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Abstract:

 The current scenario of global warming has resulted in considerable uncertainty regarding the capacity of forest trees to adapt to increasing drought. Detailed ecophysiological knowledge would provide a basis to forecast expected species dynamics in response to climate change. Here, we compare the water balance (stomatal conductance, xylem water potential, needle osmotic adjustment) of Abies pinsapo, a relict drought-sensitive Mediterranean fir, along an altitudinal gradient. We related these variables to soil water and nutrient availability, air temperature, atmospheric water potential, and vapour pressure deficit during two consecutive years. Our results indicate that A. pinsapo closed stomata rapidly over a very narrow range of soil water availability and atmospheric dryness. This isohydric response during water stress suggests that this relict conifer relied on the plant hormone abscisic acid to maintain closed stomata during sustained drought, instead of needle desiccation to passively drive stomatal closure, needle osmotic adjustment or a plastic response of the xylem to different levels of water availability. Both the soil and foliar nutrient contents suggest that the studied populations are not limited by nutrient deficiencies, and drought was stronger in the warmer low-elevation areas.
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1. Introduction

Water stress is a major determinant of plant species distribution. Considerable literature on recent forest decline draws attention to a direct link between climate change and the water relations of trees. Extreme climatic events, such as drought, are among the main drivers of forest dynamics and are usually related to forest decline of drought-sensitive tree species [1,2,3,4]. Understanding contrasting drought sensitivity among tree species and how these differences will affect their water and carbon balances is therefore an important topic to forecast likely responses to global warming and increasing drought stress in forests [5]. The physiological responses of trees to drought range from declining leaf water potential as soil water availability decreases (anisohydric response) to the maintenance of leaf water potential above a threshold (isohydric response) [6]. Drought-induced tree decline has been reported for several ecosystems and is usually focused on isohydric tree species, such as relict Mediterranean mountain conifers [4]. This tree die-off is mainly characterized by declining growth patterns, increases in defoliation and extensive death [1,2,3].

Physiological processes respond at different tree water potentials [7,8]. For instance, growth is reduced through the impairment of cell division and cell expansion [7] at a lower water stress threshold than photosynthetic inhibition [9]. Thus, the severity of the drought will influence the involved physiological process and the extent to which a given tree species would be affected by drought [10]. Relict Mediterranean mountain conifers are typically endangered tree species that are vulnerable to climate change, mainly due to high sensitivity to current drought increases and reduced adaptive capacity, which are likely related to inherent traits such as genetic drift and declining population sizes [11]. These drought-sensitive tree species may thus serve as a case model to assess general mechanisms and patterns driving tree response to temperature increases and changing regional rainfall patterns [12]. Furthermore, Mediterranean mountain forests are characterized by shallow soils, where warmer temperatures result inrapid water shortage and longer summer drought periods; regional climate models predict an increase in the average temperature and rainfall concentration in a greater number of extreme events [13,14,15]. Higher temperatures will also increase the vapour pressure deficit [16], and an increase in the variability in precipitation is also expected for Mediterranean-type ecosystems [17,18].

Here, we focused on the southernmost European fir forests, dominated by the drought-sensitive Abies pinsapo Boiss. [19]. This relict tree is perhaps among the most vulnerable to climate change within the Mediterranean mountain forests. Indeed, several recent studies focusing on tree growth and stand dynamics have reported extensive A. pinsapo forest decline related to temperature rises and increasing drought [11,12,19].

Population-level differences in the regulation of the water balance can determine the long-term persistence of species, the decline in populations and shifts in species dominance [1,2] or even local extinction processes [5]. We hypothesized that A. pinsapo close their stomata and maintain homeostasis in the leaf water content during drought. Our specific aims were (i) to investigate the intra- and inter-annual dynamics of stomatal control, xylem water potential and needle osmotic adjustment of A. pinsapo under fluctuating soil water status and evaporative demand; and (ii) to quantify the variations within and between elevations in the functional strategies of A. pinsapo in relation to seasonal water deficit.



2. Materials and Methods


2.1. Study Site and Field Sampling

Two natural populations of A. pinsapo were studied under elevation-related contrasting environmental conditions [11] in the Sierra de las Nieves Natural Park (South Spain). The soil physicochemical properties were analyzed at both elevations following standard procedures [20,21,22]. The population located at low elevation (36°43′18″ N, 4°57′53″ W, 1226 m a.s.l.) was dominated by A. pinsapo trees, about 15–20 cm in diameter, and some isolated Pinus halepensis individuals. The stand basal area was approximately 40 m2·ha−1. The second population was located at high elevation in the same river basin (36°42′37″ N, 4°59′04″ W, 1557 m a.s.l.) and displayed similar tree sizes and stand basal area as the former, although in this case, A. pinsapo was the only dominant tree species [11].



2.2. Microclimatic Variables

During two consecutive years (moist and dry), air temperature (T) and relative humidity (RH) were recorded hourly using a Hobo H8 data logger (HOBO Pro RH/Temp; Onset Computer Corporation, Bourne, MA, USA). Four data loggers were used for each study site, and were placed inside open-bottom PVC cylinders located 1.5m from the ground and covered by sealing foam to prevent direct heating by the sun. Monthly total precipitation data were measured in each study site using hand-made rain gauges. We calculated the daily values of atmospheric water potential (ψa) from the T and RH data, according to the following equation [23,24].
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(1)




where ψa represents the atmospheric water potential (MPa), T is the air temperature (°C) and RH is the relative air humidity (%). Similarly, the vapour pressure deficit (VPD) was determined from the saturated vapour pressure (SVP):
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(2)




where SVP is the saturated vapour pressure (kPa) and T is the air temperature (°C). From SVP, the VPD was obtained as follows:
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(3)




where VPD represents the vapour pressure deficit (kPa) and RH is the air relative humidity (%) [25].
According to the field sampling of the ecophysiological variables (see below), we randomly selected ten points within each study site to determine the volumetric soil water content (θ) using time domain reflectometry (TDR). Measurements were taken after removing the litterfall layer, and a 12-cm long TDR100 probe (Campbell Scientific Ltd, Loughborough, UK) was inserted, which was connected to a laptop.



2.3. Ecophysiological Variables

Field sampling was performed at approximately two-week intervals during the growing season (May–July) and approximately monthly for the rest of the year. During spring and autumn, and sometimes in summer, foggy and rainy days were frequent, which impeded the use of equipment in the field; otherwise, during winter, the temperatures were usually low and the study area was sometimes covered by snow [19]. In addition, the inaccessibility of the study sites necessitated the transport of the sampling devices by mules. Due to these constraints, both the sampling days and the number of measurements collected throughout the day were limited several times.

Stomatal conductance to water vapour (g) and xylem water potential (ψx) were measured every two or three hours from predawn to predusk, according to solar time. Daily measurements between predawn and predusk were performed during the first study year (moist), while during the second year (dry), these were limited to midday measurements due to the logistic limitations indicated above. Leaf conductance to water vapour was measured using a portable null-balance porometer (model 9810; Data Design Group, La Jolla, CA, USA). Xylem water potential measurements were collected using a Scholander pressure chamber (PMS 100, PMS Instrument Co., Corvallis, OR, USA). Sampling was carried out on five dominant trees per study site without defoliation or external symptoms of pathogens. Fully expanded (1–2-year-old) sunlight-exposed twigs were selected from each tree. The same procedure was used to measure the xylem water potential; the twigs were cut with a razor blade. Each measure was replicated three times per tree [26]. After each measurement, the twigs were placed in a plastic bag to obtain the surface area, dry weight and foliar nutrient content in the laboratory. The one-sided projected area of the needles was determined by scanning and their areas were quantified using image analysis (ImageJ software, v.1.36b). Then, the needles were dried at 70 °C until constant weight to determine individual dry masses. The total dry mass was divided by the total area of the needles to determine the leaf mass per area. Total C and N were determined using a FlashEA1112 CHNS-O analyzer (Thermo Finnigan, Ithaca, NY, USA). Total P, K, Ca, Mg, Mn, and Zn contents were determined using ICP emission spectrometry (ICP-MS 7500 Series, Agilent Technologies, Santa Clara, CA, USA) following nitric-perchloric acid digestion of the samples [27].

During each field sampling, 12 trees per site were randomly selected and 2 fully expanded, sunlight-exposed twigs were cut using a razor blade. The needles were placed in a plastic bag, sealed with insulating tape, and immediately inserted in a portable liquid nitrogen container (Voyage, AIR LIQUIDE TM., Marne La Vallée Cedex 3, France). These samples were transported to the laboratory to measure needle osmotic potential (ψπ) using a WP4 psychrometer (Decagon Devices Inc., Pulman, WA, USA).



2.4. Statistical Analysis

Stomatal conductance and xylem water potential data sets were tested for homogeneity of variance and the assumption of compound symmetry of the variance-covariance matrix using the Bartlett-Box F-test and the Mauchly criterion, respectively. A repeated-measures MANOVA was used to compare the daily measurements of stomatal conductance and xylem water potential [28]. Since our main goal was to test the effects of elevation, the between-subjects factor was the study site (low elevation and high elevation). The sampling date was regarded as a within-subjects factor. We used the Greenhouse-Geisser statistic to adjust the F-tests. Paired comparisons were corrected using the Bonferroni adjustment. Analyses were performed separately for each sampling year (moist versus dry). Significant differences for mean values of temperature, VPD, soil water content, foliar nutrient content and needle osmotic potential were tested by ANOVA or correlated by least squares linear regression. The analyses were conducted using SPSS ver. 17.0 (SPSS Inc., Chicago, IL,USA).




3. Results


3.1. Soil Physicochemical Properties

The soil profiles were similar at low and high elevation and were classified as Typic Haploxerepts that developed on steep slopes with frequent rocky outcrops. At lower elevation, the soil had a higher clay percentage, while at higher elevation, the sand and gravel percentages increased. As a result, the water content at the permanent wilting point was higher at the lower elevation, although the estimation of available water content was similar for both study sites (Table 1). Root biomass was higher at lower elevation, mainly in the most superficial soil horizon (0–12 cm; Table 1). Soil organic carbon and nitrogen were slightly higher at lower elevation, as well as available ammonia and nitrate; however, the phosphorous content was higher at higher elevation, and the base saturation was near 100% in all cases, based on the calcareous bedrock.


Table 1. Morphological, physical and chemical properties of the studied soil profiles. 1 [21]; 2 [22]; 3 Richards’ pressure membrane; 4 [21]. Available water content = water content at field capacity - water content at permanent wilting point.



	
Soil Profile

	
LowElevation (1200 m)

	
High Elevation (1550 m)






	
Soil Type 1

	
TypicHaploxerept

	
TypicHaploxerept




	
Slope (%)

	
36

	
42




	
Elevation (m a.s.l.)

	
1200

	
1550




	
Aspect

	
NW

	
NW




	
Soil Horizon

	
Ah

	
Bw

	
Bw/R

	
Ah

	
Ah/C

	
C




	
Prof. (cm)

	
0–12

	
12–25

	
25–50

	
0–12

	
12–25

	
25–50




	
Texture (%)

	
Clay

	
21.6

	
37.7

	
27.9

	
14.2

	
16.5

	
17.2




	
Silt

	
49

	
46

	
52.8

	
47.8

	
39.4

	
28.6




	
Sand

	
29.4

	
16.3

	
19.3

	
38

	
44.1

	
54.2




	
Gravel(%)

	
13.1

	
8

	
19.8

	
26.3

	
37.7

	
42.2




	
Bulk density 2

	
1.29

	
1.41

	
1.31

	
1.44

	
1.51

	
1.49




	
Textural class 1

	
Loam

	
Silty-clay-loam

	
Silty-clay-loam

	
Loam

	
Loam

	
Sandy-loam




	
pF 33 kPa (empirical) 3

	
44.3

	
46.5

	
46.3

	
42.4

	
37.8

	
35.2




	
pF 1500 kPa (empirical) 3

	
24.7

	
31.0

	
30.3

	
21.4

	
20.3

	
19.3




	
pF 33 kPa (estimated) 4

	
33.1

	
36.5

	
35.1

	
28.9

	
27.0

	
25.6




	
pF 1500 kPa (estimated) 4

	
15.4

	
22.3

	
17.8

	
11.4

	
12.0

	
12.2




	
Available water content (l·m−2·0.5m −1)

	
82.1

	
81.7




	
Roots (mg·g soil−1)

	
4.41

	
3.81

	
4.07

	
0.29

	
1.57

	
1.35




	
O. C. (%)

	
3.25

	
1.93

	
3.06

	
1.58

	
0.9

	
1.09




	
O. N. (%)

	
0.17

	
0.12

	
0.19

	
0.1

	
0.04

	
0.05




	
N-NO3− (ppm)

	
6.1

	
<1

	
1.98

	
5.3

	
<1

	
<1




	
N-NH4+ (ppm)

	
17.5

	
15.5

	
17.0

	
8.65

	
3.2

	
3.51




	
P Olsen (ppm)

	
2.9

	
2.4

	
2.9

	
4.4

	
8.1

	
13.7




	

	

	
Ca2+

	
17.4

	
14.6

	
19.1

	
9.09

	
6.77

	
8.48




	
Exchangeable bases

	
Mg2+

	
1.44

	
8.45

	
4.07

	
0.61

	
1.36

	
0.33




	
(cmolc·kg−1)

	
Na+

	
0.26

	
0.28

	
0.24

	
0.24

	
0.24

	
0.26




	

	

	
K+

	
0.59

	
0.3

	
0.27

	
0.5

	
0.19

	
0.18




	
CEC (meq/100g)

	
22.4

	
21.6

	
23.7

	
11.0

	
10.9

	
11.4




	
% Base saturation

	
88.2

	
100

	
100

	
95.3

	
78.8

	
81.2











3.2. Microclimatology

The annual precipitation during the first growing season (moist) was 789 mm and 930 mm at the low and high elevation, respectively, while during the second growing season (dry), it was 418 mm and 447 mm at the low and high elevation, respectively, accounting for one of the driest years in the last century. Furthermore, during the first growing season, late spring was cool and moist, delaying the onset of the drought period. The mean and minimum temperatures were especially low during the winter of the second year, resulting in a cold and dry winter, for instance, the minimum daily temperature reached −15 °C and mean daily temperatures were less than 0 °C on several consecutive days (Figure 1) during February of the second year. However, from April to the end of the second year, the average monthly temperature was higher than the average of the last century. The soil water content, as well as atmospheric vapour pressure deficit (VPD), showed typical Mediterranean seasonality (Figure 2), with soil saturation and low VPD during winter to spring, and drought conditions from early July to mid-November (Figure 1 and Figure 2). During the first year, VPD reached maximum values around 1.2 kPa while during the second year and VPD values were significantly higher than in the previous summer, reaching 1.7 kPa (paired comparison ANOVA, p <0.01).

Figure 1. Daily temperature (lines) and monthly precipitation (bars) values for two consecutive growing seasons in two Abies pinsapo populations located along an altitudinal gradient (low elevation, 1200m; high elevation, 1550 m).
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Figure 2. Vapour pressure deficit (VPD) and soil water content measured in two Abies pinsapo populations along an altitudinal gradient (low elevation, 1200 m; high elevation, 1550 m). Measurements were taken during two consecutive growing periods. Errors bars represent the standard error; significant differences between stands were tested using repeated measures MANOVA (VPD n = 4 data loggers per elevation; soil water content n = 10 sampling points per elevation).
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3.3. Daily Curves of Stomatal Conductance and Xylem Water Potential

At the beginning of the growing period (late May), there were no significant differences in the daily pattern of g and ψx at the low and high elevation (Figure 3). Maximum values of g were recorded during late spring of the first studied year, with average values of 0.6–0.8 cm s−1. At the same time, ψx values were the least negative, with predawn values around −0.3 MPa. The daily curves of g did not show a defined shape, although maximum values were usually registered at midday. As the growing period progressed and the soil water content decreased and the vapour pressure deficit increased, g values were strongly reduced. However, this timing pattern differed between the high- and low elevation trees. The ψx curves showed a more defined daily pattern compared with the g curves, with least negative values at predawn and minimum values at midday (Figure 3).

Figure 3. Diurnal gas exchange (left column) and xylem water potential (right column) of Abies pinsapo trees located at low (1200m, circles) and high elevation (1550 m, triangles). Error bars indicate the standard error (n = 5 trees (3 twigs per tree) per elevation).
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During late July, average g values were reduced by more than 75% at low elevation, while ψx values were not significantly different from those recorded in early July and were only 0.3 MPa more negative than in June. At high elevation, the decrease in g with respect to ψx was smaller, and g values of c.a. 0.4 cm s−1 were maintained without significant variations in ψx. Toward the end of the drought period,the average g values were drastically reduced, while ψx reached minimum values (about −1.8 MPa). On a daily scale, the observed stomatal closure at the end of the day in spring was almost enough to recover the ψx to the values registered at predawn. However, during summer when the soil water content was lower and the vapour pressure deficit was higher, the circadian curves were more asymmetrical, showing a stepped decline in ψx, leading to more negative values at the end of the day compared with the predawn values. This pattern of progressive stomatal closure and stepped decline in ψx was registered earlier at the lower elevation (Figure 3), indicating a stronger water limitation on this population.

During the first studied year (moist), midday ψx values were relatively high from spring until the end of July, indicating a moderate water deficit (Figure 4). Average midday ψx values were lower at higher elevation until late August in both studied years. From September onward, the midday ψx values were always below −1.5 MPa (minimum values of about −1.8 MPa) until mid-October, when the dry period finishes. During the second studied year (dry), midday ψx values were significantly more negative at lower elevation compared with the higher elevation study site, from mid-June to mid-August, with near steady values about−1.8 MPa (Figure 4).

Figure 4. Needle osmotic potential and midday xylem water potential measured in Abies pinsapo trees along an altitudinal gradient (low elevation, 1200m; high elevation, 1550 m) during two consecutive growing periods. Errors bars represent the standard error; significant differences between stands were tested by repeated measured MANOVA.ψxn = 5 trees (3 twigs per tree) per elevation; ψπn =12 trees (2 twigs per tree) per elevation.
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The needle osmotic potential (Ψπ) did not show a seasonal pattern associated with the drought period in any of the two studied years (Figure 4). Furthermore, Ψπ was not correlated with either soil water content, vapour pressure deficit, xylem water potential, or stomatal conductance. Minimum values (i.e., higher Ψπ) of about −2.5 MPa were registered in spring, while maximum values (i.e., lower Ψπ) of about −1.7 MPa were registered in early summer and October. Regardless, Ψπ remained more negative than ψx during the whole study period, ensuring a water potential gradient from roots to needles. The seasonal variations in ψπ were small compared with those observed in ψx.



3.4. Linking Physiological and Environmental Variables Related to Water Balance

Midday xylem water potential decreased linearly (R2=0.29, p <0.001; Figure 5) as atmospheric vapour pressure deficit increased, while midday stomatal conductance yielded an exponential response (R2=0.36, p <0.001; Figure 5). These relationships were similar for both populations and during the two studied years (based on tests for regression parameters performed independently for both populations and years). On the other hand, both the midday xylem water potential and the midday stomatal conductance yielded a logarithmic relationship with soil water content (R2=0.51, p <0.001; and R2 = 0.48, p <0.001; for midday xylem water potential and midday stomatal conductance, respectively; Figure 6), indicating weak relationships for volumetric soil water contents above c.a. 15%–20%, followed by a sudden decrease in both variable as the soil water availability decreased below this threshold (Figure 6). In addition, we noted that for VPD, these relationships (the regression parameters of each model adjusted independently) were similar for both populations and during the two studied years, supporting a similar physiological response among trees located at different elevations and between years with contrasting water availability.

Figure 5. Relationships between midday xylem water potential and midday stomatal conductance as a function of vapour pressure deficit (VPD) in Abies pinsapo trees along an altitudinal gradient (low elevation, 1200 m; high elevation, 1550 m) measured during two consecutive growing periods. Errors bars represent the standard error. Midday xylem water potential showed a linear relationship (R2 = 0.29, p <0.001), while midday stomatal conductance showed an exponential relationship (R2 = 0.36, p <0.001)with VPD.
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Figure 6. Relationships between midday xylem water potential and midday stomatal conductance as a function of soil water content in Abies pinsapo trees along an altitudinal gradient (low elevation, 1200 m; high elevation, 1550 m) measured during two consecutive growing periods. Errors bars represent the standard error. Both midday xylem water potential (R2 = 0.48, p <0.001) and midday stomatal conductance (R2 = 0.51, p <0.001) showed a logarithmic relationship with soil water content.
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As we noted above, no environmental variables showed significant correlations with the needle osmotic potential; furthermore, during the first studied year (moister and milder), we observed a marginally significant correlation between the needle osmotic potential and the vapour pressure deficit that indicated a positive relationship, that is, as the atmospheric water deficit increased, the needle osmotic potential became more positive, supporting a lack of response of Ψπ to water stress (see also Figure 4).



3.5. Foliar Nutrient Content

Based on repeated measures ANOVA analyses performed on the temporal trend of foliar nutrient content, we identified a common decrease as the growing season progressed (Table 2; Supplementary Material Figure S1). Thus, data were averaged to compare the early (May–June) and late growing period (July–September). The carbon percentage increased slightly during the growing period, with higher mean values at the lower elevation, while the N and P contents showed the opposite trend: a decrease during the growing period with lower values at low elevation. As a result, the needle C:N and N:P ratios were significantly higher at low elevation (Table 2). Foliar potassium (K) also showed decreasing trends toward the end of the growing season, although the dilution rate was less acute than that for N and P (Supplementary material, Figure S1) and significance was only achieved at low elevation (Table 2). Consequently, the K/P ratios were low (between 6–8) from late May to early July, and increased to maximum values in the drought period (end July to September), especially at low elevation. At the onset of water stress at low elevation (late July; see Figure 3), maximum K/P values coincided with minimum N/K and C/K ratios in the needles. Foliar K and Mg were similar for both populations, while foliar Ca and Mn were significantly lower at low elevation; however, the Fe and Zn contents were slightly higher at low elevation (Supplementary material, Figure S1).


Table 2. Foliar nutrient content measured in two-year-old needles of Abies pinsapo trees along an altitudinal gradient (low elevation, 1200 m; high elevation, 1550 m). Mean values were averaged comparing the early (May-June) and late growing period (July-September); different letters indicate significant differences for repeated measures ANOVA.



	

	
Low elevation (1200 m)

	
High elevation (1550 m)




	
Time spam

	
Growing period (May–June)

	
Summer–Autumn (July–September)

	
Growing period (May–June)

	
Summer–Autumn (July–September)






	
Carbon (%)

	
47.1 ± 0.16b

	
47.8 ± 0.10c

	
46.7 ± 0.13a

	
47.2 ± 0.08b




	
Nitrogen (%)

	
1.11 ± 0.06c

	
0.82 ± 0.03a

	
1.08 ± 0.08c

	
0.94 ± 0.03b




	
C/N

	
43.5 ± 2.00a

	
59.7 ± 2.17c

	
47.2 ± 3.19b

	
50.9 ± 1.60b




	
P (mg/g)

	
1.11 ± 0.12b

	
0.74 ± 0.05a

	
1.52 ± 0.10c

	
1.14 ± 0.04b




	
N/P

	
11 .0 ± 0.95b

	
11.9 ± 0.88b

	
7.47 ± 0.81a

	
8.38 ± 0.31a




	
K (mg/g)

	
9.49 ± 0.63b

	
7.22 ± 0.63a

	
8.68 ± 0.41ab

	
7.54 ± 0.42ab




	
Ca (mg/g)

	
3.42 ± 0.23a

	
2.91 ± 0.38a

	
4.33 ± 0.28b

	
3.72 ± 0.31b




	
Mg (mg/g)

	
2.01 ± 0.07

	
2.16 ± 0.13

	
1.93 ± 0.10

	
2.03 ± 0.10




	
Fe (μg/g)

	
190.1 ± 17.4c

	
141.3 ± 4.56b

	
184.2 ± 32.3c

	
88.7 ± 7.41a




	
Mn (μg/g)

	
71.1 ± 15.6b

	
35.5 ± 3.95a

	
141.8 ± 10.8c

	
136.6 ± 13.7c




	
Zn (μg/g)

	
22.1 ± 1.52b

	
20.5 ± 1.50b

	
19.2 ± 1.07ab

	
18.2 ± 0.96a














4. Discussion


4.1. Drought-Avoidance Matters in A. pinsapo

Our results illustrate that A. pinsapo trees close their stomata and maintain homeostasis in leaf water content under limiting soil water and evaporative demand. Furthermore, the intra- and inter-annual dynamics in water balances support an earlier and more intense water stress during the summer at lower elevations. These results suggest that efficient stomatal closure might be a requirement among relict A. pinsapo populations to ensure survival [11]. Indeed, for both the populations, vapour pressure deficit values close to 1.5 kPa were related to near-complete stomatal closure; this threshold was reached at soil water contents of about 10%. Given that soil water content persist for longer at this range of drought values compared with the time span where VPD was as high as 1.5 kPa, we can conclude that soil water availability is more limiting than atmospheric evaporative demand for the water balance of A. pinsapo treesunder dry Mediterranean mountain environments (see also [29]). Nonetheless, trees located at the lower elevation (1200 m) exhibited earlier symptoms of water stress, while trees located at 1550 m showed systematically higher values of stomatal conductance, as well as improved daily-scale recovery of xylem water potential and growth [11]. Regardless, both populations showed a seasonal response to increasing drought, similar to that of typical Mediterranean species, with spring maximums and low summer stomatal conductance values [19,30,31,32].

The A. pinsapo stomatal conductance values measured before summer under conditions of mild temperature and non-limiting soil water contentwere relatively high compared with some Mediterranean species such as Pinus halepensis, Juniperus phoenicea or Quercus ilex [33]. In terms of circadian patterns, during the drought period, the morning values for A. pinsapo were somehow lower than those of Q. ilex, but similar to those of P. halepensis and J. phoenicea. However the midday stomatal conductance values of A. pinsapo were close to those of Q. ilex and surpassed those of P. halepensis and J. phoenicea [33,34]. These results indicate that on a daily scale, the stomatal dynamics of A. pinsapo are different to those typically found in Mediterranean trees. Thus, stomatal conductance of A. pinsapo generally indicates midday maximums, except in late summer, where values are permanently low [35], while the daily dynamics of Mediterranean trees are characterized by early morning maximums, a sharp decline at midday, and a relative recovery of stomatal conductance values during the afternoon [17].

Many studies have demonstrated that populations from xeric sites show higher photosynthetic rates and stomatal conductance than those from mesic areas under similar drought conditions [36,37,38]. A higher resistance to embolism might explain this enhanced drought tolerance, through a plastic response of the xylem physiology to different levels of water stress [39]. However, our field data suggest that the risk of embolism was small because xylem water potentials were quite different from the A. pinsapo published values of xylem water potential at which embolism begins [35]. Therefore, both the high and low elevation populations showed a similar and high safety margin, suggesting that A. pinsapo responds to low soil water availability and high evaporative atmospheric pressure by maintaining xylem water potential within a safety range, rather than being able to resist a higher tension in the xylem [29,35].

At a steady state, water uptake must be balanced by water losses to the atmosphere by transpiration [40]. In conifers, water uptake may be expressed as the product of leaf-specific conductivity (LSC) and the water potential gradient (ΔΨ; that is, the difference between xylem water potential at midday and at predawn). On the other hand, water losses may be approximated by the product of stomatal conductance (gs) and atmospheric vapour pressure deficit (VPD) [41]:



LSC* ΔΨ =gs* VPD



(4)




In this study, VPD and ΔΨ values were not very different between the low and high elevations, whereas gs was significantly lower at low elevation. Thus, according to Equation (4), a similar value in ΔΨ between the two populations suggests a reduction in the whole-plant hydraulic conductance at low elevation, likely due to decreased leaf-specific conductivity [42,43]. Such a reduction in LSC could be an adaptive response to achieve a balance between the water flow to the leaves and the water flow from the leaves to the atmosphere, reducing the risk of drought-induced cavitation due to excessive water tension in the xylem [40]. This hypothetical difference in LSC, based on the contrasting gs in the two populations may be explained by the existence of anatomical differences, for instance, by means of a reduction in the stomatal density [35]. However, a most logical explanation for the difference in behavior between the two populations in this study likely relies on the synthesis of the plant hormone abscisic acid (ABA) to maintain stomatal closure during sustained drought[44].

Our results indicate that A. pinsapo rapidly closed their stomata over a very narrow range of water potentials. This isohydric response of photosynthesis and transpiration during water stress is thought to represent the evolutionary conservation of water and carbon maintenance under long-term water stress [45]. The data presented here, as well as in recent studies, suggest a probable explanation of this stomatal behaviour mediated by ABA metabolism in concert with xylem vulnerability to water stress-induced failure [46,47]. A. pinsapo likely uses high levels of ABA to close their stomata and to maintain homeostasis in the leaf water content during drought [44]. Additionally, since potassium (K) is involved in plant-water relationships (stomatal function and osmotic control [48,49], the fact that both populations had similar foliar K concentrations and seasonal patterns for its stoichiometric relationships (K/P, N/K and C/K) further support the idea of ABA synthesis-mediated responses to maintain stomatal closure during drought[44].

The mean net photosynthetic rate reported for A. pinsapo (~3.2 μmol·m−2s−1; [29]) was slightly higher than that published for P. halepensis (~2.5 μmol m−2s−1) and J. phoenicea (2.2 μmol m−2s−1), but lower than that obtained for Q. ilex (4.2 μmol m−2s−1; [33]). Low elevation individuals showed a marked decline in photosynthesis during midday in summer, with values of about ~1.5 μmol m−2s−1 (unpublished data). Drought causes a decrease in the xylem water potential, which, among other physiological mechanisms, reduces tree photosynthetic carbon uptake as a result of stomatal closure to prevent hydraulic failure. Consequently, under the expected climate scenario of increasing temperature and declining water availability [15], the growth of drought-sensitive species such as A. pinsapo will likely be reduced [11,35], while carbohydrate reserves are consumed to maintain metabolism, which can ultimately cause the death of the tree by carbon starvation or hydraulic failure [10,50,51].

Tree species showing drought-avoidance mechanisms prevent xylem damage by early stomatal closure, before exhibiting significant changes in xylem or needle water status. Drought-tolerant species, however, display simultaneous stomatal conductance and water potential decreases [52,53]. Stomatal closure induced by low water availability in drought-tolerant species (for instance, Quercus or Juniperus) limits carbon uptake to a lesser extent compared with drought-avoiding tree species, such as Abies or Pinus [52,53,54]. Mediterranean oaks (Quercus) are able to maintain significant carbon uptake even at low water potentials (below −2.0 MPa; [55]), while drought-sensitive species, such as A. pinsapo, show strong decreases in net photosynthesis, even at moderate water deficits, due to stomatal closure (see also [29]).

However, it should be taken into account that during winter, the net photosynthetic rate of A. pinsapo was higher than the values measured in summer and autumn, i.e., greater than 3.5 μmol·m−2s−1 (unpublished data). This result seems to indicate that an important fraction of carbon can be taken up during winter. Indeed, research performed across broad environmental conditions in north-western USA has shown that coniferous forests take up a large amount of carbon during winter [56]. For instance, results obtained for Pseudotsuga menziesii, a conifer displaying a drought sensitivity similar to A. pinsapo, show that most annual net photosynthesis is not produced during the growing period [56,57]. Thus, a significant fraction of carbon that is not taken up under drought conditions could be compensated by higher photosynthesis under climate change-induced milder winter conditions.



4.2. Capacity of Osmotic Adjustment

A. pinsapo needle osmotic potential did not show a seasonal pattern associated with drought. A decline in osmotic potential has been interpreted as a response to water stress, mediated by an increase in osmotically active solutes at the cellular level. This may be achieved by a passive concentration of existing solutes due to dehydration and reduction in cell size (strictly speaking not an osmotic adjustment) or by active redistribution of solutes [58,59]. During the drought period, our data showed variations in A. pinsapo needle osmotic potential around −0.25 MPa, although the xylem water potential decreased by −1.0 MPa; furthermore, these variables were not correlated. The absence of osmotic adjustment in A. pinsapo in response to drought confirms its low tolerance to water stress [58]. Moreover, the obtained values could be related to limited soil nutrient uptake, restricting the synthesis of osmotically active substances when the stomata are closed. Indeed, growth during the drought period can be limited by a lack of osmotic adjustment capacity to reach the turgor pressure necessary for cell elongation [36]. However, in both populations,the foliar nutrient contents decreased in a similar way and the N/P ratios were at a minimum at the peak of the growing season. In accordance with the growth rate hypothesis [60], this is more closely related to the allocation of nutrients to renewal and subsequent dilution with carbon during active growth (that concomitantly requires increased allocation of P to RNA) than to a drought-induced soil nutrient uptake limitation (see Supplementary material, Figure S1).

Osmotic adjustment capacity has been documented for many tree species, for instance, Quercus, with more negative values under drought conditions [37,61]. However, there is no significant correlation between the predawn xylem water potential and leaf osmotic potential in this genus. Quercus species with more negative values of xylem water potential, or those showing a higher range of variation do not necessarily show the lowest values of leaf osmotic potential nor the highest osmotic adjustment capacity [61]. Several studies on temperate trees have shown seasonal changes in leaf osmotic potential that were not related to water availability, such as a decline in the osmotic potential after the end of the drought period or a decline during the drought period. In both studied years and in the two populations, a decline in ψπ was observed during the growing period, which may be related to solute dilution because of allocation to new shoots, as supported by the general increase in the C/element ratios toward the end of the growing season. This type of elemental stoichiometric change has been associated with shifts in the plant metabolome, indicating growth rather than drought resistance [62]. A similar pattern of osmotic potential decline (toward positive values) during shoot growth has been observed in species such as Picea abies [26]or Nothofagus menziesii [63]. According to these authors, this indicates higher sensitivity/susceptibility of the new shoots to drought.

Seasonal temperature variations may lead to changes in ψπ, particularly in conifers [61]. In fact, initial observations on solute accumulation were related to mechanisms of resistance against freezing or acclimatization to cold, for instance, in Tsuga canadensis, Abies amabilis or Pseudotsuga menziesii [61,62,63]. A more negative value of ψπ at the beginning of the growing season (May) was also observed in other species. Both observations concur with the minimums recorded for A. pinsapo (December and May). Several papers suggested that solute accumulation could be higher under low temperatures since photosynthesis does not seem to be significantly affected by cold, respiration costs are lower and there is no solute allocation to growth during this period. Our results seem to verify that environmental factors and phenological events not related to drought (for instance, seed production) may have a significant impact on ψπ, although the underlying mechanisms are not well known.

The absence of osmotic adjustment in this species makes it more sensitive to increases in drought, given that ψπ determines the maximum pressure that can be imposed on soil water through a soil-plant-atmosphere gradient. That is, the value of ψx cannot be more negative than the one of ψπ. A more arid climatic situation could limit the photosynthetic rate even more during the summer period and would indirectly reduce the solute concentration and ψπ when water stress is greatest.




5. Conclusions

A. pinsapo shows a water stress-avoidance strategy that is reflected in rapid stomatal closure with rather positive water potentials and relatively high values of soil water content. These ecophysiological features are similar to those of temperate and mountain conifer, although the seasonal pattern was typically Mediterranean. Under severe drought conditions, the xylem water potentials were not as negative as in other drought-adapted competitor species, while carbon uptake appeared to be significantly reduced under water limitation. A. pinsapo does not show needle osmotic adjustment in response to drought. The impact of expected dryness as a result of climate change on A. pinsapo growth and persistence will likely be more severe at lower elevations because no local adaptive capacity to drought was observed.
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