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Abstract
We present digital imaging methods for geometric morphometric analysis of shape, and we describe issues as-

sociated with improper image acquisition by using lake trout Salvelinus namaycush as an example. The choice of
imaging equipment, the configuration of that equipment, and the orientation of the specimens with respect to the
camera lens can lead to inaccurate imaging and ultimately to error in landmark placement during morphometric
analysis. Lake trout that were imaged at 15-mm focal length and 0.5-m focal distance (treatment 1) were distorted
in comparison with fish that were imaged at 50-mm focal length and 2-m focal distance (treatment 2). Deformation
grids showed dramatic variation in the horizontal plane along the length of the fish, especially midbody, suggesting
that barrel distortion was occurring at the 15-mm focal length. Partial warp scores resulting from geometric analysis
of body shape differed for all fish on all 18 warps as a result of the different focal length and distance treatments
for image capture. To minimize perspective (orientation) and distortion (equipment) errors, we recommend using a
digital single-lens reflex camera (>5 megapixels) with a lens that has a focal length exceeding 35 mm, a horizontal
tripod to position the lens directly over the specimen, a mesh cradle to create a planar imaging surface, and dissection
pins to display the fish in a standard orientation. The method presented herein will aid in reducing measurement
error associated with landmark homology and will promote comparability of geometric shape data among studies.

Shape is mathematically defined as the size-, position-,
and orientation-free geometry of an object (Kendall 1977).
Quantitative analysis of geometric shape is one way to study
the complex morphology of objects (Bookstein 1991; Rohlf
1993), and its application is becoming increasingly widespread
in ecology. For example, the geometric morphometric “revo-
lution” (sensu Adams et al. 2004) of the 1990s has advanced
our ability to address questions concerning asymmetry, dimor-
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Received December 13, 2011; accepted March 27, 2012

phism, phenotype–environment relationships, phylogeography,
and taxonomy. The number of primary publications using
the keywords “geometric morphometrics” has increased from
35 to over 230 per year between 2000 and 2010 (Insti-
tute for Scientific Information [Thomson Reuters] Web of
Knowledge online database search by A.M.M., 5 July 2011).
These publications were distributed among evolutionary biol-
ogy (n = 168), zoology (n = 93), anthropology (n = 69), ecology
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1162 MUIR ET AL.

(n = 68), genetics and heredity (n = 60), and other disciplines
(n = 167).

The expansion in the use of morphometrics in ecology can be
attributed in part to technological innovations in digital imaging,
which have allowed the rapid extraction of shape information
and simplified the statistical analysis of shape data (Cadrin and
Friedland 1999; Cadrin 2000; Slice 2007; Chiari et al. 2008;
Klingenberg 2010; Lawing and Polly 2010; Klingenberg 2011).
For example, 3-D and computed tomography (i.e., CT) scanners,
digital video, and digital single-lens reflex (DSLR) cameras for
capturing images of shapes have become more readily avail-
able and more economical. Freely available software programs,
such as the Thin Plate Spline (TPS) suite (State University of
New York, Stony Brook; life.bio.sunysb.edu/morp), MorphoJ
(Klingenberg 2011; www.flywings. org.uk/MorphoJ page.htm),
and the R Project (Claude 2008; www.r-project.org), have sim-
plified data processing and analysis.

The analysis of geometric shape typically involves the fol-
lowing steps: (1) collection of a random sample of individuals
from a population; (2) identification and landmarking of anatom-
ical points that can be located precisely on all individuals, such
that a clear one-to-one correspondence can be established be-
tween all specimens in the study (Klingenberg 2010); (3) ex-
traction of size-adjusted shape information from the landmark
data; and (4) application of multivariate statistics to analyze
the shape data and draw inferences about the structure or di-
versity within and among study populations. Step 2 is arguably
the most tedious and important task in the analysis because the
most significant measurement error can be introduced at this
step; poor-quality specimens or distorted digital images of sub-
jects can compound these errors.

Landmark coordinates on specimens can be referenced in
two ways: they can be digitized directly on an object by us-
ing a digitizing tablet or a 3-D digitizer (e.g., craniums of red
colobus monkeys Procolobus [Piliocolobus] spp.; Cardini and
Elton 2011) or they can be positioned on digital images of an
object (e.g., teleost fishes or decapod invertebrates) by using
specialized software (reviewed by Cadrin 2000). The direct dig-
itization method is best suited to the study of internal anatomy,
study designs that require lethal sampling, or situations in which
animals can be brought into the laboratory, digitized, and re-
turned to the wild (e.g., gastropod shells). In contrast, a digital
imaging approach is advantageous for studies of external gross
morphology (e.g., fishes), studies requiring live release due to
legal restrictions or conservation concerns, or studies occurring
in geographically remote locations that offer limited opportunity
to transport fresh specimens back to the laboratory. The latter
approach to the landmarking of shape has been most commonly
used in ecology and therefore was the focus of this study.

In the wake of the geometric morphometrics revolution,
methods and analytical approaches have been well documented
(Zelditch et al. 2004) and continue to evolve (Klingenberg
2010). However, standards for the use of digital imaging tech-
nology in morphometric analyses are lacking. The improper

use of imaging technology can introduce significant error into
the shape analysis by adding distortion and altering image
perspective, thereby influencing the digital characterization of
shape. Although post hoc corrections for some imaging errors
have been achieved (Rohlf 2003; Ives et al. 2007; von Cramon-
Taubadel et al. 2007; Valentin et al. 2008), we suggest that a
large proportion of error can be avoided and variation can be
minimized by using appropriate image acquisition techniques.

Our objectives were to (1) present digital imaging meth-
ods for geometric morphometric analysis of shape aimed at
maximizing image accuracy and maintaining homology among
landmarks and (2) demonstrate and discuss the issues associated
with improper image acquisition by using an example set of lake
trout Salvelinus namaycush. The method presented herein will
aid in reducing measurement error associated with landmark ho-
mology and will promote comparability of geometric shape data
among studies. Furthermore, the proposed method has broader
applicability to traditional morphometrics (i.e., linear measures
of phenotype and meristics can be taken from calibrated digital
images) and maintenance of the zoological record in general
(i.e., digital archival material).

RECOMMENDED PROCEDURES

Imaging Equipment and Setup
A DSLR camera with over 5 megapixels and a quality lens

capable of a 35–55-mm focal length should be used for image
capture. Note that camera lenses are designed so that the lens
circle fills the full frame of a 35-mm single-lens reflex film
format; however, the image sensors in most DSLR cameras are
smaller than a full 35-mm frame; therefore, only a portion of the
lens circle is captured. For example, a 35-mm focal length digital
lens (DX) on a Nikon DSLR is approximately equivalent to a
50-mm lens (FX) on a full-frame single-lens reflex camera. The
conversions between DX and FX differ slightly among camera
manufacturers. Beginning in 2009, most camera manufacturers
offered full-frame DSLR cameras, but these cameras remain
expensive and are not necessary for capturing images for shape
analysis. The amount of storage space required on memory cards
will be governed by the sample size, but it is advisable to identify
image storage requirements prior to going into the field. It is also
advisable to format memory cards prior to each use and to back
up images daily on a computer or other storage device. The
advantages offered by digital technology over traditional slide
film are that the images can be reviewed and quality control can
be established in real time and that operating costs are reduced
by streamlining the postprocessing of images.

A horizontal tripod is recommended for positioning the cam-
era directly above the specimen (Figure 1). A counterbalance
or a means of stabilizing the tripod when the camera arm is ex-
tended is often required in the field. Consistency in focal length
among specimens is advantageous but not required. The tripod
should be set up so that the camera lens (e.g., set at a focal
length of ∼50 mm) is far enough away from the subject (i.e.,
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IMAGING METHODS FOR GEOMETRIC SHAPE ANALYSIS 1163

FIGURE 1. Example equipment setup for capturing digital images of fish for geomorphic morphometrics: (A) frontal view of a horizontal tripod with digital
camera positioned centrally over a calibrated fish cradle, (B) side view of the horizontal tripod and camera, and (C) mesh cradle for displaying fish. The cradle
allows the heavier and thicker parts of the animal to sag down while thinner and lighter parts remain elevated, thus creating a horizontal planar imaging surface
with respect to the camera lens. This cradle has nails that allow for the easy adjustment of mesh tightness; legs elevate the cradle frame above the ground so that
the specimen is suspended when oriented on the mesh. [Figure available online in color.]

focal distance) such that the largest specimen in the sample fills
the entire camera frame. This means that the tripod may have
to be elevated on a platform or a landscape feature, such as a
rock outcropping (Figure 2a) or a freezer or tote onboard a fish-
ing vessel (Figure 2b), to maintain an effective focal distance.
Achieving the required focal distance for large specimens can
be challenging in the field and often requires creative solutions.

If the sample contains a wide range of fish sizes or life stages,
it can be divided for imaging. For example, the equipment can
be set up so that the largest adult fills the camera frame and
all adults can be imaged at that distance. The gear can then be
repositioned (i.e., lowered) such that the largest juvenile fills
the camera frame and all juveniles can be imaged at that posi-
tion. When sampling occurs over multiple seasons or at different
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1164 MUIR ET AL.

FIGURE 2. Two examples of a camera, tripod, and mesh cradle setup for
capturing fish side views. The camera is elevated to provide enough distance
between the camera lens (50-mm focal length) and the subject (>500-mm lake
trout) to avoid distortion and maintain consistent perspective among samples.
(A) A camera on a horizontal tripod is stabilized on the steep bank of a narrow
shoreline by lashing the tripod to a tree; (B) a freezer on the deck of a commercial
fishing vessel is used to create focal distance between the camera and the
subject. [Figure available online in color.]

locations within a watershed, a variety of fish sizes or species
may be encountered; in that case, maintaining a consistent focal
length may not be feasible. As long as the focal length exceeds
50 mm, the distance between the lens and the specimens or the
focal length may be altered to accommodate varying sizes of
specimens. If a zoom lens is used, focal length can easily be al-
tered by shifting the zoom ring and would not require the camera
to be moved closer or further from subject. The key point is that
minimizing the variation resulting from the equipment and its
setup will minimize biases in the resulting images.

Specimen Orientation and Display
Appropriate orientation and display of specimens are critical

to ensuring a consistent perspective among all individuals. In

the context of digital imaging procedures, orientation refers to
the way in which the specimen is positioned relative to all other
specimens (i.e., flat perspective, mouth closed; see below). Ori-
entation is also referred to as “posture” by Valentin et al. (2008).
In contrast, orientation in geometric morphometrics refers to dif-
ferences among landmarks that characterize specimens. These
differences can be minimized by Procrustes superimpositions
that use translation, scaling, and rotation to remove all infor-
mation that is unrelated to shape (Zelditch et al. 2004). Issues
associated with specimen orientation only become obvious once
the images are imported into digitization software and aligned;
thus, it is especially important to take extra care in the field
when preparing the specimens for imaging. For fish, the left
side of the specimen is typically imaged for lateral views used
in body shape analysis. Head, dorsal, or ventral views of the
specimen may be required to achieve research objectives; the
principles described herein also apply to these other specimen
orientations. Our goal is to minimize variation in fish orientation
among digital images; therefore, specimens must be displayed
or optimally arranged in a way that minimizes bending of the
specimen along the axis being imaged.

The method for specimen presentation will vary by speci-
men type, size, and shape and based on the research objectives.
Three-dimensional objects may have curved surfaces that re-
quire flattening prior to image acquisition. For instance, fish
body shape is typically analyzed from a lateral side view in two
dimensions; however, when displayed on a level surface, most
fish are convex in profile, with their head and tail sloping away
from the camera lens because the midbody is thicker than the
head and tail. This profile can also be exaggerated by optical
distortion wherein the head and tail regions appear smaller and
narrower while the midsection appears larger and wider. To cor-
rect this issue, large fish (>300 mm) can be displayed in a mesh
cradle so that heavier and thicker parts of the animal can sag
down while thinner and lighter parts remain elevated, thereby
creating a planar imaging surface with respect to the camera lens
(Figure 1c). Cradles can easily be constructed from wood, but
a good design feature is to allow for easy adjustment of mesh
tightness by using small nails to hold the mesh so that it can
be loosened to accommodate heavy and large fish or tightened
to accommodate light or small fish. The cradle frame should
be elevated so that the specimen is suspended when oriented
on the mesh. Alternatively, a planar image of small fish can be
achieved by using a rubber or foam mat and dissecting pins
combined with narrow wedges of polystyrene or foam to ele-
vate the head and tail as required to achieve a flatter imaging
surface. Whichever method of displaying the specimens is used,
the setup should be leveled or at least parallel with respect to
the camera lens.

The most important variable in specimen preparation—and
the most difficult to achieve—is a consistent alignment of
all specimens. Consistent alignment is especially difficult to
achieve for formalin-preserved specimens, which tend to be-
come rigid and take on the shape of the container in which they
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IMAGING METHODS FOR GEOMETRIC SHAPE ANALYSIS 1165

FIGURE 3. Lateral view of a lake trout, showing the correct orientation and display for image acquisition: mouth and opercle are fully closed, paired fins
are folded against the body, unpaired fins are fully extended, and most importantly, the longitudinal axis of the fish is straight. A ruler can be placed along the
anterior–posterior plane of the fish to verify horizontal position. Where required, dissection pins can be used to position the fish. If the specimen is bloated with
gas in the swim bladder, is a gravid female, or has a full gut, an incision can be made on the right side of the fish immediately below the lateral line to expel air
from the swim bladder or to remove some of the gonads or stomach prior to orienting the specimen. Circles indicate the positions of homologous (white circles)
and semisliding (black circles) landmarks used to digitize geometric body shape (see Zimmerman et al. 2006, 2007). Landmark positions are (1) anterior tip of
snout; (2) posterior tip of premaxilla; (3) center of eye; (4) top of cranium directly above the eye; (5) posterior of neurocranium; (6) anterior insertion of dorsal fin;
(7) posterior insertion of dorsal fin; (8) anterior insertion of adipose fin; (9) dorsal insertion of caudal fin; (10) midpoint of hypural plate; (11) ventral insertion of
caudal fin; (12) posterior insertion of anal fin; (13) anterior insertion of anal fin; (14) anterior insertion of pelvic fin; (15–18) semisliding landmarks at 0.20, 0.30,
0.40, and 0.50 × standard length to characterize belly curvature; (19) anterior insertion of pectoral fin; and (20) isthmus between gill covers. [Figure available
online in color.]

are stored. One morphological axis that is homologous among
all individuals must be selected for aligning the specimens so
that they are the same with respect to the camera lens. In most
teleost fishes, the longitudinal axis from the tip of the snout
to the center of the caudal fin along the frontal plane (often
parallel to the lateral line) is the most obvious axis that can
be used to orient the individuals. The median or sagittal plane
would be a better orientation axis for flatfishes or rays. To help
achieve consistently straight alignment, a ruler can be placed
along the longitudinal axis of the fish (see midline in Figure 3).
The mouth and opercle should be fully closed. The mouth can
be pinned shut; the opercle, if flared, can be held down with
a dissecting needle. Failure to secure the jaws and opercles in
the standard closed position will result in changes to the shape
of the head. Proper orientation along a selected axis may also
help to reduce the arching effect (i.e., distortion associated with
upward or downward bending of the specimen) that has been
observed in several studies of fish morphology (Valentin et al.
2008). Paired fins should be folded against the body, and the un-
paired fins (e.g., dorsal and ventral) should be fully extended and
can be secured in this position by using dissecting pins. These

recommended fin positions are optimal if the study objectives
also require quantification of additional mensural or meristic
characters from the digital image; these fin positions also aid
in identifying fin insertions for locating landmarks. Some land-
marks can be more difficult to identify on digital images than on
fresh specimens (e.g., anterior tip of isthmus or posterior of neu-
rocranium); therefore, dissection pins can be inserted prior to
imaging to help locate these features. If the specimen is bloated
due to gas retention in the swim bladder, an incision can be made
on the right side of the fish (opposite of the side to be imaged)
immediately below the lateral line to expel air prior to posi-
tioning the specimen. Similarly, stomach fullness and maturity
stage (e.g., ripe gonads) could influence body shape and linear
measures, such as body depth or peduncle length. If sampling
spans multiple seasons or life history stages, it may be necessary
to remove some of the stomach and gonads through an incision
on the right side of the fish to achieve a more planar surface prior
to imaging. However, if the fish is completely eviscerated, then
the abdomen may collapse and the body surface could become
concave. Therefore, we recommend removing only the amount
necessary to achieve a more planar surface.
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1166 MUIR ET AL.

FIGURE 4. Example of a photographic reference scale with perspective and
color correction tools. The two-dimensional checkerboard pattern provides
scale. The neutral grey square can be used to color-correct the images during
postprocessing. The circular target with orientation and centerpoint markings
can be used for perspective correction during image postprocessing by deter-
mining the angle between the camera lens and the axis of the circle (Elder 2011;
reproduced with permission).

A ruler must be included in the image so that specimens
can be scaled and images can be calibrated. Waterproof labels
should be used to record the date, location, and specimen identi-
fication information. We recommend using a photographic refer-
ence scale with perspective and color correction tools (Figure 4;
e.g., Elder 2011), a color calibration key (e.g., Macbeth color
rendition chart; McCamy et al. 1976), or both. Although per-
spective and color calibration tools may not be required for most
studies, incorporating these tools into the image takes minimal
effort and may facilitate future studies that examine archived
images.

Camera Settings
Image quality can ultimately affect the precision of landmark

placement. As images are translated from the camera to the com-
puter and among software programs, a series of compressions
and decompressions occurs. To counteract the degradation of
image quality, the tagged image file format bitmap (TIFF or
TIF) or raw file format (RAW) is desirable because no image
compression occurs and the full spectrum of brightness levels is
recorded by the camera. One drawback to the TIFF and RAW
formats is that file sizes are typically large (>10 megabytes);
therefore, the Joint Photographic Experts Group bitmap (JPEG,
JPG, or JPE) file format with the optimal quality compression
setting and the large (4,288 × 2,848 pixels) image size setting
provides a good alternative if memory space is limited. If the
study design requires printed images (e.g., for scientific illus-
trations), then large, high-resolution image files such as TIFF
files are necessary. High image resolution means that the signal-
to-noise ratio is reduced, resulting in greater image sharpness
and enhanced precision of landmark placement. We recommend
setting the camera aperture at greater than f/8 to provide depth
of field and to ensure that the entire image is in focus. Under
low light, a high f-stop will reduce shutter speed, but this should
not affect image quality if the camera is stabilized on a tripod
(Figure 1). In addition, f/8 can be achieved under nearly any
lighting condition by altering the International Organization for
Standardization (ISO) setting on a DSLR camera: under dim
light, increase the ISO, and under bright light, decrease the ISO.

This was not previously possible with film because the ISO was
a property of the film.

The accuracy of an image is affected by lighting. If scientific
illustration or the quantification of color is a research objec-
tive, then appropriate lighting should be used. Soft light, such
as that occurring on an overcast day, is diffuse and provides
even illumination of the subject. Soft light is preferred because
it renders the appropriate color temperature (i.e., natural) and
because shadows and contrast on the subject are minimized.
Hard light, such as direct sunlight, should be avoided because
it is intense in brightness, creates shadows, increases contrast,
and reflects strongly off scale pigmentation. On bright, sunny
days, imaging should be done in the shade when possible, even
though shade will shift the color temperature to cool (i.e., blue).
A circular polarizer will help to reduce glare on sunny days.
Artificial light can work if the camera white balance is adjusted
appropriately; however, artificial lighting (other than a strobe
flash) is not typically available in the field. The use of flash is
not recommended because it tends to reflect off the pigment in
fishes, but a diffuser may help to remedy that problem. However,
under bright sunshine, weak fill flash may be needed to mini-
mize shadows on subjects, and in low-light conditions, flash
usage may be unavoidable to illuminate the subject.

SOURCES OF IMAGING ERROR
Two primary sources of error can be introduced in the digital

imaging process: perspective error and distortion error. Perspec-
tive refers to the orientation of the camera lens with respect to
the specimen. If the plane of the camera lens with respect to
the planar surface of the specimen is inconsistent among speci-
mens, then the relative position of homologous landmarks will
change among images. Perspective error can be large, but it can
easily be avoided by fixing the camera location with respect to
the specimens by using a horizontal tripod as described above
(Figure 1), and by ensuring that the plane of the lens is parallel
to the plane of the specimen.

Two types of distortion may occur as a result of the imaging
equipment and the imaging setup employed by the researcher.
Pincushion distortion refers to increases in image magnification
with the distance from the optical axis, resulting in visual distor-
tion at the center of the image such that lines passing through the
image’s center are bowed inwards toward the center (Figure 5).
Barrel distortion refers to decreases in image magnification with
distance from the optical axis, resulting in visual distortion at
the edges and center of the image so that the image appears
to be wrapped around a barrel (Figure 5). Both of these dis-
tortions are a function of the lens focal length and the distance
between the lens and the subject (i.e., the focal distance). The
focal length of an optical system is a measure of how strongly
the system converges (focuses) or diverges (defocuses) light. A
lens with a short focal length has greater optical power than one
with a long focal length; therefore, it bends light more strongly,
bringing it to focus in a shorter distance. This means that the
camera must be close to the subject to fill the frame when using
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IMAGING METHODS FOR GEOMETRIC SHAPE ANALYSIS 1167

FIGURE 5. Schematic of image pincushion distortion and barrel distortion
resulting from use of a wide-angle lens (i.e., <28 mm) in close proximity to
the subject (i.e., <1 m). To minimize distortion, a lens with a focal length of
35–50 mm should be used and the camera should be positioned directly over
the image at a distance greater than 1 m.

a super-wide-angle lens (i.e., short focal length < 24 mm).
Lenses with short focal lengths may seem attractive, particu-
larly in the field, because they allow the photographer to get
close to the subject; however, the resulting images suffer from
distortion as demonstrated in Figure 5. In 35-mm film photog-
raphy (i.e., a 24- × 36-mm image), lenses with a focal length
of 50 mm are considered “normal” because they work without
reduction or magnification and create images that approximate
the way we see the scene with our naked eyes (Hillebrand and
Hauschild 1993; Warren 2002). This is why we recommend a
setting of 50 mm on a full-frame camera or over 35 mm on a
non-full-frame DSLR camera to capture images for geometric
shape analysis.

Distortion can be minimized by using a lens with a focal
length greater than 35 mm and positioning the camera over 1 m
away from the subject and directly over the fish so that the
camera lens is parallel with the plane of the fish. The degree of
distortion is also a function of the quality of the camera and the
lens, so poorer-quality equipment will enhance the distortion
occurring at the edges and the middle of the image—this is why
we recommend a DSLR camera with over 5 megapixels and a
quality lens for image acquisition.

FIGURE 6. Illustration of the differences in body shape for a single lake trout that was imaged at a 15-mm focal length and a 0.5-m focal distance (grey circles)
or at a 50-mm focal length and a 2-m focal distance (black circles). Both data sets have been size corrected and aligned by using geometric morphometric methods.
Grids represent the magnitude and direction of differences between the individual and the consensus specimen for each imaging focal length. The deformation
(i.e., bending of the grid) occurs primarily along the horizontal axis of the fish and is strongest in the grey grid, which represents the 15-mm focal length. Slight
differences in shape can also be observed in the fish’s head at the two focal lengths. The eye appears larger and higher up on the head, the snout appears less
triangular, and the head appears deeper at the 15-mm focal length than at the 50-mm focal length. [Figure available online in color.]
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1168 MUIR ET AL.

EXAMPLE OF EFFECTS OF FOCAL LENGTH AND
DISTANCE

To demonstrate the effects of focal length and distance on
geometric morphometric analysis of body shape in fishes, we
collected 10 lake trout from Lake Huron. Fish were captured
on 22 September 2011 in a 12-m trap net composed of 114-
mm poly mesh with a 365-m-long lead composed of 356-mm
mesh. Fish were euthanized immediately prior to imaging with
a Nikon D300 DSLR camera. Images of each individual were
captured using two treatments: (1) a focal distance of 0.5 m
using a Tokina 11–16-mm f/2.8 lens with the focal length set to
15 mm; and (2) a focal distance of 2 m using a Nikor 18–70-mm
f/1:3.5–4.5 lens with the focal length set to 50 mm. Individual
fish were not repositioned during the imaging process, and the
camera and tripod setup was maintained for all individuals, with
the exception of altering the focal distance; therefore, most of
the variation between images of the same fish could be attributed
to the different combinations of focal length and distance.

Body shape was characterized by 16 homologous landmarks
and 4 semisliding landmarks (Figure 3) using the TPS software
suite. Landmarks were placed on digital images by using the
program TPSdig. Homologous landmarks (i.e., 1–14, 19, and
20 in Figure 3) were positioned on anatomical features (e.g., fin
insertions) that were easily recognized on all fish in the sample,
whereas sliding landmarks (i.e., 15–18 in Figure 3; Zimmerman
et al. 2007) indicated nonhomologous body features (e.g., the
underbelly) and were placed at 0.20, 0.30, 0.40, and 0.50 ×
standard length. Nonhomologous points were landmarked by
overlaying a grid on each image (see Figure 3). Landmark data
were then used to scale each individual relative to a consensus
configuration that was calculated from the entire sample, and the
geometric centroid size and partial warp scores were obtained
using TPSrelw. The consensus configuration is a single set of
landmarks that represents the central tendency of all fish in
the sample (Slice et al. 2009); the consensus configuration can
be thought of as the average body shape of the entire sample.
The resulting shape data represent the bending energy that is
required to stretch or contract the consensus configuration to
match each individual fish in the sample. Partial warp scores
representing size-independent shape data were retained as new
body shape variables. We assumed that treatment 2 (i.e., 50-mm
focal length and 2-m focal distance) represented “normality”
because we know that images are minimally distorted at a focal
length of 50 mm. We interpreted visual anomalies in raw images
and deviations in size-adjusted body shape data resulting from
the geometric analysis of body shape associated with treatment
1 (15-mm focal length and 0.5-m focal distance) to represent
distortion resulting from imaging.

Differences in body shape for lake trout when imaged at the
15-mm focal length (DX) and 0.5-m focal distance versus the
50-mm focal length (DX) and 2-m focal distance were obvious
for all 10 individuals analyzed. Deformation grids representing
differences between the consensus specimen and the individual
fish varied depending on which imaging treatment was applied

(Figure 6). Differences between the 15- and 50-mm focal lengths
were most dramatic in the horizontal plane along the length of
the fish and were most extreme in the midbody, suggesting that
barrel distortion was occurring at the 15-mm focal length. Subtle
differences in body shape could also be observed directly from
the raw images prior to digitization, scaling, and alignment.
Prior to scaling, differences between the two treatments were
most obvious in the head and peduncle regions of the fish. On
the same fish, the eye appeared larger and higher up on the
head, the snout appeared less triangular, and the head appeared
deeper when imaged at the 15-mm focal length compared with
the 50-mm focal length (Figure 6).

Partial warp scores resulting from geometric analysis of body
shape represent the location of each individual in the shape space
defined by the partial warps (Figure 7). Differences in the loca-
tion of individuals in shape space are indicative of differences in
morphology between individuals. If an individual lake trout was
positioned at two disparate locations in shape space based on
the imaging treatment, we interpreted this to mean that the body
shape differed as a result of focal length and distance during
imaging. We found that body shape differed for all fish on all 18
partial warps as a result of the different focal length and distance

FIGURE 7. Ordination of 10 lake trout on the first partial warp resulting from
geometric analysis of body shape. Numbers refer to individual fish. Subscript a
indicates that the image used to digitize body shape was captured at a 15-mm
focal length and a 0.5-m focal distance; subscript b indicates that the image used
to digitize body shape was captured at a 50-mm focal length and a 2-m focal
distance. For example, 5a indicates the position of fish number 5 in the shape
space when imaged with a lens set at 15 mm, and 5b represents the position
of that same fish when imaged with a lens set at 50 mm. The 15- and 50-mm
images resulted in differences for all 10 fish in shape space along all 18 partial
warps. The axes are arbitrary but illustrate the key point—that all aspects of
body shape differed for all fish as a result of the focal length and distance.
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TABLE 1. A quick reference to image acquisition protocols for geometric morphometric analysis of shape.

Protocol Specifications Settings

Imaging equipment • Single-lens reflex digital camera • Large file size
(>5 megapixels) • High quality

• 35–50-mm focal length lens • Formats: TIFF, RAW, or JPEG (where memory
• Ample memory is limited)
• Horizontal tripod • Aperture > f/8
• Counterweight to stabilize tripod • Focal length of 50 mm preferred; should not be less

than 35 mm
• No flash or weak fill flash unless required

Specimen display • Mesh display cradle • Cradle or mat displaying the specimens must be level
• Rubber or foam display mat and parallel to the lens

(white or grey) • Axis being imaged must be aligned parallel to the
• Polystyrene or foam wedges to align camera lens

small fish • Pins and needles are used to orient and display
• Level specimens
• Dissecting pins and needles • Maintain consistency in setup among specimens
• Rule for reference scale • Soft or diffuse light is preferred
• Waterproof labels for specimen

identification
• Perspective and color correction cards

treatments for image capture (Figure 7). That is, all aspects of
body shape differed for all fish as a result of the focal length and
distance. The partial warp scores indicate that 20 different fish
appear to be represented instead of 10 fish that were measured
twice.

Conclusions
The choice of camera equipment, the configuration of that

equipment, and the orientation of the specimens with respect to
the camera lens can lead to the capture of inaccurate images and
ultimately to error in landmark placement during morphometric
analysis. It is difficult to quantify the degree of error associated
with imaging parameters because the data resulting from geo-
metric shape analysis represent positions of aligned specimens
on new axes in shape space (i.e., the partial warps); however, we
found that the fish images obtained at a 15-mm focal length were
always different from the images obtained at 50 mm on a DSLR
camera. Moreover, we noted slight but obvious differences in
the visual appearance of specimens in digital images captured at
the two focal lengths. Lenses with a focal length of 50 mm are
considered “normal” because they create images similar to what
is observed with the naked eye; therefore, the variation we ob-
served when using a wide-angle lens must be considered error.
Indeed, the error we observed would probably have been greater
if the sample had incorporated a broader size spectrum of fish
or other lake trout morphotypes, such as the lean and siscowet
lake trout. Fish in our sample belonged to the same morpho-
type (Muir et al. 2012), were at the same life history stage, and

were similar in size (i.e., 504–576 mm standard length; mean ±
SE = 5.26 ± 1.37 mm).

In summary, we recommend that the methods used to capture
images should minimize perspective and distortion errors to
support geometric morphometric analysis of shape (Table 1). We
expect that methods will evolve as new technologies and tests are
applied. Although our method was presented in general terms
so that it can be adapted to meet varying research objectives, the
theories behind the recommendations are well known and can
be applied when establishing any data collection protocol that
requires digital imaging.
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