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Abstract

Because wood anatomical traits and tree-ring features vary with species and climatic regime, cellular-
scale measurements complement ring-width chronologies and help with understanding how forests
may respond to future environmental change. We developed anatomical chronologies spanning the
1900-2019 period from multi-century old yellow pines (Pinus jeffreyi Balf. and P. ponderosa P & C
Laws.) at four sites surrounding the Tahoe Basin of the Sierra Nevada, at the border between Nevada
and California, USA. Measurements of earlywood and latewood traits included lumen area, lumen
length, lumen width, wall length, wall-to-lumen length ratio, and conductive area. Climate sensitivity
was estimated by bootstrapped response functions with precipitation and temperature (monthly and
seasonal) from the Global Historical Climate Network interpolated to the site locations. Moisture
emerged as the primary control on anatomical trait expression, as significant coefficients involved
precipitation rather than temperature. Earlywood lumen size and conductive capacity were
associated with late-winter through spring moisture, while cellular wall characteristics were
connected with conditions during the growing season. Overall, our study provided new insights into
the potential impacts of climatic changes on woody species of remarkable size and longevity in an
area that is prized for its natural beauty and scenic mountain landscapes.

Keywords: quantitative wood anatomy; dendroclimatology; xylem traits; tracheid measurements;
montane conifers; tree rings

1. Introduction

Dendrochronology is a tool that allows for the reconstruction of past climate events recorded by
tree growth and provides insights into quantifying drought impacts [1], assessing fire regimes [2],
and analyzing tree responses to environmental stressors across space and time [3]. While ring widths
have been regarded as the basic unit of annual radial growth in trees, they can be partitioned into
earlywood and latewood, a seasonal division that allows for better insight into the physiological
processes responsible for tree growth and its environmental drivers [4,5]. Xylogenesis, i.e. wood
formation, results in characteristic anatomical differences during the growing season, such as, for
conifers of temperate climates, earlywood tracheids with larger lumens and thinner cell walls than
latewood tracheids [6]. Ultimately, combining cellular-scale features with classic tree-ring proxies is
expected to improve dendroclimatic reconstructions, and can help with predicting forest responses
to future environmental change [7].
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In the northern Sierra Nevada, between California and Nevada, the upper reaches of the Truckee
River watershed are occupied by the Lake Tahoe Basin, which spans high elevations of approximately
1900-3350 m and exhibits a Mediterranean montane climate, with cold, wet winters and warm, dry
summers [8]. Vegetation is characterized by mixed coniferous forests with varying stand composition
and structure [9]. Prior to Euro-American settlement, these forests were shaped by frequent low- to
moderate-intensity fires, resulting in open-grown stands dominated by old, large-diameter trees [10].
Widespread logging during the Comstock mining era (1870-1900), followed by sustained long-term
fire suppression throughout the 20th century, and often continuing until the present, have produced
dense stands with altered species composition and structure [11]. For the drought-tolerant, fire-
adapted yellow pines (Pinus ponderosa P. & C. Laws. and Pinus jeffreyi Balf.), the post-Comstock
changes likely increased competition and canopy closure, reducing light availability and intensifying
moisture stress, with potential consequences for xylem traits such as lumen size and cell-wall
thickness [12].

Conifer wood formation reflects a pronounced seasonal trade-off in xylem structure, with
tracheid lumen dimensions and wall investment shifting across each ring to balance hydraulic
efficiency and safety [6,13]. Seasonal variation in lumen area and wall thickness tracks climate
conditions and underscores the importance of embolism risk under seasonal water stresses such as
drought and freeze-thaw events [14,15]. In Argentinian ponderosa pine, drought typically reduces
growth more than hydraulic function, producing smaller lumens and thinner walls without
significantly altering whole-ring conductivity [16]. Similar responses in other conifers led to reduced
lumen area and higher wall-to-lumen length ratios in dry years [17]. Structural traits such as lumen
size and wall length/thickness interact with hydraulic architecture to modulate xylem resistance, with
taller trees and those under prolonged drought relying on these adjustments to maintain water
transport while balancing safety [18-20].

Studies on Great Basin conifers have showed that wood anatomical development in snow-
dominated mountain climates usually results in greater cell lumens and conductive area as winter
precipitation increases, while summer drought reduces lumen sizes and leads to thicker cell walls
[21,22]. Xylogenesis of ponderosa pine, however, can be extremely variable under drought-prone
conditions [23]. Although vulnerability of ponderosa pine to xylem cavitation remained similar
under various climatic conditions, in warmer and drier environments this species exhibited a higher
specific hydraulic conductivity, associated with larger lumen diameters [24]. Additional research has
evaluated how hydraulic characteristics of ponderosa pine vary with tree age, growth rate, and
internal stem structure, including axial and radial patterns in conductivity, water storage, and native
embolism [18,25].

As the conservation of natural resources has become a top priority for land managers, the
ecological values of long-lived trees has gained world-wide interest, especially in mountain
ecosystems [3,26]. Mature forests and their extremely old trees are not rare in the topographically
complex western USA, although the physiological processes, life history strategies, and
environmental adaptations of ancient trees are not necessarily the same as those that are investigated
in a greenhouse or in other highly controlled settings, as it has been observed, for instance, in terms
of growth rates and carbon accumulation potential [27]. Trees of impressive size and/or age are
examples of charismatic megaflora [28] that remain visible in the landscape throughout multiple
human generations, thereby becoming intimately linked with socio-economic structures, traditional
customs and spiritual beliefs (e.g., [29]). Their presence can also become a synonym of sustainable
land stewardship, which is currently being challenged in many areas of the western USA, including
the Lake Tahoe Basin, by increasing suburban and exurban development [30].

In this study, we used quantitative wood anatomy to examine how seasonal climate variability
shapes xylem development in dominant and codominant, multi-century old yellow pines around the
Tahoe Basin, an area that is prized for its natural beauty and scenic mountain landscapes. Specifically,
we evaluated how six anatomical traits, namely lumen area (LA), lumen length (LL), lumen width
(LW), average cell-wall thickness (WL), wall-to-lumen length ratio (WLLL), and conductive area
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(CA), respond to seasonal patterns of temperature and precipitation, with particular emphasis on
possible differences between earlywood and latewood traits. Our main objective was to improve our
understanding of growth patterns in trees of remarkable size and longevity, and to clarify how intra-
annual wood formation is anatomically adjusted to seasonal climate variation.

2. Materials and Methods
2.1. Dendrochronological Field Sampling and Laboratory Processing

Wood increment cores were collected from August to November, 2020, at four forest sites in the
upper reaches of the Truckee River watershed, around the Tahoe Basin (Figure 1; Table 1). Two sites
are at higher elevations (~2400-2500 m) and two at lower elevations (~2000 m); one high-elevation site
and one low-elevation site are in California, on the west slope of the Sierra Nevada, and the other
two sites are in Nevada, closer to the boundary with the Great Basin and therefore relatively warmer
and drier because of the rain shadow effect [31]. A total of 53 mature yellow pines were sampled and
their increment cores were used to develop crossdated site chronologies [32]. Two wood cores, each
~5 mm in diameter, were collected from every tree, at ~1.3 m from the ground, on opposite sides of
the stem, and along the slope contours, using a standard increment borer to ensure minimal
wounding and consistent radial sampling from the bark inward. Dominant trees with minimal
defects either in the crown or on the trunk were selected, with a preference for individuals with signs
of old age, including large branches and spiked tops (Figure S1).

Table 1. Study site information, including species code (PIJE = Pinus jeffreyi, PIPO = Pinus ponderosa) and

geographical coordinates.

Site Name (i;t;e State Species Lat. °N) Long. (°W) Elev. (m)
Little Valley LTV Nevada PIJE 39.24781  119.87456 2006
Lemon Canyon Road LEM  California PIJE 39.56024 120.24669 2008
Luther Pass LUR California PIJE 38.79548  119.98629 2397

Chimney Peak / Mt. Rose CPR Nevada PIPO 39.45645 119.95361 2507

In the laboratory, increment cores were mounted on grooved wooden supports, and
progressively sanded with fine-grit sandpaper to enhance visibility of growth ring boundaries. All
samples were crossdated visually under a zoom-stereoscope binocular microscope at 10-30x
magnification. Core surfaces were digitized at 2400 dpi optical resolution using an Epson Expression
12000XL-GA professional scanner. Early- and late-wood widths were then measured on the scanned
images using the CooRecorder/CDendro software (v.9.6; http://www.cybis.se/forfun/dendro/),
followed by statistical quality control using the COFECHA software [33]. Because anatomical sample
processing and measurements are extremely time-intensive, at each site we selected five increment
cores (Table 2) that showed high correlations with the overall site chronology (Table S2) for further
cellular-level analyses.
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Figure 1. Map of the study area and tree-ring sampling sites (green upper triangles; Table 1) in the upper reaches
of the Truckee River Basin (magenta boundary), next to the Carson River Basin (orange boundary) and
surrounding the Lake Tahoe Basin (red boundary). State borders (black dashed lines) and stations included in
the Global Historical Climate Network (GHCN) that were used to obtain site-specific air temperature (yellow

dots) and precipitation (blue dots) are also shown.

Table 2. Summary information for the wood increment cores that were selected for cellular-level measurements
at each site (see Table 1)*.

Site Tree DBH Tree Age Mean Width Stand. Dev. .
Site Corr.
Code (cm) (yr) (mm) (mm)
LTV 63-83 391-603 0.39-0.61 0.13-0.33 0.58-0.70
LEM 76-92 190-480 0.83-1.64 0.73-0.81 0.73-0.81
LUR 109-160 267-499 0.64-1.35 0.22-0.72 0.54-0.67
CPR 101-164 288-548 0.74-1.41 0.36-0.46 0.70-0.75

* All reported values are ranges (min-max). Five cores were selected at each site, but only three of them were
measured for CPR. DBH: diameter at breast height (~1.3 m from the ground). Age: number of rings in the wood
increment core. Mean Width: average ring width. Stand. Dev.: standard deviation of the ring widths. Site Corr.:

linear correlation with the master chronology produced by the COFECHA software.

2.2. Anatomical Measurements

Rings going back to the year 1900 were removed from the core mounts, cleaned of resin and
other chemicals using automated baths in progressively increasing concentrations of ethanol and
PROTOCOL SafeClear, and finally embedded in paraffin to stabilize the tissues prior to
microsectioning. Sections approximately 15-pm thick were then cut using an automated sliding
microtome. These sections were stained with Safranin, which differentially colors lignified and non-
lignified tissues. Stained slides were mounted using Canada balsam, dehydrated, and finally
digitized using a high-resolution microscope-camera system under consistent 10x magnification [34].

Wood anatomical traits were measured using the WinCELL™ Pro software (v. 2020a, 64-bit;
https://www .regentinstruments.com) and then compiled using the XLCell macro for the Microsoft
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Office Excel spreadsheet. The six key anatomical traits (Figure S2) were lumen area (LA, pum?); lumen
length (LL, um), measured along the tracheid path; lumen width (LW, um), measured perpendicular
to LL and across the lumen centroid; wall length (WL, um), representing the mean wall thickness
measured on the two sides of the lumen along the tracheid path; wall-to-lumen length ratio (WLLL,

4
LL";LW ) [35]. Because

tracheid lumens are often irregular, as opposed to perfectly circular, LL and LW were retained as

unitless), calculated as WL/ LL and conductive area (CA, um*), where CA = (

separate variables rather than being treated as a single diameter. Moreover, their average elevated to
the fourth power, i.e. CA, is such that larger conduits contribute disproportionately more to potential
transport capacity than smaller conduits, and can be interpreted as a rough approximation of the
Hagen-Poiseuille formula for flow rate through an irregularly shaped conduit [36]. In other words,
CA captures variation in the size-related conductive potential of tracheids without constituting a
direct measurement of water flow. Measurements were taken along five-six radial paths per growth
ring, calibrated from the imagery scale, and averaged by year. Earlywood and latewood were
separated according to the Mork criterion [37], whereby a tracheid was classified as latewood when
2xWL = LL; tracheids not meeting this threshold were classified as earlywood.

2.3. Dendroclimatic Analysis

Climate data were obtained from the Global Historical Climatology Network (GHCN), provided
by the National Oceanic and Atmospheric Administration's (NOAA) National Centers for
Environmental Information (NCEI). The GHCN dataset includes land-based stations spanning the
period from 1832 to the present, with records from over 100,000 stations across 180 countries and
territories [38]. Monthly average air temperature and total precipitation (GHCNm) were downloaded
from 32 temperature and 73 weather stations closest to our study sites, and then interpolated to our
site locations using inverse distance weighting in order to accurately represent climatic conditions
relevant to our analysis [39]. Seasonal predictors were defined as mean temperature and summed
precipitation for the cool-wet season (from the previous-year October to the current-year May) and
the warm-dry season (from June to September of the current year).

Median chronologies were calculated by year for the six anatomical variables (LA, LL, LW, WL,
WLLL, CA), separately for earlywood and latewood and by pooling all available measurements from
the four study sites. Cellular chronologies were not detrended because climatic relationships may
otherwise be less clearly identifiable [40]. Monotonic temporal trends were evaluated by means of
the non-parametric Mann-Kendall test [41,42] applied to the standardized median chronologies. The
four sampling sites were characterized by similar climatic regime, albeit with different average values
(Figure S3 and Table S1), which were related to their elevation and proximity to the rain-shadow of
the eastern Sierra Nevada. Since cellular-level measurements from the four sites were pooled
together, site climate records were also combined by taking the median value of monthly
precipitation and air temperature timeseries.

Dendroclimatic analyses started in 1940, given the relatively low number of climate records
available during the first few decades, and ended in 2019, the last complete year of wood anatomical
measurements. Connections with air temperature and precipitation, either monthly, seasonal or in
multi-month combinations, were investigated using bootstrapped response functions and partial
correlations, both available in the R package treeclim [43]. Partial correlation analysis was applied to
test the seasonal associations of each anatomical chronology with climate using adjacent one-, three-
, and six-month long windows. Partial correlation coefficients were calculated using both
precipitation and temperature and alternatively choosing one or the other as primary variable [44].
All calculations were performed using a combination of the R numerical environment [45], MATLAB
[46], and SAS [47].

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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3. Results

3.1. Anatomical Chronologies

Significant differences were found between earlywood (EW) and latewood (LW) cellular
properties from 1900 to 2019 (Table 3 and Figure S4). Earlywood lumen dimensions were consistently
greater than latewood ones, reflecting the functional distinction in conduit size during the growing
season. Latewood LA remained about 81% lower than earlywood LA and exhibited lower
interannual variability over time. Earlywood lumen length (LL) was overall about 3.7 times greater
than latewood LL, which also had lower interannual variability and fluctuated across a narrower
absolute range. Notably, latewood lumen width (LW) was narrower but showed greater interannual
variability than earlywood LW. Median cell wall length (WL) was about 28% greater in latewood
than in earlywood, which had lower interannual variability, although WL remained within relatively
narrow ranges in both EW and LW. The wall-to-lumen length ratio (WLLL) was consistently greater
in latewood than in earlywood, indicating proportionally thicker walls relative to lumen size later in
the growing season. Latewood WLLL was about 6.5 times greater than earlywood WLLL and
fluctuated across a wider absolute range. Conductive area (CA) was consistently much greater in
earlywood than in latewood, reflecting the dominant role of early-season conduits for water
transport. Latewood CA was about 93% smaller and with lower interannual variability than
earlywood CA.

Table 3. Summary statistics* for the six xylem anatomical variables measured from 1900 to 2019 (see Figure 54)
at the four study sites (CPR, LEM, LTV and LUR; see Table 1): Lumen Area (LA, um?), Lumen Length (LL, pm),
Lumen Width (LW, um), Wall Length (WL, um), Wall-to-Lumen Length ratio (WLLL, unitless), and Conductive
Area (CA, um*). Earlywood (EW) vs. latewood (LW) average values were always significantly different (p <
0.001) using two-sided t-tests.

Variable CPR | LEM | LTV LUR | Median
EW LW EW LW EW LW EW LW EW LW
LA [833+137 163+31 9754130 166+18 906+80 17514 972+61 197+18 932+57 1778
LL 31+3  9+1  32+3  8x05 30+2 805 33+1 907 31+2 8+04

LW 29+2 20+2 34+2 21+2 32+1 22+2 32+1 23+1 32+0.7 22+1.0
WL 3+04 4+0.6 3+0.3 5+0.6 3+0.2 4+0.5 3+0.2 4+04 3+0.1 4+0.3
WLLL | 0.1+0.01 0.7+0.19 0.1+£0.02 09+0.16 0.1+0.01 0.7+0.11 0.1+0.01 0.7+0.09 0.1+0.01 0.8+0.07
1135534+ 67038 + 1443537 + 89180+ 1161894+ 90087 + 1390710+ 106209 + 1300119 + 90517 +
498521 26528 357370 20309 191154 15796 179412 17680 159703 9521

* Mean + Standard Deviation.

CA

Linear correlations between standardized median chronologies from 1940 to 2019 (Figures 2 and
3) revealed asynchronous patterns between earlywood and latewood for most anatomical trait (r from
-0.14 to 0.07) except wall length (r = 0.51) and lumen length (r = 0.34). Conduit dimensions (LA, LW,
LL, CA) were more correlated in the earlywood (r from 0.31 to 0.98) than in the latewood (r from non-
significant to 0.68), although this could also be due to the much smaller, hence more difficult to
measure, latewood sizes (Table 3). Wall-related dimensions (WL, WLLL) were instead more
correlated in the latewood (r = 0.67) than in the earlywood (r = 0.46). Significant monotonic trends
were present in most standardized anatomical chronologies (Table 4), although they were weaker
during 1940-2019 than in the period 1900-2019 (except for latewood WLLL), and they were relatively
minor compared to the amount of year-to-year variability (Figure 3).
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Figure 2. Linear correlations between the anatomical median chronologies (see Table 3 for the meaning of all

abbreviations), expressed as Z-scores from 1940 to 2019.

Table 4. Summary of Mann-Kendall tests for monotonic trends’ in standardized median anatomical

chronologies (see Table 3 for the meaning of all abbreviations).

1900-2019 | 1940-2019

Variable EW LW EW LW
LA -0.38*** 0.05 -0.29%** -0.003

LL -0.48*** -0.20%** -0.31%** -0.07
LW -0.09 0.32%** -0.14 0.26***
WL 0.23*** -0.37*** 0.11 -0.21**
WLLL 0.43%** -0.10 0.27%** -0.20**

CA -0.37*** 0.24*** -0.29%** 0.08

“Significance: * p <0.05; ** p < 0.01; *** p <0.001.

3.2. Dendroclimatic Relationships

Response functions between anatomical variables and seasonal climate showed significant
connections with precipitation, whereas none were found for temperature (Figure 4). For both
earlywood and latewood, Oct-May precipitation was positively correlated with lumen length.
Earlywood wall length was negatively related to Jun-Sep precipitation, which also had a negative
influence on latewood wall-to-lumen length (Figure 4).

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 3. Timeseries plots of the six anatomical variables (Z-scores: standardized median chronologies; see Table
3 for the meaning of all abbreviations) used for investigating relationships with climate variables from 1940 to
2019.

Partial correlation analyses revealed a positive seasonal association between precipitation and
earlywood lumen area across late winter and spring into early summer (Figure S4a). The strongest
relationship was found for a, three-month period ending in July. Air temperature, on the other hand,
showed the opposite pattern, with a negative influence in late spring, as shown by the significant
single- and three-month-window May coefficient. For latewood LA, only January precipitation
showed a positive correlation.

The positive connection between precipitation and lumen length (LL) was confirmed by analyses
over 3- and 6-month windows; no connection with air temperature appeared (Figure S4a). For
latewood LL, positive precipitation signals were found during the cool season, with the highest
significant coefficients during the six-month intervals ending in February, March, and April. In
contrast, temperature showed negative correlations with latewood LL, including single-month
correlations in July, June, and March, three-month windows ending in April and October, and
broader six-month spans ending in December, November, October, September, August, and July.

Earlywood lumen width (LW) was significantly correlated only with air temperature, with
negative coefficients in May, in three-month windows ending in May and June, and in the six-month
window ending in September (Figure S4a). Latewood LW, by contrast, was positively linked with
both August precipitation and August air temperature. Negative correlations were observed with
longer precipitation windows, i.e. six-month intervals ending in March, April, and May, as well as
for the single-month December air temperature.

For earlywood wall length (WL), precipitation had a negative influence in June, in the three-
month windows ending in August and July, and in the six-month interval ending in September. In
contrast, May temperature showed a positive correlation with earlywood WL (Figure S4b). Latewood
WL displayed no connection with temperature and only two precipitation relationships, one negative
in September and one positive, but most likely spurious, with the six-month precipitation window
ending in August of the previous year. Earlywood wall/lumen length (WLLL) showed a mixture of

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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precipitation and temperature relationships, the former negative and the latter positive (Figure S4b).
For latewood WLLL, both precipitation and temperature in August had a negative influence, with
additional negative precipitation relationships in the three-month windows ending in August and

September.
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Figure 4. Response functions between 12 anatomical variables and seasonal climate from 1940 to 2019 obtained

using the R package treeclim. Significant coefficients are shown with solid lines instead of dotted ones.

For earlywood conductive area (CA), the highest significant positive association with
precipitation was found for the three-month window ending in July (Figure 54b). May temperature,
however, showed a negative connection with earlywood CA. Latewood CA was negatively linked
with April precipitation as well as with the three-month interval ending in June and the six-month
intervals ending in May and April.

4. Discussion

Consistent with established hydraulic trade-offs, the anatomical patterns observed in mature
yellow pines at our study sites showed that seasonal moisture availability strongly shaped xylem
construction within the annual ring. In particular, the contrasting sensitivities of earlywood versus
latewood traits indicated that conductive allocation (CA) and relative wall investment (WL and
WLLL) were temporally partitioned across the growing season. These findings expand upon prior
work by suggesting that in snow-dominated montane systems, both cumulative moisture storage
and the seasonal timing of precipitation set the conditions for cellular-level anatomical variation. This
interpretation is also supported by the spatial arrangement of the study sites around the Lake Tahoe
Basin, as two sites were located on the western slope of the Sierra Nevada, whereas two others were
located closer to the Great Basin boundary, where conditions are relatively warmer and drier because
of the rain shadow effect. This contrast in site location captured a hydroclimatic gradient across the
basin, supporting the inference that moisture availability was an important control on xylem
anatomical patterns. Similar moisture-driven anatomical responses have been reported in other
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conifers, where seasonal water availability helps shape conduit dimensions, wall-related traits, and
the timing of xylem development [7,23,48].

Anatomical time series highlighted clear differentiation between earlywood and latewood. This
contrast is consistent with the general seasonal organization of conifer xylem, in which earlywood
favors conductive space and latewood reflects greater wall investment and support [6]. Earlywood
traits associated with lumen size and conductive capacity, including LA, LL, LW, and CA, were
consistently greater than their latewood counterparts, whereas latewood was characterized by
greater WL and WLLL, reflecting proportionally thicker walls relative to lumen size. Over the 1900-
2019 period, anatomical traits showed significant long-term monotonic trends, although with
different interannual variability. Earlywood lumen-related traits, particularly LA, LL, and CA,
tended to decline through time, while earlywood WLLL increased, suggesting reduced earlywood
conductive space and greater relative wall investment. In contrast, latewood trends were more mixed,
with latewood LW increasing but latewood WL and recent WLLL declining.

While the reduction over time in earlywood lumen area may point to a gradual reduction in
snow accumulation and available soil moisture at the beginning of the growing season [49], time-
series patterns among sites were not highly synchronous, either because of the relatively small sample
size at each site or because interannual variation was influenced by local site conditions and microsite
differences. Furthermore, even traits with significant trends fluctuated above and below their long-
term means, indicating that year-to-year variability remained an important component of the
anatomical record. Pairwise correlations between anatomical variables showed that lumen-based
traits generally varied together in the earlywood, while wall-related features were more related in
the latewood. This pattern is consistent with a functional trade-off between conductive capacity and
relative wall investment, suggesting that wood anatomical structure remained broadly stable over
the 20th century while year-to-year fluctuations reflected seasonal climatic variability superimposed
on trait-specific and site-specific controls.

Multi-month dendroclimatic analyses clarified how xylem development is seasonally
structured, with cell lumen and wall investments responding at different times of the year. Greater
cool-wet season precipitation prior to and near the onset of spring cambial activity was associated
with greater lumen length (LL), indicating that cell expansion in both earlywood and latewood was
supported by soil-water reserves recharged early in the water year and made accessible in spring,
when improved tree water status helps sustain cambial activity and tracheid enlargement, as
opposed to relying solely on immediate spring precipitation. Comparable links between antecedent
moisture, cambial activity, and subsequent cell enlargement have repeatedly been reported in
drought-prone conifers [23,48,50].

Cellular wall traits were clearly connected with the warm-dry season. Wetter summers were
associated with reduced wall thickness relative to lumen size in earlywood and lower latewood
WLLL ratios, consistent with conditions that favor conductive efficiency, whereas drier summers
likely promote greater allocation to WL relative to lumen size, enhancing hydraulic safety. The lack
of significant temperature responses suggests that temperature influenced xylem formation
indirectly, possibly through effects on snowpack accumulation, melt timing, and evaporative
demand, while precipitation showed more direct correlations with anatomical traits. These results
emphasize moisture availability as a primary seasonal control on how xylem structure is built and
partitioned within the annual ring in this montane setting.

Latewood LL showed the clearest evidence for cool-season moisture control, with multiple
significant precipitation windows spanning from winter through spring and into early summer. This
response suggested that latewood tracheid growth was supported by moisture accumulated over
preceding months, consistent with dependence on stored soil water that persisted beyond individual
storms and continued to supply developing cells later in the season. In contrast, latewood LA
displayed a comparatively narrow precipitation response, indicating that lumen area in latewood
was less broadly responsive than latewood LL, and that different components of latewood anatomy
can be regulated by distinctly time-dependent constraints.
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Air temperature relationships with earlywood were comparatively limited, but directionally
important. The significant negative May temperature relationships for earlywood LA and CA
suggests that warmer spring conditions can constrain hydraulic investment, likely by increasing
atmospheric demand and transpiration, reducing tissue water potential, or shifting phenology so that
cell growth occurs under less favorable moisture conditions. Warmer spring conditions may not
directly constrain growth through thermal limitation but can indirectly restrict xylem expansion by
reducing plant water status during the earlywood enlargement phase [51].

The WL and WLLL ratios highlighted structural trade-offs within the xylem. Earlywood WL
exhibited significant negative precipitation effects primarily during summer windows, indicating
reduced wall thickness relative to lumen size under wetter conditions when hydraulic safety
demands are relaxed. Similar drought-related shifts toward reduced lumen development and greater
relative wall investment have been reported in other conifers, including high-elevation Great Basin
species and ponderosa pine under water limitation [16,21]. Such shifts are consistent with broader
interpretations of xylem adjustment under hydraulic stress, in which reduced conductive space and
greater relative wall investment contribute to a safer but less efficient structure [19,20].

The earlywood WLLL ratio showed a consistent pattern of negative precipitation and positive
temperature effects, implying that wet conditions favor proportionally greater conductive space,
whereas warmer conditions are associated with greater wall thickness relative to lumen size. This
response may also reflect shifts in cell expansion, wall deposition, or timing of xylem maturation
under warmer and drier conditions. Latewood WLLL ratio and latewood LW both showed sensitivity
to late-summer climate, especially August conditions, indicating that constraints during the latewood
formation period can shape how trees balance conductivity and support. Negative August influences
on the latewood WLLL ratio for both precipitation and temperature suggest that late-season
conditions may drive the relative allocation to wall material versus lumen space during a critical
phase of xylem maturation. Meanwhile, the mixed signals in latewood LW, with positive August
precipitation and temperature but negative longer precipitation windows, further emphasize that the
timing of moisture inputs matters, and that short-term conditions during latewood formation can
have different implications than cumulative preceding moisture. This pattern is consistent with the
view that latewood maturation is sensitive to short-term late-season conditions, when shifts in water
status can alter the balance between lumen expansion and wall deposition [51,52].

Earlywood conductive area (CA) increased with multi-month precipitation windows, consistent
with earlywood’s primary role in maximizing hydraulic capacity when water is available, while the
negative May temperature relationship supports the idea that warming-driven evaporative demand
can suppress hydraulic investment. In latewood, CA showed negative precipitation responses over
select windows, consistent with latewood contributing less to conductivity than earlywood and with
anatomical adjustment during latewood formation being shaped by different functional priorities. In
ponderosa pine, larger lumens have been associated with higher hydraulic conductivity even where
vulnerability to cavitation did not differ across climates [24], but more recent work in the Great Basin
pines suggests that hydraulic efficiency in pine species is more closely tied to growth than hydraulic
safety under drought-prone conditions [36]. These results showed that anatomical adjustments in
old-growth yellow pines were seasonally structured, with earlywood responding most strongly to
late winter and spring moisture, and latewood traits responding to a combination of cool-season
moisture integration and late-summer climatic conditions that shaped allocation during latewood
formation.

5. Conclusions

Around the Lake Tahoe Basin, our quantitative wood anatomy results show that old-growth
yellow pines express a seasonally structured hydraulic trade-off in xylem allocation strategies.
Overall, moisture availability emerged as the primary control on anatomical trait expression, with
precipitation-driven snow-pack and soil-water storage setting the conditions for cell expansion and
subsequent wall investment. Earlywood lumen traits (LA, LL) and CA responded most consistently
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to late-winter through spring moisture, indicating that early-season tracheid enlargement integrates
both immediate inputs and accumulated water availability carried into the growing season, while
latewood traits were more timing-dependent and reflected tighter constraints during late-season
formation and maturation. Cellular wall metrics (WL, WLLL) further highlighted wetter conditions
associated with greater hydraulic capacity and warmer conditions associated with relatively greater
wall investment.

In the Sierra Nevada, snowpack typically acts as a natural reservoir, gradually releasing water
into soils through late spring and early summer. During the period of instrumental records, earlier
snowmelt has caused peak streamflow to advance by 1-4 weeks across the western U.S., including
the Tahoe Basin, either because of warming temperatures [53], precipitation shifting from snow to
rain [54], or increased dust depositions [55]. As land managers and policy managers grapple with the
complex interactions that drive ecosystem dynamics in complex terrain, our study provided new
insights into the potential impacts of climatic changes on woody species of remarkable size and
longevity in an area that is prized for its natural beauty and scenic mountain landscapes.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Figure S1: The largest (DBH of 164 cm) and second oldest (548 years on the longest
core) yellow pine that was sampled at the four study sites is this ponderosa pine from CPR; Figure S2:
Representative transverse wood microsection showing anatomical measurements; Figure S3: Timeseries plots of
the water-year (from previous October to current September, 1895 to 2021) total precipitation (Precip) and mean
air temperature (Temp) interpolated at the four sampling sites (Table 1) from GHCN and PRISM data (see text
for details); Figure S4: Timeseries plots of the six anatomical variables (see Table 3 for summary statistics and
variable units) that were measured from 1900 to 2019 at the four study sites (CPR, LEM, LTV and LUR; see Table
1); Figure S5: Seasonal dendroclimatic analysis used to quantify relationships between anatomical and climate
variables; Table S1: Summary of interpolated climate variables at the four study sites (Figure 1 and Table 1) for
the 1940-2019 period; Table S2: Summary of tree-ring data obtained from all yellow pines that were cored at the
study sites (see Table 1).
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