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Abstract
Objective: Three competing hypotheses might explain the widely documented in-
trapopulation larger-fish-upstream phenomenon. The age-phased recruitment hy-
pothesis posits that fish spawn downstream and move upstream as they age and 
grow, the static population with growth and mortality gradients hypothesis posits 
that fish spawn throughout a riverscape and growth is greater upstream while re-
cruitment is greater downstream, and the colonization cycle hypothesis posits that 
fish spawn upstream, larvae drift downstream, and individuals move upstream as 
they age and grow.
Methods: We tested for the larger-fish-upstream pattern using populations of Silver 
Chub Macrhybopsis storeriana in the Arkansas and Ohio rivers, as well as investi-
gated longitudinal variation in reproductive investment (Arkansas River), age struc-
ture for adult fish (Arkansas River), and number and occurrence of age-0 fish (Ohio 
River).
Result: The larger-fish-upstream pattern was temporally persistent in both river-
scapes. In the Arkansas River, reproductive investment was greatest upstream, 
where initiation of spawning likely occurred based on gonadosomatic indices. Adult 
fish were most numerous in the Arkansas River 125–175 km upstream from Kaw 
Reservoir, with age-2 fish numbers peaking farther upstream compared with age-1 
fish. In the Ohio River, age-0 fish counts increased downstream and were rare among 
the shortest river fragments (<100 km) between lock-and-dam structures. These 
findings are inconsistent with the age-phased recruitment hypothesis based on up-
stream spawning in the Arkansas River and inconsistent with the static population 
with growth and mortality gradients hypothesis based on virtual absence of age-2 
fish downstream (Arkansas River) and age-0 fish upstream (Ohio River). The most 
likely explanation for longitudinal variation in Silver Chub size distribution is down-
stream drift of ichthyoplankton followed by net upstream movement (i.e., coloniza-
tion cycle hypothesis), but formal assessments of movement and ova characteristics 
require more research.
Conclusion: Managing multidimensional riverscapes requires insight into the 
mechanisms that regulate upstream-to-downstream patterns in fish populations, 
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INTRODUCTION

The longitudinal dimension of riverine landscapes rep-
resents an upstream-to-downstream gradient in geo-
morphic attributes and processes that ultimately lead 
to community- and population-level structuring among 
freshwater fishes (Ward 1989). Examples of widely stud-
ied conceptual frameworks describing this longitudi-
nal dimension include the river continuum concept 
(Vannote et al. 1980), serial discontinuity concept (Ward 
and Stanford 1983), river habitat template (Townsend and 
Hildrew 1994), network dynamics hypothesis (Benda et al. 
2004), and riverine ecosystem synthesis (Thorp et al. 2006), 
among others recently reviewed by Thorp et al. (2021). 
Variation in stream fish community composition along the 
longitudinal dimension and related to the above concepts 
is documented on every continent with streams, including 
examples from Africa (Ibanez et al. 2007), Asia (Ormerod 
et al. 1994), Australia (Gehrke and Harris 2000), Europe 
(Huet 1959), North America (Rahel and Hubert 1991), and 
South America (Pease et al. 2012). These community-level 
patterns are generated and maintained by population-
level processes that vary longitudinally, including fish life 
history trade-offs (Aubin-Horth et al. 2006; Gebhard and 
Perkin 2017), metapopulation linkages (Falke and Fausch 
2010), and colonization–extinction dynamics (Hitt and 
Roberts 2012). Consequently, understanding the scale and 
magnitude of longitudinal variation in population-level 
patterns and processes is critical for conserving and man-
aging stream fishes (Schlosser 1991; Fausch et al. 2002).

Longitudinal variation in size structure is a widely doc-
umented population-level pattern among stream fishes. 
One form of this longitudinal variation is the smaller-
fish-upstream pattern, which has almost exclusively 
been reported for Brown Trout Salmo trutta in Europe 
(Baglinière et al. 1989; Maisse and Baglinière 1990; Bembo 
et al. 1993). The apparent mechanisms underpinning 
this pattern include movement of adult fish downstream 
after spawning and fry emerging and recruiting to up-
stream locations (Solomon and Templeton 1976), and a 
general affinity of smaller fish to seek shallow upstream 
habitats, while larger fish seek deeper downstream hab-
itats (Schlosser 1991). A second form of longitudinal size 
structure is the larger-fish-upstream pattern. Examples 
include larger individuals occurring upstream for popu-
lations of Arctic Grayling Thymallus arcticus in Alaskan 

streams (Tack 1974), Brown Trout in New Zealand trout 
streams (Jellyman and Graynoth 1994), Coho Salmon 
Oncorhynchus kisutch in Pacific Northwest rivers in the 
United States (Anderson et al. 2008), and multiple species 
in the family Leuciscidae in England (Linfield 1985) and 
the United States (Bonner 2000). Hughes and Reynolds 
(1994) and Hughes (1999) developed five hypotheses for 
explaining the larger-fish-upstream pattern using Arctic 
Grayling in Alaskan streams. These hypotheses included 
(1) the competition for ranked position hypothesis, which 
posits that larger fish are better competitors for preferred 
upstream habitats and drive smaller, inferior compet-
itors downstream and (2) the size-dependent habitat 
preference hypothesis, which posits that smaller fish pre-
fer downstream habitats but as they age and grow their 
preference for habitat changes, and they move upstream 
(Hughes and Reynolds 1994). These first two hypothe-
ses focus on relatively fine spatial scales, such as within 
pools or along relatively short lengths of stream and are 
unlikely to operate throughout a larger river (Hughes and 
Reynolds 1994). Remaining hypotheses include (3) the 
age-phased recruitment hypothesis (APR), which posits 
that fish spawn downstream and then continually move 
upstream as they age and grow, (4) the growth-dependent 
movement hypothesis (GDM), which posits that slower-
growing fish move downstream while faster-growing fish 
move upstream, and (5) the static population with growth 
and mortality gradients hypothesis (SPG), which posits 
that fish populations are stationary and that longitudi-
nal abiotic gradients regulate growth and survival such 
that early life stages benefit from downstream habitats 
(Hughes 1999). Hughes (1999) concluded that APR (major 
role) and GDM (minor role) likely acted in concert to gov-
ern the pattern of larger-fish-upstream for Arctic Grayling 
in Alaska streams. However, these hypotheses were tested 

and our work underscores a potential size-related benefit to maintaining broadscale 
longitudinal connectivity.
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Impact statement

Larger Silver Chub occur farther upstream in 
two North American rivers and tests of compet-
ing hypotheses suggest this pattern is maintained 
by broad-scale movement. Indices based on fish 
lengths could be used to inform management of 
longitudinal connectivity in large rivers.

 15488675, 2023, 5, D
ow

nloaded from
 https://afspubs.onlinelibrary.w

iley.com
/doi/10.1002/nafm

.10903 by T
exas A

&
M

 U
niversity L

ibraries, W
iley O

nline L
ibrary on [02/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



      |  1227LARGER SILVER CHUB UPSTREAM

with a narrow focus on salmonids and additional testing 
of nonsalmonid fishes is necessary to evaluate their gen-
eral applicability.

An alternative hypothesis useful for explaining the 
larger-fish-upstream pattern is the colonization cycle 
hypothesis (CCH). The CCH was first derived by Müller 
(1954) as an explanation for the mechanism through 
which upstream populations of aquatic macroinverte-
brates persisted despite downstream transport caused 
by advection (i.e., one-directional movement of flowing 
water). The CCH was later formalized by Müller (1982) 
and continues to be used in model development and test-
ing in the context of aquatic macroinvertebrates (Durães 
et al. 2016). Despite its roots in invertebrate ecology, the 
CCH is generally applicable to stream fishes and the 
larger-fish-upstream pattern. For example, Linfield (1985) 
demonstrated a pattern of larger-fish-upstream among 
European Leuciscidae fishes and suggested that the pri-
mary mechanism underpinning the pattern was the 
downstream displacement of age-0 individuals during 
their first year of life and a tendency of adults to move up-
stream. The mechanism articulated by Linfield (1985) is 
consistent with the CCH except that upstream compensa-
tory movement is by adults swimming (fishes) rather than 
flying (insects). The CCH was recently invoked to explain 
the upstream persistence of some leuciscid populations 
in North America (Archdeacon et al. 2018; Platania et al. 
2020). These fishes are known to produce nearly neutrally 
buoyant ova and drifting larva that are displaced poten-
tially long distances downstream through advection, and 
reciprocal upstream movement at some later life stage is 
presumed necessary to compensate for the downstream 
bias in ichthyoplankton movement (i.e., the CCH; Moore 
1944; Bottrell et al. 1964; Platania and Altenbach 1998; 
Albers and Wildhaber 2017). Steffensmeier et al. (2022) 
tested the efficacy of competing movement ecology the-
oretical frameworks for explaining dispersal patterns for 
Prairie Chub Macrhybopsis australis and found that nei-
ther restricted movement (sensu Gerking 1959) nor the 
CCH (sensu Müller 1954) wholly predicted movement 
behavior. Instead, the best model involved a paradoxical 
pattern in which downstream dispersal presumably oc-
curred, but evidence of reciprocal net upstream move-
ment by adults was lacking (Steffensmeier et al. 2022). 
This drift paradox is a commonly invoked extension of 
the CCH used to explain upstream persistence of popu-
lations in the face of advective forces displacing early life 
stages downstream and in the absence of evidence of bi-
ased upstream movement by individuals at later life stages 
(Hershey et al. 1993). Proposed resolutions of the drift par-
adox involve either reduction of advective displacement 
through retention of early life stages upstream or a general 
increase in dispersal that need not necessarily be biased in 

an upstream direction (Speirs and Gurney 2001). Despite 
recent testing by Steffensmeier et al. (2022), research on 
additional fishes over broad spatiotemporal scales is nec-
essary to determine if the CCH is a useful framework for 
predicting fish population patterns within increasingly 
fragmented and flow-altered riverscapes (Worthington 
et al. 2018).

Silver Chub Macrhybopsis storeriana is a broadly dis-
tributed North American leuciscid that could be used 
to test competing hypotheses regarding the longitudinal 
arrangement of the larger-fish-upstream pattern, while 
advancing our understanding of fish ecology and conser-
vation. Silver Chub was described by Kirtland (1844) based 
on specimens collected from Lake Erie of the Laurentian 
Great Lakes, though the species occurs throughout the 
Mississippi River basin from Manitoba, Canada, south to 
the Gulf of Mexico, and in gulf slope drainages between 
the Brazos River basin in the state of Texas eastward to the  
Mobile River basin in the state of Alabama. Despite this 
broad range, most of what is known about the biology 
and ecology of the species is based on the unpublished 
doctoral dissertation work of Kinney (1954) from west-
ern Lake Erie. From the work of Kinney (1954), we know 
that the spawning season ranges from June to August, 
reproductive maturity is reached during year 1, longevity 
is 3 years for males and 4 years for females, and there is 
a shoreward migration during spring (see also McKenna 
et al. 2023, this special section). Simon (1999) classified 
Silver Chub as a lithopelagophilic spawner that likely pro-
duces demersal eggs and pelagic free embryos over rock 
and gravel substrates. Recent observations of Silver Chub 
eggs being collected in ichthyoplankton contradict this 
classification (summarized in McKenna et al. 2023). The 
characteristics of Silver Chub ova, such as specific grav-
ity, diameter, and adhesiveness, have not been studied and 
direct observation of spawning is lacking (Worthington 
et al. 2018). However, in the western Great Plains portions 
of Silver Chub range in North America the species has 
declined because of habitat fragmentation (Perkin and 
Gido 2011), the combined effects of fragmentation and 
dewatering (Perkin et al. 2015a), and the negative effects 
of fragmentation and drought on population persistence 
(Perkin et al. 2015b) and recruitment (Perkin et al. 2019). 
An important distinction between most Great Plains pel-
agophilic fishes and Silver Chub is the ability of Silver 
Chub to inhabit lacustrine habitats formed either natu-
rally (e.g., Lake Erie) or through reservoir construction 
(Etnier and Starnes 1993). There is some evidence that 
Silver Chub populations either increased in number or ex-
panded in range following regional reservoir construction 
on the main-stem Missouri River in the state of Missouri 
(Pfleiger and Grace 1987) and the Arkansas River in the 
state of Kansas (Mandrak 2014; Perkin et al. 2015b). Cross 
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1228  |      PERKIN et al.

(1967) suggested that Silver Chub was seasonally migra-
tory and likely moved upstream to spawn based on the 
timing and locations of collections in the Kansas River 
and its major tributaries, but no formal assessment of 
movement was conducted. Ultimately, the widespread 
distribution of Silver Chub makes it a promising species 
for simultaneously advancing basic ecological research on 
the longitudinal dimension of riverscapes, while develop-
ing applied inference regarding management and conser-
vation of rivers and their biota (Fausch et al. 2002; Cooke 
et al. 2012; Worthington et al. 2018).

The goal of this study was to investigate patterns and 
mechanisms related to longitudinal variation in Silver 
Chub size structure. Our first objective was to use existing 
data gathered on Silver Chub size distributions from two 
Midwestern North American riverscapes to test for the 
larger-fish-upstream pattern. Our second objective was to 
determine the likely spawning location(s) along the riv-
erscape to assess whether spawning aggregations were 
concentrated upstream, downstream, or along the entire 
length of the riverscape. Our third objective was to use lon-
gitudinal detection of adult age-classes (age 1 and age 2)  
in the Arkansas River in Kansas and age-0 Silver Chub 
from the Ohio River (multiple Midwestern states in the 
USA) to evaluate longitudinal variation in age structures. 
Collectively, these objectives allowed for testing three 
competing hypotheses regarding the mechanistic under-
pinnings for the larger-fish-upstream pattern. The first hy-
pothesis we tested was the APR (Hughes 1999). Support 
for this hypothesis might exist if Silver Chub spawning is 
concentrated downstream and longitudinal variation in 
age structure is characterized by younger fish downstream 
and older fish upstream. The second hypothesis we tested 
was the SPG (Hughes 1999). Support for this hypothesis 
might exist if Silver Chub spawning is distributed along 
the riverscape and all age-classes are represented through-
out the riverscape. Hughes (1999) suggested this hypoth-
esis might be rejected if certain age-classes are absent 
from portions of the riverscape and therefore movement 
is necessary to knit the population together. The third and 
final hypothesis we tested was the CCH (sensu Linfield 
1985). Support for this hypothesis might exist if Silver 
Chub spawning is concentrated upstream and longitudi-
nal variation in age structure is characterized by younger 
fish downstream and older fish upstream.

METHODS

Study area

We studied longitudinal variation in Silver Chub size struc-
ture in two riverscapes situated on the western and eastern 

extents of Silver Chub range (Figure 1A). Data from the 
western edge included 11 collection sites on flowing sec-
tions of the main-stem Arkansas and Ninnescah rivers in 
south-central Kansas (Figure 1B). These data were origi-
nally collected during 11 weekly visits May–August 2011, 
and formed the basis for previous research on Great Plains 
leuciscid community ecology (Perkin et al. 2015b) and re-
cruitment dynamics (Perkin et al. 2019). The riverscape 
is bounded by Kaw Reservoir downstream in Oklahoma 
and upstream by two small dams in the cities of Wichita, 
Kansas, and Kingman, Kansas. Data from the eastern 
edge included 19 pools on the main-stem Ohio River 
spanning portions of Indiana, Illinois, Kentucky, Ohio, 
Pennsylvania, and West Virginia (Figure 1C). These data 
were collected by the Ohio River Valley Water Sanitation 
Commission (ORSANCO) during July–October 1991–
2016. The riverscape occurs between the downstream ex-
tent formed by the mouth of the Ohio River where it meets 
the Mississippi River and the upstream extent where the 
Allegheny and Monongahela rivers join to form the Ohio 
River. The riverscape is serially fragmented by 19 lock-
and-dam structures that create large pools of slowly flow-
ing water and are likely at least partially passible by fishes 
(Argent and Kimmel 2011; Fritts et al. 2021).

Arkansas River case study

Silver Chub were collected from the Arkansas and 
Ninnescah rivers of Kansas each week for 11 weeks begin-
ning the third week of May and extending to the second 
week in August of 2011 to investigate reproductive biology. 
Collections were made using a seine (4.6 × 1.8 m, 3.2-mm  
mesh) for a period of 2 h at each sampling site (Perkin 
et al. 2015b). All Silver Chub encountered in the field were 
measured for total length (TL; mm), and up to five indi-
viduals per sampling site and week were retained for labo-
ratory analysis. Retained fish were euthanized in a lethal 
dose of tricaine methanesulfonate (MS-222; 80 mg/L) and 
stored in 10% neutrally buffered formalin until processing 
in the laboratory (Perkin et al. 2019), where total mass (g) 
was measured and specimens were dissected to remove 
intestines, organs, and gonads, after which eviscerated 
mass was measured. Gonads were used to designate each 
specimen as female (ovaries present) or male (testes pre-
sent) and calculate gonadosomatic index (GSI; Nikolsky 
1963) for each specimen as follows:

The number of vitellogenic oocytes in the ovaries of each 
female were measured by teasing ovaries apart in a petri 
dish and counting the number of oocytes characterized 

GSI =
gonad mass

eviscerated mass
× 100.
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as nontransparent with a distinct yellow color. The sepa-
rated oocytes in the petri dish were then used to measure 
the diameter of 100 randomly selected oocytes (including 
vitellogenic, developing, or immature) to generate size-
frequency distributions of oocytes. This approach has 
been used previously in Macrhybopsis spp. fishes to define 
reproductive season and determine if single or multiple 
clutches are produced (Perkin et al. 2013, 2019; Ruppel 
et al. 2020).

We analyzed patterns in reproductive biology using 
generalized additive and generalized linear modeling. 
We summarized the relationship between GSI (depen-
dent variable) and sampling week (independent variable) 
using a generalized additive model (GAM) and a Poisson 
error distribution because the relationship was nonlinear 
(i.e., necessitating additive modeling) and the response 

variable was bound by zero (i.e., necessitating Poisson dis-
tribution). We fit the GAM using the “gam” function from 
the “mgcv” package in R (Wood 2017) to develop and test 
the significance of a smoothing term for sampling week 
as well as quantify the adjusted R2 and percent of devi-
ance explained by the model. We modeled the relationship 
between oocyte count (dependent variable) and female 
Silver Chub total length (independent variable) using a 
generalized linear model with a Poisson error distribution 
because the response variable distribution tail was trun-
cated by zero.

We analyzed longitudinal patterns in Silver Chub size, 
reproductive investment, and age structure along the riv-
erscape using multiple generalized linear regression. We 
modeled the relationship between fish total length (de-
pendent variable) and the distance upstream from Kaw 

F I G U R E  1   Map illustrating (A) distribution of Silver Chub in North America and collection sites for fish analyzed in this study, 
including (B) the Arkansas and Ninnescah rivers in Kansas (KS), and (C) the Ohio River in portions of Illinois (IL), Indiana (IN), Kentucky 
(KY), Ohio (OH), Pennsylvania (PA), and West Virginia (WV). Silver Chub collected from (B) the Arkansas and Ninnescah rivers were 
limited to the riverscape downstream of small dams (solid lines) in Kingman and Wichita, Kansas, but upstream of Kaw Reservoir in 
Oklahoma. Panel (C) shows the names of lock-and-dam structures used by the Ohio River Valley Water Sanitation Commission (ORSANCO 
2022) on the Ohio River.
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1230  |      PERKIN et al.

Reservoir in Oklahoma, as well as the sampling week of 
the study. We treated distance upstream (km) and sam-
pling week as continuous variables, included an interac-
tion term to allow the relationship between length and 
distance upstream to vary by sampling week, and fit the 
model with the “glm” function from the “lme4” package 
in R (Bates et al. 2015). We repeated this modeling frame-
work but replaced the response variable first with female 
GSI and then male GSI to assess longitudinal variation in 
reproductive investment for females and males separately. 
We fit generalized linear models (GLMs) to each sex in-
dependently because of large differences in GSI values 
between the sexes and illustrated the time series of re-
gression relationships for each sex as described above for 
longitudinal patterns in total length. We used total length 
data from all Silver Chub collected in the field (i.e., those 
retained for reproductive ecology research and those re-
leased) to fit a Bhattacharya model useful for estimating 
cohorts defined by modes within the length-frequency 
histogram. We did not use otoliths to age fish because we 
were interested in using fish that were retained (otoliths 
available) and released (otoliths not available) for age es-
timates, though otoliths provide greater detail when aging 
(Perkin et al. 2023; Wedgeworth et al. 2023 [both this spe-
cial section]). We used the “Bhattacharya” function from 
the “TropFishR” package to fit the model and develop 
probability density functions for each cohort detected in 
the data (Mildenberger et al. 2017). Preliminary assess-
ments and previous research revealed that no Silver Chub 
< 75 mm TL were collected during the study and that 2011 
was likely a failed or limited recruitment year for Silver 
Chub (Perkin et al. 2019). Consequently, we interpreted 
the smallest cohort from the Bhattacharya model as age-1 
fish and the next larger size-class cohort as age-2 fish. The 
results of the model also aligned with age-specific size dis-
tributions for age-1 and age-2 fish as described by Kinney 
(1954). We plotted the raw length-frequency histogram 
with density kernels overlaid and report the mean length 
and standard deviation for cohorts identified. Finally, 
we fit a multiple GLM with a Poisson error distribution 
to the relationship between the number of Silver Chubs 
collected (dependent variable) as a function of distance 
upstream (continuous independent variable with second 
order polynomial) and age-class (factorial independent 
variable) to test for differences in the longitudinal distri-
butions of age-classes.

Ohio River case study

We obtained data on Silver Chub occurrence and lengths 
from the ORSANCO fish population database (ORSANCO 
2022). We restricted our analyses to Silver Chub captured 

by electrofishing between the years 1991 and 2016 when 
standardized electrofishing surveys were conducted across 
the riverscape. These standardized surveys included boat 
electrofishing along 0.5-km reaches at pools shown in 
Figure 1C, during which all fishes encountered were col-
lected, identified, measured for length, and weighed. Data 
from ORSANCO (2022) are commonly used in long-term 
assessments of fish assemblage and population change be-
cause of the standardized methods and broad spatial scale 
at which they are collected (Thomas et al. 2005; Pyron 
et al. 2019).

We estimated mean Silver Chub total length by site and 
year from the ORSANCO (2022) data to assess gradients 
in total length along the river continuum. The ORSANCO 
(2022) database reports fish lengths in 30-mm bins (1–
30 mm, 31–60 mm, etc.) and aggregate weight for all fish 
in each 30-mm bin for each electrofishing transect. We es-
timated mean individual fish lengths within each 30-mm 
bin for each electrofishing transect using the number of 
fish and aggregate weight of all fish in each total length 
bin and a length–weight regression calculated using 
ORSANCO data as follows:

where L is length in centimeters and W is weight in kilo-
grams. First, we divided aggregate weight by the number of 
fish in each 30-mm length bin for each transect to estimate a 
mean individual weight. Next, we solved the length–weight 
equation for length to estimate mean individual length for 
each length bin. Finally, we weighted the estimated indi-
vidual fish lengths by the number of fish for each electro-
fishing transect to generate a final estimate of mean total 
length by pool and year for assessing trends in mean total 
length along the river continuum. We restricted the length 
analysis to years 1992, 2001, and 2003 because these years 
were the only years in which at least half of the pools were 
sampled with nonzero Silver Chub catch (Table S1 in the 
Supplement available in the online version of this article). 
We designated the stream network scale longitudinal dis-
tance between the upstreammost site and all other locations 
of observations of Silver Chub size using the location of the 
dam that formed each sampling pool. We then tested for the 
larger-fish-upstream pattern using a multiple linear regres-
sion in which mean total length (dependent variable) was 
regressed against distance in kilometers measured starting 
downstream (independent variable) and the sampling year 
(i.e., 1992, 2001, 2003) as a categorical factor (independent 
variable). We allowed the intercept and slope of the relation-
ship between length and distance to vary by year.

We also assessed gradients in catch per unit effort 
(CPUE) of age-0 Silver Chub along the river continuum 
and as a function of the size (i.e., longitudinal length) of 

W = 0.000007 × L3.0791,
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sampling pools from which fish were collected for all years 
during 1991–2016. We used estimated lengths, month of 
capture, and known lengths of age-0 Silver Chub from Lake 
Erie to determine which Silver Chub were age 0. We gen-
erated a histogram of all estimated fish lengths (Figure S1  
in the Supplement available in the online version of this 
article) to look for breaks indicative of differences in ages. 
The histogram indicated a break in the 66–70-mm bin. 
This break allowed us to assign all fish with predicted total 
length in the 1–30-mm class to age 0, and all fish > 90 mm 
to age 1 and older. For fish in the 31–60-mm and 61–90-
mm bins, we used lengths of known age-0 Silver Chub 
from Lake Erie (U.S. Geological Survey 2019) by date of 
capture to inform age assignment. We used Lake Erie data 
because it is the only known data set that has age-0 Silver 
Chub. Month was used as a factor because, for example, 
a 40-mm-TL Silver Chub in June, prior to spawning sea-
son, must be an age 1 or older, whereas a 40-mm-TL Silver 
Chub in August is within the range of lengths for age 0. 
If a fish was not longer than the observed maximum total 
length of age 0 in Lake Erie for the month sampled, the 
fish was assigned age 0. The CPUE of age-0 Silver Chub 
was calculated as total catch of age-0 fish for each pool and 
year divided by total electrofishing seconds (aggregated to 
hourly time steps) for that pool and year. Consequently, 
CPUE is equivalent to the number of fish captured per 
hour of electrofishing. Calculation of age-0 CPUE was re-
stricted to the period July–December because age-0 fish, 
although potentially present in late May and June, were 
not available to electrofishing gear (i.e., they had not re-
cruited to the gear) or were too small to be identifiable by 
visual examination.

We tested for relationships between number of cap-
tured age-0 Silver Chub as well as the proportion of years 
that age-0 fish were observed as a function of both longitu-
dinal distance along the riverscape and the length of river 
fragments between lock-and-dam structures from which 
fish were collected. We elected to use independent models 
for river distance and fragment length because these vari-
ables were correlated (Pearsons r = 0.74), but data were 
too limited for extensive multivariate modeling. We fit a 
GAM to the relationship between mean age-0 Silver Chub 
CPUE across years 1991–2016 (dependent variable) and 
the longitudinal distance along the riverscape (indepen-
dent variable). We used a GAM because the relationship 
was nonlinear and count data were truncated by zero (i.e., 
necessitating a generalized model with an error distribu-
tion other than Gaussian). We used a quasi-Poisson error 
distribution in the model to account for overdispersion 
of the data using the “gam” function from the “mgcv” 
package in R (Wood 2017). We also assessed the relation-
ship between the proportion of years during 1991–2016 
that age-0 Silver Chub were encountered as a function of 

longitudinal distance along the riverscape. We modeled 
this relationship using a linear model in which proportion 
of years with age-0 fish occurrence (dependent variable) 
was regressed against the natural logarithm of distance 
along the riverscape (independent variable) and used 
a quasibinomial error distribution to address the bound 
nature of the data (i.e., between 0 and 1) with continu-
ous values between these bounds. We then repeated these 
analyses but replaced longitudinal distance as the inde-
pendent variable with fragment length (km). All analyses 
were conducted in R version 4.2.1 (R Core Team 2021).

RESULTS

Arkansas River case study

Reproductive biology

Female Silver Chub had elevated GSI values by the first 
week of the sampling season in May of 2011. The GAM 
fit to the relationship between female GSI and sampling 
week had a significant smoothing term for sampling week 
(F5, 6 = 5.7, p < 0.001) and explained the majority of vari-
ation (adjusted R2 = 0.57, deviance explained = 60.3%). 
During the first sampling week, the fitted value for fe-
male GSI was already 30% and increased to 43% by the 
third week, followed by an approximately linear decline 
in GSI during weeks 4–11 (Figure 2A). The highest counts 
of oocytes occurred with large GSI values during weeks 2 
and 3 of the study and ranged from 2000 to 3000 oocytes. 
The GLM fit to the relationship between number of ma-
ture oocytes and female Silver Chub total length had a 
significant, positive slope (parameter estimate = 28.16; 
t = 8.34, p < 0.001) and R2 = 0.51 (Figure 2B). Fish with the 
lowest oocyte count occurred later in the summer (weeks 
8–10) and were associated with smaller individuals (90–
110 mm TL). The average diameter of mature oocytes 
increased rapidly as GSI increased to >10%, but oocyte 
diameter remained consistent (35–45% of measured oo-
cytes) at 1.1–1.2 mm across GSI values ranging from 10% 
to 60% (Figure 2C).

Longitudinal patterns

Regression models revealed spatial and temporal varia-
tion in fish size and reproductive investment. The regres-
sion model fit to the relationship between total length 
and longitudinal distance upstream from Kaw Reservoir, 
sampling week, and the interaction between distance and 
sampling week was significant (F3, 142 = 21.04, p < 0.001), 
with adjusted R2 = 0.29. The interaction term and the main 
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effect of week were not significant, but the main effect of 
distance was (Table 1), revealing a temporally consistent 
positive relationship between distance upstream and Silver 
Chub total length (Figure 3). The regression model with 
the same independent variables but female GSI as the re-
sponse variable was also significant (F3, 71 = 38.8, p < 0.001), 
with adjusted R2 = 0.61. The interaction term for distance 
upstream and sampling week was significant (Table 1), and 
this interaction was associated with positive relationships 
between distance upstream and GSI early in the spawning 
season (weeks 1–2), followed by a transition to negative 
relationships or the absence of relationships later (weeks 
3–11) in the spawning season (Figure 4A). The regres-
sion model fit to male GSI was significant (F3, 63 = 12.94, 
p < 0.001), with adjusted R2 = 0.35. The interaction term 

was not significant (Table 1), and as with females, repre-
sented positive relationships between distance upstream 
and male GSI early in the spawning season (weeks 1–4), 
followed by a transition to negative relationships later 
(weeks 5–11) in the spawning season (Figure 4B).

Age structure

The Bhattacharya method identified two cohorts for the 
Silver Chub in the Arkansas and Ninnescah rivers. The 
smaller cohort, which we interpreted as age-1 fish, had 
a mean length of 103 mm TL (SD = 3), and the second 
cohort, which we interpreted as age-2 fish, had a mean 
length of 131 mm TL (SD = 7). Across all fish collected, 

F I G U R E  2   Reproductive biology of Silver Chub collected from the Arkansas and Ninnescah rivers of Kansas during 2011 (see Figure 1  
for locations). Panel (A) shows the relationship between gonadosomatic index (GSI) and time measured as sampling week (week 1 = May 
16–20, 2011; week 11 = August 8–12, 2011) summarized with a generalized additive model fit (black line) and 95% confidence interval 
(shaded area). Points represent individual female fish and are shaded according to the number of vitellogenic oocytes that were present 
in the ovaries to illustrate that the largest number of oocytes occurred during and after peak GSI values. Panel (B) shows the relationship 
between vitellogenic oocyte count and fish total length summarized with a generalized linear model fit (black line) and 95% confidence 
interval (shaded area). Points represent individual fish and are shaded by the sampling week to illustrate collection of smaller fish with 
lower oocyte counts collected at the end of the summer. Panel (C) shows a heatmap illustrating the three-dimensional relationship between 
oocyte diameter, GSI, and frequency distribution of oocyte diameters, illustrating consistent oocyte diameters across GSI values >20%. The 
x-axis in panel (C) shows GSI value ranked from least (left) to greatest (right).
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the age-1 cohort was more numerous compared with the 
age-2 cohort, and there was limited evidence for a third 
cohort that could not be modeled because of sparse data 
(Figure 5A). The majority of age-2+ cohort individuals 
were collected at the six upstreammost sites with gener-
ally consistent length-frequency distributions across these 
sites (Figure 5B). The age-1 cohort showed a distinct in-
crease in total length at upstream sites compared with 
downstream sites. The second order polynomial GLM 
fit to the number of Silver Chub collected as a function 
of distance upstream and age-group showed significant 
increase (distance Z = 7.36, p < 0.001) and then decrease 
(distance2 Z = 9.12, p < 0.001) in counts as well as a sig-
nificant effect of age-class (Z = 9.09, p < 0.001). The model 
explained 62% of variation in the number of Silver Chub 
collected across locations and age-classes and revealed 
that although fewer age-2 fish were collected they tended 
to occur farther upstream compared with age-1 fish. The 
number of age-1 fish collected across all weeks of the study 
increased between 43 and 140 km upstream, then declined 
as the distance upstream increased to 201 km (Figure 6). 
The number of age-2 Silver Chub collected increased be-
tween 100 and 160 km upstream, then declined as the dis-
tance upstream increased to 201 km.

Ohio River case study

Longitudinal patterns

There was a strong relationship between Silver Chub total 
length and longitudinal distance along the Ohio River. 

The multiple regression model fit to the relationship be-
tween Silver Chub mean total length and the interaction 
between pool distance and sampling year was significant 
(F4, 41 = 11.56, p < 0.001), with adjusted R2 = 0.53. The in-
teraction for pool distance and sampling year was sig-
nificant for 1992 versus 2001 as well as 1992 versus 2003 
(Table 2). The linear relationship between total length and 
pool distance was strongest in 1992 and was characterized 
by larger fish upstream, and this relationship followed a 
similar pattern but with shallower slopes in 2001 and 2003 
(Figure 7).

Age-0 distribution

Age-0 Silver Chub were not uniformly distributed along 
the Ohio River longitudinal dimension. The GAM fit to the 
relationship between mean age-0 CPUE and longitudinal 
distance had a significant smoothing function for distance 
(F3, 3 = 10.3, p < 0.001) and explained the majority of vari-
ation in mean age-0 CPUE during 1991–2016 (adjusted 
R2 = 0.70, deviance explained = 75%). Mean age-0 CPUE in-
creased nearly exponentially between 11 and 800 km from 
the upstream extent of the riverscape, then declined again 
between 1000 and 1500 km downstream (Figure 8A). This 
increase was also associated with a general increase in the 
longitudinal length of pools between lock-and-dam struc-
tures. The linear model fit to the relationship between the 
proportion of years in which age-0 Silver Chub were col-
lected and the natural log of longitudinal distance had a 
significant slope increasing in a downstream direction (es-
timate = 0.11, t-value = 6.1, p < 0.001) and explained most 

T A B L E  1   Multiple linear regression results for three models used to test spatiotemporal patterns in Silver Chub total length (mm) 
and gonadosomatic index (GSI) in the Arkansas and Ninnescah rivers of Kansas (see Figure 1 for locations). For each model, parameters 
included the intercept, a term for the longitudinal distance upstream from Kaw Reservoir (distance), the sampling week (week), and 
an interaction between these two terms (distance × week). Parameter estimates, standard errors, t-values, and p-values are also given. 
Significant terms are in bold italics.

Model Parameter Estimate SE t-value p-value

Total length Intercept 56.93 11.14 5.11 <0.001

Distance 0.41 0.08 5.25 <0.001

Week 2.07 2.36 0.87 0.38

Distance × week −0.02 0.02 −1.15 0.25

Female GSI Intercept 20.98 10.22 2.05 0.04

Distance 0.21 0.07 2.98 0.004

Week 1.77 2.31 0.77 0.45

Distance × week −0.04 0.02 −2.73 0.008

Male GSI Intercept 0.26 0.24 1.11 0.27

Distance 0.005 0.002 3.16 0.002

Week 0.03 0.05 0.72 0.47

Distance × week −0.001 0.0003 −1.83 0.07
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of the variation (adjusted R2 = 0.67) in the proportion of 
years with age-0 Silver Chub detections. Occurrence of 
age-0 Silver Chub increased rapidly from 0.0 to 0.25 for 
distances between 11 and 100 km from upstream, and 
then followed a pattern of reduced rate of increase in a 
downstream direction, where pool fragment lengths were 
also generally greater (Figure 8B). The GAM fit to the rela-
tionship between fragment length and age-0 CPUE had a 
significant smoothing term (F5, 6 = 5.95, p = 0.003) and ex-
plained most of the variation (adjusted R2 = 0.78) in age-0 
CPUE. The number of age-0 Silver Chub increased stead-
ily as the length of river between lock-and-dam structures 
increased (Figure 8C). The GAM fit to the relationship 
between fragment length and the proportion of years in 

which age-0 Silver Chub were collected has a significant 
smoothing term (F2, 3 = 6.79) and explained most of the 
variation (adjusted R2 = 0.54) in the data. The proportion 
of years in which age-0 Silver Chub were collected steadily 
increased as fragment size increased from 11 to 100 km, 
and then leveled out (Figure 8D).

DISCUSSION

Our multiple riverscape assessment of longitudinal size 
structure for Silver Chub represents a previously undoc-
umented example of the larger-fish-upstream pattern. In 
the Arkansas River case study, we found that larger indi-
viduals were consistently upstream across a reproductive 
season, with no apparent temporal differences in the re-
lationship spanning 11 survey weeks. In the Ohio River 
case study, we found that the larger-fish-upstream pat-
tern persisted across 3 years spanning a decade, but the 
slopes of the relationship differed slightly among years. 
Previous examples of the larger-fish-upstream pattern 
focused on salmonid and leuciscid fishes. For example, 
in a recolonization study of juvenile Coho Salmon in the 
Cedar River, state of Washington fish moved upstream 
as they aged and grew so that a pattern of larger juvenile 
fish upstream emerged (Anderson et al. 2008). Similarly, 
the phenomenon of larger Arctic Grayling farther up-
stream is widely reported in Alaskan streams (Baccante 
2010) and is linked to both downstream spawning as 
well as upstream movement and competitive use of hab-
itats by adult fish (Hughes and Reynolds 1994; Hughes 
1999). Colorado Pikeminnow Ptychocheilus lucius stud-
ied in the upper Colorado River of North America in the 
states of Colorado and Utah showed a distinct increase in 
size along a 298-km segment of river (Osmundson et al. 
1998). Linfield (1985) highlighted distinct larger-fish-
upstream patterns among leuciscid fishes in England 
and hypothesized that the prevailing mechanism was 
negative size-related displacement through advection, 
particularly during the first year of life, followed by net 
upstream movement by later life stages. However, little 
evidence of the larger-fish-upstream pattern has been 
presented for North American leuciscid fishes outside 
of the unpublished dissertation work of Bonner (2000) 
that documented larger Arkansas River Shiner Notropis 
girardi and Peppered Chub Macrhybopsis tetranema at 
an upstream survey site. Our work provides a second ex-
ample of the larger-fish-upstream pattern for the genus 
Macrhybopsis and reveals that the pattern is replicated 
among two riverscapes that vary widely in their dimen-
sions (Ward 1989).

Evidence suggests that Silver Chub do not congre-
gate for spawning at downstream locations as predicted 

F I G U R E  3   Multiple linear regression model illustrating 
the relationship between Silver Chub total length and distance 
upstream from Kaw Reservoir (see Figure 1) for 11 weeks during 
the summer of 2011. A single regression model (A) with total 
length as the dependent variable and distance upstream and 
sampling week (including an interaction term) as independent 
variables was fit to the data, and (B) the interaction term for 
distance and sampling week was not significant, and the positive 
relationship between distance upstream and fish size persisted 
across sampling weeks (see Table 1).
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by the APR. In the Arkansas River case study, GSI values 
for both males and females were highest at the upstream 
extent of the riverscape until the height of the reproduc-
tive season (based on population-level female GSI) during 
weeks 2–4 (May 23–June 8). After this period, there was 
a reversal of the slopes of relationships between distance 
upstream and GSI values as the overall magnitudes of GSI 
values declined through time. Previous researchers have 
interpreted such sudden declines in population-level GSI 
among leuciscid fishes as evidence for spawning activ-
ity, though direct observation of spawning or use of his-
tological methods are needed to conclusively determine 
the location and timing of spawning (Durham and Wilde 
2008, 2014). We also found only three reproductively ma-
ture specimens in the lower 100 km of the riverscape. 
Furthermore, we found that the relationship between 
fish size and oocyte count was strongly positive, with fish 
>120 mm TL (i.e., age-2 fish) having two or three times 
more oocytes compared with smaller, age-1 fish. These 
larger, older individuals with higher reproductive capacity 
were limited to upstream locations within the riverscape 
during the reproductive season. These results align with 
the observation by Cross (1967) that Silver Chub speci-
mens historically collected farthest upstream in multiple 
Kansas rivers were reproductive adults collected during 

April and early May. Contrary to our findings, previous 
studies supporting the APR as a primary regulator of the 
larger-fish upstream pattern documented spawning ac-
tivity downstream. Hughes (1999) concluded that Arctic 
Grayling formed spawning aggregations at the down-
stream extent of two Alaskan rivers, thereby creating 
disproportionately more young fish downstream com-
pared with upstream. Similarly, Colorado Pikeminnow 
juveniles and subadults were concentrated in the lower 
third of a 298-km segment studied by Osmundson et al. 
(1998), while adults were concentrated in the upstream 
third of the segment. The major disparity between these 
studies and our findings for Silver Chub is the location of 
spawning, while the idea that fish apparently moved up-
stream as they aged and grew is remarkably consistent. 
Consequently, we reject the APR as the primary regulator 
for the larger-fish-upstream pattern in Silver Chub on the 
basis that spawning was likely not concentrated down-
stream in the Arkansas River case study.

An alternative mechanism for the larger-fish-upstream 
pattern is the SPG, which postulates that spatial gradients 
within riverscapes contribute to differential growth and 
mortality along the longitudinal dimension. Our test of 
this hypothesis focused on the longitudinal occurrence 
of age-groups because Hughes (1999) suggested that all 

F I G U R E  4   Time series of linear regressions illustrating the change in the relationship between Silver Chub gonadosomatic index and 
distance upstream from Kaw Reservoir for (A) female and (B) male fish across 11 weeks during the summer of 2011. Note positive slopes 
until week 2 (females) or week 4 (males) followed by generally negative slopes. A single regression model with total length as the dependent 
variable and distance upstream and sampling week (including an interaction term) as independent variables was fit to the data for males 
and females separately (see Table 1), though relationships for each week are shown.
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age-groups should be present at each survey location, 
though with varying counts. The number of age-0 (Ohio) 
as well as age-1 and age-2 (Arkansas) Silver Chub showed 
longitudinal variation such that counts were greatest at 
some intermediate distance along the longitudinal gra-
dient. The maximum number of age-2 Silver Chub was 
farther upstream than age-1 individuals in the Arkansas 
River case study, and curves fit to each age group were 
characterized by the longest axis of attenuation in a down-
stream direction. However, the curve fit to age-0 Silver 
Chub counts in the Ohio River illustrated greater num-
bers downstream with the longest axis of attenuation in 
an upstream direction. These patterns could be related to 
longitudinal gradients previously studied in each river. 
Costigan et al. (2014) studied longitudinal variability in 
hydraulic geometry and substrates within the Ninnescah 
River (the major tributary studied in the Arkansas River 

case study) and found that channel width, depth, and 
area initially increased and then decreased downstream 
of the small dam we used to define the upstream extent 
of our study area. Taylor et al. (2013) studied longitudi-
nal gradients in the Ohio River and noted that the upper 
river was constrained by a gorge and immobile bedrock 
but then transitioned to a floodplain system as the river 
continued downstream. These gradients could result 
in higher recruitment of age-0 fish where channels are 
wide, braided, and backwater and floodplain habitats exist 
(Humphries et al. 2020). No age-0 fish were collected from 
the Arkansas and Ninnescah rivers during 2011 because 
of extreme drought (Perkin et al. 2019), but recent (2022) 
collection of age-0 Silver Chub (65 mm TL) made by the 
Kansas Department of Wildlife and Parks came from the 
lower Arkansas River in the downstream extent of the riv-
erscape we studied (Ryan Waters, Kansas Department of 
Wildlife and Parks, personal communication). In the Ohio 
River, the downstream increase in age-0 Silver Chub might 
be expected if recruitment was dependent upon accessible 
floodplains, and age-0 fish were present at all survey loca-
tions except the upstreammost pool. However, we suggest 
that evidence from the Arkansas River case study is incon-
sistent with the SPG for two reasons. First, although age-1 
fish occurred throughout most of the riverscape (except 
the upstreammost site), the virtual absence of age-2 fish 
in the downstream extent of the riverscape underscores 
that all age-groups were not present at each survey loca-
tion. Second, because no age-0 fish were collected during 
2011, the longitudinal increase in fish size could not be 
related to downstream increases in small recruits as the 

F I G U R E  5   (A) Length-frequency histogram (gray bars; left  
y-axis) and probability density functions (black lines; right y-axis) 
for two cohorts (age 1 = solid line; age 2 = dashed line) of Silver Chub 
collected from the Arkansas and Ninnescah rivers of Kansas during 
2011 (see Figure 1 for locations). Panel (B) shows stacked length-
frequency histograms for nine sampling sites arranged upstream to 
downstream, with a vertical dotted line separating the two cohorts 
identified in panel (A). Unlabeled tick marks on the left and right 
y-axes in panel (B) represent 0, 15, 30, and 45 individuals.

F I G U R E  6   Longitudinal change in the number of age-1 (black 
circles, solid line) and age-2 (gray triangles, dashed line) Silver 
Chub collected in 2011 from the Arkansas and Ninnescah rivers in 
Kansas (see Figure 1 for locations). Points represent the number of 
each cohort collected, and lines represent fitted generalized linear 
models with shaded areas as 95% confidence intervals.
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SPG postulates. We therefore reject the SPG as the primary 
mechanism for the larger-fish-upstream pattern in Silver 
Chub.

Spatial patterns in Silver Chub size structure and re-
productive ecology in the two riverscapes we studied were 
most consistent with the CCH, but further research is 
needed to confirm this mechanism. The CCH posits that 
populations inhabiting flowing water ecosystems and pro-
ducing passively drifting offspring are subject to down-
stream displacement through advection, and reciprocal 
upstream movement at some later life stage is necessary 

to maintain upstream populations (Müller 1982). Our 
criteria for support of this hypothesis included upstream 
spawning and longitudinal stratification of age structures 
with older fish upstream, both of which are supported by 
the data. Simon (1999) classified Silver Chub as a lithopel-
agophil that potentially produces demersal eggs and has 
pelagic, free embryos (but see McKenna et al. 2023). The 
possibility of demersal eggs rather than semibuoyant eggs 
separates Silver Chub from other river-dwelling pelago-
philic fishes in the Great Plains (Worthington et al. 2018). 
However, Platania and Altenbach (1998) pointed out that 

T A B L E  2   Results from a multiple linear regression model fit to the relationship between Silver Chub total length (dependent variable) 
and distance between the headwaters and sampling pool location, sampling year, and the interaction between pool distance and sampling 
year for Silver Chub collected from the Ohio River. The table shows parameter estimates, standard errors, test statistics, and p-values for 
the intercept, main effect of pool distance measured in kilometers (Pool_rkm), adjustments to the slope of the main effect of pool distance 
by years 2001 (year 2001) and 2003 (year 2003) relative to the baseline of 1992, and interactive effects of pool distance and sampling year 
relative to the baseline of the interaction between pool distance and sampling year 1992. Significant terms are in bold italics.

Parameter Estimate SE t-value p-value

Intercept 50.41 9.81 5.14 <0.001

Pool_rkm 0.05 0.009 5.92 <0.001

Year 2001 31.17 11.89 2.62 0.01

Year 2003 22.94 11.89 1.93 0.06

Pool_rkm × year 2001 −0.03 0.01 −3.08 0.004

Pool_rkm × year 2003 −0.03 0.01 −2.92 0.006

F I G U R E  7   Time series of linear regressions illustrating the change in relationship between Silver Chub total length and distance along 
the Ohio River (see Figure 1 for locations) for 3 years in which most pools were sampled (1992, 2001, 2003). A single regression model with 
total length as the dependent variable and distance upstream and sampling week (including an interaction term) as independent variables 
was fit to the data (see Table 2), though relationships for each year are shown.
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drift by embryos could cause substantial downstream dis-
placement and ultimately result in declines and extirpa-
tions within fragmented riverscapes. This is the case for 
Flathead Chub Platygobio gracilis, a species that produces 
nonadhesive demersal eggs but is affected by habitat frag-
mentation in a manner consistent with other pelagophilic 
fishes (Perkin and Gido 2011; Bestgen et al. 2016). Indeed, 
small-bodied fishes currently classified as lithopela-
gophils, including Silver Chub, responded to broadscale 

fragmentation of Great Plains riverscapes in a manner 
consistent with fishes that produce nonadhesive, neu-
trally buoyant ova (Perkin et al. 2015a). The persistence 
of Silver Chub populations throughout the Great Plains is 
correlated with the length of habitat between dams that 
fragment rivers, and an estimated length of 203 km is re-
quired for persistence (Perkin and Gido 2011). This length 
is very close to the maximum length of the Arkansas 
River fragment we studied here (i.e., 201 km) in which 

F I G U R E  8   (A) Generalized additive model (GAM) fit to the relationship between mean age-0 Silver Chub catch per unit effort (CPUE; 
fish per hour of electrofishing) for the years 1991–2016 as a function of longitudinal distance upstream in the Ohio River (see Figure 1 for 
locations). Panel (B) shows a linear regression model fit for the relationship between the proportion of years in which age-0 Silver Chub 
were collected and the natural log of longitudinal distance upstream (shown as untransformed values). Panel (C) shows a GAM fit to the 
relationship between mean age-0 Silver Chub CPUE and the longitudinal length (km) of river between lock-and-dam structures, while panel 
(D) shows a GAM fit to the relationship between proportion of years in which age-0 Silver Chub were detected and the longitudinal length of 
stream between lock-and-dam structures. Solid black lines are model fits, the shaded areas are the 95% confidence intervals, and points are 
sized according to the longitudinal length of river between lock-and-dam structures (circles in panels A and B) or the longitudinal distance 
from the upstream extent of the riverscape (boxes in panels C and D).
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Silver Chub declined but was ultimately not extirpated 
during the last major drought (Perkin et al. 2015b, 2019). 
However, none of the fragments within the Ohio River 
were longer than 200 km and the species occurred, albeit 
intermittently, within all but the most upstream fragment. 
This phenomenon is remarkably consistent with the 
framework Linfield (1985) proposed for leuciscid fishes 
occupying the River Witham in England (Lincolnshire 
and Leicestershire counties). Specifically, Linfield (1985) 
noted persistence of the larger-fish-upstream pattern de-
spite semipermeable (i.e., passible only during portions of 
the year) weirs fragmenting the river. Lock-and-dam struc-
tures such as those on the Ohio River are not absolute bar-
riers to fishes that produce drifting offspring (e.g., Smith 
and Hightower 2012; Snyder et al. 2022; La Hood et al. 
2023), and this might explain the persistence or coloniza-
tion of Silver Chub among shorter stream fragments in the 
Ohio River. We found that catch of age-0 Silver Chub in-
creased consistently as fragment size increased from 11 to 
183 km, and there was a consistent decline in the propor-
tion of years in which age-0 individuals were collected as 
fragment length declined below 100 km. These correlative 
results support previous findings that Silver Chub occur-
rence is related to habitat fragmentation, but whether the 
mechanism is linked to obligatory drift requires further 
study. Future research might assess spawning behavior 
and ova characteristics using methods recently applied to 
other Macrhybopsis fishes to confirm currently unknown 
aspects of Silver Chub reproductive biology (e.g., Albers 
and Wildhaber 2017).

A second assumption of the CCH is that fish movement 
produces a net bias in the upstream direction. As with 
many small-bodied fishes (i.e., too small for transmitters) 
in large Great Plains rivers, no formal study of Silver Chub 
movement has been conducted. Based on the time series 
regression model we fit to the relationship between longi-
tudinal distance and Silver Chub size in the Arkansas River 
case study, there was no evidence for summertime move-
ment. That is, if movement progressed upstream over the 
course of the summer, then a pattern of larger fish down-
stream should have been present among surveys earlier 
in the summer. This suggests that movement, if any, must 
have occurred prior to the summer. Cross (1967) suggested 
that Silver Chub spawning movements occurred in April 
and early May, which would have preceded the initiation 
of our surveys. In a similar study in the Pecos River in the 
state of New Mexico, Hoagstrom et al. (2015) tracked the 
longitudinal distribution of multiple cohorts of Speckled 
Chub M. aestivalis and demonstrated a clear upstream pro-
gression among cohort members as they aged. The authors 
attributed this upstream progression among cohorts to up-
stream movement by fishes by the second spring of their 
lifetime. Ruppel et al. (2020) inferred movement of Prairie 

Chub in the Red River in the state of Texas based on lon-
gitudinal gradients in occurrence of age-classes. In that 
study, spatiotemporal variation in age-1 and age-2 fish along 
the river continuum was attributed to net upstream move-
ment (Ruppel et al. 2020). Later mark–recapture analysis 
of Prairie Chub revealed only limited evidence for net up-
stream movement, at least during the summer reproductive 
season (Steffensmeier et al. 2022). Upstream bias in adult 
stream fish movement is apparently not a widespread pat-
tern (Skalski and Gilliam 2000; Radinger and Wolter 2014). 
Some authors have interpreted lack of net upstream move-
ment as evidence that pelagophilic or lithopelagophilic 
fishes do not require long distances of unfragmented river, 
and therefore management and preservation of longitudinal 
connectivity will be of limited benefit to such fishes (Medley 
and Shirey 2013). However, Steffensmeier et al. (2022) 
found that Prairie Chub movement was orders of magni-
tude greater than expected under the restricted movement 
paradigm and that this mechanism provided a solution to 
the apparent drift paradox in which fishes that are subject 
to drift phases maintain upstream populations despite lack 
of notable upstream bias in movement. This conclusion was 
based on theoretical modeling by Speirs and Gurney (2001) 
that demonstrated aquatic organisms subject to the effects 
of advection could maintain upstream populations through 
augmented, nondirectional dispersal. Moreover, movement 
by fishes is a common theme among studies documenting 
the larger-fish-upstream pattern. For example, as Arctic 
Grayling in Alaska streams grew and aged to 3–7 years, they 
exhibited biased upstream movement (Hughes 1999), while 
tagged Colorado Pikeminnow in the Colorado River of 
Colorado and Utah showed upstream bias in movement and 
no downstream movement was documented (Osmundson 
et al. 1998). Given that movement is linked to ova charac-
teristics (e.g., Reynolds 1983), we suggest that investigation 
of movement is a future research direction that is equally 
as important as classifying ova characteristics and spawn-
ing behavior. Our findings suggest that future movement 
studies should focus on year-round movements and habitat 
occupancy by Silver Chub, though we recognize the logisti-
cal challenges of tracking relatively small fish in large rivers 
(e.g., Steffensmeier et al. 2022). It is also currently unclear 
whether Silver Chub occupy Kaw Reservoir in large num-
bers and move between the reservoir and the river. The tim-
ing of long-term increases in probability of occurrence for 
Silver Chub in the Arkansas River began after the reservoir 
was constructed (Perkin et al. 2015b) and this lends some 
correlative evidence for a connection to the reservoir.

Results from this study revealed consistent larger-
fish-upstream patterns for the same species occupying 
vastly different riverscapes. These riverscapes differ 
in physiography, size, flow regime, and connectivity. 
The Arkansas River basin drainage area (414,910 km2) 
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covers a transitional zone across semiarid to humid 
regions (annual precipitation = 71.8 cm; mean annual 
discharge = 1004 m3/s; Matthews et al. 2005), while 
the Ohio River drainage area (529,000 km2) covers a 
wetter, humid region (annual precipitation = 104 cm; 
annual discharge = 8733 m3/s; White et al. 2005). The 
flow regime of the Arkansas River is highly altered by 
surface water diversions and groundwater withdraw-
als that have reduced or eliminated flow in some seg-
ments of the basin (Costigan and Daniels 2012; Perkin 
et al. 2015a), while the Ohio River flow regime is al-
tered by a series of lock-and-dam structures that have 
altered flow magnitude and variability, while creating 
more lentic-type habitats upstream of structures (Pyron 
et al. 2019). As a result of these natural and anthropo-
genically induced differences, the Arkansas River sites 
studied here were shallow (<1 m) and could be easily 
sampled with a seine, while the Ohio River was deep 
(4–9 m) and was sampled with an electrofishing boat 
(ORSANCO 2022). Small dams (<3 m height) on the 
Arkansas and Ninnescah rivers correlate with the up-
stream extent of distribution for Silver Chub in those 
rivers (Perkin et al. 2015b), while water control struc-
tures on the Ohio River partially constrain fish passage 
but are not complete barriers (e.g., Tripp et al. 2016). 
Despite these environmental differences, our results re-
vealed larger Silver Chub farther upstream in both riv-
erscapes. Our tests of multiple hypotheses support the 
notion that upstream movement by Silver Chub as they 
age and grow is necessary for maintaining the larger-
fish-upstream pattern. The slopes of regression models 
fit to the relationship between fish size and distance 
upstream revealed that Silver Chub size increased with 
upstream distance 8- to 20-times greater in the Arkansas 
River compared with the Ohio River. The extent of lon-
gitudinal river distances included in the analyses were 
160 km in the Arkansas River and 1542 km in the Ohio 
River. These slopes could be related to “faster” increase 
in fish size as a function of river distance in the shorter, 
more highly connected Arkansas and Ninnescah rivers 
compared with the longer, serially fragmented Ohio 
River. Further investigation into Silver Chub movement 
is necessary to assess this and the broad distribution of 
the species likely means geologic gradients and result-
ing variation in the elemental makeup of otoliths might 
be a feasible way of estimating movement (e.g., Chase 
et al. 2015). Our findings support the patterns reported 
by Linfield (1985) from multiple leuciscid fishes in the 
serially fragmented River Witham in eastern England. 
Linfield (1985) interpreted the larger-fish-upstream pat-
tern as the outcome of highly mobile fish populations. 
We hypothesize that Silver Chub dispersal is relatively 
high and therefore might constitute a chief regulator 

of the larger-fish-upstream pattern across a diversity of 
riverscapes.

Our work has implications for management of Silver 
Chub and the longitudinal dimension of the rivers they 
occupy. First, our results suggest that long sections of 
river are likely occupied by a single population, rather 
than multiple smaller populations with limited ge-
netic connectivity. Tests of isolation by distance among 
Macrhybopsis fishes have demonstrated high levels of 
gene flow over broad spatial scales, including Prairie 
Chub (Ruppel et al. 2020), Shoal Chub (Gaughan et al. 
2019), Speckled Chub (Osborne et al. 2021), and poten-
tially Silver Chub (Elbassiouny et al. 2023, this special 
section). This conclusion has implications for assessing 
conservation redundancy (sensu Wolf et al. 2015) because 
there could be less redundancy if long distances of river 
and adjoining tributaries are considered as only a single 
population. The population of Silver Chub we studied in 
the Arkansas River case study declined over the entire 
200-km riverscape during the extreme drought of 2011–
2012 (Perkin et al. 2015b), when there was no evidence of 
recruitment (Perkin et al. 2019). However, the population 
was not extirpated, perhaps because it persisted in down-
stream portions of the riverscape where other fishes that 
suffered extirpation did not occur (Perkin et al. 2015b). 
This idea of downstream refugia highlights the potential 
benefit of access to larger rivers downstream that could 
serve as refugia during extreme drying disturbances 
(Sedell et al. 1990). One possibility is that Silver Chub use 
Kaw Reservoir either as refuge or perhaps during early 
portions of their life history, but surveys of the reservoir 
(e.g., using trawls; Kinney 1954) are needed to test this. 
Analysis of spawning locations within Lake Erie sug-
gests that spawning might take place within rivers or 
river mouths (McKenna et al. 2023), but the population 
of Silver Chub in Lake Erie may be quite different from 
other populations (Elbassiouny et al. 2023). Other fishes 
are known to exhibit local adaptations in their spawning 
modes and egg characteristics (e.g., Striped Bass Morone 
saxatilis; Bergey et al. 2003) and the same may be true for 
Silver Chub. Our results also revealed increasing age-0 
numbers with increasing stream fragment size in the 
Ohio River even up to the largest fragment observed. This 
increase could be related to either greater recruitment 
within longer fragments (Humphries et al. 2020) or larger 
metapopulation size within larger fragments (Rodeles 
et al. 2021). Regardless of which is the case, these find-
ings suggest that preservation of longitudinal connectiv-
ity is important for population processes and supports 
previous relationships between Silver Chub ecology and 
habitat fragmentation (Perkin and Gido 2011; Perkin 
et al. 2015a, 2015b). Ultimately, our work demonstrates 
that Silver Chub populations benefit from the same 
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longitudinal connectivity other members of the genus 
Macrhybopsis are known to require (Luttrell et al. 1999; 
Perkin et al. 2013; Hoagstrom et al. 2015; Mollenhauer 
et al. 2021), even though Silver Chub may be distantly 
related to congeners (Hoagstrom and Echelle 2022). Fish 
populations and communities in the Midwestern United 
States evolved under longitudinally connected riverscape 
conditions (Dodds et al. 2004; Thorp et al. 2021), but 
human pursuit of water security has resulted in wide-
spread fragmentation of these ecosystems (Perkin et al. 
2015a). Maintaining native communities and natural eco-
system processes requires managers to make decisions re-
garding the preservation of longitudinal connectivity in 
places where it remains intact and consider restoration 
in places where it is fragmented (Crook et al. 2015). Our 
work suggests that information on the size structure of 
stream fishes might help to guide these decisions.
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