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Abstract

Continental Mediterranean forests face drought and cold stress. Drought and cold spells are
climate extremes which can impair the recovery and resilience capacity of some Mediterranean
forests. Climate warming could amplify the negative effects on forests of climate extremes by
altering phenology phases (premature dehardening) and by magnifying drought stress. Here we
capitalize on a winter-drought induced dieback triggered by a cold spell which occurred in
December 2001 and affected Scots pine forests in E. Spain. We assessed post-dieback recovery
by quantifying and comparing radial growth and xylem anatomy of non-declining (crown cover
> 50%) and declining (crown cover < 50%) trees in two sites (VP, Villarroya de los Pinares;
TO, Torrijas). We also characterized aboveground productivity in site VP and xylogenesis in
both sites during 2005. Dieback caused legacy effects since needle loss, a 60% reduction in
aboveground biomass and radial-growth decline characterized declining trees three years after
these dieback symptoms started in spring 2002. Declining trees formed collapsed tracheids in
the 2002-ring earlywood, particularly in the most affected VP site where xylogenesis
differences between non-declining and declining trees were most noticeable. The lower growth
rates of declining trees were explained by a shorter duration of their major xylogenesis phases.
In the site VP the radial-enlargement and wall-thickening of tracheids were significantly
reduced in declining trees as compared to non-declining trees, and this was because these
phases tended to start earlier and end later in non-declining than in declining trees. Gompertz
models fitted to tracheid production predicted that maximum growth rates occurred 11-12 days
earlier in non-declining than in declining trees. The formation of radially-enlarging tracheids
was enhanced by longer days in both study sites and also by wetter conditions in the driest TO
site, but this xylogenesis sensitivity to climate was reduced in declining trees. Winter-drought
induced dieback impairs xylem anatomy and phenology, aboveground productivity,
xylogenesis and growth in Mediterranean Scots pine populations. Affected stands show a

costly post-dieback recovery challenging their resilience ability.
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Introduction

Mediterranean conifer forests face a high climatic variability, particularly regarding water
availability, but they usually recover following adverse climatic conditions such as droughts
(Camarero et al., 2015b). The recent warmer conditions, when superimposed on severe water
deficit, have caused growth decline, vigour loss and dieback in some Mediterranean pine
forests (e.g., Sanchez-Salguero et al., 2012). Such intensified drought impact challenges the
recovery capacity of some of these forests but we still do not know how forest growth and
productivity recover after these harsh climate events, and how the recovery component of
resilience is impaired by similar rare and unpredictable climate extremes.

Severe droughts illustrate the relevance of climate extremes, an often underestimated
component of climate change affecting the resilience capacity of Mediterranean forests (Smith
2011). However, inland Mediterranean forests subjected to continental conditions face other
climate extremes than droughts such as cold spells (Camarero et al. 2015a). It has been argued
that climate warming could increase the risk of cold-induced forest dieback if mild conditions
induce phenological alterations (e.g., late hardening) making tree tissues more vulnerable to
low temperatures (Leinonen, 1996). Therefore, phenological timing influences how sensitive
are tissues to rapid drops in air and soil temperatures influencing the final tree damage (Sakai
and Larcher, 1987). Such cold-induced damage involves xylem embolism induced by free-
thaw cycles, cell dehydration and membrane breakage (Pearce, 2001; Mayr et al. 2003).

Research on cold-induced dieback is biased towards boreal and subalpine conifer
forests, unsurprisingly (Kullman 1989; Lazarus et al. 2004). Nonetheless, this dieback type is
not restricted to cold biomes since it has been described in dry and continental areas including
Mediterranean-type forests (Soulé and Knapp, 2007; Matusick et al., 2014; Camarero et al.
2015a). Here we capitalize on a winter-drought induced dieback which was driven by a cold
spell occurring in winter 2001-2002 (Voltas et al. 2013). This dieback episode affected ca.

14,000 ha of Mediterranean Scots pine forests situated in the Spanish Sistema Ibérico range,



near the southernmost distribution limit of the species distribution area (Fig. 1). Several field
observations performed by the authors since spring 2002 agree with winter-drought symptoms
(Camarero and Sancho-Benages 2006). First, dieback (needle shedding, bud and shoot death,
growth decline, increased mortality) was most prevalent in south-oriented sites located at mid
elevations, i.e. with shallow or absent snow pack, whose soils are thin and rocky thus having a
low capacity to store water. Second, needle loss was also more important in the south-facing
side of crowns of relatively tall trees subjected to the highest air thermal contrast (by contrast,
shrubby junipers were not affected; see Fig. 1a). In addition, affected trees showed pronounced
xylem embolism which was attributed to freeze-thaw cycles (Peguero-Pina et al. 2011).

Since the rarity of climate extremes such as the winter 2001-2002 cold spell makes
difficult documenting their impacts on forest resilience here we follow a retrospective approach
by reconstructing radial growth of trees differently affected using dendrochronology
(Dobbertin, 2005). We use needle loss (crown cover) as a proxy of tree vitality to differentiate
two types of coexisting Scots pine trees showing contrasting dieback intensity in response to
the winter-drought event. We characterize xylogenesis (phenology of xylem development) in
these two classes of trees three years after the dieback symptoms started in spring 2002. Lastly,
we also quantify aboveground productivity in one more intensively monitored site, and
describe alterations in xylem anatomy. The combined use of growth and xylogenesis data
constitutes a valuable tool to evaluate how forest resilience of these Scots pine stands was
impaired by winter-drought dieback, a poorly characterized phenomenon affecting
Mediterranean forests subjected to continental conditions. Our specific objectives were: (i) to
quantify the radial-growth responses to the 2001-2002 cold spell; (ii) and to determine if the
winter-drought induced dieback altered xylem anatomy and xylogenesis. Lastly, we aim to
demonstrate how extreme cold events negatively impact forest resilience in unexpected places

as the southern distribution limit of a widely distributed tree species as Scots pine.



Material and methods
Study area
The study was carried out in two sites (Villarroya de los Pinares, 40° 30’ 21°° N, 00° 37° 03’
W, 1670 m a.s.l.; hereafter abbreviated as VP site; Torrijas, 39° 59° 21”°N, 00° 54° 28> W,
1600 m; hereafter abbreviated as TO site). These sites are located in the Scots pine forested
area affected by the winter-drought dieback and they are situated in the Gudar (VP site) and
Javalambre (TO site) ranges, Spanish Sistema Ibérico range, Teruel province (Fig. 1). Both
sites presented N-NE exposure and were located on relatively flat drainage areas extending
about 2 km? (slopes were 5° and 15° in VP and TO sites, respectively). In this area, Scots pine
(Pinus sylvestris L.) forms pure or mixed pine forests with the understory dominated by juniper
(Juniperus communis L.) and shrub species (mainly Berberis vulgaris L.). In a similarly
affected stand located near the /P site, a previous study reported mean values of 10.4 m? ha*
and 348 stems ha™ for basal area and density, respectively (Camarero and Sancho-Benages
2006). These features correspond to relatively open stands where the intensity of competition is
expected to be low. Soils are usually shallow and rocky and developed on calcareous outrcrops.
These sites experiency a continental Mediterranean climate characterized by cold
winters (mean temperatures vary from 1.6° to 4.0 °C, absolute minimum temperatures usually
range between -4.0° and -21.0 °C) and dry and warm summers (mean total precipitation varies
from 124 to 140 mm, mean temperatures fluctuate from 14.3° to 20.7 °C, absolute maximum
temperatures range between 21.0 ° and 35.0 °C). The annual precipitation in the study area is
ca. 650 mm. According to data from nearby stations (located at ca. 7 km from the study sites)
site VP is colder (mean temperature 9.0 °C) than site TO (mean temperature 10.4 °C)

(Supporting Information, Fig. S1).

Climate data



To obtain in situ climate data, the air temperature and relative humidity were measured by
using two data loggers (Hobo H8 Pro Series, Onset, Bourne, USA) per site located in a tree
placed in the north- and south-oriented sides of the stem and at 4 m above the ground
(Supporting Information, Fig. S2). Climatic data were recorded every 30 minutes and
converted to daily values either by averaging (temperature) or by summing (precipitation)
them. Daily rainfall data were obtained from nearby meteorological stations (site VP, station
Villarroya de los Pinares, 40° 31° N, 0° 40” W, 1337 m; site TO, station Torrijas-Los Cerezos,
40°01° N, 0° 57> W, 1356 m). We also calculated the daily water balance as the difference
between precipitation and the estimated potential evapotranspiration (Hargreaves and Samani
1982). Lastly, data on day length (photoperiod) were obtained from the Teruel climatic station

(40° 21°N, 1° 07"W, 900 m), located at 40 km from the study sites.

Previous climate conditions during winter 20012-2002

The winter 2001-2002 was preceded by warm fall conditions (the mean October 2001
temperature represented a +2.0° C anomaly; cf. Voltas et al. 2013). Conditions in December
2001 were relatively dry (41% and 58% of the average in VP and TO sites, respectively) and
very cold because a sharp drop of temperatures occurred in the second half of this month. The
absolute minimum December temperatures recorded in Teruel station (—22° C) were the lowest
recorded for that month since the late 19" century (Camarero et al. 2015a). The monitoring
year (2005) was characterized by relatively dry spring conditions, particularly in the TO site
where precipitation was 31% of the average whilst it was 48% in the VP site (see Supporting

Information, Fig. S2).

Field sampling
In each location ten declining and ten non-declining adult Scots pine trees were randomly

selected, sampled and measured (Dbh, diameter at breat height measured at 1.3 m; tree height,



horizontal projection of the crown diameter). For each sampled tree, the proportion of crown
cover was estimated to the nearest 5% (Muiiller and Stierlin, 1990). Since estimates of crown
cover vary among observers and forests, the data were always recorded by the first author, who
compared every tree with a reference tree with the maximum amount of foliage at each site.
Non-declining trees were considered those with a crown cover of > 50% and declining trees
those with a crown cover of < 50% (note that separations based on other crown-cover

thresholds such as 40% and 60% rendered similar results; cf. Camarero et al., 2015b).

Estimates of primary growth and aboveground productivity

To obtain an estimate of the impact of the dieback on aboveground productivity we placed 4
traps under each of the trees sampled in the VP site. This site was selected for this intensive
monitoring because it was located in the most extensive affected area (Fig. 1) and declining
trees presented the lowest crown cover (Table 1). Traps were cylindrical containers of 0.014 m?
collecting surface coated with fine mesh bags and placed 0.5 m above the ground at 1.5 from
the main stem, i.e. always under the crown projection. Each trap was placed in four opposite
directions with respect to the stem (SW, NE, SE and NW). Samples were monthly collected
from traps and from May 2005 to May 2006. Since we did not find significant differences
between declining and non-declining trees considering monthly data (ANOVAs, P > 0.05),
data were summed and presented as yearly values of dry biomass (g m™). Total aboveground
biomass was obtained, and we also measured separately the dry weight of the four major
components (needles, bark, shoots and male cones). Collected material was oven-dried at 60° C
until constant weight was reached (usually 5 days) for determining dry mass. Lastly, to
measure several crown variables (shoot length, needle length, frequency of shoots with dead
apical buds, and frequency shoots with male cones), six branches at least 10 years old were
harvested per tree in two different positions (three sunny branches located at the top of the

canopy, three shaded branches located at the mid canopy). In each branch, five shoots were



collected to measure their length and to determine the presence of dead apical buds and male
cones. From each shoot, ten current-year needles were harvested and their lengths were
measured to the nearest 0.1 mm. The branches were collected according to the phenological
phase of interest, specifically: a first sampling was done in May 2005 to study male cone
production, a second sampling was done in August 2005 to measure shoot and needle
variables, and a third sampling was done in April 2006 to estimate bud viability. Dead buds
were identified by their dry and hollow aspect and brown color. In addition, dead buds were

usually shed and they were not viable since they did not lead to spring bud break.

Dendrochronological methods

Dendrochronological sampling was performed following standard methods (Fritts, 2001). Two
cores were taken from each tree at 1.3 m using a Pressler increment borer. A third core was
obtained near the base of the tree to estimate its age. The wood samples were air-dried and
polished with a series of successively finer sand-paper grits. Then, the samples were visually
cross-dated. Tree rings were measured to the nearest 0.01 mm using a binocular scope and a
LINTAB measuring device (Rinntech, Heidelberg, Germany). Tree-ring cross-dating was
checked using the program COFECHA (Holmes, 1983).

Since basal-area increment (BAI) is assumed to be a more meaningful indicator of tree
growth than tree-ring width, ring widths were converted to BAI assuming a circular outline of
stem cross-sections and using the formula:

BAI = 1 (R4 — R%.) (1)
where R is the radius of the tree and t is the year of tree ring formation. In healthy dominant
trees, BAI series usually show an early suppression phase followed by a rapid increase and
final stable phase. Mean annual values of BAI were separately obtained for declining and non-

declining trees.



Xylogenesis

The cambium generates tracheids passing through different developmental stages and this
process of xylem differentiation is called xylogenesis (Fukuda 1996). Xylogenesis was
monitored in declining and non-declining trees by sampling wood micro-cores (2 mm in
diameter, 1-2 cm in length) from January until December 2005. Sampling was done monthly in
January and February, when growth in similar forests has not usually started (Camarero et al.
1998, 2010), and biweekly the rest of the year. In this analysis we sampled five trees per vigour
class in both study sites. Samples were taken around the stems at 0.5-2.0 m using a Trephor
increment puncher (Rossi et al., 2006a). The thick dead outer bark was removed, and sampling
positions were arranged along an ascending spiral pattern in the stem (Deslauriers et al. 2003).
The micro-cores were taken about 5 cm apart from each other to avoid wound reaction. The
samples usually contained the tree rings corresponding to the 2002-2005 period.

In the field micro-cores were immediately placed in Eppendorf tubes containing a
mixed solution of formaldehyde, acetic acid and ethanol (5:5:90) and stored as soon as possible
at 5° C to avoid tissue deterioration. All samples were then processed within a maximum of 1-2
weeks after sampling. Micro-cores were sectioned using a sledge microtome (Anglia Scientific
AS 2000, UK) achieving samples 20-pum thick. Sections were mounted on glass slides, stained
with 0.5% water solution of cresyl fast violet, fixed with Eukitt® and observed at 100-200x
magnification under a light microscope (Olympus BH2). Four different xylogenesis phases
were identified following Wodzicki (1971) and Antonova and Stasova (1993): (1) cambial cells
characterized by small radial diameters, thin walls and bone shape; (2) radially-enlarging
tracheids presenting unlignified cell walls and therefore unstained in blue; (3) wall-thickening
and lignified tracheids with a transition coloration from violet to dark; and (4) mature cells
with lignified cells walls fully stained in blue. The numbers of cells in each of the four different
phases were counted along five radial rows to obtain a mean value per ring and sampling date.

The total number of tracheids formed during 2005 were also counted along five cell rows and
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then averaged to obtain a relative number of 2005 tracheids as compared with the means of the
previous three years. Finally, we selected some xylem cross-sections from VP trees presenting
abnormal anatomical features (e.g. collapsed earlywood tracheids) in the 2002 tree ring to take
picures under a confocal microscope (Leica TCS-SPII) with an objective of 60 x (water

immersion).

Timing of wood formation

Tracheid differentiation was considered to have started and to be complete when at least one
horizontal row of cells was detected in the enlarging phase and cell wall thickening and
lignification were completed, respectively (Gruber et al. 2010). To precisely define and
compare xylogenesis between vigour classes we computed the onset and cessation dates and
the duration of three developmental phases (E, radial enlargement; L, cell-wall thickening and
lignifications; M, tracheid maturation) using the package CAVIAR (Rathgeber et al., 2011) in
the R statistical program (R Development Core Team, 2015). The onset and cessation dates
were defined when 50% of the radial files were active (onset) or non-active (cessation) in each
xylogenesis phase. The durations of each phase were calculated as the time elapsed between
the onset and cessation of these phases. Xylem formation was defined as the time elapsed
between the onset of enlargement and the end of maturation. Finally, to compare the onset and
cessation dates and the duration of the main phases of xylogenesis we used the achieved
significance level (ASL), which is analogously interpreted to a P significance level since the
smaller the value of ASL, the stronger the evidence against the null hypothesis (Efron and
Tibshirani 1993). In this case, the null hypothesis considers no difference between vigour
classes regarding dates or durations of xylogenesis phases. ASLs were calculated based on

10000 hootstrapped iterations of the original data.

Statistical analyses
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We used Mann-Whitney U tests to compare characteristics of trees between the two vigour
classes. The rate of production of mature tracheids (tracheids day™) was obtained by
substracting the cumulative number of mature tracheids between consecutive dates and
dividing this number by the number of days elapsed between those dates. The increase in the
cumulative number of tracheids along time as a function of time (t) was modelled for each tree

using the Gompertz function:

y=a- e(_eb_Ct) (2),
which has been previously used in xylogenesis studies on Scots pine and other tree species
(Camarero et al. 1998, Rossi et al. 2003). Time (t, in days) was considered to start (t = 0) the
7th April. The following parameters derived from the Gompertz function were obtained for
each tree: t,, date of the inflection point of the function; r, mean rate; and tq, days required to
attain most growth (Deslauriers et al. 2003, 2005).

The associations between climate and xylogenesis data (number of cambium cells,
number of tracheids in different developmental stages, rate of mature tracheid production) were
evaluated at 7 and 15-day long time scales since growth dynamics and responses to climate at
similar time scales have been described in Scots pine (Antonova et al. 1995; Sanchez-Salguero
et al. 2015). We used linear-mixed effects models to evaluate the effects of crown cover
(vigour class) and climate variables on the (x**-transformed) number of different types of
tracheids along time, and checked the predicted values and residuals looking for signals of
heteroscedasticity (Zuur et al., 2009). Time and vigour class were regarded as fixed factors,
whereas tree was considered a random factor. These models were fitted using the nlme library
(Pinheiro et al., 2015). All statistical analyses were done using the R statistical program

version 3.12 (R Development Core Team, 2015).

Results
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Growth before and after the dieback event

In both sites, growth (BAI, annual number of tracheids) decreased after 2002 in the declining
trees as compared with the non-declining trees was (Table 1, Fig. 2). In the declining trees the
relative number of 2005 tracheids was on average 95%, whilst in the non-declining treess it
was 58%. Prior to the dieback (1965-1997 period), declining trees grew more than non-
declining trees in the VP site (Table 1).

Considering the data on aboveground biomass in trees from the VP site, the declining
trees presented lower values than non-declining trees, and this was also observed for all
measured components (needles, bark, shoots and male cones; Table 2). Declining trees also had
more dead apical buds and a lower production of male cones than non-declining trees. In 2005,

shoots were shorter in declining than in non-declining trees, but needles were longer (Table 2).

Xylem anatomy and xylogenesis

In 2005, a non-declining tree produced on average three times more tracheids than a non-
declining tree (Table 1, Figs. 3a and b). The reduced growth capacity of these declining trees
observed in 2005 followed the formation of abnormal xylem features such as the production of
collapsed earlywood tracheids in the 2002 tree ring, particularly in the most affected VP site
(Figs. 3c, 3d and 3e).

Declining trees produced less radially-enlarging and wall-thickening tracheids than
non-declining trees and differences were larger in the VP than in the TO site (Fig. 4). Non-
declining trees produced four to two times more mature tracheids per tree ring than declining
trees in the VP and TO sites, respectively (Table 3). Consequently, the rate of production of

mature tracheids also decreased in declining trees (Table 3).

Differences in timing of wood formation between declining and non-declining trees
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The number of cambial cells started increasing in April and May in sites TO and VP,
respectively (Fig. 4). Radially-enlarging and wall-thickening tracheids peaked from May to
June and from June to August, respectively. Therefore, most growth occurred from April to
August (Fig. 4). Regarding the onset and cessation dates and the duration of the main phases of
tracheid differentiation, we detected differences between declining and non-declining trees in
most of these phases in the VP site excepting the onset of tracheid radial enlargement (Fig. 5,
Table 4). In the TO site differences were only detected concerning the duration of the wall-
thickening and xylem-formation phases. Overall, differences in the timing of wood formation
were more noticeable in the VP site. There, the radial-enlargement and wall-thickening phases
started earlier and ended later in non-declining than in declining trees leading to longer phases

of xylem development and thus wider tree rings in non-declining trees (Fig. 5).

Climatic influences on xylogenesis of declining and non-declining trees
Gompertz models were in agreement with xylogenesis observations and produced estimates of
maximum tracheid-production rates four (site VP) to two (site TO) times higer in non-
declining than in declining trees (Fig. 6). In addition, they estimated a lag of maximum-growth
rates between the TO (mid May) and VP (early June) sites. More importantly, these models
predicted that the maximum growth rates, occurring from May to June, were observed 11-12
days earlier in non-declining than in declining trees (Table 3, Fig. 6).

Linear mixed-effects models showed that the production of radially-enlarging tracheids
was positively linked to weekly values of day length in both study sites (Table 5, Fig. 6).
Wetter conditions at 15-day long scales also favored the production of radially-enlarging
tracheids in site TO. The production rate of mature tracheids was also positively related to day
length but again at 15-day long scales. Warmer night-time temperatures were associated to an
increase in the number of wall-thickening and lignifying tracheids. Lastly, these models also

indicated that xylogenesis of non-declining trees responded more to climate than in the case of
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declining trees excepting cambial cells, which did not show clear associations to climate and
presented the lowest percentages of explained variance (18-20%). In contrast, models of the
production rate of mature tracheids rendered the highest percentages of explained variance (78-

89%).

Discussion

Here we show that the extreme cold spell of winter 2001-2002 lead to winter-drought dieback
and negatively impacted xylem growth, anatomy and xylogenesis. This case illustrates how an
extreme climatic event impaired Scots pine forests subjected to Mediterranean and continental
conditions thus compromising their resilience capacity. We present evidence that this dieback
event altered xylem anatomy and produced collapsed tracheids in spring 2002. The sharp drop
in temperatures during December 2001 was preceded by warm fall conditions which could
have altered the hardening of some tissues, and freeze-thaw events during that relatively dry
winter possibly caused xylem embolism (Peguero-Pina et al. 2011). The production of
collapsed earlywood tracheids could be related to xylem cavitation.

Here we present evidence on legacy effects since the dieback started in 2002 but the
growth reduction was still intense in 2005. The commented legacy effects were still apparent in
winter 2009 when the average standing tree mortality at the most intensively monitored VP site
was still about 10%, whereas ca. 47% of trees showed crown cover lower than 60% (Voltas et
al. 2013). In the site VP, aboveground productivity of declining trees was clearly reduced
according to trap data. The aboveground biomass was reduced by 60%, shoots were six times
shorter on average in declining trees as compared with non-declining trees, and the frequency
of dead buds greatly increased in declining trees (Table 2). This agrees with findings from
French Mediterranean Scots pine forests where a severe spring drought negatively affected
radial growth but also reduced crown density and the formation of female cones, albeit the

production of male flowers was enhanced (Thabeet et al. 2009). Unexpectedly, needles from

15



declining trees showing a low crown cover were longer than those of non-declining trees and
the presence of abnormal 3-fascicle needles was also observed in the affected trees (J.J.
Camarero, pers. observ.). Usually, drought leads to the production of shorter and thinner
needles in pine species growing in Mediterranean environments (Cinnirella et al. 2002),
probably because of a decrease in cell elongation rates due to turgor losses (Larcher 1994). We
speculate that the low crown cover values observed in 2005 among declining trees from site
VP (Table 1) was also linked to altered development patterns which caused the formation of
abnormally long needles which probably experienced less shading. For example, sun needles
magnified drought effects on needle anatomy as compared with shade needles (Gebauer et al.
2015).

Drought stress caused by a reduced soil moisture limits radial enlargement of tracheids
in conifers leading to the formation of abnormal tracheids with concaved tangential walls
(Glerum 1970). Collapsed tracheids with thin walls showing secondary thickening but reduced
lignification are also characteristic of drought-exposed trees (Barnett 1976). It is assumed that
the more severe the drought, the more severe is the ensuing cell radial distortion due to a
subsequent lowering of turgor in the expanding and differentiating tracheids causing either
their collapse or distortion and probably terminating their differentiation (Larson 1994). It must
be taken into account that drought can reduce growth rates through impairment of cell division
and expansion, processes which happen at lower stress thresholds than photosynthesis
inhibition (Hsiao et al. 1976). In the case of frost rings, one or several rows of collapsed
tracheids with poorly developed walls are formed due to growing-season intense frosts that
disrupt the xylem anatomy leading also to the formation of distorted rays and callus-like
parenchymatous tissue (Glock 1951, Glerum and Farrar 1966). The abnormal tracheids
described here (Fig. 3) resemble some of the anatomical features of frost rings since collapsed
tracheids were formed in the early earlywood. However, frost events were not observed in the

study area during 2002 early spring when growth started so they could not directly cause frost
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injury even if the cambium is a tissue vulnerable to frost damage during active growth (Voltas
et al. 2013; Camarero et al 2015a). Furthermore, the affected individuals were not young trees
with thin barks, two features which predispose to frost-ring formation (Larson 1994).
Schweingruber (2007) suggested that frost damage at the beginning of the ring could also
indicate an extremely winter cold condition previous to cambial resumption in spring and this
could be a plausible explanation for the pattern here described. High cambial temperatures
during the day followed by a rapid fall to freezing night temperatures are also often associated
to frost damage and injury to the cambium of trunks (Larson 1994). We propose that this is the
probable mechanism which caused the xylem alterations we observed in the 2002 tree ring
since warm and sunny conditions from October to December 2001 probably caused a
premature dehardening of cambial tissues prior to the sharp drop of temperatures in late
December which induced the dieback observed in spring 2002. Finally, the relatively dry 2005
spring could have further exacerbated the growth reduction of declining trees (Figs. 2, 3a, 3b
and 4), but such dry spell was not related to the abnormal xylem anatomy observed in 2002
rings of declining trees (Figs. 3c-3e).

Declining trees grew less than non-declining trees in 2005, three years after the dieback
started (Fig. 2). Remarkably, this difference was linked to a lagged start and a premature
termination of the radial-enlargement and wall-thickening phases in the declining trees which
consequently presented a shorter phase of xylem development than non-declining trees,
particularly in the most affected VP site. Therefore, xylogenesis was altered in declining trees
still presenting high defoliation and this explains why they showed lower growth rates (Table
3, Fig. 6). Such alterations in xylem development constitute legacy effects rarely described in
the literature concerning forest dieback episodes. However, in declining silver fir (Abies alba)
trees their stem wood experienced alteration in lignifications processes (Shortle and Ostropsky,
1983) due to a premature end of wood formation characterized by an earlier differentiation of

the latewood cell walls as compared with non-declining trees (Torelli et al., 1999).
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How drought affects xylogenesis changes along the growing season and depends on the
development phase and the stress due to water shortage. For instance, water deficit during the
late growing season has been shown to induce an earlier cessation of cell division (Eilmann et
al. 2011), but drought during the early growing season reduced the cross-sectional area of
vessels in poplar (Arend and Fromm 2007). Several studies about the drought effects on
xylogenesis of Scots pine found that stressed or defoliated trees formed narrow rings as the
result of a shorter growing season mainly because of a premature cessation of cambial activity
(Eilmann et al. 2011, 2013). Under mesic conditions the onset of cambial activity is largely
controlled by temperature in Scots pine (Wodzicki 1971, Antonova and Stasova 1993), but
drought has been shown to reduce the period of xylem differentiation by affecting the end of
the growing season (Gruber et al. 2010, Swidrak et al. 2011; Fernandez-de-Ufia et al. 2013) as
aforementioned in the case of the silver fir. In this study differences between vigour classes
appeared regarding onset, cessation and duration of the major xylogenesis phases, and they
were well reflected by Gompertz models (Figs. 4 and 5, Table 4). The duration of xylogenesis
phases as the radial enlargement of tracheids is critical since it determines to a great extent the
annual ring width (Cuny et al., 2014) and also the final transversal size of tracheids which
depends on reaching an adequate turgor pressure during their expansion (Abe et al. 2003). This
agrees with a recent study on Scots pine recovery after a drought-induced dieback showing that
xylem formation started ca. 1 month earlier in the non-declining than in the declining and most
defoliated trees which presented the shortest duration of the radial-enlargement phase (Guada
el at. 2016).

Based on a dual C-O isotope approach and also using tree-ring width data, it was
suggested that growth and intrinsic water-use efficiency of declining trees were more coupled
with climate prior to the dieback than in the case of non-declining trees (Voltas et al. 2013).
This was associated by a greater aptitude of declining trees to grow more and take up more

water than non-declining trees making the former more vulnerable to hydraulic failure than the
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latter. Therefore, declining trees probably exhibited a greater cavitation risk by forming
tracheids with more ample lumen areas (Peguero-Pina et al. 2011). The higher growth rates of
declining trees prior to the dieback event agree with what we observed in site VP but not in site
TO (Fig. 2, Table 1). In consequence, the hypothesis of a high xylem cavitation risk as a
predisposing factor of winter-drought induces dieback can be assumed in the cold-mesic site
VP but not in the warm-dry site TO where drought during the growing season could also
contribute to induce growth decline. Analyses of climate-xylogenesis associations confirmed
this assertion since wetter conditions favored the formation of radially-enlarging trachedis in
this site which was particularly sensitive to water availability (Table 5). In drought-prone sites,
often characterized by a low ability to hold soil water (e.g. steep slopes, southern exposures,
rocky substrates, shallow soils, sandy textures), Scots pine radial growth is constrained by dry
spring and summer conditions during the growth year and also during the previous year and
these constrains probably are very important in the site TO (Oberhuber et al. 1998; Sanchez-
Salguero et al. 2015). Thus, the 2001 cold spell exposed the growth and physiological
differences of co-occurring trees to winter-drought dieback, at least in the coldest VP site, and

this occurred irrespective of the trees’ ability to store carbohydrates (Voltas et al. 2013).

Conclude

We detected legacy effects (growth decline, low crown cover, reduced aboveground biomass)
of a winter-drought induced dieback three years after needle shedding and growth decline
started in two Scots pine forests. Declining trees formed collapsed earlywood tracheids the
spring after a winter cold spell triggered the dieback. Declining trees also showed the lowest
crown cover and radial-growth rates because their xylogenesis was altered and important
phases of xylem development such as the radial-enlargement of tracheids were shortened.
Similar extreme climatic events can impair the resilience of continental Mediterranean Scots

pine forests subject to cold and drought stress. In addition, this impairment could affect
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unexpected places as illustrated this case of winter-drought dieback trigger by a cold spell near

the southernmost distribution limit of the species.
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Tables

Table 1. Characteristics of the study Scots pine trees measured in 2005 and growth data

(number of tracheids; BAI, basal area increment). Different letters indicate significant

differences (P < 0.05) between tree types within each study site (Mann-Whitney U tests). Sites

are abbreviated as in Table 1. Values are means + SE.

Villarroya de los Pinares Torrijas
Variable Non-declining Declining Non-declining Declining
trees trees trees trees

No. trees 10 10 10 10
Dbh (cm) 32017 328+11 344+21 319+1.2
Height (m) 13.4+0.3 12.7+0.3 17.0+£0.5 155+04
Age (years) 125+ 15 122 + 20 115+ 17 117+ 15
Horizontal crown diameter (m) 48+0.5 57+04 6.9+04 6.1+£04
Crown cover in 2005 (%) 98 +2b 35+ 3a 97 +1b 44 + 3a
No tracheids in 2002 tree ring 33+3b 21 +4a 47 + 8b 26 + 4a
No tracheids in 2003 tree ring 28+ 3b 16 + 2a 36+ 7b 16 + 3a
No tracheids in 2004 tree ring 31+3b 11+2a 40 + 5b 15+ 3a
No tracheids in 2005 tree ring 25%3b 8+2a 32+4b 10+ 2a
Relative No. 2005 tracheids (%) 98 +9b 63+ 1la 93 + 15b 53+ 12a
BAI 1965-1997 period (cm?) 42+0.2a 57+0.2b 09+0.2 1.0+0.1
BAI 1998-2001 period (cm®) 45+04 50+04 27%0.6 20+04
BAI 2002-2005 period (cm?) 4.8+0.4b 1.4+0.3a 2.9+ 0.6b 0.9+0.2a
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Table 2. Characteristics of the non-declining (n = 10) and declining (n = 10) trees monitored in
the Villarroya de los Pinares site (\VP) to describe aboveground biomass components. Values
are means = SD. Different letters indicate significant differences (P < 0.05) between tree types

within each study site (Mann-Whitney U tests).

Variable Non-declining trees Declining trees

Aboveground biomass (g m™) 899 + 80b 565+ 44a
Needle mass (g m™) 505 + 60b 310 + 39%a
Bark mass (g m™®) 181 +29b 119 + 10a
Shoot mass (g m™) 142 + 15b 101 + 10a
Male cones mass (g m™) 51+8b 14 + 2a

Frequency of dead apical buds (%) 2.1+0.9a 77.4+3.4b
Frequency of shoots with male cones (%) 52.1+12.0b 15+15a
Shoot length (mm) 26.7x2.1b 4.3 +0.3a
Needle length (mm) 32.8+1.3a 47.1+1.8b
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Table 3. Coefficients (a, b, ¢) and statistics (R? P, SE —standard error) of the Gompertz (y = a
enN(e™™)) functions fitted to the production of mature tracheids by declining and non-declining

trees in the two study sites (Villarroya de los Pinares, Torrijas). Coefficients and statistics are
given as means + standard error (SE). All fits were highly significant (P < 0.001). The
following parameters are presented for the Gompertz function: t,, date of the inflection point of
the function; r, absolute mean rate; and tg, day at which most annual growth is attained. Data
refer to the 2005 study year. Different letters indicate significant differences (P < 0.05)

between tree types within each study site (Mann-Whitney U tests).

Villarroya de los Pinares Torrijas
Parameter or statistic ~ Non-declining  Declining trees  Non-declining Declining
trees trees trees
a (No. tracheids) 38 +5b 9+2a 23+3b 10+ 2a
b 1.34 +0.07 1.35+0.08 1.95+0.20 1.79+0.12
c 0.02+0.01 0.03+0.01 0.05+0.02 0.04 +0.01
R? (%) 99.4+23 942+15 99.4+20 95.1+1.7
SE 11+04 0.8+0.3 0.7+0.2 0.8+0.2
r (tracheids day™) 0.19 + 0.04b 0.06 + 0.01a 0.26 + 0.04b 0.11 +0.02a
t, (day of the year)” 163 + 4b 151 + 3a 143 + 3b 132+ 2a
ty (day of the year)® 295 + 9b 259 + 8a 188 +5 186 + 4

*Days of the year are equivalent to the following Julian days: 163, 12 June; 151, 31 May; 143,
23 May; 132, 12 May.

*Days of the year are equivalent to the following Julian days: 295, 22 October; 259, 16
September; 186, 5 July; 188, 5 July.
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Table 4. Statistical tests obtained by comparing the estimated onset and cessation dates and the

duration of the main phases of tracheid differentiation (radial enlargement, cell-wall thickening

and lignification, xylem formation) for the Torrijas and Villarroya de los Pinares study sites
and considering declining (D) and non-declining (N) Scots pines. The last column shows the
achieved significance level (ASL), which is analogously interpreted to a P significance level

since the smaller the value of ASL, the stronger the evidence against the null hypothesis (no

difference between vigour classes) Significant (P<0.05) ASL values appear in bold characters.

Site Xylogenesis .
ohase Xylogenesis phase ASL
Onset Radial enlargement 0.063
Cell-wall thickening 0.054
) Cessation Radial enlargement 0.138
Torrijas Cell-wall thickening 0.062
Duration Radial enlargement 0.272
Cell-wall thickening 0.040
Xylem formation 0.046
Onset Radial enlargement 0.024
Cell-wall thickening 0.020
Cessation Radial enlargement 0.013
Villarroya de los Pinares Cell-wall thickening 0.025
Duration Radial enlargement 0.001
Cell-wall thickening 0.042
Xylem formation 0.038
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Table 5. Parameters and statistics of linear mixed-effects models of xylogenesis data (number of cambial cells, number of radially enlarging and
wall thickening tracheids) and rate of production of mature tracheids in declining and non-declining Scots pine trees from the two study sites. The
adjusted R? (R°adj) measures the proportion of variance of the variable explained by the model adjusting for the number of terms of the model. All
models were evaluated for 7 and 15-day long intervals. Bold values are significant estimates (P<0.05).

Site (code) Variables No. cambial cells No. radially-enlarging  No. wall-thickening and Production rate of
tracheids lignifying tracheids mature tracheids
7days 15days 7 days 15 days 7 days 15 days 7 days 15 days

Villarroya de Tree 0.01 0.02 0.03 0.07
los Pinares (VP) Vigour class 0.03 0.50 0.55 2.03
Time 0.02 0.05 0.04 0.07

Maximum Temperature 0.01 0.05 0.01 0.02 0.02 0.02 0.05 0.10

Minimum Temperature 0.02 0.06 0.02 0.03 0.03 0.09 0.05 0.09

Relative Humidity -0.02 -0.02 0.01 0.01 -0.01 0.01 0.04 0.01

Day length 0.02 0.06 0.16 0.11 0.04 0.05 0.10 0.19

Precipitation 0.02 0.04 0.01 0.04 -0.06 -0.03 0.05 0.06

Water balance 0.01 0.05 0.02 0.05 -0.07 -0.04 0.04 0.05

R?adj (%) 18.25 19.80 56.96 54.93 54.56 41.02 80.54 78.05
Torrijas (TO) Tree 0.01 0.03 0.03 0.08
Vigour class 0.03 0.16 0.29 1.14
Time 0.02 0.02 0.06 0.06

Maximum Temperature 0.02 0.04 0.07 0.05 0.02 0.25 0.05 0.08

Minimum Temperature 0.04 0.05 0.08 0.05 0.01 0.30 0.04 0.07

Relative Humidity 0.01 0.03 0.01 0.01 -0.01 -0.05 0.01 0.05

Day length 0.03 0.05 0.10 0.08 0.07 0.01 0.08 0.07

Precipitation 0.04 0.05 0.09 0.12 -0.01 -0.04 0.04 0.06

Water balance 0.05 0.06 0.08 0.11 -0.02 -0.05 0.03 0.06

RZadj (%) 20.14 19.42 62.79 63.48 50.00 58.10 88.70 88.89
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Figure 1. Views of ]Scot pine hrees affected by the winter drough-induced dieback (a) in the

[ Comentario [E1]: Debe ser Scots

)

study area located in Teruel province, eastern Spain (b). The map show areas affected by
winter drought-induced dieback (red patches) as compared with the Scots pine distribution area
in the Teruel province (green patches). The distribution area of Scots pine in Europe is shown
in the lowermost plot, left inset. The two dots correspond to the two sampled sites: Villarroya
de los Pinares (\VP, Gudar range) and Torrijas (TO, Javalambre range). Note that the study area
is located near the southernmost limit of the continuous Scots pine distribution area in Europe.
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Figure 2. Trends in basal area increment (BAI) observed in declining (filled symbols) and non-
declining (empty symbols) trees in the Villarroya de los Pinares and Torrijas study sites.
Values are means £ SE. The vertical dashed line highlights the 2002 year when BAI data

started to diverge between the two classes of trees.
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Figure 3. Cross-sections of tree rings formed during 2005 (the images correspond to October
samples) by a non-declining (a) and a declining (b) Scots pine trees and views of abnormal
xylem anatomical features (c, d, e). The lowermost images (c, d, e) show areas with collapsed
earlywood tracheids (arrows) observed in the 2002 tree ring of declining trees. In (c) a resin
duct is indicated (RD). Images (c) and (d) were obtained using confocal microscopy. All

images correspond to trees located in the Villarroya de los Pinares (VP) study site.
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Figure 4. Numbers of cambium cells and tracheids along different xylogenesis phases (radial
enlargement, cell-wall thickening and lignification, maturation) produced by non-declining
(empty symbols) and declining (filled symbols) trees in the Villarroya de los Pinares (VP) and
Torrijas (TO) study sites. Values area means + SE. The lowermost axis showed the day of the
year (DOY) during 2005.
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Figure 5. Estimated onset and cessation dates and durations (mean = SD) of the main phases of
xylogenesis (E, radial enlargement; L, cell-wall thickening and lignification; M, mature
tracheids; X, xylem formation) in non-declining and declining Scots pine trees sampled in the
Torrijas and Villarroya de los Pinares study sites. The onset and cessation dates of selected
xylogenesis phases are represented by diamond-crossed-by-a-line marks whose left (right) end
of the line represents the minimum (maximum), the left (right) end of the diamond the first

(third) quartile and the middle of the diamond corresponds to the median.
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Figure 6. Modeled mean production rates of mature tracheids for non-declining (continuous
black lines) and declining (dashed black lines) trees in the (a) Villarroya de los Pinares and (b)
Torrijas study sites as related to climatic variables (photoperiod, smooth grey line; mean
temperature, grey line). Rates were obtained after fitting Gompertz functions to tracheid data as
a function of time (DOY, day of the year). Note that fitted rates are mean values for each tree

class and standard errors are no presented for visual clarity.
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Supporting Information

Figure S1. Climatic diagrams of two meteorological stations located near the two study sites
(site VP, station Villarroya de los Pinares, 40° 31° 48”° N, 0° 40’ 10> W, 1337 m a.s.1.; period
1990-2004; site TO, station Torrijas-Los Cerezos, 40° 01° 20> N, 0° 57° 27> W, 1356 m a.s.l.;

period 1953-2004).
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Figure S2. Climatic conditions during the study year (2005) considering data from a northern-
(N) and a southern-oriented (S) data loggers placed in tree stems and compated with data from
nearby meteorological stations.The smoothed lines show day length, whereas the bars indicate
precipitation (P). In the lowermost plots of each site, relative air humidity (RH) is plotted with

lines.
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