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Abstract

The effects of prolonged stream desiccation on development of salmonid eggs were simulated
for steelhead Salmo gairdneri and spring chinook salmon Oncorhynchus tshawytscha. Recently fer-
tilized eggs were placed in artificial redds and subjected to controlled water flows in outdoor
laboratory channels. Control redds were continuously submerged. “Dewatered” redds were ex-
posed to air; water flowed through the substrate 10 cm below the eggs. Eggs were dewatered 1-
4 weeks (steelhead) or 1-5 weeks (chinook salmon) before they were returned to water in hatch-
ery incubators, where hatching success and subsequent fry development were monitored. Several
combinations of cobble, coarse sediment, and fine sediment used to cover eggs did not influence
egg development, provided the mixtures retained at least 4% moisture by weight. Dewatered
eggs hatched sooner than control eggs; faster hatch was associated with higher substrate tem-
perature in exposed redds. Hatching success of dewatered eggs averaged 94% for steelhead
(control: 88%) and 76% for chinook salmon (control: 56%) and was not affected by the time
eggs had been dewatered. After 8 (chinook salmon) and 8.5 (steelhead) weeks of rearing, ju-

veniles from dewatered and control eggs had grown equally well.
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Diversion of water for agricultural, industri-
al, and domestic purposes can reduce stream-
flow severely. When depleted streams have been
used by salmonids for spawning, redds may be-
come dewatered below the level of the eggs.
Potential consequences include desiccated or
frozen eggs (Neave 1953; McNeil 1966; Becker
et al. 1982) and impaired embryonic develop-
ment. In several laboratory studies (Borodin
1927; Domurant 1956; Reiser and White 1981a),
the ability of salmonid embryos to develop in
moist conditions without being submerged in
water has been measured, but these results can-
not be extrapolated to natural conditions. Our
study addressed the effect of prolonged egg de-
watering on hatching success and on develop-
ment of larvae and juveniles. We also investi-
gated the influence of sediment quality on egg
survival.
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Methods

Our experiments with steelhead Salmo gaird-
ner: and spring chinook salmon Oncorhynechus
tshawytscha occurred at the ldaho Department
of Fish and Game’s Hayden Creek Research
Station near Lemhi, Idaho. Our tests with new-
ly fertilized eggs began on 22 May 1979 for
steelhead and on 6 September 1979 for chinook
salmon. Eggs used in both tests came from 2—
3 temales and were fertilized by 2-3 males.
Steelhead eggs were obtained from Dworshak
National Fish Hatchery, Idaho; chinook salmon
eggs were from the Cowlitz River Hatchery,
Washington.

To simulate salmonid spawning beds we used
two 1.2 m wide x 2.4 m long channels each
subdivided into eight 1.2 m long X 0.3 m wide
X 0.3 m deep chambers in which flows could
be controlled independently (Fig. 1). The chan-
nels were installed outside to allow environ-
mental exposure and were plumbed with Hay-
den Creek water. Water-surface slope for the
chambers was 2%. One channel was used for
steelhead, two for chinook salmon.

Artificial redds were Whitlock—Vibert (W-V)
boxes (Whitlock 1979) filled with 6.4-50.8 mm
gravel. Four boxes were placed equidistantly in
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FIGURE | —Top and eross-sectional views of experimental chambers used in dewalering lests with salmonid eggs. Water
levels tn dewatered chambers were about 10.0 cm below the eggs. WV = Whitlock—Vibert,

each chamber. The boxes sat on a 2.5-¢cm-thick

layer of cobble and were covered with one of

four sediment mixtures chosen on the basis of
previous tests (Reiser and White 1981b) to pro-
vide a range of sediment quality. The sediment
ingredients were rounded river cobble (13-76
mm diameter), “coarse” particles (0.84—4.6 mm),
and “fine” particles (less than 0.84 mm); parti-
cle size was determined with sieves. The volu-
metric contributions of each ingredient to the
mixtures, determined by water displacement,
were

Mix 1: 10% fine, 90% cobble;

Mix 2: 20% coarse, 80% cobble;

Mix 3: 10% fine, 20% coarse, 70% cobble;
Mix 4: 20% fine, 30% coarse, 50% cobble.

Mixtures 2 and 3 were used with chinook
salmon; all four mixtures were used with steel-
head. Sediments were not removed between the
steelhead and chinook salmon tests. In the tests
with chinook salmon, some chambers were
shielded from rain and snow to determine the
etfect of precipitation on the results. Water-filled
vials were inserted in the sediments during the
chinook salmon tests to allow detection of freez-
ing conditions (as indicated by any broken glass
collected later).

To start a test, 100 eggs were placed in each
W-V box within 24 hours of their fertilization.
Flows through each chamber were established
so that about 2.5 cm of water covered all sedi-
ment mixtures; this corresponded to inflows of
300 ml/second. After 3 days, water flows in half
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the chambers of each sediment or sediment-
shelter treatment were reduced to a level ap-
proximately 10 cm below the eggs. Water flows
were maintained below the eggs to simulate
groundwater flows. At each of four weekly in-
tervals thereafter, eggs were removed from one
W-V box in each chamber, checked for surviv-
al, and transferred to a Heath stack tray incu-
bator. Steelhead eggs were removed at weeks
1, 2, 3, and 4 (the last batch having been de-
watered four consecutive weeks), but because
mortality within the first sample was unusually
high, a consequence, we felt, of handling dur-
ing the “tender” (pre-eyed) phase of egg de-
velopment, we delayed sampling chinook salm-
on eggs until week 2 and extended it through
week 5.

For the steelhead tests, the channel contained
four unreplicated experiments stratified by
sediment mixtures. Within each experiment, the
eggs in one chamber were dewatered, and those
in a second chamber were kept inundated.
Within each chamber, each W=V box repre-
sented one exposure duration. For chinook
salmon, four experiments—two sediment mix-
tures, each with or without a precipitation shel-
ter—were spread over two channels, but this
time the experiments were repeated; chambers
with duplicate treatments were side by side.

Once eggs were transferred to Heath stack
trays, we checked them daily for proportions
hatched and preserved random samples of al-
evins in 10% formalin. After alevins absorbed
their yolk sacs, we transferred samples of ju-
veniles from each treatment group to separate
rearing compartments within four parallel fi-
berglass troughs. Screens divided each trough
into eight compartments, each 0.6 m long x
0.56 m wide X 0.30 m deep. Compartments
were filled with the juveniles in the order that
eggs had been retrieved trom W-V boxes; the
lower compartments contained fish from the
first two weekly egg samples and the uppermost
compartments contained those trom the 4-
(steelhead) or 5- (chinook salmon) week sam-
plings. Within each trough, fish from dewa-
tered or control eggs of the same sediment ex-
periments occupied similar compartment
positions. We used a programmed feeding
schedule based on average fish weight through-
out the rearing tests. Fish were inventoried and
weighed weekly from 19 August to 18 October
1979 for steelheads and from 15 January to 12
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March 1980 for chinook salmon. After the final
inventories, random samples of juveniles were
preserved in 10% formalin; these and the pre-
viously preserved fish were measured for total
length to the nearest 0.5 mm and weighed to
the nearest 0.1 mg.

During the outdoor phase of the experi-
ments, temperatures of dewatered sediments in
four chambers were measured with Pacific
Transducer remote-bulb thermometers placed
at egg level. Temperatures were recorded at
0800 hours (minimum temperatures), 1200
hours (increasing), and 1600 hours (maximum)
and averaged. During the steelhead tests, tem-
peratures of dewatered substrate in one cham-
ber were continuously recorded with a Partlow
thermograph, which confirmed that minimum
and maximum temperatures were near 0800
and 1600 hours, respectively. Air and water
temperatures were monitored with Taylor and
Weathermeasure thermographs. When the W-
V boxes were recovered each week, sediment
samples were taken adjacent to those boxes that
had been dewatered. These sediments were
weighed, dried in a forced-air oven at 110 C
for 24 hours, and reweighed; the weight losses
corresponded to the moisture contents of the
samples.

Results
Egg-Hatching Success

Most of the steelhead eggs sampled at week
1 failed to hatch (Table 1). We attribute this to
handling, not to treatment effects. Dewatered
eggs sampled later averaged 94% hatch versus
88% for watered controls. Over all treatments,
hatching success of dewatered and control eggs
differed neither with respect to sediment qual-
ity (x* = 4.22; 3 df;, P > 0.10) nor with respect
to sampling time (x* = 0.04; 3 df; P > 0.10).
Thus, the length of the dewatering period did
not influence egg-hatching success.

Dewatered eggs of chinook salmon averaged
76% hatch (Table 1) and, as for steelhead,
hatching success was unrelated to the length of
the dewatering period (x* = 5.53; 3 df; P >
0.10). The hatch of continuously watered chi-
nook salmon eggs declined with time, however,
and the etfect was particularly evident for the
treatment containing the mix of fine and coarse
sediments. Thus, egg-hatching success was af-
fected by both hydration and sediment mix (x*
= 6.53; | df; P < 0.05). This may have been
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TABLE 1 —Percentage hatch of steelhead and chinook salmon eggs, based on 100 eggs per artificial redd, as functions of
sediment quality, presence or absence of precipitation shelters, and weeks eggs were dewatered. “Watered” eggs were

controls.

Treatment:
sediment mix;?

Weeks redds were dewatered

precipitation shelter;
dewatered or watered
redds 1 2 3 4

Steelhead?

Mean % hatch
Chinoock

salmon®

Chinook salmon®

Steel-

2 3 4 5 head®

10% fine
Without shelter
Dewatered 23 97 91 97
Watered 13 93 82 54

20% coarse
Without shelter
Dewatered 39 98 93 98
Watered 19 73 73 97

With shelter
Dewatered
Watered

10% fine, 20% coarse
Without shelter
Dewatered 50 98 82 91
Watered 28 100 91 98

With shelter
Dewatered
Watered

20% fine, 30% coarse
Without shelter
Dewatered 68 93 95 67
Watered 72 100 97 98

Mean
Dewatered 45 97 90 88
Watered 33 92 86 87

95
76

76 80 83 71 96 78

76 75 82 66 81 75

72 75 68 72 72

85 86 77 75 90 81
80 56 34 34 96 51

77 70 76 74 74
74 38 2 0 29

85
98

78 78 76 73 92 76
77 57 47 45 88 57

a “Fine” particles had diameters <0.84 mm; “coarse” sediments were 0.84-4.6 mm in diameter. Percentages are volumetric
contributions; the unstated difference comprised 13-76-mm cobbte.

® Unreplicated values.

¢ Means of two replications.
¢ Weeks 2—4 only.

¢ Mean of replicate means.

due to additional fine sediments imparted with
Hayden Creek water during the previous steel-
head tests and deposited within the interstitial
spaces of the watered substrate. Visual com-
parisons of dewatered and watered sediments
during the chinook salmon tests indicated that
extraneous fine material had accumulated in the
latter; the effect would have been to reduce
water flow through the substrate, and to impair
the transport of oxygen to, and metabolites
from, the eggs.

Eggs that had been dewatered hatched ear-
lier (in the Heath stack incubator) than con-
trols. This was most evident for steelhead eggs
dewatered 3 and 4 weeks, for which median
hatching dates were advanced as much as 11
days and an average of about 8 days (Table 2).

We did not monitor hatching times for chinook
salmon as closely as tor steelheads; hatching
dates for chinook salmon eggs dewatered 4-5
weeks were several days earlier than for con-
trols, although differences were not as pro-
nounced as in steelhead tests. Differences in
hatching times between watered and dewatered
eggs were probably the result of the higher
temperatures in dewatered sediments, which
exposed dewatered eggs to more temperature
units (degree-days above 0 C) than control eggs
(Table 2).

During steelhead tests, water temperatures
began at 5.5 C on 23 May, reached a low of 3.3
C on 24 May, then moved irregularly upwards
to a high of 8.5 C on 20 June. Temperatures
of dewatered sediments were consistently
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TaBLE 2.—Dates of median hatch (50% of eggs hatched) of steelhead eggs in relation to dehydration of sediments, length
of dewatering period, and sediment type, plus temperature units accumulated during tests in watered and dewatered

sediments.,

Sediment mixture?

Sampling period Water 10% fne

10% fine +
20% coarse

20% fine +

20% coarse 30% coarse

Date of median hatch

1 week
Dewatered eggs 6 Jul
Watered eggs 7 Jul
2 weeks
Dewatered eggs 30 Jun
Watered eggs 3 Jul
3 weeks
Dewatered eggs 25 Jun
Watered eggs 3 Jul
4 weeks
Dewatered eggs 23 Jun
Watered eggs 4 Jul

Accumulated temperature units, watered and dewatered sediments®

1 week 36 69
2 weeks 76 138
3 weeks 125 234
4 weeks 179 322

5 Jul 5 Jul 4 Jul
8 Jul 7 Jul 7 Jul
1 Jul 1 Jul 29 Jun
3 Jul 3 Jul 3 Jul
25 Jun 25 Jun 25 Jun
4 Jul 3 Jul 30 Jun
23 Jun 26 Jun 23 Jun
2 Jul 3 Jul 29 Jun
53 61 50
117 127 109
196 213 183
263 279 258

* “Fine” particles had diameters <0.84 mm; “coarse” sediments were 0.84-4.6 mm in diameter. Percentages are volumetric
contributions; the unstated difference comprised 13-76-min cobble.
" One temperature unit (T.U.) equals 1 C above ¢ C for 24 hours.

higher, ranging from 3.3 C on 29 May to 144
C on 12 June, after which they decreased an
average of about 2 C. Overall, temperatures in
the dewatered sediment with 10% fine particles
(Mix 1) averaged higher than the others, pos-
sibly because this chamber was exposed longer
to the sun than the others.

During chinook salmon tests, water temper-
atures trended downward from 114 C on 8
September to 5.0 C in mid-October; no freezing
occurred in the sediments. Air temperatures
dropped below water temperatures briefly in
early October, but generally were 3-7 C warm-
er. As in the steelhead tests, temperatures of
dewatered sediments typically stayed above
those of watered sediments (Table 2), although
unsheltered sediments sometimes were cooler
than the water during October. Sheltered sub-
strates remained some 2 C warmer than their
unsheltered counterparts; sheltered sediments
with 20% coarse particles (Mix 2) were the
warmest over all, and unsheltered substrates
with 10% fine and 20% coarse particles (Mix 3)
were the coolest.

Moisture contents of dewatered sediments

were 3.1-8.8% by weight in the steelhead tests,
and 4.4-8.1% during the chinook salmon tests
(Table 3). The length of the dewatering period
had little (and no consistent) effect on these val-
ues, The highest moisture levels in the steel-
head tests occurred in the sediment mixture
containing 20% fine and 30% coarse particles
(Mix 4); sediments with 10% fine and 20%
coarse particles (Mix 3) had the greatest mois-
ture during chinook salmon tests. In general,
the mixtures with the least amount of total
(noncobble) sediment (Mix 1 and Mix 2) had
the smallest percentage of moisture. Over all,
no differences in moisture content could be di-
rectly attributed to precipitation (ram or snow
fell on 8 days during the steelhead tests, on only
1 day during the chinook salmon test) or shel-
ters.

Alevin and Juvenile Development

Because sampling times varied, sizes of steel-
head alevins (yolk-sac larvae) could not be com-
pared statistically with respect to treatments they
had received as eggs. We saw examples of Sia-
mese-twin {two-bodied) and two-headed ale-
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TABLE 3.—Moisture conditions (% by weight) in dewatered sediments in relation to length of dewatering period during

steelhead and chinook salmon tests.

Steelhead tests: sediment mixture®

Chinook salmon tests: sediment mixture?

20% coarse 10% fine + 20% coarse

Duration of 10% 20% 10% fine + 20% fine + Unshel- Unshel-
dewatering fine coarse  20% coarse 30% coarse Sheltered tered Sheltered tered
1 week 4.6 4.1 4.1 7.3

2 weeks 4.2 3.1 3.7 6.9 44 4.9 8.1 6.0

3 weeks 4.7 4.5 4.9 8.8 5.7 5.8 78 7.0

4 weeks 3.5 3.9 5.2 8.7 57 5.4 7.7 4.9

5 weeks 4.4 5.4 7.5 7.

a“Fine” particles had diameters <(.84 mm; “coarse” sediments were 0.84—4.6 mm in diameter. Percentages are volumetric
contributions; the unstated difference comprised 13-76-mm cobble.

vins, but frequencies of these structural anom-
alies were no greater for groups that had been
dewatered than for those that had not.

After 60 days rearing in the fiberglass troughs,
steelheads from dewatered eggs did not differ
significantly from controls in mean length (P >
0.05, Duncan’s Multiple Range Test; Ott 1977)
or mean weight (P > 0.10). Mean total length
of juveniles ranged from 51.7 to 58.6 mm
(watered eggs) and from 49.5 to 58.2 mm (de-
watered eggs) (Table 4). Over all, we found no
significant difference in final length (P > 0.05)
or final weight (P > 0.10) among groups of
steelhead with respect to the interaction of sed-
iment type, watering regime, and sampling pe-
riod. Significant differences in fish length and
weight were found among sediment types.
However, these were caused by unintentional
differences in temperature of the rearing water;
valves to two sources of water had been opened
erroneously, resulting in two thermally ditfer-
ent sources of rearing water. Growth rates of
steelheads from dewatered eggs (0.014-0.026
g/day) did not differ significantly (P > 0.05)
from those of controls (0.014-0.029 g/dav).

Lengths of chinook salmon alevins from de-
watered eggs significantly exceeded (P < 0.05)
lengths of those from watered eggs, although
weights did not (P > 0.10). Mean total lengths
ranged from 22.0 to 24.6 mm for alevins from
watered eggs and from 24.0 to 26.2 mm for
those from dewatered eggs (Table 4). Mean
weights were 295.0-327.0 mg and 290.0-331.0
mg for alevins from watered and dewatered
eggs, respectively. Length differences probably
were due to variations in intragravel tempera-
tures. No significant differences (P > 0.05) in

length or weight of alevins could be attributed
to shelters, sediment type, or sampling period.
As in the steelhead test, no increase in alevin
anomalies resulted from dewatering of eggs.

After 57 days rearing, the lengths, weights,
and growth rates of chinook salmon juveniles
from dewatered eggs (51.7-56.2 mm; 1.36-1.81
g: 0.017-0.024 g/day) did not differ signih-
cantly (£ > 0.10) from those of controls (46.9-
57.5 mm; 1.25-1.85 g; 0.015-0.025 g/day) (Ta-
ble 4).

Discussion

Fisheries and resource managers generally
have believed that the dewatering of salmonid
redds would result in the rapid desiccation of
eggs. Dewatered redds were considered a total
loss to recruitment. Our dewatering tests in ex-
perimental channels indicate that salmonid eggs
can tolerate 1-5 weeks dewatering with essen-
tially no effects on hatching success, or on de-
velopment and growth rates of alevins and ju-
veniles, provided sediment moisture content is
at least 4% by weight and the sediments neither
freeze nor reach temperatures that exceed in-
cubation tolerances. In somewhat contrasting
studies, Reiser (1981) and Reiser and White
(1981b) found a significant increase in the mor-
tality of newly fertilized eggs when streamflows
were severely reduced over experimental redds.
However, those tests were not designed to eval-
uate the effects of complete redd dewatering,
but rather the effects of surface-low reduction
on the intragravel environment and the eggs
harbored within. The reduction in flow associ-
ated with those tests resulted in the eggs being
incubated in essentially stagnant water. Thus
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TaBLE 4 —Development of steelhead juveniles and chinook salmon alevins (yolk-sac larvae) and juveniles in relation to
sediment, dewatering, and shelter treatments given to their egg stages.

Egg treatment: Steelhead juveniles (60 days post-  Chinook salmon alevins Chinook salmon juveniles
sediment mix;® hatch)® (1-2 days posthatch) (57 days posthatch)
sheltered chambers
or not; Mean Mean Mean
dewatered (D) or total total total
watered (W); Mean total wet Growth Mean total wet Mean total wet Growth
weeks of dewatering length  weight® rate length weight? length  weight® rate
or watering (2-5) N (mm)=SD. (g (g/day)y N (mm)=SD. (mg) N (mm) £ 8SD. (g (g/day)
10% fine
Without shelter
D-2 65 53858 172 0.018
W-2 65 52662 182 0.021
D-3 45 552 6.2 181 0.019
w-3 56 55565 195 0.023
D-4 d d 205 0.024
W-4 34 579=x55 222 0.029

20% coarse
Without shelter

D-2 48 55652 190 0.018 15 252 +0.88 319 20 b3.5x29 145 0.018
Ww-2 42 557 x7.7 175 0.021 15 24.0+0.77 323 20 56.1+32 1.60 0.021
D-3 35 57.0x7.0 207 0.026 15 248+ 0.90 322 20 55.1x4.1 1.76 0.023
W-3 38 520=75 156 0.019 15 239+ 0.77 327 20 496 =5.0 1.39 0.017
D4 42 582 6.7 2.13 0.023 15 25.0+0.91 322 20 54333 1.59 0.021
Ww-4 49 58652 220 0.027 15 246 097 297 20 56527 169 0.022
D-5 15 247 1.15 328 20 56229 1.81 0.024
W-5 15 286 = 1.53 287 20 559x4.1 168 0.022
With shelter
D-2 15 241073 320 20 54.9+38 172 0.023
Ww-2 15 23.5+x0.79 299 20 532=+37 135 0.016
D-3 15 259059 319 20 538=35 139 0.017
w-3 15 23.2+0.68 295 20 55721 1.71 0.024
D-4 15 262099 331 20 56.8=+32 1.75 0.023
w-4 15 228+ 1.07 322 20 54835 147 0.019
D-5 15 246 +0.94 293 20 52.0x+x24 1.42 0.018
W-5 15 228 =1.08 300 20 578=+25 185 0.025

10% fine, 20% coarse
Without shelter

D-2 74 525+59 159 0.017 15 254 +089 310 20 54826 147 0.019
w-2 74 52148 151 0.016 15 244+097 311 20 54333 138 0.017
D-3 79 495+6.8 133 0.014 15 242+ 1.11 310 20 52750 146 0.018
w-3 66 54.1 =41 1.72 0.020 15 22.1*1.12 307 20 529=+38 137 0.017
D-4 79 54144 164 0017 15 24.0+1.04 327 20 533+35 136 0017
W-4 76 51.7=6.0 149 0.015 15 233124 305 19 523%+33 1256 0015
D-5 15 24.1 + 0.81 303 20 55736 1.57 0.020
Ww-5 15 223 +13 301 20 54.0+x28 145 0.018
With shelter

D-2 15  25.0 = 0.57 300 20 536=+3%3 141 0.017
Ww-2 15 239+ 142 302 20 53.7+45 1.53 0.020
D-3 15 24.3 = 0.68 303 20 526 +55 146 0018
W-3 14 24.0x0.79 306 18 53.0x39 150 0.019
D-4 15 245+096 295 20 51.7+x42 139 0.017
w-4 4 22.0=* 041 325 d d a d

D-5 15 24.0 = 0.58 290 20 54.6+ 3.1 1.48 0.019
W-5 d a d d d d

20% fne, 30% coarse
Without shelter

D-2 55 55742 187 0.019
w-2 44 523 +60 142 0.014
D-3 39 536=+59 159 0.016
w-3 66 52.1 6.2 154 0.018
D-4 51 55742 174 0.018
w4 44 52.1*64 148 0.016

# “Fine particles had diameters <0.84 mm; “coarse” sediments were 0.84—4.6 mm in diameter. Percentages are volumetric
contributions; the unstated difference comprised 13-76-mm cobble.

" Steelheads from the 10% fine and 20% coarse mixtures were reared in spring water (constant temperature, 11-12 C).
Those from the 10/20% and 20/30% mixtures were reared in Hayden Creek water (variable temperature, 5-9 C).

¢ Mean weight was recorded during last inventory period of rearing tests.

4 Missing value.
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the supply of oxygen to, and transport of me-
tabolites from, the developing eggs would have
been greatly reduced.

Other studies have shown the resilience of
salmonid eggs to periods of dewatering. Hobbs
(1937) found several redds of brown trout Sal-
mo trutta that had been dewatered for about 5
weeks but still contained 83% viable eggs. Sim-
ilar findings of healthy brown trout eggs within
dewatered redds were reported by Hardy
(1963). Hawke (1978) found viable chinook
salmon eggs within stranded redds in a New
Zealand river over which water had not flowed
for about 3 weeks. In laboratory studies, Becker
et al. (1982) reported chinook salmon egg sur-
vivals of over 80% after 12 days of incubation
in dewatered conditions. The accepted hatch-
ery practice of shipping eyed salmonid eggs in
containers with no water further illustrates re-
sistance to dewatering.

The most obvious effect of long-term dewa-
tering on steelhead and spring chinook salmon
eggs was accelerated embryogenesis. The eco-
logical significance of accelerated egg develop-
ment and earlier hatching dates is not known
at this time, but would depend on both density-
dependent (for example, food supply) and den-
sity-independent (such as water temperature
and streamflow} factors, as well as behavioral
mechanisms such as territoriality.

Although salmonid embryos may withstand
extended periods of dewatering, newly hatched
alevins are less tolerant. Reiser and White
(1981a) estimated that chinook salmon alevins
could withstand less than 10 hours of dewater-
ing, even when kept moist in cotton doth. Beck-
er et al. (1982) reported about 50% mortality
of newly hatched alevins that had been contin-
uously dewatered for 4 hours, and almost 100%
mortality of pre-emergent alevins dewatered for
1 hour. Apparently, as noted by Becker et al.
(1982), the tolerance to dewatering by alevins
decreases with the formation of functional gills.

Silver et al. (1963), Shumway et al. (1964), and
Brannon (1965) showed that alevins resulting
from eggs incubated at low oxygen concentra-
tions are generally smaller than yolk-sac larvae
from eggs incubated at high oxygen concentra-
tions. Low oxygen concentrations in early stages
of development may delay hatching and in-
crease the number of anomalies (Alderdice et
al. 1958). The lack of treatment effects on fish
size and frequency of structural anomalies in
our study indicates that dewatered eggs had ad-
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equate oxygen supply and metabolite disposal.
Oxvgen transport to embryos in dewatered
redds probably occurs via the influx of air into
gravel interstitial spaces, the dissolving of ox-
vgen into the thin laver of water surrounding
the egg, and the subsequent dittusion of oxy-
gen through the egg capsule.

The moisture content of the surrounding
sediment—substrate mixture is crucial to surviv-
al of dewatered eggs, because eggs must be kept
moist 1o prevent their dehyvdration. Moisture
retention depends, to a large degree, on the
amount and texture of sediment present in the
redd; finer materials retain more moisture. In
our tests, the highest moisture levels (9%) were
found in the sediment mixture containing the
highest percentage of fine particles. In general,
moisture levels of about 4% or more main-
tained viable eggs and allowed normal devel-
opment and hatching. Moisture retention alone
cannot explain the relatively constant moisture
levels present over 5 weeks of continuous de-
watering. lf precipitation is discounted as a
source of moisture replacement, two mecha-
nisms acting within the gravel may help sustain
high moisture levels. The first, capillary action,
entails the upward movement of water from the
water table through the sediment interstices
(Buckman and Brady 1972). This process is
impeded by trapped air and large soil pores
and, for this reason, probably only operates in
substrate mixtures containing abundant fines or
at locations where the water table 1s close to the
eggs. The second mechanism, water-vapor trans-
fer, results from a vapor-pressure gradient
between two adjoining areas; this mechanism
is likely responsible for moisture replenishinent
in the coarse textured gravels characteristic
of salinonid redds. Thus, if groundwater levels
remain close to dewatered eggs, the eggs should
remain moist. However, the specific distances
from eggs to groundwater within which these
moisture-replenishing mechanisms operate are
unknown. 1n our tests, water levels were ap-
proximately 10 cm below the dewatered eggs.
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