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Abstract

Key Message Wood fiber cell wall thickness best characterizes white bands found at the end of certain growth rings
in Salix alba. Evidence suggests these features are related to late-season hydrology.

Abstract Recent, record-breaking discharge in the Yenisei River, Siberia, is part of a larger trend of increasing river flow in
the Arctic driven by Arctic Amplification. These changes in magnitude and timing of discharge can lead to increased risk of
extreme flood events, with implications for infrastructure, ecosystems, and climate. To better understand the effect of these
changes on riparian tree growth along the lower reaches of the Yenisei River, we collected white willow (Salix alba) cross
sections from a fluvial fill flat terrace that occasionally floods when water levels are extremely high. These samples displayed
bands of lighter colored wood at the end of certain annual growth rings that we hypothesized were related to flood events.
To identify the characteristics and causes of these features, we use an approach known as quantitative wood anatomy (QWA)
to measure variation in fiber cell dimensions across tree rings, particularly fiber lumen area (LA) and cell wall thickness
(CWT). We investigate (1) which cell parameters and method to extract intra-annual data from annual tree rings best capture
terminal white bands identified in Salix, and (2) if these patterns are related to flood magnitude and/or duration. We find that
fiber CWT best captures terminal white bands found in Salix rings. Time series derived from CWT measurements correlate
with July water-level durations, but at levels too low to be labeled flooding. Although both terminal white bands and July
flooding have reduced since 1980, questions remain as to the cause of terminal white bands. Understanding how riparian
vegetation responds to changes in hydrology can help us better manage riparian ecosystems and understand the impacts of
a changing Arctic hydrological regime.

Keywords Quantitative wood anatomy - Wood fibers - Intra-annual density fluctuation - Yenisei River Basin - Hydrology -
Riparian vegetation

Introduction

River discharge in the pan-Arctic has intensified over the
last century and will likely continue to change in coming
54 Richard D. Thaxton decades (IPCC 2021). Hydrological changes are driven by
rthaxton @arizona.edu Arctic Amplification—a positive feedback loop of accelerat-
ing warming over the Arctic resulting in a combination of
increasing surface air temperature, melting of sea ice and
permafrost, and increased precipitation in northern latitudes
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forcing is able to produce record-setting river discharge that
is part of an accelerating trend (Shiklomanov and Lammers
2009). Although hydrological changes across and within
river basins are heterogenous, the net effect is an increase
in freshwater export to the Arctic Ocean in spring, summer
and even winter (Panyushkina et al. 2021; Feng et al. 2021).
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There are strong expectations for these trends to continue
during the rest of the twenty-first century (Carmack et al.
2016; Bring et al. 2017; Zanowski et al. 2021). On the global
scale, these changes may have critical implications for ocean
circulation (Serreze and Francis 2006; Jones et al. 2008;
Weijer et al. 2020, but see He and Clark 2022), global cli-
mate (Coumou et al. 2018), and human trade and navigation
(Smith and Stephenson 2013). On the ecosystem and plant
scale, increased flooding will potentially alter Arctic ecosys-
tem function and impact plant physiology (Fan et al. 2020).

Tree rings can be instrumental for providing long-term
context to more frequent floods and altered hydrology (Meko
et al. 2012; Ballesteros-Canovas et al. 2015). Existing instru-
mental discharge records in the Arctic are often sparsely
located and short, creating a need for additional data (Bring
et al. 2017). Tree-ring records derived from conifers have
been used to successfully extend discharge records across
the pan-Arctic by hundreds of years (MacDonald et al. 2007;
Agafonov et al. 2016). These studies provide critical insight
not only into long-term annual discharge trends, but into
seasonal trends as well (Panyushkina et al. 2021). Dendro-
chronology of angiosperms offers an opportunity to fill even
more of these gaps, particularly when it comes to capturing
extreme hydrological events. Angiosperm wood anatomi-
cal response to flooding is dependent on both the timing
and magnitude of the discharge. The largest floods tend to
have a direct effect on vegetation via impact and scarring,
with floods recorded as reduced xylem vessel lumen area or
increased fiber lumen area in the injured ring (Ballesteros
et al. 2010; Arbellay et al. 2012). Even if the tree is not
physically injured, flood events can still be recorded in tree
rings. Most research into angiosperm anatomical response to
non-injurious flooding relies on vessel measurements from
ring-porous species (trees with conspicuously larger ves-
sels in the earlywood than latewood) (Ballesteros-Cénovas
et al. 2015). Anomalous rings formed during peak spring
discharge tend to produce earlywood vessels of reduced size
which can be identified visually and can help understand
flood history (Meko and Therrell 2020; Nolin et al. 2021).
Even small changes in vessel size are physiologically impor-
tant since theoretical hydraulic conductivity scales with
vessel diameter to the power of four, as illustrated by the
Hagen-Poiseuille law (Tyree and Ewers 1991). Chronologies
of vessel area and vessel number are particularly useful for
capturing large spring discharge because, unlike ring width,
the relationship is maintained even for very large discharges
(Kames et al. 2016). The caveat is that only a short window
(2-3 weeks) exists for the tree to record this information,
limiting its utility (Kames et al. 2016).

When researchers have used diffuse-porous angiosperms
(no clear separation of earlywood and latewood) to study
flood history, they typically rely on vessel characteristics.
Diffuse-porous species response to flooding appears to
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vary by species and biome. For example, recent work with
Alnus glutinosa showed no relationship between prolonged
flood events and vessel characteristics (Anadon-Rosell et al.
2022). In contrast, Lopez et al. (2014) examined the tropical
species Prioria copaifera and found chronologies of ves-
sel number could be used to reconstruct flood height, as
most radial growth occurred during flood years (Lopez et al.
2014). Other studies have even related vessel distribution
(i.e., tangential vessel bands) to prolonged flood inundation
(Tardif et al. 2021).

While the utility of vessel elements appears well estab-
lished, there is a need to understand the utility of other
wood cellular components such as wood fibers. Fibers pro-
vide mechanical strength to the wood, and, although lit-
tle or not involved in the actual xylem transport of water,
may contribute to healthy vessel function through cavita-
tion resistance (Carlquist 2001; Hacke et al. 2000; Schoch
et al. 2004; De Micco et al. 2016a, b). Exploration of fibers
is still in its infancy, but interest is growing (Janssen et al.
2020). Research into the flood response of riparian Salix
trees along the Ob River, Siberia, revealed extreme flood
events were captured as extremely narrow rings or rings with
sudden changes in wood fibers (Meko et al. 2020). Wood
fibers have also been reported to be as sensitive to environ-
mental fluctuations as vessel chronologies, confirming their
utility (De Micco et al. 2016a, b). However, they may not
be useful for every research question, as wood fiber meas-
urements of flooded alder showed no relationship between
extreme flooding and cell wall thickness (CWT) (Anadon-
Rosell et al. 2022). Still, some research does suggest wood
fibers have the capacity to record flood events, at least for
ring-porous species. The most relevant study is work by
Yanosky (1984), which related increased wood fiber size
and decreased cell wall thickness near the end of the annual
growth ring to flooding events late in the growing season.
This study, which examined riparian ash (Fraxinus) near
Washington, D.C., USA, found white bands appeared more
frequently in flood years and hypothesized that these fluctua-
tions were essentially ‘growth spurts’ in which flooding of
the root zone allowed drought-stressed trees to take advan-
tage of additional water. Fluctuations tended to occur most
often when the tree was younger and appeared on the wood
surface as a white terminal band forming before the early-
wood of the following year (Yanosky 1984).

We identified rings similar to those described by Yanosky
in wood samples of diffuse-porous Salix alba (white willow)
sampled in the summer of 2020 along the Yenisei River,
Siberia. As with Yanosky, Salix tree cores contained bands
of whiter wood visible from the sanded core surface. These
white bands appeared in both the early and late portions
of tree rings, but were more frequent at the end of annual
growth rings. For this reason, we chose to focus on white
bands at the end of growth rings, referred to here as terminal
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white bands. Upon further examination of Salix rings using
anatomical thin sections, we determined terminal white
bands corresponded to larger wood fibers (Fig. 1). These
changes occurred in wood fibers only and were unaccompa-
nied by an equivalent change in vessel size or density.

Given these anomalies’ potential relationship to late-sea-
son flooding, they may prove useful for understanding flood
variability in this globally important watershed. Addition-
ally, since these white bands represent changes in fiber char-
acteristics, investigation into these wood anomalies offers a
chance to provide much-needed research into quantifying
physical characteristics of wood fibers in diffuse-porous
species. Recent advances in the field of quantitative wood
anatomy (QWA) offer an opportunity to measure character-
istics of these terminal white bands at the level of individual
cells, building time series to compare with hydrologic data.
Understanding intra-annual variation in tree rings allows
us to probe into subtle, intra-annual changes in the basin’s
hydrology.

For these reasons, the following research explores both
the characteristics of Salix terminal white bands and their
relationship to flooding. First, we identify which QWA
measurement (cell wall thickness (CWT) or lumen area
(LA)) and which measurement averaging method allows us
to best quantify terminal white bands. We test two meas-
urement averaging methods in this study: (i) CWT or LA
was averaged over a fixed width (50-150 um) from the ring

Pith

Fig.1 Comparison of rings with and without terminal white bands.
White bands are a type of intra-annual density fluctuation (IADF)
or regions where abrupt changes in density occur (De Micco et al.
2016a, b). Rings are progressively older from the bottom to top of
the image. a Rings 2017-2020 from tree BSHO1. These years do not
show a terminal white band, as there is little variation in wood fibers
over the width of the ring.) Rings 1955-1958 from tree BSHO3. Years
1955 and 1957 show distinct terminal white bands (black arrows) b
Rings 1955-1958 from tree BSHO3. Years 1955 and 1957 show dis-
tinct terminal white bands (black arrows) (Colour figure online)

boundary, and (ii)) CWT or LA was averaged over a percent-
age of the ring (>87.5-95%) closest to the ring boundary,
an approach referred to as sectoring. Second, we investigate
how white bands relate to flood magnitude and duration.
We hypothesize that fiber cell wall thickness would better
capture these features than fiber lumen area, which would
be further improved when cell wall thickness of each cell is
normalized by the average cell wall thickness of the ring.
Additionally, we expected that averaging cells based on their
measured position in the ring would better quantify white
bands than using the relative position. We hypothesize the
best combination of cell measurements and methods would
illuminate a relationship between terminal white bands and
flood events late in the growing season. Understanding how
best to measure these unique features can help us better
attribute their cause and may improve our understanding of
short-lived intra-annual hydrologic events throughout the
lower Yenisei River basin and their effect on vegetation.

Materials and methods
Characterization of study site and river discharge

The study site (Fig. 2) is located on an island at the conflu-
ence of the Turukhan and Yenisei Rivers, roughly 10 km
downstream from the city of Turukhansk (Krasnoyarsk Krai;
65.86 N, 87.74 E). The climate of this area is classified as
continental sub-arctic, with mild summers and extremely
cold winters (Beck et al. 2018). Climatological and hydro-
logical information is summarized in Supplemental Figure 1.
A riparian forest dominated by Salix alba (white willow)
exists at the top of this terraced island, roughly 12-15 m
above the median water level, excluding the June—July flood
period (3.6 m asl). In general, the growing season for these
trees lasts from mid-May to early September and the forest
forms an open canopy with a dense understory of herbaceous
plants and tall grasses. The elevation of the top of the island
does not vary more than a meter over the study site.

In August 2020, we collected stem cross sections from
7 willow trees using a chainsaw, targeting dominant trees
that appeared noticeably older. Trees were sampled in
close proximity to each other, no more than 10-20 m
apart. Wood disks were cut between 0.7 and 0.8 m above
the ground. The wooden disks were transported to the
Laboratory of Tree-Ring Research in Tucson, Arizona,
for sample preparation, ring-width measuring, and chro-
nology development following standard practices in den-
drochronology (see Supplemental Text 1 for more detail).
We used the program SEASCORR (Meko et al. 2011)
to investigate the relationship between tree growth and
discharge (Yenisei at Igarka, station code 9803, 67.43 N,
86.48 E), mean monthly temperature and total monthly
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Fig.2 Illustration of the study site. Panel a shows the geographic
location of the Yenisei River basin (pink polygon) and Yenisei River
(dark blue line) in relation to other major Arctic rivers (light blue).
The study location is shown as a green dot. The discharge station
(Yenisei at Igarka, station code 9803; blue and black circle) is located
roughly 185 km downstream of the study site. b Location of the
study site in relation to island at the confluence of the Turukhan and
Yenisei Rivers. The study site is roughly 10 km downstream from the
town of Turukhansk. Nearby gages provide water-level data (Selevan-

precipitation (Turukhansk, WMO Code 23,472, GHCN-M
v3.3.0.20190817, 65.78 N, 87.93 E, elevation: 64 m asl;
see Supplemental Fig. 1 for additional site information)
(Menne et al. 2018).

We examined climatic relationships both including and
excluding the period 1980-1993 when the flow regime was
altered due to extensive damming on the Yenisei River.
Discharge of the Yenisei River is driven by snowmelt with
peak flows typically occurring in early June (Supplemen-
tal Figure 1c). Water-level data were obtained from the
Selevanikha gauge (code 9801; 65.86 N, 87.87 E; Sup-
plemental Figure 2). While July flows pale in comparison
to the massive discharge in June, important changes in
water level and flood duration are still evident (Fig. 3).
July flows have decreased to the point July water levels
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ikha, gauge code 9801; blue diamond) and climate data (Turukhansk,
WMO Code 23,472; red square). ¢ Vertical profile of island. The
riparian forest sampled rests at the top of a terraced island, roughly
12-15 m above the average annual water surface (3.6 m asl). The
median annual maximum water level is 17.5 m above the water’s
surface, but can reach up to 22 m during peak flows. Elevations esti-
mated using the online tool ArcticDEM (Porter et al. 2018) (Colour
figure online)

have not reached 10 m since 1992, despite this being a
frequent occurrence prior.

Characterization of white bands, anatomical sample
preparation and quantitative wood anatomical
analysis

In addition to developing a ring-width chronology, we char-
acterized terminal white bands as they appeared on thin
sections. First, we developed a character list identifying
years with white bands and classified anatomical anomalies
based on their occurrence in the ‘early’ or ‘late’ portion of
the growth ring (Yamaguchi 2011; De Micco et al. 2016a,
b). The total number of trees showing terminal white bands
were then tallied for each year to build a frequency histo-
gram. After identifying all bands, we investigated if they
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Fig.3 July daily water levels and durations at Selevanikha (gauge
code 9801), 1960-2020. The zero water level for this gage is 1.26 m
above sea level. Gauge location is just downstream of the study site
and 6 km east. a Number of days water levels reached a particular
value. July water levels do not exceed 14 m and water levels above

were related to ring age or ring width. For ring age, we plot-
ted white-band frequency as a function of tree age. For ring
width, we measured the width of each visually identified
white band in Image-Pro Plus (v6.1; Media Cybernetics) on
thin section images and used Pearson correlations to inves-
tigate the relationship between terminal white-band width
and ring width.

All samples were prepared for quantitative wood
anatomy using procedures similar to other research
(Edwards et al. 2020; Anadon-Rosell et al. 2022). 12 uym
thin sections were cut from pieces of each slab using a
rotary microtome (Thermo Scientific Microm HM 3558
Microtome, Waltham, MA). Thin sections were stained
with cresyl violet acetate (0.5 g per 250 ml H,0), rinsed
with solutions of increasing ethanol concentration (50%,
100%), and permanently affixed to slides using Eukitt
mounting medium. Slide imaging was performed at the
Swiss Federal Institute for Forest, Snow and Landscape
Research WSL (Birmensdorf, Ziirich, Switzerland) using a
Zeiss Axio Scan Z1 (Carl Zeiss AG, Germany). From each

7 m do not typically last longer than 15 days. b Time series of total
days and consecutive days water level fell at or above 10 m. No data
available for years 1993, 1995-98, and 2000-01. ¢ Frequency histo-
gram with the number of trees that contained a terminal white band
(orange bars) in a particular year (Colour figure online)

tree, thin section images from at least 1965-1980 were
selected for further analysis because the majority of ter-
minal white bands occurred in this time frame. Automatic
detection of wood fibers from images was performed using
ROXAS (von Arx and Carrer 2014). Although the program
is typically used with conifers, it is also effective for iden-
tifying anatomical features in diffuse-porous species (von
Arx et al. 2013; Wegner et al. 2013; Anadon-Rosell et al.
2022). We observed fibers in our samples to have a lumen
area< 500 pmz, and therefore, all larger cells were auto-
matically removed. For each image, we then performed
manual correction of the ROXAS-identified cells. Any
improperly identified cells (e.g., fiber cell identified as ves-
sel or ray parenchyma) or cells with collapsed cell walls
were deleted. All ring borders were drawn manually since
cell size transitions were subtle (Wegner et al. 2013) and
ROXAS-derived ring-width measurements were compared
to manually measured ring widths to ensure each ring was
assigned to the proper calendar year. Upon completion of
manual user correction, output Excel documents for each
image and cell type were created with multiple measured
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parameters. For subsequent analysis, only fiber LA and
CWT were considered.

Data processing and statistical analysis

To determine how to best quantify the terminal white bands
in our samples, we compared two approaches of averaging
cell parameters (Fig. 4). Each approach used R scripts modi-
fied from the SECTOR.R code developed by Richard Peters
(https://deep-tools.netlify.app/2020/11/24/sector-intro/), the
angiosperm-equivalent of the RAPTOR R package used to
prepare and visualize anatomical data from conifer tracheids
(Peters et al. 2018).

The first approach averaged cell measurements over
an area proportional to the total ring width, referred to as
sectoring (Edwards et al. 2020; Gebregeorgis et al. 2021)
(Fig. 4b). Rings were divided into n=28, 10, or 20 equal-
sized sectors and we developed time series of average cell
measurements in the nth sector. This corresponds to aver-
aging cell measurements over 87.5-100%, 90-100%, and
95-100% of the ring. Unlike fixed-widths, sectoring helps
account for the timing of ring formation by allowing the
averaged band to vary with ring width.

In the second approach, we averaged each cell param-
eter within 50, 100, and 150 pm from the ring boundary

1957 1958

1 >95%

Last 150 um
Last 100 um

Last 50 um

Fig.4 Two approaches to averaging cell parameters. a Thin section
depicting years 1957 and 1958. b Sectoring approach. CWT/LA for
each ring were averaged over 87.5-100% (red), 90-100% (orange),
and 95-100% (yellow) of the ring. Note that the area of averaged cell
parameters increases as ring width increases. ¢ Fixed-width approach.
CWT/LA for each ring were averaged over the last 150 pm (purple),
100 um (blue), and 50 um (light blue) of the ring. Here, the area of
averaged cell parameters is independent of ring width (Colour figure
online)
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(Fig. 4c). These values were based on the mean white-band
width (157.7 pm, 6=8.9 um, n=131) and the minimum
width (50 um) for all trees. We applied this method to rings
with and without terminal white bands to create a continu-
ous time series of cell measurements. In this case, averaged
bands of cell measurements are independent of ring width.
The approach derives averaged bands directly from meas-
ured characteristics of white bands, allowing us to specifi-
cally target these anomalies.

For each method above, we determined if normalizing
cell parameters could further improve quantification of white
bands. Prior to averaging all cell measurements (CWT,
LA) within a sector, cell parameters were normalized by
dividing each cell measurement by the average cell meas-
urement from the non-white portion of the ring only. For
each combination of cell parameter averaging method and
normalization, we then used a Welch test (Gans 1981) to
identify which combination of methods could most strongly
differentiate between rings with and without terminal white
bands. We expected that normalization could better distin-
guish between rings with and without terminal white bands.

To assess which averaging method best agreed with our
visual identification of terminal white bands, we used point-
biserial correlation to estimate the relationship between the
presence of terminal white bands and measured cell param-
eters (Bedrick 2005). Point-biserial correlation is an estimate
of the product-moment correlation (r,) in the case where
one variable is dichotomous (i.e., white band presence/
absence) and the other is continuous (i.e., CWT/LA). Cor-
relation values obtained from this method, like Pearson’s
product-moment correlation (r), indicate the strength of the
relationship between two variables. The point-biserial cor-
relation was performed in R (Rizopoulos 2007; v. 3.6.3; R
Core Team 2020) after confirming the data met assumptions
of normal distributions (Shapiro and Wilk 1965; Royston
1995), and equal variances (Brown and Forsythe 1974;
Gastwirth et al. 2009).

Using the best combination of cell measurements and cell
averaging method above, we built mean cell chronologies.
We calculated the mean cell parameter for each year from
all trees to create the chronology and compared it to the
number of days in July the water level exceeded a particular
height. Long-term trends were present in both our cell and
water-level duration time series which can inflate correlation
values. To address this, we first-differenced each series to
remove the long-term trends that would influence the rela-
tionship strength. We then calculated the Pearson correlation
coefficient (r) between the mean chronology and water-level
durations. To account for the effect of autocorrelation on the
correlation significance, we used the adjusted degrees of
freedom when calculating our p values (Dawdy and Matalas
1964; Hu et al. 2017). All correlations were limited to the
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common period of water-level and cell data (1961-1986),
and so more robust statistical tests were not possible.

In addition to our mean chronology, we investigated how
cell parameters varied between trees. First, we calculated the
average pairwise correlation between all series (7). We then
explored the relationship of cell parameters with water-level
duration for each tree individually. This allowed us to probe
the response of individual trees to changes in water levels.
As with the mean cell chronology, we first-differenced each
series to remove any long-term trends that would influence
the relationship strength. We then calculated Pearson’s r
between series from different trees and identified significant
correlations with a two-tailed test using a 95% confidence
interval.

Results

Relationships of tree-ring growth with climate
and river discharge

The inter-series correlation of all seven raw ring-width series
was 0.61 for years 1940-2020, confirming trees agreed in
their patterns of annual growth. Although the resulting chro-
nology extends from 1897 to 2020, it is not robust before
1940. Prior to this year, sample replication is low and the
sub-sample signal strength falls below 0.9 (Bunn 2008;
Buras 2017). Four of the seven trees had center rings dating
between 1941 and 1944, and the youngest tree had a center
ring dating to 1952. From 1950 on, tree growth tended to
gradually increase before declining from 2003 to present
(Fig. 5).

Correlations calculated in SEASCORR show a significant
negative relationship (r=-0.4, p <0.01) between tree-ring
width and monthly discharge (primary variable) in July, and
partial correlations show a significant positive relationship
(r=0.5, p<0.01) with mean temperature (secondary vari-
able) in June, when the intercorrelation of temperature and
discharge has been adjusted for (Supplementary Figure 3).

T T T
1900 1910 1940 1950

This relationship between growth and July discharge appears
to be linear and is significant at this site (Supplemental Fig-
ure 4). When precipitation replaces discharge as the pri-
mary variable, there is also a significant negative relation-
ship (r=-0.4, p<0.01), but in the month of June. This is
expected given that June temperatures should be strongly
negatively correlated with June precipitation. These relation-
ships were similar whether or not we included the dammed
period (1980-1993) in the analysis, but the correlation
strength was weaker when excluding the dammed period
(1939-1980).

Macroscopic characteristics of white bands in Salix

Rings with terminal white bands could be easily distin-
guished from years with normal growth (Fig. 1). From 1950
to 1980, terminal white bands occurred in at least one tree
every year, peaking in years 1951-1953 and 1959-60. Fol-
lowing these years, the frequency of terminal white bands
declined toward the present and almost no white bands were
identified after the mid-1980s. There were also important
differences between the number of white bands identified
per tree (Table 1). For example, tree BSH04 had 23 white

Table 1 List of sampled Salix alba trees

Tree Pith year Years with Years with Years with
early IADFs late IADFs QWA data
(1950-2020) (1950-2020)
BSHOI 1941 5 11 1965-1981
BSHO02 1925 17 1947-1983
BSHO03 1942 3 21 1949-1986
BSHO04 1945 17 23 1960-1980
BSHO5 1942 7 17 1965-1981
BSHO6 1897 4 8 1956-1983
BSHO7 1951 0 1964-1983

For each tree the pith year (earliest ring), number of years with visu-
ally identified early and late IADFs, and the span of time with QWA
data is shown

Sample Depth

T T T T T T
1960 1970 1980 1990 2000 2010 2020

Calendar Year

Fig.5 Detrended tree-ring-width chronology, 1897-2020. Black line
is average ring width increment, and dotted portion indicates where
sub-sample signal strength falls below 0.9. Tree-ring width detrended
using dpIR (Bunn 2008). Green ribbon is the 95% confidence interval

(i.e., all values within 2 standard deviations of the mean value of the
chronology in that year). Gray polygon indicates sample depth in a
particular year. The R package ‘ggplot2’ was used for graphical dis-
play (Wickham 2009) (Colour figure online)
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bands between 1950 and 2020, but BSHO7 only showed 1. It
is worth noting that 2001 was an anomalous ‘white ring’ that
appeared in every tree. Unlike the white bands described by
Yanosky, the entirety of the 2001 ring appeared white. Past
research has linked these features to extreme, early-season
defoliation events, possibly as a result of an insect outbreak
(Hogg et al. 2002; Prendin et al. 2020). This feature, though
interesting, displayed no obvious intra-annual variation and
so was not categorized as a ring with white bands.

White bands in our samples occur more frequently
when trees are young, peaking when trees are between 20
and 30 years old (Fig. 6a). White bands are less common
after 35 years of age, occurring in only 1-2 trees per year.
This suggests a nonlinear relationship between tree age and
white-band frequency, but the matter is complicated by the
age distribution of our trees. Five out of our seven trees dif-
fer in age by <10 years. In addition, the oldest tree (BSH06)
does display terminal white bands up to 60+ years of age
unlike the younger trees. Without collecting more trees of
various ages, it is difficult to know if the lack of terminal
white bands in recent decades is a function of tree age or
environment.

There was only weak evidence that white-band width
was related to ring width (Fig. 6b). Only trees BSH02 and
BSHO3 had significant positive relationships between white-
band width and ring width (r,=0.52, p,=0.01; r;=0.41,
p3=0.05). All remaining trees except BSHO7 had positive
but insignificant relationships between white-band width and
ring width (r,=0.32, p,=0.33; r,=0.07, p,=0.77; rs=0.10,
DPs=0.72; rs=0.08, ps=0.65). BSHO7 had only one terminal
white band so no relationship could be investigated. This
relationship is important because it helps us identify which
cell averaging method could best identify white bands. If

a)

Number of
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Terminal
5 White Band

Number of
— Trees at
4 Specified Age

Number of Trees

[ 10 20 30 40 50 60 70 80 90 100 110 120

Fig.6 White band characteristics as they relate to tree age and ring
width. a Terminal white band frequency as a function of tree age.
Orange vertical bars indicate the number of trees that displayed a
terminal white band at a particular age. Black line indicates the total
number of trees of a certain age. b Scatter plot depicting relationship
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white-band width is a function of ring width, then the sector-
ing approach is preferred because it accounts for the width of
the ring in our measurements of white bands. Alternatively,
if terminal white bands are independent of ring size, white
bands are best characterized by a fixed width and knowing
their absolute position in the ring is adequate.

Anatomical characteristics of white bands in Salix

Normalizing each cell’s CWT/LA by the average CWT/LA
for the non-white portion of the ring did not vastly improve
our ability to quantify white bands (Table 2). Normalized p
values were much smaller (10'=10'! orders of magnitude)
than unnormalized p values. In addition, normalizing LA
and CWT slightly improved the point-biserial correlation
strength (r,>0.04-0.33 in normalized samples) for every
ring-division method and for each cell measurement type.
However, in all but one case, both normalized and unnormal-
ized cell measurements were able to significantly differenti-
ate between rings with and without terminal white bands
(»<0.01). If unnormalized cells can already significantly
differentiate between terminal white bands and normal rings,
there is little reason to pursue normalization. Given this
result, we elected to use unnormalized cell measurements
for the remainder of the analysis.

CWT averaged from fiber cells within the terminal
100 um of the tree ring had the highest average correla-
tion with presence of terminal white bands between all trees
(r,=-0.51; Fig. 7). CWT averaged from cells within 50
and 150 pm of the ring boundary had similar but slightly
lower average correlations between all trees (r,= —0.47,
r,=—0.49). CWT averaged from cells within the last 5%

. b)
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between ring width and white-band width. Lines of best fit drawn
for trees with significant correlations (BSH02: r,=0.52, p,=0.01;
BSHO3: r;=0.41, p;=0.05). When all trees are considered collec-
tively the Pearson correlation between variables is not significant
(ry1=0.13, p,;=0.15)
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Table 2 Comparison of Welch’s

. Averaging method CWT LA
t test values for unnormalized
and normalized CWT and LA Unnormalized Normalized Unnormalized Normalized
87.50% t=53 t=94 t=-19 t=-7.7
df = 150 df =115.4 df =174.7 df =123.9
p=37x107 p=53x10" p=0.056 p=35x10"2
90% =63 =103 r=-3.0 r=-8.6
df = 146 .4 df=115.8 df =173.6 df = 133.8
p=35x%x10"° p<22x%x1070 p =0.0032 p=15x%x10"
95% =172 r=104 r=-51 r=-9.1
df = 146.6 df = 120.1 df = 163.9 df = 148.5
p=39x10" p<22x101° p=12x10° p=62x10"°
50 um t=17.1 t=99 t=-4.6 t=-54
df = 143.2 df = 126.7 df = 143.0 df = 136.11
p=6.0x10" p<22x1070 p=9.5x10° p=25x%x107
100 pm =179 r=114 r=-44 r=-79
df = 144.7 df = 120.1 df = 153.7 df = 131.6
p=87x10" p<22x1076 p=2.1x103 p=105x10"
150 pm =173 r=11.3 r=-33 t=-87
df = 1432 df =114.2 df = 162.4 df = 123.6
p=17x10" p<22x1070 p=0.0011 p=16x10"

For each combination of averaging and normalization method, we provide: the test statistic (¢), the degrees
of freedom (df), and the significance value (p). Normalization resulted in much smaller p values than
unnormalized cell parameters, but only in one case (unnormalized LA averaged over >87.5% of the ring)
was there a significant difference at p <0.05. Values of p <2.2x 107!® are limited by machine precision

and 10% of each ring also showed correlations within this
range (r,=—0.47, r,=—0.43). When rings were divided into
8 sectors (12.5% of total ring area), the correlation strength
further decreased (r,=-0.37).

Correlations between LA and presence of terminal white
bands were less than that of CWT for all categories listed
above. LA correlations were highest for cells within the
last 5% of the ring (r,=0.34). This was followed by LA for
cells within 50 um of the ring boundary (r,=0.33), within
100 pm of the ring boundary (r,=0.31), in the last 10% of
the ring (r,=0.25), within 150 um of the ring boundary
(r,=0.23), and the last 12.5% of the ring (r,=0.13). To test
if increased LA was merely a side effect of decreased CWT,
we compared overall fiber cell size (fCS =LA 4+ cell wall
area) in the last 10 % of the ring for years that did and did not
contain a terminal white band using Tukey’s honest signifi-
cance test (Miller 1981; Yandell 1997). The only significant
differences in fCS observed were between the 10% and 80%
sectors and the 80% and 100% sectors in rings with terminal
white bands (p < 0.05; Supplemental Figure 6). Increased
LA seen in terminal white bands appears to be a function
of decreased CWT, as there is no difference in fCS in the
terminal white band and the majority of the growth ring. The
significant difference in fCS in the last 70-80% of the ring is
consistent with observations of reduced fiber size (Fig. 1b).

The above results justify developing time series from
unnormalized CWT measurements for all cell averaging
methods. The tests performed above indicate CWT has more
power to identify terminal white bands than LA. This makes
sense given increased LA is largely a function of reduced
CWT. Additionally, unnormalized CWT is nearly as good
at identifying terminal white bands in our samples as nor-
malized CWT. However, there was not a clearly preferred
approach for cell averaging. CWT within 100 um of the ring
boundary shows the best power to distinguish terminal white
bands, but this is nearly matched by the other methods. For
these reasons, we develop time series of unnormalized CWT
for each cell averaging method and investigate their possible
relationships with hydrology below.

Relationship of mean CWT to hydrology

Mean CWT significantly correlated with July water-level
durations using both the sectoring and fixed-width cell aver-
aging methods (Fig. 8). All sectoring approaches (averages
over the last >87.5%, >90%, and >95% of the ring) were
significantly negatively correlated (p <0.1) to the number
of days water levels reached or were above 6 m (>87.5%:
r=-0.49, p=0.02; >90%: r=-0.47, p=0.03; >95%:
r=-0.39, p=0.09). In addition, both the >87.5% and >90%
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Fig.7 Comparison of CWT and LA measurements for years with-
out (n=185; blue boxplots) and with (n=92; red boxplots) terminal
white bands, 1947-1986. CWT (first column) is measured in um
and LA (second column) is in units of pmz. Each row indicates the
cell averaging method used to capture white bands at the end of the
growth ring. The years we identified with terminal white bands tend
to have lower fiber CWT and higher fiber LA, with generally more
variation in the latter. The difference between rings with and without
terminal white bands is highly significant (p <0.01, 2-sample ¢ test)
for all combinations of cell parameters and averaging method except
for LA averaged over >87.5% of the ring (p =0.079). For comparison
of rings with and without terminal white bands by tree, see Supple-
mental Figure 5 (Colour figure online)

approaches showed significant negative correlations for the
number of days water levels spent at or above 5 m (>87.5%:
r=-0.39, p=0.07; >90%: r=-0.38, p=0.08), 7 m
(>87.5%: r=-0.42, p=0.02; >90%: r=-0.41, p=0.07),
and 8 m (>87.5%: r=-0.41, p=0.06; >90%: r=—0.40,
p=0.07).
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For the fixed-width approach, only CWT time series
derived from the last 50 um and the last 100 um of each
ring showed a significant relationship (p <0.1) to water-level
duration. Time series from the last 50 um were significantly
negatively correlated with the number of days water levels
rose to or above 6 m (r=-0.43, p=0.05), 7 m (r=-0.4,
p=0.07), and 8 m (r=-0.37, p=0.1). In contrast, CWT
from the last 100 um were only related to the duration of
water levels at or above 6 m (r=—0.38, p=0.1). CWT from
the last 150 pm had a weaker relationship to water levels at
or above any duration, including at or above 6 m (r=-0.37,
p=0.11).

CWT of individual trees, regardless of cell averaging
method, often does not correlate strongly with other trees.
The average pairwise correlation between series, 7, ranged
from 0.03 to 0.08 for all cell averaging methods. Most indi-
vidual CWT series are slightly positively correlated but
these correlations are largely insignificant (p > 0.1). Some
groupings of trees did emerge, however. Trees BSH02-
BSHO3 were significantly positively correlated for all cell
averaging methods except averages over the last 50 pm
(0.38<r<0.45, p<0.05). Similarly, trees BSH04-BSHO06
were significantly positively correlated for all cell averag-
ing methods except over >95% of the ring and over the last
50 um (0.47 <r<0.58, p<0.05). Trees BSHO4-BSHO7 have
a significantly negative relationship when CWT was aver-
aged over >95% of the ring, the last 50 um, and the last
100 um (-0.49 <r< -0.61, p<0.05).

Although the mean CWT chronology is significantly
related to water-level durations, individual tree response
was more variable. Only 4 trees showed any significant
relationship to water-level durations, the majority of which
were negative. CWT of BSHO3 was significantly negatively
correlated to water-level durations between 7 and 9 m for
every averaging method (-0.42<r< -0.75, p<0.1). The
strongest of these relationships occurred over all water-
level durations for CWT averaged over > 87.5% of the ring
(-0.6<r<-0.75, p<0.01; Fig. 9). BSHO7 showed signifi-
cant correlations to water-level durations at or above 5 m for
all averaging methods except CWT averaged over>95% and
the last 50 pm of the ring (-0.47<r<-0.49, p<0.1). In
contrast, we only found significant negative relationships for
BSHO5 CWT when averaging over >95% and the last 50 um
of the ring (-0.5<r< -0.56, p<0.1). Only one significant
positive relationship between CWT and water-level dura-
tions occurred. CWT of tree BSHO4 positively correlated
with water-level durations at or above 5 m, but only when
averaging over > 87.5% of the ring (Fig. 9). Otherwise the
relationship of individual series to water-level durations was
largely weak (r<0.1) and insignificant (p >0.1).
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Discussion

Wood fiber CWT is better for identifying rings with termi-
nal white bands than wood fiber LA. Terminal white bands
clearly have both lower CWT and larger LA than cells typi-
cally found at the end of the growing season. Although both
CWT and LA differed between banded and non-banded
rings, the differences were more pronounced with CWT.
LA measurements tended to have larger variance within and
among trees and this likely reduced its ability to quantify
white bands. Differences between CWT and LA persisted
regardless of the methodology used to average cells within
a band. These results are consistent with finding no differ-
ence between total cell area in terminal white bands and
the rest of the ring. This supports the idea increased LA is
a side effect of decreased CWT, a result we also observe in
conifer latewood (Bjorklund et al. 2017). Our results are also
consistent with investigations into fiber characteristics of
white rings caused by defoliation. In those studies, average
fiber wall thickness could best discriminate between nor-
mal years and years where defoliation occurred (Sutton and

BTNV

Last 50 pm

Tardif 2005). Therefore, we argue fiber CWT is the pref-
erable measurement for capturing white-band variation in
willow rings.

Our results also suggest fiber CWT alone is adequate to
quantify terminal white bands. We hypothesized that nor-
malizing CWT (dividing CWT of each cell by the average
CWT for the non-white portion of the ring) would improve
our ability to distinguish years with and without terminal
white bands. Although normalization improved the corre-
lation strength between cell measurements and white-band
presence, it did not significantly enhance our ability to detect
terminal white bands using fiber CWT. Normalization thus
proved unnecessary for quantifying white bands in our sam-
ples. This technique may prove more useful in other species,
but for parsimony we find it best to use the unnormalized
cell measurements.

Unlike normalization, the method used to average CWT
measurements matters. For this work, we chose to average
CWT over a fixed distance from the ring boundary (the
fixed-width approach) and over a certain percentage of the
ring (the sectoring approach). The fixed-width approach
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Fig.9 Example of individual tree correlations between CWT aver-
aged over > 87.5% of the ring and number of days at or above a par-
ticular water level (1961-1986). The x-axis indicates the tree and
the y-axis is a particular water level (in centimeters) for the month
of July. The color in each cell indicates the correlation between
each tree’s CWT time series and the consecutive number of days at
or above that particular water level. Blue cells indicate positive cor-
relations, red cells indicate negative correlations, and the inten-
sity of the color indicates the correlation strength. The number of
asterisks (¥) refers to the significance level (¥0.05<=p<=0.1,
*#0.01 < =p< =0.05, ***0<p<0.01) (Colour figure online)

performed marginally better than the sectoring approach
in terms of differentiating rings with and without terminal
white bands. However, the mean CWT chronologies derived
from the sectoring approach were generally more signifi-
cantly correlated to durations at or above particular water
levels. This was surprising, given that (1) we did not see
a strong relationship between ring width and white-band
width, and (2) the fixed-width approach was slightly better
for identifying white bands. If white-band width correlated
only weakly to ring width, we would expect the fixed-width
approach to outperform sectoring. Still, using relative cell
position is appealing because it better accounts for variations
in ring width and can help us better select cells in each year
that were produced at the same time (Gebregeorgis et al.
2021).

The evidence does not support our hypothesis that July
flooding is related to terminal white band formation in Salix.
We did not find significant correlations between mean CWT
chronologies and the number of days water levels exceeded
10 m, our highest threshold. July water levels would need to
reach 12—-15 m for flooding to overtop the island, and so it
is unlikely that white bands are a flood response. Although
both July flood durations and white band frequencies have
similar long-term trends, we see that terminal white bands
can occur without larger and longer-duration July floods.
These similar long-term trends may be an age effect, but we
cannot definitively say this without a larger sample size and
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trees of various ages. Additionally, the large variability in
CWT we see between trees suggests there is an individual
response in white band formation.

Our results, however, do suggest that hydrology factors
into terminal white band formation. CWT mean chronolo-
gies from Salix trees in the Yenisei consistently respond to
the number of days water levels reached or exceeded 6 m.
These chronologies show the negative relationship we would
expect if increased moisture causes white-band formation:
CWT decreases as the number of days water levels met or
exceeded 6 m increases. Water elevations between 6 m above
the baseline water level may not be submerging tree stems
but may be high enough to reach tree roots. Salix alba root
systems are generally shallow, with roots of mature trees
reaching 0.5—1 m in depth (Bock 1993). The distribution
of Salix roots within the soil, however, is dependent on the
elevation and rooting depth of any particular tree and river
discharge dynamics (Pasquale et al. 2012). Salix roots visible
on some of the island’s exposed bluffs appeared to reach at
least 1.5-2 m, but the rooting depths of our older sampled
trees are unknown. The relationships we see may indicate
July water levels are important for saturating the soil and
root zone with moisture. The majority of water used by Salix
alba is from the top 10 cm of the soil, but root water uptake
switches to deeper layers later in the growing season (Land-
graf et al. 2022).

Additional moisture while soils are saturated could be
producing anoxic conditions, affecting normal root func-
tion, reducing growth, and causing formation of termi-
nal white bands. This is consistent with our SEASCORR
results, which suggest cold and wet conditions in mid- to
late-summer decreased growth. While this response appears
unusual for an obligate riparian species (e.g., Meko et al.
2015, 2020), it could be due to peak flows in June saturat-
ing the soil. Interestingly, the almost complete absence of
terminal white bands after the mid-1980s roughly coincides
with a complete lack of water levels of >7 m in July (Fig. 3).
In the Yenisei River Basin, reservoir operations began in
1981, reducing summer flows in the northern part of the
basin (Yang et al. 2004; Stuefer et al. 2011). Given that the
CWT chronology responds strongly to July water levels, it
seems possible that this hydrological shift is influencing tree
growth.

Although we cannot completely rule out Yanosky’s
(1984) suggestion that terminal white bands are related to
trees benefitting from excess moisture at the end of the grow-
ing season, this seems unlikely at this site. For one, cells
are optimized to function under normal conditions, so any
deviations from that design would imply a stress imposed
on the tree, not a benefit (De Micco et al. 2016a, b). Addi-
tionally, fiber cell size in terminal white bands is not signifi-
cantly different from cell size in the majority of the growth
ring. The increased fiber LA we see in terminal white bands
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is likely just a consequence of reduced fiber CWT and is not
related to an increase in fiber cell area that would support
Yanosky’s claim of increased growth rates. Still, fCS in the
last 70-80% of the ring is noticeably different than fCS in
the first and last 10% of rings with terminal white bands.
These bands of small fibers preceding terminal white bands
might be a record of the actual disturbance event, with the
tree’s recovery and growth post-disturbance manifesting as
terminal white bands.

In this way, terminal white bands in Salix alba could be
related to the physiological changes that occur following
annual June flooding. During flood events, the inability
of Salix roots to absorb nitrogen induces stomatal closure
and reduces carbon assimilation and growth (Li et al. 2004,
2005; Fan et al. 2018, 2020). Specific leaf area and nitrogen
content in leaves increases during floods, causing flooded
willows to grow faster than non-flooded willows post-flood
(Rodriguez et al. 2018; Mozo et al. 2021). How much growth
occurs depends on post-flood conditions, with droughts fol-
lowing floods most strongly limiting growth (Doffo et al.
2017). This could help explain why hydrological conditions
in July are related to terminal white bands in some trees.
White bands may not be a flooding response per se, but an
artifact of physiological changes caused by June peak flows.
It would be useful to compare fiber lumen area and cell wall
thickness pre-and post-flood in Salix flooded under experi-
mental conditions to better understand if the changes we see
here are a direct or indirect response to large flood events.
If this were true, it would have important implications for
studies examining flood response in tree rings, especially if
flooded and non-flooded trees achieve the same overall ring
width despite important differences in the timing of wood
formation.

There are various caveats to the relationship we identify
here, the first of which is the low agreement between trees.
CWT did not correlate strongly between trees, which reduces
the power of a mean chronology to detect relationships at
a site level. Correlations between cell chronologies were
mostly positive but extremely weak, and this variation may
add considerable noise to any site-level signal. Anatomical
features of individual trees may vary in response to differ-
ences in microclimate, microtopography, or individual tree
sensitivities to external factors but more research is needed
to understand how much variability there is. Cell wall thick-
ness of individual trees also responds differently to water
levels. While 2-3 trees did respond to increased duration
with significantly decreased CWT, other trees showed much
weaker correlations, or, in the case of BSHO1 and BSHO04,
positive correlations. Again, differences in rooting depth
may explain why not all trees showed a similar pattern.

Given that some trees (e.g., BSH04/BSHOS) display many
white bands yet show at-best weak correlations to water-
level duration, we cannot rule out other potential causes of

white bands. Although Yanosky’s work is the only we have
found dealing with terminal white bands, multiple studies
have identified white rings across genera (e.g., Hogg et al.
2002; Sutton and Tardif 2005; Pederson et al. 2014). In each
of these cases, researchers attribute white-ring formation
to defoliation caused by insects or a late frost event. The
white rings identified in these studies have characteristics
that distinguish them from terminal white bands in Salix. In
experimental defoliation experiments performed by Hogg
et al. (2002), white rings only formed when defoliation
occurred early in the growing season. Tree defoliation in
July and August reduced ring width but did not cause for-
mation of white bands in any part of the growth ring. Addi-
tionally, average fiber diameter was significantly smaller in
white rings (Jones et al. 2004; Sutton and Tardif 2005). We
found no difference in fiber area between terminal white
bands and the rest of the ring, indicating fiber size did not
significantly decrease in terminal white bands. Similarly, we
saw no decrease in ring width following years with white
bands that would indicate this was the result of defoliation as
described above. For these reasons, a late-summer defolia-
tion event seems an unlikely cause for these terminal white
bands.

We suggest terminal white bands in Salix are related to
hydrology but recognize the need for more research to fur-
ther substantiate this claim. Although the results suggest
CWT in Salix is related to duration of water levels > 6 m, our
sample size is limited to only 7 trees. Future research can
identify how much inter-tree variability plays a role in ter-
minal white-band formation in a given year by using a larger
sample size of trees. Although QWA is a time-consuming
process, it would also benefit to build longer chronologies of
CWT from both our 7 trees and additional samples. Finally,
identifying the topographical setting of each tree could shed
important light on the differences between trees we see here.
Although microsite topography can influence both the level
and length of time an individual tree is affected by higher
water levels, we expect topography to play only a limited
role at our site because we observed little elevational dif-
ference between trees (~ 1 m). Still, future work should take
care to measure elevations of each sampled tree to rule out
any influence of topography on the expression of terminal
white bands.

Conclusion

This exploratory analysis not only represents the first time
terminal white bands have been quantified using QWA, but
is one of only a handful of studies to build time series from
measurements of wood fibers in diffuse-porous species. We
find that fiber cell wall thickness (CWT) is largely responsi-
ble for the appearance of terminal white bands in Salix rings
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and is a useful parameter for measuring these IADFs. Termi-
nal white bands correlate most strongly with the number of
days water levels exceed 6 m at our site, suggesting higher
July water levels play a role in their formation. However, we
require more research to identify the importance of other
factors to terminal white band development. Since factors
that influence fiber cells may be tree specific, we recommend
future work measure the relative elevation of individual trees
above the river’s surface and any important microtopogra-
phy. It would also be informative to compare information
from wood fibers to that obtained from vessels, which were
not investigated in this study. These two sources could be
complimentary, allowing us to better understand what role
July flows play in ring-width formation, and providing a bet-
ter way to interpret how changes in seasonal flows during the
growing season affect willow growth.
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