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Abstract: Stem radial variations of Corsican Black pine (Pinus nigra Arnold subsp. laricio Maire) and
Maritime pine (Pinus pinaster Aiton) were monitored to quantify the impact of two meteorologically
contrasting consecutive years. On the French island of Corsica, in the western Mediterranean basin,
the year 2017 was extremely dry, while 2018 was exceptionally wet. We attached electric band
dendrometers to 36 pines along an east-west transect, spanning the central mountain range, and
set up automated weather stations at all five sites, ranging from 10 m asl to 1600 m asl. Stem radial
variations (SRV) were separated into irreversible growth (GRO) and tree water deficit (TWD) periods.
During the drought of 2017, the most severe tree water deficits occurred in the western part of the
island, whereas trees at higher elevations were more affected than at lower elevations. A prolonged
decrease of SRV, even close to the tree line, suggests bimodal growth and reveals high plasticity
of growth patterns in both Corsican pines. Stem radial variations correlated significantly with
precipitation and temperature. The positive correlations of GRO with precipitation and the negative
correlations of TWD with temperature imply that high evapotranspiration led to the intense period
of TWD in 2017. A novel approach was used to further investigate the growth/climate relationship
by including synoptic-scale pressure situations. This revealed that an elevation gradient in GRO per
weather pattern was only present in the wet year and that even rarely occurring weather patterns
can have a substantial impact on tree growth. This novel approach provides a more comprehensive
insight into meteorological drivers of tree growth patterns by incorporating different scales of the
climatic system.

Keywords: Pinus nigra subsp. laricio; Pinus pinaster; electrical band dendrometer; drought; Mediter-
ranean; tree water deficit; stem radial variations

1. Introduction

Changing environmental conditions towards a climate with increasing temperatures
as well as a higher intensity and frequency of summer droughts are expected for large
regions worldwide [1]. This will have a particularly strong impact on vegetation in regions
where ecosystems already show increasing signs of climatic stress [2]. The Mediterranean
region is one of these high-risk areas due to a predicted dramatic decrease in water avail-
ability [3]. Assuming any Representative Concentration Pathway (RCP) scenario but the
lowest (RCP2.6), the annual precipitation amount will likely decline, associated with mod-
ifications in the moisture availability by the end of this century [3]. Additionally, the

Forests 2021, 12, 1175. https:/ /doi.org/10.3390/£12091175

https:/ /www.mdpi.com/journal/forests


https://www.mdpi.com/journal/forests
https://www.mdpi.com
https://orcid.org/0000-0002-2233-2271
https://orcid.org/0000-0002-2357-3552
https://orcid.org/0000-0002-3745-9574
https://orcid.org/0000-0002-8014-6805
https://orcid.org/0000-0003-4269-9668
https://orcid.org/0000-0003-0817-2811
https://doi.org/10.3390/f12091175
https://doi.org/10.3390/f12091175
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/f12091175
https://www.mdpi.com/journal/forests
https://www.mdpi.com/article/10.3390/f12091175?type=check_update&version=2

Forests 2021, 12,1175

20f 17

number of extreme events, such as heatwaves and droughts, as well as longer sequences of
consecutive dry years, are expected to occur more frequently in the coming decades [4-6].

The projected climate change will affect tree growth and consequently influence
future forest productivity and species distribution through increasing mortality of drought-
sensitive species [7]. Ciais et al. [8] reported a Europewide reduction of ecosystem primary
productivity caused by precipitation deficits and extreme summer heat.

Similarly affected by anthropogenic climate change are montane ecosystems. In dry
inner-alpine valleys of the Swiss Alps, Bigler et al. [9] observed that occasional severe
droughts caused a midterm decline in productivity and subsequent forest dieback. Es-
pecially in summer-dry climates, the amount of summer rainfall is an essential factor
determining the annual tree-ring width. This has been shown for Cedrus libani from the
timberline of the Taurus Mountain range [10,11], for three co-occurring conifers in the Aus-
trian Alps [12], as well as for two co-occurring pine species on Corsica [13]. Furthermore, it
has been shown that increased drought stress on Pinus uncinata at high elevations in the
Pyrenees led to a change from temperature to water availability, as the growth-limiting
factor [14].

To improve our understanding of how tree growth responds to climate change, knowl-
edge on the intra-annual dynamics of radial tree growth is of particular importance [15,16].
By observing stem radial changes at a high temporal resolution, it is possible to determine
crucial phenological stages of radial growth. The seasonal influence of meteorological
factors on growth, and species-specific responses to climate change can be inferred [17-21].

Trees developed several strategies to cope with changing climate conditions. As
cambial onset in conifers in most biomes is mainly triggered by temperature, higher
temperatures can lead to an earlier start of the growing season [22]. On the contrary, an
earlier growth cessation can be triggered by a lack of water availability during summer
in dry regions, as Vieira et al. [23] showed for Pinus pinaster in Portugal’s Mediterranean
lowlands. A bimodal stem radial growth pattern, with two growth peaks in spring and
autumn along with a decreased growth rate in summer, was identified by Liu et al. [24]
in Pinus taiwanensis and Zhang et al. [25] in Pinus massoniana as a strategy for coping with
harsh environmental conditions during summer droughts in China. Gruber et al. [26]
reported an earlier culmination of the maximum growth rate in Pinus sylvestris as an
adaptation to recurring drought periods in spring.

Electric point or band dendrometers are valuable tools for monitoring continuous stem
radial variations (SRV) and quantifying radial tree growth in high resolution [15,27-29].
Dendrometer measurements allow the investigation of the influence of site conditions
and meteorological factors on growth, as well as species-specific responses to changing
climate conditions [30-32]. However, not all SRV are caused by radial growth, i.e., cambial
division and cell expansion. Water-related swelling and shrinkage of the phloem and
xylem also influence dendrometer readings. Such variations arise from imbalances between
transpiration and water uptake and by processes altering osmotic water potentials [33,34].
These superimposed processes can make data interpretation challenging if it is not possible
to accurately differentiate “growth” from “stem water increase” [35].

Several studies investigating intra-annual growth of tree rings exist for the Mediter-
ranean region, using either dendrometers [36], wood formation monitoring [37-39], or
a combination of both methods [40]. These investigations underline the importance of
further analyses, as they demonstrate that tree growth is site- and species-specific and that
climatic conditions are of particular importance for growth dynamics. In addition, the
hydroclimate in dry areas generally shows high inter-annual variability [38].

Within the Mediterranean region, the French island of Corsica is a well-suited location
for studying tree responses to climatically outstanding years under various ecological
conditions. Due to its complex topography, the rainfall distribution is highly variable on
a local scale [41]. The years 2017 and 2018 were characterized by very different annual
rainfall amounts on Corsica. With a mean precipitation sum across the whole island of
723 mm, the year 2017 was remarkably dry. That was the minimum annual precipitation
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recorded on Corsica since the beginning of climate measurements in 1950. In contrast, 2018
was an exceptionally wet year (1194 mm), compared to the long-term mean of 1981-2010
(901 mm). In that year, the summer precipitation turned out to be more than twofold the
long-term average [42].

The use of dendrometers enables an investigation and quantification of tree responses
to these contrasts in water availability with high temporal resolution. In addition to the
analysis of dendroecological data, we investigated the atmospheric conditions that had led
to the two climatologically different years. Furthermore, the dry year can serve as a model
year of how trees may cope with predicted climatic changes, as such a year could no longer
represent an extreme, but rather the norm in the future.

In this study, we investigate the growth of the two co-occurring species, Corsican
Black pine (Pinus nigra Arnold subsp. laricio Maire) and Maritime pine (Pinus pinaster
Aiton) in 2017 and 2018. We aim (I) to quantify the impact of the 2017 drought in relation to
elevation and aspect and conduct a comparison to the “wet” year 2018, and also determine
which elevations and aspects are most affected by within-growing-season drought periods;
and (II) to identify the meteorological causalities for differing tree growth rates during the
investigated period.

2. Materials and Methods
2.1. Study Area and Species

Corsica (France) is the fourth largest and second highest island in the Mediterranean
Sea. A central mountain range crosses the island from northwest to southeast. Due to
the prominent topography, multiple climatic zones are distributed across the island. The
spectrum spans from alpine conditions in the mountains, to a typical Mediterranean climate
with dry, hot summers and temperate wet winters close to sea level. This is accompanied by
a distinct difference in the distribution of precipitation. The annual average precipitation
amount in the mountains (1300 to 2000 mm year~!) is around twofold the sum at sea level
(500 to 1100 mm year~ 1) [43].

Two native pines cover the whole elevation range of forests from sea level to tree line:
Pinus pinaster grows from the shores up to around 1250 m asl and Pinus nigra from around
750 m asl to the tree limit at around 1800 m asl [43]. That leads to a broad transition zone
of around 500 m where both species co-occur (Figure 1). Those altitudinal ranges provide a
suitable setup to study growth responses on the genus level, especially as Hausser et al. [13]
showed the similarity of both pine species” absolute growth rates. The two species exhibit
no significant difference in cumulative growth under the same environmental conditions,
i.e., at the same sites.

We chose five study sites to cover the entire altitudinal range of pines on the island’s
eastern and western sides (Figure 1). The site IDs point to their location along the two
elevation gradients, where the first letter represents the side of the central mountain
range (W = west and E = east), and the second letter refers to the elevation (L = low,
M = medium, and H = high). Between five and eleven trees per site were equipped with
band dendrometers, depending on the available pine species. More trees were selected
at a medium elevation (EM and WM), where both pine species co-occur. Since younger
trees have higher growth rates than older trees, we preferred to use relatively young, but
not juvenile trees for the dendrometer measurements. Accordingly, the study trees were
selected having a diameter at breast height (DBH) of 35-45 cm, which corresponded to
mean tree ages of 26-57, respectively (Figure 1) within equally open forests. The soils at
all five sites are acidic due to the prevalence of metamorphic rocks and granites. The soil
depth and water holding capacity vary considerably between sites. The highest site (EH) is
located near the crest of a mountain range and shows a shallow podzolic cambisol over
granitic bedrock. The soils at intermediate sites (EM, WM) are cambisols of varying depth,
whereas WL has a well-developed cambisol. The eastern coastal site (EL), positioned on an
extensive alluvial plain, is the only one where we located a deep podzol.
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Figure 1. Map with location of study sites. The table contains site details with investigated trees (PINI = Pinus nigra,
PIPI = Pinus pinaster, DBH = diameter at breast height). The diagram shows the schematic altitudinal distribution of the
species across the east-west transect, including the transition zone, where both species co-occur. Site IDs refer to the
respective aspect (W = west and E = east) and elevation (L = low, M = medium, and H = high). o represents standard

deviation.

2.2. Dendroecological Methods

We equipped 36 pine trees (15 P. nigra and 21 P. pinaster, cf. Figure 1) with logging band
dendrometers (DRL 26C, EMS Brno, Brno, Czech Republic) on 09 April 2017, corresponding
to the day of the year (DOY) 99. The devices (resolution of <1 pm) were installed at a
stem height of two meters to avoid disruption or loss due to roaming cattle. We carefully
removed the majority of the thick bark before mounting the dendrometer bands to minimize
the influence of bark on stem swelling and shrinking. Stem circumference was measured
in 30-min intervals. We conducted initial data preparation and statistical analyses with
RStudio [44]. First, we set the stem circumference data of 2018 to zero at DOY 99 to
ensure the two years’ comparability and calculated site averages to minimize the impact of
possible disturbances on the individual tree level. Measurements of single trees are shown
in Supplementary Figure S1. Then the circumferential data were converted into radial data.

Statistical hypothesis testing procedures were also conducted with RStudio [44]. An
ANOVA was performed to test the differences between SRV at all sites for both years.
Paired t-tests were calculated to compare SRV at all sites between the two years and SRV
between species at the sites where they co-occur.

We conducted the subsequent analysis with the R package dendRoAnalyst [45].
This package offers data analysis functions, including all state-of-the-art dendrometer
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approaches and ease for data processing and management. With this package, sporadic
gaps in the high-resolution data were filled, data jumps related to regular band adjustment
were corrected, and high-resolution data were averaged into daily data. Then, SRV were
separated into phases following the zero-growth approach [46]. According to this concept,
SRV are categorized into two phases: Tree water deficit (TWD) corresponds to the phase
with reversible expansion and shrinking of the stem due to uptake and loss of water, and
the phase of irreversible stem expansion or actual growth (GRO).

2.3. Meteorological Methods

In April 2017, we equipped all sites with automatic weather stations (Campbell Sci
stations at EH, EM, and WM; Metek at EL and WL), which measured air temperature,
precipitation and soil moisture (at 10-20 cm) in high resolution (5 min for EH, EM, WM and
1 min for EL, WL). Thus, our observations do not cover the beginning of 2017. To fill this gap,
we used data from stations of the French meteorological service MétéoFrance [47] that are
nearby our study sites and in similar environmental settings. This enabled the generation
of a continuous time series of precipitation and temperature data for all sites, with daily
resolution, for 2017 and 2018. Soil moisture data were not available from MétéoFrance
stations for all locations. Temperature data were elevation-corrected if the MétéoFrance
climate station was located at a different altitude to our study site, using a lapse rate of
0.5 °C/100 m for site EH and 0.6 °C/100 m for sites EM and WM. These average lapse
rates resulted from comparing our data with respective MétéoFrance data. The difference
of mean daily temperatures was calculated for each day where data were available for
both our station and the MétéoFrance station. The mean value of the differences was used
for determining the lapse rates. It was not possible to correct the precipitation data for
elevation change. Therefore, especially at the higher elevation sites (EH and EM), the
amount of precipitation is not accurately covered by the MétéoFrance stations. Further
gaps in precipitation data exist, especially at the two coastal locations. Gap filling was
possible with a very high consistency concerning the days when there was precipitation.
However, there were differences in daily sums (mean correlation coefficient at coastal sites
r = 0.61) between the MétéoFrance and our stations. We used these data to correlate daily
precipitation sums and temperature means with daily growth rates and tree water deficits.

Recent results indicate that synoptic weather patterns also play an essential role in
climate—growth relations [48]. For this reason, we also investigated the prevailing large-
scale weather situation. Knerr et al. [41] conducted a numerical weather type classification
for the period 1980-2018 based on principal component analysis, using the mean sea level
pressure derived from ERAS reanalysis data with a resolution of 0.25° x 0.25° [49]. The
authors identified six leading modes of mean sea level pressure. Hereafter we focus on
the first three principal components (PCs) since they account for 93.7% of the cumulative
explained variance of the whole data set. The first PC (71.0%) corresponds to high-pressure
conditions over the western Mediterranean, with a low-pressure gradient resulting in local
winds. Henceforth it is referred to as weather pattern 1 (WP1). The second PC (14.0%)
represents a meridional pattern of pressure centers resulting in south-easterly winds (WP2),
and the third PC (8.7%) constitutes zonal circulation that leads to higher precipitation totals
per event (WP3). Principal components four, five, and six make up 2.3%, 1.2% and 0.8% of
the cumulative explained variance and are summarized as other weather patterns (WPo).

We examined the abundance of the weather patterns in 2017 and 2018 compared to
the long-term average, each WP’s contribution to the total precipitation amount, and the
amount of GRO that occurred during each WP. These methods permitted analysis of the
large-scale driving factors that led to the different precipitation amounts and hence tree
growth during the study period.
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3. Results and Discussion
3.1. Stem Radial Variations
3.1.1. Growth Response in 2017 and 2018

The effect of the summer drought in 2017 is unambiguous. The reducing of the
stem diameter increase started at WL in early June. Trees at all sites showed long-lasting
shrinkage or stagnation of the stem radius between July and September (Figure 2A).
This period was briefly interrupted by some rain events in early September. The only
exception was at EL, where the tree radii did not shrink over a prolonged time. An ANOVA
(calculated with R package stats [44], p = 0.05) showed that mean SRV at the western sites
were significantly different from the eastern sites, whereas site EM did not show similarities
to the other sites (see Supplementary Table S1). The growth patterns in 2018 were vastly
different (Figure 2B). There was only one site with considerable growth stagnation (WL),
whereas trees at all other sites did not undergo any prolonged stem radial decrease. It is
also visible that the medium and high elevation sites did not experience considerable stem
radial growth from the beginning of the year to mid-April, indicating the beginning of the
growing season at this time. At the two coastal sites WL and EL, trees started growing
earlier in the year. The ANOVA between the sites for 2018 showed significant differences
again for site EM, and for site WL.
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Figure 2. Daily stem radial variations (SRV) expressed as mean values from 5-11 trees per site in
2017 and 2018 (A,B). Site averages for mean irreversible growth (GRO) and tree water deficit (TWD)
for 2017 and 2018 (C-F). Values in panels A-D were set to 0 at DOY 99. Bars at the bottom of the
graph show daily prevalent weather patterns (see Section 3.2) of the western Mediterranean.

The smallest difference between the two contrasting years was observed at site EH
(+39% in 2018), and the largest difference was at site WM (+104% in 2018, Table 1). At
site EH, mean daily growth rates were higher in 2017 than in 2018 until July, whereas
the two mid-elevation sites only had higher daily growth rates in 2017 until April (see
Supplementary Figure S2). The differences between the two investigated years were
significant (paired t-test [44], p = 0.05, Table S1) for each site, where data of 2018 were
cropped to DOY 99-365 for comparisons with 2017.
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Table 1. Site averages of radial cumulative irreversible growth (GRO) and tree water deficit (TWD).

Cumulative GRO Maximum TWD
Site [mm/Year] [mm/Day]
2017 2018 A 2017 2018 A
WL (15 m asl) 0.92 1.56 +70%  0.34atDOY 247  0.39 at DOY 277 +14%
WM (790 m asl) 1.08 2.21 +104%  045atDOY 243 0.21atDOY098  —53%
EH (1600 m asl) 1.64 2.28 +39%  0.32atDOY 243  0.31 at DOY 117 —3%
EM (1000 m asl) 2.59 457 +76%  0.29atDOY 241 0.22atDOY 364  —24%
EL (10 m asl) 1.54 2.85 +85%  0.12atDOY 302  0.14 at DOY 297 +16%

Pinus nigra and P. pinaster exhibited very high synchronicity at the two medium-
elevation sites, where they co-occur (WM and EM, see Supplementary Figure S3). In both
years P. nigra performed slightly better, which can be explained by the fact that this is the
upper distribution boundary of P. pinaster. A statistical similarity in SRV in both species
could only be proved for WM in 2018 (t-test, p = 0.05).

3.1.2. Irreversible Growth and Tree Water Deficit

The classification of the days into stem growth, shrinkage, and swelling, revealed
different temporal growth patterns in the two years (Figure 2C-F). This underlines the high
plasticity of seasonal dynamics of the radial increment of P. nigra and P. pinaster in response
to varying numbers of days without precipitation during the growing season. The mid- to
high-elevation sites showed unimodal growth patterns in the year with sufficient water
availability. However, in 2017, even trees at these sites displayed a bimodal growth pattern,
with suppressed growth in summer (Figure 2C), which is characteristic for Mediterranean
climates (e.g., [24]). At the coastal sites, the bimodal pattern was only evident at site WL
but not at site EL. On the contrary, site EL showed even more days with growth in the
summer months in 2017 than the higher sites, indicating that trees at site EL were not
seriously affected by the summer drought.

The highest cumulative GRO was recorded at site EM in both years, while it was
lowest at WL in both years (Figure 2C,D). Growth before DOY 99 occurred only on coastal
sites. Here, trees reached 10% of the maximal GRO for 2018 in mid-March (EL at DOY 70
and WL at DOY 76). The trees at the two medium-elevation sites attained the 10% mark at
the end of April (EM at DOY 118 and WM at DOY 121), and trees at the high-elevation site
EH, at DOY 142 in the second half of May.

There were uniform TWD periods across the transect, with a more severe impact on
the island’s western side in 2017 (Figure 2E). All sites except EL experienced a TWD of
more than 0.25 mm during the summer drought. The trees at this site were the only ones
that did not suffer a remarkable TWD period in the summer of 2017.

In 2018, however, TWD phases were generally less pronounced and more evenly
distributed throughout the year. The trees at the high and mid-elevation sites experienced
considerable TWD of more than 0.2 mm in spring, whereas the western coastal site (WL)
underwent an extensive, three-month-lasting water deficit period from August to October.
Its eastern counterpart (EL) was much less affected. In this year, only two sites (compared
to four in 2017) exhibited a TWD of more than 0.25 mm: EH in April and WL in October
(Figure 2F).

At all sites, cumulative GRO was higher in 2018 than in 2017 (Table 1). Maximum
TWD occurred at almost all sites during the peak of the 2017 summer drought in late
August (DOY 241-247). In 2018, on the other hand, the sites reached this benchmark at
various times within the year.

3.2. Meteorological Parameters
3.2.1. Comparison of the Contrasting Years 2017 and 2018

To put the years 2017 and 2018 into a broader context, the measured air temperature
and precipitation values were compared with the long-term average (1981-2010) [42] for



Forests 2021, 12,1175

8of 17

the whole island (Figure 3). Both years were warm years, with overall, only five months
showing values below the long-term average. These “cold” months occurred nearly
continuously from September 2017 to February 2018. While the strongest deviation below
the average was 1.0 °C (September 2017), the strongest deviation above the long-term
mean was more than 2 °C for six months, with the highest values in January 2018 (3.1 °C)
and June 2017 (2.9 °C). The monthly temperature deviations from the mean (1981-2010)
between April and December differed significantly between the two years at the 95%
confidence level (f-test calculated with R package stats [44]).
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Figure 3. Temperature and precipitation deviations from the long-term monthly mean (1981-2010)
in 2017 and 2018. Data was compiled from 11 climate stations at 5-1030 m asl across the whole
geographical extent of Corsica [42].

Precipitation showed considerably higher variability than temperature. The year
2017 was characterized by nine consecutive months with below-average precipitation
(March-November). The year 2018, on the other hand, was defined by above-average wet
conditions. The deviations were comparably large in both directions: +119 mm in January
2017 as the maximum above the average, and —110 mm in October 2017 as the maximum
below the average. No consecutive dry months occurred in 2018. For the year as a whole,
precipitation was lower than average by 178 mm in 2017, and higher than average by
293 mm in 2018, across the entire island. The difference in precipitation amounts between
the two years was smaller in the summer months than in autumn/winter. The monthly
precipitation deviations from the mean (1981-2010) between April and December differed
significantly between the two years at the 95% confidence level (f-test calculated with R
package stats [44]).

These distinctive differences were also apparent at the local level (Table 2). Our climate
stations measured lower annual mean temperatures at almost every site in 2018. Rainy days
occurred from 51% to 94% more often. Annual precipitation sums in 2018 were remarkably
higher at all sites except EL. At the same time, EL also received more precipitation than
the western coastal site (WL). However, at mid-elevation, the eastern part of the transect
was drier (sites EM and WM), despite its higher elevation. Mean soil water content was
considerably higher in 2018 than in 2017 at all stations.
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Table 2. Annual sums and averages of climate parameters at study sites. Rainy days refer to days with > 0 mm precipitation.

Mean Temperature [°C]

Rainy Days [n]

Precipitation Sum [mm]

Mean Soil Water Content [m3/m?]

Site 2017 2018 A 2017 2018 A 2017 2018 A 2017 2018 A
WL (15 m asl) 17.0 17.4 +0.4 77 133 +73% 319.4 609.3 +91% 0.03 0.04 +33%
WM (790 m asl) 13.3 12.7 —0.6 112 217 +94% 11934 22084  +85% 0.08 0.19 +138%
EH (1600 m asl) 7.7 7.1 -0.6 135 251  +86%  1594.3 29184  +83% NA NA NA
EM (1000 m asl) 11.8 10.9 -0.9 112 182 +63% 990.8 16954  +71% 0.04 0.12 +200%
EL (10 m asl) 16.0 159 —-0.1 93 140  +51% 721.5 709.5 —2% 0.07 0.18 +157%

3.2.2. Frequency of the Prevalent Weather Patterns and their Contribution to Precipitation

The weather patterns over the western Mediterranean can be classified into three
main types [41]. WP1 is characterized by high pressure in the Mediterranean region and a
weak pressure gradient. Under these conditions, the formation of local winds is facilitated,
mostly on radiation days during summer. This supports the occurrence of orographic
and convective precipitation events. Furthermore, moisture transport towards the island’s
interiors is promoted by local breeze systems [41].

WP2 is characterized by a meridional pressure situation with a circulation over Corsica
from the south and southeast. The wind from North Africa absorbs moisture over the
Mediterranean Sea and can trigger high precipitation amounts on Corsica, especially on
the island’s east side [41]. Of the sites in this study, EL is most affected by this weather
pattern. Site EM is protected against eastern flows by a mountain range east of the study
site (cf. Figure 1).

WP3 is characterized by a zonal circulation with a pronounced flow direction over
Corsica from the west and southwest, leading to frontal passages with long-lasting precipi-
tation events [41]. These long-lasting precipitation events occurred more often in 2018 than
in 2017 and caused higher precipitation amounts at the higher sites than the coastal sites.

WP1 occurred less often than usual in almost all seasons in 2017, with significantly
lower values in MAM and JJA (Figure 4). On the contrary, WP2 occurred more frequently
in all seasons, with significantly higher values in JJA and SON. WP3 showed a more diverse
pattern in 2017 with a significantly lower prevalence only in SON.

70 70
[ Imean 2017 [N 2018

860— - 60
c
0 50 - 50
=
3
O 40- - 40
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§30— - 30
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0'20' - 20
o
% 10- L 10

WP1 WP2 WP3 WP1 WP2 WP3 WP1 WP2 WP3 WP1 WP2 WP3
dJF MAM JJA SON

Figure 4. Frequency of occurrence of the different weather patterns on a seasonal basis in 2017 and
2018 compared with the long-term mean (1980-2018). Significant deviations (Student’s t-test, p = 0.05)
are marked with an asterisk. The lower-case letter indicates the previous year’s month.
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In 2018, WP1 also occurred less often in all seasons. WP2 occurred less frequently in
dJF and MAM and more frequently in JJA and SON (significantly). WP3 occurred more
often in all seasons, with a significant deviation in dJF. Looking at the data on a yearly basis,
both years were characterized by a significantly lower occurrence of WP1. WP2 occurred
significantly more often in 2017, while WP3 occurred significantly more often in 2018.

Precipitation occurred on more days in 2018 than in 2017 at all sites. Between 52% and
55% of all rainy days in 2017 occurred under WP1 conditions (Table 3, A: Percentage of
Rainy Days by Weather Pattern). In 2018, this proportion was slightly higher (between 55%
and 66%). WP2 had a higher contribution in 2017 than in 2018; only at site WL was the
percentage similar in both years. In contrast, the contribution of WP3 was higher in 2018 at
all sites except WL.

Table 3. Percentages of precipitation parameters by main weather patterns (WP1-WP3).

A: Percentage of Rainy Days B: Percentage of Precipitation Amount
by Weather Pattern [%] by Weather Pattern [%]
Site 2017 2018 2017 2018

WP1 WP2 WP3 WP1 WP2 WP3 WP1 WP2 WP3 WP1 WP2 WP3

WL (15 m asl) 55 25 18 61 24 14 46 36 17 70 19 11
WM (790 m asl) 52 29 14 59 22 17 47 28 25 65 17 17
EH (1600 m asl) 53 31 12 55 25 17 59 21 19 58 20 21
EM (1000 m asl) 52 29 14 56 23 18 42 24 32 62 17 20

EL (10 m asl) 52 37 10 66 20 12 22 39 32 55 31 13

The proportion of the precipitation amount of the different weather patterns was
concordant with the frequency of their occurrence. WP1 had the highest contribution at
all sites except EL in 2017 (Table 3, B: Percentage of Precipitation Amount by Weather
Pattern). At site EL, WP2 had a larger contribution to the total precipitation amount than
all other sites, especially in 2018. The contribution of WP3 was lowest at site WL and
was, in general, higher in 2017 than in 2018. The exception being at the highest site of the
transect (EH). The different frequencies of WP3 in both years can explain the different total
precipitation amounts.

3.3. Integration of Meteorology and Tree Growth Response
3.3.1. Site-Specific Precipitation Regimes and Respective Impact on Tree Growth

Site EL receives in total more precipitation than site WL, and the precipitation amount
is distributed over more days during the year. That is in concordance with the findings
of Knerr et al. [41], who did not observe increased precipitation sums on the west coast
compared to other coastal regions on Corsica, although the west coast is more exposed to
frontal passages from the westerlies. Precipitation at site EL is more likely caused by local
events with a southeast wind direction, so that the precipitation formation process and the
large-scale weather patterns are different from site WL. Therefore, precipitation often does
not co-occur at both coastal sites, leading to differences in the measured growth response.
The overall higher precipitation amounts at site EL combined with the well-developed soil,
which can store water from individual precipitation events over more extended periods, led
to higher soil moisture (cf. Table 2). This can explain the significantly lower TWD than at
site WL. Site WL, in contrast, is mainly affected by air masses with a westerly flow direction.
With increasing elevation, these air masses bring orographic precipitation towards site WM.
This creates more homogenous precipitation regimes at sites WL and WM than between
the two coastal locations. The water supply, and hence the conditions for tree growth, are
better at the east coast than at the west coast due to the higher total precipitation amounts
and a shorter drought period in summer. A cluster analysis of several climate stations
distributed over the whole island of Corsica revealed that westerly exposed regions (i.e.,
the west coast) show an earlier precipitation peak at the beginning of the year (January)
and a later winter precipitation peak (November) compared to the east coast (March and
October, respectively) [41].
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The three higher study sites EH, EM, and WM, are very similar concerning their
precipitation regimes. Precipitation is caused either by passages of fronts, by orographic
precipitation, or by local wind systems. Local wind circulations are common year-round on
Corsica, but may increase in summer under low synoptic forcing [41]. Site EM integrates
effects from the coastal site and the highest site, while site EH shows nearly no similarities
with site EL. Although the linear distance between the two sites is only around 25 km, the
precipitation regime is entirely different. The topography has a significant influence on the
genesis of precipitation events, with an amplification effect in the interior of the island [41].
Such topography reinforcing effects are lacking on the broad plain of the east coast.

The later onset of the growing season in 2018 at site EH can be attributed to the
considerably lower temperatures in May/June 2018 compared to 2017. The slight overall
difference between the two years compared to the other locations can be explained by the
snowy winter of 2016/2017. At the beginning of the growing season, there was still plenty
of water available from the snowmelt at site EH, so that the precipitation deficit did not
yet have a negative effect on growth, as was the case at sites without a permanent winter
snow cover. At mid-elevation, site WM showed a much smaller difference in GRO between
the two years than site EM, indicating that EM trees reacted more strongly to different
water availability. Although site EM received less precipitation than site WM, trees at site
EM showed a higher cumulative growth rate in both years. This can be explained by a
higher water holding capacity due to higher soil depth at site EM. Hence, rainwater can be
stored over a more extended period. However, if this water reserve is exhausted and not
refilled on time, tree growth is temporarily halted (as in 2017). In turn, high growth rates
are possible under humid conditions. Regardless of the precipitation amount, site WM
is generally a drier location because of its shallow soil with a low water holding capacity.
During heavy precipitation events, a large part of the water is lost via surface runoff and
interflow. Therefore, even in humid years, only low growth rates can be observed. At the
coastal locations, WL showed a larger difference between 2017 and 2018 in JJA compared
to site EL. This indicates that the western coast was more strongly affected by the drought
of 2017 than the eastern coast.

3.3.2. Correlations between Meteorological and Growth Parameters

We calculated correlation coefficients of daily site means of the GRO and TWD values
with daily precipitation and temperature measurements for each month and each site, for
both years. For each parameter and month, we determined the respective 95% confidence
level. (Figure 5). In 2017, GRO showed a positive correlation with precipitation at most
sites in spring and early summer and at coastal sites additionally, in October and November.
In 2018, significant positive correlations occurred between May and October at almost all
sites. While the correlation pattern is very similar between high- and mid-elevation sites,
GRO at coastal sites is influenced by precipitation from different months depending on the
year. In 2017, significant correlations occurred in spring and summer at WL but not at EL.
This situation was switched in 2018.

Temperature and GRO correlated significantly and negatively, but there was no distinct
pattern apparent, as with precipitation. In 2018, the pattern generally showed more negative
correlations across the transect throughout the summer months.

No significant correlations were found between precipitation and TWD in 2017, but
the response was slightly positive across all sites and months. The signal was equally
scattered in 2018, with few significant correlations. Most correlations were positive and
occurred at the two highest sites (EH and EM).
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Figure 5. Monthly correlation coefficients of temperature and precipitation with GRO and TWD. Significant correlations

(p = 0.05) are marked with an asterisk. Correlations are based on daily data (Daily growth rates are depicted in Figure S2).
Grey fields are months where no GRO or TWD was detected.

In contrast, the correlations between TWD and temperature were much higher. From
June to December 2017, significant negative correlations occurred at the high and medium
sites, and positive correlations at coastal sites in August and October. In 2018, there were
more negative correlations in the first half of the year and more positive correlations in the
second half. In both years, significant correlations were predominantly negative at higher
sites and more positive at lower sites. This could be due to snowmelt at the beginning of
the growing period and local thunderstorms towards the end.

These findings imply that high water availability can counteract exceptionally high
temperatures (as in 2018). However, if water availability is low (as in 2017), the high
temperatures lead to higher evapotranspiration and hamper, or even halt, tree growth.

TWD can serve as a biological indicator of drought stress [46,50,51]. A remarkably
high TWD was observed at all sites except EL during the dry summer period in 2017. Sites
on the western part of the transect were more affected than sites on the eastern part. The
most intense drought stress occurred at site WL, where a clear TWD occurred even during
the wet summer and autumn of 2018. The TWD data lead us to conclude that trees at site
WL are most vulnerable to drought, followed by trees at WM.
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Interestingly, trees at site EL did not respond to the drought in 2017, although the
climate conditions were similar to those at the other sites. This implies that these trees have
access to deeper water reservoirs and that the water status of the trees is decoupled from
the actual soil water potential, as reported in other studies [31,52]. Besides the TWD during
summer, we observed an additional remarkable stem shrinkage at the beginning of 2018 at
higher locations. During this time of the year, temperatures dropped below zero, which
entrained liquid water to move out of the cells to prevent intracellular freezing [34,53].

Figure 6 illustrates how much GRO occurred during the respective prevalent weather
patterns in 2017 and 2018. The share of GRO in the patterns (Figure 6—upper panels) shows
a more even distribution along the elevation gradient in the dry year (2017) compared
to a more distinct elevation pattern in the wet year. The precipitation falling during
the prevailing meteorological situation, with a low-pressure gradient over the western
Mediterranean (WP1), had a higher impact at lower sites because of its sea breeze aspect.
That does not apply for EL, and can be explained by its location on the alluvial fan and
the related, decoupled water regime. Comparing the two years, more GRO occurred at
all eastern sites (EH, EM, and EL) during WP1 in 2017. The meridional circulation with
an east-west pressure gradient (WP2) led to more GRO at almost all sites in the drought
year (2017). Although the zonal circulation regime (WP3) led to a higher percentage share
of precipitation in 2017 (cf. Table 3, B: Percentage of Precipitation Amount by Weather
Pattern), it led to less GRO. These events were more intense in 2017 since the precipitation
amounts accumulated during fewer days (cf. Table 3, A: Percentage of Rainy Days by
Weather Pattern) and hence, provided a less reliable source of water for the trees.

[ we1 [ wP2 wP3[_ | WPo|
2017 2018

unweighted percentages

weighted by days of GRO

0

Figure 6. Comparison of percentages of GRO that occurred during the respective weather patterns in 2017 and 2018. Other
weather patterns (WPo) represent the rarely occurring other weather patterns (4, 5, and 6) described in Knerr et al. [41].
Upper panels show percentages of total GRO amount, and lower panels represent the same data weighted by days of the

occurrence of GRO.
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The percentages weighted by days of the occurrence of GRO, showed how effective
the impact of each weather pattern was (Figure 6—lower panels). There was generally a
more even distribution over different WPs in the wet year. The gradual increase of WP1’s
impact with lower elevation in 2018 is less pronounced but still visible in the weighted
data. WP2 had a strong influence on growth at the eastern sites (EH, EM, and EL) in 2018.
Although WP3 led to a higher percentage share of precipitation in 2017 (cf. Table 3, B:
Percentage of Precipitation Amount by Weather Pattern), it did not have a more substantial
influence on GRO.

Remarkably, a considerable amount of GRO happened during the other weather
patterns (WPo), which occurred only on 16 days in 2017 and 15 days in 2018. The large
percentage of GRO at site EL (45%) is probably partly related to its location, being masked
by the groundwater influence. Moreover, WP4 generally leads to higher precipitation
amounts at site EL. WP5 is the weather pattern with the strongest correlation to a high
amount of rain. It has a meridional orientation and leads to higher precipitation amounts at
all sites. Its relatively strong pressure gradient above Corsica can lead to rain, even during
generally drier conditions. In the wet year, this impact is obscured by the other, more
dominant weather patterns. The influence of WP1 in the dry year is of less importance
at the coastal sites because high pressures are more pronounced, and sea breeze rain is
less asserted.

Furthermore, the timing of the occurrence of the WPo is important. In 2017 these
weather patterns emerged at the beginning of the growing period and in early September
(right when the drought ended) and from mid-April to late-May in 2018. This suggests
that the strong impact of these infrequent weather patterns is due to the coinciding
phenological occurrence of the highest growth rates (cf. Figure S2). Nonetheless, this
suggests that precipitation, even distributed over very few days, can strongly impact trees’
growth responses.

4. Conclusions

We investigated the impact of an exceptionally dry and subsequent wet year on the
radial tree growth of Corsican Black pine (Pinus nigra Arnold subsp. laricio Maire) and
Maritime pine (Pinus pinaster Aiton) on Corsica. The setup of five study sites at different
elevations and on eastern and western sides of the island allowed us to put the varying
effects on two widespread Pinus species in the western Mediterranean in relation.

Our analysis revealed that in the dry year (2017), trees at almost all sites experienced
radial stem growth stagnation or even shrinkage for several months, with maximum TWDs
in late August. That suggests a bimodal growth pattern even close to the tree line, contrary
to the unimodal growth patterns at most sites in 2018. The most severe TWDs during the
drought year occurred in the western part of the island, whereas trees at higher elevations
were more affected than at lower elevations within respective aspects. Growth patterns at
one site (EL) were masked by other water sources.

In this study, we tested a novel method for identifying the impact of atmospheric
weather patterns instead of on-site measured climatological parameters on seasonal tree
growth dynamics, which is a rather new approach in dendrosciences. Since the two studied,
climatologically contrasting years could be clearly distinguished by the dominant weather
patterns, this approach of using large-scale synoptic regimes to interpret intra-annual
growth patterns showed initial promising results. However, for a generalization of the
obtained interrelations, longer data series are needed.

The drought of 2017 poses an example of how two species of a common tree genus
can react to the predicted decrease in summer precipitation in the western Mediterranean.
The intra-growing season drought effects significantly affected radial tree growth, although
the preceding winter was rich in snow. With the predicted rising frequency of comparable
climatic situations, pines (and most likely other genera) in the Mediterranean area will be
destined to suffer massively from water stress, even at high elevations.
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