growth in response to Population and
Temperature; as fixed factors, and their interaction Population x Temperature;
(Systat Software).

For each analysis | used an a = 0.25 to independently drop non-significant
interaction terms and re-run the reduced model with pooled sources (Quinn and

Keough 2002).

Experiment 3: Effects of previous temperature exposure on

temperature-dependent rates of growth and survival

| expanded upon Experiment 2 to investigate the effects of thermal histories
on survival and growth rates across the full range of treatment temperatures. At the
end of Experiment 2, in which all individuals had acclimated to 14°C, I randomly
reassigned each fish into a new tank so that each tank contained two fish from each
temperature treatment from Experiment 1: 14°C, 20°C, 24°C. Again populations were
maintained in separate tanks and fish were sorted to attain as similar distributions of
wet weights among tanks and treatments as possible (Table 2). | then raised bank
temperatures in the new treatment blocks 1°Cday™ (Myrick and Cech 2005) to
achieve treatment temperatures of 14°C, 20°C, and 24°C. This resulted in three tanks
per population per temperature level, each with two fish per previous temperature for

a total of six fish per tank (actual numbers potentially varied due to previous
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mortality, however, efforts were made to maximize consistency among treatments;
Table 2). Fish were maintained at the treatment temperature for 14 days and then
measured. The experiment was conducted in July/August for Battle Creek and San
Lorenzo River O. mykiss and in October for Scott Creek fish. To test for the effects of
previous temperature experience on survival, | assumed an underlying Poisson
distribution and used a logit link function in generalized linear models (JMP
statistical software). | tested Survival in response to Population, Temperatures
(temperature in Experiment 3: 14°C, 20°C, or 24°C), and Temperature; (temperature
in Experiment 1: 14°C, 20°C, or 24°C) as fixed factors, and all interactions.

| used full factorial general linear models to investigate Growth in response to
Population, Temperatures (14°C, 20°C, or 24°C) and Temperature; (14°C, 20°C, or
24°C) as fixed factors, all two-way and three way interactions (Systat Software).

Again, for each analysis | independently dropped non-significant interaction
terms (a = 0.25) consecutively and re-ran each reduced model with pooled sources

(Quinn and Keough 2002).

Comparison of Experiment 1 to Experiment 3: Population level
temperature-dependent growth rates

To compare temperature-dependent growth rates between Experiment 1 and 3
| used a general linear model to investigate growth response at each treatment
temperature 14°C, 20°C, or 24°C, with each population—by-experiment combination
and the interaction with temperature as fixed factors. | used post-hoc specified

hypothesis tests to compare temperature-specific mean growth rates for each
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population from Experiment 3. Further, | used post-hoc specified hypothesis tests to
compare temperature-specific mean growth rates for each population between
Experiments 1 and 3. This resulted in 15 specific hypothesis tests for an adjusted
Bonferroni alpha (0.05/15) of o = 0.0033 to control for family-wise Type | error

(Quinn and Keough 2002).

RESULTS

Experiment 1: Population differences in temperature-dependent
rates of survival

All fish from Battle Creek and the San Lorenzo River survived Experiment 1.
Of Scott Creek fish, one died at 14°C, and two died at 24°C. | did not detect an effect
of Population or Temperature or any interaction between Population and

Temperature on Survival of O. mykiss in Experiment 1 (a = 0.05).

Experiment 1: Population differences in temperature-dependent
rates of growth

A significant Population x Temperature interaction (df =4, F =6.05, p =
0.0002) indicated population differences in temperature-dependent growth patterns
(Figure 2). | then decomposed this interaction using post-hoc specified hypothesis
tests with a Bonferroni corrected a = 0.0028 (Quinn and Keough 2002).

Growth rate varied across the three temperature levels and this relationship

varied among populations (Figure 2). At 14°C Battle Creek fish had the highest mean
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growth rate of 0.77 + 0.04 g - day™, which was significantly higher than either San
Lorenzo River (0.45 + 0.04 g - day™) or Scott Creek fish growth rates (0.32 + 0.04 g -
day™), which were not significantly different from each other (p = 0.025 vs.
Bonferroni corrected a = 0.0028). At 20°C, none of the three populations differed in
mean growth rate (p > 0.10 for each comparison): Battle Creek = 0.67 +/- 0.04 g -
day, San Lorenzo River = 0.57 +/- 0.04 g - day™, and Scott Creek = 0.57 +/- 0.05 g -
day™. Similarly, mean growth rates did not differ among populations at 24°C (p >
0.03 vs. Bonferroni corrected a = 0.0028 for each comparison): Battle Creek = 0.37 +
0.04 g - day™, Scott Creek = 0.28 +/- 0.05 g - day ™, and San Lorenzo River = 0.25 +/-
0.04 g - day™.

The temperature level at which each population experienced highest mean
growth rate differed among populations (Figure 2). For example, Battle Creek growth
rates at 14°C (0.77 = 0.04 g - day™) and 20°C (0.67 +/- 0.04 g - day™) were not
different from each other (p = 0.06 vs. Bonferroni corrected a = 0.0028), but both
were markedly higher than the mean growth rate at 24 °C (0.37 + 0.04 g - day™; p <
0.0001 each). Similarly, the mean growth rates of San Lorenzo River fish were not
different (p = 0.0037 vs. Bonferroni corrected o. = 0.0028) between 14°C (0.45 + 0.04
g - day™) and 20°C (0.57 + 0.04 g - day™) but were both higher than the mean growth
rate at 24°C (0.25 + 0.04 g - day™; p < 0.0005 each). In contrast, the highest mean
growth rate for Scott Creek fish at 20°C (0.56 +/- 0.05 g - day™), was significantly
higher than that at 14°C (0.32 + 0.04 g - day™) and 24°C (0.28 + 0.05 g - day™*; p <

0.0002 each), which did not differ from each other (p = 0.62).
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A visual comparison of these results to those of previous studies shows further
evidence of population differences in temperature-dependent growth rates (Figure 2).
Wurtsbaugh and Davis (1977) found the growth rate of Santiam River O. mykiss to
increase with increasing water temperatures from 9.4°C to 13.3°C, after which growth
rates decreased with increasing water temperatures to 22.5°C (Figure 2). Myrick and
Cech (2005) measured increased growth rate in American River O. mykiss from 11°C
to 19°C temperatures (Figure 2). By contrast, growth rates were high at 14° and 20°C
and declined towards 24°C for Battle Creek (this study), providing evidence for
differences in temperature-dependent growth between populations within the same
DPS (Figure 2). When comparing all five populations, a general pattern emerges of
higher mean growth rates at colder temperatures for more northerly populations and
at warmer temperatures for more southerly populations (Figures 1 and 2: Santiam
River versus San Lorenzo and Scott Creek and Battle Creek versus American River).
However, the general pattern is not always consistent (American River versus San
Lorenzo and Scott Creek) and possibly obscured by the lack of intervals of
temperatures to characterize each population’s full relationship between temperature

and growth.

Experiment 2: Effects of previous temperature exposure on rates of
survival at 14°C

In Experiment 2 all San Lorenzo River fish survived, one Battle Creek fish
died from the 14°C treatment of Experiment 1, and four Scott Creek fish died from

the 14°C treatment of Experiment 1. No significant relationships were detected
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between Survival and Population, Temperatures, or Population x Temperature; (o =

0.05).

Experiment 2: Effects of previous temperature exposure on rates of

growth at 14°C

| found no effect of previous temperature exposure on the mean growth rate of
individuals at 14°C (p = 0.68). At 14°C, mean growth rates + SE of fish that had
previously experienced 14°C, 20°C, and 24°C were 0.52 + 0.06 g - day™, 0.52 + 0.06
g - day™, and 0.48 + 0.06 g - day™, respectively for the Battle Creek population, 0.32
+0.07 g~ day™?, 0.44 + 0.06 g - day™, and 0.38 + 0.07 g - day™ respectively for the
Scott Creek population, and 0.21 £ 0.06 g - day™, 0.21 £ 0.06 g - day™, and 0.18 +
0.06 g - day™ for the San Lorenzo River population. Although the mean of growth
rates at 14°C from all three previous temperatures differed among the three
populations (Battle Creek = 0.51 £ 0.03 g - day™, Scott Creek = 0.38 £ 0.04 g - day™,
and San Lorenzo = 0.20 £ 0.03 g - day'l; df =2, F =2,402.3, p < 0.0001), there was

no interaction (p = 0.90) between Population and Temperature; on Growth at 14°C.

Experiment 3: Effects of previous temperature exposure on
temperature-dependent rates of survival across the range of treatment
temperatures

During Experiment 3, fish from Battle Creek suffered no mortality. Two San
Lorenzo River fish died at Temperatures of 24°C: one was from Temperature; of

20°C, and another from Temperature; of 24°C. Four Scott Creek fish died. Of two
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that died at Temperatures of 24°C, one was from Temperature; of 14°C, and the other
was from Temperature; of 20°C. The third Scott Creek mortality was at 14°C in
Experiment 1 and 3, and the fourth was at 20°C in Experiment 1 and 3. Scott Creek
had very poor replication among treatments because of the high mortality experienced
both during and between all experiments (Table 2). Therefore, | analyzed Survival
data from Experiment 3 for Battle Creek and the San Lorenzo River combined and
Scott Creek alone. | found no effect (o = 0.05) of Population, Temperatures,
Temperature;, or any interactions on Survival in Battle Creek and San Lorenzo River

fish together or Scott Creek fish alone.

Experiment 3: Effects of previous temperature exposure on
temperature-dependent rates of growth across the range of treatment
temperatures

Due to significant mortality of fish from Scott Creek among all treatments, |
tested for the cumulative effects of temperature exposure in Experiments 1 and 2 on
growth performance across the range of temperatures in Experiment 3 (14°C, 20°C,
24°C) using only O. mykiss from Battle Creek and the San Lorenzo River.

| first tested for significant interactions between populations and temperatures
in Experiments 1 and 3 (i.e. Population x Temperatures x Temperature;, Population
X Temperatures, Population x Temperature; , and Temperatures x Temperature;; o =
0.05), dropped each non-significant interaction independently (a = 0.25; Quinn and
Keough 2002) and consecutively re-analyzed the model. The final model (Growth =

Population + Temperature; + Temperatures + Population x Temperature; +
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Temperatures x Temperature;) did not detect any effect of prior history of
temperature experience on growth performance across the range of temperatures
tested (14°C, 20°C, 24°C; p = 0.24; Table 3). The interaction between current
temperature and previous temperature was not significant (p = 0.07). Similar to
results from Experiment 1, effects of population (p < 0.0001), current water
temperature (p < 0.0001) and their interaction (p = 0.009) each significantly affected

growth rate (Table 3, Figure 3).

Comparison of Experiment 1 to Experiment 3: Consistent patterns
of population level temperature-dependent growth rates

With no significant effects of previous temperature experienced on
temperature-dependent growth rates, for each population I pooled growth rates of
individuals from each previous temperature to compare mean growth rates of each
temperature in Experiment 3 to mean growth rates at those same temperatures in
Experiment 1 (Figure 3). | used specified post-hoc hypothesis tests and a Bonferroni
corrected a = 0.0033 to test for differences in mean growth rates across the three
temperature levels between Experiments 1 and 3 for each of the two populations.
Overall patterns of temperature-dependent growth were consistent between
Experiment 1 and Experiment 3 for both Battle Creek and San Lorenzo River fish.
For example, Battle Creek fish in Experiment 3 exhibited the same pattern as
observed in Experiment 1, with mean growth rates that were not significantly
different between 14°C (0.79 + 0.04 g - day™) and 20°C (0.95 + 0.04 g - day™*; p =
0.007 vs. Bonferroni corrected o = 0.0033), but each of these growth rates were
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significantly higher than growth rates at 24°C (0.25 + 0.04 g - day™; p < 0.0001 for
each). Temperature-dependent growth rates of San Lorenzo River fish were also
similar in Experiment 3 to those of Experiment 1. In Experiment 3, mean growth rates
for San Lorenzo River fish did not differ between 14°C (0.41 + 0.04 g - day™) and
20°C (0.46 + 0.04 g - day™; p = 0.45), but each of these rates were higher than the
mean growth rate at 24°C (0.06 + 0.05 g - day™; p < 0.0001 for each). Mean growth
rates at 14°C were the same within each population between Experiments 1 and 3, but
significantly higher in Battle Creek than the San Lorenzo population (o= 0.0033). At
20°C, the mean growth rate of San Lorenzo River fish did not differ between
Experiments 1 and 3 (p = 0.06), but the mean growth rate of Battle Creek fish in
Experiment 3 was higher than in Experiment 1 at that temperature (p = 0.000001).
There were no significant differences in mean growth rates among populations or

experiments at 24°C (o = 0.0033).

DISCUSSION

Differences in temperature-dependent growth among populations

Using a series of three controlled laboratory experiments, | found differences
in the relationship between temperature and growth among populations of O. mykiss.
Although the complete temperature-growth curve still remains unclear for each
population, the complex interaction between population and temperature-dependent
growth illuminates how populations vary in their growth at different ambient water
temperatures. For example, the relationship between mean growth rate at 14°C and
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20°C varied among the three populations tested in my experiments. While there was
no difference in growth rates between 14°C and 20°C for either Battle Creek or the
San Lorenzo River fish, mean growth rates for Scott Creek O. mykiss were
significantly highest at 20°C, but statistically indifferent between 14°C and 24°C
(Figure 2). However, mean growth rates at 20°C were statistically indistinguishable
among the three populations tested in Experiment 1 (Figure 2). This indicates that
relative to the other two temperature levels tested, all three populations have the
potential for moderate growth at 20°C, previously considered at or beyond upper
limits (Wurtsbaugh and Davis 1977; McEwan 2001; Myrick and Cech 2004) given
sufficient food supply. Furthermore, mean growth rates declined by a similar degree
from 20°C to 24°C for all three populations tested here (Figure 2). However, all three
populations expressed positive growth, with no increased mortality at 24°C. Thus,
California O. mykiss have the capacity to grow and survive at warmer water
temperatures. In fact, |1 found no temperature related mortality, but the variation in
temperature dependent growth observed here highlights the importance of sub-lethal
effects of temperature (Myrick and Cech 2004).

| found some evidence of a latitudinal gradient in temperature-dependent
growth between Oregon and California populations. Growth rates of the Santiam
River, Or population declined from 14°C to 20°C, in contrast, growth rates of the
Battle Creek and San Lorenzo populations were maintained and the Scott Creek and
American River populations actually increased in growth rate across that temperature

range. However, within California, the most northerly population, Battle Creek had
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similar temperature-dependent growth among the three treatment temperatures as the
San Lorenzo River, the most southerly population. I did not see differences in
temperature-dependent growth among treatment temperatures between central valley,
California and central California coast populations. In fact, Battle Creek and San
Lorenzo River populations showed the most similar patterns and the American River
and Scott Creek populations showed similar patterns to one another. Notably, these
patterns of similarities and differences do not correspond with existing DPS
designations.

The spatial scale of the source populations used in these experiments suggests
very local scale processes shaping this phenotypic variability. With strong spawning
site fidelity across heterogeneous environments, natural O. mykiss populations should
show such strong local adaptation, with the potential for rapid evolution (Nielsen
1999; Quinn 2004; Pearse et al. 2011). For example, while there was no difference in
average growth rate between 14°C and 20°C for the San Lorenzo River population,
growth was significantly higher at 20°C for the Scott Creek population; these adjacent
watersheds are both within the Central California Coast DPS (Fig. 2). Differences in
temperature-dependent growth reported here reflect the environmental conditions of
each population’s natal watershed such as water temperature and estuary conditions
(see Lindley et al. 2007; Hayes et al. 2008; Herbert et al. 2009). For example, a lack
of significant difference in average growth rates between 14°C and 20°C for O.
mykiss from Battle Creek, which generally experience water temperatures of

approximately 14°C, may be in response to these steelhead migrating through the
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Sacramento River and San Francisco Estuary, both of which regularly experience
temperatures above 21°C (MacFarlane and Norton 2002; Myrick and Cech 2004;
Lindley et al. 2007). Similarly, Scott Creek flows through a seasonally closed coastal
lagoon before entering the ocean. This lagoon has elevated water temperatures
relative to upstream habitats (including temperatures over 24°C), with ample food
supply, thusly providing elevated growth potential for Scott Creek O. mykiss (Hayes
et al. 2008, 2011). Increased survival to reproduce confers a selective advantage to
rearing under these conditions (Hayes et al. 2011; Reed et al. 2011). However, it is
unclear whether fish that utilize the highly altered San Lorenzo River estuary share
this advantage. Thus, local scale watershed differences may shape population
differences in O. mykiss temperature-dependent growth even within a DPS. Noted
population differences in temperature-dependent growth at such local scales is
surprising given a history of hatchery out-planting and mixing of O. mykiss stocks
throughout the state (Moyle 2002; Pearse et al. 2011).

As climate change is predicted to have varying effects across the
heterogeneous landscape described here (Lindley et al. 2007; Cayan et al. 2008; Null
et al. 2010), the degree of plasticity and/or local adaptation may be crucial to a
population’s persistence (Reed et al. 2011). Furthermore, variation in temperature-
dependent growth within a population provides the basis for a its ability to adapt to
shifting water temperatures due to climate change (Melack et al. 1997; Bolnick et al.
2003). However, predicting population responses to climate change is challenged by

the interplay of ecological interactions with environmental changes (e.g. Sanford
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1999; and see Mcewan 2001; Reed et al. 2011). For example, patterns of temperature-
dependent growth presented here depend upon food availability being sufficient to
facilitate elevated growth at warmer temperatures (Brett et al. 1969; Wurtsbaugh and
Davis 1977). O. mykiss prey are also poikilothermic and their response to climate
change might not be sufficient to fulfill the increased consumption demands of O.
mykiss with rising water temperatures (Wurtsbaugh and Davis 1977; Myrick and
Cech 2005; Deutsch et al. 2008). Not only might their productivity be insufficient,
changes in temperatures may drive phenological and ontogenetic changes giving rise
to mismatches between prey availability and increasing demands by predators due to
elevated temperatures (Reed et al. 2011). While the details of ecological changes
from climate effects are hard to predict, the relationships hinge upon our
understanding of basic physiological responses such as temperature-dependent

growth.

Effects of prior thermal experience on temperature-dependent

growth

| was surprised to find no evidence that previously-experienced thermal
environments affect how current temperatures influence growth or survival. The lack
of a significant effect of previous temperatures experienced on current growth rate
has important methodological and ecological implications. A major assumption of
laboratory experiments is the lack of influence from previous conditions (i.e.
differences between source hatchery and laboratory conditions). Thus, results

presented here lend credence to laboratory experiments like this and others
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(Wurtsbaugh and Davis 1977; Myrick and Cech 2005; Beakes et al. 2010). Myrick
and Cech (2005) found evidence that acclimation temperature affected upper incipient
lethal temperatures. However, | did not find any acclimation effect on growth at any
temperature, highlighting the importance of juvenile O. mykiss ability to grow at
different temperatures. While juvenile growth strongly influences demographics
(Ward et al. 1989; Mangel and Satterthwaite 2008; Hayes et al. 2011), other
important life history stages may not share this flexibility (e.g. egg survival; Myrick
and Cech 2004). Furthermore, regardless of whether an individual is resident or
anadromous, O. mykiss will likely encounter varying water temperatures within their
life, yet associated benefits of juvenile growth rates (Satterthwaite et al. 2009, 2010;
Hayes et al. 2011) may still be attained even after experiencing water temperatures
elevated beyond growth optimums. This result is also important considering the
extent to which freshwater habitats are altered in the southern portion of the range of
O. mykiss (McEwan 2001; Lindley et al. 2006), and given the potential for future

effects related to climate change (Lindley et al. 2007; Cayan et al. 2008).

Management implications

Given that growth rates for juvenile O. mykiss determine life history
(Satterthwaite et al. 2009, 2010) and confer survival to reproduction (Hayes et al.
2011), the temperature-dependent growth responses of individual O. mykiss identified
in this study have critical implications for the conservation and management of
steelhead. First, temperature of freshwater rearing habitat is an important determinant
of juvenile steelhead growth, and thus is likely an important variable to target for
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management and restoration. Second, my experiment suggests that there is important
local adaptation to stream temperature. Hatchery propagation, especially out-planting,
could homogenize populations and swamp these local adaptations (Pearse et al.
2011).

Evidence of population specific temperature-dependent growth in O. mykiss
suggests the need for local scale management. The fact that many imperiled
populations of O. mykiss are found in stream systems with dams and diversions
(McEwan and Jackson 1996; Lindley et al. 2006; Gustafson et al. 2007) poses
obvious challenges to the recovery of the species, but could also be used
advantageously to recover threatened and endangered populations. For example, by
using knowledge of temperature-dependent growth from local populations, water
releases could be managed strategically to match the temperature range best suited for

populations of that basin.
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TABLES

Table 1. Initial mean wet weight in grams (SD) of O. mykiss from each population
and temperature treatment for Experiment 1 (this study) and for other studies from the
Santiam River, OR (Wurtsbaugh and Davis 1977) and American River, CA (Myrick
and Cech 2005). n= initial number of individual fish. ND = no data presented.

Population Temperature; (°C) n Wet weight (Q)
Battle Creek 14 18 1.44 (0.33)
20 18 1.55 (0.60)
24 18 1.41 (0.34)
San Lorenzo 14 18 1.18 (0.42)
20 17 1.37 (0.42)
24 18 1.13 (0.36)
Scott Creek 14 15 1.60 (0.85)
20 13 1.93 (1.08)
24 12 1.80 (1.00)
American 11 10 3.1 (0.09)
River 15 10 2.4 (0.11)
19 10 3.0(0.18)
Santiam 9.4 ND 2.23
River 10 ND 1
13.3 ND 0.97
16.4 ND 0.92
19.5 ND 1.18
225 ND 1.16
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Table 2. Initial mean wet weight in grams (SD) of O. mykiss from each population
and temperature treatment in Experiment 3. Temperature; is the previous temperature
exposure from Experiment 1, and Temperatures is the block temperature treatment in
Experiment 3. Two fish from each of the three treatments from Temperature; were
held in each of the three replicate tanks for Temperatures. Sample sizes presented
here are pooled across all three replicate tanks of Experiment 3.

Temperature; 14°C 20°C 24°C

Temperature; | 14°C 20°C  24°C | 14°C 20°C 24°C |14°C 20°C 24°C

Battle Creek 64 7.3 4.9 6.9 7.1 4.0 6.7 54 3.9
(1.8) (4.7 13) | 23) (B7 @12 |29 (29 (0.9
n=6 n=5 n=7 n=5 n=6 n=6 n=6 n=7 n=5
San Lorenzo 27 4.4 24 |38 34 22 3.3 33 2.0
River (09) (1.4) (0.8) |(1.8) (0.8) (0.6) | (1.7) (1.3) (0.4)
n=6 n=5 n=6 | n=6 n=6 n=5 n=4 n=4 n=6
Scott Creek 6.0 8.2 5.3 7.4 55 3.6 35 4.8 6.8
-- 5.6 (2.5) | (2.6) -- (22) | 30) (39 (5.3
n=1 n=3 n=2 n=4 n=1 n=2 n=3 n=3 n=3
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Table 3. Results from a general linear model of standardized mass-specific growth
rate at 14°C, 20°C and 24°C for Experiment 3 in response to the fixed factors of
Population, Temperature; (temperature previously experienced in Experiment 1) and
Temperatures (temperature currently experienced in Experiment 3) and their
interaction effects. Because there was substantial mortality in the Scott Creek
population, results are presented for Battle Creek and San Lorenzo River O. mykiss
only.

*

Source df MSE F p
Population 1 3.14 7,921.5 0.000
Temperatures; 2 2.75 6,933.8 0.000
Temperature; 2 0.06 1.45 0.24
Population x 2 0.20 5.00 0.009
Temperature;
Temperatures x 4 0.09 2.25 0.07
Temperature,
Error” 89 0.04

"MSE, mean square error

“ Population x Temperature 3 x Temperature 1, Population x Temperature 1 were
each not significant and thus removed from the model individually, successively (o =
0.25; Quinn and Keough 2002).
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FIGURES
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Figure 1. Geographic distribution of Oncorhynchus mykiss Distinct Population
Segments (DPS; delineated by different shades of grey). Populations used in this
experiment were from a) Battle Creek, b) Scott Creek, and c) the San Lorenzo River;
compared to previous studies from d) the Santiam River (Wurtsbaugh and Davis
1977), and e) the American River (Myrick and Cech 2005). The inset table lists each

DPS name and status under the Endangered Species Act.

number DPSname status

1 Upper Columbia River Threatened

2 Puget Sound Threatened

3 Olympic Peninsula Not Warranted

4 Middle Columbia River Threatened

5 Southwest Washington Not Warranted

6 Snake River Basin [Threatened

7 Lower Columbia River [Threatened

8 Oregon Coast Species of Concern

9 Upper Willamette River Threatened

10 Klamath Mountains Province Not Warranted

11 Northern California Threatened

12 California Central Valley Threatened

13 Central California Coast Threatened

14 South-Central California Coast  [Threatened
Southern California Endangered
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Figure 2. The results of Experiment 1, depicting the relationship between
standardized mass-specific growth rate (g - day-1) and temperature (°C) for juvenile
O. mykiss from Battle Creek, CA (large dash), the San Lorenzo River, CA (solid
line), and Scott Creek, CA (medium dash). Error bars are standard error (this study).
Relationships between standardized mass-specific growth rate and temperature for the
Santiam River, OR (Wurtsbaugh and Davis 1977) (dotted), and the American River,
CA (Myrick and Cech 2005) (small dash) are plotted for comparison. DPS are
represented by color, with Upper Willamette River in green, Central Valley,
California in blue, and Central California Coast in red.
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Figure 3. Comparison of standardized mass specific growth rate (g - day-1) and
temperature (°C) between Experiment 1 (dashed lines) and Experiment 3 (solid lines)
for Battle Creek (blue) and the San Lorenzo River (red).
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CHAPTER 3
Tissue turnover and stable isotope clocks to quantify resource shifts in
anadromous rainbow trout

INTRODUCTION

Stable isotope analysis can provide insight into ecological processes that
would otherwise be difficult or impossible to detect (e.g., Koch et al. 1994; Studds et
al. 2008; Newsome et al. 2010). However, experimental validation of parameters like
tissue turnover and discrimination factors is important to sound ecological inference
of windows of resource use and trophic interactions (Deniro and Epstein 1981,
Gannes et al. 1997; Martinez del Rio and Wolf 2005). Further, many stable isotope
model frameworks rest on assumptions that, if not tested, provide an uncertain
foundation for field application (Martinez del Rio and Wolf 2005; Martinez del Rio
and Anderson-Sprecher 2008; Boecklen et al. 2011).

Stable isotope values of an organism provide a dynamic window into its
assimilated food (Deniro and Epstein 1981; Gannes et al. 1998; Carleton and
Martinez del Rio 2010). After a diet-switch, different tissues take different amounts
of time to turnover to the novel diet isotopic signature due to tissue-specific rates of
macromolecular synthesis and catabolism (Martinez del Rio and Wolf 2005; Carleton
et al. 2008). For example, splanchnic tissues have been shown to have faster turnover
rates than structural tissues (Tieszen et al. 1983; Carleton et al. 2008; Bauchinger and

McWilliams 2009; Buchheister and Latour 2010). Studies of fresh-water fishes have
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also found that turnover rates can vary across tissues (e.g., Mclintyre and Flecker
2006; Church et al. 2009; Carleton and Martinez del Rio 2010). By using known
turnover rates with measured isotopic values from tissues and the environment, clocks
can be developed to estimate the timing of resource switches (Phillips and Eldridge
2006; Klaassen et al. 2010; Buchheister and Latour 2010), for a variety of
applications such as estimating timing of migration (e.g., Oppel and Powell 2010) or
settlement (e.g., Herzka et al. 2001).

How tissue turnover is modeled can affect many ecological applications of
stable isotopes, including the estimation of turnover rate and discrimination factors
(Martinez del Rio and Wolf 2005; Martinez del Rio and Anderson-Sprecher 2008;
Kurle 2009), and may affect the estimation of the timing of resource shifts. In certain
tissues turnover may be better represented by modeling multiple compartments, i.e.
multiple turnover rates within a tissue, each with its own proportional contribution to
the tissue’s turnover (Cerling et al. 2007; Carleton et al. 2008; Martinez del Rio and
Anderson-Sprecher 2008). Tissue turnover models also can differ in terms of how
they incorporate end-members. For instance, data may necessitate using diet values
and a discrimination factor rather than equilibrium tissue values (Martinez del Rio
and Wolf 2005; Martinez del Rio and Anderson-Sprecher 2008). Alternatively, due to
differences in protein content, different diet items may show diet-specific
discrimination factors (McCutchan et al. 2003; Pearson et al. 2003; Caut et al. 2009).
Despite these different alternative formulations for isotopic turnover, to date isotopic

clocks have assumed one-compartment and used equilibrium tissue values (Phillips
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and Eldridge 2006; Klaassen et al. 2010). It remains unknown how model formulation
affect estimates of time since diet-switch.

Stable isotopes may be especially useful to examine organisms with complex
life histories and trophic roles, e.g., anadromous rainbow trout (steelhead;
Oncorhynchus mykiss). O. mykiss are found in cold waters around the world (Moyle
2002) and, depending upon location, can be either an important invasive species (e.g.,
Cambray 2003) or an imperiled native species (e.g., Gustafson et al. 2007). Coastal
estuaries play a nursery role for O. mykiss by providing a far greater growth potential
than upper watershed rearing habitats, thereby increasing marine survival (Hayes et
al. 2011). In fact, O. mykiss can migrate multiple times between freshwater, estuarine
and marine habitats (e.g., Hayes et al. 2011). Thus, O mykiss lend themselves as a
model system where the application of stable isotope clocks may answer important
ecological questions, while simultaneously serving as a system to examine the general
theory and application of stable isotopes.

In this study I developed and applied stable isotope clocks for O. mykiss.
Previously, Church et al. (2009) quantified tissue turnover for two tissues (mucus and
muscle) of O. mykiss. In our study, | used a controlled diet-switch experiment to
investigate isotopic turnover in seven different tissues of O. mykiss. | also compared
how the number of compartments and isotopic end-member inputs affected tissue
turnover model fit and parameter estimates. Using bootstrapped resampling, |

investigated how tissue turnover estimation and clock frameworks affect estimates of
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the time since resource switch. This paper thus examines the strengths, and

limitations of using stable isotope clocks to track resource shifts.

MATERIALS AND METHODS

Diet switch experiment

On May 6, 2008, 128 O. mykiss fry with a mean mass of 0.48g were
transported from Coleman National Hatchery, California to aquaria at NOAA
Southwest Fisheries Science Center, Santa Cruz, California. Fish were held in two
cylindrical tanks (1.6 m diameter, 1500 L) with continuous flow of oxygenated 14°C
fresh water for the duration of the experiment. Fish were fed at an “ad libitum” rate
throughout the experiment.

I chose two hatchery feeds that had different nitrogen stable isotope values.
To minimize nutritional stress upon switching (Hobson and Clark 1992) the first and
second diets had the same crude protein (50%), fat (20 and 22% respectively), and
fiber (1%) derived from similar mixed food sources of fish meal, fish oil, wheat, and
a vitamin mix, but the first diet also contained poultry meals, and corn meal whereas
the second diet instead contained krill meal. For approximately 180 days prior to
switch, | fed all fish diet-1 (Bio-Oregon Bio Olympic Fry, §°N of food = 7.9 + 0.2;
mean + SD) to equilibrate tissues to that diet. On September 23, 2008 (Day 0), |
placed eight fish representative of the experiment’s size range in a separate tank to act
as a control group and continued to feed them diet-1 for the duration of the
experiment. | then switched the remaining fish to diet-2 (Bio-Oregon Bio Vita Fry,
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8"°N of food = 13.9 + 0.1, mean * SD). Fourteen days prior to and immediately prior
to the switch on day 0, fish were sampled to establish initial >N values for all
tissues. Fish were sampled 1, 3, 7, 14, 28, 56, 121, and 210 days after switching to
diet-2 to track 8"°N changes in tissues through time. At each sampling interval, eight

fish were selected across the range of observed sizes.

Sample collection and preparation

From each of the eight fish per sample | collected plasma, liver, fin, mucus,
red blood cells (RBC), muscle, and scales to be analyzed for stable isotope
composition. Fish were euthanized using tricaine methanesulfonate (MS-222). The
fork length and weight of each fish was measured. | took blood directly from the
caudal vein. Blood samples were refrigerated immediately after collection (2 - 4°C),
then immediately centrifuged for ten minutes at 3000 rpm to separate RBC from
plasma, and the plasma was pipetted into a new vial. The caudal fin was removed and
later subsampled (see below). An approximately 1x1x2cm cube of muscle was cut
from just below the dorsal fin, the fish was dissected and the liver was removed.
Scales scraped from just below the dorsal fin were washed with high pressure
deionized water in a 425 micron sieve, and then lightly agitated in the sieve under
running deionized water. Fin, liver, and muscle were rinsed with de-ionized water.
All samples stored in 1.5 ml centrifuge tubes and each fish stored in individual bags
were frozen. Mucus was taken from frozen fish using methodologies adapted from
Church et al. (2009). Specifically, after thawing fish for five minutes I scraped clean
mucus from the dorsal area into 30 ml scintillation vials. Using deionized water
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mucus was diluted and filtered through a 212 micron sieve into 50 ml scintillation
vials to remove foreign particles. | gave the sieve a final rinse, resulting in

approximately 25 ml of clean diluted mucus samples that were then frozen.

Stable isotope analysis

All samples were freeze dried for 48 hours. Plasma, mucus, and RBC were
homogenized into a fine powder in the vial and liver and muscle were homogenized
with mortar and pestle. Dried powder, pieces of dried caudal fin trimmed from the
distal edge, or whole dried scales were placed into 5x9mm tin capsules until target
mass was attained (0.7mg +/- 0.05mg). The 8*°N values and elemental composition of
tissues and food were measured at the University of California, Santa Cruz on a Carlo
Erba 1108 elemental analyzer coupled to a ThermoFinnigan Delta Plus XP isotope
ratio mass spectrometer. Repeated samples of internal PUGel (n = 221) and
acetanilide (n = 77) standards were used for calibration and quality control for our
tissue and diet samples (n = 814). The international standard is atmospheric nitrogen,

with precision better than 0.2 %o for 3°N values.

Statistical approach

Modeling tissue turnover

I compared how different tissue turnover models fit our data from the
laboratory diet-switch experiment (Table 1). Specifically, 1 examined model
formulations with different approaches to end member data by estimating either:

equilibrium tissue values, single-, or diet-specific tissue discrimination factors.
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Further, I considered multiple-compartment frameworks for each approach of end
member data. All of these differences in isotopic incorporation can be represented in
two general types of models:

Equilibrium tissue model:
_t _t
é‘Xt = SXPost - (‘SXPost - 6XPre) (pe 1+ (1 - p)e T2>, and (1)
Discrimination factor model:
_t _t
6X; = (8Xgier, + A) — (6Xaier, — 6Xdiet1)(pe 1 +(1-pe rz). (2)

For both equations d.X; is the measured isotopic value of a given element (in this case
nitrogen) for a tissue at time t. | estimated turnover rate as the average residence time
() or the reciprocal of the fractional incorporation rate z = 1/4; with half-lives
calculated as ty, = tln(2) = In(2)/A for one compartment models (Carleton et al. 2008;
Martinez del Rio and Anderson-Sprecher 2008). For each equation | modeled tissue
specific isotopic turnover with both one- and two-compartment models. In essence,
two compartment models allow for the change in isotope signatures to be described
by two different rates—perhaps tissue materials are being cycled through a fast and a
slow pathway (e.g. the dashed line of mucus shows a faster turnover rate between day
0 and 3, and a slower turnover rate after day 3 relative to the constant turnover rate of
the one-compartment solid line, Fig. S1, ESM). For two-compartment models |
simultaneously estimated each compartment’s average residence time, 11 and 12, and p,
the proportional contribution of t; to the overall turnover within a tissue at time t ( Zp;

= 1; Martinez del Rio and Anderson-Sprecher 2008). For one-compartment models p
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=1.In Eq. 1 | estimated the isotopic ratio of the tissue in equilibrium with the pre-
switch and post-switch diets as dXpre and 0Xpos; respectively. | refer to Eq. 1 as the
‘equilibrium tissue model.” Alternatively in Eq. 2 I used measured isotopic values of
the pre- and post-switch diets (as opposed to the tissue), and estimated a common
discrimination factor A that accounts for the difference between diet and tissue. | refer
to Eq. 2 as the ‘discrimination factor model.’ I also separately modeled tissue
turnover using diet-specific discrimination factors (Pearson et al. 2003; Caut et al.
2009), combined with measured isotopic values of the pre- and post-switch diets.
Interestingly, this approach returned identical estimates and standard error of t for
single compartment and p, t1, 2 for two compartment models, as well as identical
model fit and model error to modeling tissue turnover using equilibrium tissue values
(EQ. 1). In this regard, both one- and two-compartment model approaches of
modeling tissue turnover using single- or diet-specific discrimination factors, as well
as modeling equilibrium tissue values are all represented using Egs. 1 and 2.
Considering one- and two-compartment versions of Egs. 1 and 2 | will compare four
competing models (Table 1): a one-compartment equilibrium tissue model (ET 1), a
two-compartment equilibrium tissue model (ET 2), a one-compartment discrimination
factor model (DF 1), and a two-compartment discrimination factor model (DF 2).

| used non-linear least squares to estimate each model’s parameter point
estimates and associated standard error. | calculated AlCc (Akaike Information
Criteria corrected for small sample sizes) scores to evaluate the relative support for

each model and refer to parameter standard errors for how well each model described
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the data (Burnham and Anderson 2010). | performed all analyses is R (R
Development Core Team 2008).

Isotopic tissue turnover can reflect rates of growth and catabolic tissue
replacement (Carleton et al. 2008; Carleton and Martinez del Rio 2010). | modeled
growth of our experimental diet-switch fish to investigate if variation in turnover rate
could be attributed to variation in growth rate and used individual calculated growth
rates k = (In(W/W,)/t) to determine the relative contribution of growth (k) and
estimated catabolic tissue replacement (m) to isotopic tissues turnover (ESM; 1/t = A
= k+m; Hesslein et al. 1993).

Using tissue turnover to estimate the timing of a diet switch

| present clocks derived from both tissue turnover models (Egs. 1 and 2)
because these models have different end member data inputs and thus could be
applicable for different data scenarios (Table 1). Specifically, the application of
clocks derived from Eq. 1 requires measured equilibrium tissue values from
individuals known to have resided in each of the two specific environments (Pre and
Post) for a period longer than the turnover time of the focal tissue. In contrast, the
application of clocks derived from Eq. 2 requires knowledge of the isotopic diet
values from each of the two environments, as well as established tissue-specific
discrimination factors. | examined clocks derived from one- and two-compartment
versions of Egs. 1 and 2; however, for all tissues the two-compartment clocks were
biased and less precise than the analogous one-compartment versions (Fig. S2, ESM).

Therefore, 1 only present one-compartment clocks here. | also anticipate different
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clock frameworks will be better suited to different field applications and therefore

examine single-, two-, and averaged clocks derived from both Eq. 1 and Eq. 2 (Table

1),

Single-Tissue Clocks

For single-tissue clocks I first solved each tissue turnover model for the time

since diet switch (tes) in a similar manner to Klaassen et al. (2010), thereby deriving

single-tissue clocks for each model. Then the model’s best estimate of tissue-specific

turnover rates (z) and discrimination factors (A) can be used in combination with

known end members (0Xpre and 0 Xpost) OF (0Xgiern aNd 0 Xgierz) and a measured isotopic

tissue value at time t (0.X;), to calculate tes:.

Single-tissue clock using equilibrium tissue values:

(3)
t =—‘l’*ln< SXPost_(th )
est 6XPost - 6XPre .
Single-tissue clock using a single discrimination factor:
6Xjiet, + A) — 6X
test = —T*Iln <( diet ) t). (4)
(8Xdiet2 - 8Xdiet1)

Algebraic Two-Tissue Clocks

If two tissues with different turnover rates have been collected and analyzed

for isotopic composition then algebraic two-tissue clocks can be used. For algebraic

two-tissue clocks I first solved for (0Xpost - 0 Xpre) fOr Tissue; and Tissue,. Like

Phillips and Eldridge (2006) and Klaassen et al. (2010), by assuming that these

differences were equal among tissues within an individual, | set the remaining
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equation for Tissue; equal to the remaining equation for Tissue;, and solved for the
common time since diet switch (test). Using data from our diet switch experiment |
examined this assumption and found it to generally be true within error of parameter

estimation (see results, Table 2).

Algebraic two-tissue clock using equilibrium tissue values:

For a two-tissue clock from Eq. 1 with Tissue; and Tissue;:

In <8XPost1 - 6Xt1> (5)
8XPost2 - 6Xt2

1 1
(;1 _T_z)

lest =

Algebraic two-tissue clock using a single discrimination factor:

For a two-tissue clock from Eq. 2 with Tissue; and Tissue,:

In <(6Xd,-et2 + A) - 6Xt1> (6)
(6X dier, + A) — 8X,,
test = 1 1 .
(7 T T_z)

Averaged Clocks

| also propose the approach of averaging independent estimates of te from
multiple tissues. I refer to this approach as using ‘averaged clocks.’ In this approach, I
simply calculate two (or more) single-tissue clocks independently using Eqgs. 3 or 4
and take the mean value of te. | hypothesize that this approach should provide more
precise values of te by averaging across potential tissue specific biases.

Boot-strapped resampling
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| used a bootstrapping routine to investigate how parameter uncertainty affects
error in calculating tes;. To do this I took simultaneous random draws of 6 Xpre and
0Xpost, and 7 from the estimated multivariate normal defined by the parametric
variance-covariance matrix of each model fit. Associated values of 6.X; were drawn
from a normal distribution produced from our model fitting. | iterated this 10,000
times for each true time (tye) to produce sets of parameter estimates to be used for
each different clock’s calculation. Thus, | produced distributions (n=10,000) of te; for
each clock derived from the same parameter sets at each ti, and therefore each clock
is comparable at each time step. | produced the median and the 95% prediction
intervals from each clock’s resampled distributions of tes. Prediction intervals
delineate the area within which 95% of all future calculated tes; will occur considering
variability from measurement, environmental conditions, or individual physiology
(Ott 1993). Thus, more precise clocks will have narrower prediction intervals and
more accurate clocks will have median te values closer to the 1:1 line of observed to

expected values.

RESULTS

Following the diet switch, "N tissue values changed towards that of the
second diet, asymptotically approaching equilibrium levels of the second diet (Fig. 1).
At each sampling period, data are clustered tightly around the model fit, indicating
low variation among individuals in tissue turnover. Furthermore, tissue turnover data

fall evenly and tightly along the 1:1 line of observed vs. expected indicating a good
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model fit (inset, Fig. 1). Differences between dXpost and dXpre among tissues were
within ranges of error for most tissues but were slightly different than the difference
INn 0 Xgierz and 0Xgiers SUGQesting that different diets were associated with different
discrimination factors (Table 2). I also had control fish that did not undergo a diet
switch - differences in mean 8N tissue values between control fish and pre-switch
fish were within individual variability (Deniro and Epstein 1981) ranging from 0.12
to 0.65 %o. Further, all tissues appeared to reach equilibrium with the second diet by
the end of the experiment (Fig. 1).

Growth for our experimental fish was best described by a specialized von
Bertalanffy growth model, also known as the Richards model (Fig. 2 and ESM, Mass;
= 557*(1- 0.78 exp(-0.00595*Day))**") (Richards 1959; Essington et al. 2001). |
found relationships between variability of individual growth rate and individual
turnover rate in muscle, fin, mucus, and liver (ESM). Calculated growth rates (k =
(In(W/W,)/t)) varied among individuals from 0.014 to 0.034 with a mean of 0.024 * d°
! When I used measured growth (k) and estimated catabolic tissue turnover (m) to
model isotopic turnover (A = 1/t; A = k+m; Hesslein et al. 1993) | found that
catabolism contributed more to turnover for faster turnover tissues. Specifically, the
estimated percent contributions of catabolism to isotopic tissue turnover were: fin
(68%), plasma (68.3%), liver (65.7%), mucus (32%), RBC (6.6%), muscle (6.1%),

and scale (0.7%) (Table S1, ESM).
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Turnover models

Isotope turnover in different tissues was best described by different models
(Table 2). In particular, different tissues were supported by one- versus two-
compartment models. Specifically, fin, RBC, muscle, and scale tissues were better
supported by a one-compartment equilibrium tissue model (Eg. 1; Table 2). In
contrast, AlICc scores supported two-compartment models for plasma, liver, and
mucus. Tissue isotopes generally were modeled best with the use of equilibrium
tissues rather than a general discrimination factor. For instance, plasma and liver were
best represented by the two-compartment equilibrium tissue model (Eq. 1; Table 2).
Mucus was best represented by a two-compartment discrimination factor model (Eq.
2) with the two-compartment equilibrium tissue model (Eg. 1) having a near identical
AICc score (Table 2). Aside from mucus’ virtually equal support for two-
compartment versions of both Eq. 1 and 2, all tissues were best supported by either a
one- or two-compartment equilibrium tissue model (Eq. 1) rather than models using
discrimination factor (Table 2). The resulting implication is that different diet items
had different discrimination factors (Table 2). While the data supported different
models, there was tight coherence of estimated tissue-specific parameters across
models (Table 2, Fig. 3). For all tissues | found a linear relationship between average
residence times of one- vs. two-compartment versions of the equilibrium tissue value
model (Eq. 1; t2-comp = 2.8 + 0.98%T1_comp, r? = 0.97). Both within and among model
variation in turnover rates were low for fast turnover tissues and increased slightly for

longer turnover tissues (Table 2, Fig. 3).
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Parameter estimates

Model estimates revealed that different tissues were characterized by
dramatically different turnover rates (Table 2, Fig. 3). Fast turnover tissues with their
AICc supported average residence times are fin (12.9 days), plasma (14.1 days), and
liver (16.1 days) (Table 2, Fig. 3). Slower turnover tissues and their AICc supported
average residence times include mucus (35.7 days), RBC (37.6 days), muscle (39.0
days), and scale (40.0 days) (Table 2, Fig. 3). Best supported 8"°N diet-tissue
discrimination factors were fin (1.6%o), plasma (2.1%o), liver (1.5%o) for fast turnover
tissues, and mucus (1.3%o), RBC (1.7%o), muscle (3.4%o), and scale (2.2%o) for slower

turnover tissues.

Stable isotope clocks

Bootstrapped prediction intervals allowed the quantification of when different
tissues yielded high precision (narrow prediction intervals) and accurate (closest to
true value) values of tes. In general, values of te; were more accurate immediately
after the switch. As time since diet switch increased, prediction intervals widened,
representing decreasing precision in predicting tet. Through time, as values of 6.X;
approached values of 0Xp.st, models had increasing chances of returning values of
log(0) in the numerator of Egs. 3-6, and thereby began to fail to provide ts (dashed
lines; Figs. 4 and 5). For all tissue clocks, median tes; began to underestimate t;. after
leaving this reliable period of te (defined as the range of ts for which no values of
log(0) were returned in 10,000 iterations) (solid lines; Fig. 4). This bias increased

with time. Furthermore, outside of this reliable range of te the prediction intervals
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drifted from the 1:1 or the median t.s; and were skewed wider towards over-estimating
test fOr each tissue (Fig. 4).

Model selection influenced the accuracy, precision, and range of inference of
single-tissue clocks. One-compartment equilibrium tissue clocks (Eqg. 3) consistently
returned the most precise and accurate values of tes; over the longest period of
inference (Fig. S2, ESM). For each tissue, median tes from this clock was within 0.5
days of actual time since diet switch within the period of reliable estimates of tes
(solid lines, Fig. 4) and prediction intervals remained narrower than other model
frameworks (Fig. S2, ESM). One-compartment discrimination factor clocks (Eqg. 4)
performed better than any two-compartment clock and only slightly worse than one-
compartment equilibrium tissue clocks (Eqg. 3, Fig. S2, ESM). For all tissues, two-
compartment clocks provided approximately the same duration of reliable estimates
of test as one-compartment clocks, but prediction intervals were wider throughout.
Median tes; for two-compartment clocks tended to over-estimate ti, Soon after the
switch and then under-estimate t;e later (Fig. S2, ESM). Due to the bias and
inaccuracies of te; using two-compartment clocks | compare the results from single-
tissue, algebraic two-tissue, and averaged clocks derived from the one-compartment

equilibrium tissue turnover model (Eg. 1) in the following paragraphs.

Single-tissue clocks

Single-tissue clock performance varied across tissues with different turnover
rates. For the faster turnover tissues of plasma, liver, and fin, Eq. 3 provided reliable
test for approximately the same duration as the half-life of the element (for example,
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approximately 8.2, 8.6, and 9 days respectively for these fast turnover tissues; Fig. 4).
During this reliable period, median test was within 0.1 days of tie for fast turnover
tissues. Mucus, a medium turnover rate tissue, also returned reliable tes
approximately the same duration as its half-life (18.8 days), with median tes; within
0.2 days of tye (Fig. 4). The longer turnover tissues of RBC, muscle, and scale
returned reliable tes, with the median value of tes; within 0.5 days of tye for
approximately twice their half-life (ca. 52, 50, and 55 days respectively for RBC,
muscle, and scale; Fig. 4). Faster turnover tissues returned the narrowest prediction
intervals for a duration post switch equal to their half-lives; however, longer turnover

tissues were more precise from that point on (Fig. 4).

Algebraic two-tissue clocks

Algebraic two-tissue clocks were also more precise soon after the diet switch,
but prediction intervals widened through time. For all algebraic two-tissue clocks the
reliable period of tes; was the same duration as that of the shortest single-tissue clock
of the tissue combination, and prediction intervals widened dramatically outside of
this reliable prediction period (Fig. 5a). In general, prediction intervals were wider
than those of either single-tissue clocks of the pair, but were narrower than the longer
turnover clocks soon after switch. Within the reliable period of t., algebraic two-
tissue clocks over-estimated ti by approximately 2 days, yet eventually
underestimated tie (Fig. 5a). Of the algebraic two-tissue clocks, the fin-scale clock
was the most precise returning the narrowest prediction intervals for the longest
period of reliable inference (11 days, solid lines; Fig. 5a).
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Averaged clocks

Of all approaches, averaged clocks provided the most precise values of tes
over the longest period of time. Using multiple tissues potentially increased the
reliable range of te in that if one tissue returned a value of log(0) another tissue may
not. Prediction intervals were at least as narrow as the most precise tissue in the
combination for at least as long as the tissue with the longest period of reliable te. All
tissue combinations presented here returned median tes; within one day of ty for the
same duration as the shortest turnover clock of the pair (Fig. 5b). After this time,
median te began to underestimate ti e even within the period of reliable estimates,
apparently pulled down by the shorter turnover tissue. Nevertheless, averaged clocks
provided reliable values of tes for up to 64 days post switch, with median tes: within 6
days of tire at this time, and the narrowest prediction intervals throughout (e.g., fin-

mucus-scale; Fig. 5b).

DISCUSSION

In this study, | performed a laboratory diet-switch experiment on juvenile O.
mykiss to illuminate patterns of isotopic turnover. This data allowed accurate
estimations of discrimination factors and turnover rates which varied among tissues
for a wide range of use in O. mykiss ecology. Using an information theoretic approach
I compared how six competing tissue turnover models represented this diet-switch for
each of seven tissues. | found consistent support for using equilibrium tissue value,

but support for one- or two-compartments differed among tissues. Furthermore, by
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comparing several different isotope clocks, | revealed that the number of
compartments affected values of Tmean and test more than whether equilibrium tissue
values or diet and a discrimination factor were used (Table 2 and ESM). One-
compartment equilibrium tissue clocks (Egs. 3 and 5) consistently returned the most
precise and accurate values of t.s: (ESM) supporting previous assumptions of turnover
modeling and clocks (Martinez del Rio and Wolf 2005; Phillips and Eldridge 2006;
Klaassen et al. 2010; Buchheister and Latour 2010). Slow turnover tissues like scale
quantified resource switches over a longer window of time, while faster turnover
tissues like fin provided more precise estimates of the timing of a recent switch. Like
previous studies | found single-tissue clocks provided the most accurate and precise
values of te; relative to algebraic two-tissue clocks (Phillips and Eldridge 2006;
Klaassen et al. 2010) but that averaged clocks provided more precise tes; Over an
extended range of inference.

The remaining discussion is comprised of two major sections. In the first
section I discuss patterns of isotopic tissue turnover and how physiology might
influence those dynamics. In the second section I discuss the advantages,
disadvantages, and limitations of different tissues and clocks in estimating the timing

of resource switches.

Isotope dynamics and physiology

Different tissues often exhibit different diet-tissue discrimination values and
turnover rates (e.g., McCutchan et al. 2003; Bauchinger and McWilliams 2009). Our
data allowed precise estimation of 5"°N discrimination factors which varied among O.
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mykiss tissues from 1.3%o for mucus to 3.4%o for muscle (Table 2, Fig. 2). Our
estimated discrimination factors were within range of values previously described for
O. mykiss tissues of muscle, liver, and mucus (Pinnegar and Polunin 1999;
McCutchan et al. 2003; Church et al. 2009). I also found that tissues such as plasma,
liver, and fin had faster turnover rates than did tissues such as RBC and muscle. This
relative ranking of tissue turnover rate is similar to results from studies of other fish,
birds, and mammals (Tieszen et al. 1983; MacAvoy et al. 2005; Podlesak et al. 2005;
Mclntyre and Flecker 2006; Guelinckx et al. 2007; Carleton et al. 2008; Bauchinger
and McWilliams 2009; Kurle 2009; Buchheister and Latour 2010). Intriguingly, our
estimates of turnover rates were approximately 71% faster for muscle and 48% faster
for mucus (Table 2) than estimates from a previous O. mykiss isotope diet-switch
study (Church et al. 2009). These differences in turnover estimates could be driven by
extrinsic factors such as environmental parameters or experimental design (Martinez
del Rio and Wolf 2005; Logan et al. 2006; McIntyre and Flecker 2006) or intrinsic
population-level differences in rates of growth and catabolic tissue replacement
(Carleton and Martinez del Rio 2010).

Rates of growth and catabolism have each been shown to influence isotopic
tissue turnover (Carleton and Martinez del Rio 2010). Using methods from Hesslein
et al. (1993) | found growth to be the primary determinant of isotopic turnover rate in
more structural tissues, a pattern common to growing ectotherms (Martinez del Rio et
al. 2009). However, our results from the remaining tissues add to a growing literature

showing the importance of catabolism to turnover in growing poikilothermic fishes
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(Herzka et al. 2001; Logan et al. 2006; Mclntyre and Flecker 2006; Carleton and
Martinez del Rio 2010). Given that growth may influence turnover rates, it is
tempting to try to correct for growth when comparing studies or applying laboratory
based parameters. However, Carleton and Martinez del Rio (2010) found complex
relationships between tissue, ration, and resulting proportional contributions of
growth and catabolism to isotopic turnover. Therefore, predicting or correcting for
differences in turnover is not simple (Boecklen et al. 2011), and I reiterate Carleton
and Martinez del Rio's (2010) suggestion to use caution when applying lab based
estimates to wild populations. For example, prediction intervals around our estimates
of time since diet-switch were based on bootstrapped individual variability; however,
this uncertainty does not include potential population or environmental differences.

Our study found that different tissues had apparently different fundamental
patterns of turnover. Two-compartment turnover models were best supported for O.
mykiss plasma, liver, and mucus, while one-compartment models were more
supported in fin, RBC, muscle, and scale. Other studies have found support for the
number of compartments to vary among tissues in birds and mammals (Carleton et al.
2008; Bauchinger and McWilliams 2009; Kurle 2009). While there is growing
mathematical support for multiple compartments, there is still limited understanding
of the physiological mechanisms underlying this phenomenon (Martinez del Rio and
Anderson-Sprecher 2008; Boecklen et al. 2011).

Estimates of turnover and discrimination factors were relatively consistent

among different model formulations (Table 2; Fig. 3). For example, | found a linear

117



relationship between turnover rates estimated from one- and two-compartment
versions of an equilibrium tissue model (12-compartment = 2.8 + 0.98* 11-
compartment, r2 = 0.97), similar to that found by Carleton et al. (2008) for birds (t2-
compartment = 3.54 + 0.96 t1-compartment, r2 = 0.98). In other words, at least for
fish and birds, two-compartment models generally provide average residence times
that are approximately 3 days longer than one-compartment models (Table 2).
Estimated discrimination factors were relatively insensitive to the number of
compartments used in turnover modeling, supporting the generality of these

estimates.

Isotopic clocks in practice

Turnover model selection somewhat affected the accuracy, precision and
range of inference of single-tissue clocks. For example, two-compartment models
provided tissue turnover rates approximately 3 days longer than one-compartment
models, a similar degree to which two-compartment clocks over-estimated tie (Fig.
2, ESM). While two-compartment clocks best described isotopic turnover for some
tissues, | found that one-compartment clocks still provided relatively precise and
accurate estimates of the timing of resource switches. Thus, while there is clear
evidence of complexities in isotopic turnover, the more simple model still provides
adequate predictions of resource switches (Martinez del Rio and Wolf 2005).
Furthermore, whether equilibrium tissue values or diet values and a discrimination
factor were used had minimum effect on T and resulting tess (ESM), implying a
versatility in clocks to available end-member data.
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| found algebraic two-tissue clocks to be less precise and accurate than single-
tissue clocks from either tissue of the pair, similar to previous studies (Phillips and
Eldridge 2006; Klaassen et al. 2010). The reduced precision of algebraic two-tissue
clocks relative to other clocks is likely because more parameters and their associated
error are necessary to calculate tes;. Furthermore, the assumption that the difference in
end members (0 Xpost — 0Xpre) IS equal among tissues (Phillips and Eldridge 2006;
Klaassen et al. 2010) is only loosely met (Table 2), thereby creating additional error
around tes;. Regardless, algebraic two-tissue clocks may be of particular use for some
applications because they use the relative rather than absolute turnover rates of two
tissues, and because the Pre switch end member is not necessary to generate tes.

Isotopic clocks from tissues had different strengths and limitations (Fig. 4 and
5). Longer turnover tissues such as scale provide the most useful single-tissue clocks
by reliably providing the most precise and accurate tes; over the largest window of
inference (up to approximately 55 days post switch). Using faster turnover tissues like
fin can complement these results by providing more precise te if the switch was more
recent, for example, up to approximately 13 days post switch for fin. These
quantifications of the effective time windows of different tissues inform the design of
a field sampling regime to pinpoint the timing of resource switches. For example, by
using an averaged fin-mucus-scale clock, samples would only need to be collected
roughly every nine weeks rather than the analogous eight weeks if using a clock

derived from scale alone (Figs. 4 and 5).
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In this study | parameterized and formulated stable isotope clocks to estimate
the timing of resource shifts of O. mykiss. The parameters generated in this paper will
hopefully provide a strong base for future stable isotope studies of this common fish
(see Deniro and Epstein 1981; Gannes et al. 1997; Martinez del Rio and Wolf 2005).
More generally, through model fitting and an information theoretic approach, this
study provides a glimpse into the physiological underpinnings of isotope dynamics.
Furthermore, through exploring the strengths and limitations of different clock
formulations, this study illustrates how estimates of resource switch timing are
affected by clock formulations as well as the tissue turnover models used to derive
them. Stable isotope studies will be the most effective when they can link laboratory,

theory, and field-based insights (Martinez del Rio et al. 2009; Layman et al. 2012).
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TABLES

Table 1 Overview of tissue turnover models compared in model selection and used
to generate three different isotopic clocks. These four models were created by varying
two factors. First, models differed by how they dealt with tissue isotope signatures:
equilibrium tissue models did not deal with prey isotope signatures and instead modeled
tissue isotope signature; in contrast, discrimination factor models used prey isotope signatures
and discrimination factors. Second, models differed by the number of turnover compartments:
one compartment models use a single pool through which isotopes turn over at a single rate;
in constrast, two compartment versions allowed for the turnover to be described by two
different turnover rates with different proportional contributions to the overall tissue turnover.
Parameter estimates from each of the above described tissue turnover models may be used in
combination with field measurements in one of three clocks. Single-tissue clocks back
calculate the timing of resource switch using information from one tissue, whereas algebraic
two-tissue clocks perform a single algebraic calculation of the timing of resource switch
using data from two different tissues. Averaged clocks take the mean of two or more
independently calculated single-tissue clocks.

Model name Abbreviation Equation(s)
Equilibrium tissue—one compartment ET1 D
Discrimination factor—one compartment DF1 2
Equilibrium tissue—two compartment ET2 (1)
Discrimination factor—two compartment DF 2 2

Clock name

Single-tissue clock (3and 4)
Algebraic two-tissue clock (5 and 6)
Averaged clocks (3and 4)
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Table 2 Parameter estimates for seven O. mykiss tissues using either a one- or two-
compartment equilibrium tissue model, or one- or two-compartment single
discrimination factor model (respectively as; ET 1 and ET 2, Eq. 1, and DF 1 and DF
2, Eq. 2). Estimates + SE of the fractional size of compartment one (p), with p =1 for
one-compartment models, average residence time for each compartment (7, and
12)(days), equilibrium tissue values (dXpre and 0 Xpost )(%o), discrimination factor
(A)(%0) and Trmean, Where Tmean =p 71 +(1-p) 72 (Carleton et al. 2008). Tissues are
ordered from fastest turnover to slowest, and models are ranked by AICc score within
each tissue, with lowest AICc scores being the best supported by the data.

Tissue Model pin7Ty T T, 0Xpre OXpost A Tinean AlCc
Fin ET1 1 129+1.1 -- 10.6+0.1  15+0.1 -- 12.9+1.1 82.9
Fin ET2 009402 14.3+3.4 25+6.6 10.5+0.1 15.1+0.1 -- 13.3 86.6
Fin DF2 0.7#0.1 19.4+3 0.8+0.4 - - 1.6+0.1 145 133.2
Fin DF 1 1 12.4+1.3 -- -- -- 1.8+0.1 124+13 160.1

Plasma ET2 0.7+0.1 20£5.2 2.6£1.4 10.4+0.2 15.6x0.1 -- 141 103.5

Plasma ET1 1 11.8+1.1 -- 10.7£0.1 15.5+0.1 -- 11.8+1.1 113

Plasma DF2 0.60.1 26.1£5.7 2.1+0.7 -- -- 2.1+0.1 16.4 116

Plasma DF1 1 11+1.1 -- -- -- 2101 1111 154.7

Liver ET2 0.6+0.1 25+7.2 2411  9.9+0.2 14901 -- 16.1 117.7

Liver DF2 0.5+0.1 38.1£9.5 2.1+0.6 -- -- 15+0.1 21.3 132.1

Liver ET1 1 12.3+15 -- 10.3+0.2 14.7+0.1 -- 12.3x15 1331

Liver DF 1 1 11.1+1.4 -- - - 14+0.1 11.1+14 1822

Mucus DF 2 0.7£0 49.7+7.6 2.3£0.9 - - 1.3+0.1 35.7 102.7

Mucus ET2 0.7+0.1 43.1+7.9 2311  9.3+0.2 15+0.2 -- 32.2 102.8

Mucus ET1 1 27.1+2.9 - 9.8£0.1 14.7+0.2 -- 27.1+29 1223

Mucus DF1 1 34.84£3.7 -- - - 1.7+¢0.1 34.8+3.7 149.6

RBC ET1 1 37.6£2.5 - 9.9+0.1 15.3%0.1 -- 37.6x£2.5 60
RBC DF 2 0.9+0 42.7+3 0.3+1 - - 1.7+0.1 39.7 71.6
RBC DF 1 1 43+2.8 -- -- -- 19+0.1 43+2.8 78.7

Muscle ET1 1 39£3.2 -- 11.2¢0.1  16x0.1 -- 39+3.2 68.4

Muscle DF2 0.3%0.1 657.9+1084.2 35.4+6.9 - - 34+0.1  198.8 70.3

Muscle ET?2 0.9+0 41.6x4.7 14+28 11.1+0.1 16.1+0.1 -- 39.6 713

Muscle DF1 1 63.315.5 - -- -- 3.3+0.1 63.3#55 1147

Scale ET1 1 40+2.8 - 10.2£0.1 15.3+#0.1 - 40+2.8 56

Scale DF 1 1 52.3£3.8 -- -- -- 2.240.1 52.3+£3.8 94.2

The ET 2, two-compartment model for RBC, and both two-compartment models for Scale failed due to singular
Hessians.
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Figure 1 515N tissue turnover for O. mykiss fin, plasma, liver, mucus, RBC, muscle,
and scale (fastest to slowest with faster turnover tissues on the left and slower
turnover tissues on the right) and model fits of one- (solid line) and two-compartment
(dotted line) equilibrium tissue models (Eq. 1). Inset for each panel is the observed
vs. expected 8N
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Figure 2 Mass (g) through time of O. mykiss sampled 0 to 200 days during the diet-
switch experiment and best fit of a “specialized” von Bertalanffy growth equation:
(Mass; = 557 *(1- 0.78 exp(-0.00595*Day))*?")
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Figure 3 O. mykiss one-compartment discrimination factors (A) Eq. 2 (top), and
average residence times (t) (bottom) based on equilibrium tissues (Eqg. 1, open
circles) and diet and discrimination factors (Eqg. 2, closed circles); error bars are SE
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Figure 4 Estimated time (test) vs. actual time (tactual) for one-compartment
equilibrium single-tissue clocks (Eq. 3) ordered fastest turnover to slowest. To better
represent each clock, axes for panels are scaled differently. The 1:1 line is shown for
reference. Circles are calculated test from our diet-switch fish. Lines are bootstrapped
95% prediction intervals and median tes. Solid lines represent te; for which no log(0)
was returned, dashed lines represent tes; for which at least one log(0) was returned
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Figure 5 Estimated time (test) vs. actual time (tactual) for one-compartment
equilibrium a) algebraic two-tissue and b) averaged clocks for four different tissue
combinations. To better represent each clock, axes for panels are scaled differently.
The 1:1 line is shown for reference. Circles are calculated tes; from our diet-switch
fish. Lines are bootstrapped 95% prediction intervals and median tes. Solid lines
represent te: for which no log(0) was returned, dashed lines represent tes; for which at
least one log(0) was returned

a) b)
60 ) 20 o o
Liver Muscle ° Liver Muscle
50 0 \ .
\ \ )
\ N /
40 -\ \ 30 \ /
\ \ | 4 -
\ | s h / -
309\ apoo ) 50 ) oo -
‘ -~
204 1 4 10
_-
°Il o - o o
10 4 - 20
>
0 04
T T T T T T T T T T T T T T
0 10 20 30 40 50 60 0 20 40 60 80 100
60 N 20 @ o
Plasma RBC ° ° Plasma RBC
50 0 \ ’
\ \ ~ y
\ I \
4044 \ 30 | /
\ | Ty -7
= \ s / -
B 304 K] wog’ 0 $dp oo~
|
% 20 | 4 _—-1 104
z o! o - o fyfo
RLE By e 20 4
1] / /
2 04 0 1
'D T T T T T T T 1 T T 1 T I ]
o 0 10 20 30 40 50 60 0 20 40 60 80 100
Q
£ 60 T 0 . —F oo
© Fin Scale Fin Scale
£ 50 0 \ J
R \ \ \ 7
+ \ \ \ /
— 40+ \ I 30 ’
© \ [ -
3 \ ! i / ; -
C 309 ] og/®mo o 30 4 ! o/dw 6
< i / J
204 1/ - 0
/ (<] - o,
N / 07
01 04
T T T T T T T T T T T T T T
0 10 20 30 40 50 60 0 20 40 60 80 100
120 A ] °
Fin Mucus Scale
100 N '
\ /
80 / _4
! / r
1 / .
60 ° o
40 -
-]
20 4
O -

T T T T T T T
0 20 40 60 80 100

Estimated time since diet switch (d)

133



APPENDIX 1

Figure Al Seasonal variation in discharge from Camanche Dam in cubic meters per
second (m3 s-1) averaged over the period from 1965 to 2010. Data were collected
from USGS National Water Information System.
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Figure A2 Frequency histograms of fork lengths (mm) of resident fish in 2007,
residents in 2008, and emigrants in 2008. The single emigrant in 2007 (FL = 225 mm)
was not plotted. All emigrants in 2008 were captured with rotary screw traps below
WIDD.
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Figure A3 Frequency histograms of standardized movement (km/mo) of individual
resident O. mykiss in 2007 and 2008.
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Figure A4 Means of seasonal movement (mvts km / mo) for each season for 2007
and 2008 (white and grey respectively). Sample sizes of resident fish within each
season are below each bar.
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Growth effects on isotopic tissue turnover

Tissue turnover can reflect rates of growth and catabolic tissue replacement.
While our study wasn’t explicitly designed to examine the relative importance of
growth on turnover, there was enough emergent variation in individual growth to
explore these relationships. We explored the relationship between growth rate and
isotopic tissue turnover within our data set with three main approaches: 1. we
modeled growth of our laboratory fish, 2. plotted the three-way relationship between
8™N, individual growth rate and time after our diet-switch, and 3. modeled isotopic
tissue turnover as the sum of individual fractional net growth (k) and the fraction of
turnover due to catabolic tissue replacement (m) (1/t= X = k+m; Hesslein et al.
1993).

To describe the pattern of growth for our experimental fish, we compared
relative support for three growth models common to fisheries studies: exponential,
von Bertalanffy and Richards using AICc scores (Burnham and Anderson 2010). The
mass of the experimental fish was best described by the Richards model (Table S1).
Table S1. Growth models and best estimated parameters using mass of individual

fish from our laboratory experiment. AICc scores are shown for comparison of
relative model support, with lover AICc scores indicating higher model support.

AIC,

Richards Mass at time t = 557 681.8
* (1 —0.78 * exp(—0.00595 = t))%2”

von Bertalanffy Mass at time t = 5048 * (1 — exp(—0.0015 = t))3 682.2

exponential Mass at time t = 38.8 * exp (0.01 * t) 705.0
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We also calculated Z-scores of relative growth for each fish within each
sampling period as Z = (growth — mean growth)/SD growth. Fig. S1. presents the
relationship between isotopic tissue turnover, individual relative growth (Z-score) and
time, with bubble size related to relative growth rate. Interestingly, tissue-day
combinations that a significant relationship was found using independent linear
regressions (marked with an *) showed counterintuitive patterns. Accelerated growth
is expected to increase isotopic turnover rate (Phillips and Eldridge 2006), yet in Fig.
S1, the most striking pattern shows evidence of individuals with relatively higher
growth rates to show lower than expected 8*°N values. This could be due to allometry
(Mclntyre and Flecker 2006). However, this could also simply be due to individual
variation (Deniro and Epstein 1981), and a reflection that we did not explicitly design
this experiment to look at growth effects on isotopic tissue turnover (Carleton and

Martinez del Rio 2010).
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Fig. S1 815N tissue turnover for O. mykiss fin, plasma, liver, mucus, RBC, muscle,
and scale (fastest to slowest with faster turnover tissues on the left and slower
turnover tissues on the right) and model fits of one- (solid line) and two-compartment
(dotted line) equilibrium tissue models (Eq. 1) for days 0 through 15. Bubbles
represent Z-scores of individual relative growth of sampled fish with larger bubble
size indicating higher relative growth. Asterisks indicate days for which there was a
significant relationship between growth and turnover (Table S2)
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Lastly, we investigated the relative contribution of growth (k) and catabolic
tissue replacement (m) to isotopic tissues turnover (1/t = A =k+m; Hesslein et al.
1993). We used growth (k) calculated for each individual fish k = (In(W/W,)/t) as an
input to our isotopic turnover modeling using Eq. 1 and estimated catabolic
replacement (m) (Hesslein et al. 1993). Estimated contributions of fractional growth
and catabolic tissue replacement are presented for each tissue in Table S1. This
modeling did not affect estimates or standard error of either equilibrium tissue value.
Dividing turnover rate into the relative contribution of growth and catabolic tissue
replacement did not affect model support for fin, RBC, and scale as indicated by
AAICc scores <2 (Table S1, Burnham & Anderson, 2010). The relative lack of
support for dividing turnover into growth and catabolic tissue replacement as
indicated by AAICc > 10 for liver and mucus is most likely due to their data
supporting the use of two-compartments when modeling tissue turnover. With AAICc
of approximately seven, the data itself, and other ecological and physiological insight
must be considered for plasma, also best supporting two-compartment turnover, and
muscle. Calculated growth rates varied among individuals from 0.014 to 0.034 * d™*
with a mean of 0.024 * d™*. By dividing isotopic tissue turnover into growth and
catabolic tissue turnover we found that turnover in more structural tissues is
dominated by growth, and that catabolic tissue replacement increases turnover rate in
other tissues like liver, plasma and fin. It is interesting that turnover in fin, a tissue of

assumed structural importance is dominated by catabolic tissue replacement. Elevated
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catabolic tissue replacement and resulting increased isotopic tissue turnover may
result from an increased need to repair this important structural tissue from continual
degradation due to abrasion, friction or removal by other con-specifics or other

species.
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Table S1. Proportional contribution of growth and metabolism to isotopic tissue
turnover modeled using Eq.1 with A = 1/1. We modeled X as (k + m), where k were
input as calculated individual growth k = (In(W/W,)/t)(Hesslein et al. 1993), and m
was estimated. We also modeled A without dividing it into (kK + m) to calculate the %
contribution of growth and metabolism to isotopic tissue turnover. We present AlCc
values for each tissue turnover model and AAICc as the difference between this
model and the most supported tissue turnover model from Table 1 within each tissue.

%growth | % AICc | AAICc
metabolism

Fin N15=15—-4.5 84.5
* exp —(k
+ 0.0526) *t) 320

68.0 1.6

Plasma | N15 = 15.5—4.8 110.9
* exp —(k
+ 0.0580) = t)

31.7 68.3 74

Liver N15=14.7—-4.4 131.6
* exp —(k
+ 0.0533) * t)

34.3 65.7 13.9

Mucus | N15=14.7-4.9 120.8
* exp —(k
+0.0118) % t)

68.0 32.0 18.1

RBC N15=155-54 58.1
* exp —(k
+ 0.0018) % t) 93.4 6.6 -1.9

Muscle | N15=16.0 —4.8 76.3
* exp —(k
+ 0.0016) x t) 93.9 6.1 7.9

Scale N15=153-5.1 53.1
* exp —(k
+ 0.0002) * t) 99.3 0.7 -2.9
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Multiple compartment clocks
We compared single-tissue clocks derived both one- and two-compartment
versions of Egs. 1 and 2. To do this we used the same clock approach described in the

main text but allowed for two-compartments as:

Single-tissue clock using equilibrium tissue values:

SXPost - 6Xt )

tos = —(pt1+ (1 — )r)*ln(
est p 1 p 2 8XPost_6XPre

Single-tissue clock using a single discrimination factor:

(8X gier, + A) — 8Xt>
(6Xdiet2 - SXdietl)

test = —(PpT1+ (1 —p)T2) * ln<
For a one-compartment model p=1. We used a bootstrapping routine to

investigate how parameter uncertainty affects error in calculating test. To do this we
took simultaneous random draws of parameters, (i.e. 0Xpre, 0Xpost, P, T1 and 1, for Eq.
1,or A, p, 7 and 1, for Eq. 2) from the estimated multivariate normal defined by the
parametric variance-covariance matrix of each model fit. Associated values of 6.X;
were drawn from a normal distribution produced from our model fitting. We iterated
this 10,000 times for each true time (tiue) to produce sets of parameter estimates to be

used for each different clock’s calculation. Thus, we produced distributions

(n=10,000) of te for each clock derived from the same parameter sets at each tie.
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We produced the median and the 95% prediction intervals from each clock’s
resampled distribution of tes. Prediction intervals delineate the area within which 95%
of all future calculated tes; will occur considering variability from measurement,
environmental conditions, or individual physiology (Ott 1993). Thus, more precise
clocks will have narrower prediction intervals and more accurate clocks will have
median te; values closer to the 1:1 line of observed to expected values.

Figure S2 shows that a one-compartment version of Eq. 1 using equilibrium
tissue values returned the most accurate and precise tes: over the longest period of time
for all tissues. This one-compartment clock using equilibrium tissue values even
performed better for tissues where a two-compartment version of Eq. 1 was better

supported by AICc to model tissue turnover (plasma, liver and mucus).
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Fig. S2. Estimated time (test) vs. actual time (tactual) for single-tissue clocks derived
from four different turnover models: a) a one-compartment version of Eq. 1 (with
tissues ordered vertically from the fastest turnover tissue to the slowest; tissue order is
maintained for the other three model frameworks for comparison); b) a two-
compartment version of Eg. 1; ¢) a one-compartment version of Eq. 2; d) a two-
compartment version of Eq. 2. Note that axes are not scaled the same for each tissue
to better represent each clock. The 1:1 line is shown for reference. Circles are actual
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