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on foraging efficiency of an endangered benthic cyprinid,
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Abstract To identify the mechanisms whereby sub-

strate embeddedness and water velocity influence

Nooksack dace (Rhinichthys cataractae subsp. catarac-

tae) prey capture efficiency,we stocked dace in foraging

arenas with varying substrate types over a range of

velocities (0, 25, 35 cm s-1) and measured their

efficiency of prey capture.We stocked a known number

of mayfly (Ephemeroptera), black fly (Simuliidae), and

chironomid (Chironomidae) larvae in each foraging

arena and measured the number of invertebrates

remaining after 12 h. Foraging efficiency for mayflies

was significantly reduced over unembedded substrate,

and capture efficiency for all taxa decreased at higher

velocities in all substrate treatments. Decreased forag-

ing efficiency indicates that higher velocities may

degrade the accuracy of prey strikes, that dace may

alter their foraging behavior to reduce energy expendi-

tures at higher velocities, that there is less available

foraging habitat within their velocity tolerances, or that

invertebrates become more interstitial at higher veloc-

ities. Although it is difficult to unambiguously discrim-

inate among these mechanisms with our experimental

design, our results suggest that dace are adapted to

foraging in low-velocity micro-habitats within the

boundary layer, and that their foraging efficiency may

be sensitive to both the refuging ability of their prey and

velocity and turbulence at their focal point.

Keywords Benthic fish � Embeddedness � Boundary
layer � Capture success � Foraging habitat

Introduction

The ability of a fish to effectively forage depends on the

overall abundance and distribution (i.e., patchiness) of

prey and the vulnerability of that prey to capture

(Charnov, 1974; Nachman, 2006; Grossman, 2014).

Prey tend to be more abundant in habitats with high

structural complexity (Diehl, 1992; Hurlbert, 2004)

because complexity may providemore refugia for prey

(Warfe & Barmuta, 2004; Schneider & Winemiller,

2008) and the resources they consume (Culp et al.,

1983; Negishi & Richardson, 2003). However, preda-

tor foraging efficiency decreases in complex habitats

due to reduced prey vulnerability and encounter rates
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(Gotceitas & Colgan, 1989). Aspects of the physical

environment other than complexity—such as water

velocity or wind speed—may also affect the capture

success rate of predators. For instance, Gilchrist &

Gaston (1997) showed enhanced seagull predation on

thick-billed murre [Uria lomvia (Linnaeus, 1758)]

eggs at intermediate wind speeds that optimized

maneuverability near cliff ledges. Similarly, several

studies have shown that high velocity may decrease

strike success as well as the distance at which salmonid

fishes detect drifting invertebrates in streams, resulting

in lower overall capture success rate (Hill &Grossman,

1993; Piccolo et al., 2008).

Alterations to habitat structure throughanthropogenic

impacts are now pervasive and can directly impact the

mechanics of prey capture, alter search efficiency, or

reduce predator encounter rates with prey by directly

reducingprey abundance (Kemp et al., 2011; Jones et al.,

2012). In freshwater habitats, sediment inputs that

embed substrates are an increasingly common habitat

alteration that can decrease the availability of prey for

fish, adversely affecting growth or survival (Suttle et al.,

2004).Although thenegative effects of sediment arewell

documented (e.g., Berkman & Rabeni, 1987; Ryan,

1991; Anderson et al., 1996; Owens et al., 2005; Finstad

et al., 2007;Kempet al., 2011), themechanismswhereby

sediment reduces energy intake of benthic fishes remain

somewhat ambiguous, in particular the potential role of

changes in velocity and substrate characteristics on

foraging efficiency. Previous studies have demonstrated

that velocity (Jean-Guy & Rangeley, 1989; Tyler, 1993;

Piccolo et al., 2008) and sediment (Nerbonne &

Vondracek, 2001; Suttle et al., 2004; Finstad et al.,

2007) have strong effects on the foraging efficiency of

drift feeding fishes, but similar studies on benthic stream

fishes are largely absent.

Fine sediment directly affects invertebrate abun-

dance and community structure, as well as the physical

environment that constitutes the foraging arena for

benthic fishes. Increased sediment loads can smother

periphyton and fill interstitial spaces that trap organic

matter and provide habitat for both benthic invertebrates

and fishes (Negishi & Richardson, 2003; Kemp et al.,

2011; Jones et al., 2012), thereby reducing the abun-

dance of benthic prey (Thompson et al., 2001; Suttle

et al., 2004). Embeddedness also decreases streambed

roughness resulting in increased near-bed water veloc-

ities, reducing the thickness of the low-velocity bound-

ary layer above the streambed (Smith & Nichols, 2005;

Kaufmann et al., 2009; Evans &Wilcox, 2013). Riffle-

dwelling benthic fishes are generally found in high-

velocity habitats over unembedded coarse substrate

(Gibbons&Gee, 1972;Mullen&Burton, 1998;Pearson

et al., 2008),where the ability to use their pectoral fins as

hydrofoils allows them to hold against the substrate at

high velocities withminimal energy expenditure (Facey

& Grossman, 1990; Grossman, 2014). Although it is

unknown how near-bed velocity affects the costs of

active foraging by benthic fishes, it is thought that a

thicker boundary layer associated with a rough bottom

substrate plays a critical role in facilitating the use of fast

water habitat by small benthic fishes (Carlson&Lauder,

2011). While studies have considered the role of prey

abundance and water velocity in habitat selection by

benthic fishes (Hansen et al., 1986; Thompson et al.,

2001; Petty & Grossman, 2010; Grossman, 2014), we

are not aware of any studies that have simultaneously

manipulated benthic substrate and velocity to determine

how they jointly influence the foraging efficiency of

benthic stream fishes.

The objective of this study was to identify how

water velocity and substrate interact to affect the

foraging efficiency of a riffle-dwelling, benthic insec-

tivorous fish, with the goal of understanding the

physical constraints on foraging effectiveness and the

mechanisms whereby sedimentation can affect forag-

ing success. Using experimental foraging arenas, we

manipulated gravel embeddedness and water veloci-

ties to evaluate their interactive effects on the foraging

efficiency of a typical benthic cyprinid, the Nooksack

dace [Rhinichthys cataractae subsp. Cataractae (Va-

lenciennes, 1842) in Cuvier &Valenciennes, 1842], an

endangered species in the Lower Mainland of south-

western British Columbia, Canada. Our expectations

were i) that foraging efficiency would decline at higher

velocities because of reduced boundary layer thick-

ness, and ii) that foraging efficiency would decrease

with sediment inputs that reduce surface roughness,

and would therefore be highest over unembedded

substrates with the thickest boundary layer.

Methods

Study site

Experiments took place in southwestern British

Columbia adjacent to Pepin Creek, a lowland stream
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that flows south into the Nooksack River in Washing-

ton State, USA. Experiments were conducted from

June 2 to 16, 2014 when water temperatures were

consistently above 11�C, as Nooksack dace are less

active below this temperature (COSEWIC, 2007;

Pearson et al., 2008). Nooksack dace were captured

in nearby Bertrand Creek using minnow (Gee) traps

and transferred to the secure experimental site at

nearby Pepin Creek immediately after capture. To

ensure that each Nooksack dace had similar motiva-

tion to feed during foraging trials, all fish were held in

Pepin Creek in covered containers with flow-through

mesh sides for a minimum of 36 h prior to foraging

experiments. Each Nooksack dace was used in only

one trial and returned to their site of capture after the

conclusion of each trial.

Foraging arena design

Experimental arenas were constructed using 5-l plastic

buckets, 19 cm in height and 18.5 cm in diameter

(256 cm2), each fittedwith awater intake hose attached

to a 3820-l per hour bilge pump. The size of arenas was

chosen to limit the number of invertebrates stocked in

each trial while maintaining their availability to

Nooksack dace, and to allow us to control as many

variables as possible to more accurately examine the

joint effects of water velocity and substrate composi-

tion on Nooksack dace foraging efficiency. Although

the area of arenas was small, which could elevate

foraging efficiency by preventing prey emigration,

benthic fishes like dace are often recaptured over very

short distances with home ranges frequently limited to

a single riffle (Pearson, 2004; Pearson et al., 2008), and

dace appeared generally unstressed and exhibited

normal foraging behavior while in arenas. Current

was created by inserting an intake hose 10 cmabove the

bottom of each bucket tangential to the outside

curvature of the bucket wall to allow water to flow in

a clockwise direction inside each arena, creating a

circular current (Figs. 1, 2). To minimize the low-

velocity zone in the center of each arena, a 4-cm-

diameter standpipe was installed in the center of each

bucket. Four arenas and bilge pumps were placed in a

57-l water bath on the bank of Pepin Creek, which was

supplied with fresh water from the creek via a bilge

pump (Fig. 1). All water entering the tank was filtered

through two 250-lm mesh bags to prevent suspended

stream invertebrates from entering arenas. Lids

constructed from 250-lm mesh were secured to each

bucket to prevent invertebrates or Nooksack dace from

escaping from the arenas during experiments (Fig. 1).

Five outflowwindowswere cut out of the upper 4 cmof

each bucket wall and covered with 250-lm mesh,

allowingwater to flow out of the top of the arenaswhile

retaining fish and stocked invertebrates.

Experimental design

A single foraging efficiency trial was run daily, using a

total of four foraging arenas each day (the maximum

capacity of the stream-side experimental set-up;

Fig. 1). Each of the four arenas were randomly

assigned one of three substrate treatments that repre-

sented the observed natural conditions in Nooksack

dace streams (smooth surface, unembedded gravel,

and embedded gravel). Substrate types and velocities

within foraging arenas were broadly representative of

foraging conditions observed within Bertrand and

Pepin Creeks during instream habitat assessments

(unpublished data). Smooth surface treatments did not

include any substrate additions and the bottom of the

arena was left as the bare plastic surface, which is

similar to bed rock or hard clay substrate that provides

no interstitial refuges for Nooksack dace or their

invertebrate prey; unembedded gravel treatments

contained 1-l of river-washed gravel (drain rock

2–5 cm diameter), 0.2-l of mixed pebbles (8–19 mm

diameter), and 0.5-l of coarse sand (2–7 mm diame-

ter); embedded gravel treatments contained an addi-

tional 0.36-l of coarse sand to completely fill all

interstitial spaces (Champion, 2016). The volume of

coarse sand needed to fill interstitial spaces was

estimated as the volume of water needed to cover one

liter of drain rock. Three velocity treatments were

selected to represent low- to zero-velocity pool habitat

(0 cm s-1), moderate velocity riffle habitat

(25 cm s-1), and high-velocity riffle habitat

(35 cm s-1). Each velocity treatment was randomly

assigned to each substrate treatment, for a total of 9

substrate-by-velocity combinations which were each

replicated five times (total n = 45). The three velocity

treatments were chosen to represent a wide range of

Nooksack dace flow requirements based on previous

research (Avery-Gomm, 2013; Avery-Gomm et al.,

2014) and field observations. Velocities in each arena

were adjusted using a relief ball valve installed

between the bilge pump and intake hose.
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Three different taxa of invertebrates were stocked

in each arena: mayfly larvae (Ephemeroptera, Baeti-

dae), black fly larvae (Simuliidae), and chironomid

larvae (Chironomidae, primarily Orthocladiinae).

These invertebrates were selected based on their

frequent occurrence in the diet of Nooksack dace

(McPhail, 1996; Avery-Gomm et al., 2014; personal

observation) and other closely related dace species

(Gee and Northcote, 1963; Culp, 1989), and their

widespread availability as prey within Pepin Creek.

Invertebrates used for stocking foraging arenas were

collected using a Surber sampler from experimental

stream-side channels that were naturally colonized by

invertebrates from Pepin Creek. Collected inverte-

brates were carefully rinsed into a sorting tray, and

only individuals that displayed normal behavior and

showed no signs of damage were used in foraging

experiments. Each arena was stocked with seven

large- (4.5–6.5 mm) and eight medium-sized

(2.5–4.5 mm total length) mayflies, six medium-sized

(3–6 mm) chironomids, and seven large- (4–8 mm)

and medium-sized (2–4 mm) black fly larvae. After

allowing invertebrates to acclimate in arenas for one

hour, a single Nooksack dace (86 ± 9 mm and

3.7 ± 0.7 g) was stocked in each arena. Invertebrates

and Nooksack dace were stocked in arenas in the late

afternoon, and foraging trials were conducted from

dusk until dawn because Nooksack dace are generally

nocturnal feeders (Culp, 1989; McPhail, 1996;

COSEWIC, 2007). Nooksack dace were removed the

following morning and water and sediment were

decanted from each arena and rinsed to remove

unconsumed invertebrates, which were counted to

estimate percent capture efficiency. To estimate the

recovery efficiency of invertebrates independent of

fish consumption, we included two control replicates

(no Nooksack dace present) for each substrate-by-

velocity combination (n = 18 controls in total).

Nooksack dace forage primarily at night (McPhail,

1996), which precluded systematic observation of fish

foraging or invertebrate predator avoidance behavior

in experimental arenas. However, to obtain some

understanding of how invertebrates respond to

changes in velocity in foraging arenas in the absence

of predation risk, we made simple quantitative obser-

vations of Baetis responses to increased velocity over

Fig. 1 View of experimental foraging arena set-up. Arrows

indicate inflow of water from Pepin Creek (A), inflow hose

attached to a bilge pump pumping water into a foraging arena

(B), stand pipe in the center of arena to minimize central low-

velocity dead zone (C), relief valve on arena inflow hose to

control velocity (D), 250-lmmesh lids (E), and 3800-l per hour

bilge pump (F)
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unembedded gravel substrate. Twelve mayflies were

stocked in two replicate foraging arenas with GoPro�

cameras installed at the water surface, and the number

of mayflies present on the upper substrate (gravel

surfaces) was recorded five times at 10-min intervals

in still water (0 cm s-1). After 1 h with no flow, bilge

pumps were turned on to increase velocity to

15 cm s-1, and the number of mayflies visible on

substrate surfaces was again recoded five times at

10-min intervals.

Measurement of velocity and turbulence

To characterize the hydraulic environment within

arenas, velocities were systematically measured

before each experiment at 12 points (Fig. 2) in each

arena using a Marsh-McBirney model 2000 flow

meter. Because velocity increased with distance from

the central standpipe, velocity was measured at three

points along four radii in each quadrant of the arena

floor to generate more precise estimates of mean

velocity. To characterize fluctuations in velocity,

which may have affected the foraging ability of

Nooksack dace, we recorded velocity every three

seconds for one minute at each of the 12 points for

each substrate-by-velocity combination. Standard

deviation in velocity was then used as an index of

turbulence at the different locations within each arena.

Turbulence in streams is associated with flow vari-

ability in space and time (Higham et al., 2015), and is

created by chaotic vortices and turbulent mixing

associated with physical structure (such as substrate

roughness). Variation in velocity can have impacts on

a variety of ecological processes related to fish

foraging and energetics (e.g., Enders et al., 2003),

and statistical metrics of turbulence intensity are based

Fig. 2 Top view of a foraging arena. Tick marks indicate locations of velocity measurements; four in each of the outside perimeter,

middle, and inside. Velocity was measured over each substrate type in 25 and 35 cm s-1 velocity treatments
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on temporal variation in velocity at a point in time

(Gordon et al., 1992). The standard deviation in

velocity was used as an index of turbulence and

calculated for each of the three regions in arenas: the

outside perimeter (along the outer edge of the arena),

the middle, and the inside (next to the central

standpipe; Fig. 2).

Statistical analysis

Foraging efficiency was calculated as the total number

of individuals consumed by Nooksack dace divided by

the total number of prey stocked in each arena for each

taxon separately and for all taxonomic groups in each

foraging arena. The number of prey consumed in each

trial was calculated as the difference between the

number initially stocked and the number recovered in

the presence of fish. However, because of detection

issues during substrate processing not all invertebrates

were recovered at the end of each trial even in the

control treatments. To ensure that these unrecovered

invertebrates were not counted as consumed prey

(artificially inflating capture efficiency), the number

consumed was reduced by the average number of prey

that were unrecovered in controls with fish absent. For

each taxon and all stocked invertebrates combined, we

tested for effects of substrate, velocity, and fish length

on capture efficiency using a two-way analysis of

covariance (ANCOVA) with fish length as a covariate,

including an interaction between velocity and sub-

strate. Fish length was not significant (i.e., P[ 0.05)

and was removed from all models. To test for

differences in capture efficiency among prey taxa,

we performed a global ANCOVA using data from all

three species to test for effects of taxa, substrate, and

velocity on capture efficiency including all two- and

three-way interactions. An ANCOVA was used to

assess velocity effects on capture efficiency treating

velocity as a continuous (rather than class) variable to

determine the incremental decrease in capture effi-

ciency with increasing velocity for individual taxa and

all taxa combined. Residuals were tested for normality

and homogeneity using Shapiro–Wilks W and Bar-

tlett’s K-squared statistics. All dependent variables

met assumptions of normality and homogeneity of

variance, except for percent capture efficiency of

mayfly and blackfly larvae, which were arcsine

transformed to normalize residuals.

The effects of velocity (0, 25, or 35 cm s-1),

substrate (smooth surface, unembedded gravel, and

embedded gravel), and location (outside perimeter,

middle, and inside) on the standard deviation in

velocity (i.e., turbulence) were assessed using a three-

way ANCOVA, with an interaction between location

and velocity. All statistical analyses were conducted in

R version 3.2.0 (R Development Core Team, 2015).

Results

Velocity and substrate effects on capture efficiency

Capture efficiency for all three taxa decreased with

increasing velocity across all substrate types (mayflies,

F[2,36] = 36.6, P\ 0.001; Fig. 3A; chironomids,

F[2,36] = 6.4, P = 0.04; Fig. 3B; black flies, F[2,36] =

25.2, P\ 0.001; Fig. 3C; and for capture efficiency of

all taxa combined, F[2,36] = 44.7, P\ 0.001;

Fig. 3D). Recovery rates of stocked prey from control

Fig. 3 Nooksack dace foraging efficiency for (A) mayfly

larvae, (B) chironomid larvae, (C) black fly larvae, and (D) all
taxa combined for all three substrate treatments (smooth

surface, unembedded gravel, and embedded gravel), for each

experimental velocity (0, 25, or 35 cm s-1). Foraging efficiency

is defined as the proportion of prey stocked that were consumed

over a 12-h experimental period. n = 5 for each treatment

group, error bars represent 95% confidence intervals
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treatments (no dace added)were high; on average, 97%

of mayflies were recovered, 94% of blackfly larvae,

and 90% of chironomids. Capture efficiency declined

most sharply over unembedded gravel between 0 and

25 cm s-1, decreasing over this velocity range by 64%

for mayflies, 48% for chironomids, 46% for black flies,

and 54% for all taxa combined. Treating velocity as a

linear covariate, every 1 cm s-1 increase in velocity

reduced Nooksack dace capture efficiency (averaged

over all substrate types) by 1.4% for mayflies

(F[1,39] = 51.4, P\ 0.001); 0.1% for chironomids

(F[1,39] = 12.0, P = 0.001); 1.5% for black flies

(F[1,39] = 49.8, P\ 0.001); and 0.8% for all taxa

combined (F[1,39] = 70.0, P\ 0.001).

Nooksack dace foraging efficiency was lowest over

the unembedded substrate for all taxonomic groups at

velocities above 0 cm s-1, which was contrary to our

hypothesis that Nooksack dace would forage most

effectively over unembedded substrates, regardless of

velocity. However, there was also a significant

substrate-by-velocity interaction between 0 and

25 cm s-1 for mayflies (F[4,36] = 5.0, P = 0.003),

chironomids (F[4,36] = 2.7, P = 0.04), and all taxa

combined (F[4,36] = 4.7, P = 0.004) but not for black

fly larvae (F[4,36] = 0.7, P = 0.58). This is evident in

the generally steeper decrease in foraging efficiency

from 0 to 25 cm s-1 over unembedded gravel sub-

strates, while capture efficiency decreased more

slowly with increasing velocity over embedded gravel

and the smooth bottom surface (Fig. 3). In general,

there were minimal substrate effects on capture

efficiency at zero velocity, and substrate effects only

became apparent at higher velocities. However, while

substrate type significantly affected Nooksack dace

capture efficiency for mayflies (F[2,36] = 22.9,

P\ 0.001) and all taxa combined (F[2,36] = 11.8,

P\ 0.001) at 25 cm s-1, there was no significant

main effect on chironomid (F[2,36] = 1.9, P = 0.16)

or black fly larvae (F[2,36] = 0.5, P = 0.47).

In the absence of Nooksack dace in foraging arenas,

limited daytime observations of mayfly orientation over

gravel substrate showed a shift from 44% of stocked

mayflies visible on upper substrate surfaces at 0 cm s-1,

to 1% visible at 15 cm s-1 (F[1,18] = 241.3,P\0.001).

Taxon effects on capture efficiency

There was a significant effect of prey taxon on

Nooksack dace foraging efficiency (F[2,108] = 22.5,

P\ 0.001), which was significantly lower for chi-

ronomids than for mayfly (Tukey HSD, P\ 0.001)

and black fly larva (Tukey HSD, P\ 0.001), with no

differences among other taxa combinations. There was

a common decrease in foraging efficiency for all taxa

as velocity increased (F[2,108] = 53.9, P\ 0.001), a

common decrease in foraging efficiency over unem-

bedded substrate across taxa (F[2,108] = 11.2,

P\ 0.001), and a strong velocity-by-substrate inter-

action (F[4,108] = 6.9, P\ 0.001). There was also a

significant taxon-by-velocity interaction

(F[4,108] = 3.0, P = 0.02), whereby increased veloc-

ity had a smaller effect on capture efficiency of

chironomids than other taxa. However, there were no

taxon-by-substrate (F[4,108] = 1.6, P = 0.16), or

taxon-by-velocity-by-substrate interactions

(F[8,108] = 1.6, P = 0.13), suggesting that substrate

effects on capture efficiency were broadly similar

across taxa.

Turbulence effects on capture efficiency

Turbulence (represented by the standard deviation of

velocity) was not statistically different among the three

substrate types (F[2,16] = 3.6, P = 0.051; Fig. 4), and

the effect of the interaction between velocity and

location (F[4,16] = 2.9, P = 0.054) on variance in

velocity was also insignificant. However, there was a

trend for turbulence to be lower over the smooth

substrate surface, particularly along the outside

perimeter (high velocity) of the foraging arenas (see

size of error bars in Fig. 4). Turbulence significantly

increased toward the outside perimeter of arenas

(location effect, F[2,16] = 9.1, P = 0.002) and at

higher velocities (0, 25, or 35 cm s-1; F[2,16] = 18.7,

P\ 0.001; Fig. 4). Turbulence along the outside

perimeter of arenas was significantly higher than in

the middle (Tukey HSD, P = 0.02) and inside (Tukey

HSD, P = 0.002) of arenas and between zero and

25 cm s-1 (Tukey HSD, P\ 0.001) and 35 cm s-1

(Tukey HSD, P\ 0.001) velocity treatments.

Discussion

Both water velocity and substrate affected the effi-

ciency with which dace capture their invertebrate

prey. In general, with the exception of mayflies, the

effects of velocity on Nooksack dace foraging success
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were greater than the effects of substrate. The decrease

in Nooksack dace foraging efficiency over all sub-

strates under the high-velocity conditions (25 and

35 cm s-1) is somewhat surprising given that dace

preferentially occupy high-velocity habitats (i.e.,

riffles; Pearson et al., 2008). However, determining

the actual velocity that benthic feeders experience is

complicated by vertical gradients in the velocity field

above the substrate. Boundary layer thickness gener-

ally decreases with smaller substrate particle size,

because a fine-particle streambed decreases friction

(i.e., surface roughness) with the overlying water

surface and reduces turbulence at the interface

between the streambed and the water column, result-

ing in higher water velocities closer to the substrate

surface (Smith & Nichols 2005; Carlson & Lauder,

2011). Extremely high bottom water velocities may

conceivably reduce the ability of dace to hold position

or forage effectively. However, Facey & Grossman

(1990) found that a close relative of Nooksack dace,

the longnose dace [Rhinichthys cataractae (Valenci-

ennes, 1842)], can hold position at velocities up to

55 cm s-1 without significant increases in oxygen

consumption. We observed decreased foraging effi-

ciency at velocities well below this 55 cm s-1

threshold, suggesting significant impairment of forag-

ing ability at velocities well below the threshold for

maintaining position in a flume. However, our study

design and limited number of velocity treatments

make it difficult to unambiguously identify the specific

mechanisms whereby velocity reduces capture

success.

Higher velocities on the outer perimeter of the

arenas may have exceeded Nooksack dace foraging

tolerances, reducing the total area available for

foraging and therefore lowering overall foraging

efficiency. For example, black fly larvae may have

used high velocities near the outside perimeter of the

arenas as refuges from predation (Malmqvist &

Sackmann, 1996; Fonseca & Hart, 2001). While

velocities may have exceeded Nooksack dace foraging

tolerances, observed reductions in foraging efficiency

may have been exaggerated if dace were excluded

from foraging over a significant portion of an already

small foraging environment. Higher turbulence (i.e.,

variation in velocity) near the outer perimeter of the

arenas, particularly over unembedded substrate, may

also have reduced dace foraging efficiency. However,

capture success at increased velocities was reduced

similarly over rough and smooth substrates, suggest-

ing that substrate-related differences in near-bed

turbulence did not play a large role in capture success

variation.

High water velocities have been observed to delay

prey identification, decrease strike accuracy, and

reduce capture success in some salmonid (Hill &

Grossman, 1993; Piccolo et al., 2008) and cyprinid

fishes (Grossman et al., 2002). Although we did not

directly observe Nooksack dace foraging activity, it is

plausible that increased turbulence at higher velocities

could degrade strike accuracy and capture success.

Additionally, Beers & Culp (1990) showed that

longnose dace adopting ‘‘rooting’’ behavior (i.e.,

using their snouts to disturb the substrate) under low

light conditions when visual cues are less reliable,

suggesting a switch to olfactory or mechanical sensory

prey detection. It is possible that turbulence associated

Fig. 4 Mean velocities for the three locations (outside perime-

ter, middle, and inside) within foraging arenas for each of the

substrate treatments (smooth surface, unembedded gravel, and

embedded gravel) at each experimental velocity. Error bars are

the standard deviation in velocity at each location within the

foraging arenas. Symbols are jittered slightly to prevent overlap

of data
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with higher velocities incrementally degrades either

olfactory or mechanical cues that Nooksack dace use

to nocturnally detect prey, decreasing their reaction

distance and capture efficiency. An alternative expla-

nation could be that invertebrates exhibit greater

refuging behavior at higher water velocities. While

this could explain decreased foraging success over

unembedded substrate, it would not account for

deceased foraging efficiency at high velocities (i.e.,

25 and 35 cm s-1) over the smooth substrate where

interstitial refuges were absent. A pattern of decreased

capture success at higher velocities over unembedded

substrate was broadly consistent across taxa (Fig. 3).

This suggests that both the physical attributes of

unembedded substrate (i.e., greater availability of

interstitial spaces) and potential velocity effects noted

earlier (i.e., reduction in foraging area, lower prey

encounter rates, reduced strike accuracy, or decreased

prey detection distance) jointly contributed to the

reduction in Nooksack dace foraging efficiency,

although a behavioral shift by invertebrates to inter-

stitial habitat at higher velocities may also have played

a role. Interstitial spaces were absent in the smooth

surface treatment and reduced in the embedded

treatment, suggesting that greater abundance of inter-

stitial refuges in the unembedded substrate was the

primary mechanism underlying reduced capture suc-

cess; this is consistent with observed refuging behav-

ior of mayflies in the presence of predators (Flecker &

Allan, 1984; Culp et al., 1991) and our observations of

greater mayfly refuging behavior at higher water

velocities. It is also consistent with reduced predator

foraging success in high-complexity habitats that

provide abundant refuges for prey (Gotceitas &

Colgan, 1989). Lower Nooksack dace foraging effi-

ciency for all taxa over unembedded substrates was

somewhat counterintuitive, because Nooksack dace

are usually found in high-velocity riffle habitats with

coarse unembedded substrate (Inglis, 1997; Pearson

et al., 2008), and we expected Nooksack dace to be

efficient foragers under the least embedded substrate

conditions. However, a generally positive association

of Nooksack dace with unembedded substrate in

nature (Pearson et al., 2008) may reflect i) higher

biomass of benthic invertebrate prey over unembed-

ded substrate (e.g., Iwata et al., 2003; Suttle et al.,

2004; Bo et al., 2007) that supports higher overall prey

intake, despite reduced capture efficiency; and/or ii)

greater refuge from potential avian or aquatic

predators of Nooksack dace in coarse, unembedded

riffle habitat (Harvey and Stewart, 1991). Higher

benthic foraging efficiency over embedded substrate is

also consistent with observations by Brusven & Rose

(1981), who found extremely high consumption

efficiencies (90-100%) by the torrent sculpin [Cottus

rhotheus (Smith, 1882)] on benthic invertebrates over

heavily sand-embedded substrate, relative to con-

sumption rates over unembedded gravel and cobble.

Ecological traits of different prey taxa should

influence their vulnerability to predation. Nooksack

dace foraging efficiency was lowest for orthoclad

chironomids across most velocity-and-substrate com-

binations. Orthoclad chironomids typically attach

themselves to benthic substrates using tubes made of

fine sediment, which provides protection from preda-

tors and scouring flows (Hershey, 1987), potentially

reducing their availability to Nooksack dace. For

instance, chironomid tubes in smooth surface arenas

were frequently observed in the corner angles of

foraging arenas where the side and central standpipe

met the arena bottom, which may have provided some

protection from Nooksack dace predation. In the

unembedded and embedded substrate arenas, chirono-

mids were less visible but likely attached to the

substrate within sheltered interstitial spaces, further

reducing their availability. In contrast, black fly larvae

tend to attach to exposed surfaces rather than substrate

interstices, likely elevating their vulnerability to pre-

dation, although they likely avoid predation by exploit-

ing high-velocity habitats that are beyond the foraging

tolerances of Nooksack dace. Similarly, the more active

non-sessile prey like baetid mayflies were observed on

rock surfaces at zero velocity, which likely increased

their availability as prey. However, at higher velocities

fewer mayflies were visible on the substrate surface

over unembedded substrate, suggesting their use of

interstitial space as refuges from high water velocities,

potentially reducing their vulnerability to predation.

Despite their ecological differences, these taxa are

known to drift to avoid predation or when habitat

conditions are suboptimal (i.e., Lancaster, 1990; Fon-

seca and Hart, 2001; Wilcox et al., 2008), as might be

the case in our foraging arenas. Therefore, stocking

invertebrates in small experimental arenas where they

were unable to emigrate via drift could have increased

their vulnerability to predation and artificially increased

Nooksack dace foraging efficiency.
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Substrate types and velocities within foraging

arenas were broadly representative of conditions

within Bertrand and Pepin creeks, where Nooksack

dace and invertebrate prey were collected. However,

the limited size of foraging arenas did not allow the

inclusion of larger substrate particles like cobble and

boulder which are common features of dace habitat

and provide important refuges for Nooksack dace

(Mullen & Burton, 1995), alter hydraulics, and

increase the depth of the boundary layer (Davis,

1986). Although Nooksack dace most likely live and

forage in the low-velocity micro-habitats present in

the boundary layer and in the interstitial spaces of

unembedded coarse riffle substrate, scale limitations

in our experiment precluded testing the effect of larger

substrate on Nooksack dace foraging efficiency.

Foraging arenas were also relatively small compared

to the estimated home ranges of Nooksack dace

(\ 50 m; Pearson, 2004) and the closely related

longnose dace (13.7 m; Hill & Grossman, 1987),

which may have elevated prey capture rates relative to

those in a natural environment. The size of our arenas

was chosen to allow us to control as many variables as

possible to more accurately test the joint effects of

water velocity and substrate composition on Nooksack

dace foraging efficiency. However, the small area of

arenas and inability of prey to emigrate may have

elevated capture efficiencies relative to a natural

stream habitat. Nevertheless, the low prey capture

efficiencies observed in some treatments suggest that

any potential arena size artifacts were small relative to

the dominant effects of substrate and velocity on

foraging efficiency. In contrast with arena size, our

substrate (gravel) and velocity conditions likely rep-

resented natural conditions quite well. Consequently,

relative effects of different velocity-and-substrate

combinations on capture efficiencies are likely robust,

even if the overall magnitude of dace capture

efficiency may be elevated relative to a natural stream

habitat where prey can emigrate to reduce vulnerabil-

ity to predation. Nevertheless, direct transfer of our

capture efficiency values to natural stream habitats

should be done with caution given the potential effects

of foraging arena design.

Nooksack dace are riffle specialists (Pearson, 1999)

similar to the closely related longnose dace which

have been shown to avoid areas of low velocity when

higher velocity riffle habitats are available (Mullen &

Burton, 1998). However, Nooksack dace may be

forced into habitats with low to zero velocity (i.e.,

glides and pools) during periods of drought when riffle

habitat area shrinks (Hodges & Magoulick, 2011;

Avery-Gomm et al., 2014) or when riffle habitat is

severely degraded. Despite their preference for high-

velocity riffles, our foraging efficiency experiments

indicate that Nooksack dace are not necessarily

adapted to foraging effectively at higher focal veloc-

ities; rather, they appear to be adapted to foraging in

relatively low-velocity micro-habitats (i.e., the bound-

ary layer) nested within high-velocity meso-habitats

(riffles). Our observation of relatively high foraging

efficiency of Nooksack dace at low water velocities

supports the inference that it is higher predation risk in

the absence of benthic substrate complexity, in

combination with lower available prey abundance

(Avery-Gomm et al., 2014), that reduces the suitability

of pool habitats. Consequently, the general ecological

picture that emerges is one of Nooksack dace func-

tioning as generalized small benthic invertivores that

can forage effectively across a broad range of substrate

types and water velocities, including slower velocity

meso-habitats where they are not commonly found.

This suggests that a significant component of the

overall ecological strategy of Nooksack dace and

similar small-bodied benthic riffle specialists is to

adopt a small body size that allows access to abundant

invertebrate resources within the refuge of the bound-

ary layer of high-velocity riffles (Carlson & Lauder,

2011; Eaton & Rosenfeld, 2016). In this way, these

fishes avoid the high-energy costs of swimming in the

water column (e.g., Facey & Grossman, 1990; Gross-

man, 2014), while simultaneously minimizing preda-

tion risk from larger-bodied fishes that are constrained

to operate outside of the boundary layer.
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