Tree Physiology 43, 539-555
https://doi.org/10.1093/treephys/tpac142

Research paper

Impacts of climate and tree morphology on tree-ring stable
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Recent climate extremes in Mongolia have ignited a renewed interest in understanding past climate variability over
centennial and longer time scales across north-central Asia. Tree-ring width records have been extensively studied
in Mongolia as proxies for climate reconstruction, however, the climate and environmental signals of tree-ring stable
isotopes from this region need to be further explored. Here, we evaluated a 182-year record of tree-ring 5'3C and
8180 from Siberian Pine (Pinus sibirica Du Tour) from a xeric site in central Mongolia (Khorgo Lava) to elucidate the
environmental factors modulating these parameters. First, we analyzed the climate sensitivity of tree-ring 5'3C and 580
at Khorgo Lava for comparison with ring-width records, which have been instrumental in reconstructing hydroclimate in
central Mongolia over two millennia. We also compared stable isotope records of trees with partial cambial dieback
(‘strip-bark morphology’), a feature of long-lived conifers growing on resource-limited sites, and trees with a full
cambium (‘whole-bark morphology’), to assess the inferred leaf-level physiological behavior of these trees. We found
that interannual variability in tree-ring §'3C and 580 reflected summer hydroclimatic variability, and captured recent,
extreme drought conditions, thereby complementing ring-width records. The tree-ring 580 records also had a spring
temperature signal and thus expanded the window of climate information recorded by these trees. Over longer time
scales, strip-bark trees had an increasing trend in ring-widths, §'3C (and intrinsic water-use efficiency, iWUE) and 5180,
relative to whole-bark trees. Our results suggest that increases in iWUE at this site might be related to a combination of
leaf-level physiological responses to increasing atmospheric CO2, recent drought, and stem morphological changes. Our
study underscores the potential of stable isotopes for broadening our understanding of past climate in north-central
Asia. However, further studies are needed to understand how stem morphological changes might impact stable isotopic
trends.
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Introduction

Mongolia and surrounding regions of arid north-central Asia
have experienced extreme changes in temperature and hydro-
climate since the onset of the industrial era. The 20th and 21st
centuries were defined by rapidly increasing temperatures in
Mongolia (D’Arrigo et al. 2000, Davi et al. 2015, 2021), and
one of the most severe droughts during the last two millennia
occurred at the turn of the 21st century (Pederson et al. 2013,
2014, Hessl et al. 2018). Severe drought, in combination with
harsh winter conditions, have cascading negative impacts on
communities within Mongolia, particularly nomadic pastoralists
(Rao etal. 2015, Kakinuma et al. 2019), and there are concerns
about the human and ecological impacts of future climatic
change in this region.

Numerous tree-ring width records across Mongolia have been
analyzed to assess the sensitivity of tree growth to climate in this
region of Asia, and have been critical for reconstructing past cli-
mate over the Common Era. These records are valuable for quan-
tifying the range of climatic variability over several centuries into
the past, and for determining how this variability compares with
climate change projections (Hessl etal. 2018, Davi etal. 2021).
Ring-width has been the most analyzed tree-ring parameter in
Mongolia for both temperature and drought-limited sites (e.g.,
Jacoby et al. 1996, D’Arrigo et al. 2000, Pederson et al. 2013,
Davietal. 2015, Hessl et al. 2018). More recently, blue intensity
(Bl), a measurement of blue light reflectance as a parame-
ter of relative-density (e.g., McCarroll et al. 2002, Campbell
et al. 2007, Bjorklund et al. 2021), has been found to capture
temperature variability in trees from high-elevation sites in Mon-
golia (Davi et al. 2021). Although the climate signals in tree-
ring stable isotopes have been explored in regions surrounding
Mongolia, such as North China and the Russian Altai (e.g., Liu
et al. 2009, Loader et al. 2010, Sidorova et al. 2013, Liu et al.
2019a, 2019b, Kang et al. 2022), to our knowledge, little
tree-ring stable isotope research has been done in Mongolia.
Tree-ring stable isotopes hold great promise for understanding
tree physiological responses to environmental changes as well
as for reconstructing different aspects of climatic variability in
the past.

Stable carbon (§*C) and oxygen (§'®0) isotope ratios in
tree-ring cellulose can reflect physiological processes occurring
within trees, such as gas-exchange variability at the leaf level
(McCarroll and Loader 2004, Gagen et al. 2004). Tree-ring
stable isotope records can complement or provide different
information than radial growth data on how trees respond to
changing environmental conditions. Tree-ring §*C principally
captures the ratio between intercellular and ambient CO, con-
centrations (cj/ca), which is influenced by assimilation rate and
stomatal conductance. Both assimilation and stomatal conduc-
tance are influenced by many factors, including climate, sunlight,
atmospheric CO, concentration, and tree size or developmental

changes (Farquhar et al. 1989; McCarroll and Loader 2004,
Klesse et al. 2018). Tree-ring §'*C is also used to infer changes
in the intrinsic water-use efficiency (iWUE), or the ratio of net
assimilation to stomatal conductance at leaf level, over time.
Changes in iWUE are often assessed in relation to increasing
atmospheric CO, concentrations (e.g., Saurer et al. 2004, Frank
et al. 2015), though the factors underlying iWUE trends are
complex (e.g., Brienen et al. 2017, Marchand et al. 2020).
The 8'°0 of tree-ring cellulose is influenced by the §'*O of
source water, such as precipitation or ground water, but with
modifications due to evaporation from the soil and/or leaf-
level evaporative enrichment (McCarroll and Loader 2004,
Barbour 2007). Tree-ring stable isotopes are key for inferring
the physiological response of trees to environmental change
and can provide valuable insights on past climate changes in
Mongolia.

Tree-ring stable isotopes can also capture changes in leaf
or stem morphological factors that affect hydraulic resistance
or demand, such as tree height or leaf area to sapwood area
ratio (Klesse et al. 2018 and references therein). In a few tree-
ring sites across Mongolia, ancient trees growing under extreme
environmental conditions exhibit a characteristic signature of
longevity known as partial cambial dieback or strip-bark mor-
phology (Wright and Mooney 1965, LaMarche 1969). Partial
cambial dieback occurs when one or multiple vertical axes of
the stem die in response to environmental stress or a localized
loss of resources, and annual growth layers are added only
to the living portion of the stem. The factors causing partial
cambial dieback vary, but can include damage from wind-blown
ice or dirt particles (Schauer et al. 2001, Boyce and Lubbers
2011), or root mortality from rock fall or severe drought (Larson
2001, Matthes et al. 2002). In central Mongolia, cold and
dry conditions, coupled with extreme temperature fluctuations
from solar radiation, are hypothesized to contribute to strip-
bark morphology of Siberian Pine (Leland et al. 2018). Whether
partial cambial dieback can have an influence on the leaf-level
behavior of trees, which can be inferred from tree-ring stable
isotope records, is largely unexplored.

Some studies have reported that strip-bark trees show larger,
recent increasing trends in ring-widths relative to whole-bark
trees (Graybill and Idso 1993, Bunn et al. 2003, Leland
et al. 2018), though standardization methods can complicate
interpretation of these comparisons (Salzer et al. 2009).
Trend differences related to morphological characteristics could
potentially bias tree-ring based climate reconstructions if not
considered in data processing (Pederson et al. 2014, Hess|
et al. 2018, Leland et al. 2018). It is still not well understood
why this phenomenon occurs, and whether it occurs broadly
across different species and sites. In Graybill and Idso (1993),
radial growth differences of strip-bark Bristlecone Pine (though
see Salzer et al. 2009) was hypothesized to reflect a carbon
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fertilization signal, where strip-bark trees allocate newly
acquired carbon to stem growth, whereas whole-bark trees
direct a higher proportion of carbon to root and reproductive
growth. Tang et al. (1999) found no significant difference
in iIWUE between strip-bark and whole-bark Bristlecone Pine
over the past two centuries based on tree-ring stable isotopes.
However, the potential effect of partial cambial dieback on gas-
exchange of other species has not been tested. Evaluating
stable isotope records from strip-bark trees would provide
clues on their leaf-level physiological behavior, and assessing
whether or not stable isotope trends are different between strip-
bark and whole-bark trees would have important implications
in using these records for paleoclimatic reconstructions. If
tree-ring stable isotopes are not subject to the same trend
biases identified in ring-widths of some strip-bark trees, these
parameters might provide a viable alternative for reconstructing
past climate.

In this study, we explore the climatic and leaf-level physio-
logical information captured by tree-ring stable isotopes from
long-lived Siberian Pine (Pinus sibirica Du Tour) growing on a
xeric site of the Khangai Mountains in Mongolia (the Khorgo
Lava field) from 1830 to 2011 CE. Radial tree growth at this
site is acutely sensitive to changes in soil moisture availability
and these records have been instrumental in reconstructing
hydroclimatic variability in central Mongolia exceeding the last
2000 years (Davi et al. 2006, Pederson et al. 2014, Hessl
et al. 2018). A high proportion of trees, especially older
individuals, exhibit some degree of strip-bark morphology, and
increasing trends in strip-bark ring-width records relative to
whole-bark trees at this site have been previously described
(Leland et al. 2018). Here, we analyze tree-ring stable isotopes
(8"°C and 8'®0) over the last two centuries to evaluate the
climatic information captured by these records, and to assess
long-term stable isotope and iWUE trends of strip-bark and
whole-bark trees. This research is vital for inferring the gas-
exchange behavior of these long-lived trees and for determining
the suitability of their stable isotope records for paleoclimate
reconstruction.

Methods

Sample collection and preparation

We analyzed stable isotope records from six Siberian Pine trees
from an ancient lava field located in the northern Khangai
Mountains of central Mongolia (Khorgo Lava; 48.16° N, 99.84°
E, elevation: ~2060 m as.l.; Figure 1a and c, Table 1). This
semiarid region of Mongolia is defined by an extremely continen-
tal climate and the peak of precipitation and mean temperature
occurs during summer months (June—August; Figure 1b). The
tree cores that were selected for stable isotopic analysis (see
selection criteria below) were collected during three separate
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sampling trips (summer of 2012, 2014 and 2015) and ring-
width records from these samples were also incorporated in
earlier studies (Pederson et al. 2014, Hessl et al. 2018, Leland
et al. 2018). Specifically, cores from four of the six trees
analyzed in this study (SB2, SB3, WB2 and WB3) were sampled
and used for a larger comparison of strip-bark and whole-bark
ring-width patterns from Khorgo Lava trees in Leland et al.
(2018). The other two samples (SB1 and WB1) were collected
during other field campaigns, and their ring-width records were
previously used for reconstructions of past hydroclimate at
Khorgo Lava (Pederson et al. 2014, Hessl et al. 2018).

During all sampling trips, we recorded whether trees had
partial cambial dieback (‘strip-bark morphology’, SB, e.g.,
Figure 1d) or a fully living cambium (‘whole-bark morphology’,
WB, e.g., Figure 1e). The samples analyzed here were from trees
that grew directly on lava rock or thin soils (Figure 1c), and were
open-grown, with little to no competition from surrounding trees.
These growing conditions are important to minimize potential
trends in stable isotope ratios associated with light competition
(Buchmann et al. 1997, Brienen et al. 2017, Klesse et al.
2018). In most cases, SB trees are older than WB trees at
Khorgo Lava; this age difference is also reflected in our study,
though all trees were older than 300 years old when sampled
(Table 1). One core was selected from each of the six selected
trees for stable isotope analysis.

The selection process for the six samples was based on three
criteria: (i) the cores were solid and had rings large enough to
cut and enough material to be analyzed, especially given the
small growth rings during the recent 21st century drought; (ii)
the trees were at least 100 years old prior to the first ring
used for stable isotope measurement (year 1830) in order to
avoid any juvenile effect on stable isotope ratios (Francey and
Farquhar 1982, Duquesnay et al. 1998, Gagen etal. 2007) and
(iii) three of the samples came from SB trees and three came
from WB trees. The selected SB trees had varying degrees of
cambial dieback, and in all cases, the WB trees had a fully living
cambial band and were accompanied with a full, broad crown.
Table 1 shows the percentage of dead stem circumference
associated with each analyzed SB tree, if that information was
provided at the time of sampling. An increase in mean ring-
widths of SB trees relative to WB trees at Khorgo Lava was
previously reported in Leland et al. (2018), though the degree
to which individual SB trees showed a higher trend relative to
WB trees varied. Here, SB samples showed a clear signature
of increasing radial growth trends relative to the WB samples
during the last 200 years.

Tree-ring width records

Tree-ring width measurements from the six cores, which were
previously used in earlier studies, were also assessed here to
complement analyses of the stable isotope records from the
same trees. Increment cores were prepared following standard
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Figure 1. (a) An elevation map of Mongolia with the location of the study site (Khorgo Lava) shown as a black circle; (b) mean monthly precipitation
(blue bars and left axis) and temperature (red line and right axis) near Khorgo Lava based on CRU version 4.01 from 1950 to 2011; (c) the Khorgo
Lava study site where Siberian Pine and Siberian Larch trees are sparsely scattered on basaltic substrate; (d) an example of strip-bark morphology
on a twisted Siberian Pine; (e) an example of a whole-bark Siberian Pine tree with a fully living stem and broad canopy.

Table 1. Analyzed tree-ring samples, their cambial status (strip-bark or whole-bark) and time span of ring-width record. An asterisk indicates that
the core sample reached near pith. The column labeled Corr with KLP collection refers to correlations between each series and a larger collection
of Khorgo Lava Siberian Pine samples (Leland et al. 2018). The percent of stem showing cambial dieback and the estimated dieback date (Leland
et al. 2018), if available, are also provided for each strip-bark tree. Note that the estimated dieback date was based on a core from the dead stem
portion of strip-bark trees and represents just 1 year, but it is likely that many dieback events occur through time as cambial dieback expands across

the stem (Bunn et al. 2003, Leland et al. 2018).

Label Sample ID Cambial status Time span (RW) Corr with larger KLP Percent of stem Estimated
collection with dieback dieback date

WB1 KLPO111 Whole 1627-2013 0.76 — —

WB2 KPWO36 Whole 1704-2014* 0.84 — —

WB3 KPWO77 Whole 1639-2014* 0.91 — —

SB1 KLPO58 Strip 1490-2011 0.78 Unknown Unknown
SB2 KPSO06 Strip 1662-2014 0.90 45% 1788

SB3 KPS037 Strip 1356-2014 0.83 57% 1853

dendrochronological procedures (Stokes and Smiley 1968). All
cores were visually crossdated and compared against existing
Khorgo Lava trees (different compilations in: Davi et al. 2006,
Pederson et al. 2014, Leland et al. 2018, Hessl et al. 2018)
and ring-widths (RW) were measured to 0.001 mm precision
with a Velmex measuring system. There are high correlations
between each ring-width series analyzed here and the master
chronology from samples used in the recent Leland et al. (2018)
compilation (Table 1; series correlations computed in the pro-
gram COFECHA; Holmes 1983). The Leland et al. (2018)
compilation was composed of a high number of samples

covering the last two centuries (138 series from 45 strip-bark
and 35 whole-bark trees).

Here, we used detrended RW (RWg;, i.e., dimensionless
indices) to remove negative trends from raw RW data, especially
evident in WB trees (Figure S1a, available as Supplementary
data at Tree Physiology Online), associated with the increasing
circumference of trees as they age (Fritts 1976). RWy; was cal-
culated by taking the residuals of power-transformed ring-width
series from fitted detrending curves (Cook and Peters 1997).
We fit a negative exponential curve or linear function to each
series, only allowing for a negative slope or horizontal line. All
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detrending was performed in program ARSTAN (Cook and Krusic
2014). Though we opted for the ‘residuals method’ (Cook
and Peters 1997), we compared RW4; trends when calculating
indices using the ‘ratios method’ (Fritts 1976). A robust mean
of the detrended series was calculated to produce a mean
RWgt chronology for all six trees combined, and for SB and
WB trees separately. We assessed the common signal between
RW(gt records using the rbar (mean pairwise correlation between
series) and the expressed population statistic (EPS; Wigley et
al. 1984, a measure of how well a finite chronology represents
a population signal).

Stable isotope records

Annual growth rings were cut from the increment cores using
a scalpel under a stereoscope for the years 1830 to the
most recent year of growth. We extracted «a-cellulose from
each ring to generate stable isotopic time series with annual
resolution for each tree. The a-cellulose was isolated to prevent
the effect of varying proportions of other wood components,
such as lignin and hemicellulose, on stable isotope ratios of
each sample (Loader et al. 2003). Wood from each year
was subjected to chemical rinses of sodium hydroxide for
solubilizing hemicelluloses and sodium chlorite/acetic acid for
removing lignin (Loader et al. 1997, Andreu-Hayles et al.
2019). Chemicals were exchanged in individual filter tubes,
in which each tube contained wood from a single year to
prevent cross-contamination (Andreu-Hayles et al. 2019). The
remaining «-cellulose was homogenized using an ultrasonic
bath and freeze-dried, and then 200 pug (=10 ng) of a-
cellulose were weighed from each ring and encapsulated in
silver capsules for analysis.

The §"C and §'®O were measured simultaneously through
high-temperature pyrolysis of each sample into carbon monox-
ide using a High-Temperature Conversion Elemental Analyzer
(TC/EA) interfaced with an isotope ratio mass spectrometer
(IRMS) at the Lamont-Doherty Earth Observatory following
methods described below and in Andreu-Hayles et al. (2019).
The §°C and §'®0 ratios of each sample are expressed as
delta (§) values with reference to known standards, Vienna
Pee Dee Belemnite (VPDB) for carbon and Vienna-Standard
Mean Ocean Water (VSMOW) for oxygen, using the equations
below.

13~ /12
13 _ ( C/ C)sample
1) Csample = |:(13C/12C)VPDB — 1] x 1000

18 /16
18 _ ( O/ O)sample
1) Osample = |:(180/16O)VSM0W — 1] x 1000

To obtain these values, raw §"C and §'®*0O were computed
relative to CO reference gas (grade 4.7, Praxair) in the IRMS,
and we then used a two-point calibration to correct raw §"°C
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and 8'®*0 measurements using primary standards from the
International Atomic Energy Agency (IAEA-CH6, IAEA-C3, IAEA-
601 and IAEA-602). The precision of our measurements was
assessed using the standard deviation of the primary standards:
IAEA-CH6 (+0.21) and IAEA-C3 (+0.15) for §'°C, and IAEA-
601 (£0.16) and IAEA-602 (£0.37) for §'®0, as well as by
an internal standard (Sigma Alpha cellulose; §"°C: £0.15, and
8'°0: £0.26).

Changes in the concentration and stable isotopic composition
of atmospheric CO, since industrialization have impacted the
8°C of tree-ring cellulose in two ways. First, the gradual
depletion in §"°C of atmospheric CO, (8"°Cym) due to the
burning of fossil fuels is incorporated in tree-ring cellulose
and imparts a decreasing trend in tree-ring 6'°C that is not
related to physiological changes in the plant or its response to
climate (i.e., the Suess Effect). To correct for the Suess Effect
since 1850, we corrected the §'°C tree-ring series (6"*Ccorr)
by subtracting from each raw §"°C tree-ring measurement the
changes in §"”Cym from a preindustrial value (defined here
as —6.6%o) using the §"°Cyym dataset from Belmecheri and
Lavergne (2020). The so-called preindustrial (PIN) correction
is often applied to remove changes in tree-ring §"°C due to
inferred physiological responses of plants to an increase in
atmospheric CO, (McCarroll et al. 2009). Although the PIN
correction is often used for paleoclimatic reconstructions, we
sought to discern tree response to increasing atmospheric CO,
concentrations and therefore did not apply this correction here.
The individual §"*Ceorr and 8'°0 series were averaged together
to produce a stable carbon and oxygen chronology for all
sampled trees (n = 6), and for SB and WB trees individually
(n = 3 trees per group). The common signal between tree-
ring series for all chronologies was evaluated using the rbar and
EPS.

Climate sensitivity

We computed correlations of RWyt, 8"*Ceorr and §'°0O records
with monthly climate variables to determine the sensitivities
of the Siberian Pine trees to climate variability. Meteorological
records in the region are sparse during the early 20th century
and gridded climate products during that period can be less
reliable, so only the period spanning from 1950 to 2011
(Figure 2a and b) was used here for climate analyses. Pearson
correlation coefficients were calculated between the tree-ring
parameters and monthly precipitation and average temperature
from the Climatic Research Unit (CRU version 4.01) dataset
(Harris et al. 2014), and a 3-month timescale Standardized
Precipitation-Evapotranspiration Index (SPEI; Vicente-Serrano et
al. 2010) from the grid point nearest to Khorgo Lava (48.25°
N, 99.75° E; Figure 2a and b). Climate correlations were
calculated using the RWgt, 6"*Ceorr, and §'*0 chronologies based
on all six trees from this study. All climate correlations were
computed in the R package ‘treeclim’ (Zang and Biondi 2015).
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Figure 2. Climate and environmental records from 1830 to 2011 for the
Khorgo Lava site. (a) June—August average CRU precipitation (blue) and
temperature (red) and (b) SPEI-3 from a grid point nearest to Khorgo
Lava; (c) atmospheric CO, concentrations derived from Robertson et al.
(2001) until 1993, and then updated with mean annual values from
Mauna Loa until 2011; (d) smoothed density estimates of dieback
occurrence from strip-bark Siberian Pine at Khorgo Lava (Leland et al.
2018). (e) June-September self-calibrated Palmer’s Drought Severity
Index (scPDSI) reconstruction based on Siberian Pine from Khorgo Lava
(gray; Pederson et al. 2014), and June—July temperature reconstruction
from Northern Mongolia (red; Davi et al. 2015). The dashed line in all
panels delineates the beginning of a significant drought period in central
Mongolia (Hessl et al. 2018).

Comparing strip-bark and whole-bark chronologies

We computed differences between SB and WB mean RWg,
§"°Ceorr and 80 records from 1830 to 2011 to determine if
the series diverged through time, as previously shown with ring-
width records from Khorgo Lava (Leland et al. 2018). A linear
trend analysis was applied to the differenced series to determine
if there was a significant diverging trend between SB and WB
trees across each parameter through time.

Responses to atmospheric CO»

We evaluated changes in intercellular CO, (c;), the ratio of
intercellular to atmospheric CO, (ci/cs), and intrinsic water-use
efficiency (IWUE) over the full period of analysis (1830-2011)
across all sampled trees. These parameters provide information

on gas-exchange in trees and are often used for estimating plant
response to increasing ¢, (Figure 2c). The raw (uncorrected)
8"C values can be used to calculate ¢; and cj/cy for each
tree using a series of equations (Farquhar et al. 1982). First,
we calculated carbon isotope discrimination against '°C (A) as
follows:

A= 513Catm - 513Ctree
"1 4 83Cyee/ 1000

Then, we applied the following equation:

G A—a

Ca b—a

where the constant a represents fractionation associated with
diffusion of CO, through stomata (4.4%o), and b is the discrimi-
nation against >CO; by Rubisco during carboxylation (~27%so).
The average c¢; and cj/c, ratio were calculated across all six
trees from 1830 to 2011 and compared against simulated
¢ and ¢j/c, values corresponding to three gas-exchange CO»
response scenarios proposed by Saurer et al. (2004): (i)
intercellular CO, concentration remains constant (constant ¢;),
(i) intercellular CO, increases proportional to atmospheric
CO, concentration (constant cj/c;) and (iii) intercellular CO,
increases parallel to atmospheric CO, concentration (constant
Ca—Ci). The simulations were initiated with an average of the first
5 years of ¢ values (1830-1834), and then were extended
to 2011, similar to methods implemented by Voltas et al.
(2013). We applied the same method to the SB and WB groups
separately. Growing season climate can also strongly influence
8"Ccorr, Ci/Ca, and iIWUE through time. Therefore, due to the
severity of the recent 21st century drought and its potential
impact on the stable isotope records, we conducted the same
analyses extending only to 1999.

To evaluate trends in iWUE from 1830 to 2011, we calculated
the annual iIWUE of individual trees (as below):

Cq-(b—A)
1.6-(b—a)

WUE =

We assessed mean iWUE across all trees from 1830 to
2011, and we also compared mean iWUE of SB and WB trees.
Similar to the analysis for RWgt, §"*Ceorr and 820, we calculated
differences between the mean SB and WB iWUE series through
time and applied a linear trend analysis.

Results

Tree-ring data and trends

Tree-ring records within each parameter (RWq;, 6"*Ceorr and
8'®0) had a strong common interannual signal from 1830 to
2011, indicated by the rbar and EPS (Figures 3, S2 and S3,
available as Supplementary data at Tree Physiology Online),
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Figure 3. Left column: Annual detrended ring-widths (RWgt), 8'>C corrected for the Suess Effect (8"3Ceorr) and §'0 records from all six sampled
trees (solid black line: mean; gray envelope: 95% confidence interval). The dashed red line indicates the beginning of a significant drought period
at the turn of the 21st century (Hessl et al. 2018). Middle column: Probability density functions of each parameter from 1830 to 2011. The solid
vertical lines represent the 25th, 50th (bold) and 75th percentile of each dataset, and the red dashed line indicates the mean of the drought period
from 2000 to 2011. Right column: The relationship between normalized parameters (blue: regression line; gray: 95% confidence interval) with the
respective correlations shown on the bottom right. ** indicates significance at P < 0.01.

with RWg; and §'®0 records showing the strongest agreement
(Table 2). The RWyt, 8"*Ceorr and 8'°0 tree-ring chronologies
were significantly correlated with one another from 1830 to
2011 (RWgt vs. 8Ceorr: r = —0.39; P < 0.01; 80 vs.
8Ceorr: r = 0.40; P < 0.01; RWg vs. §®0: r = —0.25;
P < 0.01; Figure 3). Due to a lower sample size, individual
SB and WB chronologies (n = 3 trees per group) had a weaker
common signal, especially with respect to the §'*Ccorr parameter
(Table 2). Furthermore, the WB group had a large §"*Ccorr range
of values (Figure 4), as WB2 had notably depleted §"°Ccorr
values relative to other WB trees (Figure S2, available as Supple-
mentary data at Tree Physiology Online). However, mean SB and
WB chronologies showed similar interannual variability across
all parameters (Figure 4). The SB and WB mean chronologies
are significantly correlated (P < 0.01) with r = 0.74 for RW,
r=0.70 for §*Ceorr and r = 0.88 for §'®O from 1830 to 2011.

Regarding long-term trends, the SB mean chronologies
increased relative to the WB chronologies for all three param-
eters, and the linear trend of differences between SB and WB
chronologies was significant in all cases (P < 0.01; Figure 4).
This divergence between SB and WB RWy; occurs regardless
of using the ratios or residuals method of standardization

(Figure S1b and ¢, available as Supplementary data at Tree
Physiology Online). The smaller sample set used here captures
long-term mean SB and WB RW4; differences observed from
the larger Leland et al. (2018) collection of trees (Figure S4,
available as Supplementary data at Tree Physiology Online).
Given the large range of values across individuals from each
parameter, particularly with respect to the §"”Ccor dataset,
we tested this analysis after normalizing all tree-ring series
before producing mean chronologies and the same significant
trend differences were obtained (Figure S5, available as
Supplementary data at Tree Physiology Online).

On an individual-tree level, all SB trees showed a higher trend
in RWg; relative to WB trees, and most (two out of three) SB
trees showed higher trends in §'*Ccorr compared with WB trees
from 1830 to 2011 (Figure S3, available as Supplementary
data at Tree Physiology Online). When excluding the recent
drought (i.e., comparing trends from 1830 to 1999), all SB
trees had a higher increasing §"*Ceor trend relative to WB trees.
This is because WB1 showed a strong enrichment associated
with the 21st century drought that had an impact on its long-
term trend (Figure S2, available as Supplementary data at Tree
Physiology Online). Although the §'*O of SB trees increased
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Table 2. Measures of common signal strength between series. The mean correlation between series (rbar) and expressed population signal (EPS)
were calculated for each subset (all trees, strip-bark (SB) and whole-bark (WB)), and for each parameter (detrended ring-width (RWgt), and stable

carbon (8"*Ceorr) and oxygen (8'80) isotopes).

Subset # Samples RWt 8" Ceorr 50
rbar EPS rbar EPS rbar EPS
All 6 0.65 0.91 0.42 0.81 0.69 0.93
SB 3 0.68 0.86 0.43 0.70 0.67 0.86
WB 3 0.69 0.87 0.38 0.65 0.71 0.88
— sB X a significant §'*0O declining trend (P < 0.05) whereas the other
201 : SB trees significantly increased from 1830 to 2011 (P < 0.05;
5 159 ! Figure S2 and Figure S3, available as Supplementary data at
= Tree Physiology Online).
X 104
05 i Responses to climatic variability
o r=0.74™ . . : The RWgt, §"*Ceorr and §'*0 chronologies based on all ana-
$ 82: ’**’__//—:— lyzed trees (Figure 3) showed strong sensitivity to climate
2 _8 g' . . . : during the current-year growing season, particularly during June
1850 1900 1950 2000 through September, as well as sensitivity to some months
174 of the previous-year growing season (Figure 5). The RWg;
R chronology had a significant positive correlation to current-year
e\g, ~19 1 June and July precipitation (r = 0.52 and r = 0.27; P < 0.05),
§ 1] : and a significant negative correlation to temperature during
O 1 June-August (r = —0.57, —0.53 and —0.34, respectively,
o3 \ P < 0.05). RWy: showed significant sensitivity to SPEI-3 for
r=0.70" : a more extended season, from June through September, and
§ 1] ** ' the correlation between RWy; and the average SPEI-3 of those
é _?: . . . : months was highly significant (r = 0.51, P < 0.05). A weaker
1850 1900 1950 2000 sensitivity to moisture conditions (SPEI-3) during the prior-year
B . growing season was also evident.
[ I The 8"°Ceorr chronology had a significant and negative corre-
0 30 : lation with precipitation and a positive correlation with temper-
:g’ 274 'r ature, especially during June and July (precipitation: r = —0.56,
o il —0.45 (P < 0.05) and temperature: r = 0.50 and 0.48,
e : P < 0.05). There was also a strong negative correlation
r=0.88* : between §'°Ceorr and June through September average SPEI-
2 e i 3, (r = —0.55, P < 0.05). In agreement with a relation-
g'% _?j : ship between drought variability and §"*Ccorr, there was an
1850 1900 1950 2000 enrichment in mean §"Ccqr during the 21st century drought;

Figure 4. Detrended ring-widths (RWgt), 8'3C corrected for the Suess
Effect (§"*Ceorr) and 880 chronologies from strip-bark and whole-bark
trees. The solid (dotted) line is the mean of the strip-bark (whole-bark)
series, and the blue (red) envelope represents the full range of values
across all three sampled trees. The plots below the mean chronologies
show the difference between strip-bark and whole-bark values over time
for each parameter (gray; SB-WB) and are accompanied with a black
linear trend line (significance denoted with **P < 0.01). The dashed
red line in each plot indicates the beginning of a significant drought
period at the turn of the 21st century (Hessl et al. 2018).

on average relative to WB trees, the individual §'®0O records
showed higher variability in trends: in particular, SB2 showed

average §"Ceorr from 2000-2011 (also defined by higher
atmospheric CO, levels) was above the 75th percentile of
all 8"*Ceorr chronology values (Figure 3, middle column). The
8"Ceorr €nrichment was concurrent with a decrease in RWg:
below the 25th percentile during the 21st century drought
(Figure 3, middle column).

Although the §'®O chronology was significantly and nega-
tively correlated with average June through September SPEI-
3 (r = —=0.41, P < 0.05), these correlations were weaker
than those calculated for RWgt and 8"*Ceorr. The mean §'%0
during the 21st century drought was slightly enriched (i.e.,
above the 50th percentile of all §'*O chronology values), but
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Figure 5. Pearson’s correlation coefficients between RWg (top), 8"*Ceorr
(middle) and §'80 (bottom) chronologies derived from all trees and
monthly climate variables from 1950 to 2011. Tree-ring data were
compared against CRU TS 4.01 precipitation (precip; black), CRU TS
4.01 average temperature (tavg; medium gray) and 3-month SPEI (light
gray). Months with lower case lettering refer to correlations with the year
prior to the current year of growth, and the months with capital lettering
refer to the current year of growth. Correlation coefficients exceeding
the gray dashed lines are statistically significant (P < 0.05).

the response was not as pronounced compared with §"*Ccorr and
RWygt (Figure 3, middle column). However, unlike the other tree-
ring parameters, the §'*O chronology had a stronger sensitivity
to spring temperature, with significant and positive correlations
to April and May temperatures (r = 0.33 and 0.38, P < 0.05).

Intercellular CO> concentration and iWUE trends

There was a mean increase in intercellular CO» concentration
(ci) from 1830 to 2011 based on all trees (Figure 6); this
increase falls between the simulation of constant cj/c, (Scenario
2) and constant ¢; (Scenario 1), with a slightly closer association
with the latter (simulated ¢; vs. measured ¢; RMSE = 12.44 for
Scenario 1 and 12.49 for Scenario 2; simulated c¢;j/c; vs. mea-
sured ¢;/c; RMSE = 0.037 for Scenario 1 and 0.039 for Sce-
nario 2; Figure 6, Table S1 available as Supplementary data at
Tree Physiology Online). The average of SB trees alone was more
closely associated with constant ¢; (Scenario 1), whereas the
WB trees fell closest to a constant c¢j/c, (Scenario 2; Table S1
available as Supplementary data at Tree Physiology Online), as
shown in Figure 7. The WB trees maintained a relatively constant
ci/ca throughout the entire record, until a large mean decline
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Figure 6. Top: Mean intercellular CO, (cj) across all analyzed trees,
with 95% confidence interval in gray and compared with simulations
following the three scenarios proposed by Saurer et al. (2004). The
blue line indicates changes in atmospheric CO; (c,, right axis). Middle:
Mean ratio of intercellular to ambient CO, (cj/ca) with 95% confidence
interval in gray shading, also compared with simulations following the
three scenarios proposed by Saurer et al. (2004). Bottom: Mean intrinsic
water-use efficiency (iWUE) across all analyzed trees with the 95%
confidence interval highlighted in gray. The dashed red line indicates
the beginning of a significant drought period at the turn of the 21st
century (Hessl et al. 2018).

during the 21st century drought (but large variance), while the
SB trees exhibited a longer-term decline in ¢j/c,, particularly
notable in the 19th century (Figure 7). The same scenario was
tracked by each group when testing only the years 1830-1999,
preceding the severe drought of the 2000s (Table S1 available
as Supplementary data at Tree Physiology Online).

The average iWUE of all trees increased by 0.21 umol
mol~" yr~' from 1830 to 2011 and 0.17 umol mol~" yr!
from 1830 to 1999, excluding the most recent severe drought
(Figure 6). During the 20th century alone, comparing the mean
from 1900-1909 to 1990-1999, the average iWUE at our
study site increased by 16.19%. Refer to Table S2 available as
Supplementary data at Tree Physiology Online for detailed infor-
mation on mean iWUE changes for different periods of time and
comparisons with the literature. Similar to other comparisons, SB
and WB trees also showed differences in long-term iWUE. There
was a positive and significant trend in the difference between SB
mean iWUE relative to WB trees from 1830 to 2011 (P < 0.01;
Figure 7).
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Figure 7. Top: Mean intercellular CO, (cj) across SB (left) and WB (right) trees, with the range of values represented in blue and red shading,
respectively. The ¢; are compared with simulations following the three scenarios proposed by Saurer et al. (2004). The blue line indicates changes
in atmospheric CO, (c,, right axis). Middle: The same as the top row, but illustrating changes in mean cij/c, over time. Bottom: Mean intrinsic
water-use efficiency (iWUE) across SB (solid) and WB (dotted) trees with the range highlighted in blue and red, respectively. The plot below mean
iWUE shows the difference between strip-bark and whole-bark iWUE values over time (gray; SB-WB), accompanied with a black linear trend line

(**P < 0.01).

Discussion

The 182-year tree-ring stable isotopic records presented here
provide insight on the physiological responses of trees to
climatic and environmental conditions in north-central Asia. Our
results show that tree-ring §"°C and §'°0 in Siberian Pine from
the Khorgo Lava field, a xeric site in arid central Mongolia,
are sensitive to interannual moisture availability during sum-
mer months. The tree-ring §'*O record also partially reflects

interannual variability in spring temperatures. Over the long-
term, the trees showed an intermediate response between
two different gas-exchange strategies, maintaining a constant
intercellular CO; (cj) or constant ratio of intercellular to ambient
CO3 (ci/cy). However, we also found a divergence in mean tree-
ring stable isotopic trends of different stem morphologies, which
suggests that partial cambial dieback may be associated with
different leaf-level physiological behavior.
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Climatic controls on ring-width and tree-ring stable isotope
records

We found significant positive correlations between ring-width
at Khorgo Lava and precipitation and SPEI-3 during summer
months (June-July for precipitation, and June-September for
SPEI-3). These results are in agreement with earlier studies
finding a strong relationship between Khorgo Lava tree-ring-
widths and another drought index, the self-calibrating Palmer
Drought Severity Index (scPDSI), for the months of June through
September (Pederson et al. 2014, Hessl et al. 2018). In
addition, we found that both §'*Corr and 60 are correlated with
summer hydroclimate and temperature, with enriched values
during dry/hot years and depleted values during wet/cool years.
The pronounced decrease in mean ring-width and increase in
mean §"Ceorr during the recent, severe drought starting at
the turn of the 21st century (Figure 3), also illustrates the
significance of moisture availability on the physiology of Siberian
Pine at this site.

The summertime drought sensitivities of ring-width, §"*Ccorr
and §'®0, as well as the significant, positive correlations between
8"Ceorr and 820, indicate that changes in stomatal conductance
likely play an important role in tree-ring stable isotope variability
at Khorgo Lava. Positive correlations between §Ceorr and
80 can occur because drier (low humidity) conditions, in
addition to low water supply, are associated with both stomatal
closure and leaf water enrichment (e.g., Saurer et al. 1997a,
Andreu-Hayles et al. 2022). A combined analysis of changes
in §”Ceorr and §'*0 (the ‘dual-isotope approach’) has been
used to disentangle the primary driver of §"*Ceor variability (i.e.,
assimilation or stomatal conductance), under the assumption
that 820 variability is primarily influenced by transpiration rates
and that source water remains constant (Scheidegger et al.
2000, Roden and Siegwolf 2012). Applying this concept here
(though see important caveats and cautions regarding source
water in the §'®*0 description below), the positive relationship
between §'°Ceorr and 8'°0 records (Figure 3), and the sensitivity
of these parameters to summer drought, suggest that stomatal
regulation is likely an important driver of variability in stable
carbon isotopes at Khorgo Lava. Such a relationship between
8"Ceorr and 8'°0 has been described in other studies, especially
in dry sites or during water-limited periods (e.g., Sidorova
et al. 2009, Liu et al. 2014, Rodriguez-Caton et al. 2021).
Negative correlations between §'*Ccorr and RWgy; further suggest
that both stomatal conductance and radial growth decrease
under dry conditions (Saurer et al. 1997b). Although stable
carbon isotopes and ring-width records are correlated here,
they are related to different physiological processes (i.e., carbon
uptake at leaf-level and xylogenesis), which can be decoupled
(Andreu-Hayles et al. 2022). As drought conditions reduced
RWgt and increased 8'°Ceorr /820, it is likely that both processes
are limited by moisture availability at our study site. Research
suggests that over large scales, tree growth is largely limited
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by cambial activity (a ‘sink’ limitation, impacted by limiting
environmental factors, such as drought) rather than carbon
assimilation through photosynthesis (Cabon et al. 2022).

The §'*0 chronology has a more complex climate signal
relative to §"*Ccorr, Which could reflect the various factors that
influence the §'*0 of leaf water and tree-ring cellulose. Tree-
ring 8'°0 had a weaker, though still significant, response to
summer hydroclimate (especially precipitation and SPEI-3) than
the other parameters. More enriched §'*O during drier years
is most likely associated with evaporative enrichment at the
leaf-level or soil water evaporation altering the §'°0 of source
water for the trees (Roden et al. 2000, McCarroll and Loader
2004), especially considering the xeric conditions of the study
site . Accordingly, the §'*0 chronology showed weak though
significant positive correlations with growing season summer
temperatures in July, as well as significant and negative corre-
lations with June and July precipitation and SPEI-3. In contrast,
during the spring (April and May), significant §'O correlations
were found with temperature, which might reflect the impor-
tance of temperature on regional precipitation §'®0O. There is a
strong, positive relationship between §'®0O of precipitation and
air temperature (Dansgaard 1964) that is clearly evident at
high latitudes in the northern hemisphere (Birks and Edwards
2009), including portions of northern Asia (Araguds-Araguas
et al. 1998, Yamanaka et al. 2007). This temperature effect on
precipitation §'®0 has been found to leave an imprint on tree-ring
cellulose §'°0 in various high-latitude forests (e.g., Saurer et al.
2002, Porter et al. 2014, Field et al. 2021, Gagen et al. 2022).
Similar §'®0O climate responses in the spring and summer months
were identified in Siberian Pine growing in the Russian Altai
in southern Siberia (Loader et al. 2010) suggesting that both
regional precipitation §'®O (influenced partly by temperature)
and leaf-level processes related to humidity might be important
regional drivers of tree-ring §'°O.

Additional factors that could influence precipitation §'*O
in Mongolia and ultimately the §'°0 of cellulose include the
proportion of local moisture recycling, a significant contributor
to precipitation in arid central and northern Asia (Wang et al.
2016), or water source changes, including changes in large-
scale atmosphere circulation (Vuille et al. 2005, Liu et al.
2009, Wang et al. 2020, Kang et al. 2022). An analysis
of precipitation §'*O suggests that water vapor in Mongolia
is largely transported by the westerlies during the summer,
with limited contributions from southerly (monsoonal) sources
(Sato et al. 2007). However, Mongolia is neighboring regions
impacted by monsoonal systems, and some studies have found
linkages between tree-ring §'°0O and monsoonal variability in
the summer, as well as relative humidity, in north China (Liu
etal. 2019, Wang et al. 20204, Xu et al. 2021). The degree to
which differing climate (source water) systems have impacted
precipitation §'*0 in the Khorgo Lava region, and their potential
time-varying properties over the last several centuries, will be
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important to investigate in relation to tree-ring §'°O in future
studies. Furthermore, the Khorgo Lava field appears to have
a complex underlying hydrology, with some trees potentially
accessing the water table at different times, or taking up water
from deeper pools. This variation could impact the source water
§'%0 signature of individual trees (e.g., Sarris et al. 2013) and
could not be accounted for here. Although the common signal
between §'°0O records from all trees was particularly strong,
suggesting that microsite plays a negligible role in interannual
§'%0 variability, long-term §'*0 trends differed between some
trees (Figure S3, available as Supplementary data at Tree Phys-
iology Online). All of the factors potentially impacting source
water through time, either across all trees or for individual trees,
complicate the dual-isotope interpretation for assessing §'°C
variability above (Roden and Siegwolf 2012). However, given
the extreme aridity of central Mongolia, it is likely that relative
humidity and its impact on leaf-level processes has continually
contributed to variability in tree-ring §"°C and §'®0O at Khorgo
Lava.

The sensitivity of the Siberian Pine stable isotope records
to climatic variability shown here indicates that these tree-ring
parameters hold significant paleoclimate potential. The 6"*C and
8'®0 records can either complement tree-ring width datasets
in climate reconstruction or provide additional/multidimensional
climate information. As the §"°C and §'®0 records partly reflect
summer hydroclimate, they could be used to reinforce our
understanding of past hydroclimate based on ring widths. Fur-
thermore, the unique sensitivity of §'*O could provide insights
on past spring temperature variability or potentially, changes in
large-scale circulation patterns and shifts in precipitation §'*O
(e.g., Szejner et al. 2016, Field et al. 2021). An understanding
of variations in §'®0O of precipitation in Mongolia (e.g., Sato et al.
2007, Yamanaka et al. 2007) and their impact on §'®0 of tree-
ring cellulose in Mongolia, especially over decadal and longer
time scales, should be investigated further if this metric is to be
employed for dendroclimatology.

Leaf gas-exchange strategies and iWUE trends

The Khorgo Lava trees fell between two scenarios of stomatal
regulation of gas-exchange described in the literature: a con-
stant ratio of intercellular to ambient CO, (cj/c;) and a constant
intercellular CO2 (cj). A constant ¢j/c; indicates that intercellular
CO3 increases proportionally with ambient CO,, suggesting a
moderate increase in iWUE associated with a moderate decrease
in stomatal conductance and/or an increase in assimilation. A
constant intercellular CO, corresponds to a larger increase in
iWUE relative to the constant ¢j/c, scenario. These two scenarios
of leaf gas-exchange strategies, in addition to a constant c,—
¢ scenario (a ‘passive’ response with a weak regulation of
stomatal conductance with increasing CO;), have been reported
in the literature. However, a constant cj/c, is the prevail-
ing strategy reported across different tree-ring studies (e.g.,

Saurer et al. 2004, Frank et al. 2015) and most free-air carbon
dioxide enrichment (FACE) experimental studies (Lavergne et al.
2019). Our results, therefore, are consistent with other studies
suggesting an ‘active response’ to increasing atmospheric CO;,
with a corresponding increase in iWUE.

However, the intermediate response between the constant
ci/cq and constant ¢; scenarios based on the average of all trees
in our study (Figure 6) partly reflects diverging trends between
strip-bark and whole-bark trees (Figure 7). The whole-bark trees
more consistently followed the constant cj/c, scenario, while
the strip-bark trees had a statistically closer association with the
constant ¢; scenario. However, it is important to note that trees
might not employ a single leaf gas-exchange strategy through
time; rather, these strategies can be dynamic with increasing
atmospheric CO; in order to maximize carbon gain and reduce
water loss (Voelker et al. 2016, Giguére-Croteau et al. 2019,
Marchand et al. 2020, Belmecheri et al. 2021). Strip-bark c;j/c,
appears to be particularly dynamic over time, with a step-change
decline in mean c;j/c, occurring around the mid-to-late 1800s
that was not evident in whole-bark trees (Figure 7).

The rate of iWUE increase in Siberian Pine during the 19th and
20th centuries at Khorgo Lava (Figure 6) was within the range
of increasing iIWUE reported in several studies throughout Asia
and Europe (Table S2 available as Supplementary data at Tree
Physiology Online). For example, from 1900 to 2006, Huang
et al. (2017) reported a general iWUE increase of 27.83% in
Smith Fir from the Tibetan Plateau, similar to a 30.66% increase
from the Khorgo Pine for that same period. The iWUE averaged
across all trees increased by 17.17% from the 1861-1890
mean to 1961-1990 mean, compared with an iWUE increase
of 19.2 + 0.9% in other conifers from Eurasia (Saurer et al.
2004). A more recent study found that conifers in Europe
showed a 25.7% £ 11.6% iWUE increase when comparing
the 1901-1910 mean with the 1991-2000 mean (Saurer et
al. 2014), compared with an 18.43% average iWUE increase
at Khorgo Lava during that time. Although the average iWUE
trend found here was similar to that of many other regional
conifers, the iWUE trends between strip-bark and whole-bark
trees also diverged through time, with a steeper increase in strip-
bark iWUE (Figure 7). This finding supports the notion that there
are several possible drivers of increasing iWUE at the tree level,
such as environmental and developmental factors, in addition to
the leaf-level physiological responses to increasing atmospheric
CO; (e.g., Marchand et al. 2020). Furthermore, climate impacts
on stable carbon isotopes can play an important role in short-
term variability and long-term iWUE trends (Frank et al. 2015).
Regarding the 21st century drought, while removal of the post-
1999 period did not alter the scenarios of stomatal regulation of
gas-exchange tracked by the trees in general, high evaporative
demand during that period likely contributed to the observed
step-change increase in mean iWUE at the turn of the century
(Figures 6 and 7).
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Tree morphology and diverging long-term trends

Strip-bark and whole-bark trees showed similar interannual
variability in ring-width and stable isotope records, but their
long-term trends differed over the last two centuries. Strip-bark
trees trended towards larger ring-widths relative to whole-bark
trees over the last two centuries at Khorgo Lava (Leland et al.
2018), as has been described in two other species (Bunn et
al. 2003, Ababneh 2006). Although some detrending methods
can artificially inflate differences in ring-widths between the
two morphological groups (Salzer et al. 2009), the diverging
trends over the last two centuries are apparent in both mean
raw ring-width and standardized chronologies at Khorgo Lava
(Figure S1, available as Supplementary data at Tree Physiology
Online; Leland et al. 2018) and are therefore not an artifact of
dendrochronological methods. Importantly, an increasing ring-
width trend in strip-bark trees does not necessarily mean strip-
bark trees are adding more radial growth than whole-bark trees;
it is possible that a similar or smaller amount of radial growth
is added to a smaller active stem area on strip-bark trees. The
everchanging stem and canopy area of strip-bark individuals
makes overall radial growth comparisons between strip-bark and
whole-bark trees difficult to quantify.

In addition to diverging ring-width trends, this study found
that strip-bark trees also trended towards higher mean §"°C
and §'®*0 values, and a higher mean iWUE over time, relative
to whole-bark trees. This finding contrasts with results from
Tang et al. (1999), in which there was no significant difference
in the iWUE trends of two whole-bark (or ‘full-bark’) and two
strip-bark Bristlecone Pine from 1795 to 1995. Our results of
diverging iWUE trends remain consistent when restricting our
analyses to the 1830-1995 period (Figure S6, available as
Supplementary data at Tree Physiology Online), to match the
final year of the Tang et al. (1999) study, suggesting that the
most recent years did not drive the differences we identified. In
the Tang et al. (1999) study, it was hypothesized that increases
in iIWUE could be similar between strip-bark and whole-bark
trees, but differences in carbon petitioning could contribute to
differing ring-width trends. The reasons as to why we observe
different results than Tang et al. (1999) regarding iWUE trends
in strip-bark and whole-bark trees is uncertain, but it could
be related to different physiological behavior of tree species,
and/or the timing and degree of cambial dieback events, among
other factors. Importantly, in this study, we analyzed strip-bark
trees with clear increasing ring-width trends (relative to whole-
bark trees) for comparison with their stable isotope records.
Our contrasting results underscore that trends in various tree-
ring parameters from strip-bark and whole-bark trees should be
further explored across different species and sites. Furthermore,
we recommend that future studies analyze tree-ring stable
isotopes from a large number of strip-bark trees with differing
degrees of cambial dieback or radial growth trends. Differing
stable isotopic trends could have important implications for
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climate reconstructions derived from long-lived trees prone to
partial cambial dieback.

Although the mechanisms behind diverging stable isotope
trends of strip-bark trees at Khorgo Lava remain uncertain, size
and developmental changes in trees can impact stable isotope
records and iWUE trends (e.g., Brienen et al. 2017, Klesse et al.
2018, Marchand et al. 2020). The dual-isotope model (Schei-
degger et al. 2000), taking into consideration the source water
assumptions described earlier (Roden and Siegwolf 2012),
suggests that simultaneously increasing §"*C and §'°0O of strip-
bark relative to whole-bark trees could indicate a trend towards
reduced stomatal conductance in strip-bark trees over time.
Interestingly, a large decrease in strip-bark mean intercellular
CO, was observed in the mid-1800s perhaps related to a shift
towards more conservative stomatal behavior. This occurred
after an extensive dieback event that was observed in estimated
dieback dates (Figure 2d) following a cold and dry period in
Mongolia in the 19th century (Figure 2e and described in Leland
et al. 2018). One hypothesis is that stem dieback results in a
higher leaf area relative to the now-reduced stem area, leading
to larger radial growth measurements on the living portion of
the stem but a decrease in stomatal conductance (Voltas et
al. 2013, Gessler et al. 2018). While we do not know the
extent to which all the individual strip-bark trees in this study
experienced stem dieback in the 1800s, it is conceivable that
this period could have played a role in the ring-width and stable
isotope trends of strip-bark trees described here. Interestingly,
a notable shift towards higher ring-width and §"*Ceorr (lower c;
and ¢i/cy), and a higher §'°0, was observed specifically in the
SB3 tree after an estimated dieback event in the year 1853
(Figure S7, available as Supplementary data at Tree Physiology
Online). This single-tree result, however, should be taken with
caution. This was the only tree with an estimated dieback
event during the period of analysis in this study, and there
are uncertainties in actual dieback dates given possibilities
of degradation of the dead portion of the stem over time
(Leland et al. 2018).

Although the strip-bark and whole-bark comparisons from this
study are based on a limited number of samples, our study
illuminates differences in ring-width and stable isotopes trends
of the two morphological types, warranting future physiological
work to continue studying this phenomenon. Determining the
drivers behind these trends will require information about the
degree of sectored architecture of strip-bark trees (Larson et al.
1993), the relation between canopy and stem/sapwood area,
and leaf-level physiological responses following stem dieback
events. Here, we studied leaf-level iWUE derived from tree-ring
stable carbon isotopes, though whole-plant WUE (i.e., a measure
of dry matter production per unit of water loss) could also
differ between strip-bark and whole-bark trees and could not
be assessed here. We also found some variability in individual-
tree trends within strip-bark and whole-bark groups; whereas
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the trends between individuals within each morphological group
largely agreed, the decreasing §'*0O trend of SB2 notably
contrasted with the large positive trend of other strip-bark trees,
perhaps reflecting microsite conditions, water source and/or
developmental stage of that individual. These results highlight
the importance of a high sample depth, as well as analyzing
individual trees for stable isotope analyses (vs. pooling from
multiple trees), to identify and explain potential differences
between trees with differing morphological traits.

Conclusions

This study highlights the sensitivity of Siberian Pine §*C and
8'%0 tree-ring records to climate variability during the instru-
mental era, and provides insight on the gas-exchange behav-
ior of long-lived trees growing on a xeric site. Although the
stable carbon and oxygen isotopes have a similar summer
hydroclimate (moisture) signal as the ring-width chronologies
during the instrumental era, the stable oxygen isotope records
display a more complex signal that could additionally provide
information about spring temperature. Comparisons of strip-
bark and whole-bark chronologies suggests that there are
differences between stem morphological types in terms of long-
term trends in growth and stable isotope metrics at our study
site. Our results suggest that increasing tree-ring iWUE at this
site could partly be associated with leaf-level responses to
increasing atmospheric CO, and stem morphological changes
within Siberian Pine trees, as well as severe drought conditions
during recent decades. Although the extent to which differences
based on stem morphology might occur in other species or
sites is unclear, the potential for diverging trends between strip-
bark and whole-bark trees across multiple tree-ring metrics
should be considered and evaluated in future studies. An
understanding of whether cambial dieback can impact long-
term tree-ring trends will be critical for using these valuable,
long-lived trees for paleoclimate reconstruction and for under-
standing the physiological behavior of ancient, strip-bark trees in
general.
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