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Abstract: This study investigates the phenological dynamics and microclimatic influences on three 15 

dominant evergreen species (Quercus ilex, Arbutus unedo, and Phillyrea latifolia) in an eastern 16 

Mediterranean forest stand over ten years (2013–2022). Phenological stages—leaf unfolding (LUD), 17 

defoliation (DEF), and flowering (FL)—were monitored alongside key microclimatic variables 18 

including air temperature (AT), vapor pressure deficit (VPD), precipitation (PRB), soil moisture (SM) 19 

and relative extractable water (REW). Results revealed strong interannual variability in phenological 20 

timing and stage length (SL), primarily driven by soil water availability rather than temperature alone. 21 

Reduced PRB and lower SM were associated with earlier LUD onset but prolonged stage duration, 22 

particularly in Q. ilex, highlighting its greater phenotypic plasticity and drought tolerance. In contrast, 23 

A. unedo and P. latifolia exhibited more limited phenological flexibility and higher water 24 

requirements for stage initiation. DEF was also delayed under wetter conditions, while FL responses 25 

varied among species, with significant delays observed in A. unedo during exceptionally dry years. 26 

Threshold analyses indicate that critical phenological transitions occur at species-specific SM and 27 

REW levels, suggesting differentiated ecohydrological strategies. Furthermore, vegetation structure 28 

and species identity influenced local microclimate, particularly AT and VPD, demonstrating 29 

bidirectional feedback between phenology and hydrometeorology. Findings suggest that while these 30 

ecosystems currently display resilience comparable to that of western Mediterranean counterparts, 31 

increasing drought intensity may alter competitive dynamics among species. Understanding these 32 

interactions is critical for forecasting ecosystem responses to climate change and informing forest 33 

management, guiding biodiversity conservation and restoration strategies. Promoting mixed species 34 

stands that enhance soil water retention and mitigate atmospheric dryness could improve forest 35 

resilience and support biodiversity conservation under future Mediterranean climate scenarios that 36 

predict increasing aridity and temperature extremes. Integrating field phenology with soil–plant–37 

atmosphere interactions could lead to further research focusing on the functional diversity within 38 

eastern Mediterranean evergreen species and their role in shaping local microenvironments. 39 
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1. Introduction 44 

The evergreen broadleaved species landscape constitutes very common forest ecosystems in the 45 

Mediterranean (MED). The Regional Climate Change Index (RCCI) analysis highlights the MED 46 

basin as a climate change (Giorgi 2006, Lazoglou et al. 2024) and biodiversity (Pausas & Millán 47 

2019) key Hot-Spot. Climate projections consistently show a sharp reduction in average precipitation 48 

and greater variability during the dry (warm) season, which drives the region’s high sensitivity to 49 

global change (Douville et al. 2021). If global warming reaches higher levels of intensity, then MED 50 

is expected to become progressively drier and drastically warmer (Lee et al. 2021).  51 

Phenological stages are species-dependent (Wolkovich 2012, Spano et al. 2013) and directly linked 52 

to precipitation and air temperature (Richardson et al. 2013). Leaf unfolding, flowering and fruiting 53 

in Southern Europe showed an earlier onset (Vogel 2022). The role of phenotypic plasticity in the 54 

extended development period of forest species is relevant to the adaptive responses to climate 55 

variability and change (Franks et al. 2014, Bussoti & Pollastrini 2020).  56 

The complex interactions of the phenological stages of evergreen broadleaved species (maquis), such 57 

as Quercus ilex L. (Q. ilex), Arbutus unedo L. (A. unedo) and Phillyrea latifolia L. (P. latifolia), with 58 

the environmental factors have been already investigated, focusing on their physiological, anatomical 59 

and morphological leaf traits (Ogaya & Penuelas 2004, Ogaya & Penuelas 2006, Gratani et al. 2006, 60 

Gratani et al. 2013, Barbeta & Penuelas 2016), resprout and plant shoot growth (Castell et al. 1994) 61 

and root functioning and ecohydrological adaptation strategies (Vico et al. 2015, Barbeta et al. 2015, 62 

Barbeta & Penuelas 2016). Drought tolerance (Bussoti & Pollastrini 2020), especially under drought-63 

reduction experiment conditions (Ogaya & Penuelas 2004, Aguade et al. 2015, Barbeta et al. 2015, 64 

Penuelas et al. 2018, Ogaya & Penuelas 2021, Bogdziewicz et al. 2020, Campelo et al. 2023), water 65 

balance to promote management practices (Vicente et al. 2018) were also investigated against 66 



 

 

phenological stages such as growth, reproduction, plant seed regeneration and mortality. 67 

Additionally, phenological patterns such as fruit growth, maturation, and abscession (Ogaya & 68 

Penuelas 2004), defoliation to trees’ growth (Camarero et al. 2016), and the advancement of the green 69 

season and flowering (Tuhami et al. 2023, Pareja-Bonilla et al. 2025) provided crucial insight into 70 

why plant phenology is changing in MED ecosystems and how these species exhibit varying 71 

responses. These insights are essential for developing adaptive management and conservation 72 

strategies under ongoing climate fluctuations, as they provide a mechanistic basis for anticipating 73 

species-specific vulnerabilities and effectively guiding sustainable forest management.    74 

Most of the above research was conducted mainly in the western and central part of MED basin. To 75 

our knowledge, there are limited experiments in the eastern part of MED focusing on the responsive 76 

strategies of forest species to abiotic factors. Especially on maquis environments in their natural 77 

environment. Proutsos et al. (2022) estimated that Nestos’s Delta (Greece) habitats were highly 78 

vulnerable and likely to be significantly affected by future climate variability because of decreased 79 

trends in annual precipitation. Other reported papers concerned monitoring for mainly deciduous 80 

species, such as Fagus sylvatica L. and Castanea sative Mill. in Greece and Italy (Doumkou et al. 81 

2025), Olea europaea L. (Ulas & Gezerel 2004, Ozturk et al. 2021) or evergreen conifer species, such 82 

as Pinus brutia and Cedrus libani species in Mediterannean Turkey forests (Dogan Ciftci et al. 2024) 83 

and the endangered evergreen Quercus alnifolia in Cyprus (Anagiotos et al. 2012, Kougioumtzis et 84 

al. 2024).  85 

The study of Penuelas et al. (2018) underscored the importance of integrating field experiments with 86 

long-term observations to accurately project and understand the ecological consequences of climate 87 

change in MED regions. Given climate change, our understanding of the contribution of different 88 

individual environmental parameters is of great importance and quite unknown to date (Wolkovich 89 

2012), including their interactions with organisms (Parmesan and Hanley 2015, Ponce et al. 2022, 90 

Tuhami et al. 2023). 91 

Having all the above information in mind from previous studies, we made the following hypotheses: 92 



 

 

(i) Air Temperature (AT) is a primary driver of leaf unfolding (LUD) and flowering (FL), with 93 

earlier onsets under warmer conditions. 94 

(ii) Soil moisture (SM) and Relative Extractable Water (REW) significantly affect defoliation and 95 

stage duration, especially under summer drought conditions. 96 

(iii) High vapor pressure deficit (VPD) correlates with advanced or prolonged defoliation and may 97 

stress the flowering process. 98 

(iv) Stage Length (SL) is modulated by the interplay of SM, REW and AT conditions. 99 

 100 

These hypotheses lead to the main objective of our study, described as follows:  101 

This 10-year study, conducted in a natural forest stand, investigates how dominant evergreen 102 

broadleaved species in the eastern Mediterranean respond phenologically to abiotic constraints, 103 

whether these responses mirror those observed in western Mediterranean ecosystems, and the SM 104 

and REW thresholds triggering critical phenological stages such as LUD, FL and defoliation (DEF).  105 

 106 

2. Materials and Methods 107 

2.1 Study area  108 

The experimental plot (45 X 33 m) located near to Varetada village in western Greece (38° 50' 109 

46.30"N, 21° 18' 15.29"E, alt: 340 m a.s.l.), represents a typical evergreen broadleaved forest 110 

ecosystem of the eastern Mediterranean (Greece) and forms part of the ICP Forests Level II plots 111 

network for intensive monitoring of European forest conditions. Vegetation structure shows 112 

significant heterogeneity in terms of dominance. Drawing on our empirical observations, most areas 113 

are dominated by Q. ilex, other evergreen broadleaf species, such as A. unedo and P. latifolia, also 114 

show a significant participation.  115 

In the Q. ilex section, the tree layer shows a coverage greater than 90% (Figure 1) while the 116 

herbaceous layer is almost completely absent. The shrub layer shows signs of decline and a limited 117 

attempt to evolve into the tree layer. As a result, shrub species have thin trunks and elongated 118 



 

 

branches, in an effort to reach some light, since the dense canopy of Q. ilex blocks most of it. In the 119 

remaining section, where shrub species dominate, the vegetation appears particularly dense and erect. 120 

The vegetation height ranges from 6-15 m and the Leaf Area Index (LAI) measured 5.8 (Bourletsikas 121 

et al. 2023). It expresses intense dominance competition at a height of approximately 4 meters the 122 

ground. The result of this competition is the existence of many, small-diameter trunks and many dead 123 

branches. Despite the presence of more than thirty species, the herbaceous layer is relatively sparse 124 

under the shrub canopy. However, in openings between the shrubs, it becomes much denser, with 125 

ground cover sometimes exceeding 90%. 126 

The site is characterized by hilly topography and is underlain by Eutric Cambisol fertile, well-drained 127 

soils (FAO, 1988), formed from flysch-derived parent material. In our knowledge, the forest has not 128 

been subjected to any silvicultural or managerial treatment by the local Forest Service for many 129 

decades. Thus, no land-use changes have occured, and the area has likely followed natural processes, 130 

such as ecological succession, biodiversity development, and structural changes without human 131 

disturbance. 132 

The region’s climate is classified as warm temperate with hot, dry summers, corresponding to the Csa 133 

type in the modified Koppen-Geiger climate classification system (Kottek et al. 2006). Regarding 134 

aridity, the broader area is classified as humid according to UNEP’S (1992) aridity classification 135 

system, based on Thornthwaite’s (1948) and Thornthwaite’s & Mather (1955) water balance approach 136 

(Tsiros et al. 2020, Proutsos et al. 2021).  137 

 138 

2.2 Data collection and analysis 139 

2.2.1 Meteorological data 140 

The meteorological data were sourced from a meteorological station (MS) situated at coordinates 38° 141 

50' 35.33"N, 21° 18' 25.40"E, located at a forest opening (alt. 320 m a.s.l.), approximately 420 meters 142 

from the experimental plot (Figure 1). All analyses were based on daily values of the measured or 143 

estimated variables.  144 
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 146 

 147 

Figure 1. Map of Varetada’s study area location in Greece, along with vegetation composition within 148 

the experimental plot (top photo) and a view of the installed meteorological station (bottom photo). 149 

 150 

AT (oC) and Relative Humidity – RH (%) values, including minimum and maximum values, were 151 

continuously monitored at 15-minute intervals, for the concerned 10-year period (2013-2022). 152 

Average daily values were calculated from the 96 daily 15-minute values. The analyzed dataset 153 

consisted of 3,652 days with measurements, and accounted for 96 days (2.63% of the dataset).  154 

 PRB (mm) was recorded on a weekly recording tape using a Belford rain gauge. It operates on a 155 

weighing principle, measuring the accumulated precipitation and converting it into mm, with 156 

simultaneous conversion of this measurement into millimeters (mm) of precipitation height. The 157 

maximum measurable precipitation depth of the recording tape is 300 mm, divided into two segments 158 
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of 150 mm each. Daily PRB was calculated from the addition of the hourly resolution analysis based 159 

on tape readings. 160 

VPD (kPa) was calculated by using the following equation (Allen et al. 1998): 161 

VPD =  es − ea     (1) 162 

Where, es (kPa) stands for mean saturation vapor pressure and ea (kPa) for actual vapor pressure. For 163 

the calculation of es and ea, we used measured data from AT and RH, following the equations from 164 

Allen et al. (1998):  165 

es =
e0(ATmax)+e0(ATmin)

2
     (2) 166 

ea =
RH

100
[

e0(ATmax)+e0(ATmin)

2
]     (3) 167 

Where, e0(AT) (kPa) is the saturation vapor pressure at the measured daily AT (oC). This relationship 168 

is expressed by: 169 

e0 = 0.6108 exp (
17.27∗AT

AT+237.3
)      (4) 170 

 171 

2.2.2 Soil Moisture and Relative extractable water 172 

SM (m³/m³) was recorded hourly using ECH2O EC-5TM sensors (Decagon Devices Inc., Pullman, 173 

WA, USA) installed in three plot replicates (Bourletsikas et al. 2023). Sensors were positioned at 174 

three soil depths: –20, –40 and –70 cm. Daily SM values for each depth were derived by averaging 175 

the hourly measurements. Corresponding water storage (in mm) was calculated by multiplying the 176 

SM values by the thickness of each soil layer (in mm). The total soil profile was assumed to extend 177 

to 70 cm. 178 

REW is the fraction of the available soil water (AWC) that the plants can use for their physiological 179 

needs. It constitutes a standardized measure for plant water stress studies, which ranges from 0 to 1 180 

(from wilting point to field capacity, respectively) and it was calculated by using the following 181 

equation: 182 

REW =
SM−θWP

θFC−θWP
     (5) 183 



 

 

where, SM is the daily soil moisture values, θWP = 0.111 m3/m3 is the SM value at the wilting point 184 

and θFC = 0.258 m3/m3 is the SM value at field capacity (pF curves - Bourletsikas et al. 2023).  185 

 The dataset of soil-water related parameters used in this study consists of 262,944 values 186 

covering the period 2013-2022. The gaps in data generally are due to sensors’ malfunctioning. In 187 

these cases, the missing data were completed by records from the soil sensors established at the same 188 

depths in the other replicates. In cases where at a specific depth all sensors were not operating (178 189 

days – 4.9%), soil moisture across the whole profile was estimated by the measurements from the 190 

sensors in the remaining depths. 191 

 192 

2.2.2 Phenological observations 193 

Three phenological stages (LUD, DEF, and FL) were monitored for a period of ten years (2013 – 194 

2022), for the three dominant species: Q. ilex, A. unedo, and P. latifolia. Observations and data 195 

collection inside the plot followed the guidelines outlined in the ICP Forests manual (Raspe et al. 196 

2020). The phenological stages of the trees within the plot were scored based on observations of both 197 

the upper and middle parts of the crown (Table 1). A well-trained local observer conducted weekly 198 

assessments using binoculars. The observed information derived from the whole stand (45 X 33 m) 199 

as a percentage of each phenological stage and each tree species. For the FL stage, the reports included 200 

only absence or presence (Table 1). Different intensities (codes) of a phenological stage were repeated 201 

until the conclusion of the events (Raspe et al. 2020 – ICP Forests manual). 202 

 203 

Table 1. Codes and Descriptions of the Quantitative and Qualitative information for the three 204 

phenological stages (Raspe et al. 2020 – ICP Forests manual).  205 

Code   

Intensity  

LUD and DEF FL 

Description Quantification Description 

1 not occuring <1% Absent 

2 Infrequent 1 - 33% Present 



 

 

3 Common >33 - 66% Sparse 

4 Abundant >66 - 99% Moderate 

5 Complete >99% Abundant 

 206 

3. Results and Discussion 207 

3.1. Vegetation’s phenological response to hydrometeorogical conditions 208 

Figure 2 presents data on PRB, mean AT and SM for the first (_1) and second (_2) quarters of each 209 

observation year. In contrast, Figure 3 depicts  phenological stages, their duration and intensity 210 

(different steps in each year).  211 

Results show that AT remains relatively stable over the 10-year period, whereas PRB and SM showed 212 

considerable variability. By integrating the information from Figures 2 and 3, it becomes evident that 213 

SM is a key driver in triggering phenological stages. This is especially pronounced when comparing 214 

the wet year (2014) with the dry year (2017), where reduced PRB and SM corresponded with shifts 215 

in phenological timing and intensity. More specifically, in 2017, PRB was reduced by 29.3% in the 216 

first quarter (PRB_1) and by 79.5% in the second quarter (PRB_2) compared to the respective values 217 

in 2014. Correspondingly, SM_1 in 2017 showed decreased value (0.235 cm3/cm3) compared to 2014 218 

(0.250 cm3/cm3) by 6.1%, whereas SM_2 also decreased but with a higher rate (26.8%). Therefore, 219 

the regional hydrological regime strongly influenced both the timing and duration of phenological 220 

stages.  221 

 222 



 

 

 223 

Figure 2. Precipitation (PRB × 10), mean air temperature (AT), and soil moisture (SM) recorded for 224 

the first (_1) and second (_2) quarters of each year.  225 
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 228 

Figure 3. Stage length (SL) of phenological stages observed over a 10-year monitoring period in the 229 

study area: Leaf unfolding (LUD), defoliation (DEF) and flowering (FL) for the three dominant forest 230 

species Q. ilex (a, d, g), A. unedo (b, e, h) and P. latifolia (c, f, i), respectively. The  x-axis represents 231 

Day Of the Year (DOY). Τhe stepwise patterns within each year’s SL indicate the different intensity 232 

of each phenological stage (see Table 1). 233 
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Figure 3 shows that  Q. ilex exhibited a notable 49-day delay in the onset of LUD in 2014 compared 235 

to  2017, while A. unedo and P. latifolia showed delays of 34 and 15 days, respectively. Though, it 236 

should be noted, that this pattern was not consistent in 2020, the driest  year in terms of PRB. In 2020, 237 

LUD onset for Q. ilex occurred 35 days earlier compared to 2017. However, in this year SM_1 238 

retained relatively high values (0.243 cm3/cm3), similar to 2014 (0.244 cm3/cm3), even if the PRB_1 239 

was reduced, and this probably affected the beginning of the LUD stage, suggesting that increased 240 

water availability in the root-zone during the first quarter of the year may negatively affect the LUD 241 

stage onset. This relationship between SM and the onset of LUD is generally confirmed for all years 242 

of measurement, except for 2016 and 2021. During these years, SM_1 was high, exceeding 0.263 but 243 

the onset of LUD was delayed by 26 days compared to 2017, probably due to the higher air 244 

temperatures (AT_1) persisting at the site (9.2 oC in 2016 and 8.5 oC in 2021). These interactions 245 

indicate that both SM and AT jointly regulate phenological timing, with the plants adjusting stage 246 

duration, demonstrating remarkable adaptability.  247 

DEF also exhibited a delayed onset during the wet year (2014). For Q. ilex, DEF began on 19 May, 248 

resulting in an 18-day delay compared to the start date of 1 May in 2017. Respectively, the delay for 249 

the beginning of the DEF stage for A. unedo was 49 days and for P. latifolia 42 days. The relatively 250 

shorter delay observed in Q. ilex under dry conditions may be linked to the greater plasticity of leaf 251 

morphological, anatomical, and physiological traits, as reported in mature Mediterranean maquis 252 

communities dominated by Q. ilex, P. latifolia, and Pistacia lentiscus in Italy (Gratani et al., 2006). 253 

Additionally, evidence of drought acclimatization in Q. ilex leaves was observed from litterfall traps 254 

installed inside the study area for LAI measurements (Bourletsikas 2024). Such acclimatization 255 

enhances tolerance to moderate drought conditions but does not confer resistance to severe water 256 

stress (Limousin et al. 2022), highlighting also vegetation adaptation mechanisms to confront drought 257 

(Barbeta & Penuelas 2016) and underscoring the need for further investigation. 258 

 Regarding FL, patterns also varied across the observation years, generally following LUD patterns, 259 

although dry conditions shortened FL duration. More specifically, in Q. ilex, FL started the same day 260 



 

 

with LUD in the wet year (2014), while it showed a delay of 17 days in the dry year (2017). In general, 261 

the FL stage for Q. ilex presents a 13-day delay compared with LUD stage, varying from 0 days 262 

(2014) to 21 days (2018). Especially, in 2018, the SL for FL was only 13 days. On the first day, the 263 

SM value recorded 0.124 m3/m3, corresponding to 8.5% REW, indicating that Q. ilex was subjected 264 

to intense water stress. Monthly SM was the lowest in September 2017 (0.116 m3/m3, close to θWP), 265 

followed by September 2018 and October 2017 (0.119 m3/m3), compared to all other months across 266 

all years. This indicates that natural vegetation experienced substantial water stress extending into 267 

late autumn. These conditions likely contributed to delayed FL of A. unedo by approximately 1.0 to 268 

1.5 months (Figure 3), shifting it into winter months in some years (Bourletsikas et al., 2023). 269 

 270 

3.2. Inversed Interaction of Phenology, Vegetation, and Hydrometeorology – Management context 271 

Vegetation is a fundamental component of terrestrial ecosystems, closely interacting with 272 

hydrological and other environmental processes (Liu et al., 2023). Previous studies reported that an 273 

increase of the climate conditions intensity, may result in a prolongation of the growing season 274 

(Ogaya & Penuelas 2006, Gunderson et al., 2012). The latter, could lead to an increase of VPD (Yuan 275 

et al., 2019), evapotranspiration (Condon et al., 2020), variability in PRB (Sardans & Penuelas 2013, 276 

Proutsos et al. 2022, Douville et al. 2021), and SM imbalance (Deng et al. 2020, Zhang et al., 2021, 277 

Liu and Yang 2023). These remarkable changes can, on one hand, challenge vegetation resilience and 278 

on the other hand, redistribute vegetation community structure.  279 

Our findings suggest that vegetation – having adapted to local hydrometeorological conditions – 280 

reveals an inverse influence on the selected parameters (SM, VPD and REW) related to water 281 

availability and the duration of phenological stages (SL). This bidirectional relationship is a key 282 

finding that requires further investigation, including consideration of additional biotic and/or abiotic 283 

factors, especially under future climatic scenarios (Lee et al. 2023). 284 

Hydroecologically, in a management and future research context, these findings suggest 285 

incorporating species‐level physiological traits, and seasonal phenological patterns, when assessing 286 



 

 

ecosystem resistance to drought and climatic variability (Menzel et al. 2006, Limousin et al., 2009). 287 

Selecting and assembling species based on co-occurring ecophysiological functions may enhance 288 

adaptive capacity, preserve stability in MED-type forest ecosystems, and support biodiversity 289 

conservation by maintaining functionally diverse communities and reducing the risk of drought-290 

driven local extinctions. Additionally, long-term species-specific monitoring of phenological 291 

responses helps to better understand forest resilience and potential replacement in vegetation 292 

composition (Vico et al. 2015, Peñuelas et al. 2018), with direct implications for biodiversity 293 

conservation planning (e.g., identifying vulnerability species, prioritizing mixed stands and designing 294 

restoration strategies that sustain habitat heterogeneity. Future research should also integrate 295 

phenological observations with remote sensing techniques, including the use of Normalized 296 

Difference Vegetation Index (NDVI) thresholds, to effectively assess stress responses and changes in 297 

productivity (Maselli et al. 2014, Touhami et al. 2023, Benito-Verdugo 2024).  298 

 299 

3.3. Hydrometeorological conditions driving the initiation of vegetation phenology 300 

To identify threshold conditions, especially minimum ones, four microclimatic variables (SL, SM, 301 

VPD and REW) were investigated (Table 2). Among the studied species, Q. ilex demonstrated the 302 

highest resilience to limited soil moisture availability. This is evident from its lower water 303 

requirements for initiating phenological stages, compared to the other two species (Table 2). 304 

However, this implies a greater energy investment is required by Q. ilex to support these stages 305 

(Vicente et al. 2018). A prolonged drought period could erode this competitive advantage, making Q. 306 

ilex more vulnerable and potentially leading to its replacement by more drought-tolerant species 307 

(Ogaya & Peñuelas, 2006). This underscores the dynamic nature of competitive hierarchies in eastern 308 

MED forest ecosystems, driven by interannual variability in hydrological conditions. Fortunately, 309 

based on the available vegetative and climatic data, there is currently no clear evidence that such a 310 

shift is occurring—even though the first quarter of the century has already elapsed. Therefore, it is 311 

not evident how this natural forest will adjust to a potential prolonged drought. 312 



 

 

 313 

Table 2. Mean and minimum values of the analyzed microclimatic variables for the three dominant 314 

forest species in the study area. Mean values correspond to the 10-year monitoring period (2013-315 

2022), while the minimum values refer to conditions recorded on the onset dates of each phenological 316 

stage within the same period. Mean PRB refers to the total rainfall accumulated over the duration of 317 

each stage. 318 

Phenolo-

gical 

Stage 

Start 

(DOY) 

PRB 

(mm) 

SL 

(Days) 

SM 

(m3/m3) 

AT 

(oC) 

VPD 

(kPa) 

REW 

Average Min Average Average Min Average Min Average Min Average Min Average Min 

Q. ilex 

LUD 115 90 99 49 34 0.219 0.195 16.0 12.5 0.769 0.090 0.752 0.591 

DEF 129 114 68 36 27 0.201 0.124 19.2 15.1 1.083 0.089 0.710 0.483 

FL 130 107 76 27 13 0.201 0.124 18.0 13.5 0.942 0.000 0.629 0.088 

  A. unedo 

LUD 101 71 125 63 48 0.236 0.213 12.7 10.0 0.631 0.000 0.874 0.717 

DEF 111 90 86 65 34 0.225 0.199 14.7 9.6 0.736 0.000 0.797 0.615 

FL 315 277 205 34 21 0.202 0.142 12.6 4.9 0.429 0.000 0.640 0.215 

  P. latifolia 

LUD 99 83 135 66 83 0.239 0.206 13.5 9.5 0.765 0.000 0.897 0.665 

DEF 109 90 86 52 41 0.226 0.202 14.0 9.6 0.704 0.000 0.805 0.639 

FL 97 45 155 34 14 0.253 0.197 10.1 1.3 0.296 0.123 0.994 0.602 

 319 

The drought tolerance of Q. ilex was documented by several researchers through various phenological 320 

traits (Castell et al. 1994, Ogaya & Peñuelas 2006, Gratani et al. 2006, Aguadé et al. 2015, Camarero 321 

et al. 2016). According to Lobo et al. (2018), Q. ilex and Q. suber exhibited the lowest hydraulic 322 

conductivity and therefore the highest embolism resistance among Mediterranean oaks, with 323 

thresholds of -7.13 MPa and -5.52 MPa, respectively. Furthermore, any phenological response 324 

manifested as an extended development period may largely be attributed to the phenotypic plasticity 325 



 

 

of each forest species (Franks et al. 2014). This trait is further supported by the deeper rooting system 326 

of Q. ilex in comparison to A. unedo and P. latifolia (Castell et al. 1994, Vicente et al. 2018). 327 

The difference observed in AT data between plant species, with Q. ilex consistently presenting higher 328 

microclimatic temperatures, probably reflects differences in canopy structure and albedo combined.  329 

Being a late-successional and well-established tree species (Bussoti & Pollastrini 2020), Q. ilex 330 

provides a denser canopy structure less efficient for radiation interception than the more diffuse crown 331 

of P. latifolia and A. unedo (Valladares et al. 2006, Moreno & Oechel 2012). This structural feature 332 

might favor local heating, as described for oak-dominated Mediterranean woodlands (Maestra & 333 

Cortina 2004). The higher water availability in P. latifolia plots could also be associated with its more 334 

conservative water use (Table 2) and a greater root-to-shoot ratio, which could affect water flux and 335 

storage in MED soils (Sardans & Penuelas 2013). 336 

The higher relative extractable water (REW) observed under P. latifolia suggests that some 337 

sclerophyllous shrubs can enhance soil water storage capacity in the litter layer and exhibit lower 338 

transpiration demands (Gallardo & Merino 1993, D’Odorico et al. 2005). 339 

Finally, it is worth noting that A. unedo and P. latifolia (compared with Q. ilex), appear to require 340 

lower VPD for phenological initiation, which could likely be attributed to differences in leaf 341 

conductance and stomatal sensitivity to atmospheric dryness   (Flexas & Medrano 2002, Diaz-Guerra 342 

et al. 2019, Koutra et al. 2022). 343 

 344 

3.4. Strengths and limitations of the research study 345 

This study presents a valuable long-term investigation of the relationships among microclimate, soil 346 

moisture, and phenological dynamics in eastern MED forest ecosystems under conditions of climate 347 

variability. It provides important insights from relatively understudied eastern MED ecosystems, 348 

revealing regional ecological patterns that may differ from those reported in more extensively studied 349 

western and central MED areas. Comparative assessment of three dominant species enhances the 350 

ecological relevance of the work by highlighting species-specific adaptation mechanisms and 351 



 

 

responses to water limitation. Moreover, integrating long-term microclimatic, hydrological, and 352 

phenological data strengthens the study’s contribution to understanding forest ecosystem responses 353 

to ongoing climate change and enriches current forest research in MED. 354 

Despite the strengths of our long-term dataset and field-based methodology, some limitations should 355 

be considered. First, our reliance on a single experimental plot may constrain the generalizability of 356 

our findings to the broader eastern Mediterranean region, given the substantial variability in soil type, 357 

aspect, and forest structure. Second, although the 10-year study period exhibited significant 358 

interannual variation, it may not fully capture long-term climate trends or the occurrence of future 359 

extreme events. Furthermore, the relatively wet conditions during the study period may have resulted 360 

in an underestimation of drought impacts on phenological stages. Lastly, our exclusive focus on SM, 361 

AT, VPD, PRB and REW precluded the examination of other potentially influential drivers, such as 362 

nutrient availability, biotic interactions, and genetic variation, which may also affect phenological 363 

responses. 364 

 365 

4. Conclusions 366 

Our results highlight the importance of vegetation identity and phenology in shaping microclimatic 367 

and soil water conditions of eastern Mediterranean evergreen broadleaved forests. The differences 368 

observed in the case of the three sclerophyllous species considered (Q. ilex, A. unedo, and P. latifolia), 369 

indicate that functional leaf and stem traits related to canopy structure and water use strategy can be 370 

modulated by significant ecological variables such as air temperature, soil moisture, vapor pressure 371 

deficit, and relative extractable water.  372 

Soil moisture (SM) and relative extractable water (REW) emerged as the primary controls on the 373 

timing and duration of phenological stages, exceeding the direct influence of air temperature alone. 374 

Early initiation and prolonged stage length were most evident in years with strong seasonal contrasts 375 

in water availability (e.g., 2014 vs. 2017), highlighting the importance of intra-annual hydrological 376 



 

 

variability. These findings confirm that phenological dynamics in eastern Mediterranean maquis 377 

ecosystems are closely link to root-zone water status rather than precipitation totals. 378 

Among the studied species, Q. ilex showed that it can be better overcome water deficit periods, 379 

exhibiting competition against the other two species and maintaining earlier onset of leaf unfolding 380 

and a longer stage duration during dry years. This behavior aligns with its deep rooting system, low 381 

hydraulic conductivity, and high resistance to embolism, reinforcing its competitive advantage under 382 

moderate drought conditions. Explicit long-term water-stress studies in the eastern Mediterranean 383 

remain relatively limited, but existing evidence supports analogous vegetative adaptive dynamics to 384 

those in the western Mediterranean.  385 

In contrast, P. latifolia and A. unedo showed less flexibility in phenological timing compared to Q. 386 

ilex, highlighting interspecific differences in adaptive strategies. Notably, flowering in A. unedo was 387 

substantially delayed in dry years (e.g. 2017), indicating that reproductive phenology is particularly 388 

vulnerable to late-summer and autumn water deficits. 389 

Our results also reveal bidirectional feedback between vegetation and microclimate: As phenological 390 

stages progressed (especially during defoliation), local air temperature and atmospheric dryness 391 

(VPD) tended to increase, while soil water availability declined. These interactions indicate that 392 

vegetation not only responds to climate but actively modulates its immediate environment through 393 

canopy structure, transpiration, and litter dynamics. 394 

Overall, the studied period was relatively wet compared to projected future conditions. These mature 395 

ecosystems are regionally adapted to the meteorological conditions of the broader area, demonstrating 396 

similar adaptive responses to these in western Mediterranean forests, concerning the delayed onset 397 

and the length of the phenological stages investigated. While the ecosystem currently exhibits such 398 

resilience, the consequences of more frequent and prolonged drought events remain uncertain. Long-399 

term, species-specific monitoring (ideally combined with remote sensing approaches such as NDVI 400 

thresholds) will be essential to detect early warning signals of stress, potential species turnover, and 401 

probable shifts in community composition. From a management perspective, maintaining mixed 402 



 

 

stands with complementary hydraulic and phenological traits may enhance ecosystem stability under 403 

climate variability. Conservation and restoration strategies should prioritize functional diversity, 404 

safeguard deep-rooted species like Q. ilex, and preserve habitat heterogeneity to buffer against 405 

increasing climatic extremes. 406 
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