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Seasonal Hydroclimate Recorded in High Resolution §'*0
Profiles Across Pinus palustris Growth Rings
William E. Lukens! ), Robert T. Narmour?, and Brian A. Schubert?

'Department of Geology and Environmental Science, James Madison University, Harrisonburg, VA, USA, 2School of
Geosciences, University of Louisiana at Lafayette, Lafayette, LA, USA

Abstract Rainfall amount and intensity are increasing under anthropogenic climate change, but many
instrument records span less than a century. The oxygen isotopic composition of tree-ring cellulose (6‘806511)
reflects local source water, climate, and tree physiology. The patterns of 61800311 within tree-rings has the
potential to extend pre-instrument climate records with subannual resolution, but the influences on intra-ring
880, profiles are unexplored in many settings. In this study, high-resolution 8'30 _, profiles were analyzed on
three longleaf pine trees growing in a native savanna in Louisiana, United States. The time series covers a wide
range of rainfall conditions from 2001 to 2008 C.E. with a total of 421 8'%0_, analyses. The 8'%0_ values

for individual years are well correlated with each other both within and between trees (r = 0.71-0.78). We

used principal components analysis and k-means clustering to differentiate SISOCCH profiles into two groupings:
symmetrical S'SOCCH profiles versus asymmetrical profiles that have depressed latewood 8180Cell values. The
slope of latewood 8'%0_, profiles and mean 8'30_, values of latewood tissue correlate with total June-
November precipitation. We hypothesize that poorly drained soils in the study area mediate the influence of any
individual storm event: in dry years, '*O-depleted signals from convective storms are moderated by subsequent
evaporative enrichment of standing water, whereas in wet years, increased humidity and frequent re-supply of

180-depleted water overrides evaporative enrichment effects, resulting in low 5'%0 _ of latewood. These results

cell

suggest that S“‘Ocen proxies for tropical storm occurrence need to account for soil conditions at the site of tree
growth.

Plain Language Summary Anthropogenic climate change is driving an increase in the amount
and intensity of rainfall in many areas of the world. However, limited historical weather station records inhibit
our ability to place these trends into a longer temporal context. Stable isotopes in tree-ring tissue can record
local climate conditions as the tree grows; thus, analysis of wood samples along individual growth rings can
provide high-resolution information on local weather conditions. Previous work used average values of oxygen
isotopes from tree-rings to produce annual-average climate estimates or to identify years that recorded tropical
storm occurrences near the site of growth. This study reports the first analyses of oxygen isotope time series
measured within tree-rings from pine trees living in the Gulf Coast region of the United States. The isotope
profiles within each ring showed one of two distinctive patterns: “L” shaped profiles reflect summer/autumn
seasons with greater rainfall, whereas “U” shaped profiles reflect drier summer/autumn seasons. Our approach
allows us to conclude that the isotope profiles likely record seasonal rainfall totals rather than the occurrence
of individual storms (such as hurricanes). We suggest that poorly drained soils in the study area may prevent
recording of tropical cyclones.

1. Introduction

Anthropogenic climate change is forcing a change in the characteristics of seasonal climate and extreme events
(e.g., Easterling et al., 2017; Roque-Malo & Kumar, 2017), but understanding the magnitude and context of these
trends is inhibited by relatively short instrument records in many regions of the world. The southeastern United
States is likely to experience an increase in total annual rainfall in the coming decades, primarily driven by more
intense and more frequent heavy rain events (Brown et al., 2019; Dourte et al., 2015; Moustakis et al., 2021);
however, instrument records prior to the twentieth century are rare in the region, highlighting the need for longer
chronologies of seasonal hydroclimate. The stable oxygen isotope composition of tree-ring cellulose (8'%0_,)
records climatic, environmental, and tree physiological conditions as a tree grows. Thus, subsampling yearly
growth rings provides a substrate on which to develop intra-annual climatic and environmental proxy records.

Time series of '30_ values have the potential to extend climate archives beyond the instrument record with high

cell

LUKENS ET AL.

1 of 12


https://orcid.org/0000-0002-7931-9238
https://orcid.org/0000-0001-9459-2059
https://doi.org/10.1029/2021JG006505
https://doi.org/10.1029/2021JG006505
https://doi.org/10.1029/2021JG006505
https://doi.org/10.1029/2021JG006505
https://doi.org/10.1029/2021JG006505
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2021JG006505&domain=pdf&date_stamp=2021-12-09

A7t |

NI Journal of Geophysical Research: Biogeosciences 10.1029/2021JG006505

ADVANCING EARTH
AND SPACE SCIENCE

Writing — original draft: William E.
Lukens, Robert T. Narmour

Writing — review & editing: William E.
Lukens, Brian A. Schubert

spatial and temporal resolution (Labotka et al., 2016; Managave et al., 2020; Qin et al., 2015; S. Shi et al., 2020;
Treydte et al., 2007; Xu et al., 2018), and could also be applied on deep-time paleoclimate archives using fossil
wood (Hook et al., 2014; Jahren & Sternberg, 2008; Richter, Johnson, Dranoff, LePage, & Williams, 2008; Schu-
bert & Jahren, 2015).

The ultimate source of oxygen within tree-ring cellulose is meteoric water. The oxygen isotopic value of meteoric
water (6'8OMW) is highly correlated with various climate parameters (e.g., temperature: Dansgaard, 1964; mois-
ture source: Araguds-Araguds et al., 1998; precipitation: Vachon et al., 2007; humidity: Kahmen et al., 2011) on
local, regional, and global scales, providing a basis for paleoclimate reconstructions. Cellulose is enriched in 0
relative to meteoric water because transpiration leads to evaporative enrichment of 80 relative to '°O within the
leaf, and is further enriched by ~27%o due to isotopic exchange during cellulose synthesis (Roden et al., 2000;
F. Shi et al., 2019; Sternberg, 2009). This leads to 8180Cell values being significantly greater than that of meteoric
water, with large total offsets between 8'30_, and 8'%0,, across individual sites and species (e.g., 35-44%o)
(Jahren & Sternberg, 2002; Richter, Johnson, Dranoff, & Taylor, 2008). However, a global data set of intra-annu-
al 80, and 3'%0 | data revealed a constant slope = 0.66 between 8'*0_, and 8'%0, ,, (R? = 0.72), suggesting
that intra-ring cellulose profiles can be used to estimate sub-annual change in §'%0,,, caused by seasonal climate
(Schubert & Jahren, 2015).

The climatic information resolvable from 8'80 _, analyses is dependent on both locality and sampling resolution.
The majority of prior work focused on locally calibrated relationships between climate conditions and annual
average 8'%0_, values from whole-ring sampling, producing reconstructions of temperature (Huang et al., 2019;
Loader et al., 2010), relative humidity (Griefinger et al., 2017; Jahren & Sternberg, 2003), and precipitation pat-
tern (Brienen et al., 2013; Brunello et al., 2019; Managave et al., 2020; Sano et al., 2010). Analysis of the seasonal
components of tree-ring tissue—earlywood and latewood—has produced records of seasonal precipitation source
and amount (Labotka et al., 2016) and tropical storm occurrence (Altman et al., 2021; Lewis et al., 2011; Miller
et al., 2006; Mora et al., 2007). Alternative approaches include subsampling growth rings at finer resolutions
(sub-millimeter), producing 8'80_ profiles that capture sub-monthly to approximately weekly temporal resolu-
tion during the growing season (Li et al., 2011; Schollaen et al., 2013; Verheyden et al., 2004; Xu et al., 2016).
The controls on high-resolution 80, profile shape remains largely unexplored due to the substantial burden
of sample preparation, with current hypotheses indicating the potential for resolving individual storm events (Li
et al., 2011) and elucidating changes in source water composition and hydroclimatic conditions (Berkelhammer
et al., 2020; Schollaen et al., 2013). Due to the relative paucity of intra-ring 3'30_ profile studies, the linkage
between intra-ring 8'%0_, patterns and sub-annual climatic conditions—including tropical storm occurrence—

remains poorly understood, and replication of intra-ring §'80__ profiles has yet to be tested within and between

cell

trees.

In this study, we investigated coeval 8'%0_, profiles from three longleaf pine trees (Pinus palustris Mill.) growing
in the native savanna biome of southwestern Louisiana (Figure 1). Our goals were to investigate the drivers of
sub-annual 8'¥0_, patterns in a region that is particularly prone to tropical cyclone activity (Figures 1 and 2), but
where intra-ring 8'80_, chronologies have yet to be studied. We hypothesized that high levels of precipitation
during latewood growth (June-November) delivered meteoric water depleted in 80, thereby driving down late-
wood 8'%0_, values via the “amount effect” (i.e., the amount of rainfall correlates negatively with the 5'%0 value
of rainfall, after Dansgaard, 1964). Thus, if the intra-ring §'30_, profiles predominantly reflect seasonal hydro-
climatic conditions, the slope of 6'*0__ values in the latewood should be a predictor of §'*0_, profile shape. In
contrast, if individual storm events were the driving mechanism behind latewood 6180(:&11 values, we would predict
that short-lived, negative excursions in 8'*0_, profiles would be evident, creating a highly variable 8'*0_ profile
pattern coincident with the occurrence of tropical storms and extreme rain events. To test these hypotheses, we
applied unsupervised learning techniques (cluster and principal components analysis) to objectively differentiate
880, profiles, which eliminates the need for subjective pattern recognition practices and allows for more clear
understanding of climate-6'*0_, signal generation. We then applied regression analysis to test for associations
between §'30_, profile patterns and meteorological data from a nearby weather station.
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Figure 1. The study area is located in North America (a, inset) in southwest Louisiana; black box indicates area in panel b. Tropical storm tracks within 150 km of
the study site are shown for the study period (years 2001-2008), with Saffir-Simpson storm intensity indicated (redrawn from https://coast.noaa.gov/hurricanes/). Gray
letters refer to state name abbreviations. (b) Longleaf pine cores were collected at the Persimmon Gully Nature Preserve. Meteorological records were queried from the

Global Historical CI

imatological Network from the Lake Charles Regional Airport station. Base maps were generated with GeoMapApp (Www.geomapapp.org).

2. Materials and Methods
2.1. Site Description

The trees sampled in this study are growing at the Persimmon Gully Nature Preserve (30° 19° N, 93° 32* W, 15
masl) in southwestern Louisiana (Figure 1). Soils in the study area are predominantly Brimstone Silt Loam (fine-
silty, siliceous, superactive, and thermic Glossic Natraqualfs) that occur on fluviomarine deposits with high ex-
changeable sodium, poor drainage and slow permeability (Roy & Midkiff, 1988). Persimmon Gully is dominated
by old-growth longleaf pines (Pinus palustris Mill.), and to a lesser extent, loblolly pines (Pinus taeda L.). Four
cores (2A, 3B, 15A, 15B; all Pinus palustris) were extracted from three longleaf pine trees using an increment
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Figure 2. Hydroclimate of Persimmon Gully, southwest Louisana. (a) Mean monthly precipitation (1962-2020 C.E.). (b) Daily precipitation totals for the study
interval. Each year is color coded according to the z-score of annual precipitation, standardized to 1962-2010 C.E. (c) Number of days with rainfall totals surpassing
the 95th percentile (P, rain events). The slope of the linear regression is not significantly different from zero. Data points corresponding to the study interval are
highlighted as black symbols annotated with the year in the study interval. (d) Monthly precipitation z-scores across the study interval, standardized to monthly values
from 1962 to 2010 C.E. Tropical storm strikes within 150 km of the study area are indicated. (e) Palmer Draught Severity Index (PDSI) for southwest Louisiana
(NOAA State 16, Division 7). Gray shading in panels d and e highlights June-November, coinciding with hurricane season and approximate interval of latewood growth

in tree-rings. See text for data sources and calculation details.
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borer. One tree was sampled in duplicate from opposite sides of the trunk to produce two replicate cores (15A
and 15B) to study intra-tree replication of oxygen isotope profiles. The four cores were mounted on wooden bases
and sanded with 600-grit sandpaper to aid in identification of annual growth rings. Annual rings were demarcated
after observation of each core under an optical stereomicroscope.

2.2. Climate Setting

Daily and monthly meteorological data were queried from the Global Historical Climatology Network (GHCN)
version 4 (Menne et al., 2018) for the Lake Charles Regional Airport (station ID: USW00003937; Figure 1). The
GHCN-monthly data included precipitation totals and temperature averages for the years 1962-2020, whereas
GHCN-daily data were limited to daily precipitation totals. Rainfall is relatively evenly distributed throughout
the year at the study site, with slightly higher monthly totals in May-September (Figure 2a). Annual growth rings
corresponding to the years 2001-2008 were targeted for this study because these years cover a wide range of an-
nual precipitation: whereas the longterm (1962-2010) mean annual precipitation is 142.3 cm, the study interval
varies from 111.6 cm (z-score = —1.1) to 216.5 cm (z-score = +2.6) (Figure 2b). Further, these years encampass
a large range of extreme precipitation frequency, as measured by daily precipitation totals (Figure 2b) and P,
events (Figure 2c), the latter of which are calculated as daily non-zero totals that exceed the 95th percentile of the
entire record (1962-2020, Py =5.38 cm; cf. Easterling et al., 2017).

Monthly precipitation z-scores were calculated for the study interval by standardizing monthly totals in the years
2001-2008 to the mean and standard deviation of GHCN-monthly records up to and including the decade of
sampling (i.e., 1962-2010; Figure 2d). The study interval spans years that had higher and lower than average
monthly rainfall, which generally correspond to monthly Palmer Drought Severity Index (PDSI; Palmer, 1965)
for the study area (Division 7, www.ncdc.noaa.gov/cag/). PDSI values range from —4 (extreme drought) to +4
(extremely moist). Hurricane strikes within 150 km of the study area were compiled from storm tracks published
by the NOAA National Hurricane Center Atlantic hurricane database (HURDAT?2; https://coast.noaa.gov/hurri-
canes) (Figures 1 and 2).

2.3. Oxygen Isotope Analysis

Tree rings corresponding to the years 2001-2008 range in width from 0.6 to 3.5 mm. The rings were manually
sampled at 0.1-0.3 mm resolution under a binocular microscope using a razor blade, resulting in an average of
14 slices per growth ring. Provided that the average growing season for pine trees in this area is approximately
nine months (March to November; Kramer, 1943) this equates to an average of ~2.8 weeks of growth per sample
(assuming equal growth rates). This is of comparable resolution to other high-resolution studies of intra-ring
61800611 (Berkelhammer et al., 2020; Li et al., 2011; Verheyden et al., 2004; Xu et al., 2016). Cellulose was ex-
tracted from a total of 421 bulk wood slices using the modified Brendel method (Brendel et al., 2000; Gaudinski
et al., 2005). We chose this method because it reduces the burden of time and resources compared to the more
widely used Jayme-Wise method (Green & Whistler, 1963; Leavitt & Danzer, 1993) while yielding comparable
880, data (Gaudinski et al., 2005). Purified a-cellulose samples ranging in mass from approximately 50-100 pg
were wrapped in silver capsules and analyzed for 6180Cell values using a High-Temperature Conversion Elemental
Analyzer coupled with a DELTA V Advantage Isotope Ratio Mass Spectrometry (IRMS) instrument (Thermo
Fisher Scientific, Inc., USA) located at the University of Louisiana at Lafayette. The resulting values were ex-
pressed in delta notation (8'%0) in units per mil (%0) with respect to reference Vienna standard mean ocean water
(VSMOW):

5xamp[c = (Rxample/R.s'landard - 1) x 1000 (1)

where R and R ., are the molar ratios of 130/1%0 in the samples and standards, respectively. Two internal
laboratory standards (ACELL = 32.33 + 0.06%0, JCELLO1 = 17.64 + 0.09%0¢) and a quality control sample
(JCELLO2 = 20.44%0) were analyzed with the cellulose samples. Standard deviation of the quality control sam-

ples was 0.11%0 (n = 9).
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3. Data Preparation
3.1. Oxygen Isotope Data

We generated isotopic profiles standardized in two dimensions by calculating z-scores from measured 5'%0_ val-

ues (y-axis) and by resampling the 8'30_ z-scores at regular intervals along normalized tree-ring widths (x-axis).

cell

The z-scores were calculated by subtracting each 880 observation by the mean value of the ring and dividing

cell
by the standard deviation. Each 8'%0_, z-score profile was then interpolated to a common resolution of 10 evenly
spaced points using a smoothing spline drawn through each profile, followed by extraction of the z-score values
at each of the 10 normalized intra-ring positions (after Berkelhammer et al., 2020). The first sample in each inter-
polated profile was set to be the first calculated z-score value for each ring, which corrected deviations between
the splines and actual z-scores in the early zones of the rings. These transformations (z-scores and interpolations)
together produced standardized patterns with identical resolution across all rings that contained clearly defined
profiles, hereafter referred to as standardized profiles. The patterns of 5'%0_, observations closely matched the

standardized profiles without imparting any biases. Only rings with more than four intra-ring 8'80__ measure-

cell
ments were included in the analysis; two out of the 32 tree rings were therefore omitted from analysis due to low

sample resolution—ring 8 (2008) from tree core 15A and ring 4 (2004) from tree core 2A.

3.2. Statistical Analysis

In order to objectively differentiate standardized 8'%0_, profile shapes, we utilized a combination of principal
components analysis (PCA) and k-means cluster analysis, which are two widely used tools in multivariate statis-
tics and data analytics. This approach was specifically taken to mitigate the need for subjective pattern matching
when analyzing the standardized profiles. PCA is an unsupervised learning technique that rescales and recenters
input variables into a new reference frame, with the goal of maximizing variance in fewer dimensions than the
raw, multivariate input data (Davis, 2002). The net result is a collapse of redundant information stored across
multiple dimensions (here, tree-ring sampling positions), which allows one to identify the positions within the
880, profiles that are unique between individual tree-rings. Principal components (PCs) are calculated as linear
combinations of eigenvectors of the correlation matrix, with eigenvalues representing the variance of each PC.
Each PC is orthogonal to all others, and the total number of PCs will equal the number of input dimensions. How-
ever, the transformations executed by PCA often result in the majority of variance in the data set being explained
by the first few PCs, and therefore the other dimensions can be ignored as noise in the system (e.g., Bortivka
et al., 2005; Lukens et al., 2018; Mandal et al., 2008). This approach is particularly useful for data sets with mul-
tiple correlative variables—by combining the information of these variables, trends in the multivariate data can
be collapsed to lower dimensionality to reveal latent structures that were less clear initially. In this analysis, the
input variables for PCA were the 10 evenly spaced positions in the standardized profiles, and the values for each
of these variables are the 8'%0_, z-
prior to PCA, as their values and variances are not uniform across each ring profile or tree core.

scores at each interpolated position. The z-scores were centered and scaled

Following PCA, the standardized 8130cell profiles were assigned to groupings using k-means cluster analysis
(Berkelhammer et al., 2020). The k-means algorithm divides samples into clusters by iteratively seeking to min-
imize the within-group sum of squares while maximizing the between-group sum of squares. In other words,
this technique allows for objective differentiation of data sets into similar groupings using reproducible criteria.
Clustering was initiated with 20 random starts. The number of clusters (k) can be subjective, but here was decided
using the “elbow rule”: the value of k is chosen where an increase in the number of clusters fails to appreciably
reduce the within-group sum of squares (here, k = 2; see Section 4.3). As in PCA, the input variables for the
k-means analysis were the 6'80Cell z-scores at 10 interpolated positions in the tree-ring profiles, but the z-scores
were not centered or scaled prior to k-means analysis. Taken together, the k-means cluster analysis divided the
standardized profiles into two natural groupings, and the PCA demonstrates the characteristics of the profiles that
lead to these differentiations.

All data analysis was performed in RStudio version 3.6.1 (R Core Team, 2020) using the following packages:
tidyverse (Wickham et al., 2019), broom (Robinson et al., 2021), lubridate (Grolemund & Wickham, 2011), and
factoextra (Kassambara & Mundt, 2020).
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Figure 3. (a—d) Profiles of 8'°0
Gray vertical lines indicate ring boundaries. White symbols are earlywood;
gray symbols are latewood. Tree core code and number of analyses () per
core are indicated in upper right of each panel. Note that cores 15A and

15B are replication cores from the same tree. (e) Stacked profiles of 80,
anomaly, calculated by subtracting mean 8'80 __ of each ring from observed
880, values.

cell

values across the Pinus palustris tree cores.

4. Results
4.1. 80, Profiles

The intra-ring SlgOceu profiles all show a similar pattern of high earlywood
880, values at the start of each ring decreasing toward the center of the
growth ring (Figure 3). Most rings show a pattern of 5'%0_, maxima at the
ring boundaries and minima near the transition to latewood (i.e., early to
mid-summer). However, low SISOceH values persist in some rings throughout
the entire latewood interval (Figure 3). The 8'%0_, values within individual
rings vary by 4.4%o on average (range = 1.6-7.0%0). Within latewood, §'30-
values vary by 2.9%o on average (range = 0.7-6.0%o).

cell

Replication within and between trees was inspected by plotting 8'%0_,
anomalies, calculated by subtracting each 3'30_ observation from the mean
880, value of the growth ring. These rescaled 'O, profiles overlap very
well and therefore demonstrate that intra- and inter-annual SISOM patterns
are recorded clearly within individual trees (cores 15A and 15B) and across
trees (Figure 3). Linear correlation tests were analyzed on the standardized
880, profiles, as standardization removed any secular trends in the time
series and the interpolation yielded a common resolution across tree cores.
The 8'80 ,, z-scores between cores have shown high correlation coefficients,
ranging from 0.71 to 0.80, with all correlations being significant (Pearson's
correlation test; p < 0.001 for each comparison; Table 1).

4.2. Principal Components Analysis

The PCA resulted in two PCs that explain a total of 66.7% of the total var-
iance (Figures 4a and 4b). The variable loadings on PC1 are oriented such
that positive PC1 values are associated with the first five positions, whereas
negative PC1 values are associated with the last four positions in each ring.
PC1 therefore separates the first and second half of each standardized profile:
rings with high scores on PC1 have high z-scores in the first half of the ring
and low z-scores in the latter half of the ring. The standardized profiles and
the relative contribution of each dimension (tree-ring position) in generating
PCs is shown in Figures 4c—4e. The last three ring positions (i.e., the latest
intervals of growth in each year) contribute the most toward PC1. The con-
tribution of the first five positions to PC1 is likely an artifact of the z-score
transformation, as all 'O profiles show descending values at the begin-

ning of each ring. Positions at the center of the tree-rings contribute very little toward PC1, as the z-scores are

generally similar at position 6 across all rings.

PC2 is oriented orthogonal to PC1, and therefore does not contain information on the overall shape of profiles.
PC2 seems to be identifying variability in the middle of the rings due to a few anomalous rings that have minima

Table 1

Pairwise Correlation Tests Between Standardized §'%0,,,, Profiles

Tree core 15A 15B 2A 3B
15A -

15B 0.71 (0.56, 0.81) -

2A 0.73 (0.58, 0.83) 0.73 (0.60, 0.83) -

3B 0.80 (0.70, 0.87) 0.72 (0.59, 0.81) 0.75 (0.63, 0.84) -

Note. All results show Pearson's correlation coefficient (r) with the 95% confidence interval about the estimate of r in
parentheses. All models are significant with p < 0.001.
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tree-rings. (b) Scree plot showing percent of explained variance by each PC. The first two PCs capture 66.7% of the total variance. (c) Interpolated 8'80 z-scores for all
rings within the analysis (cores 15B, 2A, and 3B). Colors are coded to k-means clusters (box F). Cluster 1 (blue) are designated as “event” years and cluster 2 (red) are
normal years. (d and e) Contribution (in percent) of each ring position toward generating PC 1 (d) and PC 2 (e). (f) K-means cluster designations for each ring projected
into PC space for k = 2 clusters. Black symbols are the centroids of each cluster; ellipses are the 95% probabilities about each centroid. (g) Scree plot of cluster number
(k) indicating that more than two clusters results in diminishing returns in decreasing the within-group sum of squares.

early in the ring, and therefore recover to higher z-score values by the middle of the ring. The PC scree plot indi-
cates that PCs 3—-10 individually explain relatively little variance and are not discussed here (Figure 4b).

4.3. Cluster Analysis

The k-means results are shown in Figures 4f and 4g. Clusters 1 and 2 are clearly separated along PC1, which
indicates that the differences in overall profile shape (z-score value early and late in each ring) is the mechanism
used to separate rings. The within-group sum of squares decreases rapidly for any number of clusters (k) above
2, therefore analysis with & > 2 would be inappropriate here. The observations within both clusters overlap along
PC2, further supporting the inference that PC2 is not related to profile shape. The 95% probability envelopes
about the centroids of each cluster envelop a small number of samples between the two clusters. Cluster assign-
ments for each of the individual profiles is shown in Figure 5.

5. Discussion

The 8'80 ,, profiles from the longleaf pine tree-rings are well correlated both within and between trees at Persim-
mon Gully. This observation demonstrates that the trees are recording a common and reproducible response to
local environmental conditions. Tree-rings corresponding to the years 2001-2008 coincide with five direct hur-
ricane strikes in southwest Louisiana (Figures 1a and 2d), yet we did not observe a robust tempestological signal
across the three trees analyzed in this study. We instead suggest that the 5'%0_ profile patterns reflect seasonal
average hydroclimatic conditions mediated by soil water residence time.

The PCA and k-means analyses differentiated the 8'80_ profiles into two groups: (a) rings that have latewood
880, values similar to that of earlywood, creating a “U” shape across the growth ring (Cluster 1: coded as blue

in Figures 4-6); and (b) rings that retain low 8'%0_ values across the latewood growth interval, creating an “L”

cell
shaped profile (Cluster 2: coded as red in Figures 4-6). The k-means cluster assignments were fully consistent
across the three individual trees for four of the eight years included in this study (Figures 4 and 5), and a fifth year

(2004) had a consensus between the two rings included in the analysis. The other three years (2001, 2003, and
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Figure 5. Profiles of measured 8'%0_, values (gray symbols; plotted as z-scores) and interpolated 80 profiles using a
smoothing spline (black lines). Outlines of each plot indicate the cluster assignment from k-means analysis: blue = Cluster

1 = “L” pattern, red = Cluster 2 = “U” pattern, black = not included in k-means analysis. Tree cores (rows) are labeled on the
ride side of the figure; columns are aligned by calendar year (C.E.).

2005) had mixed cluster assignments between the trees, possibly due to varying growth rates that shifted 8'80Cell
minima across the normalized tree-ring widths.

We hypothesized that seasonal precipitation totals were the driver of 8'30 _ profile shape. To test this, we calcu-
lated linear regression models for the latewood portion of each 8'%0_, profile:

6"0cen = mw X D + b 2)

where D is the normalized distance across each tree-ring, m, , is the slope of the linear fit, and b is the y-intercept.
We found a significant, negative relationship between June-November precipitation and m,, (Figure 6a): rings
with higher rainfall during the interval coincident with latewood growth showed either negative or relatively flat
slopes (i.e., 2002, 2006, 2007), whereas years with lower June-November rainfall totals coincide with the sym-
metrical, “U-shaped” SIXOceu profiles that have higher m values (i.e., 2001, 2003, 2004, 2005, 2008). This line-

ar relationship is significant across all individual trees (Figure 6), but is improved when m, ,, is averaged between

LW
trees (Table S1 in Supporting Information S1). The overall trend of decreasing m, , with higher June-November
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Figure 6. Total precipitation during hurricane season (June-November) versus (a) the intra-ring slope of 6”‘000” values in latewood (m

of latewood §'%0

cell

4 6 8 10 12 29 30 31 32 33

m,, 880, (%o)

w)» and (b) the weighted mean

values (8'%0, ). Linear regressions were calculated for mean values of the dependent (x-axis) variable using data for all rings in the cores 15B, 2A,

and 3B. Gray bars indicate standard deviation between cores. Shading of symbols indicates the proportion of trees that are assigned as Cluster 1 (blue) or Cluster 2 (red)
for each year. Example rings from core 15B are shown in A for the years 2002 and 2008, with latewood shown as dark gray symbols (insets; see Figure 3b). The units
for m,, are in %o per unitless (normalized) distance. See Table S1 for regression metrics across individual trees and the main text for details of regression analysis.
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rainfall matches well with the classification of §'80_ profiles into Cluster 1 (wetter/lower m,) versus Cluster

cell
2 (drier/higher m, ). From this we conclude that individual storm events are not the primary control on 8"*0_,

profiles at the study site.

Why do the 8180cell profiles at Persimmon Gully reflect seasonally integrated hydroclimate signals? Here we pose
two possible explanations to this question. First, the soils in the study area are poorly drained, fine-grained, and
occur on level slopes (Roy & Midkiff, 1988). The low slope and permeability cause water to pool during storm
events (Roy & Midkiff, 1988), which would lengthen the residence time of soil water derived from individual
storms and promote mixing with water from subsequent storms. In abnormally wet summer and fall seasons (e.g.,
2002), the soils would have been continuously saturated with precipitation, which would have decreased evapo-
rative enrichment (due to increased relative humidity). Repeated precipitation events in these wet years delivered
180-depleted source water during latewood tissue generation. Conversely, during a dry year (e.g., 2005), precip-
itation that fell from individual storms (e.g., Hurricane Rita) would have undergone evaporative enrichment as it
slowly percolated through soil profiles, and any '30-depleted precipitation produced from this hurricane would
be masked by the time it was taken up by the trees. These inferences support the results of Lewis et al. (2011),
who found that the latewood 5'%0
drought years (i.e., 2005) in southeast Texas. For example, Hurricane Rita produced 13 cm of precipitation in less

anomaly method for detecting tropical storm strikes was less effective during

than a day in Lake Charles, but the records from 2005 contain some of the most enriched 8'%0_, values in the
time series of this study due to the dry conditions before and after the storm (Figure 2e).

A second possible explanation for the lack of tropical storm signals in the 880, records at Persimmon Gully is
that intense, convective precipitation events are relatively common in the Gulf Coast region and are not limited
to tropical storms. For example, precipitation totals from Hurricane Lili on 3 October 2002 were 6.2 cm at the
Lake Charles Regional Airport (LCRA) weather station. An upper level trough stalled in the area later that month
between October 25 and 29 and delivered 27.5 cm of rain in just five days (National Weather Service, weather.
gov/lch/events) (Figure 2b). In 2005, southwest Louisiana was under extreme drought conditions until Hurricane
Rita delivered 19.5 cm of rain in two days (Figure 2e). Drought conditions returned and worsened until October
of 2006, when strong storm systems from the Gulf of Mexico resulted in 20.9 cm of rain falling in just five days
(October 15-19), causing serious flooding. These examples highlight the fact that tropical cyclones are not the
only type of system that delivers major rainfall along the Gulf Coast, which dampens the signal of hurricanes

in the longleaf pine 8'%0_, records where soils are poorly drained and 8'%0,,,, signals of tropical storms can be

cell

overridden by subsequent evaporative enrichment.

A number of studies have correlated average latewood 5'80_ values to hurricane activity in the past (Altman
et al., 2021; Lewis et al., 2011; Miller et al., 2006), while others have linked these values to the amount of pre-
cipitation and relative humidity (Cai et al., 2018; Danis et al., 2006; Managave et al., 2011; S. Shi et al., 2020;
Xu et al., 2015, 2018; Yang et al., 2021). Clearly, the magnitude and style of climate-5'*0_, signal expression in
any tree-ring chronology is dependent on local conditions and climate setting. High-resolution, intra-ring 5'%0
analysis offers a means to examine the temporal architecture of 8'%0_, signal generation—in some cases, low
bulk 8'*0_, values may be due to short-lived excursions in 8'%0_, over timespans equivalent to days or weeks,
whereas others may result from protracted intervals (months) of depressed 5'%0_, values. The intra-ring 5'%0-
<y Patterns shown in this study suggest that depletion of 6'*0_, values persisted for months in each wet year;
thus, future work may benefit from studying at least a subset of intra-ring 8'*0_, profiles in order to maximize
explanatory power in new 8'%0_, chronologies. Our hypotheses related to seasonal precipitation amount as the
dominant control on §'80_, profile pattern should be tested in future work to further elucidate other possible
climatic drivers of 8'%0_ profile pattern, namely temperature and relative humidity. We note that on average,
June-November rainfall explains roughly 80% of the variation in both latewood slope (1, ,) and average latewood
880, value (8'%0, ), leaving unexplained at least 20% of the variation in §'30_, profile patterns. Finally, our
inference that soil properties may be an important mediator between §'80_, and the resolution of rain events
recorded in tree-rings suggests that researchers should be cautious when studying ex situ subfossil wood with
unknown provenance.

cell

LUKENS ET AL.

9of 12


http://weather.gov/lch/events
http://weather.gov/lch/events

~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Biogeosciences

10.1029/2021JG006505

Acknowledgments

The authors thank Yingfeng Xu for
laboratory assistance and Tom Doyle

for assistance with field collections and
cross-dating of the tree cores. Site access
was provided by Latimore Smith, Richard
Jacob, and Richard Martin of the Nature
Conservancy. Funding for this project was
provided by the U.S. National Science
Foundation (grant no. AGS-1903601)
and subaward grant #330175-01 from the
University of Louisiana at Lafayette.

6. Conclusions

This study developed high-resolution, intra-ring 8'80 __ profiles from P. palustris on the Louisiana Gulf Coast

cell

to investigate the drivers of latewood S'SOCCH signals. The S'SOwH profiles were reproducible both within and
between trees. The shape of SISOCCH profiles was found to be governed by seasonal hydroclimate, namely the total
precipitation throughout the summer to autumn, and did not show a reproducible signal of the “amount effect”
within the 8180Cell profiles caused by individual tropical cyclones or extreme rainfall events. We hypothesize that
poorly drained soils in the study area mediate the influence of any individual storm event: in dry years, signals of
180-depleted water delivered from convective storms are moderated by subsequent evaporative enrichment of the
standing water, whereas in wet years, increased humidity and frequent re-supply of '30-depleted water overrides
the effect of evaporative enrichment, resulting in low 8'%0_ of latewood.

Data Availability Statement

The Global Historical Climatology Network (GHCN) data sets for Lake Charles, LA, are available at: https://www.
ncdc.noaa.gov/ghend-data-access (GHCN-daily), https://www.ncdc.noaa.gov/data-access/land-based-station-da-
ta/land-based-datasets/global-historical-climatology-network-monthly-version-4 (GHCN-monthly). Data gener-
ated in this project are available in the Pangaea data repository at: https://doi.org/10.1594/PANGAEA.936601.
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