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Horizontally-oriented echosounders have become more common for sampling pelagic prey species in shallow
waterbodies (e.g. < 20 m) or nearshore portions of deeper water bodies, where vertical beaming can be ineﬀective. To properly sample ﬁshes with horizontally-oriented echosounders, a target-strength (TS; dB re 1 m2)to-total-length (TL; mm) relationship must be developed to acquire reliable density data. However, when
sampling with horizontal beaming, measured TS can vary greatly according to ﬁsh orientation (lateral versus
head-on). Currently, a TS-TL equation that is based on TS data from individual ﬁsh measured at all orientations is
used to convert between TL and measured TS. However, an orientation-based equation (equation that incorporates target orientation information when converting TS to TL) could increase the accuracy of size estimates from direct TS measurements. Target strength measurements were collected from euthanized Gizzard
Shad Dorosoma cepedianum, in a tank, at orientations from 0 to 180° (0° and 180° being perpendicular to acoustic
beam and 90° parallel with head facing the transducer) in 5° increments. We derived orientation-based and nonorientation-based TS-TL equations for Gizzard Shad. Eight orientation-based equations were compared with a
catenary (U-Shape) function best representing the change in TS for diﬀerent ﬁsh orientations (conditional
R2 = 0.71 and marginal R2 = 0.67). Our orientation-based equation can be used to acquire more accurate
Gizzard Shad biomass estimates when orientation information is available. We found signiﬁcant errors occur
when using an average-orientation TS-TL equation when ﬁsh do not have random orientation, so orientationbased equations should be used when possible. We also compared density estimates from previously published,
non-orientation-based TSMean equations (TS-TL equation derived from mean TS of all target orientations) to
determine if equation choice signiﬁcantly aﬀected density estimates from ﬁsh aggregations. Equation choice had
a signiﬁcant eﬀect on the resulting density estimates from individual schools (P < 0.01), indicating speciesspeciﬁc equations provide greater accuracy.
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1. Introduction
The use of horizontally-oriented single-beam echosounders for
sampling pelagic prey species has recently become more common in
shallow (e.g., < 20 m) waterbodies and nearshore areas where vertical
beaming can be ineﬀective (Balk et al., 2017; Lian et al., 2017). Vertically-oriented hydroacoustic techniques are ineﬀective in shallow
water because they do not sample near-surface or near-substrate areas
eﬀectively, resulting in a small volume of water sampled (Simmonds
and MacLennan, 2005; Thorne, 1998). Hypoxic regions caused by
thermal stratiﬁcation can further reduce the proportion of the water
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column available to ﬁsh as habitat, further limiting the eﬃciency of
vertically-oriented echosounders (Roberts et al., 2009). The net result is
reduced ability to collect meaningful vertically-oriented hydroacoustic
data in shallow systems. However, horizontally-oriented echosounders
show promise as a sampling tool for pelagic prey species in shallow
waterbodies and nearshore areas of deeper waterbodies because they
can eﬃciently collect large amounts of data and eﬀectively sample
near-surface ﬁsh (Djemali et al., 2017; Knudsen and Sægrov, 2002;
Kubečka and Wittingerova, 1998; Thorne, 1998; Yule, 2000). Although
horizontally oriented echosounders have limitations as well, including
near surface reverberation (Balk et al., 2017; Trevorrow, 1998; Urick
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Nielsen, 2008; Stanton et al., 2003). There is potential to further reﬁne
horizontal data by combining split-beam transducers with multi-beam
imaging systems (i.e. ARIS® or DIDSON®) that can measure ﬁsh orientation directly. With these methods to detect ﬁsh orientation, TS
equations can be developed that more accurately identify ﬁsh size from
TS measured at any angle.
Gizzard Shad (Dorosoma cepedianum) is an important pelagic prey
species in shallow reservoirs and often the most abundant prey species
in southern and mid latitudes in the United States. (Carline et al., 1984;
Johnson et al., 1988; Miranda, 1983). Because Gizzard Shad have high
densities, they are often a large portion of piscivore diets (Michaletz,
1997; Storck, 1986). Gizzard Shad populations can frequently be limiting (Evans et al., 2014) and therefore have a large impact on growth
and survival of piscivorous species (Michaletz, 1997, 1998; Schramm
et al., 1999; Storck, 1986). Therefore, Gizzard Shad can have a large
impact on populations of piscivorous ﬁshes, making accurate density
and size structure data for Gizzard Shad important to ﬁsheries managers managing piscivorous species.
Currently, gill nets are used to collect Gizzard Shad abundance and
size structure data for use in ﬁsheries management, a sampling method
that is time and labor intensive, as well as imprecise (Van Den Avyle
et al., 1995a; Wilde, 1995). Horizontally-oriented echosounders may
provide more reliable data than current sampling methods for pelagic
ﬁsh populations (such as Gizzard Shad) in shallow systems (Johnson
et al., 2019; Van Den Avyle et al., 1995a, b), but only if ﬁsh sizes can be
accurately estimated from TS measurements or TS estimated from
concurrent catch data. Development of species-speciﬁc TS-TL and TS-W
equations could increase accuracy of biomass estimates, but no horizontal TS-TL or TS-W equation exists for Gizzard Shad, and the equations that do exist for other species have used fairly simpliﬁed approaches that have not thoroughly evaluated the quality of the ﬁt to the
data (Godlewska et al., 2012; Kubečka, 1994; Pedersen et al., 2009).
Incorporating target orientation may further increase accuracy of hydroacoustic estimates when orientation information is available
(Boswell et al., 2009; Kubečka, 1994; Lilja et al., 2000). Our goal is to
develop TS-TL and TS-W equations for Gizzard Shad and then to determine if equation choice (our equation versus previously reported
equations derived with other species) signiﬁcantly aﬀected density estimates from echo integration of ﬁsh aggregations. Additionally, we
propose orientation-based equations that predict TL from TS and orientation data and compare them to equations by (Kubečka, 1994) to
determine which equation best predicts Gizzard Shad size. This information can be used to better inform Gizzard Shad horizontally-oriented echosounder data analyses.

and Hoover, 1956), range limitations (Pedersen and Trevorrow, 1999),
noise (Balk et al., 2017; Boswell et al., 2007; Pollom and Rose, 2015)
and ﬁsh behavior (Draštík and Kubečka, 2005; Vabø et al., 2002), a
horizontal approach addresses many of the limitations of vertically
oriented echosounders.
Target strength (TS; ratio of the intensity of the reﬂected wave at a
distance of 1 m to the incident sound wave; dB re 1 m2) describes the
acoustic reﬂectivity of an ensoniﬁed target (Simmonds and MacLennan,
2005). Target strength measurements can be obtained from unconstrained wild ﬁshes (in situ; Fleischer et al., 1997; Pedersen et al.,
2009; Warner et al., 2002), constrained or sedated ﬁshes (ex situ;
Nielsen and Lundgren, 1999; Rodríguez-Sánchez et al., 2015; Thomas
et al., 2002) or by modelling ﬁsh and swim bladder size and shape
(Gorska and Ona, 2003; McClatchie et al., 1998; Peña and Foote, 2008).
Because TS is a proxy for ﬁsh size, TS data are imperative when estimating biomass from hydroacoustic data (MacLennan and Simmonds,
2013; Simmonds and MacLennan, 2005). When in-situ TS measurements
are unavailable, equations converting ﬁsh size to TS allow length data
from concurrently sample ﬁsh to be converted to TS for use in hydroacoustic analyses (Boswell et al., 2008; Gastauer et al., 2017; Kubečka
et al., 2009; Scoulding et al., 2017).
Given that TS is a function of the cross-sectional area of the ensoniﬁed target, changes in animal orientation can result large variation
in measured TS, particularly when ensoniﬁed in the horizontal plane
(Boswell and Wilson, 2008; Rodríguez-Sánchez et al., 2015). Fish air
bladders, when present, reﬂect 90–95% of the total energy reﬂected by
an individual (Foote, 1980). Generally, air bladders have an elongate
shape that has a smaller ensoniﬁed cross-sectional area when the ﬁsh
faces the transducer than when it is oriented perpendicular to the main
axis (Foote, 1980; Kubečka and Duncan, 1998a). Fish orientation is less
problematic with vertical beaming because the dorsal surfaces of ﬁsh
are almost always ensoniﬁed (hence the long axis of the air bladder),
unless data are collected during periods of vertical migration (HardenJones et al. 1981). In current horizontal hydroacoustic applications, an
average target strength- total length (TS-TL; regression describing the
mean TS-mean length relationship) or target strength-weight (TS-W;
regression describing mean TS-mean weight relationship) equation is
often implemented, where TS is averaged from measurements at all ﬁsh
lateral orientations (Boswell et al., 2008; Frouzova et al., 2005). As long
as ﬁsh orientation is random, a mean TS-TL equation is acceptable and
produces minimal bias because TS is measured for targets at all orientations and thus an average TS accounts for orientation (Boswell
et al., 2008; Lilja et al., 2000). However, ﬁsh may not be randomly
oriented due to boat avoidance, ﬁsh facing into current, migratory
movements or schooling patterns (Draštík and Kubečka, 2005; Lilja,
2004; Weihs, 1973). Therefore, incorporating ﬁsh orientation into TSTL equations could increase accuracy and precision of horizontal hydroacoustic biomass estimates in cases where the assumption of random
orientation is not met. Kubečka (1994) proposed a model to describe
change in TS with orientation for Brown Trout Salmo trutta, Roach
Rutilus rutilus and Rudd Scardinius erythrophthalmus, but the equation
only considered a single curve shape and did not account for ﬁsh length
(Kubečka, 1994). Lilja et al. (2000) added ﬁsh length to the aspect
equation proposed by Kubečka (1994) and derived coeﬃcients for
Atlantic Salmon (Salmo salar), Pike (Esox Lucius), Brown Trout and
Whiteﬁsh Coregonus lavaretus. Because Kubečka (1994)’s equations
were not ﬁt for all species, more information is needed before applying
Kubečka (1994)’s equation to species beyond the four species tested by
Lilja et al. (2000).
Target orientation can be measured in multiple ways. Recent approaches infer ﬁsh orientation from the trajectory of tracked targets
across successive pings (Rodríguez-Sánchez et al., 2015) and improvements in broadband SONAR technology have resulted in an ability to
infer target orientation through increased range resolution and improved interpretation of scattering features of individual targets (Ito
et al., 2015; Lavery et al., 2017; Lee and Stanton, 2016; Lundgren and

2. Methods
2.1. Tethered ﬁsh experiments
Target strength measurements were collected July to September
2017 in a 5.5 m diameter round tank, ﬁlled to 1 m depth, inside the
Fisheries and Aquatic Ecology Wet Laboratory (FAEWL) at Oklahoma
State University. Forty-seven Gizzard Shad were collected from nearby
Lake Carl Blackwell, Payne County, Oklahoma (OK) using boat electroﬁshing and were transported live in an aerated live tank to the
FAEWL. Fish were transferred to an aerated holding tank with a mean
water temperature of 22 °C (standard deviation [s.d.] = 1.65, range
20–25 °C) and allowed to acclimate for at least 24 h before experimentation.
Individual Gizzard Shad (60–321 mm TL) were euthanized using
150 mg/L Aqui-S 20E and tethered upright, one at a time, to a rotating
carousel at a depth of 0.5 m using four strands of 2.7 kg monoﬁlament
ﬁshing line (Fig. 1). Wet weights (W; g) and total lengths (TL; mm) were
recorded for individuals prior to tethering. Below the carousel, a horizontal monoﬁlament line was stretched tight along the tank bottom
between two cinder blocks that were outside the acoustic beam. Two
156
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Fig. 1. Diagram depicting setup of transducer and tethered ﬁsh within a tank for ex situ hydroacoustic target strength measurements of Gizzard Shad.

(321 mm; Rodríguez-Sánchez et al., 2016) and ensured the entire ﬁsh
was within the beam. A pulse duration of 0.256 ms (pulse length
0.37 m) was chosen based on the Great Lakes freshwater sampling
protocol (Parker-Stetter et al., 2009). Tethered ﬁsh were positioned at
least 1 m from the back wall centered within the transducer’s acoustic
beam before recording. The tank wall, which was more than twice the
pulse length from the ﬁsh, had a much stronger TS than tethered ﬁsh
(≥ -10 dB re 1 m2), allowing for clear separation of the target from the
back wall. The echosounder was calibrated using a 38.1-mm diameter
tungsten-carbide calibration sphere with ˜6% cobalt binder following
standard sphere methodology (Foote, 1987a). Data were collected at
4 Hz for at least 1 min at each orientation from 0 to 180° in 5° increments (0 and 180 being perpendicular to acoustic beam and 90° being
parallel with head facing the transducer) resulting in 36 positions and
at least 8640 TS measurements for each ﬁsh. A minimum threshold of
-70 dB re 1 m2 was used, which was more than adequate to eliminate
background noise (-85 dB re 1 m2) and echoes from the monoﬁlament
line. Measured TS was back-transformed to backscattering cross-section
(σbs, m2) before all computations (σbs = 10(TS /10) ).
We derived orientation- and non-orientation-based TS-TL equations
and a TS-W equation for Gizzard Shad using the data recorded from
tethered ﬁsh. Non-orientation-based TS-TL equations were of the traditional form (a * log10 TL + b) and a second variant of the equation with
the slope (a) ﬁxed at 20, as proposed by Foote (1987b). We ﬁt equations
to the mean (TSMean), maximum (TSLateral) and minimum (TSHead/Tail) of
all TS measurements for individual ﬁsh as suggested by Frouzova et al.
(2005). We tested for signiﬁcant diﬀerences (α = 0.05) between slopes
(a) and intercepts (b) of the standard and Foote (1987b)-variant TS-TL
relationships for the three pairs of equations (i.e., equations derived
from mean, maximum and minimum TS) using a t-test. Based on the
observation that TS was strongest at 0° and 180° and weakest at 90°
(Fig. 2), we identiﬁed ﬁve diﬀerent functions that appropriately modelled orientation-speciﬁc TS-TL relationships (Table 2). Proposed orientation-based functions include two trigonometric functions, Trigsin
which uses only a sin term and Trigboth using both a sin and cosine
function, a second degree polynomial function (Poly2), a catenary
function (Catenary) which describes the hanging of a chain and an
absolute value function (ABV; Table 2). We compared these ﬁve functions and three additional equations proposed by Kubečka (1994), as
modiﬁed by Lilja et al. (2000) to include TL, and the non-orientationbased equations that were derived from mean TS (Table 2).
We ﬁt each equation to TS data from tethered ﬁsh using maximum

vertical pieces of monoﬁlament line were used to suspend ﬁsh between
the carousel and the horizontal line at the tank bottom. One piece of
monoﬁlament was threaded through ﬂesh at the dorsal surface of the
ﬁsh and attached to the carousel, the other was threaded through the
ventral surface of the ﬁsh and attached to the horizontal line at the tank
bottom. Two separate monoﬁlament lines were then threaded through
ﬂesh at the mouth and caudle peduncle and connected to the carousel
to maintain ﬁsh at the desired orientation. All monoﬁlament lines were
attached to the ﬁsh in a way that did not puncture the air bladder
(Fig. 1). The rotating carousel was built using a 72-tooth rotating
sprocket, allowing for rotation in 5° increments.
Hydroacoustic data were collected with a Simrad® EK60 split-beam
echosounder (See Table 1 for parameter settings) operating at 120 kHz
with a 7° beam angle. The transducer was mounted along the tank wall
facing horizontally across the tank at a depth of 0.5 m (Fig. 1). This put
the tethered Gizzard Shad approximately 4 m (beam diameter 0.5 m)
away from the transducer, which was greater than the transducer
nearﬁeld (0.86 m) plus the nearﬁeld of the largest ensoniﬁed ﬁsh
Table 1
Echosounder, transducer and analysis thresholds used in laboratory targetstrength experiments for Gizzard Shad and during a drift survey in Lake Carl
Blackwell, Stillwater, Oklahoma.
System parameters
SIMRAD EK60 split-beam echosounder
Transmitted Power (W)
Operating Frequency (kHz)
Pulse Duration (ms)
Pulse rate (Hz)
Transducer Parameters
Two way beam angle (dB re 1 sr)
Beam width (degrees)
Nearﬁeld range (m)
Echoview Analysis Threshold
TS (dB re 1 m2)
Single target detector settings
Pulse length determination level
Minimum normalized pulse length
maximum normalized pulse length
Maximum beam compensation (dB re 1 m2)
Maximum standard deviation of
Minor axis angle (degrees)
major-axis angles (degrees)

Laboratory

Field

200
120
0.256
4

200
120
0.256
10

−20.7
7
0.86

−20.7
7
0.86

−70

−65

6
0.5
1.8
11
3
3
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Fig. 2. Example of target strengths for 142-mm (a) and 267-mm (b) Gizzard Shad at orientations ranging from 0 to 180 degrees (0 and 180 being lateral and 90 being
head-on perspective) in 5° increments from ex situ experiments. Dashed line represents predicted TS from catenary function described in methods and results.

transducer) with an ARIS® Explorer 1800 imaging SONAR operating at
1.8 MHz and recorded individual Gizzard Shad simultaneously in a net
pen in the ﬁeld (Lake Carl Blackwell, Stillwater, OK) to examine how
well TS-derived ﬁsh size estimates matched ﬁsh size estimates derived
from the imaging sonar. To ensure that only Gizzard Shad data were
collected, ﬁsh were collected by boat-mounted electroﬁshing and
placed within a nylon net pen (15-m long x 15-m wide x 4.5-m deep
with 6.35-mm square mesh) located within the lake. Echosounder data
were collected using settings speciﬁed in Table 1. Both systems were
mounted in tandem on a bracket and lowered to a depth of 1 m within
one side of the net pen. The sonars were aimed across the pen and
angled 3.5° downward from horizontal to reduce surface noise. During
data collection, the boat was pulled along one side of the net at a speed
of 0.1 m/s. These data were collected at night when shad species are
less aggregated, making it easier to measure isolated targets (Schael
et al., 1995). Fish length and orientation for individual ﬁsh targets were
estimated using the ARIS® imaging SONAR, capable of collecting high-

likelihood estimation and assessed the most parsimonious equation
using AIC. Target strength responses from all ﬁsh were ﬁt simultaneously using a linear mixed eﬀects model with ﬁsh size (log10(TL)) and
orientation (radians) as ﬁxed factors and individual ﬁsh as a random
factor (to account for repeated measurements on individuals) using the
nlme package in R (Pinheiro et al., 2017). We tested all interaction
terms iteratively and removed non-signiﬁcant interaction terms from
each model separately. Conditional and marginal R2 values were then
calculated and residual plots were viewed to evaluate model ﬁt. The TL
estimates (i.e., compared with known ﬁsh size) from each of the above
equations was then compared to determine the accuracy and uncertainty associated with the use of each equation.

2.2. Field test of TS-TL equation
To test the accuracy of our best orientation-based equation, we
paired a Simrad® EK60 120 kHz echosounder (operating a 7 ° split-beam

Table 2
Equations that were compared for estimating target strength using orientation and total length information where TS is
predicted target strength (dB re 1 m2), TL is total length (in mm), sin is sine, cos is cosine, cosh is hyperbolic cosine, and θ
is orientation of the ensoniﬁed ﬁsh in radians where 0° (0 radians) and 180° (π radians) are perpendicular and 90° (π/2
radians) is parallel to the transducer. Other symbols are constants ﬁt by maximum likelihood. Proposed orientation-based
functions include two trigonometric functions, Trigsin which uses only a sin term and Trigboth using both a sin and cos
function, a second-degree polynomial function (Poly2), a catenary function (Catenary) which describes the hanging of a
chain, an absolute value function (ABV) and three functions from Kubečka, 1994 (Kub, Kub3, Kub5). Two non-orientation
equations include the standard TSMean equation with slope and intercept ﬁtted (Non-orient) and the Foote, 1987b variant
(Foote) with slope ﬁtted at 20 using Gizzard Shad data.
Model Name

Equation

Trigsin

= a * sin θ + b * log10 TL + c *(log10 TL * sinθ) + d

Trigboth

= (a * cos θ) + (b * sin θ ) + c * log10 TL + d *(sinθ)* log10 TL + e

Poly2

= a *((θ − 900)2) + b *((θ − 900)) + c * log10 TL + d *((θ − 900)2* log10 TL) + e

Catenary

⎜

ABV
Kub

0

0

θ − 90 ⎞
⎞ + b * log10 TL + c * ⎛a * 1.57567 * cosh ⎛ θ − 90 ⎞ * log10 TL⎞+d
= ⎛a * 1.57567 * cosh ⎛
⎝ 1.57567 ⎠
⎝ 1.57567 ⎠ ⎠
⎠
⎝
⎝
= a *|(θ − 900)| + b * log10 TL + c *(log10 TL *|(θ − 900)|) + d
⎟

⎜

= a * cos 2θ + b * log10 TL+c *(cos 2θ)* log10 TL) + d

Kub3

= a * cos32θ + b * log10 TL+c *((cos32θ)* log10 TL) + d

Kub5

= a * cos52θ + b * log10 TL+c *((cos52θ)* log10 TL) + d

Non-orient

= a * log10 TL + b

Foote

= 20 * log10 TL + b 20
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because the appropriate distribution (lognormal) was not available in
program R.
2.3. Estimating uncertainty in biomass estimates caused by orientation
changes
To estimate uncertainty in biomass estimates associated with incorrectly applied TS values (i.e., incorrect orientation assumptions), we
used a similar approach to Boswell et al. (2009). Speciﬁcally, we used
three hypothetical populations consisting of 1000 Gizzard Shad. The
ﬁrst population contained ﬁsh of identical length (150 mm). The second
population had a uniform distribution of ﬁsh (100–200 mm) with a
mean of 150 mm. The third population contained length distributions
derived from a normal distributions of lengths from three age-classes:
age-0 with a mean length of 100 mm (s.d. = 5; n = 750), age-1 with a
mean length of 150 mm (s.d. = 7.5; n = 200), and age-2 with a mean
length of 190 mm (s.d. = 10; n = 50). We then used simulations with
these populations to quantify the eﬀect of orientation errors on biomass
calculated from TS-TL equations with incorrect orientations. We deﬁned “true target strength” (TStrue) for ﬁsh in the hypothetical populations as the target strength derived using ﬁsh length and our TSLateral
equation (i.e., correct TS when ﬁsh is oriented laterally to transducer).
We then used our orientation-based equation to determine what percentage of TStrue would be measured if the ﬁsh were at a deﬁned orientation other than lateral to the transducer, which we deﬁned as the
TSapparent (similar to TSACT in Boswell et al., 2009). We treated TSapparent
as if it was the TS measured in the ﬁeld and estimated ﬁsh TL using the
TSLateral equation. This produced an erroneous length (as a result of
failing to meet the orientation assumption of the equation), which was
then used with a length-mass conversion for Gizzard Shad (Jester and
Jensen, 1972) to calculate the apparent total biomass of the ﬁsh aggregation at that ﬁsh orientation. This procedure was conducted for 19
diﬀerent orientations from 0 to 90° in 5° increments (i.e., where 0° is the
true lateral orientation and all other orientations represent diﬀering
degrees of orientation error up to 90°). All calculations were performed
after converting TS to backscattering cross-section. True biomass was
calculated using the deﬁned length of the ﬁsh in the aggregation (i.e.,
Jester and Jensen 1972 length-mass conversion) and apparent biomass
was calculated from TL estimated with known orientation errors (i.e.,
TL estimated from TSapparent and the TSLateral equation). Proportional
biomass was calculated to quantify the percent error caused by erroneous orientations and was calculated by dividing each apparent biomass by true biomass. We then compared true biomass and proportional biomass calculated from the 20 diﬀerent simulated aggregation
orientations to determine how biomass estimates diﬀer depending on
ﬁsh orientation.

Fig. 3. Diagram of ﬁsh orientations within acoustic beam. Depicted ﬁsh is at an
orientation of approximately 35°s (oblique category).

resolution data (3-mm resolution; maximum range 15 m). During the
analysis, both data from the echosounder and the imaging sonar were
synchronized in Echoview® 8.1 to facilitate direct comparisons of
sample data. We randomly selected 235 ﬁsh (60–267 mm TL) from the
ARIS® data by selecting a random starting ping within a recording and
selecting the ﬁrst ﬁsh observed after this starting ping. Pings were not
replaced so ﬁsh could not be measured twice. We manually measured
the length and orientation of each selected ﬁsh from the ARIS® data,
then recorded up to ten TS values from the corresponding ﬁsh track
observed with the split-beam echosounder. Target strength values were
converted to backscattering cross-section, averaged and back-transformed to derive a mean TS estimate. We converted the ARIS®-derived
lengths to predicted TS’s using the best performingorientation-based
equation (hereafter called predicted TS). To consider the performance
of the TS-TL equation at diﬀerent ﬁsh orientations, orientations were
categorized as lateral (perpendicular to transducer; 330° – 30° or 150° –
210°), oblique (30° – 60°, 120° – 150°, 210° – 240°, or 300° – 330°), or
parallel (facing towards or away from transducer; 60° – 120° or 240° –
300°; Fig. 3) for the analysis. We then compared predicted TS (based on
ARIS®-measured TL and orientation and our regression equation) with
measured TS (from the split-beam echosounder) using an ANOVA with
TS source (measured or predicted), length bin (25 mm groupings from
50 to 275 mm TL), and orientation group (lateral, oblique, or parallel)
as ﬁxed eﬀects, trial (speciﬁc recording/date) as a random eﬀect, and
TS (measured or predicted depending on the TS source) as the response
variable. This analysis was conducted in SAS (SAS Proc Glimmix; SAS
Institute Inc, 2017) with a lognormal distribution to preserve scale

2.4. Comparison of echo-integration results from diﬀerent side-aspect TS-TL
equations
To compare our non-orientation equations with other published
horizontal-aspect equations (Table 3), we collected data from ﬁsh

Table 3
Equations compared for accuracy when used in echo integrating analysis with individual schools of Gizzard Shad.
Name

Species

Equation

Source

23.02*Log10(TLmm)-93.53
24.26*Log10(TLmm)-100.68

Current study
Frouzova et al. (2005)

Bospooled
KubALL

Dorosoma cepedianum
Salmo trutta, Perca ﬂuviatilis, Abramis brama, Rutilus rutilus, Cyprinus carpio, Alburnus
alburnus
Brevoortia patronus, Anchoa mitchilli
Rutilus rutilus, Salmo Trutta, Scardinius erythrophthalmus

14.5*Log10(TLcm)-60.8
34.1*Log10(TLmm)-114.3

Boswell and Wilson (2008)
Kubečka (1994)

Foote 1987 Variants
Bosfoote
JohnFoote

Brevoortia patronus, Anchoa mitchilli
Dorosoma cepediaum

20*Log10(TLcm)-65
20*Log10(TLmm)-86.42

Boswell and Wilson (2008)
Current study

Lateral all aspect equations
JohnAll
Froupooled
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aggregations (aggregation size = 1–18 m2; multiple individual ﬁsh too
densely aggregated to detect individual ﬁsh tracks with the echosounder) while drifting (100–500 m transects) in Lake Carl Blackwell,
Stillwater, Oklahoma using both an ARIS® imaging SONAR operating at
a frequency of 1.8 MHz (3 mm resolution) and a Simrad® 120 kHz splitbeam echosounder with ping rate of 10 Hz (Table 1). Orientation-based
equations were not tested because ﬁsh within aggregations in the reservoir were randomly oriented (based on imaging SONAR data), so
orientation was not expected to strongly aﬀect echo integration results
in this case. Both sonars were mounted on an aluminum bracket that
was angled downward 3.5° from horizontal and lowered to a depth of
1 m. Total-length data were collected from all ﬁsh in each aggregation
using the ARIS®. Using these total length data, we calculated a mean TL
for each of 23 schools observed. Mean TLs were then converted to a
mean TS using each of six TS-TL equations (Table 3). We then echointegrated each aggregation and scaled by the mean TS to acquire
density estimates for each aggregation (Foote, 1987b; Foote et al.,
1986; MacLennan and Simmonds, 2013; Scoulding et al., 2017). In
addition to the two non-orientation based mean TS-TL equations
(JohnAll and JohnFoote) from the current study, we also tested Boswell
and Wilson (2008) equations from pooled data for Gulf Menhaden
Brevoortia patronus and Bay Anchovy (Anchoa mitchilli; Bospooled and
BosFoote), Frouzova’s (2005) European pooled freshwater ﬁsh equation
(Froupooled), and Kubečka’s (1994) Brown Trout (Salmo trutta) equation
(KubAll). Density estimates were calculated via echo integration for all
23 aggregations based on each of the mean TS estimates derived from
the six mean TS-TL equations by scaling Sv by the mean TS within the
same volume (Simmonds and MacLennan, 2005). Echo-integrated aggregation densities from each of the six equations were then compared
using ANOVA with TS-TL equation as a ﬁxed factor and aggregation ID
as a random factor using package lmerTest in Program R (Kuznetsova
et al., 2017).

Regression equations for the TSLateral, TShead/tail and TSMean (both
with ﬁtted slopes and the Foote (1987b) variant with slope = 20)
produced signiﬁcant relationships (Fig. 5). For the TSMean equations
(23.02), the ﬁtted-slope equation had a signiﬁcantly higher slope than
the Foote (1987b) variant (20) equation (t = 2.32, d.f. = 91, P = 0.02),
whereas slopes of the TSLateral (t = 1.65, d.f. = 91, P = 0.10) and
TSHead/Tail (t = 0.62, d.f. = 91, P = 0.53) equations, 23.77 and 18.66
respectively, were not signiﬁcantly diﬀerent than the Foote (1987b)
variants (a = 20 for each; Table 4). There were no signiﬁcant diﬀerences between intercepts from the standard and Foote (1987b) variant
equations for TSMean (t = 1.77, d.f. = 91, P = 0.08), TSLateral (t = 0.81,
d.f. = 91, P = 0.41) or TSHead/Tail (t = 0.33, d.f. = 91, P = 0.73;
Table 4). TS-W relationships from mean, maximum, and minimum TS
data had R2 values of 0.85, 0.69, and 0.63 respectively (Table 4).
Measured TS of all ﬁsh increased as ﬁsh were rotated from head/tail
perspective to lateral orientations (Fig. 2). The best orientation-based
model was a catenary function with a signiﬁcant interaction between
the catenary term and log10 TL , which ﬁt as:

θ − 900 ⎞ ⎞
TS = ⎜⎛−4.57*1.58*cosh ⎛
⎟ + 2.68*log
10 TL + 9.63
⎝ 1.58 ⎠ ⎠
⎝
θ − 900 ⎞
*⎜⎛1.58*cosh ⎛
*log10 TL⎞⎟ − 83.57
⎝ 1.58 ⎠
⎝
⎠
⎜

⎜

⎟

⎟

(Table 5). The catenary model produced a U-shaped response for
individual ﬁsh (Fig. 2) and formed a U-shape plane that curved upward
when all ﬁsh sizes are considered (Fig. 6). All model parameters were
signiﬁcant and the conditional and marginal R2 values were 0.71 and
0.67, respectively.
3.2. Field test of TS-TL equation
Target strengths predicted by the catenary model using measured
lengths from the ARIS system were signiﬁcantly greater than target
strengths measured by the split-beam sonar at several orientation and
length categories (Fig. 7). Predicted TS was signiﬁcantly greater
(3–4 dB re 1 m2 diﬀerent) than measured TS for ﬁsh between 151 and
225-mm TL (F16,410 = 10.07, P < 0.01; all Tukey P-values for length
classes between 151–225 < 0.05; Fig. 7). Predicted TS was also signiﬁcantly aﬀected by orientation (F4,410 = 86.34 P < 0.01; Fig. 7),
with predicted TS being greater (2–3 dB re 1 m2) than measured TS for
lateral (Tukey P < 0.01) and oblique (Tukey P < 0.01) orientations,
but no signiﬁcant diﬀerence existed for head/tail (Tukey P = 0.06)

3. Results
3.1. Tethered ﬁsh experiments
Despite having a relatively uniform distribution of ﬁsh lengths,
mean TS of all ﬁsh at all measured orientations was -40.11 dB re 1 m2
(SD = 7.4) with highest TS frequencies occurring from −45 to −50 dB
re 1 m2 (Fig. 4). Target strength distributions for ﬁsh of diﬀerent sizes
had substantial overlap when all orientations were measured, even for
individuals of vastly diﬀerent sizes (Fig. 4).

Fig. 4. Target-strength frequency for Gizzard
Shad (n=47,64–321 mm, 3–223.8 g) at orientations from 0 to 180 degrees (0 and 180
being lateral and 90 being head-on perspective)
measured ex situ tank trials (a) and distributions of TS measurements for Gizzard Shad in
the 76–100 mm (n=5 ﬁsh, 185 measurements)
and 251–275 mm (n=5 ﬁsh, 185 measurements) length bins at orientations from 0 to 180
degrees measured in ex situ tank trials illustrating overlap of measured target strength of
large and small Gizzard Shad (b).
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Fig. 5. Total length to target strength regressions for lateral aspect (a), average of all orientations (b) and head/tail aspect (c) ﬁtting the a-coeﬃcient (Standard) and
ﬁxing it at 20 (Foote, 1987b) for Gizzard Shad (n=47, 64–321 mm, 3–223.8 g).
Table 4
Regression Coeﬃcients for target strength equations (TS = a * log10(TL) + b for length, TS = a* log10(WT) + b for weight) derived from ex situ tank experiments
with Gizzard Shad (Dorosoma cepedianum, n=47, 64–321 mm, 3–223.8 g) at diﬀerent orientations (Head-on ﬁt data where ﬁsh were facing the transducer [90°],
Lateral ﬁt data where ﬁsh were perpendicular to the transducer [0° and 180°], and Mean ﬁt data from all ﬁsh orientations (0 – 180° in 5° increments). b20-values are
from models using a slope ﬁxed at a=20 (Foote, 1987b). P-value indicates whether slope was signiﬁcantly diﬀerent than 0. An asterisk denotes the parameter was
statistically diﬀerent between the two forms of the TS-TL equation.
Length
Orientation
Mean
Head-on
Lateral

Weight
a
23.02*
18.66
23.77

P-value
< 0.01
< 0.01
< 0.01

b
−93.53
−98.42
−84.83

b20
−86.31
−101.34
−76.59

2

/r2b20

r
0.86/0.86
0.63/0.63
0.71/0.71

a
8.05
6.47
8.16

b
−54.74
−67.37
−45.17

r2
0.85
0.63

Table 5
Comparisons of model ﬁts for 8 orientation-based and 2 non-orientation based
models for Gizzard Shad data collected in tank experiments. Models ordered by
AIC values.
Model Name

AIC

ΔAIC

d.f.

Weight

Catenary
Poly2
Trigsin
Trigboth
ABV
Kub3
Kub5
Kub
Non-Orient
Foote

9823.77
9836.42
9873.99
9875.44
10025.19
10034.47
10077.68
10129.7
11203.47
11297.56

0
12.6
50
51.4
200.2
208.7
250.3
304.1
1372.8
1473.8

6
7
6
7
6
6
6
6
4
3

0.99
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01

Fig. 6. Depiction of the change in target strength with changes in total length
and orientation modelled using a catenary function derived from data collected
with Gizzard Shad in tank trials. Darker color indicates stronger TS.

orientation.

3.3. Estimating uncertainty in biomass estimates caused by orientation
changes

orientations greater than 40° from perpendicular (Fig. 8). Apparent
biomass decreased exponentially as orientation increased from 0° to 90°
(Fig. 8). Biomass is underestimated by approximately 60% in all populations with a 10° change in orientation and 80% with a 20° change
in orientation (Fig. 8). Biomass can be underestimated by 90% if ﬁsh
orientation deviates by 30° and over 95% when orientation is 75° from
the expected value (Fig. 8).

The hypothetical populations had diﬀerent biomasses, though depending on their orientation, this was not always apparent from the
biomass calculated using the TS-TL equations. The uniform population
had the largest “true” biomass followed by the identical population
biomass, but all populations had similar biomass estimates for
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Fig. 7. Diﬀerence between measured target strength from a Simrad EK60 120 kHz transducer and predicted target strength derived from length (a) and orientation
(b) data collected with an ARIS imaging SONAR using our catenary equation. Error bars represent 95% conﬁdence intervals. Asterisks indicate signiﬁcant diﬀerences.
Fig. 8. Change in biomass (a) and proportion of
“true” biomass (b) estimated for three simulated Gizzard Shad populations (n=1000)
when estimating total length of ﬁsh at diﬀerent
orientations with a TS-TL regression. First population contains all individuals 150 mm in
length (Identical). Second consists of a random
uniform distribution of ﬁsh 100–200 mm in
length (Uniform). Third population has three
age groups. Age-0 (n=700) ﬁsh had a mean
length of 100 mm (s.d.= 5). Age-1 (n=250)
ﬁsh had a mean length of 150 mm (s.d.= 7.5).
Age-2 (n=50) ﬁsh had a mean length of 190
mm (s.d.= 10; Age Class).

ﬁsh orientation that could improve biomass estimates for Gizzard Shad
from horizontal echosounders when ﬁsh orientation is known or can be
measured. This equation generally performed well and provided much
more realistic TS estimates of individual ﬁsh at diﬀerent orientations
than traditional horizontal equations that average TS across all orientations. This may not translate into signiﬁcantly diﬀerent ﬁsh biomass estimates in schools of ﬁsh that had random orientation because
averaging TS would account for ﬁsh orientation, but could greatly
improve biomass estimates in cases where the assumption of random
orientation are not met (e.g., river ﬁsh, boat avoidance, migrating ﬁsh.
etc; Draštík and Kubečka, 2005; Kubečka, 1994; Lilja et al., 2000).
One previous attempt to develop an orientation-speciﬁc TS-TL
equation has been published (Kubečka, 1994). This study found a cos3
function best described the eﬀect of ﬁsh orientation on TS for a single
size of ﬁsh (Kubečka, 1994). Lilja et al. (2000) added TL to Kubečka

3.4. Comparison of echo-integration results from diﬀerent side-aspect TS-TL
equations
Equation choice had a signiﬁcant eﬀect on density estimates from
individually echo-integrated schools. FrouPooled had a signiﬁcantly
higher density estimate (mean density = 1.1 ﬁsh m−2) than all other
equations (P < 0.01, Fig. 9). JohnAll (0.58 ﬁsh m−2), JohnFoote (0.54
ﬁsh m-2) and BosPooled (0.56 ﬁsh m−2) had signiﬁcantly greater density
estimates than BosFoote (0.43 ﬁsh m−2) and KubAll (0.43 ﬁsh m−2), but
less than FrouPooled (Fig. 9). Density estimates using the FrouPooled
equation were almost twice as large as any other equation (Fig. 9).
4. Discussion
We developed a side-aspect equation that predicts TS using TL and
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Tušer et al., 2014. Therefore, ARIS® measurements from small
(< 100 mm) individuals may have been inaccurate in some instances.
Lastly, diﬀerences in transducer tilt (0° in lab and 3.5° downward in the
net pen) could explain diﬀerences between predicted TS from the catenary equation and measured TS of live individuals because the tilt of
targets could result in reduced TS (MacLennan et al., 1989; McQuinn
and Winger, 2003).
The orientation-based equation can provide more accurate ﬁsh-size
estimates, but requires knowledge of ﬁsh orientation, which can be
acquired in multiple ways. First, orientation can be estimated by
movements of a target on an x–z plane, tracked using a split-beam
echosounder (Rodríguez-Sánchez et al., 2015). This approach does not
estimate instantaneous orientation, but infers orientation based on
linear movements of a target track over time (i.e., assumes ﬁsh are
facing the direction they are moving; Rodríguez-Sánchez et al., 2015).
This idea has also been implemented with a dual-beam echosounder
and can estimate the slope of a moving ﬁsh (mm/ping) using the change
in range on successive pings from a ﬁxed transducer (Kubečka and
Duncan, 1998b). Second, improvements in the application of Broadband techniques have resulted in an ability to infer target orientation
through increased range resolution and improved interpretation of
scattering features of individual targets (Ito et al., 2015; Jaﬀe and
Roberts, 2011; Lundgren and Nielsen, 2008; Stanton et al., 2010, 2003).
A third approach, which was used when validating our orientationbased-equation, is pairing an imaging SONAR with a split-beam echosounder. Imaging SONARs can estimate orientation of individual ﬁsh
that are solitary as well as ﬁsh at the edge of aggregations by calculating the range diﬀerence from head to tail of a target (Rose et al.,
2005). Using imaging SONAR data, users can determine when ﬁsh
within an aggregation are randomly or uniformly oriented. This allows
the user to reduce the uncertainty associated with applying TS-TL regressions by applying an orientation-speciﬁc equation when it is
needed. However, the range of imaging SONAR will restrict the use of
this method to the ﬁrst 15 m. These approaches can be implemented
during hydroacoustic surveys to measure ﬁsh orientation for use in our
orientation-based equation.
When orientation information is unavailable, a TSMean, TSLateral, or
TSHead/Tail equation should be used, depending on whether orientation
can be assumed. For example, when ﬁsh orientation can be assumed to
be lateral (i.e. migratory movements within a river with transducer
oriented perpendicular to river ﬂow) or in the head-tail aspect (boat
avoidance or other situation with ﬁsh moving toward or away from the
transducer), the TSLateral

Fig. 9. Comparison of mean school density from 23 schools estimated using six
diﬀerent horizontal-aspect TS-TL equations. In addition to a non-orientation
based mean TS-TL equations with random intercept (JohnALL) and a variant
with slope ﬁxed at 20 (JohnFoote) from the current study, we tested Boswell and
Wilson (2008) equations from pooled data for Gulf Menhaden (Brevoortia patronus) and Bay Anchovy (Anchoa mitchilli; BosPooled; BosFoote), Frouzova’s
(2005) European pooled freshwater ﬁsh equation (FrouPooled), and Kubečka’s
(1994) brown trout (Salmo trutta) model (KubALL).

(1994)’s aspect model to make it useful for echo integration and then
calculated species-speciﬁc coeﬃcients for Atlantic Salmon, Pike and
Whiteﬁsh. We tested 8 diﬀerent functions, including functions from
Kubečka, 1994, and found a catenary function was considerably more
parsimonious than all other functions for Gizzard Shad (Table 5;
Kubečka, 1994; Lilja et al., 2000). Our new equation will provide more
accurate Gizzard Shad TL estimates than non-orientation based equations when orientation information is available and is a function shape
that should be considered in the development of species-speciﬁc horizontal-aspect TS-TL equations in the future.
When applying the catenary equation to live ﬁsh in the ﬁeld as
opposed to euthanized and tethered ﬁsh, the length and orientation of
the ensoniﬁed individual aﬀects accuracy of the size predicted from the
measured TS (Fig. 7). There are several possible explanations for why
accuracy varied with ﬁsh orientation and length class. First, the catenary equation may not be able to inﬂect as needed to match the observed TS using length and orientation information for all length-orientation combinations. However, we are unaware of any alternative
equations that could be used and the catenary equation was the most
parsimonious equation tested. Second, because the equation is being ﬁt
to a range of lengths and orientations, ﬁt at some points may be sacriﬁced for lower residuals at other points. Third, there may have been
additional variability introduced because length and orientation of free
swimming ﬁsh were estimated using an imaging SONAR. Length estimates from imaging SONARs slightly underestimate ﬁsh length
(Burwen et al., 2010) and are aﬀected by target orientation (Tušer
et al., 2014). Additionally, orientation measurements were diﬃcult to
acquire at some length-orientation combinations because small individuals disappear at head/tail orientations similar to observations by

10(

TS + 84.83 )
23.77

or TSHead/Tail

10(

TS + 101.34 )
18.66

equations, respectively, may produce appropriate ﬁsh sizes (Burwen
and Fleischman, 1998; Draštík and Kubečka, 2005; Pedersen et al.,
2009). This approach has been commonly used in riverine environments (Burwen and Fleischman, 1998; Thorne, 1998). Our orientationbased equation may also be suitable in these situations, but may not be
as reliable because the curve ﬁt compensated for all orientations
whereas TSLateral and TSHead/Tail equations were derived solely from
lateral and head-on data. However, when orientation information is
unavailable and orientation is assumed to be random, TSMean equations
can be used to estimate biomass and density. Although the assumption
of random orientation will be the least precise, it should be unbiased
and result in accurate biomass estimates as long as there are equal
numbers of individuals facing in all orientations. Therefore, our Gizzard
Shad TS-TL equations could be applied in various sampling situations.
Based on the recommendations of Foote (1987b), we derived two
forms of each TS-TL equation (TSMean, TSLateral and TSHead/Tail), a
standard model with ﬁtted slope, and a Foote (1987b) variant with a
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slope ﬁxed at 20 (to facilitate comparison among equations for diﬀerent
species). Our TSLateral and TSHead/Tail equations performed similarly
with and without the ﬁxed slope and either equation would therefore be
acceptable to use (Table 4). Only the TSMean equation produced signiﬁcantly diﬀerent results between the standard (a = 23.02, b=-93.53)
and Foot (1987b) variants (a = 20, b=-86.31; Table 4). In this case, the
standard (a is ﬁtted) equation should be used to better describe the
relationship between Gizzard Shad size and TS.
Our results suggest using incorrect orientation information can lead
to biased ﬁsh size estimations resulting in incorrect biomass estimates
(Fig. 8). These results are similar to Boswell et al. (2009), but our results suggest that errors occur at a greater initial rate (60% underestimated at θ = 10o ) as ﬁsh orientation changes with Gizzard Shad
relative to Gulf Menhaden (50% underestimated at θ = 10o ; Fig. 8). This
can be explained by the diﬀerence in orientation-based equations.
Boswell et al., 2009 uses a parabolic curve to describe the change in TS
while we use an equation with a hyperbolic cosine function (Table 2).
The hyperbolic cosine function allows our equation to have a greater
initial decrease while ﬂattening at the bottom instead of the continuous
decrease of the parabolic function. Our results reinforce the need for
orientation data while collecting data with a horizontally-oriented
echosounder given the extreme (underestimate by up to 95%) diﬀerences in biomass estimates when orientation is not incorporated in
length calculations (Fig. 8). The use of incorrect Gizzard Shad biomass
estimates may lead to many management issues including poor growth
rate and survival of stocked ﬁsh if biomass is overestimated (Byström
et al., 1998; Kolar et al., 2003; Olson et al., 1995).
Many equations have been proposed to predict average TS for individual species (Gulf Menhaden Boswell et al., 2009, Rainbow Smelt
Osrnerus mordax Brooking and Rudstam (2009), skipjack tuna Katsuwanus pelamis Boyra et al., 2018 and Antarctic Krill Chu et al.1993
among others) or groups of species (salmonids Dahl and Mathisen 1983,
Gulf Menhaden and Anchovy Boswell and Wilson, 2008, Brown Trout,
Perch Perca ﬂuviatilis, Bream Abramis brama, Roach, Carp Cyprinus
carpio and Bleak Alburnus alburnus Frouzova et al., 2005 and Rainbow
Smelt, Bloater Coregonus hovi, and Alewife Alosa pseudoharengus
Fleischer et al., 1997), but only limited comparisons have been made
between these equations (Boswell et al., 2008; Frouzova et al., 2005;
Godlewska et al., 2012). We found that the TS-TL equation used when
echo integrating can have a signiﬁcant eﬀect on density estimates
(Fig. 9). Applying the FrouPooled (1.11 ﬁsh m−2) equation in our scenario doubled density estimates from the Gizzard Shad speciﬁc standard (0.58 ﬁsh m−2) and Foote (1987b) variants (0.54 ﬁsh m−2) TS-TL
equations (Fig. 9).Overestimating Gizzard Shad biomass could cause
erroneously high stocking rates of piscivorous predators. Therefore, it is
beneﬁcial to derive species-speciﬁc TS-TL equations to ensure proper
TS-TL conversions are applied to hydroacoustic data, especially when
data are used for making management decisions.
There are many other factors that can inﬂuence measured TS besides orientation in the x–z plane and TL (e.g., changes in swim bladder
sound reﬂectance) that should be considered (Foote, 1980; Kubečka,
1994; Ona, 1990). Fish behavior, such as vertical migrations (HardenJones et al., 1981; Knudsen and Gjelland, 2004; Vabø et al., 2002) and
boat avoidance behaviors (Draštík and Kubečka, 2005; Vabø et al.,
2002), can aﬀect measured TS by changing ﬁsh tilt and roll (Love,
1977; McQuinn and Winger, 2003; Nakken and Olsen, 1977). These
factors inﬂuence TS of individual ﬁsh, but when averaged over an entire
survey, these errors are likely minimized (Fedotova and Shatoba, 1983;
MacLennan et al., 1989). Fish physiology such as fat content, gonadal
maturity, method of airbladder inﬂation (i.e. physostome vs physoclist),
ontogeny, and stomach content can also aﬀect measured TS (Foote,
1987b; Horne, 2003; Ona, 1990; Ona et al., 2001). Therefore, ﬁsh of
similar size and orientation can have diﬀerent measured TS’s and these
potential sources of variability need to be considered when applying TSTL relationships.
Derivation of orientation-based side-aspect TS-TL equations can

provide increased accuracy of biomass estimates from horizontally-oriented hydroacoustic surveys when orientation information is available.
Our non-orientation based equations can also be used as a more accurate equation for Gizzard Shad in various situations when orientation
information is not available (Fig. 9). Species-speciﬁc TS-TL equations
should be used when available to ensure estimates are reliable. When
species-speciﬁc equations are not available, caution should be taken
when selecting TS-TL equations because equation choice can have a
signiﬁcant eﬀect on abundance estimates. We recommend the use of
species-speciﬁc, orientation-based equations when possible, but nonorientation equations can also be useful in some circumstances.
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