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Abstract
Background  For many aquatic taxa, juvenile dispersal from spawning locations to rearing habitats is a critical 
process influencing individual fitness and population dynamics. However, our understanding of dispersal patterns in 
naturally spawning fish populations remains largely unknown due to the logistical challenges of tagging and tracking 
movement at early life stages.

Methods  We quantified dispersal patterns of a spring-run Chinook Salmon (Oncorhynchus tshawytscha) population 
in NE Oregon, USA using genetic parentage-based tagging to trace juveniles captured from summer rearing habitats 
back to their maternal parent and associated spawning location (i.e., juvenile origin). We evaluated overall dispersal 
patterns, longitudinal trends across the watershed, and relationships between dispersal and biophysical factors, 
including thermal conditions, network-scale abundance estimates, and juvenile size-at-capture.

Results  Overall dispersal of the 1326 juveniles (n sampled = 3388) assigned to a maternal parent (n = 64) was 
downstream-biased, but we estimated that 32% dispersed upstream and 29% moved into adjacent tributaries 
after initial mainstem dispersal. Dispersal distances were high relative to those found in other studies, with 25% of 
parr dispersing more than 0.9 km upstream (max = 10.6 km) and 25% dispersing more than 3.7 km downstream 
(max = 28.6 km). Analysis of dispersal patterns and potential drivers indicated that (1) dispersal distances, directional 
bias, and variability showed clear longitudinal trends from downstream to upstream origin locations, (2) temperature 
was a dominant driver of dispersal, with individuals originating from warmer sections of the mainstem typically 
moving to cooler mainstem sections or tributaries, and (3) dispersal distance was associated with larger size-at-
capture for individuals that dispersed downstream, but not upstream.

Conclusions  The widespread dispersal patterns exhibited in this population, including moving considerable 
distances upstream, downstream, and into tributaries, suggests that dispersal in naturally spawning fish populations 
may be more extensive and variable than currently recognized. We found that heterogeneity in biophysical conditions 
shaped within-population variability and riverscape dispersal patterns with important implications for subsequent 
fish habitat use, distribution, and size. This study provides an approach to evaluate patterns and drivers of dispersal 
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Background
Variation in physical habitat conditions, food resources, 
and biotic interactions (e.g., competition, predation) 
form dynamic landscapes of habitat quality [1] that shape 
individual and population-level fitness [2, 3]. As this 
mosaic of landscape conditions shifts, movement allows 
animals to seek favorable habitats that enhance individ-
ual fitness; for example, by reducing competition [4, 5], 
avoiding sub-optimal or lethal environmental conditions 
[6, 7], and tracking food resources and thermal condi-
tions to maximize growth opportunities [8–10]. Evalu-
ating movement amongst this complexity is challenging, 
and rivers have served as model ecosystems to evalu-
ate movement patterns in fish and other mobile aquatic 
organisms as movement is confined within stream chan-
nels. The ability to tag and track individual fish has pro-
duced a large body of work advancing our understanding 
of riverine fish movement [11–13]; however, movement 
patterns vary across life stages [14] and comparatively 
few studies have evaluated movement patterns in early 
life stages of wild fish populations (but see [14–16]) 
due to constraints of traditional tagging and tracking 
approaches. This leaves a knowledge gap in our under-
standing of individual- and population-level movement 
patterns for early life stages of wild fish populations, 
including how variability in biophysical conditions across 
watersheds may structure movement patterns.

The combined active (i.e., swimming independent of 
current) and passive (i.e., downstream drift with water 
current during early life stages) movement of juvenile 
salmon from spawning nests (redds) to rearing habitats, 
hereafter referred to as “dispersal”, is a critical process 
affecting individual growth and survival [17], which col-
lectively influences population dynamics through effects 
on juvenile distribution, habitat utilization, and produc-
tion [18, 19]. Anadromous salmon are highly fecund and 
their spawning locations are often clustered at both small 
(e.g., multiple redds within a pool tail-out) and large (i.e., 
core reaches within a basin) spatial scales [20], resulting 
in high localized densities of recently emerged juveniles 
[21]. Juveniles that disperse to lower-density habitats typ-
ically exhibit greater growth and subsequent survival [17, 
22, 23], and collectively, these individual dispersal pat-
terns can influence population-level density-dependent 
effects. Further, spatial patterns in juvenile rearing habi-
tat quality may not align with spawning distributions, 
and dispersal facilitates juvenile habitat selection and 
rearing range expansion, including into tributaries and 

headwaters not used by spawning adults [15, 24]. How-
ever, the spatial distribution of juvenile salmonids often 
mirrors adult spawning distributions [25, 26], suggesting 
limited overall dispersal, or alternatively, that spawning 
and rearing habitat are supplementary.

Empirical evaluations of juvenile salmon dispersal 
generally suggest that movement after emergence from 
redds to rearing habitat is limited (< 0.5 km of origin) and 
biased downstream [27], conforming with the Restricted 
Movement Paradigm (RMP; [11]) which postulates that 
most individuals in a population are sedentary during 
nonmigratory periods. However, unbiased and accurate 
dispersal estimates are limited and there is increasing 
evidence challenging the RMP in juvenile salmon as dis-
persal is evaluated across a wider range of environmen-
tal conditions [27]. The majority of studies evaluating 
early life-stage salmonid dispersal have done so by out-
planting embryos or fry to streams (reviewed by Eisen-
hauer et al. [27]), typically at small spatial scales and with 
low variability in biophysical conditions. Reducing vari-
ability is often necessary to test specific hypotheses and 
these studies have greatly informed our understanding 
of factors influencing dispersal [17, 22, 28]; however, few 
studies have evaluated dispersal in naturally spawning 
populations (but see [14, 15]).

Wild populations are exposed to greater variability in 
inter- and intra-specific competition, environmental con-
ditions, habitat quality, and emergence timing [29], likely 
stimulating variable dispersal patterns across watersheds. 
Indeed, studies evaluating juvenile salmonid dispersal 
in naturally spawning populations have reported large-
scale dispersal of tens or hundreds of kilometers asso-
ciated with alternative life-history strategies [24, 30]. 
We currently lack an understanding of dispersal at finer 
spatial scales (i.e., within natal rearing extents) and to 
our knowledge, no studies have evaluated population-
level dispersal across the entirety of the adult spawning 
and juvenile rearing extents. This represents a funda-
mental knowledge gap, as dispersal largely dictates how 
landscape configuration (i.e., the spatial arrangement of 
habitat patches) affects early life stages of freshwater fish. 
Understanding these patterns and the mechanisms that 
drive them has important implications for prioritizing 
the types and locations of management efforts to maxi-
mize habitat use and benefit to juvenile salmonids.

In this study, we used a riverscape sampling approach 
and genetic parentage-based tagging (PBT) to quan-
tify juvenile dispersal patterns of a wild population of 

in naturally spawning populations and inform conservation and restoration planning through better alignment with 
juvenile fish ecology.
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spring-run Chinook Salmon in NE Oregon, USA. Addi-
tionally, we estimated parr abundance and distribution 
across the river network to relate spawning and disper-
sal patterns to parr distribution and to correct for sam-
pling bias effects on our inference into population-level 
dispersal. Our objectives were to: (1) characterize overall 
dispersal patterns of a naturally spawning population; (2) 
evaluate spatial variability in dispersal patterns across the 
watershed, including potential drivers of observed pat-
terns; and (3) assess how dispersal distance and direction 
(upstream vs. downstream), and other biophysical factors 
(e.g., temperature, emergence timing, density) relate to 
parr length-at-capture.

Methods
Study area and species description
The study was conducted in the Middle Fork John Day 
River (MFJDR), a tributary of the John Day River in 
northeast Oregon. The MFJDR watershed encompasses 
2051 km2 and flows northwest from its origins in the Blue 
Mountains to its confluence with the North Fork John 
Day River (Fig.  1). The study area is approximately 700 
river kilometers (rkms) from the Columbia River estu-
ary (subsequent rkm measurements are relative to the 
mouth of the MFJDR) and anadromous fish encounter 
three dams on the mainstem Columbia River en route to 
and from spawning grounds in the MFJDR. The region 
is characterized by hot summers with little precipitation 
and cold winters in which most of the precipitation is 
snow. Streamflow peaks during spring snowmelt – typi-
cally March to May – and is lowest during mid-to-late 
summer, a period coinciding with maximum water tem-
perature. The timing of spring snowmelt and the onset of 
summer low flow conditions occurred early in 2021, and 
mainstem flows for the first week of July and August were 
56% (28.5 cfs) and 75% (15.7 cfs), respectively, of 2012–
2020 (period of record) average discharge (USGS gauge 
14043840).

Spring-run Chinook Salmon in the MFJDR spawn 
throughout September with most spawning occurring 
between rkms 80–115 of the mainstem [31]. Embryos 
incubate throughout the fall and winter, with emergence 
generally occurring between March and May; however, 
emergence occurs earlier in upstream reaches where win-
ter water temperatures are warmer [29]. During the sum-
mer rearing period, stream thermal conditions largely 
restrict parr rearing to mainstem habitats and adjacent 
tributaries located upstream of rkm 80. However, low 
parr densities have been observed in several small trib-
utaries between rkms 60–80 and within the mainstem 
in cooler summers with higher flow (M. Kaylor unpub-
lished data). As summer rearing transitions into winter-
rearing, parr exhibit two main life history strategies: (1) 
fall-migrants leave summer rearing reaches to overwinter 

in larger mainstem habitats downstream and (2) spring-
migrants overwinter in natal mainstem and tributary 
habitats overlapping the summer rearing extent. Both 
fall- and spring-migrants spend approximately one year 
in the stream following emergence before smoltification 
and downstream migration to the estuary in spring [31, 
32]. The John Day basin has no history of hatchery sup-
plementation and hatchery adult strays into the basin are 
rare.

In addition to spring-run Chinook Salmon, the fish 
community in the MFJDR is comprised of steelhead/
rainbow trout (O. mykiss; the only other anadromous 
salmonid), mountain whitefish (Prosopium williamsoni), 
northern pikeminnow (Ptychocheilus oregonensis), red-
side shiner (Richardsonius balteatus), bridgelip sucker 
(Catostomus columbianus), largescale sucker (Catosto-
mus macrocheilus), speckled dace (Rhinichthys osculus) 
and sculpin (Cottus spp.) [33].

Adult sampling
We sampled adult Chinook Salmon in September 
2020 during the peak of spawning activity (9/16/2020–
9/23/2020). Surveyors (1–2 individuals per reach) 
walked the entire length of the spawning distribution on 
9/16/2020 and 9/21/2020, collecting tissue samples from 
carcasses, recording redd locations, and noting locations 
of live adults using standard spawning ground survey 
techniques [31]. We supplemented standard surveys with 
intensive daily surveys conducted by a smaller group of 
2–4 surveyors, targeting locations of live adults. Dur-
ing both standard and intensive surveys, we examined 
carcass body cavities to determine sex and spawn com-
pleteness, and we collected an operculum tissue sample 
(occasionally fin or heart tissue when operculum was 
degraded or not present). Tissue samples were pressed 
onto Whatman paper, inserted in paper coin envelopes, 
air-dried, and stored until genetic processing.

Parr sampling
We selected parr sampling sites to achieve a spatially bal-
anced distribution throughout the core rearing range of 
the mainstem (rkms 79–118) and associated tributaries 
(Fig.  1; Table  1). Prior to parr sampling, we selected 30 
mainstem sites: 10 sites were part of on-going research 
by Oregon Department of Fish and Wildlife (ODFW) 
and Confederated Tribes of the Warm Springs Reserva-
tion of Oregon (CTWSRO), and 20 sites were selected 
from an existing Columbia Basin-wide Generalized 
Random Tessellation Stratified sample [34]. However, 
parr were either not present or in too low abundance to 
sample at nine planned mainstem sites (rkms 80–90 and 
111–113), resulting in 21 sampled mainstem sites. Given 
the potential importance of cool- and cold-water tribu-
tary use, we also sampled parr from nine tributaries. We 
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Fig. 1  (A) Extent of sampling conducted in the MFJDR (rkm indicated by open points) and nine sampled tributaries. (B) The location of parr capture 
sampling (orange) and abundance estimate surveys (purple) with the right column listing the total stream length sampled by each method. Black x’s 
indicate the upstream extent of parr distribution, while the absence of an x indicates sampling did not occur upstream of this location due to property 
access or other sampling constraints. Mainstem capture sampling was planned between rkms 80–90 but not conducted after snorkel surveys revealed 
that parr densities were too low to feasibly sample
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incorporated samples from two reaches in Vinegar Creek 
and one reach in Camp Creek that were part of ongoing 
research by ODFW. We selected the remaining sampling 
reaches within tributaries to maximize spatial coverage 
of salmonid rearing habitat while accommodating time 
constraints dictated by stream temperatures and land 
ownership.

We sampled parr between 6/29/2021 and 8/19/2021, 
during summer rearing and prior to downstream move-
ment associated with winter-rearing or outmigration. 
Based on predicted median emergence timing between 
4/6/2021 and 5/10/2021 (Additional File 1: Fig. S1; [29]), 
parr sampling occurred approximately 3–4 months post-
emergence. Tributaries were generally sampled ear-
lier than mainstem sites (Table 1), as warmer mainstem 
temperatures prohibited sampling for much of July. We 
captured parr using snorkel seining methods (snorkelers 
visually identified Chinook Salmon parr and herded them 
into a 1.8 m x 4.6 m seine net) except for in five shallow 
tributaries which we sampled with backpack electro-
shockers (Smith Root LR-20B). At each site, we navigated 
to a pre-determined GPS point and then progressed 
upstream. Parr from individual habitat units (e.g., a single 
pool) were kept in separate, labeled buckets and unit-
specific GPS points were taken. We sampled a maximum 
of 25 parr from individual habitat units to ensure that we 
sampled from multiple units within each site. In smaller 
tributaries with low parr abundance, we combined parr 
from multiple units into composite units not exceeding 
50  m in length. Captured parr were anesthetized using 
an Aqui-S 20E concentration of 20 mg/L, measured (fork 
length, nearest mm) and weighed (nearest 0.1 g). Small, 
non-lethal, caudal fin clips were pressed onto gridded 
Whatman paper, air-dried, and stored in paper folders for 
genetic processing. We allowed parr to recover in aerated 
buckets and then released them into the unit they were 
sampled from.

Genotyping
Tissue samples from adults and parr were genotyped to 
enable parentage analyses. DNA was extracted from tis-
sue samples using the Chelex 100 method, and then 
DNA libraries of barcoded individuals were prepared 
and sequenced following the genotyping-in-thou-
sands method (GTseq; [35]) with one round of poly-
merase chain reaction to amplify targeted genetic loci 
and another to add barcodes to identify individuals. 
Each sample was then normalized and pooled into a 
sequencing library. The library was quantified and then 
sequenced using an Illumina NextSeq 2000 instrument. 
The GTseq panel included 354 single nucleotide poly-
morphisms (SNPs), with a subset of 254 putatively neu-
tral markers intended for parentage analyses along with 
a genetic sex marker to verify males vs. females (see Hess 
et al. [36] for details). All samples and genetic markers 
with 10% or more missing SNPs were considered failed 
genotypes and were not retained for analyses. Because 
some sampled carcasses were too degraded or scavenged 
to accurately determine sex, we relied on genetic sex 
assignments for all adults.

Parentage assignments (i.e., parr-adult pairings) were 
performed using CKMRsim software [37] and Close-
Kin Mark-Recapture methods [38] were used to estimate 
likelihoods between each adult and parr sample. We 
included pairwise relationships between parr and nega-
tive adult controls (adults originating outside the John 
Day River Basin), to assess the false positive and false 
negative rates expected for the adult-parr dataset and 
compared the log-likelihood ratio (LLR) distributions of 
MFJDR parentage assignments relative to negative con-
trol assignments to determine an LLR threshold. The 
LLR of negative control samples ranged from − 29 to -1, 
whereas MFJDR parent assignments exhibited a bimodal 
distribution, intersecting at an LLR value of approxi-
mately 12 (Additional File 1: Fig. S2). We applied a con-
servative LLR threshold of 20 and excluded parr-adult 

Table 1  Mainstem and tributary characteristics and fish sampling details
Stream Rkm Mean width (m) July Q (L s− 1) July MDMT (°C) Parr sampling

Dates sampled n sampled n paired to female Mean fork length
(mm)

Mainstem - 7.4 596.0 21.8–26.2 7/13–8/9 1592 595 67.3
Camp Cr. 79.8 3.4 12.2 21.3 7/9 28 13 60.0
Big Bldr Cr. 88.1 4.7 70.9 23.1 7/1,7/2 184 93 57.7
Beaver Cr. 92.8 1.4 21.3 19.6 7/14 63 12 62.2
Granite Bldr Cr. 95.1 4.4 124.3 17.5 6/30,7/22 292 80 68.3
Butte Cr. 96.4 2.5 4.1 18.8 7/14,7/20 248 70 61.1
Dead Cow Gu. 108.3 2.4 - 19.0 7/8,7/9 182 93 62.3
Vinegar Cr. 110.0 3.4 - 21.4 6/29–7/22 399 172 59.6
Davis Cr. 110.7 1.8 - 23.3 7/6,7/8 200 115 62.2
Clear Cr. 112.8 4.3 132.4 20.7 7/7,7/22 200 83 65.8
Total - - - - 6/29–8/9 3388 1326 64.7
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assignments with LLR lower than this value (false posi-
tive rate < 0.01). We only evaluated dispersal using parr-
female pairs, as male carcass locations were not expected 
to provide reliable proxies of redds due to movement 
after spawning and spawning with multiple females [39].

Abundance estimates
We estimated parr abundance within sample reaches 
using snorkel and electrofishing surveys (Fig. 1; Table 2), 
and then used these estimates to predict parr abundance 
across unsampled portions of the MFJDR watershed. We 
snorkeled 27 mainstem reaches (total length = 7.58  km) 
and continuous sections of the four largest tributaries 
(6.08  km). We conducted electrofishing surveys in five 
tributaries that were too shallow to snorkel (2.27  km; 
Table 2).

Snorkel surveys were conducted at the habitat unit-
level, in which snorkelers recorded counts of Chinook 
Salmon parr observed. For mainstem reaches, we pro-
gressed upstream until survey length exceeded 15x 
bankfull width (range: 174–388  m). In tributaries, we 
progressed upstream until no parr were observed in three 
consecutive pools and we assumed that parr abundance 
upstream of this point was negligible. The exception was 
Big Boulder Creek, in which surveys were concluded at 
a private property boundary ~ 500 m upstream from the 
confluence. We visually delineated habitat units as pools, 
fast-non-turbulent (FNT; i.e., runs, glides), and fast-tur-
bulent (FT; i.e., riffles). We sampled all pools and FNTs 
but sampled alternating FTs in mainstem sites and every 
fourth FT in tributaries due to time constraints and lower 
counts observed in these habitats [40].

To adjust for imperfect detection in snorkel surveys, we 
measured unit-specific habitat attributes that can affect 
detection and applied the model developed by Staton et 
al. [41] to predict detection probability of each survey. 
These attributes included unit type, average depth, den-
sity of large wood pieces, and an observer-determined 
visibility index. For each unit (n = 432), we sampled 1000 
detection probability values with replacement from the 

posterior predictive distributions given by Staton et al.’s 
[41] model and used them to expand the partial snor-
kel counts to a distribution of abundance estimates. We 
imputed abundance for skipped units using mean density 
from sampled units of that site and unit type. We then 
summed across all units for each iteration to obtain 1000 
abundance and density estimates per mainstem reach or 
tributary.

For smaller tributaries, we conducted equal-effort, 
single-pass electro-fishing surveys (without block nets) 
in one to three reaches and enumerated all captured 
parr. We expanded counts to abundance estimates using 
reach-scale capture efficiency estimates obtained from 
ODFW using paired single-pass and mark-recapture 
surveys conducted in MFJDR tributaries between 2019 
and 2021. For each unit, we simulated 1000 abundance 
estimates by drawing from the distribution of capture 
efficiencies (mean = 0.26; SD = 0.083), and we generated 
reach-scale estimates by summing across all units within 
each reach.

We generated reach-, stream-, and basin-wide abun-
dance estimates by predicting abundance at unsampled 
locations. We created prediction sites ~ 300  m in length 
between surveyed sites and predicted parr density for 
each unsampled site (# m− 1) using linear interpolation 
of sampled sites. We generated 1000 density predictions 
for each site, which we then multiplied by reach length 
to obtain a distribution of abundance predictions. We 
assumed that mainstem abundance was zero down-
stream of rkm 83 and upstream of rkm 117, as surveys 
conducted beyond these points indicated few or no parr. 
Lastly, we summed abundance estimates across reaches 
for each iteration to obtain a distribution of stream-spe-
cific and whole-basin abundance estimates.

Sampling bias adjustments
Population-level dispersal patterns may be influenced 
by sampling bias if sampled parr do not represent a ran-
dom sample of the population [42]. Ideally, the number of 
parr sampled at each site would be proportional to parr 

Table 2  Summary of mainstem and tributary abundance (N̂) and density estimates
Stream Rkm Method N̂ N̂ 95% CI % of total (95% CI) Mean density (# m− 1) Max density (# m− 1)

Mainstem 80–116 snorkel 49,096 45,149–54,937 72.6 (69.9–75.3) 1.27 4.85
Camp Cr. 79.8 e-fish 1054 727–2373 1.6 (1.1–3.4) 0.27 0.31
Big Bldr Cr. 88.1 snorkel 1151 1064–1258 1.7 (1.5–1.9) 2.38 3.34
Beaver Cr. 92.8 e-fish 256 181–479 0.4 (0.3–0.7) 1.03 1.03
Granite Bldr Cr. 95.1 snorkel 4254 3323–5813 6.3 (4.9–8.5) 5.16 11.37
Butte Cr. 96.4 e-fish 1064 848–1566 1.6 (1.3–2.3) 0.88 2.13
Dead Cow Gu. 108.3 e-fish 1110 859–1694 1.6 (1.3–2.4) 1.69 2.17
Vinegar Cr. 110.0 snorkel 4643 4400–4981 6.9 (6.2–7.5) 1.53 2.96
Davis Cr. 110.7 e-fish 1246 957–1954 1.8 (1.4–2.9) 1.63 2.81
Clear Cr. 112.8 snorkel 3485 3052–4025 5.1 (4.4–6.0) 2.11 4.12
Total - 67,359 60,560–79,080 - -
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abundance. This was logistically impractical as we did not 
have a priori abundance estimates and because abnor-
mally warm temperatures in July prohibited mainstem 
sampling in some locations. To reduce sampling bias 
effects on dispersal inference, we calculated and assigned 
sampling weights to individual fish based on capture 
reach. Sampling weights were equal to the predicted pro-
portion of the population located at each sampling reach 
( Ppop) divided by the respective reach sampling propor-
tion ( Psamp), where Ppop is equal to the mean predicted 
abundance at each reach divided by the predicted mean 
basin abundance (67753) and Psamp is equal to the reach 
sample size divided by the total sample size (n = 3388 
parr). These weights therefore provide an estimate of the 
degree to which reaches were over- or under-sampled 
and were incorporated into models as weighting factors.

Temperature
To evaluate thermal conditions across the MFJDR in 
summer 2021, we used hourly water temperature data 
from loggers distributed across the watershed [43]. We 
downloaded data in fall 2021 from 38 mainstem loca-
tions (rkms 76–114) and all nine sampled tributaries, in 
which loggers were located within a kilometer upstream 
from the mainstem confluence. Temperature data were 
filtered through a standardized QAQC process and visu-
ally inspected for errors. We summarized daily mean and 
max temperature and calculated mean daily maximum 
temperature (MDMT) across the months of June (MDM-
TJune) and July (MDMTJuly). All nine tributaries exhibited 
cooler temperatures compared to adjacent mainstem sec-
tions with the greatest differences occurring in Beaver 
Creek, Granite Boulder Creek, Dead Cow Gulch, and 
Clear Creek (Table 1; Additional File 1: Fig. S3).

Dispersal analyses
We calculated dispersal as the stream distance between 
each parr-female pair such that negative values indi-
cated downstream mainstem dispersal (i.e., parr cap-
tured downstream of female parent) and positive values 
indicated upstream mainstem dispersal. Tributary dis-
tance was negative if the tributary confluence was down-
stream of the female location, and positive if upstream of 
females. Thus, negative dispersal values indicate direc-
tionality of mainstem dispersal, and for tributary dis-
persers, reflects the total distance dispersed including 
downstream mainstem and upstream tributary dispersal. 
We also present total distance moved regardless of direc-
tion as a response variable.

We first evaluated the overall distribution of all dis-
persal estimates including the median, inter-quartile 
range (IQR), and 95% quantiles. We calculated metrics 
using weighted quantiles, in which weights were propor-
tional to the estimated sampling bias of reaches and were 

applied to all parr captured within that reach (described 
above). We evaluated both dispersal and total distance 
for all parr and stratified by parr that were captured 
within the mainstem versus tributaries.

We evaluated spatial patterns of parr dispersal across 
the MFJDR using two approaches: 1) we used a general 
linear mixed-effects model (GLMM) to predict mean dis-
persal as a function of parr origin rkm (i.e., rkm of paired 
female), and 2) we evaluated dispersal at a finer-scale by 
grouping parr into sections based on their origin and 
plotting where they dispersed to using weighted density 
distributions. Dispersal distance was the response vari-
able with model fit providing an estimate of upstream 
vs. downstream dispersal bias. We fitted the model with 
an interaction between origin rkm and an indicator vari-
able for whether parr were captured within the mainstem 
or tributaries and we included sampling bias weights 
applied to individual parr. To account for potential cor-
relation in dispersal patterns among related individuals, 
we included the unique identifier of female parents as a 
random effect in which all offspring from an individual 
female had the same random effect identifier. We fitted 
separate models with parr origin rkm as a linear, 2nd 
order polynomial, and 3rd order polynomial relationship 
and assessed model fit using AICc [44] in which the 2nd 
order polynomial relationship had the most support. The 
relationship between model residuals and river kilometer 
indicated heteroscedasticity and we therefore modeled 
the residual standard error as having a linear relation-
ship with origin rkm and the response variable using the 
R package ‘glmmTMB’ [45]. We used Moran’s I test to 
assess whether residuals from our models showed prob-
lematic levels of spatial autocorrelation (implemented via 
the ‘DHARMa’ R package [46]), which revealed no evi-
dence of residual spatial autocorrelation.

We used binary logistic regression to assess the influ-
ence of water temperature on dispersal of parr. We devel-
oped three binary variables (assigned 0 if condition not 
met, 1 if met), each coded depending on how the MDM-
TJuly value for the capture location of each parr differed 
from its origin location; the thresholds used were > 0.5 °C 
(i.e., moved to warmer location), < -0.5  °C, and < -2  °C 
(i.e., cooler locations). We fitted three independent logis-
tic regression models with each binary variable as the 
response and the MDMTJuly value at the origin location 
as the sole fixed effect predictor variable; similar to other 
models we used, we included a random effect for the 
female parent identifier and used sample bias weights to 
weight each observation.

We used GLMMs to evaluate the relative contribution 
of spatial ecological factors (particularly dispersal dis-
tance) influencing parr size-at-capture while accounting 
for potential confounding effects of sampling date. Parr 
origin rkm was included because we expected parr size to 
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exhibit spatial patterns independent of dispersal as emer-
gence timing is longitudinally structured in the MFJDR 
[29], which can translate to longitudinal patterns of parr 
summer size [40]. Parr fork length was the response vari-
able, and we included distance moved, parr origin rkm 
(2nd order polynomial), mainstem vs. tributary capture, 
dispersal direction (upstream vs. downstream), sampling 
day, max temperature (MDMTJuly) of capture locations, 
and density at capture locations (parr m− 1) as fixed-
effects, the unique identifier of the female parent as a ran-
dom effect, and sample bias weights. To evaluate whether 
mainstem vs. tributary capture and dispersal direction 
were important factors describing size-dispersal rela-
tionships, we fitted each candidate model with different 
combinations of interactions and additive effects of these 
covariates. We assessed collinearity and removed models 
from the candidate set when the variance inflation factor 
exceeded 10 for one or more terms [47]. We used AICc 
to select a set of plausible models (ΔAICc < 2) and then 
chose the model with the fewest parameters.

Results
Genotyping
We identified 161 redds across the mainstem MFJDR and 
a single redd in Clear Creek in September 2020 (Fig.  2; 
Additional File 1: Fig. S4), which is 60% of the 20-year 

mean of 272 redds. We sampled tissue from 141 indi-
vidual spawners (41% of the estimated total spawners) 
and 113 of these samples were successfully genotyped 
(< 10% of SNPs missing), of which 67 were females and 
used in analyses. The distribution of redds generally mir-
rored the distribution of successfully genotyped females 
across the study extent, except rkms 90–100 (Additional 
File 1: Fig. S4) where genotyped females were relatively 
under-represented, and surveyors noted greater evidence 
of scavenging.

Of the 3388 sampled parr, 1326 (39.1%) were assigned 
to a maternal parent, of which 595 (44.9%) of the assigned 
parr were captured from mainstem sites and 731 (55.1%) 
from tributaries (Table 1). At least one parr was assigned 
to 64 of the 67 females retained after genotyping, but 
apparent reproductive success was not uniform as just 
16 females accounted for approximately 50% of the parr 
assigned to females (Additional File 1: Fig. S5).

Abundance estimates
Total parr abundance estimated across the MFJDR was 
67,359 (95% CI = 60560–79080), with the mainstem 
accounting for nearly three-quarters of all parr (Table 2). 
Among tributaries, total abundance estimates were 
greatest in Vinegar Creek, Granite Boulder Creek, and 
Clear Creek, accounting for 18.3% of total MFJDR basin 

Fig. 2  (A) Spatial patterns of redds in 2020 (green bars) relative to mainstem parr density in summer 2021, and (B) the associated linear relationship. (C) 
Spatial patterns of temperature (MDMTJuly; orange points and line) relative to mainstem parr density, and (D) the associated linear relationship. For density 
estimates in panels A and C, points represent snorkeled sites, triangles indicate prediction reaches, and grey shading between dashed lines show 95% 
confidence intervals
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abundance, whereas the other six tributaries individually 
accounted for less than 2% of total parr abundance.

The highest estimated densities within the mainstem 
were rkms 91–96 and 100–106 (Fig.  2). These areas 
accounted for 28% of total redds observed in 2020 but 
54% of total parr abundance (Fig. 2), suggesting net immi-
gration into this reach. In contrast, 35% of redds were 
observed downstream of rkm 90 and upstream of rkm 
110, but we estimated that just 6.4% of all parr occupied 
these areas, which suggests net emigration or high rates 
of mortality. Consequently, the distribution of redds was 
not well associated with mainstem parr density (p = 0.68; 
Fig. 2B). Mainstem parr density was inversely related to 
July maximum temperature (MDMTJuly; Fig. 2C, D).

Sampling-bias weights suggested that we under-sam-
pled most mainstem sites and over-sampled most tribu-
taries (Additional File 1: Fig. S6). The mean sampling-bias 
weight for parr sampled from the mainstem was 1.47, 
indicating approximately 50% more parr should have 

been sampled to achieve sample sizes proportional to 
the estimated relative abundance of parr. In contrast, the 
mean sampling-bias weight for parr captured in tributar-
ies was 0.51 (range: 0.21–1.89), indicating that we should 
have sampled around half as many parr.

Overall dispersal
Parr dispersal was downstream-biased (median = 
-0.77 km), and we estimated that 68% of parr dispersed 
downstream (Fig. 3A). Dispersal estimates varied widely 
(95% range: -14.9–6.2  km) and we estimated that 25% 
of parr dispersed farther than 3.7  km downstream and 
25% dispersed at least 0.9  km upstream. Dispersal pat-
terns differed for parr captured within the mainstem vs. 
tributaries (Fig.  3B, C): mainstem-captured parr exhib-
ited downstream-bias (median = -1.4 km; 78% dispersed 
downstream) whereas dispersal was upstream biased 
for tributary-captured parr (median = 0.7  km; 57% dis-
persed upstream). The median estimated distance parr 

Fig. 3  (A-C) Overall distributions of sample-bias corrected dispersal and (D-F) total distance moved estimates for (A, D) all parr (n sampled = 1326), (B, E) 
parr that dispersed within the mainstem (n sampled = 595), and (C, F) parr that dispersed to tributaries (n sampled = 731). Box and whisker plots indicate 
median, inter-quartile range (IQR), and 95th percentiles
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moved (regardless of direction) was 2.2  km and 25% of 
parr moved farther than 5.0 km (Fig. 3D-F). Parr that dis-
persed downstream generally moved greater distances 
(IQR: 0.7–6.0 km; max = 28.6 km) than parr that moved 
upstream (IQR: 1.1–3.5 km; max = 10.6 km).

Spatial patterns of dispersal
Parr dispersal patterns varied as a function of where 
they originated (i.e., redd rkm) and dispersed to (i.e., 

mainstem vs. tributaries; Fig. 4). For parr that dispersed 
to mainstem locations (Fig.  4A), individuals originat-
ing low in the watershed (rkm < 90) exhibited upstream 
dispersal bias and low variability in dispersal estimates. 
Dispersal progressively transitioned towards down-
stream bias for fish originating higher in the watershed, 
which was accompanied by increasing dispersal vari-
ance and range. In contrast, there was little apparent 
trend between parr origin and dispersal bias or distance 

Fig. 4  (A) Parr origin (i.e., maternal parent location) versus dispersal for parr captured within the mainstem (red points) and (B) within tributaries (blue 
points). The apparent striation pattern in B is a result of captured parr distributing to, and then relatively small distances (0–1 km) within, spatially-discrete 
and numerically-fixed tributary confluences (n = 9). The solid line indicates the fitted relationship between parr origin and dispersal; dark shading indicates 
the 95% confidence interval of the fitted relationship; and the light shading indicates the 95% prediction interval
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for parr that dispersed to tributaries (Fig.  4B). While it 
is possible that some parr dispersed downstream beyond 
our study area, we believe these fish constitute a negligi-
ble portion of the population and have minimal effects on 
overall dispersal patterns at the population-level.

Dispersal patterns generally followed a trend of dis-
persal from warmer mainstem sections to slightly cooler 
sections of the mainstem or tributaries (Figs.  5 and 6), 
which complements patterns between parr distribution 
and temperature (Fig.  2). For example, parr originating 
from rkms 84–89, where MDMTJuly exceeded 24.5  °C, 

either dispersed upstream to cooler mainstem habitats 
between rkms 91–97 (MDMTJuly < 23  °C) or to one of 
four tributaries between rkms 79.8–96.4 (Fig.  5) where 
tributary MDMTJuly ranged 17.5–23.1 °C, measured near 
confluences with the mainstem. This is further exempli-
fied by the inverse relationship between individual parr 
origin MDMTJuly and the difference between capture and 
origin MDMTJuly (Fig. 6A; Linear regression, Pearson’s r 
= -0.46; p < 0.001), and the increasing probability of mov-
ing to cooler habitats with warmer parr origin MDMTJuly 
(Fig. 6B).

Fig. 5  Parr dispersal patterns from different sections of origin (rows). Grey boxes indicate the section parr originated from; density distributions portray 
where parr from each section dispersed to across the mainstem (red distributions) and tributaries (blue distributions); box and whisker plots indicate 
median, inter-quartile range (IQR), and 95th percentiles of parr distributions for each section; percentages indicate the estimated percent of parr from 
that section that dispersed to mainstem locations (red) or into tributaries (blue); and the solid black line shows maximum temperature (MDMTJuly) of 
the mainstem MFJDR at that location. Tributary MDMTJuly are shown in the right panel in parentheses above tributary abbreviations: CA = Camp Creek, 
BB = Big Boulder Creek, BV = Beaver Creek, GB = Granite Boulder Creek, BU = Butte Creek, DC = Dead Cow Gulch, VC = Vinegar Creek, DC = Davis Creek, and 
CC = Clear Creek
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Longitudinal patterns in parr distribution varied con-
siderably as a function of where juveniles originated 
(Fig. 5). For example, rkms 91–97 supported parr origi-
nating from nearly all parts of the watershed, whereas 
sections upstream only supported parr originating from 
nearby. Similarly, some tributaries such as Granite Boul-
der (rkm 95.1) supported parr originating across a wide 
spatial extent, whereas upstream tributaries supported 
parr from within several kilometers.

Post-dispersal size
The best model predicting parr length-at-capture across 
the MFJDR indicated that the effect of dispersal dis-
tance was dependent on dispersal direction (upstream 
vs. downstream) and capture location (mainstem vs. 
tributaries; Fig. 7A; Additional File 1: Table S1). Disper-
sal distance was associated with longer length-at-cap-
ture for parr that dispersed downstream, and the effect 
was greater for parr that dispersed within the main-
stem (0.30  mm km− 1; 95% CI: 0.22–0.39; p < 0.001) ver-
sus into tributaries (0.11  mm km− 1; 95% CI: 0.00–0.23; 

Fig. 7  Marginal effects of (A) dispersal distance and (B) parr origin river kilometer on post-dispersal parr fork length (e.g., length-at-capture) after account-
ing for effects of date of sampling, capture location temperature and capture location density (see Additional file 1: Fig. S8 for covariate effects). Model 
selection indicated that the relationship between dispersal distance and fork length was dependent on whether parr dispersed within the mainstem (red) 
or to tributaries (blue) and whether parr dispersed downstream (solid lines) or upstream (dashed lines). Longitudinal patterns of parr fork length (B) are 
inversely related to estimated emergence timing, which was progressively earlier upstream of rkm 100 (Additional file 1: Fig. S2)

 

Fig. 6  (A) Stream temperature (MDMTJuly; solid black line) and estimated difference in temperature between capture and origin locations for individual 
parr captured from the mainstem (red points) and tributaries (blue points). The solid grey line in panel A shows a LOESS fit. (B) The predicted probability of 
parr moving to three temperature scenarios – at least 0.5 °C warmer (yellow line), at least 0.5 °C cooler (green line), and at least 2 °C cooler (blue line) – as a 
function of the temperature (MDMTJuly) at their origin location. The figure highlights that parr originating in warmer areas tended to move to cooler areas
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p = 0.056). In contrast, there was little trend between 
upstream dispersal distance and post-dispersal length 
for parr that dispersed within the mainstem (-0.04  mm 
km− 1; 95% CI = -0.31–0.21; p = 0.727), but there was a 
negative relationship associated with dispersal to tribu-
taries (-0.24  mm km− 1; 95% CI = -0.50–0.03; p = 0.077). 
Independent of dispersal, parr were predicted to average 
6.2  mm longer when captured in the mainstem versus 
tributaries (95% CI = 4.97–7.75; p < 0.001), but that the 
additive effect of upstream versus downstream dispersal 
was minimal (95% CI = -0.59–1.20  mm; p = 0.304). Parr 
length-at-capture was also spatially structured (Fig. 7B), 
exhibiting a parabolic pattern with nearly a 10  mm dif-
ference between parr originating farthest upstream (rkm 
114) compared to middle sections (rkms 90–100) where 
predicted lengths were shortest. Later sampling dates 
(0.09 mm day− 1; 95% CI = 0.06–0.12; p < 0.001) and higher 
parr densities (0.22  mm parr m− 1; 95% CI = 0.06–0.38; 
p = 0.007) were associated with longer length-at-capture, 
whereas warmer maximum temperatures (MDMTJuly) 
were associated with decreasing length (-1.09  mm °C; 
95% CI = -1.38– -0.80; p < 0.001; Additional File 1: Fig. 
S7). Collectively, the model fixed-effects explained 38% of 
the variation in length-at-capture and 65% with the ran-
dom effect of unique female parent.

Discussion
We used genetic PBT to directly quantify wild juvenile 
Chinook Salmon dispersal from their origin to sum-
mer rearing habitats throughout the MFJDR riverscape. 
Fish dispersed considerable distances (median = 2.2  km, 
max = 28.6 km), moving not only up or down the main-
stem, but also into tributaries. We documented more 
extensive dispersal compared to prior studies conducted 
at smaller spatial scales or in experimental settings (see 
review by Eisenhauer et al. [27]). This suggests disper-
sal in wild populations may be higher in magnitude 
than currently recognized [11–13], and (by extension) 
that the spatial configuration of spawning and rear-
ing habitat is less constraining than previously thought. 
We found clear patterns in dispersal explained by initial 
landscape position and water temperature. Fish origi-
nating upstream tended to move downstream and vice 
versa. Nested within that broader pattern, fish responded 
to reach-level thermal heterogeneity, such that if they 
originated in reaches that became among the warmest 
during summer, they tended to disperse to cooler main-
stem reaches or tributaries. This is a novel example of 
adaptive capacity [48] analogous to salmonids that spawn 
in ephemeral streams and disperse to perennial main-
stems [49]. Lastly, our results suggest that broad patterns 
in biophysical processes across the riverscape – spa-
tial structuring of emergence timing in this case – may 
shape the competitive advantages of dispersal strategies. 

In the MFJDR, emergence timing is progressively earlier 
upstream due to contributions of warmer groundwater in 
winter [29]. Individuals that disperse downstream should 
have competitive advantages (i.e., size and dominance 
hierarchies) over later emerging conspecifics, whereas 
upstream dispersal should be competitively disadvanta-
geous, which was supported by a positive effect of dis-
persal distance on parr length-at-capture for downstream 
dispersal but not for upstream dispersal. Collectively, this 
study provides an approach to effectively evaluate river-
scape patterns and drivers of juvenile salmonid dispersal 
in naturally spawning populations that can be applied to 
other river systems, species, and life-stages.

Thermal conditions
Chinook parr dispersed from warmer sections of the 
river to cooler mainstem sections or into tributaries (e.g., 
Figs. 5 and 6). Fish originating from areas in the MFJDR 
where MDMTJuly exceeded 23  °C were captured as parr 
in areas that averaged 2.5 °C cooler, suggesting tempera-
ture is one of the dominant mechanisms driving disper-
sal. We found the highest densities of Chinook parr in 
the MFJDR where cool-water tributaries likely contrib-
uted to lower mainstem temperatures, or within those 
cool-water tributaries, as not all tributaries offered ther-
mal refugia (Table  1). Previous studies have found that 
tributaries and their confluences often provide thermal 
refuges for salmonids [50–52] as tributaries often have 
greater groundwater inputs and shade [53] compared to 
mainstem river channels. These thermal refuges allow 
salmonids to endure in river systems where many areas 
become thermally unsuitable during summer months 
[52]. Our parr sampling in the summer of 2021 occurred 
as the Pacific Northwest experienced a record-breaking 
heat dome [54], possibly amplifying dispersal behavior 
from warmer to cooler habitats within the MFJDR and 
into tributaries. The climate conditions experienced in 
2021 are predicted to increase in frequency and intensity 
[54, 55], and dispersal may become increasingly neces-
sary for warmer sections of this watershed and others to 
remain productive spawning and early rearing habitats. 
Yet, if thermal refuges are limited, density-dependent fac-
tors could limit growth and survival in these areas [28].

Dispersal extent and context
Despite extensive research on fish spatial ecology, a 
knowledge gap exists for early life histories because 
these individuals are typically too small to track using 
conventional tagging approaches (e.g., telemetry tags, 
PIT tags). By applying genetic parentage analysis to parr 
sampled across the spawning and rearing extent, our 
study provides an assessment of the full range of disper-
sal patterns expressed by a wild population of juvenile 
Chinook Salmon. Our results suggest that collectively, 
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the widespread dispersal upstream, downstream, and 
into tributaries generated a continuum of overall mobility 
during this nonmigratory period. There was no evidence 
supporting the binary concept of “movers” and “stayers” 
[13], characterized by a bimodal distribution of mobile 
and stationary individuals; however, the expression of 
distinct mobile and stationary groups may occur in other 
populations and at later life stages due to differences in 
genetic predisposition, environmental conditions, and 
biological factors. The dispersal distances and patterns 
observed in this study could be viewed as a challenge 
to the Restricted Movement Paradigm [48], or alterna-
tively, as an extension. In a review of published estimates 
of juvenile Atlantic salmon dispersal, Eisenhauer et al. 
[24] found that dispersal was generally downstream-
biased and that nearly all individuals dispersed less than 
0.5  km; however, the authors also presented original 
empirical results from 19 tributaries, in which a third of 
fish moved upstream and dispersal distances were more 
variable, with higher maximums (~ 3  km upstream and 
~ 5  km downstream). Our results similarly suggest that 
approximately a third of individuals dispersed upstream, 
but that maximum dispersal distance was even greater 
(~ 28  km downstream and ~ 11  km upstream). Yet the 
distribution of dispersal distances was centered near zero 
(median = 0.77 km downstream; Fig. 3A), and most indi-
viduals moved short distances relative to all distances 
observed, which conforms with the RMP, but suggests 
the need for flexibility in how we define “restricted move-
ment” across watersheds, populations, and species.

Longitudinal dispersal patterns
Parr originating higher in the watershed exhibited greater 
variability in dispersal than parr originating lower in the 
basin. Prior studies suggest that high variation in dis-
persal patterns are characteristic responses to variability 
in biophysical conditions and behavioral selection spe-
cific to localized watershed characteristics. For example, 
previous research has demonstrated extensive dispersal 
patterns of recently emerged salmon fry (10–100  s of 
kilometers) associated with alternative early life-history 
strategies [24, 30, 56, 57]. Within the MFJDR, variable 
dispersal may be attributed to several potential factors. 
First, progressively earlier emergence timing with dis-
tance upstream translated to fry being exposed to high 
flows for longer durations in this snowmelt-dominated 
system (Additional File 1: Fig. S1), which by extension, 
could result in greater passive downstream dispersal. 
Alternatively, the longer duration since emergence and 
larger size of parr upstream suggests that differences in 
ontogeny could have been a contributing factor to greater 
dispersal variability. Larger individuals often disperse 
farther than smaller conspecifics [15, 23] and variabil-
ity in dispersal may increase in later life stages [58] as 

density-dependence exerts greater influence on dispersal 
[28]. A portion of longitudinal dispersal patterns could 
also be attributed to genetic effects stemming from fine-
scale selection on dispersal strategies [59] from specific 
locations within the watershed to optimize survival over 
long time periods. Lastly, these patterns could also be 
attributed to the directional flow of river networks inter-
acting with environmental conditions that contracted the 
juvenile rearing distribution. High summer temperatures 
were clearly a factor influencing dispersal and ultimately 
parr distribution. However, parr from upstream locations 
could move downstream with the flow to cooler habitats 
(e.g., tributary junctions), whereas parr originating down-
stream needed to move upstream against the current to 
find more thermally suitable habitat, thereby incurring 
higher energetic costs of movement. Thus, dispersal was 
constrained by the extent of suitable rearing habitat, such 
that most available suitable habitat was downstream for 
upstream-originating fish, whereas downstream-origi-
nating fish experienced the opposite. This phenomenon 
of fish being “hemmed in” by thermal boundaries should 
theoretically occur when unfavorable offspring rearing 
conditions contract the extent of suitable rearing habitats 
from the initial spawning extent, whereas the opposite 
effect may manifest when adult spawners experience less 
favorable conditions than their offspring, causing expan-
sion of the rearing extent. Across riverscapes, the condi-
tions experienced across the parent-offspring life stages 
may be an important factor driving inter-annual variabil-
ity in dispersal patterns.

Dispersal patterns and post-dispersal size
After accounting for parr origin rkm (and by extension 
emergence timing) and other factors expected to influ-
ence parr body size, dispersal distance was associated 
with longer length-at-capture for parr that dispersed 
downstream, but not upstream. Mid-summer size inte-
grates growth prior to, during, and after dispersal; con-
sequently, the degree to which these findings reflect 
effects of size-at-dispersal vs. post-dispersal growth is 
uncertain, but our data provide insights to evaluate sev-
eral potential mechanisms. Most studies report positive 
relationships between both downstream and upstream 
dispersal distance and size-at-dispersal [15, 23, 27, 60], 
which could result from greater swimming capacity of 
larger individuals or if farther dispersal is associated 
with more favorable growth conditions (e.g., lower den-
sities, higher prey availability) increasing post-dispersal 
growth [22]. It is unlikely that greater swimming capac-
ity of larger individuals would result in farther dispersal 
distances downstream but not upstream. Model selection 
indicated a positive effect of parr density on post-disper-
sal size, which opposes the expected negative effect asso-
ciated with density-dependence. We propose that there 
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was a competitive advantage for individuals dispersing 
downstream but not upstream, stemming from the lon-
gitudinal structuring of emergence timing in the MFJDR 
(progressively earlier upstream). Early emergence pro-
vides competitive advantages over later-emerging con-
specifics including larger size and the establishment of 
dominant feeding positions through prior residency [61]. 
Downstream dispersal should afford competitive advan-
tages over later emerging conspecifics, and the advantage 
should increase with distance downstream. In contrast, 
it would be challenging for individuals that disperse 
upstream to establish a competitive advantage since habi-
tat occupancy and feeding positions are more likely to be 
established by conspecifics that are larger on average. In 
other river systems in which emergence timing occurs 
progressively later upstream [29], we hypothesize that 
competitive advantages would flip, favoring upstream 
dispersal.

Study considerations
Correcting for sampling bias had considerable effects on 
interpretation of dispersal patterns in the MFJDR (Addi-
tional File 1: Fig. S8). For example, dispersal was not 
biased upstream or downstream using uncorrected dis-
persal estimates (median = -0.03  km; 50% dispersed in 
each direction), but when sampling-bias corrections were 
applied, the overall dispersal distribution was clearly 
downstream-biased (median = -0.77  km; 68% dispersed 
downstream). This highlights the importance of obtain-
ing a random sample of the population [42], or correct-
ing for any sample biases, when quantifying dispersal. 
While it is ideal to minimize sampling bias through care-
ful study design, if possible, we believe our approach 
effectively reduced sampling bias and improved charac-
terization of population-level dispersal. If characterizing 
parr distribution is not a study objective, an alternative 
approach with fewer logistical challenges would be to 
conduct equal-effort sampling and genotyping all (or a 
consistent proportion) of the juveniles captured at ran-
domly selected habitats across the rearing extent.

There are a number of considerations associated with 
our study design and characterizing dispersal patterns 
for wild fish populations. First, we did not sample parr 
or conduct abundance surveys in the mainstem or tribu-
taries downstream of Camp Creek and we were not able 
to sample all tributaries continuously. Consequently, our 
results may not reflect the full extent of dispersal and dis-
tribution present within this population. However, few 
age-0 juveniles from the MFJDR are captured in a down-
stream screw trap and downstream rearing is not thought 
to be a common life history (Ian Tattam; unpublished 
data). Thus, we hypothesize that parr dispersal outside 
of our study area likely had minimal effects on overall 
dispersal patterns at the population-level. Second, it is 

important to note that our dispersal estimates only rep-
resent individuals that survived to summer and that our 
approach defines dispersal based on two points in time. 
Sampling earlier in the year may have revealed different 
patterns, such as greater downstream bias associated 
with passive dispersal of recently emerged fry exposed 
to high flows [62]. It is likely that some individuals pas-
sively dispersed downstream and later moved upstream 
[58], but our sampling approach would not detect these 
patterns. Third, we were only able to sample a portion of 
the adult spawning population and the number of parr 
assigned to each female was not uniform with approxi-
mately 25% of females accounting for 50% of parr-female 
assignments. Thus, dispersal estimates only represent 
juveniles from a subset of female spawners, and although 
we included random effects for female parent in models, 
results may be further influenced by relatedness that we 
were unable to account for (e.g., paternal relatedness). 
Lastly, the early summer of 2021 was characterized by 
abnormally high air and water temperatures and low dis-
charge. The dispersal patterns we observed, especially 
the effect of summer temperature on dispersal and parr 
distribution, likely differ considerably in cooler years with 
greater summer baseflow. On the other hand, the con-
ditions were representative of those anticipated under 
climate change and our results provide insight into fish 
movement responses and the habitat attributes and loca-
tions that are likely to become increasingly important.

Conclusions
In a dendritic watershed, the majority of spring Chinook 
Salmon parr that survived to mid-summer (73%) occu-
pied habitats within the mainstem river where nearly all 
spawning had occurred. Dispersal was widespread within 
the mainstem and into the tributaries, occurring in both 
downstream and upstream directions. Our results sug-
gest that immigration into tributaries was driven primar-
ily by behavioral thermoregulation. While tributaries 
to the MFJDR function as important summer thermal 
refuge, aggregation of parr in the tributaries could have 
density-dependent effects on growth and survival. Cooler 
sections of the mainstem – much of which have been the 
target of extensive restoration – supported the highest 
parr abundances, and downstream sections hosted parr 
originating from the broadest range of spawning loca-
tions whereas parr inhabiting upstream sections origi-
nated from a narrower spatial extent. This suggests that 
restoration of thermally tolerable habitat in these lower 
mainstem reaches will benefit parr from throughout the 
watershed and may be critical to maintain downstream 
sections as productive spawning habitats. Collectively, 
these observations suggest that improvement and down-
stream expansion of suitable rearing habitat in the main-
stem of the MFJDR and similar rivers in the interior 
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Columbia River Basin will be required to reach biological 
and sociological recovery thresholds.
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