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The importance of measuring biotic and abiotic factors
in the lower egg pocket to predict coho salmon egg
survival
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Based on results from simulated redds of coho salmon Oncorhysehus kisireh, the amount of fine
sediment <0 5mm in the lower half of the egg pocket, rather than the entire egs pockst of the
redd, was a strong predictor of egg survival to hatching (2= 0 62) The relationship was mch
stronger than observed in other studies, which typically ignore egg pocket structure Abundance
of a fish egg- cating worm, Haplotaxis ichthpophagous, an oligochaete that may have been attracted
to fine sediment and dead eggs in the egg pocket, was alse associated with a decrease in egg sur-
vival The worm, however, acconated for ittle of the variance in s vival compared o fine sediment
Only 10% fine sediment (<0 5 mm) in the lower pocket was required to decrease survival from 100 to
5%. Other abiotic factors had weaker {gravel permeability) or non-existent (dissolved oxygen)
sorrelations with survival © 2003 The Fisheries Soclety of the British Isles
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INTRODUCTION

Muich research has been conducted and summatized on the effects of fine sediment
on salmonid egg survival (Chapman, 1988; Kondolf, 2000) Laboratory and field
studies have suggested that infiltration of large amounts of fine sediment into
salmonid redds can 1educe gravel permeability (McNeil & Ahnell, 1964;
Koski, 1966) and delivery of dissolved oxygen (DO) to eggs (Coble, 1961; Rubin &
G111nsate1 1996) The resultant low DO concentxatlons can kill eggs (Wickett,
1954; Aldence et al ,1958; Sowden & Power, 1985). In addmon, fine sediment can
ochude interstitial pore spaces and directly inteifeie with emergence of salmonid
fty (Hausle & Coble, 1976; Everest et al., 1987). Although relationships between
egg survival and fine sedlment or other substmtum measures (geometric mean,
fredle index) have been strong in the laboratory (r% = 0.6-0 8; Phillips et al., 1975;
Young et al, 1990), they have not been as strong in artificial (Scrivener, 1988;
Rubin & Ghmsatef 1996) or natural redds (Koski, 1966; Cedesholm et o/, 1981;

Tagart, 1984; Sowden & Power, 1985) in the field (often P > 0.05).
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EGG POCKET FACTORS AFFECT SURVIVAL 535

Correlations with sauvival in the field may have been weal because fine sediment
was measured in the entite gravel column of the redd or egg pocket, rather than in
just the lower egg pocket Though the egg pocket extends from the surface to the
floot of the redd, most eggs reside in the bottom half (Hawke, 1978; Chapman
etal ,1986) Moreover, gravel conditions in the lower portion of the pocket differ
from the overlying gravel (the centrum, located at the bottom, contains laiger
rocks; Buiner, 1951; Jones & Ball, 1954; Vronskiy, 1972), yet most field 1esearch has
not focused on the lower half (Chapman, 1988).

This oversight is a problem if a seal of sand forms on the surface of the redd
Sand can {ill surface interstices and block further infiltration of finer particles
into the lower egg pocket, protecting the eggs {Beschta & Jackson, 1979; Chapman,
1988; Lisle, 1989). If the sand seal is not thick enough to trap emerging fry, but
thick enough to block other fine sediment, even egg survival to emergence could
be high in redds with large amounts of sand in the overlying gravel No studies
have addressed whether fine sediment levels in the lower egg pocket are more pre-
dictive of egg survival to hatching than the levels that have tzaditionally been meas-
ured thioughout the egg pocket in a redd.

Factors other than sediment can affect egg survival, including abiotic and biotic
conditions such as DO concentration, gravel permeability and abundance of egg
predators Such variables should also be measured deep in the egg pocket to evalu-
ate their effects on survival relative to fine sediment Some ficld studiss have
addressed effects of DO and permeability on egg survival (Turnpenny & Williams,
1980; Tagart, 1984; Sowden & Power, 1985; Rubin & Glimséter, 1996); but, uniike
this study, they did not always measure these factors in the same location as the
eggs. Also, egg predators have been ignored, even though they may have a substan-
tial effect in some streams. Large masses of a fish egg-eating worm, Haplotaxis
ichthyophagous (Gates), have been observed to invade salmonid redds or planted
egg boxes in a numnber of streams in notthern California (Briggs, 1953; Williams,
1996; R Barnhardt, pers. comm). When this worm was present, egg sutvival
decteased (Briggs, 1953; Meyer et af , 1993)

This study had two objectives The first was to determine which combination of

abiotic (percentage of fine sediment, DO concentration, permeability) or biotic
(oligochaete abundance) conditions in the lower egg pocket best predicted egg sur-
vival to hatching of coho salmon Oncorhynchus kisutch (Walbaum) in a sediment-
impacted stream Because of their direct effects on the eggs, a combination of DO
and oligochaete abundance was expected to be the best predictor, bettet than fine
sediment or gravel permeability. The second objective was to test the hypothesis
that fine sediment in just the lower egg pocket of simulated coho salmon redds is
move predictive of egg sulvival to hatching than fine sediment measured in the
entire gravel column of the egg pocket

MATERIALS AND METHODS
STUDY AREA
The study was compieted in Prairie Creek (41°22'N; 124°00° W), a coastal stream in

Prairie Creek Redwoods State Paik in noi th-western California. T he creek suppotts 1uns of
anadromous ccho salmon, chinook salmon Oncoriynchus tshawytsche (Walbaum) and
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steethead Oncorhiynchus mykiss (Walbarm) (Andeison, 1988) Before 1989, the cieek was 2
relatively pristine old-growth redwood forest stream. During a rainstorm in October 1989,
Prairie Creek received a large load of silt and fine sediment from 10 km of an vnprotected
dirt road-construction alignment in its watershed (Meyer et al., 1993). Long-term monitor-
ing of the gravel in 1iffle crests over 8 years with freeze-cozes (beginning in 1985) indicated
fine sediment significantly incteased and the geometzic mean particle dlameter and fredle
index $ignificantly decreased afier the 1989 storm (unpubl data) To investigate the effects of
the fine sediment on sutvival of salmonid eggs, a 10 km reach was established on the portion
of Praiiie Creek affected by the sedimentation event. A second stream in an adjacent
watershed, Lost Man Creek (41°22' N; 124°00' W), was used to obtain independent data to
test the adequacy of the regression models Lost Man Creek had also been subj ected to sedi-
ment inputs, but from past logging rather than from road construction

EGG SURVIVAL

Abiotic and bictic factors that can affect salmonid egg survival were studied using simu.
lated redds in Prairie Creek for 3 yeats (1991-1993) The Prairie Creek study area was strati-
fied into four reaches bounded by major tributaries (Meyer ef al , 1993). Within sach reach,
simulated redd sites were randomly selected within riffle crests that were potential spawning
habitat (real redds had been obser ved in many of these areas in previous years during spawn.-
ing surveys) Twenty simulated redds were constructed in 1991, 17 in 1992 and four in 1993
during Jamary, the month in which most coho salmon were spawning Due to budget con-
straints, only four simulated redds were constiucted in 1993, one in each reach The 1993
redds were placed in a location that had approximately average egg survival for that 1each
the previous yen: Three of the four reaches had ganging stations. Peak stream flow wag
recorded as the highest water discharge recorded at the nearest gauging station upstream of
the simulated redd during its egg-incubation period

For each simulated redd, a cylindrical basket constructed from 32 mmn plastic mesh was
filied with sieved (<4 .75 mm), clean gravel interspersed with 100 freshly fertilized coko sal
mon eggs. Large cobbles (64-128 mm) were at the bottom of each basket to simulate the egg
pocket centrum (Coey, 1998) Each simulated redd had one basket in 1991, but twa in 1992
and 1993 to reduce the vatiance in estimates (variables were zveiaged fo1 the two baskets)
The baskets were buried 30 cm deep in cach shovel -sified simulated redd, and a pot and tail-
spill were construeted, Each basket (15 om tall x 15 cm diameter) represented the lower egp
pocket and had 15 cm of gravel above it. After eggs were expected io have hatched (based on
stredm temperatures), the baskets were retrieved with winches and surviving sac fi ycounted.

All egg survival rates were adjusted fot parental fertilily and egg viability rates, determified
from eggs incubated in a controlled streamside hatchbox. Handling mortality, estimated
from 12 unbutied control egg baskets placed in clean stream water, was minimal (02 ).
Vatiability in estimates of mean egg survival percentages for each parent fish in the controls
was relatively low (mean s.E over all fish = 3% in 1991,4%n 1992 and 1% i1 1993).

DISSOLVED OXYGEN AND PERMEABILITY

Dissolved oxygen and gravel permeability were measured in standpipes in the lower half
of the egg poclket Before the gravel and eggs were added, a pexforated, 3 5 cm-diameter
standpipe (Terhune, 1958) was placed in the base of each basket between the centrum cob-
bles. After the addition of gravel and eggs, plastic tesh with a tight- fitting hole for the stand.
pipe was sewn on the tops of the baskets, and the standpipes were capped when notinuse

- Atthe end of the incubation period, DO concentration and gravel permeability were meas-
ured in the standpipe at least three times consecutively to obtain a reliable average Dis-
solved oxygen concentrations of the intiagiavel watet in the standpipe and adjacent surface
water were measured with an air-calibrated YSI Model 54 DO meter and probe. For per-
meability, the rate of water inflow into a graduated chamber was measured after a vacuium
generator established a 2 5em head in the pipe {Coey, 1998). Use of a motorized vacaum
generatol with constant suction improved the ease of permeability monitoring over the
hand purhps often used in other studies (Koski, 1966; Tutnpenny & Williams, 1930; Young

© 2003 The Fisheries Society of the British Isles, Jowinal of Fish Biology 2003, 62, 534548
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ef al,, 1989) In the present study, the same individuals measured the conditions in all simu-
lated redds (Young etal, 1989) Water infiltration rates were conver ted to per meability rates
at 10° C with Terhune’s (1958} calibration curve. Because the standpipe was not identical
with Terthune’s (having slits instead of holes), his calibration curve might have been slightly
biased for the pipes Nonetheless, a second calibration curve developed for alarger diameter
pipe (4 lem; Bavnard, 1992) was identical to Terthune’s (1958) in the pertinent data range,
which suggests differences caused by slight changes in pipe design were minot

FINE SEDIMENT

1o capture fine sediment that infiltrated the entire gravel column in the simulated egg
pocket, collapsed, 25cm diameter, waterproof infiltration bags (Meyer et af , 1963) were
placed beneath each basket Cables were attached to the infiltration bags to allow removal at
a later date. Although the bags may have hindered some upward and downward movement
of hyperheic water, the chemistry {tetal dissolved solids, DO} of the ground and surface
water is probably not different enough (Meyer et af , 1993; M Spatkman, pers comm) to
wariant concern that the bags were strongly changing the egg pocket environment After the
egg-incubation petiod ended in March, a chainwinch on a tripod was hooked to these cables
and pulled up to unfold each infiltration bag In this way, the egg baskets and all gravels sur-
rounding and on top of each basket were removed from the streambed. The egg baskets were
removed from the infiltration bag and immediately placed in a water-filled dishtub to min-
imize loss of watet and fine sediment Sediment suspended in the water from each basket
and infiltiation bag was allowed to settle in graduated cones for 45 min

Guravels (including the suspended sediment) were oven-dried and mechanically sieved
through the following sieve sizes: 128, 64,45,32,22,16,11,8,5 6,4 7,2, T and 0 5 mm (Coey,
1998) The percentage of fine sediment was calculated by mass for particles <0-5 mm and
0 5-4 75 mm Percentages were calculated for (1) gravel in baskets and (2) the gravel column
of the entire egg pocket, which combined all gravel in the egg basket and infiltiation bag Per-
centage by dry volume was also calculated with the water displacement method and conver-
sion factors that compensated for water content (Platts e , 1983)

Despite efforts to duplicate conditions, the gravel composition of the simulated redds was
not identical to natural redds exposed to the same stream conditions Composition of the
gravel column in 10 natural redds (after fry eme: gence) in a separate study on Prairie Creek
(Coey, 1998) was compared to the composition of the entire gravel column of the simulated
redds after eggs hatched. Although mean percentage of sediment <4 75mm was similar
(P >010), the finest fraction (<05 mm) averaged somewhat higher in the simulated redds
(11 v 7% by volume, P =1 02)

Scour chains (Leopold efal , 1964) placed adjacent to the simulated redds in 1991 and [992
suppotted the assumption that most of the redds were not scoured down to the level of the
hatching basket in those vears {maximum scout was 5 5cm) Overall, during the 3 vear
study period, scour was probably minimal because the baskets temained in place within the
constructed redds

OLIGOCHAETE WORMS

Alter each egg basket was operied, oligochaete abundance was recorded as absent. low
(1-15 g of worms), mediwm (16-59 g) or high (>60 g). This categor ical vatiable (0-3) was used
in the data analyses. It should be noted, however, that these wotms are mobile and may have
left an egg basket by the time it was opened

DATA ANALYSIS

All survival and fine-sediment percentages were normalized with the arcsine square oot
fransformation (Neter e af , 1990) The size fraction of fine sediment that best predicted egg
survival was determined by separately regressing percentages of particle sizes <0 3 mm and
J 5-4 75 mm on egg survival for each individual year and combination of the 3 years Because it
wag unknown whether mass or volume of fine sediment was most predictive, linear regression

i 2003 The Fisheries Society of the British Isles, Journal of Fish Biglogy 2003 62, 534-548

i s o R

i
3
H
3
B

]




results were compared for both statistics Dissolved oxygen concentration, gravel permea-
bility and worm abundance categories were sach regressed on survival and then added in vari-
ous combinations with fine sediment to find the most predictive regression equation To test
for nen-linearity and interactions among variables, polynomial and intetaction terms were
added to check if they improved the best models (Neter ez a/, 1990) Data were evaluated for
cach year and all 3 years combined To select the best models from the family of 15 models
tested (all combinations of the four variables), the techniques of Buinham & Anderson (1998)
and Franklin eza/. (2000) were used An Akaike weight (w;) was calculated as ‘

R el
Z‘e_o SA,] ,

re=1]

whate A, =AIC; —minimum AIC (AIC =Akaike’s Information Critetion, a measure of
model fit) for the ith model of R compared models (Burnham & Anderson, 1998) The
AIC was corrected for samplesize (AIC, in Burnham & Anderson, 1998). The weights repre-
sent the likelilood that one model betier approximates the true relationships than the other
models, Of the two top mzodels with the lrighest Akaike weights, the model with significant
variables, a high Rf;:,j, and that was most predictive when applied to an independent dataset
was selected as the}:est model

Tovalidate and test whether the top models were applicable to an independent dataset on a
nearby stream, the regressions developed for Praitie Creek were applied to a dataset
obtained from simulated coho salmon redds constructed on Lost Man Creek during 1962
(n=5) and 1993 (2 =1). Mean square prediction etrots from the observed and predicted
values for these six redds were caleulated and compared between the models (Neter er af,
1990). Allthe above statistical analyses were conducted in SAS (SAS Institue, 1990). Results
were considered highly significant at « = { 05 and moderately significant at ¢ = 0-10

Because autocorrelation can inflate the significance of regression coefficients, spatial
and temporal autocorrelation of the residuals of the best regression were addressed using
Maran’s Ltest in §+ (Mathsoft, version 1.5) and by adding vear as a variable The inverse
of the distance between the simulated redds was used as the spatial weighting statistic:

£ RESULTS

ANNUAL VARIATION

Based on data from a long-term rain gauge near Prairie Creek, rainfall was 80,
60 and 125% of normal in 1991, 1992 and 1993, respectively. Correspondingly, peak
stream discharge during the incubation period was moderate in 1991, low in 1992
and relatively high in 1993 [Fig. 1(2)]. The high flows in 1993 delivered the most sedi-
ment <4 75 mm into the entire gravel columm of the egg pocket of the simulated
tedd (24% in 1993 v 13% in 1991 and 10% in 1992, ANOVA, P <0-01) When per-
centages of sediment <475 mm were determined for just the lower egg pocket,
however, more fine sediment was observed in 1991 [Fig. 1(a)]. More of the fine sedi-
ment <4 75mm that infiltrated the simulated redd reached the lower egg pocket
that year [11 2% in 1991 v <4 5% in the other yedrs, Fig 1(a)]. Worms were also’
more abundant in 1991, infesting 75% of the simulated redds (often in very large
masses of >400 worms and up to 121 g wet mass in a basket), whereas they only
infested one or two of the simulated redds in the other years [Fig 1(b)]. In conjunc-
tion with the high sediment loads in the lower egg pocket that year, redd gravel per-
meability was lowest in 1991 [Fig. 1(b)].

¢ 2003 The Fisheries Society of the British Isles, Journal of Fish Biology 2003, 62, 534548
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Corresponding to the poor conditions (high amounts of fine sediment, abundant
worms and low permeability in the lower egg pocket), egg survival was extremely
low in 1991 (5%) compared to the other two yeais [>40%; Fig 1{c)] Dissolved oxy-
gen concentration, however, was not correspondingiy low that year [Fig 1(c)]. In all
3 years, DO concentiations in the egg pocket of all simulated 1edds remained high,
and only slightly lower than the surface water (=109 v [l 5mgl™

EGG SURVIVAL CORREIATIONS IN THE EGG POCKET
When 1egressions were examined separately for individual years, all relation-

ships of fine sediment to suivival except one were not highly significant The only
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highly significant relationship (P < 0.05) for an individual year was in 1993, the
year in which sample size was small (n==4) Volume of fine sediment <0 5 mm was
negatively correlated with survival that year (Ridj =091, P=0.03). Some othe:
regressions on suivival, however, were moderately significant (005 <P<010)
within individual years. The predictors for those regressions were: (1) 1991: volume
of fine sediment <05 mm (R =015, P=0 051, n=20); (2) 1992: mass of fine
sediment <0 5mm (Rid- ={ 121, P=0095 n=17); (3) 1993: mass of fine sedi-
ment <0-5mm (Ricli =075, P =0 087, n=4). Fine sediment <0 5mm always had
a negative correlation with survival. The lack of strong significant relation-
ships within the individual years of 1991 and 1992 was not surptising because
each year covered only part of the full 1ange of fine sediment conditions found
in the lower egg pocket of the simulated redds over the 3 years [Fig 2(a)] The
finding that the data in 1993 (which also did not cover the full zange) had a strong
significant refationship may have been fortuitous, given the small sample size
that yeax B

All 3 years of data were combined to capture the full tange of sediment amounts
found in the simulated redds and to obtain a laiger sample size When the data

© 2003 The Fisheries Society of the By itish Isles, Jouinal of Fish Biology 2003, 62, 534-548
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Tastel Resuits for particle sizes {by mass and volume) regressed on egg survival Data
from 1991 to 1993 are combined (n =41} {—), Negative coefficient

P R Akaike weight’
Lower egg pocket sediment (% by mass)
<0 Smm (-} <0 0001 0 54 G439
0 5-4 75 mm (=) 00695 006 48x 10710
Lower egg pocket sediment (% by volume)
<0 5 mm () <0 0001 06l (561
0 5-4 75mm (-) 01895 002 21x1077®
*R‘z is the coefficient of determination adjusted for number of parameters in the 1egression

| , . ,
An Akaike weight sums to one for the Family of compédred models (Burnham & Anderson,

1998) The model with the highest weight has the highest likelihood of approximating the “true’
relationship

were combined, volume of fine sediment <0-5mm produced highly significant
relationships with survival that explained 62% of the vaiiance [Table¥ and
Fig 2(2)}. In contrast, relationships with coarse sands (0 5—4 75 mm) were not sig-
nificant. Volume of fine sediment <0 Smm had higher Akaike weights and
explained more variance than mass of fine sediment (Table I} Thus, volume of fine
sediment <{ -5 mm in the lower egg pocket was the fraction used to relate fine sedi-
ment to egg survival in all other analyses

As expected, fine sediment measured in the entire gravel column of the egg
pocket, instead of only the lower egg pocket, did not predict egg swrvival well
(Fig 2(b)]. The regressions were not significant in any individual year or for all
3 years combined (P > 10) For example, during the high-flow year (1993), fine
sediment loads in the entire gravel column of the simulated redds were very high,
yet survival was highly variable and not corielated with the sediment load
[Fig 2(b)] Only when the upper layer of gravel was removed from the analysis, did
correlations in each year become significant. '

Egg survival was regressed individually on each of the four factors measured
in the egg pocket (DO, peimeability, fine sediment and worms) Fine sediment,
petmeability and worm abundance each pioduced highly significanl models
(TableII), but DO was not significantly correlated to suivival (+%=0 018,
F=09102) Nonon-linear trends were evident for any of these vasiables

When the variabies were entered into multiple regressions in various combin-
ations and then compared to one another and to the models with individual vari-
ables (15 models compated), the top two models based on Akaike weights were
fine sediment alone and fine sediment with worms (Table II) These also had a
high Ridj The coefficient for worm abundance was modeiately significant in the
latter regression (P =0 090). The interaction term between worms and fine sedi-
ment was also moderately significant (P =0 (89} None of the multiple tegressions
had significant coefficients for DO or permeability

Lhe top two regression models (worms plus fines and fines alone} and the worms
plus fines regression with the intetaction term were applied to independent data

¢ 2003 The Fisheries Society of the British Isles, Joiun nal of Fish Biology 2003, 62, 534-548
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TaBLell Regression model vaiiables and measwies of medel fit. All models com-

bined data from 1991 to 1993 (n= 41) Ali15 models compared atenot shown, but the top
two based on Alaike weights were fines-worms and fines (shown)

Model P s Akaike weight”
Fines' (-), Worms{-) <0 0001 0630 0304
Fines (-) <0 0001 0612 0224
Worms (<) <0 0001 0 381 16x%107°
Permeahility (+) 0 0030 0174 41x1078

"See TableI for definition Gf'Rﬁdj and Alaiks weight
(4 ot (=) indicates & positive ot negative coefficient for the variable in the regression model. All

fine sediment percentages (<0 5mm) were caleulated for the lower egg pocket {basket) by volume

collected from six simulated redds on Lost Man Creek in 1992 and 1993 The
regression equations were:

survival = 1053 —2 587 (fines), . 1)
survival = 0 996 — 2 138 (fines) — 0-0789 (worms) and {2)
survival =1-081 — 2,539 (fipes) — 0 329 (woxms) + 0783 (worm X fines), {3)

where percentages of survival and fine sediment (fines) were arcsine sqriare root
iransformed. For equations (1), (2) and (3), the mean prediction square eiror
(MPSE) of the independent data was 0.073, 0 057 and 0-075, respectively. These
values are a good fit if they are close to the mean square s1101 (MSE) of the original
models. The differences between the MPSE and MSE for equations (1), (2) and (3)
were 0-022, 0 008 and 0 029, respectively. Thus, equation (2) (worms—fines with
no interaction term) had the lowest difference and best fit When data were entered
into equation (2), the predicted mean sut vival for the six independent redds was
21% (sB =4 9%), which was relatively close to an observed mean of 27%
(s E = 519) When worms were excluded, the predicted mean (19%) differed more
from the observed mean Therefore, the combination of fine sediment <0 St
and worm abundance,” both negatively correlated to egg sux vival, provided a
moderately predictive model for incubation success in simulated redds in a nearby
sediment - impacted stream. ,

Fine sediment explained far more variance than worm abundance. When added to
a model with just worm abundance, fine sediment explained an additional 25%
of the variance. When worm abundance was added to a model with just fine sediment,
worms explained only an additional 3% of the variance Unfortunately, fine sediment
and worm abundance were moderately and positively correlated (¢ = 0 63), making the
interpretation of the relative effects of the two difficult (Neter etal , 1990) _

Spatial autocorzelation was not significant (P> 0 95); thus, no adjustments to
the final regression equations were required The year in which the simulated redd
was created was a significant variable when added to the regression with worm
abundance and percentage of fine sediment, indicating the data were tem-

porally autocorrelated The squation was:

susvival = 0 462 — 1 273 (fines) — 0 088 (worrms) + 0203 (year). 4)

« 2003 Ths Fisheries Society of the British Isles, Jowrnal of Fish Biology 2003, 62, 534-548
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iach of the four coefficients in equation (4) were highly significant (P <0 04) and
he regression had a high + (0 73) Year was negatively correlated with fine sedi-
1ent (r=--0 66) Thus, even after accounting for sediment and worms, later years
a the study had conditions moere conducive to high egg survival.

DISCUSSION

AO0ST PREDICTIVE VARIABLES IN THE LOWER EGG
"OCKET

If it is assumed that simulated redds repyesent natural redds, the results suggest
hat fine sediment <0-5mm measured in the lower egg pocket may be one of the
aost reliable predictors of salmonid embiyo survival in some coastal streams.
\lthough the most parsimonious mode! (Burnham & Anderson, 1998) that still
it the data well was the fine-sediment model without the worins, the negative coi-
elation of oligochaete woim abundance with survival should not be completely
mnored Adding worm abundance to fine sediment in a multiple 1egression
mproved predictions on the independent dataset

The results refiute the hypotheses that DO concentration and worm abundance
vould be the most predictive variables Dissolved oxygen was more important
han sediment in a stream that had strong upwelling of groundwater with low DO
Sowden & Power, 1983), but in Prairie Creek, where DO concentrations were
lways high, DO was a poor predictor Dissolved oxygen concentrations were
ever low enough (29 9 mg1™") to cause egg mortality (Wickett, 1954; Aldericeeral.,
858; Thrnpenny & Williams, 1980; Sowden & Power, 1983; Rubin & Glimséter, 1996).
Yethaps pores in the large gravel fiamework (average median diameter = 50 min)
haracteristic of Praitic Creek were permeable enough to allow water with high
)OO concentrations to flow into the egg pocket, even though silt and worm
nucus covered and eventually suffocated the eggs. The relationship between fine
ediment and DO should not be accepted uncritically because it is often weak
Shapley & Bishop, 1965; Scrivener & Brownlee, 1989, Peterson & Quinn, 1996)
‘ermeability was also not as predictive as fine sediment or wotm abundance, pos-
ibly because the Terhune (1958) method commonly used to measure permeability
3 10t ag accurate or consistent as the methods used for measuring fine sediment

Unexpectedly, year was an important predictor of egg survival It is unkiown
vhat conditions changed that favoured egg survival as the study progressed fiom
991 to 1993 Possibly, fine silt, which s difficult to fully measure in the egg pocket
secause it does not completely settle in measuring canes even after 45 min (Guy,
969), became less abundant in the cieek and thus in the simulated redds ovet
ime Ovel the course of the study, stream flows may have flushed out some of the
letiimental silt that was delivered to the creek and coated the streambanks in 1989

The reason worms did not appear to be a major mortality factor once the fine
ediment was taken into account may be because worms aie attracted to redds
hat already have silty conditions and dead eggs (Williams, 1996), These oligo-
haetes, however, can easily destroy eggs without any silt present Worms added to
lean laboratory gravel increased satmonid egg mortality from 21 to 98% by cover-
ng eggs with copious mucus, asphyxiating them before consuming them (Briggs,
953). The worms might be initially attracted to redds with some egg moitality and
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then kill additional live eggs. The correlation between worms and survival, inde: |
pendent of sediment, might have been stronger if a technique could be developed :
that detected whether worms were ever present (e g identify traces of mucus), as :
sonme worms certainly left egg baskets before they were opened (Williams, 1996;
M Sparkman, pers. comm ). Field experiments designed to fully separate the effects of
worms and sediment <0 5mm are needed before it can be concluded with certainty
that worms are relatively unimportant to egg survival in northein California streams.
With or without worms, the sediment increase in the formeily pristine old-growth
stream is of concern. The results from the simulated redds demonstrate that an
increase of fine sediment in the lower egg pocket is associated with a severe decrease
in survival of coho salmon eggs, as was seen in 1991 Fou all simulated redds in the
study, a 10% volume of sediment <0 51in reduced hatching success from 1009%
(fertility-adjusted value in control baskets) to an average of <5%. In simulated redds
without worms (n=24), it dropped less steeply to 10%. Reiser & White (1988)
similarly found a 10% volume of sediment <0 85 mm in gravel swirounding the eggs
reduced hatching success of chineok salmon to 10% in the laboratory. The results
suggest not much sediment is required in the egg pocket to create deleterious effects

IMPORTIANCE OF MEASURING EINE SEDIMENT IN THE
LOWER EGG POCKET

In contrast to the results for the lower cgg pocket, fine sediment in the entire
gravel column of the simulated redd was not predictive of egg survival to hatching,
As an illustration of the importance of measuring conditions in the lower egg
pocket, at least a 30% volume of fine sediment (<0 85 mm) in the entire gravel col-
umn of natural redds was needed to reduce coho salmon egg sur vival to emergence
to ¢ 10% in Washington streams (Cederholm ez af , 1981). That volume is much
higher than the level of sediment (5-109%) found for this study when just the lower
egg pocket was included. Based on 2 summary of egg-sutvival studies that mostly
did not consider tedd and egg pocket structure, Kondolf (2000) recommended
sediment <0-8mm be <12-M4% of stream giravels for successfill incubation
(>50% success) Such a level may be appropriate for potential spawning beds
(levels were much higher than 14% in the riffle crests of Prairie Creek), but the
results from simulated redds in Prairie Creek suggest the threshold is lower for the
actual location of the eggs.

Factors such as formation of sand bridges or sand seals in the gravel overlying
the egg pocket that are protective, rather than detiimental, might be causing the
poor correlations for the entire gravel column (Chapman, 1988) Correlations of
similar substratum measures with salmonid egg survival to either hatching ot
emergence have been Iela.t;veiy weak in other field studies Compared to the
Prairie Creek study (r*=0-62, P <0 0001), most field studies (e.g. natural redd
studies Cederholm ef o/ , 1981; Tagazt, 1984; Sowden & Powex 1985; buried egg
boxes: Scrivener, 1988, Rubm & Glimiséter, 1996) had alowr (<0 20 and insignifi-
cantat P >0 05} possibly because effects of sand seals near the redd swiface were
not removed in these studies. The two excephons are Koski’s (1966) study of survival
to emergence in natuial coho salmon 1edds (+* =047, P=0-0005) and Weaver &
Fraley’s (1993) study in artificial redds of cutthroat trout Oncerhynchus clarki
(Richardson) (2 == 073, P <0.005). The latter study, however, missed the critical
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eatly incubation stages because it only addressed survival to emergence from the
eyed egg stage.

Thick sand seals may not always be beneficial, however, because they might
entrap fy (Phitlips ez o/, 1975). In streams whete fry entrapment is the major prob-
lem rather than incubation success [possibly true of Koski (1966) and Weaver &
Fraley (1993) studies), coirelations with emergence might imptove by including
the entire gravel column (Phillips ez af, 1975; Witzel & MacCrimmon, 1983),
Entrapment did not appear to be a problem in Prairie Creek in 1991, the year of
low survival. Based on simulated coho salmon redds that were capped in the creek
that year (Coey, 1998), survival to emergence was generally the same or higher
than survival to hatching in adjacent egg pockets.

APPLICABILITY TO NAIURAL REDDS

1o evaluate whether simulated redds represent natural redds, iesults were com-
pared to a study of coho salmon egg survival to emergence in natural redds in
Praitie Creek (Coey, 1998; unpubl data) If the two types of redds are similar,
survival from egg deposition to hatching in simulated redds should be higher than
survival from egg deposition to emergence in natural redds, which appeared to be
the case In 1991, 10 natural redds were capped with fiy traps and exposed to the
same peak stream discharges as the 20 simulated redds. Only 30% of the simulated
redds had >2% egg survival that year. Similarly, natural redd production was low,
with only three of the 10 natural redds producing any fry; and two of those pro-
duced <40 fry (the third had very high success with 3671 fiy) In 1992, the natural
redds were exposed to a much higher peak discharge than the simulated redds,
making the results less comparable. Notably, as might be expected with late high
flows during the emergence period, none of the 10 natural redds produced >41
ity; and five redds produced no fry, possibly due to entrapment The simulated
redds, subjected to lower flows, had moderate incubation success that year (41%)
[n 1993, four natural redds were capped and exposed to stream conditions similar
lo those in simulated 1edds, but only one redd produced fry (399) The latter result
s lower than the relatively high survival found in simulated 1edds that year
Tean =45%), which could mean conditions were better for incubating eggs in
simulated 1edds or that the many high flows of that vear deposited sand that
:atrapped emerging fry (o1 traps unnaturally clogged the redd with sand).

The foregoing comparisons neither confirm not refute that the experimental
simulated redds approximate natu:al conditions. The best way to determine if they
ipply to natural conditions is to develop techniques to study factors that affect egg
survival during incubation and then emergence in the lower egg pocket in natural
edds The natural 1edd results reposted above suggest that fry entrapment may
1ave been more of a problem than incubation success in 1992 and 1993, infoumation
10t available from the more limited scope of the simulated redd study

Overall, this study presents field evidence that abundant fine sediment sur
ounding coho salmon eggs is detrimental, and volume of sediment <0 Smm in
!le lower egg pocket can be one of the best variables to meastre to piedict incuba-
lon success By contiast, fine sediment in the upper egg pocket and variables such
15 DO concentration may have no relationship to egg survival in some stieams
Any equations develeped to predict survival to hatching should be based on fine
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sediment amounts expected 1o 1cach the lower egg pocket. Additional geomor phzcﬁ
research might help elucidate the factors (e.g stream discharge and spawning bed
morphology and composition) that affect how much reaches the lower pocket. The -
effects of predaceous oligochaetes on egg survival are less clear Because oligo- -
chaete abundance and sediment levels were positively correlated in this study,
moie work is needed to separate the two to determine if worms cause much egg
mortality beyond the mortality caused by fine sediment.

Many biologists and geologists at Redwood National Paik helped with this study
(C Smitli, D. Anderson, M. Madej, E Levitan, R. Lakey, V. Viell, P Motiyasu, § Haux,
M Beeve, L. Gelphman, C Jones, D. Best, V. Ozaki and T. Hofstra) R, Coey, R Bainhardt
and R, Kiein played a major rele in the design and execution of the field wotk, T. Burton
kelped design the simulated redds H Stauffer and K Gerow provided statistical guidance.
T. Lisle, M Young and M.A Madej provided helpful comments on early drafts of the manu-
script, and W, Hubert’s comments greatly improved the manuscript. M Fatro tended the
streamside hatchbox and eggs. This research was funded by the California Department of
Transportation and Redwood National Paik,
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