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Abstract In Mediterranean forests, where seasonal drought imposes severe physiological 12 

constraints, the timing and dynamics of tree growth are shaped not only by climate but also by 13 

interspecific interactions. However, how these factors influence intra-annual growth phenology 14 

remains poorly understood. Here, we used biweekly band dendrometer data from 154 trees 15 

across seven pure and mixed sample plots in the Spanish Northern Plateau to investigate how 16 

stand composition and interspecific competition affect phenological events, seasonal growth 17 

rates, and tree water deficit (TWD) in four tree species: Pinus pinea, Pinus pinaster, Quercus 18 

ilex and Juniperus thurifera. We found that the identity of surrounding species significantly 19 

altered the timing and magnitude of growth, particularly in spring and early summer. Species 20 

mixing tended to advance spring onset in J. thurifera, but delayed it in Q. ilex and P. pinaster. 21 

Under strong interspecific competition most species showed increased growth rates during dry 22 

springs, consistent with the stress-gradient hypothesis. In contrast, Q. ilex exhibited the opposite 23 

pattern under wetter conditions, suffering increased TWD and reduced growth in mixtures. 24 

These divergent responses were driven by species-specific water-use strategies and seasonal 25 

asynchrony in root activity. Our findings demonstrate that interspecific interactions can either 26 

buffer or amplify climatic stress, depending on species identity and season. By linking cambial 27 

phenology, growth dynamics, and water deficit under varying competition contexts, this study 28 

provides new insight into the mechanisms of climate buffering in Mediterranean forests – and 29 

underscores the importance of species composition in supporting forest resilience under climate 30 

change.  31 
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1. Introduction 50 

Forests in the Mediterranean Basin are crucial to the environmental and economic stability 51 

of the region. They regulate ecosystem functions, buffer extreme weather events, and support 52 

vital services like water purification and aquifer recharge (David et al. 2016; Vicente et al. 2018; 53 

Appiagyei et al. 2022). However, the region is increasingly threatened by aridification, water 54 

scarcity, and land degradation (Kutiel 2019; Noto et al. 2023b), largely driven by declining 55 

spring precipitation (Bevacqua et al. 2022; Gonzalez-Hidalgo et al. 2024). These trends 56 

undermine forest productivity and carbon sequestration (Díaz-Martínez et al. 2023) and 57 

increase mortality risks (Noto et al. 2023a). Understanding the factors that sustain forest 58 

stability in Mediterranean forests under climate change is therefore essential. While forest 59 

management can reinforce resilience (MedECC 2020), the health of individual trees – reflected 60 

in their secondary growth – plays a crucial role. This growth results from complex physiological 61 

processes that unfold at an intra-annual scale and respond to climatic fluctuations (De Swaef et 62 

al. 2015; Lambers and Oliveira 2019). 63 

Band dendrometers enable high-resolution monitoring of forest growth dynamics, providing 64 

insights into plant water status (De Swaef et al. 2015), the relationship between growth and 65 

short-term climatic conditions (Miller et al. 2022) and the amount of carbon uptake (McMahon 66 

and Parker 2015). Cambium activity in trees is broadly influenced by soil water availability, 67 

which regulates growth dynamics across seasons (Vieira et al. 2019), resulting in a more 68 

pronounced bimodal growth in drier sites (Tumajer et al. 2021). For instance, Mediterranean 69 

forests typically follow a bimodal pattern of intra-annual tree growth (Camarero et al. 2010; 70 

Campelo et al. 2018, 2021), with active growth occurring during favourable water conditions 71 

in spring and autumn, while pausing during the dry summer. Nevertheless, Mediterranean tree 72 

species differ in their sensitivity to climate, often resulting in species-specific growth rates – 73 

even within the same site, although differences are not always apparent (Tumajer et al. 2021). 74 

Such variability can alter the general bimodal pattern of intra-annual growth,  demonstrating 75 

the plasticity of Mediterranean trees in adapting to diverse conditions (Gutiérrez et al. 2011; 76 

Camarero et al. 2021). Nevertheless, multiple factors modulate the timing and intensity of 77 

xylogenesis throughout the year. A deeper understanding of these processes is crucial for 78 

developing strategies  to support tree vitality and  forest stability under changing environmental 79 

conditions. 80 

Under wetter conditions, when water availability is not the primary limiting factor, the 81 

bimodal growth pattern may decrease or even disappear (Martínez-Sancho et al. 2017; Campelo 82 
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et al. 2018; Askarieh et al. 2024). In general, Mediterranean tree speciesnahow a convergent 83 

respons to favourable spring weather, during which most of the annual growth is concentrated 84 

(Gutiérrez et al. 2011; Lempereur et al. 2015; Vieira et al. 2020).  85 

In summer, however, growth becomes highly variable, being closely linked to both current 86 

precipitation regime and residual soil moisture from spring (Vieira et al. 2014; Martín et al. 87 

2014; Moreno-Fernández et al. 2021), which together shape plant water potential (Lempereur 88 

et al. 2015). Interestingly, drought tolerance varies considerably among species: less drought-89 

tolerant, isohydric species (e.g., Pinus pinea) tend to strictly follow a bimodal growth pattern , 90 

while more drought-tolerant, anisohydric, species (e.g., Quercus ilex) can maintain summer 91 

growth (Mayoral et al. 2015; Sperlich et al. 2019; Campelo et al. 2021), thereby avoiding carbon 92 

starvation (Calama et al. 2023). Resuming cambial activity in autumn allows trees to recover 93 

from the stem shrinkage caused by summer drought (Martín et al. 2014; Vieira et al. 2019). 94 

Autumn growth depends on late summer and  autumn precipitation, and only occurs if water 95 

availability is sufficient (Aldea et al. 2017; Vieira et al. 2020; Campelo et al. 2021).  96 

In winter, low temperatures and short photoperiods (Huang et al. 2020) inhibit cambial activity 97 

(Gutiérrez et al. 2011; de-Dios-García et al. 2018). However, in Mediterranean regions, winter 98 

temperatures may not be low enough to fully supress cambial activity, allowing for limited 99 

cambial activity even in colder month (Martín et al. 2014).  100 

As Mediterranean tree species respond to seasonal fluctuations in water availability and 101 

temperature, they adjust their growth patterns through distinct phenological events. These 102 

adaptations are reflected in the phenology of both  primary meristems (budburst, flowering, 103 

leafing) and secondary meristems (cambial activity), which together define annual growth 104 

cycles. However, as long-lived organisms, trees have limited capacity to track rapid 105 

environmental changes through phenological adjustments (Kramer et al. 2000; Huang et al. 106 

2020). Photoperiod remains the dominant cue  for growth initiation and cessation in many 107 

species (Huang et al. 2020). While warmer temperatures can advance growth onset and 108 

potentially prolong the wood formation period (Gordo and Sanz 2010; Rossi et al. 2016; Gao 109 

et al. 2022),these responses are not strictly linear (Morin et al. 2010). In fact, drought can 110 

override temperature-induced phenological shifts, constraining growth (Díaz-Martínez et al. 111 

2023) and ultimately increasing mortality risk (Morin et al. 2010; Valeriano et al. 2021). 112 

The duration of cambial activity, determined by the onset and cessation of xylogenesis, may 113 

greatly influence annual growth accumulation, as shown for Quercus ilex (Lempereur et al. 114 

2015, 2017). However, this relationship is not universal. In certain conifer species, such as 115 
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Pinus pinaster, Pinus ponderosa, and Juniperus przewalskii, it is the rate of growth, rather than 116 

the duration of the growth period, that primarily determines final wood production (Vieira et al. 117 

2014, 2015; Ren et al. 2019). While temperature-driven responses tend to be consistent across 118 

species, responses to soil water balance are often species-specific. As a result, phenological 119 

patterns remain relatively stable in areas with moderate temperatures, whereas in drier 120 

environments, year-to-year variability in growth phenology can be substantial (Tumajer et al. 121 

2021).  122 

Interspecific interactions, such as competition or facilitation (Grossiord 2020), can 123 

significantly modify tree responses to environmental conditions and also shape intra-annual 124 

growth dynamics (Metz et al. 2020; Pretzsch 2022). For example, Pinus pinaster trees in mixed-125 

species stands have shown enhanced intra-annual growth (Askarieh et al. 2024). Reducing stand 126 

density – and thereby relieving competition pressure – can promote the growth of remaining 127 

individuals, as demonstrated in thinning experiments involving Quercus spp.(Moreno-128 

Fernández et al. 2021) and in mixed Pinus spp. and Quercus spp. forests in Catalonia (Collado 129 

et al. 2023). Daily growth of  Pinus pinea and Juniperus thurifera appears to be constrained 130 

conspecific neighbours than by heterospecifics, indicating a competition reduction effect in 131 

mixed stands (de-Dios-García et al. 2018). Similarly, suppressed Quercus ilex individuals 132 

responded only weakly to increased light and water availability when surrounded by 133 

conspecifics, even after thinning (Aldea et al. 2017). However,  other studies suggest that intra-134 

specific competition may not significantly affect Quercus ilex growth (de-Dios-García et al. 135 

2018). Both Pinus spp. and Quercus spp. exhibited synchronous daily growth responses to 136 

temperature and precipitation, particularly in spring (Sánchez-Costa et al. 2015a; Campelo et 137 

al. 2021), indicating they may compete within similar spatio-temporal niche (Aldea et al. 2018). 138 

However, such niche overlap appears limited to periods when water availability is not a major 139 

limiting factor, and competition remains low. As the dry season progresses, species may access 140 

different soil water pools, as shown for Pinus halepensis (shallow water use) and Quercus ilex 141 

(deep water uptake) (del Castillo et al. 2016).  142 

A growing body of evidence indicates that in Mediterranean ecosystems, species with 143 

contrasting hydraulic traits can benefit from growing in mixed stands through complementary 144 

mechanisms, which may enhance growth and mitigate stress under climate change conditions 145 

(de-Dios-García et al. 2015; Calama et al. 2019; del Río et al. 2021; Pardos et al. 2021a; 146 

Vergarechea et al. 2021; Jankowski et al. 2024). Yet, few studies have investigated how 147 

interspecific interactions impact xylogenesis phenology and subsequent growth patterns. If 148 
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facilitation or more acute competition occurs in mixed stands, it may lead to altered responses 149 

to climatic conditions compared to pure stands, potentially resulting in distinct growth patterns.  150 

Band dendrometers offer valuable means to capture these dynamics, as they allow fine-151 

scale detection of tree responses to short-term climatic fluctuations under varying competition 152 

regimes (Deslauriers et al. 2007). Despite these advances, the role of interspecific interactions 153 

in shaping the timing and dynamics of intra-annual wood formation remains insufficiently 154 

understood - particular in water-limited environments, where seasonal climate constraints and 155 

and species-specific physiology interact in complex ways.  156 

In this study, we investigate the intra-annual growth dynamics of Pinus pinea L. (P. 157 

pinea), Pinus pinaster Ait. (P. pinaster), Juniperus thurifera L. (J. thurifera), and Quercus ilex 158 

L. (Q. ilex), which are the primary tree species of pure and mixed stands of the Spanish Northern 159 

Plateau. We address the following questions: 1) Does stand composition (mixed vs. pure) alter 160 

the growth phases across species?  2) Do interspecific interactions modulate tree growth 161 

differently among species and across the growing season? 3) Is summer growth depression 162 

intensified or mitigated by  interspecific interactions? These questions form the basis for three 163 

hypotheses, guided by the expectation that mixed stands generally promote higher growth 164 

performance and buffer environmental stresses. 165 

Hypothesis I. Stand composition influences the phenology of the studied species, with trees in 166 

mixed stands showing shifts in growth onset and cessation compared to those in pure stands.  167 

Hypothesis II. Interspecific interactions have seasonally distinct effects on tree stem growth. 168 

Specifically, we hypothesize that mixed stands enhance growth rates during favourable periods 169 

(spring and autumn) and to buffer environmental stress during summer. 170 

Hypothesis III. Summer growth depression is less pronounced in mixed stands due to 171 

interspecific interactions.172 
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2. Materials and Methods  173 

2.1. Area of the study 174 

The study was conducted on the Public Forest “El Carrascal” (41°35’17.9”N 175 

4°21’28.0”W), located in the Spanish Northern Plateau, at 885 m a.s.l. The forest covers a 176 

uniform area of ~ 1100 ha and is composed mainly of P. pinea, P. pinaster, J. thurifera and  177 

Q. ilex tree species, which constitute pure and mixed stands within the unit. The main soil types 178 

are calcareous cambisols and arkosic sands with water holding capacity of 176 mm × m -1 (de-179 

Dios-García et al. 2018).  Since 1985, the forest is owned and managed by the Forest Service 180 

of Junta de Castilla y León.  181 

The climate is continental Mediterranean. Between 1996 and 2021, the climate was 182 

characterized by a) very hot summers (average maximum daily temperatures of 30 ± 2.5 °C 183 

during June - September); b) cold winters (daily temperatures during December-February of 184 

0.2 ± 1.8 °C on average); c) lack of water supply during summer months (June - September), 185 

when the water deficit reached - 89 ± 31 mm. The mean temperature was 12.2 ± 6.5 °C and the 186 

yearly precipitation sum reached 444 ± 105 mm (Fig. 1: 1996-2021, Table S1). During the study 187 

period (2022–2024), climatic conditions varied across years, especially in autumn and winter. 188 

Autumn and winter were wetter in 2023 and 2024 compared to 2022. In contrast, spring and 189 

summer conditions were more stable, with modest interannual variation in temperature and 190 

consistently low summer rainfall. Spring precipitation ranged from 45 mm in 2023 to 136 mm 191 

in 2024, while summer rainfall remained below 80 mm each year. Temperatures showed only 192 

slight differences across seasons and years (Fig. 1, Table S2). 193 

2.2. Experimental design 194 

We collected the data on seven rectangular sample plots, ranging between 0.15 and 0.48 ha, 195 

which were installed on November 2021. The plots cover a total area of 2.05 ha. Four of the 196 

plots represent pure stands of the analysed species (J. thurifera (Jt), P. pinea (Pp), P. pinaster 197 

(Pt), Q. ilex (Qi)) and three of them are mixed stands.  198 

The characteristics of the plots and species-level dendrometric attributes are detailed in  199 

Table S3. All trees with diameter at breast height (DBH) over 7 cm  (in P. pinea, P. pinaster) or  200 

5 cm (in J. thurifera, Q. ilex) were inventoried. Basic dendrometric measurements of the trees 201 

were taken, including DBH  (cm, tape), height (m; Vertex®) and position (X, Y coordinates, 202 

using distance from the plot centre [m] and azimuth [°]; Suunto®). On April 2022, we installed 203 

15 stainless-steel band dendrometers (precision up to 0.01 mm) per plot and species, making 204 
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up to a total of 154 dendrometers. Trees selected for  dendrometer installation spanned the full 205 

DBH range of each species. Detailed characteristics by species, stand type, and DBH class are 206 

presented in Table S4. Initial DBH after dendrometers installation was recorded. Since 207 

installation, changes in circumference were recorded 44 times, at intervals of 16 ± 1 days (every 208 

30 ± 7 days during winter), spanning over a total of 26 months.  209 

2.3. Single tree competition 210 

Using the position of trees within each plot, we calculated the competition experienced by 211 

each tree where dendrometers were installed (subject tree). We used the distance-dependent 212 

Hegyi competition index (HGCI),which describes competition as the ratio of DBH of every k-213 

th competitor tree (DBHk), and the product between the DBH of i-th subject tree’s (DBHi) and 214 

the distance between the i-th subject tree and the k-th neighbour tree (distik). The ratios are then 215 

summed up over all n competitors separately for every subject tree (Hegyi 1974): 216 𝐻𝐺𝐶ܫ௜ =  ∑ 𝐻௞ܤܦ 𝐻௜ܤܦ) × ௜௞)⁄௡௞=1ݐݏ݅݀   217 

We also quantified how much of this overall competition is due to heterogeneous species 218 

influence on each  i-th dendrometer tree, as: 219 𝐶ܫ. ௜ݎ݁ݐ݊݅ = 𝐶ܫ. ஺௕௦|௜ݎ݁ݐ݊݅ 𝐻𝐺𝐶ܫ௜⁄ × 100 [%]       220 

where: 221 

CI.interAbs|i : sum of competition exerted by heterogenous tree’s species neighbours on 222 

dendrometer tree i. 223 

CI.interi : interspecific competition rate (as percentage), indicating the proportion of total 224 

competition that is inter-specific. 225 

2.4. Data preparation 226 

Cumulative basal area increment (CBA; cm2) was derived from raw girth increment 227 

measurements recorded on dendrometers. First, each tree DBH was converted to an initial girth. 228 

Subsequent changes in girth (as recorder by the dendrometers) were then summed up to estimate 229 

girth at each measurement date. From these girth values, we derived the corresponding basal 230 

area for each measurement. Next, we computed the daily basal area increment  231 

(DBA; cm2 / day) by dividing the difference between consecutive basal area measurements by 232 

the number of days separating those measurements. The CBA for each tree was then obtained 233 

by summing up these daily basal area increments from the first measurement date until the last.  234 
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Finally, we reset CBA curves at the start of each year. A detailed step-by-step explanation of the 235 

calculations is available in Supplementary Information (SI), paragraph 1.  236 

2.5. Phenological events identification     237 

In order to analyse the course of observed values of CBA, we identified the phenological 238 

events (PE), as days of year (DOY) when a significant change in the tree’s growth dynamics 239 

occurred. Taking into account the bimodal pattern of annual growth typical of Mediterranean 240 

species (Camarero et al. 2010), four main phenological events were proposed: 241 

- Growth onset (PE1); representing the moment when tree restarts girth growth after winter 242 

stop.  243 

- Summer cessation (PE2): representing the moment when tree reduces or even stops growth 244 

as a response to summer limiting conditions. 245 

- Autumn onset (PE3): representing the moment when, at the end of summer and in 246 

coincidence with the beginning of fall season rain, tree experiences a second period of 247 

significant growth. 248 

- Year cessation (PE4); representing the moment when tree reduces or even stops growth as 249 

a response to winter limiting conditions. 250 

The PEs were identified separately for every i-th tree of the j-th plot within each year y. To 251 

prevent bias due to subjectivity on visual identification of the PEs, we used an automatized 252 

algorithm described in Jankowski et al (2025). The proposed approach relies on the premise 253 

that the physiological activity of the cambium depends primarily on temperature and water 254 

availability (Lambers and Oliveira 2019). The algorithm uses mean biweekly temperatures and 255 

precipitation sums to make a preliminary identification of growth periods. Phenological events 256 

are then identified by searching an inflection point within the period, defined as the moment 257 

when a certain CBA threshold is surpassed. The different steps of the algorithm can be 258 

summarised as: 259 

- Step 1. Determination of thermal seasons. Assigning each two-week period of  y-th year 260 

to a thermal season (winter, spring, summer and fall) and based on average temperature  261 

(< 8ºC, 8ºC - 20ºC, > 20ºC, 8ºC - 20ºC). 262 

- Step 2. Standardization of daily basal area increment.  To make daily basal area 263 

increment values comparable across years and trees within a species, we standardized them for 264 

all trees of a species, year by year, creating the standardized daily basal area variation measure.  265 
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- Step 3. Identification of spring and autumn thresholds: growth and autumn onset are 266 

identified based on the DOY  within a thermal season when each tree surpasses an established 267 

threshold of standardized daily basal area increment.  268 

- Step 4. Identification of summer threshold. Identified as the first maximum in the growth 269 

curve once seasonal summer has started. 270 

2.6. Duration of the seasons 271 

Because Mediterranean trees exhibit a bimodal growth pattern, each year contains more than 272 

one growing phase (Camarero et al. 2010; Vieira et al. 2013). From the four PEs described 273 

above, we additionally calculated the duration of the intra-annual growth periods, separately 274 

for each tree and year. It is common to establish intra-annual growth periods common to all the 275 

trees within a study (Vieira et al. 2013; Aldea et al. 2018). As we intended to explain the 276 

variability of period duration, we calculated them separately for each tree, as follows: 277 

Spring growth duration (SG|ijy) = PE2|ijy – PE1|ijy    278 

Summer cessation duration (SCijy) = PE3|ijy – PE2|ijy      279 

Autumn growth duration (AG|ijy) = PE4|ijy – PE3|ijy    280 

2.7. Periodical growth variables  281 

In order to analyse intra-annual growth dynamics of the species, we calculated the rates of 282 

yearly cumulative basal area increment (ΔCBAYear ; mm2×day-1) and periodical cumulative 283 

basal area increment (ΔCBAp ; mm2×day-1), for two growth periods (p = Spring, Autumn). The 284 

periodical growth rate was defined as the sum of DBA, separately for i-th tree from j-th plot,   285 

within y-th year of analysis, using the respective PEs for each tree, and then divided by the 286 

duration of the respective period.  287 

 289 

∆𝐶ܣܤௌ௣௥௜௡௚|௜௝௬  = (∑ ௜௝௬)௉ா2|೔ೕ೤௉ா1|೔ೕ೤ܣܤܦ ܵ𝐺|௜௝௬⁄ = 𝐶ܣܤௌ௣௥௜௡௚ ܵ𝐺௜௝௬⁄      288 

∆𝐶ܣܤ஺௨௧௨௠௡|௜௝௬  = (∑ ௜௝௬)௉ா4|೔ೕ೤௉ா3|೔ೕ೤ܣܤܦ ⁄𝐺௜௝௬ܣ = 𝐶ܣܤ஺௨௧௨௠௡ ⁄𝐺௜௝௬ܣ      290 

∆𝐶ܣܤ௒௘௔௥|௜௝௬  = (∑ ௜௝௬)௉ா4|೔ೕ೤௉ா1|೔ೕ೤ܣܤܦ ௜௝௬|4ܧܲ) ⁄(௜௝௬|1ܧܲ − = 𝐶ܣܤ௒௘௔௥ ௜௝௬|4ܧܲ) − ⁄(௜௝௬|1ܧܲ    291 

292 
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Figure  1.  Walther – Lieth climatograms representing the climate of the study site during the period  1996 -2021, and separately for each year of the study (2022 – 2024). 293 

294 
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Figure 2. Illustration of phenological events determination using cumulative basal area variation (CBA) for tree no 0030 (P. pinea). The black solid line represents observed 295 
CBA values, with annotations showing phenological events (PEs), seasonal growth durations and cumulative growth phases. 296 
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2.8. Tree water deficit approximation 297 

An additional characteristic to the bimodal growth pattern of Mediterranean tree species is 298 

the fact their stem shrinks during summer months, due to water loss from elastic tissues (De 299 

Swaef et al. 2015; Lambers and Oliveira 2019). A significant related metric is the Tree Water 300 

Deficit (TWD), which is observed when the stem size does not exceed the previously attained 301 

maximum size, water loss solely being a causative factor (Zweifel et al. 2016). High-resolution 302 

studies often examine TWD on a daily basis, using automated dendrometers (Schäfer et al. 303 

2019). Our study adopts the TWD concept, but scales it to a lower temporal resolution 304 

(biweekly), allowing us to evaluate the severity of summer drought stress using data from band 305 

dendrometers. Our method defines TWD as the area between the CBA curve and a horizontal 306 

line at  y = CBAMaxSpring, which represents the maximum CBA reached at the start of summer’s 307 

growth cessation (Fig. 3). The x-axis interval extends from the day of maximum spring CBA 308 

(DOYMaxSpring) to the day CBA recovers during autumn (DOYFullRehydr). 309 

The absolute TWD (TWDAbs.; cm2) calculation is mathematically represented as follows: 310 ܹܶܦ஺௕௦. = ∫ (𝐶ܤ ெܸ௔௫ௌ௣௥௜௡௚ − ݂(𝐶ܸܤ))݀(ܻܱܦ)஽ை௒ಷೠ೗ೃ೐ℎ೤೏ೝ஽ை௒ಾೌೣೄ೛ೝ೔೙೒       311 

This integral quantifies the TWD as the area between the CBA curve and the horizontal line 312 

established by CBAMaxSpring, across the specified DOY interval. 313 

In order to account for the fact that the absolute growth depression during summer may be 314 

dependent on the individual tree’s size, we calculated relative TWD (TWD). This metric is 315 

defined as the ratio between TWDAbs and the area under the CBA curve limited from DOY 150 316 

until DOY 365, assuming no growth depression occurs during summer (CBAOptimal): 317 ܹܶܦ = ஺௕௦ܦܹܶ ∫ ݂(𝐶ܤ ைܸ௣௧௜௠௔௟)݀(ܻܱܦ)஽ை௒=365஽ை௒=150⁄ × 100      (1) 318 

We used the period from DOY 150 until DOY 365, as  319 

this was the time common to both 2022 and 2023 years, for which complete summer data was 320 

available.321 
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Figure 3. Representation of the concept of absolute Tree Water Deficit (the area between red lines) calculated for 322 

low temporal (biweekly) scale. TWD is the proportion between red lined area and blue lined area.   323 

 324 

2.9. Data analysis 325 

In order to contrast Hypotheses I-III we proposed a generalised linear mixed model 326 

(GLMM) approach. For each hypothesis we fitted different GLMMs, and compared  327 

(i) Gaussian, Tweedie or Beta conditional distribution, (ii) inclusion of a random intercept 328 

acting at sampling plot (ωj) or not, (iii) possible heteroscedasticity on the residuals and 329 

dependency of the dispersion parameter on several explanatory variables, (iv) identification of 330 

significant two-way interactions to enter the model. At the end of every step, the final model 331 

was established by AIC minimisation (Fieberg 2022). Once the final model for each hypothesis 332 

was selected, post-hoc comparisons between the different levels of the main explaining factors 333 

were carried out. All the statistical analyses were performed in the R Environment for Statistical 334 

Computing (R Core Team 2022). We fitted all the models using glmmTMB package (Brooks et 335 

al. 2017). The selection of optimal dispersion parameter dependency structure as of two-way 336 

interactions within fixed effects model’s part was done using MuMIn package (Bartoń 2024). 337 

The post-hoc analyses were performed using the emmeans (Lenth 2023) and marginaleffects 338 

(Arel - Bundock 2023) packages. Residuals analysis – conditional distribution appropriateness, 339 

dependency, homoscedasticity and within group homogeneity  340 

was carried out using DHARMa package (Hartig 2022). Finally, we assessed multicollinearity 341 
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of predictors and models’ posterior predictions using performance package (Lüdecke et al. 342 

2021).  343 

2.9.1. Hypothesis I. Stand composition (mixed-pure) influences the phenology of the 344 

studied species 345 

Hypothesis I tried to unravel if the phenology of the trees, represented by the phenological 346 

events (PE1-PE4) and the growth period duration (SG, SC, AG), can vary significantly 347 

depending on the type of stand. To this aim we fitted seven different GLMM (one for each 348 

phenological trait), including as predictors the species, stand type, year of measurements, 349 

diameter at breast height and the global competition experimented by the tree.  The full 350 

(saturated) models were formulated as: 351 ௡ܻ|௜௝௬ = ௜௝ݏ݁݅ܿ݁݌1ܵߚ + ௝݁݌ݕܶ݀݊ܽݐ2ܵߚ  + ݎ3ܻ݁ܽߚ + 𝐻௜௝ܤܦ4ߚ  + ௜௝ܫ5𝐻𝐺𝐶ߚ  ݋ݓܶ)݂  352+ − (ݏ݊݋݅ݐܿܽݎ݁ݐ݊ܫ ݕܹܽ + ௝߱ +  ௜௝௬      (3) 353ߝ

where: 354 

Yn|ijy : each of the seven phenological traits (PE1-PE4, SG, SC, AG) computed for the tree i 355 

from plot j within year y.  356 

Speciesij : factor with four levels determining  the tree’s  species (Jt, Pp, Pt, Qi). 357 

StandTypej : factor with two levels determining the stand type (Mixed, Pure). 358 

DBHij : diameter at breast height of tree i, standardized (DBH-μ/σ). 359 

HGCIij : overall competition exerted on tree i.  360 

Year : factor with three levels (2022, 2023, 2024). 361 

f(Two – Way Interactions) : all possible two-way interactions between categorical × categorical 362 

and categorical × continuous predictors. 363 

ωj : random plot intercept. 364 

εijy : random error term. 365 

The post hoc analysis consisted in pairwise comparisons performed between marginal means 366 

estimated for each Species and StandType across Years (if respective interaction was included). 367 

All other covariates were maintained at their mean values, computed separately for every 368 

Species.  369 

2.9.2. Hypothesis II. Inter-specific competition as modifier of periodical intra-annual 370 

growth  371 

To answer the question stated in Hypothesis II, we tried to explain the periodical cumulative 372 

basal area increment rate (ΔCBAp) attained by each i-th tree from j-th plot  within every Year 373 

by the inter-specific competition share in total competition (CI.inter). Additionally, we 374 
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accounted for tree size and overall competition influences, by adding DBH and HGCI as their 375 

proxies to the model, respectively. The full-model formulation was therefore, as follows: 376 ∆𝐶ܣܤ௣|௜௝௬ = ௜௝ݏ݁݅ܿ݁݌1ܵߚ + ݎ2ܻ݁ܽߚ + 𝐻௜௝ܤܦ3ߚ  + ௜௝ܫ4𝐻𝐺𝐶ߚ + .ܫ5𝐶ߚ ݋ݓܶ)݂+ ௜௝ݎ݁ݐ݊݅ (ݏ݊݋݅ݐܿܽݎ݁ݐ݊ܫ ݕܹܽ 377− +  ߱௝ +  ௜௝௬       (4)  378ߝ

where: 379 

ΔCBAp|ij : cumulative basal area increment rate during period p = (Spring, Autumn, Total) 380 

[cm2 × day-1]. 381 

CI.interij : inter-specific competition share within overall (HGCI) competition [%]. 382 

The rest of symbols as stated before 383 

Post hoc analyses consisted in testing the trend (slope β5) of  CI.inter over ΔCBAp,  calculated 384 

at each level of Species (and Year) against 0, therefore checking if true influence of competition 385 

on growth exists.  Additionally, we made pairwise comparisons between the beforementioned 386 

slopes across Species within the same years.  387 

 388 

2.9.3. Hypothesis III. Species-specific competition influence on summer’s tree water 389 

deficit 390 

The main aim of Hypothesis III was to analyze how the inter-specific competition (CI.inter) 391 

impacts the summer growth depression experimented by trees, measured by TWD (Eq. 1). 392 

Specifically, we wanted to check if the competition exerted by a given species might have 393 

differing impact on summer water deficit, depending which species was exposed to that 394 

competition. We added DBH to the model – larger (higher) trees tend to be more susceptible to 395 

cavitation, and therefore to water stress impact (Bennett et al. 2015). Therefore, the model 396 

structure became:  397 ܹܶܦ௜௝௬ = ௜௝ݏ݁݅ܿ݁݌1ܵߚ + ݎ2ܻ݁ܽߚ + 𝐻௜௝ܤܦ3ߚ  + ௜௝ܫ4𝐻𝐺𝐶ߚ + .ܫ5𝐶ߚ ݋ݓܶ)݂+ ௜௝|%ݎ݁ݐ݊݅ (ݏ݊݋݅ݐܿܽݎ݁ݐ݊ܫ ݕܹܽ 398− +  ߱௝ +  ௜௝௬     (5) 399ߝ

where: 400 

TWDijy : tree water deficit, experienced by tree i, from plot j within year y (Eq. 1.). 401 

The rest of symbols as stated before.  402 

Post hoc analyses were performed by testing the trend of TWD over CI.inter against 0. Also, 403 

pairwise comparisons of TWD trend over CI.inter  across all species within different years were 404 

done in order to check, if the inter-specific competition may affect TWD differently, depending 405 

on the species.  406 
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3. Results 407 

It was not possible to reliably identify PEs in trees exhibiting irregular growth – such as 408 

decaying trees with a negative annual trend in the CBA curve due to water loss, or in trees that 409 

have died. In some instances, the algorithm also failed to pinpoint PEs. Consequently, 410 

depending on the specific model, 7–25% of observations had to be excluded (Table S5, showing 411 

the counts per variable and year).  412 

3.1. Phenology of trees is influenced by the surrounding stand composition 413 

The timing of phenological events that mark the first phase of annual growth – namely 414 

spring onset and summer cessation of growth – varied among species and according to the 415 

surrounding stand composition. This was evidenced by the inclusion of the Species × StandType 416 

interaction in the final models (Table S6). These differences also extended to the duration of 417 

spring and summer growth periods. In contrast, stand composition did not influence the timing 418 

of phenological events during the second phase of annual cycle –autumn onset and year 419 

cessation. For these variables, neither StandType nor Species × StandType terms were 420 

significant (Table S6).  Notably, Type × Year interaction were absent in nearly all  PEs final 421 

models, indicating that when stand composition influenced phenology, the effect was consistent 422 

across years. The only partial exception was autumn onset: in 2022 trees in mixed stands tended 423 

to resume growth slightly earlier (by 4 ± 3 days), but the difference was not statistically 424 

significant (p-val. = 0.12; Table 2).  These trends are summarized in Table 1, which synthesizes 425 

phenological and growth differences across species and traits. 426 

The growth phenology of J. thurifera showed little variation between pure and mixed stands. 427 

The only significant difference was an earlier spring onset occurring 9 ± 3 days earlier  428 

compared to pure stands (p-val. = 0.003; Table 2, Fig. 4). The duration of growth periods did 429 

not differ significantly between stand types. Although the trees in mixed stands showed a trend 430 

toward a longer spring growth phase, this difference was not statistically significant (Table 3, 431 

Fig. 4). The overall model structure for phenological variables confirmed this limited stand type 432 

effect in J. thurifera (Table S6).   433 

The growth dynamics of Q. ilex also differed notably between pure and mixed stands. Spring 434 

growth onset occurred significantly later in mixed stands (by 9 ± 2 days, p-val. < 0.001), as did 435 

summer cessation  (by 14 ± 4 days. p-val. < 0.001). In contrast, no significant differences were 436 

found for autumn onset or year cessation. Regarding growth period duration, Q. ilex showed a 437 

markedly shorter summer cessation phase in mixed stands (by 20 ± 5 days, p-val. < 0.001;  438 
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Table 3, Fig. 4), while spring and autumn growth durations remained similar across stand types. 439 

Model significance patterns supported these findings (Table S6).   440 

For P. pinea, intra-annual growth patterns did not differ significantly between pure and mixed 441 

stands, except for summer cessation phase, which was shorter by 6 ± 3 days in mixed stands  442 

(p-val. = 0.015; Table 2, Fig. 4). Accordingly, P. pinea trees in mixed stands tended to extend 443 

growth slightly longer into summer and resume it earlier in autumn, although these differences 444 

were not statistically significant (Table 2, Fig. 4.). In contrast, P. pinaster showed more 445 

pronounced phenological differences.  In mixed stands, spring onset was delayed (by 9 ± 3 446 

days, p-val. < 0.001), while summer cessation occurred earlier (by 7 ± 4 days, p-val. = 0.07; 447 

Table 2, Fig. 4). Autumn onset and year cessation remained unaffected by stand composition. 448 

Consistent with these shifts, P. pinaster experienced considerably shorter spring growth in 449 

mixed stands (by 26 ± 12 days, p-val. ≈ 0.03), while summer cessation duration increased (by 450 

6 ± 2 days, p-val. = 0.01; Table 3, Fig. 4). These results align with the phenological model 451 

outputs (Table S6). 452 

3.2. Inter-specific competition influence on periodical growth rate 453 

The main inter-specific competition term (CI.inter), was consistently significant across 454 

species, showing a positive effect on cumulative basal area increment rate (ΔCBA) at both 455 

seasonal (spring, autumn) and annual scales (Table S7). Notably, the magnitude of this effect 456 

varied between species, as indicated by the significant CI.inter% × Species interaction in all 457 

three models. In the case of spring growth rate (ΔCBASpring) the influence of CI.inter% also 458 

varied between years, supported by a significant Year × CI.inter% interaction (Table S7).   459 

An increasing share of inter-specific competition had a consistent positive effect on spring 460 

growth rates, for P. pinea and  J. thurifera, with the strongest effects in 2023  461 

(P. pinea: + 0.062 ± 0.011 to 0.173 ± 0.019 cm2/day; J. thurifera: + 0.016 ± 0.001 to 0.024 ± 462 

0.001 cm2/day; Fig. 5, Table 4).  For P. pinaster, the effect was also positive in spring 2023  463 

(+ 0.067 ± 0.008 cm2/day), but it disappeared in 2024. Similarly, Q. ilex showed a weak positive 464 

trend in 2023 (+0.002 ± 0.00 cm2/day), which shifted to a negative one in 2024  465 

(- 0.007 ± 0.001 cm2/day) (Table 4, Fig. 5).  466 

The strength of CI.inter effects on  ΔCBASpring clearly differed across species and years, as 467 

shown by pairwise comparison (Table 4). In absolute terms, P. pinea showed the strongest 468 

growth enhancement from interspecific competition, followed by P. pinaster and J. thurifera. 469 
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Q. ilex exhibited only a minor positive trend in 2023 and a weakening effect in 2024. By that 470 

year, the response of P. pinaster had also diminished, aligning more closely with the patterns 471 

observed for J. thurifera and Q. ilex (Fig. 5 “Spring”).  472 

During autumn, a positive effect of CI.inter on growth (ΔCBAAutumn) was observed only in  473 

J. thurifera during 2022 (+ 0.013 ± 0.006 cm2/day). In all other species, and in 2023, this effect 474 

disappeared entirely (Table 4, Fig. 5 “Autumn”).  475 

In line with the seasonal trends, interspecific competition also enhanced annual growth 476 

(ΔCBAYear) in P. pinea (+ 0.048 ± 0.026 cm2/day) and J. thurifera (+ 0.015 ± 0 cm2 / day).  477 

Q. ilex showed a marginally positive effect (+ 0.003 ± 0 cm2/day), whereas P. pinaster displayed 478 

no response to increasing CI.inter% (Table 5, Fig. 5 “Year”).  479 

3.3. Summer growth depression and species- specific competition effects 480 

A higher share of heterospecific neighbours in overall competition was associated with 481 

reduced summer  growth depression, as indicated by decreasing TWD% with increasing 482 

CI.inter% (Fig. 6). This pattern held true across all species and years, with one notable exception: 483 

in Q. ilex, TWD actually increased with higher CI.inter, only in 2022 (+ 0.033 ± 0.02) any effect 484 

disappearing  in 2023 (0.003 ± 0.006). Among the remaining species, P. pinea benefited the 485 

most from interspecific interactions with TWD reductions ranging from  –0.29 ± 0.06 to  486 

–0.123 ± 0.039, especially in 2022. P. pinaster and J. thurifera showed similar, but no so marked 487 

responses, the differences between the two species being not statistically significant (Table 6). 488 

Pairwise comparisons confirmed that Q. ilex differed significantly from the other species in its 489 

response to interspecific competition, exhibiting an opposite TWD trend under increased 490 

CI.inter (Table 6).  491 

 492 

493 
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Table 1. Summary of stand composition effects across all phenological events and intra-annual growth traits, analysed for each species. Green arrows indicate a positive effect 494 
of mixed stands compared to pure stands; red arrows indicate a negative effect; hyphens denote no effect; bars indicate variable effects across study years. Horizontal arrows 495 
refer to moments in time (left arrow – sooner, right arrow – later). Vertical arrows describe quantities (upper – increase, lower – decrease). The interpretation follows the 496 
structure: “Trait of species X was higher (sooner) / lower (later) in mixed stands compared to pure stands.” Years analysed for each metric are specified in the footnotes. 497 

Species 
Spring 
onset 

Summer 
cessation 

Autumn 
onset 

Year 
cessation 

Spring 
growth 

duration 

Summer 
cessation 
duration 

Autumn 
growth 

duration 

Spring 
growth 
rate1 

Autumn 
growth 
rate2 

Yearly 
growth 

rate 

TWD 

Juniperus 

thurifera 
      

 

 

 

 
 

 

 

Quercus 

ilex 
     

 
 

 

 

 

  

 

Pinus pinea        

 

 

 

  

 

 

Pinus 

pinaster 
    

  
 

 

 

 

  

 

The years under study were 1 2023 and 2024 or 2 2022 and 2023.   498 
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499 

Figure 4. Phenological events and duration of intra-annual growth periods (estimated marginal means) of analysed species across pure (dashed line) and mixed stands (solid 500 
line) presented over years of study. Pp – P. pinea; Pt – P. pinaster; Jt – J. thurifera; Qi – Q. ilex.  501 

502 
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Table 2. Timing of intra-annual phenological events (PE1–PE4) for analysed species in pure and mixed stands. Estimated marginal means for each phenological event [days of year] are 503 
presented for both stand types (PE Mixed/Pure), along with their differences (Mixed - Pure) and significance levels (p-value). Significant differences (p-val. < 0.10) between pure and mixed 504 
stands are highlighted in bold. Negative values of differences (Mixed-Pure) depict sooner occurrence of a given PE in mixed stand, than in pure stand.  505 

Phenological Event Species Year PE Mixed PE Pure Mixed - Pure p-value 

Spring onset 
(PE1) 

Jt 

Global effects 

99 ± (2) 108 ± (3) -9 ± (3) 0.0025 

Pp 101 ± (2) 99 ± (3) 2 ± (3) 0.5561 

Pt 115 ± (2) 106 ± (2) 9 ± (3) 0.0008 

Qi 138 ± (2) 129 ± (2) 9 ± (2) 0.0002 

Summer cessation 

(PE2) 

Jt 

Global effects 

181 ± (3) 178 ± (3) 3 ± (4) 0.4551 

Pp 186 ± (2) 182 ± (3) 4 ± (3) 0.3019 

Pt 184 ± (4) 191 ± (3) -7 ± (4) 0.0709 

Qi 186 ± (3) 172 ± (4) 14 ± (4) 0.0004 

Autumn onset 
(PE3) 

Jt 

2022 

270 ± (5) 274 ± (5) -4 ± (3) 0.115 

Pp 285 ± (2) 290 ± (2) -4 ± (3) 0.115 

Pt 264 ± (5) 269 ± (4) -4 ± (3) 0.115 

Qi 285 ± (4) 289 ± (2) -4 ± (3) 0.115 

Jt 

2023 

239 ± (3) 239 ± (3) 0 ± (0) 0.617 

Pp 251 ± (1) 251 ± (1) 0 ± (0) 0.617 

Pt 246 ± (2) 246 ± (2) 0 ± (0) 0.617 

Qi 237 ± (1) 237 ± (1) 0 ± (0) 0.617 

Year cessation 

(PE4) 

Jt 

2022 

334 ± (3) 336 ± (3) -2 ± (2) 0.4162 

Pp 351 ± (1) 352 ± (1) -1 ± (1) 0.4143 

Pt 347 ± (2) 348 ± (1) -1 ± (1) 0.4203 

Qi 318 ± (12) 321 ± (11) -2 ± (3) 0.4293 

Jt 

2023 

340 ± (3) 341 ± (3) -1 ± (2) 0.4188 

Pp 346 ± (2) 347 ± (2) -1 ± (1) 0.4192 

Pt 331 ± (4) 333 ± (4) -2 ± (2) 0.4235 

Qi 328 ± (6) 330 ± (5) -2 ± (2) 0.4228 

Residual degrees of freedom: PE1 = 269; PE2= 247; PE3= 211; PE4 = 216. 506 
  507 
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Table 3. Duration of intra-annual growth phases for analysed species in pure and mixed stands. Estimated marginal means are presented for each species and stand type (EMM Mixed/Pure) 508 
alongside their differences (Mixed - Pure) with corresponding significance levels (p-value). Significant differences (p-val. < 0.10) between pure and mixed stands are highlighted in bold.  509 

Phenological Event Species Year EMM Mixed EMM Pure Mixed - Pure p-value 

Spring growth 

duration 

(SG) 
(natural days) 

Jt 

Global effects 

90 ± (7) 78 ± (11) 12 ± (12) 0.325 

Pp 85 ± (6) 82 ± (10) 3 ± (12) 0.7945 

Pt 60 ± (7) 86 ± (10) -26 ± (12) 0.0292 

Qi 65 ± (7) 60 ± (11) 5 ± (13) 0.6735 

Summer cessation 

duration 

(SC) 
(natural days) 

Jt 

Global effects 

62 ± (2) 62 ± (3) 0 ± (3) 0.9986 

Pp 76 ± (2) 82 ± (3) -6 ± (3) 0.0148 

Pt 73 ± (2) 67 ± (2) 6 ± (2) 0.001 

Qi 45 ± (4) 65 ± (4) -20 ± (5) < 0.001 

Autumn growth 

duration 

(AG) 
(natural days) 

Jt 

Global effects 

87 ± (3) 85 ± (4) 2 ± (2) 0.5219 

Pp 83 ± (2) 81 ± (2) 2 ± (2) 0.5219 

Pt 85 ± (3) 83 ± (3) 2 ± (2) 0.5219 

Qi 63 ± (20) 61 ± (20) 2 ± (2) 0.5219 

Residual degrees of freedom: SG = 270; SC= 130; AG = 215. 510 
 511 
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 512 

Figure 5. Relationship between cumulative basal area increment rate (ΔCBAp) [cm2 × day-1] and inter-specific competition share in overall competition (CI.inter%) across species and the study 513 
years, for different intra-annual growth periods. Remaining model variables (diameter at breast height, overall competition) were held at their species-specific mean values.  514 
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Table 4. Pairwise comparisons of interspecific competition share effects (trends) (βA – βB ± SE) on periodical (p = Spring, Autumn) basal area growth rates (βΔCBA|CI.inter ± SE) between species 515 
and across years of study. Significant differences between trends (p-value < 0.10, in bold) highlight where inter–specific competition substantially differed in its impact into ΔCBAp between 516 
two species. The results include t-ratio and p-value  for each comparison between species.  517 

Year 
Contrast 
(A – B) βΔCBA|CI.inter (A) βΔCBA|CI.inter (B) βA – βB t-stat p-value 

p = Spring 

2023 

 

Pt - Pp 0.067 ± 0.008 0.173 ± 0.019 -0.106 ± 0.021 -5.056 < 0.001 

Jt - Pp 0.024 ± 0.001 0.173 ± 0.019 -0.149 ± 0.019 -8.014 < 0.001 

Qi - Pp 0.002 ± 0 0.173 ± 0.019 -0.171 ± 0.019 -9.187 < 0.001 

Jt - Pt 0.024 ± 0.001 0.067 ± 0.008 -0.043 ± 0.008 -5.459 < 0.001 

Qi - Pt 0.002 ± 0 0.067 ± 0.008 -0.065 ± 0.008 -7.834 < 0.001 

Qi - Jt 0.002 ± 0 0.024 ± 0.001 -0.022 ± 0.001 -28.41 < 0.001 

2024 

Pt - Pp 0.013 ± 0.012 0.062 ± 0.011 -0.049 ± 0.017 -2.94 0.003 

Jt - Pp 0.016 ± 0.001 0.062 ± 0.011 -0.046 ± 0.011 -4.181 < 0.001 

Qi - Pp -0.007 ± 0.001 0.062 ± 0.011 -0.069 ± 0.011 -6.312 < 0.001 

Jt - Pt 0.016 ± 0.001 0.013 ± 0.012 0.003 ± 0.012 0.294 0.769 

Qi - Pt -0.007 ± 0.001 0.013 ± 0.012 -0.019 ± 0.012 -1.644 0.1 

Qi - Jt -0.007 ± 0.001 0.016 ± 0.001 -0.023 ± 0 -63.103 < 0.001 

p = Autumn 

2022 

Pt - Pp -0.005 ± 0.009 -0.022 ± 0.018 0.017 ± 0.019 0.91 0.363 

Jt - Pp 0.013 ± 0.006 -0.022 ± 0.018 0.035 ± 0.014 2.48 0.013 

Qi - Pp -0.005 ± 0.021 -0.022 ± 0.018 0.017 ± 0.035 0.477 0.634 

Jt - Pt 0.013 ± 0.006 -0.005 ± 0.009 0.018 ± 0.008 2.185 0.029 

Qi - Pt -0.005 ± 0.021 -0.005 ± 0.009 0 ± 0.02 -0.024 0.981 

Qi - Jt -0.005 ± 0.021 0.013 ± 0.006 -0.018 ± 0.024 -0.75 0.453 

2023 

Pt - Pp 0.011 ± 0.031 0 ± 0.016 0.011 ± 0.019 0.606 0.544 

Jt - Pp 0.015 ± 0.025 0 ± 0.016 0.015 ± 0.014 1.034 0.301 

Qi - Pp -0.001 ± 0.046 0 ± 0.016 -0.001 ± 0.034 -0.035 0.972 

Jt - Pt 0.015 ± 0.025 0.011 ± 0.031 0.004 ± 0.008 0.474 0.635 

Qi - Pt -0.001 ± 0.046 0.011 ± 0.031 -0.012 ± 0.019 -0.642 0.521 

Qi - Jt -0.001 ± 0.046 0.015 ± 0.025 -0.016 ± 0.023 -0.711 0.477 

Residual degrees of freedom: Spring = 243; Autumn = 272.  518 
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Table 5. Inter-specific competition effects on yearly basal area growth rate of a given species (βΔCBA|CI.inter ± SE) and pairwise comparisons between them (βA – βB ± SE). The results include  519 
t-statistic (t-stat) and p-value for each comparison between species. Significant differences between trends  (p-val. < 0.10, in bold) highlight where inter–specific competition substantially 520 
differed in its impact into ΔCBAYear between two species. 521 

Year 
Contrast 
(A – B) βΔCBA|CI.inter (A) βΔCBA|CI.inter (B) βA – βB t-stat p-value 

2023 

 

Pt - Pp -0.01 ± 0.011 0.048 ± 0.026 -0.058 ± 0.02 -2.923 0.003 

Jt - Pp 0.015 ± 0 0.048 ± 0.026 -0.033 ± 0.026 -1.254 0.21 

Qi - Pp 0.003 ± 0 0.048 ± 0.026 -0.045 ± 0.027 -1.687 0.092 

Jt - Pt 0.015 ± 0 -0.01 ± 0.011 0.025 ± 0.011 2.299 0.022 

Qi - Pt 0.003 ± 0 -0.01 ± 0.011 0.013 ± 0.011 1.124 0.261 

Qi - Jt 0.003 ± 0 0.015 ± 0 -0.012 ± 0.001 -22.844 < 0.001 

Residual degrees of freedom = 130.  522 
 523 
 524 
Table 6. Trends in tree water deficit caused by varying inter-specific competition share (βTWD|CI.inter ± SE), across studied species and years and differences between species trends  525 
(βA – βB ± SE). The results include t-statistic (t-stat), and p-value for each comparison between species. Significant differences (p-val. < 0.10, in bold) highlight where inter–specific competition 526 
substantially differed in its impact into TWD between two species. 527 

Year 
Contrast 

(A-B) βTWD|CI.inter  βTWD|CI.inter  βA – βB t-stat p-value 

2022 

Pt - Pp -0.094 ± 0.026 -0.29 ± 0.06 0.196 ± 0.075 2.605 0.009 

Jt - Pp -0.063 ± 0.009 -0.29 ± 0.06 0.227 ± 0.066 3.441 0.001 

Qi - Pp 0.033 ± 0.02 -0.29 ± 0.06 0.323 ± 0.045 7.176 < 0.001 

Jt - Pt -0.063 ± 0.009 -0.094 ± 0.026 0.031 ± 0.022 1.376 0.169 

Qi - Pt 0.033 ± 0.02 -0.094 ± 0.026 0.127 ± 0.04 3.201 0.001 

Qi - Jt 0.033 ± 0.02 -0.063 ± 0.009 0.097 ± 0.024 4.039 < 0.001 

2023 

Pt - Pp -0.034 ± 0.022 -0.123 ± 0.039 0.089 ± 0.05 1.766 0.077 

Jt - Pp -0.025 ± 0.004 -0.123 ± 0.039 0.098 ± 0.041 2.4 0.016 

Qi - Pp 0.003 ± 0.006 -0.123 ± 0.039 0.125 ± 0.035 3.546 < 0.001 

Jt - Pt -0.025 ± 0.004 -0.034 ± 0.022 0.009 ± 0.023 0.407 0.684 

Qi - Pt 0.003 ± 0.006 -0.034 ± 0.022 0.037 ± 0.026 1.407 0.159 

Qi - Jt 0.003 ± 0.006 -0.025 ± 0.004 0.028 ± 0.008 3.517 < 0.001 

Residual degrees of freedom = 255.  528 
 529 
 530 

531 
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 532 
Figure 6. Influence of inter-specific competition (CI.inter) on Tree Water Deficit (TWD) suffered by each species (Pinus pinea [Pp], Pinus pinaster [Pt], Quercus ilex [Qi] 533 
and  Juniperus thurifera [Jt]). TWD (y-axis) is shown as a function of the share of competition experienced from other species (x-axis). Remaining model variables (diameter 534 
at breast height, overall competition) were held at their species-specific mean values.  535 
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4. Discussion 536 

Our findings show that interspecific interactions significantly shape intra-annual growth 537 

dynamics in the studied Mediterranean tree species, though with strong species-specific 538 

differences. Stand composition altered the timing of spring onset and summer cessation in most 539 

species (J. thurifera, P. pinaster, Q. ilex), but had no consistent effect on autumn onset or year 540 

cessation (Tables 2-3, Fig. 4), partially supporting Hypothesis I. In line with Hypothesis II, 541 

competition effects were most evident in spring, where species experiencing intensified 542 

interspecific competition (J. thurifera, P. pinea, Q. ilex) showed higher spring and annual 543 

growth (Tables 4-5, Fig. 5), reinforcing the critical role of spring growth in determining yearly 544 

increments (Lempereur et al. 2017; Camarero et al. 2021). Hypothesis III received strong 545 

support: in nearly all species and years, increased interspecific competition mitigated summer 546 

water stress, as reflected by reduced TWD (Table 6, Fig. 6). 547 

4.1. Surrounding stand composition shifts phenological events 548 

Stand composition altered phenology mainly during spring and early summer, while autumn 549 

onset and winter cessation remained unaffected. In mixed stands, J. thurifera advanced spring 550 

growth, likely due to facilitation: as a shallow-rooted understory species, it may exploit topsoil 551 

moisture retained under P. pinea canopies, where shading reduces evaporation (Camarero et al. 552 

2021; Pardos et al. 2021b).  553 

In P. pinaster, both delayed spring onset and earlier summer cessation in mixtures likely result 554 

from intensified water competition with P. pinea. Both are overstory, light-demanding, 555 

isohydric species with similar physiological thresholds. Importantly, P. pinea is less strictly 556 

isohydric (Férriz et al. 2021; Aranda et al. 2024), which allows it to maintain gas exchange 557 

longer under drought, potentially depleting shared soil reserves. Therefore, mixed stands may 558 

delay rehydration of P. pinaster’s cambium and limit its ability to sustain growth into summer 559 

(Vieira et al. 2014, 2015; Lempereur et al. 2015). However, this pattern should not be attributed 560 

solely to competition, as it has been observed that P. pinaster reaches its peak radial increment 561 

near the vernal equinox, independent of soil moisture conditions (Vieira et al. 2020). 562 

Q. ilex typically resumes growth after winter even one month later than Pinus spp. (Campelo et 563 

al. 2021), and this reactivation was further delayed in mixtures (Table 2), probably by water 564 

pre-emption from the already competing pines. In wet conditions, Q. ilex uses the same water 565 

pool as Pinus spp., and shifts to deeper water sources during drought (del Castillo et al. 2016). 566 
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This may explain its shortened summer cessation period in mixtures, effectively extending Q. 567 

ilex’ growth season (Aldea et al. 2017) (Tables 2-3). Moreover, Q. ilex can capitalize on early-568 

summer moisture, by maintained photosynthesis under water potentials lower than other species 569 

(Mayoral et al. 2015). Yet, this activity could intensify competition in autumn, particularly with 570 

isohydric species that remain inactive during dry spells (Sperlich et al. 2019; Campelo et al. 571 

2021).  572 

Q. ilex may also facilitate P. pinea during summer, which also exhibited a reduced summer 573 

cessation period in 2023 in mixtures (Tables 1, 3; Fig. 4). This facilitation may involve Q. ilex 574 

extracting deeper soil moisture that P. pinea could later exploit, though only when drought 575 

conditions are not too prolonged or severe (del Castillo et al. 2016; Zalloni et al. 2019; Muñoz-576 

Gálvez et al. 2021). Additionally, when P. pinea grows in mixture with P. pinaster, it may 577 

benefit from greater water availability during drought periods, as P. pinaster tends to reduce 578 

transpiration earlier. 579 

4.2. Species-specific growth rate differences and their facultative bimodality 580 

Species differed markedly in their daily growth rates (Tables 4–5, Fig. 5). P. pinea showed 581 

the highest rates, followed by P. pinaster, while J. thurifera and Q. ilex remained consistently 582 

lower. These differences reflect contrasting ecological strategies: pines are fast-growing, light-583 

demanding pioneers (de-Dios-García et al. 2018; Aldea et al. 2018) whereas Q. ilex and  584 

J. thurifera follow more conservative trajectories. Pinus spp. can photosynthesize during mild 585 

winters, accumulating carbohydrates outside the main growth period (Lebourgeois et al. 2009), 586 

which enables rapid early-season increments.   587 

Autumn reactivation occurred consistently at our site, likely due to spring-like temperatures 588 

and sufficient post-summer rainfall (Fig. 1, Table S2), promoting a clear bimodal pattern – also 589 

reported in other Mediterranean sites (Aldea et al. 2018).  In P. pinaster autumn growth was 590 

minimal in the drier 2022 but resumed in 2023, confirming its reliance on sufficient autumn 591 

moisture for cambial reactivation (Vieira et al. 2019, 2020). In contrast, Q. ilex displayed 592 

minimal autumn growth in both years, suggesting limited recovery from summer 593 

photoinhibition (Campelo et al. 2018, 2021) and aligning with its characterization as weakly 594 

bimodal (Tumajer et al. 2022). Notably, even a wet autumn did not trigger growth if spring had 595 

been too dry (Table S2), contradicting earlier suggestions of seasonal compensation (Martín et 596 

al. 2014). Our results highlight that both adequate moisture and temperature are needed to 597 

trigger second growth phase (Tumajer et al. 2021).  598 
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4.3. Interspecific interactions enhance the growth dynamics 599 

Interspecific interactions had a marked influence on intra-annual growth, particularly during 600 

spring and in drier years (Tables 4 and S2, Fig. 5). Among the clearest examples is J. thurifera, 601 

which consistently benefited from species mixing (de-Dios-García et al. 2018). Its shallow root 602 

system and anisohydric strategy allow it to avoid direct competition with deeper-rooted 603 

neighbours, like P. pinea (Camarero et al. 2021), and to photosynthesize under higher water 604 

stress (Mayoral et al. 2016; Aranda et al. 2024). This spatio-temporal decoupling reinforced  605 

J. thurifera’s growth in mixed stands during the dry autumn of 2022, while the effect vanished 606 

in 2023, when water availability improved for all species (de-Dios-García et al. 2018) (Table 607 

S2).   608 

P. pinea and P. pinaster also showed increased spring growth rates in mixed stands, particularly 609 

in 2023. As discussed above (Section 4.1), functional trait differences – such as earlier growth 610 

onset in Pinus spp. and shallow rooting in J. thurifera – enable partitioning of water use in 611 

mixed stands. However, the facilitative effect for P. pinaster was modest and confined to spring 612 

(Tables 4 – 5, Fig. 5), when water was still available after winter recharge (Table S2). The 613 

beforementioned (Section 4.1) lack of vertical niche differentiation between P. pinea and  614 

P. pinaster shifts the competition primarily to water resources (Férriz et al. 2021; Askarieh et 615 

al. 2024),  which P. pinaster loses with more flexible P. pinea, risking carbon starvation 616 

(Perdiguero et al. 2015; Calama et al. 2023). Once active, Q. ilex can respond synchronously 617 

with Pinus spp. (P. pinea and P. pinaster) to temperature and precipitation, restoring 618 

competition for the same spatio-temporal niche  (Sánchez-Costa et al. 2015b; Aldea et al. 2018; 619 

Campelo et al. 2021). 620 

In contrast, Q. ilex shifted from benefitting slightly from facilitation in dry year of 2023 to 621 

experiencing growth suppression in the wetter 2024 season. Probably, during the dry year  622 

Pinus spp. reduced its competitive effect on Q. ilex by diminished water uptake triggered by 623 

their isohydric strategy (Zalloni et al. 2019). Moreover, even if active, Pinus spp. might shift 624 

from deeper to shallow water uptake in dry periods, while Q. ilex could increase its reliance on 625 

deeper layers (Barbeta et al. 2015; del Castillo et al. 2016), the effect being stronger at higher 626 

Pinus spp. presence (del Castillo et al. 2016). These seasonal shifts suggest that competitive 627 

and facilitative interactions may evolve throughout the growing season, depending on species 628 

physiology and climatic conditions.  629 
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These observations align with the stress-gradient hypothesis, which predicts that under dry 630 

conditions, niche complementarity tends to dominate and reduce competition – though only up 631 

to a certain threshold of resource scarcity (Forrester 2014; Grossiord 2020; Haberstroh and 632 

Werner 2022). To summarize, ecological distinctiveness in traits such as rooting depth, stomatal 633 

regulation or photosynthetic thresholds may enhance the stability of facilitative interactions 634 

under drought stress (Pardos et al. 2021a).  635 

4.4. Summer growth depression is alleviated by inter-specific interactions 636 

Tree water deficit (TWD) was substantially higher in 2022 across all species – a year 637 

marked by low winter and early spring precipitation (Fig. 1 and 6; Tables 6 and S2). This 638 

underscores the importance of winter–spring water balance not only for supporting spring 639 

growth (Aldea et al. 2017; Camarero et al. 2021), but also for sustaining stem hydration well 640 

into the summer. In 2023, higher winter rainfall replenished groundwater, reducing TWD across 641 

all species, regardless of stand composition (Table 6, Fig. 6), in line with the stress-gradient 642 

hypothesis (Forrester 2014).  643 

Q. ilex exhibited the highest TWD, especially in 2022 – despite spring rainfall nearly doubling 644 

that of 2023 (Fig. 1; Table S2) – suggesting that total rainfall alone is not sufficient to buffer 645 

drought. Its anisohydric behaviour and relatively large leaf area enables gas exchange under 646 

high temperatures, but also increase transpirational demand and diurnal stem shrinkage (Aldea 647 

et al. 2018; Aranda et al. 2024). Q. ilex’s TWD increased with higher interspecific competition 648 

(Table 6; Fig. 6), likely because P. pinea, with its large sapwood and less dense wood, efficiently 649 

stores and uses spring water, reducing availability for Q. ilex during its summer-active phase 650 

(Zalloni et al. 2018; Lambers and Oliveira 2019; Camarero et al. 2021). Although Q. ilex may 651 

improve water use efficiency in mixtures with P. pinea (Zalloni et al. 2019), its carbon gain 652 

might be allocated to roots or reserves rather than stem growth (Montagnoli et al. 2019). 653 

In contrast, J. thurifera experienced lower TWD in more heterospecific neighbourhood  654 

(Table 6, Fig. 6), likely due to the same facilitative mechanism observed for growth: canopy 655 

shading by P. pinea reduces evaporative demand and improves surface moisture conditions. 656 

This is consistent with enhanced regeneration and drought tolerance of J. thurifera under pine 657 

canopies (Pardos et al. 2021b; Pardos and Calama 2022). Although J. thurifera is drought-658 

tolerant – due to anisohydry and cavitation – resistant xylem (Camarero et al. 2014; Camarero 659 

2019; Aranda et al. 2024) – it still exhibited higher TWD than P. pinea, partly confirming earlier 660 

findings (de-Dios-García et al. 2018).  661 
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P. pinea and P. pinaster both showed reduced TWD under interspecific competition, but only 662 

in 2022. As early starters (Fig. 4), they may have filled stem reservoirs during wet spring 663 

conditions (Lebourgeois et al. 2009) (Table S2). In 2023, low spring rainfall delayed water 664 

availability until June (Fig. 1), by which time the anisohydric species – Q. ilex and J. thurifera 665 

– had resumed transpiration, increasing water demand. This may have neutralized any 666 

facilitative effects. For isohydric Pinus spp., the identity of neighbours in summer appears to 667 

play a limited role. Their drought responses – early stomatal closure and reliance on stored stem 668 

water – are largely determined during spring. Thus, facilitation or competition likely takes place 669 

before summer, during the critical window of spring water accumulation.  670 

4.5. Final considerations 671 

Understanding the interaction between xylem phenology and interspecific competition is 672 

crucial, as the timing of cambial activity controls both annual growth and carbon 673 

sequestration—two key processes under climate change (Lempereur et al. 2015, 2017). While 674 

warming may extend the growing season by advancing spring onset, it also intensifies drought, 675 

potentially offsetting these gains—a phenomenon known as the climate hiatus effect (Tumajer 676 

et al. 2021). Our results show that species mixing can enhance spring growth and reduce 677 

summer water deficits, especially in water-limited sites. This suggests that combining species 678 

with contrasting hydraulic traits may help reduce mortality risks in Mediterranean forests facing 679 

increasing aridity (Peñuelas and Sardans 2021; Aranda et al. 2024). While not assessed in this 680 

study, site-specific conditions – like soil water holding capacity or local climate – may influence 681 

when facilitation turns into competition (Sánchez-Costa et al. 2015a; Zalloni et al. 2019; 682 

Moreno-Fernández et al. 2021).  683 

To our knowledge, this is among the first studies to link phenological shifts in cambial activity 684 

to interspecific competition across multiple growth phases. However, band dendrometers may 685 

blur the distinction between stem hydration and true growth—particularly in autumn (Zweifel 686 

et al. 2016; Vieira et al. 2020). Our mechanistic interpretations are based on literature, not direct 687 

physiological measurements. Moreover, the observed acceleration of growth in P. pinaster may 688 

reflect a compressed growth period rather than higher productivity, highlighting the limitations 689 

of rate-based metrics. Finally, the temporal scope of our dataset is limited to one full growing 690 

year, so results should be interpreted cautiously. Still, this study provides new insight into how 691 

interspecific interactions shape intra-annual tree growth under climatic stress.   692 
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