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ABSTRACT

Adult salmonid migration to natal habitats and spawning are affected both by
physiological factors and environmental conditions. While research has focused on
physiological thresholds that influence the initiation of migration, few studies have
investigated the relationship between both hydrological and thermal conditions and
salmon spawning throughout the course of the reproductive period. We examined
whether Oregon coastal coho salmon (Oncorhynchus kisutch) returning to three tribu-

taries of the Smith River watershed (in the central Oregon Coast Range) responded to

the stream hydroregime throughout their spawning period. Generalised linear mixed
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models were constructed to evaluate relationships between various stream discharge
metrics, water temperature and redd count data collected between 2010 and 2016.
Across the three sub-basins we analysed, discharge and temperature metrics were im-
portant in explaining redd construction timing. However, the same parameters were
not consistently important for every sub-basin. Water temperature was important
in explaining redd construction in the largest sub-basin, North Sister Creek, and dis-
charge metrics were consistently important in Beaver Creek, the smallest sub-basin.
At the sub-basin scale, peak redd construction by coho salmon starts after increase
in discharge (25th percentile) occurs but before the highest discharge events take
place. However, synchrony among sub-basins was evident in delayed redd construc-
tion during 2013 when the autumn rains were delayed. Understanding relationships
between the timing of redd construction and characteristics of the hydrological re-
gime are critical to analysis of potential future climate impacts on all life stages of

Oregon Coastal coho salmon.
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1 | INTRODUCTION extreme events such as droughts or floods. At a population-scale, na-
tive fish species are adapted, through their life histories, to the mag-
Freshwater environments are subject to predictable cyclical changes nitude and predictability of recurring hydrologic events in a region
associated with seasonal patterns of precipitation and tempera- (Poff et al., 1997; Schlosser, 1991), though specific survival pathways

ture (collectively referred to as the hydroregime) and unpredictable vary (Lytle & Poff, 2004). For example, expressed behaviour of salmon

© 2021 John Wiley & Sons Ltd. This article is a U.S.Government work and is in the public domain in the USA.
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includes variability in annual timing of spawning among populations,
which may be linked to specific characteristics of the hydroregime in
different drainage basins (Flitcroft et al., 2016, 2019). Understanding
salmonid spawning in response to environmental conditions, such as
river discharge and temperature, may inform management or vulnera-
bility assessments of endangered salmon populations.

For anadromous fishes, the onset of the return migration begins
in the ocean without awareness of freshwater conditions and may
be a response to environmental cues such as photoperiod (Quinn
& Adams, 1996). The timing of salmonid spawning migrations from
the ocean into the estuary, and ultimately to freshwater habitats,
has been demonstrated to show heritability over time (Taylor, 1980;
Siitonen & Gall, 1989; Hansen & Jonsson, 1991; Quinn et al., 2002).
The precise timing of spawning, however, may be influenced by en-
vironmental conditions such as water temperature and stream dis-
charge (Tetzlaff et al., 2008).

One anadromous salmonid species for which observations of
connections between environmental conditions and life stages
have been recorded is coastal coho salmon (Oncorhynchus kisutch)
(Flitcroft et al., 2016, 2019; Lovellford et al., 2020). Adult coastal
coho salmon return to their natal streams to spawn as 3-year-olds,
and in Oregon, this typically occurs between November and
February (spanning two calendar years) (Groot & Margolis, 1991).
Variation in adult spawn timing may be related to variation in spawn-
ing habitat water temperatures (Beechie et al., 2008); earlier spawn-
ing tends to occur in cold streams, while populations from warmer
streams tend to spawn later because of the differences in accumu-
lated thermal degrees eggs experience (Quinn, 2018). Furthermore,
the effects of warmer water temperatures continue after the eggs
hatch; juvenile salmonids develop more quickly and migrate to salt-
water earlier when water temperatures are warmer (Jonsson et al.,
2016). In combination with variable spawn timing in adults, these
traits are generally thought to be adaptive behaviours that provide
juveniles with an optimal emergence window the following spring
that maximises growth and survival by taking advantage of peak re-
source availability (Quinn, 2018).

Observed relationships between temperature and spawning, or
between discharge and spawning initiation have been documented
(Briggs, 1953; LovellFord, 2013; Scarnecchia, 1981; Shapovalov &
Taft, 1954; Smoker, 1953; Vadas, 2000; Weitkamp et al., 1995) for
Oregon coastal coho salmon. However, whether the interaction be-
tween stream temperature and discharge affect the timing of coho
salmon mating during their spawning period is poorly understood. In
this study, our research question is as follows: do stream discharge
and water temperature interact to influence spawn timing of Oregon
coastal coho salmon? The importance of these variables individually,
and together, may help us to better understand linkages between
hydroregime and spawning for these culturally and commercially im-
portant fish.

We explored this research question using a combination of sta-
tistical tests and modelling (with model selection completed using
AIC values). Analysis was completed within and among three study
sub-basins in the Smith River drainage of Southern Oregon over a

6-year time period (capturing two cohorts). Several features of the
Smith River basin and Oregon coastal coho salmon life history made
it possible to evaluate associations between spawning and both tem-
perature and discharge at this location. Mature adult coho salmon
in the Smith River basin have a relatively short migration distance
from the ocean to spawning sites in freshwater. Returning adult
coho salmon are generally reproductively ready to spawn when they
arrive at the spawning grounds (Groot & Margolis, 1991), reducing
potential lags between freshwater environmental conditions and
spawning behaviour. Additionally, coastal coho salmon were chosen
for this work due to their imperiled status, and their relatively nar-
row window of spawn and migration timing compared with other
salmonids (Flitcroft et al., 2016; Quinn, 2018; Quinn et al., 2002;
Sandercock, 1991).

2 | METHODS

2.1 | Site description

The Smith River is a tributary of the Umpqua River located on the
southern Oregon coast within the Oregon Coast Range. This en-
tire area is underlain by the sandstone and siltstone lithology that
characterises the Tyee Formation (Lovell, 1969). The three streams
used in this study are tributaries to the Smith River: Beaver Creek
(7.9 km?), Panther Creek (13.8 km?) and North Sister Creek (34.2 km?)
(Figure 1). Panther and North Sister Creeks feed directly into the
Smith River and Beaver Creek flows into the West Fork Smith River
(67.3 km?) before its confluence with the mainstem Smith River. All
of the streams have relatively limited floodplains above their bank-
full levels, which is typical of systems in the Oregon Coast Range. All
three sub-basins of the Smith River share the same dominant mari-
time climate with cool rain-dominated winters, and warm, dry sum-
mer conditions. Most precipitation falls as rain between November
and March (Taylor & Hannan, 1999).

North Sister Creek is the largest sub-basin and was partially
burned in a wildfire in autumn 2014. The Beaver Creek sub-basin
is located primarily on federal land, with uplands composed of rare,
intact, Oregon Coast Range old-growth Douglas Fir (Pseudotsuga
menziesii) forest (Table 1). The Panther Creek sub-basin has primarily
industrial timber ownership and was harvested for timber within the
study period. The three sub-basins are at different distances from

the confluence with the Umpqua River estuary and ocean (Table 1).

2.2 | Data sets and preparation

2.2.1 | Riverdischarge data

The three study streams used in this study were gaged by the
United States Forest Service (USFS) within, or in close proximity
to, coho salmon spawning reaches that were surveyed annually by
the Oregon Department of Fish and Wildlife (ODFW). During the



BUTLER ET AL.

Ecology of 521
SN SR WILEY

VA il

L o

Oregon Coast

|-
123°40'0"W

Coho E.S.U,
sl @,
o A Area of
=N Detail
- OREGON

2 A/~ - SurveyReaches
® - Gaging Stations

1
43°40'0"N
|

43°40'0"N

Umpqua Rive’
o Ao = 123°4007W
4 1 =

FIGURE 1 The three sub-basins of interest in the Smith River basin, OR, included Beaver Creek, North Sister Creek and Panther Creek

TABLE 1 Characteristics for sub-basins sampled in the Smith River Watershed, Oregon

Basin characteristics

Stream gradient above Gage distance Spawning migration Public/
Sub-basin (km?) spawning reach (km) distance (km) Forested Private federal
Beaver (7.9) 0.216 27.0 27.3 85% 28% 72%
Panther (13.8) 0.185 10.1 42.2 86% 54% 46%
North Sister 0.249 27.0 27.3 89% 46% 54%

(34.2)

2010-2012 period, water column height was recorded hourly using
capacitance rods. From 2013 to 2017, Solinst pressure transducers
recorded hourly water column height and water temperature in the
streams. Cross-sectional and thalweg surveys were conducted an-
nually using a Leica TS-100 total station or rod and level. Discharge
measurements were recorded five to 10 times a year capturing a

range of flows using a Marsh-McBirney flowmeter. Rating curves
were developed using ordinary least squared regression to estimate
continuous discharge values for each stream over the study period
using water column height data and field discharge measurements.
Hydrological data were converted into the low-flow cal-
endar, defined as April 1 = Day 1 and March 31 = Day 365. This
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TABLE 2 Description of variables used

\ELELED Description to model spawn timing at sites sampled in
WaterTemperature Mean daily water temperature. For 2010-2012, the Smith River watershed, Oregon
temperature data from the Smith River gage;
from 2012 to 2016, data are from 30-min interval
measurements using in-stream data loggers
Day Day of the year following the drought year calendar, in

which April 1 =1

CumulativeDischarge

Annual cumulative discharge (for each sub-basin),

starting on April 1. Based on daily mean discharge

values

CumQslv

Cumulative discharge since the last visit by ODFW

observers. Inclusive of that day of observation but
not of the previous observation day. Based on daily

mean discharge values

MedianQslv

Median recorded daily mean discharge in the period

since the last visit by ODFW observers. Inclusive
of that day of observation but not of the previous

observation day

MeanQslv

Average recorded daily mean discharge in the period

since the last visit by ODFW observers. Inclusive
of that day of observation but not of the previous

observation day
MaxQslv

Maximum recorded daily mean discharge in the period

since the last visit by ODFW observers. Inclusive
of that day of observation but not of the previous

observation day
MinQslv

Minimum recorded daily mean discharge in the period

since the last visit by ODFW observers. Inclusive
of that day of observation but not of the previous

observation day
DailyDischarge
observers
Water temperature x Day
Day x CumulativeDischarge
Day x CumQslv
Day x MedianQslv
Day x MeanQslv
Day x MaxQslv
Day x MinQslv
Day x daily discharge

Watertemperature x dailydischarge

conversion allowed us to capture the transition between low-flow
summer conditions, and the onset of rain events in fall and early
winter. It is this transition time during which spawning occurs for
coho salmon. Furthermore, it allows us to capture the full period of
spawning which crosses calendar years. Data were compiled into
daily mean temperature (WaterTemperature) and discharge values
for the entire period of record (2010-2017). A number of discharge
metrics were developed including: annual cumulative discharge
(CumulativeDischarge), mean daily discharge on the day of the redd
survey by ODFW (DailyDischarge) and the cumulative (CumQslv),
median (MedianQslv), mean (MeanQslv), minimum (MinQslv) and
maximum (MaxQslv) discharge since the last redd survey visit
(between October 31 at the earliest and February 7 at the latest)

Daily mean discharge on the day of visit by ODFW

Interaction effect between the two parameters
Interaction effect between the two parameters
Interaction effect between the two parameters
Interaction effect between the two parameters
Interaction effect between the two parameters
Interaction effect between the two parameters
Interaction effect between the two parameters
Interaction effect between the two parameters

Interaction effect between the two parameters

(Table 2). Additionally, we determined the day of year at which per-
centiles (5, 25, 50, 75 and 95) of the cumulative annual discharge
for each sub-basin were reached. Discharge and summary data are

available from the author upon request.

2.2.2 | Redd count data

Coho salmon redd count data are collected annually by ODFW
throughout the Oregon Coast Range according to the protocols of
the Coastal Salmonid Inventory Project using a spatially-explicit
sampling methodology and a rotating panel design developed by the
Environmental Monitoring and Assessment Program (EMAP) of the
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U.S. Environmental Protection Agency (EPA) (Herlihy et al., 2000).
Redd count data were collected at the three study streams between
2010 and 2017 by trained ODFW employees. Survey crews walked
the sites at least once a week (often more frequently) throughout
the entire spawning period, marking new redds since the last visit
(Oregon Adult Salmonid Inventory & Sampling Project, 2018). Redd
count data are available from ODFW by request (https://odfw.fores
try.oregonstate.edu/spawn/index.htm).

Two mile-long reaches were surveyed in North Sister Creek and
Panther Creek, while surveys in Beaver Creek consisted of one mile-
long reach only. For North Sister and Panther Creeks, in which mul-
tiple reaches were surveyed, data collected in both reaches of the
sub-basin were added to create a single redd count data set for the
sub-basin. Redd count data were collected at the three study sub-
basins from 2010 through 2017. However, spawning surveys were
not available for Panther Creek in 2014.

Redd counts were used to assess the timing of reproductive ac-
tivity (rather than counts of adults). The survey design included re-
peated visits to the spawning reach allowing for the identification of
the timing of redd construction. Similarly to hydrological data, redd
counts for a given year were converted into the low-flow calendar
(April 1 to May 31).

Landscape variables for each sub-basin, such as tree canopy
species and age classes in the sub-basin and distance (in river miles)
from the confluence with the Umpqua River to the spawning reach,
were derived from data sourced from the LEMMA GNN Structure
(Species-Size) Maps (LEMMA, 2018). These maps use 2012 aerial im-
agery to derive vegetation types for forest land as 30-m-resolution
ArcGIS grids (for more information on methods to derive vegetation
types, see Ohmann & Gregory, 2002) (Table 3). Sub-basin variables
were calculated in ArcGIS 10.4. Because more detailed year-to-year
data were either not available or these landscape characteristics re-

main essentially constant within each sub-basin from year to year

TABLE 3 Variables that characterise
sub-basin vegetation types and watershed
characteristics of spawning survey sites in
the Smith River watershed

Variable

Gradient above

Gage distance

Spawn distance

Broadleaf

Mixed

Conifer

SapPole

SmMed

LargeGiant

Ecology of 523
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throughout the study period, the landscape variables were assumed
to be the same for all years of the study period. Landscape variables
were included only in the all-sub-basin model to evaluate the poten-
tial effects of watershed conditions across sub-basins and help con-
trol for any variation that could be attributed to differences among
the sub-basins. Landscape variables were not included in the individ-
ual sub-basin models to minimise replication effects.

Preliminary analyses of the redd count data included calculations
of the mean, median, maximum, and minimum values, the day of the
year in which spawning commenced or concluded, and cumulative
redd count percentiles for each spawning year. Cumulative redd
count percentiles were generated for each site, per year, and al-
lowed for a characterisation of the distribution of spawning activity.
Preliminary data review indicated that the period between the 25th
and 75th percentiles of the run captured the timing of peak spawn-
ing events and was therefore identified for each sub-basin by year.

For modelling and analysis, we only used days when daily dis-
charge, temperature and spawning survey counts were available.
This was important to avoid extensive days when no spawning sur-
vey data were available. This approach also had the added benefit
of removing the issue of temporal autocorrelation in the discharge
data.

Analysis was designed to explore our research question and to
examine the relationship between the hydroregime and daily redd
count data throughout the spawning season in each sub-basin in-
dividually, and together. Preliminary graphs were developed to ex-
plore: (a) day of year and percentiles of redd counts and (b) annual
discharge and the period of time during which peak spawning events
occurred (25th-75th percentile). ANOVAs (SAS Enterprise Guide
6.1) were used to explore whether there were differences within
sub-basins with respect to daily discharge (DailyDischarge) and indi-
vidual redd counts. Survey year (Year) was used to define class levels
in the ANOVAs, such that Beaver Creek has six classes (missing 2012

Description

Average stream gradient above the gage/spawning
reach

Distance (in river miles) of the water gage from the
mouth of the Smith River

Distance (in river miles) of the center of the spawning
reach from the mouth of the Smith River

Percentage of the sub-basin canopy cover that consists
of broadleaf tree vegetation

Percentage of the sub-basin canopy cover that consists
of mixed conifer and broadleaf tree vegetation

Percentage of the sub-basin canopy cover that consists
of conifer tree vegetation

Percentage of the sub-basin canopy cover that consists
of sapling and pole tree size classes

Percentage of the sub-basin canopy cover that consists
of small and medium tree size classes

Percentage of the sub-basin canopy cover that consists
of large and giant tree size classes
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discharge data), Panther Creek had 6 classes (missing redd data for
2014), and North Sister Creek had 7 levels (no years missing). Using
the SAS EG ANOVA tool, Levene's tests for homogeneity of variance
was conducted and evaluated for significance. Multiple comparisons
were made using ANOVA; therefore, the Bonferroni (Dunn) adjust-
ment to p-values was used. Statistically significant differences were
identified at the alpha = 0.10 level.

Separate models were developed to examine the relationship
between the hydroregime and redd counts among and/or within
sub-basins throughout the study period. A generalised linear mixed
modelling approach (PROC GLIMMIX; SAS and SAS Enterprise Guide
6.1) was used to construct four different sets of models, one for each
sub-basin, and one for all sub-basins combined. Number of redds
observed was the response variable, and nine explanatory variables
were used including day of year (Day) to control for temporal vari-
ability throughout the spawning season (Table 2). Interaction effects
between discharge metrics or WaterTemperature and Day were
included in the model (Table 2). A Gaussian response distribution
was used instead of a Poisson distribution because the means were
large and the variances had a normal distribution. All other input
metrics were left as standard for the PROC GLIMMIX procedure.
Survey year (Year) and day of year (Day) were defined for the CLASS
statement. Year was used as a Random Effect in the single sub-basin
models while both Sub-basin and Year were used as Random Effects
in the combined sub-basin models.

Model fit and effectiveness was evaluated using model AIC
values provided in the PROC GLIMMIX output in SAS as well as a
redd count residual (Rp) to evaluate model “goodness of fit” (Eq. 1) in
model comparisons. The average redd count residual for each model
was calculated by subtracting the predicted redd count value (Rp)

from the observed value (RO) for each observation.

in=1 [(Ro_Rp)1 o
n

+ (Ro_Rp)n] (1)

Re =

The models deemed the “Best Fit” had either the lowest AIC,
lowest average residual redd count, or both. This method was used
to compare and select models as traditional R? values are not reliable
indicators of model fit in mixed and hierarchical models with multi-

ple variance components (Cade, 2015; Johnson & Omland, 2004).

3 | RESULTS

Preliminary visual analysis of the daily redd counts throughout the
spawning period revealed different patterns by year for each sub-
basin (Figure 2). Beaver Creek is the most internally synchronous
in terms of redd construction timing which is demonstrated by the
similarity in timing of the 50th percentile of redds in most years (with
the exception of delayed spawning in 2013, a drought year). Panther
Creek showed a similarly narrow window in terms of redd construc-
tion timing, but appears to have more inter-annual variability in redd
construction timing than Beaver Creek. Redd construction at North
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FIGURE 2 Cumulative redd construction by year within the
spawning period at Beaver, Panther and North Sister Creeks, OR

Sister Creek appears to start earlier and end later (therefore lead-
ing to a longer spawning period) than at the other two sub-basins.
Among sub-basins, redd construction began between day 220-230
(November) and concluded between day 290-300 (January). All ba-
sins showed a distinct delay in redd construction in 2013, a drought
year when the onset of autumn rains was later than in other years
(Figure 2).

Cumulative discharge percentiles were compared to the timing
of peak spawning (Figure 3) in each sub-basin. In North Sister and
Beaver Creeks, the timing of peak spawning tracked closely with the
25th percentile of cumulative annual discharge (hereafter referred
to as “25th percentile”). The timing of peak spawning for Panther
Creek shows less consistent synchronicity with the 25th percen-
tile and more variation in the day of year for both redd construc-
tion and cumulative discharge percentiles compared with the other
sub-basins. The 25th percentile corresponds with the timing of the
amount of annual precipitation and does not necessarily correspond
with a 3-month time period. Rather the 25th percentile will capture
low-flow summer conditions and the onset of fall rains.

In each sub-basin, Levene's tests for homogeneity of variance
indicated variance did not vary among years. In North Sister and
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Beaver Creeks, ANOVA results show significant differences among
years in mean daily discharge (DailyDischarge) and daily redd counts
on North Sister and Beaver Creeks (daily discharge Pr > F = 0.0034
and redds Pr > F =< 0.0001; daily discharge Pr > F = 0.0012 and
redds Pr > F = 0.0960, respectively). In Panther Creek, ANOVA re-
sults detected no significant differences among daily discharge val-
ues among years (Pr > F = 0.2102), but did find differences in redd
counts among years (Pr > F = 0.0811). In the analysis of all sub-basins
combined, ANOVA results show significant differences among
years in daily discharge values (Pr > F =< 0.0001) and redd counts
(Pr>F =<0.0001).

Model results at Beaver and North Sister Creeks showed that
CumulativeDischarge had the lowest average residual difference
between the model's predicted value and actual value (0.71 and
2.027, respectively, Table 4). The lowest AIC and standard error
values for Beaver Creek were with CumulativeDischarge while
the DailyDischarge model was lowest for North Sister Creek
(Table 4). In the best model for Beaver Creek, both explanatory vari-
ables (Cumulative Discharge, and the interaction with Day) were
statistically significant. In other models for Beaver Creek, CumQslv
and MaxQslv (and their interaction with Day, respectively) were also
statistically significant parameters. In the DailyDischarge model for

North Sister Creek, there were no significant discharge metrics.
However, water temperature and the interaction effect between
WaterTemperature and Day were significant in nearly every other
model.

Of the different discharge models for Panther Creek, several
were close in average residuals: MeanQslv, MedianQslv, MaxQslv
and MinQslv (Table 4). The model with the lowest AIC values
for Panther Creek included CumQslv but also had higher stan-
dard errors than the other Panther Creek models (3.7, 17.2). The
CumulativeDischarge variable had a higher AIC at 599.84 but with
the lowest standard errors (2.7, 13.5) (Table 4). Panther Creek had
no significant parameters in any of the models.

Model results when all sub-basins were combined showed the
best residual fit was a tie between MedianQslv and MeanQslv at
0.02, while the next best was DailyDischarge at 0.05 (Table 5). The
model containing all sub-basin data had smaller R values than the
individual site-specific models (Table 4) due to the larger sample size
when all data were combined, allowing for better model fit. The low-
est AIC values for the all sub-basin models were with DailyDischarge
(1851.65 AIC) (Table 5). When all sub-basins were evaluated to-
gether, water temperature was a significant variable, as was
CumulativeDischarge, CumQslv, DailyDischarge and Day (Table 5).
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TABLE 5 GLIMMIX modeling results in summary for all basins combined. Model AIC and residuals are provided as well as the variables that were indicated as significant in each model. AIC

values and Average Residuals in bold and italic indicate the lowest value relative to others for that sub-basin; values in italic indicate AIC and residual values that were second lowest and very

close to the lowest values. An asterisk indicates the variable was significant in that model run.

Significant model variables

Redd
count

Day x water
temperature

Day x Day x Day x

Day x cumulative

discharge

Water

Cumulative Daily
discharge

residual

R))

DailyDischarge

MaxQslv

CumQslv

temperature

MaxQslv  discharge

CumQslv

AIC

Model

Sub-basin

0.089

1924.14

Cumulative

All basins

discharge

combined

0.097 X

1852.22

Daily

discharge

CumQslv
MeanQslv

0.020

1871.97

0.020

1888.58
1888.51

X

0.101
0.099

MedianQslv

MinQslv
MaxQslv

1887.88
1889.42

0.057
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The data that support the findings of this study are available

from the corresponding author upon request.

4 | DISCUSSION

Redd construction among sub-basins appeared to be linked to dif-
ferent characteristics of the hydroregime in the Smith River basin,
Oregon. Across the three sub-basins we analysed, discharge and
temperature metrics were important in explaining redd construction
timing. However, the same parameters were not consistently impor-
tant in every case. For example, water temperature was important
in explaining redd construction in the largest sub-basin, North Sister
Creek, and discharge metrics were consistently important in Beaver
Creek, the smallest one. However, there was synchrony among all
sub-basins in terms of later spawn timing when autumn rains were
delayed in 2013.

When we combined all the sub-basins into one data set for anal-
ysis, we found that the daily discharge and cumulative discharge
metrics (whether cumulative annual discharge or the cumulative
discharge since the last visit), as well as water temperature, were
important in explaining redd construction timing throughout the
spawning period. Other studies have found positive relationships
between a discharge metric and the number of adults returning
(measured either by individuals or by redds) during the spawning pe-
riod (Jonsson & Jonsson, 2002; Mitchell & Cunjak, 2007; Moir et al.,
1998, 2004; Tetzlaff et al., 2005, 2008), which can in turn be influ-
enced by precipitation or storm events of that year (Karppinen et al.,
2004; Kovach et al., 2013; Lilja & Romakkaniemi, 2003; Moir et al.,
2004; Mottley, 1938; Shapovalov & Taft, 1954; Tetzlaff et al., 2005,
2008) as well as larger-scale climatic shifts (e.g. climate change)
(Kovach et al., 2013; Quinn & Adams, 1996).

At the sub-basin scale, cumulative discharge appears to be im-
portant in redd construction timing for coho salmon. This was
demonstrated by the possible relationship between the 25th per-
centile of annual discharge and the period of peak redd construc-
tion (25th-75th percentile) for Beaver and North Sister Creek in the
Smith River sub-basin (Figure 3). The link between discharge and
spawning may be related to the flashy discharge response of Oregon
coastal watersheds to precipitation events. Coho salmon may re-
spond to more extended periods of higher discharge that indicate
the predictable return of the wetter, cooler winter period that is nec-
essary for egg incubation. Further, low volumes of water and flashy
drainage patterns of Oregon Coast streams may mean that physical
access is impossible or severely limited at low flows.

In the case of our study sub-basins, North Sister Creek was less
variable in return timing than Beaver or Panther Creeks. This may
reflect its larger drainage area and more consistent water volumes
than the other two sub-basins thereby allowing access by spawn-
ing fishes. Low discharges in a system may directly limit access to
suitable spawning habitat, which therefore limits the number of re-
turning adults that can reproduce successfully (Jonsson et al., 2018;
Moir et al., 1998; Tetzlaff et al., 2008). Studies by both Tetzlaff et al.
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(2008) and Lazzaro et al. (2017) found that limited hydrological con-
nectivity could reduce the number of returning adult salmon by up
to 80% as compared to ideal hydrological conditions. Their results
show that inter-annual variability in hydrological connectivity can
help explain, at least in part, observed temporal patterns in salmon
returns and redd counts.

Spatial variability in the relationship between the hydroregime
and spawn timing may be influenced by spatial variability in envi-
ronmental conditions and weather effects among the sub-basins’
physical and geomorphological characteristics. It is known that
landscapes characterised by heterogeneous habitat conditions may
support intraspecific variation through the evolution of life histo-
ries adapted to certain conditions (Jonsson & Jonsson, 2011; Lytle
& Poff, 2004; Poff & Ward, 1990; Quinn et al., 2001; Southwood,
1977). Storm events themselves may have variable impacts on en-
vironmental conditions within a sub-basin. A single storm event
may have a storm cell of increased intensity that tracks across the
landscape and affects certain areas differently than others, with
variable precipitation in different watersheds and at different loca-
tions within the region (G. Grant, pers. comm. 2018). The different
discharge metrics important to the different sub-basins may be par-
tially due to variation introduced by storms.

Predictions of climate change for the Oregon Coast Range in-
dicate drier summers and autumns and wetter winters and springs
(Leung et al., 2004; Mantua et al., 2010; Mote & Salathé, 2010).
As these systems in the Oregon Coast Range are primarily rainfall-
dominated watersheds, the shift in the hydroregime may not be as
dramatic as in other locations with snow-dominated hydrographs.
However, timing and intensity of storm events are predicted to
shift and be more extreme. Summer and autumn water temperature
conditions in these small headwater streams may become warmer
(Hidalgo et al., 2009; Leung et al., 2004; Mote & Salathé, 2010).

In 2013 in the Smith River sub-basins, when autumn rains were
delayed and water temperatures remained warmer later in the sea-
son, coho salmon delayed spawn timing. This delay is likely related
to fish avoidance of warm water temperatures as well as awaiting
higher stream discharges. If these drier, warmer conditions become
more common under a climate change scenario, coho salmon may
shift their migration and spawn timing later in the year to accommo-
date these shifts in environmental conditions and avoid migrating
during periods of high temperatures and low flows (Kovach et al.,
2013).

Studies have also shown that at a certain level of sexual matu-
rity, salmonids will enter a stream or river even if there are less than
ideal water conditions, such as high turbidity, water temperatures or
low discharge (Mitchell & Cunjak, 2007; Tetzlaff et al., 2005). Coho
salmon in the Smith River basin may therefore delay spawning to
accommodate inter-annual variability in environmental conditions,
such as drier and warmer autumns, but after a certain point may be
unable to delay any further. This may result in migration and spawn-
ing in warmer water temperatures and lower discharges or concen-
trated spawning in those areas with accessible habitat at lower flows
that may be further downstream in the river system. In this case,

survival of offspring could be compromised because of redd super-
imposition, or less-than-ideal timing and environmental conditions
during egg incubation, hatching, rearing or downstream migration.

Resilience of salmonid populations comes from variability in the
population response and behaviours (Waples et al., 2008, 2009).
Variability among the sub-basins in the response to specific dis-
charge variables may be important to the long-term resilience of
Oregon coastal coho salmon. However, additional studies and care-
ful monitoring of this species will be important. Waples et al. (2009)
note that the restoration of historic habitat conditions could be more
challenging for some salmon populations who have begun to adapt
to hydroregimes or habitat that have been altered and are expected
to return to historical conditions. It will be critical to understand how
each species of Pacific salmon respond to the current hydroregime
and the natural variability in environmental conditions if there is to
be successful management of the iconic fishes for resilience to cli-
mate change.
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