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Abstract. Amber is chiefly known as a preservational
medium of biological inclusions, but it is itself a chemo-
fossil, comprised of fossilised plant resin. The chemistry of
today’s resins has been long investigated as a means of un-
derstanding the botanical sources of ambers. However, little
is known about the chemical variability of resins and conse-
quently about that of the ambers that are derived from par-
ticular resins. We undertook experimental resin production
in Araucariacean plants to clarify how much natural resin
variability is present in two species, Agathis australis and
Wollemia nobilis, and whether different resin exudation stim-
uli types can be chemically identified and differentiated. The
latter were tested on the plants, and the resin exudates were
collected and investigated with Fourier-transform infrared at-
tenuated total reflection (FTIR-ATR) spectroscopy to give an
overview of their chemistry for comparisons, including mul-
tivariate analyses. The Araucariacean resins tested did not
show distinct chemical signatures linked to a particular resin-
inducing treatment. Nonetheless, we did detect two separate
groupings of the treatments for Agathis, in which the branch
removal treatment and mimicked insect-boring treatment-
derived resin spectra were more different from the resin spec-
tra derived from other treatments. This appears linked to the
lower resin viscosities observed in the branch- and insect-
treatment-derived resins. However the resins, no matter the
treatment, could be distinguished from both species. The ef-
fect of genetic variation was also considered using the same
stimuli on both the seed-grown A. australis derived from
wild-collected populations and on clonally derived W. nobilis
plants with natural minimal genetic diversity. The variability
in the resin chemistries collected did reflect the genetic vari-

ability of the source plant. We suggest that this natural vari-
ability needs to be taken into account when testing resin and
amber chemistries in the future.

1 Introduction

Amber (fossilised plant resin) is well known for its fine
preservation of organisms (biological inclusions), often even
facilitating the preservation of tissues (Henwood, 1992;
Grimaldi et al., 1994). Excellent preservation of inclusions
has even allowed carotenoid pigments (Thomas et al., 2014)
and amino acids (McCoy et al., 2019) to be recovered. There
is some evidence that resin chemistry may partly affect
whether an entrapped organism becomes fossilised and the
quality of its subsequent preservation (McCoy et al., 2017a).

Amber itself is a chemofossil, a polymerised resin that has
undergone further chemical alteration through the matura-
tion process after burial in sediments (Ragazzi and Schmidt,
2011). A question of increasing importance is then what po-
tential chemical information that originated from the plant at
the time of resin exudation could be stored in this preserved
resin. Numerous studies are exploring the isotopic and wider
chemical properties of different ambers to examine these po-
tentially fossilised chemical signals.

The chemical stability of ambers is useful for investigat-
ing carbon isotopes as the amber chemistry is not greatly
altered by maturation (Nissenbaum and Yakir, 1995; Stout,
1995; Aquilina et al., 2013; Dal Corso et al., 2013, 2017).
The carbon isotopic values of ambers have been used to in-
fer palacoenvironmental conditions surrounding the resinous
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source plants at the time of exudation (e.g. Nissenbaum et
al., 2005; Gaigalas and Halas, 2009; Aquilina et al., 2013;
Dal Corso et al., 2017). McKellar et al. (2011) suggested that
insect-damage-induced resin exudation may produce carbon
isotopic markers and may be traceable in ambers. However,
Dal Corso et al. (2017) showed that the carbon isotopic value
of exuded resins in modern plants can vary even in one tree
depending on height along the main trunk. They also showed
that different species in different genera growing at the same
locality can vary in their carbon isotopic compositions (up to
6 %o) and that increasing altitude causes the '3C enrichment
of exuded resins (Dal Corso et al., 2017). This shows that in-
vestigating modern resins as analogues for amber in the fossil
record is complex and needs more thorough investigation.

Others have searched for biomarker chemicals contained
in the amber itself, such as distinctive chemicals that can in-
dicate the amber source plant to genus level (e.g. Otto et al.,
2002; Yamamoto et al., 2006; Pereira et al., 2009; McCoy et
al., 2017b). Currently, there are little data available on resin
chemistry variability when exuded in response to differing
stimuli. It is thought that abiotic factors, such as light, tem-
perature, moisture stress, and soil nutrients, have no effect
on resin chemistry, although biotic factors such as herbivory
may have effects (Langenheim, 1990; Dutta et al., 2017; Mc-
Coy et al., 2017b). This opens a possible path to examining a
major question surrounding amber deposits: why the original
resin was exuded and sometimes in vast amounts. Many dif-
ferent reasons for resinous outpouring have been suggested
(summarised in Seyfullah et al., 2018a) with the key ideas
for resin production in the fossil record being as follows:
heightened fire incidence (e.g. Grimaldi et al., 2000; Najarro
et al., 2010), climate change (e.g. Rust et al., 2010; Seyfullah
et al., 2018b), local environmental scale damage, e.g. hurri-
cane damage (e.g. Grimaldi, 1996), and the evolution of new
wood-boring insect groups (e.g. Grimaldi et al., 2000).

A key research priority is therefore to understand how the
chemical signature of plant resins relates to different pro-
duction stimuli, and whether this information is obtainable
from amber in the fossil record. Here we report a set of ac-
tuopalaeontological experiments designed to stimulate resin
exudation in response to different stimuli to understand its
variability both within species and between two species in the
same family. The likely effect of genetic variation on resin
chemistry variation is also examined. Fourier-transform in-
frared attenuated total reflection (FTIR-ATR) spectroscopy
analysis was used as it is efficient, non-destructive, and reg-
ularly used to profile ambers and resins (e.g. Tappert et al.,
2011; Seyfullah et al., 2015; Wolfe et al., 2016).
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2 Materials and methods
2.1 Resinous plants used

Two species of the Araucariaceae Henkel & W. Hochstetter
were used for the experiments: Agathis australis (D. Don)
Loudon and Wollemia nobilis W. G. Jones, K. D. Hill &
J. M. Allen. Today, A. australis is found in northern New
Zealand and is considered to be the source plant for many
New Zealand subfossil resins (copals) and ambers (Lam-
bert et al., 1993; Lyons et al., 2009; Seyfullah et al., 2015;
Schmidt et al., 2018), rendering it an ideal choice for inves-
tigating the link between resins and ambers. The A. australis
plants were seed-grown trees, reflecting their natural genetic
— and so potential resin — variation, enabling us to assess
any natural resin chemistry variability, although Tappert et
al. (2011) showed intraspecific resin chemistry variation to
be much lower than interspecific variation. Due to impor-
tation/exportation limitations of plant materials, the experi-
ments on A. australis were carried out in New Zealand on
this species.

The natural relict Wollemia population has a very low ge-
netic diversity (Peakall et al., 2003; Greenfield et al., 2016)
and has been clonally increased, so all plants should re-
act as though they are mature, which makes these clones
ideal test subjects. All the Wollemia trees used were branch
clones of older branch clones provided to European nurs-
eries and shipped to Germany. Wollemia nobilis trees were
used for the experiments as these are the most resinous Arau-
cariaceans available in Europe. Comparing resin variability
between the two species allowed us to assess the effect of
within-population genetic variability on resin chemistry, as
well as assessing the relative contributions of stimulus type
and botanical affinity.

2.2 Treatment set-up in New Zealand (Agathis
australis)

The Agathis australis were all 10-year-old seed-sown plants
(Fig. 1a) grown at Oratia Plant Nursery, West Coast Road,
Glen Eden, Auckland (36°54'52"S, 174°36’50" E). The
plants were grown within their zone of natural occurrence
in New Zealand (from Steward and Beveridge, 2010; here
Fig. 1b). Of the 80 available trees, 20 were rejected as they
looked unhealthy or were very different in height or appear-
ance from the remaining plants. The selected 60 plants were
then placed into groupings of 10 across a plot in the nurs-
ery for the treatment and observations. A total of 10 trees
per treatment were used, with 5 treatments in total, plus 10
as control plants. All the treatments started on day 1. The
treatments are analogous variants of physical damage that
wild plants might be subjected to naturally and are thought to
trigger resin exudation. The treatments were as follows: (1,
“cutoff”, Fig. 2a) cutting plants down to 20 cm from the soil
surface to mimic catastrophic damage; (2, “insect”, Fig. 2¢)
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boring ten 1 mm holes 10 mm deep into the top 20 % of the
trunks to mimic insect borings; (3, “branch”, Fig. 3a) remov-
ing three upper branches from the trunks to mimic abrupt
but not catastrophic physical damage; (4, “burn”, Fig. 3c) in
which the trunk was burned on one side for 1 min with a blow
torch held 10 cm away at around 20 cm from the soil surface,
creating a burn 4-6 cm in length along the trunk to mimic a
wild fire burning at a low level; (5, “leaf-fire”) in which the
upper part of the plant/canopy was subjected to burning, plus
a control group which was not subject to any treatments.

2.3 Treatment set-up in Germany (Wollemia nobilis)

Due to the rampant fatal Phytophthora infection of many
specimens and clonal source plants across Europe (and
worldwide), far fewer trees were available for these treat-
ments than planned. In total 24 trees were sourced and grown
in the glasshouses at the Experimental Botanical Garden
of the University of Gottingen (51°33/22” N, 9°57'18” E).
These trees were more variable in their age, size, and ma-
turity than the A. australis specimens (Fig. 4). The trees
were grown together for a year after immediate repotting
to impose similar growth conditions on the test trees. The
resinous polar caps of the trees, except for those on the
controls, were ignored as these are produced seasonally to
protect the developing apices of the plants from the cold
(Royal Botanic Garden Sydney, https://www.rbgsyd.nsw.
gov.au/Plants/Gardening/Growing- Wollemi-Pines- 1, last ac-
cess: 2 May 2021). After this, seven treatments and a control
group, each with three plants, were created. A range of sizes
and maturities were selected for each group. All the treat-
ments started on day 1.

The treatments were again analogous variants of physical
damage that wild plants might be subjected to naturally and
are thought to trigger resin exudation. The treatments were
as follows: (1, “cutoff”, Fig. 5a) cutting plants down to 20 cm
from the soil surface to mimic catastrophic damage (same as
the Agathis tests); (2, “insect”, Fig. 5¢) boring ten 1 mm holes
10 mm deep into the top 20 % of the trunks to mimic insect
borings (same as the Agathis tests); (3, “branch”, Fig. 6a) re-
moving three upper branches from the trunks to mimic abrupt
but not catastrophic physical damage (same as the Agathis
tests); (4, “burn”, Fig. 6¢) in which the trunk was burned
on one side for 1 min with a blow torch held 10 cm away at
around 20 cm from the soil surface, creating a burn 4-6 cm in
length along the trunk to mimic a wild fire burning at a low
level (same as the Agathis tests); (5, “flood”) in which trees
were placed in individual troughs of water to mimic flooding
events for which the water level was high (5 cm from the top
of the pots) for 1 week and was gradually lowered throughout
the several weeks of the experiment; (6, “drought”) in which
the watering regime was halved for these trees compared to
all others to mimic times of water stress; (7, “flood + insect”)
in which the trees were subjected to two simultaneous treat-
ments: they were placed in individual troughs of water to

https://doi.org/10.5194/fr-24-321-2021

mimic flooding events, again the water level was high (5 cm
from the top of the pots) for 1 week and gradually lowered
throughout the experiment, and ten 1 mm holes 10 mm deep
were bored into the top 20 % of each trunk to mimic insect
borings. These last three treatments are not figured as they
yielded only tiny amounts of resin.

2.4 Observation and collection of resins

For both experimental set-ups, each plant was numbered, ob-
served, and photographed prior to the experiment. Resins ex-
uded by each plant were observed and photographed each
morning for 21d. This was when the resin exudation had
clearly stopped for all treatments, and no further fresh resin
had been produced for several days; then the exuded resins
were collected. This was done by using individual sterile
scalpels to scrape the resins from the tree into stoppered
tubes whilst being careful not to incorporate any bark into
the resins to minimise contamination. Not all plants produced
resins, and the quantities of resin exuded varied. For the A.
australis treatments, there are 30 separate resin samples in to-
tal in the analyses. A total of 10 samples are from the branch
treatment trees, 8 from both the cutoff and insect treatment
trees, and 4 from the burn treatment trees. The control trees
produced no resin during the observation period. The leaf-
fire treatment produced so little resin that it could not be used
for any analyses. For the W. nobilis treatments, there are 22
separate resin samples in the analyses: two each came from
the drought and fire treatments, three each from the cutoff
and flood + insect treatments, four from the branch treatment
(here tree 2 gave no resin, one sample was from tree 1, and
three came from tree 3 — one from each branch removal site
as so much resin was exuded and to test whether there was
any difference in their chemistries), and six from the insect
treatment (four samples came from tree 1 as there was so
much resin and to see if the height of the damage made any
difference to the resin chemistry, with only one sample each
from the other trees). The control trees produced no resin dur-
ing the observation period, but two polar cap exudates were
collected for comparison. The flood treatment did not yield
enough resin for testing. The resins had mostly already hard-
ened all the way through on the trees at time of collection,
which was noted at time of collection for each sample. The
hardened resins were white and cloudy compared with the
more translucent, less hardened resins. The resins were then
left for 3 months in their collection tubes for any further loss
of volatiles or hardening to occur.

2.5 FTIR spectroscopy

The resins were examined under a binocular microscope to
check for any contaminants. Uncontaminated and hardened
resin pieces (any potentially softer looking, more translu-
cent pieces were removed to limit any measurement of pos-
sible volatiles from pieces of resin that were not fully hard-
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(b)

Figure 1. Agathis australis grown in New Zealand: (a) seed-grown 10-year-old Agathis australis trees at Oratia Plant Nursery before the
start of the experiment; (b) map of New Zealand (inset) with dashed rectangle indicating area of interest. Enlarged area shows the natural
range (in green) of the endemic Agathis australis in New Zealand, based on Steward and Beveridge (2010); site of experiment at Oratia is

arrowed.

ened) were then selected and individually powdered to avoid
cross-contamination, with extensive cleaning between sam-
ple preparations. The powdered resins were then analysed
using FTIR spectroscopy (Bruker Vertex 70) using a Glo-
bar light source, a KBr beamsplitter, and a DLaTGS detector.
The spectrometer was constantly purged by dry air to reduce
background signals from atmospheric HoO and CO,. The
spectra were collected in attenuated total reflection (ATR)
mode using a Bruker Platinum A225 diamond ATR acces-
sory that was installed in the sample chamber of the spec-
trometer. The powdered sample was placed on the 2 x 2 mm
surface of the diamond and was pressed onto the crystal by
a torque-controlled anvil. For each sample spectra were col-
lected in the range from 4000 to 650 cm™! in 32 scans with
a spectral resolution of 4cm™!. A background spectrum was
taken before each sample spectrum. Each sample was mea-
sured three times to ensure consistency, with one spectrum
per sample chosen for further analysis. The ATR crystal and
anvil were cleaned thoroughly with ethanol between sam-
ples to prevent cross-contamination. The spectra were Vvi-
sualised using SpectraGryph v1.2.13, and absorption bands
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were identified by comparison with previous reports (Lyons
et al., 2009; Tappert et al., 2011; Beltran et al., 2016).

2.6 Statistical analyses using R

All data manipulation and analysis were carried out in R ver-
sion 4.1.0 (R Core Team, 2021) with the packages baseline
version 1.3-1 (Liland et al., 2010) and RColorBrewer version
1.1-2 (Neuwirth, 2014) (see Supplement). Each spectrum
was standardised to zero mean and unit variance (z scores)
using the equation (x —X)/o, where x is the absorbance
value, X is the spectrum arithmetic mean, and o is the spec-
trum standard deviation. The baseline was corrected using
modified polynomial fitting, with a second order polynomial
baseline (Liland et al., 2010). We used principal component
analysis (PCA) and cluster analysis for data visualisation
and exploration (Varmuza and Filzmoser, 2009). The PCA
and cluster analyses were run on the sample spectra. The
cluster analysis was run using the Euclidean distance and
with the unweighted pair group method with arithmetic mean
(UPGMA) linkage algorithm. The two experimental datasets
were analysed both separately and combined together using
these methods (see Supplement).
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Figure 2. Experimental Agathis australis examples: (a—b) cutoff treatment in which the trees were cut at 20 cm above soil level to mimic
catastrophic damage; (c—d) insect treatment in which holes were drilled into the top 20 % of the trunks to mimic wood-boring insect attack;
(a) day 1 of cutoff treatment; (b) final day of cutoff treatment with viscous white resin visible; (¢) day 1 of the insect treatment with one
drilled hole visible (arrowhead); (d) final day of insect treatment in which two drill holes have exuded less viscous white resin (arrowheads).
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Figure 3. Experimental Agathis australis examples: (a—b) branch treatment in which three upper branches were removed to mimic non-
catastrophic damage; (c—d) burn treatment in which each tree was burned on one side creating a burn 6 cm in length along the trunk to mimic
a wild fire burning at a low level; (a) day 1 of branch treatment; (b) final day of branch treatment with less viscous light yellow resin visible;
(c) day 1 of the burn treatment with small resin beads forming; (d) final day of burn treatment with viscous exudation.
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Figure 4. Variation in tree sizes seen in the Wollemia nobilis clonal
plants available and grown together in Gottingen prior to experi-
mentation (tallest tree 2.4 m in height).

3 Results
3.1 Agathis resin exudation experiment

The control trees were found to produce no resin during the
observation period. The leaf-fire treatment produced so little
resin that it could not be used for any analyses. The four re-
maining treatments did produce resin in the plants, and the
amounts varied between treatments and also between trees
within each treatment group. A total of 30 separate resin sam-
ples were collected, 10 from the branch treatment trees, 8
from both the cutoff and insect treatment trees, and 4 from
the burn treatment trees. Of these, the least amount of resin
was produced by the cutoff treatment trees (Fig. 2b), fol-
lowed by the branch treatment trees (Fig. 3b) in contrast to
the insect treatment trees (Fig. 2d) and the burn treatment
trees (Fig. 3d), which produced the most resin. The least
viscous resin that ran further down the trees was generally
observed in some of the insect and branch treatment trees
(Figs. 2d, 3b) but not all and not at every injury site on the
same tree. The most viscous resins (in which the resin did not
drip so far down the trees) were mainly exuded in response
to the cutoff and all burn treatments (Figs. 2b, 3d).

https://doi.org/10.5194/fr-24-321-2021

The FTIR spectra of Agathis australis resins show the
peaks diagnostic for all resins (Fig. 7a). The wide 3400 cm™!
peak is linked to stretching of O—H bonds and the small peak
at 3076cm~! due to C-H stretching of monoalkyl groups,
whereas the dominant peak at 2935 cm™! and the small peak
at 2848cm~! are associated with methylene groups. The
small peak at 2870cm~! is related to methyl groups, and
the large peak at 1693 cm™! with a peak on the shoulder at
1722 cm™~! is due to C—O double bonds in carboxyl groups
of resin acids (Tappert et al., 2011; Seyfullah et al., 2015).
Below this is the fingerprint region, which is highly variable
between different resins. In Agathis the peaks at 1448 and
1385cm™! are due to C—H bending motions of methyl and
methylene functional groups, the peak at 1234cm™! is as-
signed to C-O single bonds, and the large peak at 887 cm™!
is due to the out-of-plane C—H bending motions in termi-
nal methylene groups (Tappert et al., 2011). The mean FTIR
spectra for the treatments demonstrate clear differences in
the fingerprint region (the region below 1800 cm™!), with the
most striking observation being the peak differences between
1288 and 1098 cm™! (see Fig. 7b area between dashed lines).
In the insect and branch treatments there is a larger single
peak at 1229 cm™'. This peak is followed by a smaller dou-
blet at 1174 and 1150 cm™". In contrast the cutoff and burn
treatment resins show a less intense peak at 1235cm™! with
a shoulder at 1259 cm™! that is more similar in intensity to
the doublet at 1174 and 1150 cm™!. The peak or first doublet
results from C-O single bonds, C—C-O stretching, and O-H
deformation in -COOH groups, and the second doublet re-
lates to C—O single bonds in the resins (Beltran et al., 2016;
Lyons et al., 2009; Tappert et al., 2011).

For this Agathis experiment, more than 94 % of the vari-
ance was accounted for by two principal components (per-
centage of variance for PC1: 84.59 %; PC2: 9.86 %; stan-
dard deviation for PC1: 7.37; PC2: 2.52), so no further prin-
cipal components were needed to describe the variation. In
terms of the resin chemistry produced from each tree in each
treatment group, each treatment clusters together (Fig. 8a),
but there are overlaps between the treatments and a poten-
tial arch effect on PC1, which shows a gradient from cutoff
to burn to insect to branch treatment resin spectra. The PC1
loadings for Agathis shows that the peaks at 1229, 1693, and
1722 cm™ !, identified above, are key to the spectral differ-
ences in the Agathis treatments (Fig. 8b). A similar result to
the PCA is also seen in the cluster analysis (Fig. 8c), in which
the treatments can be divided, more or less, into two main
clusters, one containing all the cutoff treatment trees and all
but one burn tree. The other cluster comprises all the insect
and branch treatment trees, plus one burn tree. The one burn
tree resin that clusters towards the insect and branch treat-
ments had a less viscous resin more similar to that observed
being exuded in the insect and branch treatment trees rather
than the more viscous resin exuded in response to the cutoff
and other burn treatments.

Foss. Rec., 24, 321-337, 2021
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Figure 5. Experimental Wollemia nobilis examples: (a-b) cutoff treatment in which the trees were cut at 20 cm above soil level to mimic
catastrophic damage; (c—d) insect treatment in which holes were drilled into the top 20 % of the trunks to mimic wood-boring insect attack;
(a) day 1 of cutoff treatment (aerial view); (b) final day of cutoff treatment with viscous white resin visible; (c) day 1 of the insect treatment
with one drilled hole and initial resin exudation visible (arrowhead); (d) final day of insect treatment in which three drill holes have exuded
less viscous white resin (arrowheads).
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Figure 6. Experimental Wollemia nobilis examples: (a—b) branch treatment in which three upper branches were removed to mimic non-
catastrophic damage; (c—d) burn treatment in which each tree was burned on one side creating a burn 6 cm in length along the trunk to mimic
a wild fire burning at a low level; (a) day 1 of branch treatment with three cuts (arrowheads); (b) final day of branch treatment (same tree
as a with small amounts of viscous resin visible at each cut site); (¢) day 1 of the burn treatment with no apparent resin exuded; (d) final day
of burn treatment with minimal resin exudation (arrowhead).
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Figure 7. Mean FTIR-ATR spectra for (a) Agathis and Wollemia; (b) the four effective Agathis treatments, the dashed lines indicating the
area of key differences between the mean spectra; (c) the six effective Wollemia treatments plus the control group.

3.2 Wollemia resin exudation experiment

Very little resin was exuded by all trees across the experi-
ment. The control trees were found, as expected, to produce
no resin during the observation period, although the resinous
polar cap was collected for testing, becoming the “control”
samples. The flood-treated plants produced the least resin of
the other treatments, so little that there was not enough for
testing. The next lowest amounts of resin were obtained from
the drought and flood + insect treatments, although there was
just enough resin for testing collected. The cutoff (Fig. 5b)

Foss. Rec., 24, 321-337, 2021

and branch (Fig. 6b) treatments provided more resin, and
the most resin was collected from the insect (Fig. 5d) and
burn (Fig. 6d) treatments. In terms of viscosity the pattern
was similar to the Agathis experiments in that the most vis-
cous resins were exuded in response to the cutoff and all burn
treatments (Figs. 5b, 6d). Also, some of the insect and branch
treatment trees yielded the least viscous resins (Figs. 5d, 6d)
but again not all and not at every injury site on the same tree.
The two treatments for which there was more than one sam-
pled resin per tree (branch and insect) also showed spectral
variation within one tree, suggesting that the height of the

https://doi.org/10.5194/fr-24-321-2021
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Figure 8. Multivariate analysis of Agathis resin spectra using FTIR-ATR spectroscopy: (a) principal component analysis showing PC1 vs.

PC2; (b) loadings for PC1; (c) cluster analysis.

treatment placement was also a minor factor in the variation
(Fig. 9a). Only two from four of the branch treatment resin
spectra are overlapping and so are very similar. These derive
from the same tree; however, the third from this tree does not
group with these two spectra. Additionally, the resin spec-
trum from a different tree with the same branch treatment
does not closely group with any of these other branch treat-
ment spectra. A similar pattern is also noted in the insect
treatment spectra in which samples from the same tree show
a large amount of variance (Fig. 9a).

The Wollemia mean spectrum is broadly similar to that
of Agathis and especially those mean resin spectra recov-
ered from the Agathis burn and cutoff treatments (Fig. 7a).
This suggests that the chemical bonds and therefore compo-
nents of the resins are similar but not completely identical. In
Agathis resin mean spectra, the peak at 1229 cm™! is higher
than those found at 1174 and 1150 cm™!. In Wollemia, this
peak intensity pattern is reversed (Fig. 7). Overall, the mean
spectra per treatment (Fig. 7c) are broadly similar in the
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Wollemia experiment with limited evidence for differences
tied to treatment type.

For the Wollemia experiment, 82.5 % of the variance was
explained by two principal components (percentage of vari-
ance for PC1: 63.50 %; PC2: 19.03 %; standard deviation
for PC1: 3.04; PC2: 1.66). The PCA (Fig. 9a) shows some
within-treatment groupings, but there is a lot of overlap. The
variation across the treatments and samples of the Wollemia
trees is also far smaller than that observed with the Agathis
ones. The potentially oldest resins (from the polar cap of
the controls, n = 2) cluster together on PC1 perhaps due to
their age (and so degree of polymerisation) and/or position
on the trees. An additional possibility is that the polar caps
are more degraded than the other resin found as droplets as
the cap resin layers are very thin, perhaps linked to the way
they drop off in scales when the tree starts growing. The PC1
loadings for Wollemia show that the wide peak found around
3400cm~! and the peaks at 1693 and 887 cm™', identi-
fied above, are key to the minor spectral differences in the
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