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ABSTRACT
Peterson, R. H., and J. L. Metcalfe. 1981. Emergence of Atlantic salmon fry from gravels of varying
composition: a laboratory study. Can. Tech. Rep. Fish. Aquat. Sci. 1020, Tkt 15 p. 7

4t lantic salmon eggs were incubated in varivcus gravel and sand mixtures with varicus water flows and two
ections of water curreat. Fine sand {0.06-0.5 mm) was more effective than coarse sand (0.5-2.2 mm) in
i numbers of emergent fry The number of fry emerging was related to the formulas Sf/S + 86/16 where
proporfion of fine saad and §_ proportion of coarse sand in the gravel mixture. Emergence was not
by reduction of water supply to the eggs. Strong upwelling water currents mitigated the effects of
to some degree. Upwelling water currents also induced earlier fry emergence. There was a tendency for
r fry to emerge later.

Key words: Atlantic salmon, gravel composition, fry emergence, coarse sand, fine sand
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varying

incuber des oeufs de saumon de 1'Atlantique dans divers mélanges de sable et de gravier tout en
le débit d'eau et en maintenant une circulation d'eau dans les deux sens. La réduction du
vins sortant du mElange fut plus marqude avec le sable fin (0,06 3 0,5 mm) qu'avec le gros sable
(0,5 3 2.2 mm). Le nombrs de sorties a &t€ associé 3 la formule S4/8 + 8./16 ol S¢ = la proportion de sable
fin et Sg = la proportion de gros sable dans le mBlange de gravier. La diminution du d48bit d'eau n'z pas

eu d'effet sur la sortie des alevins. De puissants courants de remontBe ont jusqu'3 un certain point att?nud
les effets du sable et provogué une sortie plus rapide des alevins. Les alevins plus petits avaient tendance
2 sortir du gravier plus tard.
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INTRODUCTION

egzs
then

Axperiments with eggs artificially incubated in
gravels have been performed from two points of view.
On the one hand, evidence has accumulated, particu-
larly for Pacific salmon species, that fry obtained
gravel incubation have superior stream survival
ti over fry obtained from more traditional
vy methods {Bams and Crabtree 1976; Mead and
Woodall 1968). On the other hand, several investi-~
gations, the present one included, have been
concerned with the deleterious effects of fine
sediments on the survival of salmon eggs and alevins
during their residence within the medium {(Hausle and
Coble 1976; Hall and Lantz 1969; Wickett 1958; Shaw
and Maga 1943; Hobbs 1937; Shapovalov 1937).
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Fine sediments may decrease egg and alevin
survival by reducing the permeability of the gravel
to water percolation, thereby denying the reguired
oxygen for proper development {Terhune [958}, The
relationship between dissolved oxygen concentrations
and minimal reguired water velocities has been
invecstigated for s head trout and chinook salmon
embryos {Silver 2t al. 1963). 1In additiom, it has
:ggested that fine sediments may also decrease
emergence success by "trapping” fry within the
gravel {Koski 1966, in Hall and Lantz 1969%; Hausle
and Coble 1976; Phillips et al. 1973}, perhaps by
impeding alevin movement. The relative impact of
various gized sand fractions has not been studied
previcusly.
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In this laboratory study we examined the
infiuence of the amounts and particle sizes of fine
sediments on emergence ess expressed as a
percentage of total number of eggs buried, time of

emerzence, and size of emerged fry. Differences in

the influence of two slize fractions of sand on the
above parameters were investigated. We have also
examined, to a lesser degree, emergence under dif-
fering percolation rates through the gravel
mixtures.

MATERIALS AND METHODS

APPARATUS

Two types of apparatus were used to incubates
eggs in the gravel mixtures. That used most wds a
column of polyvinyl pipe (Fig. 1A) of 14.5 cm I.D.
The column floor was a plastic disc screen
perforated with 3~mm diameter holes (6*?/cmz)¢
The perimeter of this floor formed a dam around the
outside of the pipe to prevent water from flowing
out of the system between the inside of the column
and the gravel it contained. Gravel filled the
apparatus to a depth of 24.5 cm with the eggs buried
at a depth of 16.5 cm. The top of the gravel was
about 2 cm below the water surface as determined by
the lower level of a screen in the side of the
column.

upply water flowed into the
n excess of the percolation rate
olumn, thus maintaining =
excess water flowed out through the side screen and
down the outside of the column. Percolation water
was collected in a funnel giued to the floor and the

top of the column
through the
constant head. The

0 b

flow rate was conbrolled with a hose clamp ar the
elbow on the bottom of the fumnel. A hole at the

bottom of the elbow was kept stoppered except
immediately after the addition of gravel to the
column, when it was unstoppered briefly to permi:
exit of the small amount of fine sediments which
passed through the perforated floor.

le most of the experiments were performed
the columns described above, a second type of

Fig. 1. A

B. Dlagrams of the chambars.

vided hydraulic head with
through the perferations.

Diagram of a column in which eggs
gravel mixtures.
bottom where flow rate was controlled by a hose clamp.

Water flowed into the top of the column and

water {lowing from 12
Water then flowed upward through the gravel

various
out fthe

were rearved in

The taller compariment pro-
fato the gravel

and out the upper set of perforations into the draln trough.



called "chambers” and con—

thick plexiglas was used

pparatus {Fig. 1B}
ucted of black, O

Supply water flowed
£ 1 to form the
t i. T a hrough perfora—
tio i he lowest wall of the
regervolr into 10 chambers (10 x 15 x 60 em), each
of which contained a gravel mixture to a depth of 25
cm. Water percolated upward through the gravel in
the chambers {as opposed to downward in the columns
escribe J, then out through perforations in
ne r wall intoc a draiﬁ
roughs could be increased by

emoving SilasticiMy
the reservoir.
cm oas for

from perforations in
Eggs were buried at a depth of 16.5
the columns. Much higher percolation

rates were used Iin the chambers than in the columns.
Tna numbers of columns and chambers used each year

s
e given in Table 1. The

s
zo sez 1f the dele

EGGS AND

FRY

The

ed were of amichi River stock in

1974-75, guadavic River stock for the next 3
vr, and of Wawelg River stock in 1979~-80. ALl eggs
were stripped, fertilized, water hardened, then

ced in the columns or chambers within 12 h after
rii Exza ion. The eggs were buried in the gravel
follows. First, a laver of fine to
medlum gravc; {2.3~22.0 mm particie size) was added
to the apparatus o a depth of 1 cm to preveant loss
of sand through the floor perforations and to
provide a shield against possible downward movement
of alevins {Dill and Horthcote 1970). A layer of
the appropriate gravel mixture was added io a depth
of 7 em. The eggs (50 per column or chamber) were
then distributed ower the gravel and covered to a

depth of 16.5 cm with the gravel mixzture. All such
additions were made with the apparatus filled with

water to reduce

the possibilities of crushing eggs
gravel and of trapping
to siz groups of 100 epgs e incu-
ias incubating boxes to determine the
percentage of non—viable eggs. In 1976-77, 407 of
the eggs were not viable, so this percentage was
used to correct for the numbers of emergent fry fronm
the columns. In all other years the numbers of
non~viable egzs amcunted to less than 107 and no
corrections were applied.

air. In

adding the
fa

Table 1.

gravel surfaces of the columns and chambers
checked occasionally for emerged fry while

ing tewmperatures and pervcolation rates until
nce was considered imminent Thereafter, they
were checked once or {usualiy) twice daily. Fry
were removed by suction, anaesthetized, and measured
{fork length).

GRAVEL AND SAND MIXTURES
The gravel mi

consisted of a ba
{particle size 22.
of

1

1

tures used iIn the experiments

¢ ratlo of coarse gravel

~62.0 wrn) to medium-fine gravel
(2.3- 22.0 mm) about 5:3 {1.67 - range of
1.0-4.2) (Table 1). The mean ratio approximates
that found in natural Atlantic salmon spawning areas
{Peterson 1978). “Control” mixtures contained only
the two gravel fractions, while up to 35.6% “coarse
sand” (0.5-2.3 mm) by weight and 10.9%Z "fine sand”
0.06-0.5 mm) were added to the test mixtures in
varying combinations (Fig. 2}. One week after
emergence had terminated, the contents of each
chamber and column were wet sisved inte the four
ractions. After inspection of the sieved fractiosas
for eggs and alevins, each gravel fraction was dried
and weighed, and the percent composition of the
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various fractions determined. The percentsges gilven
in this report are final percentages obtained after

sieving the columns.

The gravel from 17 columns and 8 chambers was
removed in four quarters {from top to bottom) for
sieving. Sand tended to settle to the bottom during
the experiment (Table 2). Settling was more pro~

nounced in the columns than in the chambers, perhaps
due to some countering effect of the greater upwel-
ling water velocities in the latter apparatus. Two
columns were frozen prior to gua rLering and sieving
the contents to see if gtratification occurred
during removal of the gravel. Stratification had
cccurred to a similar extent in those two columns.
The degree of stratification appeared toc be inde-
pendent of the total amount of sand present (Table
Z). For purposes of relating numbers of emergent
fry to amounts of sand In the gravel, the average
percentages of coarse and fine sands for the entire
column were used. The eggs were placed near the
bottom of the third guarter which contained about as
much sand as the average for the columns. Most dead

eggs and alevins were alsoc recovered near this depth.
Media porosity {which we define as the
tage of the total column or chamber volume

Numbers of columns and chambers and coarse gravel (22-62 mm) t

medium gravel {2.3-22 mm) ratios for the five years when experiments were

column in
failure of

performed. One

analyses due to water

1975~76 and one ia
supply.

1979~80 are omitted from the

Mean coarse/medium

gravel ratio for
for all columns or

Range of ratios for
individeal columns

Year chambers or chambers
1974-75 14 0 1.77 1.21-2.40
1675-76 26 0 2.49 1.04-4,27
1976~77 12 0 1.85 1.55-2,21
1977-78 12 10 1.70 1.40-2.03
1979-80 14 0 1.43 1.31~1.63




Table 2. Strat
a

<
amount of sand 17 columns and 8 chambers.

ioa of sand in columns and chambers.

Figures are mean percentages of the total

Cadrse oand
1 3rd bottom
74 1/4 /4

Fine sand
Tap 2nd 3xd bottom
i/4 1/4 /s 174

23.5 43.6

s 19.4
(ranges) (0-21.7) (14.0-33.3) (18.7-31.3) (30.0-58.0)

22.4 i9.0 35.1
(9.6~30.25 {(7.4-21.3) (31.2-6¢6

o

L. 38.9
(0-28.0) (10.2-30.0; (13.0-36.1) (21.2-50.8)

20.8 35.7
(0-23.0) {28.0-56.8)

i
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24 3z 45
Percent  (porse Send

¥iz. 2. The combinations of coarse and fine sand
{as percentages of total gravel welight) used in the
columns for the years indicated.

occupied by solids) was obtained for all columns and
chambers upon completion of the tests by measuring
the volumy of water drained from the top of the
gravel and sand mixtuve, subtracting the volume of
funnel and elbow and adding the water content of the
wet medium (“drained” water volume, Fig. 3).
Porosity was also estimated for 30 columns by
pouring the dried medium mixture into a known volume
of water. The increase in volume equals the volume
of the gravel mixture. Subtracting this volume frow
the column volume yilelded an estimate of the pore
space {“estimated” water volume of Fig. 3}. The
values obtained by the two methods were similar in
most cases, but with considerable scatter about the
line of eguality. This scatter is partly due to
error in determining the “top” of the gravel in the
column, since the gravel surface was irregular.
4lso, some air became trapped in the columns due to
increase in water temperature as it percolated
through the gravel. Alr accumulation would tend to
decrease "drained” water wolumes. The five points
{asterisks in Fig. 3) lying well below the line may
have contained the nost alr. As will be seen, the
flow rates declined in those five columns. Reduc—
tion in flow may be associated with air entrapment
or packing of sand, as these columns all had high
sand contents. The porusity declined as the
percentage of sand increased in the gravel mixtures
{Fig. 4}, and mixtures with little or no sand
averaged more than 404 pore space. Part of the
scatter in Fig. 4 1s attributed to the fact that
coarse and fine sand percentages were added, and
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Fig. 3. Estimates of water volumes contained within
columns of various gravels. The "drained” water
volume was measuved by draining the column after
emergence was complete. The "displaced” water
volume was obtained by pouriang the dried gravel mixz~
ture from the column inte & known volume of water

to estimate gravel volume. This figure was then
subtracted from total column volume. For further
discussion see text. Closed circles, 1975-76
experiments; open circles, 1977-78 experiments.
Asterisks indicate columns in which alr entrapment
may have occurred.

i5 9 25
Puscent Sand (i Wght)

Pig. 4. The porosity (volume of pore space)} con—
tained in the gravel mixtures as a function of sand
contents. The line of best fit is defined by the
equation: porosity = 40.9 - 0.39% sand {(r = -0.6,

£ = 5,14, 4f = 47). Open circles are data derived
from chambers, closed civcles from columns



sand.

coarse sand would be more porous than fine
arity and

Physical characteristics such as angula

sacking arrangement, particularly of the larger
sediments, would likely contribute greatly to the

variability in porosity.

WATER BUPPLY

The freshwater supply for the Biological

Starion comes from the fown of 5¢. Andrews water
ins Chd%kﬂgﬂ Lake source) and is dechlorinated
the Station lines. The experimental

10 filter cartridge

ged as required) into
tlameter polyviamyl

igor us *y serated. From the

to a second, 2~chambered

it was first heated, if

ed before belang run into

rates throu

sured dally. Mean rat
¢
t

Water
bers were
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50 wl/min were waintained for
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0 0.8

ingdex

Sand

J. Per tion rates through the gravel

i9 to 1977-78 inclusive) expressed as a func—
on of sand index {described in text). Percolation
tes for most columns wers maintained between S50

d 75 mL/min. Dotted line encloses columns for

ich the flow decreased during the experiment.

deviations for the percolation rates
were quite high, ranging from 10-25 mL/min. Much of
this variability occurred in the first few days
after £1ildng the columns when sand was settling.
In six columns (enclosed by the dotted line in Fig.
5%, the rates could not be maintained at the desired
level, and declined during the experiment. Five of
chese columns were fhose in which alr accumulation
may have occurred as discussed above. Due to these
decreases in flow rates in some of the columns, and
the considerable variability in flow rates, 14
columns were operated in 1979-80 at lower flow rates
ro see if emergence was affected {(Table 3). The
mean flow rates through these latter columns varied
rom 12.0~1 mlL/min with standard deviations of
3.6~%.3. In one column {10, Table 3), the
could not be raised above 8 mi/min over the last 2
mo. Since there was no indication of air entrap~
ment, slowing of flow was probably due to packing of
sand in the column. In one column of 1973-76 flow
rate failed over night and this column was discarded

The standard

[

rate

through a Cuncl®

columns

low rate in

chambers {(Table 4
ol {7
cols {Fig.
low rate of 620

to make the sand
Intragravel water velocity is critical to egg

survival and the wminimal velocities required depend
upon egg diameter, egg-packing densities, tempera-—
ture, and u;S%Ql?“d oxvgen concentration. Egg-

ing densztzef were low In these experimenis as
wWerse sC :ered in essentially a single
at one depzh in the gravel, although cluamping
ed to some degree. Temperatures were variable
re highest early in the incubation period,
irements of the eggs would be
i the fry can

er over the g

mated that, for an
ature of 8°C, the minimal velocity
requ§“ee to keep a single 1aver of eggs alive in

air-saturated water min. Bams and
Crabiree (1976) Jdvacatec VerLAtlé of 2.5-3.5
min for ei nt lavers of P““fiﬂ gainmﬂ eggs in

ir grav incubat inter
city may be

the eguation:

Or8.
;culaiec

flow rate {(mL/min)

{cm/min) =

P
A R e
100
where: a = the Cross—s nal area of the colunmn,
P
166 the poro sed as a fraction.

Obviously, for a constant flow rate and constant
cross—sectional area, mean velocity varied inversely
with the porosity. For columns with percolation
rates of SG~80 ml/min, the calculated intragravel

ried from greater than 2 cm/min at low

veloc

porosities high sand content) to slightly less than
i cw/min in columns without d (Fig. 6). The
velocities in gravel mixtures where the flow rates
could not be maintained (with asterisks in Fig. 6)
averaged about 0.7 cm/min. The velocities in the
chambers ranged from 2~10 cm/min. Since the flow

rates varied wide ely among the chambers, ther
obvious relationshlp to porosity.
measured for 11 of the 14 columns with perc
rates of about 15 mLl/min. These had veleczc
T ing from 0.45 cm/min for gravels with a L
sand to 0.2 cm/min for columns with no sand. ALl
calculated velcelties are higher than the minimum
suggested by Alderdice st al.; although some are low
naugh perhaps to Influence the ultimate size of the
rgent fry {Silver et al. 1963). These are mean

locities, and the tfrue interstital velocity at any
iven site where an egg is developing could vary
onsiderably from this mean value.
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Dissolv oxygen concentrations in the effl
water from he gravel columns were measuved wit
Beckman Model 160 gas analyzer. Yeasurements were
nade only ovca¢1 nalgy in 1974-75 on columns

4 0 ml/min, but wmore
es of ab
: than 857%
»ugh greater

frequantiy on columns with
al/min {(Table 3). HNo values

of air
4

saturation were obtalned, altl iocal
decreases in the columns may have occurred. The

effluent showed
emperatures

some supersaturation ar the lower
1ly less than 5% but sometimes %o




Table 3. Percolation rates through gravel columns in 1979-80 (mL/min). Sand contents (coarse/fine) in parentheses. Distributions of rates
appeared nearly normal.

Column
no . 1 2 3 4 5 6 7 8 9 10 11 12 13 14
(0.5/4.5) (4.8/3.9) (0.6/5.0) (4.5/0.1) (B.7/4.4) (0.5/0) (5.4/5.1) (0.3/0) (5.3/9.6) (9.6/9.3) (15.9/0.4) (18.1/0.6) (6.0/9.1) (9.2/9.1)

Mean
rate 13.9 14.7 14,7 15.4 14.8 14.4 14.6 15.2 14.7 12.0 14.8 14.9 14,7 14,4
S.D. 7.3 4.8 4,9 9.3 8.0 3.6 4,4 4o6 6.4 4ol 3.4 9.1 6.8 )

Table 4, Percolation rates (mL/min) through the chambers. Sand contents (coarse/fine) in parentheses. Distributions of flow
rates were nearly symmetrical in distribution.

Chamber no. 1 2 3 4 5 6 7 8 9 10
(0.6/12.8) (0.2/0.05) (9.2/5.1) (8.5/7.3) (10.4/9.2) (23.8/2.0) (22.8/5.5) (8.3/1.3) (20.8/2.3) (0.3/0.05)

Mean rate 437 195 444 146 104 171 620 296 125 320

S.D. 70 108 99 88 33 188 211 125 50 155




Table 5.
{mean flow rates ca. 15 mlL/min).

...6.—

Dissolved oxygen levels (% saturation) in effluent from gravel columns operated in 1979-80

Temp. Affluent Column no.
Date {°¢y supply H 2 3 4 5 4 7 & g it il 12 13 14
19.%1.79 - 39 94 96 98 97 100 98 93 7 31 92 92 88 91
13.%X11.79 5 - 98 a7 7 97 97 87 96 100 99 99 97 39 95 95
9.1.80 8 - 97 10z 102 102 g8 101 101 102 98 100 100 97 59 99
23.1.8C 3 - 1it 102 104 112 106 11l 107 94 102 1082 1060 101 101 102
8.11.80 5 - 98 110 107 113 2% 107 1069 11t 105 & 163 100 102 162
19.111.R0 5 101 82 95 93 98 92 93 97 88 35 93 8% 92 92 9z
2 - .
. i
s e
Fig. 6. The relationship between intragravel water Pig. 7. Daily average temperatures, cumulative
velocity and gravel porosity. & -~ chambers; & - temperatures {(degree—days) ani emergence patterns
columns, 1979-80, (O - columns, other years. Hatched from the gravel celumns in 1974~75 {4), 1975-76 (8},

area indicates velocities recommended by Bams and
Crabrree {1976).

than 10%, which may have been due in part to
heating as the water passed through the column.
Because of the higher flow rates in the chanmbers,
dissolved oxygen councentrations in the effluent of
these were not measured.

greater

Water temperatures of the supply flowing into
and out of each column and chamber were monitored
daily with z battery—-operated thermistor box and
probe. The water warmed an average of 0.3°C (range

0.1=1.1) in the columns, less in the chambers, as it
percolated through the gravel. This temperature
increase was minimized in the columns by the spil-
lage of excess water down the ocutside walls {ca.
100 mL/min/column). Affluent and effluent tempe
turaes ware averaged to estimate the mean incubat
temperature. The Incubation temperatures followed
those of the amblent freshwater supply for most of
the incubation period, but r about the last month
of the incubation period they were raiged gradually
from the winter low of 4-3°C to 8-14°C by the end of
the emergence period (Fig. 7, 8). Variations in
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1976-77 {C) and 1977-78 (D). ©Dotted vertical line
indicates median emergence and, on the horizontal

arm, the number of degree~days accumulated to median
emergence. The emergence data are pooled for each
vear.

daily incubation temperatures among the columns or
chambers for any given year wers never greater than
1°C and were usually less than 0.5°C. The chambers
averaged 0,5~1.0°C cooler than the columns of the
same year.

RESULTS AND DISCUSSION

TEMPORAL DISTRIBUTION OF
FRY AT EMERGENCE

FRY EMERGENCE AND SIZE OF

Energence distributions of salmon the
7 Figo 83} and *ho oha 82
a

o
7, Fiz. and the chanb

g
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were apparently nearly symmetrical with no systen
tic skewness from year to year. These are combined
values for all columns or chambers in a given year,
so it might be argued that such combination might
obscure any pattern inherent in the emergence from
individusl containers. Inspsciion of emergence
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Fig. &. Dally temperatures,
the chambers in 1977-
patterng from individual containers, however,
revea Lcd nc consistent deviations from symmetiry

which could be attributed to the nature of the

z ®ture. The accumulated degree-days to
median emergeaﬁe from the columns were 900-1000 (Fig
7, B8). The higher values (991, 983, 1027) for
1975~76, 1976~77 and 1977-78 may be associated with
the fact that the water supply was not heated as
much as in 1874-75 and 1979-8B0 (937 and 915 degree~
days). In the last mentioned, temperatures were
high ring the early lncubation ses (1i-12°¢

vs T—9°C)§ and were increased more rapidly du :
ce {12-14°C vs 9-10°C by the end of emer-
geac&}. The number of degree~days to specific
stages of development i{s not a constant but varies
with the incubation temperature regime {Peterson et
al. 19773.

The number of degree—days fo median emergence
in the chambers was much lower (783) than in the
columns. Temperatures in the chambers were consis-—
tently 1°C lower than in the columns run the same
year, yet the times to median emergence were almost
identical {150 d). Possibly the stronger upwelling
currents in the chambers resulted in faster fry
movenent upward to the gravel surface.

Hausle and Coble (1976) found that peak emer-—
was delayed up to 20 d by increasing amounts
sand in the gravel mixtures. This was not the

e in our experimeﬁtso For 11 columns with sand
ices (this term will be defined later) greater
1.2, and showing (reduced) emergence, the
iian emergence times averaged on?y I d less than
average of the median emergence for all
of the same year.
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In two columns and one chamber, fry with large
amounts of yolk (less than half the volk resorbed)
emerged “prematurely” {Table 6j. In all three

instances the grave contained much sand ~ mosily

an

Temperature

Average

Temperoture

Cumulative
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<
<

@
o
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Averoge

cumulative temperatures and emergence patterns from
78 {4) and the columns of 1979-80 (8).

Details as in Fig. 2.

coarse sand. The chamber from which 18 premature
fry emerged had very high upwelling water velocities

{ca. 600 mL/min} so that the sand "bolled” at the
surface. This strong upward flow may have facili-
tated the movement of, or by itself moved, these

relatively undeveloped
surface., McCart {1967) found that up to 607
sockeye fry (0. nerka) from the upper Babine River,
particularly downstream migrants, migrated to Babine
Lake iIn the vyolk-sac stage. Early emergence of

fry was assoclated with temperature
increases. Mead and Woodall {1968) alsc obtained
premature fry from their artificial incubation pens
in Weaver Creek. Shelton (1955), Bams {1969), and
Phillips et al. (1973) also observed the emergence
of premature chincok (0. tshawytscha) and coho (0.
kisuteh) fry in their studies. Premature emergence
{as defined in the first sentence of the paragraph)
sccurred only in three of our containers, all of
which had high percentages of sand. It is con—
sidered probable that the prematurs emergence in
these experiments 1s in response Lo an adverse
intragravel environment. Premature emergence may
abetted by strong upwelling currents. Whether
not premature emergence occurs naturally for
Atlantic salmon, as is apparently the case for
sockeye fry, is unknown. Peterson {1978} obtained
"premature” Atlantic salmon fry in emergence traps
from artificial redds. These emergences may have
been due to disturbance during trap installation.

alevins to the gravel

yolk~sac

be
or

The mean lengths of fry ar emergence varied
among the various years when experiments were per—
rned {Table 7). These differences are probably
not related to differences in grdveA
procedures in different years, as sim
ferences were noted for the same 1
under other circumstances {Petersor
They are more likely related to variati
sizes among the different vs There
significant differences between the

incubation
ar 4if-

eggs reared
1. 19773,
ng Iin egg
Wore no
sizes fry

e

of
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Table 6. Humbers of "prematurely” emerging fry, their size, and assoclated sand indices.
Coarse sand Fine sand Mean alevin length Nos

Container % p4 Sand index and range (mm) emerged
Chamber (17 22. 5.5 2.1 22.0 (20-23.53 18
Column (2 35.3 3.3 2,62 20.8 (i5.1-21.5) 7
34,5 2.4 2.46 21.0 - 2

Table 7. Mean leagths (mm) of emergent fry as related to sand index and emergence

equence The quartile refers to the relative times of emergence with fry in the first

the

p=3
fertilization.
all columns of

irst 25% of

s

each group.

the

fry to emerge.
tegt of significance was a one—way ANOVA.
Emergence period is time from beginning to end of emergence averaged for
The analysis was applied only to groups where 12 or more fry

N — number of columns:number of fry
Time to emergence is from

emerged. One asterisk indicates p < 0.05, two indicate p < 0.01.
Year 1974-75 1975~76 1976-77 1977-78 1979-80
Sand index <1.0 >1.0 <i.0 >1.0 <1.0 >1.0 <1.0 >1.0 <1.5 >1.0
N 6:267 5:177 13:471 3:88 3:70 1:13 3:136  3:97 6:264 4:151
Means
st guartile 29,11 29.3% 26,02 25.8 26.53  26.33 28.063  27.90 29.34 28.99
Znd quartile 28,17 29.27 25.96  25.7 26.65 27.00 28,02 2B.04 29,42 25.24
3rd quartile 29.21 28.9%4 25,95 25,7: 27.03  26.67 27.89 28,00 29,28  28.95
4th quartile 29,21 28.76 25.91 25,1 26.53 26,67 27.89 27.70 28,82 29,15
d.f.
Treatment 3 3 3 3 3 3 3 3 3
Error 262 172 466 83 &5 8 131 92 259 147
F value 0,186 4,817%% 0,778 7.158%*% (0,831 0.160 0.954 2.320  8.696%% 1,232
Median time
to emergence 155 154 142 132 142 142 148 151 152 147
Mean emergence
period (4) i3 1i 25 23 14 9 14 14 16 17
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emergent fry cbrained from all
for two columns which ran dry
t} are illustrated in Fig. 9 as
recentages of coarse and fine
avel mixtures. The numbers
istently into thres zones.
ng from gravel mixtures
than bounded by the line
d and 16% coarse sand were
0 {(807%). The mean number of
umn was 42.8 (no. of columns =
fry were obtained from every
column in this category, the minimum number being
i3.

For gravel mixntures with sand content falling
between the line described above and the line
connecting 127 fine sand with 24% coarse sand, the
number of emergent fry was very variable, and

usually less comparison with numbers emerging
from gravels R 1 The mean numnber of
emergent fry ; 2 (36w423 no= 23). No fry were
obtained {rom  the columns in this category.

For gravel mixtures containing more sand than
bounded by the line connecting 127 fine sand with
24% coarse sand, numbers of emerging fry were
greatly reduced {(mean no. of fry = 7.2, a = 22), MNo
emergence was obtained from 14 of the columns,
alrthough over 40 emergent fry were obtained from Z
of the columns in this category.

Figure 9 suggests a threshold percentage of
fine sand near 8%, above which fry emergence is
reduced and a corresponding threshold for coarse
sand near 16%Z. The effects of the two sand frac—
tions appear additive in their effects on fry
emergence bacause the threshold lines of Fig. 9 whea
drawn straight appear te fit the data. Based on
these considerations, the percentage of emergent fry
should be a function of the sand index (SI), defined
as:

)

Py

fea]

is the coarse sand fraction,
3¢ is the fine sand fraction.

Thus, an 51 less tha in the region below the
lower line vhere no in numbers of emergent
fry occurred {(Fig. 9,* ues between 1.0 and 1.5
are the region of decreasing emergence bounded by

-G

Sand

Fise

Peseent

sag O 5 24 3z 20
R at Coarsg Sond

1 mixtures
the columns {from 50 green eggs originally planted}
containing different levels {in percent) of coarse

and fine sand. The hatched area indicates com—
binations of coarse and fine sand measured from
natural spawning gravels.

Fig. 9. ©Numbers of fry from various grave
in a

the two lines in Fig. 9, and values greater than 1.5
usually result in no emergence. For sand indices
>1.0, the numbers of fry emerging from the chambers
{Fig. 10) (with upwelling water flows and higher
percolation rates) were generally greater than those
emerging from columns of similar sand content. With
the chambers, emergence was reduced above a sand
index of about 1.5. However, for the columns with
reduced percolation rate {ca. 15 mL/min), the num-
bers of emergent fry were similar to those obtained
in columns with a higher flow rate.

Emergence was significantly correlated with
sand coutent of the columns for all years {(Table 8,
Appendix 1) with correlation coefficients ranging
from —0.72 to ~0.93. The correlation coefficient
for all years pooled is ~0.79. Correlation

Fig. 10. HNumbers of emergent fry from 50 planted
eggs are plotted as a function of "sand index” of
incubation substrate (see text for definitiom}.
Closed circles and dotted line, columns 1974-75 teo
1977~78 inclusive; asterisks and solid line,
chambers; triangles, columms 1979-80. Encircled
points are for columns in which percolation rates
could not be maintained at the desired level.
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icients for correlations of sand, percolation rate, and
numbars of emerging fry.

Correlation coefficients

Ho. of Sand vs. Sand vs. Flow vs.

Year Stock columns emergence flow emergence
i2 ~0.88 -0.31 0.06
14 -(.53 ~0.44 G. 54
25 -0.80 0. 46 0.55
i3 ~0.77 ~0. 44 .66
12 ~G.72 -0.37 0.61
76 ~0.79

R {sand and flow vs. emergence) —0.80.

for sand comtent vs. flow rates were
from ~0.31 to -0.46 for various
soled correlation coefficient for sand
not performed as flow rates were Upon completion of emergence the gravel columns

ower values in 1975-80 : 1d uiamue s were or egz, alevin and fry
ble 9). Totals of egg and yolk-sac

gravels could result in some differences among
various experiments.

years.
ve. flow we

Correiat

T n
ace ranged from 0,06 to alevis °nts were combinad as it was often not
fict of =0.06. The pooled sossibl tinguish between them due to decom—
the fact that high emergeace num~ position. Eggs were frequently found intact {as in
bers were obtained for columns with low percolation most of the tallies for sand indices <1.0) as the
rates in 1979-80. 1In pooling the data, we have zona radiata apparently deterred decomposition so
assumed that emergence from eggs of variocus stocks that fragments of yolk may well have been the
responds similarly to changes in sand coatent and/or remains of alevins, the embryos of which had decom~
percolation rate. The multiple correlation posed. It is iikely that most of the identifiable
coefficient for the effects of sand and percolation eggz remains found in gravels with low sand content
rate combined was —-0.80, indicating that inclusion were of nmon~viable eggs since the percentages were
of percolation rate did not significantly improve not much larger than those observed in the hatching
the fit obtained with sand content alone (X = boxes on eggs from the same lot. The mortality
~0.79). Therefore, we conclude that sand content is prior to hatching was increased at SI's greater than
the significant variable controlling numbers of 1.0 as 380 of the ,95 dead eggs and alevins could
emergent fry in these experiments. positively be id ified as eggs. For those columns
with sand indices S:;C, over 90% of the planted eggs
4 strong upwelling water flow through the could be accounted for (Table 9). In gravel mix~
gravel mixtures in the chambers 4id result in more tures with sand indices »1.0, only 80-70Z of the
emergent fry at the higher sand indices (Fig. 10). eggs planted could be accounted for mainly because
This increased emergence may be attributable to the of decomposition and difficulty in separating
effects of the strong upwelling water currents on clusters of volk fragments into individuals.
the degree of packing of sand in the gravel. The Apparently, most of the mortality occurred before
upwelling may have kept it more loosely packed, thus the end of volk resorption, although dead fry and
preventing smothering of eggs or alevins, and advanced alevins decompose rapldiy and the numbers
perhaps permitting easier wmovement of alevins and of these are undoubtedly also underestimated. The
fry within the gravel. entrapped live fry would probably not have emerged
as they were emaciated and had been unable to emerge
Hausle and Coble (1976) have summarized emer-— for a week after the last of the other fry had
gence data from a variety of sources. BEmergence emerged.
reduction usually begins at 15-30Z sand composition
and emergence approaches 0 at 60~70% sand. The EXPERIMENTAL VS. NATURAL GRAVEL MIXTURES
variability in results can probably be explained, in
part, by differences in the particle sizes used Contents of coarse and fine sand in natural
among the various experiments. Bjorn (1969) Atlantic salmon spawning gravels have been estimated
included all particles less than 6.35 mm in his {(Peterson 1978). Similar values have been deter—
“sand” fraction, while Hall and Lantz (1969) con- mined by NcWNeill and Ahnell (1964) and Campbell
fined their studies to particles of 1-3 mm in (1977} for the spawning gravels of other salmonids.
diameter. Thus, both of these studies used coarser Values obtained by Peterson {1978} are represcnted
sediments which might be expected not to have an by the shaded area of Flg. 9. HNineteen of the 28
effect until the perceniz sand was relatively high. S paw f. sites sampled had sand indices <1.0 an
Hausle and Coble (1976) used a sand fraction of 2 mm Ly index »1.5, so that some emergence
or less, which probably corresponds more closely to 1d ed cur {on the basis of sand
the sum of the fine and coarse sand fractions in our content) from 27 of the 28 sites. These percentages
experiments. Phillips et al. {1973) reported are mean values over 15 cm depth and the percentage
increased mortality of emerging fry from gravel miz- of sand at the level of egg deposition might he more
tures with higher quantities of fine sand. Varying important. Levels of emergence obtained in our

water velocities and vectors of water flow through
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ble 9. Summary of fate of eggs in gravel columas and chambers. Columns and chambers are classified into
x categories based upon sand index. Data for 1976-77 columns where eggs had low fertility are excluded.
N - no. of columns or chambers. Average per column or chamber in parentheses.

Dead eggs + Entrapped
31 yolk-sac alevins Dead Ity live fry Emergent Iry B Fraction recovered

0-G.1 (6.0} 0.1 16.1) 544(41.85 13 0.96
25, 1-0.5 L (6.3 0 239(39.8) 5 0.92
>5.5-1.9 35 (3.4 (0.93 7{0.o) 495{45.0) i1 0.99
>1.0~1.5 339(>15.4) (3.2} 4{0.23 420(15.1) 22 5.76
>1.5-2.0 4 i) (4.4) 1(0.1) 80{i1.4) 7 0.74
>2.0 23 (2.83 0 38 (7.6 5 0.65

H 1 0 90{45) 2 0.92

i O g 45 i 0.92

>1.0-1.5 i Y 4 89(44.5) 2 0.90
>1.5~2.0 >16 (4.0} 30(7.5) 2{0.5) 98(24.5) 4 0.73
>2.0 2 3 1 21 1 0.54

at low sand iIndices are con—
derably higher than those reported from field
{Wickett 19538; Peterson 1978) where usually
n 157 emergence occurs. Such field esti-
y be severely underestimated due to trapping
Furtherwmore, the content of fine sediments
v one factor iInfluencing sub—gravel water
ties in stream gravel beds, others being com
of gravel, hydraulic head, and configuration
and roughness of the stream boztoﬂ {(Vaux 1962;
Cooper 1965). 1In addition, factors such as preda~
fungal infection, freezing, lce scouring, and
nifting Of gravel d iring freshets would contribute
cal
ol

Emergence

Percent

Croix (pers. comm.) estimates
i‘ty in two spawning areas of

ic salmon was due to ice scouring 85

gravel shifting. Percent Sand

The experiments described here indicate that,
even In the presence of water supply sufficient for Fig. 1i. Percent emergences of fry from gravel
survival, fry emergence 1is reduced if the sand mixtures as a function of percentage of sand in the
content in the gravel exceeds certain levels. The substrate are reported from several studies. Line
mechanism reducing survival and subsequent emergence i: Bjorn (1969), steelhead, swim—up fry placed in
is unknown. Several conjectures may help account gravel, fines <6 35 mm. Line 2: Phillips et al.
for it, e.g. fine sediments settling around eggs and {1975), steelhead, swim—up fry, fines 1-3 mm parti-
reducing the local flow of water arcund the egg cle size. Line 3: As with line 2, but for coho
surface to lower than critical levels. Dead eggs or galmon. Line 4: As for lime 1, but with green eggs.
alevins were fregquently found in clumps encased with Line 5: Hausle and Coble (1976), brook trout, alevins,
sand, particularly the fine sand. Similar effects fines <Z mm. 6A: This study, Atlantic salmon, green
m occur after hatching, since dermal gas exchauge eggs, particles 0.06-0.50 mm, leading edge of shaded
is probably important in alevins. In more advanced area for strong upwelling currents, trailiag edge
fry, excessive sand may infiltrate the oral and for slower downward percolation. 6B: As for HA but
branchial cavities and interfere with respiratory for particle size 0.5-2.2 mm.
flow. Sand may also block pathways for emerging fry
prevent upward movement through the gravel.

studies. Several factors may influence the thres—
GENERAL DISCUSSION hold and also the rate of decline once the threshold

is exceeded. Sand particls size and direction of

water flow were shown to be important ia our study

Several studies on the influence of sand in (Fig. il, curves 64, 6B). The coarse particle size
incubation gravels on emergence suggest a sigmoidal used by Bjorn (1969) may have been responsible for
relationship with a lower thresheld level where sand the high percentage of emergence success obtained by

es (Fig. 11). This him. The stage of development attained by the brood

-
sfarts to have noticeable effec
from 8-30% in the various when the experiment is started appears to have an

threshold varies, however,



influence. Experiments utilizing green eggs (curves
, 6A, 6B) had lower maxima percent of emergence,
poesibly reflecting non-viabl ncluded in the
ﬂxperiment, and a sharper inf threshold
sand conceatraLga~b were euceededa Tﬁld sharper
inflection may reflect a specific effect and on
,xgefinem ilizing advanced fry
at 2

g

Rl

w

of

mergence & high r sand concentra-
thug, ?in gz or fry size may influeuce
emergence f iven gravel mixture. The emer—
Zence perce 4 steelhead fry (curve

coho fry {curve 3)
er steelhead fry may
to move upward
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Appendix 1

Various experimental parameters for the gravel columns for the 5 yr when experiments were conducted.

% %
Mean flow rate coarse fine
Year Stock Sand index (ce/min) Emergence sand sand
1974~75 Miramichi 0.00 60 24 0 G
0,01 51 47 0.1 O
0.30 &3 495 4.7 0.1
.68 62 50 2.9 4.0
0.88 &1 47 13.1 0.5
0.99 63 39 6.0 4.9
1.12 59 42 4.4 6.7
1.20 59 34 5.6 5.8
1.47 63 29 17.5 3.0
1.69 50 G B.4 i0.3
1,70 54 0 16.4 5.4
1.82 52 43 23.0 3.0
2.02 o4 29 30.8 0.8
2.14 48 0 15.6 9.3
1975-76  Waweig 0.00 68 47 0 0
0.00 64 41 0 0
0.01 65 48 0 0.1
3.4 59 Lo 0.3 0.2
0.06 62 43 G.4 0.3
0,15 62 45 0.3 0.8
0.36 &4 38 0.3 2.7
0.38 76 49 4.7 0.7
0.65 68 47 0.5 5.0
0.86 70 43 4.8 4.5
0.90 60 46 0.4 7.0
0.93 59 H 4.9 5.0
0.97 52 40 3.3 6.1
1.03 64 35 4.5 6,0
1.22 54 29 6.5 5.5
1.25 i1 24 6.3 6.9
1.38 64 2 19.8 lo1
1.50 25 6 8.0 8.0
1.52 57 ] 21.9 1.2
1.86 25 g 18.3 5.8
1.90 Z5 19.9 5.3
1.94 26 9] 9.2 10.9
2.22 66 1 35.6 G.0
2,46 58 2 34.5 2.4
2.62 54 6 35.3 3.3
1976~77 Waweig 0.00 87 46 0 ¢
0.00 72 33 0 0
0.46 81 36 7.3 0
1.03 78 3 3.6 6.5
1.22 75 20 10.9 4,3
1.34 85 i5 8.4 6.6
1.37 60 0 S.4 6.2
1.38 77 7 11.7 5.2
1.49 78 8 1.3 ii.3
1.55 & 2 8.8 8.9
1.64 58 & Zi.1 2.6
1.84 38 g 20.8 4.3
1977-78 Waweig 0.01 90 45 0.1 It}
0.02 74 46 0.2 0.1
0. 61 73 45 8.8 0.5
1.17 75 & 10.7 4.0
1.30 69 35 0.7 10.1
1.33 71 19 0.5 10.4
1.48 73 ol i3.3 5.2
1,51 25 O 22.7 0.7
1.64 85 0 24,5 0.9
1.81 83 3 10.1 S.4
1.83 70 0 11.3 9.0
1.9 75 0 23.4 3.8
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Appendix 1 {cont'd)

z %

Mean flow rate coarse fine

Year Stock Sand index (ce/min) Emergence  sand  sand
1979-80 Magaguadavic G.02 15 48 0.3 0
0.03 14 47 0.5 0

0.29 15 45 4.5 0.1

0.66 15 47 0.6 5.0

0.79 i3 35 4.8 3.9

.98 15 43 5.4 5.1

1.04 15 45 15.9 0.4

1.09 14 33 9.2 4.1

1.09 15 39 8.7 4.4

1.21 15 7 i8.1 .6

1.53 15 33 5.3 9.6

1.76 12 0 9.6 9.3





