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Abstract

1. Reservoirs and associated river fragments are novel ecosystems not experienced

by fishes in their evolutionary history, yet they are now commonplace across the

globe. Understanding how fishes use these novel habitats is vital to conservation

efforts in contemporary riverscapes.

2. Movement patterns of the endangered razorback sucker (Xyrauchen texanus)

synthesized from tagging efforts in the upper Colorado River basin, USA, illustrate

the applications of tagging technology and data sharing by multiple agencies to

better understand the spatial ecology of large river fishes.

3. Tagging studies between 2014 and 2018 in Lake Powell and its two main

tributary rivers, the Colorado (unfragmented) and San Juan (waterfall-fragmented),

were used to quantify movement of razorback sucker within this river–reservoir

habitat complex. In addition, facilitated translocations of fish upstream of a

waterfall barrier in the San Juan River were assessed in 2016–2017.

4. Extensive movement of fish occurred within and across river and reservoir

habitats. Of 722 fish captured in the Colorado River arm of Lake Powell, 36%

of re-encounters occurred upstream in the Colorado or Green rivers, or fish

dispersed through the reservoir and were detected in the San Juan River arm.

Fourteen fish moved more than 600 km. In the San Juan arm of the reservoir,

29% and 20% of fish in 2017 and 2018, respectively, had moved �30–40 km

upstream below the waterfall in the San Juan River within a year. In 2016–2017,

303 fish were translocated upstream of the waterfall into the San Juan River, but

80% were re-encountered downstream of the waterfall within a year.

5. Long-distance movements by razorback sucker were common within and among

rivers and reservoirs illustrating how large river fish, in general, might maintain

population connectivity in highly altered ecosystems.
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1 | INTRODUCTION

Many freshwater fishes occupy novel ecosystems (sensu Hobbs

et al., 2006) that blend vestiges of natural landscapes with anthropo-

genic additions. The creation of novel aquatic ecosystems through

damming and lentification of rivers is ubiquitous across the globe

(Grill et al., 2019; Sabater, 2008), resulting in altered flow and temper-

ature regimes, decreased floodplain connectivity, and restricted move-

ment of aquatic organisms (Pelicice, Pompeu, & Agostinho, 2015;

Reidy Liermann, Nilsson, Robertson, & Ng, 2012). Dams cause reduc-

tions in biodiversity (Reidy Liermann et al., 2012), population abun-

dance (Junge, Museth, Hindar, Kraabol, & Vollestad, 2014), dispersal

ability (Rolls, Ellison, Faggotter, & Roberts, 2013), and the capacity of

populations to buffer themselves against environmental stochasticity

(Dunham, Young, Gresswell, & Rieman, 2004; Perkin et al., 2019;

Perkin, Gido, Costigan, Daniels, & Johnson, 2015). Reservoirs and

river fragments between reservoirs consist of altered abiotic condi-

tions and combinations of species that may not have shared an evolu-

tionary history (Havel, Lee, & Vander Zanden, 2005; Hobbs

et al., 2006). Given the prevalence (and perhaps permanence) of

altered river systems, understanding how native species use these

systems can improve management of their populations in contempo-

rary riverscapes (Buckmeier, Smith, Fleming, & Bodine, 2014).

Although movement is a necessity for freshwater fish, it is under-

studied for many species and the scale at which movement occurs is

unclear and difficult to ascertain (Cooke et al., 2016; Cooke, Paukert, &

Hogan, 2012; Fausch, Torgersen, Baxter, & Li, 2002; Schlosser, 1991).

Populations often consist of individuals displaying heterogeneous

movement strategies whereby most individuals move relatively short

distances and a smaller contingent make longer distance movements

(Fraser, Gilliam, Daley, Le, & Skalski, 2001; Radinger & Wolter, 2014;

Rodríguez, 2010). Fish make movements to gain access to patchily

distributed resources, critical habitats (e.g. spawning habitat), and cap-

italize on favourable environmental conditions (Lucas & Baras, 2001).

These movements influence demographic processes such as

immigration and emigration, possible genetic exchange, and function-

ally connect habitats through transfer of materials and subsidies

(Childress, Allan, & McIntyre, 2014; Cooke et al., 2016; Flecker

et al., 2010). Conservation of mobile fish species is challenged by con-

tinued habitat degradation and blocked migration routes (McIntyre

et al., 2016), and a lack of data on the spatial ecology of species in

river–reservoir systems hinders management efforts (Clarke, Telmer, &

Shrimpton, 2007; Cooke et al., 2016).

The Colorado River basin, USA, epitomizes the novel ecosystem.

Water storage reservoirs, and associated dams, have transformed and

fragmented rivers, causing habitat loss and restricting access to

potentially important native fish habitat (Minckley & Deacon, 1991).

Colorado River basin fishes may have evolved to use spatially and

temporally disjunct habitats including the Colorado River Delta

(Glenn, Lee, Felger, & Zengel, 1996; Sykes, 1937), volcanically

impounded reaches (Dalrymple & Hamblin, 1998), and other lentic

environments created by high water events (i.e. Salton Sea;

Minckley, 1983). These fish must now cope with an abundance of

lacustrine environments, created by artificial barriers, that are habitat

for introduced fishes (Clarkson, Marsh, Stefferud, & Stefferud, 2005).

Because native fishes no longer have access to a large, diverse

network of connected habitats, they are restricted to fragmented

populations in highly altered habitats and there is a need to

understand habitat use and how fish are moving through these

novel ecosystems.

Razorback sucker (Xyrauchen texanus) is one of the imperilled,

endemic species in the Colorado River Basin and understanding its

movement ecology has been complicated by habitat alterations.

Razorback sucker make movements for spawning, rearing, and refuge,

and they use a variety of habitats including mainstem rivers, smaller

tributaries, floodplain wetlands, and reservoirs (Albrecht et al., 2018;

Bottcher, Walsworth, Thiede, Budy, & Speas, 2013; Cathcart,

McKinstry, MacKinnon, & Ruffing, 2019). Early studies in the

Colorado River basin suggested that razorback sucker were sedentary

outside the spawning season, but could move long-distances (> 100 km)

to spawn (Modde & Irving, 1998; Tyus & Karp, 1990). The presumed

sedentary nature of razorback suckers is cited in recovery documents

(USFWS, 1998) and recent studies (Durst & Francis, 2016). Studies of

stocked fish over broader spatial extents (>1,000 km) have focused

mainly on post-stocking dispersal using physical recapture data, and

indicate that a few individuals move long distances (514–684 km;

Durst & Francis, 2016; Zelasko, Bestgen, & White, 2010). For example,

Zelasko et al. (2010) showed that the longest movements made

were those initially following stocking events and movements were

mostly in downstream directions. Despite knowledge of how

fragmentation and study design influence interpretations of fish

movement (Gowan, Young, Fausch, & Riley, 1994), razorback sucker

movement studies are typically limited in spatial extent because of the

remoteness of study areas and the resources needed to tag and recap-

ture sufficient numbers of fish to adequately describe movement pat-

terns. However, by combining passive integrated transponder (PIT)

tagging technology across the basin and developing data-sharing

programmes by multiple agencies, data can begin to be synthesized

across a broader geographical extent to discern the scales at which indi-

viduals in the Colorado River basin are moving among novel reservoir

and river habitats, which may lead to a better understanding of popula-

tion connectivity and further the conservation of the species.

Assessing movement is critical to evaluate connectivity within a

novel ecosystem featuring large river corridors connected to a large

reservoir. Extensive tagging and stocking efforts across the Colorado

River basin can provide a better understanding of the spatial ecology

of imperilled fishes. Movements were characterized of razorback

sucker collected in Lake Powell into its two main tributary inflows that

have contrasting access to upstream river habitats. Specifically, Lake

Powell is fed by the Colorado River that offers fish unimpeded access

to the upper Colorado River and associated tributaries. In contrast,

the San Juan River is blocked by a 6 m tall waterfall approximately

30 km upstream of the current river–reservoir transition zone

(Cathcart, Pennock, et al., 2018). By linking PIT-tags to encounter

records compiled in a multi-agency database and tracking acoustic-

tagged fish, basin-wide dispersal capability was assessed, the
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proportion of fish moving between the reservoir and rivers, and

movement of razorback sucker translocated upstream of the waterfall

barrier. Specifically three questions were addressed: 1. Where do

razorback sucker captured in the Colorado River arm of Lake Powell

redistribute?, 2. What is the proportion of fish moving upstream from

the San Juan River arm of Lake Powell to the waterfall?, and 3. Where

do fish move after translocation and what proportion of fish return

below the waterfall? Given that fish populations consist of individuals

displaying heterogeneous movement behaviours (Radinger &

Wolter, 2014), it was expected that the majority of individuals would

remain in the river–reservoir inflow and some fish would move into

rivers upstream of Lake Powell. Although movement into the San Juan

River is impeded by a waterfall, it was still expected that fish would

make annual movements between the reservoir and river below the

waterfall. For translocated fish, it was expected that individuals would

move relatively long distances into upstream river habitat deemed

suitable for spawning and most fish would remain resident in the San

Juan River (Cathcart, Pennock, et al., 2018).

2 | METHODS

2.1 | Study area

The upper Colorado River basin drains parts of Colorado, New

Mexico, Utah, and Wyoming before entering Lake Powell, an

impoundment that has inundated the historical confluence of the

Colorado and San Juan rivers since Glen Canyon Dam was closed in

1963 (Figure 1). At full pool, Lake Powell inundates the Colorado

River arm 299 km upstream approximately 30 km downstream from

F IGURE 1 Major rivers and
reservoirs of the upper Colorado
River basin. Sampling for the
occurrence of razorback sucker in
Lake Powell reservoir inflow areas
occurred in the Colorado River arm
(CRA) and San Juan River arm (SJRA).
Sampling efforts occur throughout
the basin for various projects (grey
shading), and various PIT-tag antenna
arrays have been installed or are
maintained seasonally (filled dots).

Antenna arrays are installed at several
diversion weirs with associated fish
passages (yellow filled dots). The
Piute Farms Waterfall (Waterfall
barrier) is located at the upper end of
the San Juan River arm of
Lake Powell
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the confluence with the Green River. The San Juan River arm is

inundated for approximately 110 km upstream of its historical conflu-

ence with the Colorado River.

Management for imperilled fishes consistently occurs in three

major river systems (Green, Colorado, and San Juan rivers) of the

upper Colorado River basin. These rivers differ in mean annual

discharge and the degree to which small diversion structures impede

movement in upstream reaches (Figure 1). For instance, from 2014

to 2018 mean annual discharge from the Colorado and Green rivers

combined was about eight times that of the San Juan River (USGS

gauge data). Fishes in Lake Powell have access to upstream river

habitat on the Colorado River arm of the reservoir. On the San

Juan River arm, upstream access is limited by the Piute Farms

Waterfall (hereafter referred to as the ‘waterfall’). The waterfall

recently emerged in the inflow area after reservoir elevations

dropped following the reservoir initially filling to capacity in the

1980s and the river cutting a new channel through deposited sedi-

ments (see Cathcart, Pennock, et al., 2018 for more details). With the

exception of a 2-week inundation event in late July and early August

of 2011, the waterfall has presented a complete barrier to upstream

fish movement since 2001 and periodically formed in two different

places between 1992 and 2001 (Durst & Francis, 2016; Ryden &

Ahlm, 1996). In addition to variable access to river habitat directly

upstream of Lake Powell inflow areas, fishes must also contend with

problems of fragmentation further upstream, where eight relatively

large diversion structures are located on the Green, Colorado, Gunni-

son, and San Juan rivers. These structures have varying degrees of fish

passage capability, including no passage structure, non-selective

passages, or selective passages (Figure 1). Although fish passages can

increase the functional connectivity of fish populations (Birnie-Gauvin,

Franklin, Wilkes, & Aarestrup, 2019; McLaughlin et al., 2013; Pennock,

Bender, et al., 2018), no quantitative evaluation (e.g. passage

efficiency; Noonan, Grant, & Jackson, 2012; Roscoe & Hinch, 2010)

of passage structures has been completed in the upper Colorado

River basin apart from documenting the presence and relative abun-

dance of fish species captured or detected within, upstream, or

downstream of passages.

Recovery and maintenance of razorback sucker relies on intense

management efforts administered through two federal recovery

programmes. These programmes include a multidisciplinary group of

researchers representing state, federal, tribal and private stakeholders.

Accordingly, joint activities include education and outreach, operating

hatchery facilities, and the formation of a centralized tagging

database. As part of coordinated stocking efforts, most razorback

sucker have been PIT-tagged prior to being stocked into upper

Colorado and San Juan river systems (Cathcart, Pennock, et al., 2018),

and all research and monitoring efforts associated with the

programmes scan captured fishes for PIT-tags and tag previously

untagged individuals. The programmes maintain a centralized

database, in which all fish stocking, capture, tagging, and tag

detection records are compiled from efforts across the entire upper

Colorado River basin, including the San Juan River and Lake Powell

(STReaMS, 2018).

2.2 | Data summary and analysis

All razorback sucker occurring in Lake Powell were stocked in

upstream rivers and have moved downstream into the reservoir since

being stocked. Although untagged fish are captured in the reservoir,

the proportion of untagged fish either matches that from upstream

rivers (e.g. tag loss in fishes from the Green, Colorado, and Gunnison

rivers; Zelasko et al., 2010), or age estimates of untagged fish overlap

with year classes of hatchery fish being stocked without PIT-tags in

2006 and 2007 (e.g. San Juan River arm; Furr, 2016). The lacustrine-

transition zones (Thornton, Kimmel, & Payne, 1990) of the Colorado

River arm of Lake Powell (CRA in Figure 1 & 2) were sampled in April,

May, and June from 2014 to 2016 to assess the occurrence and num-

ber of razorback sucker (Albrecht et al., 2018). Fish were sampled with

a combination of trammel nets and boat electrofishing. Any captured

but previously untagged razorback sucker were PIT-tagged (Biomark,

Boise, Idaho, 12-mm full-duplex, 134.2 kHz) before release. Concomi-

tant with sampling events, a total of 44 razorback sucker were tagged

with acoustic telemetry tags (Sonotronics, Inc., Tuscon, AZ, CT-

05-48). Acoustic-tagged fish were either stocked from a hatchery

(n = 13) or captured in the reservoir (n = 31) and released. To assess

the redistribution of fish tagged in the reservoir, records were identi-

fied in the STReaMS database of razorback sucker physically captured

in 2014–2016 in the Colorado River arm of Lake Powell. Then, the

STReaMS database was queried for all post-capture re-encounters

(physical captures, PIT-tag detections, telemetry detections) of these

fish across the entire upper Colorado River basin. The distance was

calculated between fish capture location in Lake Powell and their

most upstream encounter. For this objective, re-encounters could

have taken place any time between the capture of a fish in Lake Pow-

ell and December 13, 2018, when the database was queried. A stan-

dard set of river kilometres was provided with the STReaMS database

to calculate movement distances for all objectives. From these data,

frequency histograms (bin width = 25 km) were plotted of absolute

movement distances (i.e. all values were considered positive). Kurtosis

of this distribution was tested using an Anscombe-Glynn's test of kur-

tosis (Anscombe & Glynn, 1983) using the ‘anscombe.test’ function in

the moments package in Program R version 3.5.1 (Komsta &

Novomestky, 2015; R Core Team, 2018). Logistic regression was per-

formed using the ‘glm’ function to assess whether days at large and

fish total length were significant (α = 0.05) predictors of whether a fish

was encountered outside of the capture area. Likelihood ratio tests

were used to assess significance using the ‘Anova’ function in the car

package (Fox & Weisberg, 2011). For fish that moved outside of the

capture area, correlations were tested between movement distances

and days at large and fish total length, two common predictors of fish

movement (Radinger & Wolter, 2014).

Fish samplingeffortsoccurred throughout theupperColoradoRiver

basin but varied in spatial and temporal distribution and sampling

methods depending on the goals of individual projects, including sam-

pling for non-native fish removal, Colorado pikeminnow (Ptychocheilus

lucius) and humpback chub (Gila cypha) population estimates, adult

native fish monitoring, and various other research projects across
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>1,800 km of river (Figure 1; Cathcart, Pennock, et al., 2018; Franssen,

Davis, Ryden, & Gido, 2014; Zelasko et al., 2010). In addition to efforts

that physically capture fish, the use of PIT-tag antennas to re-encounter

PIT-tagged fishes has increased throughout the basin at mainstem and

tributary stream locations (Bottcher et al., 2013; Cathcart, Gido,

McKinstry,&MacKinnon, 2018;Cathcart, Pennock, et al., 2018). In addi-

tion, acoustic receiverswere opportunisticallymaintained and deployed

in both armsof LakePowell. Thus, analysiswas limited toquantifying the

broad dispersal capability of razorback sucker outside the Colorado

River arm of the reservoir because sampling was not standardized, and

representative PIT-tag antenna and acoustic receiver locationswere not

placed systematically throughout thebasin.

To quantify the proportion of razorback sucker moving between

reservoir and river habitats, capture data were used from 2017 and

2018 in the San Juan River arm of Lake Powell (SJRA in Figure 1)

and PIT-tag detection data from 2017 and 2018 at the waterfall

upstream on the San Juan River. Fish sampling was conducted in the

lacustrine-transition zones of the San Juan River arm of Lake Powell

with trammel netting and electrofishing, as previously described

for the Colorado River arm. PIT-tag detections were compiled by a

submersible antenna (Biomark, Inc., Boise, Idaho) located directly

downstream of the waterfall. Estimates of exchange between reser-

voir and river habitat were considered to be more robust in the San

Juan River arm, because migrating fish aggregate below the waterfall,

creating high tag detection probabilities for PIT-tag antennas there

(0.6–0.9; Cathcart, Pennock, et al., 2018). The proportion of fish cap-

tured in the reservoir and then detected at the PIT-tag antenna below

the waterfall within a calendar year (365 days post-capture) was cal-

culated and non-parametric confidence intervals for the proportion of

fish moving were estimated using 10,000 bootstrap iterations.

To mimic historical access to river habitats in the San Juan River

upstream of the waterfall, razorback sucker were translocated

upstream of the waterfall in late winter – early spring of 2016 and

2017. Fish were translocated during this period because detections

and captures indicated abundant sexually mature, ripe fish directly

below the waterfall during periods when temperatures and flows were

approaching or at observed spawning conditions (Cathcart, Pennock,

et al., 2018). Razorback sucker were captured below the waterfall

with raft-mounted electrofishing, scanned for the presence of a PIT-

tag, injected with one if one was not present, and translocated by

motorized raft up to 3.5 km upstream depending on flow conditions.

Although fallback of translocated fish is possible (Hagelin, Calles,

Greenberg, Nyqvist, & Bergman, 2016), it was assumed that fish were

motivated to move upstream based on the number of fish in spawning

condition (Cathcart, Pennock, et al., 2018). Fish could not be trans-

ported further upstream because of a rapid and cobble bar (�1 km

long) that were not passable by boat. A subset of fish was also tagged

either with acoustic tags in 2016 (n = 10) or dual acoustic-radio telem-

etry tags in 2017 (n = 32; ART-01-80). Fish could be re-encountered

via a combination of physical re-captures, passive detections (PIT),

and active detections in 2017 only (telemetry). ‘Minimum distance

moved’ was used to describe the river distance between the waterfall

and the most upstream encounter location. This term is described as a

‘minimum’, because only data on the first and last encounter locations

was used, not any movement between or outside these two points.

Similarly, ‘minimum river residence time’ was calculated as the number

of days between the translocation of a fish and when it was last

encountered in the river. This metric is a conservative estimate as it is

not known if a fish left the river after re-encounter. Whether any of

these fish returned downstream of the waterfall was assessed using

F IGURE 2 Most upstream encounter
locations (physical captures, PIT-tag detections,
and telemetry detections) of individual razorback
sucker (n = 107; STReaMS, 2018) following
physical capture in the Colorado River Arm (CRA)
of Lake Powell reservoir in 2014–2016. The size
of dots corresponds to the number of individuals
encountered at a location

1544 PENNOCK ET AL.



physical re-captures, passive detections (PIT and acoustic telemetry in

the reservoir), and active detections (radio telemetry in the river).

3 | RESULTS

3.1 | Where do razorback sucker captured in the
Colorado River arm of the reservoir redistribute?

Between 2014 and 2016, 722 individual razorback suckers (mean ± SD;

485 ± 57 mm TL) were captured in the Colorado River arm of Lake

Powell. Most (87%) of these fish had stocking records in upper

basin rivers (Table 1). The majority, 427 fish (59%), were never re-

encountered, so are not reported on further. In total, 295 fish were

re-encountered after capture. Sixty-four per cent (n = 188 of 295)

were only re-encountered within the original capture area, and 108 of

those individuals were recaptured in multiple years. Thirty-six per cent

(n = 107 of 295) were either recaptured (n = 8) or detected (n = 99)

outside the capture area including in the Green and Colorado river

systems as well as across the reservoir in the San Juan River arm of

Lake Powell (Figure 2). Of these 107 fish, 33 were originally captured

in 2014, 40 in 2015, and 35 in 2016. The distribution of movement

distances (n = 295) showed significant kurtosis (kurtosis = 3.86,

P = 0.01; Figure 3). Fish that were at large for longer periods of time

were more likely to be encountered outside the capture area

(GLM: likelihood ratio = 57.8, P < 0.001), but fish total length was not

a significant predictor (likelihood ratio = 3.2, P = 0.08). Of fish that left

the capture area, distance moved was not correlated with days at

large (r = −0.08, df = 105, P = 0.39) or fish total length (r = 0.04,

df = 105, P = 0.67). Passive detections on PIT-tag antennas comprised

the majority of re-encounters. Fifty-six fish were encountered in the

Green River at permanent PIT-tag antenna arrays near the Tusher

Diversion weir, approximately 300 km upstream of the reservoir

(Figure 3). After this antenna system was installed in May 2016, cumu-

lative tag detections sharply increased. Fish from all capture cohorts

were detected – specifically, 13 fish originally captured in 2014, 22 in

2015, and 21 in 2016. Opportunistically placed PIT-tag antennas in

the upper Green River detected 14 individuals approximately 600 km

upstream of the Lake Powell capture area. All re-encounters of fish in

the San Juan River arm of Lake Powell were passive detections of

either PIT-tags (n = 2) or acoustic telemetry tags (n = 17). Of these

17 acoustically tagged fish, 16 were fish captured from the reservoir

and one was stocked into the reservoir in 2015.

3.2 | What is the proportion of fish moving
upstream from the San Juan River arm of
Lake Powell to the waterfall?

Fish moved annually among reservoir and river habitats in the San

Juan River arm of Lake Powell, and proportions were relatively consis-

tent across years. In 2017, 147 razorback sucker (496 ± 39 mm TL)

were captured in the lacustrine transition zones of the San Juan RiverT
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arm of Lake Powell, �30–40 km downstream of the waterfall. After

being captured in the reservoir, 29% (95% CI [21–36%]) moved

upstream towards river habitat and were later detected at the water-

fall within a year of being captured in the reservoir. In 2018, 20%

(95% CI [12–30%]) of 74 reservoir-captured fish were detected at the

waterfall within a year.

3.3 | Where do fish move after translocation and
what proportion of fish return below the waterfall?

One hundred and fifty-two razorback suckers were captured and

translocated in 2016 and 151 in 2017 (492 ± 39 mm TL; Table 2). In

2016, nine of 152 fish were re-encountered in the river (Figure 4). Six

of those nine fish were physically recaptured, and three fish were

detected on PIT-tag antennas. Eight fish moved at least 99 km

upstream, including one fish that moved upstream 307 km to the Pub-

lic Service Company of New Mexico (PNM) diversion, which has a

selective fish passage structure. The minimum distance moved

upstream averaged 218 km, and minimum residence time ranged from

17 to 536 days. In 2017, 20 of 151 fish were re-encountered in the

river by physical recapture (n = 2), PIT-tag antenna detection (n = 4),

or telemetry detection (n = 14) with a range of minimum distances

travelled between 17 and 186 km and a minimum residence time

between 13 and 132 days. In general, fish were not detected as far

upstream in 2017 compared with 2016 (Figure 4). By July, active

F IGURE 3 Absolute distances moved by razorback sucker
(n = 295) that were initially captured in the Colorado River arm of
Lake Powell and encountered throughout the upper Colorado River
basin. Sixty-four per cent were only re-encountered within the
original capture area, and 36% were re-encountered outside the
original capture area. The distribution showed significant
leptokurtosis

TABLE 2 Summary of encounters (physical captures, PIT-tag detections, telemetry detections) of razorback sucker captured immediately
downstream of the Piute Farms Waterfall in 2016–2017 and subsequently translocated 0.2–3.5 km upstream into the San Juan River

Year
Number
translocated

Number
encountered in
river

Minimum distance
moved (km; mean, range)

Minimum residence time
(days; mean, range)

Number never
re-encountered

Number encountered
back in Lake Powell

2016 152 9 (6%) 218, 99–307 182, 17–536 27 (18%) 123 (81%)

2017 151 20 (13%) 90, 17–186 39, 13–132 27 (18%) 119 (79%)

Note: Percentages following numbers are relative to the number translocated in each year. Encounters were assessed via records in the STReaMS database

from the date of translocation until December 2018.

F IGURE 4 Encounter locations (physical captures, PIT-tag detections, or telemetry detections) of razorback sucker that were translocated
upstream of the Piute Farms Waterfall and into the San Juan River in 2016–2017. The most upstream encounter occurred at the Public Service
Company of New Mexico (PNM) Diversion (2016). Records accessed from the STReaMS database included any encounters after the date of
translocation until December 13, 2018
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telemetry trips covering 290 km of river detected none of the

32 telemetry-tagged fish upstream of the waterfall. The same number

of fish (n = 27) in both years were not re-encountered after transloca-

tion. Eighty per cent and 79% of translocated fish from 2016 and

2017, respectively, were re-encountered back downstream of the

waterfall within a year (Table 2).

4 | DISCUSSION

Razorback sucker movement was quantified across an entire river

basin relative to novel habitat types, including movements through a

large reservoir and upstream into river networks. By quantifying

movement potential across a broad spatial extent, these data

build on previous evidence of trans-basin movements (Durst &

Francis, 2016), and suggest that there is connectivity between

populations of razorback sucker in major tributary arms of the upper

Colorado River basin that is maintained by movement of more than a

few individuals. The distribution of movement distances displayed

significant kurtosis as has been reported from other studies on fish

movement (Fraser et al., 2001; Radinger & Wolter, 2014; Wells

et al., 2017), and about one-third of fish made long-distance move-

ments in this study. Also, because of limitations on where PIT anten-

nas were located, the number of fish making shorter movement

distances was likely to have been underestimated. Notably, 17 of

44 acoustic-tagged razorback sucker moved from the Colorado River

arm through lacustrine habitat to the San Juan River arm, a distance

of at least 170 km. These results suggest that razorback sucker have

high dispersal capability through both lacustrine and river habitats

and can move upstream distances of more than 600 km where uni-

mpeded in the current riverscape. The results also suggest that about

one-third of the individuals dwelling in the reservoir are moving

upstream to river habitat and this was consistent among years. This

is the minimum proportion of individuals making annual movements

from the reservoir to rivers upstream, given our assumption that all

fish migrating to the waterfall would be detected. Although reser-

voirs have been considered movement barriers for riverine species

(Hudman & Gido, 2013; Pelicice et al., 2015), the data suggest that

razorback sucker in Lake Powell and its adjoining tributary networks

function as metapopulations where there is notable exchange of indi-

viduals among major habitats.

Movement among spatiotemporally dynamic habitats is likely to

be important for long-lived, periodic strategists such as razorback

sucker, which are thought to have evolved bet-hedging strategies to

capitalize on environmental variation (e.g. water temperatures, flows)

that plays out over broad spatial and temporal extents (Schindler,

Armstrong, & Reed, 2015; Winemiller & Rose, 1992). Razorback

sucker are hypothesized to experience a recruitment bottleneck in

early life stages (Pennock, Farrington, & Gido, 2019; Schooley &

Marsh, 2007) and this obviously must be remedied to establish

genetic flow from migrating individuals. If recruitment conditions

vary across large spatial and temporal scales, however, it is important

that spawning adults can reach as many places as possible to

increase the chances of successful recruitment (Cathcart, Gido, &

Brandenburg, 2019; Lopes et al., 2019). Where fish have the most

access to river habitat in the upper Colorado River basin, recruitment

to adulthood by razorback sucker is still rarely documented (Bestgen

et al., 2017), suggesting that connectivity is not the only management

action required to ensure recovery of this species. Although increasing

or maintaining connectivity may not override other limiting factors,

such as temperature or rearing habitat necessary for successful

recruitment of early life stages (Bestgen, 2008; Bestgen, Beyers,

Haines, & Rice, 2006), it might increase the long-term viability of the

entire metapopulation by ensuring immigration–emigration pathways

are maintained and by allowing access to favourable habitats

(Fagan, 2002; Fullerton et al., 2010; Gido, Whitney, Perkin, &

Turner, 2016).

Although this study focused on the movement of razorback

sucker, the occurrence of riverine species in reservoirs, and movement

between reservoir arms and their associated river tributaries, is by no

means unique to the Colorado River basin. Substantial exchanges of

migrant fishes have been documented in other river–reservoir sys-

tems (Hladík & Kubečka, 2003; Říha et al., 2013), illustrating that

mobile fish functionally connect rivers and reservoirs. For instance,

Hladík and Kubečka (2003) found that 26 species and more than 11%

of all fish biomass in Římov Reservoir, Czech Republic, migrated

between the reservoir and the Malše River inflow. These movements

were mainly associated with spawning runs into the river by cyprinids

such as bleak (Alburnus alburnus), roach (Rutilus rutilus), and bream

(Abramis brama) (among others), but also included Eurasian perch

(Perca fluviatilis). Thus, reservoir-dwelling fishes will readily move

between lacustrine and riverine habitats, particularly rheophilic spe-

cies that might be searching for spawning or feeding habitat. Together

with movements for spawning (Graeb, Willis, & Spindler, 2009), fishes

might move among rivers and reservoirs to exploit spatiotemporally

dynamic habitats near inflow areas offering abundant food, such as

phytoplankton and zooplankton (Thornton et al., 1990), cover in tur-

bid water from high sedimentation rates (Miranda et al., 2010), and

complex habitat structure (deltas, submerged vegetation, higher water

temperatures) no longer found or limited in upstream portions of reg-

ulated rivers (Bestgen, Haines, & Hill, 2011; Buckmeier et al., 2014;

Volke, Scott, Johnson, & Dixon, 2015). Fisheries managers in reser-

voirs and rivers often have varying objectives (i.e. maximizing sport

fish production versus conservation of native species), and these habi-

tats have traditionally been managed as independent systems

(Buckmeier et al., 2014). Identifying mechanistic drivers of fish move-

ments within and among river and reservoir habitats could inform

managers of ecological costs and benefits (e.g. growth, diet, survival,

and spawning productivity) experienced by individuals exhibiting

these movements, which would ultimately help to manage these sys-

tems more holistically (Buckmeier et al., 2014).

The majority of fish translocated upstream of the waterfall barrier

on the San Juan River returned to the reservoir within a year. It is not

immediately clear why so many fish returned back downstream of the

waterfall. One possibility is that translocated fish were searching for

suitable habitat (Carpenter-Bundhoo et al., 2020) but happened to
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move too far downstream, similar to how fish might have entered the

reservoir after being stocked in the river. Alternatively, fish might

have encountered spawning habitat, contributed to spawning, and

actively moved back downstream to the inflow area where low-

velocity habitat and trophic resources are presumed to be high. In the

San Juan River upstream of the waterfall, spawning habitat might

occur only 30–40 km upstream where translocated fish were found to

aggregate immediately downstream of rapids and cobble bars in

spawning condition (i.e. expressing eggs or milt; B. Hines and

C. Pennock, pers. obs.). Translocation of fish is a means to mitigate

river fragmentation for native species at places such as the waterfall,

where preventing access to upstream river habitat by non-native

fishes (e.g. striped bass Morone saxatilis) is an objective for managers

(McLaughlin et al., 2013; Pennock, Durst, et al., 2018; Rahel &

McLaughlin, 2018). Downstream movements by most fish in this

study suggest that annual pre-spawn translocations of razorback

sucker would be necessary for fish to gain access to spawning habitat

upstream of the waterfall.

We acknowledge that the variable efforts used to re-encounter

fish across the basin might limit the interpretation of razorback sucker

dispersal patterns. For instance, although more translocated fish were

encountered in the San Juan River in 2017 than in 2016, efforts to re-

encounter fish were greater because of active telemetry tracking. In

addition, the different detection probabilities among various methods

used to re-encounter fish in this study (e.g., acoustic telemetry versus

PIT-tag antennas) prevented a more rigorous quantification of the rel-

ative proportion of razorback sucker that moved among habitats.

Even differences in detection probability using the same method but

at different locations (e.g. PIT-tag antennas at Tusher Diversion versus

the waterfall) probably exist and complicate quantitative efforts to

assess fish movements at the population level. For these reasons, rela-

tive differences in the number of encounters among specific locations

were not analysed, such as the number of fish detected at Tusher

Diversion versus the waterfall, but instead the analyses focused on

broad dispersal capabilities of razorback sucker throughout the upper

Colorado River basin.

Conservation managers must acknowledge the effect of novel

ecosystems on population dynamics of imperilled species. Novel

aquatic ecosystems are now ubiquitous across the globe (Havel

et al., 2005; Reidy Liermann et al., 2012), and many freshwater fishes

contend with altered habitats and species assemblages. Although con-

servation efforts are challenged by increasing imperillment of species

without a full understanding of the mechanisms driving their declines

(Closs, Krkosek, & Olden, 2016), management might be more effective

if efforts account for diverse life-history strategies (e.g. movements)

that increase population resilience to environmental change (Allen &

Singh, 2016; Hilborn, Quinn, Schindler, & Rogers, 2003; Schindler

et al., 2015). A more complete understanding of how species use vari-

able movement syndromes (Comte & Olden, 2018) among habitats in

contemporary riverscapes, such as between rivers and reservoirs,

could allow these habitats to be managed more completely for the

benefit of imperilled species – especially if management promotes and

maintains connectivity.
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