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Abstract: Drought is a major factor limiting tree growth and plant vitality. In the Mediterranean region,
the length and intensity of drought stress strongly varies with altitude and site conditions. We used
electronic dendrometers to analyze the response of two native pine species to drought and precipitation
events. The five study sites were located along an elevation gradient on the Mediterranean island
of Corsica (France). Positive stem increment in the raw dendrometer measurements was separated
into radial stem growth and stem swelling/shrinkage in order to determine which part of the trees’
response to climate signals can be attributed to growth. Precipitation events of at least 5 mm and
dry periods of at least seven consecutive days without precipitation were determined over a period
of two years. Seasonal dynamics of stem circumference changes were highly variable among the
five study sites. At higher elevations, seasonal tree growth showed patterns characteristic for cold
environments, while low-elevation sites showed bimodal growth patterns characteristic of drought
prone areas. The response to precipitation events was uniform and occurred within the first six hours
after the beginning of a precipitation event. The majority of stem circumference increases were caused
by radial growth, not by stem swelling due to water uptake. Growth-induced stem circumference
increase occurred at three of the five sites even during dry periods, which could be attributed to
stored water reserves within the trees or the soils. Trees at sites with soils of low water-holding
capacity were most vulnerable to dry periods.

Keywords: dendrometer; stem circumference changes; climate response; Mediterranean; Pinus nigra;
Pinus pinaster

1. Introduction

Water availability is the most limiting abiotic factor for plant growth and productivity, especially
in arid or semi-arid environments [1,2]. Tree dieback can often be related to water shortage and
enhanced drought stress [3–5]. The identification of available water sources and the trees′ response
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to short-term changes in environmental conditions is therefore of great importance to evaluate the
vulnerability of forest ecosystems to current climate change.

A tree‘s water status is controlled by atmospheric conditions, the depth and distribution of the
root system, and by soil water status. If the tree′s transpiration exceeds the water uptake from the soil,
the tree is able to relocate water from internal reservoirs to maintain the transpiration process and to
adjust its water use [6] The hydraulic conductance of roots is highly variable and depends on soil water
content, salinity of the soil, and on the demands for water from the transpiring shoot [7]. Soil water
content is highly variable in space and time. Depending on the rooting and soil depth, trees can
have access to different soil water layers and hence may respond differently to single precipitation
events [8–10]. Beside the amount of water provided by precipitation, its seasonal distribution is of
great relevance for regulating plant ecological processes. Several studies underline the importance of
winter precipitation in summer-dry climates, which may stimulate an entirely different plant response
than a summer rain event as shown for shrubs in desert environments [11,12]. This is particularly the
case in climates where deeper soil water reservoirs are replenished by winter precipitation [9].

An indicator for the whole tree water status is the diurnal cycle of shrinking and swelling of the
stem [6], which is caused by imbalances between transpiration and root water uptake [13], and by
processes altering osmotic water potentials [14]. The daily cycle of water depletion and replenishment
can be influenced by several factors, such as rainfall and soil water content, atmospheric vapor pressure
deficit, and ambient air temperature [15–17]. Hence, stem circumference changes can be used to assess
a tree′s climate sensitivity, i.e., the response to extreme meteorological events [18,19], and its water
status on short time scales [15].

Stem circumference changes (SCCs) are commonly measured with point or band dendrometers, a
powerful tool providing data in unmatched quality and resolution [20]. Dendrometer measurements
allow to investigate the influence of site conditions and meteorological factors on growth, as well as
species-specific responses to changing climate conditions [19,21,22]. Dendrometers have been used
to investigate the seasonal dynamics and growth phenology in a broad range of forest ecosystems in
different climate zones, ranging from tropical [19] to subtropical [17,22] or alpine conditions [15,21].
For example, [17] determined water availability as the main factor influencing growth cessation in
Pinus pinaster at the west coast of Portugal under Mediterranean climate conditions. However, the
interpretation of dendrometer data can be complex, as SCCs depend on various factors. Beside the
water-related swelling and shrinkage of phloem, xylem, and bark, increasing stem circumference
can also be caused by irreversible radial growth due to newly formed sapwood and bark tissue cells,
including cambial division and cell expansion [23,24]. Hence, it is often not possible to accurately
differentiate “growth” from “stem water increase” [25]. Models to separate these two parameters
require additional physiological data, which might not be available or which are difficult to measure
over longer time periods [20]. Therefore, some studies use a combination of dendrometers and wood
formation monitoring methods, as, e.g., [22] in the montane conifer Cedrus libani in Turkey.

Little is known about how fast trees respond to short-term fluctuations of water availability,
although already [26] stressed the importance of single precipitation events for long-term plant
functioning and survival. This is particularly important in climate regimes where the time of
the highest rainfall amount and the vegetation period do not coincide, e.g., in the Mediterranean
climate. Additionally, time lags in the signal transfer from water uptake to the tree-ring archive
can occur [1,27–30], further complicating the interpretation of tree-ring proxy data related to water
uptake, e.g., stable oxygen isotope ratios. Hence, the determination of the response time to discrete
climatic events is of high importance. In this study, we used dendrometer measurements to analyze
the response of pine trees to discrete climate events in Mediterranean forest ecosystems along elevation
gradients on the island of Corsica. In contrast to other studies, we investigated the response to
climate events not only during dry periods, but also to precipitation events. Due to the high spatial
variability of ecological conditions on Corsica, we were able to study the tree response under both
Mediterranean and subalpine climate conditions. We investigated the response of two pine species,
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which are widespread over the Mediterranean basin, i.e., Pinus pinaster Aiton growing at low to middle
elevations, and Pinus nigra J.F. Arn subsp. laricio (Poiret) Maire var. Corsicana Hyl. growing at middle
to high elevations, up to the upper tree limit. Despite its economic and ecological importance on
Corsica, there are no studies on the intra-annual growth dynamics of P. nigra so far. The main aims of
our study are (i) to determine the trees′ response to dry periods and precipitation events by separating
the growth- and stem water-related signals in SCC measurements, and (ii) to identify changes in tree
response along an elevation gradient in order to distinguish tree growth from stem increment due to
physiological responses under various local climate conditions. Hence, this study contributes to a better
understanding of the productivity and resilience of both pine species under future climate conditions.

2. Materials and Methods

2.1. Study Sites

The mountainous island of Corsica (France) is located in the Western Mediterranean basin between
41–43◦N and 8–10◦E. It is characterized by a main mountain range extending in the north–south
direction, with several peaks exceeding 2000 m above sea level (asl) (e.g., Mte. Cinto: 2706 m asl; Mte.
Renoso: 2352 m asl). Due to steep elevation gradients, different microclimates are found, ranging from
typical Mediterranean climates with dry hot summers and temperate wet winters close to sea level, to
temperate and alpine conditions in the mountain areas, with a continuous winter snow cover above
1500 m asl [31].

Our five study sites are located along two elevation gradients from the Mediterranean coast to
the high mountain zone along the western and eastern slopes of the Renoso Massif in central Corsica
(Figure 1). For better readability, the study site IDs refer to the location of the sites, where “E” and
“W” stands for “east” and “west”, and “L”, “M”, and “H” for “low”, “middle”, and “high” elevation.
The two studied pine species, P. nigra and P. pinaster, are widely distributed on Corsica, however, none
of the species covers the full range of our transect (0–1600 m asl). A comparison of the cumulative
growth rates in the transitional elevation belt in which both species coexist revealed no significant
differences between the species [32], making it possible to compare tree data derived from P. nigra
with those derived from P. pinaster. Tree-ring width chronologies from two additional sites support
the similarity between the growth pattern of both species in elevations between 570 and 1240 m asl
(Supplementary Figure S1). All five sites were very similar in terms of acidic soils, the dominance
of granites and metamorphic rocks in the underground, and an average tree coverage below 30%.
The low-elevation sites Ajaccio (WL) and Ghisonaccia (EL) are small forest patches of pure P. pinaster
stands close to the coastlines. While the west coast is characterized by a complex topography with
cliffs and bays, the east coast around EL is a large alluvial plain with sandy beaches and lagoons.
On these sandy alluvial deposits, the soils are well developed Cambisols (WL) and podzols (EL).
The mid-elevation sites Bocognano (WM) and Vivario (EM) are located within the mountain forest
belt at 790 (WM) and 1000 m asl (EM), respectively, where P. pinaster and P. nigra co-occur. Soils are
Cambisols of varying depths on granitic bedrock. The high-elevation site Capanelle (EH) is located at
the upper timberline on the eastern slopes of Monte Renoso. The site is located close to the crest line of
the mountain chain and is affected by air masses from the east as well as from the west, so that this
high elevation site is representative for both slopes of the transect. The open forest at site EH consists
of old-grown P. nigra and Fagus sylvatica trees. The soil is a shallow podzolic Cambisol on granitic
bedrock with low water-holding capacity.



Forests 2020, 11, 758 4 of 17
Forests 2020, 11, x FOR PEER REVIEW 4 of 18 

 

 

Figure 1. Map showing the location of the study sites and a schematic view of the study transect with 

site names and site codes explained in the main text. The two different tree signatures indicate the 

species Pinus nigra (filled symbol) and Pinus pinaster (dashed symbol). The digital elevation model is 

based on SRTM (Shuttle Radar Topography Mission) data [33]. Climate characteristics are expressed 

as the mean monthly temperature (red lines) and monthly precipitation sums (blue bars) in 2018. Data 

gaps from our own climate stations are filled with data from nearby MétéoFrance climate stations 

[34]. 

2.2. Meteorological Data 

All sites were equipped with automatic weather stations (Campbell Scientific stations at EH, 

EM, and WM; Metek at EL and WL), which measured air temperature, precipitation, wind speed and 

direction, relative humidity, global radiation, soil moisture, and soil temperature in high resolution 

(5 min for EH, EM, and WM and 1 min for EL and WL). Soil moisture was recorded with a Campbell 

CS650 sensor, placed horizontal at 5–10 cm depth. Due to the rocky terrain, it was not possible to 

measure soil parameters at site EH. Mean temperature decreases with altitude, however, the western 

coastal site is warmer than the eastern site (Figure 1). Precipitation shows a more diverse pattern 

(Figure 1). The highest site (EH) is the wettest site, but at mid-elevation, the western site is wetter 

than the eastern site, although site EM is located at slightly higher elevation than site WM. In contrast, 

the eastern coast is more humid than the western coast. 

To investigate the effect of single precipitation events on tree growth, we extracted all 

precipitation events between 01 May 2017 and 30 April 2019 from the climate data, thus covering a 

period of two complete years. We restricted the analysis to precipitation events with a precipitation 

sum of more than 5 mm, since lower precipitation amounts do not penetrate deeply into the soils [35]. 

To separate discrete precipitation events, we chose a threshold of one hour without any precipitation, 

i.e., all precipitation recorded with interruptions of less than one hour was regarded as one 

precipitation event. 

Figure 1. Map showing the location of the study sites and a schematic view of the study transect with
site names and site codes explained in the main text. The two different tree signatures indicate the
species Pinus nigra (filled symbol) and Pinus pinaster (dashed symbol). The digital elevation model is
based on SRTM (Shuttle Radar Topography Mission) data [33]. Climate characteristics are expressed as
the mean monthly temperature (red lines) and monthly precipitation sums (blue bars) in 2018. Data gaps
from our own climate stations are filled with data from nearby MétéoFrance climate stations [34].

2.2. Meteorological Data

All sites were equipped with automatic weather stations (Campbell Scientific stations at EH, EM,
and WM; Metek at EL and WL), which measured air temperature, precipitation, wind speed and
direction, relative humidity, global radiation, soil moisture, and soil temperature in high resolution
(5 min for EH, EM, and WM and 1 min for EL and WL). Soil moisture was recorded with a Campbell
CS650 sensor, placed horizontal at 5–10 cm depth. Due to the rocky terrain, it was not possible to
measure soil parameters at site EH. Mean temperature decreases with altitude, however, the western
coastal site is warmer than the eastern site (Figure 1). Precipitation shows a more diverse pattern
(Figure 1). The highest site (EH) is the wettest site, but at mid-elevation, the western site is wetter than
the eastern site, although site EM is located at slightly higher elevation than site WM. In contrast, the
eastern coast is more humid than the western coast.

To investigate the effect of single precipitation events on tree growth, we extracted all precipitation
events between 01 May 2017 and 30 April 2019 from the climate data, thus covering a period of two
complete years. We restricted the analysis to precipitation events with a precipitation sum of more
than 5 mm, since lower precipitation amounts do not penetrate deeply into the soils [35]. To separate
discrete precipitation events, we chose a threshold of one hour without any precipitation, i.e., all
precipitation recorded with interruptions of less than one hour was regarded as one precipitation event.

To analyze their impact on tree behavior, we extracted dry periods of at least seven consecutive
days without precipitation. The analysis of dry periods was restricted to the time with tree growth
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at all sites (March–November), i.e., dry periods in winter DJF were excluded because trees at higher
elevations are dormant during this period and hence are not expected to respond to moisture changes.

2.3. Dendrometer Data

At each study site, six trees of similar tree age and stem size per study species were equipped
with logging band dendrometers with a built-in thermometer (DRL26, EMS Brno) in April 2017,
resulting in a total number of 42 study trees (Table 1). Stem circumference was registered in 30-min
intervals. To avoid damages by grazing cattle, the dendrometers were installed at a stem height of 2 m.
Since Mediterranean pine species have a very thick bark for fire protection, we removed parts of the
outer bark without injuring the cambial zone to minimize the influence of bark swelling and shrinking
on the dendrometer data.

Table 1. Overview of the tree data set. The tree species refers to Pinus pinaster (PIPI) and Pinus nigra
(PINI), respectively. Site codes refer to the eastern (E) and western (W) side of Corsica, L, M, and H
stand for low-, middle-, and high-elevation sites, respectively. The ages and stem circumferences are
expressed as mean values ± 1 standard deviation (STD).

Number of Trees Tree Species Mean Age (yr) ± 1
STD

Mean Stem Circumference
(cm) ± 1 STD

WL 6 PIPI 32 ± 10 131 ± 24
WM 12 PIPI, PINI 42 ± 7 116 ± 24
EH 6 PINI 59 ± 10 109 ± 15
EM 12 PIPI, PINI 53 ± 10 120 ± 30
EL 6 PIPI 47 ± 20 139 ± 19

We analyzed the trees′ responses to precipitation events and dry periods at the site level, i.e., we
aggregated the dendrometer data from the individual trees to a mean curve for each site. This eliminates
possible disturbance effects of individual trees and provides a representative picture of the common
climate response at a specific site. Stem circumference change (SCC) measured by dendrometers
contains information about the irreversible stem expansion related to cambial growth and cell expansion,
as well as the reversible tree water deficit-induced shrinking and swelling of the stem. To distinguish
between SCC caused by growth and stem shrinking/swelling, we used the growth definition of
Zweifel [20], who defined growth as a current stem radius value exceeding a precedent maximum.
By using this definition, each value of the dendrometer data was classified into one of the three
categories of growth, swelling, or shrinkage (Figure 2). Afterwards, we calculated SCC curves free
from the growth component by subtracting the values of all changes classified as growth from the raw
data, i.e., all values classified as growth were set to the level of the value prior to the growth. Both SCC
curves, the raw dendrometer data and the growth-free curves, were used for analyzing the response to
precipitation events and dry periods, in order to determine which portion of the detected tree response
to climate can be attributed to growth.

For each precipitation event, we extracted the mean SCC for each site from the starting point of
the event over the following 48 h. For analyzing effects of dry periods, we extracted the SCC from the
first day without precipitation and the following 21 days. We defined this threshold because longer dry
periods occurred only at three sites and only once or twice in the investigated time period. To compare
the tree responses between sites, the dendrometer data were standardized to the starting point of
the precipitation event/dry period. We additionally investigated SCC after precipitation events for
different seasons and different precipitation amounts. The precipitation events were divided into six
classes regarding their amount. As events with low rainfall totals were more common than events with
high rainfall totals, the thresholds to separate rainfall totals were not chosen with regular intervals, i.e.,
the class with the lowest rainfall totals included 5–9.9 mm/event precipitation, and the following four
classes each had an increment of 10 mm/event (10–19.9, 20–29.9 mm/event, etc.). The class with the
highest precipitation amount included totals of 50–99.9 mm/event.
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Figure 2. Schematic figure explaining the classification of the stem circumference change into shrinking,
swelling, and growth, and the exclusion of the growth component, created with the R-program
dendRoAnalyst [36]. Each dot represents a 30-min measurement recorded in 2017.

3. Results and Discussion

3.1. Site-Specific Stem Circumference Changes and Growing Periods

For the year 2018, the mean SCC curves from the coastal locations (EL and WL) can be clearly
distinguished from the other sites by the much earlier start of the growing season, which did not begin
before mid/end of April at mid- to high-elevation sites (Figure 3). A remarkable stem shrinkage is
visible at site EH before the start of the growing season. The strong stem circumference increase in
spring is followed by a decline in the growth rates in July. A second but less intense phase of increasing
stem size occurred in October, followed by a cessation of stem diameter increment. The reduction in
tree growth during summer did not occur simultaneously at all sites. The lowest cumulative increment
sums occurred at sites EH and WM.Forests 2020, 11, x FOR PEER REVIEW 7 of 18 
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Figure 3. Mean cumulative stem circumference changes from the five study sites for the year 2018
reported as daily mean values from all trees (6 at WL, EH and EL, 12 at WM and EM) per site.
Site codes refer to the east (E) and west (W) sides of Corsica, L, M, and H stand for low-, middle-, and
high-elevation sites, respectively. The inserted table indicates the number of days in 2018 with daily
mean temperatures <5 ◦C per site. Data gaps from our own climate stations are filled with data from
nearby MétéoFrance climate stations [34].
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The dendrometer data revealed that at all sites except WL, longer periods without growth
occurred during several months in autumn/winter. The length of this dormancy period depended
on the elevation of the site. At site WL, it was not possible to determine a dormancy season in
autumn/winter from the dendrometer data because radial growth showed only short interruptions.
Instead, prolonged periods without growth occurred during summer. The shortest dormancy occurred
at site EL (from December to February), and the longest at site EH (from October/November to
mid-May). Dormancy lasted from November/December to April at site EM, and from January to April
at site WM.

As the climatic conditions vary strongly along the studied elevation transect, we expected
different growth patterns and durations of the growing season. Bud break and growth onset after
winter dormancy are highly responsive to temperature in temperate and boreal trees, as well as at
drought-prone sites [37–40]. Rossi et al. [41] defined a mean daily air temperature of 4–5 ◦C as a critical
value to reactivate xylem cell production of conifers in cold environments. This critical temperature
is exceeded earlier at lower sites, leading to an earlier start of the growing season. Temperatures
are lower at site EL than at site WL (Figure 1), so that the critical temperatures occur only during
few days during a year, or in the case of a mild winter, even not at all, so that no clear dormancy
season occurred at site WL in 2018. For WL, the mean temperature in JFM (ND) 2018 was 10.8 ◦C
(13.1 ◦C), with 1% (0%) of days below the critical value of 5 ◦C. While the onset of radial growth is
controlled by air temperature, several factors can cause the termination of radial growth, e.g., soil water
availability [37,40], site conditions, stand age, and tree density [42]. A bimodal stem radial growth
pattern with two growth peaks in the transitional seasons (spring-early summer and autumn), and a
decreased growth rate in summer as a strategy for coping with harsh environmental conditions in dry
periods is a typical pattern observed in climates with summer drought [17,21,43]. The summer growth
suppression can either be caused by water deficit or by high temperatures above a certain threshold,
which lead to a reduction in net photosynthesis [43]. A bimodal growth pattern is visible at the coastal
locations on Corsica. As shown for other conifer species in Mediterranean regions [43–45], trees at our
study sites also have the capability to resume cambial activity after periods of minimum growth or
dormancy during summer droughts.

3.2. Precipitation Events and Dry Periods

The number of identified precipitation events over the two-year observation period ranged from
25 (site WL) to 138 (site WM), with a significantly higher number of rainfall events at higher elevations
(Table 2). The same trends were visible in the mean precipitation sums and mean duration of the events.
At the higher sites, single precipitation events could last for two days (sites EM and WM) or even
longer (site EH), while they were usually shorter than one day at the coastal locations. The precipitation
events were unevenly distributed over the seasons. The lowest number of events occurred at all sites
in JJA, the highest in either MAM, SON, or DJF. It should be kept in mind that the total number of
precipitation events is underestimated at some stations due to data gaps, especially at the coastal
locations. However, the observed trend (stronger precipitation events and a higher number of events
with increasing elevation) is confirmed by long-term climate stations from MétéoFrance [31].

The number of dry periods was less variable between the sites and ranged from 14 (site EL) to 20
(site WM) (Table 2). The maximum duration of rainless periods was 62 days at site WL, followed by
33 days at site EM. Even at the wettest sites, 19 and 21 consecutive dry days occurred. Coastal sites
showed the longest mean duration of dry periods. Except for site WL, dry periods were most common
in JJA, but they occurred in all seasons. The low number of dry periods in JJA at site WL was caused
by a long dry period in July–August 2017, which lasted for 62 consecutive days.
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Table 2. Characteristics of precipitation events and dry periods between May 2017 and April 2019.
Mean precipitation sum was calculated independent from the mean duration of the events. Site codes
refer to the eastern (E) and western (W) side of Corsica, L, M, and H stand for low-, middle-, and
high-elevation sites, respectively. The seasons are expressed as abbreviations for the corresponding
months (DJF: December, January, February; MAM: March, April, May; JJA: June, July, August; SON:
September, October, November). Data gaps at individual climate stations: WL: January–February 2018,
April–June 2018; EL: April–June 2018, mid November 2018–mid April 2019; EM: 15 days in March 2018.

Precipitation Events

WL WM EH EM EL

mean precipitation sum per event (mm) 11.5 20.8 33.0 18.6 14.3
mean duration of precipitation events (h) 6 9 14 10 6

mean intensity per event (mm/h) 2.6 2.7 2.9 2.3 3.3

number of events per season

DJF 6 42 41 31 7
MAM 8 43 48 29 5

JJA 1 19 13 12 1
SON 10 34 24 26 24

number of events per amount
class

5–9.9 mm 14 47 38 38 14
10–19.9 mm 7 45 26 37 14
20–29.9 mm 4 17 24 9 7
30–39.9 mm - 13 10 5 1
40–49.9 mm - 5 3 1 1
50–99.9 mm - 10 16 7 -
> 100 mm - - 9 1 -

total number of precipitation events 25 138 126 98 37

Dry periods with at least 7 days without precipitation

WL WM EH EM EL

maximum duration (days) 62 21 19 33 27
mean duration (days) 18 10 11 13 14

number of dry periods per
season

DJF 3 2 3 3 1
MAM 3 5 3 4 2

JJA 3 7 6 7 8
SON 7 6 4 5 3

total number of dry periods 16 20 16 19 14

Precipitation on Corsica is very unevenly distributed throughout the year, with maximum
precipitation rates in autumn/winter [31]. Single precipitation events can be followed by prolonged
periods without any precipitation of up to more than one month at all sites, except WM and EH.
As these periods occur mainly during the time of tree growth, it becomes obvious that the trees need to
develop adaptation strategies to cope with drought stress related to this precipitation regime.

3.3. Tree Response to Precipitation Events

More than 50% of the stem circumference increase after precipitation events occurred within the
first 12 h after the event (Figure 4). The strongest increase was found at the coastal locations and
diminished with increasing elevation. The SCC increase was much steeper in the raw dendrometer
data. The difference between the reaction including and excluding growth indicates that the response
to precipitation events is a mixed effect of stem swelling and growth, with growth being the largest
part at all sites (between around 60 and 80%), except EH (around 40%). The largest change within
the 48 h after the event occurred at site EL, followed by WL and EM. The smallest stem increase after
precipitation events occurred at the high-elevation site EH. Stem swelling followed immediately after
the precipitation event, while stem increment due to growth extended over a longer time. This finding
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is in concordance with the soil water content (SWC), which increased mainly directly after the event.
At all sites except WL, the standard deviation was remarkably reduced when growth was extracted
from the raw dendrometer measurements.Forests 2020, 11, x FOR PEER REVIEW 10 of 18 
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Figure 4. Mean stem circumference changes (solid lines; grey shaded areas indicate the range
expressed as mean ± 1 standard deviation) and change of soil water content (dashed lines) over 48 h
after precipitation events per site including (left column) and excluding (right column) tree growth.
Precipitation events are extracted from the time period May 2017 to April 2019. Site codes refer to the
east (E) and west (W) sides of Corsica, L, M, and H stand for low-, middle-, and high-elevation sites,
respectively. Soil water measurements are not available for site EH.

Soil water content measurements were only available for four of the five sites (Figure 4). At EH, the
stone content in the soil profile was too high for a correct measurement of the soil moisture. SWC at site
WL is probably underestimated because the climate station was located on a nearly bare rocky surface,
while the trees were located in a valley floor with a higher soil depth. All sites responded very quickly
to precipitation events since measurements are obtained in a soil depth of 10–20 cm. The highest soil
water content was reached three to twelve hours after the beginning of the precipitation event.

We observed a fast tree response to precipitation events at all five sites. The time lag between
the beginning of the precipitation events and a visible response in the dendrometer data is very short,
indicating a quick water uptake after an event. This is a faster response as found by [21], who suggested
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that replenishment of usable stem water reservoirs occurs within a few days after scattered rainfall
events. They observed a stronger relationship between environmental variables and daily radial stem
increments, when a time lag of one day was considered. The SCC increase in our study is a mixed
effect of stem swelling and radial growth, with growth causing the larger part of the increase. The SCC
increase due to growth is highest at the coastal locations, indicating that trees at coastal sites are more
effective in using the water of precipitation events directly for growth. They are also more effective in
using even small precipitation events.

Although trees at our sites grow under different climate conditions and show altitude-specific
differences in the seasonal growth patterns, the response to precipitation events was very uniform
among trees, sites, and did not vary with precipitation amounts. In the majority of cases (88%),
SCC increased within 48 h after the onset of precipitation events. These similar responses are in
concordance with the results of [46] and [22], who studied stem circumference changes of Picea abies
and Cedrus libani along elevation gradients. Further, in the Italian Alps, positive responses of stem
increment to precipitation were found [15]. In approximately 12% of events, we observed stem
shrinkage following precipitation. This shrinkage occurred only at the higher sites and between
December and April, i.e., during winter dormancy (Figure 3). A marked rehydration of the stem
before the beginning of the growing season was observed in trees of cold environments [47,48] because
water is withdrawn from the living cells to avoid frost-induced cavitation [25]. At sites EH and WM,
temperatures commonly drop below zero between December and April.

On a seasonal basis, the SCC responses to precipitation events showed site-specific patterns
(Figure 5). In summer (JJA), a pronounced bimodal to multimodal pattern was apparent, which
was not or only weakly developed in other seasons. This diurnal cycle occurring with a temporal
shift at site WL can be explained by the fact that only one precipitation event was recorded in JJA
(Table 2). Since the values were standardized to the starting point of the precipitation event, a different
starting time between events was responsible for the observed shift. SCC response including tree
growth was highest in JJA and SON, and lowest in DJF. The steepest SCC increase directly following
precipitation events was apparent in JJA, while the lowest SCC occurred in DJF at all sites. Only at site
WL, the change in JJA was on a comparably low level. Except for JJA, EH showed the lowest stem
diameter increase in all seasons. In all seasons, the response excluding growth was smaller than the
reaction including growth, especially in JJA. Furthermore, the response was more homogenous among
the sites, except in SON. Surprisingly, the strongest response occurred during SON at site WL. In all
other seasons, the maximum increase was rarely above 0.2 mm.

The fluctuations of SCC over 48 h reflect the typical pattern of the daily stem cycle observed in
dendrometer data by several authors [16,17,49]. The stem contracts during the day due to transpiration
and photosynthesis and expands during the night as a result of replenishment of the stem internal
water reserves. The amplitude of this daily cycle is most pronounced in summer as observed in
alpine [15,16] as well as in Mediterranean environments [17] because the increased temperatures in
combination with increased day length reduce the duration of the recovery phase, while increasing the
water loss by transpiration [50].

The mean SCC curves after precipitation events classified by precipitation amount are shown
in Figure 6. In the three classes with the lowest precipitation amounts per event (5–29.9 mm), site
EH showed the smallest increase. In the two classes with the lowest precipitation amounts per event,
both coastal locations showed a similar increase in the beginning, but their behavior diverged within the
first day after the event. In contrast, in the following event class, site EL showed a much stronger SCC
increase than site WL over the whole 48 h period. Site EM benefited more from precipitation events with
high amounts (event class 50–99.9 mm) than sites EH and WM. The response after excluding growth
was lower for all event classes. This was especially true for the two event classes of low amounts,
indicating that even low precipitation events provide enough water for provoking a growth reaction.
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Figure 5. Mean stem circumference changes after precipitation events during different seasons,
including (left column) and excluding (right column) tree growth. Precipitation events are extracted
from the time period May 2017 to April 2019. Site codes refer to the east (E) and west (W) sides of
Corsica, L, M, and H stand for low-, middle-, and high-elevation sites, respectively.

It becomes apparent that the strongest SCC increase is not correlated with the highest precipitation
amount. Large amounts of precipitation are more common during winter than during summer (Table 2)
due to passages of frontal systems, i.e., the time where no or less growth occurs at the high-elevation
sites. The response to events with a low amount of precipitation in summer is therefore superimposed
by growth. Another reason is that events with high precipitation amounts often show high precipitation
intensity, so we assume that a large part of the precipitation is lost by surface runoff and does not
infiltrate into the soils. The correlation factors between precipitation and soil water content support this
assumption, as they are rather weak, ranging between 0.32 at site EL and 0.47 at site WL. Additionally,
these events often occur during phases with several rainfall events on consecutive days. Soils can
already be water-saturated prior to the event and the stems are already replenished with water, so
that additional rainfall does not trigger additional stem swelling. This stem internal water storage can
provide a significant proportion of the total diurnal and even seasonal water used by a plant [50].
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Figure 6. Mean stem circumference changes after precipitation events classified by precipitation amount,
including (left column) and excluding (right column) tree growth. Stem circumference changes (SCC)
curves are only shown for classes with at least two events per site. Precipitation events are extracted
from the time period May 2017 to April 2019. Site codes refer to the east (E) and west (W) sides of
Corsica, L, M, and H stand for low-, middle-, and high-elevation sites, respectively.

3.4. Tree Response to Dry Periods

The mean daily circumference changes during dry periods between 7 and 22 days are summarized
in Figure 7. Dry periods longer than 11 days occurred more frequently at the coastal locations.
In contrast to the rather homogenous response to precipitation events, the response to dry periods was
site-specific, when considering raw dendrometer data including growth. Interestingly, sites EL and
WL did not show any stem shrinkage, but instead an increase in stem circumference. The same was



Forests 2020, 11, 758 13 of 17

found at site EM, but less pronounced and only during the first seven dry days. In contrast, sites EH
and WM showed a shrinkage, which was most severe at site WM. The steep increase in the later days
was caused by the lower number of events, however, it indicated that growth occurred at least during
single dry periods. After excluding tree growth from the data, the response to dry periods became
more uniform among the sites. All sites showed a decreasing trend during the first days of the dry
periods. The standard deviation was remarkably reduced when growth was extracted from the curves,
especially at the coastal sites.
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Figure 7. Mean stem circumference changes (solid lines; grey shaded areas indicate the range expressed
as mean ± 1 standard deviation) during dry periods of at least seven consecutive days without
precipitation including (left column) and excluding (right column) tree growth. Dashed lines indicate
the number of dry periods. Dry periods are extracted from the time period May 2017 to April 2019.
Site codes refer to the east (E) and west (W) sides of Corsica, L, M, and H stand for low-, middle-, and
high-elevation sites, respectively.
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The continuous stem circumference increases over consecutive dry days at sites WL, EL, and EM
could be attributed to cambial growth because the trend disappeared after eliminating growth from
the dendrometer data. An enlargement of freshly formed tracheids even during an extended period of
drought was also observed by [21], suggesting that conifers can draw upon water reserves stored in
sapwood and bark [51,52], more so at dry than at moist sites [13].

Another important factor influencing SCC during dry periods is soil water availability.
The water-holding capacity of the soils differs among our study sites. The coastal sites are located in flat
areas, where water can be stored after precipitation events. Additionally, soils at site WL can be affected
by a small episodic creek, so water from precipitation events in the hilly surrounding becomes available
for the trees. At the mid-elevation sites (EM and WM), soil conditions and hence water availability are
different. At site EM, the soil is deeper and has a higher water-holding capacity, so water from single
precipitation events is longer available. At site WM, the shape of the SWC curve (Figure 4) indicates
that most of the precipitation is lost via surface runoff because SWC shows an earlier peak and a
faster decrease after the beginning of a precipitation event compared with sites EL and EM. Therefore,
although site WM is generally more humid than site EM, only a smaller amount of water from each
precipitation event becomes available for the trees. The inferences about water availability derived
from dendrometer data are corroborated by oxygen-stable isotope data derived from needle water,
stem water, and precipitation from the same sites [53]. Sites EH and WM have limited or no access
to deeper soil water, while the other three sites have access to deeper soil water and/or groundwater.
P. pinaster is not a Mediterranean floral element in the strict sense, as it needs a certain air humidity
and summer precipitation amounts of at least 100 mm [54]. The summer precipitation amount at our
sites is lower than 100 mm, hence the vitality of P. pinaster at our coastal study sites indicates that these
trees have access to deeper soil water or ground water pools, which are refilled in autumn/winter.

4. Conclusions

Dendrometers are suitable for studying the response of individual trees to weather (extreme)
events. Analyzing the response to single precipitation events instead of comparing standard parameters
like tree-ring width with seasonal or annual total precipitation is a promising approach to better
understand the linkage of tree growth and tree physiological processes to environmental conditions
on short timescales with a high temporal resolution. These studies can improve forecasts of tree
growth under changing climate conditions, thus providing scenarios of future forest productivity,
ecosystem functioning, and tree mortality risk, which are valuable sources of information to make
forest management decisions on climate-adapted tree species composition.

In our study, we observed different adaptation strategies of pine trees to deal with the
Mediterranean precipitation regime, including a bimodal growth pattern, the use of deeper water
sources, and the capability to take up water quickly in the case of moisture availability. The different
response to dry phases and precipitation events indicates that the water transfer in pine trees on
Corsica is very complex. At sites with deeper soils, trees can use deeper soil water sources under
unfavorable rainfall conditions. Thus, trees at sites with soils of low water-holding capacity are most
vulnerable to dry periods.

At the ecosystem level, our results can help to improve models of the future distribution of
P. nigra and P. pinaster along humidity gradients. P. nigra is the more water-demanding species, so
declining water availability may reduce its potential distribution range. This can have serious impacts
on silvicultural activities on Corsica as there is a high demand for P. nigra wood.

Supplementary Materials: The following figure is available online at http://www.mdpi.com/1999-4907/11/7/758/s1,
Figure S1: Comparison of tree-ring width chronologies of Pinus nigra and Pinus pinaster at four study sites located
between 570 and 1240 m asl.
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