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Abstract

Atlantic bluefin tuna (Thunnus thynnus; BFT) is a large (up to 3.3 m in length) pelagic

predator which has been exploited throughout the eastern Atlantic and Mediterranean

since prehistoric times, as attested by its archeological remains. One key insight deriv-

able from these remains is body size, which can indicate past fishing abilities, the

impact of fishing, and past migration behavior. Despite this, there exists no reliable

method to estimate the size of BFT found in archeological sites. Here, 13 modern

Thunnus spp. skeletons were studied to provide power regression equations that

estimate body length from vertebra dimensions. In modern specimens, the majority of

BFT vertebrae can be differentiated by their morphological features, and thus, individ-

ual regression equations can be applied for each rank (position in vertebral column). In

an archeological context, poor preservation may limit one's ability to identify rank;

hence, “types” of vertebrae were defined, which enable length estimates when rank

cannot be determined. At least one vertebra dimension, height, width, or length corre-

lated highly with body length when vertebrae were ranked (R2 > 0.97) or identified to

types (R2 > 0.98). Whether using rank or type, length estimates appear accurate to

approximately ±10%. Finally, the method was applied to a sample of Roman-era BFT

vertebrae to demonstrate its potential. It is acknowledged that further studies with

larger sample sizes would provide more precision in BFT length estimates.
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1 | INTRODUCTION

Archeological fish remains are vital when investigating the role that

fish have played in cultural developments and, conversely, how such

developments have impacted fish populations themselves

(Colley, 1990; Erlandson & Rick, 2010; Orton, 2016). Studies on fish

remains typically utilize a number of methodologies to do this, for

example, recording the location, identity, and number of remains

recovered (Colley, 1990; Hoffmann, 2005); analysis of their taphon-

omy and archeological context (Çakırlar et al., 2016; Prieto, 2021; van

Neer et al., 2004); their morphological identification, provenance, and

genetics inferred by applications of biomolecular tools (Andrews et al.,
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2021, 2022; Orton, 2016; Richter et al., 2011; Winter et al., 2021);

and the estimation of fish size from measurements on fish remains

(Casteel, 1976; Desse et al., 1989; Wheeler & Jones, 1989).

Methods to estimate size are particularly useful to identify which

fishing methods were used in the past, since different techniques tar-

get different sizes of fish (Gabriel et al., 2012; Greenspan, 1998;

Owen & Merrick, 1994). It is used to investigate how size classes were

distributed spatially (Sanchez, 2020) and to assess exploitation impacts,

since a symptom of overfishing is the truncation of size classes

(Barrett, 2019; Morales-Muniz & Rosell�o-Izquierdo, 2007; Plank

et al., 2018). Size information can also be useful in biomolecular studies

since biochemical compounds, for example, stable isotopes, vary with

body size (see Barrett et al., 2011, and references therein). Moreover,

size information can be used as an additional species identification cri-

terion and to assess the minimum number of individuals (MNI) recov-

ered in excavations (Orchard, 2005). The need for archeological size

metrics to inform present-day sustainability is particularly important for

one key species, Atlantic bluefin tuna (Thunnus thynnus, hereafter BFT),

since it appears to have had a long and intense history of exploitation

yet the impact on the population is unknown (Andrews et al., 2022).

Despite much interest in BFT archeology (Felici, 2018; García Vargas

et al., 2018; Mylona, 2021; Nielsen & Persson, 2020), there are cur-

rently no reliable methods to estimate BFT size from archeological

remains. Here, a method is developed to estimate BFT straight fork

length (hereafter FL) from measurements of isolated (and sometimes

poorly preserved) vertebrae recovered in archeological excavations.

Size estimations on archeological fish bones are achieved by com-

paring their measurements to those of reference specimens of known

lengths or weights (Casteel, 1976; Desse et al., 1989; Wheeler &

Jones, 1989). Cranial elements are sometimes used as the reference

of choice because these are readily identified and produce good esti-

mations of body size (Desse & Desse-Berset, 1996; Jiménez-Cano &

Masson, 2016; Thieren & van Neer, 2016). Given the rarity with

which BFT cranial elements are recovered in archeological contexts

(Andrews et al., 2022), vertebrae—a robust and well-preserved

element—were chosen as an alternative. Size estimations have been

seldom applied to BFT, namely, by Rose (1994), who developed a

coarse method of estimating length from a single vertebra (also

applied by Mylona, 2018, and Morales-Muniz & Rosell�o-

Izquierdo, 2007, who developed a precursor to the current study).

Development of a reliable BFT size estimation tool in these studies

has been precluded by a difficulty in obtaining numerous modern ref-

erence specimens of known lengths or weights because large adult

BFT are expensive and challenging to process. Studies of this type, on

any fish species, face two further challenges: (a) how to identify iso-

lated vertebrae found in archeological excavations and assign them to

rank (i.e., position in the vertebral column) and (b) how to select the

best statistical model of estimation suited to fish growth and account

for variation observed within this model.

Taphonomic damage sometimes makes it difficult to establish ver-

tebra rank in archeological specimens (Lambrides & Weisler, 2015;

Sinha et al., 2019). Due to size variation throughout the vertebral col-

umn in fishes, length estimates will be less accurate if rank cannot be

determined. As an alternative, it is possible estimate length using sec-

tions of similar vertebrae, herein called types. One way to discover

types is to study which vertebrae are morphologically similar and

assess whether these similarities would hold true in an archeological

context. Another is to apply the Global Rachidian Profiles (GRP)

method (sensu Desse et al., 1989) that identifies which sections of the

vertebral column contain vertebrae that do not differ greatly in size

(Lambrides & Weisler, 2015; Lidour et al., 2018; Thieren et al., 2012).

Regardless of the method used, it is necessary to measure the varia-

tion between vertebrae within each type, as this is sometimes too

large for meaningful estimates (Jelu et al., 2021). In addition, there is a

need to attempt rank or type identification from as much of the verte-

bral column as possible; otherwise, estimations may be hindered if

particular vertebrae are required and not recovered in excavations.

When dealing with vertebrae rank or type, the use of power

regression equations has become common in estimating body length,

where model fit is often assessed by the coefficient of determination

(R2) and standard error values (Gabriel et al., 2012; Jelu et al., 2021;

Marrast & Béarez, 2019; Martínez-Polanco & Béarez, 2020; Rurua

et al., 2020). Because fish growth is considered allometric, that is, the

relationship between body length and vertebrae dimensions is not lin-

ear, power regression models are optimal because they account for

this (Reitz et al., 1987).

The accuracy of size estimates also needs to be taken into

account, because for all fishes, but especially BFT and other tuna

(Thunnus spp.), intraspecific variation exists in, for example, body

length, vertebral length, size-at-age, and in length-weight relationships

(Cort, 1989; Perçin & Akyol, 2009; Rodriguez-Marin et al., 2015;

Rodriguez-Roda, 1964; Santamaria et al., 2009) because individuals

experience varied life histories within a single population or genera-

tion (Mather et al., 1995). Therefore, size estimates can be expected

to deviate from true values, and this error must be measured and con-

sidered when interpreting estimated values.

This study aimed to (1) identify which BFT vertebrae can be identi-

fied to rank if found isolated and which “types” of BFT vertebrae exist

that can be used to group potentially poorly preserved archeological

vertebrae if rank identification is too challenging; (2) develop power

regression equations to estimate FL from vertebra measurements and

concurrently identify which vertebra dimensions should be selected for

estimations; and (3) assess method's accuracy. As an illustration, a case

study is presented, where the method is applied to 59 BFT vertebrae

recovered from a second century BCE refuse site Punta Camarinal

(near the Roman city of Baelo Claudia, Andalusia, Spain). A guide to

identify BFT vertebrae to rank or type was developed to aid length

estimations (Appendix S2). An online calculator was also established at

https://tunaarchaeology.org/lengthestimations, allowing researchers to

retrieve length estimates for each vertebra measurement.

2 | MATERIALS AND METHODS

Nine BFT vertebral columns were collected from specimens fished or

stranded throughout the eastern Atlantic, Mediterranean, and Sea of
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Marmara between 1987 and 2020 (Table 1). These were complemen-

ted with vertebral columns of two albacore tuna (Thunnus alalunga,

hereafter ALB) and two bigeye tuna (Thunnus obesus, hereafter BET)

to better represent intra- and inter-specific variation, as the current

study dealt with relatively few reference specimens. BFT specimens

comprised a range of growth stages from juveniles to large adults,

between 26.5 and 220 cm FL. The ALB and BET fall into this size

range with a FL between 45 and 190 cm FL (Table 1).

Morphological features unique to each vertebra were inspected

to determine which vertebrae could be identified to rank if found dis-

articulated. Subsequently, vertebrae that would likely be indistinguish-

able from each other if damaged due to taphonomic processes were

grouped into vertebra types. These identification criteria were illus-

trated using photographs of vertebrae from one reference specimen

and constitute a guide to identify rank and type in BFT which can be

found in Appendix S2.

FL was chosen as the preferred measurement of fish size for BFT

because it is the most accurate and frequently used length measure in

tuna fisheries, more readily enabling comparisons between lengths

estimated from archeological remains and modern fishery data. Con-

version factors to standard length (SL) and total length (TL) are sup-

plied following published equations (Table S1). A conversion factor for

weight is supplied (Table S1), but it is not estimated here because it is

highly seasonally variable and estimates would be subject to wide

error margins (Cort, 1989; Rodriguez-Marin et al., 2015). Caution

should generally be taken when applying length–weight relationships

for archeological specimens because fattening rates vary spatially

(Cort & Estruch, 2016) and are unknown for the ancient past.

Using digital calipers, the posterior height, posterior width, and

length of all 39 vertebrae centra were measured to the nearest

0.01 mm (Figure 1). Exceptions were the first vertebra (V1), where

length was not measured since it is fused to the skull in adults, and

the last vertebra (urostyle; V39), where only anterior height and width

could be measured. Measurements were sometimes missing ham-

pered by butchery marks. For simplicity, vertebrae are referred to by

their rank (i.e., V1 to V39). For the main analysis, the greatest length

measurement (comparing left and right side) for each vertebra

centrum was used; however, length was recorded on both sides of

vertebrae in specimen V8 to assess its variation. Anterior height and

width were also measured in specimen V8 to assess variation com-

pared with the posterior dimensions.

When deciding on a regression model to use, linear and logarith-

mic models were considered (see Lernau & Ben-Horin, 2016, but

these did not provide satisfactory fits (data not shown). Since BFT

length relationships appear to follow allometric growth patterns

(Santamaria et al., 2009), the power regression approach was adopted

herein, which provided more appreciable results. Power regression

equations for each vertebrae rank and type were defined using mea-

surements from all 13 Thunnus spp. specimens and the core function

(lm [formula = log (response variable) � log (predictor variable)]) in R

(Team RC, 2013), applied to each dimension separately. Standard

deviation (SD) observed in height, width, and length across vertebrae

within each type was assessed by calculating the standard deviation

between vertebrae of each specimen before averaging across speci-

mens. The best model fit for each vertebral rank and type was judged

according to the vertebral measurement with the highest coefficient

of determination (R2) and lowest residual standard error (RSE) values.

Where SD between vertebrae measurements was high for the model

of best fit identified using R2 and RSE, the dimension with the highest

R2 value and lowest SD combination was selected as the best model.

There was a need to understand the error associated with esti-

mates produced by our method, because this would give some indica-

tion of how reliable inferences might be based on them. Therefore,

prediction accuracy for each of the best scoring models was tested by

TABLE 1 Modern reference specimens of Atlantic bluefin tuna (Thunnus thynnus; BFT), albacore tuna (Thunnus alalunga; ALB), and bigeye
tuna (Thunnus obesus; BET) used to produce length estimate equations

Species Catch date Origin Sex FL (cm) TL (cm) Weight (kg)

1 BFT 1987 Torrevieja, Spain - 26.5 32.5 -

2 ALB 1988 Gijon, Spain - 54 59 -

3 ALB 2006 Gijon, Spain M 85 91 -

4 BFT 2010 Istanbul, Turkey - 113 - -

5 BFT 2015 Istanbul, Turkey - 120 - -

6 BET 2020 Barbate, Spain - 122 135 38

7 BFT 1988 Huelva, Spain - 124 130 -

8 BFT 2020 Fano, Italy - 130 137 -

9 BFT 2015 Istanbul, Turkey - 170 - 90

10 BET 2001 Gijon, Spain M 190 - 138

11 BFT 2015 Barbate, Spain M 200 208 190

12 BFT 2012 Chryssi Island, Crete, Greece - 212 - -

13 BFT 1993 Southern Crete, Greece F 220 232 200

Note: Origin refers to the location each specimen was landed or stranded (in the case of specimen 12).

Abbreviations: F, female; FL, straight fork length; M, male; TL, total length; -, not available.
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comparing predicted values to reference values for each specimen

using the statistical model with the greatest R2 for each vertebrae

rank and type. For each type, measurements were taken at random

from one of the vertebrae, for each specimen.

Interspecific variation was inspected visually within types by

projecting ALB and BET measurements onto a BFT power regression

line fit for the vertebrae measurement with the greatest R2 within

each type by using stat_smooth (method = nls, formula = y � a*x^b) in

the ggplot2 package (Wickham, 2011) in R. Independent t tests were

performed in R to test for differences between the left- versus right-

sided centrum length measurements and anterior versus posterior

centrum height and width measurements.

3 | RESULTS

All except 4 or 5 (V19–22/23) of 39 BFT reference vertebrae could

be distinguished by their morphological features (Appendix S2). The

discrepancy at V19-V22/23 was caused by a transverse foramen on

V23 not being consistently present among all specimens. Nonetheless,

our observations suggest that when spines are excessively damaged

by taphonomic processes, it will be too challenging to identify verte-

bral rank in most BFT vertebrae, except V1 and V36–39, which are

especially unique (Appendix S2). We described six vertebral types

which can be differentiated from each other by morphological fea-

tures (Appendix S1, Table S3). Note that V23, V30, and V31 are pre-

sent in multiple types because they sometimes exhibit a transverse

foramen (see Appendix S2 details on which to select). Differences in

standard deviation were found between measurements on vertebrae

grouped into types. This should influence decisions on which

measurement should be selected for size reconstructions so that error

can be minimized when using types. Variation between vertebral mea-

surements within types was generally acceptable at ≤5% but was

higher in the vertebrae type V33–35 (Table S3). Though, it is likely

researchers can identify rank for V33–35 in most cases due to their

distinctive morphological features (Appendix S2).

Power regression models for vertebrae identifiable to rank and

each of the types reliably described the data where R2 values >0.98

and >0.97 were reported, respectively (Tables S2 and S3). RSE

correlated with R2 values in all cases. Variations in model fit for each

vertebrae rank or type were evident between vertebrae dimensions,

though for each vertebral rank or type at least one high scoring model

(>0.97) was identified (Tables S2 and S3).

Estimated FL values calculated using the reference dataset

deviated from their true reference FL value at a mean range

between �9.6% and 6.8% across ranked vertebrae in reference

specimens >30 cm. Estimations on the single BFT reference speci-

men <30 cm deviated to a greater extent (range 2.3% to 21.4%). A

F IGURE 1 (a) Lateral view of a complete 200 cm straight fork length (FL) Atlantic bluefin tuna (Thunnus thynnus) skull and vertebral column
showing all 39 vertebrae. V10 is shown as an example to illustrate anatomical features and measurements in (b) anterior view, (c) lateral view, and
(d) posterior view. The scales (black bars) are approximations only [Colour figure can be viewed at wileyonlinelibrary.com]
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similar pattern was observed for types across all individuals >30 cm

(mean range �7.0% to 3.2%) and for the <30 cm BFT (range

�10.5% to 18.8%) (Figure 2). There was no correlation between

deviation and vertebra type nor notable difference in deviation

between reference and predicted values for each Thunnus species

(Table 1; Figure 2).

Vertebral measurements of BET and ALB fit the BFT power

regression line well for each type, falling within the variation observed

between BFT reference specimens (Figure S1). Differences between

posterior and anterior height were not significant (p = 0.676, t[65]

= 0.421), but percentage differences were greater in some vertebrae

than others (V6–32: mean 0.9%, range �0.1% to 3.7%, V2–3 and

V33–36: range �14.3% to 0.1%). No significant differences were

observed between posterior and anterior width (p = 0.799, t[65]

= 0.256), but again, percentage differences were greater in some ver-

tebrae than others (V6–32: mean 0.4%, range �4.8% to 4.1%, V2–3

and V33–36: range �11.1% to 11.0%). No significant differences

were found between length measurements on the left and right side

of vertebrae centra (p = 0.859, t[66] = 0.179), and percentage differ-

ences were small (mean 0.88%, range 0.2% to 3.6%).

4 | DISCUSSION

In theory, all except four or five (i.e., V19–22/23) BFT vertebrae can

be identified to rank. However, our observations suggest that in an

archeological context, poor preservation will hinder rank identifica-

tion. Poorly preserved vertebrae could, however, be identified to type,

and in some cases, for example, V1 and V36–39, types should not be

needed when vertebrae are especially unique (Appendix S2). It is

important for researchers to be able to utilize all vertebrae for BFT

size estimations since recoveries of BFT vertebrae are usually few,

articulated vertebrae are rare, and recovered BFT vertebrae often

vary significantly in rank depending upon their archeological context

(Andrews et al., 2022). Seldom can all vertebrae be used for archeolo-

gical size estimations of fishes. One good example is another large

F IGURE 2 Deviation between the estimated
and true reference straight fork length (cm) values
for each reference specimen, using types. The
best performing model was applied to each type
as judged from Table S2 [Colour figure can be
viewed at wileyonlinelibrary.com]
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species, meager (Argyrosomus regius; Gabriel et al., 2012). Studies on

the majority of other fishes must necessarily use particular vertebrae

or sections of vertebral columns (Jelu et al., 2021; Marrast &

Béarez, 2019; Martínez-Polanco & Béarez, 2020; Rurua et al., 2020).

Clearly, the extent to which researchers will be able to identify rank

or type in BFT will depend on the preservation of vertebrae. Despite

obvious challenges, our methods account for the degree of

taphonomic damage expected in the majority of archeological BFT

recovered (as summarized in Andrews et al., 2022). Moreover, if ver-

tebrae cannot be identified into one of the types described here, their

size ought not to be estimated since vertebrae centra are thus likely

too damaged for accurate measurements.

To understand how reliable our method is, and thus how readily

interpretations can be drawn from these size estimations, it would be

useful to compare the accuracy of our equations with those published.

Since the majority of studies have not reported prediction error, that

is, difference between actual and predicted values (sometimes called

back-calculations), it is challenging to do this. Some studies

(e.g., Desse & Desse-Berset, 1996; Jelu et al., 2021; Lidour

et al., 2018) have only reported R2 values, to which our R2 values of

>0.97 and >0.98 compare favorably. Others (Gabriel et al., 2012;

Marrast & Béarez, 2019; Martínez-Polanco & Béarez, 2020; Rurua

et al., 2020; Thieren et al., 2012) report standard error of estimate

(SEE) values without defining how they are calculated, which limits

comparisons with our RSE values. In any case, R2 and standard error

values are prone to be skewed if sampling is uneven across a given

size range and if error is not normally distributed.

Similar to the current study, Thieren et al. (2012) calculated pre-

diction error, reporting that the majority of their best-fitting equations

for each element estimated fish length to an error of ≤10% for �80%

of reference specimens, which is congruent with our findings for BFT.

Such levels of variation are expected in BFT. Even early biological

studies (e.g., Rodriguez-Roda, 1964) noted this when comparing V35

radius with FL. Our estimates showed that no one element, dimen-

sion, or section of the vertebral column is free from this potential

source of bias. Moreover, as Lernau (2016) states, archeological size

estimations are approximations only, and error margins of at least

10% can be expected. This degree of error will limit some studies

interested in detecting fine-scale differences, but assuming this is a

component of all archeological estimation methods, it has not limited

studies in estimating gear types and target sizes (Blevis et al., 2021;

Gabriel et al., 2012; Greenspan, 1998; Lernau, 2016; Owen &

Merrick, 1994), how size cohorts were distributed spatially

(Sanchez, 2020), or potential shifts in size structure over time

(Barrett, 2019; Maschner et al., 2008; Plank et al., 2018). Our results

suggest that interspecific variation (differences between Thunnus

species) in vertebra–FL relationships is small. It might therefore be

possible for future studies to apply our methods to suspected BET

and ALB, which is useful since their distributions overlap with BFT

(Pérez Bielsa et al., 2021), and morphologically, their vertebrae are

indistinguishable.

It is acknowledged that using such few reference specimens

(compared to usually around 20–70 individuals in other species; Jelu

et al., 2021; Marrast & Béarez, 2019; Thieren et al., 2012) may under-

estimate error in the current study. It is possible that the full extent of

intraspecific variation might not have been observed and, therefore,

caution should be taken in that the prediction error observed herein

should be interpreted as an absolute minimum upon which further

studies with greater sample sizes should elaborate on. However,

because our reference specimens originated from different locations

and years, including a range of sizes, and sister-species, a good degree

of intraspecific variation is probably present in our reference dataset

(see Gabriel et al., 2012). The need to extrapolate from the BFT

regression models might be an issue (Lernau & Ben-Horin, 2016),

despite that reference specimens covered a wide size range (26.5–

220 cm FL), large BFT reference specimens were missing. BFT of

�300 cm might be occasionally recovered in archeological assem-

blages, and these would fall outside of the regression, which may

affect the accuracy of estimations on very large specimens. In any

case, a 10% error margin should be applied for all estimations >50 cm

FL produced using these equations. Applying this error to very large

specimens especially may provide more confidence in extrapolated

estimates. According to our prediction accuracy, this error margin

should be increased to 20% for BFT estimated <50 cm FL using our

methods. Nonetheless, the proportion of this juvenile size class is

expected to be small since BFT are �50 cm FL at age 2 (Santamaria

et al., 2009), and historical fishing was likely to have targeted

spawning migrations (García Vargas & Florido del Corral, 2010).

It is cautioned that despite not being significant, if the anterior

surface (instead of posterior) vertebral measurements, or the shorter

side (instead of the longer side) of vertebral length measurements are

used, estimation accuracy is expected to decrease. This applies also if

one of the poorer scoring models for each vertebrae rank or type is

used. This error is notwithstanding user error and biases from using

archeological bones that, even in the best cases of preservation, will

be damaged and likely affect the accuracy of measurements.

5 | APPLICATION OF THE METHOD IN
THE FIELD: A CASE STUDY

Fifty-nine BFT vertebrae recovered from a second century BCE layer

at Punta Camarinal, Andalusia, Spain, were studied to estimate length.

Punta Camarinal is a refuse dump (midden) site at the rear of a beach

adjacent to the Roman-era city and salting factories of Baelo Claudia

(González et al., 2006; Morales-Muniz & Rosell�o-Izquierdo, 2007).

This site is unique in being one of the few BFT midden sites located

to date. This is important because large BFT are seldom recovered in

settlements and salting factories where most excavations have

focused on, probably because processing was more practical at the

shore (Andrews et al., 2022). Midden sites might therefore provide a

more representative sample of BFT fishing in any given region or

period. Punta Camarinal is one of many sites in the key location of the

Strait of Gibraltar where the spawning (and return) migrations of BFT

can be intercepted annually between April and October. At this loca-

tion and period, fishing for BFT is theorized to have been conducted
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by nets, specifically the Almadraba de tiro (beach seine tuna trap)

method (García Vargas & Florido del Corral, 2010).

Morphological features were studied for each of the vertebrae

following Appendix S2. Vertebrae were measured as depicted in

Section 2 and Figure 1. The vertebrae recovered from the second cen-

tury BCE context of Punta Camarinal were estimated to represent

BFT between 111 and 213 cm FL, with most specimens at �150 cm

FL (Table S4; Figure 3). Vertebrae were well preserved and could be

identified to rank in 55 out of 59 cases. In four cases, types were

required to perform the estimations. Preservation was also sufficient

that the vertebral dimension with the best power model fit could be

applied to all but two of the vertebrae.

The length estimates suggest that Roman-era fisheries at Punta

Camarinal would have mainly targeted mature (age �4+) BFT migrat-

ing to and from Mediterranean spawning sites. As is the case with

other schooling fishes, BFT associate with fish of equal size when

migrating (Mather et al., 1995). Those recorded here reflect several

cohorts, which evidence fishing in several different episodes. This

might suggest that fixed Almadrabas (weighted to the seabed) were

used to capture the various cohorts, as is suspected but not currently

shown for the Roman era (Andrews et al., 2022; García Vargas &

Florido del Corral, 2010). This hints at a more complex fishing scenario

than hitherto postulated, an issue in need of further exploration

(Morales-Muniz & Rosell�o-Izquierdo, 2007).

6 | CONCLUSION

BFT historical size data have utility to inform on a variety of ecological

and anthropological research questions. Archeological BFT vertebrae

can be readily identified to type, but rank identifications might prove

challenging. In any case, regression equations were defined for each

BFT type and rank. The regression models appear to estimate fork

length within error ranges of approximately ±10%, in line with expec-

tations for archeological size estimations. This method can be readily

applied by researchers with little experience, according to its simplic-

ity, which is aided by the supporting information (Appendix S2) and

online calculator. It is acknowledged that in cases where vertebrae are

excessively damaged, even type identifications might not be achieved

and that the reliability of the methods might be improved by further

studies with larger reference sample sizes.

ACKNOWLEDGMENTS

Antonio Di Natale is thanked for his advice on modern length-weight

metrics, as is Corrado Piccinetti for the acquisition of one of the refer-

ence specimens. We are grateful for the comments of three anony-

mous reviewers, which improved the quality of this manuscript. This

work is a contribution to the MSCA SeaChanges ITN and was funded

by EU Horizon 2020 (H2020 Marie Skłodowska-Curie Actions, Grant

Number: 813383). Open Access Funding provided by Universita degli

Studi di Bologna within the CRUI-CARE Agreement. [Correction

added on 25 May 2022, after first online publication: CRUI funding

statement has been added.]

CONFLICT OF INTEREST

No conflict of interest exists related the funding of this work.

DATA AVAILABILITY STATEMENT

Raw reference measurement data are uploaded as supporting

information.

ORCID

Adam J. Andrews https://orcid.org/0000-0002-9000-6523

Lucia Rivera-Charún https://orcid.org/0000-0002-3507-0039

Abu B. Siddiq https://orcid.org/0000-0001-5838-2695

Fausto Tinti https://orcid.org/0000-0002-8649-5387

F IGURE 3 Density curve and histogram of
estimated FL (cm) for 59 archeological BFT
vertebrae recovered from a second century BCE
layer at Punta Camarinal, Baelo Claudia
(Andalusia, Spain). Each histogram size class is
15 cm wide [Colour figure can be viewed at
wileyonlinelibrary.com]

ANDREWS ET AL. 651

https://orcid.org/0000-0002-9000-6523
https://orcid.org/0000-0002-9000-6523
https://orcid.org/0000-0002-3507-0039
https://orcid.org/0000-0002-3507-0039
https://orcid.org/0000-0001-5838-2695
https://orcid.org/0000-0001-5838-2695
https://orcid.org/0000-0002-8649-5387
https://orcid.org/0000-0002-8649-5387
http://wileyonlinelibrary.com


REFERENCES

Andrews, A. J., Di Natale, A., Bernal-Casasola, D., Aniceti, V., Onar, V.,

Oueslati, T., Theodropoulou, T., Morales-Muñiz, A., Cilli, E., & Tinti, F.

(2022). Exploitation history of Atlantic bluefin tuna in the eastern

Atlantic and Mediterranean—insights from ancient bones. ICES Journal

of Marine Science. https://doi.org/10.1093/icesjms/fsab261

Andrews, A. J., Puncher, G. N., Bernal-Casasola, D., Di Natale, A.,

Massari, F., Onar, V., Toker, N., Hanke, A., Pavey, S. A., Savojardo, C.,

Martelli, P. L., Casadio, R., Cilli, E., Morales-Muñiz, A., Mantovani, B.,

Tinti, F., & Cariani, A. (2021). Ancient DNA SNP-panel data suggests

stability in bluefin tuna genetic diversity despite centuries of fluctuat-

ing catches in the eastern Atlantic and Mediterranean. Scientific

Reports, 11, 20744. https://doi.org/10.1038/s41598-021-99708-9

Barrett, J. H. (2019). An environmental (pre)history of European fishing:

Past and future archaeological contributions to sustainable fisheries.

Journal of Fish Biology, 94, 1033–1044. https://doi.org/10.1111/jfb.
13929

Barrett, J. H., Orton, D., Johnstone, C., Harland, J., van Neer, W.,

Ervynck, A., Roberts, C., Locker, A., Amundsen, C., Enghoff, I. B.,

Hamilton-Dyer, S., Heinrich, D., Hufthammer, A. K., Jones, A. K. G.,

Jonsson, L., Makowiecki, D., Pope, P., O'Connell, T. C., de Roo, T., &

Richards, M. (2011). Interpreting the expansion of sea fishing in medie-

val Europe using stable isotope analysis of archaeological cod bones.

Journal of Archaeological Science, 38, 1516–1524. https://doi.org/10.
1016/j.jas.2011.02.017

Blevis, R., Bar-Oz, G., Tepper, Y., & Zohar, I. (2021). Fish in the desert:

Identifying fish trade routes and the role of Red Sea parrotfish

(Scaridae) during the byzantine and early Islamic periods. Journal of

Archaeological Science: Reports, 36, 102808. https://doi.org/10.1016/j.

jasrep.2021.102808

Çakırlar, C., Ikram, S., & Gates, M.-H. (2016). New evidence for fish

processing in the ancient eastern Mediterranean: Formalised Epi-

nephelus butchery in fifth century BC Kinet Höyük, Turkey. Interna-

tional Journal of Osteoarchaeology, 26, 3–16. https://doi.org/10.1002/
oa.2388

Casteel, R. W. (1976). Fish remains in archaeology and Palaeoenvironmental

studies. Academic Press.

Colley, S. M. (1990). The analysis and interpretation of archaeological fish

remains. Archaeological Method and Theory, 2, 207–253. http://www.

jstor.org/stable/20170208

Cort, J. L. (1989). Biología y pesca del atún rojo, Thunnus thynnus (l.), del Mar

Cantábrico. Universidad Complutense de Madrid.

Cort, J. L., & Estruch, V. D. (2016). Analysis of the length–weight relation-

ships for the Western Atlantic bluefin tuna, Thunnus thynnus (L.).

Reviews in Fisheries Science & Aquaculture, 24, 126–135. https://doi.
org/10.1080/23308249.2015.1112359

Desse, J., & Desse-Berset, N. (1996). Archaeozoology of groupers

(Epinephelinae). Identification, osteometry and keys to interpretation.

Archaeofauna, 5, 121–127.
Desse, J., Desse-Berset, N., & Rocheteau, M. (1989). Les profils rachidiens

globaux. Reconstitution de la taille des poissons et appréciation du

nombre minimal d'individus à partir des pièces rachidiennes. Revue de

Paléobiologie, 8, 89–94. https://horizon.documentation.ird.fr/exl-doc/

pleins_textes/pleins_textes_6/colloques1/35934.pdf

Erlandson, J. M., & Rick, T. C. (2010). Archaeology meets marine ecology:

The antiquity of maritime cultures and human impacts on marine fish-

eries and ecosystems. Annual Review of Marine Science, 2, 231–251.
https://doi.org/10.1146/annurev.marine.010908.163749

Felici, E. (2018). Thynnos: Archeologia Della Tonnara Mediterranea.

Edipuglia. https://doi.org/10.4475/872

Gabriel, S., Prista, N., & Costa, M. J. (2012). Estimating meagre

(Argyrosomus regius) size from otoliths and vertebrae. Journal of

Archaeological Science, 39, 2859–2865. https://doi.org/10.1016/j.jas.
2012.04.046

García Vargas, E., & Florido del Corral, D. (2010). The origin and develop-

ment of tuna fishing nets (Almadrabas). In T. Bekker-Nielsen & D. B.

Casasola (Eds.), Ancient nets and fishing gear: Proceedings of the interna-

tional workshop on ‘Nets and Fishing Gear in Classical Antiquity: A First

Approach’, Cádiz, November 15–17, 2007 (pp. 205–227). Servicio de

Publicaciones de la Universidad de Cádiz Aarhus University Press.

García Vargas, E., Rosell�o-Izquierdo, E. R., Casasola, D. B., Morales-

Muniz, A. M., Izquierdo, E. R., Casasola, D. B., & Muñiz, A. M. (2018).

Salazones y salsas de pescado en Antigüedad: un primer acercamiento

a las evidencias de paleocontenidos y dep�ositos primarios en el ámbito

euro-Mediterráneo. In D. B. Casasola & R. J.-C. �Alvarez (Eds.), Las

cetariae de Ivlia Tradvcta Resultados de Las Excavaciones Arqueol�ogicas

en la Calle San Nicolás de Algeciras (2001–2006) (pp. 287–312). Edito-
rial UCA.

González, A. A., Casasola, D. B., & Martínez, L. L. (2006). La explotaci�on de

recursos marinos en época Romano-Republicana. Resultados de la

actuaci�on arqueol�ogica en Punta Camarinal-El Ancl�on (Bolonia, Tarifa,

Cádiz). Almoraima: Revista de Estudios campogibraltareños, 33,

221–234. https://institutoecg.es/wp-content/uploads/2019/03/

Almoraima33-221-233.pdf

Greenspan, R. L. (1998). Gear selectivity models, mortality profiles and the

interpretation of archaeological fish remains: A case study from the

Harney Basin, Oregon. Journal of Archaeological Science, 25, 973–984.
https://doi.org/10.1006/jasc.1998.0276

Hoffmann, R. C. (2005). A brief history of aquatic resource use in Medieval

Europe. Helgoland Marine Research, 59, 22–30. https://doi.org/10.

1007/s10152-004-0203-5

Jelu, I., Wouters, W., & Van Neer, W. (2021). The use of vertebral measure-

ments for body length and weight reconstruction of pike (Esox lucius)

from archaeological sites. Archaeological and Anthropological Sciences,

13(5), 72–81. https://doi.org/10.1007/s12520-021-01325-0
Jiménez-Cano, N. G., & Masson, M. A. (2016). Estimation of fish size from

archaeological bones of hardhead catfishes (Ariopsis felis): Assessing

pre-Hispanic fish acquisition of two Mayan sites. Journal of Archaeolog-

ical Science: Reports, 8, 116–120. https://doi.org/10.1016/j.jasrep.

2016.05.063

Lambrides, A. B. J., & Weisler, M. I. (2015). Applications of vertebral mor-

phometrics in Pacific Island archaeological fishing studies. Archaeology

in Oceania, 50, 53–70. https://doi.org/10.1002/arco.5059
Lernau, O. (2016). Chapter 50: The fish remains. In A. Mazar & N. Panitz-

Cohen (Eds.), Tel Rehov The 1997–2012 excavations volumes I–V pre-

print (pp. 1–24). QEDEM Monographs of the Institute of Archaeology:

The Hebrew University of Jerusalem.

Lernau, O., & Ben-Horin, M. (2016). Estimations of sizes of fish from sub-

fossil bones with a logarithmic regression model. Environmental

Archaeology, 21, 133–136. https://doi.org/10.1080/14614103.2016.
1157676

Lidour, K., Vorenger, J., & Béarez, P. (2018). Size and weight estimations of

the spangled emperor (Teleostei: Lethrinidae: Lethrinus nebulosus) from

bone measurements elucidate the fishing grounds exploited and

ancient seasonality at Akab (United Arab Emirates). International Jour-

nal of Osteoarchaeology, 28, 681–694. https://doi.org/10.1002/oa.

2683

Marrast, A., & Béarez, P. (2019). Osteometry and size reconstruction of

the Indian and Pacific Oceans' Euthynnus species, E. affinis and

E. lineatus (Scombridae). Cybium: Revue Internationale d'Ichtyologie, 43,

187–198. https://doi.org/10.26028/CYBIUM/2019-423-007

Martínez-Polanco, M. F., & Béarez, P. (2020). An osteometric approach to

reconstruct the length and weight of Lutjanus argentiventris

(Perciformes: Lujtanidae) for archaeological and ecological purposes.

Neotropical Ichthyology, 18. https://doi.org/10.1590/1982-0224-

2019-0106

Maschner, H. D., Betts, M. W., Reedy-Maschner, K. L., & Trites, A. W.

(2008). A 4500-year time series of Pacific cod (Gadus macrocephalus)

652 ANDREWS ET AL.

https://doi.org/10.1093/icesjms/fsab261
https://doi.org/10.1038/s41598-021-99708-9
https://doi.org/10.1111/jfb.13929
https://doi.org/10.1111/jfb.13929
https://doi.org/10.1016/j.jas.2011.02.017
https://doi.org/10.1016/j.jas.2011.02.017
https://doi.org/10.1016/j.jasrep.2021.102808
https://doi.org/10.1016/j.jasrep.2021.102808
https://doi.org/10.1002/oa.2388
https://doi.org/10.1002/oa.2388
http://www.jstor.org/stable/20170208
http://www.jstor.org/stable/20170208
https://doi.org/10.1080/23308249.2015.1112359
https://doi.org/10.1080/23308249.2015.1112359
https://horizon.documentation.ird.fr/exl-doc/pleins_textes/pleins_textes_6/colloques1/35934.pdf
https://horizon.documentation.ird.fr/exl-doc/pleins_textes/pleins_textes_6/colloques1/35934.pdf
https://doi.org/10.1146/annurev.marine.010908.163749
https://doi.org/10.4475/872
https://doi.org/10.1016/j.jas.2012.04.046
https://doi.org/10.1016/j.jas.2012.04.046
https://institutoecg.es/wp-content/uploads/2019/03/Almoraima33-221-233.pdf
https://institutoecg.es/wp-content/uploads/2019/03/Almoraima33-221-233.pdf
https://doi.org/10.1006/jasc.1998.0276
https://doi.org/10.1007/s10152-004-0203-5
https://doi.org/10.1007/s10152-004-0203-5
https://doi.org/10.1007/s12520-021-01325-0
https://doi.org/10.1016/j.jasrep.2016.05.063
https://doi.org/10.1016/j.jasrep.2016.05.063
https://doi.org/10.1002/arco.5059
https://doi.org/10.1080/14614103.2016.1157676
https://doi.org/10.1080/14614103.2016.1157676
https://doi.org/10.1002/oa.2683
https://doi.org/10.1002/oa.2683
https://doi.org/10.26028/CYBIUM/2019-423-007
https://doi.org/10.1590/1982-0224-2019-0106
https://doi.org/10.1590/1982-0224-2019-0106


size and abundance: Archaeology, oceanic regime shifts, and sustain-

able fisheries. Fishery Bulletin, 106(4), 386–394.
Mather, F. J., Mason, J. M., & Jones, A. C. (1995). Historical document: life

history and fisheries of Atlantic bluefin tuna. NOAA Technical Memo-

randum NMFS-SEFSC, 370, 1–165. https://doi.org/10.5962/bhl.title.

4783

Morales-Muniz, A., & Rosell�o-Izquierdo, E. (2007). Los atunes de Baelo

Claudia y Punta Camarinal (s. II aC): Apuntes reliminares. In A.

Arévalo & D. Berna (Eds.), Las cetariae de baelo claudia avance de las

investigaciones arqueol�ogicas en el barrio meridional (2000–2004)
(pp. 489–498). Junta De Andalucía, Consejería de Cultura.

Mylona, D. (2018). Fish processing in the Mediterranean: Varying tradi-

tions, technologies and scales of production with particular reference

to the Eastern Mediterranean. Journal of Maritime Archaeology,

13(3-4), 419–436. https://doi.org/10.1007/s11457-018-9217-z
Mylona, D. (2021). Catching tuna in the Aegean: Biological background of

tuna fisheries and the archaeological implications. Anthropozoologica,

56(2), 23–37. https://doi.org/10.5252/anthropozoologica2021v56a2
Nielsen, S. V., & Persson, P. (2020). The Jortveit farm wetland: A Neolithic

fishing site on the Skagerrak coast, Norway. Journal of Wetland Archae-

ology, 20(1-2), 1–24. https://doi.org/10.1080/14732971.2020.

1776495

Orchard, T. J. (2005). The use of statistical size estimations in minimum

number calculations. International Journal of Osteoarchaeology, 15,

351–359. https://doi.org/10.1002/oa.793
Orton, D. C. (2016). Archaeology as a tool for understanding past marine

resource use and its impact. In K. Schwerdtner Máñez & B. Poulsen

(Eds.), Perspectives on Oceans Past (pp. 47–69). Dordrecht; Springer.

Owen, J. F., & Merrick, J. R. (1994). Analysis of coastal middens in south-

eastern Australia: Selectivity of angling and other fishing techniques

related to Holocene deposits. Journal of Archaeological Science, 21,

11–16. https://doi.org/10.1006/jasc.1994.1003
Perçin, F., & Akyol, O. (2009). Length-weight and length-length relation-

ships of the bluefin tuna, Thunnus thynnus L., in the Turkish part of the

eastern Mediterranean Sea. Journal of Applied Ichthyology, 25(6),

782–784. https://doi.org/10.1111/j.1439-0426.2009.01288.x
Pérez Bielsa, N., Ollé, J., Macías, D., Saber, S., & Viñas, J. (2021). Genetic

validation of the unexpected presence of a tropical tuna, bigeye tuna

(Thunnus obesus), in the Mediterranean. Journal of Fish Biology, 99,

1761–1764. https://doi.org/10.1111/jfb.14866
Plank, M. J., Allen, M. S., Nims, R., & Ladefoged, T. N. (2018). Inferring fish-

ing intensity from contemporary and archaeological size-frequency

data. Journal of Archaeological Science, 93, 42–53. https://doi.org/10.
1016/j.jas.2018.01.011

Prieto, G. (2021). Shark fisheries during the second millennium BC in

Gramalote, north coast of Peru. The Journal of Island and Coastal

Archaeology, 1–31. https://doi.org/10.1080/15564894.2021.

1910386

Reitz, E. J., Quitmyer, I. R., Stephen Hale, H., Scudder, S. J., & Wing, E. S.

(1987). Application of allometry to zooarchaeology. American Antiquity,

52(2), 304–317. https://doi.org/10.2307/281782
Richter, K. K., Wilson, J., Jones, A. K. G., Buckley, M., van Doorn, N., &

Collins, M. J. (2011). Fish 'n chips: ZooMS peptide mass fingerprinting

in a 96 well plate format to identify fish bone fragments. Journal of

Archaeological Science, 38(7), 1502–1510. https://doi.org/10.1016/j.
jas.2011.02.014

Rodriguez-Marin, E., Ortiz, M., Ortiz de Urbina, J. M., Quelle, P., Walter, J.,

Abid, N., Addis, P., Alot, E., Andrushchenko, I., Deguara, S., di

Natale, A., Gatt, M., Golet, W., Karakulak, S., Kimoto, A., Macias, D.,

Saber, S., Santos, M. N., & Zarrad, R. (2015). Atlantic bluefin tuna

(Thunnus thynnus) biometrics and condition. PLoS ONE, 10, e0141478.

https://doi.org/10.1371/journal.pone.0141478

Rodriguez-Roda, J. (1964). Biologia del atún, Thunnus thynnus (L.), de la

costa sudatlántica de España. Investigaci�on Pesqueras, 25, 33–146.
https://digital.csic.es/handle/10261/189198

Rose, M. J. (1994). With line and glittering bronze hook: Fishing in the Aegean

Bronze Age. PhD Thesis, Ann Arbor, United States: Indiana University.

Rurua, V., Béarez, P., Hermann, A., & Conte, E. (2020). Length and weight

reconstruction of Chlorurus microrhinos (Scaridae) from isolated cranial

bones and vertebrae. Cybium, 44, 61–68. https://doi.org/10.26028/
CYBIUM/2020-441-008

Sanchez, G. M. (2020). Indigenous stewardship of marine and estuarine

fisheries?: Reconstructing the ancient size of Pacific herring through

linear regression models. Journal of Archaeological Science: Reports, 29,

102061. https://doi.org/10.1016/j.jasrep.2019.102061

Santamaria, N., Bello, G., Corriero, A., Deflorio, M., Vassallo-Agius, R.,

Bök, T., & De Metrio, G. (2009). Age and growth of Atlantic bluefin

tuna, Thunnus thynnus (Osteichthyes: Thunnidae), in the Mediterra-

nean Sea. Journal of Applied Ichthyology, 25(1), 38–45. https://doi.org/
10.1111/j.1439-0426.2009.01191.x

Sinha, S., Brinkman, D. B., & Murray, A. M. (2019). A morphological study

of vertebral centra in extant species of pike, Esox (Teleostei:

Esociformes). Vertebrate Anatomy Morphology Palaeontology, 7,

111–128. https://doi.org/10.18435/vamp29357

Team RC. (2013). R: A language and environment for statistical computing.

Thieren, E., & van Neer, W. (2016). New equations for the size reconstruc-

tion of sturgeon from isolated cranial and pectoral girdle bones. Inter-

national Journal of Osteoarchaeology, 26, 203–210. https://doi.org/10.
1002/oa.2407

Thieren, E., Wouters, W., van Neer, W., & Ervynck, A. (2012). Body length

estimation of the European eel Anguilla anguilla on the basis of isolated

skeletal elements. Cybium, 36, 551–562.
van Neer, W., Lernau, O., Friedman, R., Mumford, G., Pobl�ome, J., &

Waelkens, M. (2004). Fish remains from archaeological sites as indica-

tors of former trade connections in the Eastern Mediterranean. Paléo-

rient, 30(1), 101–147. https://doi.org/10.3406/paleo.2004.4775
Wheeler, A., & Jones, A. K. G. (1989). Fishes. Cambridge manuals in archae-

ology (March 2009, pp. 1–228). Cambridge University Press.

Wickham, H. (2011). Ggplot2. Wiley Interdisciplinary Reviews. Computa-

tional Statistics, 3, 180–185. https://doi.org/10.1002/wics.147

Winter, R. M., de Kock, W., Palsbøll, P. J., & Çakirlar, C. (2021). Potential

applications of biomolecular archaeology to the ecohistory of sea tur-

tles and groupers in Levant coastal antiquity. Journal of Archaeological

Science: Reports, 36, 102872. https://doi.org/10.1016/j.jasrep.2021.

102872

SUPPORTING INFORMATION

Additional supporting information may be found in the online version

of the article at the publisher's website.

How to cite this article: Andrews, A. J., Mylona, D.,

Rivera-Charún, L., Winter, R., Onar, V., Siddiq, A. B., Tinti, F., &

Morales-Muniz, A. (2022). Length estimation of Atlantic

bluefin tuna (Thunnus thynnus) using vertebrae. International

Journal of Osteoarchaeology, 32(3), 645–653. https://doi.org/

10.1002/oa.3092

ANDREWS ET AL. 653

https://doi.org/10.5962/bhl.title.4783
https://doi.org/10.5962/bhl.title.4783
https://doi.org/10.1007/s11457-018-9217-z
https://doi.org/10.5252/anthropozoologica2021v56a2
https://doi.org/10.1080/14732971.2020.1776495
https://doi.org/10.1080/14732971.2020.1776495
https://doi.org/10.1002/oa.793
https://doi.org/10.1006/jasc.1994.1003
https://doi.org/10.1111/j.1439-0426.2009.01288.x
https://doi.org/10.1111/jfb.14866
https://doi.org/10.1016/j.jas.2018.01.011
https://doi.org/10.1016/j.jas.2018.01.011
https://doi.org/10.1080/15564894.2021.1910386
https://doi.org/10.1080/15564894.2021.1910386
https://doi.org/10.2307/281782
https://doi.org/10.1016/j.jas.2011.02.014
https://doi.org/10.1016/j.jas.2011.02.014
https://doi.org/10.1371/journal.pone.0141478
https://digital.csic.es/handle/10261/189198
https://doi.org/10.26028/CYBIUM/2020-441-008
https://doi.org/10.26028/CYBIUM/2020-441-008
https://doi.org/10.1016/j.jasrep.2019.102061
https://doi.org/10.1111/j.1439-0426.2009.01191.x
https://doi.org/10.1111/j.1439-0426.2009.01191.x
https://doi.org/10.18435/vamp29357
https://doi.org/10.1002/oa.2407
https://doi.org/10.1002/oa.2407
https://doi.org/10.3406/paleo.2004.4775
https://doi.org/10.1002/wics.147
https://doi.org/10.1016/j.jasrep.2021.102872
https://doi.org/10.1016/j.jasrep.2021.102872
https://doi.org/10.1002/oa.3092
https://doi.org/10.1002/oa.3092

	Length estimation of Atlantic bluefin tuna (Thunnus thynnus) using vertebrae
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	3  RESULTS
	4  DISCUSSION
	5  APPLICATION OF THE METHOD IN THE FIELD: A CASE STUDY
	6  CONCLUSION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


