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A warming climate poses a fundamental problem for embryos that develop
within eggs because their demand for oxygen (O,) increases much more
rapidly with temperature than their capacity for supply, which is constrained
by diffusion across the egg surface. Thus, as temperatures rise, eggs may
experience O, limitation due to an imbalance between O, supply and
demand. Here, we formulate a mathematical model of O, limitation and
experimentally test whether this mechanism underlies the upper thermal
tolerance in large aquatic eggs. Using Chinook salmon (Oncorhynchus
tshawytscha) as a model system, we show that the thermal tolerance of
eggs varies systematically with features of the organism and environment.
Importantly, this variation can be precisely predicted by the degree to
which these features shift the balance between O, supply and demand.
Equipped with this mechanistic understanding, we predict and experimen-
tally confirm that the thermal tolerance of these embryos in their natural
habitat is substantially lower than expected from laboratory experiments
performed under normoxia. More broadly, our biophysical model of O,
limitation provides a mechanistic explanation for the elevated thermal sensi-
tivity of fish embryos relative to other life stages, global patterns in egg size
and the extreme fecundity of large teleosts.

1. Introduction

Predicting how animal populations will respond to a warming planet is among
the most pressing challenges in ecology. Like many animals, fish transition
through several life stages, which can differ substantially in their tolerance
for elevated temperatures [1-4]. How species respond to climate change will
be largely determined by the most sensitive life stages [5]. In addition to the
spawning adults, embryos are the most sensitive life stage in fishes, with ther-
mal tolerances on average 8°C lower than other life stages [5]. Thus, the key to
predicting how fish populations will respond to climate change is first under-
standing the mechanisms of thermal tolerance in embryos.

What mechanisms can explain the low thermal tolerance of fish embryos?
Unlike other life stages, fish embryos, which develop within eggs, are unable
to regulate their supply of O, actively through ventilation and must rely on
O, diffusion across an egg surface [6,7]. The implications of this constraint for
O, limitation are simple but profound: across species, the metabolic rate of
embryos increases in proportion to egg volume [8], but supply occurs across
a surface that scales with volume to the two-thirds power; thus larger eggs
demand more O,, but meeting these demands becomes more and more challen-
ging with increasing size. Fish eggs, among the largest aquatic eggs, approach
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Figure 1. Measuring and modelling 0, supply and demand in developing salmon embryos (a) Measured metabolic rates of salmon embryos at 0, saturation
depended on development stage and temperature: replicate eggs (small circles), treatment means (large circles, lines) and 95% Cl (bands). (b) Observed metabolic
rates of individual eggs (circles) as a function of 0, in the respirometry chamber at intervals of 10% saturation. The developmental stages of experimental embryos
(days post-fertilization) are denoted by colour. Lines represent predictions of the biophysical model (95% Cl: bands). The two panels show data from the highest and
lowest experimental temperatures; data for all experimental temperatures are shown in electronic supplementary material, figure ST (c) The estimated metabolic
demand, D, of embryos increases rapidly with temperature and development day (lines; bands depict 95% Cl), while the observed metabolic rate in normoxia
plateaus (points, same data as panel (a). Inset shows the measured realized metabolic at saturated 0, as a function of the estimated demand. Points represent
treatment means for each temperature development day combination (n = 15). (d) As the metabolic demand of embryos increases their metabolism switches from
being demand driven to supply constrained. Shown is the relative dependence of realized metabolic rate, B, on metabolic demand, D, and supply, ,, as a function
of D, in normoxia; 0 and 1 denote complete independence and proportional dependence respectively (see electronic supplementary material, appendix A1 for
calculation). (e) Mean observed metabolic rates, B, scaled by D, across all temperatures, development stages and external 0, concentrations (points), collapse
to a single Michaelis—Menten relationship a function of the within-egg 0, concentration. Line shows the model-predicted Michaelis—Menten relationship

(bands: 95% Cl). (Online version in colour.)

sizes where O, supply is precariously balanced with demand
[8]. Because the metabolic rate of embryos increases exponen-
tially with temperature [9], elevated water temperatures can
disrupt this balance and cause O, limitation, as metabolic
demands rise while supply remains fixed. This suggests a
mechanistic basis for the thermal tolerance of fish eggs,
where the upper thermal tolerance of eggs is set by a temp-
erature-dependent imbalance between O, supply and
demand. This hypothesis holds that rather than being a
fixed trait, thermal tolerance varies with factors that affect
O, supply and demand, and that this variation can be
predicted from biophysical theory.

Here, we combine mathematical models of O, supply
and demand with a series of experiments to test whether
O, limitation sets thermal tolerance in the large aquatic
eggs of Chinook salmon (Oncorhynchus tshawytscha). By
experimentally manipulating both O, supply and demand
during exposure to a range of temperatures, we demonstrate
that the survival of these eggs depends in predictable ways
on factors that shift the balance between O, supply and
demand. Finally, we show how this mechanistic understand-
ing of thermal tolerance can be harnessed to predict the
survival of eggs in the complex natural environments in

which they occur in nature: as clusters of eggs buried in
gravel beds of streams and rivers. These findings provide a
mechanistic explanation for a recent near-complete cohort
loss of an endangered salmon population, which occurred
at water temperatures much lower than previously thought
to be lethal for salmon eggs [8].

2. Results

To test the hypothesis that O, limitation underlies the thermal
tolerance of fish embryos, we designed a series of respirometry
experiments to quantify how O, limitation depends on features
of the embryo and environment. We then tested whether the
degree of O, limitation could predict survival of developing
embryos across a range of temperatures where both O,
supply and demand were experimentally manipulated.

To quantify O, demand as a function of developmental
stage, temperature and ambient O, concentration, we
conducted a series of closed-system respirometry trials. At
early developmental stages, metabolic rate increased with
temperature as expected, with roughly a doubling of
metabolic rate between 8 to 17°C (figure 1a). However, at
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later developmental stages, metabolic rates across treatments
plateaued at approximately 15pgO,h™ at saturation.
Additionally, the shape of the function relating metabolic rate
to external O, concentration varied between early and late
development stages. In early development, when the metabolic
rate was low, the metabolic rate of eggs was largely independent
of ambient O, until it was reduced to low concentrations within
the respirometry chambers (figure 1b; electronic supplementary
material, figure S1). While at later developmental stages, meta-
bolic rate was strongly dependent on O, concentration, even in
normoxia. These two pieces of evidence suggest that salmon
embryos late in development are O, limited in normoxia even
at relatively low temperatures. To test this hypothesis more
explicitly, and to quantify O, limitation as a function of internal
and external states, we developed a mathematical model of O,
supply and demand.

We assume that the metabolic rate of an embryo depends both
on its intrinsic metabolic demand, D (pg O, h™Y), and the avail-
ability of O, within the egg, C; (ng O, ml ™). We define D as the
metabolic rate of the embryo in the absence of O, limitation.
During embryonic development, the live tissue mass of
salmon embryos increases rapidly as they synthesize new
body mass from yolk. As these embryos grow, their metabolic
demand increases in proportion to their live tissue mass [10].
Additionally, as in nearly all ectotherms, metabolic rate
increases exponentially with temperature [8,9]. Thus, we
assume that the metabolic demand of an embryos is

D = byMe"”, (2.1)

where by and b, are parameters that describe the mass, M (mg),
and temperature, T (Celsius), the dependence of O, demand.

Temperature and mass determine metabolic demand;
however, the realized metabolic rate of an embryo also
depends on the availability of O, within the egg. We assume
that like most biological reactions, the rate of metabolism is
largely independent of O, at high concentrations and deter-
mined only by the intrinsic metabolic rate, D, but becomes
O, limited at low internal O, concentrations. We therefore
assume the realized metabolic rate, B, is described by a
Michaelis-Menten equation,

Ci

where K (ug O, ml™) is the half-saturation constant.

The internal concentration of O, is driven by the balance
between the depletion of O, through metabolism, and the
influx of O, through diffusion across the egg membrane,

dc;_1-

— 2.
T (23)

where following Fick’s law, the influx of O, through the egg,
I, is proportional to the concentration gradient at the egg’s
surface, Cg:

[=G(Cs—Cy), (2.4)

where, G (pg O, h! [ng O, ml~11™) is the O, conductance of
the egg membrane [11].

Equation (2.3) is a differential equation that governs how
the internal O, concentration, and consequently the realized
metabolic rate, B, depend on both intrinsic demand and O,

supply in the environment. In well-mixed environments with- [ 3 |

out O, depletion (dC,/dt =0), equation 3 can be solved for the
equilibrium C;, which determines the realized metabolic rate, B
(equation (2.2)). Using this relationship, we can predict the
degree of O, limitation for any combination of O, supply and
demand conditions, where the degree of O, limitation is
defined as the fraction of intrinsic metabolic demands not met:

B
Om=1-75 - (2.5)

The parameters of this model were determined by fitting
the model to time series of O, concentration in closed-system
respirometry trials where the change in O, concentration
within the respirometry chamber, C,, is
dC, -I
e 2.6

d Vv, (2:6)
where V,, is the volume of the respirometry chamber (see the
electronic supplementary material, appendix Al). Impor-
tantly, water within the respirometry chambers was well
mixed during trials such that C; = C,.

The biophysical model of O, supply and demand was able to
explain the observed metabolic rate of embryos across a
range of temperatures, developmental states and external O,
concentrations, explaining over 81% of the variation in meta-
bolic rates in all trials. The majority of unexplained variation
was due to variation among replicates within a treatment,
with the model explaining over 93% of the variation in the
mean metabolic rate of eggs across replicate egg (figure 1b).
The model captured two salient features in the respirometry
dataset. First, it predicted that the metabolic rate of embryos
in normoxia was largely independent of O, when demand
was low, but O, limited when metabolic demand was high
(figure 1b, see slopes at O, saturation). Second, it predicted
that metabolic rate increased with demand when demand
was low but plateaued at high demands (figure 1c inset).
Both patterns emerge from a simple mechanism: as the
metabolic rate of embryos increases either due to growth or
warming water, their metabolism transitions from being
primarily demand driven to supply constrained (figure 1d).
Together, these results suggest late-stage developing
Chinook salmon embryos are routinely O, limited, even at
temperatures as low as 8°C in normoxia. The half-saturation
constant estimated from the data (1.47 pg O, ml™'; 95% CI:
1.11-1.95) implies that a small degree of O, limitation occurs
even when C,; is nearly saturated (figure 1e). However, severe
O, limitation occurs for later developmental stages, even in
normoxic conditions. For example, in the late stages of devel-
opment (e.g. 35 days post fertilization [dpf]), the estimated
metabolic demand of Chinook salmon embryos at 12°C is
roughly 30 pgO,h™", while the realized metabolic rate of
these embryos in normoxia was only half this rate (figure 1c).
Embryos developing in warmer temperatures, or in hypoxic
conditions, would experience even more severe O, limitation.

We tested the ability of this model to predict the survival of devel-
oping embryos across a range of temperatures where both O,
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Figure 2. The balance of 0, supply and demand drives temperature-dependent survival of salmon eggs. (a) Time series of proportion of eggs surviving in nine
replicate groups of salmon eggs exposed to one of nine combinations of temperature and dissolved 0, levels for one week at three different developmental stages.
Before and after exposure, eggs were reared at 12°C in normoxic conditions. (b) The proportion of eggs surviving to hatch across treatments depended on the
interaction among 0,, temperature and the developmental stage at exposure. Small circles represent the proportion surviving in individual replicates (nine replicates
per treatment, 25 eggs per replicate), large circles and error bars show treatment means and 95% confidence intervals. (c) Variation in survival across all com-
binations of temperature, 0, and developmental stage at exposure was largely explained by the degree of 0, limitation (1 — B/D), where B is the realized metabolic
rate and D is the intrinsic metabolic demand in the absence of 0, Ilmltatlon Black circles (n = 243) denote values for replicate experimental units from all 27
treatments, circles are slightly jittered. Fitted line shows predicted survival, S where § = Sze ") where Sy is the background survival probability, and f is the 0,
limitation-dependent hazard rate, which was assumed to be h = %™ alim  |nset shows predicted versus observed mean survival for all 27 treatments. (d) Embryos
exposed to hypoxic conditions early in development hatched later than eggs reared in normoxic conditions, while later in development, exposure to hypoxic con-
ditions resulted in early hatching compared to normoxic treatments. (Online version in colour.)

supply and demand were experimentally manipulated. To do
this, we exposed eggs at different stages of development to a
range of ambient O, concentrations and water temperatures for
one week and monitored their survival during and after exposure
until hatching. Before and after exposure, eggs were reared at the
lowest experimental temperature (12°C) in normoxia.

Our experiments revealed that the thermal tolerance of
salmon embryos was not fixed but instead depended on devel-
opment stage and ambient O, concentration (figure 2a). In
agreement with theoretical predictions, the thermal tolerance
of embryos decreased both with elevated O, demand associ-
ated with later developmental stages, and with decreasing O,
supply due to reduced ambient O, (figure 2a). Moreover, we
found an interaction between these two factors: when O,
demand was low early in development, we observed high sur-
vival rates even at low levels of O, supply (figure 2b),
conversely, when O, supply was high, we observed high

survival rates across all exposure temperatures even during
the later stages of development when O, demand was high.
Evaluating the relationship between O, limitation and
survival across all treatments revealed that the degree of O,
limitation was a strong predictor of survival (figure 2c). Inter-
estingly, salmon embryos were able to survive a week-long
exposure to O, limitation as high as 80% without a substan-
However beyond this level,
survival plummeted with further O, limitation, with nearly
complete mortality above 90% O, limitation. Salmon embryos
may be able to survive such periods by adaptively slowing
their rate of development in response to O, limitation. We
found that exposure to O, limitation early in development
could substantially delay the timing of hatching. For
example, embryos exposed to the 2.5 ng O, ml™" treatment
for just one week, delayed hatching by approximately 2—4
days compared with eggs in normoxic conditions, with

tial reduction in survival.
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larger delays occurring at warmer temperatures, where the
degree of O, limitation was more severe (figure 2d). Conver-
sely, embryos exposed to hypoxia late in development
hatched earlier than eggs in normoxia, suggesting that after
a sufficient level of development is reached, O, limitation
may trigger premature hatching, releasing embryos from
the diffusion-constrained O, supply within the egg.

Equipped with a mechanistic understanding of the drivers of
thermal tolerance, we can begin to understand how salmon
eggs are impacted by elevated temperatures in their natural
environments. In general, it is thought that temperature is not
an important driver of survival in natural salmon populations
based on the observation that salmon embryos are rarely
exposed to temperatures that exceed the laboratory-derived
‘lethal’ values across their distribution [11]. Importantly,
however, this conclusion is based on laboratory experiments
conducted in normoxia, whereas our biophysical model pre-
dicts that thermal tolerance is substantially reduced in the
face of limited O, supply. Limited O, supply may be especially
common for salmon eggs in their natural rearing habitats
where adult females release clusters of eggs within a gravel
nest or ‘redd” in the bed of rivers and streams [12]. The
low flows observed in these habitats (typically less than
0.1 cm s™" [13-15]) allow for significant O, depletion to occur,
both as water flows through the cluster of eggs, and also
within a thin velocity boundary layer that forms around indi-
vidual eggs [8,16]. To understand how these flow conditions
affect the thermal tolerance of salmon eggs in natural contexts,
we developed a computational fluid dynamics (CFD) model
to simulate O, dynamics within a cluster of eggs across a
range of flow velocities and temperatures (see the electronic sup-
plementary material, appendix A1). We focused our simulation
analysis on the period right before hatching (36 dpf) when the
O, demand of embryos was the greatest, as this is probably
the most critical period for egg survival.

A striking result from the CFD simulations is that
embryos within the same cluster of eggs can experience
remarkably different local O, conditions (figure 3b). This het-
erogeneity emerges from three main sources. First, as water
flows through the egg cluster, it gradually becomes depleted
of Oy, such that eggs in the downstream half of the cluster
experience lower O, (figure 3b). An additional source of O,
variation stems from the heterogeneous flow patterns that
emerge from the random packing configuration of eggs
within cluster (figure 3a). This variability in local flow con-
ditions, when coupled with the high metabolic rate of
embryos generates variable local O, conditions (figure 3b).
Finally, because of the velocity boundary layer that forms
around individual eggs, O, concentrations at the surface of
the egg are substantially lower than ambient O, concen-
trations. We experimentally tested the presence of local
variability in O, conditions by measuring fine-scale O, distri-
bution within replicate experimental clusters of salmon eggs
embedded within gravel-filled PVC pipes (figure 3c). In
agreement with predictions, we observed high intra-cluster
variability in O, (SD =2.7 ng O, ml™"). Moreover, this varia-
bility was apparent even at the smallest spatial resolution
measured (approx. 1cm, figure 3c); O, concentrations
measured by probes located only a centimetre apart could
span the entire range of physically plausible values, from
near saturation to near-complete depletion.
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() mimicking the natural rearing environment of salmon eggs. The black and grey
circles are egg and gravel cross-sections, respectively. The random packing configur-
ation of eggs and gravel resulted in highly variable flow conditions within the egg
cluster. (b) This variability in flow in tum led to highly variable local 0, conditions,
where slow-flowing regions were more heavily depleted of 0,. Additionally, 0, was
depleted as it flowed from the front to the back of the egg cluster. (c) Measured 0,
concentrations within experimental egg clusters were highly variable even at spatial
scales as small as 1. cm. Shown are absolute differences in 0, concentrations
between paired 0, probes within the same egg pocket as a function of the distance
between probes. (d) The degree of 0, limitation for eggs within the cluster in the
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A second major result from the CFD model was that the
degree of O, limitation experienced by embryos within an
egg cluster depends on a nonlinear interaction between temp-
erature and intragravel flow. At high flow velocities, embryos
in temperatures as warm as 15°C generally did not experience
severe O, limitation (figure 3d). However, with decreasing
flow velocity, embryos within the egg cluster experienced
mortality-inducing O, limitation at increasingly lower tempera-
tures. These results suggest that developing salmon eggs in
their natural habitat—buried in gravel nests at low flow vel-
ocities—will be more sensitive to elevated temperatures than
expected based on laboratory studies in normoxia. To test this
prediction, we conducted an additional experiment, where we
buried clusters of 200 eggs within gravel-filled PVC pipes,
and experimentally manipulated flow and temperature. As pre-
dicted by the CFD model, the thermal tolerance of eggs in these
experiments was strongly dependent on flow (figure 4a). At
high flow velocity (0.12 cm s7h), survival was high across both
experimental temperatures (11 and 15°C). However, at the
lower flow velocities (less than 0.1 cm s™') more representative
of the natural condition in redds [13-15], we observed sub-
stantial temperature-dependent mortality. At an intermediate
flow velocity, the onset of temperature-dependent mortality
occurred at 15°C, while at the lowest flow velocity, we observed
elevated mortality even at our lowest experimental tempera-
ture, 11°C. As further evidence of O,-dependent survival, we
found eggs located in the downstream, more O, deprived half
of the egg cluster (figure 3b), survived at lower rates than
eggs in the front of the egg pocket (paired t-test p=0.012;
figure 4b).

In addition to lethal effects, O, limitation also impacted
the size of hatched embryos in ways that largely mirrored
patterns in survival, with embryos hatching at smaller sizes
in warmer and slow-flowing water (figure 4c). This provides
further evidence that O, limitation drives embryos to escape
the egg capsule earlier in development.

Our results provide strong theoretical and empirical support
for the hypothesis that the decreased thermal tolerance of fish
embryos, relative to other life stages, is due to constraints on

O, supply within the egg [8]. As predicted by our O, limit-
ation hypothesis, the thermal tolerance of embryos
decreased with increasing demand associated with develop-
ment, and with reductions in O, supply, either due to
ambient O, concentration or environmental flow. Moreover,
thermal tolerance across all of these conditions could be pre-
dicted from a simple biophysical model of O, supply and
demand. This insight into the mechanistic basis of thermal
tolerance of fish eggs has important implications for predict-
ing how fish populations will respond to climate change.

Across experimental conditions, the thermal tolerance of
Chinook embryos varied by as much as 6°C. This context
dependency of thermal tolerance observed in our study and
others [8,17,18] poses a challenge for predicting how species
will respond to climate change. For example, we found that
thermal tolerance of embryos depends on complex, nonlinear
interactions between developmental stage, ambient O, concen-
tration, flow velocity and the presence of neighbouring eggs.
To assess the effects of all of these factors and their interactions
empirically would quickly result in a combinatorial explosion
infeasible for all but the best-studied species. Importantly
however, a mechanistic understanding of thermal tolerance
compresses the problem to manageable dimensions. Rather
than having to fit a unique thermal performance curve for
each combination of relevant variables, knowledge of the
mechanisms underlying thermal tolerance allows us to make
a priori predictions of how novel conditions will shift thermal
tolerance. In the case of salmon embryos, thermal tolerance
is set by the balance between temperature-dependent O,
demand and diffusion-limited supply. This allowed us to pre-
dict how the thermal tolerance of Chinook salmon embryos
would shift in natural contexts, where O, supply is limited
due to low environmental flows. Not only were these predic-
tions confirmed experimentally, they also explain the recent
near-complete cohort loss of an endangered Chinook salmon
population that occurred over several drought years where
water temperatures were 3°C lower than the lethal levels
predicted from laboratory experiments [8]. More broadly,
this mechanistic understanding will be critical for predicting
how species will respond to aquatic environments that are
simultaneously warming and losing O, [19].

A longstanding goal of ecophysiology is to understand
and predict interspecific variation in thermal tolerance [20-22].



The biophysical model developed here provides a mechanistic
framework for making such predictions. Across species, the
metabolic rate of embryos is proportional to egg volume [8],
but supply occurs by diffusion across the egg surface [6]. Thus,
larger eggs should become O, limited at lower temperatures,
and as a result our theory predicts that thermal tolerance
should decrease with egg size. This prediction is supported by
global patterns of fish egg sizes, where mean egg diameter
is negatively correlated with sea surface temperature [23].
Moreover, for eggs of similar sizes, our theory makes testable
predictions on how thermal tolerance should vary with
species traits (e.g. volume-specific metabolic rate, surface-area-
specific O, conductance) that can be measured form standard
respirometry assays.

The differential scaling of O, supply and demand with
egg volume sets fundamental constraints on egg size in
aquatic systems. The predominant trend in aquatic systems
is that adults produce offspring in proportion to their size
[24]. Specifically, in aquatic organisms ranging in mass over
17 orders of magnitude, adults of most species produce
offspring that on the order of one-hundredth their mass. Tel-
eosts, however, are a striking exception to this pattern, as
offspring size is independent of adult body size [24]. Our
results suggest this pattern emerges because these eggs
approach sizes where O, limitation constrains offspring
size. Although elasmobranchs and marine mammals are as
large or larger than teleosts and produce large offspring in
proportion to their body size, in both cases, these taxa have
evolved physiological adaptations to overcome the limit-
ations of diffusion across an egg surface. For example,
marine mammals supply O, to developing embryos through
the placenta, and embryos of oviparous elasmobranchs are
able to generate flow through slits that form in the egg case
[25]. Because teleosts have not evolved similar adaptions,
they are constrained to produce more offspring instead of
larger offspring. As a result, teleosts are among the most
fecund animals on the planet, with profound implications
for their life history and demography [26].

In summary, our biophysical model of O, limitation
accurately predicted the thermal tolerance of Chinook salmon
eggs across a range of organismal and environmental conditions.
Moreover, O, limitation explains the elevated sensitivity of fish
eggs relative to other life stages [5], global patterns in fish egg
size [23] and the extreme fecundity of large teleosts [24]. As
eggs are one of the most thermally sensitive life stages in fishes
[5], the mechanistic understanding developed here will be criti-
cal for predicting how fishes respond to a warming climate.

4. Methods

(a) Survival experiments

Approximately 8000 freshly fertilized Chinook salmon eggs from
six female x male crosses were collected from Coleman National
Fish Hatchery and transported in aerated coolers to NOAA's
Fisheries Ecology Division of the Southwest Fisheries Science
Center (SWFSC, Santa Cruz, CA). Upon arrival eggs from all
females were well mixed into a common pool. From this pool
groups of 25 eggs were placed into one of 243 individual
50 mm diameter aquaponic baskets and assigned to one of 27
treatments (nine replicates per treatment). Additional baskets of
eggs were set aside for respirometry trials. The baskets were
then placed into a Heath (Flex-a-lite Consolidated) recirculating
incubation tray, where water temperatures were maintained at

12°C. Water was recirculated through the Heath tray at a flow
rate of 19 1min~!, and slits in the sides of baskets allowed
water to flow through the baskets and over the eggs. Water
quality was maintained using an inline ultraviolet light sterilizer
and daily approximately 25% water changes.

Post-transfer, eggs were left to acclimate for a period of two
weeks prior to the collection of mortality data. During this
time, any dead eggs in the baskets were replaced with surplus
eggs reared at the same temperature. Temperature and O, in
the Heath tray were measured twice daily, with temperatures
maintained between 11.9°C and 12.6°C, and O, never fell
below 9.38 ug O, ml™".

At three different developmental stages (21, 28, 35 dpf), groups
of eggs (9 replicate baskets per treatment) were moved to one of nine
experimental aquaria (121, electronic supplementary material,
figure S3). Each experimental tank was kept at one of three tempera-
tures (12, 14.5, 17°C) and three O, levels (saturation, 5.0 and
2.5 pg ml™"). Experimental tanks were held in circulating water
baths heated with submersible heaters and temperature was main-
tained through thermostat controllers placed within the
experimental tanks.

O, levels were maintained by bubbling nitrogen (N,) gas to
strip O, from the water in 500 L reservoirs. O, levels were mon-
itored using Loligo systems optical O, probes and nitrogen
delivery was controlled by the program WitroxView via solenoid
valves. Water was pumped from the reservoirs to each exper-
imental tank at a rate of 5mls™' and O, and temperature
levels in the experimental tanks were monitored via a YSI
ProODO optical handheld O, metre three times daily. Addition-
ally, a mini recirculation pump was placed in each tank to
generate a circulating flow in the circular tanks to prevent local
O, depletion around the eggs. Eggs were kept in these conditions
for one week, and then moved back to the 12°C, normoxic con-
ditions in the Heath tray. Before, during and after exposure,
eggs were monitored daily for mortality, and any dead eggs
were removed from the baskets.

(b) Respirometry

We conducted closed-system respirometry experiments to measure
the metabolic rate of developing Chinook embryos as a function of
developmental state (dpf) and temperature. Starting from 15 dpf,
we ran respirometry trials for each of the three temperature treat-
ments, once per week, for four weeks. In addition, we conducted
three trials at 8°C to cover a larger range of temperatures and gen-
erate a more robust estimate of the temperature dependence of
metabolic rate.

Before the respirometry trials, all eggs were reared at 12°C in
normoxic conditions and brought up to the experimental tempera-
ture over 30 min before each trial. Experiments were conducted
using a Loligo Systems microplate, with 24 1.7 ml wells. Each
well was equipped with an O, sensor spot (PreSens) to measure
O, within the chamber. Experimental temperatures were main-
tained by placing the microplate system in a flow through a
bath, connected to a high-precision temperature control system
(Thermo-fisher SC100 controller paired with A28F bath circulator).
To ensure water within the respirometry chambers was well
mixed, we placed 6 mm glass-coated magnetic spin bars (Loligo
Systems) into each of the 24 wells and placed the entire microplate
system on a magnetic stir plate. To avoid disturbance of the eggs by
the spin bars, we inserted thin stainless steel mesh screens approxi-
mately 6 mm above the bottom of the well. This allowed enough
room below the screen for the bars to spin and enough room
above the screen for the eggs to fit into the wells. For each trial,
12-16 eggs were placed in randomly selected chambers, with the
remaining wells serving as blanks. The microplate system was
sanitized with a diluted bleach solution between each trial. After
sealing the microplate with a layer of parafilm and a soft-silicone
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gasket, we began recording O, at 4 s intervals. We continued to
record O, in each well until O, within each well containing an
egg had dropped to below 10% of saturation. During the exper-
iments, the wells were visually inspected to ensure the magnetic
bars were spinning in each well. Any well with a bar that stopped
spinning was excluded from analysis.

(c) 0, distribution in simulated egq clusters

An experiment to measure the variability of O, within an egg
cluster was conducted at Coleman National Fish Hatchery
(Anderson, CA). To simulate the environment within a redd, we
assembled ‘egg clusters” within six, 15 cm diameter PVC pipe sec-
tions. The PVC pipe was capped and screened at the bottom and
gravel was filled to a base depth of approximately 30 cm. Each
egg tube received a 25:75 mixture of 1.90 and 2.54 cm grade
gravel. To create an egg pocket, a 5 cm diameter sleeve was
placed in the centre of the PVC pipe on top of the base fill and
gravel was filled in around it to a depth of approximately 7 cm.
Once all O, probes were inserted (see below) approximately 1000
O. mykiss eggs (at approximately 260 degree days of development;
Troutlodge Sumner, Washington) were poured through the 5 cm
PVC pipe into the pocket and then the PVC pipe was removed.
The egg pocket was then carefully capped with approximately
15 cm of the same gravel. For the experiment, we used two temp-
erature treatments (11 and 15°C, 3 replicates per temperature) at
an intermediate flow velocity (0.04 cm s™).

Sixteen in situ O, probes were inserted into each of the egg
pocket cylinders (electronic supplementary material, figure S3).
The probes were arranged at four levels within the egg pocket
(1, 3, 5 and 7 cm elevation from the base of the egg pocket)
with four probes per level placed radially at 0, 90, 180 and 270
degrees from a vertical index (see electronic supplementary
material, figure S4 for a detailed diagram of probe locations).

The O, probes and measurement system were assembled in-
house. The core of the O, measurement system is the sensor
spots and optical spectrometer (PreSens Precision Sensing
GmbH, Regensburg, Germany). The 3 mm diameter sensor spots
that fluoresce when light (505 nm) is shone upon them were
glued, using optical epoxy, onto the distal ends of 96 fibre optic
cables, which were sheathed in stainless steel tubing (4 mm diam-
eter x 15 cm length). Because of their small diameter, the O, probes
are minimally disruptive to the flow through the redd. The fibre
optic cable probes were connected to a custom optical multiplexer
(Agiltron Inc., Woburn MA, USA), which was in turn connected to
the optical spectrometer. The system gathered an O, reading every
one second while the script cycled the optical multiplexer through
the 96 fibre optic channels on an approximately 20 s interval.
One complete cycle took about 35 min. The cycle was repeated
continuously for the duration of the experiment (approx. 6 h).

(d) Survival in simulated egg clusters

An experiment to measure the effect of the flow velocity on thermal
tolerance in conditions matching those of natural salmon nests was
conducted at Coleman National Fish Hatchery. In this experiment,
groups of 200, 1-day post-fertilization Fall-run Chinook eggs from
Coleman Hatchery were placed within a gravel upweller tube at
one of two constant temperatures (11 and 15°C) and one of three
flow rates (0.01, 0.04, and 0.12 cms™"). Each temperature system
consisted of an aerated head tank that gravity fed constant tempera-
ture water to 15 tubes (five tubes per flow rate). Water height in each
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