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Treeline ecosystems are of great scientific interest to study the effects of limiting
environmental conditions on tree growth. However, tree growth is multidimensional,
with complex interactions between height and radial growth. In this study, we aimed
to disentangle effects of height and climate on xylem anatomy of white spruce [Picea
glauca (Moench) Voss] at three treeline sites in Alaska; i.e., one warm and drought-
limited, and two cold, temperature-limited. To analyze general growth differences
between trees from different sites, we used data on annual ring width, diameter at
breast height (DBH), and tree height. A representative subset of the samples was
used to investigate xylem anatomical traits. We then used linear mixed-effects models
to estimate the effects of height and climatic variables on our study traits. Our study
showed that xylem anatomical traits in white spruce can be directly and indirectly
controlled by environmental conditions: hydraulic-related traits seem to be mainly
influenced by tree height, especially in the earlywood. Thus, they are indirectly driven
by environmental conditions, through the environment’s effects on tree height. Traits
related to mechanical support show a direct response to environmental conditions,
mainly temperature, especially in the latewood. These results highlight the importance of
assessing tree growth in a multidimensional way by considering both direct and indirect
effects of environmental forcing to better understand the complexity of tree growth
responses to the environment.

Keywords: boreal forest, conduit reinforcement, drought limitation, hydraulic stability, Picea glauca, temperature
limitation, tree allometry, tree height

INTRODUCTION

Boreal forests play a crucial role for the global carbon cycle, are an important source for timber
and non-timber products and provide several ecosystem services (Arneth et al., 2010; Gauthier
et al., 2015; Tagesson et al., 2020). Yet they are particularly challenged by global warming. The
effects of global warming are assumed to be more severe in areas of high latitude (Soja et al.,
2007; Charney et al., 2016; IPCC, 2021), such as parts of Canada and Alaska, and will certainly
have a lasting impact on boreal forest ecosystems. Especially trees that are growing under marginal
conditions, i.e., at treelines, will be influenced by climate change. Treelines are characterized as the
edge of the habitat at which trees are able to grow. This edge is caused by environmental limitations
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like low temperatures or drought (Brockmann-Jerosch, 1919;
Däniker, 1932). With climate change, the conditions at treelines
are expected to shift, with drastic consequences for tree growth,
spatial distribution and dynamics of treeline populations (Grace
et al., 2002; Wieser, 2020). In order to evaluate how trees at
treelines respond to these rapid shifts, we need to understand the
impacts of changing environmental conditions on tree growth.

White spruce is one of the most important and widespread
tree species of the North American boreal forest (Little and
Viereck, 1971). It grows under a variety of environmental
conditions, making it a model organism for investigating
the influence of climate on tree growth (Lloyd and Fastie,
2002; Wilmking and Juday, 2005; Sherriff et al., 2017). Most
previous studies on white spruce have focused on the growth
performance and total annual growth using tree ring-based
analyses. However, to understand the complexity of growth and
how environmental conditions influence trees in multiple ways,
more holistic approaches at intra-annual resolution are needed,
e.g., by including investigations on phenology, xylogenesis
or xylem anatomy. While collecting data on phenology and
xylogenesis is labor intensive and requires regular monitoring,
xylem anatomical analyses can be performed retrospectively
using typical increment cores. Xylem is multifunctional as it is
responsible for conducting water from the roots, through the
stem to the leaves and to provide the structural support of a
tree (Domec and Gartner, 2002; Hacke et al., 2015). The benefit
of studying the structure of this multifunctional tissue is that it
can provide deeper insights into inter- and intra-annual variation
of growth and how different parts of a tree ring are influenced
by environmental conditions and by biotic factors at different
times (Fonti et al., 2010; von Arx et al., 2016). On the one
hand, it is well known that xylem anatomical traits that are
linked to water transport, like lumen area, are influenced by tree
height, especially in earlywood (Callaham, 1962; Anfodillo et al.,
2006; Carrer et al., 2015). With up to 90% of the total water
flow, water transport is mainly occurring through the earlywood
tracheids (Domec and Gartner, 2002), making the structure of
the earlywood tracheids potentially sensitive to changes in the
water availability. Tracheids with smaller lumen are known to
occur as an adjustment toward dry conditions to avoid drought
induced cavitation (Cochard, 2006; Eldhuset et al., 2013) and thus
drought-induced damage to the tree. Yet to secure a safe water
transport in the earlywood, also the so-called conduit widening
is an important driver that influences the tracheid structure.
Conduit widening means that with increasing vertical path length
(i.e., tree height) the lumen area widens from the apex to the base
to maintain a constant hydraulic resistance along the path (Sanio,
1872; Mencuccini et al., 2007; Anfodillo et al., 2013; Kašpar et al.,
2019). On the other hand, traits related to structural integrity (i.e.,
the ability of a structure to support a certain weight and/or force
without being damaged) like xylem cell wall thickness (CWT)
are largely driven by climatic conditions, especially in latewood
(Antonova and Stasova, 1993; Yasue et al., 2000; Fonti et al.,
2013; Cuny and Rathgeber, 2016). In the latewood structure of
conifers, water transport is less important and cell wall deposition
take place to a greater extent. Cell wall deposition and thus the
resulting thickness of the cell wall is a temperature sensitive

process. With higher temperatures, the processes can occur faster
and thicker cell walls might be build and vice versa, making
the latewood potentially more sensible toward climatic changes
(Yasue et al., 2000; Fonti et al., 2013; Björklund et al., 2020).
However, different xylem anatomical traits are also linked to
each other and function in multiple dimensions. For example,
although lumen area is mainly influenced by tree height and
CWT is mainly influenced by climatic conditions, CWT is also
linked to lumen area, due to physiological limitations. I.e., if a
certain amount of resources is available for cell wall deposition,
the maximum functional cell-size (i.e., functional in way that the
cell is capable to efficiently transport water and provide structural
support) is limited by this amount. Building smaller cells using
the exact same amount of resources would result in cells with
thicker walls, due to a surplus of available material (Cuny et al.,
2014). This relation inevitably influences traits that are derived
both from cell wall and lumen measurements, such as wood
density and the conduit reinforcement index (Hacke and Sperry,
2001; Hacke et al., 2001; Pittermann et al., 2006). This complexity
makes the analysis of these traits challenging and requires
careful interpretation. A comprehensive study approach that
combines xylem anatomical investigations with modeling helps
to disentangle and better understand the underlying patterns.

Here, we investigate the multifunctionality (i.e., water
transport and structural integrity) and multidimensionality
of xylem anatomy in white spruce by studying the effects
of tree height (i.e., vertical dimension), precipitation, and
temperature on four xylem anatomical traits (lumen area,
conduit reinforcement index, anatomical wood density, and
CWT) separated into earlywood and latewood (i.e., temporal
dimension) of 18 individuals from three treeline sites (two
temperature-limited and one drought-limited) in Alaska. We
expected to find that (1) earlywood traits related to water
transport would be strongly influenced by tree height due to the
importance of earlywood for water transport, while (2) latewood
traits related to structural integrity would be mainly influenced
by climatic conditions, since climate-sensitive processes like cell
wall deposition have a larger effect during latewood formation.
We additionally assumed that trees from the drought-limited
treeline would have (3) smaller lumen areas compared to trees
from the temperature-limited sites as a strategy to lower the risk
of cavitation (Cochard, 2006; Eldhuset et al., 2013) and (4) thicker
cell walls due to the higher temperatures during the vegetation
period, as well as longer vegetation periods at the drought-limited
treeline, which would lead to an increased level of cell wall
deposition (Fonti et al., 2013; Björklund et al., 2020).

MATERIALS AND METHODS

Study Species and Study Sites
White spruce [Picea glauca (Moench) Voss] is a widely
distributed tree species in the boreal forests of North America.
It is of large economic importance (Attree et al., 1991) and its
distributional range covers most of the boreal area in Canada
and Alaska, and parts of the northernmost US mainland (Little
and Viereck, 1971; Supplementary Figure 1). White spruce
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is the dominant tree species at the elevational and latitudinal
treeline in the north-western parts of its distributional range
(Nienstaedt and Zasada, 1990; Abrahamson, 2015). We sampled
white spruce trees at three study sites (Supplementary Figure 1),
one treeline site where tree growth is mainly limited by drought
and two treeline sites where tree growth is mainly limited by
low temperatures. The presumably drought-limited treeline is
located in Interior Alaska at a steep (12–34◦) bluff of the Tanana
River near Fairbanks—Warm—Dry Treeline (W-D; 64◦42′ N,
148◦18′ W). W-D is characterized by a very low precipitation
but relatively high temperatures during the vegetation period
(Figure 1), causing a potential water limitation (Barber et al.,
2000; Juday et al., 2003; Lloyd et al., 2013). The first temperature-
limited study site is a latitudinal treeline located on a slope
of Nutirwik Creek valley in the central Brooks Range—Cold—
Dry Treeline (C-D; 67◦56′N, 149◦44′W). At C-D, tree growth is
mainly limited by low temperatures (Wilmking et al., 2017), yet
the mean annual precipitation is comparably low as well, which
could lead to occasional drought stress (Figure 1; Trouillier et al.,
2019). The second temperature-limited site is in Denali National
Park—Cold—Moist Treeline (C-M, 63◦43′N, 149◦00′W). At
C-M, growth is mainly limited by low temperatures as it is a
typical elevational treeline (Körner, 2007), while the precipitation
is relatively high in comparison to the other study sites (Figure 1).
All three study sites are located on south-facing slopes. For more
details on the characteristics of the study sites see also Trouillier
et al. (2018) and Zacharias et al. (2021).

Climate Data
Modeled historical monthly climate data (i.e., mean temperature
and total precipitation sums) for the period of 1901–2015 were
obtained from the Scenarios Network for Alaska and Arctic
Planning at 1 × 1 km spatial resolution (SNAP, 2019; Figure 1).
The climate data is based on a General Circulation Model (GCM)
data set that was downscaled to 2 × 2 km gridded climate data
using a Weather Research and Forecasting Model (WRF; Bieniek
et al., 2016). The downscaled 2× 2 km data was then resampled to
a 1× 1 km spatial resolution using bilinear interpolation (SNAP,
2019). To reduce the number of parameters in the models we
averaged the mean temperature and total precipitation for each
of the four seasons of the year. Tree growth at our study sites
typically starts in May/June and presumably ceases toward the
end of August (Ueyama et al., 2013), thus the seasons used in
the analysis were defined as follows: previous fall (i.e., previous
year September to previous year November), previous winter (i.e.,
previous year December to current year February), spring (March
to May) and summer (June to August).

Sampling and Data Acquisition
Increment cores were originally collected in 2012 (Eusemann
et al., 2016), 2015 and 2016 (Wilmking et al., 2017) from
1254 trees (W-D: 309 trees, C-D: 474 trees, C-M: 471 trees).
We documented the diameter at breast height (DBH) and the
total height of each individual once at the moment it was
sampled. These samples were used for the general diameter-
height analysis. All cores were taken with a 4.3 mm Haglöf
increment borer (Haglöf, Sweden). Cores were air dried and glued

onto wooden sample holders. The surfaces were either polished
with progressively finer sandpaper (up to 800 grit) or cut with a
core-microtome (Gärtner and Nievergelt, 2010), before they were
digitized with a flatbed scanner (Epson Perfection V700 Photo;
Seiko Epson Corporation, Japan) with 3,200 dpi. Tree-ring widths
(TRW) were subsequently measured using CooRecorder (version
9.3.1; Cybis Elektronik and Data AB, Sweden) and all radii were
cross-dated using CDendro (version 9.3.1; Cybis Elektronik and
Data AB, Sweden).

To explore how tree growth differs between sites, we explored
the relationship between tree’s age, DBH and height: First, we
fitted a modified Weibull function for each site to describe the
relationship between DBH and tree height (Huang et al., 1992):

Equation1 ht = hmax ∗ e(a ∗ DBHt
b),

where ht is the current tree height, hmax is the maximum height
(asymptote) that a tree approaches, while the parameters a and
b modulate how this asymptote is approached. The parameters
were estimated in R v4.0.2 (R Core Team, 2020) with the nls2
R-package (Grothendieck, 2013). Next, we used the rcs function
from the dplR package (Bunn, 2008) to estimate the relationship
between ring width and tree age. Because the cumulative ring
width is (half) the stem diameter, this function can also describe
the stem diameter-age relationship. Thus, combined these
functions describe the relationship between age, diameter and
height for each site, which is the tree’s ontological development
over time. We used this relationship for the visualization of site
differences and to guide the interpretation of the results.

For xylem anatomical analysis, six samples were selected each
from the samples collected in 2012 at W-D and in 2015 at
C-D. Six additional samples were collected in 2018 at C-M. All
trees used for xylem anatomical analysis were selected from the
available samples based on their height, being approximately
similar (Supplementary Table 1). The samples were handled
the same as the aforementioned samples of the entire set.
Afterward we cut 12 µm-thin cross-sections from one radius
of each tree using a rotary microtome (Leica RM 2245; Leica
Camera AG, Germany). The cross-sections were stained with 1:1
safranin and astrablue solution, rinsed with ethanol solutions of
increasing concentration (50, 70, 96%), mounted on microscope
slides with Euparal and dried at 60◦C for 48 h (Gärtner and
Schweingruber, 2013). The slides were digitized with a Leica
DFC450C camera installed on a Leica DM2500 microscope with
a 10 × magnification objective (Leica 506505). We used the
digitized images to quantify TRW and the xylem anatomical traits
lumen area (LA), lumen diameter (LD), cell wall area (CWA),
radial, tangential, mean CWT and conduit reinforcement index
(TB2) with the image analysis tool ROXAS v3.0.326 (von Arx and
Carrer, 2014; Prendin et al., 2017).

TB2 was calculated in ROXAS based on Hacke et al. (2001):

Equation2 TB2
=

(
T
B

)2
,

where T is double CWT and B the length of the same cell wall. For
each cell, the smaller of radial and tangential CWT measurements
was selected (Hacke et al., 2001; von Arx and Carrer, 2014;
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FIGURE 1 | Site-specific climatic conditions (SNAP, 2019). Bars showing precipitation sum per month, curve showing average temperature per month for the period
1970–2016. Purple = Brooks Range (C-D), Green = Denali National Park (C-M), Orange = Bluff (W-D).

Prendin et al., 2017). We approximated wood density (DEN) as
the proportion of the estimated CWA to the total cell area (only
including tracheid cells; i.e., the sum of CWA and LA; Eq. 3)
according to Björklund et al. (2017):

Equation3 DEN =
CWA

CWA+ LA

From all xylem anatomical traits, we selected two traits related
to water transport (LA and TB2) and two traits related to
structural integrity (DEN and CWT) for further analysis. LA
and CWT represent the two main functions of xylem tissue in
conifers and their use has been reported in several previous
studies (Prendin et al., 2017; Cuny et al., 2019; Puchi et al.,
2020). TB2 and DEN were chosen to represent those functions
as well, while also including the link between LA and CWT to
incorporate the multifunctionality of xylem tissue (Hacke et al.,
2001; Myburg et al., 2013; von Arx and Carrer, 2014; Björklund
et al., 2017). We used the measurements of lumen diameter and
CWT to distinguish between early and latewood using Mork’s

index (Denne, 1989) and calculated annual means separately for
earlywood and latewood for LA, TB2, DEN and CWT using R
v4.0.2 (R Core Team, 2020).

For the analysis on the selected xylem anatomical traits, we
calculated individual tree height for each year (hi) for each of
the 18 trees that were used for anatomical investigations. In
contrast to the calculations for the entire dataset, hi for the
xylem anatomy analysis was estimated based on a linear function
of DBH. We used this linear approach to achieve a potentially
more precise calculation of the approximate height for each tree
and each year (and thus potentially more precise models), as we
accounted for missing rings and the distance to pith from the first
measured ring. The method was only valid because tree height
of the trees sampled for xylem anatomical analysis was relatively
low at the time of sampling and still in the rising leg of the
asymptote characteristic for each stand (Supplementary Table 1
and Figure 2). Annual DBH was calculated by subtracting double
ring width cumulatively for each year until the first measured
year. Missing rings were estimated by averaging the ring width
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FIGURE 2 | Relationship of site-specific diameter at breast height (DBH) and tree height. Dots represent individual trees. Lines represent the site-specific means as
described by the functions in the methods (Eqs. 1 and 2). Numbers in the circles indicate tree age. Purple = Brooks Range (C-D), Green = Denali National Park
(C-M), Orange = Bluff (W-D).

FIGURE 3 | Conceptual design of the linear mixed-effects model. Red arrows indicate fixed effects, the black arrow indicates random effects and black dashed
arrows show interactions and effects that are not quantified in the models.
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FIGURE 4 | Upper row (A,B): predicted relative earlywood lumen area. Lower row (C,D): predicted relative latewood cell wall thickness. Left column (A,C): values
predicted on a dataset where height was set to the mean (i.e., 0). The figures show the effect of summer temperature without the effect of height. Right column
(B,D): values predicted on a dataset where summer temperature was set to the mean (i.e., 0). The figures show the effect of height without the effect of summer
temperature.

10 years before and 10 years after the missing ring. For height
estimations we then used the coring height as the initial height
of the tree with a hypothetical DBH of zero (i.e., the intercept)
and tree height measured in the year of sampling as height of the
youngest measured ring. We then interpolated hi for each year
based on a linear function of DBH (Eq. 4).

Equation4 hit = hi0 + ai∗DBHit,

where hit is the height of tree i at time t, hi0 is the interecept
(i.e., the initial height = coring height), ai the slope for tree
i and DBHit the previously estimated DBH of tree i at time t
(Supplementary Figure 2).

Statistics
For all statistical analyses we used R v4.0.2 (R Core Team, 2020).
We calculated linear mixed-effects models to estimate the effects
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of tree height and site-specific climatic conditions on the four
selected xylem anatomical traits, separated into earlywood and
latewood. Xylem anatomical traits were used as response variable
(i.e., LA, TB2, CWT, DEN). hi, squared hi (hi

2), site and the
climate variables mean temperature and total precipitation of
previous fall, previous winter, spring, and summer were set as
fixed effects including interactions between site and each climate
variable to account for potential differences in site-specific
responses to climatic conditions (Figure 3). hi

2 was included in
the fixed effects to allow for potential non-linear effects of hi on
xylem anatomical traits (e.g., LA; Anfodillo et al., 2006). TB2 and
CWT were log-transformed before the analysis to better meet
the assumptions of normality and homoscedasticity of residuals.
All investigated numeric response and explanatory variables were
standardized to a mean of 0 with a standard deviation of 1 to keep
effects comparable across traits. All linear mixed-effects models
were fitted using the lme function of the nlme package (Pinheiro
et al., 2020) with the restricted maximum likelihood (REML)
approach. Random effects were defined for each tree ID with
random intercepts and random slopes for hi and hi

2 to account
for individual growth patterns. The random effects structure was
constructed with the pdDiag function from the nlme R-package.
We accounted for first order autocorrelation in each tree using
the corAR1 constructor from the nlme package. Weightings to
correct for non-homogeneous variance between individuals were
included with the varIdent function from the nlme package.

For pairwise comparison of site effects we used the lsmeans
function of the lsmeans package with a Tukey-adjustment to
account for non-homogeneous variances among the groups
(Lenth, 2016).

To further visualize the effects of summer temperature and
cumulative tree height increment, we used the linear mixed-
effects model to predict trait values under two hypothetical
conditions, i.e., (1) no change in tree height and (2) no change in
summer temperature. First, we predicted trait values on a dataset,
where tree height was set to the mean value (i.e., 0), while all other
traits remained the same as in our original dataset to explore the
effects of summer temperature (Figures 4A,C). Then we did the
same on a second dataset, but instead of tree height, summer
temperature was set to the mean value (i.e., 0) to explore the
effects of tree height (Figures 4B,D).

RESULTS

Tree height reconstructions showed that trees from W-D on
average grew faster in height and had a different allometry: they
tended to grow taller when compared to trees from C-D or
C-M of the same diameter (Figure 2). Trees from C-M grew
faster than trees from C-D but they were similar in terms of
allometry (Figure 2).

The linear mixed-effects models showed that the water
transport-related traits LA and TB2 were mostly driven by
tree height (Table 1 and Supplementary Table 2), especially
in the earlywood. Specifically, LA was positively influenced by
tree height in both earlywood and latewood with a particularly
strong effect in earlywood (Table 1 and Figure 4B). Estimated

climate effects on LA were only found for the reference site
W-D (Table 1 and Figure 4A). Summer temperature showed a
notable significant effect on earlywood lumen area at the W-D
site (Table 1). Previous winter and spring precipitation had a
positive effect on latewood LA at the W-D site (Table 1). TB2

was negatively influenced by tree height, both in earlywood and
latewood, with stronger effects in the earlywood as well (Table 1).
The most notable estimated climatic effects on TB2 were the
negative effect of summer precipitation at the W-D site as well
as the positive effect of summer temperature at the C-D and C-M
sites (Table 1).

In contrast, DEN and CWT, which are related to structural
integrity, were mainly influenced by climatic conditions,
especially in the latewood. Summer temperature had a positive
influence on DEN at the sites C-D and C-M, which was especially
strong in the latewood. At W-D, latewood DEN was positively
influenced by spring temperature (Table 1) and earlywood DEN
was negatively influenced by summer temperature. Precipitation
had only a weak influence on this trait (Table 1). DEN was
only slightly negatively influenced by tree height in the latewood.
CWT was most strongly impacted by summer temperature in the
latewood at the sites C-D and C-M (Table 1 and Figure 4C).
At W-D, latewood CWT was positively influenced by spring
temperature and latewood CWT was negatively influenced by
summer precipitation (Table 1). CWT was positively influenced
by tree height in the earlywood.

The trait-values predicted by the linear mixed-effects models
showed significant pairwise differences between C-M and W-D
in predicted earlywood LA with W-D showing lower values, and
between C-D and W-D in predicted earlywood density with W-D
showing higher values (Figure 5 and Supplementary Table 3).

DISCUSSION

We used linear mixed-effects models to disentangle the effects of
climatic conditions and tree height on four characteristic xylem
anatomical traits. Our results can help to understand complex
direct and indirect relationships between the investigated
multifunctional xylem anatomical traits on the one hand and
climatic conditions and physiological limitations on the other
hand. We found that in earlywood, traits related to water
transport (LA and TB2) were mainly driven by height at all
sites, seemingly independent of the different climatic growth
limitations (Figure 4). In the latewood, traits related to structural
integrity (CWT and DEN) were mainly affected by climatic
variables. We found a strong impact of summer temperature on
latewood CWT (Table 1 and Figure 4C) especially in trees from
the temperature-limited treeline sites C-D and C-M.

As expected, hi had a strong effect, especially on traits related
to water transport (LA and TB2), supporting our first hypothesis
that earlywood traits related to water transport would be under
a strong influence of tree height due to the importance of
earlywood for water transport. Height influenced LA positively
(i.e., larger lumen in taller trees) and TB2 negatively [i.e., taller
trees have thinner cell walls relative to the cell wall length due to
enlarged lumen with equal amounts of cell-wall material (Eq. 3)].
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TABLE 1 | Results of trait specific linear mixed-effects models for the investigated traits (LA, lumen area; TB2, conduit reinforcement index; DEN, density; CWT, cell wall thickness) divided into earlywood (ew) and
latewood (lw).

Intercept Site C-D Site C-M Height (hi ) Height (hi
2)

Value Std.error Value Std.error Value Std.error Value Std.error Value Std.error

LA ew –0.714 0.371 0.875 0.529 1.346* 0.511 0.688*** 0.1510 –0.244** 0.085

lw 0.233 0.386 –0.294 0.500 0.773 0.481 0.401** 0.134 –0.342** 0.103

TB2 ew 0.452 0.396 –0.765 0.530 –0.491 0.498 –0.339* 0.142 0.212 0.112

lw 0.230 0.388 –0.302 0.520 0.167 0.478 –0.247* 0.113 0.084 0.083

DEN ew 0.846 0.355 –1.363* 0.475 –0.838 0.445 –0.253 0.158 0.169 0.116

lw –0.003 0.417 0.107 0.514 0.072 0.476 –0.201* 0.100 0.1489* 0.075

CWT ew 0.196 0.447 –0.533 0.598 0.323 0.576 0.435*** 0.103 –0.052 0.077

lw 0.452 0.435 –0.300 0.549 0.257 0.515 0.108 0.107 –0.086 0.079

Precipitation previous fall precipitation previous winter precipitation spring precipitation summer precipitation

Reference site W-D Value Std.error Value Std.error Value Std.error Value Std.error

LA ew 0.002 0.028 0.034 0.028 0.041 0.028 0.028 0.041

lw –0.017 0.064 0.180** 0.058 0.179** 0.061 0.004 0.089

TB2 ew 0.073 0.052 –0.003 0.052 –0.058 0.051 –0.170* 0.078

lw 0.073 0.061 0.023 0.051 –0.108 0.056 –0.202* 0.082

DEN ew 0.035 0.046 –0.027 0.046 –0.069 0.045 –0.111 0.068

lw 0.128 0.081 –0.102 0.072 –0.083 0.075 –0.127 0.111

CWT ew 0.037 0.050 –0.011 0.050 –0.048 0.048 –0.081 0.072

lw 0.122 0.075 0.059 0.069 0.032 0.071 –0.221* 0.105

Interaction C-D:fall.prec. C-D:winter.prec. C-D:spring.prec. C-D:summer.prec.

C-D * precipitation Value Std.error Value Std.error Value Std.error Value Std.error

LA ew –0.016 0.040 –0.009 0.040 –0.028 0.035 –0.081 0.059

lw –0.007 0.082 –0.091 0.077 –0.104 0.070 –0.045 0.116

TB2 ew –0.166* 0.068 0.067 0.069 0.150* 0.060 0.129 0.102

lw –0.199* 0.082 –0.162* 0.075 0.165* 0.069 0.058 0.116

DEN ew –0.101 0.059 0.079 0.060 0.134* 0.052 0.113 0.088

lw –0.209* 0.099 –0.025 0.091 0.139 0.085 0.026 0.140

CWT ew –0.182** 0.063 0.131* 0.064 0.168** 0.055 –0.007 0.093

lw –0.259* 0.092 –0.171* 0.087 0.080 0.080 0.052 0.132
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TABLE 1 | (Continued)

Interaction C-M:fall.prec. C-M:winter.prec. C-M:spring.prec. C-M:summer.prec.

C-M * precipitation Value Std.error Value Std.error Value Std.error Value Std.error

LA ew –0.024 0.031 –0.021 0.032 –0.024 0.032 –0.043 0.047

lw –0.027 0.077 –0.126 0.073 –0.172* 0.077 0.034 0.113

TB2 ew –0.126* 0.056 0.015 0.057 0.053 0.057 0.163 0.086

lw –0.097 0.065 –0.049 0.057 0.116 0.062 0.158 0.091

DEN ew –0.085 0.050 0.026 0.052 0.049 0.051 0.088 0.076

lw –0.147 0.087 0.049 0.079 0.067 0.083 0.028 0.122

CWT ew –0.133* 0.054 0.043 0.056 0.027 0.054 0.027 0.081

lw –0.193* 0.082 –0.103 0.077 –0.060 0.080 0.164 0.118

Temperature previous fall temp. previous winter temp. spring temperature summer temperature

Reference site W-D Value Std.error Value Std.error Value Std.error Value Std.error

LA ew 0.040 0.040 0.030 0.038 0.021 0.050 0.291*** 0.075

lw 0.047 0.088 0.090 0.078 –0.147 0.108 –0.063 0.160

TB2 ew –0.054 0.076 0.060 0.067 0.134 0.091 –0.329* 0.139

lw –0.139 0.077 0.005 0.067 0.141 0.096 0.226 0.149

DEN ew –0.080 0.067 –0.001 0.059 0.106 0.080 –0.444*** 0.123

lw –0.182 0.107 0.037 0.093 0.330* 0.133 0.205 0.195

CWT ew –0.151 0.072 0.043 0.064 0.263** 0.087 –0.212 0.131

lw –0.155 0.101 0.039 0.089 0.196 0.124 0.096 0.186

Interaction C-D:fall.temp C-D:winter.temp C-D:spring.temp C-D:summer.temp

C-D * temperature Value Std.error Value Std.error Value Std.error Value Std.error

LA ew 0.031 0.057 0.030 0.058 –0.040 0.073 –0.311** 0.110

lw 0.032 0.112 –0.012 0.109 0.084 0.142 –0.021 0.210

TB2 ew 0.008 0.099 –0.040 0.096 –0.093 0.123 0.499** 0.186

lw 0.104 0.108 –0.040 0.107 –0.093 0.139 0.746*** 0.209

DEN ew 0.061 0.086 –0.025 0.083 –0.087 0.106 0.504** 0.162

lw 0.057 0.133 –0.043 0.126 –0.209 0.169 0.736** 0.246

CWT ew 0.222* 0.090 –0.039 0.088 –0.290* 0.113 0.302 0.170

lw 0.113 0.125 –0.059 0.120 –0.131 0.158 0.934*** 0.234
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Similar results were found by Kašpar et al. (2019) for different
conifer species at various elevational treelines. The strong positive
effect of tree height on earlywood LA highlights the importance
of “conduit widening” in conifers. Conduit widening describes
the increase of LA from the apex toward the base of a tree.
It is argued to occur due to the effects defined by the Hagen-
Poiseuille law, which predicts a linearly increasing resistance
with increasing conduit length for Newtonian fluids flowing in
cylindrical conduits (Pfitzner, 1976; Gooch, 2011). This hydraulic
resistance is maintained constant throughout the tree by conduit
widening to ensure a cost-effective water transport (West et al.,
1999; Becker et al., 2000; Enquist, 2002; Anfodillo et al., 2006).
Consequently, when measuring LA from pith to bark at a
particular height of the tree, it increases from year to year due
to an increase of absolute tree height (Carrer et al., 2015). This
effect also explains the influence of tree height on TB2. TB2 is
the relation between CWT and cell wall length, and it increases
with tree height because of the enlargement of cells while cell
wall deposition stays similar. The usage of a constant amount of
resources as mentioned in Cuny et al. (2014) leads to relatively
thinner cell walls on bigger cells and thus a negative effect of
tree height on TB2 (Hacke et al., 2001). As tree height itself
is influenced by various environmental conditions, especially
competition, temperature, and water availability (Lines et al.,
2012; Fransson et al., 2021), it can be assumed that a large part
of the height effects that we found correspond to indirect effects
of environmental conditions on xylem anatomical traits related
to water transport.

Regarding direct environmental effects, more complex
patterns were found. LA did not seem to be strongly influenced
by climatic conditions. Considering the rather weak effects of
precipitation, that were only found in the latewood, the strong
effects of tree height in earlywood and latewood (Table 1 and
Figure 4) and the modest evidence for differences between sites
in the earlywood lumen area (Figure 5), we can only assume
that the potential impact of drought on LA was overruled by
the height effect. Our third hypothesis, assuming smaller lumen
area at the drought-limited W-D site as an adjustment for
lowering the risk of cavitation, cannot be resolved, as evidence
is deficient. The most noticeable climatic effect on LA was the
positive effect of summer temperature on earlywood LA at W-D.
Growth in general is positively correlated with temperature, thus
warmer conditions could mean a greater increment in height
and therefore bigger increase in lumen (Gillooly et al., 2001; Petit
et al., 2011; Anfodillo et al., 2016). The height parameter used in
the models is cumulative and might not fully reflect the effect
of increased growth rates in warm years. Yet, the effect only
occurred at W-D and cannot be explained with certainty.

Considering all sites together, the largest direct environmental
effects on xylem anatomy were found in traits that are related to
the structural integrity of the tree—DEN and CWT. With both
latewood DEN and CWT being largely driven by temperature,
our results support our second hypothesis stating that latewood
traits related to structural integrity would be mainly influenced by
climatic conditions. CWT was positively influenced by spring and
summer temperature, yet this influence differed between sites. At
the drought-limited site W-D only spring temperature showed a
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FIGURE 5 | Violin plots combined with boxplots of predicted relative trait values (y-axis), based on linear mixed-effects models as described in the methods. Small
letters indicate significance groups based on pairwise comparison with a significance threshold of p = 0.05. Purple = Brooks Range (C-D), Green = Denali National
Park (C-M), Orange = Bluff (W-D).

significantly positive but rather weak effect on earlywood CWT.
However, as expected, we found a strong effect of summer
temperature on latewood CWT for the sites C-D and C-M

(Table 1 and Figure 4C). The increase of latewood CWT
with increasing summer supports our fourth hypothesis stating
that due to longer vegetation periods and higher temperatures

Frontiers in Plant Science | www.frontiersin.org 11 October 2021 | Volume 12 | Article 748055

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-748055 October 21, 2021 Time: 14:13 # 12

Pampuch et al. Environmental Limitations on Xylem Anatomy

CWT would be higher at W-D. Higher temperatures generally
lead to faster biochemical processes and therefore a potentially
faster cell wall deposition in trees, causing thicker cell walls
(Yasue et al., 2000; Gillooly et al., 2001; Fonti et al., 2013;
Rossi et al., 2014; Castagneri et al., 2017). Tree growth at the
sites C-D and C-M is limited mainly by low temperatures,
consequently leading to a high sensitivity to temperature. This
effect is particularly apparent in latewood, toward the end of the
vegetation period, since at the time of latewood formation it is
more important for the tree to grow a stable wood structure
with thick cell walls than to produce larger or more tracheids
(Zobel and van Buijtenen, 1989; Fonti et al., 2013; Cuny and
Rathgeber, 2016; Björklund et al., 2017). Additionally, we found
a negative effect of summer precipitation on latewood CWT
at the W-D and C-D sites. The increase in water availability
could have induced an increase in the total lumen area while
not influencing the total amount of cell wall material, leading
to relatively thinner cell walls on larger or more tracheids
(Cuny et al., 2014; Lange et al., 2020). Since in our study
we did not find any noticeable effect of summer precipitation
on LA, it is possible that higher water availability decreased
CWT by increasing the number of cells instead of increasing
their lumen area (Fonti et al., 2010; Jyske et al., 2010; Cuny
and Rathgeber, 2016). We were not able to estimate the total
number of cells per year, because it would have required a
disproportionate amount of work to improve the sample quality
further to a point where we would have been able to estimate a
reliable result.

The effects found in DEN are in line with the effects found in
CWT and LA. DEN is correlating with both CWT and LA due to
the way it is calculated (Eq. 4). It must also be mentioned that
according to the methodology of estimating density separately
for earlywood and latewood it did not reflect the typical negative
correlation to increased secondary growth induced by higher
temperatures as found in other studies (Cortini et al., 2016;
Hassegawa et al., 2019). DEN showed similar but overall relatively
weaker reactions to climate conditions than CWT. This pattern
might be explained by a stronger genetic control on DEN than on
CWT, as found in previous studies (Lenz et al., 2011; Hassegawa
et al., 2019; Pampuch et al., 2020). Therefore, it seems possible
that especially the relation between total cell area and CWA (i.e.,
the anatomical allometry) is under a strong genetic control. Since
TB2 is also derived from LA and CWT, climatic effects were found
in TB2 as well. Again, these effects are in line with the effects we
found in CWT. In contrast to DEN, earlywood TB2 expressed a
slightly stronger response to summer precipitation and summer
temperature than CWT. TB2 reflects the hydraulic safety, which is
increased by building relatively thicker cell walls in relation to cell
wall length (Hacke et al., 2001). This explains why latewood TB2

was negatively related to precipitation at the drought-limited site
W-D (i.e., high precipitation leads to relatively bigger cell lumen).

Model predictions showed significant differences between the
sites for earlywood LA and earlywood DEN (Figure 5). These
differences must be interpreted carefully, as in both cases we
had a high standard error and high p-values, indicating a weak
confidence (Supplementary Table 2). Still, they showed that
differences might also occur on yet another aspect that was not

investigated in this study (e.g., adaptation; Lenz et al., 2011;
Pampuch et al., 2020). Stronger differences between the sites
regarding LA might have been mitigated by the beneficial effect
of smaller lumen, which can also potentially reduce the risk of
freeze-thaw embolisms (Pittermann and Sperry, 2006). However,
a more reliable evidence for differences between the sites was
expressed by the differences in allometry and growth speed
(Figure 2), as well as by the significance and strength at which
climatic drivers influenced the anatomy of trees (Table 1 and
Figure 4). The differences in growth speed between the cold- and
drought-limited sites were potentially caused by the differences
in average temperatures and the length of the vegetation period
(Figure 1). The higher temperatures and presumably longer
vegetation period at W-D potentially led to longer and faster
growth (Nienstaedt and Zasada, 1990; Gillooly et al., 2001) than
at the other sites. The differences between the sites regarding
the ratio between DBH and height, with relatively taller trees
growing at W-D, was somewhat unexpected. Considering that
W-D was classified as a drought-limited treeline and tree height
influences the traits related to water transport, we expected
trees to be rather short at W-D as a result of local phenotypic
adjustment (Lines et al., 2012; Hacke et al., 2015; Stovall et al.,
2019). It’s possible that in the sampled trees drought effects are
not very pronounced due to their relatively short height, i.e., the
trees might have not reached a critical size at which they would
suffer severely from the dry conditions (Bennett et al., 2015).
This could also explain why precipitation is not influencing LA.
Yet, various other potential factors like competition for light
(Grams and Andersen, 2007), differences in microsite-conditions
(Li and Yang, 2004; Marquis et al., 2021; Zacharias et al., 2021),
soil conditions (Urban et al., 2013) but also fire events (Johnstone
et al., 2016; Whitman et al., 2019), or a combination of these
factors could have had consequences for the forest dynamics and
thus altered height growth and the allometry of white spruce at
the W-D site. However, no detailed information on competition
in the past, microsite or soil conditions was available to us to
explain the found patterns with certainty.

CONCLUSION

We found that, due to the multifunctionality of xylem tissue,
anatomical traits are tied into complex multidimensional
interactions between each other, direct and indirect climatic
effects, and tree height.

Traits related to water transport, particularly earlywood lumen
area, are indirectly influenced by the environmental conditions
that affected tree height. Future studies aiming at examining
xylem anatomical features of trees should be well aware of these
effects, as they can heavily affect traits like LA when measured
across an increment core. It is especially important to observe
the correlation of tracheid dimensions with tree height when
working on natural populations and on trees growing under
varying environmental conditions.

Traits related to the structural integrity, particularly latewood
CWT are under a strong direct influence of temperature. While
not entirely new, this influence highlights the trait potential
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for dendroclimatological studies. With advancing technology,
measuring xylem anatomical traits becomes less and less labor
intensive. Latewood CWT could thus be used more widely for
conducting studies on climate-growth correlations or to create
climate reconstructions.

In general an increasing number of studies are taking
advantage of investigating xylem anatomical traits. Yet, a proper
interpretation of results requires a good level of understanding
the function of xylem anatomical traits, how they are linked
with each other, and to what extent they are influenced by
environmental conditions. The complexity of xylem anatomy
must be carefully considered, especially in studies that are
conducted under natural conditions, and along gradients
or in contrasting environments. Our study helps to better
understand this complexity, and could be a useful inspiration
for future studies to work on a more holistic approach to
study xylem anatomy.
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