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Abstract
Streamwater dissolved oxygen (DO) concentrations are driven by interacting physical and biotic parameters. Future DO 
depletion events in small, coastal salmon streams are therefore likely to be driven by changes in hydrology in addition to 
atmospheric warming. We measured DO, temperature, discharge and spawning salmon abundance in upstream (reference 
reach) and downstream salmon bearing reaches of four streams in southeast Alaska to determine how multiple physical 
and biotic factors interact to control streamwater DO. Stream temperature ranged from 5.1 to 15.8 °C and fell within the 
optimum range that is considered favorable for salmon physiology. Concentrations of DO ranged from 2.8 to 12.3 mg/L, 
with concentrations significantly lower (p < 0.01) in the downstream compared to upstream sites when spawning salmon 
were present. These findings likely indicate that spawning salmon can substantially alter ecosystem respiration and thus DO 
regimes in stream ecosystems. Furthermore, DO concentrations in lower Peterson Creek were especially low (< 4.0 mg/L) 
in early August when stream temperature exceeded 14 °C, discharge was low and spawning salmon were abundant. These 
results illustrate that the impacts of enhanced ecosystem respiration due to high densities of spawning salmon, elevated stream 
temperature and reduced aeration stemming from low streamflow are likely additive in terms of reducing DO. Furthermore, 
it is highly likely that stray salmon released from local hatcheries augmented spawner densities in our study streams. This 
suggests that the straying of hatchery salmon into natural stock salmon streams may contribute to streamwater DO depletion 
via enhanced stream ecosystem respiration.
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Introduction

Atmospheric warming is one of the main drivers of change 
to stream ecosystems, affecting the solubility of dissolved 
gases, flow regime, and thermal habitat for aquatic biota. 
Cold-water fishes, such as Pacific salmon, are expected to be 
particularly vulnerable to climate warming because of strong 
thermal regulation of growth and behavior (Brett 1971; 
Elliott and Hurley 2001), limited evolutionary potential to 
rapidly adapt to increases in stream temperature (Crozier 

et al. 2008), and because migration to cooler habitat is often 
constrained by thermal or structural barriers (Fagan 2002). 
Pacific salmon not only have high societal and commercial 
importance but also exert a disproportionately large influ-
ence on watersheds by acting as a food source for terrestrial 
and aquatic animals (Ben-David et al. 1997; Gende et al. 
2001). In this way, the marine-derived nutrients from salmon 
can stimulate stream productivity and contribute to food web 
stability (Chaloner et al. 2002; Mitchell and Lamberti 2005). 
Thus, developing an understanding of how salmon runs will 
respond to future climate-driven changes in stream prop-
erties, such as dissolved oxygen (DO), is of considerable 
importance.

Dissolved oxygen is a strong control on salmon stream 
habitat that will likely be impacted by climate warming 
because DO levels are strongly related to stream temper-
ature and DO is also a fundamental control on salmon 
behavior and metabolic activity (Matthews and Berg 1997; 
Giest et al. 2006). Flow regimes may also shift (Barnett 
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et al. 2005; van Vliet et al. 2013), which affects abiotic 
factors in streams and thus may lead to cascading eco-
logical effects (Graeber et  al. 2013). Climate change 
studies in western North America have shown that con-
comitant with the recent increase in air temperature (Mote 
and Salathé 2010), there have been declines in winter 
snowpack (Regonda et al. 2005; Nolin and Daly 2006) 
and increased variability in precipitation (Regonda et al. 
2005). These alterations are linked to earlier spring peak 
flows (Rauscher et al. 2008; Gillan et al. 2010) as well as 
diminishing and more variable streamflow during summer 
months (Luce and Holden 2009; Wu et al. 2012). This shift 
in flow regime toward lower summer streamflow has the 
potential to elevate stream temperatures and drive DO into 
a critically low range that threatens the health of aquatic 
biota (Morrill et al. 2005; Almodóvar et al. 2012; Graeber 
et al. 2013).

Stream temperature is a primary control on many physical 
and metabolic processes, although other climate-vulnerable 
factors such as DO and flow regime impact and interact with 
stream biota and thus can influence salmonid distribution 
and the amount of favorable habitat for salmonids (Beechie 
et al. 2006; Wenger et al. 2011; Ficklin et al. 2014). For 
example, spawning salmon can stimulate stream ecosystem 
respiration in coastal Alaskan streams through salmon res-
piration and the microbial decomposition of their carcasses 
(Holtgrieve and Schindler 2011; Levi et al. 2013), decreas-
ing DO percent saturation by as much as 30% in the pro-
cess (Holtgrieve and Schindler 2011). This salmon-induced 
depletion in stream DO, via enhanced biological oxygen 
demand (BOD), can be particularly pronounced during 
periods of severe low flow and when spawning salmon are 
abundant (Fellman et al. 2015; Tillotson and Quinn 2017).

We measured DO, temperature and discharge in an 
upstream reference reach (with few to no spawning salmon) 
and downstream salmon-bearing reach in four streams in 
coastal southeast Alaska to assess the seasonal variabil-
ity and interaction between these key physical drivers of 
freshwater habitat quality for anadromous Pacific salmon. 
We further quantified spawning salmon abundance in the 
salmon bearing reaches of each stream to assess how mul-
tiple physical (stream temperature and flow regime) and 
biotic (spawning salmon via enhanced BOD) factors inter-
act to control streamwater DO. Understanding the seasonal 
variability and interactions between multiple physical and 
biotic drivers of DO will provide insight into the potential 
impacts of climate change on freshwater habitat quality for 
salmon in a region where changes in runoff from glaciers 
and seasonal snowpacks are dramatically altering hydrologic 
regimes. Our findings allow us to comprehensively evalu-
ate how interactions between physical and biotic drivers of 
DO impact stream ecosystems that support healthy runs of 
Pacific salmon.

Methods

Study area

The four study watersheds (Fish Creek, Bridget Cove 
Creek, Shrine Creek, and Peterson Creek) are located in 
the northern perhumid coastal temperate (PCTR) rainfor-
est near Juneau, Alaska (Fig. 1). The study area occupies 
the northern fringe of the coastal temperate rainforest that 
extends from northern California along the coastal margin 
of the Pacific Northwest of the United States and British 
Columbia through the Gulf of Alaska. The region has a 
maritime climate characterized by mild winters, cool wet 
summers, and persistent cloud cover. Juneau has a mean 
annual temperature of 4.7 °C and mean annual precipita-
tion of > 1800 mm at sea level, with much of this precipi-
tation falling as rain in the late summer and autumn and 
as snow at upper elevations during the winter.

The study watersheds range in area from 2 to 36 km2 
and reflect the variation in landcover typical of the many 
small, salmon-bearing watersheds draining west to the 
Gulf of Alaska in British Columbia and southeast Alaska 
(Table 1). The Fish Creek watershed consists mainly of 
a mixed coniferous forest of Picea sitchensis and Tsuga 
heterophylla with large areas of peatland in the mid-to-
lower portions of the watershed. The watershed also has 
high elevation reaches of alpine tundra that seasonally 
accumulate large snowpacks that help sustain streamflow 
through the early summer months. River-wetted-widths in 
Fish Creek near the monitoring stations range from 4 to 
12 m and a well-developed riparian forest provides partial 
shading of the stream channel.

The Bridget Cove Creek (BCC), Shrine Creek and 
Peterson Creek watersheds are low gradient watersheds 
covered mainly by spruce-hemlock forest (P. sitchensis and 
T. heterophylla) with areas of forested and unforested peat-
land, particularly in Peterson Creek, which has a water-
shed wetland coverage of ~ 34%. Peterson Creek and BCC 
also have small lakes near their headwaters. River-wetted-
widths in the study reaches ranges from 4 to 10 m in Peter-
son Creek, 1–4 m in BCC and 1–5 m in Shrine Creek. 
All four study streams have runs of coho (Oncorhynchus 
kisutch), chum (O. Keta) and pink (O. gorbuscha) Pacific 
salmon lasting from late July through September, although 
spawner density and species present vary widely.

In addition to wild salmon runs, the study streams are 
likely impacted by straying salmon (mainly chum salmon, 
O. Keta) from hatchery releases in the region. In the mid-
2000’s, chum salmon hatchery releases exceeded 400 mil-
lion fry per year from 22 different locations in southeast 
Alaska. These hatchery salmon accounted for on average 
73% of the commercial harvest of chum salmon in the 
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region (Doug and Heinl 2008). There are four hatchery 
chum salmon release sites in relatively close proximity 
(< 75 km) to our study streams that released an average 

98 million chum salmon fry between 1990 and 2006 (Doug 
and Heinl 2008). The closest of these sites is < 1 km from 
the mouth of Peterson Creek. Thus, it is highly likely 

Fig. 1  Map of the study 
watersheds and upper and lower 
monitoring stations near Juneau, 
Alaska

Table 1  Watershed 
characteristics for the four study 
watersheds

Variable Bridget Cove 
Creek

Fish Creek Peterson Creek Shrine Creek

Watershed area  (km2) 3 36 24 2
Mean watershed elevation (m) 150 487 309 141
Mean watershed slope (°) 16 20 12 12
Wetland coverage (%) 0 13 34 3
Lake coverage (%) 1 0 1 0
Forest coverage (%) 97 72 91 100
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that stray hatchery-produced chum salmon contribute to 
salmon runs in our study streams.

Field methods

We measured temperature and DO in an upstream refer-
ence reach and a downstream salmon-bearing reach in each 
of the four streams from mid-May through early October, 
2015. The upstream reaches were located either above a 
natural barrier waterfall (Fish and Peterson Creeks) that 
restricts the upstream migration of spawning salmon or 
are located far enough upstream (Shrine and BCC) such 
that few to no salmon were observed during the meas-
urement period. This sampling design allows for a direct 
comparison between the upstream–downstream reaches, 
and is a common study design for evaluating the effects 
of spawning salmon on stream ecosystems processes (e.g. 
Mitchell and Lamberti 2005; Hood et al. 2007). The dis-
tance between upstream and downstream sites was approx-
imately 3.3, 1.3, 0.4, and 0.4 km for Fish, Peterson, Shrine, 
and BCC, respectively. The downstream reaches of each 
stream were all < 20 m above sea level while the upstream 
reaches ranged from 40 m (Shrine Creek) to ~ 150 m (Fish 
Creek) above sea level.

Spot measurements of stream temperature and DO using 
a hand-held YSI (model DOPRO) were performed at least 
once per week at both reaches (three replicate measurements 
across the stream channel were recorded) in each stream for 
the duration of the May through October, 2015 study period. 
However, measurement frequency increased to 2–4 times per 
week when spawning salmon were abundant. Additionally, 
in the lower Peterson Creek reach, stream temperature and 
DO were measured hourly throughout the study period using 
a YSI Sonde (model 6600) mounted vertically on a post 
driven into the streambed. Spot measurements of tempera-
ture and DO (see above) using the hand-held YSI (model 
DOPRO) were performed at least weekly to check that the 
high resolution measurements obtained with the YSI Sonde 
were comparable to the handheld measurements at lower 
Peterson Creek.

Discharge in Peterson Creek was measured continuously 
by the Alaska Department of Fish and Game. In the other 
three streams, stage height was measured at 15 min intervals 
using a stilling well equipped with a pressure transducer 
(Hobo model U20). To quantify spawning salmon density 
in the lower reach of each stream, the number of live salmon 
and dead carcasses were visually counted while traveling 
up the stream channel along two separate, demarcated 
50–100 m2 transects (Chaloner et al. 2004). Salmon were 
counted in each stream at least three times per week when 
salmon were abundant from July 15 through September 4 
and weekly till October 2.

Statistical analyses and regression models to assess 
controls on dissolved oxygen

We used a Wilcoxon sign-rank test to compare spot measure-
ments of stream temperature and DO between the upper and 
lower sites for all streams together. This upstream–down-
stream comparison was performed both during and out-
side the spawning salmon period to assess the influence of 
spawning salmon on DO concentrations in the downstream 
reaches. We used multiple linear regression (MLR) to assess 
the seasonal influence of mean daily stream temperature, 
mean daily streamflow and daily spawning salmon density 
on mean daily DO concentrations in lower Peterson Creek 
for each month of the study (May through September). We 
were able to perform these MLR models only in Peterson 
Creek because it was the only stream where we had continu-
ous data for DO, stream temperature and discharge across 
the study period. We used the Durbin Watson test to evaluate 
for temporal autocorrelation and variance inflation factors 
to evaluate for multicollinearity among retained predictor 
variables. If necessary, data were either log or natural log 
transformed to meet the basic assumptions of regression 
analyses. Stepwise regression analysis was used for each 
MLR and only those variables significant at p < 0.05 were 
retained in the model. In some cases, discharge and salmon 
density were highly correlated and only the stronger vari-
able was retained. Linear regression was used to assess the 
relationship between spot measurements of DO and stream 
temperature for all sites together (“Appendix A”). All statis-
tical analyses were performed in SPSS software.

Results

Weather and hydrologic conditions

Mean air temperature at the National Weather Service office 
in Juneau across the six-month study period (May–Octo-
ber, 2015) was 11.8 °C, well above the long-term average 
of 10.8  °C for those months. The spring/early summer 
months were particularly warm, with May more than 3.0 °C 
above the long-term average. Rainfall for the study period 
(1098 mm) was slightly above the long-term average of 
870 mm, although May was well below normal receiving 
only 13.2 mm of rainfall compared to a long-term average 
of 86.4 mm.

Mean daily discharge in Peterson Creek ranged from 
< 1.0–292  cfs and included several prolonged periods 
(30 days total when mean daily discharge was 3.0 cfs) of 
low flow during the spring (May and June) and in early 
August (Fig. 2a). Peterson Creek streamflow showed numer-
ous rainfall spikes, mainly during the late summer/autumn 
rainy season, but especially during a large storm in early 
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September when discharge increased from 15 to 292 cfs 
over a 2-day period. Stage height in the other three study 
streams followed a similar pattern, with several periods of 
low flow in June and early August followed by an increase 
in the frequency and magnitude of rainfall spikes during the 
late summer/autumn rainy season.

Streamwater properties

Stream temperature in the lower site of each stream ranged 
from a low of 5.1 °C in Fish Creek in October to a high 
of 15.8 °C in Peterson Creek in August and demonstrated 
high seasonal variability across the 6-month study period 
(Fig. 2a–d). Stream temperature generally tracked air tem-
perature at all sites, increasing from mid-May to the sum-
mer maxima in July/August followed by a sharp cooling 
beginning in early to mid-August (data not shown). Across 
all sites, there was no significant difference in stream tem-
perature (p = 0.08) between the upstream and downstream 
sites when spawning salmon were present. However, dur-
ing the non-spawning periods in spring (May–June) and 

fall (mid-October), temperature was significantly warmer 
(p < 0.001) in the lower sites (mean of 11.4 °C) compared 
to the upstream sites (mean of 10.8 °C). This pattern was 
likely driven by the cooler temperatures in the upstream site 
in Fish Creek (over 3 km upstream of lower site) during the 
spring and early summer (Fig. 2d).

For the study period, concentrations of DO in the lower 
site of each stream averaged 8.7 mg L−1 in Peterson Creek, 
9.8 mg L−1 in BCC, 9.3 mg L−1 in Shrine Creek and 10.9 mg 
in Fish Creek (Fig. 3a–d). Peterson Creek showed the great-
est seasonal variation in DO among the streams, with mean 
daily concentrations in the lower site ranging from 2.8 to 
> 11.0 mg  L−1 (Fig. 3a). Mean daily DO concentrations in 
lower Peterson Creek were generally above 8 mg L−1 on 
days when discharge was elevated (> 10cfs) and/or stream 
temperature was < 10 °C (September); however, there were 
two DO depletion events in June that were associated with 
the elevated stream temperature (> 11.5 °C) and extreme low 
flow (< 1.0 cfs). Furthermore, DO concentrations in lower 
Peterson Creek were especially low (< 4.0 mg  L−1) over 
a 5-day stretch in early August when stream temperature 
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Fig. 2  Hourly stream temperature (°C) in lower Peterson Creek, discrete measurements of stream temperature (°C) for the lower (salmon-influ-
enced) and upper (reference) sites and mean daily discharge (cfs) or stage height (m) in all four study streams
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was above 14 °C, discharge was low (< 5 cfs) and spawning 
salmon were abundant (> 0.4 fish/m2). The seasonal pat-
terns in DO concentrations in the salmon-bearing reaches 
of the other three study streams were similar but less pro-
nounced than in Peterson Creek, with concentrations gener-
ally greatest in spring (May/June) and autumn (September) 
when stream temperatures were slightly cooler and spawn-
ing salmon were not abundant. However, DO concentrations 
were lowest during the short, dry periods in August when 
spawner densities were at their peak (Fig. 3b–d).

There was no significant difference in DO concentra-
tions (p = 0.07) between the upstream and downstream sites 
(upstream mean of 10.3 mg  L−1 and downstream mean of 
10.4 mg  L−1) when spawning salmon were not present in 
all streams (Fig. 3a–d). However, DO concentrations were 
significantly lower (p < 0.01) in the downstream compared 
to upstream sites when spawning salmon were present in 
all streams. The difference in DO between the lower and 
upper sites was greatest when salmon densities (includes 

both live fish and carcasses) were at their peak, resulting in 
a maximum instantaneous difference in DO concentration of 
5.8 mg  L−1 in Peterson Creek, 1.3 mg  L−1 in BCC, 3.3 mg 
 L−1 in Shrine Creek and 0.9 mg  L−1 in Fish Creek. The dif-
ference in DO concentration between the upper and down-
stream sites was significantly related to salmon densities in 
each stream individually when spawners where present in 
the streams (linear regression, all  R2 > 0.53, p < 0.02).

Controls on streamwater DO concentrations

Linear regression showed a piecewise regression between 
spot measurements of temperature and DO with an inflec-
tion point of ~ 10 °C for all streams together (“Appendix 
A”). Multiple linear regression models showed that there 
were pronounced seasonal shifts in the likely main con-
trols on mean daily DO concentrations in lower Peterson 
Creek (Table 2). Mean daily stream temperature and mean 
daily discharge explained between 48–88% of the variance 
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in mean daily DO concentrations during the non-spawning 
months of May through July. However, once spawning 
salmon arrived in the stream in August and September, 
salmon density and to a lesser extent stream temperature 
were more closely associated with DO. For the entire study 
period, the combination of mean daily stream temperature 
and spawner density explained the most variance (89%) in 
mean daily DO concentration (Table 2).

Discussion

Physical and biotic controls on stream habitat 
quality

Stream temperature is frequently recognized as the sin-
gle most important physical factor impacting the distri-
bution, behavior and survival of cold water fish species 
such as Pacific salmon (Peterson and Kwak 1999; Elliott 
and Hurley 2001; Isaak et al. 2010). In our study, stream 
temperature ranged from 5.1 to 15.8 °C and fell within the 
optimum range (5–17 °C) that is generally considered to 
be favorable for salmon physiology and well below the 
threshold (~ 20–25 °C) where temperature starts to nega-
tively impact salmon behavior and physiology (Brett 1971; 
Elliott and Hurley 2001). However, despite the generally 
favorable stream temperatures, there were several multi-
day stretches during the summer when mean daily DO con-
centrations in lower Peterson Creek were below the 4 mg 
 L−1 threshold where DO levels generally start to impact 
salmon behavior (Whitmore et al. 1960; Spoor 1990), pre-
vent upstream migration (Alabaster 1989), cause changes 
in juvenile salmon emergence timing and size (Geist et al. 
2006) and potentially cause mortality (Tillotson and Quinn 
2017). These findings highlight that, while stream tempera-
ture is a valuable metric for assessing stream habitat qual-
ity for salmon, streamwater concentrations of DO can also 

influence the viability of salmon stream habitat (Holtgrieve 
and Schindler 2011; Wenger et al. 2011; Graeber et al. 
2013).

Water temperature and DO regimes varied dramatically 
among streams as well as temporally within an individual 
stream, likely reflecting the influence of watershed land-
cover and seasonal changes in air temperature and flow 
regime. Stream temperature in BCC and Peterson Creek 
was slightly warmer relative to the other two streams, likely 
due to the presence of small headwater lakes that undergo 
atmospheric heating during the day and exert a warming 
effect downstream (Mellina et al. 2002; Moore 2006; Fell-
man et al. 2014). In contrast, Fish Creek, with the highest 
average elevation and seasonal snow accumulation among 
the study streams, generally had the coolest stream tempera-
tures as well as the least variable DO concentrations among 
our study streams. These findings are consistent with previ-
ous studies showing that runoff from seasonal snowfields 
moderates stream temperature and augments streamflow dur-
ing warm and dry periods (Moore 2006; Hood and Berner 
2009), thus stabilizing streamwater DO concentrations 
throughout the summer months.

Our multiple linear regression models identified stream 
temperature and salmon densities as the most closely asso-
ciated with DO across the study period in lower Peterson 
Creek (Table 2). Biota are widely recognized as drivers of 
ecosystem-level processes in streams and rivers, such as 
through predator–prey interactions, nutrient recycling and 
translocation of nutrients across habitats (Vanni 2002). 
Spawning salmon are particularly good examples of eco-
system engineers because of their ability to scour and redis-
tribute sediments during spawning activities and provide 
resource subsidies to both riparian and freshwater ecosys-
tems that help stimulate ecosystem productivity (Mitchell 
and Lamberti 2005; Moore et al. 2007; Tiegs et al. 2009). 
Previous research on salmon streams in southwest Alaska 
has shown that salmon-induced spikes in ecosystem respi-
ration (ER), either directly through salmon respiration or 
indirectly through stimulation of heterotrophic metabolism 
of dead salmon, can drive ecosystem metabolism toward 
being strongly net heterotrophic (GPP < ER), and thereby 
decrease streamwater DO (Holtgrieve and Schindler 2011; 
Levi et al. 2013). In our study streams, DO concentrations 
were significantly lower in the downstream compared to 
upstream reaches when spawning salmon were present, with 
the difference in DO between the upper and lower sites sig-
nificantly related (linear regression) with salmon densities 
in each stream individually. These findings likely indicate 
that spawning salmon can substantially alter ER and thus 
DO regimes in stream ecosystems. This is consistent with 
other studies showing that salmon-induced spikes in ER that 
lead to streamwater DO depletion constitutes an ecosystem-
level disturbance that may have wide ranging impacts for 

Table 2  Summary statistics for the best multiple linear regression 
(discharge, stream temperature and spawning salmon density are pre-
dictor variables) model (all p < 0.01) used to predict mean daily dis-
solved oxygen (DO) concentration (mg  L−1) in lower Peterson Creek 
for each month and the entire study period

Residual standard errors (SE) are provided for each regression model. 
‘temp’ corresponds to stream temperature, ‘fish’ corresponds to 
spawning salmon density (includes both live salmon and carcasses, 
fish/m2) and ‘Q’ corresponds to discharge (cfs)

May 16.3–0.7 (temp) 0.88 0.55
June 6.9 + 2.2 (Q) 0.79 0.91
July 0.37–7.9 (temp) 0.48 0.46
Aug 23.2–0.9 (temp)–14.9 (fish) 0.95 0.61
Sep 10.9–5.9 (fish) 0.94 0.29
Study period 20.6–0.8 (temp)–11.8 (fish) 0.89 0.79
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food webs in anadromous streams (Holtgrieve and Schindler 
2011; Levi et al. 2013; Tillotson and Quinn 2017).

Interactions between cold water fish species and physical 
factors such as temperature and discharge are recognized 
as key components of climate-species relationships (Araújo 
and Luoto 2007; Palmer et al. 2009; Wenger et al. 2011), 
yet are seldom included in assessments of salmon habitat 
quality under future climate scenarios (Wenger et al. 2011). 
The observed patterns of DO depletion in our study streams 
(especially Peterson and Shrine Creeks) likely resulted from 
the interactive effects of low streamflow, stream temperature 
and spawning salmon. The role of diminished streamflow in 
facilitating these DO depletion events likely occurs via mul-
tiple pathways. First, low streamflow can result in a decrease 
in the physical removal of salmon carcasses via flushing and 
a decrease in wetted stream area that confines live salmon to 
small pools and channels, both of which enhance salmon-
induced ER. Second, low streamflow decreases streamwater 
re-aeration rates via diminished stream turbulence (Caplow 
et al. 2004; Hall et al. 2012) and increases stream thermal 
sensitivity to elevated air temperatures due to a reduction 
in thermal mass (Caissie 2006; Richards and Moore 2011). 
The likely impact of these biophysical interactions addi-
tively reducing DO were most pronounced in lower Peterson 
Creek, resulting in a severe DO depletion event with a dura-
tion of nearly a week during August (Fig. 3a). These find-
ings are supported by previous research showing that high 
spawning densities (> 2 fish  m2) that are exacerbated by low 
streamflow can reduce DO concentrations to critically low 
levels and contribute to pre-spawning mortality (Tillotson 
and Quinn 2017). Therefore, low streamflow may not only 
directly restrict upstream migration for spawning salmon 
(Jonsson and Jonsson 2009) but may also act indirectly by 
enhancing the depletion of DO via impacts on aeration rates, 
stream ER and stream temperature.

There are thousands of natural salmon runs in southeast 
Alaska making the region’s salmon production an important 
component of Alaska’s commercial salmon fishery (Clark 
et al. 2006). The North Pacific Ocean overall is currently 
producing more salmon biomass than previous decades, 
but coho and king salmon abundance in the eastern North 
Pacific has been low since 1990 (Irvine and Fukuwaka 
2011). Hatchery salmon releases (mainly pink and chum 
salmon) to the North Pacific have contributed substantially 
to the recent increase in salmon biomass in the ocean, with 
an estimated annual average of 4.9 billion salmon released 
to the North Pacific between 1993 and 2008 (Irvine et al. 
2009). Although it is not possible to estimate the number 
of stray hatchery salmon in our study streams during the 
study period, previous research has found that 70–88% of 
the spawning chum salmon in our Fish Creek study stream 
are hatchery strays from local release sites (Piston and Heinl 
2012). Given previously documented rates of hatchery 

straying in Fish Creek and the fact that the proportion of 
stray hatchery salmon in spawning streams is strongly corre-
lated with watershed proximity to hatchery release sites (Pis-
ton and Heinl 2012; Brenner et al. 2012), it is highly likely 
that stray hatchery salmon augmented spawner densities not 
only in Fish Creek but also in our other study streams.

The genetic and ecological risks to wild salmon stocks 
associated with large-scale hatchery production are widely 
recognized (Naish et al. 2007; Araki and Schmid 2010; 
Chilcote et al. 2011). For example, interbreeding between 
wild and hatchery salmon can decrease the fitness of wild 
fish by shifting the run timing (Quinn et al. 2002) as well as 
reducing genetic diversity among wild stock salmon streams 
(Ford 2002). Hatchery strays may also negatively impact 
wild fish by destroying redds from earlier spawning wild fish 
(Fukushima et al. 1998) and increasing competitive inter-
actions between adults near spawning locations (Essington 
et al. 2000). That said, low densities of hatchery salmon 
straying into wild stock salmon streams may be beneficial to 
the persistence of salmon runs by helping to mitigate losses 
in wild salmon due to human activities and/or environmen-
tal change (Naish et al. 2007). Ultimately, the abundance 
and timing of the straying hatchery fish will determine the 
ecological interactions between wild and hatchery salmon. 
Taken together, our findings suggest that the straying of 
hatchery salmon into natural stock salmon streams may 
harm the ecological health and productivity of wild salmon 
by contributing to streamwater DO depletion via enhanced 
stream ER. Moreover, the deleterious impact of hatchery 
fish on stream habitat quality for salmon as well as other 
aquatic biota (e.g., macroinvertebrates, other resident fish) 
will be magnified during periods of warm temperatures and 
low streamflow.

Cumulative effects of key physical and biotic factors 
drive future changes to aquatic ecosystems

Future DO depletion events in small, coastal salmon streams 
are likely to be driven by changes in hydrology in addition to 
atmospheric warming. However, the impacts of streamflow 
on salmon habitat quality are complex and likely involve 
interactive effects of temperature and DO. In particular, the 
cumulative impacts of low streamflow, elevated stream tem-
perature, and high densities of spawning salmon can drive 
DO levels to critically low levels that threaten the health 
of stream biota. Previous research in lower Peterson Creek 
showed that the stream temperature and DO concentrations 
were strongly related when temperature was above 10 °C, 
but discharge and the presence of salmon were stronger con-
trols on DO below ~ 10 °C (Fellman et al. 2015). Here, we 
found a similar relationship between temperature and DO 
(“Appendix A”), suggesting that this interaction between key 
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physical and biotic factors may be relatively widespread in 
coastal salmon streams.

Our results provide insight into the potential impacts of 
climate warming on habitat quality for salmon in PCTR 
watersheds. Climate in the region is projected to become 
warmer and wetter in coming decades (especially during the 
winter months), with an increasing proportion of precipita-
tion falling as rain rather than snow (Barnett et al. 2005; 
Shanley et al. 2015). These projected changes in climate will 
impact both the storage of water in seasonal snowcover and 
glaciers and the seasonal delivery of meltwater that helps 
maintain streamflow and moderate stream temperature dur-
ing the summer months (Hood and Berner 2009; Neal et al. 
2010; Fellman et al. 2014). Expected changes in hydrologic 
forcing will likely result in earlier streamflow peaks in the 
spring (Regonda et al. 2005; Barnett et al. 2005) and lower 
summer streamflows (Luce and Holden 2009), with impor-
tant and largely unquantified implications for aquatic ecosys-
tems in the region. Our findings indicate that climate-driven 
shifts in flow regime will likely impact stream ecosystems 
through interactive effects with temperature and DO regimes 
because decreases in future snowcover will also result in an 
increased thermal sensitivity in watersheds that were previ-
ously buffered by the cooling effect of flow originating as 
snowmelt. Although the period of DO depletion in lower 
Peterson Creek was likely too short in duration to cause 
pronounced negative impacts to aquatic habitat, projected 
lower summer streamflows combined with warmer stream 
temperatures suggest that periods of DO depletion will likely 
occur more regularly in the future within PCTR watersheds. 
In this context, the impacts of low streamflow on salmon 
habitat will be especially pronounced during periods of high 
spawner density when the additive effects of salmon-induced 
spikes in ER are likely to exert the most influence on stream-
water DO levels.

Identifying suitable aquatic habitat for salmon in coastal 
watersheds in light of future changes in climate is becom-
ing an increasingly important component of watershed man-
agement given the generally poor state of anadromous fish 
populations in many regions (e.g. Honea et al. 2009) and 
possibility of further declines resulting from climate change 
(Jonsson and Jonsson 2009; Healey and Bradford 2011). Our 
finding that there are likely strong interactive effects between 
key physical and biotic controls highlights the spatio-tempo-
rally complexity of stream ecosystems. While it is reason-
able to expect that elevated temperatures will be detrimen-
tal for coldwater fish species such as Pacific salmon, it is 
important to consider other physical and biotic factors, such 
as spawning salmon density, help determine stream habitat 
quality for salmon. Therefore, a more holistic approach, that 
includes the density-dependent effects of spawning salmon 
and interaction with stream DO concentrations, is not only 
necessary for future assessments of salmon habitat quality 

but will enable a more thorough and nuanced understanding 
of species-climate relationships.
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