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Effects of fine sediment, hyporheic flow, and spawning site
characteristics on survival and development of bull trout
embryos
Tracy Bowerman, Bethany T. Neilson, and Phaedra Budy

Abstract: Successful spawning is imperative for the persistence of salmonid populations, but relatively little research has been
conducted to evaluate factors affecting early life-stage survival for bull trout (Salvelinus confluentus), a threatened char. We
conducted a field experiment to assess the relationship between site-specific environmental factors and bull trout embryo
survival and fry emergence timing. Survival from egg to hatch was negatively related to percent fine sediment (<1 mm) in the
redd and positively related to the strength of downwelling at spawning sites. Survival of eggs to fry emergence was also
negatively related to fine sediment, and the best statistical models included additional variables that described the rate of
downwelling and intragravel flow within the incubation environment. Fry emerged at an earlier stage in development from
redds with high percentages of fine sediment. Increased hydraulic conductivity via redd construction and selection of spawning
sites with strong downwelling appear to enhance hyporheic flow rates and bull trout egg survival, but early life-stage success may
ultimately be limited by intrusion of fine sediment into the incubation environment.

Résumé : Si le succès du frai est un impératif pour la persistance des populations de salmonidés, assez peu de travaux se sont
penchés sur l’évaluation des facteurs ayant une incidence sur la survie des premiers stades du cycle de vie de l’omble à tête plate
(Salvelinus confluentus), une espèce menacée. Nous avons mené une expérience de terrain visant à évaluer le lien entre les facteurs
ambiants propres au site, d’une part, et la survie des embryons et le moment de l’émergence des alevins, d’autre part. La survie
des embryons jusqu’à l’éclosion présentait une relation négative avec le pourcentage de sédiments fins (<1 mm) dans le nid de
frai et une relation positive avec la force de la plongée d’eau dans le site de frai. La survie des œufs jusqu’à l’émergence des alevins
était également négativement reliée aux sédiments fins, et les meilleurs modèles statistiques intégraient des variables supplé-
mentaires pour décrire le débit de plongée d’eau et d’écoulement dans le gravier dans le milieu d’incubation. Les alevins
émergeaient à un stade plus précoce de leur développement dans les nids présentant un pourcentage élevé de sédiments fins. Si
une conductivité hydraulique accrue découlant de la construction du nid et la sélection de lieux de frai avec une forte plongée
d’eau semblent accroître les débits hyporhéiques et la survie des œufs d’ombles à tête plate, le succès des stades précoces du cycle
de vie pourrait ultimement être limité par l’intrusion de sédiments fins dans le milieu d’incubation. [Traduit par la Rédaction]

Introduction
Within the overall salmonid life cycle, a large but variable pro-

portion of mortality occurs between the period of egg deposition
and fry emergence. Because of the importance of this life stage to
overall recruitment, a great deal of research has focused on sur-
vival of salmonid embryos (see reviews in Chapman 1988; Groot
and Margolis 1991). Embryo survival and fitness may be affected by
numerous abiotic factors, including the composition of spawning
sediments (Jensen et al. 2009; Chapman 1988), intragravel flow
velocities (Lapointe et al. 2004; Sear et al. 2008), and oxygen avail-
ability within the incubation environment (Chapman 1988; Greig
et al. 2007a). These factors are interrelated, as fine sediment can
reduce gravel permeability, resulting in slower intragravel flow
rates and reduced oxygen flux through the incubation environ-
ment (Greig et al. 2007a). Lack of dissolved oxygen (DO) can lead to
mortality via asphyxiation and can have sublethal effects, such as
reduced larval size and fitness (Youngson et al. 2004; Roussel

2007). Fine sediment can also directly affect larval survival by
blocking pathways through the gravel matrix, leading to entomb-
ment (Sear et al. 2008; Franssen et al. 2012). In some locations,
ambient levels of DO can be greatly reduced in hyporheic zones
with strong groundwater influence, resulting in embryo mortality
and impaired larval development even when fine sediment is
limited (Malcolm et al. 2004; Youngson et al. 2004). Although
multiple factors may lead to embryo mortality, most studies of
salmonid incubation success focus on a single factor or process
(see examples in Chapman 1988). Such a singular focus may not
accurately describe the numerous and complex processes that affect
early life-stage survival and development of salmonid fishes.

Characteristics of an individual redd location can also influence
the quality of the incubation environment. Spawning locations
for some salmonid species have been associated with morpho-
logic bedforms, such as point bars and pool–riffle transitions
(Baxter and Hauer 2000; Coulombe-Pontbriand and Lapointe
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2004). These changes in streambed topography create a pressure
differential, resulting in downwelling on the upstream side of a
bedform that drives oxygenated surface water through the sedi-
ment and upwelling of hyporheic water on the downstream side
of the bedform (Tonina and Buffington 2009a). Reduced DO
within the incubation environment can result from mixing with
lower-oxygen groundwater or from long hyporheic residence
times, as oxygen is consumed through biochemical processes in
the sediment (Boulton et al. 1998).

Construction of a redd itself can alter local physical character-
istics of the streambed via winnowing away fine sediment, leaving
coarser gravels with higher permeability (Kondolf et al. 1993). In
addition, the topographic shape of a redd may act as a small-scale
streambed feature, with the potential to increase downwelling
and oxygen delivery to developing eggs and larvae (Tonina and
Buffington 2009b). However, the effects of redd site characteristics
and redd construction on embryo survival have not been well
documented.

Knowledge of the factors that limit embryo survival will im-
prove our understanding of the reproductive ecology of freshwa-
ter fishes and aid conservation planning for imperiled salmonid
species, such as bull trout (Salvelinus confluentus), an iteroparous
freshwater char native to the western United States and Canada.
Many bull trout populations have suffered declines in distribution
and abundance, often related to overexploitation, habitat degra-
dation, and introduced species (see articles within Rieman and
McIntyre 1993; US Fish and Wildlife Service 2008). Bull trout are
currently listed as threatened under the US Endangered Species
Act (US Fish and Wildlife Service 2008). Compared with other
species of salmonids, relatively little information exists regarding
early life-stage survival for bull trout. Bull trout spawn in upper
elevation headwater streams from late August through October
when stream temperatures typically drop below 9 °C (Rieman
and McIntyre 1993). Bull trout eggs hatch in midwinter, and fry
emerge from the gravel in late winter through early spring
(Weeber 2007).

Spawning areas for bull trout and closely related species have
been associated with reach-scale groundwater upwelling (Curry
and Noakes 1995; Baxter and Hauer 2000), and spawning success
rates may be higher in locations with strong groundwater influ-
ence (Baxter and McPhail 1999). However, at the scale of individual
redds, bull trout often spawn on bedforms with localized down-
welling, such as the transition between a pool and a riffle (Baxter
and Hauer 2000). The relative role of reach-scale (10–1000 m)
groundwater versus microhabitat-scale (1–10 m) hydraulics on
spawning site characteristics and embryo survival remains an ac-
tive area of research. Like other salmonids, survival of bull trout
embryos appears to be negatively influenced by fine sediment
(Weaver and White 1985; Weaver and Fraley 1991), but research on
this topic is limited for bull trout. In this study, we investigated
bull trout spawning success relative to hyporheic water quality
and physical habitat characteristics measured at the microhabitat
scale of individual redds.

The goals of this study were to identify primary factors limiting
survival rates and fitness of bull trout throughout the period of
development in the gravel and to assess physical processes affect-
ing those factors. To meet these goals, our objectives were to
evaluate survival of embryos and the timing of fry emergence
from the redd in relation to (i) intragravel water quality, including
temperature, DO, and pH, (ii) measures of intragravel water flow,
and (iii) sediment composition. We further evaluated whether
these abiotic factors were influenced by (i) the presence of chem-
ically reduced groundwater, (ii) microhabitat characteristics that
could be influenced by redd site selection, and (iii) the act of redd
construction.

Materials and methods

Study area
This study took place within the Metolius River basin in central

Oregon (Fig. 1). The Metolius River flows 45 km into Lake Billy
Chinook, a 1619 ha reservoir on the Deschutes River, which is a
tributary to the Columbia River. The Metolius River system con-
tains a large population of fluvial and adfluvial bull trout. Adults
reside primarily in the Metolius River and Lake Billy Chinook and
migrate upstream into tributaries to spawn. The Metolius River
basin is an area with large amounts of groundwater discharge,
and all of the primary bull trout spawning tributaries within the
basin have reach-scale groundwater inflow estimated between
0.5 and 2.6 m3·s−1·km−1 (Gannett et al. 2003).

Research was implemented in areas of high density bull trout
spawning (10 to 20 redds·km−1) within three Metolius River
tributaries: Jack, Canyon, and Jefferson creeks (Fig. 1). These
three study reaches encompassed a range of geomorphic and hy-
drologic regimes (Table 1). The 0.75 km Jack Creek study reach was
characterized by a wide, shallow channel dissected by numerous
fallen logs and small islands, with a relatively uniform streambed
of spawning-sized sediment. In Canyon Creek, the 1.5 km study
reach was dominated by pool–riffle habitat with coarse cobbles
and large patches of suitable spawning sediment. The 1 km Jeffer-
son Creek study reach had large pools, numerous log jams and
fallen trees, and mobile sediment composed of well-sorted parti-
cles. Stage height was measured at the downstream end of each
study reach to monitor relative changes in stream water levels.

Artificial redd construction
Artificial redds were created in locations that exhibited micro-

habitat characteristics (on the scale of 1–10 m) within the range of
those used by bull trout in Metolius River tributaries (Weeber
2007; Bowerman 2013). In each of the three study reaches, 20
potential redd locations were selected based on dominant
gravel size (8–64 mm), water depth (0.15–0.44 m), and velocity
(0.22–0.72 m·s−1). Most of the selected microhabitats were loca-
tions where bull trout had spawned in the previous 2 years. To
minimize researcher bias, 10 of the 20 locations in each study
reach were selected for artificial redd placement. We refer to
these locations as “spawning sites”, a term that describes the
entire patch of spawning-sized sediment, including the local mor-
phologic bedform (e.g., pool–riffle transition; see Fig. 2).

In September 2009, gametes were collected from six female
(680–760 mm fork length, FL) and two male (595–615 mm FL) bull
trout, and two parent crosses were produced by fertilizing a mix-
ture of eggs from three females with milt from both males com-
bined. The use of two different parent crosses minimized the
potential for diseased eggs to contaminate the experiment. Fertil-
ized eggs were water hardened for 1 h before they were trans-
ported to artificial redds. Two batches of eggs from each parent
cross were retained in a hatchery incubator to assess fertilization
and survival rates under controlled conditions.

At each artificial redd, a single parent cross was chosen at ran-
dom, and 200 eggs were distributed amidst gravel within a 20 cm ×
10 cm cylindrical incubation capsule made from a PVC frame
with mesh sides and end caps (Fig. 2). The size of mesh (2 mm ×
1.5 mm) allowed water and small particles to flow through the
capsules, but prevented escape of larvae. Incubation capsules
were filled with gravel from the redd, truncated at 8 mm diameter
to simulate the low amount of fine sediment typically found
within an egg pocket (Kondolf et al. 1993). Two incubation cap-
sules were placed within the center of an excavated pit of the size
and shape made by large bull trout (Weeber 2007). Incubation
capsules were then covered with gravel swept downstream during
excavation of a second pit upstream of the eggs in a manner that
mimicked a spawning female. Eggs were buried approximately
20 cm deep, a burial depth previously recorded for bull trout
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(Weeber 2007), so that the tops of the incubation capsules were
approximately 10 cm below the sediment surface (Fig. 2).

One minipiezometer and a temperature sensor were installed
within each redd to measure hydraulic characteristics and intra-
gravel water quality (Fig. 2). Minipiezometers were designed and
installed according to methods described by Baxter et al. (2003),
with the following adaptations: PVC pipe was 0.5 inch (1 inch =
2.5 cm) in diameter with a perforated length of 10 cm, and a
fine-mesh screen around perforations inhibited infiltration of
fine sediment. The minipiezometer was placed between the incu-
bation capsules, with the center of the screened portion at egg
burial depth. Two temperature sensors were attached to a piece of
rebar, with one buried 20 cm deep in the redd to measure intra-
gravel temperatures and the second above the sediment to mea-
sure surface water temperatures. A second minipiezometer was

inserted directly into the sediment adjacent to each redd (see
methods in Baxter et al. 2003) at a depth of 20 cm to assess prop-
erties of the hyporheic zone in undisturbed sediment at the
spawning site (0.2–0.8 m from the redd).

Water quality, hydraulic, and sedimentary characteristics
of redds

At each spawning site, we measured hyporheic water quality
and intragravel flow variables that we hypothesized might affect
embryo survival (Fig. 3). Measurements were taken during five
discrete sampling periods throughout the time of egg and larval
development (Fig. 4). To measure intragravel water quality, the
minipiezometer well was cleared of standing water, allowed to
refill, and hyporheic water was drawn into a 150 mL syringe via a
length of tubing. A multiprobe (YSI Model 556 MPS) was used to

Fig. 1. Map of the Metolius River, Oregon, showing study reaches in three different tributaries: Jack, Canyon, and Jefferson creeks. Insets
show the location of artificial redds (filled circles) and natural redds (gray diamonds) within each study reach.

Table 1. Field site characteristics in each of three study reaches where artificial redds were placed.

Descriptor Jack Creek Canyon Creek Jefferson Creek

Drainage area (km2) 33 69 73
Gradient (%) 1.4 1.5 2.5
Baseflow discharge (m3·s−1) 1.6 1.3 2.8
Mean width (m) 18 8.5 7
Mean percent fine sediment <6.4 mm 25 20 28
Dominant spawning habitat Glide Pool tail Pool tail, riffle
Primary water source Springs Snowmelt, springs Snowmelt, glacial melt, springs

Note: Percent fine sediment was calculated from subsurface volumetric subsampling prior to excavation of artificial redds, and
dominant spawning habitat was estimated visually.
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Fig. 3. Conceptual diagram of hypotheses related to incubation conditions and embryo survival and emergence timing. The first column
describes hypothesized processes, the second column shows associated variables, and the third column indicates analyses used to examine
the hypothesized processes.

Hypothesized process Variable measured Analysis

Redd construction and (or) site 
characteristics affect intragravel
flow

Hydraulic conductivity (Kh)
Vertical hydraulic gradient (VHG)

LMM to compare in-redd
vs. near-redd

Groundwater influence in 
hyporheic zone

pH
Specific conductance
Dissolved oxygen (DO)
Intragravel – surface temp. (ΔT)

pH
DO

LMM to compare in-redd, 
near-redd, and surface 
water (no test for ΔT)

Oxygen consumption or metabolic 
waste accumulation in egg pocket

LMM to compare egg 
pocket and in-redd water

Abiotic factors influence 
survival to hatch (STH) and (or) 
survival to emergence (STE)

Abiotic factors influence 
timing of fry emergence

Water quality metrics:
pH Min. temperature
DO

Hydraulic variables:
VHG (avg.)
Kh (min.)
Specific discharge (v; avg.)
Oxygen flux (O2Flux; avg.)

Sediment (redd & incubation capsule):
D50
Fredle index
Geometric mean
Percent finer than 1 mm (PFT1)
Percent finer than 6.4 mm (PFT6)

GLMM with logit
link 

Multiple linear 
regression

Fig. 2. Schematic of artificial redd showing the location of incubation capsule, minipiezometer, and temperature sensor located within the
excavated substrate (not to scale). Plan view (inset) depicts the area of suitable spawning gravel at a spawning site, the location of sampling
equipment, and the emergence trap design. Measurements were taken at the following locations: (a) the egg pocket, (b) in-redd, (c) near-redd,
and (d) surface water.

Pit 

20 cm 

Undisturbed 
gravel 

Excavated 
gravel 

Temperature 
sensor 

Minipiezometer 
Incubation 

capsule 

Spawning site 

(a) (b) 

Egg-pocket tube (d) 

(c) 
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measure DO (±0.1 mg·L−1), pH (±0.1), and specific conductance
(±0.1 �S) of water in the syringe. To test for the presence of ground-
water, we compared water quality measurements taken from
(i) within the redd (in-redd hyporheic water), (ii) flowing water
above the sediment (surface water), and (iii) within the undis-
turbed sediment at the spawning site (near-redd hyporheic water;
Fig. 2). Reduced DO and higher specific conductance in hyporheic
water relative to surface water would suggest longer hyporheic
residence times or external groundwater inputs (Fig. 3; Malcolm
et al. 2004).

To evaluate whether water quality was altered within the egg
pocket, DO and pH were measured within a subset (n = 12) of
incubation capsules (egg-pocket water). Egg-pocket water was
withdrawn from incubation capsules via a polyethelene tube,
which extended from the egg pocket to the stream surface and
attached to the syringe (Fig. 2). We hypothesized that oxygen con-
sumption by embryos would reduce DO relative to the surround-
ing gravels and that accumulation of ammonia, a metabolic
byproduct, would increase pH in egg-pocket water (Fig. 3).

Intragravel and surface water temperatures were measured at
15 min intervals throughout the entire incubation period (HOBO
Water Temp Pro v2; accuracy 0.2 °C). Intragravel temperatures
were used to determine cumulative degree-days (CDD) from fertil-
ization to egg hatch and to larval emergence, calculated as the
sum of daily mean water temperature above 0 °C (Crisp 1988).
Minimum temperature during embryo development was also re-
corded, as near-freezing temperatures could be detrimental to
eggs and larvae (Fig. 3). However, owing to an unexpectedly high
failure rate of sensors, temperature data were available for only
70% of artificial redds (n = 21). Therefore, we evaluated embryo

survival in relation to temperature based on data from a subset of
redds.

Diel temperature measurements were used to evaluate the rel-
ative contributions of groundwater and surface water in the incu-
bation environment (Fig. 3). Within each redd where data were
available, the difference between intragravel and surface water
temperature was calculated as �T = |intragravel temperature –
stream temperature| (Franssen et al. 2013). Groundwater inputs
into shallow streambed sediments can be identified by high �T
(e.g., �T > 2) and stable hyporheic temperatures similar to average
groundwater temperatures in the Metolius basin (7 to 9 °C;
Gannett et al. 2003). In contrast, intragravel temperatures that
exhibit diel fluctuations and low �T (e.g., �T < 2) more likely
indicate hyporheic conditions substantially influenced by surface
water (Franssen et al. 2013). To test for groundwater upwelling
into non-redd shallow sediments, a temperature sensor was in-
stalled in undisturbed sediment at a depth of 20 cm in the middle
of each study area. Installation methods were similar to those
described by Neilson et al. (2009).

Hydraulic variables were also evaluated during each sampling
period, including vertical hydraulic gradient (VHG), a unitless
measure that is positive under upwelling conditions and negative
when downwelling is present. Following methods described by
Baxter et al. (2003), we estimated VHG as �h/�l, where �h is the
difference in hydraulic head between water inside the mini-
piezometer and the stream surface (cm), and �l is the depth of the
perforated portion in the sediment. Water levels (±1 mm) inside
the minipiezometer were measured with a well sounder (Solinst
Model 101, accuracy 1 mm).

Fig. 4. Stream stage (black line), shown as water height above an arbitrary datum, for the three study reaches. Temperature (gray line) is
shown on the second y axis. The date of each sampling period (arrows), date when one incubation capsule was removed from each redd and
egg survival to hatch assessed (vertical line), and the duration of emergence (shaded area) are shown.
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Falling head tests were used to estimate sediment horizontal
hydraulic conductivity (Kh), a measure of the capacity for a
porous medium to transmit subsurface flow (Tonina and
Buffington 2009a). At many locations, water level equilibration
inside minipiezometers occurred too quickly for repeated water
depth measurements, as required by standard falling head tests.
We therefore used an approach tested by Baxter et al. (2003) to
estimate Kh (cm·s−1) based on a single measure of elapsed time for
the water level inside a minipiezometer to drop a known distance,
given

Kh � �(0.2501)(dpiezometer)

�t
��loge

h0

h
�

where h0 is the height of water in the piezometer at t = 0, and h is
the height of water in the piezometer at time t. Based on Darcy’s
Law, estimates of specific discharge (v; cm·s−1) were used to ap-
proximate the rate of intragravel water flow through each redd,
under the assumption that v = Kv · VHG and Kv = 0.1 · Kh (Baxter
et al. 2003). Oxygen flux through the redd was estimated from
O2Flux = DO · velocity · Aredd, where Aredd is the surface area of the
redd and velocity ≈ v/porosity (Pinder and Celia 2006), with poros-
ity based on an approximation from Wu and Wang (2006). Mea-
surements of in-redd VHG and Kh were compared with near-redd
measurements to evaluate whether these factors were influenced
primarily by characteristics of the spawning site or by redd cre-
ation (Fig. 3).

Depth of scour (cm) was estimated by placing a color-coded
cable tie around the rebar at the substrate surface during each
sampling period. Scour or fill was based on the position of each
cable tie relative to the previous sediment height. Sediment com-
position was assessed in each incubation capsule and from each
redd at the end of the study. A 20 cm deep sediment core (20–25 kg
of sediment at each site) was extracted from each redd with a
modified McNeil sampler and transferred directly into a bucket.
Particles larger than 8 mm diameter were air-dried, sieved, and
weighed in the field, and sediments smaller than 8 mm were
oven-dried, mechanically sieved, and weighed in the lab (Bunte
and Abt 2001). All gravel from incubation capsules was dried and
sieved in the lab. The composition of each sample was used to
calculate commonly used sediment metrics: percentage of sedi-
ment finer than 6.4 mm (PFT6) and finer than 1 mm (PFT1), D50,
Fredle Index, and geometric mean (Lotspeich and Everest 1981).

Natural redds
Abiotic conditions were measured in a small number of natural

bull trout redds to assess whether artificial redds approximated
incubation conditions created by real fish. The sample size of
natural redds was limited because of the threatened status of the
species. Minipiezometers were installed in randomly selected,
large natural redds in Jack Creek (n = 5), Canyon Creek (n = 4), and
Jefferson Creek (n = 3), and a temperature sensor was inserted
directly into a single redd in each stream. Temperature, pH, DO,
specific conductance, Kh, and VHG were measured in natural
redds during each sampling period.

Survival and emergence timing
One incubation capsule was removed from each artificial redd

in mid-January, after the predicted time of hatch based on CDD,
estimated from surface water temperatures (Weeber 2007). Live
larvae were counted to determine survival to hatch (STH), and
dead larvae and eggs were counted to evaluate the stage of devel-
opment when mortality occurred. At the time of hatch, an emer-
gence trap was attached to the remaining incubation capsule in
each redd to determine survival to emergence (STE) and emer-
gence timing. The emergence trap consisted of a PVC elbow that
locked onto the incubation capsule and was connected to a 1 m

tube of tarpaulin with a PVC trap on the opposite end. The trap
was fitted with a funnel, so that once fry had entered it, they could
not swim back out (Fig. 2). After fry began to emerge at the end of
February, emergent fry were counted every 2 days to evaluate the
timing and rate of emergence relative to CDD, calculated from
intragravel temperatures. Incubation capsules were removed af-
ter emergence was not observed for 4 or more days, and any
remaining live or dead fry and dead eggs were counted.

Statistical analyses
To evaluate whether groundwater or redd creation affected wa-

ter quality within redds (Fig. 3), we fit linear mixed models (LMM)
with the nlme package in R 2.10 (Pinheiro et al. 2010). Specific
conductance, DO, and pH were treated as response variables in
separate analyses, and water sample type was modeled as a fixed
effect composed of three categories: surface water, in-redd hy-
porheic water, and near-redd hyporheic water. To account for the
nested structure of the data, sampling period nested within sam-
ple location within spawning site within study reach were in-
cluded as random effects. To evaluate whether redd construction
or microhabitat characteristics influenced hydraulic variables,
LMMs were fit with Kh and VHG as response variables (Fig. 3).
Hydraulic sample type was modeled as a fixed effect with two
categories (in-redd and near-redd), and random effects were the
same as above. We used LMMs to assess potential changes in water
quality parameters within the egg pocket as a result of oxygen
consumption (DO as a response variable) or metabolic waste accu-
mulation (pH as a response variable). The difference between egg-
pocket water and in-redd hyporheic water was evaluated as a fixed
effect, with the same random effects as described previously.

Baseline survival rates from eggs reared in the hatchery incuba-
tor were evaluated to account for potential sources of variation in
further analyses, and t tests were used to compare survival be-
tween the two parent crosses in the incubator. We used LMMs to
analyze differences in both STH and STE between the two parent
crosses in artificial redds, with parent cross modeled as a fixed effect
and egg batch nested within spawning site as random effects.

To compare hydraulic and water quality variables between nat-
ural and artificial redds, we fit LMMs with DO, pH, specific con-
ductance, Kh, and VHG as separate response variables. Redd type
(natural or artificial) was modeled as a fixed effect, with sampling
period nested within redd category within study reach as random
effects. Statistical tests of differences in average temperature or
�T between natural and artificial redds were not feasible owing to
the low sample size of temperature measurements in natural
redds (n = 2; see above).

We initiated assessment of the relationship between abiotic
factors and both survival and emergence timing by first reducing
the number of potential predictor variables. Because there were
repeated measurements of predictor variables (five sampling pe-
riods) but only single measures of responses (STH, STE, emergence
timing), we used minimum values of predictor variables if we
expected extreme values to be limiting; otherwise, we used the
mean across sampling periods (Fig. 3). All covariates were stan-
dardized to improve numerical optimization and to aid compari-
son between variables measured at different scales. Collinearity
between variables was assessed based on variance inflation fac-
tors (VIF), and variables were not included in the same model
when VIF > 3. To compare among competing models, determined
a priori, we used an information theoretic approach corrected for
small sample size (AICc). We considered models with �AICc < 2 to
have substantial support, and models within 2 �AICc of one an-
other to have similar support (Burnham and Anderson 2002).

The relationships between predictor variables and both STH
and STE were evaluated with generalized linear mixed models
(GLMM) in the LME4 package in R 2.10 (Bates et al. 2012). Survival
was modeled with a binomial distribution: Survivalij � Bin(�ij,Nij),
where Survivalij is the proportion of survivors in a given redd j in
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study reach i, out of the Nij total number of artificial redds, and
�ij is the probability of survival. This probability was modeled
with the logit link described by Logit(�ij) = covariates + ai + �ij,
where the random intercept ai introduced a correlation struc-
ture between observations from the same study reach, and an
observation-level random effect �ij accounted for overdispersion
(Bolker et al. 2009). In the STE analysis, the predictor variable PFT1
in incubation capsules was loge-transformed to meet model as-
sumptions of homogeneity.

We used multiple regression to evaluate the relationship be-
tween emergence timing and abiotic conditions in redds. The
CDDs at which the first 10% and 50% of fry that emerged from each
artificial redd were included as separate response variables, with
the same set of predictor variables described above (Fig. 3). We
again used information-theoretic approach to compare among
competing models, and we present results from the top-ranked
model. For all analyses, model fit was evaluated via visual exami-
nation of residuals. Tests for all LMM and GLMM models were
considered significant at � = 0.01, and all other tests were signifi-
cant at � = 0.05.

Results

Stream flow, temperature, and spawning site sediments
During the 2009–2010 period between egg placement and fry

emergence, the magnitude of fluctuation in stream flow and tem-
perature differed among the three study reaches. Jack Creek was
the most stable stream environment, with nearly constant discharge
and intragravel temperatures between 2.1 and 6.0 °C (Fig. 4). Canyon
Creek experienced several spikes in the hydrograph in December
and January as a result of rain events and another from spring runoff
during the middle of the emergence period. The timing of high flow
events in Jefferson Creek was similar to that of Canyon Creek, with
two additional small peaks in the hydrograph in late October. In-
tragravel temperatures ranged from 1.6 to 8.0 °C in Canyon Creek
and 1.7 to 7.6 °C in Jefferson Creek. Intragravel temperatures
closely matched those of surface water in all redds for which we
had measurements, with a range of �T between 0 and 0.35 °C.
Intragravel temperatures in undisturbed non-redd sediments
were also very similar to surface water temperatures; maximum
�T was 1.16 in Jack Creek, 0.4 in Canyon Creek, and 0.6 in Jefferson
Creek.

The overall pattern of grain size distributions among redds
could be described by any of the five sediment metrics evaluated,
so we present summaries of sediment composition based on per-
cent fine sediment <1 mm, as it was the sediment metric that best
predicted egg survival (see below). Among study areas, PFT1 was
generally lowest in Jack Creek redds (from 1.0 to 8.1), intermediate
in Canyon Creek (1.3–9.1), and highest in Jefferson Creek (6.6–16.1).
In Jack Creek, PFT1 in incubation capsules was often lower than
the surrounding redd sediment both at the time of hatch (0.3–1.9)
and after emergence (0.4–2.0), indicating very little accumulation
of additional fines within the redd during the development pe-
riod. In Canyon and Jefferson creeks, PFT1 in incubation capsules
at hatch (0.5–3.5 and 3.1–19.9, respectively) was generally lower
than that at emergence (0.8–20.5 and 6.4–32.1, respectively). Mea-
surements of PFT1 were considerably higher in incubation cap-
sules compared with redds at five locations in Jefferson Creek and
one in Canyon Creek, indicating that high amounts of fine sedi-
ment accumulated inside certain capsules. All incubation cap-
sules that had high percentages of fines (>18 PFT1) were in
locations where the amount of scour was sufficient to expose the
tops of incubation capsules (7–9 cm of scour).

Water quality and intragravel flow at spawning sites
At egg burial depth (15–20 cm), spawning site sediments in all

three study reaches appeared to be dominated by high rates of
hyporheic exchange, with no evidence of strong groundwater in-

fluence. Measurements of pH and specific conductance were con-
sistent among sites within each stream, with no clear difference
among water samples taken from in-redd, near-redd, or surface
locations (pH: F = 0.79, df = 2, 58, p = 0.459; conductance: F = 2.15,
df = 2, 58, p = 0.126). There was, however, a significant difference in
DO among the three sample locations due to a difference between
in-redd and near-redd hyporheic water (t = −3.87, df = 58,
p < 0.001), whereas in-redd and surface water measurements were
similar (t = 1.75, df = 58, p = 0.085). Surface water DO concentra-
tions varied between 10.23 and 14.73 mg·L−1 (12.96 ± 0.94 mg·L−1;
mean ± SD). The lowest observed in-redd DO measurement was
8.31 mg·L−1 at a single site, and all other measurements ranged
between 10.19 and 13.98 mg·L−1 (12.49 ± 1.09 mg·L−1). Measure-
ments of DO in near-redd hyporheic water were more variable,
with a range of 2.69 to 13.63 mg·L−1 and mean ± SD of 11.46 ±
2.31 mg·L−1. However, in all but three spawning sites, near-redd DO
measurements were consistently greater than 8 mg·L−1, indicative
of generally high rates of surface water exchange in undisturbed
sediments.

At most spawning sites, estimates of in-redd sediment Kh were
consistently higher than estimates from near-redd sediments,
demonstrating a greater capacity for water to flow through redd
sediments relative to adjacent undisturbed sediments. Rates of
in-redd Kh ranged from 0.10 to 0.55 cm·s−1 (0.39 ± 0.09 cm·s−1) and
were significantly higher than near-redd estimates (F = 59.71, df =
1, 28, p < 0.001), where Kh ranged from 0.02 to 0.48 cm·s−1 (0.21 ±
0.13 cm·s−1). The majority of artificial redd sites exhibited down-
welling (i.e., negative VHG) during most sampling periods. Mea-
surements of VHG ranged between −0.15 and 0.075 in redds
(−0.02 ± 0.04) and between −0.18 and 0.05 in near-redd locations
(−0.03 ± 0.06), and we found no significant difference between
in-redd and near-redd VHG (F = 1.60, df = 1, 28, p = 0.217).

Concentrations of DO from egg-pocket water samples ranged
between 10.6 and 13.9 mg·L−1, and all were similar to adjacent
in-redd water. Thus, there was no evidence of reduced DO as a
result of oxygen consumption by embryos (F = 0.01, df = 1, 11, p =
0.937). Although measurements of pH differed among sample pe-
riods and study reaches, pH was nearly identical between in-redd
and egg-pocket water samples (F = 0.91, df = 1, 11, p = 0.360) and, as
such, did not indicate accumulation of metabolic wastes within
the egg pocket.

Natural redds
Hydraulic and water quality characteristics of artificial redds

were similar to those of natural redds, indicating that the man-
made redds were comparable to those made by bull trout, at least
for the variables measured. Similar to artificial redds, measure-
ments of DO were consistently high in natural redds, where all
measurements were above 9.1 mg·L−1 (Fig. 5a), and there was no
significant difference in DO between artificial and natural redds
(F = 1.23, df = 1, 2, p = 0.318). Measurements of pH and specific
conductance were also very similar between natural and artificial
redds (pH: F = 0.46, df = 1, 2, p = 0.568; conductance: F = 0.09, df =
1, 2, p = 0.789). Temperature measurements in artificial redds were
also in general accordance with natural redds, although this com-
parison was based on the only two available temperature mea-
surements in natural redds (Fig. 5b). Rates of Kh in artificial redds
were within the range of those observed in natural redds (Fig. 5c),
and there was no significant difference based on LMM results (F =
2.95, df = 1, 2, p = 0.228). However, the range of Kh measurements
was greater in natural redds (0.02 to 0.59 cm·s−1), suggesting that
the composition and compaction of sediments was more variable
in natural redds than in artificial redds. Similar to artificial redds,
75% of natural redds (9 of 12) consistently exhibited downwelling
(Fig. 5d), and rates of VHG were similar between artificial and
natural redds (F = 1.10, df = 1,2, p = 0.404).
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Embryo survival
Embryos reared in the controlled hatchery setting exhibited

survival rates of 98% STH and 97% STE, demonstrating successful
fertilization and very high survival rates under controlled condi-
tions. There was no difference in survival between the parent
crosses for eggs raised in the controlled hatchery setting (STH: t =
−0.21, df = 2, p = 0.86; STE: t = 0.01, df = 2, p = 1.00) or in artificial
redds (STH: F = 0.01, df = 1, 2, p = 0.94; STE: F = 0.26, df = 1, 2, p =
0.66). Therefore, we did not differentiate between parent crosses
in subsequent analyses.

Among study streams, bull trout STH ranged between 3% and
97% (66% ± 31%; mean ± SD), but was consistently highest in Jack
Creek (94% ± 3%) and much more variable in Canyon and Jefferson
creeks (64% ± 27% and 40% ± 26%, respectively). Among GLMM
models considered, PFT1 in the redd and VHG were both impor-
tant predictors of STH (Table 2). Inclusion of the variable PFT1 in
the redd resulted in a better-fitting model than other metrics used
to describe sediment composition. Additionally, VHG was a signif-
icant variable in the two top-ranked models, and other models
with metrics that included VHG (v and O2Flux) also ranked among
the best (Table 2). Based on the most parsimonious model, STH
was negatively related to both PFT1 in the redd and VHG (Table 3).
Rates of STH were between 33% and 97% when PFT1 in the redd
was less than 8, whereas STH ranged from 3% to 77% when PFT1
was between 8 and 16 (Figs. 6a and 6b). The negative coefficient
associated with VHG indicates that after accounting for the effect
of fine sediment, embryo survival was higher in redds that exhib-
ited strong downwelling (negative VHG; Fig. 6b) and lower in
redds that exhibit upwelling or very little vertical flux (Fig. 6a).

Nearly all dead eggs had a visible embryo, indicating that mortal-
ity occurred partway through development.

When we removed incubation capsules after emergence, a
small number of fry (between 1 and 15) were alive but had not yet
emerged in many capsules, indicating that we had slightly under-
estimated the emergence period. In two redds, however, a sub-
stantial number of live fry remained (96 and 115), even though
emergence appeared to have stopped. These two incubation cap-
sules contained relatively large numbers of recently dead fry (13
and 30) compared with other capsules in which no more than five
dead larvae were observed (dead larvae quickly decomposed or
were eaten by aquatic macroinvertebrates). Therefore, we present
the results of an analysis that includes survival of only bull trout
larvae that emerged prior to the removal of incubation capsules,
because we could not be certain whether fry that remained in the
gravel would have emerged on their own.

STE was lower than STH in nearly all artificial redds, ranging
from 0 to 95% (55% ± 36%). In general, STE was consistently higher
in Jack Creek (87% ± 9%), the lowest and most variable in Jefferson
Creek (27% ± 28%), and intermediate in Canyon Creek (51% ± 34%).
Based on AICc, all of the top-ranked models included loge(PFT1) in
the incubation capsule as a significant predictor of STE (Table 2).
Inclusion of different metrics that described intragravel velocities
improved the model fit by >2 �AICc over loge(PFT1) alone, al-
though none of these variables were significant at the � = 0.01
level. Based on model selection, we present results from a model
that includes both PFT1 in the incubation capsule as well as v, a
metric that combines VHG and Kh, two variables that were in-
cluded in similarly top-ranked models (Table 3). This model indi-

Fig. 5. Range of observations for (a) dissolved oxygen (DO), (b) intragravel water temperature, (c) horizontal sediment hydraulic
conductivity (Kh), and (d) vertical hydraulic gradient (VHG) measured in natural redds (open boxes; n = 12, temperature n = 2) and artificial
redds (gray boxes; n = 30, temperature n = 21). For VHG, positive values indicate upwelling and negative values indicate downwelling. Boxes
show interquartile ranges (25% to 75%), minima, maxima, and extreme outliers.
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cates that STE was negatively related to both PFT1 in the
incubation capsule and v, the vertical intragravel flow velocity
through the redd. The relationship between STE and loge(PFT1) in
the incubation capsule showed something of a threshold effect,
where percent STE was typically above 60% when PFT1 in incuba-
tion capsules was <3, but survival rates declined considerably
when incubation capsules contained more than 7% sediment finer
than 1 mm (Fig. 6). After accounting for the effect of fine sediment,
STE was lower in redds with low rates of v (Fig. 6c) and higher in
redds that exhibited faster intragravel velocities (Fig. 6d). No in-
teraction terms were significant in GLMM models for either STH
or STE, nor were any water quality metrics significant. Based on
the subset of redds for which temperature data were available,
there was no evidence of a relationship between minimum tem-
perature and either STH or STE.

Fry emergence timing
Bull trout fry began to emerge on 26 February 2010 and contin-

ued until 12 April when incubation capsules were removed from
the substrate. Fry began to emerge from redds between 620 and
700 CDD, and emergence peaked at 730 to 760 CDD (Fig. 7). The
number of CDD for peak emergence was extremely consistent
among redds, despite variations in the calendar date of emer-
gence. Stable stream temperatures in Jack Creek led to average
warmer intragravel conditions than the other two study reaches,

and peak emergence occurred between 17 and 25 March. Emer-
gence peaked between 22 and 29 March in Canyon Creek and
between 27 March and 4 April in Jefferson Creek, although emer-
gence timing was much more variable from redds in Jefferson
Creek compared with the other two study reaches.

Fry began to emerge at fewer CDD and at an earlier stage in
development from redds with high amounts of fine sediment
than from redds with fewer fines. Based on the optimal linear
regression model for the factors tested, the number of degree-
days at which the first 10% of fry emerged from each redd de-
creased as PFT1 in incubation capsules increased (r2 = 0.56;
Table 3). A similar negative linear relationship existed between
PFT1 in incubation capsules and the timing of 50% of emergence
(r2 = 0.54). Fry that emerged at 620–700 degree-days had substan-
tial amounts of yolk sac remaining and lacked parr marks,
whereas most fry that emerged after 750 degree-days had almost
completely absorbed their yolk sacs and had well-developed parr
marks.

Discussion

Redd creation and spawning site characteristics
Higher rates of DO and Kh within artificial redds compared with

near-redd measurements indicated that redd construction in-
creased hyporheic flow and oxygen delivery through the intra-

Table 2. Fixed effects variables from top candidate models describing the relationship between abiotic independent
variables and two response variables: bull trout embryo survival to hatch (STH) and survival to emergence (STE).

Fixed effects in GLMM No. of parameters AICc �AICc Model weight

STH
PFT1 in redd* + VHG (avg.)* 5 135.23 0 0.27
PFT1 in redd* + Kh (min.) + VHG (avg.)* 6 135.37 0.14 0.26
PFT1 in redd* + O2Flux (avg.) 5 135.43 0.20 0.25
PFT1 in redd* + v (avg.) 5 137.57 2.34 0.08
PFT1 in redd* + Kh (min.) 5 138.15 2.92 0.06
PFT1 in redd* 4 139.23 4.00 0.04
VHG (avg.)* 4 139.63 4.40 0.03
v (avg.) 4 143.55 8.32 0.01

STE
Loge(PFT1) in capsule* + Kh (min.) + VHG (avg.) 6 140.45 0 0.24
Loge(PFT1) in capsule* + v (avg.) 5 140.80 0.35 0.20
Loge(PFT1) in capsule* + O2Flux (avg.) 5 141.01 0.56 0.18
Loge(PFT1) in capsule* + VHG (avg.) 5 141.06 0.61 0.18
Loge(PFT1) in capsule* + Kh (min.) 5 141.45 1.00 0.15
Loge(PFT1) in capsule* 4 144.05 3.60 0.04
Kh (min.)* 4 151.58 11.13 0.00
O2Flux (avg.)* 4 154.01 13.56 0.00

Note: Number of parameters, Akaike’s information criterion corrected for small sample (AICc), difference in AICc relative to the best
model evaluated (�AICc), and model weight are shown. Variables significant at � = 0.01 are denoted by an asterisk (*).

Table 3. Results from statistical tests used to evaluate the relationship between (i) standardized abiotic factors and
response variables egg survival to hatch (STH) and survival to emergence (STE) based on generalized linear mixed
effects models (GLMM), and (ii) abiotic factors and fry emergence timing based on linear regression models.

Response variable Parameter Estimate SE df t value p value

GLMM: factors related to egg survival
STH Intercept 0.967 0.42 24 2.31 0.021

PFT1 in redd −0.92 0.29 −3.13 0.002
VHG (avg.) −0.53 0.20 −2.58 0.009

STE Intercept −0.42 0.23 24 −1.81 0.071
Loge(PFT1) in capsule −1.73 0.24 −7.11 <0.001
v (avg.) −0.58 0.24 −2.41 0.016

Linear regression: factors related to fry emergence timing
10% emergence Intercept 738.08 7.06 25 104.59 <0.001

PFT1 in capsule −4.92 0.84 −5.86 <0.001
50% emergence Intercept 759.91 6.31 25 120.49 <0.001

PFT1 in capsule −8.02 1.49 −5.40 <0.001
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Fig. 7. Total number of fry that emerged per cumulative degree-day (CDD) from redds in Jack Creek (gray bars), Canyon Creek (open bars),
and Jefferson Creek (black bars). The second y axis shows the cumulative percent of total emerging fry per CDD from each study reach (gray
circles = Jack Creek, open triangles = Canyon Creek, black squares = Jefferson Creek).
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Fig. 6. Percent embryo survival in Jack Creek (circles), Canyon Creek (triangles), and Jefferson Creek (squares), with fitted line from optimal
survival models and 95% confidence intervals (gray shading). Survival to hatch (STH) is shown relative to percent fine sediment <1 mm in the
redd (PFT1redd) with (a) slight upwelling (0.01) and (b) strong downwelling (−0.05; mean VHG ± SD). Survival to emergence (STE) is shown in
relation to loge(PFT1) in the incubation capsule at (c) low (−0.0001) and (d) high (−0.0018) rates of specific discharge (mean v ± SD); for ease of
interpretation, the x axis is plotted with real values on a loge scale.
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gravel environment. Redd construction likely increased Kh by
winnowing away fines and loosening compacted sediments, re-
sulting in shorter hyporheic residence times and DO concentra-
tions similar to surface waters (Tonina and Buffington 2009b).
Comparable rates of pH, specific conductance, temperature, DO,
and Kh in natural redds provided support that intragravel condi-
tions in artificial redds were within the range of those created by
wild bull trout. Likewise, similar rates of VHG between artificial
and natural redds suggested that placement of artificial redds
adequately represented spawning site characteristics selected by
fish.

Based on water quality data, there was little evidence of strong
groundwater influence in redds or in undisturbed sediment at
spawning sites, despite the spring-fed nature of the study reaches.
Lower levels of DO in near-redd water samples compared with
surface and in-redd water may have resulted from surface and
groundwater mixing within undisturbed sediments in the hyporheic
zone (Malcolm et al. 2004) or from slightly longer hyporheic flow
paths (Boulton et al. 1998). However, DO measurements were rela-
tively high (>8 mg·L−1) at most sites, and measurements of pH,
specific conductance, and water temperatures from in-redd and
near-redd sample locations closely resembled surface water. Thus,
at the scale of individual spawning sites, hyporheic flows through
sediments at egg burial depth appeared to be predominantly in-
fluenced by surface water. In contrast with other studies in which
salmonids have been observed spawning in sites with discharging
groundwater often accompanied by low DO concentrations (Curry
and Noakes 1995; Malcolm et al. 2004; Youngson et al. 2004), none
of the individual redd sites in this study showed clear signs of
localized groundwater upwelling. We did not explicitly measure
groundwater inputs at the larger reach scale, but note that all
three study reaches were located in streams with a net gain in
surface flow. As suggested by other researchers, groundwater dis-
charge at larger spatial scales may be important for embryo incu-
bation because it helps stabilize temperature and flow regimes,
while localized downwelling at the redd site may help maintain
intragravel flow rates and high DO levels within the egg pocket
(Baxter and Hauer 2000).

Consistent measurements of VHG between in-redd and near-
redd locations suggested that VHG at the microhabitat scale was
primarily determined by morphometric characteristics of the
spawning site. Although the sample size was small, the majority
of natural redds were located on convex or transitional bedforms,
where downwelling was prevalent (Bowerman 2013). Other re-
searchers have also observed that bull trout and closely related
brook trout (Salvelinus fontinalis) often select spawning microhabi-
tats with localized downwelling (Baxter and Hauer 2000; Franssen
et al. 2013). In this study, the greatest downwelling rates occurred
at spawning sites located above steep riffles and logjams, each of
which created a defined vertical step in the streambed. We found
no evidence that the shape of a redd increased downwelling, as
suggested by Tonina and Buffington (2009b), but our measure-
ment techniques may not have been precise enough to detect
changes of this magnitude. Further, because we placed minipi-
ezometers at the center of each redd to avoid modifying the shape
of the redd, we may not have measured VHG at the point of
greatest downwelling. Regardless, the magnitude of downwelling
typically scales to the shape of the topographic feature (Tonina
and Buffington 2009a). Therefore, downwelling induced by mor-
phologic bedforms should be greater than downwelling gener-
ated by redds and thus have more influence on incubation
conditions. Furthermore, microhabitat-scale downwelling per-
sisted or even increased throughout the development period,
whereas redd topography was quickly altered by sediment move-
ment in Jefferson and Canyon creeks.

Effects of VHG and fine sediment on bull trout survival and
emergence timing

Results from this study indicated that high amounts of fine
sediment in the incubation environment reduced survival of bull
trout embryos and resulted in earlier emergence of fry from the
gravel. A negative relationship between embryo survival and fine
sediments in spawning gravels has been documented for many
species of salmonids. For example, a meta-analysis of 14 published
datasets from both field and laboratory studies on four different
Pacific salmon species demonstrated that embryo survival de-
creased as fine sediment increased, and this relationship was con-
sistent across a range of different study systems (Jensen et al.
2009). Although the relationship between embryo survival and
fine sediment has not been well documented for bull trout, it
appears similar to that of other salmonids. In one of the few
studies to specifically evaluate bull trout egg survival, Weaver and
White (1985) also found that embryo survival was inversely related
to percent fine sediment (<6.4 mm) in incubation gravels. In their
laboratory studies, approximately 40% of eggs survived to emer-
gence when sediment contained 20% fines, but survival decreased
to nearly 1% when substrate contained 40% fines. A follow-up field
experiment showed a strong linear relationship between fine sed-
iment and eyed-egg survival to emergence, which ranged from
80% in locations with no fine sediment to less than 10% survival
when incubation gravels were composed of 50% fines <6.4 mm
(Weaver and Fraley 1991). Although fine sediment <1 mm was a
better predictor of embryo survival than fines <6.4 mm in this
study, results were comparable to the aforementioned re-
search. Survival to emergence was consistently less than 40%
when fines <6.4 mm made up more than 20% of the sediment in
incubation boxes or more than 30% of the sediment in redds.

The importance of both fine sediment and interstitial flow rates
in survival models suggests that strong downwelling through a
redd can help offset some of the negative effects of fine sediment.
The potential for high interstitial velocities and strong rates of
VHG to help mitigate embryo mortality in moderate levels of fine
sediment has been suggested previously (Lapointe et al. 2004).
However, in a recent laboratory study, Franssen et al. (2012) did
not observe a significant effect of VHG on survival to emergence of
brook trout across a range of substrate compositions. In natural
streams, there is substantial spatial and temporal variation in
sediment sorting, hyporheic flow paths, and the strength of VHG,
all of which could potentially explain differences in the observed
effect of VHG on survival between field and laboratory settings.
Further, the strength of intragravel flow may be important for
survival for both eggs and larvae, but if larvae become entombed
by fine sediment, this cause of mortality could override any posi-
tive effects of VHG.

The two most common hypotheses regarding mechanisms for
embryo mortality are asphyxiation and entombment (Greig et al.
2007a). Based on observations of dead eggs at the time of hatch in
our study, it is possible that asphyxiation may have been one
cause of egg mortality during early stages of embryo develop-
ment. Although in-redd and egg-pocket water appeared to have
DO concentrations similar to that of surface water, interstitial
oxygen availability may vary among egg locations within the
sediment matrix of an individual redd (Greig et al. 2007a). Ad-
ditionally, all measurements occurred at discrete intervals and
therefore may not have completely captured temporal variations
in DO or VHG throughout the development period (Peterson and
Quinn 1996; Malcolm et al. 2004). On the other hand, DO concen-
trations alone may not have limited embryo survival. Other re-
searchers have also observed poor embryo survival rates at oxygen
concentrations approaching saturation (Greig et al. 2007b). In our
study, embryo survival was related to the strength of intragravel
flow, indicating that interstitial velocities may be important to
maintain oxygen gradients across the egg membrane or to remove
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metabolic waste accumulation within the sediment (Greig et al.
2007a, 2007b).

Mortality at the larval stage can also occur as a result of entomb-
ment within the incubation environment (Franssen et al. 2012),
and entombment may have been one reason why fine sediment in
the incubation capsule was the best predictor of STE. For example,
fine sediment may have impeded fry emergence from the two
incubation capsules in which we found large numbers of live fry
when the capsules were removed from redds. Although these cap-
sules had only intermediate amounts of fine sediment (7 and 13
PFT1 in the incubation capsules), the presence of numerous dead
fry indicated a cause of death late in the development process. In
other cases, high amounts of fine sediment appeared to have
caused fry to emerge from the gravel prematurely, perhaps to
escape suboptimal environmental conditions (Franssen et al.
2012). Fry that emerge prematurely with large yolk sacs may be
poor swimmers and thus more vulnerable to predation and down-
stream displacement than fully developed fry (Louhi et al. 2011). As
such, suboptimal incubation environments with high rates of fine
sediment may have sublethal effects on surviving fry, which may
reduce fitness in later life stages (Roussel 2007).

Streambed scour was not a significant variable in any of the
analyses, but may have indirectly affected embryo survival. At all
locations where the percentage of fines in the incubation capsule
was substantially greater than that of the surrounding redd, scour
exceeded 7 cm and was sufficient for the top of the incubation
capsule to be exposed at the streambed surface. Scour occurred as
a result of bull trout spawning on top of artificial redds, as well as
after elevated flow events in Jefferson and Canyon creeks. In loca-
tions with less scour, the percentage of fine sediment in incuba-
tion capsules was less than, or similar to, that of the surrounding
redd, suggesting that the surface layer of gravel helped prevent
the accumulation of fine sediment in the egg pocket (Meyer et al.
2005; Sear et al. 2008). Thus, even when scour is insufficient to
cause direct mortality (e.g., by flushing eggs from the gravel), it
may contribute to mortality indirectly via increased infiltration of
fines into the redd (Sear et al. 2008).

For incubation capsules exposed to surface water flows, the
mesh size likely acted to trap more fine sediment than would have
remained in the egg pocket otherwise, a common concern with
using any type of in situ egg incubator (Bernier-Bourgault et al.
2005). As such, survival estimates from exposed incubation cap-
sules are likely biased low, whereas survival estimates from cap-
sules in which percent fine sediment was less than that of
surrounding redds may be biased high, relative to natural condi-
tions. Survival estimates from incubation capsules in which sedi-
ment composition closely matched that of surrounding redds
probably best represent natural survival rates.

This research demonstrates the importance of considering mul-
tiple, potentially interacting variables that could simultaneously
affect salmonid embryo survival and emergence timing. Studies
of salmonid embryo survival have often focused on oxygen
concentrations or fine sediment, but evaluation of incubation
environments can be enhanced by measurements of VHG and
intragravel velocity. The potential for strong intragravel flow
rates to mitigate the effects of fine sediment is a topic that war-
rants further research. This study is one of the first to successfully
characterize the incubation environment for bull trout embryos,
and we provide a novel approach with which to explore the rela-
tive effects of spawning site characteristics, redd construction,
and environmental factors on embryo survival rates.

Conservation and management implications
This research suggests that spawning habitat indices based on a

single variable, such as percent fine sediment or oxygen concen-
tration alone, may not adequately characterize the complex pro-
cesses that affect bull trout spawning success. Survival of eggs and
larvae depends upon multiple, interrelated factors, including sed-

iment composition and hyporheic flow rate, which vary spatially
within the intragravel environment and temporally throughout
the incubation period. Further, factors that limit embryo survival
and development may be affected by attributes of the spawning
site, redd construction, and large-scale geomorphic and hy-
drologic drivers, including the mobility of fine sediment and the
frequency of sediment-mobilizing flows (Sear et al. 2008).

Complex spawning habitat plays an important role in incuba-
tion success, as microhabitat features such as morphologic bed-
forms and woody debris induce localized downwelling, leading to
high hyporheic exchange rates (Tonina and Buffington 2009a).
Management actions that preserve and restore hydraulic com-
plexity in the form of pool–riffle sequences, point bars, and large
wood can therefore enhance the availability of spawning sites
with strong localized downwelling. While microhabitat-scale
downwelling drives oxygenated surface water through stream
sediments where embryos develop, regional groundwater influ-
ences may be important at the reach scale to help regulate water
temperatures and maintain stable stream flows in many bull trout
streams (Baxter and Hauer 2000). These considerations highlight
the importance of evaluating hyporheic influences at the appro-
priate spatial scale.

Alteration of the streambed substrate during redd construction
can also help increase rates of hyporheic flow and intragravel DO,
resulting in a more favorable incubation environment. However,
the negative effect of high amounts of fine sediment accumula-
tion on embryo survival may eclipse the importance of both
downwelling and increased rates of sediment Kh. Spawning areas
with inputs of fine sediment, such as from erosion, as well as
those with active sediment transport, may be vulnerable to fine
sediment accumulation within redds (Sear et al. 2008). Thus, ac-
tions that reduce fine sediment inputs and streambed mobility
during the larval development period may help enhance recruit-
ment in imperiled bull trout populations.
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