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Abstract

Climate change and impoundment increase river temperatures, shifting the biocli-

matic envelope in which freshwater biota have evolved and increasing salmonid egg

mortality. To mitigate this, conservation flows from reservoirs are often implemented

to maintain favourable water temperatures downstream from impoundments

throughout salmonid embryo development. However, as water to maintain conserva-

tion flows becomes scarcer, there is a need to understand the requirements of salmo-

nid embryos and balance these with anthropogenic demands. This study combines a

laboratory-based and a modelling approach to test the effect of different tempera-

tures on the survival from fertilisation to hatch of a model salmonid species. Further,

the effect of dropping temperatures from high to optimal conditions at hatch—a per-

ceived period of greater sensitivity to high temperatures—is tested. The study shows

embryo mortality increases with temperature and is greatest during gastrulation and

hatch. Also, embryos that experienced high temperatures during gastrulation had

high mortality rates at hatch, even when hatch conditions were optimal. This indi-

cates sublethal developmental abnormalities caused by high temperatures during gas-

trulation increase mortality at hatch. Therefore, to maintain high rates of salmonid

embryo survival, cold water resources from reservoirs ideally will target both gastru-

lation and hatch developmental stages.

K E YWORD S

critical window, dams, egg, gastrulation, hatch, salmonid, temperature

1 | INTRODUCTION

A warming climate and a growing global population increase the

likelihood of conflict in the allocation of freshwater resources

between human and ecosystem needs (Falkenmark & Wang-

Erlandsson, 2021). To address concerns associated with human

demand, 58,500 reservoirs worldwide impound an equivalent of

17% of the annual global river flow to support 12–16% of global

annual food production and 24% of electricity demand (Mulligan,

van Soesbergen, & Sáenz, 2020). As fears associated with water

and energy security increase, so will reservoir construction (Zarfl,

Lumsdon, Berlekamp, Tydecks, & Tockner, 2015). However, this

growing anthropogenic impact has negative consequences for the

freshwater environments and human and socio-ecological commu-

nities that depend upon them (Falkenmark, Wang-Erlandsson, &

Rockström, 2019).
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Ecological communities within river systems evolve in response

to the specific environmental conditions they face (Araújo &

Peterson, 2012). However, dam construction can shift this bioclimatic

envelope by raising downstream water temperatures (Daniels &

Danner, 2020). Cold-blooded organisms like salmonid fishes are par-

ticularly vulnerable to such changes because their physiological pro-

cesses are strongly affected by temperature (McCullough, 1999). In

particular, their metabolic rate, and therefore oxygen demand,

increases with temperature (Hamor & Garside, 1976). While juvenile

and adult salmonids can respond to such changes by seeking thermal

refugia (Breau, Cunjak, & Peake, 2011), embryos contained within an

egg membrane cannot. Further, their underdeveloped respiratory sys-

tem (Rombough, 1988), an egg membrane that impedes oxygen diffu-

sion (Bloomer, Sear, & Kemp, 2019), and immobility mean they cannot

modify oxygen uptake in response to increasing demand. Therefore,

the embryo is likely the stage of salmonid development most vulnera-

ble to mortality caused by elevated temperatures (Dahlke, Wohlrab,

Butzin, & Pörtner, 2020).

While embryos are particularly vulnerable to mortality caused by

high temperatures, their responses to thermal perturbations changes

substantially from fertilisation to hatch (Anderson, Beer, Israel, &

Greene, 2022; Dahlke et al., 2020; Del Rio et al., 2021; Martin

et al., 2020). Salmonid embryo development begins with rapid cellular

cleavage (C) in which the newly fertilised egg, through multiple divi-

sions, forms two layers of cells that cover the interior membrane of

the egg. This is followed by gastrulation (G), where the two layers of

cells migrate to form the longitudinal axis of the fish along which dif-

ferentiated cell types begin to form the organs during organogenesis

(O). The final stage is designated hatch (H) (Danner, 2008). While C

and O appear to be less affected by thermal conditions (Koss, 1994;

Mueller et al., 2015), elevated temperatures in the G stage can affect

gene expression and increase the frequency of mutations (Solnica-

Krezel et al., 1996). This can cause immediate mortality (Uchida,

Uesaka, Yamamoto, Takeda, & Irie, 2018), carry-over effects that

increase mortality during hatching (Irvine, 2020) and longer-term

impacts on muscle development in juveniles and adults (Macqueen

et al., 2008). Mortality due to thermal stress during H is also fre-

quently observed but usually associated with higher oxygen demand

that cannot be met by supply, resulting in anoxia (Del Rio, Davis, Fan-

gue, & Todgham, 2019; Greig, Sear, & Carling, 2007; Martin

et al., 2020; Rombough, 1988; D. A. Sear et al., 2017; Wood, Clark,

Elliott, Frappell, & Andrewartha, 2019). The oxygen supply require-

ments of hatched embryos are lower than the embryo stage due to

the absence of the egg membrane and the switch to more efficient

branchial respiration (Rombough, 1988). Therefore, embryo sensitivity

to high temperatures could be limited to just G and H.

To mitigate the impact of temperature elevation caused by

impoundment on embryo survival, cold water resources can be

released from reservoirs to sustain favourable downstream thermal

conditions. In some cases, this action is demanded by endangered

species protection to ensure water temperatures meet the environ-

mental requirements of target species (Anderson et al., 2022). Often,

these conservation flows are designed to provide consistent,

favourable temperatures throughout embryo development. However,

the recognition of two critical thermal stages in embryo development

(G and H) presents an opportunity to conserve water while safeguard-

ing protected species by only implementing conservation flows for

cold water temperature management during the period when embryos

are most sensitive to thermal stress. This is particularly important as

water scarcity, driven by a changing climate, demands innovative

approaches to water management. However, there is insufficient data

to support the theory that optimal temperatures during only these

critical windows will maintain similar levels of survival compared with

continuous favourable temperatures, and it is unclear how wide the

critical window needs to be.

This paper addresses these knowledge gaps using two laboratory

experiments supported by statistical analysis of changing mortality

rates throughout development. Study A tested the impact of a range

of incubation temperatures on the survival of rainbow trout (Oncor-

hynchus mykiss) embryos from fertilisation to hatch. These data sup-

ported Study B, in which embryos were exposed to high temperatures

through to either the G or O stage, after which temperatures were

reduced to favourable conditions prior to the H stage. The aim of the

temperature reduction was to mitigate the anticipated high rates of

hatch mortality. Statistical analysis of the datasets identified signifi-

cant and unexpected differences in stage-dependent mortalities under

the temperature schedules.

2 | METHODOLOGY

Study A ran from 18th June 2020 to 21st July 2020 and determined

the effect of different continuous temperature regimes on the survival

of rainbow trout embryos to hatch. Study B ran from 30th July 2020

to 6th September 2020 and tested the hypothesis that pre-hatch tem-

perature reduction during rainbow trout embryo development main-

tains higher levels of survival than continuous high temperature

exposure. While eggs and milt for studies A and B were obtained from

the same hatchery, they were taken from different broodstock due to

their different timings (see Supplementary Information [Tables S1

and S2]).

3 | EXPERIMENTAL PROTOCOL

Research was conducted in a recirculating hatchery system (Figure 1).

Water of dissolved oxygen concentration 8 ± 0.03 mg/L flowed past

the eggs at a rate of 0.04 cm/s. DO concentration was representative

of conditions found in natural salmonid spawning habitat (e.g., Greig

et al., 2007) and the flow rate was determined by the median of all

published field data of intra-gravel flow through salmonid redds

(e.g., David A Sear, DeVries, & Greig, 2008).

Temperature control was maintained by two independent heating

and cooling systems. The cooling system maintained a constant supply

of 10.5�C water to exposure treatments from a 570 L main sump. The

chilled water was then distributed to four individual test treatment
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baths and heated to the required temperature for each treatment.

Temperature measurements for each treatment were collected and

recorded every 15 min and used to calculate the embryonic develop-

ment state in accumulated degree days (D) (Bloomer, Sear, Dutey-

Magni, & Kemp, 2016).

For both studies, each replicate contained 200 eggs that were

exposed to the temperature treatments shown in Table 1 from

fertilisation to hatch. The replicates were combined for the analysis,

resulting in 400 eggs for each temperature treatment in study A and

600 eggs for each treatment in study B. Daily checks for the presence

of dead embryos or hatched alevin were conducted. Dead embryos

were removed with a sterile large-diameter pipette, separated accord-

ing to treatment and replicate number, and preserved in 10% formalin.

Alevin were removed, euthanised and preserved in a similar way.

F IGURE 1 Systematic diagram of recirculating hatchery system. Arrows indicate direction of water flow. Demonstrated set-up is for Study B,
but same methodology was employed for Study A, with one additional treatment [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 1 Summary of treatments used

Study A

Treatment label A1 A2 A3 A4 A5

Temperature (�C) 12.5 14.5 16.5 18.5 20.5

Number of replicates 2 2 2 2 2

Study B

Treatment label B1 B2 B3 B4

Temperature (�C) 12.5 17 from fertilisation to 150 D;

12.5 from 150 D to hatch

17 from fertilisation to 250 D;

12.5 from 250 D to hatch

17

Number of replicates 3 3 3 3
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4 | DATA ANALYSIS

The goal of the analysis was to characterise the cumulative mortality,

the mortality rate and number hatched over each day i of the study.

To track these measures the fate of embryos in each day were parti-

tioned into three groups: alive (ai), mortality (mi) and hatched (hi). The

number of embryos beginning day i is then ni ¼ aiþmiþhi. The cumu-

lative daily mortality rate is

CMi ¼
Xi

j¼1

mj: ð1Þ

The daily mortality rate, also known as the hazard rate (r), for day i is

ri ¼ dn
ndt

¼ mi

aiþmi=2þhi=2
ð2Þ

where n is the average number of embryos alive on day i that have

not hatched.

The cumulative mortality and mortality rate exhibited distinct

transitions which correspond to transitions in embryo development.

Measured by accumulated degree days, D with units �Cd, these transi-

tions were defined: C to G transition at D = 50�Cd, G to O transition

at D = 125�Cd and O to H transition at D = 250 �Cd. The C stage

started at D = 0 and the H stage end was set at D = 370�Cd, which

was the D past which no egg hatching occurred.

The relationship of the mortality rate in each stage to tempera-

ture and state of development was determined by a linear regression

of the natural log of the mortality rate, logri , against the temperature

and accumulated degree day for each observation day. The equation

assumes mortality rates in stages depend on temperature in stages

plus allows for carryover effects of G-stage temperature to H-stage

mortality, giving

log rið Þ¼ asþbsDiþ csTi if i� s¼1, 2, 3 að Þ
a4þb4Diþc04Tiþc02T2 if i� s¼4 bð Þ

�
ð3Þ

where Di and Ti are the embryo's accumulated degree days and tem-

perature on day i and s = 1, 2, 3, 4 correspond to C, G, O, H stages.

0

Study A

0 100 200 300 400

0.0

0.2

0.4

0.6

0.8

1.0

C
um

ul
at

iv
e 

m
or

ta
lit

y 
(C
M

)

C G O H

A1, 12.5oC

A2, 14.5oC

A3, 16.5oC

A4, 18.5oC

A5, 20.5oC

(a)

0 100 200 300 400

−6

−4

−2

0

lo
g 

m
or

ta
lit

y 
ra

te
 (

 lo
g 
r 

)

(c)

Degree day ( D  )

C G O H

0 50 125 250 370

1

1

1 1 1

1 1

1

1

1

1

1 1 1 1 1 1

1

1 1

1

1 1

1

1 1

1
1

1

1

1

2

2

2

2

2

2 2

2

2

2 2

2

2

2 2 2

2

2

2

2

2 2

2

2
2

2
2

3

3

3

3

3
3

3

3

3 3

3 3

3 3

3

3

3

3
3

3
3

3
3

3

4

4

4

4

4
4

4

4
4 4

4

4

4
4

4

4

4 4
4

4
4 4

5

5

5

5

5

5

5 5
5 5

5

5
5

5

5

5 5

5

5

A1, 12.5oC

A2, 14.5oC

A3, 16.5oC

A4, 18.5oC

A5, 20.5oC

0

Study B

0 100 200 300 400

0.0

0.2

0.4

0.6

0.8

1.0

C G O H

B1, 12.5−12.5oC

B2, 17−12.5oC @ 150oCd

B3, 17−12.5oC @ 250oCd

B4, 17−17oC

(b)

0 100 200 300 400

−6

−4

−2

0

(d)

Degree day ( D  )

C G O H

0 50 125 250 370
1

1

1

1

1

1

1

1 1 1 1 1 1 1

1

1 1 1

1

1

1

1
1

1

1

1 1

1

1
1

1

12

2 2

2

2

2

2

2

2 2

2 2 2

2

2

2
2

2 2 2

2

2

2

2

2
2

2

3

3

3 3

3
3

3

3

3

3 3

3 3 3

3

3
3

3
3

3

3

3

3

3

3

3

3

4

4

4

4

4
4

4

4

4

4 4

4

4

4

4 4

4 4

4

4
4

4

4

4B1, 12.5−12.5oC

B2, 17−12.5oC @ 150oCd

B3, 17−12.5oC @ 250oCd

B4, 17−17oC

F IGURE 2 Mortality patterns of
embryos incubated under constant
or time-varying temperatures.
(a) Study A cumulative mortality
(Equation (1)) (CM) versus degree
day (D) for treatments (A1–A5) using
constant temperatures between
12.5 and 20.5�C at 2�C increments.
(b) Study B CM versus D for

treatments with varying
temperature. Treatments B1 and B4
incubated at constant 12.5 or 17�C,
respectively. Treatments B2 and B3
began incubation at 17�C and
dropped to 12.5�C at D of 150 �Cd
(▲) and 250 �Cd (▲) respectively.
Dots (�) depict daily CM and
D measurements. (c) Study A log
mortality rate (Equation (2)) (log r)
versus D for treatments A1–A5
depicted by numbers 1–5. Lines
show fits of log r versus
D (Equation (3)) for each treatment
and developmental stage (C, G, O,
H). (d) Study B log r versus D. Lines
show log r versus D fits for
treatments B1-B4 and incubation
stages (C, G, O, H). Circles (�)
denote D on last day of hatch and
dashed lines depict incubation stage
boundaries: cleavage (C),
gastrulation (G), organogenesis
(O) and hatch (H). [Color figure can
be viewed at wileyonlinelibrary.com]
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The mortality rate in the H stage includes the carryover effects of the

average temperature T2 experienced in the G stage. Because Study A

temperature was constant across all stages then T2 ¼ Ti and

Equation (3b) reduces to Equation (3a) where c4 ¼ c04þ c02.

The model coefficients in Equation (3) were fit using a least-

squares linear regression (lm) in the R statistical software (R Core

Team, 2018).

5 | RESULTS

Figure 2 illustrates the results of the two studies in terms of patterns

of cumulative mortality (CM) and log mortality rate (log r) versus stage

of development depicted by degree day (D). Variation among repli-

cates for Studies A and B was very low, so, to improve comprehen-

sion, mortality rates for all replicates were combined. To justify this

conclusion, we compared the effect of degree day on the hatch stage

mortality rate calculated for individual replicates of treatment 3 in

Study B to b4 (Table 2), which is derived from all treatments and repli-

cates of Study B. The mean and SD from the individual replicates gives

b4 = 0.031 ± 0.005, which is within the SE in Table 2,

b4 = 0.032 ± 0.003.

In Study A, treatments were run at constant temperatures in 2�C

increments, while in Study B, in two treatments temperature was held

constant (B1 @ 12.5�C and B4 @ 17�C) and in two treatments tem-

peratures dropped (17 to 12.5�C) at the beginning or end of the O

stage (Table 1). At the stage boundaries, the slopes of the CM versus

D curves changed (vertical lines in Figure 2a, b). All Study A treat-

ments exhibited large increases in CM in the G and H stages and small

increases in the C and O stages. Also, the increases were proportional

to treatment temperature. In the corresponding Study B treatments,

CM increases were much smaller in the C, G and O stages. However,

in the H stage, the constant temperature treatments exhibited CM

increases similar to their Study A counterparts, that is, A1 versus B1

TABLE 2 Coefficients for mortality rate model from regression of Equation (3)

Stage Coef. Estimate SE Pr(>jtj) R2

Study A

1. Cleavage a1 �8.17 1.664 0.00028 0.008

b1 �0.020 0.024 0.41455

c1 0.198 0.136 0.16889

2. Gastrulation a2 �16.10 1.426 <0.00001 0.790

b2 0.029 0.009 0.00686

c2 0.601 0.070 <0.00001

3. Organogenesis a3 �10.75 0.998 <0.00001 0.659

b3 �0.005 0.003 0.15381

c3 0.390 0.047 <0.00001

4. Hatch a4 �23.31 1.555 <0.00001 0.836

b4 0.037 0.004 <0.00001

c4 0.555 0.051 <0.00001

Study B

1. Cleavage a1 �6.644 1.072 0.00010 0.539

b1 �0.038 0.010 0.00296

c1 0.091 0.068 0.20944

2. Gastrulation a2 �7.761 1.481 0.00010 0.614

b2 �0.030 0.008 0.00302

c2 0.304 0.078 0.00147

3. Organogenesis a3 �8.773 1.336 <0.00001 0.083

b3 0.002 0.004 0.67593

c3 0.137 0.062 0.03507

4. Hatch a4 �23.40 1.511 <0.00001 0.829

b4 0.032 0.003 <0.00001

c04 0.191 0.058 0.00200

c02 0.446 0.053 <0.00001

Note: Coefficients ai, are intercepts, bi expresses the contribution of degree day (D) on the rate with positive (negative) values indicating increasing

(decreasing) rate with D, ci indicate effect of temperature on long mortality rate. Note, temperature increases rate in all stages. Stages designated: cleavage,

i = 1, gastrulation, i = 2, organogenesis, i = 3, and hatch, i = 4. In study A effect of temperature on mortality rate is partitioned into effect of gastrulation

temperature, c02, and hatch temperature, c02.
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and A3 versus B4. Unexpectedly, in treatments B2 and B3, in which

temperature dropped from high to low prior to entering the H stage,

the CM increase followed the high-temperature B4 pattern, not the

low-temperature B1 pattern corresponding to the stage temperature.

This disconnect between the CM increase and stage temperature in

Study B suggests that stage mortality depends on other factors. We

explored these factors in terms of a temperature carryover effect.

Figure 2c, d depicts how the mortality rate changes over stage

and temperature in terms of the regression of log r versus D and

T (Equation (3)). As with the CM curves, the H stage exhibits the high-

est mortality rate, increasing with both T and D. Notably, under con-

stant temperatures, 12.5�C for treatments A1 and B1 and 16.5–17�C

for treatments A3 and B4, the two studies had similar H-stage mortal-

ity rate coefficients (Table 2). However, the G-stage temperature sen-

sitivity (c2) for study A was twice that for Study B. Thus, the higher

CM in Study A can be attributed to the greater thermal sensitivity in

the G stage.

The second important feature is the effect of G-stage tempera-

ture exposure on H stage thermal sensitivity. This is expressed by the

additional coefficient c02 (Equation (3b)) which characterises the effect

of G-stage temperature on the H-stage thermal mortality. The effect

is significant, with the carryover coefficient, c02, being over twice the

direct mortality coefficient, c04 (Table 2). In study B, the effect of this

G-stage temperature exposure essentially negated the benefits of

lowering temperature in the H stage in treatments B2 and B3. Fur-

thermore, the absence of correlation in plots of coefficients of one

life-stage against another suggests the G-stage temperature exposure

was also a major determinant of H-stage mortality in Study A. The

analysis suggests that different biological mechanisms could be

responsible for immediate mortality in G compared to the carryover

effects causing mortality in H. Note that only in the H stage were the

b4 coefficients statistically equivalent in both A and B studies. Thus, in

both studies, the mortality rate increased with D in the same manner.

For other stages, the mortality rate slope with D was variable and of

lower significance, with Pr > 0.003 compared to Pr < 0.00001 in the H

stage. Also note that in the O stage the mortality rate exhibited no

significant change with D in either study (Table 2). This pattern com-

ports with the well documented increase in oxygen stress prior to egg

hatching (Del Rio et al., 2019; Greig et al., 2007; Martin et al., 2020;

Rombough, 1988; D. A. Sear et al., 2017; Wood et al., 2019).

6 | DISCUSSION

As the climate warms and reservoir construction increases, river tem-

peratures will rise, with negative consequences for freshwater fish

populations. While this study supports many others (e.g., Koss, 1994;

Geist et al. 2006; Martin et al., 2020) by demonstrating rising temper-

atures increase salmonid embryo mortality, we provide two additional

insights into the mechanisms behind these observations. First, we

show and quantify the sensitivity of salmonid embryos to thermal

stress by developmental stage. Second, thermal stress during gastrula-

tion can cause immediate mortality or embryonic damage that gives

rise to carryover effects that reduce survival in later stages. These

findings have relevance to understanding population responses to a

warming environment and offer vital information for water resource

managers seeking to develop models to balance the needs of people

and the environment.

While development from a fertilised egg to a complete alevin has

many transitions (Danner, 2008), this study shows levels in embryonic

sensitivity to high temperatures can be described in terms of four gen-

eralised developmental stages: cleavage (C), gastrulation (G), organo-

genesis (O) and hatch (H). In particular, the sensitivity of rainbow trout

embryos to high temperatures was greatest during G and H and low-

est during C and O stages. Sensitivity to thermal perturbation during

G has been demonstrated in other species (Hosseini, Brenig, Tetens, &

Sharifi, 2019; Solnica-Krezel et al., 1996; Uchida et al., 2018), where

embryos are shown to suffer a greater frequency of mutations during

cellular arrangement when exposed to high temperatures (Solnica-

Krezel et al., 1996). This can result in immediate mortality, as shown

at higher temperatures in Study A, or sublethal effects that become

evident as mortality, as shown in Study B, or reduced fitness in later

life-stages (Del Rio et al., 2019; Irvine, 2020; Macqueen et al., 2008).

The importance of G as a critical thermal window for salmonid embryo

development is a valuable contribution to supporting water resource

managers.

In agreement with previous research (Del Rio et al., 2021;

Hamor & Garside, 1976; Martin et al., 2020), embryos exposed to

higher temperatures exhibited the greatest mortality rates during the

H stage. These previous studies attributed this observation to the mis-

match between embryonic oxygen demand and supply in higher tem-

peratures (Del Rio et al., 2021; Martin et al., 2020; Rombough, 1988).

While this mechanism was evident here, it was less significant than

the effect of temperature during G, which accounted for two thirds of

the mortality observed at H in Study B. This finding mirrors similar

observations for zebrafish (Icoglu Aksakal & Ciltas, 2018; Hosseini

et al., 2019; Uchida et al., 2018) and suggests that high temperatures

during G give rise to embryonic damage and carryover effects that

result in mortality at H. This finding adds to other models

(e.g., Anderson et al., 2022; Martin et al., 2020) that suggest the ther-

mal sensitivity of salmonid embryos is controlled by temperature

mediated increase in oxygen demand exceeding supply. In combina-

tion with ours, these models demonstrate that mortality at H is influ-

enced by the imbalance between oxygen supply and demand in high

temperatures at this life stage and embryonic damage caused by pre-

hatch exposure to thermal stress.

Unfortunately, it is not possible to define the mechanism behind

the observed carryover effect in this study, but there are several pos-

sibilities. For example, high temperatures reduce embryo growth effi-

ciency by increasing catabolism (Beer & Anderson, 1997), and this

could lead to a greater oxygen imbalance prior to hatching. Alterna-

tively, the carryover effect could involve mutations during G that pro-

duce distinct effects on cell fates and morphogenesis (Solnica-Krezel

et al., 1996) that reduce the activity of the hatching enzyme or the

embryo's ability to escape the egg membrane at hatch (Icoglu

Aksakal & Ciltas, 2018; Hosseini et al., 2019). While more work is
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required to understand the mechanisms of the carryover effect, this

study demonstrates and models the effects of an additional critical

thermal window of salmonid embryo development with implications

for water management strategies seeking to cool incubating fish

populations (Anderson et al., 2022; Del Rio et al., 2021; Hamor &

Garside, 1976; Martin et al., 2020).

7 | MANAGEMENT IMPLICATIONS

Salmonid embryos suffer greater mortality rates in higher tempera-

tures, so the release of cold-water resources from reservoirs to main-

tain favourable thermal conditions is an essential conservation tool.

However, C and O appear relatively unaffected by thermal perturba-

tion, and research on other salmonids shows post-hatch embryos

have a greater tolerance to high temperatures (Myrick & Cech, 2004;

USFWS, 1999). Therefore, conservation flows targeted to the G and

H stages could maintain high levels of survival while retaining reser-

voir resources at times of water scarcity.

While the recommendation to target conservation flows at spe-

cific developmental stages has strong theoretical foundations, water

resource managers face a challenge in determining precisely when to

carry them out for several reasons. First, our study shows the effec-

tive critical thermal window of G and H is larger than previously

assumed when H alone was assumed to be the focus of such flows.

Second, salmonid populations spawn over several weeks or months,

so defining the timing of conservation flows to match these critical

windows of development is challenging. Third, the thermal benefits of

conservation flows are greatest near the impoundment and decrease

downstream where atmospheric warming and dilution from tributaries

play a greater role. Therefore, especially during drought conditions, it

may be necessary for water resource managers to target conservation

flows towards a limited number of eggs within a river system accord-

ing to their timing or location of spawning. To maximise the benefit of

this approach, understanding of water availability, the spatial–

temporal pattern of spawning and the stage-dependent thermal sensi-

tivity of the fishes will be required (Anderson et al., 2022).

It is also important to note that, although the theory presented

here is robust, the temperature regimes used are not suitable to

apply to real world situations. This is because embryo survival in lab-

oratory conditions is typically greater than in the field (Thorn &

Morbey, 2019), and the sensitivity of different species to the same

environmental conditions varies substantially. Furthermore, as dem-

onstrated by differences in survival between studies A and B, within

species variation in response to similar thermal stress is observed. In

short, the data from this study is not suitable for designing a specific

thermal management strategy. However, we believe the primary

value of the work is in highlighting a simplified framework in which

to view embryogenesis in river management. The framework, based

on biological and mathematical principles, should be useful for devel-

oping field and laboratory studies for the design and evaluation of

conservation flows tuned to the developmental stages of the target

species.

8 | CONCLUSIONS

This study provides further evidence that warming conditions pose a

risk for salmonid embryo survival but refines our understanding of the

critical importance of timing of exposure to thermal stress. In contrast

to previous studies, the data suggest that gastrulation, as well as

hatch, represent critical windows of salmonid embryo sensitivity to

warm conditions. In particular, the damage experienced by embryos

during gastrulation has carryover effects that limit survival at hatch.

This stage-specific sensitivity to thermal stress provides an opportu-

nity for a mechanistic approach to water resource management that

simultaneously conserves water resources and protects aquatic spe-

cies. However, further research is required to understand the mecha-

nisms behind these observations and improve our understanding of

species and population specific sensitivity to thermal regimes in asso-

ciation with other stressors.
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