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Abstract: Stand-level competition and local climate influence tree responses to increased drought
at the regional scale. To evaluate stand density and elevation effects on tree carbon and water
balances, we monitored seasonal changes in sap-flow density (SFD), gas exchange, xylem water
potential, secondary growth, and non-structural carbohydrates (NSCs) in Abies pinsapo. Trees were
subjected to experimental thinning within a low-elevation stand (1200 m), and carbon and water
balances were compared to control plots at low and high elevation (1700 m). The hydraulic
conductivity and the resistance to cavitation were also characterized, showing relatively high
values and no significant differences among treatments. Trees growing at higher elevations
presented the highest SFD, photosynthetic rates, and secondary growth, mainly because their
growing season was extended until summer. Trees growing at low elevation reduced SFD during
late spring and summer while SFD and secondary growth were significantly higher in the thinned
stands. Declining NSC concentrations in needles, branches, and sapwood suggest drought-induced
control of the carbon supply status. Our results might indicate potential altitudinal shifts, as better
performance occurs at higher elevations, while thinning may be suitable as adaptive management
to mitigate drought effects in endangered Mediterranean trees.
Keywords: sap flow; cavitation; hydraulic failure; non-structural carbohydrates; stomatal
regulation

1. Introduction
Drought-sensitive forests are exposed to warmer and drier climates, whose effects are likely
being modulated by competition [1–3]. As a consequence, the interrelation between stand-level
density and tree-level water and carbon balances requires more research efforts [4,5]. Tree-to-tree
competition is considered a critical biotic factor regarding tree water–carbon balances, stand-level
dynamics, and forest functions [3,6]. Competition for irradiance, water, and nutrients modulates the
tree physiology, enhancing drought-induced decline and mortality likelihood [7]. Specifically, trees
exposed to intense competition display lower secondary growth and increased mortality likelihood
following extreme drought events [8,9].
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Water uptake and carbon metabolism are limited by drought according to the specific
sensitivities of physiological processes, like hydraulic failure, carbon starvation, and phloem
transport failure, to declining water availability [10–12]. Briefly, hydraulic failure appears to usually
be related to a high xylem susceptibility to embolism [13–15], whereas carbon starvation is related to
isohydric stomatal control [16,17]. Phloem transport failure is relative to carbon starvation and
seems to be present when the drought-induced limitation of carbohydrate transport to growth
exceeds the drought sensitivity of photosynthesis [12,18]. Consequently, the balance between water
supply and demand, on the one hand, and sources and sinks of carbohydrates, on the other hand,
characterize the inherent species’ drought sensitivity and determine how water and carbon
relationships affect tree survival [11,14,19]. Indeed, the timing of this sequential reduction, in
functions, such as gas exchange and growth, has been largely related to recent events of forest
decline and mortality worldwide [11,16–19]. Nonetheless, the functional and structural dynamics of
these critical processes in response to competition are still not well understood.
We focused on the hydraulic characteristics and seasonal patterns of sap flow density (SFD), gas
exchange, secondary growth, and non-structural carbohydrate (NSC) of the drought-sensitive fir
Abies pinsapo Boiss [20–23]. We assumed that xylem vulnerability to embolism places a physical limit
for A. pinsapo tolerance to water shortage while the dynamics of NSC would be related to drought
sensitivity, for the extent of isohydric regulation of the water potential, as well as the persistence of
the drought [13,14,19]. Specifically, an increase in NSC concentrations should be expected beneath
moderate drought, assuming growth ceases before photosynthesis, whereas NSC concentrations
should decay under extreme drought conditions [10–12].
According to this general framework, we focused on low elevation stands, as they are subjected
to higher than average drought conditions [20]. Here, we investigated the effects of experimental
thinning, aimed to diversify the stand structure and reduce tree-to-tree competition, modulating
drought stress in the remaining trees [23]. These results were compared to high elevation stands to
account for contrasting competition and elevation. We hypothesized that the stomatal control, which
regulates transpiration and prevents hydraulic failures, is related to stand density. In turn,
carbohydrate reserves, which decrease as a consequence of the photosynthetic limitation caused by
stomatal closure, should be improved in the remaining trees within the thinned stands. Specifically,
we aimed: (1) To quantify the hydraulic conductivity and resistance to the cavitation of A. pinsapo
trees under contrasting competition (thinned versus control) and elevation (low versus high
elevation); (2) to quantify seasonal dynamics of SFD, gas exchange, secondary growth, and NSC
content; and (3) to evaluate the relationships between the microclimate and carbon and water
balances, and to what extent competition modulates them.
2. Materials and Methods
2.1. Experimental Design and Environmental Monitoring
Field experiments were conducted at the lower (36°43′ N, 4°58′ W, 1196 m; L thereafter) and
higher (36°41′ N, 5°01′ W, 1734 m; H thereafter) elevation limits of A. pinsapo in the Sierra de las
Nieves National Park (South Spain). Within the L sites, we compared two plots, previously subjected
to thinning (TL1 and TL2), and two controls (CL1 and CL2); see detailed information of the sites in
Table 1 and [23]. Following the same methodology reported in [23], we selected and measured the
stand structure of two control plots within the H site (CH1 and CH2). The experimental thinning
was carried out in 2004 while the current field sampling was performed throughout 2011, 2012, and
2013; therefore, it may be assumed as being representative of the long-term response of A. pinsapo
trees to thinning.
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Table 1. Characteristics of the Abies pinsapo stands in control plots at low elevation (CL), thinned
plots at low elevation (TL), and control plots at high elevation (CH). Values between parentheses
show the standard error (two plots per factor).

Treatment
Basal area
(m2 ha−1)
Density
(trees ha−1)
Tree diameter
(DBH, cm)
Tree age
(years at DBH)

CL
31.45
1616
13.00
45

TL
(3.8)
(664)
(1.70)
(2)

13.40
571
14.15
46

(1.41)
(15)
(2.05)
(2)

CH
9.15 (2.76)
502
(62)
7.90 (0.57)
29
(1)

Microclimatic conditions within each plot (air temperature, T, ºC; relative air humidity, RH, %;
soil water content, SWC, % vol.) were monitored hourly and recorded by two dataloggers per plot.
Two T-RH sensors per plot were located at 1 m above the ground while four SWC probes per plot
were buried at 0.30 m. A detailed description of the instrumentation can be found in [23]. Vapor
pressure deficit (VPD, kPa) was estimated using T and RH data [20,23].
2.2. Hydraulic Conductivity and Cavitation Vulnerability Curves
We selected 15 trees per stand (CL, TL, and CH) with sun-exposed branches in the lower third
of the canopy to investigate the hydraulic conductivity and the percent loss of conductivity. We
sampled one branch per tree. Branches were stored at 4 ºC in plastic bags and transported to the
laboratory. Then, we removed the needles from the distal part of the branches and the leaf area was
estimated using a scanner. Measurements were performed in the hydraulic conductivity laboratory
of the Centre de Recerca Ecològica i Aplicacions Forestals (CREAF, Universidad Autónoma de
Barcelona). Segments of ca. 18.5 cm in length and ca. 0.7 to 1 cm in diameter were cut under water,
the bark was removed, and their proximal end was connected to a pipe system [24]. The circuit was
filled with degassed distilled water. Hydraulic conductivity (Kh, m4 MPa−1 s−1) was calculated as the
ratio between the flow through the segment (measured gravimetrically) and the pressure gradient
(ΔP, ca. 6 kPa) [24]. Maximum hydraulic conductivity was estimated by injecting degassed distilled
water at high pressure (ca. 100 kPa) to remove native embolism [24]. The specific hydraulic
conductivity (Ks, m2 MPa−1 s−1) was calculated as the ratio between maximum hydraulic conductivity
and the mean section of the sample, excluding the bark. Branch conductivity expressed per needle
area (Kl, m2 MPa−1 s−1) was calculated as the ratio between the maximum hydraulic conductivity and
needle area [25].
Vulnerability curves represent the relationship between the xylem water potential (Ψ) and the
percent loss of conductivity (PLC) due to embolism [26,27]. The air injection method was used to
establish the PLC, as it has been validated for several conifer tree species [28]. The samples were
located inside a pressure chamber, with both ends protruding. Maximum hydraulic conductivity
was measured; then, the pressure inside the chamber was increased to 1 MPa, maintained for 10 min,
and reduced to the basal value of ca. 10 kPa. These steps were repeated, waiting 15 min between,
until the conductivity of the sample was below 5% of the maximum conductivity, or when the
pressure in the chamber reached 7 MPa. The residual pressure inside the chamber was maintained to
avoid refilling. PLC was calculated as:
PLC = 100*(Kmax − Kh)/Kmax,

(1)

where Kh is the hydraulic conductivity obtained in each measurement and Kmax is the maximum
hydraulic conductivity. Vulnerability curves were fitted by the following equation [29]:
PLC = 100/(1 + e^(a(ψ − b))),

(2)

where ψ is the applied pressure, b is the pressure at a 50% loss of hydraulic conductivity, and a is the
fitted slope of the curve. Regression parameters were calculated by least squares after linearizing as:
ln(100/(PLC − 1)) = aψ – ab.

(3)
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The relationship observed between ln(100/PLC − 1) vs. ψ was also fitted by a linear function,
whose parameters (slope and intercept) were compared among treatments (elevation and thinning)
[24,25,29]. Some samples were discarded due to the shape or length not being suitable for the
measure system; the final number of suitable samples was 7 for CL, 7 for TL, and 4 for CH,
respectively.
2.3. SAP Flow Measurements
Sap flow density (SFD) was estimated by Granier sensors [30]. Heat dissipation probes were
manufactured in the laboratory of the Department of Land, Environment, Agriculture, and Forestry
of the University of Padova, Italy (http://intra.tesaf.unipd.it/cms/carraro/doc/application.pdf).
Sensors were installed in six trees within the CL1, CL2, TL1, and TL2 plots, and five trees within the
CH1 and CH2 plots, respectively. Sap flow sensors were installed on dominant trees within each
plot; sensors were replaced annually or bi-annually at new positions on the tree [31]. Sap flow
estimates were corrected for radial variability in the sap flow density according to the methodology
described by [32,33] while a correction coefficient was used to obtain the mean sap flux per sapwood
area according to the methodology described by [23,34]. The diameter at 1.3 m (DBH) of the trees
was between 17.2 and 37.0 cm DBH in the low altitude population (CL mean DBH: 25.0 ± 1.4 cm; TL
mean DBH: 23.3 ± 1.6 cm), and between 11.4 and 61.4 cm DBH within the high elevation (CH mean
DBH 35.4 ± 4.7 cm). the energy supply was inadequate during some winter months due to snow
cover and limited solar radiation; nonetheless, comparisons were performed for matching time
periods among all plots. Thereafter, the mean SFD of each treatment was calculated as the mean of
the operative sensors (between 4 and 12) in each treatment. Missing data due to occasional sensor
failure were not filled out.
2.4. Secondary Growth, Gas Exchange Variables, and Xylem Water Potential
Secondary growth for the years 2011–2013 was estimated by band dendrometers (D1
Permanent Tree Girth, UMS, Munich, Germany). Sampled trees covered a DBH range between 6 and
44 cm (18.9 ± 0.9 cm on average, [23]). Changes in tree girth were recorded monthly between October
and March, and biweekly between April and September [23] while secondary growth was expressed
as tree-ring width increments (mm). CL plots were monitored by 37 dendrometers (26 CL1, 11 CL2),
TL plots were monitored by 24 dendrometers (12 TL1, 12 TL2), and CH plots were monitored by 21
dendrometers (10 CH1, 11 CH2).
Leaf gas exchange (stomatal conductance to water vapor, gs; and net C assimilation, AN) were
monitored throughout three years (2011–2013) on five to six trees per treatment. Measurements were
made on a twig terminus carrying 1- to 3-year-old needles, using a LI-6400 Photosynthesis System
(Li-Cor Inc., Lincoln, NE, USA). In all the cases, before the measuring set, the device was calibrated
in situ. In order to achieve reliable measurements, it is necessary to maintain stable reference
conditions within the device. Due to the non-availability of a CO2 source to maintain a stable CO2
concentration inside the chamber and apparatus, we buffered the CO2 concentration by a 5-L bottle
attached to the reference socket. The measurements were always carried out in the central hours of
the day, selecting terminal branch sections, about 5 cm in length, in 3 branches per tree.
Measurements were averaged for each tree. Each measurement lasted 90 s, taking one data
measurement every 5 s (18 repeated measurements per sampling event), and the measurements
began when AN and gs rates were steady. After each measurement, branches were stored in paper
envelopes, to scan and determine the leaf area. In order to calculate the leaf area, we obtained a
linear relationship between the dry weight and area [20]. Thus, needles were dried at 70 °C in an
oven to a constant weight and the needle area was calculated from the empirical relation of 40.46 cm2
g−1 [20].
Simultaneously to the gaseous exchange measures, the xylem water potential (Ψ) was
measured in the same trees by a Scholander pressure chamber (PMS 100, PMS Instrument Co.,
Corvalis, Oregon, OR, USA). The sampling strategy was the same as for the gas exchange
measurements, using sun-exposed branches as well. The selected branches were in a terminal
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position and had about a 15-cm length and 0.5-cm diameter. After the measurements, branches were
stored in paper envelopes and maintained in the cold until analysis of the non-structural
carbohydrates.
2.5. Non-Structural Carbohydrates
Seasonal dynamics of the non-structural carbohydrates (NSCs, i.e., free low molecular weight
sugars: Glucose, fructose, and sucrose; and starch) were estimated in the same days as the gas
exchange and Ψ sampling. Samples were taken from needles, branches, and stem (sapwood).
Sampled trees were the same as those selected for gas exchange and Ψ, except for the sapwood
samples, which were taken from thicker trees, using a 12-mm diameter increment borer and
extracting about 4-cm sapwood cores. The enzymes present in the samples were denatured within a
maximum of 6 h, by means of a thermal shock in a microwave oven (600 W of power for 90 s) [35].
Subsequently, the samples were dried at 75 °C to a constant weight. Once dried, the needles were
separated from the branch and the bark and cambium were removed. The needles, branches, and
trunk samples were ground to obtain a very fine and homogeneous powder using a ball mill. The
powder obtained after this procedure was stored in hermetic plastic bags and stored at 4 °C until the
analyses.
Samples were analyzed for total soluble sugars and starch using ethanol and perchloric acid
[36]. Total soluble sugars were extracted from the tissues in 80% v/v ethanol at 80 °C for 1 h. The
supernatant was collected after centrifugation and the concentration of total soluble sugars was
determined spectrophotometrically by the resorcinol method at a wavelength of 520 nm, using
sucrose as the standard. Starch was extracted from the ethanol-insoluble fraction by agitating for 1 h
with 35% v/v perchloric acid [37]. This method of extraction can yield starch values higher than
those estimated by more accurate enzyme methods, probably as a result of hydrolysis of some cell
wall components [38]. However, this should not be a main limitation in our study, as we were
interested primarily in the relative concentrations among controls and thinned plots and their
temporal patterns. The starch determination procedure was similar to that used for sugars but used
glucose as the standard. Starch and soluble sugars were added to represent total NSCs (mg g−1 dry
mass).
2.6. Statistical Analyses
Control plots at low elevation (CL), thinned plots at low elevation (TL), and control plots at
high elevation (CH) were considered here as stand variants, noted as treatments thereafter.
Microclimate variables (T, HR, VPD, and SWC) were compared by student T test for dependent
paired samples (dependency was assumed regarding the sampling date). Differences in mean gs, AN,
Ψ, and NSC among treatments (thinning and elevation) were tested by one-way ANOVA. Kruskal–
Wallis test was used when the residuals showed a non-normal distribution. Secondary growth and
SFD were analyzed by a semi-parametric repeated measures test [39]. The between-subject factor
was the thinning treatment (control versus thinning), whereas tree size (DBH) was considered as a
covariate. Sampling date was regarded as the within-subject factor. Statistical analyses were
performed in R [40], Package ‘MANOVA.RM’. Data are shown as mean ± standard error (SE)
throughout the text. Significant threshold was fixed at p < 0.05.
3. Results
3.1. Microclimatic Conditions.
High elevation stands (CH) usually showed higher SWC and lower VPD (Figure 1). At low
elevation, the thinned stands (TL) showed the lowest SWC and the highest VPD values during the
drought periods, compared to both controls (CL and CH, respectively). During the years 2011 and
2013, the onset of autumn rainfall, after the summer drought period, was at the end of September in
both low and high elevation; however, in 2012, these first rainfalls took place in late October,
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extending this drought season (Figure 1a). Furthermore, the spring of 2012 was especially scarce in
precipitation, especially at low elevation.
During the study period, the mean temperature was 2.7 °C lower at the high elevation stands
(Figure 1b). The mean annual temperature at the low elevation stands was about 11.2 °C, with a
minimum monthly mean temperature of 2 °C and a mean monthly maximum of 24 °C. At the high
elevation stands, the mean annual temperature was about 8.7 °C, with a mean monthly minimum of
–1 °C and a mean monthly maximum of 21 °C. The hottest months were from June to September,
which are also the months with the lowest water availability. Lower air VPD was observed at the
high elevation, according to its lower mean temperature and slightly higher air relative humidity
(Figure 1c).
CL
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Figure 1. Seasonal dynamics of air temperature (a), air vapor pressure deficit (b), and volumetric soil
water content (c) recorded in control plots at low elevation (CL), thinned plots at low elevation (TL),
and control plots at high elevation (CH). Vertical lines indicate the sampling days for gas exchange,
xylem water potential, and non-structural carbohydrates. Error bars indicate the standard error
between plot replicates.

3.2. SAP Flow Measurements
SFD reaches maximum values during late spring (June) at low elevation (both in CL and TL),
and then shows a steep decline in early summer (July). During the dry year of 2012, there were
earlier SFD reductions (Figure 2). Subsequent recovery was observed following the onset of the
autumn rainfalls while lower temperatures and VPD limited the extent of this retrieval (Figures 1
and 2). By opposite, despite CH stands also showing increased SFD throughout the spring,
maximum values were registered in mid-summer (July or even August; Figure 2). Furthermore, the
SFD decrease during late summer was significantly lower in CH than those observed in the trees
located at low elevations.
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Regarding the effect of thinning, both CL and TL showed similar seasonal SFD patterns while
thinning stands maintained significantly higher SFD in summer, despite lower SWC (Figures 1 and
2). During 2011, all plots showed similar SFD during April and May, but it became significantly
lower in CL during June. In July 2011 the SFD of TL also declined, reaching values as low as CL.
During 2012, SFD of CL and TL decreased in late May, following a prior decline in SWC and rise in
VPD. By opposite, significant SFD values were maintained at CH until mid-July. Notwithstanding,
through the dry year of 2012, the thinned stands TL showed higher SFD values, compared to CL.
From June to October, CH showed significantly higher SFD than both CL and TL stands. In 2013,
SFD declined in CL and TL since July and maintained low transpiration values until late November.
However, TL showed significantly higher SFD from June till the end of the summer, compared to CL
(Figure 2).
SFD was significantly correlated with SWC in all the studied stands (Figure 3a). Maximum SFD
rates were observed at about 25% of SWC while decreasing trends were observed as water shortages
occurred. Notwithstanding, CH showed higher SFD than CL and TL at any SWC. In turn, TL
showed similar or higher SFD values than that of CL, despite a lower mean SWC (Figure 3a).
Minimum SFD was observed at the low elevation stands during the maximum water shortage
(about 15% SWC). SFD was significantly related to VPD only at high elevation CH (Figure 3b). Mean
SFD increased along with VPD rise (up to about 1.0 kPa). This response to VPD was maintained in
CH during the summer while both CL and TL showed declining SFD, as VPD increased (Figure 3b).
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Figure 2. Mean monthly sap flow density (SFD) in control low elevation (CL), thinning low elevation
(TL), and control high elevation (CH) stands. Means ± standard errors of the daily data are shown.
Different letters indicate significant differences by repeated measures ANOVA between treatments
at a given month.
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Figure 3. Relationship observed between mean monthly sap flux density (SFD) and (a) soil water
content (SWC), and (b) air vapor pressure deficit (VPD) using polynomial quadratic relationships.
SWC: CL, R2 = 0.50; p = 0.0014; TL, R2 = 0.75; p < 0.0001; CH, R2 = 0.51; p = 0.0012. VPD: CH, R2 = 0.80; p <
0.0001. Dashed lines indicate non-significant relationships.

3.3. Hydraulic Conductivity and Cavitation Vulnerability Curves
Trees used to characterize hydraulic conductivity and cavitation vulnerability curves were
about 7 cm DBH, while branches were about 9 mm in diameter (Table 2). The mean age of the
branches (estimated by counting the tree rings) was significantly lower in the CH trees, despite a
similar diameter, supporting higher secondary growth. Hydraulic conductivity (Kh), specific
hydraulic conductivity (Ks), and branch conductivity per needle area (Kl) were on average lower in
CH while differences where not significant. Leaf area (Al) was significantly lower at higher
elevations while the regression parameters and xylem pressures, related to the percentage loss of
conductivity (PLC), were not significant (Table 2, Figure 4).
Table 2. Characteristics of the Abies pinsapo branches sampled to estimate hydraulic conductivity and
percentage loss of conductivity in control plots at low elevation (CL), thinned plots at low elevation
(TL), and control plots at high elevation (CH). Kh: hydraulic conductivity; Ks: specific hydraulic
conductivity; Kl: branch conductivity per needle area; Al: leaf area; a: slope parameter; b(PLC50):
xylem pressure, which produces a 50% loss of conductivity; PLC12: xylem pressure, which produces a
12% loss of conductivity; PLC88: xylem pressure, which produces an 88% loss of conductivity (see
Equation (2) in the material and methods); the R2 and number of branches (n) are also indicated.
Values between parentheses show the standard error; different letters indicate significant differences
between treatments (ANOVA).

Treatment
(DBH,
cm)
Branch diameter
(mm)
Branch age
(years)
(kg m4
Kh
MPa−1 s−1)
(kg m2
Ks
MPa−1 s−1)
(kg m2
Kl
MPa−1 s−1)
(m2)
Al
a
b (PLC50)
(MPa)
Tree diameter

CL

TL

CH

8.16

(1.10)

7.63

(0.85)

5.25

(2.13)

9.70
13

(0.30)
(2) a

9.60
11

(0.30)
(2) a

8.30
5

(0.30)
(2) b

2.51 × 10−5
0.33
1.16 × 10−4
0.21
0.64
−6.94

(8.4 × 10−6) 2.3 × 10−5
(0.09)

0.32

(2.6 × 10−5) 0.91 × 10−4
(0.02) ab
(0.12)
(0.7)

0.25
0.76
−6.55

(3.8 × 10−6)
(0.05)
(1.6 × 10−5)
(0.02) a
(0.12)
(0.11)

1.05 × 10−5 (4.7 × 10−6)
0.19

(0.08)

0.68 × 10−4 (2.8 × 10−5)
0.14
0.93
−5.73

(0.01) b
(0.11)
(0.72)

Forests 2019, 10, 1132

PLC12
PLC88
R2
N

9 of 18

(MPa)
(MPa)

−3.83
−10.05
0.82
7

(0.7)
(0.7)
(0.07)

(0.74)
(0.74)
(0.05)

−3.59
−7.89
0.91
4

L L H
C T C

100
80

PLC (%)

−3.82
−9.29
0.84
7

(0.72)
(0.72)
(0.01)

PLC88
PLC50

60
40

PLC12

20
0

(a)
-8

(b)
-6

-4

-2

Xylem pressure (MPa)

0

-14 -12 -10

-8

-6

-4

-2

0

Xylem pressure (MPa)

Figure 4. Xylem cavitation vulnerability estimated as the percentage loss of conductivity (PLC).
Experimental loss in hydraulic conductivity (a) was obtained by injection pressure. Theoretical
dynamics (b) were estimated from the adjusted parameters using Equation (2) [29]. CL, n = 7; TL, n =
7; CH, n = 4. Error bars show the standard error. Dashed lines show the 12% (PLC12), 50% (PLC50),
and 88% (PLC88) loss of conductivity, respectively.

3.4. Secondary Growth, Gas Exchange, and Xylem Water Potential
Secondary growth, expressed as the tree ring width, was significantly higher at high elevation
CH and thinned stands TL compared to CL (Figure 5a). In 2011, the photosynthetic rate during June
was two times higher than what was measured in August and September; no significant differences
were found between control and thinned stands (Figure 5b). Significant differences between CL and
TL were obtained in September 2012 (higher in the CL) and September 2013 (higher in TL). CH
showed maximum photosynthetic rates in summer, with values significantly higher than those
recorded in the CL and TL (Figure 5b). We obtained a significant relationship between SWC and AN
in the CL (Supplementary Materials, Figure S1). During the late summer (September), gs values were
on average low in all the studied stands as a consequence of water shortages (Figure 5c), although
the thinned stands TL showed higher gs sensitivity to SWC, T, and VPD (Supplementary Materials,
Figure S2). Ψ showed a consistent seasonal pattern throughout the year (Figure 5d), significantly
related to SWC in all plots (Supplementary Materials, Figure S3). TL usually showed more negative
Ψ values, except for April 2012, when the CL showed the lowest ones. Anyway, CH showed less
negative Ψ values.

Forests 2019, 10, 1132

10 of 18

Radial growth (mm)

5

CL
TL
CH

4
3

a
a
a

(a)

a

b

2

b
b
c

1

40

a

4

c

a

30

3

a

b

2
b
b

1

20

b
b

b
b

a
b
b

-2

-1

gS (mol H2O m s )

0.08

(c)

a

a

40

0.06

a

30

ab

0.04
a

b

ab
b

0.02
0.00

-0.5

Ψ (MPa)

10

a

20

a

b

ab

a
a

b

b

10

(d)
a
ab
b

a

-1.0

ab
b

-1.5

a

30

c
a
ab

ab
b

a
a

a
ab

b

-2.0

40

a
b

20
b

b

-2.5

2011
Jan

May

Sep

2012
Jan

May

10

2013
Sep

Jan

May

Sep

Soil water content (%)

(b)

Soil water content (%)

5

Soil water content (%)

-2

-1

AN ( μmol CO2 m s )

c

Jan

Figure 5. Accumulated radial growth (a), photosynthesis rate, AN (b), stomatal conductance, gS (c),
and xylem water potential, Ψ (d), in control low elevation (CL), thinning low elevation (TL), and
control high elevation (CH). Means ± standard errors are shown. Within each date, different letters
indicate significant differences (ANOVA) between treatments at a given sampling.

3.5. Non-Structural Carbohydrates Dynamics.
Soluble sugars and starch contents in needles decreased from spring to late summer, with some
significantly lower values in TL (Figure 6a–c). Soluble sugar contents in branches were on average
higher in CH (Figure 6d). During 2011, the soluble sugars and starch contents in branches decreased
in CL and CH throughout the year, with a sharp drop in September 2011 (Figure 6d–f). During 2012,
the soluble sugars content in branches increased in CL throughout this dry year while the lowest
values of sugars, starch, and NSCs in branches were in 2012, as observed in TL. Overall, soluble
sugars, starch, and NSCs in branches were lower in the stands located at lower elevations (CL, TL).
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The content of soluble sugars in the stem decreased in August and increased in September (Figure
6g). During 2011, the starch content in the stem was relatively steady in all the stands (Figure 6h),
with no significant differences. Starch content in the stem was in 2012 higher than those in 2011 and
2013, although CL shows a gradual decrease throughout the year (Figure 6h). Finally, no significant
differences between treatments were found in 2013 for stem soluble sugar, starch, and NSCs (Figure
6i).
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Figure 6. Temporal dynamics of non-structural carbohydrates (NSCs) in needles (a–c), branches (d–
f), and stem sapwood (g–i). Upper panels show the soluble sugars (a,d,g). Middle panels show the
starch (b,e,h). Bottom panels show the total NSCs (c,f,i). CL, n = 5; TL), n = 5; CH, n = 6. Error bars
show the standard error. Different letters indicate significant differences (ANOVA) between
treatments at a given sampling.

4. Discussion
Mediterranean mountain forests are characterized by large spatial variability in local
microclimates while large temporal variability, from a seasonal to inter-annual scale, is also present
(Figure 1). Furthermore, recent studies have pointed out expected changes in precipitation and
temperature regimes in the Mediterranean Basin [41], the latter being particularly critical for
drought-sensitive tree species, since water scarcity is already present in several areas [1,7,20,23].
Specifically, climate projections present a remarkable agreement for the Mediterranean region,
reporting that warming will likely be larger than the global average, whilst a large reduction of
precipitation, and increasing inter-annual variability seems to be expected [41]. The A. pinsapo trees
studied here are subjected to seasonal soil water shortages and high evaporative demands while
local environmental gradients (elevation) and stand structure (competition) significantly modulate
the tree carbon and water balances. Trees growing at low elevation respond to drought by means of
a water-saving strategy, consisting of pronounced reductions in transpiration (SFD) as soil water
content (SWC) declines and evaporative demand (VPD) increases. In contrast, high elevation stands
were characterized by the maintenance of high SFD rates during the summer, despite concomitant
SWC declines and VPD increases also being registered. These contrasting responses have also been
observed in different conifers, such as Pinus sylvestris L. and Picea abies (L.) Karst., which typically
show a water-saving strategy [42,43], while in other conifers, such as Larix decidua Mill., greater
transpiration is shown during the summer [44]. The fact that those different strategies, reported in
different species, were present here in different populations of A. pinsapo reveals a significant
plasticity in this relict fir to cope with the Mediterranean climate conditions [45].
Relatively isohydric trees, such as A. pinsapo [20], show a sensitive response to soil water
shortages and atmospheric moisture demand increase by stomatal closure [10,13–15]. Despite A.
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pinsapo growing in areas with a total annual rainfall of typically around 1000 mm, this relict fir also
undergoes long summer drought spans, which might cause xylem cavitation and subsequent
hydraulic failure [20,45]. Our results support a relatively high hydraulic conductivity and resistance
to cavitation in A. pinsapo (Table 2). Thus, these xylem characteristics might allow this relic fir to
withstand high Ψ during summer while relatively high conductance might favor stem water storage
under non-limiting SWC [14,19,46].
Despite a high efficiency in water transport contributing to fast refilling of the xylem vessels, it
might increase the cavitation risk under drought conditions [10,14,15,21]. In this sense, a high
hydraulic conductivity has been related with a rising vulnerability to embolism in the xylem [13,47].
Nevertheless, the existence of this trade-off remains controversial [19,46]. Indeed, minimum Ψ
recorded in the field samplings (about −2.26 MPa, TL treatment September 2012) are far from the
estimated cavitation, assuming this would occur at PLC50 (about −6.6 MPa, TL treatment).
Notwithstanding, it should be noted that our PLC values are higher than those obtained in previous
studies [49]. These authors measured the percentage loss of conductance in two populations of A.
pinsapo and two populations of A. alba, reporting no significant differences between species or
populations [49]. The mean PLC50 reported in [49] was about −3.8 MPa, which might diverge from
our results due to the different methodology (centrifugation-induced cavitation method in [49]).
Furthermore, the branches used in our study were collected in early November 2013, prior to
autumn rainfalls, which may have also affected the hydration of the samples. Indeed, native
embolism has been observed in branches measured in field conditions or under severe drought
treatments [13,15,50,51]. In any case, the results suggest that A. pinsapo shows a relatively high
resistance to cavitation [49]. Although our results did not show any significant differences in the
hydraulic conductivity between treatments, individuals from low elevation stands showed slightly
higher conductivity than those growing at high elevation (Table 2). Moreover, while the sizes of the
trees and the branches were almost similar, the mean age of the branches sampled in the low
elevation stands was significantly higher due to contrasting growth rates (Table 2) [45].
Regarding transpiration patterns (SFD), we found that SWC was not a major limiting factor for
SFD at high elevation, even during summer, while it seems to be rather coupled to VPD (Figure 3)
[44,51]. This favorable ecophysiological performance has also been observed in other relict conifer
trees, like Pinus leucodermis Ant., growing at high elevations in southern Italy (V. Carraro, personal
observation). Particularly noteworthy, gs was not congruent with concurrent sap flow measurements
at high elevations. Hence, gs declined as SWC did during the summer, which was not accounted for
to the same extent in the SFD data [42–45]. In this sense, the open canopy structure of this population
(Table 1) may imply a stronger dependence on VPD (Figure 3b). Contrastingly, trees subjected to
high competition (CL) prevent water loss by stomata closure during longer periods than the trees
growing in thinned stands (Figure 2). As a result, SFD, AN, and secondary growth were, on average,
reduced in CL, likely at the expense of the negative carbon balance during drought [10,11,16].
Furthermore, given that under the Mediterranean climate declining water availability concurs with
high temperatures, rising respiration rates may also increase the chance of carbon starvation [12,16–
18]. Trees subjected to lower competition (TL) seem to be more sensitive to water availability
(Supplementary Materials, Figures S1–S3) [23,52], likely because they allocate more resources to
growth (Figure 5a) [53]. Then, an overall response to thinning seems to be a fast and efficient
response to the environmental changes [52–55]. Increasing water uptake and growth allocation has
been reported for trees in thinned stands, as the canopies become better exposed to light
[22,23,54,55].
Thinning increased the average growth of the remaining trees and showed several evidences of
improved water and carbon uptake, which has been reported recently in several studies [52–55].
Notwithstanding, the patterns observed here for some gas-exchange variables, such as AN and gs,
were not as significant as for more integrative variables, such as basal area increments and sap flow
[23]. No significant effect of thinning regarding carbon uptake has been previously described in
Sitka spruce (Picea sitchensis (Bong.) Carr) forests [56]. Hence, decreased competition showed no
effects in this study regarding photosynthetic rates, although the inter-annual variability in net

Forests 2019, 10, 1132

13 of 18

ecosystem exchange increased [56]. Our observations seem to be contradictory, since one might
expect that the opening of the canopy within the thinned plots (TL) would alter the light
environment, increasing radiation, in addition to increasing tree water availability [55]. However, it
should be noted that our field samplings were made using branches with direct sunlight at the
central hours of the day, with the radiation intensity comparable in the control and thinned stands.
Nevertheless, it should be taken into account that the canopy opening induced by thinning may also
affect the needle morphology and efficiency of water transport [21,22]. Indeed, it has been observed
that A. pinsapo trees growing in open stands increase the efficiency of water transport while trees
growing under the canopy develop shoots adapted to maximize light interception [57]. In this sense,
trees growing in thinned stands may develop new branches, whose ecophysiological performance
changes in response to higher irradiance [57]. Furthermore, these trees tend to reach lower values of
Ψ (see TL in Figure 5d). Achieving a more negative potential may be an advantage under severe
water shortages, though the field data were far from the values of PLC50, suggesting wide margins of
safety [13,14,23,49].
Within this context of seasonal drought, the role of non-structural carbohydrates (NSCs) has
been widely recognized regarding, for instance, phloem transport, osmoregulation, cold tolerance,
and reversal of xylem embolism [12,13,58,59]. However, tree-level regulation of these competing
functions is still not fully understood [18,58–60]. Different timings in temperature and soil water
availability, associated here with elevation, results in temporal variation in resource allocation [61–
63]. For instance, early secondary growth may use stored carbohydrates while the late growth seems
to rely on more immediately produced carbohydrates (sugars) from photosynthesis [64]. As a result,
the seasonal pattern of sugar concentrations and cambial activity is usually characterized by
decreasing NSC concentrations during the period of active xylogenesis [61,63]. The secondary
growth dynamics observed here suggests that A. pinsapo trees growing at low elevations (CL) might
suffer from an insufficient carbon and energy supply for growth and survival because of a shortage
of photosynthates (Figure 5a). Thus, growth cessation might occur at the moment where carbon
need exceeds carbon gain, as photosynthesis appears to be limited by drought (Figure 5b;
Supplementary Materials, Figure S1) [20,45]. On the other hand, the remaining trees within the
thinned plots (TL) showed a more efficient carbon sink, as they had significantly higher secondary
growth, and consequently deeper NSC depletion. At higher elevations (CH), A. pinsapo trees showed
improved growth rates and higher soluble sugar concentrations in the branches compared to CL and
TL. Given that the allocation of C resources to growth implies a trade-off with others functions, such
as maintenance and defense (prioritized over reproduction and storage), A. pinsapo trees growing at
higher elevations might proportionally allocate more resources to these functions than those trees
subjected to warmer and drier local climate conditions [58,59,62].
The seasonal dynamics of NSCs observed in our study were relatively consistent among the
years. Both soluble sugars and starch tend to decline in needles and branches throughout the
growing season (Figure 6). Furthermore, similar patterns were observed in the starch concentrations
of the stem sapwood, suggesting a carbon source limitation as seasonal drought increases [11,61,62].
Notwithstanding, seasonal changes in the sapwood NSC are driven by several physiological
processes, such as photosynthesis, respiration, osmotic regulation, or growth [58,59]. Hence, a
periodic reduction of NSC content may indicate either that carbon demand exceeds supply, or that
both source and sink activity are low [48,59,63]. The decrease in NSC observed in A. pinsapo during
the year agrees with the stomatal regulation in response to the water shortage, as lower conductance
also reduces the photosynthetic rate [11,12,16]. Indeed, a positive relationship has been observed
between stem NSC concentrations and radial growth under severe drought [61]. Stomatal control
prevents hydraulic failure by reducing water loss in needles, but it occurs at the cost of the carbon
supply via photosynthesis, potentially leading to reductions in stored NSCs [17,59]. The increase in
the free sugar content found in late summer, when SWC is very low, may indicate the mobilization
of soluble sugars towards the needles, likely involving osmotic regulation and vascular integrity in
xylem and phloem [12,58]. Nonetheless, osmotic regulation in needles was not observed in A.
pinsapo, based on seasonal measurements of the needles’ osmotic potential [20]. An alternative
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hypothesis to osmotic regulation might be that stomatal closure and reduction of the leaf area by
summer needle fall reduces transpiration (as well as carbon uptake) during and after drought
periods [12,20,45]. Although A. pinsapo needles have great longevity (about 13–15 years), this species
is able to reduce transpiration by summer litterfall, a mechanism that intensifies in the driest years
[45].
As we pointed above, A. pinsapo trees growing at high elevations yielded the highest values of
growth, AN, and NSC contents (Figures 5 and 6). This improved ecophysiological performance is
likely favored by the open stand structure and the relatively young ages of the trees in CH stands
(Table 1), in addition to the less restrictive environmental conditions (Figure 1; [20,45]). Furthermore,
recent studies support that mobile carbon concentrations may increase with elevation [65,66]. For
instance, the seasonal dynamics of mobile carbon observed in Abies fargesii Franch., along
contrasting elevation, showed that trees growing at higher altitudes show the highest concentrations
of NSCs and sugars during the late growing season, compared to those at lower elevations [65].
According to our results, NSC concentrations seem to decline in the stems, mainly under severe
drought (in our case, during 2012, Figure 6h,i), but we did not observe NSC increases in needles and
branches over the growing season. This result may indicate a depletion of mobile carbon reserves,
mainly in thinned stand (TL) but less noticeable at the upper elevation (CH), suggesting a limitation
of source activity [58,59].
5. Conclusions
Low elevation A. pinsapo stands differed from the upper elevation ones, which were
characterized by the highest secondary growth and SFD rates. These results agreed with the seasonal
NSC dynamics, suggesting an improved energy balance at higher elevations. In turn, managing
stand structure may potentially be a way to modulate the water uptake and carbon metabolism of
the remaining trees. Indeed, trees subjected to a reduced stand density (competition) by
experimental thinning showed a less pronounced reduction in transpiration to increasing soil water
shortages and evaporative demands while those trees growing at the upper elevation did not show a
water-saving strategy through the summer. Our results support that thinning provides a promising
strategy for minimizing climate change effects on drought-sensitive tree species by improving
resources’ availability to the remaining trees. The significant effect of thinning should be considered
in order to forecast reliable potential impacts of forest management in some Mediterranean
drought-sensitive forests, as has already been stated, for instance, in the inner alpine dry valleys.
These adaptive management strategies, such as the experimental thinning reported here, may
increase tree-level resource availability. Hence, we demonstrated that water and carbon supplies
depend largely on whether the trees are subjected to competition.
Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1:
Relationships observed among photosynthetic rate (AN) and soil water content (a), air temperature (b), and air
vapour pressure deficit (Air VPD, (c)) in control low-elevation (CL), thinning low-elevation (TL) and control
high-elevation (CH) stands. Means ± standard errors of the daily data are shown. Significant and marginally
significant linear regressions are indicated: (a) CL p < 0.001, TL p = 0.07. Figure S2: Relationships observed
among stomatal conductance (gs) and soil water content (a), air temperature (b), and air vapour pressure
deficit (Air VPD, (c)) in control low-elevation (CL), thinning low-elevation (TL) and control high-elevation
(CH) stands. Means ± standard errors of the daily data are shown. Significant and marginally significant linear
regressions are indicated: (a) TL p = 0.03, CH p < 0.02; (b) TL p = 0.09; (c) TL p = 0.06. Figure S3: Relationships
observed among xylem water potential (Ψ) and soil water content (a), air temperature (b), and air vapour
pressure deficit (Air VPD, (c)) in control low-elevation (CL), thinning low-elevation (TL) and control
high-elevation (CH) stands. Means ± standard errors of the daily data are shown. Significant and marginally
significant regressions are indicated: (a) p<0.01 in all the regressions using linear relationships; (c) CL p < 0.01,
TL p = 0.05 using polynomial quadratic relationships.
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