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a b s t r a c t 

We present a stepwise multidisciplinary approach combining woodworking expertise, dendrochronology, 

DNA genotyping and radiocarbon dating to determine when, where and how historical wooden objects 

were made. The effective im plementation of this approach is demonstrated with a set of wooden stocks 

from the Rijksmuseum collections in Amsterdam (the Netherlands). In 2019, preceding an exhibition 

about slavery, stocks made of oak ( Quercus sp.) were donated to the Rijksmuseum. The history of the 

object was unknown, and a stepwise approach was devised to determine the date and potential place of 

its manufacture, and whether they were made in the context of Dutch colonial slavery. Pencil marks and 

tool traces found on the surface of the wood are characteristic of traditional woodworking techniques 

and indicated that the stocks were processed after 1800 C.E., from fresh wood, shortly after the felling 

of the tree, and in one go. The tree-ring analysis revealed that the beams originate from the same tree, 

and that the tree grew in a dense forest. However, it failed to return an exact date for the wood and, 

consequently, also to determine its provenance. Therefore, we decided to employ DNA-genotyping and 

radiocarbon dating. The retrieval of DNA was successful, and the results placed the provenance of the 

wood in an area covering a broad latitudinal transect in central Europe. Radiocarbon wiggle matching, 

modelled with sapwood statistics for central Europe, revealed that the tree was likely cut between 1791 

and 1824 C.E. These results combined suggest that the stocks were produced in the first quarter of the 

19th century, using local wood, at a small rural town somewhere in Italy, the Pyrenees, eastern France, 

Belgium, the Netherlands, Germany or even further north (Denmark, Sweden). While their association 

with slavery in colonised territories seems unlikely, their production in the context of the Dutch colonial 

system cannot be ruled out. Therefore, they are valuable historical objects worth being curated and exhib- 

ited at a national museum. The stepwise approach here presented can be applied to other large objects 

at museum collections. We encourage curators, conservators and restorers to consider its implementation 

to maximise knowledge acquisition and appreciation of wooden cultural heritage. 
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. Introduction 

Wood is an abundant material in museum collections world- 

ide. Since ancient times this raw material has been used to make 

tensils, artefacts, furniture, ships, and also to produce art objects 

uch as sculptures or paintings on panel, to name a few. The type 

f wood used to produce those items informs about the species 

vailable, either locally, or by means of long-distance transport or 

rade. Furthermore, when the date and the provenance of the wood 

an be determined, the wooden item becomes a direct link to the 

raftspeople and their technology in a specific spatiotemporal con- 

ext. Consequently, studying the wood of objects in museum col- 

ections is an essential step towards their assessment and appreci- 

tion as cultural heritage. 

In recent years, well-established techniques used to determine 

he date and provenance of (pre)historic wood have been pushed 

eyond their conventional boundaries. For example, dendrochrono- 

ogical studies have moved from using exclusively ring-width- 

ased chronologies to implementing proxies commonly used for 

limate studies, such as latewood density in conifers [1 , 2] and sta- 

le oxygen isotopes in broadleaves [3–5] . Radiocarbon ( 14 C) dating, 

ypically applied to wood from archaeological sites, has also been 

uccessfully performed on art works through the wiggle match- 

ng technique [6 , 7] . At the same time, techniques such as geo-/bio-

hemical fingerprinting or DNA genotyping traditionally employed 

n forensic sciences, geosciences and conservation studies are now 

eing tested and implemented on wood as provenance markers 

e.g. [8–13] ). While all these techniques have been demonstrated 

o have great potential to improve our knowledge about wooden 

bjects in museum collections, their use is not yet widespread 

ven when they could potentially lead to significant discoveries. 

ere we present a stepwise approach combining woodworking ex- 

ertise, dendrochronology, DNA sequencing and radiocarbon wig- 

le matching to unravel the production time and place of historic 

ooden objects. The effectiveness of this approach is demonstrated 

ith a wooden stocks-like foot cuff of the Rijksmuseum collections 

Amsterdam, the Netherlands). 

Throughout history, stocks have been used around the world to 

unish people by restraining their movement. Generally, these ob- 
ig. 1. Examples of stocks and their illustrated uses. a) Former dungeon at the Town 

all); b) Enslaved Men in Brazil , c. 1830, by Jean-Baptiste Debret (draughtsman) and Thie

ttps://digital.bbm.usp.br/handle/bbm/3746 ); c) Por liberal?, 1814 – 1823, by Francisco de 

431 
ects consist of two square- or rectangular-shaped wooden beams 

resenting several rounded matching notches on their inner sides, 

hich are designed to hold people by their ankles. The beams are 

oined at an end by a metal fitting that serves as a hinge and 

ave another metal plate attached at the other end to which a 

ock can be fastened to keep the beams held together. Smaller 

ooden supports are either fixed to the ground on the sides 

f the beams, or attached to one of them to serve as a verti- 

al or horizontal support for the stocks. Examples of such ob- 

ects can currently be found in museums around the world. While 

ome are connected to the Spanish inquisition in different coun- 

ries, others are related to the history of slavery, or to illus- 

rate punishment or imprisonment methods ( Fig. 1 ). Despite their 

bundance as historical objects, information about their typology, 

anufacture, production and distribution is scarce in the current 

iterature. 

In 2019, preceding an exhibition about slavery, a set of stocks 

ade of oak ( Quercus sp.) was donated to the Rijksmuseum in Am- 

terdam, the Netherlands [14] . The donor’s grandfather had found 

hem in a barn in the Dutch province of Zeeland in the 1970s, but 

o associated information regarding their provenance was avail- 

ble. The wood species did not offer clues as to the potential 

rovenance of the object, given that deciduous oaks are widely 

istributed in North America, Europe and Eastern Asia. The do- 

ated stocks display nine notches, and a set of chains, and were 

nitially thought to date between 1600 and 1800 [14] . While their 

irect relationship with slavery in colonised territories was uncer- 

ain, their strong similarity to stocks found on former Dutch sugar 

lantations in Brazil made them a valuable object for the Slav- 

ry exhibition (12 February – 31 May 2021). They reflected the 

iolence that had been part of the colonial system, and undeni- 

bly conveyed cruel punishment practices of an era in which the 

etherlands practiced slavery and sustained it by producing and 

xporting instruments and other necessities such as metal cuffs, 

tocks, linen, glasswork, etc., to regions under its control [15] . 

owever, the Rijksmuseum was determined to decipher the history 

f the object, as this national museum is actively involved in de- 

eloping new methodologies and recommendations for provenance 

esearch [16] . 
Hall of Mazaleón (Spain) preserved in its original setup (source: Mazaleón town 

rry frères (engraver) (source: São Paulo, Biblioteca Brasiliana Guita e José Mindlin, 

Goya y Lucientes, iron gall ink on laid paper (source: Museo del Prado). 

https://digital.bbm.usp.br/handle/bbm/3746
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. Research aim 

The aim of our research was to determine where and when 

hese stocks could have been made, in order to establish whether 

hey could have been related to the system of Dutch colonial slav- 

ry, and to contribute to the general knowledge about the produc- 

ion and chronology of this type of historical objects. To this end, 

e implemented a stepwise approach: first, we examined the tool 

races and woodworking features, as they inform about the man- 

facturing process, and possibly reveal clues about the production 

ime and place ( Section 3 ). When doing so, we discovered pencil 

races that provided a date for the production of the stocks after 

800 C.E. [17 , 18] . This finding enhanced the justification of the re-

earch, as a date in the late 19th or even the 20th century would 

mply that the stocks would not have been made in the context 

f Dutch slavery, which was abolished in all Dutch territories in 

863 C.E. Therefore, the next step consisted on carrying out den- 

rochronological research on the beams with a twofold purpose: 

) to find out whether they belong to the same tree or to trees 

hat grew in the same area, and ii) to determine the felling date 

nd provenance of the trees ( Section 4 ). When dendrochronology 

ailed to provide the date and provenance, we decided to imple- 

ent DNA genotyping to ascertain the source area of the wood 

 Section 5 ), and radiocarbon wiggle matching to obtain a narrow 

ate range ( Section 6 ). The findings were contrasted with written 

ources about the Dutch slavery system. 

. Material and methods 

.1. Step 1: object description and registration of woodworking 

eatures 

The stocks at the Rijksmuseum collection ( Fig. 2 ) are made of 

wo beams of oak ( Quercus sp.) of a deciduous species, processed 

nto a rectangular shape, with a length of 265 cm, width of 37.5 cm 

nd height of 23 cm. The nine notches have an average diameter 

f 10 cm. A wrought-iron hinge holds the beams together at one 

nd, whereas a wrought-iron plate with a padlock eye is inserted 

t the other side of one of the beams. This plate traverses the sec- 

nd beam when the stocks are closed, and a lock can be fixed 

n the padlock eye to secure them closed. Two smaller pieces of 

ood (also deciduous oak) serve as support. They are attached to 

ne of the beams with two large handwrought iron nails with T- 

haped heads. The nails traverse the wooden supports and go into 

he beam. 
ig. 2. Stocks donated to the Rijksmuseum in 2019 (inv. nr. NG-2019–502; source: 

ttp://hdl.handle.net/10934/RM0 0 01.COLLECT.738265 ; photo: Rijksmuseum). While 

he stocks are here presented leaning on one of the beams, their original place- 

ent would have likely been in horizontal position, resting on the smaller wooden 

upports. 
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A set of chains and metal cuffs was donated together with the 

ooden stocks, but their original association with them is un- 

nown and will not be discussed in this manuscript. 

Partial sapwood is present along the inner edges in several 

arts of Beam1 ( Figs. 3 a,b), but is absent on Beam2. The pith is

lso present on Beam1 but absent on Beam2 ( Fig. 3 d). The curva- 

ure and direction of the tree rings in one end of Beam2 indicate 

hat it was cut close to a point where prominent branches were 

resent ( Fig. 3 d). The beams rest on two smaller elements, also 

ade of oak wood, and which could derive from branches or from 

tems of young trees, given their small dimensions and the pres- 

nce of pith and partially preserved sapwood ( Figs. 3 e-g). 

The surfaces of the beams were carefully inspected under rak- 

ng light to allow the observation and registration of tool traces 

nd annotations. 

.2. Step 2: dendrochronological research 

Dendrochronology is usually implemented to determine the 

ate and provenance of the wood, but it can also serve to identify 

ooden elements derived from the same tree. While taking a core 

rom each beam with a dry-wood borer would have provided suit- 

ble samples for dendrochronological research, it was decided to 

roceed with a less invasive method, whereby tree rings are pho- 

ographed in the surface at the end of the beams (Fig. S1 in Sup- 

lementary Material). 

To improve the visualisation of the tree rings, some portions 

f the end grain of the beams were cleaned with brushes and 

lightly prepared with sharp scalpel blades. The tree-ring patterns 

ere photographed with a macro lens, and ring widths were mea- 

ured on screen with CooRecorder [19] . The photographs included 

 ruler to allow the calibration of the measurements. Crossdating 

as done in PAST4 v. 4.3.102 [20] . 

.3. Step 3: provenance of the wood based on DNA genotyping 

When dendrochronology does not provide a date for the wood, 

he source area cannot be identified by tree-ring-based methods 

ither. Therefore, to ascertain the provenance of the wood, we re- 

orted to genetic analyses. While DNA in wood starts decaying as 

oon as the wood becomes heartwood in the tree, recent studies 

ave demonstrated the possibility to retrieve and amplify strands 

f DNA from historic and ancient wood (e.g. [9 , 21 , 22] ). Further-

ore, molecular markers to identify the continental origin of de- 

iduous oaks have already been developed [23] , providing the nec- 

ssary reference to which oak DNA from unknown origin can be 

ompared. Then, once the continental origin is known, haplotype 

ifferentiation can be attempted to determine the source of the 

ood within the continent [9 , 24] . 

.3.1. DNA sampling, extraction and genotyping methods 

Three samples were taken for DNA analysis (Fig. S2 in Supple- 

entary Material). Two samples were taken at the underside of 

eam1 near the holes, one containing sapwood and the other one 

ontaining sapwood and some heartwood. The third sample was 

aken from the Beam2, and consisted of heartwood taken at the 

ransverse end. First, the surface layer of the targeted sample area 

as stripped off using a scalpel. Then, thin wood slices were taken 

nd collected in a 20 ml glass container. Each sample yielded about 

 ml of wood. 

.3.2. DNA extraction 

All processes of DNA extraction were carried out in sterile, UV 

econtaminated clean benches, following a protocol patented in 

015 [25] in combination with the innuPREP Plant DNA Kit from 

nalytik Jena (Germany), which was used for the last purification 

http://hdl.handle.net/10934/RM0001.COLLECT.738265
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Fig. 3. Wooden elements of the stocks and macro-anatomical characteristics. a) Partial sapwood on the inner side of Beam1; b) part of the surface researched in one end of 

Beam1 (the dash line runs along the heartwood/sapwood boundary); c) the pith is present on Beam1 but absent on Beam2, which also has a large knot from a thick branch. 

The curvature and direction of the tree rings in Beam 2 (indicated by the arrows) suggest that the beam was cut at this end close to a splitting point of the stem; d,e) small 

wooden elements atop which the beams rest. Their small dimensions, together with the presence of pith and sapwood, suggest that they could originate from branches; f) 

each of the small wooden elements is attached to Beam1 by two metal nails. Photos: M. Domínguez-Delmás. 
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tep. The protocol is optimized for the use on timber, as some 

ompounds must be separated from the DNA which inhibit the fur- 

her DNA amplification. Due to the small amount of total DNA ex- 

racted from timber, the DNA quantity was not measured; rather, 

tandard dilutions of 1:15 and 1:7.5 (DNA:water) were used for all 

CR reactions. 

.3.3. Molecular markers for determination of the continental origin 

The markers used for the determination of the continental ori- 

in of oak wood samples were the ones identified by [23] . These 

re a bundle of five markers based on plastid specific DNA se- 

uences. The DNA markers “trnCD” and “trnLF” differentiate be- 

ween oaks originating from either Northern America or Eura- 

ia, while the markers “psaI-ycf4” and “psbE-petL” differentiate 

etween oaks originating from either Asia or Northern Amer- 

ca/Europe. The marker “trnDT” differentiates between all three 

ontinents mentioned before. These markers and the PCR condi- 

ions for amplification are described in detail in [23] (see also Sup- 

lementary Material_Extended methods). 

All PCR amplified marker fragments were run on a Beckmann 

apillary sequencer, the individual genotypes of the samples were 

nalysed using the software GeneMarker (version 3.0.0) (SoftGe- 

etics LLC, Pennsylvania, USA). 
433 
.3.4. Molecular markers for the determination of the origin within 

urope 

Within Europe, a more detailed determination of the origin is 

ossible using a second marker set. These markers relate to known 

eographic genetic structure of haplotypes of the chloroplast DNA 

26] . The cpDNA haplotypes of white oaks from different regions 

ithin Europe show a typical distribution pattern based on the re- 

olonization routes after the last ice age [24] . Considering this in- 

ormation, wood specific markers have been developed. By com- 

aring the analysed haplotypes of the wood samples with known 

aplotypes in the corresponding continent, a plausible origin of 

he sample can be provided. Two different DNA fragments of the 

ntergenic spacer trnD_trnT within the chloroplast genome have 

een amplified and sequenced by an external company (StarSeq 

mbH, Mainz, Germany). Analysis of the sequences was performed 

sing the software Sequencher (version 5.4.6) (GeneCodes, Michi- 

an, USA). The primer combination dt72F_R was developed by [27] , 

he other one, QT7F_R, was developed at the Thuenen Institute of 

orests Genetics. For both primer combinations, a detailed descrip- 

ion is given in [9] . 

Since wood is a difficult material for DNA extraction, the qual- 

ty of the isolated wood DNA varies between different samples, de- 

ending on the age and quality of the sample material and only a 

ertain percentage of the markers will deliver results. 
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Table 1 

Results of the DNA marker analysis. EuAm = origin is Europe or America; Eurasia = origin is 

Europe or Asia as described in detail in 5.3; „/“: no result for this marker. 

Sample_ID trnCD trnLF psaI-ycf4 psbA-petL trnDT Continental origin 

DNA_1 / / / / / / 

DNA_2 Eurasia / EuAm EuAm / Europe 

DNA_3 Eurasia / EuAm / / Europe 
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.4. Step 4: radiocarbon wiggle matching 

Radiocarbon dating is commonly used in archaeology to esti- 

ate the age of organic materials. Nowadays, small samples of 

arely 5 mg of wood can be analysed by accelerator mass spec- 

rometry (AMS) to obtain a radiocarbon date that is subsequently 

onverted into a range of calendar years by means of a calibra- 

ion curve [28] . Radiocarbon dates are expressed as ranges of years 

hat are associated to a certain probability, which implies that they 

epresent an absolute but imprecise dating method. To increase 

he precision of this method to date wood, it is sometimes pos- 

ible to implement wiggle matching [29] . This technique relies on 

 sequence of 14 C-dated tree rings separated by a known number 

f years. The resulting 14 C dates for the individual rings are then 

alibrated considering the known number of years between them, 

hich results in their more precise placement on the calibration 

urve. While radiocarbon wiggle matching is not as precise as den- 

rochronology, it provides a narrower date range than just one sin- 

le radiocarbon date, and is often used to obtain date ranges for 

ood from archaeological sites [30–33] . However, despite the po- 

ential of this technique to date wooden art objects (see [6 , 7] ), it

s seldom used in such contexts. 

Four samples were taken at the transverse end of Beam1 with 

 surgical scalpel. One of the samples was taken from the first 

rowth ring surrounding the pith (sample nr. 4). The other three 

epresent the 13th, 30th-32nd and 78th-79th growth rings from 

he pith (samples nr. 1, 2 and 3 respectively) (Fig. S4 in Supple- 

entary Material). After the 79th growth ring, there are 70 more 

rowth rings up until the outermost one (including 14 rings of sap- 

ood). Each sample consisted of 10 mg of wood and yielded part 

f a single growth ring or a few growth rings with a maximum of 

hree. 

The four samples were chemically pretreated and analysed at 

eta Analytics (see details in Supplementary Material_Extended 

ethods). The 14 C measurements were done with an in-house NEC 

ccelerator mass spectrometer. The Conventional Radiocarbon Age 

as calculated using the Libby half-life (5568 years) and corrected 

or total isotopic fractionation. Calibration relied on the IntCal20 

alibration curve [34] . 

. Results 

.1. Manufacturing process 

Tool traces and other marks present on the surface inform 

bout the manufacturing process ( Fig. 4 ). One of the beams has 

races that result from splitting a stem in half ( Fig. 4 a). The halves

ust have been squared with a single-bevel broad axe, as these 

arks are present in several parts of the beams ( Fig. 4 b). Shap-

ng timbers with this type of axe is most efficient when the 

ood is still fresh. Therefore, such traces demonstrate that the 

tem was processed shortly after felling. Saw marks on the outer 

aces of both beams (corresponding to the inner part of the stem) 

 Figs. 4 c,d) suggest that the split and squared half stems were sawn

nto two quarters with a frame saw, while supporting them on 

restles. Trestle sawing can leave the marks observed on the Beam2 

 Fig. 4 c), as well as the characteristic triangular saw-kerf-scar ob- 
434 
erved on Beam1( Fig. 4 d), which results from sawing from opposite 

irections [35 , 36] . 

Both ends of the two beams have a 45 ° angle so that they can 

old open ( Figs. 4 a,b). At the hinge end, the beams show chop 

arks as if they were cut to length with an axe. The opposite ends 

re straight and smooth, which may be a later alteration. Lastly, 

ll surfaces were levelled and smoothed with an adze ( Figs. 4 e,f). 

he adze had a chipped cutting edge leaving the same pattern on 

ll parts, including the two feet. This suggests that the stocks were 

ikely made in one go, probably by one person. 

On the inner side, nine semi-circular holes were cut into each 

f the two beams. The outline of these holes was marked out with 

cratch lines, probably from a compass, and with thin grey lines, 

ossibly from a pencil ( Figs. 4 g,h). This pencil lines seem to be 

riginal from the time of the manufacture of the stocks, which sug- 

ests a production date after 1800 C.E. [17 , 18] . The centre lines of

he semicircles were cut with a hand saw. Then the semicircles 

ere carved out with a gouge. These original semicircles are now 

emi-ellipses in shape, indicating that the beams must have shrunk 

onsiderably while drying after being processed. Furthermore, the 

eams have warped, so they no longer run parallel. This is an in- 

ication that the wood used for the beams was fresh when pro- 

essed. Moreover, signs of drilling holes prior to inserting the nails 

re absent, and no cracks have been observed around the points 

here the iron enters the wood. This further supports that the 

ood was fresh when the iron work was hammered into it. 

.2. Results dendrochronological research 

A measurement series containing 149 tree rings (including 14 

apwood rings) was obtained from the Beam1, whereas the Beam2 

rovided a shorter series with 120 rings. The comparison of the 

ree-ring series obtained from each beam with each other revealed 

n outstanding match (almost identical growth pattern) in the first 

ecades ( Fig. 5 ), and a larger amplitude on the series from the 

eam2, which is the result of measuring the tree rings on an 

blique angle. Despite that difference, the good match between 

oth series suggests that they originate from the same tree. The 

eries of both beams were merged into a mean curve. Crossdat- 

ng with reference chronologies from central, western, eastern and 

orthern Europe and eastern North America did not result in a 

atch. Therefore, both the date and the provenance of the wood 

emained unknown. 

.3. Results DNA marker and haplotype analyses for determination of 

he origin 

The quality of the DNA extracted from the stocks was not op- 

imal, given the dried-out condition of the wood. Nevertheless, up 

o three markers for determination of continental origin could be 

uccessfully amplified, revealing a European provenance for two of 

he samples ( Table 1 ). 

In a next step, the identified haplotypes of the wood samples 

ere compared to the distribution areas of the known haplotypes 

n Europe (Fig. S3 in Supplementary Material). The sequence anal- 

sis was performed for all three samples despite the fact that the 

nalysis of the continental origin gave no result for sample DNA_1. 
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Fig. 4. Tool and manufacture traces. a) Traces of splitting the stem on Beam2; b) single-bevel broad axe marks on Beam2; c) saw marks resulting from multiple-trestle 

sawing on the outer face of Beam2; d) triangular saw-kerf-scar on the outer face of Beam1 resulting from trestle sawing; e,f) adze marks on the surface of Beam2 (e) and 

on the underside of one of the supports (f) that indicate that the edge of the blade had a notch (they are consistent throughout the surface of all the elements of the stocks, 

suggesting that they were all processed with the same tool, possibly by the same person); g,h) the holes were drawn as aligned semicircles on the inner part of both beams, 

as demonstrated by the pencil lines indicated by arrows; h) indentations on the edges of the central part of the semicircles suggest that a handsaw was used to cut a line 

as a way to mark the centre line of the semicircles. Photos a,b,e,f: Rijksmuseum; photos c,d,g,h: M. Domínguez-Delmás. 
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Fig. 5. Visual and statistical match between the tree-ring series obtained from both beams. The tree-ring series from the Beam2 was measured along an oblique edge and 

therefore, it shows an increased amplitude towards the outer rings. The circle indicates that the pith is present in the beam, and the dash line represents the sapwood 

rings. CC: correlation coefficient; TBP: Student’s t -value according to [37] ; %PV: percentage parallel variation [38] ; ###: significance level of%PV at p < 0.001; Ol: overlap. The 

shaded area is a visual representation of the%PV, highlighting where the tree-ring width varies synchronously in both series. 

Fig. 6. Results DNA genotyping. a) Results of the provenance determination through DNA markers, which place the continental origin of the wood in Europe; b) Distribution 

within Europe of the haplotype1 identified in two of the samples (reprinted from [24] , Copyright (2002), with permission from Elsevier). 
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he sequence for the fragment QT7 was of a quite good quality, 

hus, an analysis was possible. For the other sequenced fragment 

dt72) no result was obtained ( Table 2 ). However, the sequence 

nalysis resulted in the haplotype 1 for two of the samples (DNA_2 

nd DNA_3). This haplotype has a distribution area in Central and 

orthern Europe ( Fig. 6 ). Since the dendrochronological study has 

evealed that the beams belong to the same tree, the results of the 

NA analysis apply to both beams. 

.4. Wiggle-matching results and estimated felling date of the tree 

The radiocarbon analyses returned results for the individual 

amples with different probability ranges ( Table 3 ). The calibrated 
able 2 

esult of the sequence analysis of two fragments within the intergenic spacer 

rnD_trnT of the chloroplast genome. „/“: no result for this marker. The five rows 

f Q. robur indicate the genetic pattern of the corresponding reference haplotypes 

24 , 26] . The last three rows (DNA_1, DNA_2 and DNA_3) show the results of the 

amples collected from the stocks. “QT7” and “dt72” are the markers used for the 

nalysis, and the numbers in the row below are the positions within the sequence 

f the intergenic spacer. 

Haplotype (HT) QT7 dt72 Identified 

45 58 109 1510 1511 haplotype 

Q. robur , HT1 C C A T G 

Q. robur , HT4,5y A C A A G 

Q. robur , HT5x,6 A C A T G 

Q. robur , HT7 A C C T G 

Q. robur , Ht10,11,12 A T A T T 

DNA_1 / C A / / / 

DNA_2 C C A / / HT1 

DNA_3 C C A / / HT1 
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ge range of the individual samples spans more than 200 calen- 

ar years, as a result of the relatively unfavourable shape of the 

ntCal20 calibration curve for this time period. 

To narrow down the date of the last ring present in Beam1, the 

esults of the individual samples were wiggle-matched against the 

ntCal20 calibration curve in the program OxCal [39 , 40] using the 

 Sequence function. Given that the relative positions of the 14 C 

amples within the beam were known (i.e. the exact number of 

alendar years between each sample had been counted), as well as 

he remaining number of rings from the last 14 C sample until the 

uter ring present in the beam (70 rings), it was possible to model 

he date of the outermost sapwood ring (the code used in OxCal is 

vailable in Supplementary Material_ Extended methods). In this 

ay, the modelled results narrowed down the date range of the 

ast ring present in the wood to 1789–1813 C.E. (94.8% confidence 

nterval) ( Fig. 7 a). 

Given that partial sapwood (14 rings) is present in the Beam1, 

apwood estimations available for deciduous oaks in Europe can 

e used to estimate the number of sapwood rings still missing to 

he waney edge (outermost portion of wood under the bark, corre- 

ponding to the felling date). The number of sapwood rings in Eu- 

opean deciduous oaks has been found to vary decreasingly along 

 longitudinal gradient from west to east [41] . Therefore, the sap- 

ood model to apply should be the one representing the region 

f provenance of the wood. Based on the DNA results, we decided 

o use the sapwood estimates available for Germany [42 , 43] , which 

ave been compiled and modelled by [44] to produce felling-date 

ntervals with a 95.4% credibility. The choice of the sapwood statis- 

ics from Germany instead of the Baltic is based on i) the repre- 

entativity of the area covered by the Haplotype 1 (the sapwood 

tatistics from Germany can also be valid for eastern France and 
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Table 3 

Results of the radiocarbon analyses for each individual sample (source: Beta Analytics reports). 

Sample Name Laboratory Reference 14 C age (yr BP) Calibrated dates (yrs C.E.) 

Sample 4 

(1st growth ring) 

Beta-643,769 259 ± 16 (82.8%) 1634 - 1665 

(8.1%) 1783 - 1795 

(4.5%) 1528 - 1540 

Sample 1 

(13th growth ring) 

Beta-643,770 255 ± 16 (82.0%) 1636 - 1666 

(11.5%) 1782 - 1795 

(2.0%) 1530 - 1538 

Sample 2 

(31st growth ring) 

Beta-643,771 158 ± 16 (37.2%) 1724 - 1782 

(21.7%) 1915 - 1948 

(16.4%) 1668 - 1696 

(10.8%) 1796 - 1813 

(9.4%) 1837 - 1878 

Sample 3 

(79th growth ring) 

Beta-643,772 200 ± 16 (55.8%) 1735 - 1804 

(24.2%) 1656 - 1684 

(15.4%) 1929 - Post 1950 

Fig. 7. Results radiocarbon wiggle matching and modelled felling date of the tree. a) Modelled date of the outermost ring present on Beam1 based on the 14 C dates of the 

individual samples and the additional 70 rings present towards the outside; b) Modelled date for the felling of the tree based on sapwood statistics published by [42 , 43] 

and compiled and modelled by [44 , 46] . 
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ossibly Denmark), and ii) the range of years they cover, which 

s wider than the Baltic ones (therefore they would include the 

elling date range of a tree grown in the Baltic). Considering that 

he number of sapwood rings for oaks growing in Germany may 

ange from 6 to 34 according to the model elaborated by [44] , 

he Beam1 could still be missing up to 24 sapwood rings until 

he waney edge. Departing from the probability of the radiocar- 

on dates obtained for the outmost ring, and modelling this num- 

er of missing sapwood rings in R [45] with a script developed by 

46] , the felling date of the tree was estimated to have occurred 

etween 1791 and 1824 C.E. (Fig. 7b; see Supplementary Mate- 

ial_Extended methods). 

. Discussion 

The combined results of our stepwise multi-technique research 

hed light into the manufacture, chronology and potential produc- 

ion place of the historical wooden stocks from the Rijksmuseum 

ollection targeted by this investigation. From the tool traces, the 

nnotations and (indirectly) the ironwork it has become evident 

hat the stocks were manufactured from fresh wood, hence shortly 

fter the felling of the tree, and using traditional woodworking 

ethods. If an automated saw such as those powered by windmills 

ould have been used in their production, the saw would have left 

egular and evenly spaced marks on the surface. These are often 

ound in the supports of 17th century panel paintings for example 

47] . Manual woodwork could be easily executed in the forest, fa- 

ilitating the transport of the processed timbers by land (carried by 

nimals or by cart) or by waterways to nearby towns, villages, or 

arbours [48–50] . However, the fact that the ironwork was also ap- 

lied into the wood while fresh, implies that long-distance trans- 

ort by sea can be excluded. Transport over sea would add time 

o the lapse between the felling of the tree and the production 

f the final product, time in which the wood would progressively 
437 
ose moisture. Consequently, the stocks were likely made close to 

he source, probably in a small town of a rural area. 

While the tree-ring analysis failed to provide the date and 

rovenance of the wood, the examination of the growth pattern 

ade evident that the tree had grown slowly (discarding the first 

5 years of juvenile growth, the Beam 1 has an average growth 

f 0.79 mm/year), likely in a dry area or in a close canopy [51–

3] . Furthermore, it also revealed that the beams originate from 

he same tree. This interpretation of the results was a crucial piece 

f information for follow up analyses because it implied that both, 

he wood provenance based on DNA and the radiocarbon date ob- 

ained for one of the beams, could be inferred to the other beam 

s well. In the 1990s, [54] proposed a Student’s t-value higher than 

0 to determine that two oak timbers derived from the same tree. 

hree decades further, we have learned that this value cannot be 

aken strictly, as there are other factors that play a role in identi- 

ying timbers from the same tree [55] . The growth pattern around 

he stem of an oak tree can be very variable [8 , 56] , and in the

ase of these stocks, the beams seem to have originated from dif- 

erent halves of the stems, as deduced from the different (not mir- 

ored) saw marks on their outer sections. Furthermore, the mea- 

urement of tree rings in an oblique section adds a distortion that 

lters the visual and statistical match. However, the initial por- 

ions of the tree-ring series, which have been measured on the 

ransverse sections of both beams, show a very high agreement 

 Fig. 5 ), supporting the conclusion that they originate from the 

ame tree. 

The DNA results have unveiled that the wood has a European 

rigin, with the area covered by the distribution of the Haplotype 

 of oaks as the potential geographical source ( Fig. 6 b). This is a

arge area that covers from Sicily and the Pyrenees on the south- 

rn limit, to the east of France, west of north Italy and of Austria, 

elgium, the Netherlands, Germany, and up to Denmark and the 

oastal Baltic basin [24] . Though it should be made clear that the 
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aplotype groups for oak in Europe are based on DNA analyses of 

iving trees, it is very unlikely that the reference haplotypes de- 

ned in the 1990s have changed since the tree used for the stocks 

erminated around the mid-17th century. The possibility that the 

ree in question may have grown from an acorn planted elsewhere 

utside the distribution area of the Haplotype 1 also seems im- 

rovable, as plantations seek fast turnovers of timber, which would 

e discordant with the slow growth observed on the tree-ring pat- 

ern. Therefore, even when the results obtained with this technique 

ave a much lower spatial resolution than determining the prove- 

ance of the wood by dendrochronology [9] , they have been crucial 

) to demonstrate that the wood originated from Europe, and ii) to 

ecide on the sapwood statistics to be applied to infer the felling 

ate of the tree. 

Wiggle matching radiocarbon dating has provided a date range 

or the last ring present in the stocks in the interval 1789–1814 C.E. 

ombined with the sapwood statistics, the felling date for the tree 

as been estimated to have occurred most likely between 1791 and 

824 C.E. This range of dates is well in agreement with the time in

hich the tools that were used for manufacturing the stock were 

n use, and especially with the use of a pencil [17 , 18] . All results

onsidered lead to the conclusion that the stocks were likely pro- 

uced in the first quarter of the 19th century. 

Could the stocks have been produced in the context of Dutch 

olonial slavery? The Netherlands abolished Dutch slave trade in 

814 C.E., but this trade persisted in their Caribbean colonies until 

he 1860s [57 , 58] . The European origin of the wood excludes the

ossibility that these stocks were made with north American oak, 

nd its processing in fresh also excludes the wood was exported 

rom Europe to the Americas. The manufacture took place in Eu- 

ope. Based on the radiocarbon dates, the stocks could have been 

roduced in the context of Dutch colonial slavery, to be used in 

hips for the slave trade before 1814 C.E., or as one of the prod-

cts that was made in the Netherlands to be sent to the colonies 

15] , but which did not find their way there (we doubt that they 

ere employed in the colonized territories because it seems un- 

ikely that they were exported, and then brought back afterwards). 

echnically, they could have been produced in the Netherlands, 

ith wood from nearby areas (Belgium, NW Germany) transported 

hort distances by the river. However, their manufacture close to a 

ource of dense forests, likely in a rural area and with traditional 

ethods, excludes the possibility that they were produced as part 

f an industrial (mass-production) process in the more urbanised 

reas of the western Dutch provinces of Zeeland and Holland. The 

ocioeconomical context of the years 1795–1815, when depopula- 

ion of the western Dutch cities resulted in a 10% increase of pop- 

lation in the rural areas [59] , makes possible a scenario in which 

he stocks could have been made with traditional methods in a ru- 

al context, with the wood transported short distances from denser 

orests further south or east. All things considered, a production of 

he stocks in relation to the Dutch slavery system cannot be ruled 

ut. 

Nevertheless, other scenarios should also be considered. The 

tocks could have been produced (in the Netherlands or elsewhere) 

o punish enslaved people in other countries or to be used in 

ocal prisons (examples of such stocks used in prisons can be 

ound in several European countries, including the Netherlands). 

y the time they were manufactured, slavery was still practiced 

y several European countries in their colonies, and some of these 

ountries also allowed it in their mainland. For example, in 1794, 

rance abolished slavery in all their territories and colonies [60] , 

ut Napoleon reintroduced it in 1802 in sugar-cane ones [61] . In 

807, the British Trade Act banned slavery from the British Em- 

ire, but in practice, its compliance took decades to arrive [62] . In 

pain, up until the first quarter of the 19th century, enslaved peo- 

le were made to work in the rural countryside collecting wood, 
438 
r growing sugar cane or vines [64] . Slavery was abolished in 1837 

n the Spanish territory, but it continued in the colonies of Puerto 

ico and Cuba until 1873 and 1886 respectively [63] . These exam- 

les illustrate that a production of the stocks in relation to slavery 

utside the Netherlands is also plausible. Further research will aim 

o elucidate where they were used before they ended up at a barn 

n the southwestern province of the Netherlands. 

. Conclusions 

Our multidisciplinary study has demonstrated the effective 

mplementation of a stepwise multi-technique approach to un- 

avel the production history of wooden objects, such as in this 

ase, stocks from the Rijksmuseum collections in Amsterdam, the 

etherlands. Our findings imply that the stocks could have been 

roduced in the context of the Dutch slavery system. However, 

heir use in the context of slavery in other European country, or 

f imprisonment practices at a Dutch gaol or elsewhere cannot 

e discarded. All in all, they remain a historical object that con- 

eys the brutal practices that have been used to punish people 

round the world throughout history. Therefore, they have histor- 

cal value, and their preservation at a national museum is duly 

ustified. 

Our research illustrates that the observation of woodworking 

eatures should not be underestimated. In this study, pencil marks 

ave provided a departure post quem date, and tool traces have 

evealed crucial clues about the manufacturing process of the 

tocks, and by inference, about the potential production environ- 

ent. While these observations have been carried out visually, cur- 

ent technology allows for the use of 3D scanning techniques that 

an aid in the task. This emerging field has ample potential in 

he research of wooden objects, and we are confident that novel 

dvances in the registration of tool traces will take place in the 

ourse of this decade. 

The analytical techniques implemented in this study (den- 

rochronology, DNA analyses and radiocarbon dating) have greatly 

omplemented each other, providing valuable information to un- 

avel the production history of these stocks. Dendrochronology 

ould be carried out by means of digital macro-photography, and 

leaning with scalpel blades was only required in some parts of the 

nds of the beams, representing a minimally invasive procedure. 

adiocarbon dating required approximately 10 mg of material per 

ample, so the collection of samples left a minimal trace on the 

eam. Therefore, these two methods can be carried out stepwise to 

ate wood from historical (art) objects and should be considered 

y curators and conservators. DNA analyses, however, required a 

arge amount of material (around 8 ml per sample, with more ma- 

erial being more desirable), resulting in a very invasive procedure. 

n this case, the nature of the object allowed to collect samples in 

oints where the surface was already altered, thus the sampling 

emains inconspicuous to the observer; but such a large amount 

f material can be difficult to collect from smaller artefacts, sculp- 

ures or panels for example, deeming this technique unsuitable to 

nd out the provenance of the wood. 

Lastly, our study illustrates the knowledge that can be gained 

y researching the wood of historical (art) objects. We hope that 

ur results encourage museum curators and conservators to con- 

ider the implementation of this approach to maximise the un- 

erstanding and appreciation of cultural heritage objects made of 

ood. 
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