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A B S T R A C T   

Fragmentation of rivers by dams affects riverine fish occurrence globally. In the Great Plains of North America, 
the reproductive guild of fishes known as pelagic-broadcast spawning (PBS) minnows – characterized by release 
of non-adhesive, semi-buoyant ova that drift – has declined substantially where rivers are dammed. Two 
alternative management strategies are proposed for improving the conservation of PBS fishes. Strategy One 
focuses on maintenance and restoration of local channel heterogeneity and floodplain connectivity, an effective 
strategy under the condition that PBS fishes do not engage in broad-scale movement. Strategy Two focuses on 
maintenance and restoration of broad-scale (103–105 m) longitudinal habitat connectivity, an effective strategy 
under the condition that PBS fishes engage in broad-scale movements. We used mark-recapture to measure 
movement distances and rates for seven PBS minnows across three southern Great Plains rivers. We found that 
movement rates for all species were 1–2 orders of magnitude greater than expected under the Restricted 
Movement Paradigm, and six of seven species included stationary and mobile individuals. Across species, the 
movement rate of mobile individuals was (1) positively correlated with previously published estimates of 
minimum lengths of longitudinal connectivity required for persistence and (2) correlated with conservation 
status such that the most imperiled species moved the most. Our findings suggest that emphasis of conservation 
Strategy One to the exclusion of Strategy Two is likely insufficient for improving the conservation outlook for 
Great Plains PBS fishes (i.e., both strategies are necessary). This work has implications for mobile fishes 
inhabiting fragmented rivers around the world.   

1. Introduction 

Habitat fragmentation and loss caused by human environmental al
terations are implicated in the decline, extirpation, and extinction of 
organisms on a global scale. However, understanding the mechanisms 
that underpin organism response to habitat fragmentation can be chal
lenging to elucidate and sometimes difficult to detect (Ewers and Did
ham, 2006). This is because organisms with varying life history 
strategies are differentially affected by habitat fragmentation. For 
example, highly mobile (i.e., vagile) organisms are sensitive to the ef
fects of habitat fragmentation across terrestrial (Betts et al., 2019), 
marine (Conners et al., 2022), and freshwater (Brauer and Beheregaray, 
2020) ecosystems. Within freshwater ecosystems, habitat loss and 
fragmentation afflict most major rivers because of construction of >16.7 
million reservoirs globally (Lehner et al., 2011). These reservoirs cause 

habitat loss by transforming water from lotic (i.e., flowing) to lentic (i.e., 
standing) states and through the alteration of flow regimes (Poff et al., 
1997), while habitat fragmentation is caused by the splitting of remnant 
lotic waters by dams and the impoundments they create (Spinti et al., 
2023). The effects of habitat fragmentation within dendritic (i.e., 
branching) riverine habitats can be particularly detrimental to mobile 
organisms such as fishes because no alternative movement pathways 
beyond singular river channels link formally connected habitats 
(Campbell Grant et al., 2007; Perkin and Gido, 2012; Fuller et al., 2015). 
The degree to which habitat fragmentation affects riverine fish species is 
therefore dependent on intrinsic (e.g., life history, spawning mode, 
movement behavior) and extrinsic (e.g., barrier size, water levels) fac
tors (Gido et al., 2016). 

In the Great Plains of North America, habitat fragmentation is 
implicated in the decline and imperilment of a guild of fishes that 
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employ the pelagic-broadcast spawning (PBS) reproductive mode 
(Hoagstrom et al., 2011; Hoagstrom and Turner, 2015; Worthington 
et al., 2018). Members of the PBS guild produce non-adhesive, neutrally 
buoyant ova that swell with river water shortly after fertilization (Bot
trell et al., 1964; Platania and Altenbach, 1998) and are then susceptible 
to downstream transport through advection (i.e., one-way directional 
flow of water) up to hundreds of kilometers (Dudley and Platania, 2007; 
Albers and Wildhaber, 2017). Although largely undocumented, recolo
nization of upstream segments of river is presumed necessary for pop
ulation maintenance and for the continued occupancy of upstream river 
reaches (Wilde and Urbanczyk, 2014). Conservation implications drawn 
from the perspective of downstream drift and subsequent upstream 
movement focus on the need to maintain or restore broad-scale longi
tudinal connectivity in rivers of the Great Plains (Perkin et al., 2015a). 
However, the absence of evidence of large-scale upstream movements or 
migrations by PBS fishes has stirred debate about the most effective 
conservation strategy (Hoagstrom, 2014). An alternative conservation 
perspective is that retention of ova within marginal or floodplain habi
tats renders the need for longitudinal connectivity less important than 
local-scale management activities aimed at maintaining channel het
erogeneity (e.g., instream habitat) and floodplain connectivity (Widmer 
et al., 2012; Medley and Shirey, 2013). Although short-term observa
tions of mass upstream movements by PBS fishes exist (Archdeacon 
et al., 2018), rigorous movement studies are sparse because of the 
diminutive size of PBS fishes and relatively large size of river channels 
they inhabit (Steffensmeier et al., 2022). 

Additional information on movement ecology of PBS fishes is needed 
to uncover the mechanism through which habitat fragmentation affects 
population persistence to ultimately inform conservation actions. There 
is strong evidence for correlative relationships between PBS strategist 
persistence and habitat fragmentation. Examples include upstream 
extirpation of PBS strategists following reservoir construction (Winston 
et al., 1991; Wilde and Ostrand, 1999), concomitant reductions in PBS 
strategist range with reservoir construction (Luttrell et al., 1999; Perkin 
et al., 2013), and loss of PBS species from shorter river fragments across 
broad areas (Dudley and Platania, 2007; Perkin et al., 2015a). Meta- 
analyses of historical fish collections combined with the timing and lo
cations of reservoir construction led to development of minimum 
lengths of longitudinal habitat connectivity required for persistence of 
highly imperiled PBS fishes (Perkin and Gido, 2011; Wilde and Urban
czyk, 2013). Whether these correlative patterns arise from mechanisms 
related to early life stage retention and recruitment in river channels 
with altered geomorphology versus disrupted upstream movement by 
later life stages is unclear. Some researchers suggest that existing 
movement patterns documented for adult PBS strategists point to a 
restricted pattern in which individuals do not move great distances from 
their natal origins, and that long-distance movement (and thus conser
vation of longitudinal connectivity) is unnecessary for population 
persistence (Medley and Shirey, 2013). Other researchers suggest this 
pattern is reflective of the drift paradox, which describes the persistence 
of upstream populations in the presence of downstream drift at early life 
stages but apparent absence of net upstream movement by later life 
stages (Archdeacon et al., 2018; Platania et al., 2020). Recent research 
on the movement of a single PBS species found that one solution to the 
drift paradox might involve augmented movement by a fraction of the 
population that is highly mobile and moves long distances in both up
stream and downstream directions (Steffensmeier et al., 2022). Evidence 
from river fish movement patterns on a global scale suggests heteroge
neous movement (i.e., composed of stationary and mobile components; 
Skalski and Gilliam, 2000) by river fishes is the norm (Radinger and 
Wolter, 2014), but this remains untested for most PBS fishes and further 
research is needed (Worthington et al., 2018). 

The goal of this study was to assess the movement ecology of mul
tiple PBS species to inform future conservation strategies. Our first 
objective was to use mark-recapture methods to generate population- 
level estimates of individual movements during adult life stages (i.e., 

>40 mm total length). Our second objective was to use data from mark- 
recapture experiments to test for heterogenous movement patterns. 
Heterogenous movement in fish populations is characterized by a lep
tokurtic distribution of movements such that the peak of the curve 
representing stationary individuals is taller than a normal distribution, 
while the tails of the distribution representing mobile individuals are 
longer than a normal distribution (Skalski and Gilliam, 2000). Move
ment direction in either upstream or downstream directions might be 
symmetrical, upstream biased, or downstream biased. Thus, as a part of 
our second objective we tested for leptokurtic distributions, equivalence 
in the ranked distances moved upstream versus downstream, and 
skewness of distributions in upstream versus downstream directions. 
Our third and final objective was to test for relationships between the 
rates that PBS fishes move and estimates of minimum longitudinal 
lengths of stream required for persistence based on literature accounts 
(Perkin and Gido, 2011; Wilde and Urbanczyk, 2013). We also tested the 
relationship between movement rate and conservation status. We hy
pothesized that a positive relationship would exist between movement 
rate and minimum river fragment length required for persistence based 
on the notion that vagile species with high dispersal will require more 
space to complete their life histories (Le Galliard et al., 2012). We also 
hypothesize there would be a negative relationship between movement 
rate and conservation status (i.e., small value = high conservation 
concern) such that the most mobile species would be the most imperiled. 

2. Methods 

2.1. Study area 

We studied the movement ecology of seven North American Great 
Plains PBS fishes in the Brazos, Canadian, and Red River basins in Texas, 
USA (Fig. 1a). The study area was in the Great Plains ecoregion char
acterized by annual air temperature ranging 2–30 ◦C and annual pre
cipitation ranging 40–47 cm (Benke and Cushing, 2005). The dominant 
land cover type in the study area was historically prairie grassland, 
which has been converted into agricultural landcovers such as rangeland 
(40–60 %) and cultivated crops (20–30 %). We selected three rivers 
within the southern Great Plains and in the panhandle region of Texas 
because each river was inhabited by at least one basin-endemic PBS 
strategist. The portions of each of these rivers we studied were charac
terized by broad, shallow, and sandy channels with meandering and 
braided sections (Benke and Cushing, 2005). The Red River proper starts 
at the border of Texas and Oklahoma and flows 2189 km east as it de
fines the border of Texas and Oklahoma before flowing into Arkansas 
and Louisiana and joining the Mississippi River. The river is fragmented 
by a large dam, which forms Lake Texoma (302 km2 surface area). We 
selected segments of the Red River mainstem, Pease River, and Salt Fork 
Red River to conduct our mark-recapture study (Fig. 1b). The Canadian 
River proper starts in New Mexico and flows 1651 km across eastern 
New Mexico, the panhandle of Texas, and western Oklahoma where it 
flows into Lake Eufaula at its confluence with the Arkansas River (Benke 
and Cushing, 2005). The Canadian River is fragmented by 2 large dams, 
including Lake Meredith (66.41 km2). We selected a segment of river 
upstream of Lake Meredith to conduct our mark-recapture study 
(Fig. 1c). The Brazos River proper starts at the confluence of the Salt 
Fork Brazos River and Double Mountain Fork Brazos River and flows 
1390 km to the Gulf of Mexico (Benke and Cushing, 2005). The river is 
fragmented by 3 large reservoirs, the farthest upstream being Lake 
Possum Kingdom (80.13 km2). We selected a segment of the Brazos 
River upstream of Possum Kingdom Lake, just downstream of the 
confluence of the Salt Fork and Double Mountain Fork to conduct our 
mark-recapture study (Fig. 1d). 

2.2. Mark-recapture 

We assessed movements by seven PBS strategists using mark- 
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recapture methods. Species were selected for inclusion in the study 
(Table 1) based on known reproductive characteristics previously 
reviewed by Worthington et al. (2018). The timing and design of mark- 
recapture events varied slightly among the study rivers because of dif
ferences in access, channel geomorphology, and unusually high or low 
flows. All mark-recapture work was conducted during late spring and 

summer months when river flows were low and detection efficiency of 
seines was higher (Mollenhauer et al., 2018). We began work in the Red 
River mainstem, Pease River, and Salt Fork Red River, and conducted 
sampling events across each river equally every two weeks during May 
through August of 2019 (4 events), then repeated the process during 
2020 (4 events). A portion of those data focused on Prairie Chub 

Fig. 1. Map showing the locations of rivers in the Southern Great Plains of North American where mark-recapture analysis of movement rate by pelagic-broadcast 
spawning fishes was conducted during 2019–2022. (a) Shows the three river basins in relation to each other, and insets show study designs and locations of re
captures in the (b) Red River, (c) Canadian River, and (d) Brazos River. Each inset shows a schematic (not to scale) illustrating how tagging and searching reaches 
were stratified to measure short-term fish movement rates with solid arrows pointing to upstream tagging reaches and dashed arrows pointing to downstream tagging 
reaches. Recapture symbols are semitransparent and appear darker where higher numbers of recaptures occurred. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 

Table 1 
North American Great Plains pelagic-broadcast spawning fishes included in movement analysis, including the river basins in which they occur (B = Brazos, C =
Canadian, R = Red; asterisks denote basin endemics), and conservation status by the International Union for the Conservation of Nature (IUCN), NatureServe (NS), 
American Fisheries Society (AFS), the U.S. Fish and Wildlife Service (FWS), and a meta-status based on all four rankings (see text for derivation). The estimated 
minimum fragment length (km) required for persistence is given based on Perkin and Gido (2011) and Wilde and Urbanczyk (2014). Caudal fin aspect ratio was 
calculated using the equation by Webb (1984) measured from scientific photographs. Median size (total length in mm) is given for specimens included in the mark- 
recapture experiment. Recapture rate is defined as a percentage of the ratio of recaptured (R) to marked (M) individuals.  

Species Basin IUCN NS AFS FWS Meta-Status Fragment Length Aspect Ratio Median Size Recapture Rate (%; R/M) 

Plains Minnow C,R,B LC (↓) G4 VU NL  3.5  115  1.28  80 2.1 (76/3580) 
Prairie Chub *R VU (?) G3 VU UR  2.75  128  1.09  56 3.7 (213/5771) 
Shoal Chub B LC (− ) G5 NL NL  4  103  1.4  53 3.1 (47/1535) 
Peppered Chub *C EN (↓) G1 EN (↓) EN  1  205  1.5  60 12.8 (378/2944) 
Smalleye Shiner *B VU (?) G2 TH (↓) EN  1.75  300  1.66  49 1.9 (63/3306) 
Arkansas River Shiner *C VU (↓) G2 EN TH  1.75  217  1.83  44 4.3 (95/2231) 
Sharpnose Shiner *B VU (↓) G3 TH (↓) EN  2  300  1.69  56 8.1 (306/3778) 

EN = Endangered; G1 = Critically Imperiled; G2 = Imperiled; G3 = Vulnerable; G4 = Apparently Secure; G5 = Secure; LC = Least Concern; NL = Not Listed; TH =
Threatened; UR = Under Review; VU = Vulnerable; ↓ = decreasing; − = stable;? = unknown. 
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(Macrhybopsis australis) are published in Steffensmeier et al. (2022). In 
2021, we moved to the Canadian River and conducted events every two 
weeks during May through August (7 events). We initially planned to 
conduct work in both the Canadian and Brazos rivers during 2021, but 
prolonged high flows in the Brazos River caused that work to be delayed 
until 2022. We conducted monthly events in the Brazos River during 
March through June of 2022 (4 events), until exceedingly low flows and 
channel drying caused the end of fish collections from the Brazos River 
based on U.S. Fish and Wildlife Service guidance to minimize impacts to 
federally listed species. 

We collected and tagged fish during each event so that the total 
number of tagged fish increased across the survey events for each river 
basin. For each river in the Red River basin, we identified study locations 
with at least five contiguous km of accessible river. We stratified each of 
the 5-km segments into five, 1-km reaches composed of an upstream 
buffer search reach (reach 1), an upstream tagging reach (reach 2), a 
middle buffer search reach (reach 3), a downstream tagging reach (reach 
4), and a downstream buffer search reach (reach 5; Fig. 1b). The two 
tagging reaches on each river were further subdivided into five, 0.2-km 
sub-reaches so that short-term, fine-scale (<1 km) movements could be 
detected. For each sub-reach, we tagged fish using visible implant 
elastomer (VIE) at up to 10 unique body locations and used a new color 
during each event so that the location and timing of tagging could be 
determined for all recaptured fish (Steffensmeier et al., 2022). We 
collected fish for tagging from each sub-reach using four 50-m seine 
hauls (9.1-m by 1.8-m, 1-m shallow-bag, tapering to 0.5-m) repeated 
three times (i.e., triple-pass) or until at least 50 individuals of each 
species were tagged at each sub-reach. The seine did not cover the entire 
width of stream, therefore on each pass we attempted river left, right, 
and middle seine hauls. Captured fish were held together in a 68 L 
perforated tub for batch tagging. We used 2-mm VIE marks to tag in
dividuals >40 mm total length because this method is widely used in fish 
movement studies, has low mortality, and elicits no known behavioral 
changes (Fraser et al., 2001; Neufeld et al., 2015; Jungwirth et al., 2019; 
Archdeacon et al., 2023). We only tagged adult fish >40 mm TL because 
although fish <40 mm TL likely move (e.g., Chase et al., 2015), the 
logistics of tagging fish <40 mm TL are challenging without affecting 
short-term survival (Steffensmeier et al., 2022). We recorded the spe
cies, date, VIE color, body location of the tag, and total length (to nearest 
1-mm) for each tagged fish and placed them in a second aerated 68-L 
recovery tub for 2 h prior to release. We recorded global positioning 
system (GPS) coordinates at the release site (i.e., center of sub-reach) for 
all fishes using a handheld Oregon 700 series GPS (Garmin, Olathe, KA, 
USA). 

We attempted recapture of tagged fish during each event. Each event 
on the Red River consisted of two days of tagging followed by a day of 
searching for recaptures at each of three rivers (9 days total per event). 
Each event on the Canadian River consisted of two days of tagging fol
lowed by a day of searching for recaptures (3 days total per event). Each 
event on the Brazos River consisted of two days of tagging followed by a 
day of short distance searching and four days of long distance searching 
(7 days total per event). Searches for recaptures in the Red River con
sisted of seining 5-km distances using approximately 50-m pulls of a 9.1- 
m by 1.8-m, 1-m shallow-bag, tapering to 0.5-m seine. We conducted a 
20-km, long-distance search during August of 2020 when the maximum 
number of tags was deployed. Searches for recaptures in the Canadian 
River consisted of seining 5-km, but because of the linear nature of the 
river and limited public access, only a single 5-km segment was used (as 
opposed to three in the Red River). This meant there was no opportunity 
for fish to move between segments as in the Red River. We compensated 
by adding a 1.5-km search reach 1 km upstream and 1 km downstream 
of the centralized 5-km segment. Flow variability and limited access in 
the Brazos River presented the greatest challenge for designing the 
mark-recapture study, thus we adapted the protocol slightly for that 
river. In the Brazos River, we used a 3-km segment stratified into three 
reaches of tag-search-tag designation. This design allowed for the same 

short-term, small-scale (i.e., <1 km) detection of movements as the Red 
and Canadian rivers but fit into the limited 3-km area of access around 
State Highway 6 (Fig. 1d). We assessed longer distance movements by 
selecting public road crossings 19 km upstream (State Highway 222), 
59–64 km upstream (Farm to Market Road 1835, State Highway 380), 
22 km downstream (State Highway 267), and 76 km downstream (State 
Highway 183) of the centralized tagging segment. For all recaptured fish 
we recorded species, date, total length (mm), GPS coordinates, VIE 
color, and body tagging location. 

2.3. Analyses 

We analyzed movement data to test for the presence of leptokurtic 
movement distributions, skewness of movement distributions, and bias 
in movement directionality. We estimated movement distance as the 
displacement distance in m between mark and recapture locations along 
the thalweg of each river using a geographic information system (Arc
GIS; ESRI, Redlands, CA). We estimated movement rate (m/d) by 
dividing estimated movement distance by the number of days between 
mark and recapture. The benefit of assessing movement rate in addition 
to movement distance is that fish movements across rivers and sites with 
differing lengths can be directly compared (Steffensmeier et al., 2022). 
We constructed movement distance (m) and rate (m/d) frequency his
tograms in which downstream movements were assigned negative 
values and upstream movements were assigned positive values. Data 
were pooled by species prior to analysis so that all movement infor
mation for a single species were combined across mark-recapture events. 
We also pooled observations of Plains Minnow (Hybognathus placitus) 
movement across basins and rivers as well as Prairie Chub across rivers 
in the Red River basin. This resulted in seven species-level datasets for 
movement distance and rate. Occasionally, individuals were double or 
triple recaptured (i.e., during separate tagging trips weeks or months 
apart) and were treated as new recaptures for the purpose of analyses 
because they were so rare. For each dataset, we tested for the presence of 
leptokurtosis using Anscombe Glynn’s test of kurtosis (Anscombe and 
Glynn, 1983) and skewness of distributions using D’Agostino’s test for 
normality (D’Agostino and Pearson, 1973). We tested for bias in 
movement magnitudes in upstream versus downstream directions using 
a Mann-Whitney U test implemented with the ‘wilcox.test’ function in R 
(Bauer, 1972; R Core Team 2022). Prior to the Mann-Whitney U test, we 
converted the distances moved upstream versus downstream to absolute 
values (i.e., instead of representing downstream distances with a nega
tive value) and then tested for differences between the ranks of distances 
in either direction. We selected these models because they are 
commonly used in analysis of fish movements (Petty and Grossman, 
2004; Hudy and Shiflet, 2009; Wells et al., 2017; Steffensmeier et al., 
2022). 

We estimated movement distances and rates by mobile and station
ary components of populations as well as the proportion of populations 
that were stationary for each species using the ‘fishmove.estimate’ 
function from the ‘fishmove’ package in R (Radinger and Wolter, 2014). 
This function fits a dispersal kernel based on two superimposed normal 
distributions, one depicting the stationary component and one depicting 
the mobile component: 

F(x) = p*
1

̅̅̅̅̅̅̅̅̅̅̅̅̅
2πσ2

stat

√ *e
−
(x− μ)2

2σ2
stat +(1 − p)*

1
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2πσ2

mob

√ *e
−
(x− μ)2

2σ2
mob  

where x represents the distance between the mark and recapture loca
tions, σstat is the stationary component, σmob is the mobile component, 
and p is the share of the stationary component on the total population 
(Radinger and Wolter, 2014). The function ‘fishmove.estimate’ solves 
the above equation to produce estimates (and standard errors) for dis
tances moved by the stationary component and the mobile component 
as well as the share of the stationary component on the total population 
based on a vector of movement distances observed in the field. Radinger 
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and Wolter (2014) conducted a meta-analysis of fish movement studies 
and used the above equation to derive a predictive model for river fish 
movement based on four parameters. The model parameters include 
stream size (stream order; Strahler, 1957), fish length (total length, 
mm), fish morphology (aspect ratio of caudal fin; Pauly, 1989), and time 
at large (days, d). The ‘fishmove’ package contains a function ‘fishmove’ 
to predict fish movements based on the model of Radinger and Wolter 
(2014) and we used this function to compare observed versus expected 
movement rates for the mobile component of each species included in 
our mark-recapture study. We focused on the movement rate of the 
mobile components because this component is critical for connecting 
meta-populations and recolonization of habitat (Rodríguez, 2002; Cooke 
et al., 2016). We parameterized the expected movement rate model with 
the stream order 6, mean total length for each species based on field 
measurements of tagged fish (Table 1), caudal fin aspect ratio estimated 
from publicly available scientific images (Kevin W. Conway, Texas A&M 
University; Chad Thomas, Texas State University; Table 1), and time at 
large of 1 day to represent daily movement rates. Finally, we compared 
mobile component daily movement rates for all PBS species included in 
this study with all species included in the ‘fishmove’ package using the 
‘fishmove:::speciesfishmove’ function to extract data. 

We used linear regression to test relationships between the daily 
movement rate of mobile components for each species and species- 
specific estimates of minimum fragment length required for persis
tence as well as conservation status. Fitted estimates for minimum 
fragment length required for persistence were obtained from literature 
sources (Perkin and Gido, 2011; Wilde and Urbanczyk, 2013; Table 1). 
We fit a linear model with fragment length as the dependent variable 
and mobile component movement rate as the independent variable 
using the ‘lm’ function from the ‘stats’ package in R. We then calculated 
the conservation “meta-status” (i.e., status of statuses) for each PBS 
species included in the study based on the methods of Perkin et al. 
(2021). Meta-status was based on conservation listings by the Interna
tional Union for the Conservation of Nature (IUCN Red List; IUCN, 
2022), NatureServe (2023), American Fisheries Society (AFS; Jelks 
et al., 2008), and the U.S. Fish and Wildlife Service (USFWS, 2023). 
Because each entity uses slightly different nomenclature for conserva
tion status, we ranked listings such that the lowest rank was most 
imperiled, including 1 (Endangered or G1), 2 (Vulnerable, Threatened, 
or G2), 3 (Near-Threatened, G3), and 4 (Not Listed, Least Concern, G4, 
or G5). We then calculate the mean rank for each species to derive a 
quantitative meta-status score for each species (Table 1). We fit a second 
linear model with conservation meta-status as the dependent variable 
and mobile component movement rate as the independent variable 
using the ‘lm’ function from the ‘stats’ package in R. All analyses were 
conducted in R version 4.0.4 (R Core Team 2022). 

3. Results 

We tagged 23,789 fishes and recaptured 1232 individuals across the 
three river basins during 2019–2022. The overall recapture rate was 
5.18 % and ranged 1.9–12.8 % among species (Table 1). The median size 
of tagged fish ranged 44–80 mm TL, aspect ratio ranged 1.09–1.83, and 
median time at large ranged 1–13 (Fig. S1) across species. The most 
imperiled species based on conservation meta-status was Peppered Chub 
(M. tetranema; status = 1), followed by Smalleye Shiner (Notropis buc
cula; 1.75), Arkansas River Shiner (N. girardi; 1.75), Sharpnose Shiner 
(N. oxyrhynchus; 2), Prairie Chub (2.75), Plains Minnow (3.5), and Shoal 
Chub (M. hyostoma; 4). Frequency distributions of movement distances 
and rates were leptokurtic for all species except Shoal Chub, which was 
mesokurtic or normal (Table 2). Movement distance frequency distri
butions were positively skewed for Prairie Chub, Peppered Chub, 
Smalleye Shiner, and Sharpnose Shiner, but negatively skewed for 
Arkansas River Shiner (Fig. 2a–g; Table 2). Movement rate frequency 
distributions were positively skewed for Plains Minnow, Peppered Chub, 
Smalleye Shiner, and Sharpnose Shiner, but negatively skewed for 

Prairie Chub and Arkansas River Shiner (Fig. 2h–n). There was evidence 
for upstream bias in movement based on movement distances and rates 
for Peppered Chub, Arkansas River shiner, and Sharpnose Shiner. 

Estimates of movement rates based on fitting the double-normal 
leptokurtic model to field data revealed variation in movement com
ponents across species. Stationary component movement rates ranged 
5–178 m/d while mobile component movement rates ranged 398–1046 
m/d across species (Table 3). The species that moved the farthest dis
tances within a day were Arkansas River Shiner, Sharpnose Shiner, 
Peppered Chub, and Smalleye Shiner, while those moving relatively less 
included Plains Minnow, Prairie Chub, and Shoal Chub. The share of the 
stationary component was least for Sharpnose Shiner (0.05), followed by 
Smalleye Shiner (0.18), Plains Minnow (0.28), Arkansas River Shiner 
(0.42), Shoal Chub (0.54), Peppered Chub (0.59), and Prairie Chub 
(0.75). Observed movement rates were greater than expected for all 
species, and the ratio of observed/expected was 65.4 (1046/16) for 
Arkansas River Shiner, 57.1 (971/17) for Smalleye Shiner, 49.5 (990/ 
20) for Peppered Chub, 47.8 (1003/21) for Sharpnose Shiner, 47.7 
(668/14) for Prairie Chub, 27.0 (729/27) for Plains Minnow, and 24.9 
(398/16) for Shoal Chub. Relative to all other fishes in the ‘fishmove’ 
database, PBS fishes included in the mark-recapture analysis moved 
farther in a day than expected given their size (Fig. 3). 

There were strong linear relationships between movement rate of the 
mobile component across the seven species and estimated minimum 
fragment length required for persistence as well as conservation meta- 
status. The linear model fit to minimum fragment length as the 
response variable had an intercept estimate of − 21.16 (t = 0.40, P =
0.70), slope estimate of 0.25 (t = 4.06, P < 0.01), and an R2 = 0.72. This 
model revealed that the most highly mobile PBS species required the 
longest estimated minimum fragment length for persistence (Fig. 4a). 
The linear model fit to conservation meta-status as the response variable 
had an intercept estimate of 5.72 (t = 7.66, P < 0.001), slope estimate of 
− 0.004 (t = 4.61, P = 0.005), and an R2 = 0.77. This model revealed that 
the most highly mobile PBS species had the lowest ranked meta-status, 
meaning they were the most imperiled (Fig. 4b). 

4. Discussion 

Our study represents the most comprehensive treatment of North 
American Great Plains PBS fish movement to date and reveals that 
members of this guild express heterogeneous movement patterns char
acterized by stationary and mobile components, move in both upstream 
and downstream directions, and are capable of using large spatial ex
tents of longitudinal habitat. Previous studies inferred PBS movement 
from swim chamber experiments (Bestgen et al., 2010), otolith micro
chemistry (Chase et al., 2015), and temporal variation in occurrence 
patterns (Hoagstrom et al., 2008; Walters et al., 2014; Ruppel et al., 
2020), or measured movement directly through VIE-based mark- 
recapture methods (Wilde, 2016; Platania et al., 2020; Steffensmeier 
et al., 2022) and passive integrated transponder tags (Archdeacon and 
Remshardt, 2012). A common theme among these movement studies is 
that PBS fishes are capable of long-distance movements, but most in
dividuals remain near the site of release and some individuals move 
downstream or upstream. This theme contradicts early narratives 
articulating mass upstream migrations as a means of offsetting down
stream drift at early life stages (Moore, 1944; Cross, 1950) and has 
caused debate about the mechanisms driving the decline of PBS fishes 
(Wilde and Urbanczyk, 2013; Hoagstrom, 2014; Wilde and Urbanczyk, 
2014; Worthington et al., 2014). The notion that upstream movement 
sufficient to offset downstream drift is necessary for persistence of up
stream populations is known as the colonization cycle hypothesis (CCH) 
first articulated by Müller (1954), Müller (1982). While restricted 
movements by PBS fishes are contrary to the CCH, observed movements 
are consistent with the widely documented pattern of leptokurtosis in 
fish movement distributions representing a mixture of stationary and 
mobile components within populations as well as movement in 
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upstream and downstream directions (Skalski and Gilliam, 2000; Radi
nger and Wolter, 2014). Our findings suggest that although PBS fish 
populations are composed of stationary and mobile components, they 
appear to differ from other riverine fishes in that the distances moved by 
the mobile component might be much farther than fishes of similar 
lengths and days at large (Radinger and Wolter, 2014). However, PBS 
fishes movement changes along the riverscape need to be studied further 
during multiple seasons and stream sizes. The proportion of the sta
tionary component also appears to be smaller (i.e., a greater fraction of 
the population is mobile) relative to other groups of fishes (Radinger and 
Wolter, 2014). 

No previous study has documented upstream movement bias among 
PBS fishes. Medley and Shirey (2013) pointed to a lack of evidence for 
biased upstream movement by PBS fishes as evidence that drift is rela
tively less important for population regulation compared to retention of 
eggs and larvae within floodplain habitats. This conclusion seems at 
odds with experimental drift studies that reveal potential long distance 
downstream displacement of ova via advection and drift (Dudley and 
Platania, 2007; Albers and Wildhaber, 2017). Indeed, previous research 
on PBS movement has shown relatively few long-distance movements 
compared to short-distance movements, ultimately causing researchers 
to invoke the drift paradox (Archdeacon et al., 2018; Platania et al., 
2020). The drift paradox was articulated by Hershey et al. (1993) as a 
description for the phenomenon of persistence of aquatic invertebrate 
populations at upstream reaches despite documented drift at early life 
stages and a lack of evidence for upstream-biased movements. Steffen
smeier et al. (2022) tested competing movement paradigms in the 
context of PBS Prairie Chub, including the restricted movement para
digm (Gowan et al., 1994), colonization cycle hypothesis (Müller, 
1982), and drift paradox (Hershey et al., 1993). The study by Steffen
smeier et al. (2022) revealed leptokurtosis in Prairie Chub movement 
with stationary and mobile population components that moved much 
further than expected under the restricted movement paradigm, yet 
there was limited evidence for upstream bias in movement. This 
conclusion was most consistent with the drift paradox. A potential so
lution to the drift paradox proposed by Speirs and Gurney (2001) and 
linked to Silvery Minnow by Platania et al. (2020) and Prairie Chub by 
Steffensmeier et al. (2022) was augmented dispersal sufficient to return 
enough (but not all) individuals upstream to maintain positive popula
tion growth. We found no evidence of upstream bias in movement dis
tances or rates for Plains Minnow, Prairie Chub, Shoal Chub, nor 
Smalleye Shiner, suggesting an apparent paradox that is likely solved by 
our observed high rates of dispersal by mobile components. Moreover, 

the mobile components for three of these species, Plains Minnow (72 %), 
Shoal Chub (46 %), and Smalleye Shiner (82 %) represented larger 
portions of populations relative to other river fishes (33 %; Radinger and 
Wolter, 2014). For these PBS fishes, augmented movement sufficient to 
return enough individuals upstream to replace the population might 
represent a solution to drift paradox (Steffensmeier et al., 2022). 

Our study provides some of the first evidence of biased upstream 
movement among PBS fishes. Our test of ranked movement distances 
and rates in upstream versus downstream directions revealed upstream 
bias in movement magnitudes and rates for Peppered Chub, Arkansas 
River Shiner, and Sharpnose Shiner. This upstream bias was present 
despite our controlled experiments that included equal search efforts 
and distances in downstream and upstream directions. That is, although 
a previous movement study on some of these fish species (i.e., Peppered 
Chub, Arkansas River Shiner) focused only on upstream movements 
(Wilde, 2016), we searched for short- and long-distance movements in 
upstream and downstream directions. Frequency distributions of 
movement distances and rates showed movements by individuals of all 
three species in upstream and downstream directions, but most fish 
moved in an upstream direction. The early life history of two of these 
species has been studied in detail, including Peppered Chub (Bottrell 
et al., 1964) and Arkansas River Shiner (Moore, 1944), and both studies 
referenced the use of specialized screens to collect suspended ova as they 
drifted downstream (Altenbach et al., 2000). In fact, the work by Moore 
(1944) is widely cited among PBS conservation perspectives concluding 
upstream biased movement is a necessary component in the life cycle of 
PBS fishes (Medley and Shirey, 2013). Our work demonstrates that not 
only do these species exhibit biased upstream movement, but they are 
also among the most mobile species that we studied. The discrepancy 
between expected and observed movements by PBS fishes included in 
this study could be due to the poor representation of small fishes in large 
rivers in the work of Radinger and Wolter (2014) or because these fish 
move at greater rates compared to non-PBS fish. We suspect both are the 
case. Archdeacon et al. (2022) studied the movement of Red Shiner 
(Cyprinella lutrenis), a non-PBS species that spawns adhesive ova on 
substrates, in the Rio Grande and found the mobile component of that 
population moved 5000 m over a 28-day period (i.e., a movement rate of 
179 m/d). This movement rate is greater than expected under the RMP 
but is small in magnitude relative to the mobile component rates we 
report here (i.e., it matches the stationary movement rate for Arkansas 
River Shiner). Santee et al. (2020) studied movement of Plains Killifish 
(Fundulus zebrinus) using the same methodologies as our study and found 
unbiased movement directionality with a mobile component movement 

Table 2 
Results of tests applied to movement distance and rate data obtained through mark-recapture of seven North American Great Plains pelagic-spawning fishes. Bias in 
upstream (US) versus downstream (DS) movement distances was tested using a Mann-Whitney U test (direction of bias, W test statistic and P-value given), and 
frequency distributions were tested for skewness (skew value, Z test statistic, and P-value given) and kurtosis (kurtosis value K, Z test statistic, and P-value are given). 
Bolded lines represent statistically significant patterns.  

Species US vs DS distances US vs DS skewness  Kurtosis 

Bias W P Skew Z P  K Z P 

Distance           
Plains Minnow None 668 0.99 − 0.09 − 0.33 0.74  7.05 3.68 <0.01 
Prairie Chub None 5243 0.4 4.6 12.57 <0.01  45.27 9.55 <0.01 
Shoal Chub None 237 0.45 0.06 0.2 0.84  3.39 0.98 0.33 
Peppered Chub US 11,530 <0.01 0.37 2.91 <0.01  7.54 6.76 <0.01 
Smalleye Shiner None 473 0.86 7.07 9.18 <0.01  54.3 6.85 <0.01 
Arkansas River Shiner US 1557 <0.01 ¡0.54 ¡2.19 <0.05  4.17 2.06 <0.05 
Sharpnose Shiner US 12,231 <0.05 7.15 17.51 <0.01  64.77 11.56 <0.01 
Rate           
Plains Minnow None 776 0.24 0.92 3.12 <0.01  5.74 3.09 <0.01 
Prairie Chub None 4996 0.16 ¡1.38 ¡6.6 <0.01  22.91 8.35 <0.01 
Shoal Chub None 219 0.25 0.12 0.38 0.7  4 1.64 0.1 
Peppered Chub US 12,214 <0.01 1.41 8.76 <0.01  7.46 6.71 <0.01 
Smalleye Shiner None 415 0.33 4.56 7.7 <0.01  31.12 6.21 <0.01 
Arkansas River Shiner US 1406 <0.05 ¡0.84 ¡3.2 <0.01  4.34 2.24 <0.05 
Sharpnose Shiner US 12,872 <0.01 3.45 13.06 <0.01  33.02 10.39 <0.01  
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rate of 42 m/d, which fell within the prediction range of the RMP. These 
studies provide further context for the high dispersal rates and upstream 
bias exhibited by Peppered Chub, Arkansas River Shiner, and Sharpnose 
Shiner. Our results ultimately highlight the need for greater investiga
tion of movement by PBS fishes and reveal that some species do in fact 
exhibit upstream bias in movement as earlier researchers surmised 
(Moore, 1944; Cross, 1950; Platania and Altenbach, 1998) but evidence 
for which has been elusive (Medley and Shirey, 2013; Hoagstrom, 
2014). 

We found evidence that the most mobile fish included in our study 

were also the most imperiled. The linear regression model fitted to the 
relationship between mobile component daily movement rate and con
servation meta-status explained 77 % of variation in conservation meta- 
status among the seven fish included in the model. This pattern revealed 
the species with the greatest mobility (and in most cases strongest up
stream bias in movement) were considered most imperiled. This pattern 
might be expected given that conserving highly mobile species is chal
lenging because they use distantly separated habitats on broad scales 
and their movements can be challenging to measure and predict (Runge 
et al., 2014). Yet when movement data do exist for imperiled species, the 

Fig. 2. Frequency histograms of (a-g) movement distances (m) and (h-n) movement rates (m/d) for seven species of North American Great Plains pelagic-broadcast 
spawning fishes. Negative values on the x-axes represent downstream movement and positive values represent upstream movement. The number of recaptured fish is 
given in each histogram. Not shown in panel n are two fish that moved upstream at a rate of 6418 and 9152 m/d. 
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data are frequently used in conservation planning (Fraser et al., 2018). A 
necessary first step towards incorporating movement information into 
conservation planning is quantifying movement attributes to inform the 
scale of conservation actions (Allen and Singh, 2016). Our work pro
vides quantitative estimates of movement framed within the increas
ingly applied framework of heterogenous mixtures of stationary and 
mobile components in fish populations (Skalski and Gilliam, 2000; 
Radinger and Wolter, 2014). The strong relationship between mobile 
component movement rate and minimum fragment length estimates 
suggests that the scale of movement for PBS fishes might already be 
incorporated into conservation assessments indirectly using these min
imum thresholds (e.g., USFWS status assessments). Whether or not 
movement by the mobile component alone is necessary for population 
persistence requires additional research, but our results suggest the 
mobile components represented approximately half or more of the in
dividuals in the populations studied for all species except Prairie Chub. 
Conservation of these mobile fishes is likely to improve in the future 
with broader application of the movement framework we developed 
here and recognition that the scale of conservation actions necessary to 
benefit PBS fishes is likely much broader than their diminutive body size 
might suggest (Perkin and Gido, 2011). 

Two alternative management strategies have been proposed to 
enhance conservation of North American Great Plains PBS fishes. 
Strategy One places focus on fine-scale, local habitat heterogeneity and 
floodplain connectivity. Medley and Shirey (2013) suggested manage
ment actions aimed at reducing bank stability (e.g., removal of jetty 
jacks and non-native vegetation) and restoring historical natural flow 
regimes (e.g., through dam release operations) would be useful for 
reactivating lateral channel migration and bank erosion to ultimately 
create low-velocity main channel or floodplain habitats. The theory 
behind these actions is that upstream retention of ichthyoplankton 
would be enhanced and recruitment and population growth rates might 
increase (Valdez et al., 2019, 2021). Medley and Shirey (2013) sug
gested that fragmented longitudinal connectivity was not a primary 
cause of PBS imperilment, and that serial fragmentation of habitats 
would not be problematic if small, fragmented habitats contained 
floodplain-like architecture. Indeed, studies have shown that drift dis
tances are shorter in more heterogenous habitats (Worthington et al., 

Table 3 
Fish movement parameters based on fitting a double-normal leptokurtic model 
to field observations of movement for seven species of North American Great 
Plains pelagic-broadcast spawning fishes. Movement rate was calculated by 
dividing total displacement (m) by the number of days between mark and 
recapture prior to fitting the model. The numbers in parentheses are 95 % 
confidence intervals. Field data used in these analyses are shown in Fig. 2 panels 
h-n.  

Species Stationary rate 
(m/d) 

Mobile rate 
(m/d) 

Proportion 
stationary 

Plains Minnow 52 (10) 729 (52) 0.28 (0.05) 
Prairie Chub 30 (2) 668 (50) 0.75 (0.03) 
Shoal Chub 16 (2) 398 (44) 0.54 (0.06) 
Peppered Chub 46 (3) 990 (42) 0.59 (0.02) 
Smalleye Shiner 5 (1) 971 (68) 0.18 (0.04) 
Arkansas River 

Shiner 
178 (33) 1046 (89) 0.42 (0.07) 

Sharpnose Shiner 11 (2) 1003 (30) 0.05 (0.01)  

Fig. 3. Relationship between fish total length (mm) and daily movement rate 
for mobile components of populations for fishes included in the meta-analysis of 
Radinger and Wolter (2014; light gray points) and North American Great Plains 
pelagic-broadcast spawning fishes included in this study (black points). Species 
codes are ARS (Arkansas River Shiner), PLM (Plains Minnow), PEC (Peppered 
Chub), PRC (Prairie Chub), SNS (Sharpnose Shiner), SHC (Shoal Chub), and SES 
(Smalleye Shiner). 

Fig. 4. (a) Linear regression model for minimum fragment length in river ki
lometers (rkm) required for persistence as a function of the movement rate of 
the mobile component of populations for seven species of North American Great 
Plains pelagic-spawning fishes. (b) Linear regression model for conservation 
meta-status (1 = most imperiled, 4 = least imperiled) as a function of the 
movement rate by the mobile component of fish populations. Species codes are 
ARS (Arkansas River Shiner), PLM (Plains Minnow), PEC (Peppered Chub), PRC 
(Prairie Chub), SNS (Sharpnose Shiner), SHC (Shoal Chub), and SES (Small
eye Shiner). 
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2014) and under dam releases that mimic historical conditions rather 
than sustained high flows (Dudley and Platania, 2007). However, the 
conservation actions suggested by Medley and Shirey (2013) were under 
the pretense of no evidence for upstream movement by PBS fishes. Our 
results suggest adults of the PBS species we studied engaged in 
augmented dispersal, and that the most imperiled species exhibited 
upstream bias in movement that might benefit from maximized longi
tudinal connectivity. Therefore, Strategy Two involves the maintenance 
and restoration of broad-scale habitat connectivity to maximize the 
length of river available (Perkin et al., 2015a; Mollenhauer et al., 2021). 
Conservation actions undertaken with this perspective in mind generally 
include the installation of fish passage structures that maintain the 
longitudinal length of habitat available to fishes (Archdeacon and 
Remshardt, 2012; Pennock et al., 2018). Alternatively, small barriers to 
movement might be removed altogether, such as the removal of a cul
verted road crossing on the Double Mountain Fork Brazos River (Mayes 
et al., 2019). However, it should be noted that access to long, linear 
habitat of poor quality is insufficient to avoid decline or extirpation of 
PBS fishes (e.g., the highly modified Pecos River; Cheek and Taylor, 
2016). Consequently, management of both local habitat heterogeneity 
and quality and broad-scale longitudinal connectivity are both ulti
mately necessary for the conservation of PBS fishes. 

Our study has limitations and caveats that should be considered 
when interpreting the results. First, although we tagged 23,789 in
dividuals, we only recaptured approximately 5 % and the disposition of 
the other fish remains unknown. Still, our recapture rate was consistent 
with other studies of PBS fishes (Wilde, 2016; Platania et al., 2020) and 
samples sizes for individual species were consistent with those included 
in the meta-analysis of Radinger and Wolter (2014). We point out that 
the strongest evidence for upstream bias in movement came from the 
species with the largest sample sizes, suggesting future studies should 
focus on methods for increasing recapture rates (e.g., greater recapture 
efforts perhaps through coordination among research institutions). We 
suspect that remaining tagged fish were either present but not recap
tured because of incomplete seining detection (Mollenhauer et al., 2018) 
or because of local turnover of fish caused by movement of tagged fish 
out of the area and movement of untagged fish into the area (Rodríguez, 
2002). It is also plausible that some fish succumbed to natural mortality 
(Fitzpatrick, 2020), tagging mortality (Moore and Brewer, 2021), or tag 
loss during the study, though we attempted to reduce mortality by not 
tagging fish <40 mm TL. A related caveat is that fish <40 mm TL might 
engage in long distance movements and our study would not have 
captured this possibility (Chase et al., 2015; Archdeacon et al., 2018). 
We only tagged and recaptured fish during late spring and summer 
(March–August) and did not assess movement outside of this period. 
Although this is the primary reproductive period when movement might 
increase, it is possible that movements occurred during other seasons. A 
caveat related to our study design was the differences in river access 
among the three systems we studied and the resulting changes in the 
layout of tagging and searching reaches. These differences might have 
caused system-specific differences in our ability to detect movement 
distances and rates. However, we suggest that these differences were 
minimal compared to species-level differences in movement behavior 
because the species with some of the shortest and longest movement 
estimates (Shoal Chub and Sharpnose Shiner, respectively) occurred 
together in the Brazos River and were monitored with the same protocol. 
Furthermore, our emphasis on movement rate effectively controlled for 
differences in absolute distances and allowed for greater emphasis on 
how quickly fish moved through the studied riverscapes. Finally, our 
assessment of movement was over a relatively short window of time (i. 
e., generally 1 day to 1 month; Fig. S1) relative to the life span of the 
studied fishes (i.e., approximately 2 years). Application of these move
ment rates for extrapolation over longer time periods (e.g., an entire 
reproductive season or year; Steffensmeier et al., 2022) could lead to 
erroneous estimates of total distance moved if rates are heterogenous 
over time. Moreover, our holding and tagging of fish might have altered 

short-term behaviors that could have caused lesser or greater movement 
activity. However, we point out that the magnitudes of our movement 
estimates were consistent with previous studies over longer time periods 
(Wilde, 2016; Platania et al., 2020). For example, Wilde (2016) used 
mark-recapture to study the movement of Arkansas River Shiner and 
Plains Minnow and derived regression-based estimates of 415 m/d and 
339 m/d, respectively, across a gradient of 1–365 days. These values 
match the estimated median value for movement rate for stationary and 
mobile components for Arkansas River Shiner (612 m/d) and Plains 
Minnow (390 m/d) from this study. However, Wilde (2016) also looked 
at Peppered Chub and found no relationship between movement and 
time at large. Recapture rates of all three species in the Wilde (2016) 
study and our study are low when compared to the number of in
dividuals unaccounted for still at large. The advent of smaller tags and 
improved understanding of seining detection limits (Mollenhauer et al., 
2018) suggest future studies might be able to increase recapture rates. 
Ultimately, we hope researchers can improve on the movement assess
ment framework we provide here to get a more accurate depiction of the 
mobile and stationary component of these species’ populations. A 
challenge that must be overcome is the development of methods used to 
follow fish movement over longer time periods (months to years). 

Pelagic-broadcast spawning fishes represent some of the most 
imperiled fish in North America, yet the role that widespread habitat 
fragmentation has played in their decline is debated (Medley and Shirey, 
2013) and additional information on their movement behavior is needed 
(Worthington et al., 2018). Early works documenting the life history of 
PBS fishes noted the potential for long-distance downstream transport of 
ichthyoplankton and the need for reciprocal upstream movements later 
in life (Moore, 1944; Cross, 1950). Correlative analyses of PBS fish 
persistence revealed strong relationships between PBS fish occurrence 
and longitudinal length of river between dams, lending some credence 
to the idea that space for fish to move might be important (Dudley and 
Platania, 2007; Perkin and Gido, 2011; Wilde and Urbanczyk, 2013; 
Perkin et al., 2015b). However, historically limited research on move
ment by PBS fishes did not reveal evidence of long-distance upstream 
movements sufficient to offset estimated downstream transport dis
tances, leading some to question the necessity of preservation or resto
ration of longitudinal habitat connectivity (Medley and Shirey, 2013). 
These contrasting conservation perspectives pointed to two potential 
management frameworks, one focused on longitudinal connectivity with 
little focus on local-scale channel morphology and the other focused on 
the inverse. Our research fills a previous void in knowledge on move
ment rates, including upstream biased movements of potentially suffi
cient distances (based on extrapolation) to offset downstream drift 
during early life stages. Though local-scale habitats of sufficient quantity 
and quality for reproduction, feeding, and refugia (Strategy One) are 
necessary for all fishes to persist (Schlosser and Angermeier, 1995)—and 
PBS fishes are no exception—our work highlights additional broad 
spatial scale habitat connectivity requirements for PBS fishes (Strategy 
Two). Our findings relate to riverine fishes worldwide facing major 
threats of flow modification, and habitat degradation and fragmentation 
(Dudgeon et al., 2006; Liermann et al., 2012). 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.biocon.2024.110585. 

CRediT authorship contribution statement 

Zachary D. Steffensmeier: Writing – review & editing, Writing – 
original draft, Visualization, Validation, Resources, Methodology, 
Investigation, Formal analysis, Data curation, Conceptualization. Kevin 
B. Mayes: Writing – review & editing, Writing – original draft, Funding 
acquisition, Conceptualization. Joshuah S. Perkin: Writing – review & 
editing, Writing – original draft, Visualization, Validation, Supervision, 
Resources, Project administration, Methodology, Investigation, Funding 
acquisition, Formal analysis, Data curation, Conceptualization. 

Z.D. Steffensmeier et al.                                                                                                                                                                                                                       

https://doi.org/10.1016/j.biocon.2024.110585
https://doi.org/10.1016/j.biocon.2024.110585


Biological Conservation 293 (2024) 110585

10

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgements 

This research was partially funded by the Texas Parks and Wildlife 
Department through the U.S. Fish and Wildlife Service Grant titled TX E- 
197-R-1, F20AP00106, “Measuring and Predicting Movement Ecology 
for Imperiled Great Plains Fishes in Texas” under the authority of the 
Cooperative Endangered Species Conservation Fund Grant Program. We 
thank M. Acre, M. Booknis, H. Evans, R. Mangold, H. Roberts, N. Santee, 
A. Stafford, L. Stevens, and L. Yancy for assistance with collection of data 
in the field. 

References 

Albers, J.L., Wildhaber, M.L., 2017. Reproductive strategy, spawning induction, 
spawning temperatures and early life history of captive sicklefin chub Macrhybopsis 
meeki. J. Fish Biol. 91 (1), 58–79. 

Allen, A.M., Singh, N.J., 2016. Linking movement ecology with wildlife management and 
conservation. Front. Ecol. Evol. 3, 155. 

Altenbach, C.S., Dudley, R.K., Platania, S.P., 2000. A new device for collecting drifting 
semibuoyant fish eggs. Trans. Am. Fish. Soc. 129 (1), 296–300. 

Anscombe, F.J., Glynn, W.J., 1983. Distribution of the kurtosis statistic b 2 for normal 
samples. Biometrika 70 (1), 227–234. 

Archdeacon, T.P., Remshardt, W.J., 2012. Observations of hatchery-reared Rio Grande 
silvery minnow using a fishway. N. Am. J. Fish Manag. 32 (4), 648–655. 

Archdeacon, T.P., Davenport, S.R., Grant, J.D., Henry, E.B., 2018. Mass upstream 
dispersal of pelagic-broadcast spawning cyprinids in the Rio Grande and Pecos River, 
New Mexico. Western North American Naturalist 78 (1), 100–105. 

Archdeacon, T.P., Gonzales, E.J., Thomas, L.I., 2022. Movement of red shiner during a 
regulated, intentional surface-flow recession. Ecol. Freshw. Fish 31 (2), 358–368. 

Archdeacon, T.P., Dudley, R.K., Remshardt, W.J., Knight, W., Ulibarri, M., Gonzales, E.J., 
2023. Hatchery supplementation increases potential spawning stock of Rio Grande 
silvery minnow after population bottlenecks. Trans. Am. Fish. Soc. 152 (2), 187–200. 

Bauer, D.F., 1972. Constructing confidence sets using rank statistics. J. Am. Stat. Assoc. 
67 (339), 687–690. 

Benke, A.C., Cushing, C.E., 2005. Rivers of North America. New York City: Elsevier 2005, 
282–325. 

Bestgen, K.R., Mefford, B., Bundy, J.M., Walford, C.D., Compton, R.I., 2010. Swimming 
performance and fishway model passage success of Rio Grande silvery minnow. 
Trans. Am. Fish. Soc. 139, 433–448. 

Betts, M.G., Wolf, C., Pfeifer, M., Banks-Leite, C., Arroyo-Rodríguez, V., Ribeiro, D.B., 
Ewers, R.M., 2019. Extinction filters mediate the global effects of habitat 
fragmentation on animals. Science 366 (6470), 1236–1239. 

Bottrell, C., Ingersol, R., Jones, R., 1964. Notes on the embryology, early development, 
and behavior of Hybopsis aestivalis tetranemus (Gilbert). Trans. Am. Microsc. Soc. 83 
(4), 391–399. 

Brauer, C.J., Beheregaray, L.B., 2020. Recent and rapid anthropogenic habitat 
fragmentation increases extinction risk for freshwater biodiversity. Evol. Appl. 13 
(10), 2857–2869. 

Campbell Grant, E.H., Lowe, W.H., Fagan, W.F., 2007. Living in the branches: population 
dynamics and ecological processes in dendritic networks. Ecol. Lett. 10 (2), 165–175. 

Chase, N.M., Caldwell, C.A., Carleton, S.A., Gould, W.R., Hobbs, J.A., 2015. Movement 
patterns and dispersal potential of Pecos bluntnose shiner (Notropis simus pecosensis) 
revealed using otolith microchemistry. Can. J. Fish. Aquat. Sci. 72 (10), 1575–1583. 

Cheek, C.A., Taylor, C.M., 2016. Salinity and geomorphology drive long-term changes to 
local and regional fish assemblage attributes in the lower Pecos River, Texas. 
Ecology of Freshwater Fish 25 (3), 340–351. 

Conners, M.G., Sisson, N.B., Agamboue, P.D., Atkinson, P.W., Baylis, A.M., Benson, S.R., 
Maxwell, S.M., 2022. Mismatches in scale between highly mobile marine megafauna 
and marine protected areas. Front. Mar. Sci. 9, 897104. 

Cooke, S.J., Martins, E.G., Struthers, D.P., Gutowsky, L.F., Power, M., Doka, S.E., 
Krueger, C.C., 2016. A moving target—incorporating knowledge of the spatial 
ecology of fish into the assessment and management of freshwater fish populations. 
Environ. Monit. Assess. 188 (4), 1–18. 

Cross, F.B., 1950. Effects of sewage and of a headwaters impoundment on the fishes of 
Stillwater Creek in Payne County, Oklahoma. The American Midland Naturalist 43 
(1), 128–145. 

D’Agostino, R., Pearson, E.S., 1973. Tests for departure from normality. Empirical results 
for the distributions of b 2 and√ b. Biometrika 60 (3), 613–622. 

Dudgeon, D., Arthington, A.H., Gessner, M.O., Kawabata, Z.I., Knowler, D.J., 
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