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Abstract: Research Highlights: Our results provide novel perspectives on the effectiveness and collapse
of compensatory mechanisms of tracheid development of Norway spruce during intra-seasonal
drought and the environmental control of intra-annual density fluctuations. Background and Objectives:
This study aimed to compare and integrate complementary methods for investigating intra-annual
wood formation dynamics to gain a better understanding of the endogenous and environmental
control of tree-ring development and the impact of anticipated climatic changes on forest growth and
productivity. Materials and Methods: We performed an integrated analysis of xylogenesis observations,
quantitative wood anatomy, and point-dendrometer measurements of Norway spruce (Picea abies (L.)
Karst.) trees growing along an elevational gradient in South-western Germany during a growing
season with an anomalous dry June followed by an extraordinary humid July. Results: Strong en-
dogenous control of tree-ring formation was suggested at the highest elevation where the decreasing
rates of tracheid enlargement and wall thickening during drought were effectively compensated
by increased cell differentiation duration. A shift to environmental control of tree-ring formation
during drought was indicated at the lowest elevation, where we detected absence of compensatory
mechanisms, eventually stimulating the formation of an intra-annual density fluctuation. Transient
drought stress in June also led to bimodal patterns and decreasing daily rates of stem radial dis-
placement, radial xylem growth, and woody biomass production. Comparing xylogenesis data with
dendrometer measurements showed ambivalent results and it appears that, with decreasing daily
rates of radial xylem growth, the signal-to-noise ratio in dendrometer time series between growth and
fluctuations of tree water status becomes increasingly detrimental. Conclusions: Our study provides
new perspectives into the complex interplay between rates and durations of tracheid development
during dry-wet cycles, and, thereby, contributes to an improved and mechanistic understanding of
the environmental control of wood formation processes, leading to the formation of intra-annual
density fluctuations in tree-rings of Norway spruce.

Keywords: xylogenesis wood formation; carbon sequestration; lignin; cellulose; cambial activity;
xylem phenology; IADF; ecophysiology; turgor

1. Introduction

Research efforts to investigate the seasonal dynamics of tree-ring development based
on the repeated sampling of microcores have gained considerable momentum during the
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last two decades [1–4]. In contrast to dendrometer measurements that detect changes in
radial or circumferential stem dimension in high spatial and temporal resolution, micro-
coring allows us to glance behind the stem surface and observe and model xylem and
phloem phenology and cell differentiation processes during the growing season [5–8]. The
acquired data increases our understanding of the endogenous and environmental control
of tree-ring formation and the impact of anticipated climatic changes on forest growth
and productivity [9,10]. In particular, the cell differentiation process of secondary wall
thickening and lignification of cell walls is of eminent importance in forest carbon cycling,
as the synthesis of non-structural carbohydrates (NSC) to components of cellulose and
lignin is known to be the key process of biomass production and carbon sequestration in
forest ecosystems [11,12].

The typical tree-ring structure of conifers growing in temperate climates is character-
ized by gradually decreasing cell radial diameters and cell lumen diameters and increasing
wall thickness from earlywood to latewood cells and is assumed to be largely under
endogenous control [13,14]. According to the morphogenetic-gradient hypothesis, endoge-
nous control is executed by an auxin concentration profile, peaking at the cambial zone
and decreasing in a centripetal stem direction while signaling positional information to
the individual tracheids and, thereby, controlling their transition through the subsequent
stages of cell differentiation as well as their final geometry and relative position within
the developed tree-ring [13,15]. However, recent studies demonstrated that model-based
simulations need to implement the interaction of auxin with a second biochemical signal,
such as cytokinin or a TDIF peptide to realistically predict radial growth rates and zonation
of cell differentiation [10,16].

Several xylogenesis studies identified compensatory mechanisms between the rate and
duration of cell differentiation processes to mitigate environmental control of variations
in a tree-ring structure and to maintain the structural and functional trade-offs of water
transport and mechanical stability between earlywood and latewood tracheids [9,14,17,18].
Cuny and Rathgeber identified compensatory mechanisms for conifers in the Vosges moun-
tains during earlywood and transition wood formation to modulate the effects of exogenous
factors on conifer tree-ring structure, indicating that, during normal climatic conditions,
wood anatomical variability is mainly under endogenous control [14]. However, during
latewood formation, the same study identified temperature to positively stimulate the
rate of secondary wall thickening, which provided a possible explanation for maximum
latewood density to record high summer temperature conditions. Comparable compen-
satory mechanisms were identified for Norway spruce and European larch (Larix decidua
Mill.) in the Vosges mountain and Swiss Alps, where, due to decreasing temperatures with
increasing elevation, trees compensated reduced rates of most cell differentiation processes
by prolonging their duration [9]. Different types of compensatory mechanisms were found
for black spruce (Picea mariana (Mill.) B.S.P.) in Canada or maritime pine (Pinus pinaster
Aiton) in Portugal, which responded to drought conditions by reducing the rate of cambial
xylem cell production but maintain the conventional shape of conifer tracheidograms by
the compensation of decreased cell differentiation rates with increasing durations [17,18].
However, no information on the kinetics of tracheid differentiation triggering valuable den-
droecological signals, such as drought-induced intra-annual density fluctuations (IADFs) in
tree-rings, is documented so far [18–21]. It can be speculated that such tree-ring anomalies
are caused by ineffective compensatory mechanisms between the rate and duration of cell
enlargement during intra-seasonal drought [14,17], as changes in radial cell enlargement
and cell radial diameter strongly influence variations in other tree-ring characteristics, such
as cell wall thickness and wood density as well [9].

By integrating the information on the rates of tracheid development with the number
of cells in the corresponding xylogenetic phases, the seasonal dynamics of radial xylem
growth and woody biomass production can be modeled in daily resolution [11,22]. This
is currently the only feasible approach, which allows the daily tracking of aboveground
carbon sequestration processes on the cellular and tissue level of the xylem and, thereby,
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enables an improved understanding of carbon fluxes within forest ecosystems [12]. The
daily rate of woody biomass production and carbon sequestration (represented by the
deposition of cell walls and their lignification) was documented to occur time-lagged to
the daily rate of radial xylem growth (represented by cambial xylem cell production and
xylem cell enlargement) by several weeks to up to one month [11,22]. It is assumed that this
time-lag is also valid across boreal, temperate, subalpine, and Mediterranean biomes [11].
In addition, models of the daily rate of radial xylem growth are a benchmark for the better
interpretation of the complex and ambivalent signals of high-resolution dendrometer data,
where production and collapse of phloem and bark cells and temporary fluctuations of
tree water status are intertwined with irreversible radial xylem growth processes, such
as cambial cell divisions and radial cell enlargement [11,23–25]. The reversible dynamics
of stem size variations during the growing season registered by the dendrometer sensors
are driven by diurnal cycles of swelling and shrinking of non-lignified and elastic tissues
mainly located in the bark and are caused by imbalances between root water uptake and
transpiration-driven water loss [24,26]. Several straightforward modeling approaches
exist to extract and separate the irreversible component of daily xylem growth rates from
the reversible changes of tree water status and stem size [27–32], but the uncertainties
when interpreting the complex signal of dendrometer data remain high [23–25]. More
sophisticated approaches integrating sap flux and water potential measurements allow for a
more detailed separation of the reversible and irreversible components of stem dimensional
changes [25,33], but validations of radial xylem growth simulations based on dendrometer
data with support of the objective reference of state-of-the-art wood formation models
remain scarce [25].

This study investigates the impact of weather and climate on the kinetics of tracheid
development, tracheid morphology, and the seasonal dynamics of radial xylem growth
and woody biomass production of Norway spruce (Picea abies (L.) Karst.) trees growing
along an elevational gradient in the Southwestern Black Forest, Germany. Micro-cores were
sampled at three elevation sites (450 m, 750 m, and 1250 m a.s.l.) in weekly intervals during
the growing season in 2014 on trees that were also equipped with automatic precision
point-dendrometer sensors at breast height. Based on the previously mentioned findings
of previous research, we examined the following working hypotheses.

1. Durations of cell differentiation processes increase with elevation to compensate for
generally lower temperatures and concomitant lower differentiation rates.

2. Compensatory mechanisms of cell differentiation are also expected during drought
periods, which would also reduce daily rates of xylem cell production and radial
xylem growth. Drought would also negatively affect the daily rates of stem radial
displacement and tree water status as registered by the dendrometer sensors.

3. Daily rates of stem radial displacement correlate closer with daily rates of radial
xylem growth compared to the rates of xylem cell production or the rates of woody
biomass production. In addition, a time lag of approximately one month of the peak
of the daily rate of woody biomass production compared to the peak of the daily rate
of radial xylem growth is expected for all investigated elevation sites.

2. Materials and Methods
2.1. Study Sites and Tree Selection

The three study sites are located along an elevational gradient in the Southwestern
Black Forest south of the city of Freiburg im Breisgau (Germany) at 450 m, 750 m, and
1250 m a.s.l., respectively [34]. The 450 m a.s.l. elevation site “Günterstal” (47.957067◦ N,
7.868090◦ E) is a beech-oak-fir forest of the Galio odorati-Fagetum type on a loamy-gritty
western slope. The 750 m a.s.l. elevation site “Heibrain” (47.926254◦ N, 7.872882◦ E) is a
beech-fir forest on a loamy-gritty western slope and is an intermediary type between Galio
odorati-Fagetum and Luzulo-Fagetum. Both elevation sites are covered with managed forest
stands, currently dominated by mature silver fir (Abies alba Mill.), Douglas fir (Pseudotsuga
menziesii (Mirb.) Franco), Norway spruce, and European beech (Fagus sylvatica L.) trees,
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whereas the proportion of Norway spruce was considerably reduced on the 450 m elevation
site by forest management activities in previous years. The research site on the 1250 m a.s.l.
elevation (47.912869◦ N, 7.904526◦ E) close to the summit of the “Schauinsland” mountain
is forest of the type Luzulo-Fagetum, managed for conservation and is currently dominated
by mature European beech and Norway spruce trees. Cambisols are the predominant soil
types throughout the study area. The three research sites represent an ecological gradient
as indicated by a decrease in mean annual temperature (8.1 ◦C, 6.9 ◦C, and 4.4 ◦C) and an
increase in a mean annual precipitation sum (1128 mm, 1446 mm, and 1683 mm) for the
450 m, 750 m, and 1250 m elevation sites, respectively [35]. Three healthy co-dominant
or dominant Norway spruce trees of a similar diameter class were selected in each of the
three elevation sites for dendrometer monitoring, weekly microcore sampling, and wood
anatomical analysis during the growing season in 2014. More detailed information on
sample tree characteristics is compiled in Table 1.

Table 1. Sample size, arithmetic mean, and standard deviation (in parentheses) of diameter at breast height (DBH), tree
height, height of crown base, crown percentage, and cambial age at breast height of the studied Norway spruce trees
grouped by elevation. All trees were selected for dendrometer monitoring, microcore sampling, and wood anatomical
analyses during 2014.

Site Elevation
(m a.s.l.)

Number
of Trees

DBH
(cm)

Height
(m)

Crown
Base (m)

Crown
Percentage

(%)

Age
(Years)

Günterstal 450 3 53.4
(5.7)

32.4
(1.6)

21.2
(1.3)

34.7
(3.2)

74.3
(6.1)

Heibrain 750 3 55.2
(3.4)

33.4
(1.4)

17.8
(1.7)

46.9
(2.9)

72.0
(10.8)

Schauinsland 1250 3 50.2
(2.7)

23.7
(0.3)

10.5
(1.4)

55.5
(5.3)

112.7
(30.5)

2.2. Environmental Data

To monitor environmental conditions during the growing season, each of the three
research sites was equipped with an HMP sensor (type 45C or 55C, Campbell Scientific,
Logan, UT, USA) for relative humidity (%) and air temperature (◦C) measurements in 1997.
The sensors were installed two meters above ground below an opening in the canopy of
the forest stand. In addition, soil matrix potential has been measured at each site since 2013
using two pF-meters (EcoTech GmbH, Bonn, Germany) installed in 30-cm and 60-cm soil
depth, respectively. The environmental variables were recorded by Campbell Scientific
data loggers (Logan, UT, USA) in time intervals of 15 min. To gain more representative
results, the daily mean values of soil matrix potential at the two soil depths were averaged
within each site. Daily precipitation sums for each site were obtained based on 1-km2

grid data of the German Meteorological Service (DWD). Modeled data of the daily sum of
global radiation on inclined surfaces (1/100 MJ m−2) were obtained from the “NFI 2012
environmental data base climate” based on a 250 m × 250 m resolution grid [36].

2.3. Dendrometer Measurements

For direct comparisons with xylogenesis observations and analysis of the effects
of climate and weather on stem radial displacement, each sample tree was equipped
with an electronic point-dendrometer sensor before the onset of the growing season in
2014. Dendrometer sensors were mounted at 1.40-m stem height and perpendicular to
the direction of the slope to avoid possible influences of compression wood formation on
the measurements. The dendrometer type is based on a linear displacement transducer
(Trans-Tek Inc., Ellington, CT, USA) in a stainless steel cylinder that registers the changes of
stem radial displacement with an accuracy of approximately 1 µm [37]. The measurements
took place in time intervals of 15 min and were recorded by data loggers of Campbell
Scientific (Logan, UT, USA).
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2.4. Microcore Sampling and Preparation

To assess cambial cell divisions and cell differentiation processes, microcores were sam-
pled during the complete growing season in 2014 in weekly intervals from the dendrometer
trees using the Trephor tool [3]. Tree-ring phenology and wood formation dynamics might
vary considerably at opposite sides of the trunk [37]. To ensure a better compatibility with
dendrometer measurements, we sampled the microcores exclusively within an extraction
field that encompassed 1/3 of the stem circumference, i.e., 1/6 to the left side and right side
of the dendrometer sensor, respectively. Microcores were sampled below the dendrometer
sensors and sequentially along ascending rows from left to right in the extraction field,
warranting a minimum vertical distance of 30 cm between the uppermost extraction row
and the point-dendrometer sensor. Microcores were sampled at locations that were 2.5 cm
apart in the horizontal and vertical direction, respectively. Subsequent rows started 10 cm
above previous rows. In the field, microcores were placed immediately in Eppendorf
microtubes in a solution of 50% ethanol and then stored in the laboratory at 5 ◦C to avoid
tissue disintegration until further processing. Microcores were then dehydrated in in-
creasing ethanol concentrations and embedded in blocks of glycolmethacrylate (Technovit
7100, Heraeus Kulzer GmbH, Hanau, Germany) [35]. Thin sections of 15–20 µm thickness
were taken from the polymerized blocks using the GSL-1 microtome [38], stained with
Cresyl Violet Acetate (0.16% in 100 mL distilled water), and mounted on glass slides using
Canada balsam.

2.5. Microscopic Observations of Tracheid Differentiation

With support of a Nikon Eclipse Ni-E transmission light microscope (Nikon Corpora-
tion, Düsseldorf, Germany), we first collected raw data by counting for each tree j within
elevation site i and at each sampling date t and tracheid file f, the number of cambial cells
(nCi,j,f,t), cells in radial enlargement (nEi,j,f,t), cells in secondary wall thickening (nWi,j,f,t),
and mature cells (nMi,j,f,t) along three tracheid files of the developing tree-ring within each
prepared thin section of the microcores. Cambial cells were identified by thin primary cell
walls and small cell radial diameters. The border between cambial zone and enlarging
cells was defined by the irreversible transition of cell radial diameters across the threshold
of 14 µm, which corresponds to twice the radial diameter of an average cambial cell [11].
Secondary wall thickening cells were identified by birefringence in polarized light as well
as by protoplasmic contents within the cell lumina and purple colorations within the
stained cell walls. Mature cells were recognized by an absence of protoplasmic contents
and entirely blue cell walls, indicating completed lignification [39].

2.6. Wood Anatomical Measurements

Wood anatomical analysis was conducted to investigate the effects of weather and
climate on the intra-annual variations of wood anatomical variables in order to model the
rates of tracheid development during the growing season in 2014. In 2015, the dendrometers
were removed and increment cores (5 mm in diameter) were sampled at the previous
locations of the dendrometer sensors using a Haglöf borer (Haglöf Sweden AB, Långsele,
Sweden). The cross-sections of the wood samples collected from each tree were prepared
with an ultra-precise diamond fly cutter [40] and, subsequently, cross-dated using the
tree-ring measurement system PAST4 (SCIEM, Vienna, Austria). Segments of the increment
cores including the tree-ring of the year 2014 were preconditioned with a corn-starch
solution and thin sections of 15–20 µm thickness were prepared with the GSL-1 microtome
followed by double-staining in a mixture of Safranin and Astra-blue to optimize contrasts
for automatic image analysis [38,41].

High resolution scans (0.49 µm px−1) of the thin sections were taken with a color
camera (Nikon DS-Fi2, 5 megapixels and 12-Bit color depth) mounted on a Nikon Eclipse
Ni-E transmission light microscope (Nikon Corporation, Düsseldorf, Germany). The
microscope is equipped with a motorized X/Y/Z table that enables the automatic scanning



Forests 2021, 12, 274 6 of 27

and stitching of picture sequences with support of the NIS-Elements software (Version
4.20.01, Nikon Corporation, Düsseldorf, Germany).

Cell lumen radial diameter (LRDi,j,f,c), cell lumen tangential diameter (LTDi,j,f,c), cell
wall tangential thickness (WTTi,j,f,c) in µm as well as cell lumen cross-sectional area
(LCAi,j,f,c) in µm2 of each cell c within tracheid file f were measured along five files in
total within each tree-ring using Image Pro Plus 7.0 (Media Cybernetics Inc., Rockville,
MD, USA) in combination with a binary image analysis algorithm that we developed in
the R programming environment [42].

2.7. Modeling and Statistical Data Analyis

All calculations, including modeling and statistical data analyses, within this study
were conducted in the R programming environment [42]. A list of abbreviations used in
this study with their definitions and units is compiled in Table A1.

2.7.1. Modeling Cell Numbers in Subsequent Cell Differentiation Stages

Based on the collected xylogenesis raw data, we modeled for each individual tree
j within elevation site i and day of year t, the number of cambial cells (nCi,j,t), enlarge-
ment cells (nEi,j,t), secondary wall thickening cells (nWi,j,t), mature cells (nMi,j,t), cells
with secondary cell walls (nWMi,j,t = nWi,j,t + nMi,j,t), and total number of xylem cells
(nEWMi,j,t = nEi,j,t + nWi,j,t + nMi,j,t) using a sequence of methods of data normalization
and harmonization steps, followed by smoothing procedures involving generalized ad-
ditive mixed models (GAMMs, R package mgcv) and shape constrained additive mixed
models (R package scam) [43–45]. A more detailed description and illustration of xyloge-
nesis modeling, including model validation, is provided in the supplementary material
(Figures S1–S6, Tables S1–S3). For further analysis, the tree individual fits of the mixed
models were averaged for each elevation on the stand level.

2.7.2. Modeling and Alignment of Wood Anatomical Profiles

To link xylogenesis information to the measured wood anatomical variables, we
first rescaled the number of tracheids in each measured file to the total number of cells
produced during the growing season within the corresponding elevation site based on
the upper asymptote nTi of the xylogenesis models. Tracheid numbers and measured
wood anatomical variables were then estimated at equidistant relative tree-ring positions
x = {1%, 2%, . . . , 100%} by fitting cubic smoothing splines to the tree level raw data using
the smooth.spline() function in R (Figures S7–S15). To assess the goodness-of-fit and to quan-
tify the accuracy of the models fitted to the normalized xylogenesis count data and wood
anatomical raw measurements, the modeling efficiency, mean absolute error, and mean
absolute percentage error is provided in the Supplementary Material (Tables S1–S3) [44,46].
We then used linear interpolation to estimate the corresponding lumen radial diameter
(LRDi,j,c), lumen tangential diameter (LTDi,j,c), cell wall tangential thickness (WTTi,j,c) in
µm as well as cell lumen cross-sectional area (LCAi,j,c) in µm2 for each tracheid number
within the tree-ring based on the predicted values of the cubic, smoothing splines.

Multiple interval-based curve alignment (MICA) was applied to average the tree indi-
vidual data and stabilize common environmental signals in the wood anatomical profiles
at the stand level (Figure S16) [47–49]. The MICA algorithm is designed to automatically
align and synchronize corresponding inflection points and local extreme values of given
wood anatomical or wood density profiles. We chose lumen radial diameter (LRDi,j,c)
for the MICA alignment procedure, as it contained the highest modeling efficiency and
integrates the signals of the cell enlargement as well as the secondary wall thickening
phase. The transformed cell numbers of the MICA alignment to generate stand level
consensus profiles of LRDi,c were also used to transform and average the corresponding
wood anatomical profiles for LTDi,c, WTTi,c, and LCAi,c. Based on the initial measure-
ments and their MICA aligned cubic smoothing spline predictions, we then derived the
additional wood anatomical variables, cell radial diameter (CRDi,c), cell tangential diam-
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eter (CTDi,c), cell cross-sectional area (CCAi,c), and cell wall cross-sectional area (WCAi,c)
based on the equations of Cuny et al. [7,9]. In addition, we calculated Mork’s Criterion
(MCi,c = (WTTi,c x 4)/LRDi,c) and classified cells according to their morphology into ear-
lywood and latewood [50]. An overview on the acquisition and calculation of all wood
anatomical variables within this study is given in Table S4.

2.7.3. Durations and Rates of Tracheid Development

Based on the inverse functions of the equations of nEWMi,t, nWMi,t, and nMi,t, we
calculated the duration d that each cell c has spent in the enlargement phase (dEi,c) and
the secondary wall thickening phase (dWi,c) based on the approach described by Cuny
et al. [44]. We assumed that cambial cells at the transition to the cell enlargement stage
have individual cell tangential diameters (CTDi,c) corresponding to their final tangential
diameter, as calculated in Table S4. In addition, we assumed a constant cambial cell radial
diameter (CCRD) of 7 µm and primary cell wall thickness (PWT) of 0.5 µm [11]. The cambial
cell wall cross-sectional area (CWCAi,c) in µm2 at the transition stage to cell enlargement
was calculated according to Equation (1).

CWCAi,c = 2 × CCRD × PWT + 2 × CTDi,c × PWT (1)

The cell cross-sectional area of a cambial cell (CCCAi,c) in µm2 of each tracheid at the
transition stage between the cambial zone and cell enlargement was calculated according
to Equation (2).

CCCAi,c = CCRD × CTDi,c (2)

Based on the definitions above that cambial cells at the transition stage to cell enlarge-
ment already have a predefined cell radial diameter (CCRD) as well as an individual cell
cross-sectional area (CCCAi,c) and wall cross-sectional area (CWCAi,c), the rate of radial cell
enlargement (rEi,c) in µm day−1, the rate of cell cross-sectional area enlargement (rAi,c) in
µm2 day−1, and the rate of secondary wall thickening (rWi,c) in µm2 day−1 of each cell c,
and elevation site i were calculated according to Equations (3)–(5).

rEi,c = (CRDi,c − CCRD)/dEi,c (3)

rAi,c = (CCAi,c − CCCAi,c)/dEi,c (4)

rWi,c = (WCAi,c − CWCAi,c)/dWi,c (5)

Based on the information of the rate and duration of cell enlargement and secondary
wall thickening of each tracheid, we could now derive the average daily rates of wood
formation processes including all tracheids undergoing cell differentiation. To calculate the
average daily rates of radial cell enlargement rEi,t (µm day−1 cell−1) and cell cross-sectional
area enlargement rAi,t (µm2 day−1 cell−1), we averaged for each day of year t the previously
mentioned calculated rates of all cells currently in the enlargement process. To calculate
the average rates of secondary wall thickening rWi,t (µm2 day−1 cell−1), we averaged the
rates of all cells being currently in the secondary wall thickening process for each day of
the year. When modeling the daily rate of xylem cell production rCi,t (cells day−1) [51],
we did not include the cambial cells in the cumulative cell count nEWMi,j,t, as for major
proportions of the growing season, the cambial zone produces xylem and phloem cells
simultaneously [52]. Therefore, rCi,t was modeled exclusively based on new tracheids
unambiguously contributing to the accumulation of xylem cells and, therefore, was derived
by the first order differences of the daily sums of enlargement, wall thickening, and mature
xylem cells (rCi,t = nEWMi,t − nEWMi,t−1).

In addition, we linked the duration and rate of tracheid enlargement and cell radial
diameter on a temporal scale, by calculating the average day of year of its enlargement
process for each cell. The temporal annotation of the duration and rate of wall thickening
and wall cross-sectional area was attributed by calculating the average day of year of its
secondary wall thickening process for each cell.
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2.7.4. Daily Rate of Radial Xylem Growth and Woody Biomass Production

Based on the cell production rates, the rates of tracheid development and the number
of cells in the enlargement phase, we also calculated for each day of year t the rate of radial
xylem growth rRGi,t in µm day−1 as follows:

rRGi,t = rEi,t × nEi,t + rCi,t × CCRD (6)

where the product of rEi,t and nEi,t accounts for the contribution of cell enlargement and
the product of the cell production rate rCi,t and the cambial cell radial diameter CCRD
accounts for the contribution of cambial xylem cell production to the daily rate of radial
xylem growth, respectively.

For the modeling of the daily rate of aboveground woody biomass production, we first
calculated the cell wall proportion (CWPi,t) of a developing tracheid file using Equation (7).

CWPi,t =
∑t

t′=1
(
rWi,t′ × nWi,t′ + rEi,t′ × nEi,t′ × 2 × PWT + rCi,t′ × CWCAi,t′

)
∑t

t′=1
(
rAi,t′ × nEi,t′ + rCi,t′ × CCCAi,t′

) (7)

where the product of rWi,t′ and nWi,t′ accounts for the contribution of secondary wall
thickening and the product of rEi,t′ and nEi,t′ accounts for the contribution of cell enlarge-
ment, assuming that each cell has two radially enlarging cell walls of 0.5 µm primary wall
thickness (PWT), to the increase of biomass in a tracheid file. In addition, the product of
rCi,t′ and CWCAi,t′ accounts for the biomass contribution of primary cell wall material due
to cambial xylem cell production. The product of rAi,t′ and nEi,t′ represents the contribution
of cell cross-sectional area enlargement and the product rCi,t′ and CCCAi,t′ denotes the
contribution of cambial xylem cell production to the increase in size of the tracheid file.
As we linked xylogenesis data with wood anatomical measurements, we could derive
the corresponding values of CCCAi,t′ and CWCAi,t′ from the function of nEWMi,t for each
day of year. The quotient of the cumulative numerator by the cumulative denominator
represents the daily fraction of cell wall material within a developing tracheid file.

The xylem apparent density (XADi,t) was then calculated by multiplying CWPi,t with
the estimated cell wall density of 1.509 g cm3 [22,53]. Based on the assumption of a carbon
content of 50% [54], the aboveground woody biomass production (AWPi,t) in gC tree−1

and the rate of woody biomass production (rAWPi,t) in gC day−1 tree−1 were calculated
based on the following equations [11,22].

AWPi,t = Fi × Hi × XADi,t × 0.5× π/4×
[(

DBHi + 2×∑t
t′=1 rRGi,t′

)2
− (DBHi)

2
]

(8)

rAWPi,t = AWPi,t − AWPi,t−1 (9)

where Fi is the form coefficient of the stem [55], Hi is the tree height, DBHi is the diameter
at breast height, both averaged for every elevation site i before the onset of the growing
season, whereas XADi,t and rRGi,t were calculated as described above. All metric units in
Equation (8) were converted to centimeters.

2.7.5. Linear Mixed-Effects Modeling

For a better understanding of the effects of environmental variables on the kinetics of
tracheid development during earlywood and latewood formation, linear mixed-effects models
(R package nlme [56]) were formulated for earlywood and latewood separately, as follows:

yi,c = β0 + β1TMi,c + β2RDi,c + β3TPi,c + β4MPi,c + β5RHi,c + b0,i + b1,i × TMi,c + εi,c (10)

where y is the response variable (dEi,c, rEi,c, dWi,c, or rWi,c), β0 is the intercept, β1TM, β2RD,
β3TP, β4MP, and β5RH denote the fixed effects of time (i.e., day of year), global radiation,
air temperature, soil matrix potential, and relative humidity, each averaged for the duration
of cell enlargement (for the response variables dEi,c, rEi,c) or wall thickening (for the
response variables dWi,c, rWi,c) of the corresponding cell c [14], whereas b0 represents the
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random intercept accounting for the repeated measures of each elevation site i, b1,i × TMi,c
denotes the random slope allowing the changes in the response variables to vary over
time, and ε is the residual error term. To ensure model convergence, the random part was
confined to the intercept for the rates of cell differentiation of latewood cells. To account
for non-independence and to reduce temporal autocorrelation, a first order autocorrelation
structure with a continuous time covariate was applied to the residuals [56]. Due to
variance inflation factors above 5 and high collinearity with radiation, we removed relative
humidity as a fixed effect in the models predicting the kinetics of wall thickening of
earlywood cells [57]. In addition, we calculated the marginal and conditional R2 of the
linear mixed-effects models with support of the R package MuMIn [58]. Earlywood and
latewood categorization of cells for the modeling of the kinetics of tracheid development
with environmental factors was based on the irreversible transition of the value of the
Mork’s Criterion above 1 within a tracheid file [50].

2.7.6. Correlations between Intra-Annual Growth Models

With support of the R package scam, we fitted shape constrained additive models
to the dendrometer data on the individual tree level to isolate the irreversible growth
component in the stem radial displacement raw data from reversible fluctuations caused
by volatile changes in tree water status [30,45]. Model predictions were averaged on the
elevational level and their first-order differences were used to derive the daily rate of stem
radial displacement (rRDi,t) in µm day−1 as a possible proxy for the rate of radial xylem
growth (rRGi,t) as modeled by the xylogenesis data. In addition, we calculated based on
the dendrometer raw data, the monthly mean daily course of radial displacement for an
explorative comparison of the changes in stem circadian cycles between elevation sites and
during the growing season [59].

Bivariate correlation analyses based on the Pearson correlation coefficient were used
to detect and quantify for each elevation site the statistical relationships between the rate
of stem radial displacement (rRDi,t), xylem cell production (rCi,t), rate of radial xylem
growth (rRGi,t), and rate of aboveground woody biomass production (rAWPi,t). We applied
first-order differencing of the modelled growth data to reduce effects of non-stationarity
characteristics of the individual time series prior to the correlation analyses [60].

3. Results
3.1. Characterization of the Environmental Conditions during the Observation Period

For most parts of the growing season, lower values of mean air temperature (Figure 1a–c)
and higher values of relative humidity (Figure 1d–f) were measured with increasing elevation.
In contrast, the average level of the daily sum of global radiation did not differ significantly
between the elevation sites and reached its general maximum in June (Figure 1g–i).

June was characterized by high atmospheric evaporative demand as indicated by
a distinct local minimum of relative humidity and a seasonal peak of daily mean air
temperature, especially pronounced at the 450 m elevation site. In addition, the soil matrix
potential decreased sharply during the first half of June and reached its seasonal minimum
during the last weeks of this month (Figure 1j–l). This intra-seasonal drought period in
June was most distinct at 450 m elevation, where soil matrix potential temporarily fell
below −140 kPa. In contrast, soil matrix potential increased sharply at the beginning of
July and remained at relatively high levels for the remaining part the growing season.

To detect possible anomalies of the climatic conditions during the growing season in
2014, monthly means of air temperature and relative humidity as well as the monthly sums
of precipitation and the cumulative, daily, climatic water balance were compared with
the 20-year baseline climate period of 1997–2016 (Figure 2). At the 450 m elevation site,
monthly mean values of air temperature during most spring, autumn, and winter months
were higher than the multi-year average of the baseline climate period. During the summer,
only June was clearly warmer than average, but no distinct temperature anomalies were
detected in general (Figure 2a). In contrast, monthly averages of relative humidity were
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extremely low in June (Figure 1b). Monthly precipitation sums were constantly below
average in the spring and early summer with negative anomalies in March and June.
However, July 2014 was an extraordinary humid month and climate anomaly, due to over
150 mm more precipitation than the average of the baseline climate period (Figure 1c).
Climatic water balance was anomalously low in March and June, but extremely high in July
of the 2014 observation period (Figure 1d). Similar patterns of monthly climate anomalies
were observed for the 750 m and 1250 m elevation sites (Figures S17 and S18).
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Figure 2. Monthly anomalies of (a) air temperature, (b) relative humidity, (c) monthly precipitation
sum, and (d) climatic water balance (modeled according to Haude [61]) for the 450 m a.s.l. site during
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Shaded areas represent the 5th and 95th percentile of the annual deviations of the 20-year mean
values for the baseline climate period.

3.2. Timings of Tracheid Development

The first earlywood cells started their enlargement process at day of year (DOY) 104,
DOY 106, and DOY 129 for the 450 m, 750 m, and 1250 m elevation sites, respectively
(Figure 3a–c). A more pronounced delay with increasing elevation was present for the
first cells entering the process of secondary wall thickening (DOY 117, DOY 125, and DOY
146), whereas the first earlywood cells reached cell maturity at DOY 139 (450 m), DOY
142 (750 m), and DOY 163 (1250 m). The last latewood cells ceased their enlargement and
secondary wall thickening processes at DOY 243 and DOY 301 (450 m), DOY 271 and DOY
306 (750 m), and DOY 235 and DOY 281 (1250 m), respectively.

Latewood cells generally remained shorter time periods in the cell enlargement than
in the secondary wall thickening phase (Figure 3a–c). Furthermore, a weak tendency of
decreasing enlargement duration was observed from the earlywood to latewood proportion
of the tree-rings. In contrast, a distinct trend of increasing duration of secondary wall
thickening generally occurred during the course of the growing season.

At 450 m in elevation, a distinct intra-annual density fluctuation (IADF) was formed
in June and July of the growing season in 2014 (Figure 3a). The first tracheids with
latewood morphology started their formation on DOY 166, but cells that started cell
enlargement between DOY 179 and DOY 198 again displayed earlywood characteristics
before definite latewood formation began on DOY 199. Tracheids formed in June had very
short residence times in the cell enlargement phase compared to May and July, but their
duration of secondary wall thickening was not conspicuously long. At the 750 m elevation,
a similar wood anatomical pattern was observed during June, but the IADF appeared only
attenuated and actual latewood formation did not start before DOY 200 (Figure 3b). No
deviations of the typical pattern of earlywood to latewood transition were detected in the
tree-ring structure of the 1250 m elevation site, where latewood formation was initiated at
DOY 188 (Figure 3c). The 750 m elevation site was the most productive during the growing
season of 2014 with 122 tracheids formed in comparison to 83 tracheids at 450 m and only
45 tracheids at the 1250 m elevation sites.
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Figure 3. Timings of the individual tracheids in the cell enlargement and secondary wall thickening phase for the (a) 450 m,
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according to earlywood (MC < 1) and latewood (MC ≥ 1) morphology, as defined in Denne [50].

3.3. Average Kinetics of Tracheid Development in Earlywood and Latewood

Average durations of radial cell enlargement and wall thickening in earlywood in-
creased with elevation (Figure 4a,b). In comparison to earlywood, the average duration of
cell enlargement in latewood was considerably shorter at the 750 m and 1250 m elevation
sites. However, only slight reductions were detected at the 450 m elevation (Figure 4a).
The longest average wall thickening duration was observed in the latewood of the 450 m
elevation, which is followed by the 1250 m and the 750 m elevation sites (Figure 4b).
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elevation sites, respectively. The boundary for grouping earlywood and latewood cells was based on the irreversible
transition of the Mork’s Criterion > 1 (see Figure 3).
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In earlywood, the average rates of tracheid enlargement and wall thickening were
decreasing with increasing elevation. Rates of cell differentiation were generally lower in
the latewood fraction and no clear relations with elevation were detected (Figure 4c,d).

3.4. Seasonal Variation of Kinetics of Tracheid Development

At the beginning of the second half of June, a local minimum of the duration of
cell enlargement was detected at the two lower elevation sites, particularly at the 450 m
elevation (Figure 5a). In contrast, the 1250 m elevation had a local minimum after the first
week of June and prolonged cell enlargement duration until the end of June.
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Figure 5. Seasonal variation of (a) the durations and (b) the rates of radial cell enlargement and (c)
temporally annotated cell radial diameters. Seasonal variation of (d) the durations and (e) rates of wall
thickening and (f) the temporally annotated cell wall cross-sectional areas for the 450 m, 750 m, and
1250 m a.s.l. elevation sites, respectively. Temporal annotation was conducted by calculating the average
day of year (DOY) of enlargement (c) or average DOY of wall thickening (f) for each cell.

The 450 m elevation showed a parabolic seasonal pattern of the enlargement rates
during the growing season with the highest rates in the first weeks of June and July and
a short local minimum during the second half of June (Figure 5b). In addition, the 750 m
and 1250 m elevation sites showed slight parabolic patterns with the exception of low
enlargement rates in the second half of June before increasing until the middle of July.
The 450 m and 1250 m elevations eventually decreased their enlargement rates in August,
whereas the 750 m elevation remained on higher levels in comparison until the end of cell
enlargement in September.
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As a consequence of temporarily low durations and rates of cell enlargement, cell
radial diameters at the 450 m and 750 m elevation showed a distinct intra-annual cell
diameter fluctuation in the second half of June (Figure 5c). The low enlargement rates at
the 1250 m elevation in the second half of June were compensated by the concomitantly
increased duration of enlargement, resulting in a much more attenuated intra-annual cell
diameter fluctuation in comparison.

Duration of cell wall thickening showed a general trend to increase during the growing
season with mostly asynchronous local minima between the elevations (Figure 5d). The rate
of wall thickening reached at all elevations an early seasonal maximum before dropping
during June with subsequent recovery until the middle of July (450 m and 1250 m) or
beginning of August (750 m) (Figure 5e). After relatively small wall cross-sectional areas
produced at the end of June and, as a consequence of recovering rates and medium
durations of wall thickening, the seasonal maximum of wall cross-sectional area was
reached during the middle of July at 450 m or the end of July at 750 m and 1250 m elevation,
respectively (Figure 5f).

3.5. Environmental Control of Kinetics of Tracheid Development

A positive effect of soil matrix potential was identified as the only significant environ-
mental driver when predicting the duration of enlargement of earlywood cells (Table 2). No
significant effects of any predictor variable were detected for the rate of cell enlargement of
earlywood cells, even though the positive effect of air temperature was close to significant
(p < 0.06). Temperature was also the only significant environmental driver when modeling
the kinetics of wall thickening of earlywood cells with negative and positive effects on the
duration and rate, respectively.

Table 2. Parameter estimates, standard errors, t-statistics, and p-values of fixed effects of linear
mixed-effects models to predict the duration of cell enlargement, rate of cell enlargement, duration of
cell wall thickening, and rate of cell wall thickening of earlywood cells.

Response
Variable Fixed Effects Estimate se t p

Duration of
enlargement
(earlywood)

(Intercept) 29.23962 4.00849 7.294 <0.001 ***
Time −0.08284 0.02013 −4.116 <0.001 ***

Radiation −0.00036 0.00039 −0.923 0.357
Matrix potential 0.00133 0.00052 2.544 0.012 *

Temperature −0.07493 0.05015 −1.494 0.137
Relative humidity −0.02148 0.02021 −1.063 0.290

Rate of
enlargement
(earlywood)

(Intercept) 1.18588 0.98783 1.200 0.232
Time 0.00544 0.00504 1.080 0.282

Radiation −0.00004 0.00010 −0.404 0.687
Matrix potential −0.00001 0.00013 −0.040 0.968

Temperature 0.02434 0.01280 1.901 0.059
Relative humidity 0.00351 0.00516 0.681 0.497

Duration of wall
thickening

(earlywood)

(Intercept) 3.47724 7.08902 0.491 0.624
Time 0.13649 0.04168 3.274 0.001 **

Radiation −0.00064 0.00077 −0.836 0.404
Matrix potential 0.00198 0.00103 1.922 0.056

Temperature −0.28580 0.10717 −2.667 0.008 **

Rate of wall
thicken-

ing(earlywood)

(Intercept) 20.89086 9.05040 2.308 0.022 *
Time −0.03841 0.04750 −0.809 0.420

Radiation 0.00125 0.00163 0.763 0.447
Matrix potential −0.00270 0.00220 −1.226 0.222

Temperature 0.65965 0.22862 2.885 0.004 **
Significance codes: *** p < 0.001, ** p < 0.01, * p < 0.05.
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The variance explained by the fixed effects was only moderate when modeling the
durations of enlargement (marginal R2 = R2 M = 31%) and wall thickening (R2 M = 34%), but
low for the rates of enlargement (R2 M = 5%) and wall thickening (R2 M = 11%) of earlywood
cells. Only in the case of the duration of wall thickening, a significant amount of additional
variance could be attributed to the random effects (conditional R2 = R2 C = 47%).

Significant effects of the environmental factors soil matrix potential and relative
humidity were detected when modeling the duration of enlargement of latewood cells
(Table 3). A negative influence of relative humidity was detected as the only significant
environmental predictor variable when modeling the rate of enlargement of latewood cells.
When modeling the duration of wall thickening of latewood cells, only soil matrix potential
was detected as a significant environmental effect. The rate of wall thickening of latewood
cells was significantly influenced by the positive effects of the environmental predictor
variables soil matrix potential and, in particular, air temperature.

Table 3. Parameter estimates, standard errors, t-statistics, and p-values of fixed effects of linear mixed-effects models to
predict the duration of cell enlargement, rate of cell enlargement, duration of cell wall thickening, and rate of cell wall
thickening of latewood cells.

Response
Variable Fixed Effects Estimate se t p

Duration of
enlargement
(latewood)

(Intercept) 13.64838 3.90161 3.498 0.001 **
Time −0.03600 0.01503 −2.395 0.019 *

Radiation 0.00021 0.00023 0.883 0.380
Matrix potential −0.01146 0.00296 −3.865 <0.001 ***

Temperature −0.04015 0.03183 −1.262 0.211
Relative humidity 0.02625 0.01045 2.512 0.014 *

Rate of
enlargement
(latewood)

(Intercept) 11.81617 1.25860 9.388 <0.001 ***
Time −0.04032 0.00446 −9.043 <0.001 ***

Radiation −0.00003 0.00007 −0.487 0.627
Matrix potential 0.00098 0.00086 1.139 0.258

Temperature −0.01075 0.00925 −1.161 0.249
Relative humidity −0.00886 0.00304 −2.919 0.005 **

Duration of
wall thickening

(latewood)

(Intercept) −90.17884 31.84293 −2.832 0.006 **
Time 0.33567 0.07126 4.711 <0.001 ***

Radiation 0.00695 0.00438 1.586 0.116
Matrix potential −0.07324 0.03215 −2.278 0.025 *

Temperature 0.23186 0.44500 0.521 0.604
Relative humidity 0.34896 0.18533 1.883 0.063

Rate of wall
thickening
(latewood)

(Intercept) 65.37962 16.11421 4.057 <0.001 ***
Time −0.29975 0.03556 −8.429 <0.001 ***

Radiation −0.00366 0.00219 −1.674 0.098
Matrix potential 0.04468 0.01588 2.814 0.006 **

Temperature 1.13944 0.22356 5.097 <0.001 ***
Relative humidity 0.16819 0.09249 1.819 0.073

Significance codes: *** p < 0.001, ** p < 0.01, * p < 0.05.

The variance partitions attributed to the fixed effects when modeling the kinetics
of tracheid development of latewood cells were low for the duration of enlargement
(R2 M = 4%), moderate for the rate of enlargement (R2 M = 25%), and duration of wall
thickening (R2 M = 34%), but relatively high for the rate of wall thickening (R2 M = 69%).
A significant additional amount of variance explained by the random effects was only
identified in case of the duration of wall thickening (R2 C = 69%).

3.6. Seasonal Dynamics of Stem Radial Displacement

Trees at the 450 m and 750 m elevation increased their radial stem size rather syn-
chronous in the second half of April (Figure 6a). Stem radial displacement of the trees at
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450 m elevation stagnated during June, before increasing substantially again in July and
reaching a distinct plateau in August. In contrast, size of the trees growing at a 750 m
elevation showed almost no stagnation during June and trees increased their dimension
until the end of September. However, trees showed continuous shrinkage during October,
leading to considerable discrepancies between the fits of the shape constrained additive
model and the dendrometer raw data. Trees at 1250 m did not show a clear trend of
increasing stem size before the beginning from June and, finally, reached a plateau during
the first weeks of August.
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additive models and (b) mean daily course of stem radial displacement of trees growing at 450 m,
750 m, and 1250 m a.s.l. elevation, respectively. Transparent ribbons indicate the standard error of
the estimate.

Daily amplitudes (i.e., the difference between the morning maximum and the late
afternoon minimum of stem size) decreased with increasing elevation and were higher
during the summer months when compared to spring or autumn (Figure 6b). The 450 m
elevation reached net gains (i.e., positive increments between two subsequent maxima) of
average daily stem size changes during April, May, and July. In contrast, June showed only
a small positive increment and a high amplitude caused by pronounced stem shrinkage
processes during the daytime. In contrast, trees growing at the 750 m elevation showed net
gains of average daily stem size changes during all months except for October, whereas
clear positive increments at 1250 m elevation were limited to June, July, and August.
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3.7. Seasonal Dynamics of Radial Xylem Growth and Woody Biomass Production

At 450 m elevation, the daily rate of radial displacement (i.e., the first derivative of
the shape constrained additive model in Figure 6a as an estimator for daily radial xylem
growth) started to increase in April and showed a distinct local minimum during June
(Figure 7a). The highest rates were registered in the first half of July (DOY 189). The daily
rate of xylem cell production also increased during April, and reached its maximum at the
end of July (DOY 208) before falling to zero at the end of August (Figure 7b). In contrast,
the maximum number of cambial cells was already reached in the first half of June (DOY
165). The daily rate of radial xylem growth showed synchronous onset and cessation as
xylem cell production, reached its maximum already at the end of May (DOY 151), and
showed a distinct and local minimum during the second half of June synchronized with
the number of enlargement cells. The rate of woody biomass production at 450 m elevation
increased sharply in May, before reaching the annual maximum during the first half of
June (DOY 162) before reaching a local minimum at the beginning of July and recovering
again until August (Figure 7d). The number of cells in secondary wall thickening showed
a left-skewed seasonal distribution with reaching a late maximum at DOY 237. The rate of
radial displacement at 450 m elevation correlated best with the rate of radial xylem growth
(r = 0.59, p < 0.0001), which was followed by the rate of xylem cell production (r = 0.20,
p < 0.001) and woody biomass production (r = −0.02, p > 0.05).

The rate of radial displacement at 750 m elevation started to increase already before
April and reached its maximum at the beginning of July (DOY 193) (Figure 7e). Local
minima were detected in the middle of June and beginning of August before rates continued
to decline toward zero in the middle of October. The rate of xylem cell production at 750
m increased in April, showed a slight bimodal pattern with maximum rates occurring
at DOY 216, and falling to zero before the beginning of October (Figure 7f). In contrast,
the maximum number of cambial cells was already reached in May. Rate of radial xylem
growth increased in April, reached its maximum at the end of May (DOY 147), and showed
together with the number of enlarging cells a clear bimodal pattern with a local minimum
in June (Figure 7g). The rate of woody biomass production showed a local minimum at
the beginning of July, before peaking at DOY 215 only shortly before the number of wall-
thickening cells did culminate (DOY 222) (Figure 7h). The daily rate of radial displacement
at 750 m elevation correlated best with the rate of radial xylem growth (r = 0.78, p < 0.0001),
which was followed by the rate of xylem cell production (r = 0.52, p < 0.0001) and woody
biomass production (r = 0.22, p < 0.001).

At 1250 m elevation, the daily rate of radial displacement showed already moderate
increases during April (Figure 7i), while xylem cell production and rate of radial xylem
growth did not increase before the beginning of May (Figure 7j–k). However, all three
models approached the zero line at about the same time during the second half of August.
The rate of radial displacement reached its maximum at the beginning of July (DOY 183),
while the rate of xylem cell production (DOY 162) and radial xylem growth (DOY 161)
reached their seasonal maximum over 20 days earlier. The rate of xylem cell production
and radial xylem growth also showed local minima at the beginning of July. These bimodal
patterns were not reflected in the right-skewed seasonal distributions of cambial cells or
enlargement cells. The rate of woody biomass production showed only a slight bimodal
pattern and peaked at DOY 206 (Figure 7l). The rate of radial displacement showed the
highest correlations with the rate of woody biomass production (r = 0.43, p < 0.0001), which
was followed by the rate of radial growth (r = 0.37, p < 0.0001) and xylem cell production
(r = 0.26, p < 0.0001).
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4. Discussion
4.1. Effectiveness and Collapse of Compensatory Mechanisms during Tracheid Development

Previous studies detected durations of cell enlargement to decrease, but durations of
wall thickening to increase from earlywood to latewood and from the beginning toward the
end of the growing season [7,18,62]. This tendency could be recognized for the duration of
wall thickening, but clear deviations from this assumption were identified for the duration
of cell enlargement. Trees at the 1250 m elevation responded to decreasing rates of cell
enlargement during the water deficit period in June by prolonging the duration of cell
enlargement, which is a similar and effective compensatory mechanism to mitigate the
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effect of drought on the tree-ring structure as documented for Picea mariana in the boreal
forest and Pinus pinaster in the Mediterranean region [17,18]. However, in contrast to
previous findings, no such compensatory mechanism was identified for trees growing at
the more drought-prone 450 m elevation. Here, parallel to the reductions of the rate of cell
enlargement, the durations of enlargement reached their seasonal minimum. The process
of cell enlargement is closely linked to positive turgor pressure, which decreases during
periods of increasingly negative hydrostatic pressure in xylem conduits and low stem water
potentials caused by high evapotranspiration rates and low soil matrix potential [63,64]. In
addition to the precondition of sufficient water supply, cell turgor is regulated by osmotic
adjustments via the accumulation of free sugars and amino acids in the protoplasm of the
enlarging cells [64,65]. Besides the compensation of the effect of reduced turgor pressure,
trees growing at 1250 m elevation might have prolonged their enlargement duration due to
lower availability of non-structural carbohydrates during drought, effectively decelerating
the synthesis and deposition of lignocellulose components of secondary cell walls [65]. The
more severe drought conditions at 450 m elevation might have prematurely ended cell
individual enlargement processes by collapsing turgor pressure as a result of drought stress
and plasmolysis due to the reallocation of soluble sugars for maintenance respiration of tree
physiological processes with higher relevance for tree survival [66–68]. As an isohydric tree
species, Norway spruce reduces stomatal conductance during drought, which minimizes
water loss and maintains stem and leaf water potentials, but has the effect of simultane-
ously inhibiting photosynthetic capacity [69]. A possibly lower availability of carbon for
structural growth processes was also indicated by the synchronous decrease of the rate
of wall thickening during June at all three elevations, which was partly compensated by
increased durations, as it was also documented for black spruce and maritime pine [17,18].
However, in comparison with the more immediate negative effects of water deficit on
turgor pressure, cambial activity, and cell enlargement, the process of photosynthesis is
considered less sensitive and more resilient to drought [25,70].

Trees at all elevations responded immediately to the improved growing conditions in
July, which were characterized by abundant precipitation and an extraordinarily positive
climatic water balance. Recovering rates of cell enlargement and wall thickening were
observed at all elevations. Under controlled experimental conditions, rates of cell differen-
tiation of Picea mariana saplings were also positively stimulated by irrigation in comparison
to samples undergoing 20 days of artificial drought in early summer [17]. However, in the
same study kinetics of cell differentiation that remained inversely coupled, i.e., low rates
were accompanied by long durations and vice versa.

After recovery of soil water availability starting from the end of June, we observed
tendencies of simultaneously increasing rates and durations of cell enlargement at 750 m
and in particular at 450 m elevation. This indicates decoupling of compensatory effects
of tracheid development also during phases of recovering soil water availability. Conse-
quently, trees at the 450 m elevation formed a distinct intra-annual density fluctuation
(IADF) within the tree-ring structure, as characterized by tracheids with latewood mor-
phology encompassed by earlywood cells, which is a phenomenon most common in trees
growing in the Mediterranean area with frequent and severe summer droughts [19,71,72].
With decreasing drought stress at higher elevations, the intensity of the IADF was mitigated
(750 m) or not existent (1250 m), indicating increasingly effective compensatory effects at
higher elevations. IADFs are not restricted to Mediterranean ecosystems and the potential
of Norway spruce wood anatomy to show plastic responses to intra-seasonal drought
periods by IADF formation has been documented by previous studies as well [47,73,74].
However, as studies in the Mediterranean area demonstrated, IADF formation is a fac-
ultative and complex phenomenon and irrigation after post-summer drought does not
necessarily trigger cambial reactivation [18]. Our results suggest that the sequence of
sharply contrasting environmental conditions during the dry-wet cycle in June and July
initiated IADF formation of submontane Norway spruce trees on lower elevations. Based
on our knowledge, our study reports for the first time the decoupling of kinetics of cell
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differentiation processes during intra-seasonal drought. Therefore, our results contribute
to an improved and mechanistic understanding of the underlying xylogenetic processes of
IADF formation and their environmental control.

Despite these findings, we identified a consistent pattern of increasing durations of cell
differentiation to compensate lower rates at higher elevations during earlywood formation,
confirming our expectations based on previous research on Norway spruce and European
larch growing along thermal gradients [9]. Highly effective compensatory mechanisms
between rates and durations, completely counterbalancing the impact of environmental
predictor variables on kinetics of tracheid development during earlywood and transition
wood formation were also documented for conifers growing in the Vosges mountains
of France [14]. However, the highly significant effect of temperature on the rates of wall
thickening during latewood formation in our sample trees, which were not counterbalanced
by shorter durations, underpins the cause-effect understanding of the links between late
summer temperature, cell wall thickness, and maximum latewood density documented in
previous research [9,14].

In addition, tree age, tree height, and crown characteristics of our sample trees were
not completely uniform between the elevational levels but have been documented as
significant confounding factors to climate and weather altering phenology and dynamics
of wood formation of conifers. Rossi et al. detected in timberline conifers that older trees
had altered timings and significantly shorter durations of xylogenesis [39]. Rathgeber et al.
found that dominant trees (i.e., taller trees with larger dbh and crown projection area) in
a silver fir plantation had significantly longer duration of cambial activity compared to
suppressed trees [75]. In addition, anatomical variables directly related to the calculation
of the kinetics of tracheid differentiation, such as the radial diameter, and, in particular, the
tangential diameter of tracheids were found to be positively correlated with tree height [76].
Furthermore, tracheid diameters also depend on the distance of the stem tip [77]. The
inclusion of such effects in combination with larger sample sizes in future research could
considerably support the disentangling of endogenous and exogenous factors and quantify
their control of wood formation processes.

4.2. Analogies and Discrepancies of Growth Models Derived from Dendrometer and
Xylogenesis Data

The gradual increase of xylem size during the growing season is known to be con-
trolled by xylem cell enlargement and, to a lesser degree, by cambial xylem cell produc-
tion [11,22]. Therefore, we expected the modeled daily rate of radial xylem growth based
on xylogenesis observations to show the closest correlation with the irreversible growth
component that we extracted from the dendrometer time series using shape constrained
additive models [30,45,47]. This could be confirmed for the 450 m and 750 m elevation,
but the rate of radial displacement at 1250 m showed the closest correlation with the daily
rate of woody biomass production. Secondary wall thickening is the main process for
allocating biomass, but does not alter stem size, as it occurs after cells have determined
their final dimension [11,78]. Our results, therefore, indicate that, for trees with generally
lower xylem growth rates, as exemplified by the 1250 m elevation site, the ratio of the
signal (i.e., irreversible xylem cell production and enlargement) to noise (i.e., reversible
fluctuations of tree water status as well as production and collapse of phloem and bark
cells) in dendrometer data becomes increasingly unfavorable to estimate xylem growth
rates. Therefore, the risk of systematic errors when predicting the phenology or daily
rates of radial xylem growth based exclusively on dendrometer data should be critically
discussed [23,29,30]. Accumulation of cells in the cambial zone, but also the formation of
phloem cells, might have contributed to the increase of stem size at 1250 m elevation before
the actual onset of xylem cell enlargement [52,79,80]. In contrast to tracheids, sieve cells
remain functioning to conduct assimilates for only 1–2 years [64]. However, there seems to
be no equilibrium between the production and collapse of sieve cells to counterbalance their
effects on stem size, as the maximum number of non-collapsed and conducting phloem
cells of Norway spruce was identified late in the growing season [52].
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Our results indicated an existing link between the daily rates of radial displacement
and radial xylem growth for the faster growing trees on the two lower elevations. Close
relationships between actual xylem radial growth observations and a turgor driven growth
model based on dendrometer data were also recently demonstrated for Norway spruce and
European larch growing in the Swiss Alps [25]. However, we also detected discrepancies at the
750 m elevation site, where a period of continuous stem shrinkage during October caused a
considerable underfit of the shape constrained additive model, resulting in distinct differences
between the radial growth models based on xylogenesis and dendrometer data. Based on the
assumption that growth processes depend on positive turgor pressure [25,81,82], Zweifel et al.
hypothesized that actual rates of radial growth are likely very low or non-existent during
continuous periods of stem shrinkage [24], but, without independent growth data from
microcores, their study could not ultimately validate their own conclusions. Our study
integrated xylogenesis and dendrometer data from the same trees and provided supporting
evidence for this hypothesis, as xylem cell enlargement at 750 m elevation ceased at the end
of September, at about the same time when continuous stem shrinkage began.

Our analysis provided no clear evidence, whether the bimodal growth patterns and
decreasing rates of radial displacement and radial xylem growth at the 750 m elevation
and, in particular, at the 450 m elevation site in June were caused by low rates of xylem cell
production. This is also reflected by the fact that the bimodal pattern of seasonal xylem
cell production at the 1250 m elevation site in June did not translate into distinct lower
rates of stem radial displacement. This partly underlines the superior importance of xylem
cell enlargement for the increase in stem size compared to cambial cell divisions [11,22].
However, our results provided interesting evidence that the distinct stagnation of stem
radial displacement during the June drought at 450 m elevation, was likely triggered by
a low number of enlarging cells combined with decreasing enlargement rates. It can be
speculated that these negative effects on stem size increase were possibly exacerbated
by decreasing stem water potentials and bark shrinkage due to transpirational water
loss not being fully compensated by root water uptake during drought [24,27,64]. The
synergistic effects of integrating dendrometer measurements with models of the kinetics of
tracheid differentiation provides novel insights on the actual dynamics of wood formation
processes behind stem size variations and enables a better interpretation of dendrometer
measurements during intra-seasonal drought periods.

4.3. Phase Shift between Daily Rates of Radial Xylem Growth and Woody Biomass Production

We also examined whether the seasonal peak of the daily rate of woody biomass
production would appear time-lagged to the occurrence of the maximum daily rate of
xylem growth, as suggested in previous studies [11,22]. Although this assumption was
confirmed at all elevations, the time-lag of 11 days at 450 m elevation was considerably
shorter than one month documented for conifers growing in the Vosges mountains of
France. A similar reduction of the phase shift between daily rates of radial xylem growth
and woody biomass production was also documented for Norway spruce growing in
North-east France during the drought year of 2015, whereas the seasonal growth pattern
retained a unimodal shape [22]. At the peak of the drought period during the middle and
end of June 2014, concurrent to the formation of the intra-annual density fluctuation at
450 m elevation, we found the rate of woody biomass production almost immediately
starting to decline, before increasing again under more favorable growing conditions in
July. During the heat wave and drought conditions in June, Norway spruce trees growing
at 450 m and 750 m elevation might have shifted their carbon allocation patterns away
from the synthesis of lignocellulose components and xylem carbon sequestration to the
maintenance respiration of living tissues with higher priority for tree survival [83]. In
contrast to previous assumptions that the seasonal course of woody biomass production
is mainly controlled by temperature [11], the considerably longer time lags of 68 days at
750 m and 45 days at 1250 m elevation combined with the formation of bimodal growth
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patterns, highlight the importance of water availability and turgor for woody biomass
production and carbon sequestration of Norway spruce [25].

5. Conclusions

We performed an integrated analysis of xylogenesis observations, quantitative wood
anatomy, and precision point-dendrometer measurements of Norway spruce during the
growing season in 2014, where the summer was characterized by a distinct dry-wet cycle
with an anomalous dry June followed by an extraordinarily humid July. While effective
compensatory mechanisms of the kinetics of tracheid development at the highest elevations
indicated strong internal control of tree-ring formation, a collapse of compensatory effects
at the lowest elevation with very short durations and decreasing rates of cell enlargement
during drought triggered the formation of an intra-annual density fluctuation (IADF).
Parallel to IADF formation, these trees responded to water stress with bimodal growth
patterns characterized by temporarily decreasing daily rates of radial xylem growth and
woody biomass production. Simultaneously, dendrometer measurements indicated stag-
nating rates of stem radial displacement and increasing daily shrinkages of radial stem size.
However, intra-annual growth models based on xylogenesis data and dendrometer mea-
surements showed only a moderate agreement. It appears that, in particular, during low
rates of radial xylem growth, the signal-to-noise ratios between growth and fluctuations
in tree water status might become increasingly detrimental for an accurate and realistic
estimation of growth rates based on dendrometer data.

In contrast to findings of previous studies, where compensatory mechanisms of
tracheid differentiation remained intact during drought periods [17,18], our study demon-
strates, for the first time, the complex interplay between rates and durations of tracheid
development during in-situ dry-wet cycles. Thereby, we contribute to an improved mecha-
nistic understanding of the environmental control of wood formation processes, leading to
the formation of intra-annual density fluctuations in tree-rings of coniferous tree species.
Since our time series encompasses only one year and a small sample size, we suggest
future research to validate these findings with comparable modeling approaches based on
xylogenesis data collected at sites with more frequent and severe intra-seasonal drought
periods, as can be found in the Mediterranean regions.
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Appendix A

Table A1. List of abbreviations used in this study with their definitions (and units where applicable).

Abbreviation Definition Unit

Xylogenesis variables
nC Number of cambial cells cells
nE Number of enlarging cells cells

nEWM Total number of cells cells
nM Number of mature cells cells

nT Mean total number of cells after the end of cell
enlargement cells

nW Number of wall thickening cells cells
nWM Number of cells with secondary walls cells

Wood anatomical variables
CCA Cell cross-sectional area µm2

CCCA Cambial cell cross-sectional area µm2

CCRD Cambial cell radial diameter µm
CRD Cell radial diameter µm
CTD Cell tangential diameter µm

CWCA Cambial cell wall cross-sectional area µm2

IADF Intra-annual density fluctuation
LCA Cell lumen cross-sectional area µm2

LRD Cell lumen radial diameter µm
LTD Cell lumen tangential diameter µm
MC Mork’s Criterion unitless

PWT Primary cell wall thickness µm
WCA Cell wall cross-sectional area µm2

WTT Cell wall tangential thickness µm

Kinetics variables
dE Duration of cell enlargement days
dW Duration of secondary wall thickening days
rA Rate of cell cross-sectional area enlargement µm2 day−1

rE Rate of radial cell enlargement µm day−1

rW Rate of cell wall thickening µm2 day−1

Radial growth and biomass variables
AWP Aboveground woody biomass gC tree−1

CWP Cell wall proportion unitless
rAWP Rate of aboveground woody biomass production gC day−1 tree−1

rC Rate of xylem cell production cells day−1

rRD Rate of stem radial displacement µm day−1

rRG Rate of radial xylem growth µm day−1

XAD Xylem apparent density g cm3

Tree characteristics
DBH Diameter at breast height cm

F Form coefficient of Norway spruce stems unitless
H Tree height m

Linear mixed-effects model and environmental variables
MP Daily mean of soil matrix potential kPa
RD Daily sum of global radiation on inclined surfaces MJ m−2

RH Daily mean of relative humidity %
TM Time Day of year
TP Daily mean of air temperature ◦C
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Table A1. Cont.

Abbreviation Definition Unit

Subscript indices
c Cell
f Tracheid file
i Elevational level
j Individual tree
t Day of year

Methodology
GAM Generalized additive model

GAMM Generalized additive mixed model
MICA Multiple interval-based curve alignment
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