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Abstract

Stable isotope ratio analysis of tree rings has been widely and successfully applied in recent
decades for climatic and environmental reconstructions. These studies were mostly conducted
at an annual resolution, considering one measurement per tree ring, often focusing on latewood.
However, much more information could be retrieved with high-resolution intra-annual isotope
studies, based on the fact that the wood cells and the corresponding organic matter are
continuously laid down during the growing season. Such studies are still relatively rare, but
have a unique potential for reconstructing seasonal climate variations or short-term changes in
physiological plant properties, like water-use efficiency. The reason for this research gap is
mostly technical, as on the one hand sub-annual, manual splitting of rings is very tedious, while
on the other hand automated laser ablation for high-resolution analyses is not yet well
established and available. Here, we give an update on the current status of laser ablation
research for analysis of the carbon isotope ratio (8'°C) of wood, describe an easy-to-use laser
ablation system, its operation and discuss practical issues related to tree core preparation,
including cellulose extraction. The results show that routine analysis with up to 100 laser shot-
derived 8'°C-values daily and good precision and accuracy (ca. 0.1%o) comparable to
conventional combustion in an elemental analyser are possible. Measurements on resin-
extracted wood is recommended as most efficient, but laser ablation is also possible on cellulose
extracted wood pieces. Considering the straightforward sample preparation, the technique is
therefore ripe for wide-spread application. With this work, we hope to stimulate future progress

in the promising field of high-resolution environmental reconstruction using laser ablation.
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1. Introduction

Stable isotope ratios of tree rings have been used for several decades now as reliable indicators
of past climatic, environmental and physiological information (Gessler et al. 2014; McCarroll
and Loader 2004). The carbon isotope ratio (8'>C) of leaf assimilates is directly impacted by
climatic variables that influence stomatal conductance and photosynthetic assimilation rate (see
Farquhar et al. (1989) for the theory of photosynthetic carbon isotope discrimination). These
variables are mainly soil moisture, vapor-pressure deficit (VPD), temperature and light,
whereby the relative importance depends on the climatic zone and local site conditions.
Accordingly, various studies have successfully reconstructed climate variables over many
centuries, recently even for more than two millennia (e.g. Biintgen et al. (2021); Nakatsuka et
al. (2020)), and have established past spatial hydro-climatic patterns (Leavitt and Long 1988;
Treydte et al. 2007). Most of these studies have a temporal resolution of one year. This means
that tree cores are either separated at their annual borders or only the latewood (LW) portion is
cut out, the part of the ring which is considered to best reflect the current year’s climatic
conditions, although the boundary between earlywood (EW) and LW cannot always be
objectively determined. The cells of an individual tree ring are built successively over a growing
season, and the phenology and seasonal dynamics influence the involved processes, such as cell

enlargement and cell wall thickening (Cuny et al. 2014)..

Various studies have made use of the more hidden high-resolution (intra-annual) information
by measuring tree-ring isotope ratios by laser ablation (Skomarkova et al. 2006) or on manually
cut micro sections (Kagawa et al. 2006; Martinez-Sancho et al. 2022; Nabeshima et al. 2018).
Examples for the value of high-resolution isotope studies are from the tropics, where clear
visible annual patterns are mostly lacking, but cyclic isotope patterns have sometimes been
found (Schollaen et al. 2014; Verheyden et al. 2004). In deciduous species, the EW part of rings
has been found to have relatively high 8'*C, due to the use of *C-enriched starch for cell
formation, reflecting remobilization of assimilates stored in previous years (Hafner et al. 2015;
Helle and Schleser 2004). A general tri-phase pattern in deciduous species over the course of a
ring has been discovered, which is characterized by high values for the first EW cells followed
by a decrease and a minimum in the first part of the LW and a steep increase towards the end
of the ring (Helle and Schleser 2004). These results raised concerns about a strong impact of
post-photosynthetic biochemical fractionation factors on the intra-ring 8'°C patterns,

potentially disturbing and diminishing climatic information.
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In evergreen pine trees, however, EW production strongly depends on current-year
photosynthates (Barbour et al. 2002; Dickmann and Kozlowski 1970) and therefore intra-ring
isotope patterns in evergreen species may better reflect actual climate than in deciduous species
(Monson et al. 2018). Indeed, studies of pine species in several regions of the Northern
Hemisphere showed the potential to infer seasonal climate information from §'3C intra-ring
patterns (Kagawa et al. 2006; Ogée et al. 2009). Moreover, comparison of 3'*C of biweekly
sampled leaf sugars, representative for recent assimilates, and intra-annual tree ring 8'3C
showed comparable trends in Pinus sylvestris (Offermann et al. 2011). In Siberia, a strong
seasonal climate signal was found in a laser ablation study on Pinus sylvestris (Fonti et al.
2018), particularly for young trees, while older trees may have been more affected by carry-
over effects of the previous year’s growing conditions on current year’s wood production. In
the Mediterranean as well as in the Western US, intra-annual density fluctuations (IADFs) or
“false LW” are frequent that show promise for reconstruction of seasonal drought periods.
IADFs are visible bands within a ring that can be caused by unusually dry and subsequent wet
conditions. They can be understood as hydraulic adjustments by wood anatomical changes to
water stress, as observed in Pinus pinea, which also impact the isotope ratios in these wood
structures (Battipaglia et al. 2010; Zalloni et al. 2018). For Pinus ponderosa, the importance of
phenological lags for understanding the isotopic signatures of false LW bands was shown, but
also the ability to infer seasonal climate signals (Belmecheri et al. 2018). The latter was also
shown by analysing EW and LW separately for Pinus ponderosa (Szejner et al. 2018). For
deciduous members of the Pinaceae tamily, Larix species analysed in Siberia showed great
promise for high-resolution studies. The seasonal leaf sugar 8'°C patterns in Larix gmelinii were
well recorded in the intra-annual tree-ring 8'>C pattern, albeit dampened (Rinne et al. 2015).
The different seasonal weather conditions of the two investigated years in this laser ablation
study showed clearly different tree-ring 8'>C patterns related to the atmospheric vapour pressure
deficit. This opens the possibility to reconstruct such high-resolution climatic information over

the past.

In view of the great potential of high-resolution isotope analyses, the relative rareness of such
studies may be surprising. This lack is most likely related to the tedious amount of preparation
necessary for manually cutting thin slices of rings, e.g., using a microtome (Treydte et al. 2014;
Verheyden et al. 2004). Laser dissection (Schollaen et al. 2014) and laser ablation combined
with isotope-ratio mass-spectrometry (LA-IRMS) are potentially less cumbersome than manual
cutting, but the challenging techniques involve various independent devices and are still not

widely applied (Loader et al. 2017; Rinne-Garmston et al. 2022; Schulze et al. 2004). The laser
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dissection technique has the advantage of very precise cutting of individual wood structures,
e.g., ray parenchyma, but may not be suited for high-throughput analyses, as each cut wood
piece is first transferred to an individual silver capsule and later analysed on a different
instrument for the isotope ratio (Schollaen et al. 2014). The laser ablation, in principle, enables
the integration of all processes from selecting a series of spots on a sample to isotope
measurement. Such techniques have been developed and applied also in other research fields
(Moran et al. 2011; van Roij et al. 2017; Zhang et al. 2020). However, a dedicated and straight-

forward method for tree rings was still lacking until recently.

Here, we describe an LA-IRMS that integrates the complete chain of processes from UV-laser
ablation to isotope analysis, including a sample chamber with a large window, high-precision
positioning of this chamber, software for placing the desired laser shots, a combustion oven for
the ablated dust particles, a CO»-collecting system and an interface to the IRMS. The integration
of all components enables fast and unattended high-throughput analyses, once the laser shots
are set. This opens the possibility for systematic assessment of high-resolution analysis. Few
papers have described the LA-IRMS method for tree rings in detail so far, mostly referring to
the pioneering work from Wieser and Brand (1999) and Schulze et al. (2004). Due to the limited
available information, we are convinced that a detailed explanation of the technique is crucial
for stimulating its further use and application. In this paper, we therefore provide 1) a
description of an LA-IRMS system dedicated to high-resolution tree-ring analysis, its
performance and operation; and 2) a discussion of optimal tree-ring sample preparation for this

technique, including the option to apply the technique on cellulose.

2. Materials and Methods
2.1 Set-up

The complete LA-IRMS set-up consists of a UV-laser (Teledyne LSX-213 G2+, Nd:YAG
Laser; wavelength 213 nm), a sample chamber (isoScell, Terra Analitic, Alba Iulia, Romania),
a combustion oven, a Cryoflex trace gas system (Sercon, Crewe, UK) for collection of produced
CO> with liquid nitrogen (LN>) traps, a GC-column, an IRMS to measure §'3C (HS2022,
Sercon, Crewe, UK), and controlling software (Fig. 1). An almost identical set-up is installed
at WSL, Switzerland, and at Luke, Finland. Here, we present results from both institutes,

mentioning differences where applicable.
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The laser shoots on a sample, normally a piece of wood, through a glass window made of fused
silica. The sample can be of maximum length of' 4 cm and is placed in a sealed chamber together
with reference materials (Fig. 2). The wood sample may need to equilibrate for 1-2 hours in the
chamber, as a minor shrinking of the wood core is possible in the completely dry helium stream.
The sample chamber is attached to a 3D moving table, which allows precise positioning and
movement of the sample (motion control 100 x 100 mm XY travel, 0.16 pm resolution, 50 mm
Z travel, 0.78 um resolution). A video microscope system comprising continuously variable
zoom magnification optics is combined with a high-definition color camera capable of resolving
sample features down to 2 um. The microscope is placed perpendicular to the sample and co-
axial with the laser beam for distortion-free imaging and ablations. A long sequence of laser
shots can be pre-programmed and then run automatically. For the settings, operation and
positioning of the laser shots, the laser has its own PC and software, which is connected to the
PC of the IRMS by a trigger signal for coordinated operation. The spot size in principle ranges
from 4 pm to 200 um (but see below for more details on applicable range). The laser settings
normally used at WSL and Luke are fluence 4 J/cm2, laser output 22.5%, 20 Hz, and 8 J/cm2,
laser output 40%, 20 Hz, respectively. The influence of different laser energy is discussed
below. The laser has a Class 1 enclosure with safety interlocks that prevent exposure to UV

laser light for the operators.

The resulting gases and/or particles from the laser ablation are transported with helium (WSL:
30 ml/min; Luke: 50 ml/min) through a stainless-steel tubing (outer diameter 1/16 in.; inner
diameter: 0.04 in.) to an oven for complete oxidation of all carbon to CO> (Silicon Carbide tube
furnace model TSH15/16/125). The temperature of the oven is set in the range of 700°C (Luke)
to 860°C (WSL) and contains a silica tube (length 370 mm; diameter 6 mm OD, 4 mm ID)
filled with Cr20s (at Luke, length 470 mm, otherwise similar). After the sample has passed the
reactor and after completion of each analysis, a valve to an oxygen supply is opened for some
seconds to keep the reactor fully oxidized (Fig. 1). The produced gas including CO; passes a
Nafion trap for water removal and is subsequently collected with LN», first in the larger volume

trap (trap 1, collection mode, Fig. 1).

The CO: is subsequently released by lifting the trap and collected in the smaller volume trap 2
(smaller volume results in a more distinct sample peak later on). The system then switches to
analysis mode (low He flow of 3-4 ml/min), the second trap is lifted and the released CO, passes
through the GC-column (WSL: Rt-Q-Bond column, Restek, 0.53 mm ID, 30 m, 20 um; Luke:
Rtx Bond, 10 m). The temperature of the column is kept between room temperature and 70 °C

(shorter residence time for higher temperatures) for separating CO: from other possibly
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interfering gases (NO, NOy, N>O) that may also be trapped with LN». All traps and valves (Fig.
1) as well as the GC-column are part of the CryoFlex Trace gas system (Sercon, Crewe, UK),
whose timing and operation are controlled by the IRMS software. Finally, the 8'°C of CO; is
measured in the IRMS. Significant difference between groups of §'3C data were assessed by an
F-test (p<0.05). The size of the mass-spectrometer signal (i.e. “peak size”) is dependent on spot
size and laser settings, and can be expressed as beam area (given as, i.e. integrated amplifier

signal over time).

The analysis time for one sample (i.e. laser shot) is ca. 700 secs for the WSL instrument. This
time is given from the complete sequence of operation steps needed, but in particular from
passage through the GC-column. It is necessary to complete one sample before beginning the
next because the CO, accumulates in the traps throughout the laser shot. At Luke, the analysis
time is only ca. 300 secs due to shorter length of the GC column. Over-night runs may be limited
by the amount of LNz fitting in the dewar, which is slowly evaporating. We therefore tested the
use of an automated LN, refiller (Norhof LN> Microdosing System #900). This can enhance
the operation time, but care needs to be taken to avoid build-up of ice around the LN»-traps

after prolonged use, which eventually can lead to blockage inside the traps.

2.2 Standard and sample materials
Standards

According to the principle of identical treatment of references and samples (Werner and Brand
2001), a reference material close or similar to wood is recommended to be used during laser
ablation. However, unlike for bulk analysis with elemental analysers (EAs), where materials
are homogenized, this is more difficult in the case of laser ablation. Intact wood is spatially
heterogenous with respect to C-isotope composition and can therefore not be used as a reference
material in this application. As a surrogate, cellulose may be used, which is commercially
available as pads or mats of varying thickness (Blotting pads, cellulose 100%, VWR, 28298-
018). The TAEA-C3 cellulose was formerly also provided as a mat but was additionally
homogenized and is now provided as powder. The indicated 8'*C-value of -24.72%o should,
however, be verified prior to use (WSL: -24.71%o + 0.07%o; Luke: -24.61%0 £ 0.13%o0), because
older batches of this material may have a different isotope ratio. Powdered materials may also
be used as reference for laser ablation when compacting them with a tablet press (WSL: Micro-

Tec MTB6, Tablet Press, Micro to Nano, Haarlem, Netherlands; Luke: Perkin Elmer IR
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Accessory Hydraulic Press, PerkinElmer, Uberlingen, Germany). The 8'*C values of these
materials can be determined by analysis with EA-IRMS. Standards used in Luke further
include: Yucca inhouse standard (EA: -15.46+0.05%0, n=19); powdered wood reference
materials USGS-55 (reported as -27.13+ 0.02, n=18).

Tree-ring samples

Tree cores of 10 mm diameter were collected in Pfynwald, a mature Scots pine (Pinus
sylvestris) forest located in the inner-Alpine dry Valais, Switzerland. Trees at this site are
strongly impacted by summer drought, and increased tree mortality has been observed at this
site in recent years. It is an extensively monitored and investigated site, and additionally features
an irrigation treatment that lasted almost 20 years (Bose et al. 2022). Additionally, a '3C-
labelling experiment took place on some of the trees in late summer of 2017 (Joseph et al.
2020), which left a marker in different tree tissues including tree rings. This is ideal for studying
carry-over effects of carbohydrates to the following year(s) and to determine how much the
carry-over depends on growth conditions such as water availability/drought. For this work, the
large !*C-variations from year to year due to labelling were also particularly useful for
determining the influence of core surface preparation. Due to the drought stress in the area, tree-
ring widths were rather narrow for the investigated years 2015-2018 and for the analysed four
trees (tree No. 40: 0.26 = 0.06 mm, No. 237: 0.57 = 0.31 mm, No. 466: 0.77 = 0.18 mm, No.
390: 0.72 £ 0.15 mm).

2.3 Sample preparation methods

We compared LA-IRMS results of the tree cores after application of different surface
preparation and solvent extraction methods, considering that sample preparation is important
for obtaining reliable §'°C results, and describe here the optimal procedures based on these
tests. Cellulose extraction of whole wood core laths was further tested, following the method in
Kagawa et al. (2015), for comparison of laser profiles of wood (with and without resin

extraction) and cellulose.

Surface preparation
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The tree core surface can be prepared either by cutting with a core-microtome (Gértner and
Nievergelt 2010), by sanding or by a combination of both. The increment cores are fixed in the
core holder of a core microtome enabling the cutting of flat surfaces over their entire extent.
Ideally, the cut surface of the core preserves the structure of the single cells within the annual
rings. This procedure results in the cell walls not being frayed and the surface of the entire core
to be flat. In contrast, polishing is done with a sequence of different grit sandpapers, starting
for instance with 80-grit, followed by 120, 220, 300-grit (microfinishing film, aluminum oxide,
3M). A final polishing with 400-grit is sufficient for most conifers. For hardwoods and
especially tropical species, sanding grits up to 1,200 to distinguish the growth-ring boundaries
is recommended. Wood dust in the cells could subsequently be washed out using an ultra-sonic
bath (here not done). A combination of the methods means that a microtome cut is followed by
just a few strokes with a fine-grit sandpaper to minimize dust distribution across cells, but at

the same time enhancing the visual contrast of the xylem cells.
Extractions

To remove resins and other soluble compounds, cores were treated with alcohol in a Soxhlet
apparatus (Schweingruber et al. 1978). Samples can be boiled in water to remove hydrophilic
compounds, such as phenols and tannins, and refluxed in alcohol, benzene, acetone, or toluene

to remove lipophilic substances, such as resins or oils (Bjorklund et al. 2019).

For cellulose extraction, tree cores were cut into 1.5 mm thick plates, i.e. thin wood strips or
laths, of near-even thickness using a twin-blade saw as used also for traditional MXD analysis
(preparation for radiography) and packed into F57 fibre filter bags (made of polyester and
polyethylene with an effective pore size of 25 um) for subsequent chemical treatment (Ankom
Technology, Macedon, NY, USA). A modified Jayme-Wise holocellulose isolation method was
used, involving NaClO; treatment at 60°C and washes with a 5% NaOH solution at 60°C. This
was done based on Boettger et al. (2007), modified for larger numbers of samples that allows

for the parallel extraction of up to 400 samples (Weigt et al. 2015).

Using the above methods, we prepared Scots pine tree cores from Pfynwald as 1) untreated,
surface cut with microtome, 2) solvent-extracted, cut with microtome, 3) solvent-extracted, cut

and briefly polished with sandpaper, and 4) after cellulose extraction (Fig. 3).

3. Results

3.1. Standard tests and influence of laser settings
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To evaluate the performance of the LA-IRMS, a range of tests with reference cellulose pads
was carried out. A typical example of an automated series of measurements with two different
cellulose pads is shown in Fig. 4a, using a laser spot size of 100 um (measured at WSL). The
test demonstrated an overall reproducibility of ca. 0.1 %o based on the standard deviation as
well as comparison to values obtained from EA-IRMS analysis (IAEA = -24.72%0; VWR= -
27.53 £0.10%o). There was no apparent memory (carry-over from one sample to the next) that
would be observed after changing the sample type from IAEA to VWR. A memory effect could
for instance be due to residual dust in the chamber from a previous sample. This can be even
better tested when using reference materials with larger differences in isotope values using a
tablet press, as done in Luke with materials differing more than 10%o (Yucca inhouse standard,
wood reference materials USGS-55). These results also showed no memory effect and

agreement to analysis by EA-IRMS within measurement uncertainty.

Depending on the research question and required spatial resolution, different spot sizes may be
of interest. Tests of spot sizes of 20 um, 30 um, 40 um, 50 pm, 100 um, 150 um on VWR
cellulose are shown in Fig. 4 (intermediate sizes are not available for this laser). It was observed
that the IRMS signal (expressed as beam area) is strongly dependent on the spot size, as
expected, but potentially also influencing the isotope ratio (Figs. 4b, ¢). However, between 50
pm and 150 um, representing a range in beam areas from 2.1e-8 to 2.3e-7 As, the IRMS signal
is sufficiently large for reproducible analysis. In this range, there is only a small and linear
effect on 8'°C, which can be corrected for, if necessary. For spot sizes smaller than 50 um, the
precision is reduced by background effects and non-linearity of the IRMS that may result in
increased scatter of '°C values (Luke) or a systematic deviation from the expected §'>C value
(WSL, Fig. 4b). For these smaller spot sizes, however, it is possible to ablate a so-called “line
of spots” with the laser, as e.g. applied in samples shown in Fig. 3. This means that particles
and gas from several spots along a line are collected for one isotope measurement. In this case,
a sufficient beam size can also be obtained for 30 um spot size, with a length of the ablated line
of ca. 200 um (Luke: 40pm spot size and track length of 300-350um). This is crucial for the
analysis of narrow rings. For analysis of small wood structures, such as individual cells, it is

also possible to ablate various small spots and collect them for one analysis using the LN»-traps.

The beam area can also be modified through laser settings, like laser power. There is a steady
increase of beam area with laser power (Fig. 5). However, different laser settings need to be
carefully tested against unwanted side-effects, like charring. Due to the laser energy and

resulting heat, the ablated sample can be assumed to contain significant amounts of gaseous
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species (CO, CO») in addition to particles. Earlier studies reported mainly wood dust as a result
of laser ablation, but in this case a laser of lower energy with wavelength of 266 nm was used
(Moran et al. 2011; Schulze et al. 2004). The minor occurrence of particles was tested by
bubbling the outflow of the laser chamber from several laser shots through a tube with water
and the liquid subsequently filtered and investigated under a microscope for particles (not
found) as well as combusted in an elemental analyser (no carbon above blank detected). The
test without combustion oven showed that only minor amount of CO; is produced by the laser
ablation at laser power 5-80% (Fig. 5, measured at Luke), in the order of 2-3% in comparison
to the amount produced with the hot reactor and less than 1e-9 As. Rather, the production of
CO during laser ablation is possible and likely, as the ablation occurs in an oxygen free
environment, as well as the production of CH4. The distribution of ablation products between
carbon containing gas and particle phases was found to be strongly matrix dependent (Frick and
Giinther 2012). For matrices with a high O/C ratio such as wood and cellulose acetate, tests
performed with a 193 nm laser showed that mostly gaseous C phases or ultrafine particles were
formed (Frick and Giinther 2012). In any case, all C-containing compounds, whether gaseous
or particles, will be converted to CO; in the combustion process. We further could not detect
any traces of N2O (m=44) in the IRMS chromatogram. N>O could interfere with the analysis of
CO: because of mass overlap. Laser power also influences the resulting depth of laser holes in
the wood (typically 2-3 mm), which is an important consideration for sample and standard

material thickness.

3.2 Comparison of results for different preparation methods

Results from the Pfynwald Scots pine experiment show that the '*C-label supplied to the tree
crowns in 2017 was clearly detectable in the tree rings by 8'°C values outside the range of
natural abundance (Fig. 6). We found generally more enriched values of samples that were not
solvent extracted compared to extracted samples. The analysis of these extracted cores in
replication generally showed good agreement between the two runs, although the maximum
13C-signal in 2017 sometimes differed. This is due to the fact that only few LW cells were
developed in these very narrow rings (<0.5 mm) at the end of the summer (when labelling was
applied). Therefore, the positioning of the laser spots crucially determined how much of the
label, applied in a whole tree '*C exposure experiment (Joseph et al. 2020), was found. The
labelling distribution among years also markedly differed between trees. In tree No. 40, for

instance, the maximum label was not found in late 2017, but rather in the following year 2018.
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For better visibility of the tree rings, we applied an additional manual polishing to the extracted
cores and analysed them again. The labelling-peak is ideal for testing a possible smearing of
signal by this process, as wood dust may be moved across the cores into adjacent cells.
However, we did not find significant differences between extracted and later polished cores.
This is clearly demonstrated by the analysis of tree No. 466 with exceptionally high 8'*C values
in late 2017 of more than 350%o, which nevertheless shows very similar values during the peak,

as well as before and after the peak.

As a further comparison among sample pre-treatments, we measured cellulose laths that were
extracted from previously analysed wood cores. Our tests showed that despite reduced visibility
of the xylem cell structures, laser ablation is also feasible on cellulose extracted from 1.5 mm
thick wood laths (Figs. 3, 7). A precise setting of laser spots is, however, hindered, which is a
clear disadvantage, particularly in late 2017 when the maximum '*C-label occurred. Also the
handling of the brittle cellulose samples gets more difficult. On average, the cellulose was
enriched in '3C by 1.24%o + 1.12%o relative to solvent-extracted wood (excluding LW 2017),

but this offset varied somewhat between the years or even within one tree ring (2015).

We found that the IRMS intensity, expressed as beam area, showed annual patterns, most likely
reflecting the wood density, a finding not previously reported to our knowledge (Fig. 8). For
example, for the year 2015 for the pine sample No. 237, 3-4 laser shots were placed in the LW
as apparent from the photo (Fig. 3a). Later, there was an increase in the beam area (Fig. 8),
potentially even before the first LW cells become visible. It needs to be considered, however,
that beam areas depend on laser parameters, like laser energy, and also mass spectrometer

sensitivity.

4. Discussion and conclusion
4.1 Laser operation and isotope analysis

The LA-IRMS described here allows daily routine measurements of up to 100 laser shots and
subsequent 8'C measurements on a wood core. The preparation and programming of a
sequence of shots is easy and fast, provided that the wood core surface is prepared in a way that
shows the tree rings clearly. Alternatively, for wood samples without distinct tree ring borders,
as for instance Mediterranean or tropical wood, it is also straightforward to program a regular
sequence of shots with constant distance between each spot. The maximum number of

measurements feasible per day is mainly limited by the time for one measurement, which is
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given by the sequence of all processes, including laser ablation, combustion, collection and
release of CO», passage through GC-column and IRMS-analysis. This time is to a large degree
constrained by the GC-column used, where shorter length results in shorter CO; passage time.
The GC-column is important, however, for the separation of potentially interfering gases, like
N2O, which would be collected and released with the LN> traps together with CO; and could
hamper the '*C/!?C determination due to mass overlap (Ghosh and Brand 2004). In our
operation conditions, however, no formation of N>O was observed, probably because of the
generally low N-content of wood (<0.5%) and the formation of NO rather than N>O during

laser ablation and combustion.

The accuracy and precision of the §'3C measurements are comparable to results obtained by
conventional combustion in an elemental analyser (ca. 0.1%o). The recommended procedure for
referencing isotope values to the international standard (Werner and Brand 2001) can be applied
by inserting reference pad materials with differing isotope ratios into the sample chamber. No
carry-over effect from one sample to the next was observed. The indicated precision is,
however, only attained when sufficient material is ablated. We routinely used spot sizes
between 50 to 100 um or stripes of 30 um applied in parallel to the tree ring boundary (Fig. 3).
This is sufficient for obtaining intra-annual resolution in most samples, but it also limits the
size of the structures that can be analysed or the number of analysis possible in narrow rings.
When aiming at small wood structures, such as individual cells, resin ducts, fibers, vessels or
parenchyma rays, the resolution may be too coarse. Here, potentially UV laser-dissection may

have an advantage (Schollaen et al. 2014).

The LA-IRMS system requires little maintenance (e.g. combustion tube holds many months),
so that 5%100=500 laser measurements per week are possible. For comparison with traditional
analysis, we estimate here the work necessary for 100 isotope results, which can be done with
the laser in on day. This would involve manually cutting 100 (thin) wood slices, milling them
individually, packing them in tin capsules, followed by analysis in an EA-IRMS. Including the
difficulty of cutting thin slices, which can later be traced back to the position in the ring (because
the sample is used up), we estimate at least a week of work, or more likely two, for this process.

This means that the laser ablation is faster by a factor of 5-10.

Although the number of analyses with the laser and the high sample throughput may look
impressive, it should still be considered that because of the high resolution usually applied even
a core of 4 cm, the maximum length fitting into the sample chamber, may need more than one

day for the analysis. As an example, assuming a core with ring width of 1 mm, where 5 shots
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are applied per mm result in 200 shots on a piece of 4 cm for 40 tree rings. Accordingly, analysis
of long cores or many trees still takes much measurement time, and a careful design for
optimizing the scientific output relative to the analysis time is essential. Laser ablation should
thus not be considered an easy method to save the labour of cutting slices of rings, but should
be tailored to specific questions difficult to answer with conventional methods. The more
traditional cutting of rings and analysis by elemental-analyser can also be done complementary

to laser-ablation.

4.2 Sample preparation

The preparation of wood cores for laser ablation has the goal to provide a clean and well visible
surface. Dating of the rings with traditional dendrochronological methods is first done. Ideally,
high-resolution images of the tree rings should be taken, which helps in planning and setting
the series of shots for laser ablation. Resins may also need to be removed because they are
mobile across the tree-ring boundaries and may have more negative 8'°C-values compared to
other wood constituents (Rissanen et al. 2021). While the analysis of cores including resins
therefore may not be desirable in most cases, it is in fact interesting in labelling studies for
studying carbon allocation to resins, as this is a defense mechanism against insects and
pathogens. It was shown that Scots pine trees weakened by drought allocate less carbon to
resins, potentially also weakening the defense against pathogens (Rissanen et al. 2021). We
found '*C-enriched values in untreated wood compared to resin-extracted wood in the Scots
pine experiment (Fig. 6), which could be expected as trees incorporate fresh assimilates and
thus *C-labelled carbon quickly into resins (Rissanen et al. 2021). The laser ablation of such
untreated material is therefore valuable to study such processes, e.g. the amount and distribution
of newly produced resins in the stem, in particular as it is possible to analyse the same cores

again after solvent extraction.

Polishing and sanding of wood samples is often avoided in isotope analysis (Schollaen et al.
2017), because of the potential smearing of wood dust between years, filling up the open wood
pores. The cleanest method for surface preparation is therefore with a microtome cut (Géartner
and Nievergelt 2010). However, the visibility of cells and tree-ring boundaries is reduced with
this method compared to sanding, which can be a problem, for instance in deciduous wood. The
laser operator needs to recognize the tree rings, including EW and LW, to be able to set the
shots properly (unless a regular laser pattern is set irrespective of any wood structure). We

therefore tested if improving visibility of cells by gently polishing cores that were previously
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cut with a microtome does not disturb the isotope profiles and found indeed that this is the case.
Alternatively, cores can also be washed in an ultrasonic bath after sanding to remove as much

dust as possible (Tang et al. 2022).

Cellulose isotope analysis is sometimes preferred over whole wood because it is a very stable
compound and avoids the potential issue of variable composition of lignin over the life time of
a tree. However, it has also been shown that this may be relevant mostly for long chronologies,
but not for short-term ecological studies (Weigt et al. 2015). Often, simply an isotopic offset
between resin-extracted wood and cellulose is found, with cellulose having higher §!°C values
by 1-2%o0 depending on species (Weigt et al. 2015), which we also observed for the Scots pine
samples in our study (Fig. 7). We found that it is possible to do laser ablation on cellulose
extracted wood slices, but handling gets more difficult and visibility of rings is reduced which
hampers the precise setting of shots. In principle, it might be possible to produce high quality
cellulose laths at least for some species (Kagawa et al. 2015). It could also help to prepare
holocellulose rather than alpha-cellulose for its higher robustness. Nevertheless, one clear
advantage of laser ablation over more conventional techniques, including the splitting of rings
or ring sections, is the relatively simple sample preparation, only involving surface preparation.
We therefore suggest that cellulose extraction in LA-IRMS studies may only be needed for a
selection of samples to determine the offset between the materials, particularly when producing
long chronologies. Furthermore, differences between cellulose and wood may be relevant for
studying specific questions in carbon allocation, i.e. due to different formation times of

cellulose and lignin over the course of the season.

Along with the isotope values, also information about wood density may be retrieved from the
mass spectrometer signal, the beam area (Fig. 8). Our results are only preliminary in this
respect, because the beam area depends on various settings of the laser and IRMS and should
be confirmed by precise analysis of the amount of CO», e.g. by Thermal-Conductivity analysis.
Furthermore, a careful calibration with conventional methods for determining wood density is
necessary (Bjorklund et al. 2019). However, this option is still very promising. It is well known
that LW has a higher density than EW due to smaller cell volumes with thicker cell walls. Wood
density also depends on environmental growth conditions. Maximum LW density (MXD) is
indeed often measured for climate reconstruction purposes, as it reflects summer temperature
particularly in conifers (Schweingruber 1996). This information on wood density is useful on
the one hand as a quality control for verifying after the isotope analysis that the shots were
placed correctly. In Fig. 8, for instance, it is apparent that the last shot in 2018 was set too close

to the edge of the core resulting in a reduced area. As a cautionary note, the dependence of the
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isotope ratio on the beam area as determined on cellulose materials (see above) is important for
correction to avoid any bias on real samples due to wood density fluctuations. On the other
hand, this beam area information could ultimately be useful for getting actual wood density data

from the laser ablation.

4.3 Challenges

Although the previous discussion showed that establishing high-resolution tree-ring isotope
data has become relatively straight-forward using LA-IRMS, it should not be neglected that the
interpretation of the results remains challenging. Particularly, the relationship between the
position of spot on the tree ring with the formation time of this wood is difficult or needs much
complementary data on seasonal growth, such as from regular pinning and/or microcore
sampling and subsequent wood anatomy (Pérez-de-Lis et al. 2022). An understanding of how
the carbon isotope signal is transmitted and recorded in the tree-ring structure is fundamental
to soundly interpret isotope data. It is therefore important to consider the development of tree
rings over the growing season for relating the tree-ring isotope patterns to seasonal climate data.
Tree rings as carbon sinks integrate environmental information over varying time periods
depending on the rate to which the cambium forms wood cells and on the longevity of such
cells (Cuny et al. 2015). Xylogenesis provides precise information on the timing of cell
formation through cambial cell division. Tree-ring anatomy studies can reveal the inter-annual
variability of xylem cell number, cell lumen size and cell-wall thickness (von Arx et al. 2016),
and provide the spatial context in the ring for timing and duration of wood cell formation and
carbon allocation patterns (Martinez-Sancho et al. 2022). Large, thin-walled EW cells are
formed at a high rate, but they only live for days up to a few weeks. Smaller, thick-walled LW
cells are built at slow rates, but may live up to several months and integrate environmental
information over a much longer period of time (Schollaen et al. 2014). The §'*C signal in wood
depends also on the time lag between sugar production in leaves and wood formation, i.e.
translocation of sugars, as well as the use of storage for growth (Gessler and Treydte 2016).
These processes all influence the information that can be obtained from a single-shot isotope
analysis and therefore the maximal temporal resolution will be restrained rather by the time
needed for cell formation than the spatial resolution of the laser. Lignification processes further
blur the information between cells as well as the use of carbon from storage (Kagawa et al.

2006). Hence, environmental conditions reflected by intra-annual tree-ring parameters are
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weighted by the seasonal dynamics of wood formation and carbon use (Castagneri et al. 2017;

Martinez-Sancho et al. 2022).

4.4 Outlook and conclusions

A systematic assessment and understanding of the climate information in intra-annual §'°C
patterns for different species and locations is still missing. In contrast to the numerous annual
climate reconstructions, often focusing on average summer climate, only few intra-seasonal
reconstructions exist up to date. Such seasonally detailed information is however urgently
needed, considering the complex patterns of climate change, which are uneven throughout the
year, affecting the seasons differently, and causing pronounced extreme heat waves or heavy
precipitation periods, aggravated through the observed increased persistence of pressure
systems (Seneviratne et al. 2010; Vogel et al. 2019). There are therefore ample opportunities
still for high-resolution research, such as studying narrow tree rings under extreme conditions,
like IADFs or “blue rings”, which refer to LW cells with reduced or no lignin likely caused by
abrupt temperature reduction at the end of the growing season, as were found after volcanic
eruptions (Piermattei et al. 2020). A promising field of research also lies in the investigation of
carbon dynamics in wood assessed by isotope analysis of carbon storage pools in parenchyma

cells.

Furthermore, an extension of the system for the analysis of high-resolution tree-ring 8'%0 would
be desirable. This would further increase the power of the method, in view of many climate
studies using a combined §'*C-8'80-approach and for addressing questions related to tree water
sources and hydrology (Biintgen et al. 2021; Saurer and Cherubini 2022). This is in principle
possible with the system described, involving a pyrolysis step instead of combustion, followed
by conversion of CO to CO; by adding one oxygen without changing the isotope ratio of the
other (Mak and Yang 1998).

The described LA-IRMS system is not only applicable to tree-ring studies, but useful also in
other fields where high spatial resolution can provide novel insight into ecological processes.
Activity of microbial communities was monitored by LA-IRMS in so-called microbial mats,
tightly spaced microbial populations that often show functional stratification (Moran et al.
2014). The authors found that it is possible to spatially determine locations within a microbial
mat where '*C-labelled substrate accumulates. This could demonstrate where microbial activity

is highest and where substrates are consumed within a mat and further show how the activity
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changes over diel or seasonal cycles. LA-IRMS might also be applied in animal ecology,
particularly by analyzing animal hair at high resolution (Moran et al. 2011). Isotopic analysis
of hair samples can provide insights into food sources, seasonal diet variation, or even migration
patterns in different animals (Cerling et al. 2006). In van Roij et al. (2017), a technique
optimized for small sample amounts was tested where individual pollen grains were analysed

for 5'°C by LA-IRMS.

We conclude that high-resolution isotope studies with laser ablation have great promise for
exploring many ecological questions in more detail than previously possible, including changes
of intrinsic water-use efficiency during the vegetation period. For tree-ring application in
climate reconstruction, mostly measured in resin-extracted wood rather than cellulose, there are
still major research opportunities, regarding 1) how reliably seasonal/intra-annual climate
patterns of the past could be reconstructed at high resolution, 2) what is the influence of species
and site conditions, and 3) how do phenological lags and wood formation processes interfere

with the aim of deciphering intra-annual climate information.
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Figure caption

Figure 1

Set-up of the LA-IRMS showing the most relevant parts and their connections. After laser
ablation (UV laser), the produced gas and particles are lead with helium through a combustion
oven and a drying step (Nafion water trap), and the resulting CO> is collected in the first trap
with LN>. This trap is then lifted releasing the CO; at room temperature. The COx is re-collected
in the second, smaller volume trap. During all these steps, the 6-port-valve is in the collection
mode (red arrows). The system then switches this valve to the analysis mode (blue arrows), the
second trap is lifted and an extra He-supply pushes the sample gas to the GC and the IRMS for

analysis.
Figure 2

Sample chamber with two discs of pine saplings (Pinus sylvestris) and two reference cellulose
pads. Laser shots of 100 um size are visible in the magnified picture. The yellow inset (optional)

is custom-made with a 3D-printer to hold samples in place.
Figure 3

Pfynwald tree-ring sample (tree No. 237) shown for surface prepared with microtome and
solvent-extraction (a), additionally polished (b) and after cellulose extraction. Laser marks are
visible. Each laser mark is composed of a series of 30 um spots that are set in parallel to the
ring-ring border as a “line of spots”. On panel b), laser marks that appear white are the ones

from panel a) after polishing.
Figure 4

LA-IRMS results showing §'°C values of two cellulose standard materials (a), the dependence
of 8'3C values on beam area (b) and the dependence of beam area on spot size (c), showing

values for single spots as well as line of spots.
Figure 5

Dependence of IRMS intensity (beam area; As = ampere-seconds) on laser power, shown for

normal LA-IRMS operating conditions (with combustion) and without combustion.

Figure 6
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LA-IRMS results showing 8'*C values of four Scots pine tree cores, which where 1*CO»-labeled
in late summer 2017 and differently prepared: Blue dots/lines indicate §'>C values from samples
prepared by a microtome before solvent extraction, red dots/lines represent §'°C values after
extraction, and black dots/lines represent 8'°C values after additional polishing. Lighter and

darker shades of a colour indicate results from two parallel runs per treatment (see Fig. 3).
Figure 7

LA-IRMS results showing a comparison of Scots pine §'°C values of wood after extraction (red
line/points) with cellulose (black line/points). Lighter and darker shades of a colour indicate

results from two parallel runs per treatment.
Figure 8

Beam area of isotope analysis of the Pfynwald tree sample No. 237 from the core prepared with

a microtome including solvent extraction (results of two parallel runs on the same core).
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