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Abstract

Freshwater fauna is facing an uphill task for survival in the Ganga Basin, India, due to a

range of factors causing habitat degradation and fragmentation, necessitating conservation

interventions. As part of the ongoing efforts to conserve the freshwater fauna of the Basin,

we are working on rehabilitating rescued freshwater chelonians. We carry out various inter-

ventions to restore rescued individuals to an apparent state of fitness for their release in suit-

able natural habitats. Morphometric measurements are crucial to managing captive wild

animals for assessing their growth and well-being. Measurements are made using manual

methods like vernier caliper that are prone to observer error experience and require handling

the specimens for extended periods. Digital imaging technology is rapidly progressing at a

fast pace and with the advancement of technology. We acquired images of turtles using

smartphones along with manual morphometric measurements using vernier calipers of the

straight carapace length and straight carapace width. The images were subsequently pro-

cessed using ImageJ, a freeware and compared with manual morphometric measurements.

A significant decrease in the time spent in carrying out morphometric measurements was

observed in our study. The difference in error in measurements was, however, not signifi-

cant. A probable cause for this may have been the extensive experience of the personnel

carrying out the measurements using vernier caliper. Digital image processing technology

can cause a significant reduction in the stress of the animals exposed to handling during

measurements, thereby improving their welfare. Additionally, this can be used in the field to

carry out morphometric measurements of free-ranging individuals, where it is often difficult

to capture individuals, and challenges are faced in obtaining permission to capture

specimens.

Introduction

Freshwater bodies are the lifeline of human civilizations [1]. However, usable freshwater found

in lakes, ponds, rivers, etc., is less than 1% of the total water volume on our planet [2]. These
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habitats support a rich biodiversity, essential for maintaining ecosystem functioning and ser-

vices [3]. This diversity is increasingly threatened by the extraction of water for various uses,

the development of linear infrastructure and unsustainable resource extraction practices [3, 4].

Rivers and other freshwater linear features are frequently used as boundaries for delineating

Protected Areas [5]; however, they themselves are rarely identified as conservation targets in

their own right [1], leading to this rapid loss of biodiversity.

A total of 436 chelonian species have been recorded worldwide, and this includes 336 mod-

ern species and 100 extinct Pleistocene and Holocene taxa, with 69 (57.0%) of the modern spe-

cies having become extinct since the start of the Pleistocene [6]. They are keystone species of

their habitats, benefitting other animals and plants through a complex web of interactions for

the healthy functioning of ecosystems [7]. Yet they are also one of the most threatened groups

of animals [3] and are facing an extensive illegal trade [8] that further undermines their sur-

vival. The IUCN Red-list of Threatened Species places 63% of chelonians under various threat

categories and 10% as critically endangered.

The Indian subcontinent, with its rich aquatic biodiversity that is supported in both inland

and marine areas due to its unique biogeography along with varied topography and climate

[9], is one of the 17 mega-diverse countries considering turtle richness [10, 11]. The diversity

of its chelonian fauna is reflected both in the freshwater and marine aquatic ecosystems. The

stressors stated earlier directly and indirectly impact freshwater organisms, including cheloni-

ans, at various levels by altering their habitat and community structure [12], and the judicious

rehabilitation of rescued individuals can help in achieving conservation goals.

Strategies used include the relocation of nests vulnerable to predation and/or inundation to

safer areas in-situ and captive rearing facilities for head-starting programs. Followed by the

release of individuals reaching a size that can ensure their survival into suitable habitats [13]

and the use of rescued animals after restoration to fitness in captive facilities for relocation/

repatriation to suitable habitats [14].

The likelihood of rescued animals contributing to conservation goals is dependent on the

condition of the animals, release site characteristics and protocols adopted for rehabilitation

[15]. While a body of information exists on the best practices to be adopted for the management

of rehabilitation of wild terrestrial mammals in India, limited information exists on the manage-

ment of rescued aquatic fauna [16]. The condition of rescued animals prior to and during reha-

bilitation is perhaps one of the best indicators of the likelihood of success of release efforts. It

can be assessed by a comparison of body mass with size (usually linear measurement) [15].

Morphometric studies on turtles have primarily relied on measurements using vernier cali-

pers and flexible tapes [17–19]. These measurements are, however, prone to observer and

equipment errors. The observer requires longer times for processing and may cause stress to

the animals due to handling [20–23]. The advent of digital imaging technology has created an

opportunity for carrying out morphometric measurements using digital tools. The evolution

of digital imaging technology and collaborative studies between digital imaging experts and

life scientists has paved the way for this use [24]. An extensive body of literature exists on bio-

medical image processing using digital tools [25–27]. One of these, the ImageJ Project [28] of

the National Institute of Health, USA, is an open-source software of relevance to life scientists

for carrying out morphometric measurements of whole organisms.

Morphometric analysis serves as a crucial tool because it allows for precise measurements

due to the unique body structures. Such data on morphometric variation have been recorded

in select Chelonian studies [29]. Morphometric measurements play an essential role in the

assessment of growth patterns and the physiological state of individuals [16, 30] and form the

basis for evaluating the fitness status of individuals in rescue situations where other diagnostic

tools may not be available [31]. Digital image processing is of particular relevance in the
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management of rescued chelonians as the technique is non-invasive and enables the rapid pro-

cessing of a large number of animals that are often received in rescue [31]. Accordingly, we

undertook to assess the efficiency of morphological measurement using vernier calipers and

digital measurements.

Materials and methods

Study area

The present study has been conducted in the Turtle Breeding and Rehabilitation Center

(TBRC) at Sarnath, Varanasi, India (Fig 1). TBRC was established in 1989 after the declaration

of Turtle Sanctuary at Varanasi as part of the Ganga Action Plan. TBRC was an ex-situ adjunct

to in-situ conservation efforts as part of the Ganga Action Plan. It was created to reestablish

the population of the Indian Soft-shell Turtle (Nilssonia gangetica), a species that has faced

sharp declines. Since its inception in 1989 as a rearing and release centre for the Ganges Soft-

shell Turtle, the centre has diversified into a rehabilitation facility for rescued freshwater turtles

and rearing of hatchlings of rescued eggs for multiple species of freshwater turtles [31].

Materials

The present study was carried out during 2021 (April) monthly morphometry process to com-

pare the two morphometry techniques. The turtles housed at TBRC, Varanasi, were used to

perform the test (Batagur dhongoka, Batagur kachuga, Lissemys punctata, Hardella thurjii,
Melanochelys tricarinata, Pangshura smithii and Pangshura tecta). Standardized protocols for

recording morphological measurements were followed based on existing guidelines [17–19].

Fig 1. The turtle breeding and rehabilitation center (TBRC) Sarnath, Varanasi, India. Base map source-

Naturalearth.

https://doi.org/10.1371/journal.pone.0300253.g001
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Measurements were taken using vernier calipers: a straight line of straight carapace length

(SCL) and straight carapace width (SCW) (Fig 2). Sex data was not collected as-mixed age

class, and species individuals were sampled, and sexual characters were poorly manifested in

the juvenile and subadult stages, making identification of sex challenging in these individuals.

Vernier caliper. Carapace length. The measurement of straight carapace length (SCL)

involved determining the distance from the front edge of the carapace (Nuchal scute) to the

rear tip of the carapace (supra-caudal scute), as illustrated in Fig 3. Both the anterior and poste-

rior measurement points were situated on the same side of the carapace (along the median

ridge). To maintain consistency, the side yielding the greater SCL measurement was selected

[32, 33], as depicted in Fig 3.

Carapace width. Straight carapace width (SCW) was determined at its widest point using

vernier caliper, as depicted in Fig 3, due to the unavailability of specific anatomical reference

points. Special attention was given to maintaining a consistent orientation of the turtle during

SCW measurements, particularly with juvenile turtles, to avoid introducing additional vari-

ability. It’s worth noting that when a turtle lies on its carapace (plastron up), the mass of the

turtle can exert pressure and widen the carapace, impacting the width measurement. Addition-

ally, carapace width may vary as the turtle breathes in and out. To ensure uniformity, SCW

measurements were exclusively taken with the turtle in a lateral recumbent position, as illus-

trated in Fig 3.

ImageJ Software and data processing. In the present study, we used ImageJ software [34]

for digital measurements. Turtles were placed on the table on water-resistant graph paper as a

background to capture their images. We identified the individuals by using the notch-cutting

technique described by Cagle [35]. Additionally, we marked the graph papers where the photos

were taken with unique numbers using a temporary marker pen. We also assigned photo IDs

for reference to cross-validate the Photo ID, Graphsheet ID, and Turtle ID. These images on

the graph paper are used to calibrate the reference scale in ImageJ software [34] (Figs 4 and 5).

Fig 2. Morphometric measurements (e.g. SCL) were obtained using the vernier caliper of Batagur kachuga.

https://doi.org/10.1371/journal.pone.0300253.g002
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All photographs were captured on a smartphone, which was placed on a tripod. In our initial

study, we tested various DSLR and point-and-shoot (fixed lenses) cameras and found minimal

differences in accuracy (±0.10cm). Smartphones stood out as the preferred option due to their

widespread availability and precision. After the image folder is selected, each image is scaled,

and their carapace length and width are measured in ImageJ (Fig 6).

ImageJ is a free Java-based image processing and analysis programme. It is available as an

applet online or as a download for Windows, Mac OS X, and Linux. It supports image stacks

and various image types (8-bit, 16-bit, and 32-bit) and formats (e.g., TIFF, GIF, JPEG). ImageJ

is multithreaded, which allows for concurrent operations such as image file reading. It is, in

essence, a versatile tool for viewing, editing, analysing, and processing images that was inspired

by NIH Image for Macintosh [34].

Ethics statement. All procedures conducted in this study were carried out during the rou-

tine monthly health check-ups and standard husbandry practices under the supervision of the

Fig 3. Morphometric measurements of the carapace of Batagur dhongoka (Illustration) showing the straight

carapace length (SCL) and Straight carapace width (SCW).

https://doi.org/10.1371/journal.pone.0300253.g003
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Fig 4. Morphometry data acquisition, analysis and storage using ImageJ.

https://doi.org/10.1371/journal.pone.0300253.g004

Fig 5. ImageJ step-by-step method for the digital morphometry process.

https://doi.org/10.1371/journal.pone.0300253.g005
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veterinary officer. The protocols adopted were designed to ensure the well-being of the fresh-

water turtles and did not involve any pain, suffering, distress, or lasting harm. We received the

necessary permission and ethical clearance from the Uttar Pradesh Forest Department

(UPFD) for the management of animals at the Turtle Breeding and Rehabilitation Center in

Sarnath [Permit no. 1101/23/02/2012(G) dated 27/10/2016], with an extension no. [1854/23/

02/2012(G) dated 02/12/2022]. The project team provides technical support in the UPFD reha-

bilitation efforts. The work presented here is a part of this endeavour. This study was approved

by the Ministry of Jal Shakti, Government of India, vide letter (No. B-02/2015-16/1259/

NMCG-WIIPROPOSAL) with an extension (No. B-03/2015-16/1077/NMCG).

Statistical analysis. Statistical evaluation included the assessment of errors and correla-

tions between measurements obtained from both methods. The error was quantified by calcu-

lating the absolute difference between the digital measurements and the corresponding

physical measurements obtained using vernier calipers. The correlation between the vernier

calliper and ImageJ digital measurement method was tested by running a Spearman rank cor-

relation test in Rstudio. The precision of both methods was tested using the paired sample t-
test for means, which assumes that the true mean difference between the paired samples was

zero [36], with the test run in Rstudio. To evaluate the accuracy of the model, the root mean

squared error (RMSE) and mean absolute error (MAE) [37] were calculated using the

“MLmetrics” package in Rstudio. Before running the test, each value obtained from both

methods was formatted according to the test. The test was run by comparing the distance

value obtained from the vernier caliper and ImageJ digital measurement.

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

�
ðf � 0Þ

2

q

MAE ¼
1

n

Xn

i¼1

jxi � xj

Where:

• f = forecasts (expected values or unknown results),

• o = observed values (known results).

• n = the number of errors,

Fig 6. Morphometry of Carapace of Batagur dhongoka using ImageJ (A) SCL-straight carapace length and (B) SCW-

straight carapace width.

https://doi.org/10.1371/journal.pone.0300253.g006
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• S = summation symbol (which means “add them all up”),

• |xi –x| = the absolute errors.

Results

A total of 172 individuals, including 42 specimens of Batgur kachuga (adult), 82 of Batagur
dhongaka (Juvenile), 32 of Lissemys punctata (adult), 6 of Batagur dhongoka (Adult), 6 of

Geoclemys hamiltonii (Adult) and 4 of mixed specimens (Pangshura tecta, Pangshura smithii,
Hardella thurjii, Melanochelys tricarinata) from the Turtle Breeding and Rehabilitation Center

(TBRC) at Sarnath were analyzed to compare the variance between the two techniques. Mor-

phometric measurements (SCL, SCW and PL) were carried out using both the ImageJ and the

vernier caliper. Table 1 presents the t-test outcomes used for evaluating the precision of each

respective method. Based on P-values, all the turtles show high precision in both the vernier

caliper and ImageJ methods. Table 2 shows values obtained using the t-test paired two samples

for means to evaluate the measurement obtained with the vernier caliper and the ones

obtained from the ImageJ. The repeatability test yielded a correlation coefficient indicating

high repeatability for both methods (Fig 7). Furthermore, there is no apparent indication of

any association between the measured length and the accompanying measurement error

(Fig 7). Fig 7 indicates a strong correlation between measurements taken with vernier calipers

and those obtained through ImageJ software, R2 = 1.

In our study, we evaluated the efficiency of two methods for measuring morphometric traits

in turtles: vernier caliper and ImageJ. In addition to measuring the accuracy of the two meth-

ods, we also calculated the time and animal handling duration required to complete both pro-

cesses. Our results showed that the vernier caliper approach took an average of 3.23 minutes

(203 s) to complete, whereas the ImageJ method took only 48 seconds to measure all of the

morphometric traits. This indicates that the handling time in digital morphometry was

reduced by 96.23%, making it a more efficient and time-saving method compared to the tradi-

tional vernier caliper approach. It’s important to note that the handling duration in softshell

turtles and adult turtles was slightly longer, accounting for about 18% of the total time required

for the morphometry procedure. In contrast, hardshell turtles took significantly less time to

complete both procedures (Table 3).

The photographic measurements for the estimation of carapace length and width were calcu-

lated with an approximate root mean square error of 0.71 and 0.32 and mean absolute error of

0.76 and 0.41, respectively. As shown in (Fig 8), a graphical representation of the measurements

made by both methods and the error in estimating the carapace length and width (Fig 9).

Table 1. Carapace dimensions and errors with the vernier caliper and the ImageJ method.

Error in Measurements

(cm)

Species

Batagur
dhongoka
(Adult)

Batagur
dhongoka
(Juvenile)

Batagur
kachuga
(Adult)

Lissemys
punctata
(Adult)

Geoclemys
hamiltonii
(Adult)

Pangshura
tecta

Pangshura
smithii

Hardella
thurjii

Melanochelys
tricarinata

Carapace

Width

Average ± SD 0.41 ± 0.29 0.27 ± 0.21 0.45 ± 0.3 0.7 ± 0.64 0.52 ± 0.29 0.16 0.01 0.16 0.77

Minimum 0.04 0.01 0.02 0.01 0.18 - - - -

Maximum 0.77 0.8 1.05 2.86 0.91 - - - -

Carapace

Length

Average ± SD 0.69 ± 0.41 0.48 ± 0.29 0.84 ± 0.42 1.46 ± 1.09 0.48 ± 0.44 1.2 0.33 0.31 0.38

Minimum 0.12 0.01 0.16 0.1 0.03 - - - -

Maximum 1.25 1.72 2.1 4.69 0.98 - - - -

https://doi.org/10.1371/journal.pone.0300253.t001
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Discussion

The present study is aimed at developing a rapid method for morphometric measurements of

turtles in our care to facilitate in decision support for planning and undertaking interventions

during rehabilitation. For this we compared the precision and time taken in the two methods,

ImageJ and vernier caliper, for measuring the carapace length and width of animals. Our

results indicated that both methods had almost similar precision for measuring the carapace

length and width of the animals, with no significant difference between the measurements

obtained from the two methods (Figs 8 and 9 and Table 2). The minor differences in precision

were attributed to less precise camera calibration. The repeatability of both methods was high,

indicating that both methods are reliable (Fig 7 and Table 1).

Carrying out morphometric measurements using ImageJ involved the use of existing smart-

phones present with the researchers and the outcomes of the measurements made were unaf-

fected by the different instruments used. The digital method, ImageJ, has the advantage of

being minimally invasive, avoiding additional stress on the animals, and automatically calcu-

lating corresponding points everywhere on the carapace. This feature makes it especially suit-

able for use in field conditions where it may not always be possible to fix the observer and

device positions.

An additional advantage of digital image processing using ImageJ is the reduction in han-

dling time, which results in reducing the stress the animals are exposed to while carrying out

morphometric measurements (Table 3 and Fig 6). The feature is of particular importance in

the rehabilitation of conservation-dependent species where the survival of every individual

and its contribution to the growth of the population are of great importance for the sustained

survival of the species [16]. In addition to its non-invasive nature, the ImageJ method also

offers the advantage of automatic detection of corresponding landmark points on a turtle’s car-

apace that are then used for measurements [38]. This is accomplished using a process known

as landmark analysis, which involves the identification of specific points on an animal’s body

Table 2. P-values obtained using the t-test paired two samples for means using vernier calipers and ImageJ measurements.

Species SCL SCW

P 95% confidence interval P 95% confidence interval

Batagur dhongoka Juvenile 2.20E-16 0.377918 0.5025694 2.02E-14 0.191863 0.2962837

Batagur kachuga adult 4.33E-16 0.710431 0.9726644 1.72E-10 0.327088 0.5331976

Lissemys punctata adult 6.73E-08 1.085887 1.010752 0.006675 0.129505 0.7380579

Batagur dhongoka adult -.9695567 0.8352234 0.5971344 0.8821 8.56E-01 -0.5288011

Geoclemys hamiltonii adult 0.08782 -0.09213 0.9524624 0.006592 0.222732 0.8262676

https://doi.org/10.1371/journal.pone.0300253.t002

Fig 7. The correlation coefficient between the vernier caliper and the ImageJ for both the measurement of (A)

carapace length and (B) carapace width.

https://doi.org/10.1371/journal.pone.0300253.g007
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and the measurement of the distance between those points [39]. By using this method,

researchers can quickly and accurately analyze morphological features of interest [23, 40–42].

Moreover, ImageJ is capable of generating a variety of statistical analyses, including t-tests,

ANOVA, and linear regression [43, 44]. These statistical analyses can be used to compare dif-

ferent groups of animals, test for differences in size, and investigate the relationship between

morphological traits and other variables such as age or sex [45–47]. These analyses can be par-

ticularly useful in studies that aim to identify morphological differences between different pop-

ulations of animals or to assess the effects of environmental factors on animal morphology [43,

44, 48, 49].

Various morphometrics software options, such as MorphoJ, GMTP, and EFA, were also

available for free, but all work on either outline-based or landmark-based methodologies

[50–52]. These alternatives required approximately 10 minutes to analyze a single specimen.

In contrast, ImageJ, renowned for its efficiency, completes analysis in an average of just 30 sec-

onds [53–55]. Additionally, the other software options necessitated a proper photographic

setup and high-quality camera equipment for image acquisition, potentially inducing stress in

the animals and raising the cost of the measurements. Prioritizing the well-being of the ani-

mals in the rehabilitation center, given their large numbers, led to the decision to use ImageJ

due to its time efficiency, ease of measurement and less invasive nature.

The utility of ImageJ in analyzing animal morphology has been well-demonstrated in prior

research. Maulida et al. [56] conducted a study that utilized ImageJ for the analysis of Hawks-

bill Turtle carapaces. Their findings highlighted the efficiency and accuracy of ImageJ in

assessing carapace curvature and various other morphological attributes, including size and

Table 3. Time is taken for measurements using the vernier caliper and the ImageJ methods.

Duration of the

measurement (Seconds)

Species

Batagur
dhongoka
(Adult)

Batagur
dhongoka
(Juvenile)

Batagur
kachuga
(Adult)

Lissemys
punctata
(Adult)

Geoclemys
hamiltonii
(Adult)

Pangshura
tecta

Pangshura
smithii

Hardella
thurjii

Melanochelys
tricarinata

Vernier

Caliper

Average ± SD 154± 7.07 153 ± 1.41 206.5± 96.87 177.5 ± 45.96 201.5 ± 108.18 - - - -

ImageJ Average ± SD 52± 1.41 50.5 ± 4.94 43.5 ± 17.67 46 ± 2.82 47.5 ± 2.12 - - - -

https://doi.org/10.1371/journal.pone.0300253.t003

Fig 8. Relationship between measurements from the digital image processing (ImageJ) and those obtained with the

vernier caliper (A) straight carapace length (B) straight carapace width. (Triangles, squares, circles, and other symbols

indicate different turtle species).

https://doi.org/10.1371/journal.pone.0300253.g008
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shape. They concluded that ImageJ serves as a valuable resource for examining turtle morphol-

ogy, particularly in fieldwork scenarios where studying animals in their natural habitats is

essential.

In a similar vein, Zhang et al. [57] conducted a study that further underscores the effective-

ness of ImageJ for analyzing animal morphology. Their study employed ImageJ to evaluate the

morphological characteristics of crab carapaces. The results demonstrated that ImageJ offers a

robust tool for investigating carapace curvature and shape. These studies reinforce the reliabil-

ity and versatility of ImageJ in analyzing animal morphology, which is highly relevant to our

work and aligns with our findings regarding the benefits of using ImageJ for turtle morpho-

metric measurements.

Our findings agree with the studies discussed above that have examined the comparison

between digital and traditional methods for assessing animal morphology. For instance,

Mojekwu and Anumudu [58] conducted a study where they compared digital photogramme-

try to traditional measurements for evaluating fish morphological traits. Their results demon-

strated that digital photogrammetry was more accurate and less invasive than traditional

methods. Likewise, Samara et al. [59] found that ImageJ-based modelling served as an effective

and cost-efficient tool for studying human tissue.

Graph paper use in our study may have contributed to the consistent performance of ImageJ,

as the grid provided a reference point that benefitted both observers and the software. Neverthe-

less, it’s crucial to acknowledge that further research is warranted to explore how these methods

perform when applied to different animal species, various morphological traits, and under diverse

measurement conditions. This insight further underscores the relevance of our study, as it cor-

roborates the advantages of using digital methods like ImageJ in animal morphology research

and emphasizes the potential for widespread applicability across various research contexts.

The research conducted by Stayton [60] focused on measuring the carapace shape and

hydrodynamic analyses of turtles carcasses using the ImageJ. They concluded that ImageJ was

more accurate and reliable than traditional measurement methods and capable of extracting a

more extensive range of information from carapace shape data. This alignment underscores

the consistent advantages of using ImageJ in studying animal morphology and reinforces the

credibility of our results.

Similarly, the research by Schmidt and Schaefer [61], which compared the accuracy of Ima-

geJ and traditional measurement methods for studying the body size of fish, has significant

Fig 9. Relationship between the statistical error due to each method and the length and width measurement (A)

Straight Carapace length (B) Straight Carapace Width. (Each turtle species is represented by a unique shape).

https://doi.org/10.1371/journal.pone.0300253.g009
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relevance to our study. Their results corroborate our findings, showing that ImageJ provided

accurate and less error-prone measurements while enabling the extraction of additional infor-

mation. This parallel strengthens the argument for the applicability and benefits of ImageJ in

animal morphology research, further emphasizing the significance of our work in this context.

The study conducted by Llewelyn et al. [62], which employed the ImageJ method to investi-

gate the morphology of lizard skulls, holds considerable relevance to our study. Their findings,

indicating that the ImageJ method provided accurate results and was more time-efficient than

traditional methods, align with the benefits we observed in our work, specifically when mea-

suring turtle carapace dimensions. Additionally, the ability of ImageJ to facilitate detailed anal-

yses of animal structures, including measuring angles between bones, underscores its

versatility and applicability across various species and morphological traits and is consistent

with our findings regarding turtle carapace measurements.

The broader context of these studies showcases the effectiveness of the ImageJ method in

studying animal structures. They consistently demonstrate their capacity to yield accurate and

reliable results while enabling in-depth data analyses. Furthermore, the user-friendly and

accessible nature of digital images, as highlighted in these studies, reinforces our own observa-

tions regarding the advantages of ImageJ in the context of fieldwork and data sharing among

researchers. Collectively, these studies emphasize the wide-ranging applications of the ImageJ

method in studying the shape and size of animal structures, including sea turtles, fish, and liz-

ards [56–62]. They provide robust evidence supporting the accuracy and reliability of ImageJ

in comparison to traditional measurement methods, which is highly relevant to our study’s

focus on freshwater turtle morphometric measurements and strengthens the argument for

adopting digital methods in animal morphology research. The present study also showcases

the decrease in handling time leading to lower stress levels of the animals being measured,

besides significantly reducing the effort required to carry out these repetitive but essential mea-

surements for managing distressed animals.

Conclusion

This study aimed to investigate the reliability and accuracy of two methods, ImageJ and vernier

caliper, for measuring the carapace length and width of animals. The findings suggest that

both methods are suitable for measuring animal morphology, and the choice of method may

depend on various factors, including the complexity of the morphology being measured, the

need for high-resolution images, and the availability of equipment. The study demonstrated

that ImageJ is a reliable and accurate method for measuring morphology. One of the main

benefits of using ImageJ is that it is minimally invasive. ImageJ enables researchers to capture

digital images of animal morphology without causing any harm or disturbance to the animal.

This is particularly important in fieldwork scenarios where fixed observer and device position-

ing may be a challenge.

Furthermore, ImageJ offers more flexibility in fieldwork scenarios compared to the vernier

caliper method. This is because the digital method allows researchers to capture high-resolu-

tion images of the animal morphology, which can be analyzed later in a laboratory setting. In

contrast, the vernier caliper method requires the researcher to handle the animal, making it

less flexible and more time-consuming. The findings of this study suggest that both ImageJ

and vernier caliper methods are accurate and reliable for measuring animal morphology.

In addition, the availability of equipment may also influence the choice of method. The ver-

nier caliper method requires a specialized tool, while ImageJ only requires a digital camera or

smartphone. Therefore, if equipment is limited, the ImageJ method may be a more feasible

option. In conclusion, this study highlights the importance of selecting appropriate methods
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for measuring animal morphology. Both methods are suitable for morphometry, and the

choice of method may depend on various factors, including the complexity of the morphology

being measured, the availability of high-resolution images, and the availability of equipment.

Overall, the methods used in this study are simple, time efficient, low-cost, and suitable for

fieldwork, making them a valuable tool for measuring animal morphology. Researchers can

use these methods to accurately and reliably measure animal morphology, which can contrib-

ute to a better understanding of the ecology, behavior, and evolution of different species. Fur-

thermore, these methods can be easily adapted and applied to a range of different animal

species, making them a valuable tool for biologists and ecologists working in different fields.
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