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Abstract 17 

Climate change forecasts are particularly severe for the western Mediterranean Basin, 18 

where rising temperatures and decreased precipitation could increase the frequency of 19 

drought events. Understanding the specific weather drivers of radial variation in 20 

Mediterranean mixed forest stands will allow us to better predict the ecological and 21 

production alterations that may result from climate change. Here, we studied species 22 

differences in stem daily radial variation cycles and daily radial increment of 23 

Mediterranean pine-oak (Pinus pinaster-Quercus pyrenaica) mixed stands over three 24 
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climatically contrasted years (2012-2014) at two sites with dissimilar drought 25 

conditions. Our aim was to uncover differences in the weather drivers of daily radial 26 

variation for the two co-existing species. High-resolution point dendrometers were 27 

installed in dominant oak and pine trees, so that daily radial variation cycles were 28 

analyzed. Linear mixed models were fitted to analyze species-specific response to 29 

weather. Air temperature leads to radial stem-size changes in daily variation cycles with 30 

different species responses. Precipitation increased daily radial variation and cycle 31 

duration in the same way for both species. Daily radial increment and number of cycles 32 

with increment phase during spring was mostly higher for pine than oak, and water 33 

availability was the most important control factor for the phase mentioned. Differences 34 

in species response to weather conditions may offset the usual low production of pure 35 

oak coppice Mediterranean stands and highlight the role of mixed forests as a possible 36 

adaptation strategy for climate change. 37 

Highlights:  38 

 Maximum daily radial variation for pine occurred in spring, but in summer for 39 

oak 40 

 Number of spring daily cycles with radial increment was higher for pine than 41 

oak 42 

 Species responded differently to air temperature according daily radial variation 43 

 Rain increased daily radial variation and cycle duration in both species 44 

 Water availability limited daily radial increment for both species 45 

Keywords: climate change, drought, high-resolution dendrometers, tree water deficit, 46 

Pinus pinaster, Quercus pyrenaica 47 

  48 



1. Introduction 49 

Climate change may impact Mediterranean forests harshly (Dankers and Hiederer, 50 

2008). Changes in extreme climatic conditions, such as more frequent and severe 51 

summer droughts, might affect the provision of goods and forest services (Hanewinkel 52 

et al., 2012). Climate change could influence biodiversity and ecosystem functioning 53 

through phenological alterations (Büntgen et al., 2015), species-specific distribution 54 

range shifts (Peñuelas et al., 2007), changes in forest production (Linares and Camarero, 55 

2012; Pretzsch et al., 2014) and subsequent changes in carbon storage (Vayreda et al., 56 

2012).  57 

Projected climate changes give urgency to the need for a better understanding of the 58 

effects of meteorological factors on growth in Mediterranean forests. Rising 59 

temperatures and drought events seem to be the key causes of tree decline in 60 

Mediterranean forests, despite tree acclimation to cope with climate change through 61 

phenological changes and increased water-use efficiency (Hartmann et al., 2015; 62 

Natalini et al., 2016; Peñuelas et al., 2011).  63 

In this context, mixed forest stands could play an important role in preventing or 64 

reducing adverse changes. Mixed species stands might be more stable than 65 

monospecific ones, because of their greater resilience and resistance to biotic and 66 

abiotic factors (Guyot et al., 2016; Knoke et al., 2008; Pretzsch et al., 2013) and their 67 

higher temporal stability (Jucker et al., 2014; del Río et al., 2017). Mixtures could 68 

increase resistance and resilience in extreme drought conditions through complementary 69 

use of water resources based on species niche partitioning and alterations in water-use 70 

efficiency (Forrester, 2014). Although studies have shown contrasting results depending 71 



on species composition and site conditions, the positive effect of mixing species seems 72 

relevant to drought-prone sites (Grossiord et al., 2014; Forrester et al, 2016).  73 

Monitoring stem radial variations can provide insight into intra-annual stem dynamics 74 

and improve our understanding of climate impacts on tree physiology and growth 75 

processes (Deslauriers et al., 2007; Drew and Downes, 2009; King et al., 2013). 76 

Continuous or high-resolution dendrometer recordings provide valuable information on 77 

tree stem radial variation along with the possibility of studying tree response to 78 

environmental influences at a high temporal resolution (Siegmund et al., 2016). High-79 

resolution dendrometers are commonly used for studying seasonal tree growth 80 

dynamics, uncovering the environmental parameters that drive tree growth, and 81 

monitoring aspects of tree water balance such as water use and drought stress (Van der 82 

Maaten et al., 2016; Zweifel, 2016; Zweifel et al., 2016). Consequently, automatic 83 

dendrometers are now widely used to provide high-resolution stem variation data on 84 

coniferous and broadleaf trees from boreal to tropical forests (King et al., 2013). 85 

However, because these analyses often involve short observation periods, they do not 86 

accurately capture radial variations under contrasting weather conditions (King et al., 87 

2013). 88 

The handful of studies that have reported on seasonal variations in tree stem radius in 89 

Mediterranean areas mostly confirm the dominant role of temperature as the major 90 

constraint on radial increment in short time scales, and of precipitation effects in 91 

monthly scales (Camarero et al., 2010; Gutiérrez et al., 2011; Vieira et al., 2013). High-92 

resolution stem diameter variation studies on mixed forests in this region are also 93 

infrequent. Sánchez-Costa et al., (2015) found contrasting growth and water use 94 

strategies in four co-occurring Mediterranean species, and Camarero et al., (2010) 95 



reported species-specific differences in xylogenesis patterns in mixed stands of 96 

Juniperus thurifera L., Pinus halepensis, and Pinus sylvestris L. However, very little 97 

research is available concerning daily radial variation cycles in mixed stands, so 98 

remains unclear in the Mediterranean climate. 99 

Recent studies have shown that the Mediterranean tree species Pinus pinaster Ait. and 100 

Quercus pyrenaica Willd are highly vulnerable to intense drought events (Gea-101 

Izquierdo et al., 2013; Prieto-Recio et al., 2015). P.pinaster is one of the most common 102 

pine tree species in Spain and usually establishes spontaneous mixed stands with 103 

Q.pyrenaica. Consequently, forest management strategies during the second half of the 104 

twentieth century included re-introducing pine into oak coppice stands. These co-105 

occurring species show different successional and phenological traits: light-demanding 106 

pine species are dominant in early successional stages, while deciduous oak is a 107 

moderately shade-tolerant tree that predominates in the late-successional stage. Studies 108 

of radial variation cycles focusing on these species are insufficient, with the exception 109 

of Vieira et al. (2013), who worked with P.pinaster for one year only (2010). A 110 

previous study by Aldea et al., (2017) on the same stands used in the current work, 111 

showed species differences in radial increment patterns and positive effects from heavy 112 

thinning. However, these were based on data from band dendrometer measurements, 113 

which have lower temporal resolution. 114 

For the research presented here, we used high-resolution dendrometer data to investigate 115 

species-specific tree responses to contrasted meteorological conditions in Mediterranean 116 

pine-oak mixed forest stands during the 2012-2014 period. The aims of the present 117 

study were 1) to show species differences in daily radial variation cycles, 2) to uncover 118 

species-specific weather responses in daily radial variation cycles and 3) to identify the 119 



weather variables that drove radial increment. We tested the hypotheses that (i) daily 120 

radial variation cycles varied according to seasons and species; (ii) differences were due 121 

to species responding differently to weather conditions and (iii) temperature and water 122 

availability were the main factors limiting radial increment, as expected in 123 

Mediterranean areas. 124 

2. Materials and methods 125 

2.1. Study sites 126 

The study took place at two experimental sites with different drought conditions in 127 

central Spain: Lubia (Soria; 41º 39’ N, 2º 29’ W) and San Pablo de los Montes (Toledo; 128 

39º 31’ N, 4º 16.6’W). The Lubia site was located at an altitude of 1,134 m.a.s.l. on a 129 

continental plateau. It has a sub-humid continental Mediterranean climate with an 130 

annual rainfall of 512 ± 133  mm, of which 100 ± 49  mm falls during the summer 131 

drought period, between June and August (AEMET, 2016; Spanish State 132 

Meteorological Agency). Annual mean temperature is 10.0 ± 1.6 ºC and the hottest 133 

month is July, with an average temperature of 18.9± 2.9 ºC. Frost occurs from 134 

September to May.  135 

The site at San Pablo de los Montes was established in the Montes de Toledo mountain 136 

range at 1,102 m.a.s.l. It has a continental Mediterranean climate, average rainfall of 137 

469± 122 mm and a marked summer drought between June and August, with 49 ± 51 138 

mm recorded rainfall (AEMET, 2016). Annual mean temperature is 12.9± 0.6 ºC and 139 

the hottest month is July, with an average temperature of 23.9± 1.1 ºC. Frost occurs 140 

from November to March.  141 



The Walter-Lieth annual aridity index (WAI) was calculated using the ‘BIOdry’ R 142 

package (Lara et al., 2013), based on historical climate records (1981-2010; AEMET, 143 

2016) that revealed drought differences for the sites: WAI of 0.22 for Lubia and 0.65 for 144 

San Pablo de los Montes. Hereafter, we will refer to these sites as WAI-0.22 and WAI-145 

0.65, respectively. 146 

The forest stands at both sites were generated by afforestation over a Q. pyrenaica 147 

coppice stand in the 1970s. The ground was prepared by bulldozer screefing, followed 148 

by strip sowing with P.pinaster. Today, these stands are a mixed even-aged forest 149 

composed of these two species arranged in strips and with closed canopy cover.  150 

2.2. Stem radial variation and climatic measurements 151 

Three dominant trees per species and site (twelve trees in total) were selected for 152 

installation of electronic point dendrometers. The pine trees chosen for sampling were 153 

268.8 mm (standard deviation (sd) of 15.3 mm) in diameter at breast height and 11.2 m 154 

(0.7 m sd) high, while the oaks were 94.5 mm (7.3 mm sd) in diameter and 7.4 m (0.8 m 155 

sd) high. All trees were similar in age and there were no significant differences in 156 

species diameter or height between sites. 157 

In autumn 2011, we installed electronic point dendrometers (Depfor, University of 158 

Huelva, details are available in Vázquez-Piqué et al., 2009) with a resolution of 1 µm in 159 

the selected trees to measure stem radial variation at breast height. Dead outermost 160 

layers of the bark were slightly removed to reduce the influence of hygroscopic bark 161 

swelling and shrinkage on dendrometer measurements. Data loggers were programmed 162 

to record measurements every 15 min for the entire 2012-2014 study period. 163 



Site weather variables were continuously monitored using a variety of sensors. Air 164 

temperature, relative humidity and dew point were recorded at 15 min resolution using a 165 

data logger (HOBO U12 4-External Channel) placed at the WAI-0.22 site. A weather 166 

station (HOBO) was installed at the WAI-0.65 site to record air temperature, relative 167 

humidity, rainfall, solar radiation and wind speed. Additionally, temperature, 168 

precipitation and radiation records were compiled using hourly data from the AEMET 169 

automatic network stations (Lubia-Ceder 2044B and San Pablo de los Montes 3298X) 170 

located 6 km and 5 km from the WAI-0.22 and WAI-0.65 sites, respectively, to fill gaps 171 

in the climate information. Mean vapor pressure deficit was also estimated from former 172 

weather measurements, and we applied indirect method described by Zweifel et al., 173 

(2005), to calculate tree water deficit by tree and year, using dendrometer measurements 174 

to quantify drought stress based on potential linear growth during periods of stem 175 

shrinkage (Zweifel et al., 2016). 176 

Summer drought was severe in 2012 at the WAI-0.22 site, while 2013 and 2014 had 177 

high spring and autumn rainfall, respectively (Figure 1). Conversely, summer drought 178 

was present in all sampling years at WAI-0.65, but precipitation was very low at both 179 

sites during winter and spring of 2012. 180 

Figure 1. Climograms of sampling years by site. 181 

2.3.  Data analysis 182 

2.3.1. Radial stem variation cycle approach   183 

The sub-hourly dendrometer values were averaged to hourly resolution to link them 184 

with environmental variables, as well as to identify and correct errors or wrong 185 

measurements. Gaps of short duration (lower than a day, longer gaps remained unfilled) 186 



and abrupt jumps were corrected using an ARIMA model for the trend series from the 187 

same tree and season (Van der Maaten et al., 2016). 188 

Daily radial variation series for each tree and year were processed individually 189 

according to the stem cycle approach (Deslauriers et al., 2011; Drew and Downes, 2009; 190 

Van der Maaten et al., 2016, 2013), which splits radial variation cycles into three 191 

different phases: (1) contraction, the period between the first maximum radius and the 192 

next minimum radius; (2) expansion, the period from the minimum to the next morning 193 

maximum; and (3) stem radial increment, part of the expansion phase from the time 194 

when the stem radius exceeds the morning maximum until the subsequent maximum 195 

(Figure 2).  196 

Stem radial increment (mm) and duration (hours) of the radial increment phase in the 197 

daily variation cycles were calculated for each tree and year. We also defined several 198 

metrics based on sinusoidal waveform characteristics, in order to explore features of full 199 

daily radial variation cycles (Figure 2). The difference between local maximum and 200 

minimum stem radius in the daily cycle is the amplitude of the cycle (mm), i.e., the 201 

maximum daily radial variation for a full cycle. Similarly, the period variable was 202 

defined as the duration, or the time (hours) required to complete a full cycle. The 203 

statistics extraction from cycle, gap filled and environmental linked was performed 204 

using ‘dendrometeR’ R package (Van der Maaten et al., 2016).  205 

Figure 2. Schematic representation of stem daily radial variation cycle, divided into three 206 

distinct phases: contraction (grey dots), expansion (white and black dots) and stem radial 207 

increment (black dots). Daily amplitude coincides with the magnitude of radial expansion 208 

(Rmax - Rmin). Period is the duration of full cycle.   209 

To better describe stem radial variation throughout the year, dendrometer series were 210 

divided into five periods or seasons according to Vieira et al., (2013): winter dormancy, 211 



during which radius variation was around zero; spring growth, from the start of positive 212 

radial increment until the spring maximum; pre-summer contraction, when the daily 213 

increment was negative; summer dormancy, when radial increment ceased and autumn, 214 

when rehydration occurred and radial increment increased rapidly in a short period of 215 

time. Radial variation cycles were defined as a symmetrical sinusoidal waveform for 216 

better visualization of daily seasonal cycles. 217 

Species and season differences in amplitude and period for full daily cycles were 218 

calculated by applying non-parametric statistics based on global rankings, which 219 

compute simultaneous confidence intervals and adjusted p-values based on Tukey 220 

contrasts for repeated measurements. Similarly, we calculated species and year 221 

differences in magnitude (mm), duration (hours) and number of cycles with the radial 222 

increment phase using the npar.t.test and mctp.rm functions from ‘nparcomp’ R 223 

package (Konietschke et al., 2015).  224 

2.3.2. Weather effect on stem radial variation cycle and increment phase 225 

Linear mixed models were fitted to determine the influence of meteorological variables 226 

on the amplitude and period of radial variation cycles, and on the magnitude of the 227 

increment phase. To better understand the influence of meteorological variables on the 228 

increment phase, especially when growth takes place, the model was also fitted for two 229 

different time scales: annual and spring. Mean, sums (when necessary), maximum, and 230 

minimum values of meteorological variables were calculated for full cycles. The 231 

structure of the linear mixed model was as follows: 232 

                                                     233 

                    [1] 234 



where      is the amplitude (mm), period (hours) of full radial variation cycle or daily 235 

radial increment (mm), for tree i in site j and year k (mm);    and     are the intercept 236 

regression coefficients for pine and oak, respectively;            is a linear function 237 

of weather variables; oak is a dummy variable with values of 1 for oak and 0 for pine; 238 

   ~N (0,   ) is the year random effect;     ~N (0,    ) is the site random effect; 239 

    ~N (0,     )  is the tree random effect and     ~N (0,   ) is the error term for each 240 

individual i in each site j for year k.  241 

Additionally, previous scatter plots were analyzed to check for possible non-linear 242 

relationships between response and weather variables. The best random and fixed effect 243 

structures were fitted by restricted and maximum likelihood, respectively. Explanatory 244 

variables were chosen based on stepwise model selection using Akaike information 245 

criterion (AIC) to find the most parsimonious model. Multicollinearity of environmental 246 

variables was controlled by variance inflation factor values. Serial autocorrelation was 247 

assessed by partial and autocorrelation function plots, and several serial correlation 248 

structures were evaluated (autoregressive, moving average, and a mixed autoregressive-249 

moving average model) to account for residual autocorrelation. A variance function for 250 

modeling heteroscedasticity was used for several structures (exponential, power, and 251 

constant plus power of the absolute value of the variance covariate) (Pinheiro and Bates, 252 

2000).  253 

3. Results 254 

Cumulative annual radial increment patterns confirmed a marked bimodal pattern for 255 

both species regardless of the year (Figure 3) as a consequence of summer drought, 256 

which is typical in Mediterranean environments (Albuixech et al., 2012; Camarero et 257 

al., 2010). Cumulative intra-annual radial increment patterns differed between species 258 



and among years. Pine species always presented a higher spring and autumn asymptotic 259 

parameter than oak, along with a greater spring increment rate. Low precipitation in 260 

autumn 2011 and spring 2012 provoked an extreme drought in 2012 at both locations, 261 

resulting in low cumulative radial increment for both species. However, high winter or 262 

spring rainfall during 2013 and 2014 increased annual cumulative radial increment, 263 

despite summer drought (Figure 3). 264 

Figure 3. Mean observed cumulative radial increment values for each species for the three 265 

sampling years. Filled area shows confidence intervals (95%).  266 

3.1. Seasonal differences in stem radial variation cycles 267 

Trees generally revealed a synchronous shrinking and swelling cycle response at the site 268 

level (data not shown) corresponding to daytime, when trees transpire quickly, and 269 

nighttime, when processes leading to water depletion or replenishment occur rapidly. 270 

Comparisons of mean full cycles throughout the year reveal variation among seasons 271 

and species (Figures 4 and 5). The lowest amplitudes were observed in winter, 272 

regardless of species (p-value lower than 0.01). Oak had the highest amplitude during 273 

pre-summer and summer, while amplitude was greatest for pine in spring, when growth 274 

occurs (p-value lower than 0.01 for both cases). Amplitude was higher for pine than oak 275 

during winter and spring, but the opposite occurred in pre-summer and summer (p-value 276 

lower than 0.01). However, period was always lower for pine than oak (p-value lower 277 

than 0.01), except in pre-summer and summer, when there were no differences between 278 

species (p-value 0.65). The cycle period was higher during winter and autumn, and 279 

lower in summer (p-value lower than 0.05). 280 

Figure 4. Mean daily radial variation cycles by season and species. 281 



Figure 5. Differences in amplitude (mm), period (hours) and onset of contraction phase for 282 

daily radial variation cycles by species and season. Error bars indicate confidence intervals 283 

(95%) and asterisk denotes significant differences between species. 284 

3.2. Weather effect on amplitude and period of stem radial variation cycles 285 

Models fitted for weather drivers of amplitude and period showed the importance of air 286 

temperature and rain (Table 1 and Figure 6). A non-linear relation (expressed as 287 

logarithm plus five to avoid mathematical indeterminacy) was found between 288 

amplitude, period, and air temperature. Water deficit was also related to high radial 289 

cycle amplitude, which supports summer observations. The effect of air temperature on 290 

the amplitude of daily cycles differed between species. In both species, amplitude 291 

increased with increasing air temperature (from 6º C for oak), though pine presented a 292 

more moderate trend (Figure 6). Amplitude also increased in oak species at air 293 

temperatures below 6.0 ºC, according to the fitted model in Table 1. Furthermore, 294 

though period was affected by air temperature, precipitation had a drastically higher 295 

impact on both species.  296 



Table 1. Model fitted for amplitude and period of stem radial variation cycles (Eq. 1). 297 

Significant parameters are in bold.    and     are the intercept regression coefficients for pine 298 

and oak respectively; Tair is air temperature (ºC); P is daily precipitation(mm); Wd is water 299 

deficit (mm);     is standard deviation for year random effect;     is standard deviation for site 300 

random effect;       is standard deviation for tree random effect;    is standard deviation for 301 

error term;   and   are autoregressive and moving average for ARMA(1,1) residual serial 302 

correlation parameters;    and    are function parameters used to model residual variance as 303 

an exponential function of the variance covariate vector (    ) for amplitude:             
  304 

         or constant plus a power for period:             
           

     305 

Parameter 
Amplitude Period 

Coefficient p-value Coefficient p-value 

   (pine) 1.18·10
-2

 0.178 2.995 <0.001 

    (pine) 1.63·10
-4

 0.662 -7.32·10
-3

 0.002 

            (pine) 1.05·10
-4

 0.021 9.94·10
-2

 0.005 

   (oak) 8.85·10
-2

 <0.001 2.25·10
-1

 0.066 

    (oak) 3.69·10
-3

 <0.001 -2.41·10
-3

 0.517 

            (oak) -5.30·10
-2

 <0.001 -4.98·10
-2

 0.3945 

  1.52·10
-3

 <0.001 4.34·10
-2

 <0.001 

   1.70·10
-1

 <0.001 0.0811916 0.098 

   (year) 1.14·10
-6

  1.26·10
-6

  

   (site) 1.15·10
-6

  2.76·10
-2

  

    (tree) 2.34·10
-7

  2.31·10
-2

  

  (error) 1.62·10
-2

  2.78·10
-5

  

  
0.961  -0.340    

  
-0.663  0.285  

  
 

11.151  2.06·10
-6

  

  
 

----  7.668  

 306 
Fig. 6.Species-specific effect of air temperature on amplitude of daily radial variation cycles 307 
(left). Air temperature and precipitation effects on period of radial variation cycles for both 308 
species (right). Simulation from the fitted linear mixed models for the air temperature and 309 
precipitation range. “Wet” weather corresponded to the 95

th
 percentile of daily precipitation 310 

range and “Dry” weather corresponded to no rain. 311 

3.3. Species differences in the spring radial increment phase  312 

Radial increment phase was more frequent in spring time, when it is possible to ensure 313 

that xylem growth occurs. Hence, spring was the most interesting period for analyzing 314 

radial increment. Daily radial increment and number of cycles with a radial increment 315 

phase varied with years and species in spring (Figure 7). However, no remarkable 316 

differences in the duration of the increment phase between species were found (results 317 

not shown). Daily radial increment showed significant differences between species 318 



(higher for pine) during 2013 and 2014 at the WAI-0.65 site (p-value lower than 0.01, 319 

Figure 7), and only in spring 2013 at the WAI-0.22 site (p-value 0.02). The number of 320 

cycles with increment phase was always higher for pine, regardless of site and year (p-321 

value lower than 0.01), except in 2013 at the WAI-0.65 site (Figure 7). The number of 322 

cycles with increment phase was also lower in the 2012 drought year, regardless of 323 

species and site (p-value lower than 0.01), but with no significant differences for oak at 324 

the WAI-0.22 site. 325 

Figure 7. Differences of daily radial increment and number of cycles with increment phase in 326 

spring by site, year, and species. Error bars indicate confidence intervals (95%), asterisk 327 

denotes significant differences between species.  328 

3.4. Weather drivers of the radial increment 329 

The results from the fitted model for daily radial increment (Eq. 1) are shown in Table 330 

2. Statistically significant weather variables that were included in the final model for 331 

spring time were mean air temperature (Tair; ºC), solar radiation (SR; 10KJ/m
2
), and 332 

accumulated rainfall per daily cycle (P; mm). Two additional variables, water deficit 333 

(Wd; mm) and mean vapor pressure deficit (VPD; kPa), were significant when all 334 

annual periods were taken into account. Mean air temperature, solar radiation, and the 335 

amount of rainfall caused higher radial increments. In the annual analysis, however, was 336 

negatively affected by water deficit and high vapor pressure deficit values, which were 337 

especially acute during summer time.  338 

Table 2. Model fitted for annual and spring daily radial increment (Eq. 1). Significant 339 

parameters are in bold.    and     are the intercept regression coefficients for pine and oak, 340 

respectively; Tair is air temperature (ºC);SR is solar radiation (10KJ/m
2
); Wd is water deficit 341 

(mm); VPD is mean vapor pressure deficit (kPa); P is daily precipitation(mm);    is standard 342 

deviation for year random effect;     is standard deviation for site random effect;       is 343 

standard deviation for tree random effect;    is standard deviation for error term;   and   are 344 

autoregressive and moving average for annual and spring residual serial correlation 345 

parameters from AR(1) and ARMA(1,1), respectively;    and    are function parameters used 346 



to model residual variance as constant plus a power of the absolute value of the variance 347 

covariate (    ):             
           

     348 

Parameter 
Annual Spring 

Coefficient p-value Coefficient p-value 

   (pine) 7.38·10
-3

 <0.001 5.98·10
-3

 0.002 

     5.15·10
-4

 <0.001 9.76·10
-4

 <0.001 

   4.33·10
-4

 <0.001 6.38·10
-4

 <0.001 

   -1.68·10
-2

 <0.001 n.s. n.s. 

    -4.39·10
-3

 <0.001 n.s. n.s. 

  2.55·10
-3

 <0.001 1.68·10
-3

 <0.001 

   (oak) -2.57·10
-3

 0.002 -8.12·10
-3

 <0.001 

   (year) 3.36·10
-7

  1.46·10
-3

  

   (site) 1.08·10
-3

  4.08·10
-8

  

    (tree) 7.88·10
-4

  3.17·10
-7

  

  (error) 1.58  2.18  

  0.43  8.77·10
-1

  

  ----  -6.29·10
-1

  

  
 2.01·10

-3
  1.96·10

-3
  

  
 

1.15  1.32  

Interaction between weather variables and species was not significant, so the species 349 

dummy variable only affected the intercept (     The value of this coefficient was 350 

negative regardless of the analysis time scale, showing the species growth effect of 351 

lower radial increment for oak than pine. Therefore, species responded to identical 352 

weather variables in the same way (linearly) but with higher radial increment reaction 353 

for pine species. 354 

4. Discussion 355 

4.1. Species-specific stem radial variation cycles by seasons 356 

The dynamics of the stem size cycles might provide valuable information about water 357 

status (reversible process) and radial tree growth (irreversible process) (Turcotte et al., 358 

2011; Vieira et al., 2013; Zweifel, 2016). We found differences in radial variation 359 

cycles across seasons and species, which support our first hypothesis. Differences 360 



observed in amplitude and period features from daily cycles provide insights into the 361 

relative changes in transpiration and/or soil water status over time (King et al., 2013).  362 

We observed stem contraction generally from early morning until evening, reflecting 363 

the daily cycle of water uptake and loss, as in previous studies (King et al., 2013; Vieira 364 

et al., 2013). Several authors have found that most diurnal stem shrinkage occurs in the 365 

cambial zone, bark, and phloem, and that diurnal variation in the xylem cylinder is 366 

relatively small (Drew and Downes, 2009). Thus, differences between species in spring 367 

amplitude (Figures 4 and 5) could be related to higher pine crown area and leaf surface, 368 

which facilitate higher transpiration. Steppe et al., (2006) reported a close link between 369 

transpiration and sap flow, suggesting that spring amplitude differences might also be 370 

due to growth differences (higher for pine than oak, Table 2). Our results showed that 371 

the greatest amplitude in the daily variation cycle for pine occurred in spring.  However 372 

in the findings of Vieira et al. (2013), this occurred in pre-summer, similar than oak 373 

species in the current study. Increased transpiration due to high air temperatures leads to 374 

elevated demand for water, which is scarce in summer time and provokes extreme 375 

contraction from shrinkage (King et al. 2013). 376 

Therefore, our results appear to reveal species-specific responses to summer water 377 

stress, which could be related to different physiological mechanisms for coping with 378 

water stress. Oak anisohydric strategy involves high transpiration rates that are 379 

maintained during drought, eventually causing impairment of tree water status and 380 

higher radial cycle contraction. Accordingly, Sánchez-Costa et al., (2015) reported very 381 

low sap flow density regulation under drought conditions for similar Mediterranean oak 382 

species. Generally lower temperatures and photoperiods during autumn induced a 383 

decrease in physiological activity, leading to low amplitude and high period in daily 384 



radial cycles (Figures 4 and 5). Although Vieira et al., (2013) showed lower amplitude 385 

for pine in autumn, we observed the lowest amplitudes in winter regardless of species, 386 

which better corroborates with Biondi and Rossi, (2015). During winter, when no wood 387 

formation occurs, the circadian cycle of stem size becomes more erratic (Biondi and 388 

Rossi, 2015). Although photosynthesis may be observed for conifers during winter, air 389 

temperature is the dominant factor determining stem size fluctuations. This is attributed 390 

to water osmotic movement due to temperature changes near the sap freezing point 391 

(King et al., 2013; Zweifel et al., 2000). However, unlike what commonly occurs at 392 

high altitudes and latitudes, the cycles were not inverted at our study sites. This 393 

indicates that the sap did not reach the freezing point, as Vieira et al., (2013) also 394 

reported in a Mediterranean location.   395 

Furthermore, differences in winter cycle period between species – which are higher for 396 

oak than pine (Figures 4 and 5) – could be due to anatomical differences (sapwood, cell 397 

walls, and vessels) that govern water relocation and are directly related to the higher 398 

hygroscopicity of oak compared to pine (Popper et al., 2005).  399 

4.2. The role of temperature and rain on daily radial variation cycles 400 

We found that temperature drove differences between species in amplitude cycles, 401 

whereas the effect of precipitation was similar (Figure 6 and Table 1). This partially 402 

demonstrated our second hypothesis. Changes in amplitude or period related to freezing 403 

and swelling have been observed in other species (King et al., 2013; Turcotte et al., 404 

2011). Although available soil water certainly plays a role in the dynamics of tree water 405 

movement (higher amplitude), stem contraction is more closely linked to temperature 406 

(evapotranspiration demand in summer and thermal contraction in winter). 407 



The relation between air temperature and stem cycle amplitude in our study showed 408 

clear increases in amplitude with increased temperature, as found by King et al., (2013) 409 

for larch and spruce. This suggests a higher contraction phase due to the depletion of 410 

stem water reserves in response to greater evaporative demand, which is driven by 411 

warmer temperatures. Similarly, increased water deficit resulted in a greater amplitude 412 

of the radial variation cycle (Table 1), which could also explain the high amplitude 413 

during summer time (Figures 4 and 5). Turcotte et al., (2011) reported that water deficit 414 

during the day led to a pronounced contraction phase for boreal black spruce. Thus, 415 

amplitude differences between species at high temperatures may indicate the 416 

abovementioned species-specific responses to water stress. We also found that rain 417 

increased the amplitude cycles (Table 1) and was related to rehydration processes, as in 418 

previous studies (Deslauriers et al., 2007; Vieira et al., 2013). 419 

Amplitude of radial variation cycles during wintertime was related to different species-420 

specific responses to freezing events (Figure 6 and Table 1): pine decreased in 421 

amplitude, while oak increased. Vieira et al., (2013), reported a similar pattern for 422 

maritime pine in a Mediterranean area, while King et al., (2013) reported amplitude 423 

increment for spruce and larch at freezing temperatures, which resembled the behavior 424 

of oak. The different response pattern for pine could be due to very rare winter 425 

temperatures below -5ºC at both sites. Similarly, higher amplitude for pine in a large 426 

temperature range might be related to higher radial increment rates, especially in spring 427 

(Figure 3 and Table 2). 428 

However, species did not show a different response to weather variables for the duration 429 

of full daily radial cycle (Table 1).  Thus, only weather variables (temperature and rain) 430 

controlled the period of radial variation cycles, as reported by Vieira et al., (2013). 431 



Here, we found that period decreased with increased temperature. Thus, when 432 

temperatures are especially high and the days are longer during pre-summer and 433 

summer, transpiration rates may be also high, causing faster contraction and higher 434 

recovery duration (results not shown), resulting in a compressed wave period (Figures 4 435 

and 5). Deslauriers et al., (2007) demonstrated demonstrates that vapor water deficit had 436 

a direct effect on the duration and amplitude of the contraction phase, which may 437 

corroborate our results. 438 

Additionally, the fitted model (Table 1) indicated that the period of radial variation 439 

cycles decreased at air temperatures below 8.5 ºC. We suggest that temperatures close 440 

to freezing may generate a faster contraction phase due to thermal response, leading to 441 

radial variation cycles with a compressed period. Although air temperature certainly 442 

plays a role in the radial variation cycle period, precipitation is more closely linked to 443 

higher period duration because of rehydration (Figure 6). 444 

4.3. Meteorological drivers of radial increment 445 

We expected species-specific responses to weather in radial increment phase based on 446 

different water status regulation strategies – anisohydric vs. isohydric behavior – and/or 447 

water uptake efficiency differences between the species. However, the two species 448 

responded to the same weather variables and in the similar way (linearly) modifying 449 

radial increment. This finding agrees with that of Sánchez-Costa et al., (2015) who 450 

reported coordinated responses of transpiration, water storage dynamics, and growth-451 

based water use efficiency in Mediterranean pine and oak species. Conversely, in a 452 

previous study we found species-specific intra-annual radial increment responses to 453 

weather variables (Aldea et al., 2017). This may be explained by methodological and 454 



precision differences in estimating radial increment (biweekly rate vs. daily cycle 455 

analysis). 456 

Overall, pine responded to weather with higher radial increment compared to oak (Table 457 

2), which again supports partial acceptance of the second hypothesis. This may be 458 

related to differences in reproduction methods (seed vs. coppice), tree competition 459 

(higher for oak) or efficiency in using resources (early vs. late successional species). 460 

The number of daily cycles with increment phase was also higher for pine (Figure 7), 461 

except in 2013 at WAI-0.65, indicating species-specific growth phenology. Stomatal 462 

control tends to keep water status stable, especially in isohydric plants (Jones, 2007), 463 

giving pine trees the ability to store extra water storage in tissues or withdraw stored 464 

water from the stem. Oak trees are anisohydric; they maintain high transpiration rates 465 

regardless of soil water availability, so fewer cycles with increment phase would be 466 

expected. 467 

The third hypothesis was confirmed: temperature, precipitation, and water deficit had an 468 

important role in driving radial increment, though solar radiation and vapor pressure 469 

deficit also affected it. Several authors have found positive correlations between air 470 

temperature and radial increment (Deslauriers et al., 2003; King et al., 2013; Van der 471 

Maaten et al., 2013), though other works report the opposite due to elevated 472 

transpiration rates, especially in summer (Deslauriers et al., 2007; Oberhuber et al., 473 

2014). 474 

Our results corroborated that precipitation is an important factor in radial increment in 475 

Mediterranean areas, as it allows growth and/or replenishment of internal water reserves 476 

in trees. Precipitation events increase available soil water, which is essential for 477 

photosynthesis and growth, but there is also evidence that rain plays a role in the stem 478 



rehydration process. The difficulty in differentiating these two effects with 479 

dendrometers leads to overestimation of the role of rain (Biondi and Rossi, 2015; King 480 

et al., 2013; Turcotte et al., 2011). 481 

At the tree physiological level, the negative effect of high vapor pressure deficit concurs 482 

with other studies (Aldea et al., 2017; Oberhuber et al., 2014; Van der Maaten et al., 483 

2013) and can be explained by increased evapotranspiration, which inhibits cell 484 

enlargement and growth (Oberhuber et al., 2014). Water deficit is also related to climate 485 

variables which influence transpiration (Oberhuber et al., 2015).  This suggests that 486 

drought from June to August is a highly prominent factor in limiting growth for both 487 

species, as we observed for 2012. Though solar radiation promotes radial increment and 488 

could be related to photosynthesis and eventual growth, it may also increase 489 

transpiration rates, stem water movement and subsequent stem contraction (Duchesne 490 

and Houle, 2011; King et al., 2013). 491 

5. Conclusions  492 

The results of our study provided insight into environmental control of intra-annual 493 

radial increment in co-occurring species exposed to drought. The same weather 494 

variables drove radial increment for both species, though pine response was greater. 495 

This may directly impact stand dynamics and composition, especially in light of the 496 

predicted increase in aridity resulting from climate change in the Mediterranean region. 497 

Air temperature and rain altered the amplitude and period for daily stem radial variation 498 

cycles, while water availability (rain vs. water deficit) seemed to be crucial for the radial 499 

increment phase. Thus, the increased temperatures and higher frequency of drought 500 

events that are forecasted for the Mediterranean region may alter radial variation cycles 501 



and decrease radial increment rates for both species. Forest management strategies that 502 

enhance radial growth in stands (especially for oak trees) are needed to offset possible 503 

ecological changes affecting species survival and the decreased production that may 504 

accompany global warming predictions. 505 
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Figures captions 683 

Figure 1. Climograms of sampling years by site. 684 

Figure 2. Schematic representation of stem daily radial variation cycle, divided into three 685 

distinct phases: contraction (grey dots), expansion (white and black dots) and stem radial 686 

increment (black dots). Daily amplitude coincides with the magnitude of radial expansion 687 

(Rmax - Rmin). Period is the duration of full cycle.   688 

Figure 3. Mean observed cumulative radial increment values for each species for the three 689 

sampling years. Filled area shows confidence intervals (95%).  690 

Figure 4. Mean daily radial variation cycles by season and species. 691 

Figure 5. Differences in amplitude (mm), period (hours) and onset of contraction phase for 692 

daily radial variation cycles by species and season. Error bars indicate confidence intervals 693 

(95%) and asterisk denotes significant differences between species. 694 

Fig. 6.Species-specific effect of air temperature on amplitude of daily radial variation cycles 695 
(left). Air temperature and precipitation effects on period of radial variation cycles for both 696 
species (right). Simulation from the fitted linear mixed models for the air temperature and 697 
precipitation range. “Wet” weather corresponded to the 95

th
 percentile of daily precipitation 698 

range and “Dry” weather corresponded to no rain. 699 
 700 

Figure 7. Differences of daily radial increment and number of cycles with increment phase in 701 

spring by site, year, and species. Error bars indicate confidence intervals (95%), asterisk 702 

denotes significant differences between species.   703 



Table 1. Model fitted for amplitude and period of stem radial variation cycles (Eq. 1). 

Significant parameters are in bold.    and     are the intercept regression coefficients for pine 

and oak respectively; Tair is air temperature (ºC); P is daily precipitation(mm); Wd is water 

deficit (mm);     is standard deviation for year random effect;     is standard deviation for site 

random effect;       is standard deviation for tree random effect;    is standard deviation for 

error term;   and   are autoregressive and moving average for ARMA(1,1) residual serial 

correlation parameters;    and    are function parameters used to model residual variance as 

an exponential function of the variance covariate vector (    ) for amplitude:             
  

         or constant plus a power for period:             
           

     

Parameter 
Amplitude Period 

Coefficient p-value Coefficient p-value 

   (pine) 1.18·10
-2

 0.178 2.995 <0.001 

    (pine) 1.63·10
-4

 0.662 -7.32·10
-3

 0.002 

            (pine) 1.05·10
-4

 0.021 9.94·10
-2

 0.005 

   (oak) 8.85·10
-2

 <0.001 2.25·10
-1

 0.066 

    (oak) 3.69·10
-3

 <0.001 -2.41·10
-3

 0.517 

            (oak) -5.30·10
-2

 <0.001 -4.98·10
-2

 0.3945 

  1.52·10
-3

 <0.001 4.34·10
-2

 <0.001 

   1.70·10
-1

 <0.001 0.0811916 0.098 

   (year) 1.14·10
-6

  1.26·10
-6

  

   (site) 1.15·10
-6

  2.76·10
-2

  

    (tree) 2.34·10
-7

  2.31·10
-2

  

  (error) 1.62·10
-2

  2.78·10
-5

  

  
0.961  -0.340    

  
-0.663  0.285  

  
 

11.151  2.06·10
-6

  

  
 

----  7.668  

 

Table 1



Table 2. Model fitted for annual and spring daily radial increment (Eq. 1). Significant 

parameters are in bold.    and     are the intercept regression coefficients for pine and oak, 

respectively; Tair is air temperature (ºC);SR is solar radiation (10KJ/m
2
); Wd is water deficit 

(mm); VPD is mean vapor pressure deficit (kPa); P is daily precipitation(mm);    is standard 

deviation for year random effect;     is standard deviation for site random effect;       is 

standard deviation for tree random effect;    is standard deviation for error term;   and   are 

autoregressive and moving average for annual and spring residual serial correlation 

parameters from AR(1) and ARMA(1,1), respectively;    and    are function parameters used 

to model residual variance as constant plus a power of the absolute value of the variance 

covariate (    ):             
           

     

Parameter 
Annual Spring 

Coefficient p-value Coefficient p-value 

   (pine) 7.38·10
-3

 <0.001 5.98·10
-3

 0.002 

     5.15·10
-4

 <0.001 9.76·10
-4

 <0.001 

   4.33·10
-4

 <0.001 6.38·10
-4

 <0.001 

   -1.68·10
-2

 <0.001 n.s. n.s. 

    -4.39·10
-3

 <0.001 n.s. n.s. 

  2.55·10
-3

 <0.001 1.68·10
-3

 <0.001 

   (oak) -2.57·10
-3

 0.002 -8.12·10
-3

 <0.001 

   (year) 3.36·10
-7

  1.46·10
-3

  

   (site) 1.08·10
-3

  4.08·10
-8

  

    (tree) 7.88·10
-4

  3.17·10
-7

  

  (error) 1.58  2.18  

  0.43  8.77·10
-1

  

  ----  -6.29·10
-1

  

  
 2.01·10

-3
  1.96·10

-3
  

  
 

1.15  1.32  

 

Table 2
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