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Abstract

The efiTects o f rifQes as barriers to movement of stream fish were investigated in 

large, outdoor artificial streams. Rates of movement of three species of miimows 

(Cyprinidae) (Campostoma anomalum. Cvprineila venusta. and Notropis boops) among 

pools were measured at four riffle current velocities (0,15, 30 and 45 cm/s), three 

thalweg depths (10, 50 and 100 mm), two riffle lengths (183 and 549 cm), and with and 

without the threat of predation. Overall, results suggest that biotic and abiotic factors in 

streams influence movement rates and assemblage structure in stream pools. An 

individual based model of fish movement was developed and tested by comparing 

predicted distributions to actual distributions of fish in a six pool, five riffle artificial 

stream. Trials were conducted under three sets of conditions: 1) all riffles had the same 

thalweg depth and current velocity; 2) when two of the riffles were shallower and faster; 

and 3) the fiflh pool had a predator and the second pool had vegetative cover. Four 

different variations of the model were run, each with different parameters defining the 

movement of fish in simulated space. The best fit models suggest that it is important to 

take into account detailed information on species-specific behaviors, rather than 

accepting assumptions that species behaviors could be treated as redundant within a 

family or trophic guild. Movement of 100 Notropis boops and 100 Cam postoma 

anomalum were tracked over a 28 day period in Brier Creek (Marshall Co., Oklahoma). 

An individual-based model was used to predict the location of tagged individuals over 

the course of the experiment. Three different models were used: 1) a model with actual
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pool size and rifQe peimeability, 2) a model with all pools the same size and actual riffle 

permeability, and 3) a model with actual pool size, but all riffles 100% permeable. The 

model with actual pool size and riffle permeability was the most accurate, and the model 

with uniform pool size the least accurate.
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Chapter I

Riffles as barriers to inter-pool movement by three Cyprinids (Notropis boops, 

Campostoma annmalrnn. and Cvprineila venusta)



Summary

The effects of rifQes as barriers to movement of stream fish were investigated in 

large, outdoor artificial streams. Pools were 183 cm in diameter, 45 cm deep; rifQes 

were 183 cm long and 43 cm wide. Rates o f movement of three species of minnows 

(Cyprinidae) (Campostoma anomalum. Cvprineila venusta. and Notropis boops) among 

pools were measured at four rifQe current velocities (0,15,30 and 45 cm/s), three 

thalweg depths (10, 50 and 100 mm), two rifQe lengths (183 and 549 cm), and with and 

without the threat of predation. Visual observation and video tape were used to quantify 

movement rate. Mean movement rate (proportion of fish crossing a rifQe each 30 min.) 

was 18.1% at 0 cm/s and only 1.8 at 45 cm/s. Movement rate was 7.2% with no 

predators present and 20.2% with predators in pools. Notropis boops had a lower rate of 

movement than C. venusta or Ç. anomalum across all trials. The mean group size 

(number of individuals crossing a rifQe together) was 1.2 fish overall, indicating most 

movement was by individuals, and not groups. Group size was significantly greater only 

with shallow rifQes, or under the threat of predation. Overall, results suggest that biotic 

and abiotic factors in streams influence movement rates and assemblage structure in 

stream pools.



Introduction

Movement between habitats is essential in the life history of many stream fish 

(Schlosser 1992). In stream systems, species abundance can be influenced greatly by the 

boundaries between habitats, and the effect these boundaries have on dispersal 

(Dunning et al. 1992). Many stream fish mostly occur in pool habitats, and movement 

between pools may be regulated by barriers (riffles) between pools. As a result, stream 

pools and pool fish assemblages often are viewed as discrete units (Capone 1991 ; 

Matthews et al. 1994; Taylor 1997). The ability of species to move throughout a stream 

reach is important for populations in patchy environments (Sheldon and Meffe 1994). In 

highly disturbed habitats, species that can move quickly among patches will be able to 

recolonize faster, have access to new habitats, and may avoid predation more efficiently. 

Dispersal among patches also may be necessary to sustain populations in smaller 

patches that are prone to local extinction (Brown and Kordic-Brown 1977). Partial 

recolonization by Cyprinids (Cyprinidae) was observed firom 30 min to 5.8 d after a 

disturbance (Peterson and Bailey 1983). Meffe and Sheldon (1990) removed fish firom 

reaches of stream and demonstrated that pool assemblages returned to pre-disturbance 

states within one year, indicating rapid dispersal abilities. In a similar study, they 

tracked short term recolonization rates and found individuals of some species moving 

into defaunated pools within 2 days. Pools further firom a source of colonizers were 

slower to return to pre-disturbed states, indicating that dispersal ability may be affected 

by the physical structure of the stream and other potential isolating factors (Meffe and



Sheldon 1994). Matthews (1987) showed rapid (weeks) recolonization of recently 

rewatered stream reaches in Brier Creek (Oklahoma). Other studies have also shown 

that exchange of individuals with source populations is slower in pools isolated by 

distance or restricted flow (Taylor 1997; Lonzarich 1998). Properties of riffles (road 

crossings) also aflect rate of movement of fish between pools (Warren and Pardew 

1998). Shallower, longer, and faster-flowing road crossings restricted dispersal of 

marked fish among pools. Bart (1989) reported that assemblage consistency did not 

significantly increase at most sites after extensive sampling, suggesting nq)id 

recolonization.

The restricted movement paradigm (Gerking 1953; Gerking 1959; Gowan et al.

1994) states that many stream fishes are sedentary, and most adult individuals remain 

within a small home range. Movement by cyprinids has not been studied extensively 

(Goforth and Foltz 1998), with most work focused on larger temporal (weeks or 

months) or spatial (larger than individual pools) scales. Most studies on movement of 

fish in streams has focused on large game species (centrarchids and salmonids). For 

several species fCottus hairdi. Rhinichthvg rataractae, Clinostnmus funduloides. Percina 

nigrofasciata and Lepomis auritusL most marked individuals were captured within 10- 

30 m of release points over 6-18 month periods (Hill and Grossman 1987; Freeman

1995), indicating limited movement rates within home ranges. Whereas most 

individuals may stay in one area. Freeman (1995) and Hill and Grossman (1987) found 

that a small portion of “wanderers” move long distances. Other studies have indicated



that movement rates of a few fish may be higher than previously thought (Warren and 

Pardew 1998; Gowan et al. 1994). Goforth and Foltz (1998) estimated larger and more 

variable home ranges for a cyprinid (Notropis lutipinnisV and hypothesized that reduced 

habitat availability and pool width might increase movement by individuals in their 

study. If prey species are highly mobile, presence of predators also can increase 

movement out of pools with predators, and effectively isolate groups of fish by lowering 

movement firequency (Fraser et al. 1995). Cam postom a anomalum quickly move among 

pools or shift habitat use fipm pool centers to pool edges to avoid predators (Power and 

Matthews 1983; Power et al. 1985). Both abiotic (e.g., pool and rifQe size) and biotic 

(e.g. predation pressure or density of competitors) factors may influence movement rate 

of fishes at the scale of individual pools and rifQes. Thus, quantification of these effects 

may help explain some of the dynamic processes that regulate fish assemblage structure 

in streams.

The purpose of my study was to 1) quantify the rate of inter-pool movement by 

three common stream cyprinids, 2) examine how rifQes act as barriers to inter-pool 

movement and 3) test vdiat effects predation pressure has on movement rates of prey 

species. Specifically, I tested the hypotheses that increased rifQe length, decreased rifQe 

thalweg (maximum water depth) depth, and increased rifQe current velocity reduce 

movement among pools by stream cyprinids, and that pools with predators should be 

less desirable to fish and therefore increase inter-pool movement.



Methods

I used eight artificial streams located at the University of Oklahoma Biological 

Station to measure movement rates of Campostoma anomalum (central stoneroUer), 

Cvnrinella venusta (blackspot shiner) and Notropis boops (bigeye shiner) between 

pools. Each artificial stream unit consisted of two pools (183 cm in diameter, 45 cm 

deep) coimected by a rifQe (183 cm in length and 43 cm wide. Fig. 1). Submersable 

pumps circulated water from the downstream footbox to iq>stream pool headbox. Each 

pool had a small acrylic window in the side which allowed visual observations without 

disturbing fish. Substrate in streams consisted of cobble and gravel with a few large 

stones, and was sculpted to mimic natural pools and rifQes. Macrophytes were removed 

regularly from streams to increase accuracy of visual counts. I seined fish for these trials 

from Brier Creek (C. anomalum and N. boopsl (Marshall Co., Oklahoma), and 

Pennington Creek (Q. venustal (Johnson Co., Oklahoma). I used only adults >50mm SL, 

and removed (by seining) juveniles recruited into streams over the course of the 

experiment. All trials were conducted from March through September of 1996,1997, 

and 1998.

I measured movement rates at four current velocities (0 cm/s, 15 cm/s, 30 cm/s, 

and 45 cm/s), three rifQe thalweg depths (10 mm, 50 mm, and 100 mm), two rifQe 

lengths (183 cm and 549 cm), and with a predator (200-250 mm SL largemouth bass, 

Micropterus salm oidesi present in both pools. Normal rifQe conditions were defined as 

50 mm thalweg depth, 15 cm/s current velocity, and 183 cm length. For all trials, only



the variable being tested was altered, thus all other variables remained constant at 

normal conditions. For example, during thalweg depth trials current velocity remained 

at IS cm/s and length at 183 cm Wule thalweg depth was manipulated (10,50, and 100 

mm). For rifQe length trials, thalweg depth remained at 50 mm and velocity at 15 cm/s 

for the two rifQe lengths. This approach did not allow testing of interaction efTects 

between variables, but sample sizes necessary to test all combinations of all variables 

for all three species would have been prohibitive. I employed extra pumps (for deeper 

thalweg) or valves to constrict pump output (for shallower thalweg) to keep riffle 

current velocity constant while altering thalweg depth. To test the effects of predation 

pressure, I placed one predator in a cage (45 cm long, 40 cm wide, 40 cm high with 1 

cm square wire mesh sides) in the center of both pools in a stream unit. Bass were left in 

cages 12-20 h before trials began. Three trials were run with each species: 1) without 

predators or cages, 2) with empty cages (a control), and 3) with one predator in each 

cage.

I used two methods to measure movement rate; visual counts and video trials 

(standard 8 mm video camera). For visual coimts, 12-15 individuals of one species were 

placed in a stream, and the number of fish in the upstream and downstream pools was 

counted every 30 min for eight h. Treatments were rotated in a random order among 

days so that all streams were observed under all conditions an equal amount of time. 

From these data, the most parsimonious number of rifQe crossings for each half hour 

was computed (minimum number of fish that had to move since the last observation to



allow the observed distribution). For analysis, the mean movement rate for each eight- 

hour period (16 observations) was used. For each species-treatment combination there 

were seven days of observations to give a sample size of seven for visual counts.

I used video trials when visual counts were not possible (e.g., higher current 

rates increased turbidity and did not allow accurate visual counts), and to confirm the 

accuracy of the visual count method described above. Video taping also allowed me to 

collect data on group size (number of fish that cross a rifQe together), and turnaround 

rates (how often fish stop crossing and return to the pool of origin). Each species- 

treatment combination was video taped for eight 30 min periods (sample size of eight 

for each species-treatment combination), and the time, number of individuals crossing 

the rifQe (group size), and direction of movement were recorded for each rifQe crossing 

event observed. A rifQe crossing event was defined as one or more fish crossing the 

rifQe at the same time (within 10 sec of each other). A turnaround event occurred when 

a fish was observed passing through the field of view in one direction and then passing 

the opposite direction within 10 seconds, indicating that it had stopped crossing the 

rifQe and turned back towards its original pool. Turnaround rate was then defined as the 

percentage of fish seen in a rifQe that turned back in each 30 min. Video trials were used 

for the 45 cm/s velocity (fast rifQe), 10 mm thalweg depth (shallow riffle), 549 cm riffle 

length (long riffle), and all predation trials. The 6st, shallow, long, and one set of 

normal trials were also conducted with 12-15 individuals of each species combined. See 

Appendix 1 for a summary of method used for each treatment. Comparing movement
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rate of each species alone with all species combined under normal conditions allowed 

me to test effects of density on movement

For both methods, I calculated a final rate of movement (number of fish 

crossings per fish per 30 min) by dividing the number of rifQe crossings by the number 

of fish in the artificial stream. A two way ANOVA (SPSS, GLM) with species and rifQe 

condition as main effects was used with arc-sin transformed data to test for species and 

treatment effects of velocity, thalweg depth, and predation pressure. A one way 

ANOVA was used to test for a treatment effect of rifQe length. Games-Howell multiple 

comparison procedure (SPSS) was used to test differences in movement rates among 

rifQe conditions within each species, and differences between species within rifQe 

conditions. Group size (using Dunnett multiple comparison procedure) and turnaround 

rate (using non-parametric Mann Whitney U) under normal conditions were compared 

to rates in trials with predators, shallow, long, and fast conditions. To test for directional 

bias (upstream vs downstream), I recorded the direction of the first movement event in 

each trial, and used Mann Whitney U analysis to test for differences among treatments.

Results

Comparison o f Video and Visual Count Methods

Comparison o f movement rates between trials with identical rifQe conditions 

allowed testing for differences between the two observation methods as well as for 

possible density effects. The mean movement rate for all species combined did not



differ (F=2.67, P=0.11, d.f.=l,64) between the two methods (10^ ±1.0 SE for visual 

count; 12  +1.6 SE for video). Comparison of normal riffles with 15 of each species 

combined (45 fish per unit), and normal rifQes with 15 of each species individually 

allowed me to test for an effect of density. Movement rate at high density (13.9 +4.4 

SE) was not significantly different firom that at low density (102 +1.0 SE).

Cwrent Velocity

With riffle depth constant at 50 mm, greater current velocity significantly (F = 

31.07, P<0.001, d.f.=324) reduced movement rate between pools for all species 

combined (Fig. 2). Mean movement rate for all species pooled dropped firom 18.1 (+12 

SE) at 0 cm/s to 1.8 (+1.2 SE) in fast riffles. Movement rate at 15 cm/s (11.5 ±1.1 SE) 

was significantly lower (t=3.05, P=0.005, d.f.=13) than at 0 cm/s (18.1 ±1.9SE), and 

higher (t=7.34, P<0.001, d.f.=13) than at 45 cm/s (1.9 ±1.2SE), but not significantly 

different (t=1.26, P=0.75, d.f.=13) from 30 cm/s (9.7 ±12 SE). For 0, 15 and 30 cm/s 

trials combined, Notropis boops (7.44 ±1.8 SE) moved significantly less (^3.46, 

P=0.001, d.f.=54) than Ç. anomalum (17.2 ±1.8SE) and Ç. venusta (t=3.44, P=0.001, 

d.f.=54 mean=17.0 ± 1.7 SE), and there was no significant difference in movement rate 

between Ç. anomalum and Ç. venusta (Fig. 2).

Thalweg Depth

With current velocity held constant, thalweg depth did not have a significant
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effect (F=l.73, P=0^0, dJf.=2^1) on movement rate although Aere was a non­

significant trend (decrease in rate finm 10.0 to 6.0) for decreased movement across 

shallower rifQes (Fig. 3). There were no significant differences between species at any 

given thalweg depA. Mean movement rate for N. boops (6.8 +1.6 SE), C. anomalum 

(9.1 ±1.3 SE) and Ç. venusta (10.2 ±1.2 SE) Ad not differ significantly at 50 or 100 nun 

thalweg depths (Fig. 3).

Riffle Lengjth

Movement rate was significantly lower across Ae “long** (583 cm) rifQes 

(F=5.59, P=0.03, d.f.=l,14). Movement rate across Ae long rifQes (3.2 ±1.1 SE) was 

less than one-fourA Ae rate across “normal” (183 cm) rifQes (13.9 ±4.4 SE). For rifQe 

lengA trials, all species were combined in one treatment, so no species differences could 

be tested.

Predation Pressure

WiA current and thalweg depA held constant, movement rate wiA predators 

present (20.2 ±3.1 SE) was significantly greater (F=19.1, P<0.001, d.f.=2,63) than 

movement wiAout predators (7.2 ±1.6 SE) (Fig. 4). There was no difference (t=I.3I, 

P=0.543, d.f.=47) between trials wiA empty cages (5.0 ±1.2 SE) and trials wiA no 

cages (7.2 ±1.6 SE), mAcating that Ae cages Aemselves Ad not cause mcreased 

movement. Two of Ae three species showed an mcrease in movement rate when

11



predators were present. Cam postom a anomalmn (increased from 12.3 to 28.4, F=11.54, 

P<0.001, d.f.=2,21) and C. venusta (increased fix»m 5.9 to 23.4, F=834, P=0.002, 

d.f.=2,21) both significantly increased movement rate vdien predators were present. 

Notropis boops movement increased fiom 3.3 to 8.5 with predators present, but the 

difference was not significant (F=1.37, P=0287, <L£=2,21).

Group Size and Turnaround Rate.

Of the 320 crossing events observed on video tape, 97% consisted of one or two 

individual fish (Fig. 5). The largest groups seen were one group of six Ç. anomalum 

with predators in pools, and one group of nine N. boops during a shallow rifQe trial. The 

mean group size for all video-taped treatments combined was 1.19 (+0.07 SE). Group 

size was significantly larger for shallow (t=1.99, P<0.01, d.f.=15, mean =1.7 ±0.54 SB) 

and predation (P=2.14, P=0.031, d.f.=18, mean = 1.32 +0.13 SB) trials than for trials 

under normal (1.1 +0.04 SB) conditions (Fig. 6). None of the other treatments resulted 

in group sizes significantly different firom those under ‘‘normal” conditions. Mean 

turnaround rate for all treatments combined was 13.8% (+3.6 SB), and only turnaround 

rate during predation trials (26.6% +10.9 SB) was significantly ((7=9.0, P=0.005, 

d.f.=16) greater than in normal trials (3.0% +3.0 SB). Turnaround rates for fast rifQes 

(16.4% +11.8 SB), shallow rifQes (12.2% +5.0 SB), long rifQes (26.7% ±19.5 SB), and 

trials with empty predator cages (9.0% ±5.8 SB) were not significantly greater than in 

normal trials (Fig. 7).
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Directional Bias

Mann-Whitn^ analysis on the direction o f movement showed no bias toward 

upstream or downstream movement in any trials. More fish moved upstream with no 

current (65% upstream) than with a current (29% upstream, current velocity = 30 cm/s 

and 45 cm/s combined), but these differences were not significant.

Discussion

The streams used in these experiments m im ic natural streams in many ways, 

including structure, substrate, depth and current speed. Artificial streams have proved 

useful in testing theories in stream ecology (Gelwick and Matthews 1993; Gido et al. 

1998). However, some tradeoff need to be addressed for systems like these. The 

artificial streams used can support densities greater than the largest density present in 

any one trial (15 of each species= 45 individuals). During the course of this experiment 

one of the artificial streams (used as a holding tank) supported > 50 fish year around, 

not including yearly juvenile recruitment. Movement rate at higher densities (15.3 ±2.6 

SE) was not different finm movement at lower densities (11.5 ±1.2 SE) under normal 

riffle conditions. Increasing density to above a theoretical “carrying capacity” for the 

artificial streams might increase movement rate if  fish were searching for lower density 

patches, as in an ideal-fi:ee distribution. Tyler and Gilliam (1995) found that in a patchy 

habitat fish dispersed to areas with higher potential energetic gain due to lower densities 

of competitors. Because of the structure of the artificial streams used in this study, there
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was no way to allow or detect long distance movement by individuals. Testing for a 

directional bias (iq)stream vs. downstream) also was difBcuh. For this analysis, only the 

first recorded movement in each trial was used. Any movement after the first would be 

dependant on the first (e.g. if all fish moved downstream then no more downstream 

movement could occur until fish moved upstream), and not a valid measure of 

directional movement Ideally, a three-pool two-riffie system would be used with all fish 

starting in the middle pool and dispersal rates to the iq)stream and downstream pools 

measured.

The role of riffles as barriers to dispersal between pools is critical to regulating 

exchanges among patches in stream landscapes (Schlosser 1995). Current velocity, riffle 

length, and predation pressure all affected movement rate of these three cyprinids. Many 

authors have assumed that physical parameters such as current velocity, thalweg depth 

or riffle length should have direct effects on dispersal rates of fishes (Power et al. 1985; 

Cooper et al. 1990; Sih and Wooster 1994) (negative for increased velocity and length, 

positive for increased thalweg depth). Downstream dispersal of Gambusia affinis was 

related to current velocity, but movement on small spatial and temporal scales across 

individual barriers was not evaluated (Congdon 1994) . The results of my study indicate 

that increased current velocity decreases movement across riffles. With increasing 

current velocity, crossing a riffle against the current becomes more energetically 

expensive, and at extreme levels becomes impossible. Although movement rate at the 

three thalweg depths did not differ in this study, each species showed a tendency for

14



decreased movement at shallower depths. One would expect fish to enter extremely 

shallow riffies less often, as «qposure to terrestrial predators (Power, 1987) and the 

chance of becoming stranded would increase. At extremely shallow depths, dispersal 

obviously becomes impossible.

Group size data indicated that fish often acted as individuals when crossing 

riffies. Overall, 97% of all fish observed crossing riffies were alone or with only one 

other individual. Even in trials in which all species were combined and density was 

higher (long and short riffie trials), mean grotq> size was no different (mean at high 

density= 1.15, SE=0.12, mean at low denshy=1.10, SE=0.04). It was rare to see groups 

of more than two individuals cross riffies even though schooling behavior was 

commonly observed within pools. Small group size in riffie crossings supports the idea 

that most of a population of stream fish is sedentary, while a small number of floaters or 

wanderers move much greater distances (Gowan et al. 1994; Freeman 1995). Mean 

group size only increased significantly during “predation” and “shallow” riffie trials. 

Predators in pools represented a direct threat firom an aquatic predator, vdiereas shallow 

thalweg depth might be perceived as increased exposure to terrestrial predators. 

Predation pressure influences distribution and dispersal rate of some fish. When 

predators were present in streams in Trinidad, Rivulus hartii were much more likely to 

disperse to adjacent predator-fiee tributaries, and areas with no predators were most 

likely to be colonized (Fraser et al. 1995). During my trials with predators, individual C. 

anomalum were observed holding position in riffies for long periods only when
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predators were present, indicating a shift in habitat use similar to that observed by 

Power et al. (1985). Individuals were seen feeding, resting, and holding position for 20- 

30 min at a time in riffles. Although a habitat shift was not observed in N. boops or C. 

venusta. movement rate and group size did increase for these species in the presence of 

predators.

Turnaround events were rare for all treatments. Only 13.8% of fish seen within a 

riffle turned around, i.e., 86.2% of fish entering a riffle completed any attempted 

crossing. The lowest turnaround rate was observed during normal trials, and turnaround 

rates increased to some degree in aU other conditions under which it was measured. 

However, significant differences in turnaround rate were not detected, possibly due to 

the rarity of such events. Turnaround rate in predation trials (mostly due to C. 

anomalum habitat shift) and long riffle trials were approximately equal but due to high 

variance, only the predation rate was significantly different firom normal. Longer riffles 

and greater current velocity both require a greater energetic investment for crossing, and 

greater turnaround rates were observed under these conditions. The fact that fish are 

more likely to stop crossing a riffle part way through it indicates these energetic costs 

may play a role in determining actual movement rates among pools.

One would expect differences among species in movement rate. Centrarchids 

tend to stay more in home pools whereas cyprinids are more mobile species (Matthews 

et al. 1994). When a reach of stream was repeatedly sampled over a period of months, 

there was higher within-pool variance over time for numbers of cyprinids than for
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centrarchids, indicating more inter-pooi movement by the former (Matthews et ai.

1994). Of the three species in these experiments, N. boops moved less than the other 

two species under most conditions. This could, in part, be due to some of the N. boops 

current velocity trials being conducted earlier in the year when water temperatures were 

lower. However, N. boops also moved less (not significantly) than the other two species 

during thalweg depth trials conducted in mid sununer when temperatures were warmer 

and the same for all species. Camnostoma anomalum also increased movement during 

predation trials more than did the other two species.

Biotic and abiotic factors influence stream assemblages on small spatial and 

temporal scales as many important processes in streams take place in pools. Studying 

individual pools may give the most information about the system being studied. 

Assemblages in pools that were connected by flow across riffles were strongly 

influenced by individual species’ dispersal abilities, whereas isolated pool (no dispersal 

possible) assemblages were more strongly influenced by pool size, and therefore local 

extinction rate (Taylor 1997). The results of my study indicated that isolation can result 

not only from distance to a source, but fix)m the morphology of riffles (thalweg depth), 

species composition (predation pressure), and current velocity. The results of this study 

also indicate that individual species may react to these parameters in different ways. 

Understanding the processes that control dispersal of species on small spatial and 

temporal scales provides a framework for understanding dispersal on larger scales. In 

the future, data on movement and dispersal rates can be extrapolated and used to
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predict home range sizes, population mixing rates, or in metapopulation studies. A 

logical next step would be to see how accurately die results of this study can be used in 

predicting dispersal rates in real streams.
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List of Figures

1. Diagram of one artificial stream unit used in these experiments. Eight identical units 

were used.

2. Rate of movement (percent of fish crossing riffle per 30 min.) for all three species at 

four current velocities. The first three velocities were tested for individual species by 

observation (n=7 for each species-treatment combination), “fast” trials were for all three 

species combined using video tape (n=8). Error bars represent ± I SE.

3 .Rate of movement (percent of fish crossing riffle per 30 min.) for all three species at 

three thalweg depths. The first two depths were tested for individual species by 

observation (n=7 for each species-treatment combination), “shallow” trials were for all 

three species combined using video tape (n=8). Error bars represent ± 1 SE.

4. Rate of movement (percent of fish crossing riffle per 30 min.) for each species with 

and without predators present. Trials were with no predators or cages, empty cages, and 

with predators in cages (n=8 for each species-treatment combination). Error bars 

represent + 1 SE.

5. Group size (number of individuals crossing a riffle at one time) for all video trials 

combined. For cases where large groups were observed, the treatment where it was
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observed is shown.

6. Mean group size ( + 1 SE) for each of the treatments. * indicates group size was 

significantly different firom group size under normal conditions.

7. Turnaround rate (bars) and mean rate of movement for all species combined (closed 

circles, ± 1 SB) for each of the video-taped treatments.

24



45cm

43cm
183cm

'  f  /  < Ô I _ 
f  .  .  c 3̂

nS3cm

25



30

25 -

<D 20H

I
0  15 H

1
5  10 4

5 - Î

#  C. anomalum
#  C. venusta 
o N. boops
0  All Species (video)

§

15 30

Current Velocity (cm/s)
45

26



#  c. anomalum 
^  C. venusta 
O N.b o o D S  

^  Ali Species (video)

12 -

®  1 0 -

coa:
c
I
I
5

100 50 10

Thalweg Depth (mm)

27



40
#  C. anomalum
#  C. venusta 
O N. boops

30 -

c
(D
E
I
5

10  -

Empty CageNo Predator Predator

Treatment

28



Frequency (number of observations)

§ § Î

wVO

Q
3cT3
CO
S'

§
g

Ic
&

I



.§
CO
Q-3
2
O
(0<D

2.5

2.0

1.5

1.0
ShallowNormal Fast Long Predator

Treatment

30



30 1

Turnaround Rate 
•  Rate of Movement

®  20 -

25

3O
r 2 0  CM

15

10

0>
Q.
T3
%
i
Ü

0>
E
I
0

1
-5

Normal Predator Long Shallow Fast 

Condition

31



Appendix 1

Treatments and method of data collection used to determine movement rates of N. 

boops. C. anomalum. and C. venusta. “Count” = visual count method, “Video” = video 

taping method.

N.boops C. anomalum C. venusta

Depth Trials

10 mm (shallow) All species combined, video

50 nun(normal) Count 4-Video Count+Video Count4-Video

100 mm Count Count Count

Velocitv Trials

0 cm/s Count Count Count

15 cm/s (normal) Count-t-Video Count4-Video Count4-Video

30 cm/s Count Count Count

45 cm/s (6st) All species combined, video

Length Trials

183 cm (normal) All species combined, video

549 cm (long) All species combined, video

Predation Trials

None (normal) Count+Video Count+Video Count4-Video

None (empty cage) Video Video Video

1 per pool (caged) Video Video Video
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Chapter n

Developement and testing of an individual-based model of stream fish movement
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Abstract

An individual based model of fish movement was developed and tested by 

comparing predicted distributions to actual distributions of fish in a six pool, five riffie 

artificial stream. Pools were 183 cm in diameter and riffles were 43 cm wide and 183 

cm long. From IS to 20 individuals of each minnow (cyprinid) species (Campostoma 

anomalum. Cvprinella venusta. and Notropis boopsl were placed in the third and fourth 

pools of the stream and allowed to disperse. Numbers of each species in each pool were 

recorded hourly for nine hours. Trials were conducted under three sets of conditions: 1) 

all riffles had the same thalweg depth and current velocity; 2) vdien two of the riffles 

were shallower and faster; and 3) the fifth pool had a predator and the second pool had 

vegetative cover. Four different variations of the model were run, each with different 

parameters defining the movement of fish in simulated space. Two of the models 

included species-specific differences in movement rates (different probabilities of 

crossing riffles when encountered, Schaefer 1999), whereas the other two assumed the 

same movement rate for all species across all riffles. One of the models also included 

schooling behavior (individual fish moved toward their nearest neighbors), whereas the 

other three models were correlated random walks. Overall, the models that accounted 

for species-specific differences in movement rate were more accurate (70% vs. 61% 

accuracy) under all conditions for all observed times. The best fit models suggest that it 

is important to take into account detailed information on species-specific behaviors, 

rather than accepting assumptions that species behaviors could be treated as redundant 

within a family or trophic guild.
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Introduction

Fish in streams move among pools to escape predation, avoid competition, find 

resources, or for a number of other reasons (Waser 1985, Fausch and Young 1995). The 

dynamics of a population therefore, is related closely to the movement of individuals 

(Pulliam 1988, Schlosser 1995), and understanding the rules that govern individual 

movements is crucial (Jones 1977, Jones et al. 1980, Root and Karieva 1984). Fish that 

move more can sample more patches and may find a greater number of suitable habitats. 

However, there are tradeoff to increased movement, because moving in streams can be 

energetically demanding (especially upstream) and spending time in shallow riffies 

increases exposure to terrestrial predators. I measured movement and dispersal rate of 

three species of stream-dwelling cyprinids in an artificial stream and used those data to 

assess the accuracy of several potentially reasonable models of fish movement.

The restricted movement concept (Gerking 1959) proposed that most fish remain 

in one area. This theory has been supported by many studies (e.g. Bachman 1984). Hill 

and Grossman (1987) found that the majority of marked fish were rect^tured near the 

site o f release. Daily movements by brown trout were common, but fish homed back to 

specific cover structures by the next morning (Clap and Clark 1990). Radio tagged trout 

moved to stream margins during spates, but showed little overall longitudinal 

displacement (Gido and Larson unpublished data). Other studies have shown greater 

movement rates (Gowan et al. 1994), and fast recolonization rates into defaunated areas 

(Lindfield 1985, MefTe and Sheldon 1990). Recovery time in artificially defaunated 

pools varied widely among species, but that most cyprinids began to appear in pools
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from 2-19 days after disturbance (Lonzarich et al. 1998). Assemblages in stream 

reaches (ca. 200 m) returned to states similar to original within eight months after a 

major flood event (Matthews 1986). Physical 6ctors (riffle lengths, or distance 

upstream or downstream from source) also influences recolonization rates, with more 

isolated pools being colonized more slowly (Detenbeck et al. 1992, Taylor 1996, 

Lonzarich et al. 1998). Studies that have tracked the assemblage structure of fish in 

pools over time have shown large variance within pools (Matthews et al. 1994), 

suggesting that movement and mixing among pools is rapid imder relatively undisturbed 

conditions. Fausch and Brambiett (1991) showed that variance between pools over time 

was equal or greater than interpool variance at one time. Even though variance is large, 

species seem to show affinities for certain pools or patches. Species may vary within 

sites, but do not usually disappear from favorable patches, indicating that movement 

among patches is important on the population level for individual species (Finger 1982).

Studying movement by taking samples at regular intervals can give misleading 

results, as the observed pattern could be arrived at by a number of different means 

(Jones 1977). The problem with some studies of movement is that recapture rates are 

very low and it is impossible to determine if fish are moving out of the study area, dying 

due to handling stress, or evading capture (Fausch and Young 1995). Some of the more 

reliable techniques (radio telemetry) are not practical for cyprinids, or for large sample 

sizes. Other sampling techniques (weir traps) might prevent fish firom moving out of 

study areas, and introduce a bias against long distance moves across multiple traps by 

individuals.
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Individual based models (IBM) track a number of individuals in a population 

and allow the investigator to set and monitor variables (spatial position, for example) for 

individuals instead of ̂ o le  populations (DeAngelis and Gross 1992, Turchin 1998).

By comparing predictions 6om models to observed data, hypotheses can be tested 

concerning whole populations. Jones (1977) used IBM to explain how different 

movement behaviors in two populations of cabbage butterflies resulted in different egg 

distributions in a given habitat. These models are often more useful in situations vdiere 

variation is important on the individual level (DeAngelis and Gross 1992, Dong and 

DeAngelis 1998). In studies of movement, individual fish may move separately from the 

group, or individuals may have different propensities for crossing barriers or moving 

long distances. An IBM simulates and tracks movement of individuals, something not 

possible with other modeling techniques.

Schaefer (1999) investigated the interpool movement rate of fish in artificial 

streams at small spatial (two pools and one rifQe) and temporal (30 min) scales. These 

results suggested that rifQes act as barriers to movement, and that shallower thalweg 

(maximum water depth) depth, greater current velocity and increased rifQe length all 

decrease permeability of rifQes. One would also expect that pool conditions (resource 

availability, habitat structure, or presence of competitors or predators) might affect the 

desirability of a pool, and therefor movement rate out of that pool.

In this study, I used the results from Schaefer (1999) to develop a general IBM 

of fish movement in streams. Model predictions were compared to observed movement 

to test the following hypotheses: 1) are models that account for species-specific
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differences in movement rate, as well as different rifQe and pool conditions more 

accurate than ones that do not? 2) is a schooling model more accurate Üian a simpler 

correlated random walk model? In addition, the model was used to test how pool 

diameter and rifQe width affect predicted dispersal rates of fish. Specifically, I examined 

movement rate and dispersal of three species of cyprinids in a large, outdoor artificial 

stream and compared the observed results to those predicted by an IBM of fish 

movement. My prediction was that models with species-specific and rifQe-specific 

differences would be the most accurate, and that schooling models would be more 

accurate than those based on a simple correlated random walk.

Materials and Methods

Artificial Streams

I measured fish movement and dispersal over time in an outdoor artificial stream 

in the research park of the University of Oklahoma Biological Station consisting of 6 

pools (183 cm in diameter) and 5 rifQes (183 cm in length, 43 cm wide). Stream 

substrate consisted of cobble, gravel and some sand sculpted to mimic a natural stream 

bed. Macrophytes in pools were periodically removed (unless a treatment called for a 

vegetative cover in a pool), as they made accurate visual counts difficult Water was 

pumped firom a headbox on the most downstream pool to a headbox on the most 

upstream pool. I altered current velocity and thalweg depth of individual rifQes by 

changing the amount of substrate in rifQes. Pool and rifQe size was fixed. The direction 

of flow in the stream was reversed after each trial so that the number of fiow-days in
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each direction was equal for each treatment. I placed 15-20 Campostoma anomalum 

(central stoneroUer), Notropis hoops (bigeye shiner), and Cvprinella venusta (blackspot 

shiner) in the artificial stream and allowed them to adjust to trial conditions for at least 

48 h before trials began. Twelve h before a trial, I seined as many of the fish as possible 

and placed them in the two middle pools (3 and 4). Screens placed in riffles on either 

side of these pools prevented any dispersal out of the middle pools. A few individuals 

(especially Ç. anomalum^ avoided capture seine, and began trials in pools other than 

the middle two. At 0900 h the following day, I removed screens and recorded the 

number of each species in each pool at the beginning o f the trial, and each hour 

thereafter (visual counts made through acrylic windows in pools sides) for eight h.

I conducted trials under three sets of stream conditions (treatments). The first (all 

same) treatment had all five riffles equal in thalweg depth (50 mm) and current velocity 

(15 cm/s). The second (two shallow) treatment had the first three riffles at the same 

thalweg depth (50 mm) and current velocity (15 cm/s), but the last two riffles were 

shallow (20 mm thalweg depth) and faster (30 cm/s). The third (predator/vegetation) 

treatment had all five riffles at 50 mm thalweg depth and 15 cm/s current velocity, with 

a caged predator in pool five and vegetative cover in pool two (predator/vegetation). I 

placed predators (150-250 mm Micropterus salmoides’i in 45 X 40 X 40 cm cages in the 

center of pools. Cages were constructed of plexiglass on the sides, and 1 cm mesh 

screening on both ends, top and bottom. Plexiglass allowed direct visual contact, while 

screening allowed for water circulation through cages. Vegetative cover consisted of 

cattails and various macrophytes, and covered approximately 80% of the bottom of pool
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2. For the all same and two shallow trials, I assumed all pools equal (no predators or 

macrophytes). The trials with all rifles the same lasted seven days, the other two trials 

were for six days. I conducted all trials between 0900 and 1700 h. May through August 

of 1997 and 1998.

Models

I used individual based models (written in the C programming language) to 

predict the location of individuals of all three species in the artificial stream for each 

trial. Fish movement was modeled as a series of straight line moves of a given length 

and direction (Jones 1977, Root and Karieva 1984, Karieva and Shigesada 1998). Pools 

in simulated space defined the area where fish were allowed to move. RifQes between 

pools acted as barriers to movement, and probabilities of crossing riffles when they were 

encountered (riffle permeability) depended on the specific model being run. At each 

time step in the simulation each fish moved one unit in simulated space along its vector. 

At the end of a vector, a new turning angle and distance was calculated for each fish 

(similar to method described by Root and Karieva 1984). Figure 1 shows a flow chart of 

one iteration for a fish. One unit of simulated space corresponded to 1 cm of real space. 

Each fish moved 1.5 cm at each iteration, and there were 3000 iterations in each 

simulated hour resulting in a cruising speed of 1.25 cm/s in simulated space (45 m/h). 

This cruising speed was arrived at through visual observations and a sensitivity analysis 

with movement rates measured in two pool systems (Schaefer 1999). Micropterus 

dolomieui move between 120 (at 4 °C) and 980 (at 27.5 °C) m/day Todd and Rabeni 

(1989). I assumed that swimming speeds and total daily movement of cyprinids would
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be equal or greater than for centrarchids, on average.

Predictions 6om four models of fish movement were compared to observed 

values. Models differed in the way fish moved and in the probability of rifSe crossing 

(Table 1). For the predictive model (PM), and the non-species specific (NSS20 and 

NSS40) models, turning angles were normally distributed around zero with a standard 

deviation of (0.3 it), and were therefi>re a correlated random walk (Root and Kerieva 

1984, Karieva and Shigesada 1998). For the schooling model (SM) turning angles were 

normally distributed, but centered on the angle towards the center of its four nearest 

neighbors position (Fig. 2), following the method described by Huth and Wissel (1992). 

In all models, if a fish came within range of a rifQe (a riffie was encountered when a fish 

was within 0.5 X rifQe width of the center of the end of the riffle), the probability of it 

crossing the riffle (riffle permeability, Schaefer 1999) was used to determine if it moved 

to the next pool. Riffle permeability for all species in all models is listed on Table 1. If a 

fish did not move to the next pool, it changed direction and moved away from the riffle. 

If a fish did cross a riffle, it was placed in the center of the next pool. If a simulated fish 

ran into the edge of a pool, a new turning angle was calculated that directed the fish 

away from the pool edge and towards the center of the pool. For all models, distance 

traveled (length of line) was drawn from a uniform distribution of 10-20. The PM and 

SM models included species specific probabilities of riffle crossing (Schaefer 1999) 

depending on riffle parameters (current velocity, thalweg depth), while the NSS20 and 

NSS40 models assumed equal probabilities of riffle crossing (20% and 40% 

respectively) for all species under all conditions. For PM and SM models of streams
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with predators and vegetation, the probability of moving out of the pool was tripled 

when a predator was present and decreased by 50% ^ e n  vegetation was present 

(Schaefer 1999).

Model Accuracy

Simulations generated predicted fish distributions for each pool at each 

observation time. Fish positions to start a simulation matched actual fish positions at the 

first hourly observation for the trial being simulated. Therefore, by definition each 

model had no error for Üie first observation. For each observation after the first, 1 

calculated model error as:

Model Error =

w J I

^  pbservedpj-predictedpj

Number of fish * 2

Where p is the number of pools, s is the number of species, and predicted values were 

the simulated mean abundance of each species in a pool at the specified time. Model 

error potentially ranged from 0.0 (perfect prediction) to 1.0. For each set of conditions, 

model error was calculated for the PM, SM, NSS20, and NSS40 models. Each model 

was run 20 times and the mean values for each species in each pool at each time was 

used as the predicted value for that model. For analysis, mean model error over the nine 

hour observation period was used. Paired t-tests (comparing paired mean model errors 

within one day) were used with a Bonferroni correction (6 comparisons, a=0.0083) to 

test for differences in model accuracy across all treatments, and within each of the three
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treatments.

Model Sensitivity

I ran simulations to test the sensitivity of the model to pool and riffle size. These 

were two Actors that I assumed would influence movement rates, but that could not be 

manipulated in the artificial streams. Simulated pool width varied from 1 to 6 m in 

diameter (riffle width remained at 43 cm), simulated riffle width varied firom 10 cm to 1 

m (pool width remained at 183 cm). Simulated streams were six pools and five riffles 

long, and were simulated for 9 h with 200 fish starting in the first pool. NSS20 model 

parameters were used, and the number of fish in the last pool was recorded after each 

simulated hour.

Another set of simulations was run to test the efficacy of the schooling 

algorithms in the SM. Simulations were run with 200 fish placed at random positions in 

a 5 m diameter pool and allowed to move for 150 simulated minutes. At 10 min 

intervals, 20 fish were selected at random and their distance (Euclidian) to their four 

nearest neighbors was calculated. Three models were tested: a completely random walk, 

a correlated random walk, and a schooling model. Mean nearest neighbor distances for 

each ten min interval was used in a one-way ANOVA to test for overall model 

differences. I used Ryan’s multiple comparison procedure (SPSS, REGWQ) to test 

individual model differences.

Results

For all treatments combined the SM(0.299 ± 0.014 SE) was more accurate than
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the NSS20 (0.327± 0.016 SE, 1=5.21, jXO.OOl, <Lf.=18) andNSS40 (0389, ±  0.021 SE, 

t=6.59, p<0.001, d.f.=18) models, but was not significantly different than the PM model 

(0.303, ± 0.013 SE, t=1.08, p=0369, (Lf.=18). The PM model was more accurate than 

theNSS20 (t=3.51, p=0.003, d.f.=18) andtheNSS40 (t=6.08, p<0.001, d.f.=18. Fig 3). 

and the NSS20 was more accurate than the NSS40 (t=5.08, p<0.001, d.f.=18). For all 

trials the SM and PM models were very similar, and the different types of movement 

(schooling vs. correlated random walk) seemed to have little influence on overall 

distributions. For all treatments, differences among the four models were most obvious 

in the first 4-5 hours, after v4iich the models began to converge (Fig. 4). For every 

observation in every trial, the NSS40 had the greatest error, and either the PM or the SM 

had the least error (Fig. 4).

During actual trials in experimental streams, fish dispersed from the middle two 

pools into outer pools during the course of each eight hr trial, and were close to an equal 

distribution across all six pools by the end of the day. For all trials combined, the mean 

number of fish in the two middle pools decreased from 42.7 to 20.9, and increased from 

10.59 to 32.16 in all other pools. This same trend was true for each individual trial.

Each o f the models predicted the same pattern of movement out of the middle two 

pools. If allowed to run long enough, most models (with the exception of PM and SM 

models of predator/vegetation trials) would predict even distributions of fish across all 

six pools.

Trials With All Riffles the Same

The PM (0.34 + 0.024 SE) and SM (0.35_± 0.026 SE) models had the least error
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in predicting distributions in these trials, but were not significantly different finom 

NSS20 (0.38 ± 0.034 SE) or NSS40 (0.43 ± 0.045 SB) models (Fig. 5).

Trials With Two Shallow Riffles

Dispersal into pools 4 and 5 (isolated by shallower and faster riffles) was slower 

than into pools 1 and 2. Comparing total number of fish in pools for the first and last 

observation over all trials, showed a net loss o f 167 fish out of pools 3 and 4. There was 

a net gain of 127 fish into pools 1 and 2, and a gain of only 40 fish into pools 5 and 6. 

The PM (0.26 + 0.015 SE) and SM (0.25_± 0.014 SE) models had the least error in 

predicting distributions in these trials, but were not significantly different fiom NSS20 

(028 ±0.013 SE) or NSS40 (0.33 ± 0.020 SE) models (Fig. 5).

Predator/vegetation trials

In predator/vegetation trials fish avoided the pool with a predator, and spent 

more time in the pool with vegetation. Campostoma anomalum showed the most 

avoidance of predators and greatest afBnity for vegetation. Out of837 Ç. anomalum 

counted during these trials, only two were observed in the pool with the predator while 

346 were counted in the pool with vegetation. Notropis hoops also was most common in 

the vegetated pool and least common in the predator pool; Ç. venusta was least 

common in the predator pool, but was not most common in the vegetated pool (Fig. 6). 

In the PM and SM of this treatment, biases for moving out of the predator pool and 

against moving out of the vegetated pool meant that the PM and SM did not predict 

even distributions of fish in all six pools (NSS20 and NSS40 did not account for these 

differences). The PM and SM had the least error, and were much better than the null
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models for these trials (Fig. 4, Fig. 5).

Model Sensitivity

Increased pool diameter and decreased rifQe width both decreased the rate of 

dispersal in simulations (Fig. 7). These variables could not be altered in the artificial 

streams, but would obviously be Actors when modeling dispersal in natural systems. 

Fish in the schooling model were much closer to their nearest neighbors. Mean nearest 

neighbor distance differed significantly among the three movement types (F = 105.2, 

p<0.001, d.f.=2,57). The mean distance to the four nearest neighbors for random 

movement (30.2 + 0.85 SE) was not significantly (REGWQ, t = 0.269, p = 0.782, 

d.f.=38) different firom a correlated random walk (29.8 + 0.73 SE). Mean distance for 

the schooling model (16.4, ± 0.72 SE) was significantly lower than for random 

movement (REGWQ, t = 12.4, p<0.001, d.f.=38) or a correlated random walk 

(REGWQ, t=13.2, p<0.001, d.f.=38).

Discussion

Differences in model accuracy were a result of different interpool movement 

rates (probabilities of crossing rifQes). Models with species specific riffie crossing 

probabilities based on previous experiments (PM and SM) were more accurate than 

models with null values (non-species specific, NSS20 and NSS40). These results 

indicate that movement rate measured at small spatial and temporal scales (Schaefer 

1999) can be useful in predicting movement and dispersal at larger scales. These results 

also show that individual species have different propensities to move, and information
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on individual species is also necessary. Except for the difference in the probability of 

rifQe crossing, parameters for the two non-species specific (NSS20 and NSS40) models 

were identical. The 6 ct that the NSS20 model was more accurate than the NSS40 

model at each observation indicated that rifQe crossing probability (permeability of 

barriers) was a controlling 6ctor in dispersal rates, and that a probabilty of 0.20 was 

closer to an actual probability than 0.40 for these three species in this particular system.

For individual treatments, significant differences in model accuracy were 

difQcult to detect due to low sample size (zF 6 or 7). Differences between models for all 

treatments combined (n=19) were significant (p<0.001, oc=0.0083), and the same pattern 

of PM and SM being more accurate than NSS20 and NSS40 was observed for each of 

the three treatments at all observation times.

Accuracy for the four models converged toward the end of the eight h trials. 

Most of the models predicted an even distribution of fish in all pools similar to the 

observed distributions. Once fish were evenly distributed, error would be similar for all 

models. However, in the predator/vegetation trials models did not converge as quickly. 

The PS and SM were noticeably more accurate than the NSS20 and NSS40 models, and 

would probably remain so indefinitely because they predict the observed avoidance of 

predators and afOnity to vegetative cover. From these data one could conclude that pool 

properties and habitat heterogeneity are a more important 6ctors in determining 

inteipool movement than are rifQe or other barrier properties. Some fish are able to 

cross seemingly impossible barriers. Clap and Clark (1990) recorded radio-tagged 

brown trout crossing rock dams that were thought impassable. The three species also
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had different avoidance of or afBnity fi>r pools. Campostoma anomalum showed the 

greatest avoidance of predators and afBnity for vegetation. Other habitat parameters 

such as depth, substrate, or resource availability may be influential for these or other 

species, again emphasizing the need for species specific data to model movement and 

dispersal.

The addition of schooling behavior did not significantly change model accuracy. 

However, schooling behavior in a model may be more important viien simulating larger 

systems. In the small pools of this system, no two fish in the same pool could ever be 

more than 183 cm apart in real or simulated space. Schooling behavior may be more 

influential when modeling larger systems where simulated fish would travel and 

encounter rifQes as groups. In a correlated random walk model with 100 fish in a pool 

20 m in diameter, fish would be very scattered and would encounter rifQes alone and at 

a constant rate. If a schooling model was used, many of the fish would move as a 

cluster, and could encounter a rifQe at the same time, a much more realistic simulation.

The artificial stream used in this study is a good representation of real 

midwestem streams. The setup described supported small populations of all three 

species for two years. Fish seemed to behave normally, and newly recruited juveniles 

often had to be removed firom the stream to keep numbers constant. While there are 

many benefits to using artificial streams, some of the disadvantages need to addressed. 

First, the artificial stream did not allow dispersal out of the study area. It is probable that 

some fish in real streams of the same size would have left the system in an eight hour 

period. In a few cases, individuals appeared in the most distant pools (1 or 6) just one
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hour into a trial, indicating they had crossed two riffles and two pools in the first hour of 

the trial. Distinguishing characteristics of some fish allowed me to track a few 

individuals, and on one occasion a fish moved the entire length of the stream (crossed 

five riffles and five pools) in one hour. These were rare occurrences, but they indicated 

that a few individuals move much more than the rest, and that models of fish movement 

need to be tested on larger spatial and temporal scales in natural streams. Second, the 

artificial stream only allowed dispersal on a small scale. Dispersal rate in the artificial 

stream is probably greater than in a typically sized 6 pool - 5 riffle stretch of natural 

stream. Simulations suggest that dispersal in systems with larger pools will be much 

slower, and not in a linear fashion (Fig. 7). Model error in natural systems might 

therefore remain lower for the PM and SM over much longer periods. Small pool size in 

relation to that in a real stream may also have artificially increased the threat predators 

represented. Fish that moved into pools with the predator were in close proximity (< 1 

m away) with little shelter available. This might have led to predator effects greater 

than would be expected in a regular stream.

In conclusion, the results of this study show that individual-based models can be 

used to predict and test hypotheses about movement and dispersal of fish in streams. 

These types of models should prove of interest to ecologists who ane interested in the 

spatially explicit distribution of the populations they study. Future studies in this area 

should focus on testing the accuracy of these models in real streams.
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Table 1

Types of models and the different parameters that defined movement in each. Uniform indicates a random number drawn 

from a uniform distribution from the specified range. Normal = normal distribution with the mean and standard deviation indicated. 

Max = maximum length of a move vector. Cur. Dir = current direction of movement. PM and SM probability of rifle crossing is for 

boops. anomalum. and Q. venusta respectively. PM and SM probabilities changed with riffle or pool conditions.

Model Parameters

Move Length Move Direction Prob. of rifQe cross

Predictive (PM) Uniform (*/aMax-Max) Normal (Cur.Dir.,0.3*PI) 0.06,0.14,0.16

Schooling (SM) Uniform(‘/2Max-Max)Normal (Center of 4 nearest 0.06,0.14,0.16

neighbors, 0.3*PI)

Non Species- Uniform (‘/jMax-Max) Normal (Cur.Dir.,0.3*PI) 0.20

Specific (NSS20)

Non Species- Uniform (KMax-Max) Normal (Cur.Dir.,0.3*PI) 0.40

Specific (NSS40)



List of Figures 

Figure 1

Flow diagram of one iteration for one simulated fish. Each fish completes 3000 

iterations for 1 hour of simulated movement One move in the model corresponds to 1.5 

cm moved in simulated space. (D = new direction is firom a normal distribution centered 

around the direction towards the pool center. ® = new direction is firom a normal 

distribution centered around the fish’s current direction (correlated random walk). @ = 

new direction is firom a normal distribution centered around the direction towards the 

centroid of the fish’s four visible nearest nei^bors.

Figure 2

Diagram of how a typical new direction is selected in the schooling model 

(following method of Huth and Wissel 1992). The shaded area represents space visible 

to the fish where it looks for its nearest neighbors. Numbers 1-4 show the four nearest 

visible neighbors. Fish outside of shaded area are not visible. Line A represents the 

distance a fish can see (defined as 100 cm in simulated space).

Figure 3

Model error for all treatments combined. Error bars represent 1 SE. Models with 

different letters are significantly different (paired t-tests, Bonferroni correction).

Figure 4
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Mean model error for all four models vs. time in each treatment.

Figure 5

Mean model accuracy summed over time (+ 1 SE) for each model in each 

treatment.

Figure 6

Total numbers of each species counted in each pool during predator/vegetation

trials.

Figure 7

Effects of pool diameter (A) and rifQe width (B) on simulated dispersal rate of 

fish using the NSS20 model movement paramaters. See text for complete model 

parameters.
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Chapter m

Modeling stream fish movement and dispersal: a mark-resight study in a small

warmwater stream
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Abstract

Movement of two cyprinids (Notropis boops and Campostnma anomahimt were 

tracked over a 28 day period in Brier Creek (Marshall Co., Oklahoma). One hundred N. 

boops (on 26 May 1998) and 100 Ç. anomalum (on 16 June 1998) were marked by 

injecting a small amount of acrylic paint subcutaneously. An individual-based model 

was developed using movement data collected in outdoor artificial streams, and used to 

predict the location of tagged individuals over the course of the experiment. A nine 

pool, eight rifQe stretch of stream (737.5 m in total length) was sampled by snorkeling 

on 13 of the 28 days following the mark and release of N. boops. During surveys, the 

total number of each species was recorded for each pool, including any marked 

individuals seen. A total of45,881 observations (including 553 marked) of fish were 

made during the 13 surveys. A principle components analysis of species data by pools 

showed some species were consistently more common in certain pools. Comparing 

different model predictions to observed distributions allowed me to test hypotheses 

about the importance of pool area and rifQe permeability to dispersal. Three different 

models were used: 1) a model with actual pool size and rifQe permeability, 2) a model 

with all pools the same size and actual rifQe permeability, and 3) a model with actual 

pool size, but all rifQes 100% permeable. The model with actual pool size and rifQe 

permeability was the most accurate, and the model with uniform pool size the least 

accurate.
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Introduction

Fish in streams may move on a local (among individual pools) scale for many 

reasons including resource availability, competition, shelter or predator avoidance. 

Movement of fish among patches may influence stream fixxl webs and productivity by 

controlling distribution and levels of primary productivity among patches (Power 1990, 

Schlosser 1995b, Winemiller and Jepsen 1998). Threat of predation has been shown to 

restrict movement of algivores (Power et al. 1985, Gelwick et al. 1997), vdiich caused 

an increase in algal growth in predator rich areas, and reduced algal stocks in predator- 

fiee areas. These and other factors controlling movement of fishes among patches in 

streams are important to com m unity dynamics on many levels (Winemiller and Jepsen 

1998). Little is known about daily movement rates of fish in small streams and the role 

barriers play in regulating the exchange rate of individuals among landscape units (Bart 

1989, Hillbom 1990, Schlosser 1995a). This study investigated daily movement of fish 

among pools in a natural stream.

Many small midwestem streams are divided into pool and rifQe habitats with 

many species showing distinct habitat preferences (Finger 1982, Gelwick 1990, but see 

Bart 1989). In these streams, riffles act as barriers to movement among pools (Matthews 

et al. 1994, Warren and Pardew 1998). Schaefer (1999a) measured inter-pool movement 

rate of three cyprinids (Notropis boops. Campostnma anomalum and Cvprinella 

venusta  ̂in artificial streams under four rifQe current velocities, three rifQe thalweg 

depths, and two rifQe lengths. Movement rate decreased with increasing current and 

rifQe length, and there was a trend toward decreased movement at lower thalweg depths.
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The presence of predators also caused increased movement all species and a habitat

shift (ftom pools to riffles) by some individual Q. anomalum. In a follow iq) study, 

Schaefer (1999b) used these results to develop an individual-based model (IBM) to 

predict fish movement in larger artificial streams (six pools, five riffles) over longer 

periods of time (eight hours). One goal of this study was to determine how well that 

same model might predict fish movement in a natural stream, and use the model to 

quantify the role of pool size and riffle permeability to dispersal.

Most mass mark-recapture (MMR) studies mark individuals, release them in one 

area, and sample surrounding areas at a later date to determine the density of marked 

individuals at various distances fix>m the release area. Standard mark and recapture 

studies can be problematic for many reasons (Gowan et al. 1994). Often they rely on 

commercial capture and therefore do not allow for multiple captures (Hilbom 1990). 

Mark and recapture studies also can suffer firom low recapture rates (see Freeman 1995, 

Hill and Grossman 1987) because they require sampling that is time consuming and 

disturbing to fish. Low recapture results also leave questions about mortality, 

individuals leaving the study area, or insufficient sampling techniques. In most 

instances, samples cannot be collected at short intervals and many sites. Because of the 

time scale of these studies (months to years), it is often difficult to come to any 

conclusions about movement rates. It cannot be determined if individuals are moving 

quickly and returning to home areas, or if  movement is slower and more direct (Gowan 

and Fausch 1996). Other techniques address these problems by using traps or radio 

telemetry to measure fish movement (Baade and Fredrich 1998, Schlosser 1995a,
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Gowan and Fausch 1996). Wier traps c^Jture fish that are attempting to move either 

or down stream, however fish can only be trapped once and are not allowed to 

continually move and possibly return to home pools. Radiotelemetry is an ideal method 

for a small number of larger fish. However, the use of radio telemetry for small stream 

dwelling fish is not practical with current technology.

Another technique of analyzing animal movement is to collect data on, and 

model movement of individuals, as in path analysis. Path analysis tracks a few 

individuals continuously and the distance and direction of each move is recorded (Jones 

1977, Turchin 1998). Jones (1977) used path analysis and an IBM to explain egg 

distribution patterns in cabbage butterflies. This technique provides the most detailed 

information about individual movement, but statistical analysis is difficult due to 

autocorrelation of moves, and a limited number of animals can be followed for only a 

short period (Turchin 1997). In this study, I attempted to monitor movement of many 

small stream fish firom day to day. The goal was to record short term movement data 

with high recapture (resight) rates without using standard trapping or seining that may 

disturb fish or habitat.

The purpose of this study was to: 1) track the daily movement ofNotropis boops 

(bigeye shiner) and Cam postom a anomalum (central stoneroller) by marking and then 

resighting individuals on snorkeling surveys, 2) test the accuracy of an IBM of fish 

movement (Schaefer 1999b), and 3) use the model to test the role of stream physical 

structure (pool area and riffie permeability) on fish movement.
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Materials and Methods

Study Area

Brier creek is a small prairie-margin stream located in Marshall County, 

Oklahoma. The fish &una consists of 30 known species (Smith and Powell 1971). This 

study focuses on two of the most common species in the stream, Cam postoma 

anomalum (central stoneroller) and Notropis boops (bigeye shiner). The headwaters of 

the stream drain pastures ^ lile  reaches further downstream are lined by forests and fed 

by subsur&ce springs (Power and Matthews 1983). In the stretch of stream studied, 

pools range from 6-15 m wide, 20-135 m long, and up to 2.0 m deep (2.0 m depth is 

atypical and found only in pool 1 under a bridge). Stream substrate consists of cobble, 

gravel, sand and sandstone bedrock. RifQes vary firom 2-40 m in length, 0.5-3 m wide, 

and 1-18 cm thalweg depth. Throughout the duration of this study (26 May - 24 June 

1998) water Qowed through all pools and rifQes and no large flood events occurred (1 

day of rain&ll, < 2.5 cm).

The study she consisted of a nine pool, eight rifQe stretch starting at highway 32 

and extending iq>stream 737.5 m (Table 1). This is the same stretch described by Power 

and Matthews (1983) with a few exceptions. The area used in this study began one pool 

further downstream so that pool 1 described here is downstream firom pool 1 in Power 

and Matthews. From that point, pools 2,3, and 4 correspond to Power and Matthews 

pools 1,2, and 3 respectively. Pools 4 and 5 firom Power and Matthews are no longer 

distinct pools and were combined into pool 5 for this stucty. Pools 6-9 correspond to
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Power and Matthews pools 6-9. A natural waterMl (20 cm high) at the top of pool 9 

was considered unpassable during the experiment (but certainly not unpassable under 

higher water conditions), and pools iq>stream were not surveyed. The pool below pool 1 

was surveyed twice but not modeled or included in analysis as no marked fish were seen 

there.

Mark and Snorkel Method

On 26 May 19981 seined 100 N. boops firom pool 5, marked, and returned them 

to pool 5 within a 6 h period. On 16 June 1998,1 seined 100 Ç. anomalum firom pool 7 

and marked them same way. For marking, I sedated fish (MS-222) and injected non­

toxic acrylic paint (liquitex, red) subcutaneously using a disposable hypodermic needle 

(following the method of Lotrich and Meredith 1974). I made marks on both sides of the 

body. After marking, I allowed fish 1 h recovery, and observed them for any obvious 

adverse efTects firom marking. This method has been established as an effective method 

of marking small fishes (Thresher and Gronell 1978, Hill and Grossman 1987, Freeman 

1995, Goforth and Foltz 1998). A pilot study was conducted to test the efficacy of the 

marking technique on 50 N. boops and Ç. anomalum. There were no mortalities, and 

most marks were still visible one month later. Lotrich and Meredith (1974) found that 

90% of fish marked retained marks (depending on pigment used) after two months and 

only Ç. anomalum showed any signs of stress (fin rot, body fungus). These effects were 

not observed in the pilot study, however there were two mortalities (both Ç. anomaluml 

during marking for trials.

I conducted snorkeling surveys on thirteen individual days (6 following N. boops
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mariring: 27- 29 1-3 June and 7 following C. anomalum marking: 17- 19,22- 25

June). I began surveys in pool 1 and progressed iq)stream tfarou^ pool 9. One pass was 

made iq> the middle of each pool and numbers o f each species was recorded. On most 

days, visibility was high enough to allow bank to bank observation fiom the middle of 

the pool. On one occasion water clarity was much lower (due to local gravel digging) 

and counts were considerably lower in all pools. On two other occasions livestock 

blocked access to the three most içstream pools and only pools 1-6 were surveyed. 

RifQes in the study area were shallow with high current and could not be effectively 

sampled by snorkeling, so estimates of rifQe dwelling species (darters) were not 

accurate and eliminated from analysis, hidividual C. anomalum or N. boops were never 

observed maintaining position in any rifQes in this stretch of stream. Some species were 

also divided into size or age classes: Lepomis were divided into juvenile (<25 cm, all 

species combined), and adult groups (>25, species differentiated), Micropterus sp. were 

divided into juvenile (<25 mm), small (25-75 mm) and adult groups (>75 mm), 

cyprinids and all other species were divided into juvenile (<25 mm if present) and adult 

(>25 mm). A  principal component analysis (PCA) was used to examine pool 

assemblage similarities across all surveys.

Environmental data Collected

I collected environmental data on individual pools and rifQes to quantify 

parameters for movement models (pool length and width, rifQe length, width, current 

velocity, and thalweg depth. Table 1). I collected other environmental data (below) to 

quantify habitat differences among pools. Three transects were selected that represented
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the range of pool or rifQe morphology. Depth, current velocity (only in rifQes), and 

substrate were measured at five points along each transect. Estimates of percent 

substrate cover, percent aquatic vegetative cover, type of aquatic vegetative cover, and 

percent canopy cover were made for each pool and rifQe.

Movement Model

An individual-based model of fish dispersal (described by Schaefer 1999b) was 

used to predict movement and dispersal of the 200 marked fish. The model was 

originally developed and tested using movement data on Ç. anomalum. N. boops and 

CvprineUa venusta (blackspot shiner) in two pool outdoor artificial streams (University 

of Oklahoma Biological Station) built to mimic Brier Creek. The model was spatially 

explicit, so pool and rifQe lengths and widths were incorporated into the model (1 cm of 

real stream = one unit in simulated space). Fish moved one unit for each time step (one 

second of real time), resulting in a cruising speed of 1.5 cm/s. When a fish in the model 

encountered a rifQe, a probability (= rifQe permeability) determined if it crossed the 

rifQe or “bounced” off and remained in the original pool. RifQe permeability data were 

from Schaefer (1999a), and modified according to measured conditions in Brier Creek 

(rifQe length, mean thalweg depth, and mean current velocity. Table 1). All other model 

parameters used were the same as the correlated random walk model described in 

Schaefer (1999b) with one exception. In the model for this study, 1% of the fish (chosen 

at random each simulated hour) were designated wanderers (“strayers”. Freeman 1995).

I added wanderers based on work by many authors (Stefanich 1951, Funk 1955,

Gerking 1959, Freeman 1995, but see Hill and Grossman 1987) and personal

72



observations made in artificial streams (Schaefer 1999a, 1999b) where individual fish 

were seen moving large distances over short time periods. Wanderers in the model 

differed in that they had a bias to move toward the nearest rifQe in the model, resulting 

in greater net distance moved (obviously, manhattan distance would be no different). 

Three different models were run. The first model (predictive) included actual pool sizes 

and riffie permeability data fiom Schaefer (1999a, Table 1). The second model (pools 

equal) was the same except that all pools were made the same size (the mean length and 

width of all pools). The third model (no barrier) had actual pool sizes but riffie 

permeabilities were set at 1.0 (100%), so that rifQes did not act as barriers to movement 

Each model was run 20 times, and the mean number of predicted fish for each pool at 

each time was used for analysis.

Model Accuracy

The model predicted the number of marked fish in each pool for each survey. 

These predictions were compared to observed number of marked fish in pools during 

surveys to obtain measures of model error. Model error was the percent of fish locations 

incorrectly predicted by a model, and was defined (for one species, one model, on one 

survey) as:

9
I  observed--predicted

Model Error =—
Number of fish *2

Where p is the number of pools (n=9), observed values are the percent of marked fish
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seen in each pool, predicted values are the mean number of fish in each pool firom 

simulations, number of fish was the number of marked individuals (100). Model error 

potentially ranged firom 0.0 (perfect prediction) to 1.0 (Schaefer 1999b). Model accuracy 

was assessed for both species on the survey seven days following release and the last 

survey made.

Results

PCA Analysis o f Species Data

The first two axes of the PCA accounted fisr 34.1% of the variation in species 

abundance among pools (Fig. 1, Table 2). Notropis boops abundance was positively (r = 

0.423) and Ç. anomalum abundance negatively (r = -0.147) correlated with axis I. Thus, 

pools that consistently had many N. boops (e.g. pool 5) were toward the right side of 

Figure 2 while pools with more Ç  anomalum (e.g. pool 7) were on the left

I counted a total o f45,881 fish, including 553 marked individuals. Numbers of 

marked individuals sighted decreased as the experiment progressed. Forty-seven and 

69% of marked N. boops were seen on the first two surveys respectively, whereas only 

18 and 10% were seen the last two surveys (Fig. 3). Campostoma anomalum were only 

surveyed seven out of nine days after release, and percent of resightings remained 25- 

35% except on one day with reduced visibility.

One grotq) of 120-150 N. boops (the same group used for marking) was seen in 

pool 5 just above the downstream riffle in every survey. This area was shallow (30-40 

cm) with a cobble substrate and complete canopy cover. No N. boops were seen in any
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other part of pool 5 (typically deeper whh gravel or bedrock substrate and incomplete 

canopy cover. Table 1). For all surveys, the majority of marked N. boops were always 

seen in pool 5 at the release point. Two days after release, two mariced N. boops were 

seen in pool 6, while 67 were seen in pool 5. In the last two surveys marked N. boops 

were seen as 6 r downstream as pool 2 (n = 2) and as far upstream as pool 8 (n = 2) and 

in pools 4 (n=2), 5 (n=21), and 6 (n=l. Fig. 5).

Campostoma anomalum were abundant in all pools except 1 and 5 (no 

individuals seen in pool 1, one individual seen in pool S, Fig. 2), and accounted for 66.9  

% of all fish counted (Table 2). Over all surveys, the majority of marked Ç. anomalum 

were seen in pool 7 (release point). Over the nine days following release, marked C. 

anomalum were seen as far downstream as pool 6 (n=l) and as far upstream as pool 9 

(n=l), however no marked individuals were seen in pool 8 (Fig. 4). High variance for 

total C. anomalum in pool 7 was due to low counts on 28 and 29 May (5 and 220 

individuals, respectively) caused by low visibility. Numbers of Ç  anomalum for pool 9 

were typically low (<30, none marked) until 24 June when 350 were seen in the pool 

(one of them marked), accompanied by a decrease in the numbers in pools 7 and 8. The 

following day, many left the pool and numbers dropped back down to 170 (one marked. 

Fig. 5). This accounts for the high variance in number of C. anomalum for pools 8 

(mean = 65.4, SE = 29.3) and 9 (mean = 43.9, SE = 38.9) compared other species in 

other pools. Variance in C. anomalum counts for other pools was much lower.

Model Results and Accuracy

The “predictive” model was more accurate in predicting fish movement than the
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other two models (pools equal and no barrier). After seven days, the predictive model 

had 12. and 46.8% error for N. boops and Ç. anntnalnm respectively. The no barrier 

model was more accurate (10.6% vs 46.5%) than the pools equal model for N. boops. 

but the opposite was true (50.3% vs 52.4%) for Ç. anomaliim (Fig. 6).

After 28 days, the predictive model for N. boops was more accurate (26.3 % 

error) than the other two models (54.3 % for pools equal, 28.6 % for no barrier. Fig. 6). 

After nine days, the predictive model for C. anomalum was more accurate (46.6 % 

error) than the other two models (55.6 % for pools equal, 48.8 % for no barrier. Fig. 6). 

Discussion

While resight numbers dropped off quickly, it is not likely that marked fish left 

the study area. The top of pool 9 was impassable due to a small water&U, so fish could 

only leave the study area by moving downstream out of pool 1. Marked N. boops were 

only seen as far downstream as pool 2,26 days after release in pool 5. Two surveys of 

the pool downstream firom pool 1 failed to reveal any marked fish. Most likely, low 

resight numbers were due to low visibility and 6ding marks. Within a week of release, 

some individuals were seen with 6ding marks on one side of the body. Some fish were 

later seen with visible marks on only one side. It is possible fading marks would have 

been visible if fish were seined and closely inspected, but the combination of low 

visibility on some days and 6ding marks caused decreasing resight numbers. Even with 

fading marks, there were 2.7 resights for each marked fish over all su rv is combined 

(higher relative to other mark and recapture studies).

Most of the inter-pool movement events observed in this study were by one or
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two individuals. The majority of marked fish remained in the pool vdiere th ^  were 

released. When marked fish were seen outside of these pools, th ^  were always with 

other members of their species, but usually not with other marked fish. However, 

observations of unmarked fish do indicate that movement of groups did occur on 

occasion. Large grorq)s (100-300) of Ç. anomalum had to have moved among pools 7, 8 

and 9 to account for changes in numbers in those pools on 24-26 June. The only 

evidence for movement of groiq)s of N. boops was the occasional disappearance of a 

groiq) (30-45) usually seen in pool 1. However, they may have escaped detection as 

there was no corresponding increase in adjoining pools during the same surveys. This 

area of pool 1 is especially wide and shallow with large boulders which made it the 

most difficult area to survey. There was also evidence of movement by groups of 

Moxostoma ervthrurum (golden redhorse). Groups (25-50) of juvenile M. ervthrurum 

were seen in shallow areas of pools just below riffles. These groups were often seen in 

the same location (pool 3 and 7) for two or three days before disappearing. It is possible 

these fish were moving large distances as a group, or that they moved into riffles and 

avoided detection. A group of 20 adult M. ervthrurum was seen on two consecutive 

surveys in pool 7, but were not seen again. These observations indicate this species 

might make a good subject for future research on fish movement.

Notropis boops and C. anomalum differed in their movement within pools. 

Marked Ç. anomalum were aU released in one location, but were seen scattered 

throughout pool 7 the following day. There were many separate groups of Ç. anomalum 

in the pool, and marked fish were seen in each of these. Notropis boops were also
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released together, however this same grotq> remained at the release point for the 

duration of the study. I assumed this was the same groiqi of N. boops because no other 

group of N. boops that large was seen in any other pool, and marked individuals were 

seen in this group in every survey. One explanation for the differences is in the feeding 

behavior of the two species. Cam postoma anomalum is a herbivore and would be 

expected to cover more area (either within of among pools) to graze than N. boops 

which is an insectivore that feeds on aquatic invertebrates at rifQe-pool interfaces.

Pools with unfavorable conditions may act as barriers to movement just as rifQes 

do. Unfavorable pools could be physically difQcult to cross (abiotic fectors), or expose 

individuals to predators (biotic fectors). Goforth and Foltz (1998) hypothesized that 

reduced habitat availability in pools increased movement out of those pools by 

individual Notropis lutipinis. Pools 1 and 5 clearly were not fevorable to C. anomalum. 

as only one individual was ever seen in either pool. Other authors have hypothesized 

that areas with high concentrations of predators could be barriers to C. anomalum  

(Power and Matthews 1983; Power et al. 1985) or other species in general (Cooper et al. 

1990, Sih and Wooster 1994, Winemiller and Jepsen 1998). Pools 1 and 5 both had 

numerous predators (Micropterus sp. and large T.epomis sp ), but not unusually high 

densities for this reach of stream (Fig 2). Schaefer (1999b) showed that C. anomalum 

and N. boops had an afOnity for pools (in outdoor artificial streams) with vegetative 

cover and avoided pools with predators (Micropterus salmoidesV This indicates that 

inter-pool fish movement was dependant on habitat structure and quality. One would 

expect individuals in a low quality habitat more likely to move out of that habitat, and
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individuals in high quality habitat less likely.

The model that accounted for rifQe permeability and pool size (predicted) was 

the most accurate, indicating that both play a role in regulating dispersal. RifQe 

permeability seemed to have less effect on model accuracy than did pool size (Fig. 6). 

Models that had actual pool size (predicted, no barrier) predicted little movement by N. 

boops because pool 5 was the largest in the study by &r (this pool was actually two 

separate pools in Power and Matthews 1983). Due to pool size, the rate at which fish 

encountered rifQes in pool 5 of these models was very low, making rifQe permeability 

less a &ctor. However, models that did not account for pool size (therefore making pool 

5 much smaller) were by far the least accurate, and predicted an almost even distribution 

of N. boops among all pools after 28 days (Fig. S). In reality, only a small area of the 

downstream portion of pool 5 was ever occupied by N. boops. It is not clear if the lack 

of movement by marked fish was due to large pool size, low rifQe permeability, or 

simply low inherent movement rate by N. boops.

Few studies have successfully evaluated the daily movement rate of fishes 

between areas in streams, and tested the effects of biotic and abiotic factors. The results 

o f my study and others suggest that some fish occupy relatively small ranges (Gerking 

1959, Berra and Gunnig 1972) and only a few individuals ever move substantial 

distances (Schlosser, 1982, Herbold, 1984, but see Linfield 1985). Over 18 months. 

Freeman (1995) recaptured the majority of the t%ged Percina nierofasciata within 33 m 

of their original location. A few individuals however, were recorded traveling more than 

100 m in just one day. It is not clear if individuals were moving daily and returning to
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their ‘*home pools”, or if there was simply very little movement. Studies of 

recolonization into empty areas after disturbances has shown that large numbers o f 

individuals may recolonize patches in as little as half an hour (Peterson and Bailey, 

1993), or larger reaches in weeks (Larimore et al. 1959, Matthews et al. 1987). In 

addition, most movement seems to be by individuals, with movement by large groups 

occurring less often. Displacement studies similar to this one (capturing fish fiom one 

pool, marking them, and releasing them in a difTerent pool) would address questions 

about increased movement rates out of unfavorable pools and home pool affinity. Mark- 

resight methods could also be used to test the effects of natural disturbance on fish 

movement and distribution.
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Table 1

Pool and riffle measurements that effected model parameters. For substrate types, Snd=sand, Gr=gravel, Cb=cobble, 

Bdr=sandstone bedrock, Bld=boulder. For vegetation. Fa = filamentous algae, Dia = diatoms. Both substrate and vegetation 

are listed in order of bottom coverage, and only if it covered more than an estimated 20%. Standard riffle permeabilities were 

0.12 for N. boops and 0.15 for £. anomalum (Schaefer 1999a). Permeability decreased by 50% for riffle length > 10 m, Max 

thalweg < 8.0, and average current velocity > 10 cm/s.

Pool Length Max. Width Max.Depth Substrate Vegetation Can.Cvr.

P I 62.7 m 12.9 m 2.2 m Gr,Cb,Bdr Fa 65%

P2 76.9 11.8 0.82 Cb,Bdr,Snd Fa 40

P3 56.6 6.2 0.39 Bdr Dia 100

P4 19.7 7.5 0.84 Bdr,Gr - 10

P5 135.0 12.1 1.40 Cb,Gr,Bdr Fa 60

P6 86.8 8.4 0.98 Bdr,Cb,Bld Fa 10

P7 79.8 10.7 0.83 Cb,Bdr - 15

PS 81.0 11.2 0.77 Cb,Bdr,Gr Fa 40

P9 22.0 13.2 0.87 Bdr,Bld,Cb 100



Riffles Length Max Width Min - Max Thalweg Avg Current Permeability (N. boops. C. anomalum)

R l-2 5.9 m 4.2 m 1.0 - 5.5* cm 11.7* cm/s 0.03,0.038

R2-3 24.6* 3.5 2.0 -14.0 7.7 0.06,0.075

R3-4 34.0* 4.8 3.0-18.0 13.4* 0.03,0.038

R4-5 34.3* 2.3 1.5-12.0 9.5 0.06,0.075

R5-6 6.8 2.4 2.0 - 7.5* 18.0* 0.03,0.038

R6-7 3.8 4.6 1.5-4.0* 12.4* 0.03,0.038

R7-8 3.6 2.4 2.0 - 7.5* 17.6* 0.03,0.038

R8-9 4.0 4.6 1.6-9.5 12.3* 0.06,0.075

- factor reduced riffle permeability by 50%.



Table 2

Species observed, total number of individuals counted, and loadings 

(=correlations with) the first two axis of the PCA. Marked N. boops and C. anomalum 

were included with adults for analysis.

Species Total Count Axis I Axis n

Notropis boops 3359 0.423 0.068

Notropis boops <2 cm 6545 0234 -0.048

Notropis boops f marked) 362 - -

Campostoma anomalum 14310 -0.147 0.172

Camoostoma anomalum <2 cm 16210 -0.190 -0.278

Campostoma anomalum (marked) 191 - -

Noteminonus chrvsoceph 172 0.049 -0.405

Lepomis menalotis 1860 0.453 -0.085

Lepomis macrochirus 125 0.286 -0.099

Lepomis humilus 42 0.309 -0.180

Lepomis cvanellus 187 0.289 0.179

Lepomis sp. <2 cm 660 0.202 -0.297

Micropterus salmoides lame 206 0.021 -0.197

Micropterus salmoides sm 315 -0.016 -0.204

Micropterus salmoides Juv 143 0.348 -0.218

Moxostoma ervthrurum iuv 519 -0.149 -0.254

Moxostoma ervthrurum adult 230 0.172 0.250
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Fundulus notatus 309 -0.049 -0.358

Ameunis mealas 67 0.148 0.374

Etheostoma soectabile III  0.051 -0.173

Total 45,881
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List of Figures

Figure 1. Scatter plot of individual pools from all surveys projected onto the first two 

axes of the PC A.

Figure 2. Mean abundance (+ 1 SE) of N. boops. Ç. anomalum. T^pomig sp. (age 

classes and species combined), and Micropterus sp. (age classes combined) for each 

pools over all surveys.

Figure 3. Percent of marked Ç. anomalum and N. boops fish resighted over the course 

of the experiment.

Figure 4. Percent of marked fish observed (firom surveys) and expected (firom predictive 

model, ± 1 SB) in each pool seven days after mark and release. Top pane is N. boops (2 

May survey), bottom pane is Ç. anomalum (23 June survey).

Figure 5. Percent of fish observed (firom survey) and predicted firom the three models (+ 

1 SB) on the last survey (24 June). See text and Table 3 for detailed model description. 

Top pane is N. boops (28 days after mark and release), bottom pane is C. anomalum (9 

days after mark and release).

Figure 6. Model accuracy for both species 7 days after mark and release (>L boops 7,
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and C. anomalum 7) and on the last survey date (N. boops 7, C. anomalum 9). Model 

error is expressed as the percent of fish incorrectly located by a model. See text for full 

model descriptions.
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