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Abstract
Environmental temperature is a crucial environmental factor that influences many physiological functions
in fishes. Rainbow trout (Oncorhynchus mykiss) are a native anadromous species that inhabit a variety of
freshwater rivers and lakes and are widely distributed throughout the western portion of the United States.
Resident rainbow trout populations occupy interior freshwater environments for the entirety of life. Interior
bodies of water are most susceptible to changes in environmental temperatures. Therefore, resident rainbow
trout are likely to be impacted by variable and rising temperatures, particularly during embryonic
development. Understanding temperature effects during development is likely to provide insight into the
overall thermal biology of a species and its persistence in a changing climate. To assess the effect of
temperature on development of rainbow trout, we examined phenotypes of hatchery embryos reared in
various incubation temperatures (5°C, 10°C, 15°C and 17.5°C). To identify the presence of embryonic
developmental plasticity within developmental time points, embryos incubated in 5°C were exposed to
either 10°C, 15°C or 17.5°C during gastrulation, organogenesis, system integration or growth windows and
a 3-dimensional critical window model was applied. An increase in constant incubation temperature
increased oxygen consumption rate (V̇O2), and decreased hatchling survival, mass, yolk size, body length
and time to 50% hatch. Thermally shifting embryos into increased temperature during distinct windows of
development also reduced survival at hatch, and this was most evident following exposure during
organogenesis, which may signify the presence of a critical window for this trait. Likewise, thermally
shifting embryos into increased temperature resulted in smaller hatchlings. Although there was an initial
increase in V̇O2 in response to temperature, experiencing thermal shifts during development had no
persistent effect on V̇O2 when measured at hatch at 5°C compared to 5°C constant embryos. Collectively,
these results suggest that survival and morphological traits of rainbow trout embryos are most sensitive to
increased temperature during organogenesis and system integration, but increased temperature does not
appear to have a long-term effect on energy use. Environmental temperature plays a fundamental role in
developing aquatic vertebrates. Thus, critical window studies such this performed across species will
eventually allow for the identification of commonalities in plasticity between different species in response
to variables such as temperature.
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Introduction
Environmental temperature is a crucial abiotic factor that influences many physiological functions in
aquatic vertebrates. Both marine and freshwater fish embryonic development are strongly influenced by
temperature (Brooke, 1975; Combs, 1965; Coombs and Hiby, 1979; Garside, 1966; Mueller et al., 2011;
Rombough, 1988). With exposure to increased temperature, embryonic development rate increases, and
thus time to 50% hatch decreases by 37 % between embryos exposed to 2 and 5 °C and by 39 % from 5 to
8 °C in lake whitefish (Coregonus clupeaformis), a species that inhabits cold freshwater bodies of water
within the northern United States and throughout Canada (Mueller et al., 2015). Lake whitefish pre-hatch
embryos also show a functional response, with an increase in temperature from 2°C to 5°C and 5°C to 8°C
resulting in a > 20% increase heart rate and oxygen consumption (Eme et al., 2015). The freshwater
Australian lungfish (Neoceratodus forsteri) also increases development rate and oxygen consumption rate
(V̇O2) throughout embryonic development as temperature increases from 15°C to 25°C, which represents
the temperature range the species naturally experiences during development (Mueller et al., 2011). The
development rate of the freshwater rohu (Labeo rohitai) also increases between 26 and 33°C, but at 36°C
embryos are deformed and hatching rate is low, indicating the temperature is outside the species’ tolerance
range (Das et al., 2006). Increased development rate of Salmo salar embryos as incubation temperature
approaches 14°C results in faster establishment of caudal circulation, completion of vitelline circulation,
and appearance of eye pigmentation (Vernier, 1977). Collectively, these previous studies demonstrate that
exposure to increased constant temperature during development influences morphological and
physiological embryonic phenotypes across a range of species (Das et al., 2006; Eme et al., 2015; Gray,
1928; Mueller et al., 2015).
Rainbow trout are a native anadromous species that inhabit a variety of freshwater rivers and lakes
throughout the western portion of the United States (Staley and Mueller, 2000). The anadromous phenotype
undergoes a partial migratory event from saltwater environments to oxygen-rich freshwater rivers to breed
during late spring through late summer, while resident phenotypes complete their entire life cycle within a
freshwater environment (Kendall et al., 2014). Resident phenotype exposure to freshwater environments
for the entirety of life is associated with both fitness and performance trade-offs. For instance, the resident
phenotypes have an increased probability of survival and multiple reproductive cycles. However, offspring
are typically smaller in size at maturation when compared to offspring of the anadromous phenotype
(Hendry and Stearns, 2004). Interior bodies of water are more susceptible to changes in environmental
temperature (Heino et al., 2009). Therefore, resident rainbow trout are likely to be impacted by variable and
rising temperatures, especially during development.
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In natural conditions, adult rainbow trout experience monthly fluctuations in water temperature
ranging from 0 to 13.9 °C in cold water streams and 0 to 19.4 °C in warm water streams (McMillan et al.,
2012). Studies have also explored temperature effects on rainbow trout embryos. For instance, increased
incubation temperature between 2.5°C and 17.5°C increases developmental velocity during embryonic
development (Garside, 1966; Rombough, 1988). Previous studies investigating temperature effects on
survival have shown variable results, with some studies indicating incubation temperatures surpassing 10˚C
can cause high rates of mortality (Kwain, 1975), while another study indicates survival remains at or above
85% at temperatures up to 15°C (Rombough, 1988), and temperatures between 10 and 12°C have produced
high hatching success (Knight, 1963; Vernier, 1977). Embryonic metabolism has also been shown to
increase as constant incubation temperature increases (Rombough, 1988). However, these studies have all
focused on constant temperatures and thus little is known about how temperature changes during embryonic
developmental windows, such as gastrulation, organogenesis, system integration, and growth, affect
survival, development rate, growth and metabolism in rainbow trout embryos.
Developmental critical windows are specific time frames during embryonic development when an
emerging phenotype is most susceptible to alteration and/or modification (Burggren and Mueller, 2015).
Developmental critical windows have been previously viewed as having distinct starting and ending points,
typically depicted in a 2-dimensional fashion by measuring the timing of phenotypic modification as a result
of a single stressor dose. However, recently a more defined approach has emerged in which a 3-dimensional
critical window can be assessed by measuring the graded effect of phenotype modification in response to
the timing of exposure and stressor dose (Burggren and Mueller, 2015). In examining the influence that
constant temperature has on development, phenotypes are assessed with respect to the temperature
experienced throughout all of development when in fact exposure only during a small portion of
development may be needed to create phenotypic modification. Furthermore, subtle phenotypic
modification may be missed due to high stressor dosages or only strongly modified phenotypes are chosen
for examination. Assessing the interaction between environmental stressor and timing of exposure during
development allows for the identification of developmental timepoints where phenotypes are most
vulnerable to alternation. As global climate change continues to contribute to species declines, critical
window studies performed across species will eventually allow for the identification of commonalities in
plasticity between different species in response to variables such as temperature and oxygen availability.
Changes in environmental conditions during distinct developmental time points have previously
been shown to alter morphological and physiological developmental phenotypes (Eme et al., 2015; Eme et
al., 2018; Lim et al., 2017; Mueller et al., 2015). For example, survival, maturation, and morphology of
brine shrimp (Artemia franciscana) are altered by exposure to different salinities during distinct periods of
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development. Brine shrimp are larger following exposure to 10 ppt (parts per thousand) and 40 ppt salinity
compared to 20, 30 and 50 ppt during early exposure windows of development on days 1-6 and days 7-9,
but these salinity differences are absent later in development on days 10-12 and 13-15 (Mueller et al., 2016).
A similar experimental design revealed that there is a critical window for survival present during
gastrulation in the lake whitefish (Coregonus clupeaformis) (Mueller et al., 2015). Additionally, developing
lake whitefish experience both an increase in heart rate and oxygen consumption when thermally shifted
during the end of gastrulation and embryogenesis, suggesting a critical window for embryonic function
during organogenesis (Eme et al., 2015). It is unknown if other fish embryos show similar critical windows
for survival and function.
The aim of this study was to assess the effect of temperature changes within critical developmental
time points in rainbow trout embryos. We examined whether experiencing increased temperature during
distinct developmental time points directly affected survival, morphological and physiological phenotypes.
We used a fully factorial critical window design in which embryos were incubated in one of four
temperatures (5°C, 10°C, 15°C and 17.5°C) during one of four embryonic windows (gastrulation,
organogenesis, system integration, and growth). Gastrulation is a process where progenitor cells for organ
systems, including the heart, have begun to differentiate and is an early developmental milestone with
morphological and potentially physiological significance (Jensen et al., 2013; Stainier, 2001). Gastrulation
is complete by approximately 15-20% of the total embryonic period in rainbow trout (Yang et al., 1999).
Organogenesis is a developmental process where germ layers are futher differentiated into specialized
tissues and organs. The end of organogenesis is evident by two distinct morphological markers in many
developing fish embryos, the presence of a beating heart tube and eye formation (Price, 1934a; Price,
1934b), and is a time point around 50% of development when the cardiovascular system is present and other
organ systems are being established. Beyond the eyed stage, organ systems continue to develop so that
larval stages have the required organ system integration for aerobic activity, feeding, and digestion. Many
fish embryos have a final growth stage of variable length before emergence from the egg, which can have
significant effects on gas exchange and metabolic demands (Mueller and Seymour, 2011). Embryos were
incubated at 5°C outside of these exposure windows, thus this lowest temperature serves as the overall
control.
Previous work has shown that the rainbow trout strain used in this study does not successfully
complete embryonic development at 20°C (Mueller, unpublished data). Therefore, we hypothesized that as
incubation temperature increases toward this thermal limit (up to 17.5°C) survival to hatch would decrease.
We also hypothesized that within the range of temperatures at which the species successfully develops, time
to hatch would decrease as temperature increases. Since the rate of development was expected to increase
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as temperature increases, we predicted that metabolic demand throughout embryonic development would
also increase. We also hypothesized that gastrulation would represent a critical window for survival, with
an increase in temperature reducing survival during this period, similar to observations in lake whitefish
(Mueller et al., 2015). Additionally, we hypothesized that organogenesis and system integration would
represent a critical window for oxygen consumption. This prediction is based on previous findings in lake
whitefish embryos that demonstrated a significant change in function during this time (Eme et al., 2015).
Methods
Embryo Rearing & Temperature Treatments
Freshly fertilized diploid rainbow trout eggs were obtained from Mount Shasta Hatchery, CA and shipped
to California State University San Marcos, CA overnight. On 1 day post fertilization (dpf), eggs were
randomly distributed into sterile plastic petri dishes (100mm x 15mm) containing aged tap water at a density
of 25 ± 0.3 (± SEM) eggs per dish. Petri dishes were distributed evenly amongst 16 critical window
temperature treatments with 10 replicate dishes per treatment (Table 1). The petri dishes were placed in
8.5” x 11” plastic Sterilite containers (Townsend, MA, USA) and placed in the appropriate temperature
treatment. 5°C was achieved using a Thermo Scientific Precision™ low temperature incubator (Waltham,
MA, USA). 10˚C, 15˚C, and 17.5˚C were achieved using AWC-330E NewAir compressor wine coolers
(Cypress, CA, USA). These temperatures are within the range of temperatures that have been used in
previous studies to assess the effects of incubation temperature on embryonic phenotypes of rainbow trout
embryos (Garside, 1966; Li et al., 2007; Matschak et al., 1998; Rombough, 1988; Weber et al., 2016). The
rainbow trout strain used in this study does not successfully complete embryonic development at 20°C
(Mueller, unpublished data), therefore 17.5°C was selected to represent a potentially stressful environment
but allow phenotype to be assessed. A Thermochron iButton® data logger (Model DS1922L, iButtonLink,
(Whitewater, WI, USA) recorded temperature every hour in a Ziploc® container with a similar volume of
water as the petri dishes in all incubators. Weekly average temperatures were used to generate a grand mean
for each temperature for the entire incubation period: 5°C: 5.1 ± 0.1, 10°C: 10.0 ± 0.1, 15°C: 15.0 ± 0.1,
17.5°C: 17.4 ± 0.1). Dead embryos were removed and a 50% water change was performed twice a week
using aged tap water maintained at each temperature and embryo mortality was used to calculate survival
within each replicate dish. When hatching capacity was reached, hatchlings were removed from treatments
and survival evaluated daily. Development rate was monitored by viewing a subset of embryos from each
treatment under a microscope at least every two days throughout development.
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When embryos reached target stages of end of gastrulation (Vernier stages 15-16), end of
organogenesis (Vernier stage 21), system integration (Vernier stages 27-28), and hatching (Vernier stage
30), oxygen consumption was measured (described below). Target stages where selected based on visual
characteristics present on or surrounding the developing embryo (Vernier, 1977). The completion of 2/33/4 of the epiboly and the visible presence of optic vesicles signified the end of gastrulation (Vernier stages
15-16). The pigmentation of the external edge of the choroid indicated the end of gastrulation (Vernier stage
21). The appearance of melanophores on dorsal region of the head of the developing embryo signified end
of system integration (Vernier stages 27-28). Hatchling emergence from the chorion signified the hatch
window (Vernier stage 30). At each of these developmental stages, embryos either remained at 5°C, were
shifted from 5°C into either 10°C, 15°C or 17.5°C, or were shifted from 10°C, 15°C or 17.5 °C back into
5°C (Table 1). For those treatments that underwent a change in temperature of 5°C (5°C–10°C), embryos
were directly moved into the new constant temperature and allowed to equilibrate. For those treatments that
underwent a change of temperature or 10°C or more, embryos were shifted 5°C every ~2 h (e.g a shift from
5°C to 17.5°C involved 2 h at 10°C and 2 h at 15°C before being moved into 17.5°C).
Hatchling Morphology
Upon hatching capability, half the hatchlings were fixed in 4% paraformaldehyde in phosphate buffered
saline. Fixed hatchlings were stored at room temperature (23°C) for an average of 35 ± 0.2 days. Hatchlings
were then transferred into 70% ethanol, photographed using an Am Scope 3.35X-90X U Zoom Stereo
Trinocular Microscope with USB 3.0 digital camera (Irvine, CA, USA). Hatchling length was measured
from the tip of the head to the posterior of the caudal fin (full body length) using AmScope software. The
yolk was then dissected, embryo and yolk masses weighed to ± 0.1 mg using a XS105 Mettler Toledo
analytical balance (Columbus, OH, USA), samples dried at 65°C (Model 10 oven, Quincy Lab, Inc.,
Chicago, IL USA) and reweighed. The remaining half of the hatchlings had the yolk removed before being
placed in RNAlater and stored at -80 °C for future gene expression analysis.
Oxygen Consumption Rate
Oxygen consumption rate (V̇O2) was measured at each temperature at target stages: end of gastrulation, end
of organogenesis, end of system integration, and hatching. Individual rainbow trout embryos/hatchlings
were placed in custom-built water filled respiratory chambers (volume ~1ml) containing a 5mm O2 sensor
spot (Loligo Systems, Tjele, Denmark). Each chamber was calibrated with a fresh anoxic solution of 10 mg
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sodium sulfite in 1 ml of water (0%) and air equilibrated solution (100%). Chambers were housed in a
recirculating water bath thermostated to the target temperature by an Isotemp refrigerated/heated bath
circulator (Model 6200 R20, Fisher Scientific Inc., Pittsburgh, PA USA). Individual embryos/hatchlings
were sealed in the chambers and V̇O2 was determined for four chambers at a time by intermittent
respirometry. Embryos/hatchlings were exposed to an intermittent cycle of a 10 s flush period, where O2
rich ambient temperature water entered the chamber, followed by a 180 s wait period to acclimate to O2
levels, and a 390 s V̇O2 measurement period. Oxygen in the chambers was recorded using fiber optic cables
held to the outside of the chambers in line with the sensor spots. The cables were connected to a Witrox 4
oxygen meter (Loligo Systems) and the decrease in oxygen recorded using AutorespTM respirometry
software (Loligo Systems). Readings began immediately and the average V̇O2 was calculated once a steady
state was obtained (~30 minutes after animals were placed in the chambers). V̇O2 was calculated from the
decrease in individual chamber PO2 over time, the capacitance of the water at the specific incubation
temperature, and the chamber volume minus the volume of the embryo (estimated from mass). All V̇O2
values were corrected for V̇O2 of the empty chamber to account for any microbial oxygen consumption. All
embryos and hatchlings used for V̇O2 were fixed in 4% paraformaldehyde in phosphate buffered saline and
morphology determined as described above. Dry mass of the embryos/hatchling was used to determine
mass-specific V̇O2.
Statistical Analysis
Hatchling yolk-free dry mass, yolk dry mass, and total body length within each replicate dish were averaged
and the mean of each dish was used to calculate a grand mean for each treatment. Percent survival of
developing embryos was calculated by dividing the number of dead embryos by the number of remaining
embryos in each dish. Cumulative percent survival was corrected for cumulative mortality by multiplying
percent survival for the current time point by percent survival of the previous time point. Embryos which
were removed for V̇O2 measurements were accounted for by subtracting the number of removed embryos
from the total number of embryos remaining.
For all variables, a Shapiro-Wilk Test and Levene’s Test were utilized to assess normality and
homogeneity of variance, respectively. When normality and homogeneity of variance assumptions were
met, a two-way ANOVA was performed with temperature, critical window, and the interaction between
temperature and critical window as the main effects. Multiple comparisons were performed on significant
effects using the Student-Newman-Keuls (SNK) method. When the interaction between temperature and
window was significant multiple comparisons were performed on the interaction alone. When normality
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and homogeneity of variance assumptions were not met, a two-way ANOVA on ranks was performed with
temperature, critical window and the interaction between temperature and critical window as the main
effects. When the interaction was significant multiple comparisons were performed using the StudentNewman-Keuls (SNK) method as described above. All statistics were performed in SAS (University
Edition, SAS Institute Inc., Cary, NC, USA). Data presented as mean ± S.E.M, and differences were
accepted as statistically significant at α < 0.05.
Table 1. Critical window experimental design in which embryos were incubated at 5°C, 10°C, 15°C or 17.5°C
throughout development or only during the windows of Gastrulation, Organogenesis, System Integration or Growth.
5°C served as the overall control. 10°C* is highlighted in lavender, 15°C^ is highlighted in plum, and 17.5°C` is
highlighted in red.

Treatments

Gastrulation

Organogenesis

System
Integration

Growth

1

5°C

5°C

5°C

5°C

2

10°C*

10°C*

10°C*

10°C*

3

15°C^

15°C^

15°C^

15°C^

4

17.5°C`

17.5°C`

17.5°C`

17.5°C`

5

10°C*

5°C

5°C

5°C

6

15°C^

5°C

5°C

5°C

7

17.5°C`

5°C

5°C

5°C

8

5°C

10°C*

5°C

5°C

9

5°C

15°C^

5°C

5°C

10

5°C

17.5°C`

5°C

5°C

11

5°C

5°C

10°C*

5°C

12

5°C

5°C

15°C^

5°C

13

5°C

5°C

17.5°C`

5°C

14

5°C

5°C

5°C

10°C*

15

5°C

5°C

5°C

15°C^

16

5°C

5°C

5°C

17.5°C`

Results
Survival and Hatch Timing
Time to 50% hatch (dpf) was significantly influenced by exposure window (F = 51.87, P < 0.0001) and the
interaction between temperature and exposure window (F = 5.96, P < 0.0001), but not temperature (F =
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1.73, P = 0.16). Embryos reached time to 50% hatch sooner at warmer constant temperatures compared to
embryos incubated constantly at 5°C throughout development (Figure 1a). When developing embryos
experienced 10, 15 or 17.5°C during any of the developmental exposure windows time to 50% hatch
decreased compared to 5°C controls, which was most pronounced with 15 and 17.5°C (Figure 1b). Embryos
that experienced a thermal shift of 15°C and 17.5°C during gastrulation, organogenesis, and hatch windows
reached time to 50% hatch on similar days. However, embryos exposed to 17.5°C reached 50% hatch sooner
than embryos at 15°C during the system integration window.
Across temperature treatments, survival at 50% hatch was significantly affected by temperature (F
= 29.76, P <0.001), exposure window (F = 2.46, P < 0.048), and the interaction between incubation
temperature and exposure window (F = 3.85, P = 0.0004) (Figure 2a). Generally, as temperature increased
survival at 50% hatch decreased. The decreasing trend was observed during all exposure windows.
However, temperature had the strongest influence on survival at hatch following exposure to 17.5°C during
organogenesis (Figure 2b).
Hatchling Morphology
Hatchling yolk-free dry mass was strongly influenced by temperature (F = 39.06, P < 0.0001), exposure
window (F = 38.31, P < 0.0001), and the interaction between temperature and exposure window (F = 21.70,
P < 0.0001) (Figure 3a). Within control treatments, hatchling yolk-free dry mass significantly decreased
when embryos were incubated at 15 and 17.5°C. Exposure to increased temperature during gastrulation and
organogenesis had no effect on hatchling yolk-free dry mass. However, when exposed to increased
temperature during system integration and growth hatchling yolk-free dry mass was significantly reduced
(Figure 3b).
Yolk dry mass at hatch was influenced by temperature (F = 6.22, P < 0.0006) and exposure window
(F = 4.57, P = 0.0017) (Figure 4a), but not the interaction between temperature and exposure window (F =
0.78, P = 0.62). For all temperatures combined, yolk dry mass at hatching was highest following a thermal
shift during system integration and growth, but this did not differ from hatchling yolk mass following
increased temperature exposure during gastrulation (Figure 4b). For all exposure windows combined, yolk
dry mass at hatch was similar at 10°C, 15°C and 17.5°C, which were all lower than yolk dry mass of
embryos incubated constantly at 5°C throughout development (Figure 4, SNK comparison not present on
graph).
At hatch, body length was influenced by temperature (F = 5.78, P = 0.0010) and exposure window
(F = 22.55, P < 0.0001), but not the interaction between temperature and exposure window (F = 1.58, P =
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0.14). For all temperatures combined, hatchlings were longest following exposure to increased temperature
during gastrulation, followed by organogenesis and system integration. Hatchling length following
exposure to warm water during the growth window was not significantly different from control treatments
(Figure 5a,b). For all exposure windows combined, total body length of embryos was similar at 10°C, 15°C
and 17.5°C, which were all shorter than 5°C controls (Figure 5, SNK comparison not present on graph).
Oxygen Consumption (V̇O2)
V̇O2 measured at the end of organogenesis was influenced by exposure window (F = 4.48, P < 0.0391), but
not temperature (F = 0.03, P = 0.97) or the interaction between temperature and exposure window (F =0.95,
P = 0.39). Embryos incubated in increased temperature only during organogenesis had similar V̇O2 to the
controls (embryos incubated constantly in increased temperature) (Figure 6a). However, embryos exposed
to increased temperature only during gastrulation, but measured at 5°C at organogenesis had lower V̇O2
compared to control treatments. V̇O2 measured at the end of system integration was influenced by
temperature (F = 5.70, P = 0.0012) and exposure window (F = 7.74, P = 0.001), but not the interaction (F =
2.07, P = 0.06). Embryos incubated in increased temperature during system integration displayed somewhat
elevated V̇O2 that was similar to controls (Figure 6b). Embryos exposed to increased temperature during
gastrulation, but measured at 5°C at system integration, also had V̇O2 that was somewhat reduced, but still
similar to controls. Embryos exposed to increased temperature during organogenesis, but measured at 5°C
at system integration, had lower V̇O2 compared to controls. When measured at the end of system integration,
embryos exposed to 15°C and 17.5°C had higher V̇O2 compared to 5°C control embryos. V̇O2 measured at
hatch was influenced by temperature (F = 3.13 , P < 0.029) and exposure window (F = 10.93 , P < 0.001),
but not the interaction (F = 1.47, P = 0.18). Embryos incubated in increased temperature during the growth
window had similar V̇O2 to controls (Figure 6c). Embryos exposed to increased temperature during
gastrulation, organogenesis, and system integration, but measured at 5°C at hatch, had V̇O2 that was lower
compared to controls (Figure 6c). When measured at hatch, embryos exposed to 15°C had a higher V̇O2
compared to 5°C control embryos. While embryos exposed to 10°C had lower V̇O2 compared to 5°C control
embryos. Embryos exposed to 17.5°C had a slightly lower V̇O2 compared to 5°C control embryos. When
V̇O2 of hatchlings was measured all at 5°C there was no effect of exposure window (F = 2.04, P = 0.11),
temperature (F = 0.33, P = 0.72) or the interaction between temperature and exposure window (F = 0.58, P
= 0.75) (Figure 7a, b).

Melendez 13

Figure 1. a) Time to 50% hatch (dpf) of rainbow trout incubated at different constant and shifted temperature
treatments. Control represents constant incubation temperatures throughout embryonic development. Gastrulation,
organogenesis, system integration and growth represent developmental windows of warm temperature exposure.
Error bars represent standard error of the mean (SEM). Letters indicate differences based on a Student–Newman–
Keuls comparison (p<0.05). b) 3-dimensional critical window construct with mean survival at 50% hatch in response
to temperature and exposure window.
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Figure 2. a) Mean survival at 50% hatch (%) of rainbow trout incubated at different constant and shifted temperature
treatments. Control represents constant incubation temperatures throughout embryonic development. Gastrulation,
organogenesis, system integration and growth represent developmental windows of warm temperature exposure.
Error bars represent standard error of the mean (SEM). Letters indicate differences based on a Student–Newman–
Keuls comparison (p<0.05). b) 3-dimensional critical window construct with mean survival at 50% hatch in response
to temperature and exposure window.

Melendez 15

Figure 3. a) Mean hatchling yolk-free dry mass (mg) of rainbow trout incubated at different constant and shifted
temperature treatments. Control represents constant incubation temperatures throughout embryonic development.
Gastrulation, organogenesis, system integration, and growth represent developmental windows of warm temperature
exposure. Error bars represent standard error of the mean (SEM). Letters indicate differences based on a Student–
Newman–Keuls comparison (p<0.05). b) 3-dimensional critical window construct using mean hatchling yolk-free
dry mass in response to temperature and exposure window.
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Figure 4. a) Mean dry yolk mass at hatch (mg) of rainbow trout incubated at different constant and shifted
temperature treatments. Control represents constant incubation temperatures throughout embryonic development.
Gastrulation, organogenesis, system integration and growth represent developmental windows of warm temperature
exposure. Error bars represent standard error of the mean (SEM). Letters indicate differences based on a Student–
Newman–Keuls comparison across exposure windows for all temperatures combined (p<0.05). b) 3-dimensional
critical window construct using mean hatchling-free yolk mass in response to temperature and exposure window.
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Figure 5. a) Mean hatchling total body length (mm) of rainbow trout incubated at different constant and shifted
temperature treatments. Control represents constant incubation temperatures throughout embryonic development.
Gastrulation, organogenesis, system integration and growth represent developmental windows of warm temperature
exposure. Error bars represent standard error of the mean (SEM). Letters indicate differences based on a Student–
Newman–Keuls comparison across exposure windows for all temperatures combined (p<0.05). b) 3-dimensional
critical window construct using mean hatchling total body length in response to temperature and exposure window.
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Figure 6. a) Mean mass-specific oxygen consumption (V̇O2, µl h-1) of embryos at the end of organogenesis. Control
represents embryos incubated in and measured at different constant temperatures, gastrulation represents embryos
incubated in 10°C, 15°C, and 17.5°C during gastrulation but measured at 5°C, and organogenesis represents embryos
incubated in 10°C, 15°C, and 17.5°C during organogenesis and measured at those temperatures. b) Mean massspecific oxygen consumption (V̇O2, µl h-1) of embryos at the end of system integration. Control represents embryos
incubated in and measured at different constant temperatures, gastrulation and organogenesis represent embryos
incubated in 10°C, 15°C, and 17.5°C during those windows but measured at 5°C, and system integration represents
embryos incubated in 10°C, 15°C, and 17.5°C during system integration and measured at those temperatures. c) Mean
mass-specific oxygen consumption (V̇O2, µl h-1) of hatchlings. Control represents hatchlings incubated in and
measured at different constant temperatures, gastrulation, organogenesis, and system integration represent embryos
incubated in 10°C, 15°C, and 17.5°C during those windows but measured at 5°C, and growth represents embryos
incubated in 10°C, 15°C, and 17.5°C during system integration and measured at those temperatures. Error bars
represent standard error of the mean (SEM). Letters indicate differences based on a Student–Newman–Keuls
comparison across exposure windows for all temperatures combined (p<0.05).
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Figure 7. a) Mean hatchling mass-specific oxygen consumption (V̇O2, µl h-1) measured at 5°C of rainbow trout from
shifted temperature treatments. Control represents 5°C constant incubation temperature throughout embryonic
development. Gastrulation, organogenesis, system integration and growth represent developmental windows of warm
temperature exposure. Error bars represent standard error of the mean (SEM). b) 3-dimensional critical window
construct using mean hatchling mass-specific oxygen consumption in response to temperature and exposure window.
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Discussion
Exposure to increased temperature during specific windows of development influences various embryonic
phenotypes in developing aquatic vertebrates (Eme et al., 2015; Mueller et al., 2015). In this present study,
we demonstrated that exposure to increased temperature during distinct developmental windows reduced
survival at hatch and hatchling mass when compared to embryos that experienced 5°C constantly
throughout development. The reduction in survival was largest following exposure to a change in
temperature during organogenesis. Exposure to increased temperature during the system integration and
growth developmental windows resulted in smaller hatchlings with less yolk at hatch when compared to
embryos that experienced 5°C constantly throughout development. Following constant temperature
incubation throughout development we observed an expected increase in mass-specific oxygen
consumption rate (V̇O2) at hatch. In contrast, exposure to thermal shifts during distinct developmental time
points had minimal effect on mass-specific V̇O2 at hatch when measured at 5°C. Thus, exposure to thermal
shifts during embryonic development has negligible effects on mass-specific V̇O2 once embryos return to
5°C. These results suggest that developing rainbow trout are somewhat sensitive to increases in
environmental temperature during organogenesis and system integration, but that increased temperature
does not appear to have a long-term effect on energy use.
Our study confirms previous findings that illustrate how developmental rate of rainbow trout
embryos increases, and thus time to 50% hatch decreases, with an increase in constant incubation
temperature (Garside, 1966; Rombough, 1988; Velsen, 1987). For example, rainbow trout embryos exposed
to constant temperature regimes reached 50% hatch approximately 61 dpf at 6°C, 40 dpf at 9°C, 27.9 dpf
at 12°C, and 20 dpf at 15°C (Rombough, 1988). In this study, time to 50% hatch also progressively
decreased with an increase in temperature from 5°C to 17.5°C (Figure 1). Embryos exposed to constant
temperature regimes reached 50% hatch approximately 71 dpf at 5°C, 36 dpf at 10°C, 23 dpf at 15°C, and
20 dpf at 17.5°C. This comparison indicates that embryos in the present study took a little longer to reach
50% hatch than previously documented with similar constant temperature treatments (Rombough, 1988;
Velsen, 1987). This result supports our initial hypothesis that rainbow trout will successfully develop within
a range of temperatures and time to hatch would decrease as temperature increases. Likewise, experiencing
increased temperature during distinct developmental time points resulted in a reduction in time to 50%
hatch. Development was faster with warm water exposure during all windows, but the effect of the highest
temperatures, 15°C and 17.5°C, was most evident during system integration and growth. This is partly
because warm water exposure during these later stages triggers early hatching once the embryos are
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hatching competent. Early hatching may have ramifications for the embryos post-hatch and altered
developmental timing may result in different post-hatch conditions, including in temperature and food
availability. Future studies should examine success of hatched rainbow trout under various conditions to
examine potential carry-over effects of changes in embryonic temperature.
Both an increase in constant incubation temperature and increased temperature during
developmental windows has a significant impact on survival to hatch. Embryos that experienced warm
water conditions (17.5°C) consistently throughout development showed a decrease in survival down to 50%
by hatch, compared to 81% survival at hatch at 5°C (Figure 2). This result supports previous studies that
demonstrate exposure to increased constant temperature is strongly correlated with reductions in survival
in various marine and freshwater fish (Coombs and Hiby, 1979; Gray, 1928; Guma’A, 1978; Hokanson et
al., 1977; Pepin, 1991). Likewise, experiencing increased temperature just during distinct developmental
time points also resulted in a reduction in survival at 50% hatch. Exposure to 17.5°C caused the strongest
reduction in survival, and this was most evident when exposure occurred during organogenesis. This does
not quite match our hypothesis that gastrulation would be a critical window for survival, but still
encompasses the first half of embryonic development. Early embryonic development has been shown
previously to be a developmental period where phenotypes are particularly sensitive to changes in
temperature (Eme et al., 2015; Mueller et al., 2015). For example, exposure to thermal shifts after
gastrulation revealed decreases in embryo survival within developing lake whitefish embryos (Mueller et
al., 2015). Although survival is influenced by thermal shifts, rainbow trout are more sensitive to the effect
of temperature later in development when compared to lake whitefish. The combination of thermal stress
and malformation of developing organs such as the heart could be contributing factors resulting in a
reduction in survival. Embryos were less sensitive to temperature later in development, as indicated by a
slight increase in survival at hatch, most likely due to the fact that embryos approaching hatch experience
increased temperature naturally in the environment during the transition into spring.
Incubation in higher temperatures constantly throughout development resulted in smaller hatchlings
(Figure 3). Embryos that experienced 17.5°C constantly throughout development weighed on average 1.41
mg hatch compared to 2.87 mg at 5°C. These hatchling dry mass values are lower than what has been
previously documented for this species. For example, average hatchling mass ranged from 4.8 mg to 7.3
mg at 15 – 6°C (Rombough, 1988), which is approximately 89% greater than the hatchling masses reported
here. Differences in strains and phenotype (resident vs anadromous) and initial fertilized egg mass may be
a contributing factor to the difference in hatchling mass between these two studies. In this present study the
mean dry yolk mass at fertilization was on average 26.7 mg compared to 44.3 mg of embryos measured by
Rombough (1988). Hatchling dry mass was also influenced by exposure to increased temperature during
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later developmental time points. Exposure to thermal shifts during gastrulation and organogenesis had
minimal effect on hatchling mass, but exposure to 15°C and 17.5°C during system integration and growth
resulted in smaller hatchlings. The end of organogenesis has been shown to be a developmental timepoint
when embryonic morphology is sensitive to changes in temperature. For instance, among developing lake
whitefish embryos, exposure to increase thermal shifts after organogenesis resulted in a reduction in
hatchling mass (Mueller et al., 2015). Increased temperature during these late developmental windows acts
as a cue for earlier hatching, thus exposure to warm water during this period when somatic growth is the
dominant process decreases hatchling mass. Hatching earlier and being smaller in size may have potential
negative impacts on juvenile fitness and performance (Porter and Bailey, 2007; Vigliola and Meekan, 2002),
and represents a fruitful area of future research in relation to how the developmental environment shapes
phenotypes.
Despite a reduction in hatchling dry mass with an increase in temperature, exposure to warm water
constantly throughout development also reduced yolk mass at hatch, rather than smaller hatchlings having
a larger residual yolk. The decrease in yolk was most evident when embryos were exposed to constant
17.5°C (Figure 4). This result suggests that as embryos reach their upper thermal limit, yolk energy
allocation is altered and inefficient. Developing embryos may allocate excess energy to differentiation and
maintenance and less to tissue growth. Similar to hatchling mass, yolk dry masses in this study were lower
than previously recorded for the anadromous phenotype of this species (Rombough, 1988). Rombough
(1988) reported average yolk dry masses of 37.1 – 41.4 mg at hatch at 6 – 15°C, and yolk mass was highest
at the warmer temperatures. Thus, this previous study indicated that reduced hatchling mass at higher
temperature was matched by increased residual yolk. This indicates that temperature did not have the
negative impact on yolk utilization that it appears to have in this study. While we did not observe an increase
in yolk mass in concert with the decrease in hatchling masses following constant warm temperature
incubation, we did see this effect with exposure to thermal shifts during system integration and growth.
These hatchlings were smaller at hatch and had larger yolk masses. Thus, warm water exposure during the
latter part of development appears to induce earlier hatching without influencing yolk utilization.
Exposure to constant warm water conditions throughout development reduced total hatchling body
length (Figure 5). In this present study, embryos incubated in 17.5°C constantly throughout development
were significant shorter in length with an average of 10.7 mm compared to 13.2 mm at constant 5°C. Our
study confirms previous findings that demonstrated how hatchling body length decreases within warm water
constant conditions among various salmonid species (Fuhrman et al., 2018; Réalis-Doyelle et al., 2016).
Despite this effect of constant temperature on length, exposure to thermal shifts during gastrulation,
organogenesis, and system integration had minimal effect on hatchling length. In contrast, the effect of
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increasing temperature on reducing hatchling body length was most evident during the growth
developmental period. This result is likely driven by the effect of temperature on hatchling yolk-free dry
mass, which was also reduced with warm water exposure late in development. Dry mass and length, which
are two useful two measures of size, follow similar trends, indicating temperature does not alter length
independent of mass or vice versa.
While we observed significant effects of thermal shifts on survival, development rate and
morphological traits, we found that energy use, measured as mass-specific V̇O2, was more thermally robust.
When embryos were exposed to increased temperature within each developmental window, we observed
an increase in V̇O2. At the end of organogenesis, embryos measured at higher temperatures showed higher
V̇O2 (Figure 6a). While embryos that had been in warmer temperature earlier during gastrulation but
returned to and measured at 5°C no longer showed elevated V̇O2 above embryos incubated constantly in
5°C. Similarly, when V̇O2 was measured at the end of system integration and at hatch, embryos measured
at warmer temperatures showed higher V̇O2 and embryos that had been in warmer temperature earlier during
development (either gastrulation, organogenesis or system integration) and returned to and measured at 5°C
no longer showed elevated V̇O2 (Figure 6b, c). Overall, these results indicate that transient exposure to
increased temperature during development increased V̇O2 during the exposure but had no persistent effect,
and that returning to 5°C returns V̇O2 back to the level that is similar to embryos that have been incubated
constantly at 5°C. When we examined mass-specific V̇O2 at hatching, we observed that constant warm water
exposure throughout development increased V̇O2, a common observation across many different fish species
(Boulekbache et al., 1969; Eme et al., 2015). However, we again observed that exposure to warm water
during developmental windows did not have a persistent effect when V̇O2 was measured at hatch at 5°C
across all treatments, which refutes our hypothesis that warm water exposure during organogenesis and
system integration would alter V̇O2 at hatch. Early development has been shown previously to be a
developmental period when metabolic phenotypes are particularly sensitive to changes in temperature (Eme
et al., 2015). Exposure to thermal shifts (between 2°C and 8°C) after gastrulation revealed alterations in
metabolic rate of lake whitefish embryos (Eme et al., 2015). However, for the most part these changes did
not persist to the hatching stage in lake whitefish embryos, which matches our findings in rainbow trout. In
fact, the rapid return of V̇O2 to 5°C levels in the rainbow trout suggests they are more thermally robust. The
lack of long-term changes in energy use supports the notion that rainbow trout metabolism is thermally
tolerant to brief fluctuations in temperature during development.
Overall, exposure to constant temperatures and thermal shifts during distinct developmental
timepoints altered hatchling survival, developmental timing, and morphology of rainbow trout embryos.
An increase in constant temperature resulted in faster development, produced smaller hatchlings with small
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yolks, and increased V̇O2. Hatching sooner and smaller may influence post-hatch fitness and performance.
Exposure to increased temperature just during late stages of development increased developmental rate and
reduced hatchling mass and length. Survival generally decreased with increased temperature, but this effect
was most prominent during organogenesis, which may signify the presence of a critical window for this
trait. Exposure to increased temperatures during developmental time points did not have any apparent longterm effects on embryonic energy use and there appears to be no critical window for V̇O2 in response to
temperature. The variables examined in this study represent ‘whole-animal’ traits. Future studies should
explore the underlying genetic and proteomic mechanisms that may drive changes in survival, morphology,
and even transient energy use. For example, growth hormones (GH1 and GH2), insulin-like growth factors
(IGF-1 and IGF-2), and other growth related genes decrease following fertilization then significantly
increase in expression after 7 dpf in rainbow trout embryos exposed to 6°C and 8°C throughout development
(Li et al., 2007). Also, adult rainbow trout acclimated to 25°C from 10°C have demonstrated increases in
heat shock protein 70 (hsp70) (Currie et al., 2000), and increases in hsp70 occur in rainbow trout blood
cells in response to thermal stress (Currie and Tufts, 1997). Thus, proteome analysis of rainbow trout
embryos exposed to thermal shrifts during early development may reveal differences in expression levels
among various growth factors and heat shock proteins and is an exciting direction of future study to explore
how temperature shapes phenotypes. Utilizing a combination of whole animal measurements and molecular
approaches to understand embryonic phenotypic plasticity across development may shed light on how
environmental challenges influence phenotypes during critical periods of development and throughout life
history.

Melendez 25

References
Boulekbache, H., Devillers, C., Rosenberg, A. J. and Joly, C. (1969). Correlation between oxygen
consumption and L.D.H. and glucose-6-phosphate dehydrogenase activity during the 1st stages of
development of the trout Salmo irideus egg. Comptes Rendus Hebd. Seances Acad. Sci. Ser. Sci.
Nat. 268, 2211–2214.
Brooke, L. T. (1975). Effect of Different Constant Incubation Temperatures on Egg Survival and
Embryonic Development in Lake Whitefish (Coregonus clupeaformis). Trans. Am. Fish. Soc. 104,
555–559.
Burggren, W. W. and Mueller, C. A. (2015). Developmental Critical Windows and Sensitive Periods as
Three-Dimensional Constructs in Time and Space. Physiol. Biochem. Zool. 88, 91–102.
Combs, B. D. (1965). Effect of Temperature on the Development of Salmon Eggs. Progress. Fish-Cult.
27, 134–137.
Coombs, S. H. and Hiby, A. R. (1979). The development of the eggs and early larvae of blue whiting,
Micromesistius poutassou and the effect of temperature on development. J. Fish Biol. 14, 111–
123.
Currie, S. and Tufts, B. (1997). Synthesis of stress protein 70 (Hsp70) in rainbow trout (Oncorhynchus
mykiss) red blood cells. J. Exp. Biol. 200, 607–614.
Currie, S., Moyes, C. D. and Tufts, B. L. (2000). The effects of heat shock and acclimation temperature
on hsp70 and hsp30 mRNA expression in rainbow trout: in vivo and in vitro comparisons. J. Fish
Biol. 56, 398–408.
Das, T., Pal, A. K., Chakraborty, S. K., Manush, S. M., Dalvi, R. S., Sarma, K. and Mukherjee, S.
C. (2006). Thermal dependence of embryonic development and hatching rate in Labeo rohita
(Hamilton, 1822). Aquaculture 255, 536–541.
Eme, J., Mueller, C. A., Manzon, R. G., Somers, C. M., Boreham, D. R. and Wilson, J. Y. (2015).
Critical windows in embryonic development: Shifting incubation temperatures alter heart rate and
oxygen consumption of Lake Whitefish (Coregonus clupeaformis) embryos and hatchlings. Comp.
Biochem. Physiol. A. Mol. Integr. Physiol. 179, 71–80.
Eme, J., Mueller, C. A., Lee, A. H., Melendez, C., Manzon, R. G., Somers, C. M., Boreham, D. R.
and Wilson, J. Y. (2018). Daily, repeating fluctuations in embryonic incubation temperature alter
metabolism and growth of Lake whitefish (Coregonus clupeaformis). Comp. Biochem. Physiol. A.
Mol. Integr. Physiol. 226, 49–56.
Fuhrman, A. E., Larsen, D. A., Steel, E. A., Young, G. and Beckman, B. R. (2018). Chinook salmon
emergence phenotypes: Describing the relationships between temperature, emergence timing and
condition factor in a reaction norm framework. Ecol. Freshw. Fish 27, 350–362.
Garside, E. T. (1966). Effects of Oxygen in Relation to Temperature on the Development of Embryos of
Brook Trout and Rainbow Trout. J. Fish. Res. Board Can. 23, 1121–1134.

Melendez 26

Gray, J. (1928). The Growth of Fish: III. The Effect of Temperature on the Development of the Eggs of
Salmo Fario. J. Exp. Biol. 6, 125–130.
Guma’A, S. A. (1978). The effects of temperature on the development and mortality of eggs of perch,
Perca fluviatilis. Freshw. Biol. 8, 221–227.
Heino, J., Virkkala, R. and Toivonen, H. (2009). Climate change and freshwater biodiversity: detected
patterns, future trends and adaptations in northern regions. Biol. Rev. 84, 39–54.
Hendry, A. P. and Stearns, S. C. (2004). Evolution illuminated salmon and their relatives.
Hokanson, K. E. F., Kleiner, C. F. and Thorslund, T. W. (1977). Effects of Constant Temperatures and
Diel Temperature Fluctuations on Specific Growth and Mortality Rates and Yield of Juvenile
Rainbow Trout, Salmo gairdneri. J. Fish. Res. Board Can. 34, 639–648.
Jensen, B., Wang, T., Christoffels, V. M. and Moorman, A. F. M. (2013). Evolution and development
of the building plan of the vertebrate heart. Biochim. Biophys. Acta BBA - Mol. Cell Res. 1833,
783–794.
Kendall, N. W., McMillan, J. R., Sloat, M. R., Buehrens, T. W., Quinn, T. P., Pess, G. R.,
Kuzishchin, K. V., McClure, M. M. and Zabel, R. W. (2014). Anadromy and residency in
steelhead and rainbow trout (Oncorhynchus mykiss): a review of the processes and patterns. Can.
J. Fish. Aquat. Sci. 72, 319–342.
Knight, A. E. (1963). The Embryonic and Larval Development of the Rainbow Trout. Trans. Am. Fish.
Soc. 92, 344–355.
Kwain, W. (1975). Embryonic Development, Early Growth, and Meristic Variation in Rainbow Trout (
Salmo gairdneri ) Exposed to Combinations of Light Intensity and Temperature. J. Fish. Res.
Board Can. 32, 397–402.
Li, M., Raine, J. C. and Leatherland, J. F. (2007). Expression profiles of growth-related genes during
the very early development of rainbow trout embryos reared at two incubation temperatures. Gen.
Comp. Endocrinol. 153, 302–310.
Lim, M. Y.-T., Manzon, R. G., Somers, C. M., Boreham, D. R. and Wilson, J. Y. (2017). The effects
of fluctuating temperature regimes on the embryonic development of lake whitefish (Coregonus
clupeaformis). Comp. Biochem. Physiol. A. Mol. Integr. Physiol. 214, 19–29.
Matschak, T. W., Hhopcroft, T., Smason, P., Crook, A. R. and Stickland, N. C. (1998). Temperature
and oxygen tension influence the development of muscle cellularity in embryonic rainbow trout. J.
Fish Biol. 53, 581–590.
McMillan, J. R., Dunham, J. B., Reeves, G. H., Mills, J. S. and Jordan, C. E. (2012). Individual
condition and stream temperature influence early maturation of rainbow and steelhead trout,
Oncorhynchus mykiss. Environ. Biol. Fishes 93, 343–355.
Mueller, C. A. and Seymour, R. S. (2011). The Regulation Index: A New Method for Assessing the
Relationship between Oxygen Consumption and Environmental Oxygen. Physiol. Biochem. Zool.
84, 522–532.
Melendez 27

Mueller, C. A., Joss, J. M. P. and Seymour, R. S. (2011). The energy cost of embryonic development in
fishes and amphibians, with emphasis on new data from the Australian lungfish, Neoceratodus
forsteri. J. Comp. Physiol. B 181, 43–52.
Mueller, C. A., Eme, J., Manzon, R. G., Somers, C. M., Boreham, D. R. and Wilson, J. Y. (2015).
Embryonic critical windows: changes in incubation temperature alter survival, hatchling
phenotype, and cost of development in lake whitefish (Coregonus clupeaformis). J. Comp.
Physiol. B 185, 315–331.
Mueller, C. A., Willis, E. and Burggren, W. W. (2016). Salt sensitivity of the morphometry of Artemia
franciscana during development: a demonstration of 3D critical windows. J. Exp. Biol. 219, 571–
581.
Pepin, P. (1991). Effect of Temperature and Size on Development, Mortality, and Survival Rates of the
Pelagic Early Life History Stages of Marine Fish. Can. J. Fish. Aquat. Sci. 48, 503–518.
Porter, S. M. and Bailey, K. M. (2007). The effect of early and late hatching on the escape response of
walleye pollock (Theragra chalcogramma) larvae. J. Plankton Res. 29, 291–300.
Price, J. W. (1934a). The Embryology of the Whitefish Coregonus Clupeaformis, (Mitchill). Part I. Ohio
J Sci. 34, 287–305.
Price, J. W. (1934b). The Embryology of the Whitefish Coregonus Clupeaformis, (Mitchill). Part II.
Organogenesis. Ohio Jour. Sci. 34, 399–414.
Réalis-Doyelle, E., Pasquet, A., De Charleroy, D., Fontaine, P. and Teletchea, F. (2016). Strong
Effects of Temperature on the Early Life Stages of a Cold Stenothermal Fish Species, Brown
Trout (Salmo trutta L.). PLOS ONE 11, e0155487.
Rombough, P. J. (1988). Growth, aerobic metabolism, and dissolved oxygen requirements of embryos
and alevins of steelhead, Salmo gairdneri. Can. J. Zool. 66, 651–660.
Stainier, D. Y. R. (2001). Zebrafish genetics and vertebrate heart formation. Nat. Rev. Genet. 2, 39–48.
Staley, K. and Mueller, J. (2000). Rainbow Trout (Oncorhynchus mykiss). Washington, DC: The United
States Department of Agriculture.
Velsen, F. P. J. (1987). Temperature and incubation in Pacific salmon and rainbow trout – Compilation
of data on median hatching time, mortality and embryonic staging. Can. Data Rep. Fish. Aquat.
Sci. 626, 1–58.
Vernier, J. M. (1977). Chronological table of the embryonic development of rainbow trout, Salmo
Gairdneri Rich. 1836. Ann. D’Embryologie Morphog. 2, 495–520.
Vigliola, L. and Meekan, M. G. (2002). Size at hatching and planktonic growth determine postsettlement survivorship of a coral reef fish. Oecologia 131, 89–93.
Weber, G. M., Martin, K., Kretzer, J., Ma, H. and II, D. D. (2016). Effects of incubation temperatures
on embryonic and larval survival in rainbow trout, Oncorhynchus mykiss. J. Appl. Aquac. 28,
285–297.
Melendez 28

Yang, B.-Y., Greene, M. and Chen, T. T. (1999). Early embryonic expression of the growth hormone
family protein genes in the developing rainbow trout, Oncorhynchus mykiss. Mol. Reprod. Dev.
53, 127–134.

Melendez 29

