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Summary

� The extent to which water availability can be used to predict the enlargement and final

dimensions of xylem conduits remains an open issue.
� We reconstructed the time course of tracheid enlargement in Pinus sylvestris trees in central

Spain by repeated measurements of tracheid diameter on microcores sampled weekly during

a 2 yr period. We analyzed the role of water availability in these dynamics empirically through

time-series correlation analysis and mechanistically by building a model that simulates daily

tracheid enlargement rate and duration based on Lockhart’s equation and water potential as

the sole input.
� Tracheid enlargement followed a sigmoid-like time course, which varied intra- and interan-

nually. Our empirical analysis showed that final tracheid diameter was strongly related to

water availability during tracheid enlargement. The mechanistic model was calibrated and

successfully validated (R2 = 0.92) against the observed tracheid enlargement time course. The

model was also able to reproduce the seasonal variations of tracheid enlargement rate, dura-

tion and final diameter (R2 = 0.84–0.99).
� Our results support the hypothesis that tracheid enlargement and final dimensions can be

modeled based on the direct effect of water potential on turgor-driven cell expansion. We

argue that such a mechanism is consistent with other reported patterns of tracheid dimension

variation.

Introduction

Xylem provides woody plants with mechanical support, storage
and water transport functions. Wood mechanical and hydraulic
properties determine plants’ ability to grow in height and to sup-
ply the canopy with water to sustain carbon assimilation. Wood
properties are in turn largely dependent on the anatomy of xylem
conduits (Hacke et al., 2015, 2017). Xylem hydraulic efficiency is
extremely sensitive to conduit dimensions as hydraulic conduc-
tance increases proportionally to the fourth power of the conduit
radius (Tyree & Zimmermann, 2002). On the other hand, con-
duit dimensions are also associated with xylem hydraulic safety,
larger conduits being generally more prone to cavitation during
freeze–thaw events (Sperry & Sullivan, 1992; Sperry et al., 1994)
as well as to drought-induced embolism (Hacke et al., 2015,
2017). In the case of gymnosperm species, tracheids fulfill both
mechanical and hydraulic functions, which further constrains tra-
cheid dimensions (Pittermann et al., 2006).

Xylem conduit dimensions vary greatly along a tree’s radial
and longitudinal axes, from the intraring scale to the ecoregion
scale. Most trees growing under strongly seasonal climates

produce conduits exhibiting periodic diameter variations along
the radial axis, resulting in distinct growth rings. In temperate cli-
mates, the alternation between wide and thin-walled earlywood
conduits and narrow and thick-walled latewood conduits within
a ring is a general pattern. There are deviations from this general
earlywood–latewood alternation pattern, such as intra-annual
density fluctuations, which consist of the inclusion of latewood-
like cells within earlywood, or the reverse. Still within the ring
but along the longitudinal axis, the universal treetop-to-base
widening of xylem conduits (West et al., 1999; Anfodillo et al.,
2006; Olson et al., 2014) is associated with a radial increase in
xylem conduit dimensions from the pith to the bark as trees grow
taller (Fan et al., 2009; Anfodillo et al., 2013). Superimposed on
these patterns, climate variability results in year-to-year variation
in conduit dimensions (Fonti et al., 2010). Climate can further
lead to conduit dimension variations between individual trees, at
both the intra- and interspecific levels (Pfautsch et al., 2016).
Nevertheless, given that maximum stem height also varies
depending on climate, there is some debate regarding the actual
source(s) of between-tree conduit diameter variations with cli-
mate (Olson et al., 2018).
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Understanding the drivers of variations in wood anatomy
requires studying the processes at work during wood formation
(i.e. xylogenesis). Pioneering studies on conifers established that
xylogenesis consists of a sequence of processes occurring in xylem
cells successively exiting the cambium until maturation, namely
cell division, enlargement, wall thickening and lignification, and
programmed cell death (Wodzicki, 1960; Wilson et al., 1966;
Skene, 1969). Subsequent technical advances have allowed
conifer xylogenesis to be monitored at increasingly higher resolu-
tion (Rossi et al., 2006b; Cuny et al., 2013; von Arx & Carrer,
2014), permitting the assessment of the kinetics of the different
stages of tracheid differentiation and thereby enabling the investi-
gation of the causes of variation in wood anatomy (Cuny et al.,
2014; Rathgeber et al., 2018). Tracheid enlargement kinetics are
generally quantified indirectly by identifying them in the enlarge-
ment phase using visual criteria (e.g. cell size, birefringence).
Enlargement duration is then estimated by dating the entrance
and exit of tracheids in this phase. Finally, the tracheid enlarge-
ment rate is calculated from estimated enlargement duration and
observed final tracheid dimensions at the end of the growing sea-
son (Rathgeber et al., 2018). By contrast, there have been com-
paratively few attempts to directly observe the time course of
tracheid size variations between samples, during the period of
enlargement (see Antonova et al., 1995; Vaganov et al., 2006).
Such observations nonetheless potentially allow estimates of tem-
porally resolved enlargement rates of tracheid cohorts (i.e. tra-
cheids formed at the same moment), which has the potential to
help clarify the dynamics of tracheid enlargement and relate it to
transient environmental drivers.

Patterns of conduit dimension variations are known to be
influenced by environmental cues such as temperature, photope-
riod and water availability (Fonti et al., 2010; Begum et al., 2016;
Ziaco et al., 2016; Castagneri et al., 2017; Pacheco et al., 2018),
as well as internal factors, such as hormonal signaling or sugar
availability (Larson, 1960; Funada et al., 2001; Uggla et al., 2001;
Winkler & Oberhuber, 2017). More specifically, temperature
and water availability have been shown to affect the kinetics of
cell differentiation, the interaction of differentiation rates and
durations of enlargement, ultimately leading to final tracheid
dimensions and cell wall thickness (Balducci et al., 2016; Cuny
& Rathgeber, 2016).

Based on this knowledge, models of wood formation have
been developed that simulate wood anatomy from environmental
factors, including temperature, water availability and day length
(Deleuze & Houllier, 1998; Vaganov et al., 2006; Drew & Dow-
nes, 2015), while other models describe the relevant physiological
determinants, such as sugar availability (H€oltt€a et al., 2010;
Carten�ı et al., 2018) or hormone gradients (Drew et al., 2010;
Hartmann et al., 2017). However, despite these recent break-
throughs, the specific mechanisms of environmental control over
xylogenesis in general, and conduit enlargement in particular, still
remain unresolved (Vaganov et al., 2011; Rathgeber et al., 2016).

Among the environmental drivers of conduit dimensions,
water availability has a pervasive effect, as drier conditions gener-
ally lead to the formation of narrower conduits within the ring,
from year to year, as well as between individual trees and species

(Deleuze & Houllier, 1998; Fonti et al., 2010; De Micco et al.,
2016; Pfautsch et al., 2016). Plant cell expansion is the result of
wall relaxation under the action of turgor pressure (P) above a
yield threshold (cP), which is typically formalized using Lock-
hart’s equation (1965) (see Materials and Methods) and which
has been shown to apply to numerous plants and cell types
(Green & Cummins, 1974; Cosgrove, 1986). Given the tight
relation between cell water status and turgor pressure, Lockhart’s
equation also explains the high sensitivity of plant cell expansion
to water potential (Hsiao, 1973). Experimental work suggests
that, in the case of xylem tissue, final conduit dimensions are
under similar direct control of water potential (Abe et al., 2003).
However, because of the difficulty in directly observing wood cell
expansion, there have been few attempts to verify the applicabil-
ity of Lockhart’s equation for explaining variations in conduit
expansion and final dimension in response to water potential.
Process-based wood formation models have long acknowledged a
relationship between conduit enlargement and water availability,
among other variables (Deleuze & Houllier, 1998; Fritts et al.,
1999). Nevertheless, this link is often represented through empir-
ical relationships, with limited realism and generalization. A fam-
ily of models has been developed that link stem radial growth to
sap flow, based on the application of Lockhart’s equation (1965)
for cell expansion to whole organ expansion. These models have
been successful in predicting subdaily stem diameter variations
over a given period of the growing season (Steppe et al., 2006;
De Swaef & Steppe, 2010; H€oltt€a et al., 2010), showing the rele-
vance of plant water relations and turgor-driven cell expansion
for modeling wood formation and tree radial growth.

Here we reconstruct the time course of tracheid enlargement
in a Pinus sylvestris stand near the xeric distribution edge of this
species in order to study the dependence of tracheid enlargement
and final dimensions on soil water availability. We analyzed the
effect of water availability through the quantification of empirical
relationships between tracheid diameter (TD) and soil water con-
tent (SWC) and by formulating a mechanistic tracheid enlarge-
ment model based on Lockhart’s equation (1965) for cell
expansion, with soil water potential as sole input, which we cali-
brate and validate against observed tracheid enlargement time
courses. Using this mechanistic model, we tested the hypothesis
that soil water potential alone can predict tracheid enlargement
and final diameter.

Materials and Methods

Study site and experimental design

The study site is located in Valsa�ın (Segovia, central Spain,
40�51035″N, 4�3052″W), in the Guadarrama range (facing
northwest, 15% slope; 1350 m asl), currently a transition zone
between Scots pine (Pinus sylvestris L.) and Pyrenean oak (Quer-
cus pyrenaica Willd.) dominated stands. The stand is composed
of mature pine trees (100� 7 yr old) and patches of younger
pines (43� 4 yr old) and oaks (42� 1 yr old). In 2016, optically
measured leaf area index (LAI-2200; Li-Cor, Lincoln, NE, USA)
was on average 2.3 and 3.1 for old and young pine patches,
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respectively. The soil is sandy loam, with 3% organic matter and
a bulk density of 0.96 (D�ıaz-Pin�es et al., 2011). Climate is
Mediterranean with 728 mm mean annual precipitation, 9.1°C
mean annual temperature and a dry period spanning from June
to late August. Precipitation and global solar radiation data were
obtained for 2013 and 2014 from daily records of nearby weather
stations in Segovia (precipitation, 11 km, 1005 m asl) and Navac-
errada (solar radiation, 9 km, 1895 m asl) belonging to the Span-
ish meteorological agency (AEMET) network (Supporting
Information Fig. S1). Additionally, daily temperature was
recorded on-site during 2013 and 2014 (Fig. S1). Overall, 2013
had approximately average precipitation (808 mm) and tempera-
ture (9.2°C), whereas 2014 was wetter (998 mm) and hotter
(10.1°C) than usual. The study plot corresponds to the pine con-
trol plots of the rainfall-exclusion experiment described in
Fern�andez-de-U~na et al. (2017, 2018), where additional method-
ological details can be found.

Soil moisture and water potential

Soil water content was monitored hourly during 2013 and 2014
using two sensors at 25 cm depth and three sensors at 50 cm
depth (EC-5 Soil Moisture Sensors; Decagon Devices, Pullman,
WA, USA) (Fig. S2a). Daily soil water potential (wsoil; Fig. 1)
was calculated from SWC using Van Genuchten’s water reten-
tion curves, which were parameterized from soil texture, bulk
density and organic matter content, following pedotransfer func-
tions described in T�oth et al. (2015). Soil texture, bulk density
and organic matter fraction were retrieved from a previous study
in Valsa�ın which reported soil properties under three canopy
cover types, namely pure oak, pure pine or mixed (D�ıaz-Pin�es
et al., 2011). We used the soil properties from the mixed canopy
for all calculations. However, to account for the uncertainty sur-
rounding soil properties, we also conducted preliminary analyses

using the soil properties from alternative canopy covers. These
preliminary analyses showed that the effect of the uncertainty sur-
rounding soil properties on wsoil is of significance only when soil
moisture is low (Fig. S2b). To obtain soil water potential values
representative of those sensed by pine trees at the study site, soil
water potential was then averaged over depth, by weighting each
depth contribution by a theoretical root distribution assuming a
1 m rooting depth (Roberts, 1976; Cabon et al., 2018) and a
conic root distribution shape. Under this assumption, 95% of
the roots are contained in the upper 63 cm of soil. These calcula-
tions were done using functions implemented in the R package
MEDFATE (De C�aceres et al., 2015).

Microcore sampling and measurements

A total of 330 microcores were sampled from 12 Scots pines
every 7–15 d between April and November, during 2013 and
2014 (six different trees yr–1). Each year, samples were extracted
from three trees per size class in order to control for the effect of
tree size and age on tracheid development (Rossi et al., 2008) and
final tracheid dimensions (Anfodillo et al., 2006). These measures
were pooled to provide a more robust characterization of tracheid
development patterns (but see Fig. S3 for the tracheid enlarge-
ment differences between size classes). Sampled mature trees
were, on average, 103� 5 yr old, 22.8� 5.5 m high and had a
diameter at breast height (DBH) of 48.1� 6.4 cm, whereas sam-
pled young trees were on average 41� 4 yr old, 13.6� 1.9 m tall
and had a DBH of 15.4� 3.4 cm. Microcores were extracted
with a Trephor (Rossi et al., 2006a) and stored in a 70% ethanol
solution at 4°C. The samples were dehydrated in progressively
higher concentrations of ethanol and xylene, embedded in paraf-
fin and cut with a rotary microtome (Fern�andez-de-U~na et al.,
2017). Sections were photographed with a digital camera
attached to a microscope (9100 magnification) at a resolution of
1.8 lm per pixel.

The radial diameter of the lumen and double cell wall thick-
ness were measured and used to calculate radial TD on all indi-
vidual cells along three to five files on the current- and previous-
year rings using the software DACIA (Heres�, 2013). Cell files
were selected so that they were complete (i.e. extending from the
beginning of the ring to the cambial zone) and cell boundaries
were clearly identifiable. Cells in the cambial zone were distin-
guished from differentiating cells by their size and shape (Larson,
1994) (see Fig. S4 for an illustration of the measurements). Cell
radial dimension measurements were further used to calculate
Mork’s index of completed rings, following Denne (1989).

Time course of tracheid enlargement and environmental
correlates of final tracheid diameter

There are two main approaches to studying the kinetics of tra-
cheid enlargement (Vaganov et al., 2006). Frequently, tracheid
dimensions are measured at the end of the growing season,
whereas the timing of tracheid enlargement is estimated by
counting the number of tracheids in the enlargement and post-
enlargement phases on microcores sampled periodically during
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Fig. 1 Soil water potential (wsoil) during 2013 and 2014 growing seasons
(April–October). Soil water potential was calculated from measured soil
moisture using Van Genuchten water retention curves.
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wood formation. The average tracheid enlargement rate is then
obtained by dividing final tracheid dimensions by the estimated
enlargement duration (Skene, 1969; Wodzicki, 1971; Deslauriers
et al., 2003; Rossi et al., 2006b; Cuny et al., 2014). Here we use
instead a variation of the ‘instantaneous tracheidogram’ method
(Vaganov et al., 2006), which consists of repeated measurements
of tracheid dimensions (of all tracheids, i.e. tracheids in both
enlargement and post-enlargement stages) through xylogenesis in
order to reconstruct the time course of tracheid enlargement for
different tracheid cohorts (i.e. tracheids formed around the same
time, here defined at the weekly to biweekly scale). The main
advantage of this approach lies in that it allows the enlargement
rate of each tracheid cohort to be quantified over different time
intervals and independently of estimated enlargement duration
(details of the protocol are given in Methods S1). This is essential
in the case of this study to obtain time-resolved estimates that
can be directly compared with model simulations.

In order to visualize the general shape of irreversible tracheid
enlargement, we fitted shape constrained additive models
(SCAMs) to the measured time course of TD (i.e. the sum of
radial lumen diameter and radial cell wall thickness) variations of
each tracheid cohort, using the R package SCAM (Pya & Wood,
2015). SCAMs were fitted after a log-transformation of the data
and specification of a monotonically increasing smooth function
with a gamma distribution of residuals. Weekly tracheid enlarge-
ment rate (R) was calculated at each time step as the TD increment
since the last time step divided by the time difference between the
two observations. Tracheid enlargement summary statistics (here-
after referred to as ‘tracheid enlargement features’) were calculated
for each weekly tracheid cohort. Maximum tracheid enlargement
rate (Rmax) was defined as the 95% percentile of observed R. For
TD, as this variable follows a saturating function and its distribu-
tion is negatively skewed, the 90% percentile of observed TD
(rather than 95%) was used to define final tracheid diameter
(TDmax), thus avoiding overestimation. The cell enlargement
duration (Δt) was defined as the number of days from cell enlarge-
ment onset (t1) to reach 0.9TDmax (this threshold is used in order
to reduce the uncertainty around the estimate of Dt). This allowed
Dt to be estimated independently from the identification of the
different cell differentiation stages. Generalized additive models
(Wood, 2011) were finally fitted to tracheid enlargement features
in order to describe and visualize their seasonal variations.

Potential direct and lagged empirical monotonic relationships
between tracheid final diameter and environmental variables were
explored by calculating Spearman’s correlation coefficients (q)
between weekly TDmax and daily precipitation, temperature,
global solar radiation or SWC. These environmental variables
were averaged over time periods of 7 d and centered with a lag of
�120 to 54 d relative to t1 (54 d being the maximum observed
tracheid enlargement duration).

Tracheid enlargement model

We used Lockhart’s equation (Eqn 1) to model the enlargement
of differentiating tracheids as a function of water potential (w),
by expressing the turgor pressure as the difference between w and

osmotic potential (p) (which is ultimately related to the osmotic
pressure difference between the cell and the apoplast):

r ¼ dV

V dt
¼ / w� p� cPð Þ; w� p[ cP

0; w� p� cP

�
Eqn 1

where r is the relative volume (V ) increment rate of the cell, / is
the cell wall extensibility and cP is the turgor pressure threshold
to yield expansion. Because we seek to test the extent to which
tracheid enlargement and final diameter can be explained by
water potential variations alone, we further made the simplifying
working assumption that w is the only state variable affecting tra-
cheid enlargement; that is, at any time, r is a function of w and
other variables are either fixed or vary passively as a consequence
of cell expansion.

The osmotic potential is the result of the interactions between
water molecules and osmolytes within the cell. Assuming that
osmolyte fluxes between the cell and the apoplast are negligible,
then p varies with cell volume as a result of osmolyte dilution as:

dp
dt

¼ �nRmT
dV

V 2dt
¼ �nRmT

r

V
Eqn 2

where n is the osmolyte quantity and Rm is the gas constant. This
assumption implies a decrease of osmolyte concentration with
distance to cambium, consistent with observations (Uggla et al.,
2001). In addition, concomitant observations of / and cP varia-
tions during leaf formation in Douglas-fir suggest that cP varia-
tions are low relative to / (Meinzer et al., 2008). Therefore, we
assumed cP to be constant in the model. Expansive growth causes
cell wall thinning, which is compensated by concomitant wall
deposition (Dumais et al., 2006). During late stages of tracheid
enlargement, the cell wall becomes thicker and more rigid as wall
deposition overcomes thinning (Cosgrove, 2000). We conse-
quently modeled relative variations in / during cell enlargement
as the balance between a softening rate, given by the product of r
and a softening constant (s), and a constant hardening rate (h):

d/
/dt

¼ s � r � h Eqn 3

Finally, as cell expansion is believed to occur mostly at night
(but see Mencuccini et al., 2017) when the pressure differential
between the plant and the soil is minimal (Pantin et al., 2011;
Steppe et al., 2015), we assume here that cell water potential is
equal to soil water potential. Note that gravitational effects are
assumed negligible at c. 1.3 m, the height at which cores were
sampled.

Under the assumption that tracheids in the enlargement stage
essentially grow radially, then:

dTD

TDdt
¼ dV

V dt
¼ r Eqn 4

Tracheid diameter at a given instant tx is then given by integra-
tion of the relative enlargement rate (Eqn 5):
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TD ¼ TDt1 þ exp

Ztx
t1

r dt Eqn 5

The tracheid enlargement model (Eqns 1–5) is solved using a
finite time discretization approach at the daily scale. Cambial
cells had a mean radial diameter of 8.6� 2.5 lm (n = 3300
cells) before exiting the cambial zone. We thus used this value
as the initial state of TD in the model (TDt1). The full tracheid
enlargement model therefore has five unknown parameters – cP,
pt1, /t1, h and s – where pt1 and /t1 are the initial state of the
cell osmotic potential and the cell wall extensibility, respectively.
The unknown parameters were estimated by model calibration
against observed time course of TD variations during 2013,
using calculated wsoil as model input. The calibration was con-
ducted by means of minimization of the residual sum of squares
using the Nelder–Mead algorithm implemented in the R func-
tion ‘optim’ (R Core Team, 2019). Thereafter, the calibrated
parameter estimates were compared with values compiled from
the literature in order to verify the ability of model calibration
to produce realistic parameter estimates. We selected studies in
which the parameters were estimated on growing tissue material.
However, as we only found one study reporting osmotic poten-
tial on growing tissue from a woody species, we also included
estimates of osmotic potential concerning nongrowing tissue of
pine trees.

The model was first validated by comparing simulated and
observed TD time courses in 2014. We then verified the model’s
ability to simulate the seasonal variations of tracheid enlargement
features in 2013 and 2014 by comparing simulated and observed
values of TDmax, Rmax and Δt. Finally, to account for uncertainty
in model calibration we conducted an analysis of model sensitiv-
ity by simulating TDmax, Rmax and Δt for the growing season of
2013, using parameter values in the range of those reported in
the literature.

Results

Observed time course of tracheid enlargement

During the study, tracheid enlargement started in late April
(2013, day of year (DOY) 120� 4; 2014, DOY 106� 3), ended
in mid-August (2013, DOY 228� 7; 2014, DOY 234� 9) and
the number of tracheids exiting the cambial zone peaked in June
(2013, DOY 169� 5; 2014, DOY 155� 7). Tracheid enlarge-
ment followed a sigmoid-like pattern that was consistent between
years and through the growing season (Fig. 2). Cohorts of tra-
cheids formed during the same period of the year exhibited little
variability during enlargement, although data were noisier once
the saturation plateau was reached. Tracheids formed during the
same period of the year but in different years (Fig. 2) or different
tree size classes overall had distinct enlargement time courses, but
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Fig. 2 Time course of tracheid enlargement
during the growing season of 2013 (red) and
2014 (blue). Tracheids are aggregated by
cohorts defined based on the date of cell
enlargement onset (t1), here at the biweekly
scale and plotted in the corresponding panels
(a–i; e.g. (a) represents the enlargement time
courses of a cohort of tracheids that started
enlarging between day of year (DOY) 99 and
112). Vertical dashed lines represent the
median tracheid enlargement onset (t1) of
each panel. Points are tree-level averages,
thin lines are overall averages and curves are
fitted shape constrained additive models. On
average, the last-formed tracheids entered
the enlargement stage on DOY 225� 11,
but tracheids entering the enlargement stage
after DOY 224 were not represented
because they were too few (1% of the total).
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differences tended to disappear for tracheids formed toward the
beginning and the end of the growing season (Fig. S3). In 2014,
the diameters of tracheids formed in the middle of the growing
season showed a marked decrease after having reached their maxi-
mum. A small resumed increase in diameter was also observed for
tracheids formed during the second half of the 2013 growing sea-
son. However, these are most likely artifacts as a result of sam-
pling (see Discussion). After exiting the cambial zone, tracheids
grew during 31� 13 d on average, at a mean rate of
0.75� 0.37 lm d�1, which yielded an average final diameter of
31.5� 12.9 lm. Tracheid enlargement features varied substan-
tially during the growing season (Figs 2, 3), with Rmax ranging
from 0.05 to 1.19 lm d�1, Dt from 2 to 54 d and TDmax from
8.0 to 45.5 lm. According to Mork’s index, the earlywood-to-
latewood transition corresponded to the tracheids formed around
DOY 199 in 2013 (Fig. 2h) and DOY 176 in 2014 (Fig. 2g).
Dynamics of TDmax and Rmax generally followed a bell-shaped
curve skewed towards the end of the growing season, whereas Dt
decreased nearly linearly from the beginning to the end of the
growing season (Fig. 3).

Empirical relationship between tracheid diameter and
environmental variables

Calculated Spearman’s correlation coefficients between TDmax

and all environmental variables were highly variable depending
on the lag between the two series (Fig. 4). All environmental
variables but precipitation reached correlations with signifi-
cance level a < 0.001. Precipitation and soil moisture were
positively correlated with TD, whereas temperature and solar
radiation were mostly negatively correlated. Overall, TDmax

was best correlated to soil moisture during the period of cell
enlargement (lag = 10 d, q = 0.89). In contrast to soil mois-
ture, temperature and radiation were correlated to TDmax at
negative lags (scatterplots of the best correlation for each envi-
ronmental variable are shown in Fig. S5).

Tracheid enlargement parameters

Three of the five model parameters, namely the initial osmotic
potential (pt1), the initial cell wall extensibility (/t1) and the cell
wall yield threshold (cP) are frequently measured variables and
therefore calibration estimates can be compared with values
reported in the literature. In addition, cw indicates the water
potential threshold below which enlargement stops and can be
derived from pt1 and cP (cw = cP + pt1). We compiled data from
18 studies in which estimates of one or more enlargement param-
eters were obtained in vivo by direct measurements or indirectly
through modeling (Tables 1, S1). The model calibration against
observed TD time courses yielded parameters that were consis-
tent with values from the literature (Table 1). Furthermore, cali-
brated parameters were often closest to estimates corresponding
to woody species. Using alternative soil properties to calculate
wsoil yielded parameter estimate variations of up to 30% in the
case of pt1, cP, cw and / but had virtually no effect on the esti-
mates of s and h (Table 1).

Modeled vs observed tracheid diameter dynamics

All indices showed that model calibration yielded a good fit to
observed time course of TD in 2013 (Fig. 5; Table 2; also, see
Fig. S6 for details of the fit between observed and simulated TD).
The model explained 95% of 2013 TD variability, with very little
bias and trend. In 2014, the validation simulations also satisfacto-
rily reproduced the TD variations, although statistics were
slightly less good than those of the calibration year: the model
still explained 92% of the total variance, with a slightly higher
bias and deviation from 1 : 1 slope in the simulations. Using
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alternative soil properties to calculate wsoil did not affect the
model fit, as goodness-of-fit statistics were virtually identical for
the different soil textures (Table 2).

Modeled vs observed tracheid enlargement features

Using the set of parameters calibrated against the time course of
tracheid enlargement in 2013, the tracheid enlargement model
was able to reproduce the tracheid enlargement features (i.e.
TDmax, Rmax and Dt) for both calibration and validation years
(Fig. 3; Table 3). Specifically, modeled TDmax closely fitted
observed values, explaining 99% of the TDmax variations along

the ring, with low negative bias for each year. According to the
slope of the regression between observations and simulations as
well as to the mean absolute error and bias (Table 3; see Fig. S7 for
scatter plots of the fit), the fit was even better for the validation
year (2014) than the calibration year (2013). In 2013, the model
was also good at reproducing the seasonal dynamics of Rmax and
Dt (explaining c. 95% of their variability in both cases). However,
in 2014, the model did not perform as well in simulating Rmax and
Δt, although it still explained c. 85% of observed variance in both
cases. Overall, Dt was underestimated by 6–12%, whereas Rmax

was slightly overestimated (c. 6%) but the model captured intra-
and interannual variations of all tracheid enlargement features.

Model sensitivity analysis

Predicted TDmax and Rmax values for the growing season of 2013
showed high sensitivity to parameter variations, whereas Δt esti-
mates were stable for parameter variations within� 40%, espe-
cially during the second half of the growing season (Fig. 6;
supplemental information regarding the sensitivity of the mod-
eled relationship between tracheid growth features and water
potential is given in Fig. S8). Model predictions were most sensi-
tive to pt1, with a 40% increase in this parameter resulting in up
to two-fold higher TDmax values and four-fold higher Rmax val-
ues. Variations of 20% and 40% in cP induced little variation in
all three tracheid enlargement features, but eight-fold increases in
this parameter (thereby matching extreme values reported in the
literature; Table 1) did result in large variations for all three tra-
cheid enlargement features, including Δt. cP values of c. 0.4 MPa
(eight-fold increase in cP) yielded predictions of very little tra-
cheid enlargement and a time-window available for enlargement
shortened by up to 1 month.

Discussion

Measuring tracheid enlargement

The method used here to study tracheid enlargement enabled us
to observe the diameter variations of distinct tracheid cohorts
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Fig. 4 Spearman’s correlation coefficient (q) between measured final
tracheid diameter (TDmax; at a weekly resolution, see measured values in
Fig. 3a) and environmental variables (T, temperature; SWC, soil water
content; P, precipitations; Rg, global solar radiation) averaged following a
moving window of 7 d. The lag of the moving window is expressed as the
number of d before (negative) or after (positive) the onset of cell
enlargement (t1). Points and corresponding values indicate absolute
maximum q for each variable. Gray rectangles delimit P-values for which
P > 0.001 (light gray) and P > 0.05 (dark gray). When lag = 0 d (vertical
solid line), the time window is centered on t1. The highest computed
positive lag value corresponds to the observed maximum cell enlargement
duration (54 d). See scatterplot of the best correlation between TDmax and
each environmental variable in Supporting Information Fig. S5.

Table 1 Tracheid enlargement parameters as estimated in this study by model calibration, the values used for the model sensitivity analysis and estimates
from the literature.

Parameter pt1 (MPa) cP (MPa) cw (MPa) φt1 (MPa�1 d�1) s (unitless) h (d�1)

Calibration �0.79 [�1.01, �0.79] 0.056 [0.056, 0.075] �0.73 [�0.94, �0.73] 0.13 [0.10, 0.13] 1.8 [1.8, 1.8] 0.043 [0.043, 0.043]
Sensitivity
analysis

[�1.1, �0.47] [0.033, 0.45] [0.075, 0.18] [1.1, 2.5] [0.026, 0.060]

Literature �1.15 (8) [�1.62, �0.55] 0.41 (10) [0.1, 0.78] �0.67 (6) [�1.4, �0.25] 4.12 (8) [0.020, 17]
(Woody) �1.51 (4) [�1.62, �1.4] 0.11 (2) [0.10, 0.12] �1.25 (2) [�1.4, �1.1] 0.024 (2) [0.020, 0.028]
(Herbs) �0.78 (4) [�1.2, �0.55] 0.45 (8) [0.29, 0.78] �0.39 (4) [�0.55, �0.25] 5.49 (6) [0.72, 17]

Calibration estimates are reported for the soil texture under mixed Scots pine-Pyrenean oak canopy as well as minimum and maximum (between square
brackets) among estimates obtained using either of the three soil textures to calculate soil water potential (wsoil). Minimum and maximum (between square
brackets) are reported for the sensitivity analysis values. Literature estimates are given as averages, sample size (n, between parenthesis), minimum and
maximum values (between square brackets). pt1, cell osmotic potential at the onset of cell enlargement, or the osmotic potential at full turgor; cP, turgor
threshold above which cell enlargement occurs; cw, plant water potential threshold below which cell turgor is below the yield threshold and r = 0 (i.e.
pt1 + cP); /, cell wall extensibility; s and h, cell wall softening and hardening constants, respectively. Details on individual parameter literature estimates and
the full reference list are given in Supporting Information Table S1.
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over time. Consistent with the observations by Sviderskaya and
collaborators reported in Vaganov et al. (2006), we found that
radial tracheid enlargement followed a sigmoid-like pattern. Fur-
thermore, we could show how variations of the general sigmoid
pattern between tracheids formed at different dates yielded sea-
sonal and interannual variations in TDmax (Fig. 2). Differences in
tracheid enlargement between tree size classes, consistent with the
predictable effect of tapering (Fan et al., 2009; Anfodillo et al.,
2013), were also observed (Fig. S3).

Compared with more standard xylogenesis kinetics methods
(Skene, 1969; Wodzicki, 1971; Deslauriers et al., 2003; Rossi
et al., 2006b; Cuny et al., 2014), the method used here allowed
us to obtain temporally resolved tracheid enlargement rate esti-
mates, independently of enlargement duration estimates, permit-
ting us to evaluate the impact of transient environmental drivers
on tracheid enlargement rate, which is key to validation of our
model of tracheid enlargement. Moreover, this method does not
rely on the distinction of the differentiation zones of the growing

xylem. This could be an advantage, as distinguishing between the
enlargement and wall-thickening zones may be hindered by a cer-
tain degree of overlap (Abe et al., 1997; Cosgrove, 2000; Rathge-
ber et al., 2011; Vaganov et al., 2011 and references therein).

The cited methodological differences could explain why cell
enlargement was estimated here to last 30 d on average and up to
54 d, which is about twice what had been previously reported for
P. sylvestris in continental temperate climates (Wodzicki, 1971;
Cuny et al., 2014). Alternatively, these dissimilarities could be a
result of phenological differences associated with the location of
our study site at the xeric edge of the P. sylvestris distribution.
Because observed TDmax was nonetheless similar to that observed
in the aforementioned studies, the average radial tracheid enlarge-
ment rate reported here was about half of that reported in the lit-
erature. Cell enlargement duration was found to decrease nearly
linearly during the growing season, consistent with previously
reported trends (Skene, 1969, 1972; Cuny et al., 2014). Finally,
tracheid enlargement rate varied seasonally following a bell-
shaped curve skewed towards the end of the growing season. This
is consistent with findings of Cuny et al. (2014) for Abies alba
but differs from their results concerning P. sylvestris. However, in
contrast to enlargement durations, tracheid enlargement rate
trends are much less clear and consistent between studies (e.g.
Wodzicki, 1971; Dodd & Fox, 1990; Cuny et al., 2014; Balducci
et al., 2016). These contrasting results suggest that tracheid
enlargement rate is highly variable between species and/or envi-
ronmental conditions.

In our study, small TD contractions and expansions were
sometimes observed once enlargement had apparently reached
the saturation plateau. Although these variations could be a result
of residual elasticity of the cell wall at a late differentiation stage
(Irvine & Grace, 1997), they are more likely biases resulting from
the method used here to estimate the time course of TDs (e.g. cell
size or cell developmental variability between sampling points).
In addition to these trends, the noise surrounding the measures
of TD made it difficult to estimate the duration of tracheid
enlargement accurately. Despite the potential methodological
advantages cited earlier, the fine-scale variations of tracheid
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both calibration (2013) and validation years (2014). Points correspond to
observations of tracheid diameter at each sampling date, aggregated by
their date of enlargement onset (at the weekly scale). Solid lines
correspond to linear regressions between observations and simulations
(see summary statistics in Table 2). The black dashed line is the 1 : 1 line.

Table 2 Statistics of the linear regressions between observed and
simulated time course of tracheid enlargement (Fig. 5).

Year R2 Slope MAE (%) Bias (%)

2013 0.95 (0.95) 0.98 (0.97) 7.4 (7.6) �1.9 (�2.2)
2014 0.92 (0.92) 0.92 (0.91) 9.5 (9.5) �3.1 (3.4)

The mean absolute error (MAE) is defined as the average of the absolute
value of the difference between simulated and observed tracheid diameter
divided by the observed diameter. Bias is the average difference between
simulated and modeled tracheid diameter divided by the observed tracheid
diameter. The statistics values corresponding to simulations using
alternative soil texture that yielded the worst statistics are given in
parentheses. The overall sample size is 217 (n = 99 in 2013 and n = 118 in
2014).

Table 3 Statistics of the fit between observed and simulated final tracheid
diameter (TDmax), maximum enlargement rate (Rmax) and enlargement
duration (Dt).

Variable Year R2 Slope MAE (%) Bias (%)

TDmax 2013 0.99 1.1 6.1 �1.0
2014 0.99 1.0 2.9 �0.71

Rmax 2013 0.96 1.0 7.7 3.4
2014 0.85 0.92 14 8.6

Dt 2013 0.95 1.0 11 �11
2014 0.84 1.2 15 �2.8

R2 and the slope correspond to the linear regressions between observation
and simulations. The mean absolute error (MAE) is defined as the average
of the absolute value of the difference between simulated and observed
tracheid diameter divided by the observed diameter. Bias is the average
difference between simulated and modeled tracheid diameter divided by
the observed tracheid diameter. Overall sample size is 35 (n = 17 in 2013
and n = 18 in 2014).
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growth duration as estimated here should thus be interpreted
cautiously.

Water potential control of turgor-driven tracheid
enlargement

Final xylem conduit dimensions are known to result from
numerous environmental cues, such as temperature and water
availability (Fonti et al., 2010). Given the generally high intercor-
relation between environmental variables and their temporal
autocorrelation, disentangling the actual environmental drivers of
xylem conduit enlargement is challenging. Here we found TDmax

to be highly correlated to soil moisture, air temperature and solar
radiation (Fig. 4). However, in contrast to temperature and solar
radiation, soil moisture was most strongly and positively corre-
lated to TD during the period of tracheid enlargement, when tra-
cheid size is most sensitive to environmental factors (Cuny &
Rathgeber, 2016). These results suggest that in the case of our
Scots pine stand at the xeric distribution limit of this species,
water availability may dominate in explaining the observed TD
variations, while the lagged correlation of the other

environmental variables with TD could be explained here by
their indirect effect on the water balance (Granier et al., 1999).
Whereas temperature or photoperiod are often proposed to
explain wood anatomical variations under temperate and cold cli-
mates (e.g. Jenkins et al., 1977; Fonti et al., 2013; Bj€orklund
et al., 2017), our results are consistent with studies on conifers in
water-limited environments (Castagneri et al., 2017, 2018;
Belokopytova et al., 2019).

Although other environmental variables (Deleuze & Houllier,
1998; Vaganov et al., 2006; Drew & Downes, 2015) and physio-
logical processes (Drew et al., 2010; H€oltt€a et al., 2010; Hart-
mann et al., 2017; Carten�ı et al., 2018) have proved relevant for
modeling wood anatomy, here we focus on water availability in
order to assess the hypothesis that water availability alone can
explain tracheid enlargement in P. sylvestris at our study site. The
mechanistic tracheid enlargement model presented here proposes
that water potential controls tracheid enlargement through cell
turgor. In the model, dynamic feedbacks between cell volume
changes and cell osmotic potential and cell wall extensibility fur-
ther shape the relationship between water potential and cell
enlargement. In contrast with other models of wood formation
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based on turgor-driven cell expansion (G�enard et al., 2001;
Steppe et al., 2006; De Swaef & Steppe, 2010; H€oltt€a et al.,
2010), our model does not take into account water and solute
fluxes and focuses on the enlargement of individual tracheids,
which is modeled in a fully mechanistic manner. Although tem-
poral autocorrelation in the data certainly inflated the fit statis-
tics, model performance was remarkable in most cases. The
mechanistic nature of the model, grounded on the widely used
and validated Lockhart (1965) equation, and the low number of
free parameters reduced the risk of model overfitting. Despite the
fact that the exact value of these parameters is uncertain, owing
to several potential sources of error regarding model assumptions
and input water potential (Table 1), model calibration yielded
parameter estimates that were consistent with the literature, espe-
cially estimates concerning woody species (Table 1). The model
was able to reproduce the observed time course of tracheid
enlargement (Fig. 5), regardless of the uncertainty surrounding
the input water potential. According to the model, the maximum
tracheid enlargement rate is related to water potential at the
beginning of cell enlargement, whereas enlargement ceases
because of osmotic potential dilution and/or water potential
drop. Once tracheid enlargement rate starts to decrease, this
trend is further accentuated by the negative feedback of cell wall
stiffening. As a result of this hypothesis, a tracheid with low or
null enlargement rate rapidly loses its ability to enlarge. Similarly,
in their model, Carten�ı et al. (2018) assumed that the cell wall
stiffens progressively during tracheid enlargement, but in contrast
to the present study, the authors assumed this mechanism to be
the primary driver of cell enlargement cessation. Although the
changes in cell wall properties were modeled here as a conse-
quence of cell growth rate only, they are also likely to be under
metabolic and hormonal control (Schopfer, 2006). This process
could thus offer a bridge for incorporating sugar and hormonal
signaling in turgor-based modeling of tracheid enlargement (e.g.
through modeling variations in the softening (s) and hardening
(h) coefficients).

Finally, the model was also able to accurately reproduce the
seasonal variations in tracheid maximum enlargement rate and
enlargement duration, as well as the resulting TDmax. The model
could simulate the differences in these tracheid enlargement fea-
tures between 2013 and 2014 as a response to contrasting hydric
conditions (Fig. 3). Altogether, these results show that in the case
of the studied Scots pine stand, soil water potential is suitable for
modeling weekly to annual dynamics of tracheid enlargement.
More generally, the results support the model’s working assump-
tion, that is, that water potential controls turgor-driven tracheid
enlargement. Testing the model under a wider range of water
availability is nevertheless an important step in verifying the gen-
erality of this finding.

Overall, our model predicts that tracheids formed under drier
conditions should be narrower, consistent with observations at
the whole-ring level (Fonti et al., 2010). However, this prediction
at the individual tracheid level does not necessarily scale up, as
drier conditions can also shorten the period of cell production
(Balducci et al., 2013; Deslauriers et al., 2016; Fern�andez-de-U~na
et al., 2017, 2018; Vieira et al., 2017), potentially resulting in a

higher proportion of large-diameter tracheids within the growth
ring. This may explain why drought is sometimes found to
increase mean TD (e.g. Eilmann et al., 2009; Martin-Benito
et al., 2013). Further modeling work on tracheid production
therefore appears necessary in order to better understand the
mechanistic links between climate and wood anatomy.

The simple model formulated here provides a potential mecha-
nism for the occurrence of some important wood anatomical fea-
tures. Although we acknowledge that the actual environmental
drivers may vary depending on climate, our results support the
hypothesis that, under water-limiting conditions, the commonly
observed decrease in conduit dimensions along the ring, from
early- to latewood, is explained by decreasing plant water poten-
tial, owing to declining water availability during the growing sea-
son (Deleuze & Houllier, 1998; but see Cuny & Rathgeber,
2016). Similarly, the hypothesis of water potential control of tur-
gor-driven tracheid enlargement provides a likely mechanism to
explain the occurrence of interannual density fluctuations trig-
gered by temporary drier (wetter) conditions at the beginning
(end) of the growing season (De Micco et al., 2016). Further-
more, although angiosperm wood is more complex than gym-
nosperm wood, the resumption of transpiration and consequent
drop in water potential following leaf unfolding after the forma-
tion of the first earlywood vessels in ring-porous species (Suzuki
et al., 1996; Sass-Klaassen et al., 2011; Kitin & Funada, 2016)
could thus induce the steep earlywood-to-latewood decrease in
cell dimensions characteristic of these species. Finally, the gradual
pressure drop along the hydraulic path (Woodruff et al., 2004;
Meinzer et al., 2008) appears to be an adequate candidate to
explain the universal tree base-to-top tapering of xylem conduits
(Anfodillo et al., 2006, 2012; Olson et al., 2014), as well as limi-
tations to tree height (Koch et al., 2004). Overall, the possibility
that the water potential control of turgor-driven conduit enlarge-
ment could at least partially explain fundamental patterns of vari-
ation in xylem conduit dimensions seems to be a promising area
of investigation that deserves further attention.
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