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The dugong (Dugong dugon) is a protected marine mammal in Thailand, yet body condition score (BCS)
assessments remain subjective and lack standardized benchmarks. This study aimed to identify key
morphometric and blubber predictors of body condition score (BCS) in dugongs to develop a standardized, field-
based assessment framework. To achieve this, necropsy records of 82 stranded dugongs from the Andaman Sea
(2019-2025) were analyzed, summarizing morphometric and blubber data across age classes and BCS levels.
Univariable and penalized ordinal logistic regression identified predictors associated with BCS, which were
combined with descriptive statistics to construct heuristic thresholds. Although predictors of BCS differed across
age classes, their common ground highlighted parameters that were most consistent across stages. For field
application, average blubber thickness, body weight, and body condition index (BCI) were therefore selected as
the robust predictors for developing heuristic thresholds. These were consolidated into BCS charts and lookup
tables, providing practical morphometric cutoffs for necropsy and stranding investigations. This study represents
the first attempt to establish field-based BCS assessment tools for dugongs, improving objectivity and
consistency in condition evaluation. While not intended as definitive diagnostics, the thresholds enhance
comparability across cases, with extreme categories (BCS 1 and 5) still requiring expert confirmation and further
validation through larger sample sizes and longitudinal studies.
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INTRODUCTION

The dugong (Dugong dugon) is currently classified as a Vulnerable species
on the IUCN Red List of Threatened Species (IUCN, 2025). In Thailand, it is afforded
the highest level of legal protection under national wildlife conservation laws and is
widely regarded as a flagship species for marine biodiversity and seagrass
ecosystem protection (Government of Thailand, 2019). Owing to its ecological
significance and conservation status, the dugong has become a focal species for
marine research, conservation management, and health monitoring. Despite these
protections, dugong populations have experienced rapid declines over recent
decades, with increasing reports of stranding and mortality events across their
range (Raghunathan et al., 2012; Woolford et al., 2015; Kayanne et al., 2022; Lin et
al., 2022; Eiamcharoen et al., 2025; Sukkarun et al., 2025). In Thailand alone, 125
dugongs were reported stranded and dead over the past six years (Daochai et al.,
2024), underscoring the urgent need for enhanced monitoring and targeted
conservation measures.

Postmortem examinations are essential for determining causes of death in
stranded marine mammals, including cetaceans and dugongs, with the
assessment of body condition score (BCS) constituting a critical component of
necropsy protocols (Geraci et al., 2005; Daochai et al., 2024). In veterinary
pathology, BCS serves as an indicator of nutritional status and provides valuable
context for interpreting disease processes and mortality factors (Burkholder, 2000;
Raverty et al., 2020; Zachary, 2022). Translating this principle into wildlife
pathology, BCS assessment has been incorporated into dugong necropsy practice;
however, the evaluation has relied predominantly on qualitative approaches
(Department of Marine and Coastal Resources, 2013). Such methods are
constrained by inter-observer variability, subjective interpretation, and the absence
of standardized morphometric benchmarks. These limitations underscore the need
for improved and refined BCS assessment protocols to generate more objective,
reliable, and reproducible indicators of body condition in dugongs.

Subjective BCS assessment may bias health interpretation due to observer
variability. Differences in experience and visual judgment can lead to inconsistent
scoring and misclassification of nutritional status, emphasizing the need for
standardized, quantitative approaches to improve reliability in wildlife health
evaluations (Castrillon and Bengtson Nash, 2020). Heuristic thresholds are a
problem-solving approach that relies on trial and error, rules of thumb, or
approximations to provide rapid insights without requiring large datasets or
complex analyses (Desale et al., 2015). In field contexts, they serve as approximate
cutoff values that guide practical decision-making, often derived from descriptive
morphometric data and statistical models (Desmet, 2018). Although not absolute
diagnostic standards, their use enhances BCS assessment by incorporating
quantitative information, improving consistency across observers, and supporting
timely necropsy and stranding decisions. In this study, heuristic thresholds were
therefore developed to provide field-based guidelines for evaluating dugong BCS.

The aim of this study was to identify key morphometric and blubber
predictors of BCS across different life stages of stranded dugongs in Thailand, and
to integrate these predictors into heuristic thresholds for practical field application.
Specifically, the study sought to generate field-ready BCS charts and lookup tables
that can support necropsy assessments, and provide a framework for future
validation of BCS as a health indicator in dugongs.

MATERIALS AND METHODS

Ethical clearance and sample use authorization
All procedures involving the use of recorded data were conducted in
accordance with institutional guidelines and applicable national regulations. The
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study did not involve animal tissues; only previously recorded data were accessed
and analyzed. Authorization for the use of these data was granted by the
Department of Fisheries of Thailand (MOAC Document No. 0510.5/12652), in
compliance with Section 73(1) of the Wildlife Preservation and Protection Act, B.E.
2562 (2019).

Study data

This study was based on recorded data of stranded dugongs recovered
along the coastlines of four Andaman Sea provinces in southern Thailand (Phang
Nga, Trang, Satun, and Krabi) between January 2019 and May 2025. Necropsies
of all carcasses were previously conducted by trained veterinarians from the
Andaman Coastal Research Center (Lower Andaman Sea), Department of Marine
and Coastal Resources (DMCR), following standardized marine mammal
postmortem protocols (Pugliares-Bonner et al., 2007). The degree of postmortem
change was evaluated according to established guidelines (Eros et al., 2007), and
carcasses in an advanced state of decomposition were excluded to ensure the
reliability of body condition score (BCS) assessment.

Body condition was evaluated at necropsy using the Dugong Necropsy
Manual of Thailand (Department of Marine and Coastal Resources, 2013). For each
carcass, the attending veterinarian assigned a BCS on a five-point scale, where 1/5
indicates very thin and 5/5 indicates obese. The assessment was based on three
external parameters: cervical depression, dorsal musculature, and lateral body
profile. Specifically, a BCS of 1/5 (very thin) is characterized by a deep neck groove,
a sharp vertebral outline, and a markedly emaciated profile; a BCS of 2/5 (thin)
presents with a visible neck groove, a flattened back, and reduced body fullness;
a BCS of 3/5 (healthy) shows no obvious neck groove, a slightly flattened but full
back, and a gently rounded profile; a BCS of 4/5 (overweight) is defined by the
absence of a neck groove, a fully rounded back, and increased girth; and a BCS of
5/5 (obese) is indicated by the absence of a neck groove, a broad and rounded
back, and a markedly distended body.

Along with BCS assessment, biological and morphometric parameters
were systematically documented at the postmortem stage to support quantitative
analyses. These included sex, total body length (m), chest girth (m), body weight
(kg), and body condition index (BCI). Blubber thickness was measured at four
anatomical sites: (A) the dorsal region directly opposite the navel, (B) the lateral
body wall, (C) the external abdominal wall between the ribs, and (D) the ventral
region posterior to the navel. The mean of these four measurements was calculated
as the average blubber thickness. All measurements were obtained by the DMCR
team and subsequently made available for analysis in this study.

Finally, the age of each dugong was estimated from body length and chest
girth and classified into five age classes following Marsh (1980): new-born calf,
dependent calf, juvenile, sub-adult, and adult.

Experimental Design

This study followed a three-stage workflow progressing from statistical
analysis to field application of BCS assessment in dugongs. In the first stage
(descriptive), morphometric and blubber thickness data, including weight, chest
girth, body length, and blubber thickness at multiple sites, were summarized using
mean + SD. Data were stratified by age class and, when available, further
categorized by BCS levels (1-5). In the second stage (modeling), associations
between predictors and BCS were examined using OLR. Univariable OLR analyses
were performed for all predictors, while two-variable OLR models were selectively
applied in age classes with sufficient sample size. Multivariable models including
more than two predictors were not considered appropriate given the limited data,
and this decision was supported by model selection criteria such as AIC and BIC.
Model outputs included odds ratios (OR), 95% confidence intervals (Cl), p-values,
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and tests of the proportional odds assumption. In the final stage (translation-to-
guideline), statistically significant predictors were combined with descriptive results
to construct heuristic thresholds suitable for field use. Thresholds for BCS levels
2-4 were derived directly from observed mean + SD values, while thresholds for
extreme categories (BCS 1 and 5) were extrapolated from adjacent means or
quantile distributions. Cases where predictors indicated contradictory directions
were flagged as “uncertain” and designated for expert confirmation. The resulting
thresholds were then translated into simplified BCS charts and tables to guide field
assessment, accompanied by cautionary notes indicating that low-confidence
categories require expert verification and further validation. The overall
experimental flow is illustrated in Figure 1.

Experimental Design

i Blubber thick

data Translation-to-Guideline

* Morphometric
BL=Total body length (m)
GIL= Chest girth (m)

BW= Body weight (kg)
BCI=Body condition index

* Blubber thickness
A=The dorsal region direct-
ly opposite the navel
B=The lateral body wall
C=The external abdominal
wall between the ribs
D=The ventral region pos-
terior to the navel
AvBT=Average blubber
thickness (mean of these
four measurements)

Descriptive Modeling

Lateral

« Summarize morphometric
and blubber thickness data
(mean + SD)

« Stratify by age class and
BCS levels

« Examine associations be-
tween predictors and BCS
using OLR

« Univariable, and two-vari-
able OLR

« Construct heuristic thresh-
olds for BCS levels

« Flag contradictory cases
as "uncertain” and desig-
nate for expert confirmation

« Translate thresholds into
BCS charts and tables

Dorsal

Ventral

Body weight (kg) measured directly using a digital
scale appropriate for the animal’s size

Body condition index (BCTI) calculated as the ratio
of body mass to body length, BW/length

Figure 1 Experimental design illustrating a four-stage workflow for developing field-based body
condition score (BCS) guidelines in dugongs (Dugong dugon). The workflow included: (1)
Descriptive analysis of morphometric and blubber thickness data, (2) Modeling of predictors

using ordinal logistic regression, (3) Development of heuristic thresholds by combining statistical
outputs with descriptive results, and (4) Field translation into simplified BCS charts and tables
with cautionary notes for application during necropsy and stranding investigations.
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Statistical analysis

All statistical analyses were performed to evaluate the relationship between
morphometric and blubber variables and BCS. In the descriptive analysis,
continuous variables were summarized as mean + SD, or as median and
interquartile range (IQR) in cases of non-normal distributions, and were stratified by
age class and BCS category.

Ordinal logistic regression (OLR) was applied to assess associations
between independent predictors and BCS. Univariable OLR was conducted for all
predictors across age classes, and OR with 95% CI and p-values were reported.
The proportional odds assumption was examined for each model to confirm the
validity of OLR. In age classes with sufficient sample sizes, two-variable penalized
OLR models were further explored to evaluate the combined effects of key
predictors. Multivariable models with more than two predictors were not
considered due to limited sample size, and model selection criteria including
Akaike’s Information Criterion (AIC) and Bayesian Information Criterion (BIC)
supported this decision. Penalization was applied to reduce the risk of overfitting
and improve stability of parameter estimation. All statistical analyses were
performed using R version 432 (R Core Team, 2023) with the
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packages MASS (Venables and Ripley, 2002) and ordinalNet (Wurm et al., 2021).
Statistical significance was defined at p < 0.05.

Application of heuristic thresholds

In this study, heuristic thresholds were developed as a practical tool to
guide field-based BCS in dugongs, aiming to provide applicable cutoff values
rather than definitive diagnostic criteria. The process followed a stepwise
approach:

Selection of predictors

Significant predictors of BCS identified through OLR were selected as the
baseline variables for field application (Semakula et al., 2021). These included
morphometric and blubber measurements shown to have positive associations
with BCS across life stages.

Descriptive statistics by BCS level

For categories with sufficient empirical data, the mean and SD of each
predictor were calculated within each BCS level. These descriptive statistics
provided the foundation for heuristic thresholds.

Extrapolation for missing categories

For BCS levels lacking empirical observations, linear extrapolation was
applied to estimate mean values by extending the differences between adjacent
categories. Standard deviations for these extrapolated categories were imputed
from the nearest available BCS within the same age class. This approach aligns
with standard imputation methods used for handling missing data (Farhan, 2015).

Ensuring monotonic trends

The observed mean values across BCS levels were then checked for
monotonicity (i.e., increasing order with higher BCS). In cases where non-
monotonic patterns were detected, isotonic regression was applied to adjust the
means, enforcing a strictly increasing order while retaining the original SD values
(de Leeuw et al.,, 2009). This adjustment ensured biological plausibility and
consistency across BCS levels.

Conversion into practical thresholds

Finally, each mean + SD value was expressed as a range (mean — SD to
mean + SD), producing interpretable intervals for field use. These ranges were
consolidated into lookup tables and charts, providing practical cutoffs for necropsy
and stranding assessments. Presenting reference values as ranges has been
recommended in field-based marine mammal health evaluations (Geraci et al.,
2005).

In instances where predictors demonstrated contradictory directions of
association, the outcomes were flagged as “uncertain” and referred for expert
confirmation, applying structured expert elicitation methods widely used in wildlife
health risk assessment (Martin et al., 2012; Hemming et al., 2018). The finalized
thresholds were consolidated into field-ready BCS charts and lookup tables,
providing practical cutoffs for dugong stranding and necropsy evaluations.
Consistent with recommendations for marine mammal health assessments (Geraci
et al., 2005), a cautionary note was included emphasizing that these thresholds are
heuristic tools and that extreme categories, require expert confirmation and further
validation through prospective studies.

RESULTS

Sex- and age-class distribution of dugongs and their

body condition scores

For this study, a total of 82 dugongs were included in the analysis and
categorized according to sex and age class. Of these, 43 individuals (52.4%) were
males, 38 (46.3%) were females, and 1 (1.2%) was of undetermined sex. Based on
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age classification, 28 individuals (34.1%) were identified as adults, 25 (30.5%) as
sub-adults, 18 (22.0%) as juveniles, 7 (8.5%) as dependent calves, and 4 (4.9%) as
new-born calves.

Using the estimated BCS guidelines from the Dugong Necropsy Manual in
Thailand, BCS distribution by age class, adults (n = 28) included 2 out of 28 (7.1%)
individuals with BCS 1, 5 out of 28 (17.9%) with BCS 2, 14 out of 28 (50.0%) with
BCS 3, 6 out of 28 (21.4%) with BCS 4, and 1 out of 28 (3.6%) with BCS 5. Sub-
adults (n = 25) comprised 2 out of 25 (8.0%) individuals at BCS 1, 7 out of 25
(28.0%) at BCS 2, 11 out of 25 (44.0%) at BCS 3, 4 out of 25 (16.0%) at BCS 4,
and 1 out of 25 (4.0%) at BCS 5. Juveniles (n = 18) included 1 out of 18 (5.6%)
individuals at BCS 1, 6 out of 18 (33.3%) at BCS 2, 9 out of 18 (50.0%) at BCS 3,
and 2 out of 18 (11.1%) at BCS 4, with no individuals classified as BCS 5.
Dependent calves (n = 7) comprised 1 out of 7 (14.3%) individuals at BCS 1, 2 out
of 7 (28.6%) at BCS 2, and 4 out of 7 (57.1%) at BCS 3, with no cases of BCS 4 or
5. All four new-born calves (100%) were scored as BCS 2. A complete summary of
these results is provided in Figure 2.

Distribution of dugong body condition scores (BCS) by age class, based on
the Dugong Necropsy Manual (Thailand)

100 ¢
BCS level
B BCS |
I BCS2
I BCS3
80 BCS 4
- [ BCSS
X
e
=
2 60f
z
=
£
-
)
@
2 o401
=
W
2
Y
a
20F
0
Adult Sub-adult Juvenile Calf Newborn calf
Age class

Figure 2 Distribution of dugong body condition scores (BCS) by age class

according to the Dugong Necropsy Manual (Thailand).

Descriptive statistics of morphometric and blubber

parameters

After grouping dugongs into age classes—newborn calf, calf, juvenile,
subadult, and adult—we evaluated the distribution of BCS within each class and
summarized the corresponding morphometric and blubber thickness values.
Descriptive statistics were applied to present the mean and standard deviation (SD)
as representative measures for each group (Table 1). In cases where only a single
individual was available (n = 1), the observed value was reported together with “+
NA” to indicate the absence of variation. In general, animals with higher BCS
exhibited larger body dimensions (weight, chest girth, and length) and greater
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blubber thickness, whereas those with lower BCS showed reduced morphometric
values. In juveniles, mean weight increased progressively from 91.6 + 31.3 kg at
BCS 2 to 117.7 + 36.3 kg at BCS 3, and further to 190.0 kg at BCS 4. Chest girth
also increased steadily from 0.99 + 0.06 m at BCS 2 to 1.09 + 0.05 m at BCS 3,
and 1.20 m at BCS 4. Among adults, chest girth ranged from 1.23 + 0.06 m at BCS
1 to 1.68 m at BCS 5, with parallel increases observed for weight and blubber
thickness. In subadults, both body length and average blubber thickness
demonstrated stepwise increases across BCS 2 to BCS 4. For newborn calves and
calves, the sample sizes were limited and data were incomplete across all BCS
categories. Nevertheless, preliminary patterns indicated that chest girth and body
weight tended to increase with higher BCS categories.

Taken together, these descriptive findings support the biological
plausibility that morphometric dimensions and blubber thickness are positively
associated with body condition status across age groups.

Evaluation of associations between independent

variables and body condition scores

To evaluate the associations between independent variables and BCS,
both univariable OLR and two-variable OLR models were performed. Penalized
regression was applied to reduce the risk of overfitting, improve model stability,
and ensure more reliable estimation of predictor effects, particularly given the
limited sample size.

Univariable penalized ordinal logistic regression models

To evaluate whether the independent variables were associated with body
condition scores (BCS) as defined in the Dugong Necropsy Manual in Thailand, we
applied univariable penalized proportional-odds logistic regression (L2/ridge) within
each age class. This approach was chosen to mitigate the effects of small sample
sizes and quasi-complete separation, thereby improving the stability of effect
estimates.

In newborn calves and calves, none of the morphometric or blubber
predictors showed statistically significant associations with BCS, consistent with
the restricted sample sizes and the narrow range of condition observed in these
age groups.

In juveniles, blubber thickness variables consistently showed positive
associations with BCS, with two parameters reaching statistical significance.
Specifically, average blubber thickness (OR = 2.06, 95% CI: 1.09-3.90, p = 0.03)
and blubber D thickness (OR = 1.95, 95% CI: 1.14-3.33, p = 0.02) were significantly
associated with higher BCS. Other blubber sites (A—C) showed positive but non-
significant associations. Among morphometric parameters, none demonstrated
significant effects: body condition index (OR = 1.01, 95% CI: 1.00-1.01, p = 0.20),
girth (OR = 0.98, 95% CI: 0.94-1.02, p = 0.34), length (OR = 2.72, 95% ClI: 0.39-
19.08, p = 0.31), and weight (OR = 1.01, 95% CI: 1.00-1.01, p = 0.15).

In subadults, blubber thickness parameters emerged as the most
informative predictors of body condition. Average blubber thickness (OR = 0.21,
95% CI: 0.06-0.74) and blubber D thickness (OR = 0.64, 95% CI: 0.49-0.89) each
demonstrated a significant association with higher BCS (p < 0.05).

In adults, several morphometric parameters were significantly associated
with higher BCS. Body condition index (OR = 1.03, 95% CI: 1.01-1.04), chest girth
(OR = 1.06, 95% CI: 1.00-1.12), and body weight (OR = 1.01, 95% CI: 1.01-1.02)
all demonstrated significant positive associations with BCS (p < 0.05). In addition,
blubber thickness parameters —particularly blubber A thickness (OR = 2.46, 95%
Cl: 1.21-4.44)—showed a strong and statistically significant association with BCS
(p < 0.01).

Open Access Copyright: ©2026 Author (s). This is an open access article distributed under the term of the Creative Commons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution, and reproduction in any medium or format, as long as you give appropriate credit to the original author (s) and the source.



Table 1 Descriptive statistics (mean + SD) of morphometric parameters (length, chest girth, and
weight), body condition index, and blubber thickness (sites A-D and average) across body condition
score (BCS) categories within each age class of dugongs (Dugong dugon). For categories with only a
single individual (n = 1), the observed value is reported as “mean + NA.”

BCS Length Girth Weight Body Blubber thickness
(m) (m) ()] condition AreaA AreaB AreaC AreaD Average
index thickness
Newborn 1 NA NA NA NA NA NA NA NA NA
calf 2 122 + 0.5+ 304 + 24.92 + 20+ 20+ 0.8+ 0.8+ 3.6+
NA NA NA NA NA NA NA NA NA
3 0.96 + 0.56 + 14.0 = 14.48 + 1.8+ 11+ 0.6 = 0.55 + 3.21 +
0.08 0.02 5.23 4.3 1.13 0.14 0.14 0.21 0.41
4 1.2+ 0.6 + 32.0 26.67 + 2.0+ 2.0+ 1.8 % 2.2 + 4.2 +
NA NA NA NA NA NA NA NA NA
5 NA NA NA NA NA NA NA NA NA
Calf 1 NA NA NA NA NA NA NA NA NA
2 141+ 0.76 = 92.0 + 65.49 + 25+ 1.75 + 09 =+ 0.65 + 215+
0.01 0.01 67.88 48.8 0.71 0.35 0.57 0.21 0.28
3 1.34 = 0.82 + 60.24 + 45.73 = 1.76 £ 16+ 0.84 + 0.86 + 1.96 =
0.06 0.02 34.42 28.41 0.25 0.38 0.22 0.13 0.16
4 NA NA NA NA NA NA NA NA NA
5 NA NA NA NA NA NA NA NA NA
Juvenile 1 NA NA NA NA NA NA NA NA NA
2 1.72 = 0.99 + 58.12 = 1145 + 25+ 15+ 1.0+ 0.5+ 1.38 =
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
3 1.81 = 1.09 = 54.19 = 98.39 + 2.04 + 1.84 119+ 0.97 + 151+
0.06 0.05 17.37 33.33 0.44 0.47 0.39 0.26 0.21
4 1.83 = 1.2+ 68.2 + 122.74 + 2.34 + 2.04 + 1.29 + 1.21 + 1.72 =
0.11 0.06 24.43 43.29 0.29 0.21 0.37 0.31 0.27
5 NA NA NA NA NA NA NA NA NA
Subadult 1 NA NA NA NA NA NA NA NA NA
2 2.28 + 125+ 1951 + 85.96 + 20+ 1.7 + 1.35+ 112+ 2.84 +
0.1 0.14 47.63 22.43 0.41 0.36 0.51 0.63 0.42
3 219+ 127 154.03 = 69.95 + 241 + 224 + 115+ 114 + 3.03 £
0.15 0.09 50.37 20.13 0.59 0.78 0.47 0.41 0.37
4 217 + 1.33 = 196.45 + 89.84 + 2.49 + 229 + 1.73 1.86 £ 3.39 +
0.18 0.08 46.8 15.91 0.63 0.76 0.71 0.62 0.55
5 NA NA NA NA NA NA NA NA NA
Adult 1 2.63 + 123+ 2425 + 92.34 + 2.58 + 225+ 22+ 1.7 + 518 +
0.13 0.06 22.17 9.28 0.51 0.29 0.73 0.6 0.47
2 2.66 + 1.37 = 235.89 + 88.98 + 2.86 + 247 + 1.94 + 219+ 5.36 +
0.12 0.17 38.04 15.21 0.45 0.59 0.46 0.43 0.38
3 2.69 + 1.48 = 275.06 £ 101.59 + 2.7+ 2.48 + 16+ 1.83 + 515+
0.14 0.09 57.38 16.33 0.38 0.7 0.35 0.66 0.33
4 2.94 + 1.61 =+ 334.7 = 112.89 + 3.3+ 2.66 + 1.68 £ 1.46 5.28 +
0.27 0.05 81.8 17.15 0.27 0.42 0.56 0.78 0.37
5 2.69 + 1.68 = 303.3 = 112.75 = 3.5+ 20+ 3.0+ 3.0+ 5.88 +
NA NA NA NA NA NA NA NA NA

Collectively, these results indicate that although predictors were not
significant in neonatal and calf groups, clear morphometric and blubber
determinants of BCS were identified in juveniles, subadults, and adults. The
penalized OLR approach provided more stable and interpretable effect estimates
compared with conventional models, particularly under conditions of small sample
size and separation. The detailed results of all predictors across age groups are
presented in Table 2.

Table 2 Univariable penalized proportional-odds logistic regression (L2/ridge) results for the
association between body condition score (BCS) and individual morphometric or blubber predictors
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across age classes of dugongs (Dugong dugon). Odds ratios (OR) with 95% confidence intervals (Cl)
are shown for each predictor. A penalized approach was applied to mitigate issues of quasi-complete
separation and small sample sizes.

Age group Predictor OR 95% CI P-value Note
Newborn calf All predictors NA NA NA Insufficient data (n<5 or
BCS<3 levels)
Calf All predictors NA NA NA Insufficient data (n<5 or
BCS<3 levels)

Juvenile Average blubber thickness 2.06 1.09-3.90 0.03

Blubber A thickness 1.32 0.85-2.03 0.21

Blubber B thickness 1.43 0.93-2.21 0.11

Blubber C thickness 1.21 0.876-1.93 0.41

Blubber D thickness 1.95 1.14-3.33 0.02

Body condition index 1.01 1.00-1.01 0.20

Girth (m) 0.98 0.94-1.02 0.34

Length (m) 2.72 0.39-19.08 0.31

Weight (kg) 1.01 1.00-1.01 0.15
Sub adult Average blubber thickness 4.78 1.88-12.17 0.001

Blubber A thickness 1.95 0.97-3.96 0.063

Blubber B thickness 1.59 0.92-2.75 0.096

Blubber C thickness 2.35 1.15-4.77 0.018

Blubber D thickness 4.6 2.12-9.98 0.000

Body condition index 1.00 0.96-1.03 0.81

Girth (m) 3.49 0.94-1.04 0.30

Length (m) 0.32 0.95-1.01 0.17

Weight (kg) 1.00 0.98-1.01 0.65
Adult Average blubber thickness 1.39 0.37-4.53 0.77

Blubber A thickness 2.46 1.21-4.44 0.01

Blubber B thickness 1.0 0.95-1.04 0.82

Blubber C thickness 0.68 0.06-3.09 0.70

Blubber D thickness 0.84 0.23-2.11 0.67

Body condition index 1.03 1.01-1.04 0.01

Girth (m) 1.06 1.00-1.12 0.07

Length (m) 1.01 1.00-1.01 0.18

Weight (kg) 1.01 1.01-1.02 0.01

Note. Blubber A corresponds to the dorsal region directly opposite the navel; Blubber B, the lateral body wall; Blubber C, the
external abdominal wall between the ribs; and Blubber D, the ventral region posterior to the navel. The average blubber
thickness represents the mean value calculated from measurements at sites A-D.

Two-variable penalized ordinal logistic regression models

To identify the best-fitting models, we primarily considered those with the
lowest AIC values and AAIC < 2. To evaluate the strength of association, we
examined McFadden’s R2 and Cox-Snell’s R2, with higher values (closer to 1 but
not approaching 0) indicating stronger explanatory power. Negative values of
McFadden’s R2 or Cox-Snell’s R2 were interpreted as equivalent to a null model,
reflecting no explanatory improvement over the baseline.

Among the two-variable models, only a limited number met the selection
criteria. In juveniles, the models including Weight + Blubber D thickness (AIC =
155.23, AAIC = 0.00) and BCI + Blubber D thickness (AIC = 156.11, AAIC = 0.88)
were identified as the best-fitting candidates, with AAIC < 2. However, their
explanatory performance was modest, as indicated by McFadden’s R? of 0.18-0.19
and Cox-Snell’s R? of 0.27, suggesting that these models explained only a small
proportion of the variance in BCS. Other juvenile models had substantially higher
AIC values (AAIC > 5) and therefore received little support. In sub-adults, none of
the models demonstrated explanatory strength, with negative pseudo-R? values
indicating equivalence to the null model. By contrast, in adults, the model including
Girth + Average blubber thickness (AIC = 76.99, AAIC = 0.00) emerged as the best-
fitting candidate, supported by higher pseudo-R? values (McFadden’s R2 = 0.29;
Cox-Snell’s R2 = 0.66). Nevertheless, interpretation of this adult model should be
approached cautiously due to the small sample size. Collectively, these results
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indicate that while blubber thickness variables—particularly Blubber D—
consistently appeared in the best-performing juvenile models, the overall
explanatory power of two-variable models remained limited across age classes.
The detailed results of all predictors across age groups are presented in Table 3.

Table 3 Penalized two-variable ordinal logistic regression models with information criteria and pseudo-
Rz statistics for body condition score (BCS) across age classes.

Age group Model McFadden CoxSnell AlC AAIC
R2 R2
Juvenile Body condition index + Blubber D thickness 0.18 0.27 156.11 0.88
Weight (kg) + Blubber D thickness 0.19 0.27 155.23 0.00
Body condition index + Average blubber 0.15 0.22 163.00 7.78
thickness
Length (m) + Body condition index 0.05 0.08 180.59 25.36
Weight (kg) + Average blubber thickness 0.16 0.24 160.53 5.30
Body condition index + Blubber B thickness 0.08 0.13 174.51 19.28
Length (m) + Weight (kg) 0.06 0.09 178.92 23.69
Sub adult Girth (m) + Blubber D thickness -0.09 -0.22 57.16 0.0
Body condition index + Blubber D thickness -0.10 -0.24 57.88 0.71
Weight (kg) + Blubber D thickness -0.11 -0.26 58.10 0.93
Adult Girth (m) + Average blubber thickness 0.29 0.66 76.99 0.0

Identification of key predictors of BCS across life

stages

To identify the key predictors relevant to each life stage, we relied on the
univariable proportional-odds logistic regression results, selecting only those
variables that showed statistically significant associations with BCS. In juveniles,
blubber measures were the most informative, with Blubber D thickness and
average blubber thickness showing significant positive associations with BCS,
while morphometric variables such as length, weight, and BCI exhibited only weak
or non-significant effects. Building on this, the analysis in subadults revealed that
average blubber thickness, together with Blubber C and Blubber D thickness,
emerged as significant positive predictors of BCS, suggesting that both localized
and overall fat deposition are more reliable indicators of body condition than
morphometric measures during this transitional stage. Extending these findings to
adults, Blubber A thickness, BCI, and body weight were identified as the principal
positive predictors of BCS, reflecting a shift toward combined reliance on both
blubber and morphometric indicators in fully grown individuals. Taken together,
these life-stage—specific patterns highlight Blubber D and average blubber
thickness as key predictors in juveniles, average blubber thickness, Blubber C, and
Blubber D as the most informative in subadults, and Blubber A thickness, BCI, and
body weight as the best predictors in adults, thereby providing a basis for
subsequent modeling and interpretation. However, for practical application, we did
not select site-specific blubber thickness measures, as localized variation can be
influenced by measurement error and anatomical heterogeneity, which may limit
their consistency in field assessments. Instead, we selected broader predictors —
average blubber thickness, body weight, and BCl—as the most robust parameters
for the application of heuristic thresholds in field-based BCS assessment of
dugongs.

Application of heuristic thresholds for field BCS
assessment in dugongs
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To utilize the results from the identification of key predictors, heuristic
thresholds were applied to establish a practical field BCS assessment guide for
dugongs. The development of this guide employed the significant positive
predictors as the baseline for constructing reference thresholds.

The results demonstrated that, by applying heuristic thresholds, available
data were expressed as Mean + SD, while missing levels were extrapolated and
shown in the same format to ensure continuity across BCS categories. As
expected, variables identified as significant predictors in OLR analyses (e.g., body
weight and average blubber thickness in juveniles, blubber thickness measures in
subadults, and BCI in adults) showed monotonic increases across BCS levels,
reflecting their biological relevance as indicators of body condition. In contrast,
variables that were not significant in OLR tended to exhibit less consistent ordering
across BCS levels, reflecting weaker predictive power and greater biological or
measurement variability. Therefore, isotonic regression was applied to adjust non-
monotonic observed means, ensuring a strictly increasing order across BCS levels,
while standard deviations were retained from the original descriptive data. The final
thresholds are presented in Table 4.

Table 4 Heuristic thresholds (ranges derived from mean + SD) of key morphometric and blubber
variables across BCS levels (1-5) and age classes in dugongs for field-based condition assessment.

Age class Variable Body condition score
1 p 3 4 5
Juvenile Body weight (kg) 34.20-96.90" 60.30—-123.00t 81.40-153.90t  91.44-129.50f 116.80-154.86%
Body condition index 1.82-2.441 1.88-2.50* 1.73-2.65* 2.02-2.94* 2.02-2.94*
Average blubber 1.97-2.431 2.15-2.611 2.28-2.741 2.44-3.00f 2.44-3.00f
thickness
Sub adult Body weight (kg) 55.53-100.39* 55.53-100.39* 57.83-98.09* 73.93-105.751 73.93-105.757
Body condition index 1.67-2.93* 1.67-2.93* 1.71-2.89* 1.89-2.71* 1.89-2.71*
Average blubber 2.54-3.64* 2.54-3.64* 2.72-3.46* 2.67-3.51* 2.67-3.51*
thickness
Adult Body weight (kg) 81.38-99.94* 75.45-105.87* 85.26-117.92F  95.67-129.97* 95.67-129.97*
Body condition index 2.07-3.091 2.33-3.23* 2.40-3.16* 3.03-3.571 3.03-3.57F
Average blubber 4.71-5.657 4.88-5.64* 4.93-5.59* 4.91-5.657 5.51-6.25F
thickness

T indicates original calculated values that were not adjusted by isotonic regression; * indicates values adjusted by isotonic
regression to enforce a monotonic increase across BCS levels. All values are presented as ranges derived from mean + SD

Add-on criteria for dugong carcass body condition

score (BCS) assessment

In addition to the standard BCS descriptors outlined in the Dugong Necropsy
Manual, supplementary indices were applied to enhance consistency. For juvenile
dugongs, total length (m) was recorded, and carcass weight (kg) was also
recommended as an additional measure. For sub-adult and adult dugongs, girth
(m) was recommended as a more reliable indicator of body condition. In adults, the
use of average blubber thickness was further recommended, calculated as the
mean of four anatomical sites: (i) the dorsal region directly opposite the navel, (ii)
the lateral body wall, (jii) the external abdominal wall between the ribs, and (iv) the
ventral region posterior to the navel. However, average blubber thickness was not
applied in juveniles or sub-adults, likely due to age-related variability in fat
deposition patterns.

BCS determination followed the original descriptive criteria, with the
supplementary indices serving as supporting evidence in cases where the visual
assessment yielded borderline classifications. Additionally, blubber thickness at
the ventral region posterior to the navel could be used as an inverse decision
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madifier in juveniles and sub-adults, where greater thickness indicated a tendency
toward leanness. For newborn calves and dependent calves, no supplementary
indices were applied owing to insufficient data for reliable analysis. An updated
diagram of the body condition scoring system for dugongs is presented in Figure

3.
Standard criteria Add-on criteria
Very thin \ Weight (kg) Body condition Average
* Cervical depression: = — = index blubber thickness
deep neck groove
; (black arrow) / * Newborn calf NA NA NA
o Dorsal muscu]alurcl: \ « Calf NA NA NA
B shamp vertebral outline + Juvenile 34.20-96.90 1.82-2.44 197-2.43
(purple arrow) -Subadult  55.53-10039 1.67-2.93 2.54-3.64
* Lateral body profile: « Adult 81.38-99.94 2.07-3.09 4.71-5.65
markedly emaciated profile
Th.m . . \ Weight (kg) Body condition Average
* Cervical depression: = ) 5
e - index blubber thickness
visible neck groove
o . .
»n .(glfrc"lm‘:” . / + Newbomn calf NA NA NA
G ol \ N N N
A e  Juvenile 60.30-123.00 1.88-2.50 2.15-2.61
_(l";;'::l ;’;’;‘;mﬁlc, + Sub adult 55.53-100.39 1.67-2.93 2.54-3.64
N ) . S S 2.33-3.23 Y .64
reduced body fullness Adult 75.45-105.87 33-3.23 4.88-5.64
Healthy \
« Cervical depression: Weight (kg) Body condition Average
no obvious neck groove index blubber thickness
o (black arrow)
wn * Dorsal musculature: \ / * Newborn calf NA NA NA
g slightly flattened but full back + Calf NA NA NA
(purple arrow) * Juvenile 81.40-153.90 1.73-2.65 228-2.74
« Lateral body profile: * Sub adult 57.83-98.09 1.71-2.89 2.72-3.46
gently rounded profile * Adult 85.26-117.92 2.40-3.16 4.93-5.59
. \
Oven\.'ught . Weight (kg) Body condition Average
* Cervical depression: index blubber thickness
absence of a neck groove
o | Glackamow) / + Newbomn calf NA NA NA
4] . 1:)orsal musculal\.ne. \ « Calf NA NA NA
g  fully rounded back « Juvenile 91.44-12950  2.02-2.94 2.44-3.00
(purplearrow) + Sub adult 73.93-105.75 1.89-2.71 2.67-3.51
* Lateral body profile: « Adult 95.67-12997  3.03-3.57 4.91-5.65
increased girth
Obese
« Cervical depression: Weight (kg) Body condition Average
absence of a neck groove index blubber thickness
w (black arrow)
w * Dorsal musculature: * Newborn calf NA NA NA
@ broad and rounded back - Calf NA NA NA
(purple arrow) « Juvenile 116.80-154.86 2.02-2.94 2.44-3.00
» Lateral body profile: * Sub adult 73.93-105.75 1.89-2.71 2.67-3.51
markedly distended body * Adult 95.67-129.97 3.03-3.57 5.51-6.25

NA indicates no variance data available

This add-on chart was developed from hewristic thresholds, providing rapid guidance for field application; however, it should not be used in isolation and requires confirmation by expert judgment.

Figure 3 Supplementary (add-on) criteria for dugong carcass body condition score (BCS)
assessment, presented alongside the standard descriptors defined in the Dugong Necropsy

Manual of Thailand. These additional morphometric indicators (length, weight, girth, and blubber
thickness) were incorporated to support and refine the visual-based scoring system, providing
greater objectivity and consistency in BCS evaluation across age classes.

DISCUSSION

The dugong (Dugong dugon) is an endangered marine mammal species and
is designated as a protected animal under Thai law due to its conservation
importance and declining population (Government of Thailand, 2019). In recent
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years, dugong mortality in Thailand has been increasingly attributed to a
combination of anthropogenic threats and natural causes (Daochai, 2024;
Eiamcharoen et al., 2025). Determining the cause of death in stranded individuals
requires a comprehensive necropsy approach, within which BCS evaluation
represents a critical component (Geraci et al., 2005; Daochai, 2024).
In veterinary pathology, BCS is widely recognized as an indicator of nutritional
status and provides important context for interpreting disease processes and
mortality events (Burkholder, 2000; Raverty et al., 2020; Zachary, 2022). In this
study, the conventional BCS framework provided in the Dugong Necropsy Manual
of Thailand was applied across age classes, including dependent calves, juveniles,
sub-adults, and adults, all of which exhibited variation in BCS distribution. In
contrast, newborn calves were consistently recorded with a BCS of 2, with no
representation of other categories. This pattern likely reflects the physiological
state of neonates, similar to that observed in ruminant calves, which are born with
limited energy reserves and are highly dependent on colostrum for both nutritional
and immune support, thereby predisposing them to lower body condition scores
relative to older animals (Meale et al., 2017; Silva et al., 2024). In addition, this
traditional observation may in part reflect the subjective nature of BCS evaluation
and its susceptibility to inter-observer bias (Swartz et al., 2025).

Importantly, the OLR analyses highlighted age-specific differences in
morphometric and blubber predictors of BCS. In juveniles, average blubber
thickness and ventral blubber thickness posterior to the navel (Blubber D) were
consistently identified as positive predictors, suggesting that both overall lipid
reserves and ventral abdominal fat deposition are critical indicators of nutritional
condition during early growth (Aguilar and Borrell, 1990). In subadults and adults,
a similar pattern was observed, with most positive predictors derived from blubber
indices. This underscores the importance of both localized and overall blubber
reserves as reliable proxies of body condition during the transitional stage to
maturity and throughout adulthood, when energy allocation supports somatic
growth, reproduction, and long-term survival (Lockyer et al., 1985). These statistical
findings align with the broader biological understanding of blubber as a
multifunctional tissue. Beyond reflecting energy reserves, blubber also acts as a
major lipid reservoir involved in the accumulation and mobilization of lipophilic
contaminants, thereby linking tissue-specific fat distribution with whole-body
pollutant burden in marine mammals (Yordy et al., 2010). Thus, the consistent
association of blubber measures with BCS in our models reinforces its central role
in mammalian adaptation to the aquatic environment, where it functions
simultaneously as insulation and as an energy store (Koopman et al.,, 2002).
Moreover, variations in blubber thickness and lipid parameters—such as lipid
content, adipocyte size, and adipocyte number—are known to occur across
ontogeny, reproductive states, and seasonal or regional differences in water
temperature, further emphasizing its dynamic role as a biological indicator of
condition (Struntz et al., 2004; Dunkin et al., 2005; Meagher et al., 2008; Montie et
al., 2008; Noren and Wells, 2009). Therefore, the relative contribution of blubber to
body mass is considered a reliable indicator of body condition (Aguilar and Borrell,
1990). Taken together, these findings underscore the need for integrated predictors
that combine both blubber-based and morphometric measures for robust BCS
assessment.

This study represents the first attempt to establish a field-based body
condition scoring (BCS) system for dugongs through necropsy by integrating
morphometric indices and blubber measurements into a standardized framework.
The use of morphometric parameters such as body body weight, and body
condition index, together with blubber thickness measurements, has been widely
recognized as a valuable approach for evaluating body condition in marine
mammals (Castellini et al., 2009; Joblon et al., 2014; Siebert et al., 2022). In
agreement with previous studies, our findings identified body weight, body
condition index, and average blubber thickness as key morphometric and blubber-
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based indices for assessing BCS. These characteristics are particularly suitable for
condition assessment because they serve as fundamental indicators of animal
biology, contributing to the understanding of behavior, physiology, ecology,
evolutionary processes, and biomechanical function (Woodward et al., 2006;
Brose, 2010; Rabosky et al., 2013). In marine mammals, assessments of body
volume and mass are particularly critical, as they reflect health condition, energetic
capacity, metabolic expenditure, thermoregulatory demands, diving physiology,
onboard oxygen storage, and locomotor costs (Gillooly et al., 2001; Porter and
Kearney, 2009). Total body mass and volume are highly correlated, with their
conversion defined by average tissue density (Moya-Larafo et al., 2008). While
direct measurements of body mass and volume are considered the “gold standard”
for evaluating condition (Farriol et al., 1997; Hughes, 2005), obtaining such data is
logistically challenging in fully aquatic mammals (Barratclough et al., 2014;
Christiansen et al., 2019). Consequently, indirect morphometric and blubber-based
indices provide a practical and informative alternative for BCS assessment in these
species, and in the present study, their application in dugongs is further validated.
Building upon these validated indices, this study introduces a field-based body
condition scoring system using holistic heuristic thresholds, which translates
statistical outputs into practical reference ranges for application during necropsy
and stranding assessments. Unlike conventional frameworks for cetaceans or
pinnipeds that rely primarily on external morphology or photographic evaluation
(Castrillon and Bengtson Nash, 2020; Russell et al., 2023), this system integrates
morphometric and blubber measurements to produce data-driven thresholds
specific to dugongs. This approach improves consistency and objectivity in field
assessment by providing quantitative guidance that minimizes observer bias and
enhances comparability across sites and age classes. However, as with any
heuristic model, intermediate or ambiguous cases should be interpreted cautiously
and verified through expert judgment to ensure diagnostic reliability.

Overall, this framework enhances the objectivity and reproducibility of BCS
assessment in dugongs and offers a practical decision-support tool for
conservation and health monitoring. However, further validation with larger sample
sizes, especially in calves and extreme BCS categories, as well as prospective
studies in live animals, will be essential to refine and standardize this approach.
Moreover, the uneven distribution of samples across age classes and BCS levels
(especially calves and BCS 1 and 5) may have affected regression stability and the
accuracy of extrapolated thresholds, which should be considered when
interpreting and applying these models. Although this system was primarily
developed for postmortem evaluation, its framework could potentially be extended
to live dugongs by integrating significant morphometric predictors (e.g., body
weight, BCI, and blubber thickness) into non-invasive assessment methods, such
as drone-based photogrammetry or ultrasound imaging. Such applications would
further support long-term health monitoring and conservation management of free-
ranging populations.

CONCLUSIONS

This study presents the first field-based body condition scoring system for
dugongs, developed by integrating morphometric and blubber-based indices into
heuristic thresholds. Average blubber thickness, body weight, and body condition
index (BCI) were identified as the most consistent predictors across life stages,
enabling the creation of practical lookup tables for necropsy and stranding
investigations. This add-on data in the chart was developed from heuristic
thresholds, providing rapid guidance for field application; however, it should not be
used in isolation and requires confirmation by expert judgment. Although further
validation in calves, extreme BCS categories, and live animals is needed, this
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system enhances the objectivity and reproducibility of BCS assessment and
provides a valuable tool for dugong conservation and health monitoring.
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