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Introduction

Bog oak is a dark, waterlogged archaeo-
logical wood typically found in bogs and
wetlands, where specific grounds and hy-
drological conditions, combined with low
temperature, allow the preservation of
wood over long periods (Lindsay et al.
2014, Sidoti et al. 2023). Because of its
physico-mechanical properties, bog oak is
difficult to work and is mainly used to man-
ufacture valuable objects, i.e., vases, jew-
elry, consoles, and knife handles (Urso et
al. 2015).

Depending on age and, above all, on the
state of preservation, the physical parame-
ters commonly used to characterize the
bog wood decay (residual basic density,
basic density, maximum water content,
shrinkages) may vary considerably com-
pared to those of contemporary wood of
the same species (Meneghello et al. 2022).
Despite the rarity of this material, several
studies have addressed its characteriza-
tion. However, a comprehensive analysis of
its chemical composition and its influence
on physical properties is still lacking. Ac-
cordingly, this study investigates how the
elemental composition of wood may influ-
ence the physical parameters of two bog

Bog oak is a waterlogged archaeological wood characterized by distinctive
physical characteristics that depend on the burial environment, conditions,
and duration, making each sample nearly unique. The aim of this study was to
investigate the relationship between chemical composition and the physical
characteristics of two bog oak samples using CANOCO analysis. The samples
differ in age and were recovered from two different locations in northern
Italy. Results show that the CANOCO analysis is a suitable tool for analyzing
complex materials, as it provides a graphical output that enables immediate

and reliable interpretation.
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oak logs from northern Italy using CAN-
OCO multivariate statistical analysis. Spe-
cifically, this study aims to (i) characterize
the physical properties and inorganic ele-
mental composition of two bog oak sam-
ples of different ages and depositional con-
texts; (ii) explore the relationships be-
tween elemental composition and wood
physical parameters through multivariate
analysis; and (iii) identify potential patterns
linking mineral accumulation to wood de-
gradation processes.

The working hypothesis is that differ-
ences in the surrounding environment and
residence time may lead to variations in in-
organic element accumulation, which in
turn could influence the physical properties
and degradation state of bog oak wood.

Materials and methods

The two bog oak trunks were recovered
from two riverbeds (Zero and Piavon) in
northern Italy. They were dated to be-
tween 245 and 433 AD (Zero log) and
around 1200 AD (Piavon log — Meneghello
etal.2022).

For each log, 5 (P: Piavon) to 6 (Z: Zero)
samples were collected, depending on the
degradation state. Samples were taken
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from inner (Po1, Po2, Z0O8), intermediate
(PM6, ZM1, ZN4), and outer portions (PG2,
PH6, ZH1, ZH4) of a bog oak cross-section
to determine elemental composition and
physical parameters. In the analyzed logs,
it was difficult to reliably identify and sepa-
rate sapwood and heartwood because
degradation and prolonged waterlogging
alter the visual features that normally allow
this distinction in oak. Therefore, we
adopted a sampling strategy based on a ra-
dial gradient (from the outermost to the in-
nermost portions) rather than assigning
samples to sapwood or heartwood.

We determined the content of 22 ele-
ments for each sample. We measured car-
bon (C) and Nitrogen (N) content using a
modified Dumas method performed with
an Elementar Vario Macro Cube. The Induc-
tively Coupled Plasma-Optical Emission
Spectroscopy (ICP-OES - Arcos EOP, Spec-
tro A.l. GmbH, Kleve, Germany) was used
to quantify the following 19 elements: Al,
As, B, Ba, Ca, Cr, Cu, Fe, K, Mg, Mn, Na, Ni,
P, S, Si, Sr, Ti, Zn.

Basic density (BD), residual basic density
(RBd), maximum water content (MWC),
longitudinal (BI), tangential (Bt), and radial
(Br) shrinkages were measured according
to Romagnoli et al. (2018). Ash content (A)
was determined according to EN ISO 18122:
2017: “Solid biofuels - Determination of ash
content”.

The same characterizations were also
performed on control wood (contempo-
rary oak wood, Quercus sp.).

The influence of elemental composition
on the physical parameters of the two bog
oak samples was investigated using an or-
dination technique: Canonical Correspon-
dence Analysis (CANOCO - Legendre & Le-
gendre 1998, Ceccarelli et al. 2022). CANO-
CO was applied to observe, in the same
multidimensional space, the contributions
of both the element composition and phys-
ical parameters matrices (Taiti et al. 2021).
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The ordination axes are linear combina-
tions of the variables. Both matrices (ele-
ment composition and physical parame-
ters) were standardized using correlation
matrices. CANOCO can perform direct gra-
dient analysis, where the gradient in ele-
ment composition is known a priori and the
physical variables are a response to this
gradient. The implementation in the soft-
ware PAST ver. 2.17¢ (http://folk.uio.no/o
hammer/past/) follows the eigen analysis
algorithm given in Legendre & Legendre
(1998). The ordinations are given as site
scores; fitted site scores are currently un-
available. We plot physical parameters as
correlations with element composition. We
applied Type 1 scaling (Legendre & Legen-
dre 1998). The final CANOCO graphical re-
port is a triplot (displayed in two graphs for
clarity), showing samples, element compo-
sition, and physical parameters simultane-
ously. Permutation tests (1000 iterations)
were conducted on each dataset to assess
the significance of axes in the models.

Results and discussion
Tab. 1 presents the elemental and physi-

cal characterization of the Piavon (P) and
Zero samples (Z). Compared to control
wood (contemporary oak), both bog oaks
show higher contents of Ca, Fe, Mg, Na, Si,
Sr, and Zn, whereas K and P are depleted.
Ghavidel et al. (2020) also reported de-
creased K and P, which may be related to
long-term leaching during prolonged water
and sediment contact. In contrast, Gelbrich
et al. (2008) observed increasing P in bac-
terial-depredated archaeological wood,
suggesting that nutrient dynamics in wa-
terlogged wood may follow different path-
ways depending on local conditions and
degradation mechanisms. Additional differ-
ences distinguish the two logs: Arsenic was
detected in Zero samples, Sr was present
in both Piavon and Zero logs, and Cr was
absent in the Zero log. These differences
likely reflect interactions between wood
and the surrounding environment, which
may enable the uptake of elements nor-
mally absent or present in small amounts in
contemporary wood.

The presence of As in the Zero bog oak
may be related to its substantially longer
residence time in the depositional environ-

ment (245-433 AD vs. 1200 AD for Piavon).
A longer burial period may have favored
bioaccumulation processes, possibly medi-
ated by environmental bacteria (Sidoti et
al. 2023). In addition, arsenic speciation
and mobility are strongly influenced by en-
vironmental conditions and sulfate-reduc-
ing bacteria (Moscatelli et al. 2025). Al-
though detailed site characterization was
not available, the observed elemental dif-
ferences between the logs are consistent
with prolonged exposure to mineral-rich
environments.

The differing elemental compositions of
the two bog oaks emphasize how chemi-
cal, biological, and physical site factors can
affect the mineral profiles of waterlogged
archaeological wood. This variability makes
it challenging to directly compare the two
historical wood samples, even though they
were collected in the same geographical
region.

The relationship between elemental com-
position and physical parameters was ex-
plored through CANOCO analysis (Fig. 1). In
both models, the first two axes explain
nearly all model variance, with Axis 1 ac-

Tab. 1 - Physical and elemental characterizations of 2 bog oak logs and current oak wood (control). (P): Piavon log; (Z): Zero log;
(Bd): Basic density; (Rbd): Residual basic density; (MWC): Maximum water content; (BI): longitudinal shrinkage; (Bt): tangential

shrinkage; (Br): radial shrinkage.

Type Parameter Units P.O1 P.02 P.M6 P.G2 P.Hé6 2.08 Z.M1 Z.N4 Z.G1 Z.H1 Z.H4 control
.5 Bd gcm? 0.55 0.55 0.58 0.56 0.56 0.55 0.52 0.52 0.53 0.53 0.53 0.56
E RBd % 95 95 100.2 95.7 95.7 96.8 92.1 92.1 93 93 93 100
g MWC % 113.2  113.2 104.2 110.6 110.6 116.1 117.9 1179 115.4 1154 1154 102
g Ash % 1.1 1.1 1.3 2.1 2.1 7.5 1.5 1.5 1.5 1.5 1.5 0.4
§ Bl % 2 2 0.8 0.3 0.3 0 3.3 3.3 2.4 2.4 2.4 0.8
.g Bt % 15.9 15.9 16.9 17.3 17.3 23.1 27.5 27.5 24.9 24.9 24.9 8.8
§ Br % 5.4 5.4 10.2 8.4 8.4 9.8 15.9 15.9 12.8 12.8 12.8 6.5

C % 47.8 47.5 46.9 46.8 46.9 46.4 47 .1 46.6 46.4 47.3 46.6 45.8
N % 0.2 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.3
Al mg kg'  24.6 10.6 2.5 3.6 5.3 4.7 3.7 4.7 3.6 1.5 4.9 4.3
As mg kg 0 0 0 0 0 2.2 2.2 1.9 0.9 1.7 1.2 0
B mg kg 4.9 5 5.2 4.5 7.1 5.6 5.1 5.7 9 5 9 2.8
Ba mg kg 8.1 6.9 14.3 10.8 40.9 27 25.7 21.7 64.2 28.3 52.9 13.5
c Ca mg kg 3643.8 3450.3 4368.7 3962.6 5925.4 4866.2 5869.8 5016.1 7166.4 5780.6 7428.4 374.3
2 Cr mg kg 0.2 0.3 0 0.1 0 0 0 0 0 0 0 0.4
-§ Cu mg kg 2.7 3.1 2.1 1.9 1.6 2.3 2 1.8 1.9 1.8 2 1.6
% Fe mg kg' 338.7 283.3 886.8 1034.1 3470.4 3461.7 2877.3 3421.9 2906.2 25.9 3915.8 2.5
_g:? K mg kg'  53.7 43.8 40.4 36.7 38.4 30.4 32.1 37 20.6 30.7 29.8 598.2
% Mg mg kg’ 578.3 570.7 608.5 585.7 661.6 709.7 716 681.2 806.6 672.4 822.6 38.3
E Mn mg kg' 17.8 16.3 17 19.4 26.8 61.5 51.9 51.3 49.2 28.5 64.8 14.7
5 Na mg kg' 140.6 147.4 140.7 136.5 136.5 118.1 127.4  123.2 128.8 135.3 124.2 19.3
“ Ni mg kg 0.4 0.3 0.2 0.3 0.2 0.3 0.2 0.2 0.3 0.3 0.4 0.5
P mg kg'  29.3 19.5 8.9 9.6 16.9 14.9 8.5 24 11.6 9.7 13.4 90
S mg kg' 228.3 177 91.1 92.7 106.5 381.7 185.8 276.2 98.2 94.3  120.1 83.3
Si mg kg' 517.1 505.6 570.3 509.6 616.7 458.5 527 433.2 715.8 885.5 663.9 11.8
Sr mg kg 9.9 9.2 12.9 13.6 19.9 22.2 15.5 17 10.8 8.2 1.1 0
Ti mg kg 1.1 0.7 0.2 0.6 0.3 0.14 0.08 0.11 0.09 0.14 0.06 0.5
Zn mg kg 4.1 4.7 3.8 3.9 3.7 3.9 3.9 3.8 3.8 3.6 3.9 0.8
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counting for more than 96% in both cases.

Piavon log

In the Piavon log (Fig. 1a), samples are
distributed along Axis 1 according to a ra-
dial gradient from the inner to the outer
portion. Inner samples (PO1, PO2) are asso-
ciated with higher shrinkage (Bl: 2% pBt:
15.9%) and MWC values (113.2%) and lower
ash content (1.1%), whereas the outer sam-
ple (PH6) shows higher ash (2.1%) and tan-
gential shrinkage (Bt: 17.3%) but lower lon-
gitudinal shrinkage (0.3%) and MWC
(110.3%).

The higher ash content in the outer por-
tion is consistent with mineral ingress from
surrounding sediments. MWC, commonly
associated with degradation, shows posi-
tive relationships with several mineral ele-
ments (Fig. 1a). Ash-forming elements such
as Fe, Ca, and S are more abundant in the
outer portion (PH6 sample). The most in-
fluential elements in the Piavon model are
Al, Cr, and Fe. Inner samples are character-
ized by higher Al and Cr but lower Fe,
whereas the outer sample shows the oppo-
site trend. A permutation test (1000 itera-
tions), conducted to assess the significance
of axes, showed significance only for the
first axis (p = 0.016), likely due to the lim-
ited sample size.

This pattern suggests a relatively typical
radial gradient in which mineral enrich-
ment and degradation indicators increase
toward the wood-sediment interface.

Zero log

In the Zero log (Fig. 1b), the radial trend is
reversed: samples are arranged from the
outer portion (ZH1) to the inner portion
(z08), but the inner portion shows higher
ash content and MWC. Since ash and MWC
can be considered degradation indicators,
this suggests more advanced degradation
in the inner zone.

The radial crack in the Zero trunk likely fa-
cilitated sediment penetration and deterio-
ration processes that propagated toward
the center. ZH1 shows higher Ba and Si and
lower S, whereas ZO8 displays the oppo-
site pattern. Sidoti et al. (2023) also re-
ported sulfur enrichment in more de-
graded wood. A permutation test (1000 it-
erations), conducted to assess the signifi-
cance of the axes, showed no significance
(p < 0.05), likely reflecting the limited sam-
ple size.

Some elements with known wood-pre-
serving properties, such as Cu and B, show
negative correlations with degradation pa-
rameters, which may suggest a potential
moderating effect on degradation. How-
ever, this relationship should be inter-
preted cautiously. One possible explana-
tion is that degradation under waterlogged
conditions may not follow a strictly linear
pattern. As proposed by Sidoti et al. (2023)
and Moscatelli et al. (2025), Cu and B may
gradually accumulate in the wood during
prolonged burial, and their biocidal proper-
ties could then reduce the activity of wood-
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Fig. 1 - Canonical Correspondence Analysis (CANOCO) representation of the first two
axes. (@) Results for Site 1 (Piavon) samples; (b) Results for Site 2 (Zero) samples.
Each graph reports observations (orange dots), element composition (blue dots), and

physical parameters (gray vectors).

degrading organisms, thereby slowing fur-
ther degradation. Although this mecha-
nism is plausible, it remains hypothetical
and cannot be confirmed by the present
study.

The most influential elements in the Zero
model are Ba, Ni, Ti, and S. Ti and S corre-
late positively with BD, RBd, and ash con-
tent, whereas Ba and Ni correlate nega-

tively with longitudinal shrinkage.

A key difference between the two logs is
the inversion of radial degradation pat-
terns. In Piavon, degradation indicators in-
crease toward the outer wood, which is
commonly observed in waterlogged wood.
In Zero, higher degradation indicators oc-
cur toward the center. This inversion may
be explained by the older age of the Zero
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log and its longer exposure to degradation
agents (approximately 800-1000 vyears
longer than Piavon), combined with struc-
tural pathways such as cracks that allowed
deep sediment infiltration.

Taken together, the results indicate that
both residence time and structural in-
tegrity may play major roles in shaping
degradation pathways and mineral uptake
in bog oak.

Conclusions

This study aimed to evaluate the influ-
ence of inorganic elemental composition
on the physical properties of two bog oak
logs from northern Italy using CANOCO
analysis. The ordination approach proved
useful for visualizing the multivariate rela-
tionships between elemental content and
wood physical properties. In the Piavon
log, several ash-forming elements were
more abundant in the outermost portion
of the sample, in contact with sediments,
where higher ash content and degradation
indicators were observed. Elements such
as Fe, Ca, and S were positively associated
with tangential shrinkage (Bt). In contrast,
the older Zero log (approximately 8oo-
1000 years older than the Piavon) exhibited
a different pattern, with strong degrada-
tion also affecting the inner portion of the
trunk. This was likely facilitated by a radial
crack that enabled sediment ingress and in-
ternal deterioration. In this sample, Ba, Ni,
Ti, and S emerged as the most influential
elements, with Ti and S positively corre-
lated with basic density, residual basic den-
sity, and ash content.

Overall, the results highlight that mineral
uptake and degradation patterns in bog
oak are shaped by a combination of resi-
dence time and wood structural condi-
tions. CANOCO analysis proved to be a
valuable tool for interpreting the complex
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variability typical of waterlogged archaeo-
logical wood.
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