John T. Konecki (deceased), Carol A. Woody, and Thomas P. Quinn, School of Fisheries,
University of Washingfon, WH-10, Seattle, Washington 88195

Influence of Temperature on Incubation Rates of Coho Salmon
(Oncorhynchus kisutch) from Ten Washington Populations

Abstract

Coho salmon embryvos from 10 Washington populations were incubated under controlled conditions to delerninine the levels of varii-

tion in lime to hateh among populations and fumilies within populations, The average incubation rate was somewhat slower than

that estimaled from o quantitative model derived from British Columbia populations. and was slighily faster than tha prodicted
by a Washington madel. Signilicant variation in incubation rales among the Washington populations was detected. consistent with
results from other studies. Dates of first hatehing of families within populations ranged more than two weeks at 62C. Within families,
the first and last individuals 1 haich ranged over 1-3 weeks. The vardation in incubation rate among populations likely reflects
lacal adaptation 10 the thermal regimes of the rivers. The variation within populations and families will contribute: 1o the variation
in emergenee date of frv. which will affect their growth and survival.

Introduction

Water lemperatures in streams arve chielly in-
fluenced by local air temperature, shade., stream
depth and groundwater inputs (Sullivan et al.
1990). Although stream temperatures are naturally
dynamic, human activities such as timber removal
can alter thermal regimes (Holthy 1988, Thedinga
et al. 1989). Recent physico-geomorphic models
{Sullivan et al. 1990} can forecast the cffeets of
such human activities on stream temperatures but
the  biological consequences of temperature
changes on stream fishes are imperfectly under-
stood. Wide-spread landscape alterations in the Pa-
cific Northwest have generatled concern over the
slalus of fishes in gencral and Pacific salmon (On-
coriynchus spp.) in particular {Nehlsen et ol
1991,

Temperature regimes are a major factor con-
tributing to the local adaptation and isolation of
salmon populations (Ricker 1972, Murruy et al.
1990}, Temperatures directly affcet the rate of em-
brvonic development, haich rates, survival and size
of embryos (Tang ef el 1987, Beacham and Mur-
ray 1990, Murray et af. 1990). The time of year
when adults spawn also is related to the wempera-
ture regime that the embryos will experience and
the peried of peak food abundance in spring (Godin
1982, Beacham and Murray 1987. Brannon
1987}, Increased incubation temperature can re-
sult in early emergence, longer growing season,
larger size and higher over-winter survival rates of
stream-resident species such as coho salmon, €.
kisutch (Holiby 1988), but they also can Tead to

a mis-match belween the timing of downstream
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migration and adequate levels of marine food
resources, leading to reduced marine survival
{Holtby 1988. Holthy and Scrivener 1989).

Species-specific models (e.g.. Beacham and
Murray 1990} have been developed to project
hatch times and developmental stage of salmon erm-
bryos. given a known or simulated temperature re-
gime (e.g.. Sullivan et el 1990). These projections
can aid in assessing polential consequences of carly
emergence (Holthy T988), physical disturbance in
streams (Johnson et al. 1989), or dewalering of
streams (Graybill ef el 1979, Becker et al. 1983)
on developing salmon. However, the variation in
temperature among streams and the tendency of
salmen populations 10 evolve local adaptations
{Ricker 1972, Taylor 1991) indicales that species-
specific models must be used with caution, as
populations may vary considerably in time to hatch
iBrannon 1987, Beacham and Muwray 1989).
Most of the informalion on incubation rate has been
reported for populations of salmon in B.C. (c.g..
sockeye: Brannon 1987, chinook, pink and chum:
Beacham and Murray 1989, 1986, 1987, coho:
Murray et al. 1990).

The purpose of this study was to examine the
amount of varialion in time 1o hatch among and
within populations of coho salmon in Washington
state. Coho salmon were selected because: (1} al-
tered incubation temperatures may aflcel subse-
quent life-history events (Holthy 1988): i2) many
populations in Washingten (Washington Depart-
ment of Fisheries et af. 1993) and Oregon (Nick-
clson et al. 1992) are in jeopardy; and (3) the
British Columbia data may not be representative
of populations in Washington. Specifically, we




examined varialion in incubation rale under differ-
cnt temperature regimes among populations,
among families within populations, and among in-
dividuals within Tamilies.

Materials and Methods

Gametes from 10 coho salmon populations in
Washington were collected in fall and winter of
1989-1992 (Figure 1}. Fish representing both the
early and late spawning run of coho in the Solduc
River were also sampled in 1990. Gameles were
transported Lo either the University of Washing-
ton hatcherv facility in Seattle ar the Universiiy’s
rescarch facility located at Big Beef Creck, Sea-
beck., Washington. In 1989, one female (rom cach
river was crossed with onc male to form a single
full sibling cross. This provided general informa-
tion of the variance of individual hatch rates about
the true mean of a single family.

The females collecied in 1990-91 were cach
mated with two males from their respective popu-
lations to ferm half sibling crosses. Usually this type
of cross is made and replicated 1o allow statistical
partitioning of the paternal, maternal, and inter-
active genotypic effects on the phenotvpe, in this
case. time Lo halch. Due to halchery space con-
slraints, crosses were nol replicated, thus rigorous
statistical treatment of the genolypic dala was nol
possihle.

The 1989 and 1990 crosses were cach divided
into four lots of approximately 250 eggs. Embryos
were incubated at 6, 8. 10, and 13°C (0.5 ?)
in 1989 and at 6, 9, and 12°C (£0.5%) in 1990.
Embryves were incubated in polyvinyl chloride
(PYC) cups (7.6 em diameler and 6.4 cm high)
with plastic mesh hottoms. Ten cups were placed
centrally on plastic grids approximately 7 em above
the incubation trough { 1.0 x 0.5 x 0.15 m) {loor.
A 2.5 em dia. x 0.5 m long perforated PVC pipe
was installed at the head of the trough to evenly
distribute flows {8 | min ! ). Dechlorinated muni-
cipal water was chilled by an Immersion—coil
cooler or warmed by a steam heat exchanger. The
1991 crosses were divided into lots of approxi-
mately 500 and each lol was individually incubated
(6°Cx0.3) in a vertically stacked Heath tray.

Embrvos were checked every two davs te mon-
itor halch rales and remove dead eggs and alevins,
Days and thermal units or TUs (°C x number of
incubation days) Lo different hatehing stages were
noted for all crosses. Dissolved oxygen levels were

monitored in the troughs and Heath travs and were
consistently at or near saturation. Temperalures
were controlled automatically. and continuously
recorded electronically. Embrves were incubated
in total darkness excepl when light was needed 1o
monitor hatching.

Results

Single crosses (one [emale crossed wilh one male}
from the Toutle, Elochoman, Baker and Clark
rivers were incubated at 6, 8, 10 and 13°C in
1989. The number of TUs required to obtain 50%
hatching of Toulle River embryos inercased with
increasing temperature (Figure 2). Elochoman and
Baker River eggs required slightly fewer Tls to
30% hatch at the lower and higher (6° and 13°)
than at intermediate temperatures (Figure 2). Clark
Creek embryvas required slightly more TUs 10 50%
hatch at 6°C than embryos from the other rivers
and 100% mortality was observed in the 13°C
treatment. The number of TUs required from first
to 30% hateh decreased with increasing tempera-
ture for all families. For example, Elochoman River
eggs required 138 TUs from first to 50% halch

at 6°C, and only 39 TUs at 13°C.

Five populations (represented by 2-6 lamilies
per population) incubated at 6. 9 and 12°C (Ta-
ble 1) exhibited considerable variation in incuba-
tion rate at a given temperature. For example,
embryos {rom the Toutle, Snow and Cowlitz rivers
required. on average. more TUs to 50% hatch a
9°C than at 6°C. whereas embryos {rom the early
and late runs of the Solduc River required the same
or lewer. Embryvos collected after 27 November
{Solduc-late run, Snow, and Cowlitz rivers) required
fewer TUSs ta reach 50% hateh than embryos cal-
lected on 30 Qclober from the Soldue carly run.
The Toutle River embryos, collected 1 November,
had similar 50% TU requirements to the later
spawning populations at 6 and 12°C, bur required
more TLs to 50% hatch at 9°C than the other
populations. The Toutle River incubation rates
were the least protracted at 6 and 12°C and the
most protracted at 9°C, relative to all other popu-
lations.

We compared incubalion rates of emhryos col-
lecled from the early (30 Oclober 1990) and late
{27 November 1990) spawning runs of coha in the
Solduc River (Table 1). The early run embrvos in-
cubated at 6°C required, on average. 135 more
TUs Lo realize first hatch and an additional 135
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Figure 1. Map of western Washinglon, indicaling sites where gametes were collected for coho salmon incuba-
tion studics: (1) Toutle River, (2) Cowlitz River, (3) Elochoman River, (1) Bingham Creck, (5) Bock-
man Creek. (6) Seldue River, (73 Suow Creek. (8) Clark Creek, {9) Baker River and (10} Big Beel Creek.

TUs to reach 50% hatch than the late run embryos.
The carly run embrvos still required more TUs to
50% hatch than the late run at higher incubation
temperatures (9 and 12°}. but the TUs to first
hatch were similar.

We cxamined time to hatch at 6°C in mare de-
tail, as this is more representative of cohe salmon
incubation regimes than the higher temperatures.
Analysis of data [rom six populations with at least
four families each revealed significant variation

(ANOVA | F = 4.11. P < (.01} in TUs to hatch
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(Table 2). A posteriori analysis (least squares
means) revealed that the incubation rale of Cowlitz
River coho salmon was slower than that of the other
populations, aceounting for the most of the varia-
tion. There was also variation in TUs to 100%
hateh among the three populations with at least 10
families {ANOVA P < 0.001, Table 3).

In addition to variation among populations and
families, there was also variation within families in
hatching time. This was examined in delail in the
three populations with the largest numbers of
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Figure 2, Number of centigrade temperature units {TUs) required for 50% of the embryos from four Washington coho salmon

populations to hateh at constant temperatures.

TABLE 1. Average number of lemperature units (TUs) 1o first and 50% hatch in five populations of coho salmon
incubated at one of three conslant lemperatures in 1990, The number of families within each pepulation
is designated in parentheses and the range of Tls among families within populations are also indicated.

Population

[ncubation Temperature

{spawn date) 6 4] 12
Toutle 16) firsl: 447 (432-456) 396 (3B7-405) 432 (420-444)
{1 Nov.) 50% 171 {1450-492) 551 (513-613) 458 (156-168)
Soldue —early (2) first: 513 {(510-316) 423 (423) 480 (468-192)
{30 Oct) 50% 606 (606) 549 (349) 540 (540)
Solduc—late {31 first: 374 (294-462) 439 (132-150) 178 [(156-504)
(27 Nov.) 50% 471 (156-504) 168 1459-486) 514 (492-540)
Snow (2) first: 423 (120-126) 423 (414-432) 426 (120-432)
(30 Nov.) 50% 162 (162) 486 (468-504) 482 (177-186)
Cowlitz (4) first: 327 (246-414) 401 (387-423) 414 (408-120)
(5 Dec.) 30% 4138 (420-468) 491 (450-567) 462 (444-480)
Average of populations first 416.8 4164 446.0
50% 489.6 508.2 492.0

familics {Big Beef, Bockman and Bingham creeks).
Within families, the dates of first and last hatch-
ing spanned about 9-14 days (Table 3). Bockman
Creek families had the most protracted hatch times
and requirced the most TUs to realize 100% hatch.

We separated families into two groups based
on paternal half sibling crosses and evaluated the
potential effect male genotype had on TUs 1o first
and 100% hatch (Table 4}. The average number
of TUs required to first and 100% hatch did not
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TUs as Lthe Big Beef population which had the
smallest egas.

As with sockeye salmon (Brannon 1987), and
other species (Beacham and Murray 1990). coho
salmon incubation gencrally displays a compensa-
lory response lo increasing temperalures up to
about 10°C, That is. while incubation requires
fewer days at higher lemperatures, more TUs are
requirced so that development does not proceed as
rapidly as would oceur il a fixed number of TUs
were required. The cffect of this compensation s
to reduce the variation in emergence date for a
given distribution of spawning dates. However. this
compensalory relationship was much more pro-
nounced in some populations than others, hence
projections of incubation rate based on general
models will have some error. Moreover, the com-
pensation is mosl obvious al lemperatares below
those in our study (e.g.. Tang et al. 1987)}. Little
compensation was observed over the range of lem-
peratures thal we used and some reverse compen-
sation {i.e., fewer TLs at high temperatures) was
observed (e.g., Figure 2), consistenl with Tang et
al. (1987).

A species-specific model of coho salmon ineu-
bation. based primarily on British Columbia data
{(Model 4 of Beacham and Murray 1990),
predicted somewhat carlier hatching than we ob-
served, The model estimated 460 TUs 1o 50%
hatch at 6°C compared with the mean of 490 (i.c.,
5 days} frem five populations (Table 1). The 50%
dates were not recorded for the Bingham. Bock-
man and Big Beel creek populations but interpo-
lated 30% dates were 494, 513 and 516 Tls,
respectively. Tang et al. (1987) reported 492 TUs
10 30% hatch for coho lrom Washington’s Dunge-
ness River. similar te our average. However, the
populations that we studied incubated more rapidly
than the Skagit River coho salmon reported by
Gravhill et al. {1979), which required 573 TUs
to 50% hatch at 6,1°C, Papulations from colder
regions tend to require fewer TUs 1o hatch than
those [rom warmer regions {Beacham and Murray
1989, Murray et al. 1990). Assuming that British
Columbia temperaturcs are likely 1o he colder than
those in Washinglon. the tendency for Washington
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