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Abstract  Net energy intake (NEI) models are useful for quantifying mechanisms 
driving habitat selection in drift-feeding stream fishes; nonetheless, their complex-
ity has limited their application in conservation. We evaluated the validity of 
assumptions and the performance of multiple variants of an exemplar NEI model 
for juvenile Chinook Salmon (Oncorhynchus tshawytscha), Dolly Varden Char 
(Salvelinus malma), and Arctic Grayling (Thymallus arcticus) in interior Alaska. 
We tested model assumptions that: (1) drift concentration, (2) fish visual reaction 
area, and (3) swimming cost do not vary meaningfully within the range of focal 
velocities occupied by drift-feeding stream fishes and can therefore be treated as 
constants or ignored. We then compared the predictive success of complex and sim-
plified model variants. Comparisons of literature and field data indicated model 
assumptions were: (1) plausible, (2) plausible, and (3) implausible, respectively. 
Simplified model variants generally performed as well or better than the complex 
model. Drift concentration, visual reaction field, and swimming cost are important 
components of drift-feeder habitat selection; however, the difficulty of accurately 
estimating these variables may currently limit the utility of complex NEI models. 
Simplified NEI models are pragmatic tools for addressing urgent conservation 
needs and can guide development of complex NEI models as estimation techniques 
improve.
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1 � Introduction

Rivers and streams are important habitats for many aquatic organisms, including the 
highly diverse fish assemblages of North America (Abell et  al. 2008; Grossman 
et al. 1990; Poff et al. 2001). Many fishes in these lotic systems—including many if 
not most salmonids—feed on prey drifting downstream in the water column for all 
or a part of their lifetime and are known as drift-feeders (Quinn 2018). Drift feeding 
is a distinct foraging strategy whereby: (1) individuals occupy a fixed focal position 
facing upstream, (2) pursue and intercept prey flowing downstream, and (3) return 
to their initial focal position after attack. The suite of physical and biological char-
acteristics in the immediate vicinity (~ m2) of a fish’s focal position comprise its 
microhabitat (Grossman and Freeman 1987; Piccolo et al. 2014; Grossman 2014).

Given that streams are heterogeneous in space and time, the ability to discern and 
select favorable microhabitats from the mélange of available options within the 
broader habitat matrix has important implications for individual fitness (Vannote 
et al. 1980; LaPerriere 1981; Hughes 1992). Studies of the mechanisms affecting 
microhabitat choice of drift-feeders have long been of interest to ecologists, because 
of their relevance to community and behavioral ecology, habitat and population 
management, and conservation (Jenkins 1969; Everest and Chapman 1972; 
Grossman et al. 1998). Correlative habitat selection studies comparing abundance to 
physical and chemical habitat characteristics are common but are generally unable 
to identify specific characteristics that drive habitat use (Boyce and McDonald 
1999). Mechanistic models are a promising alternative to correlative studies because 
they quantify habitat characteristics relevant to a target species’ physiology and 
behavior (e.g., energy balance) and, ultimately, fitness (Grossman 2014; Rosenfeld 
et al. 2014; Naman et al. 2019).

Mechanistic net energy intake (NEI) models are useful tools that quantify the 
energetic benefits and costs associated with microhabitat use by drift-feeding stream 
fishes and then predict focal position selection or potential growth or abundance 
based on energy optimization criterion (Hayes et al. 2007, 2016; Wall et al. 2015). 
By quantifying the energetic benefits and costs associated with a given focal posi-
tion, NEI models can identify optimal focal positions where the difference between 
the energetic benefits and costs is the greatest (Fig. 1). Drift-feeders are good can-
didates for mechanistic habitat use studies because they have been shown to prefer-
entially select focal positions on the basis of energy optimization by occupying the 
stream position that affords the greatest energy intake that they can successfully 
defend in competitive hierarchies (Fausch 1984; Hughes 1998; Rosenfeld et  al. 
2014). Most NEI models assume drift-feeders maximize fitness by selecting focal 
positions that optimize energy intake (Fausch 1984; Hughes and Dill 1990; Hill and 
Grossman 1993); however, newer models have begun incorporating elements of 
survival (e.g., predation risk) in addition to strict energy optimization (Railsback 
et al. 2021).

B. B. Bozeman et al.
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Fig. 1  Conceptual depiction of a cost–benefit NEI model for microhabitat use (via focal position 
velocity). The broken line is energetic cost; the solid line is energetic benefit. The maximum dif-
ference between cost and benefit lines is the optimal focal position velocity (denoted with an 
asterisk) where NEI is maximized

1.1 � NEI Model Background

NEI models are grounded in optimal foraging theory, which connects habitat choice 
and foraging to fitness via energy optimization within the heterogeneous environ-
mental matrix of a stream (MacArthur and Pianka 1966; Pyke et al. 1977; Schoener 
1971). The many NEI models that have been developed and refined in the decades 
since Fausch’s (1984) original model vary in predictive goals, information require-
ments, complexity, and realism (Piccolo et al. 2014; Rosenfeld et al. 2014). NEI 
models with different predictive goals have different input requirements and differ-
ent sensitivities to potential biases of those inputs. Models that predict instanta-
neous microhabitat selection rank stream positions by their relative energetic 
potential (e.g., Guensch et  al. 2001; Grossman et  al. 2002). Therefore, slightly 
biased estimates of microhabitat energetic potential—via inaccurate estimates of 
input variables or structural errors in how the model estimates NEI—may still pro-
duce accurate predictions of optimal focal point velocities as long as the relative 
ranking of microhabitats is correct. Conversely, models that predict drift-feeder 
growth or abundance over entire stream reaches or fish lifespans (e.g., Hayes et al. 
2000, 2007; Wall et al. 2015) are dependent on accurate input variable estimates 
(e.g., drift abundance, swimming costs) to produce accurate estimates of absolute 
NEI. Therefore, NEI models that predict instantaneous microhabitat selection based 
on relative energetic potential may be more easily and appropriately simplified and 
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generalized than NEI models which rely on more complete characterizations of 
absolute NEI to predict potential growth or carrying capacity at a given site.

NEI models also differ in terms of the variables they use to quantify energetic 
benefits and costs to predict habitat use. Variables associated with energetic gain 
include prey energy content, density of prey in the drift, and prey encounter and 
capture rates (e.g., Grossman et al. 2002; Jenkins and Keeley 2010; Naman et al. 
2019). Energetic cost variables include metabolic cost of swimming at focal posi-
tions, maneuvering costs for prey pursuit and capture, and prey processing costs, 
which often are estimated via equations from bioenergetic models for different spe-
cies (Hughes and Kelly 1996; Hayes et al. 2000, 2016). Finally, NEI models with 
both instantaneous and long-term predictive goals frequently incorporate environ-
mental and behavioral variables hypothesized to influence fish energetics, including 
velocity, depth at fish focal position, fish visual reaction area, foraging time, turbid-
ity, presence of competitors, and amount of woody material (Harvey and Railsback 
2009; Wall et al. 2017; Kalb et al. 2018).

The variables included in a given NEI model are largely dependent upon the 
predictive goals of the model, the species or system it is to be applied to, and insights 
gained from previous modeling and parameter estimation efforts. Most contempo-
rary NEI models are built on the shoulders of one or more foundational models 
(Piccolo et al. 2014). For instance, Dodrill et al. (2016) developed an NEI model 
based on a previous model adapted by Hayes et al. (2000) from one of the earliest 
NEI models (Hughes and Dill 1990). The development of new NEI models is an 
incremental process incorporating more recent information, such as variable esti-
mates or measurements that previously were held constant or neglected. For exam-
ple, Hayes et al. (2016) incorporated the effects of velocity and turbidity on prey 
capture success, as well as prey pursuit costs across velocity gradients, which were 
not included in an earlier iteration of the model (Hayes et  al. 2007). In general, 
mechanistic drift-foraging NEI models are better predictors of drift-feeder growth 
than correlative models and newer, more realistic NEI models ostensibly should be 
better predictors of drift-feeder habitat selection than their predecessors (Grossman 
2014; Naman et al. 2019). However, empirical comparisons of the performance of 
incrementally progressive NEI models are rare (Hughes and Dill 1990; Naman et al. 
2019; Jowett et al. 2021). Model parsimony generally is desirable, and more work 
is needed to assess how NEI models with differing amounts of complexity and bio-
logical realism perform in comparative studies with the same data.

In all modeling applications, there is tension between ease of parameterization 
and use, and biological realism. Simplified NEI models contain few input variables 
and are relatively easy to parameterize and test. For instance, an NEI model that 
uses the relationship between prey capture success and velocity to predict optimal 
focal point velocity is easily parameterized via laboratory experiments that charac-
terize this relationship (e.g., Hill and Grossman 1993). However, the mechanistic 
insight and predictive value of these simplified models may be limited because they 
do not incorporate all variables that potentially influence focal position selection, 
such as the amount of available prey in the drift, metabolic costs of swimming and 
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pursuing prey, or fish visual reaction area. This fact necessitates evaluation of sim-
plified models under varying conditions and with varying species.

Conversely, complex NEI models incorporate a range of biological and physical 
variables to more accurately characterize biological reality. Because complex mod-
els may more closely approximate the actual habitat conditions and foraging pro-
cesses that determine drift-feeder focal position selection, they potentially have 
greater ability to explain habitat use, growth or carrying capacity than simplified 
models. However, the predictive ability success of complex NEI models is depen-
dent upon our ability to estimate input variables precisely and accurately. Each vari-
able incorporated into a complex model has both a value and an error term; if 
variable error terms are large, models that incorporate greater realism may actually 
exhibit reduced ability to predict optimal focal velocities, growth, or reach-specific 
abundances. Furthermore, the high spatial and temporal heterogeneity of complex 
variables, such as macroinvertebrate drift dynamics, further complicates our ability 
to incorporate these processes in NEI models in useful ways (Brittain and Eikeland 
1988; Naman et al. 2016).

Species-specific data for some complex NEI model variables is limited, so 
researchers sometimes substitute data from different species to parameterize mod-
els. For example, Brett and Glass’ (1973) swimming cost equations for Sockeye 
Salmon (Oncorhynchus nerka) and Rao’s (1968) model of oxygen consumption of 
Rainbow Trout (Oncorhynchus mykiss) frequently are used to estimate some or all 
of the metabolic costs associated with drift-feeding for other salmonid species (e.g., 
Hayes et al. 2000; Hughes and Dill 1990; Rosenfeld and Taylor 2009) or are extrap-
olated beyond the range of temperatures, masses, and velocities to which the origi-
nal models were fit. Species-borrowing is not inherently bad, but even closely 
related species can exhibit substantively different metabolic rates (Trudel and Welch 
2005). Therefore, the utility of complex NEI models that incorporate greater bio-
logical realism may be limited or negated by practical constraints associated with 
uncertainty regarding the quality and error of parameter estimates, or a lack of 
empirical data.

Simplified predictive models sometimes emerge when modelers, who set out to 
explain a natural phenomenon with as much biological realism as is practical, 
observe that one or a few model parameters exert disproportionate effects on model 
output, and condense the model to highlight those influential parameters. Hill and 
Grossman (1993) attempted to build a complex NEI model to explain focal position 
selection of Rainbow Trout (Oncorhynchus mykiss) and Rosyside Dace (Clinostomus 
funduloides) as a function of standard and active metabolic rate (data from Facey 
and Grossman 1990), food utilization efficiency, prey capture success, and prey 
abundance in a North Carolina stream. This model described focal position selec-
tion in terms of focal velocity, which is the velocity at the focal position as measured 
from the nose of the fish. They found, however, that prey capture success contrib-
uted disproportionately to the output of the complex model, and that the point at 
which prey capture success declined most rapidly with increasing velocity (i.e., the 
minima of the third derivative of the prey capture success-velocity function) was a 
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better predictor of focal velocities occupied by these species in the stream than the 
complex model.

Consequently, Grossman et  al. (2002) developed and field tested a simplified 
NEI model for four cyprinid species based solely on the negative logistic relation-
ship between focal velocity and prey capture success (Fig. 2). The original, more 
complex version of their model included energy content of prey in the drift, fish 
visual reaction area, and swimming costs. However, many drift-feeding species in 
the study system (a fifth order stream in the Southern Appalachian Mountains) 
occupied focal positions within a relatively small range of low velocities 
(~5–20 cm/s; Grossman and Freeman 1987; Facey and Grossman 1992; Hill and 
Grossman 1993), and previous work in the same system suggested there was little 
variation in energetic costs at these velocities (Facey and Grossman 1990). This 
observation led to the removal of swimming costs, fish visual reaction area, and 
energy content of prey in the drift from the full model under the assumption that 
they varied minimally across the low and narrow range of velocities occupied by 
these drift-feeders, and could be considered constant (Facey and Grossman 1990, 
1992; Grossman et al. 2002).

The simplified Grossman et al. (2002) NEI model has been field tested on nine 
species in systems ranging from the Southeastern US to Alaska. The model has suc-
cessfully predicted optimal habitat selection (via focal position velocity) for seven 
species, displayed marginal success for interior Dolly Varden Char, and failed to 

Fig. 2  The negative logistic relationship between prey capture success and velocity with Hill and 
Grossman’s (1993) equation that describes the relationship between prey capture success and 
velocity (Eq. 3)
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predict microhabitat selection by juvenile Chinook Salmon (Grossman et al. 2002; 
Donofrio et al. 2018; Bozeman and Grossman 2019a, b; Sliger and Grossman 2021). 
Despite its success at predicting focal position velocities, the validity of the simpli-
fied Grossman et al. (2002) model assumptions has not been assessed, and the sim-
plified version of the model has not been tested against the full, more complex 
version.

To our knowledge, there has not been a review, comparison, and field test of 
simplified and complex versions of an NEI model to assess potential differences in 
predictive abilities. The lack of understanding of the influence of complex variables 
on NEI model output—as well as the validity of simplifying assumptions—is a 
potential blind spot that hinders our ability to determine the utility and generality of 
these models. Consequently, we used full and simplified variants of the Grossman 
NEI models, empirical data, and data from the literature to evaluate the validity of 
model assumptions and compare predictive success of models with differing levels 
of complexity.

1.2 � NEI Model Variants

Conceptually, the full NEI model explains focal position energetics for drift-feeders 
as a function of energy intake

	
I E P Sx x x x= ×( ) − 	

(1)

where I is the net energy intake, E is the prey encounter rate, P is the proportion 
of prey captured that enter the visual field of the fish, and S is the swimming cost, 
all at microhabitat x (Grossman et al. 2002). Thus, net energy intake is a function of 
the number of prey that a fish encounters, pursues, and successfully captures at a 
specific focal position, minus the metabolic cost of maintaining that focal position.

Prey encounter rate, E, at a given microhabitat x, is expressed as

	
E D A Vx x x x= × × ( )Hughes1998

	
(2)

where D is the abundance of prey in the drift converted to energy density (J/m3), 
A is the visual reaction area of the fish (m2), and V is the velocity (m/s). The propor-
tion of prey captured that enter the visual field of the fish (P) at a given microhabitat 
can be expressed as
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(3)

where b and c are curve-fitting constants as estimated by nonlinear least squares 
regression for the relationship between P and V at microhabitat x.

Therefore, given Eqs. (1), (2), and (3), net energy intake (I) at microhabitat x is 
mechanistically estimated via

The Use of Net Energy Intake Models to Predict Microhabitat Selection…



128

	

I D A V
e

Sx x x x b cV x
x

= × ×( )×
+( )


























−

+( )
1

1
	

(4)

Equation (4) is the full NEI model.
After simplifying the full NEI model based on the assumption that D, A, and S 

vary minimally across the range of drift-feeder focal velocities and thus can be 
dropped from the equation (Facey and Grossman 1990, 1992; Grossman et  al. 
2002), we obtain
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which is solved iteratively to predict the velocity (V) at optimal microhabitat x 
(i.e., optimal focal velocity) where net energy intake (I) is maximized by a drift-
feeder. Equation (5) is the simplified NEI model, which is dependent only on the 
relationship between prey capture success and velocity (Fig. 2).

The velocity term in the simplified NEI model reflects the velocity at which the 
prey are traveling when captured (as driven by treatment velocities in the experi-
mental stream flume). However, drift-feeding stream fish are known to occupy 
slower focal velocities and capture prey in nearby faster velocities (Hughes and Dill 
1990). Therefore, we used the experimentally derived relationship between focal 
and foraging velocities to adjust the simplified NEI model output reflect observed 
differences in focal and foraging velocities; this is the adjusted NEI model (Sliger 
and Grossman 2021). The third derivative of the negative logistic relationship 
between prey capture success and velocity (Fig. 2) is the rate of increase of accel-
eration of prey capture success as velocity increases. We calculated the minima of 
the third derivative function—which is the maximum point of deceleration of the 
P–V curve—for each of our study species (Hill and Grossman 1993). This is the 
third derivative NEI model.

1.3 � Study Objectives

We had two study objectives: (1) to assess the validity of the assumptions made by 
the simplified NEI model (Eq.  5)—that energy content of prey in the drift, fish 
visual reaction area, and swimming cost terms from the full model could be omit-
ted; and (2) to compare the optimal focal velocity predictions of the full, simplified, 
adjusted, and third derivative NEI models. To satisfy these objectives, we used 
empirical field data and data from the literature to address the following questions: 
(1) Are energy content of prey in the drift, fish visual reaction area, and swimming 
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cost correlated with focal position velocities occupied by juvenile Chinook Salmon 
(Oncorhynchus tshawytscha), Dolly Varden Char (Salvelinus malma), and Arctic 
Grayling (Thymallus arcticus) from interior Alaskan streams? (2) What is the range 
of focal position velocities occupied by drift-feeding fishes as reported in the litera-
ture? (3) Does the published literature reveal consistent correlations between com-
monly occupied focal velocities and energy content of prey in the drift, fish visual 
reaction area, and swimming cost? and (4) What is the comparative performance of 
the original Grossman et al. (2002) full NEI model, simplified NEI model, adjusted 
NEI model, and third derivative model with respect to predicting optimal focal 
velocities?

2 � Methods

We tested for correlations between energy content of prey in the drift (D), visual 
reaction area (A), and swimming cost (S) and focal velocities of juvenile Chinook 
Salmon, Dolly Varden Char, and Arctic Grayling using field observations and labo-
ratory experiments. We also reviewed the primary literature to summarize the range 
of focal velocities commonly occupied by drift-feeders and the reported relation-
ships between D, A, S, and stream velocity, within and beyond the range of common 
focal velocities. Finally, we used these data to evaluate the validity of simplified 
NEI model assumptions and parameterize and compare output of four NEI model 
variants.

2.1 � Study Species and Systems

We studied populations of juvenile Chinook Salmon in the Chena River, Dolly 
Varden Char in Panguingue Creek, and Arctic Grayling in the Richardson Clearwater 
River in Alaska’s Yukon River Drainage. Additional site and species information 
may be found in Donofrio et al. (2018), and Bozeman and Grossman (2019a, b). 
These three species are ecologically, economically, and culturally important in inte-
rior Alaska. Chinook Salmon populations in the Chena River have been studied and 
monitored for several decades, and are in decline in some parts of the state (Barton 
1986; Schindler et al. 2013). Similarly, Arctic Grayling populations in the Richardson 
Clearwater River have been monitored for many years (Ridder 1988; Gryska 2001). 
Comparatively, little is known about the Dolly Varden Char population in Panguingue 
Creek or other interior populations of this species within its native range in the 
Pacific Northwest (Washington Department of Fish and Wildlife 2000; Bozeman 
and Grossman 2019b). Interior Dolly Varden Char are widely but patchily distrib-
uted throughout much of Alaska (Armstrong and Morrow 1980). We chose these 
system-species combinations because they were representative of ideal habitats for 
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the respective study species and had water clarity permitting extensive video 
observations.

2.2 � Field Observations

We conducted field observations during summer (June–August) of 2015 and 2016 in 
the Chena River (juvenile Chinook Salmon), Richardson Clearwater River (Arctic 
Grayling), and Panguingue Creek (Dolly Varden Char and Arctic Grayling). Mean 
standard length (± SD) of fish observed in the field for foraging behavior data col-
lection was 4.7 cm (±1.0) for juvenile Chinook Salmon (N = 24), 17.6 cm (±2.8) for 
Dolly Varden Char (N = 32), and 42.4 cm (±4.5) for Arctic Grayling (N = 29). Field 
data were obtained by identifying drift-feeding individuals via streamside observa-
tion, placing paired underwater video cameras near drift-feeding positions, and 
recording drift-feeding activity once fish had resumed normal foraging behavior, 
and then capturing videoed individuals via hook and line once videography data 
was collected for length and mass measurements and diet content analysis. Turbidity 
was low in study systems (visibility >1  m, see: https://www.youtube.com/
watch?v=BJokgZrAi84&t=15s), and not dissimilar to conditions in the experimen-
tal flume (see: https://www.youtube.com/watch?v=RXcn1ew3KuM).

2.2.1 � Energy Density in the Drift (D)

We estimated energy density in the drift (D, J/m3) by placing fine mesh (100 μm, 
47.7 × 29.2 cm opening, Chena River only), coarse mesh (243 μm, 49.5 × 29.5 cm 
opening), and ultra-coarse mesh (500 μm, 32 × 32 cm opening, 2016 Richardson 
Clearwater River only) drift nets in our study sites in habitat that contained drift-
foraging fish. We measured velocity (m/s, electronic velocity meter) and water 
depth (straightedge, m) at net placement sites. We placed drift nets as close as pos-
sible (straight upstream or downstream) to drift-feeding fish without disturbing 
them (3–20  m away) for an average of 45  min (range: 10–186  min). After we 
removed drift nets from the stream, we split captured prey into 1 mm size classes 
(1–10  mm) and estimated energy content based on prey identity and published 
length-mass regressions (e.g., Rogers et  al. 1977; Benke et  al. 1999; Sabo et  al. 
2002). We used the length and width of the net openings (m2) along with water 
velocity measurements (m/s) at drift-net placement positions to measure the volume 
of water filtered per sampling time. We estimated prey drift concentration (items/
m3) using the maximum observed value for either the fine or coarse net for each 
taxon to account for backwash bias (J. Neuswanger pers. comm.). Finally, we mul-
tiplied mean prey energy content (J) by prey drift concentration (items/m3) for each 
size class and then summed across size classes to estimate energy content of prey in 
the drift (D, J/m3) for use in analyses.

B. B. Bozeman et al.
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2.2.2 � Visual Reaction Area of the Fish (A)

We used videos of juvenile Chinook Salmon in the Chena River, Dolly Varden Char 
in Panguingue Creek, and Arctic Grayling in the Richardson Clearwater and 
VidSync 3D video analysis software to estimate several metrics of fish reaction 
distance (VidSync.org; Neuswanger et al. 2016). We reviewed field video footage 
for each of our study species and recorded the distance between a drift-foraging 
individual and a prey item when the fish first oriented toward the prey item to initi-
ate a discrete foraging attempt. Reaction distance measurements were linear (cm) in 
three-dimensional space (i.e., straight line distance from fish snout to prey item in 
any direction). We used the 95th percentile of fish lateral reaction distance (i.e., 
cross-stream plane) as the radius to calculate a circular reaction area (cm2) perpen-
dicular to the direction of stream flow (Hughes and Dill 1990) for use in our analy-
sis. We truncated the circular reaction area when the radius was greater than the 
distance from fish focal position to the surface and/or stream bottom. Reaction dis-
tance values for each individual observed (juvenile Chinook Salmon N = 24, Dolly 
Varden Char N = 32, Arctic Grayling N = 29) were based on an average of 103 
measurable foraging attempts (range: 46–180) per individual. Mean lengths (± SD) 
of prey items consumed during foraging attempts were 2.3 mm (±0.4) for juvenile 
Chinook Salmon, 3.9 mm (±0.6) for Dolly Varden Char, and 6.0 (±0.9) for Arctic 
Grayling.

2.2.3 � Swimming Cost (S)

We estimated the total metabolic costs of drift feeding as the sum of standard meta-
bolic rate, swimming activity at the focal position, and foraging maneuvers to cap-
ture prey. We estimated standard metabolic rate as a function of temperature and 
mass using models parameterized for species closely related to our study species; 
Baikal Grayling (Thymallus  baicalensis; Hartman and Jensen 2017) for Arctic 
Grayling, Bull Trout (Salvelinus confluentus; Mesa et al. 2013) for Dolly Varden 
Char, and an Oncorhynchus spp. model that is widely used for Chinook Salmon 
(Stewart et  al. 1983; Stewart and Ibarra 1991). We used a mass- and swimming 
speed-dependent equation from Trudel and Welch (2005) parameterized for Sockeye 
Salmon (Brett and Glass 1973) to estimate swimming cost associated with holding 
a fixed focal position in the stream. Finally, we used a maneuver model (Neuswanger 
et al. in preparation) to estimate the metabolic cost of maneuvering to capture prey 
in the drift and returning to the focal position. Accounting for standard metabolic 
rate, swimming cost, and foraging maneuvers likely is a more accurate characteriza-
tion of metabolic costs incurred by drift-feeders than steady swimming costs alone 
(Hughes and Kelly 1996).
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2.2.4 � Focal Position Velocity (V)

We quantified focal velocity using in situ stream velocity measurements at fish focal 
positions and field videos and VidSync. Focal velocity is the velocity at the nose of 
a drift-feeding stream fish. For juvenile Chinook Salmon in the Chena River, Dolly 
Varden Char in Panguingue Creek, and Arctic Grayling in the Richardson Clearwater, 
we estimated focal velocities by observing drift-feeding individuals via the cameras 
and releasing pre-soaked, neutrally buoyant Israeli cous-cous upstream of the indi-
vidual. During video analysis, we used the cous-cous particles as velocity tracers 
and averaged the velocities of the six tracers nearest to the drift-feeding fish. For 
Arctic Grayling in Panguingue Creek, we identified drift-feeding individuals 
(N = 25) in the camera viewfinders, observed each individual pursue and capture at 
least five prey items and return to the same fixed focal position between foraging 
attempts, and then measured focal position velocity with a Marsh McBirney Model 
201 electronic flow meter.

To evaluate the assumption that energy content of prey in the drift (D), visual 
reaction area (A), and swimming cost (S) could be held constant across the range of 
velocities occupied by drift-feeders, we regressed values of A and S against focal 
velocities from each species-stream combination. Because D was sampled in loca-
tions that did not necessarily correspond to stream fish focal positions, we regressed 
values of D with velocities taken at drift-net placement positions, which were well 
within the range of focal velocities occupied by drift-feeders in the same stream. We 
used a t-test to test the null hypothesis that the slope of the regression line does not 
differ significantly from zero.

2.3 � Laboratory Experiments

We captured specimens for laboratory experiments from the same streams and in 
the same seasons as field observations and shipped them to the University of Georgia 
for prey capture success—velocity experiments (Fall 2014–Fall 2016). Mean stan-
dard length (± SD) of fish used in laboratory experiments was 6.2 cm (± 1.1) for 
juvenile Chinook Salmon (N = 43), 16.5 cm (±2.4) for Dolly Varden Char (N = 20), 
and 16.8 cm (±3.0) for Arctic Grayling (N = 40). A full description of laboratory 
experiment protocol can be found in Donofrio et  al. (2018) and Bozeman and 
Grossman (2019a, b).

We fed individual subjects 9 prey (frozen bloodworms, 8.8 ±1.4 mm) per speci-
men per velocity treatment (10–70 cm/s in 10 cm increments) in an experimental 
stream flume and recorded the proportion of those prey captured (prey capture suc-
cess, P). We also measured the velocity at the focal position occupied by the subject 
during the trial to assess potential differences in treatment velocity in the stream 
flume (V) and focal velocity. Turbidity in the stream flume was negligible (Bozeman 
and Grossman 2019b). We then used nonlinear least squares regression (package 
“nlstools” in R; Baty et al. 2015) to estimate species-specific curve-fitting constants 
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b and c to best describe the negative logistic relationship between prey capture suc-
cess (P) and treatment velocity in the stream flume (V) (Fig. 2; Eq. 3).

2.4 � Literature Review

We reviewed the published literature to quantify the patterns of focal velocities 
occupied by drift-feeders as well as patterns in relationships between D, A, and S 
and stream velocity. We searched Google Scholar and Web of Science for relevant 
papers using combinations of the terms “microhabitat,” “stream fish,” “habitat use,” 
“stream velocity,” “fish metabolism,” “focal position,” “reaction area,” and “energy 
content of prey in the drift.” We also identified relevant papers by checking the ref-
erence sections of published NEI studies and other articles identified in the review. 
In our review of focal velocities, we only included sources that reported focal veloc-
ities measured in situ directly at a drift-feeder’s focal position following observa-
tions of active, undisturbed feeding. We did not include information from sources 
that reported average velocities at locations where fish were collected or embedded 
focal velocities within PCA or habitat suitability curves instead of reporting them 
directly.

2.5 � Parameterizing and Testing NEI Model Variants

We parameterized and tested: (1) the full NEI model that includes data for D, A, and 
S (Eq. 4), (2) the simplified NEI model (Eq. 5), (3) the adjusted NEI focal model, 
and (4) the third derivative NEI model. To parameterize and run the simplified NEI 
model, we used nonlinear least squares regression in R package “nlstools” (Baty 
et al. 2015) to estimate species-specific b and c values for the relationship between 
prey capture success and velocity (Eq. 3). We then solved Eq. (5) iteratively to pro-
duce the optimal foraging velocity prediction of the simplified NEI model. Note that 
the simplified NEI model is based on the relationship between velocity and prey 
capture success as characterized in the experimental stream flume, where velocity 
refers to the speed prey were traveling at when captured. Therefore, the simplified 
NEI model predicts optimal foraging velocities, which may or may not be different 
from focal velocities, depending on the species and system. The simplified NEI 
model is the variant tested by Donofrio et al. (2018), and Bozeman and Grossman 
(2019a, b).

Because drift-feeders are known to select focal positions at slower velocities and 
forage for prey in nearby faster velocities (Fausch and White 1981; Fausch 1984), 
we used the experimentally derived relationship between foraging velocities (i.e., 
water velocity treatment levels in stream flume experiments) and focal velocities 
(generally less than foraging velocity, see Bozeman and Grossman 2019a, b) to 
predict the optimal focal velocity. We ran a simple linear model to characterize the 
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relationship between focal and foraging velocities from our laboratory experiments 
and used model coefficients and the simplified NEI model prediction to obtain the 
optimal focal velocity prediction of the adjusted NEI model.

To test the third derivative model, we calculated the third derivative of our exper-
imentally derived prey capture success-velocity relationship and identified the min-
ima of the resulting function—the maximum point of deceleration of the curve 
describing the negative logistic P–V relationship—as the optimal velocity predicted 
by the third derivative model. Finally, we used a combination of nonlinear least 
squares and simple linear regression to parameterize and solve the full NEI model 
(Eq. 4): we related model variables D, A, and S (P already is incorporated as a func-
tion of V with curve-fitting constants b and c estimated in parameterization of the 
simplified NEI model) to fish focal position velocity via regression and then identi-
fied the focal position velocity at which I was maximized.

The Grossman NEI model was developed in a system where predation and com-
petition were not important drivers of microhabitat selection (Grossman et al. 1998), 
and drift-feeders were assumed to select focal positions solely based on NEI maxi-
mization (Hill and Grossman 1993; Grossman et al. 2002). Accordingly, we tested 
NEI model variants by comparing model predictions with the velocities of focal 
positions occupied by fish in their respective study streams. If model predictions fell 
within the 95% confidence interval of field focal position velocities, we considered 
them successful. Predictions that fell outside of this interval were considered 
unsuccessful.

2.6 � Statistical Analyses

All statistical analyses were performed in R statistical software (R Core Team 2018; 
www.R-project.org) and alpha for frequentist statistics was 0.05. Potential outliers 
in regression analyses were identified via a combination of Cook’s Distance and 
studentized and standardized residuals (R package “olsrr,” Hebbali 2020). We 
removed outliers with a Cook’s Distance value greater than 4× the mean of Cook’s 
Distance and an absolute studentized and standardized residual greater than two 
(Kutner et al. 2005). To limit data loss, we removed outliers identified during evalu-
ation of the full data set, but not during subsequent evaluation of the data (i.e., new 
outliers were not identified after removal of outliers from the full data set). This 
outlier removal protocol resulted in the removal of no more than two data points in 
any species/system-variable combination.
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3 � Results

3.1 � Literature Review of Drift-Feeder Focal Velocities

Our search of the literature for focal velocity measurements for drift-feeders 
revealed 21 peer-reviewed articles containing 50 independent reports of focal veloc-
ity from 7113 individual records encompassing a wide range of age classes, sea-
sons, geographic locations, and seasons (Table 1). Our literature review indicated 
that mean focal velocity for drift-feeding stream fish species was 16.5 cm/s (±8.5 
SD) (Fig. 3). More than 75% of stream fish held position at velocities below 20 cm/s, 
and more than 90% occupied microhabitats with velocities below 35  cm/s. The 
assumptions of the simplified NEI model state that D, A, and S can be considered 
constant across the range of focal velocities occupied by most stream fishes 
(Grossman et al. 2002). Consequently, we evaluate our NEI model assumptions in 
the context of this summary of common drift-feeder focal point velocities.

3.2 � Energy Content of Prey in the Drift (D)

3.2.1 � Empirical Analysis: Energy Content of Prey in the Drift (D)

There were no significant relationships between drift-net velocity and energy den-
sity of prey in the drift for any of the three systems observed (Fig. 4, p = 0.33 (a), 
0.96 (b), 0.10 (c), respectively). Linear models described only a small proportion of 
the variation of D (R2 < 0.15). The relationship between drift-net velocity and energy 
density in the drift generally was negative for the Chena River and Richardson 
Clearwater; there was no relationship observed between these variables in 
Panguingue Creek. The three species occupied focal velocities over the lower range 
of drift-net velocities.

3.2.2 � Literature Review, Energy Content of Prey in the Drift (D)

Our literature review revealed a generally positive relationship between velocity 
and drift. Multiple studies have shown that various measures of drift abundance 
(e.g., concentration, rate, proportion) increase across velocities of 10–80  cm/s 
(Elliott 1971; Townsend and Hildrew 1976; Ciborowski 1983; LaPerriere 1983; 
Smith and Li 1983; Brittain and Eikeland 1988; Gibbins et al. 2010). This encom-
passes the range of focal velocities occupied by most drift-feeders (8.0–25.0 cm/s) 
and argues for inclusion of drift abundance metrics in microhabitat models.

However, the drift-velocity relationship is complex and mediated by several 
other factors. Macroinvertebrate drift mechanics are driven by a combination of 
hydraulics (i.e., passive drift) and behavior (i.e., active drift), the balance of which 
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Table 1  Sources, species, age classes, seasons, reported focal velocities (mean ± SD, cm/s), and 
sample sizes from literature review of focal velocities of drift-feeding stream fishes. Season 
abbreviations are as follows: Sp, Spring; Su, Summer; Fa, Fall. Sources with no focal velocity 
standard deviation did not directly report a measure of precision with mean focal velocity

Source Species
Age 
class Season

Focal velocity 
(cm/s) N

Baltz et al. (1987) Rainbow Trout (Oncorhynchus 
mykiss)

Adult Su/Fa 14.7 (14.0) 137

Hardhead (Mylopharodon 
conocephalus)

Adult Su/Fa 19.6 (14.0) 27

Sacramento Pikeminnow 
(Ptychocheilus grandis)

Adult Su/Fa 12.6 (11.8) 56

Baltz et al. (1991) Rainbow Trout (O. mykiss) YOY Su/Fa 5.0 (7.7) 166
Juvenile Su/Fa 8.0 (9.0) 101
Adult Su/Fa 13.0 (11.9) 32

Bozeman and 
Grossman (2019a)

Arctic Grayling (Thymallus 
arcticus)

Adult Su 36.7 (8.7) 20
24.3 (7.8) 25

Bozeman and 
Grossman (2019b)

Dolly Varden Char (Salvelinus 
malma)

Adult Su 27.1 (5.8) 29

Donofrio et al. 
(2018)

Chinook Salmon 
(Oncorhynchus tshawytscha)

Adult Su 12.0 (4.9) 28

Enders et al. (2005) Atlantic Salmon (Salmo salar) Juvenile Su 36.4 (8.7) 8
Facey and Grossman 
(1992)

Rainbow Trout (O. mykiss) Adult Sp/Su 14.8 (40.7) 94
Rosyside Dace (Clinostomus 
funduloides)

Adult Sp/Su/
Fa

10.6 (46.2) 347

Fausch and White 
(1981)

Brook Trout (Salvelinus 
fontinalis)

Juvenile Su 16.6 (11.8) 96
Adult Su 16.4 (9.5) 18

Grossman et al. 
(2002)

Rosyside Dace (C. 
funduloides)

Adult Su 14.7 (18.6) 214

Warpaint Shiner (Luxilus 
coccogenis)

Adult Su 15.3 (13.2) 44

Tennessee Shiner (Notropis 
leuciodus)

Adult Su 16.0 (7.3) 25

Yellowfin Shiner (Notropis 
lutipinnis)

Adult Su 11.0 (10.0) 38

Hayes and Jowett 
(1994)

Brown Trout (Salmo trutta) Adult Su 23.5 189

Healy and Lonzarich 
(2000)

Coho Salmon (O. kisutch) Juvenile Su 5.0 80

Heggenes (2002) Brown Trout (Salmo trutta) All Su 14.0 (11.0) 1598
Hill and Grossman 
(1993)

Rainbow Trout (O. mykiss) Juvenile All 14.7 (20.4) 85
Adult All 19.3 (19.2) 133

Rosyside Dace (C. 
funduloides)

Juvenile All 13.2 (16.0) 441
Adult All 13.2 (16.3) 319

Hillman et al. (1987) Chinook Salmon (O. 
tshawytscha)

Juvenile Su 11.7 (6.0) 281
Fa 9.5 (3.5) 120

(continued)
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Table 1  (continued)

Source Species
Age 
class Season

Focal velocity 
(cm/s) N

Hughes and Dill 
(1990)

Arctic Grayling (T. arcticus) Adult Su 37.5 (17.6) 8

Moyle and Baltz 
(1985)

Rainbow Trout (O. mykiss) YOY Su/Fa 7.3 (8.6) 82
Juvenile Su/Fa 19.4 (16.1) 108
Adult Su/Fa 28.6 (18.0) 108

Sacramento Pikeminnow (P. 
grandis)

Juvenile Su/Fa 12.1 (13.0) 149
Adult Su/Fa 18.3 (14.5) 49

Hardhead (M. conocephalus) Juvenile Su/Fa 14.0 (14.0) 81
Adult Su/Fa 21.7 (17.9) 57

Tule Perch (Hysterocarpus 
traskii)

Juvenile Su/Fa 7.4 (6.0) 12
Adult Su/Fa 6.1 (5.8) 19

Naman et al. (2022) Rainbow Trout (O. mykiss) Juvenile Su 17.3 (16.6) 92
Bull Trout (S. confluentus) Juvenile Su 10.8 (13.0) 60

Nielsen (1992) Coho Salmon (O. kisutch) Juvenile Su 14.0 (3.3) 107
12.0 (1.3) 216

Rimmer et al. (1984) Atlantic Salmon (Salmo salar) YOY Su 16.8 501
Fa 7.8 117

Juvenile Su 29.8 218
Fa 9.4 48

Adult Su 38.4 146
Fa 7.1 28

Rincón and 
Lobón-Cerviá 
(1993)

Brown Trout (Salmo trutta) Adult All 22.8 193

Sliger and Grossman 
(2021)

Brook Trout (S. fontinalis) Adult Su 17.0 (8.6) 26

shifts as a function of environmental conditions and species-specific traits (Naman 
et al. 2016). Positive relationships between drift and flow observed between streams 
or habitat types (pools, riffles, runs) may disappear at smaller spatial and temporal 
scales (e.g., within a single habitat type in a single stream) relevant to drift-feeder 
ecology and habitat use (LaPerriere 1983; Leung et al. 2009). Numerous studies 
have shown that in addition to velocity, drift processes are dependent upon many 
interacting factors including: season; time of day; macroinvertebrate species, body 
size and origin (terrestrial or aquatic); presence of predators; stream alkalinity; and 
substrate type (Everest and Chapman 1972; Wankowski and Thorpe 1979; 
Ciborowski 1983; Brittain and Eikeland 1988; Hoover and Richardson 2010).

Drift-flow relationships vary based on which metrics of flow are considered; 
increases in drift concentration may be positively correlated with increasing veloc-
ity, a linear measurement, and concurrently negatively correlated with increasing 
discharge, a volumetric measurement, via dilution (LaPerriere 1981, 1983). Heavy 
rainfall events that cause flows to increase at a given stream station may result in 
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Fig. 3  Frequency distribution histogram of published focal velocities (N = 50 data sets represent-
ing 7113 individual measurements, Table 1) for stream fishes

lower drift concentration per flow volume, but an overall increase in drift concentra-
tion export longitudinally downstream. Drift-feeding fishes upstream also may 
deplete drift concentrations immediately downstream (Hughes 1992; Hayes et al. 
2007). These relationships may shift at velocity extremes; at high velocities 
(>40 cm/s) some macroinvertebrates may reduce drift rates and shelter in substrate 
and at low velocities (<10  cm/s) macroinvertebrates may increase drift rates to 
escape drying streams (Elliott 1971; Hoover and Richardson 2010). Finally, drift 
rates also may depend on previous flow conditions, with taxa responding differently 
to the same flow conditions based on whether flow is increasing or decreasing 
(Gunderson 2000; Naman et al. 2016).

3.2.3 � Constant Drift Versus Velocity Assumption

In summary, the relationship between metrics of drift and flow is complicated, but 
D and V generally appear to be positively correlated. The observed relationship 
depends on which metrics of drift (e.g., concentration, abundance, rate, etc.) are 
compared to which metrics of flow (e.g., discharge, filtered volume, velocity, etc.), 
in addition to other potentially correlated factors (e.g., season, time of day, macro-
invertebrate species, alkalinity, drift-feeder depletion, etc.). Sampling techniques 
also may affect the observed relationship between drift and flow due to phenomena 
such as net clogging and backwash at high velocities.

Nonetheless, data from our study streams show no significant relationships 
between drift-net velocities and drift concentrations (Fig. 4). Despite the nuance in 
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Fig. 4  Mean drift-net 
velocity (cm/s) versus total 
energy density in the drift 
(J/m3) in habitats occupied 
by: (a) juvenile Chinook 
Salmon (Chena River), (b) 
Dolly Varden Char 
(Panguingue Creek), and 
(c) Arctic Grayling 
(Richardson Clearwater). 
Note differences in axis 
scales. The gray shaded 
areas are the focal 
velocities of the respective 
species in their respective 
streams

previously reported drift-flow relationships, the consensus in the literature is that 
flow and drift concentration are positively related, even at the focal velocities of 
8.0–25.0  cm/s occupied by most drift-feeders (Brittain and Eikeland 1988). The 
discrepancy between our empirical observations and the literature may be due to the 
complexity and subtlety of the flow-drift relationship (e.g., mediating factors of 
season, daylight, species, substrate, dilution, habitat type, etc.), the fact that this 
relationship may become homogenized at small scales of time and space relevant to 
the drift-feeders in our study, or methodological issues such as net backwash or net 
clogging. Nonetheless, the assumption of constant D over the range of focal veloci-
ties occupied by drift-feeders is plausible for models predicting instantaneous 
microhabitat selection within many systems although in general it may be 
context-specific.
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Fig. 5  Focal velocity 
(cm/s) versus visual 
reaction area (cm2) for: (a) 
juvenile Chinook Salmon, 
(b) Dolly Varden Char, and 
(c) Arctic Grayling. Note 
the differences in axis scale

3.3 � Fish Visual Reaction Area (A)

3.3.1 � Empirical Analysis: Fish Visual Reaction Area (A)

There were no significant relationships between focal velocity and visual reaction 
area for any of our study species (Fig. 5, p = 0.06 (a), 0.34 (b), and p = 0.89 (c), 
respectively). Linear models were poor fits to the data in each case (Fig. 5, all R2 
values were <0.16). Arctic Grayling reaction areas were nearly two orders of mag-
nitude greater than those of juvenile Chinook Salmon and one order of magnitude 
greater than Dolly Varden Char reaction areas.

3.3.2 � Literature Review, Fish Visual Reaction Area (A)

Our literature review revealed few papers that directly measured the relationship 
between A and velocity or prey density, and the studies that measured these vari-
ables yielded mixed results. Most studies measured reaction distance, which is the 

B. B. Bozeman et al.



141

straight line distance between a drift-feeder’s nose and the prey item at the moment 
the fish initiates prey pursuit. Godin and Rangeley (1989) observed decreases in 
reaction distance across velocities from 4 to 14 cm/s for juvenile Atlantic Salmon 
(Salmo salar); however, they also noted that fish oriented to prey items prior to 
pursuing them in faster velocities, concluding that fish minimized pursuit costs by 
delaying attack maneuvers at faster velocities. This implies that fish visual reaction 
distance remained high at fast velocities. Piccolo et al. (2008) reported declining 
prey detection distances across velocities ranging from 30 to 60 cm/s for juvenile 
Coho Salmon (Oncorhynchus kisutch) and steelhead (Oncorhynchus mykiss iri-
deus), which is faster than most drift-feeder focal velocities (Fig. 3). O’Brien and 
Showalter (1993) likewise found that the prey search window decreased with 
increasing velocities for Arctic Grayling; however, this decrease primarily occurred 
at velocities greater than 32 cm/s and was offset by increased prey encounter rates 
at velocities up to 46 cm/s. O’Brien et al. (2001) found that increasing velocities 
from 25 to 40  cm/s (near the high end of typical focal velocities) resulted in 
decreased location distance and efficiency for Arctic Grayling, although feeding 
rate remained unchanged, which suggests a trade-off between increasing prey 
encounter rates and reaction area. It is possible that at faster velocities, drift-feeders 
alter foraging strategies and intercept prey predominately by moving laterally rather 
than hurriedly pursuing prey upstream before returning downstream to the focal 
position (Wankowski and Thorpe 1979).

Early models conceptualized reaction distance as a positive function of prey size, 
fish size, turbidity, and light conditions (Schmidt and Obrien 1982; Sweka and 
Hartman 2001; Hughes et al. 2003), rather than velocity. Laboratory experiments 
that hold prey size, prey density, light, and turbidity constant have shown that reac-
tion distance increases slightly from 10 to 70 cm/s or remains unchanged and is not 
strongly correlated with fish size (Donofrio et al. 2018; Bozeman and Grossman 
2019a; Sliger and Grossman 2021). Holding prey density constant in experiments is 
important because prey encounter rate increases with velocity, which may confound 
a potential relationship between velocity and reaction distance (Fausch 1984; 
Hughes and Dill 1990). Are fish traveling shorter distances to capture prey because 
reaction area is decreased at higher velocities, or because more prey is available 
nearer the focal position?

3.3.3 � Constant Visual Reaction Area Versus Velocity Assumption

Our field data displayed no significant relationships between focal velocity and 
visual reaction area for our study species, which parallels results of our past labora-
tory experiments (Donofrio et al. 2018; Bozeman and Grossman 2019a, b; Sliger 
and Grossman 2021) as well as assumptions of original reaction distance models 
(Schmidt and Obrien 1982; Hughes and Dill 1990; Hughes et al. 2003). The rela-
tionships reported in the literature contradict these results but are confounded by 
correlations with other variables (i.e., declining reaction distances at velocities 
greater than those commonly occupied by drift-feeders or observations of fish 
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noticing prey prior to initiating capture maneuvers). Functionally, accounting for 
visual fields of drift-feeders in NEI models explains—in conjunction with D and 
V—the amount of prey a drift-feeder encounters at its focal position, which is 
important for energy intake. Our data suggest visual field does not decrease with 
increasing velocity. The literature suggests that visual field decreases with velocity, 
but drift-feeders do not exhibit concurrent decreases in prey consumption. In both 
circumstances, A values have little effect on energy intake across focal velocities 
generally occupied by drift-feeders. Therefore, we suggest that the assumption of 
constant A across the range of velocities occupied by drift-feeders is plausible for 
NEI models predicting microhabitat selection based on relative energetic potential 
between available focal positions.

3.4 � Swimming Cost (S)

3.4.1 � Empirical Analysis: Swimming Cost (S)

We observed a significant positive relationship between focal velocity (cm/s) and 
total swimming cost (J/s) for juvenile Chinook Salmon (Fig. 6a, p = 0.01), Dolly 
Varden Char (Fig. 6b, p = 0.02), and Arctic Grayling (Fig. 6c, p = 0.04). Linear 
models fit the data poorly (R2 values: 0.18–0.27); however, residual patterns did not 
suggest that nonlinear functions would be better descriptors. Average swimming 
cost increased by 500%, 240%, and 150% across the range of relatively low focal 
velocities occupied by juvenile Chinook Salmon, Dolly Varden Char, and Arctic 
Grayling, respectively (Fig. 6). Note that total swimming costs increase from juve-
nile Chinook Salmon to Dolly Varden Char to Arctic Grayling such that swimming 
cost estimates differ by approximately one order of magnitude between species.

3.4.2 � Literature Review, Swimming Cost (S)

Our literature review revealed that drift-feeder swimming costs generally are posi-
tively related to water velocity as well as fish mass and water temperature (Ware 
1978; Boisclair and Tang 1993; Trudel and Welch 2005). Drift-feeder swimming 
costs (as estimated via equations and constants derived from oxygen consumption 
studies; e.g., Brett and Glass 1973) largely are exponentially related to velocity 
within and beyond the range of velocities occupied by drift-feeders (Rao 1968; 
Feldmeth and Jenkins Jr. 1973; Lee et al. 2003), though for some species and sea-
sons this relationship is linear (Facey and Grossman 1990). Dickson and Kramer 
(1971) observed an asymptotic relationship between velocity and active metabolism 
for Rainbow Trout; however, this only occurred at velocities of 40–100 cm/s, which 
is greater than the range of velocities occupied by most drift-feeders (8.0–25.0 cm/s, 
Fig. 3) including Rainbow Trout in other natural systems (Grossman and Freeman 
1987; Grossman and Ratajczak 1998).
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Fig. 6  Focal velocity 
(cm/s) versus estimated 
total swimming costs (J/s) 
for juvenile Chinook 
Salmon (a), Dolly Varden 
Char (b), and Arctic 
Grayling (c). Note the 
differences in axis scales

The relationship between velocity and swimming costs is mediated by many fac-
tors, including water temperature, fish mass, turbulence, and fish swimming activity 
(Enders et al. 2005; Trudel and Welch 2005; Jowett et al. 2021). In cooler months, 
swimming costs may only increase linearly with velocity, or not at all (Facey and 
Grossman 1990). The effects of temperature on metabolism are greatest at low 
velocities (i.e., < 30 cm/s where most drift-feeders are found), and temperature 
becomes less important relative to velocity as velocities approach critical swimming 
speeds (Brett and Glass 1973). Models that estimate fish metabolism based on 
steady swimming at a fixed velocity within flumes with no turbulence and neglect 
the additional costs of foraging maneuvers and prey assimilation may dramatically 
underestimate actual metabolic costs incurred by drift-feeders in turbulent streams 
with considerable velocity heterogeneity (Facey and Grossman 1990; Hughes and 
Kelly 1996; Tang et al. 2000). Additionally, applications that estimate swimming 
costs by extrapolating models beyond the ranges of fish masses, velocities, and 
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temperatures at which they were parameterized, or those that use parameters devel-
oped for different species, may be vulnerable to bias (Trudel and Welch 2005).

3.4.3 � Constant Swimming Cost Versus Velocity Assumption

Our data (Fig. 6) and the literature clearly indicate that there is a significant positive 
relationship between swimming costs and the range of velocities occupied by drift-
feeding fish. The literature suggests this relationship generally is exponential (e.g., 
Lee et al. 2003). When pooled, our data show a positive exponential relationship 
between velocity and swimming cost, largely due to the considerable discrepancies 
in species-specific swimming cost estimates; however, this relationship is linear 
when separated by species. Drift-feeders often select focal velocities near the low 
(i.e., flat) end of the exponential relationship, yet may still experience potentially 
meaningful increases in swimming costs even at those focal velocities. Our data and 
the literature suggest that the assumption of constant S over the range of velocities 
occupied by drift-feeding stream fishes is not valid for NEI models predicting 
microhabitat selection.

3.5 � NEI Model Variant Predictions

We compared model output for the four NEI models to quantify their comparative 
ability to predict the optimal focal velocities of juvenile Chinook Salmon, Dolly 
Varden Char, and Arctic Grayling in natural systems. We judged model performance 
by comparing predicted optimal velocities with the 95% confidence interval of 
velocities of focal positions occupied by drift-feeders in their respective study 
streams.

Model performance varied between species and model variant. The 95% confi-
dence interval of focal velocities occupied by juvenile Chinook Salmon (N = 24) in 
the Chena River was 9.7–13.9 cm/s. All four models overestimated optimal focal 
velocities of juvenile Chinook Salmon in the Chena River; the adjusted NEI model 
was the closest to field focal velocities (<5 cm/s from the upper CI), with the other 
three models producing worse predictions (Table 2). The 95% confidence interval of 
focal velocities of Dolly Varden Char (N  =  32) in Panguingue Creek was 
25.1–29.2 cm/s. The adjusted NEI model and full NEI model each missed the 95% 
CI of Dolly Varden Char focal velocities in Panguingue Creek by less than one cm/s, 
which is well within the range of measurement error. In addition, a potential com-
petitor (Arctic Grayling) was present in Panguingue Creek at the time of our study. 
Dolly Varden Char optimal microhabitat was underestimated by the third derivative 
NEI model and overestimated by the simplified NEI model (Table 2). Finally, the 
95% confidence interval for Arctic Grayling was 34.0–42.3 cm/s in the Richardson 
Clearwater (N = 29) and 20.8–27.2 cm/s in Panguingue Creek (N = 25). Three of the 
four model variants were successful for Arctic Grayling, albeit in different contexts. 
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Table 2  NEI model variant optimal microhabitat predictions and field focal velocities (mean and 
95% CI) for each study species. Focal velocities are mean (95% confidence interval, cm/s). Model 
predictions falling within the 95% CI are marked with an asterisk and those falling just outside the 
CI (<1 cm/s) are marked with a †

Species Field focal velocity Model Prediction (cm/s)

Chinook Salmon (N = 24) 11.8 (9.7–3.9) Simplified NEI 34.0
Adjusted NEI 18.5
Third derivative 20.7
Full NEI 34.4

Dolly Varden Char (N = 32) 27.2 (25.1–29.2) Simplified NEI 36.4
Adjusted NEI 24.4†
Third derivative 17.2
Full NEI 29.5†

Arctic Grayling (N = 29, 25) 37.6 (34.0–41.2) (RC) Simplified NEI 37.2*
24.0 (20.8–27.2) (PC) Adjusted NEI 23.0*

Third derivative 25.1*
Full NEI 32.5

RC, Richardson Clearwater; PC, Panguingue Creek

The simplified NEI model successfully predicted microhabitat selection of Arctic 
Grayling in the Richardson Clearwater, but not in Panguingue Creek, where a 
potential competitor (Dolly Varden Char) was present. Both the adjusted NEI model 
and the third derivative model successfully predicted microhabitat selection in 
Panguingue Creek, but not in the Richardson Clearwater (Table 2). The full NEI 
model prediction fell between the optimal focal velocities observed in Panguingue 
Creek and the Richardson Clearwater (Table 2), and thus was unsuccessful in both 
contexts.

4 � Discussion

Investigations of the factors affecting habitat selection are essential for our under-
standing of how animals behave, which is a requirement for effective, science-based 
conservation and management. A key challenge for aquatic ecologists is identifying 
the fitness consequences of habitat selection. Mechanistic NEI models for drift-
feeding stream fish are potentially useful tools for this task because they connect 
habitat use to fitness via energetics. Our evaluation of the assumptions of a simpli-
fied NEI model and comparison of complex and simplified models illuminates the 
mechanics of these models, highlights potential shortcomings associated with input 
variable estimation and parameterization, and provides important insight into how 
such models might be improved in the future.

Our empirical analysis demonstrated no relationships between velocity and 
energy content of prey in the drift or fish visual reaction area for any of our study 
species and a positive relationship between velocity and swimming cost for all of 

The Use of Net Energy Intake Models to Predict Microhabitat Selection…



146

our study species. In conjunction with our review of the literature for each of these 
variables, we concluded that energy content of prey in the drift and fish visual reac-
tion area could plausibly be considered constant within the range of drift-feeder 
focal position velocities, but swimming cost could not. When we parameterized and 
tested the four model variants, we found the adjusted NEI model was the best pre-
dictor of focal velocities occupied by the drift-feeders in this study; it was success-
ful for Arctic Grayling in Panguingue Creek and was consistently closer to the 95% 
CI focal velocity window for Dolly Varden Char and juvenile Chinook Salmon than 
the other variants. These findings have important implications for how we theorize 
and estimate the various components of drift-feeder energetics and habitat use.

4.1 � NEI Model Variable Estimation: Challenges 
and Implications

Our data suggests the Grossman et al. (2002) simplifying assumption for energy 
content of prey in the drift (D) is plausible, because we observed no significant cor-
relations between these D and V for any of our study species. However, it is possible 
we did not observe a significant relationship between these variables due to high 
natural variability in the drift process, biased sampling techniques, or some combi-
nation of these things. The lack of observed relationship between D and V in our 
empirical analysis stands in contrast to the majority of the published literature, 
which suggests a positive relationship between velocity and metrics of drift (see 
Brittain and Eikeland 1988 for a review). Drift at any focal velocity is a complex 
function of lateral and vertical hydrodynamics, entry point (i.e., benthos, drift from 
upstream, or terrestrial sources), settling rate, abundance, and depletion by drift-
feeders upstream. Drift processes also are influenced by macroinvertebrate species-
specific traits, whereby macroinvertebrates actively enter or exit the drift based on 
abundance, season, time of day, and velocity (Nakano and Murakami 2001; Stark 
et al. 2002; Naman et al. 2016). The amount of energy in the drift available to drift-
feeders is a complex function of the interaction between the abiotic dynamics of the 
stream and the ecological and biological characteristics of the invertebrate species 
themselves; any estimate of that amount is dependent on the time, place, and tech-
niques used to sample this phenomenon.

There are a few potential biases which may have affected our estimates of energy 
concentration of prey in the drift. Sampling drift concentrations 3–20 m away from 
drift-feeders may not be reflective of drift concentrations encountered by drift-
feeders at their focal positions given that drift can be highly spatially heterogeneous 
(Brittain and Eikeland 1988). Backwash due to net clogging and drift-net placement 
in the water column (the typical method of sampling macroinvertebrate drift) may 
underestimate drift concentrations, especially in fast velocities, which could poten-
tially explain the negative trends observed in our data. However, removing the five 
fastest velocity data points from our velocity-drift concentration analyses did not 

B. B. Bozeman et al.



147

change the observed relationship between drift and velocity in any of the three study 
systems. In addition, it possible that we did not observe a relationship between drift 
and velocity, because the velocity at drift-net positions potentially did not reflect 
flow conditions upstream that produced drift conditions.

Our field data showed no significant relationships between fish reaction area (A) 
and focal velocity, which matches results from laboratory experiments on these 
same species (Donofrio et  al. 2018; Bozeman and Grossman 2019a, b). These 
results stand in contrast to the negative relationships between metrics of reaction 
field and velocity frequently reported in the literature. One possible explanation of 
these differences is that our method of recording reaction distance (for both labora-
tory experiments and field videos), which was the basis of our reaction area esti-
mates, may not accurately capture the visual field of drift-feeding fish. We measure 
reaction distance between a drift-feeder and a prey item at the moment the drift-
feeder initiates movement toward the prey. However, it is possible that drift-feeders 
visually observe prey prior to orienting toward it, thus decoupling the moment of 
prey recognition from the initiation of prey pursuit (Godin and Rangeley 1989). 
This phenomenon would bias our reaction area estimates such that they underesti-
mate the true size of the visual window within which drift-feeders are foraging for 
prey items.

It is unclear how true visual reaction areas could be detected and measured 
because of the difficulties associated with discerning when a fish sees a prey item 
versus when it initiates pursuit of that prey item. Feeding in faster currents may 
necessitate that drift-feeders initiate foraging maneuvers earlier than they would in 
slower currents despite visually observing prey items at similar distances from their 
focal position. Published reports of decreased reaction distances for drift-feeders 
with increasing velocity either reported this relationship at velocities greater than 
most drift-feeders occupy (O’Brien and Showalter 1993; Piccolo et  al. 2008) or 
observed constant or increasing prey encounter rates (O’Brien et  al. 2001). 
Additionally, drift-feeders must discriminate between similarly sized prey items 
and inedible debris, the latter of which can vastly outnumber consumable prey espe-
cially for small-bodied drift-feeders (Neuswanger et  al. 2014). The presence of 
potential competitors also may influence reaction distance, whereby drift-feeders 
are more likely to pursue prey on sight rather than let it drift closer and risk losing 
it to competition. Collectively, these dynamics make it difficult to know whether 
fish travel shorter distances to capture prey due to decreased prey recognition abil-
ity, large quantities of inedible debris, or increased prey availability nearer their 
focal position.

Original reaction distance models conceptualized reaction distance as a function 
of fish size, prey size, and light conditions (Schmidt and Obrien 1982; Hughes and 
Dill 1990; Hughes et al. 2003). Fish size was not significantly correlated with reac-
tion distance in past laboratory experiments (Donofrio et al. 2018; Bozeman and 
Grossman 2019a, b) despite a wide range of experimental specimen lengths 
(4–27 cm) including many fish within the range of sizes at which are hypothesized 
to influence reaction distance (<19 cm; Hughes and Dill 1990). Light intensity may 
influence reaction distance (Mazur and Beauchamp 2003; Hansen et al. 2013), but 
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it is unlikely that light conditions affected our reaction distance measurements, 
because laboratory measurements were conducted in a well-lit facility, and field 
observations were conducted during the Alaskan summer (>16 h in a day of day-
light). Turbidity has been shown to be positively associated with stream velocity 
and negatively associated with fish reaction distance and foraging success (Vogel 
and Beauchamp 1999; Sweka and Hartman 2001; Hansen et al. 2013), but was neg-
ligible in our laboratory experiments (stream flume <0.001 NTUs) and low in our 
field observations (visibility greater than 1  m). We are hopeful that advances in 
underwater videography (e.g., VidSync) will continue to improve our understanding 
of three-dimensional fish foraging areas—including how fish visual field shifts in 
response to fish and prey size, light, turbidity, and presence of competitors—to 
address shortcomings of early foraging models (Dunbrack and Dill 1984; 
Neuswanger et al. 2016).

Unsurprisingly, swimming costs were positively related to focal velocities for all 
three species; a trend also observed in our literature review (e.g., Rao 1968; Feldmeth 
and Jenkins Jr. 1973). Nonetheless, several studies have shown that the incorpora-
tion of swimming costs in NEI models—a parameter that is logistically difficult to 
quantify and highly variable—does not necessarily improve the predictive ability of 
NEI models (Hughes and Dill 1990; Hill and Grossman 1993). Indeed, the full NEI 
model did not outperform the more simplified model variants despite being the only 
model containing this information. It is possible that drift-feeders occupy focal 
positions where energetic benefits overwhelm even considerable energetic costs, 
which would explain why costs did not improve the predictive ability of our full 
NEI model that ranks focal position based on relative energetic potential. However, 
this does not mean costs associated with swimming and foraging are unimportant 
for drift-feeder energetics modeling, because NEI models that calculate absolute 
NEI require accurate estimates of swimming cost even when costs are small relative 
to benefits.

The relative importance of energetic benefits (e.g., prey capture success) and 
costs in determining focal velocity selection via NEI is dependent on fish size. 
Jowett et al. (2021) found that swimming cost was more important for predicting 
optimal velocities of large fish (>96 g, 20 cm) than prey capture success, but that 
prey capture success was more important than costs for small fish optimal velocity 
predictions. It is widely known that fish metabolism is dependent on mass, espe-
cially for small fish (Trudel and Welch 2005; Rosenfeld and Taylor 2009). Finally, 
most NEI models that include energetic costs—including our full NEI model—esti-
mate this variable using equations that were parameterized for different species 
using swimming trials in laminar flow swimming chambers (e.g., Trudel and Welch 
2005), or extrapolate the models beyond the ranges of fish sizes, temperatures, or 
velocities for which they were parameterized. This may or may not be appropriate 
depending on the modeled species and the severity of the extrapolation.

Ideally, we would like to be able to quantify and include each element of swim-
ming metabolism potentially affecting and affected by focal position choice by 
drift-feeders. However, the complexity and logistical difficulties of accurately and 
precisely measuring multi-faceted metabolic costs (e.g., standard metabolism, 
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active metabolism, anaerobic foraging burst maneuvers, digestive costs, etc.) may 
limit their utility to NEI models, at least those which rank focal positions based on 
relative NEI. Previous studies demonstrated that estimates of swimming cost that do 
not incorporate the effects of turbulence or the energetic demands of burst foraging 
maneuvers may considerably underestimate the full energetic costs of drift-feeding 
in streams (Hughes and Kelly 1996; Tang et al. 2000; Enders et al. 2003). Therefore, 
although foraging maneuvers certainly inflate swimming costs it remains to be seen 
whether the inclusion of the complete energetic costs associated with drift-feeding 
can be incorporated in NEI models with sufficient precision to increase their predic-
tive ability (see Facey and Grossman 1990, 1992). Clearly, more work is needed to 
reliably and precisely estimate swimming costs and incorporate them into NEI habi-
tat selection models, and our results illustrate the difficulty of including accurate 
energetic cost data in these models.

Prey capture success is the most important determinant of output of the NEI 
models tested in this study. Prey capture success was the only model input variable 
derived from laboratory experiments, and as such, likely is the most precise variable 
included in the models. Nonetheless, there are several potential biases associated 
with our protocol for estimating prey capture success that could influence the output 
of each of our NEI model variants.

The experimental stream flume we used to measure prey capture success differed 
from natural stream environments in serval important ways. The stream flume 
received consistent lighting during all experiments, and contained very little visual 
complexity, outside of a small clump of bamboo placed at the upstream end of the 
flume to facilitate fish orientation. We regularly cleaned the stream flume to mini-
mize debris and turbidity, and only presented prey items to fish one at a time. Each 
of these departures from the natural stream environment were necessary to facilitate 
laboratory experiments (whose scope extended beyond simple prey capture success 
measurements) and keep fish healthy; however, these simplifications of the stream 
environment potentially result in prey capture success being overestimated at a 
given velocity. Clearly, this would have serious implications for model output given 
the importance of the prey capture success-velocity function to the formulation of 
the NEI models. However, this bias has not apparently been reflected in the past 
success of our simplified and adjusted NEI models (Grossman et al. 2002; Donofrio 
et al. 2018; Bozeman and Grossman 2019a, b; Sliger and Grossman 2021). Future 
experiments focusing purely on prey capture success (and not other processes that 
require flume water clarity or bright lighting, e.g., video recording for reaction dis-
tance) under more natural conditions of turbidity, turbulence, prey-like inedible 
debris, and variable lighting conditions may more appropriately characterize prey 
capture success of drift-feeders in natural systems and improve foraging models.

The Use of Net Energy Intake Models to Predict Microhabitat Selection…



150

4.2 � Implications of Simplified Versus Complex NEI 
Model Success

The predictive ability of the four variants of the Grossman NEI model varied among 
species and systems. Overall, the adjusted NEI model outperformed the other model 
variants by successfully predicting Arctic Grayling optimal focal velocities in 
Panguingue Creek, underestimating Dolly Varden Char optimal focal velocities in 
Panguingue Creek by less than 1 cm/s, and being the closest of the variants to the 
95% confidence interval of juvenile Chinook Salmon focal velocities in the Chena 
River (<5 cm/s away). There was no clear-cut second-best model, with the simpli-
fied, full, and third derivative model variants performing differentially for different 
species. This observation indicates parameter estimates for D, A, and S did not 
increase the predictive ability of the full NEI model in our study.

Except for juvenile Chinook Salmon, which likely are selecting habitat for rea-
sons other than energy optimization (e.g., predator avoidance via strong association 
with shelter), our NEI models performed reasonably well and were able to yield 
insights into the process of microhabitat focal velocity selection. The performance 
of the models for Dolly Varden Char and Arctic Grayling was impressive given that 
model predictions fell within ~10 cm/s of the 95% CI of field focal velocities for 
these species in the Richardson Clearwater and Panguingue Creek despite water 
column velocities in our study sites ranging from negligible to at least 120 cm/s. 
These insights are important because many NEI models have been developed in the 
40 years since their inception (Fausch 1984; Piccolo et al. 2014), but few if any 
studies have directly assessed the predictive ability of various forms of an NEI 
model, and the majority of NEI models have not undergone rigorous testing with 
multiple species and in multiple years and seasons.

Given that the Grossman et al. (2002) NEI model was developed for systems in 
which interspecific competition and predation were not strong driving factors affect-
ing microhabitat selection (Grossman et al. 1998), it is not surprising that the model 
and its variants performed poorly for juvenile Chinook Salmon in the Chena River 
(Donofrio et al. 2018). Juvenile Chinook Salmon in the Chena River typically were 
observed in shallow areas near or underneath shelter (e.g., within root balls of fallen 
trees), which suggests that the proximity to shelter from predators may be an impor-
tant component of microhabitat selection (Quinn 2018). This habitat preference is 
evidenced by lower focal velocities and swimming costs (by one and two orders of 
magnitude) for Chinook Salmon compared to Dolly Varden Char and Arctic 
Grayling, respectively. However, this observation is unsurprising, because juvenile 
Chinook Salmon in this study were very small (4.7 ± 1.0 SD SL), and focal velocity 
typically increases with length (Everest and Chapman 1972; Grossman and 
Ratajczak 1998). Larger individuals often select microhabitats nearer the center of 
the channel with greater focal velocities and are not as vulnerable to potential preda-
tors (Hughes and Reynolds 1994; Hughes 1998; Bozeman and Grossman 2019a).

One interesting aspect of model variant performance is that the simplified NEI 
model successfully predicted optimal microhabitats of Arctic Grayling in the 
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Richardson Clearwater, whereas the adjusted NEI model (and the third derivative 
NEI model) successfully predicted Arctic Grayling optimal microhabitats in 
Panguingue Creek. We observed that these systems differ markedly in depth, veloc-
ity heterogeneity, habitat complexity, and the presence of a potential competitor 
(Dolly Varden Char). It is important to consider the possibility that model variants 
may perform differentially based on the systems in which they are applied. For 
instance, it is well known that drift-feeders may occupy slightly slower focal veloci-
ties adjacent to higher velocity microhabitats in which they forage for drifting prey 
(Everest and Chapman 1972; Fausch and White 1981; Naman et al. 2022). In sys-
tems with considerable velocity heterogeneity with potentially large differences 
between focal and foraging velocities (e.g., Panguingue Creek), models that predict 
optimal focal velocity (as discounted from foraging velocity) may outperform mod-
els that predict optimal foraging velocity. By contrast, optimal foraging velocity 
models may perform better in systems with less velocity heterogeneity and fewer 
focal and foraging velocity shears. Some NEI models address this issue by account-
ing for vertical or lateral velocity differentials in foraging areas (Hayes et al. 2000; 
Dodrill et al. 2016). Understanding how different models (or different versions of 
models that account for spatial velocity heterogeneity) perform in different systems 
is an important area of research for the development and application of future 
NEI models.

From a logistical point of view, it is encouraging that the simplified, adjusted, 
and third derivative models performed just as well or better than the full NEI model 
because model parsimony generally is desirable and estimates for D, A, and S are 
costly and difficult to obtain. However, from a NEI model development and mana-
gerial perspective, it is discouraging that our estimates of these additional variables 
do not improve model output given that many NEI models calculate absolute NEI, 
which is dependent on D, A, and S, to predict potential growth, abundance, or car-
rying capacity for applied management strategies. One potential explanation for the 
underwhelming performance by the full model is that the linear models we used to 
relate D, A, and S to velocity and subsequently parameterize the full model explain 
very little of the variation in D, A, and S due to velocity (R2 ranged from 0.00 to 
0.27). This is not a particularly robust or elegant way to parameterize the full NEI 
model; however, this is the first attempt to parameterize and test this model, and 
inspection of the data suggested that nonlinear functions would not be better descrip-
tors than linear functions.

Another potential and related reason for underperformance of some variants is 
bias associated with our data collection. In each application of the model variants, 
the full and simplified NEI model predictions were greater than the third derivative 
and adjusted NEI model predictions. This pattern suggests we likely are overesti-
mating drift-feeder NEI. Two potential sources of overestimation of NEI are under-
estimation of swimming costs and overestimation of prey capture success (it seems 
less likely that drift density and visual reaction area would be biased high). Improved 
estimation techniques for both of these variables, as previously discussed, will pro-
vide additional insight into the dynamics of these models.
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Our NEI model comparison has important implications for NEI models with dif-
ferent predictive goals. For NEI models that rank instantaneous optimal microhabi-
tat selection based on relative NEI, parsimonious models that do not account for 
energy content of prey in the drift, visual reaction area, and swimming cost perform 
reasonably well. This conclusion is supported by the finding that the full model 
rarely outperforms the adjusted or simplified models despite incorporating more 
biological realism by including additional variables.

However, parsimony is inappropriate for models that predict potential growth or 
carrying capacity via absolute NEI; these models require accurate estimates and 
arrangements of energetics variables to produce reasonable results. For instance, 
swimming costs may be overwhelmed by energetic benefits in NEI models that 
predict instantaneous habitat selection via ranking of available focal positions 
(Hughes and Dill 1990; Hill and Grossman 1993), but even small swimming cost 
estimates may be highly influential in NEI model applications that predict potential 
growth or carrying capacity over space or time (e.g., Hayes et al. 2016; Naman et al. 
2019). Likewise, temporal (diel) and spatial (within or between habitats) variation 
in drift may hinder our ability to detect patterns at scales relevant to modeling of 
instantaneous focal position selection by drift-feeders (LaPerriere 1981; Leung 
et al. 2009; Naman et al. 2016). Drift density may also interact with predation risk 
to explain focal position selection. If predation risk is high, drift-feeders may forage 
in faster velocities to achieve satiation in less time compared to foraging all day in 
slower velocities absent predation risk (Naman et al. 2022; Railsback et al. 2021). 
Drift dynamics certainly are critical components of drift-feeder habitat quality given 
that drifting macroinvertebrates, both terrestrial and aquatic, comprise most of the 
food for drift-feeding fishes (Elliott 1973; Quinn 2018).

4.3 � Looking Forward

Variables that regulate energetic gain (prey quantity and quality, fish visual reaction 
field, prey capture success) and expenditure (cost of holding a fixed focal position 
in the stream, cost of foraging) certainly are important determinants of drift-feeder 
habitat selection, ecology, and fitness. This observation is evidenced by the inclu-
sion of these variables in the vast majority of NEI models, including the earliest and 
latest applications (e.g., Fausch 1984; Rosenfeld and Taylor 2009; Naman et  al. 
2019), and is substantiated by our review of the relevant literature. More sophisti-
cated methods of parameter estimation for energy content of prey in the drift, visual 
reaction area, and swimming costs will improve our understanding of the intricacies 
of drift-feeder microhabitat selection and may ultimately improve the power, tracta-
bility, and utility of complex NEI models that use these and other variables to esti-
mate absolute NEI.

Our results indicate that prey capture success is the variable with the most influ-
ence on the predictions made by our NEI model variants. Future research should 
parameterize prey capture success-velocity functions for additional species and age 
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classes that could be incorporated into user-friendly habitat suitability estimation 
software (e.g., Naman et al. 2020) or generalized across populations. Developing 
prey capture success-velocity functions specific to species, age classes, or even 
types of systems (e.g., stream size), especially through methods that guard against 
overestimation of prey capture success in oversimplified stream flumes, will provide 
important insight into model formulation and drift-feeder foraging behavior for 
absolute and relative NEI models alike. Understanding species-specific foraging 
performance also will help us predict how species may respond in the face of shifts 
in habitat quality or quantity, or the presence of competitors (e.g., Nakano 
et al. 1999).

Global climate change and other anthropogenic stressors necessitate that we 
develop practical conservation and management strategies to mitigate threats to 
freshwater biodiversity (Dauwalter et al. 2011; Williams et al. 2011; Jenkins et al. 
2015). One of the most promising aspects of NEI models is their potential ability to 
be linked to hydrodynamic models to predict microhabitat quality and quantity at 
broader spatial scales (Hayes et al. 2007; McHugh et al. 2017; Railsback 2016), or 
incorporated into software that can readily estimate absolute NEI based on user-
selected fish species, mass, water depth, velocity, and other variables (Hayes et al. 
2020; Naman et  al. 2020). Global climate change will affect drift-feeder habitat 
quality and quantity through many mechanisms, including altering metabolic rates 
(Trudel and Welch 2005) and availability of prey in the drift. Although simplified 
variants of NEI models can be linked to climate modeling based on predicted 
changes in flow, complex NEI models that predict absolute NEI will be necessary to 
capture the full suite of effects of climate change on drift-feeder populations.

In conclusion, our results demonstrate that energy content of prey in the drift and 
fish visual reaction area potentially can be considered constant across the range of 
velocities occupied by drift-feeders, but swimming cost cannot. Nonetheless, we 
found that simplified variants of an NEI model based on the prey capture success-
velocity function performed as well or better than a more complex NEI model, 
which is more difficult to parameterize. In the short term, this is encouraging 
because we can use simplified NEI models to predict instantaneous habitat selection 
by drift-feeders. However, complex NEI models that predict potential growth, abun-
dance, or carrying capacity via absolute NEI ultimately are needed for robust man-
agement and conservation applications. We support the continued improvement of 
complex habitat variable estimation techniques, as well as the parameterization of 
species-specific prey capture success-velocity functions to advance our understand-
ing of drift-feeding foraging behavior and our ability to evaluate stream fish habitat 
quality and quantity in an uncertain future.
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