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Summary 30 

The effects of short-term extreme events on tree functioning are still rather elusive. 31 

Considering beech one of the most sensible species to late frost and water shortage, we 32 

investigate the intra-annual C dynamics in stems under such conditions. Wood formation and 33 

stem CO2 efflux were monitored in a Mediterranean beech forest for three years (2015−2017) 34 

which were characterized by a late frost (2016) and a summer drought (2017). The late frost 35 

event reduced radial growth and consequently the amount of carbon fixed in the stem biomass 36 

by 80%. Stem carbon efflux in 2016 was reduced by 25%, which can be attributed to reduced 37 

effluxes due to growth respiration. Consequently, the amount of carbon emitted was higher 38 

than the carbon fixed in stems, causing an net emission of 0.468 Mg C ha–1 yr–1. Counter to 39 

our expectations, we found no effects of the 2017 summer drought on radial growth and stem 40 

carbon efflux.  41 

Even if forests are potentially susceptible to all weather extremes, which are becoming more 42 

frequent in Mediterranean basin, the study evidenced the negative effect of spring late frost 43 

but the high resilience of beech that resumed the growth in 2017, and became again C sink. 44 

 45 

Keywords: Fagus sylvatica L. (beech), late frost, extreme weather event, wood formation, 46 

stem carbon efflux, resilience, drought, growth. 47 

Introduction 48 

Even small changes in the mean or variance of a climate variable cause disproportionally 49 

large changes in the frequency of extreme weather events, recognized as major drivers of 50 

current and future ecosystem dynamics (Frank et al., 2015). In the near future, Mediterranean 51 

region is predicted to be the most vulnerable to global change between the European regions 52 

(Schröter et al., 2005). Changes in temperature and precipitation regimes may increase 53 

drought risk (Schröter et al., 2005), which can negatively affect physiological performance 54 

(Rezaie et al., 2018), growth and competitive strength (Peuke et al., 2002) of common beech, 55 

one of the most important and widespread broadleaved trees in Europe.  56 

Increasing spring temperatures can trigger earlier leaf unfolding (Gordo & Sanz, 2010; Allevato et al., 57 

2019), which in turn results in higher risk that young leaves are exposed to spring frost, especially at 58 

higher elevation (Vitasse et al., 2018). Temperatures below −4°C can kill the developing new 59 

shoots and leaves, thus reducing the photosynthetic area and ultimately the trees’ growth. In 60 

addition, depending on the intensity of damage, the formation of new leaves requires a high 61 

amount of reserves (Dittmar et al., 2006; D’Andrea et al., 2019).  62 
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Tree stems play an important role in the carbon balance of forest ecosystems (Yang et al., 63 

2016). Part of the carbon (C) fixed by photosynthesis is allocated to stem, while some is 64 

respired by stems and emitted into the atmosphere. Radial growth – an often used proxy for 65 

the overall allocation of C to the stem (Bascietto et al., 2004; Cuny et al., 2015; Chan et al., 66 

2018a) – is largely related to the process of wood formation, which can be divided into five 67 

(main) developmental phases: i) cambial cell division; ii) cell enlargement; iii) secondary wall 68 

deposition and iv) cell wall thickening (lignifications); while v) in the case of vessels and 69 

fibres, also genetically-programmed cell death or apoptosis (Prislan et al., 2018). The whole 70 

process is sensitive to many factors as leaf phenology (Michelot et al., 2012), temperature 71 

(Begum et al., 2007), drought (Linares et al., 2009), tree-size and social status (Rathgeber et 72 

al., 2011), and tree vigour (Gričar et al., 2009).  73 

As also described by Damesin (2003), the only current-year stem respiration may represent 74 

the 8% of the overall above ground respiration and 1.4% of the annual carbon assimilation. A 75 

recent global estimate shows that the only stem respiration from boreal to tropical forests 76 

combined was 6.7 (± 1.1) Pg C yr–1, which corresponds to 84% of the mean annual 77 

anthropogenic emission (Yang et al., 2016). Measurements of actual stem respiration (RS) are 78 

difficult if not impossible (Teskey et al., 2008), and the most commonly measured proxy, 79 

namely stem CO2 efflux (ES), is likely to underestimate local respiration (Trumbore et al., 80 

2013). Still, previous studies reported a strong correlation between RS and ES, with ES 81 

ranging between 82–94% and 86–91% of RS in Populus deltoides (Saveyn et al., 2008) and 82 

Dacrydium cupressinum Lamb stems (Bowman et al., 2005), respectively. Another study 83 

using O2 uptake as an alternative proxy for actual respiration and comparing it to traditionally 84 

measured ES, showed that ES on average underestimated RS by about 41% (CO2 was not 85 

emitted locally at the point of measurement) (Hilman et al., 2019). ES and RS are different 86 

because part of the CO2 produced by respiration is not released directly through the bark in 87 

atmosphere, but it is dissolved in xylem sap and is carried upward by the transpiration stream 88 

(Bloemen et al., 2014). In addition, ES is affected by CO2 deriving from root respiration 89 

which is carried upward into the stem (Bloemen et al., 2013). Moreover, part of respired CO2 90 

can be fixed in the xylem storage pools (Ubierna et al., 2009) 91 

ES proved to be related to stem temperature, growth rates, distribution and turnover of living 92 

cells (Collalti et al., 2019) nitrogen concentration (Ceschia et al., 2002), to tree social class 93 

(Guidolotti et al., 2013) and varies seasonally due to growth (Gruber et al., 2009). ES is 94 

affected by growth respiration, which provides the energy for synthesizing new tissues; and 95 

by maintenance respiration, which maintains existing living cells (Ceschia et al., 2002). 96 
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Separating ES into these components allows for further investigation of stem carbon 97 

budgeting and tissue costs (Chan et al., 2018b). Not much is known on the interaction 98 

between wood formation (xylogenesis) and ES and a deeper investigation of this link is 99 

crucial, especially in the context of climate change and extreme weather events, which may 100 

greatly modify the contribution of these processes to C cycle. Nevertheless, despite the crucial 101 

role of extreme events and the rising attention to their prospected increasing role in future 102 

climate scenarios, information on the effect of short-term extreme events on tree functioning 103 

is still rather elusive (Carrer et al., 2016; Gazol et al., 2019).  104 

In this context, we monitored xylogenesis together with ES in a Mediterranean beech forest 105 

from 2015 to 2017 – a period characterized by a spring late frost (2016) and a summer 106 

drought (2017) – with the objective to unravel the intra-annual C dynamics in stems under 107 

these two extreme weather events. We hypothesized that: 1) cambial activity and radial 108 

growth may cess soon after leaf death due to 2016 spring late frost; 2) second leaf re-109 

sprouting may start at the expense of stem growth; 3) 2017 summer drought negatively impact 110 

stem biomass production and effluxes; and that 4) such extreme weather events would alter 111 

the stems C dynamic at both tree and stand scale. 112 

 113 

Material and methods 114 

Study site  115 

The measurements were carried out between 2015 and 2017 on a long-term monitored beech 116 

stand (Fagus sylvatica L.) located at Selva Piana (41°50’58” N, 13°35’17” E, 1,560 m 117 

elevation) close to Collelongo (Abruzzi Region, Italy) in the Central Apennine. Site 118 

information regarding forest structure, climate and soil are all in depth described in previous 119 

works (Chiti et al., 2010; Guidolotti et al., 2013; Collalti et al., 2016; Rezaie et al., 2018).  120 

In the night between 25th and 26th of April 2016 (Day Of Year, DOY 115), a spring late frost 121 

occurred in Central and South Italy, causing leaf damage in many beech stands (Bascietto et 122 

al., 2018; Greco et al., 2018; Nolè et al., 2018; Allevato et al., 2019). In the Selva Piana site 123 

the air temperature reached – 6°C at canopy level, destroying the whole-stand canopy and 124 

leaving the trees without leaves for almost two months. The 2017 growing season was 125 

characterized by a prolonged summer drought, starting in June and getting more severe over 126 

the next two months. In 2017, annual precipitation was 950 mm, with only 54 mm of 127 

precipitation from June to August. The daily maximum average temperature was 23.9 °C in 128 
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August 2017, ~ 2°C warmer than the long-term average (1950–2013) (Error! Reference source 129 

not found.). 130 

Tree selection, wood formation dynamic and xylem phenology 131 

Sampling was performed on five trees (Rezaie et al., 2018), that were selected for their 132 

similarity with site tree ring chronology, as done in other studies on wood formation and stem 133 

CO2 efflux (Ceschia et al., 2002; Damesin et al., 2002; Gruber et al., 2009; Delpierre et al., 134 

2019). Micro-cores collection, and cross-sections preparation followed the standard 135 

methodology described in Prislan et al. (2013). On each photographed cross-section, the 136 

number of cambium cells was counted, and the widths of the developing xylem were 137 

measured along three radial directions. The dynamics of xylem formation were analyzed by 138 

fitting Gompertz function to xylem increments (Prislan et al., 2018; Rathgeber et al., 2018), 139 

corrected for the previous tree ring width (Oladi et al., 2011), as follows: 140 

 141 

y � � exp �	
�������     (1) 142 

 143 

where y is the cumulative ring width (μm) at time t (day of the year), α is the final asymptotic 144 

size representing the annual potential growth, β is the x-axis placement parameter, and k is the 145 

rate of change parameter. 146 

For each tree and monitoring year the following phenological xylem formation phases were 147 

recorded: i) cambium reactivation, ii) beginning of cell enlargement period (bE); iii) 148 

beginning of cell wall thickening (bW); iv) beginning of cell maturation (bM); v) cessation of 149 

cell enlargement phase (cE); and vi) cessation of cell wall thickening and lignification phase 150 

(cW). The date of cambium reactivation was assessed as the average between dates when an 151 

increase of cambium cells was observed (i.e. from 3-4 to 6-7 cells in a radial row) (Čufar et 152 

al., 2008; Deslauriers et al., 2008). Phases of xylem growth and ring formation were 153 

computed using logistic regressions, spanning from the 50% probability that phenophase have 154 

started or ended (Rathgeber et al., 2018). Based on phenological phases, the duration of key 155 

wood formation phases were calculated: i) the overall duration of the enlargement period (dE 156 

= cE – bE); ii) the duration of the wall-thickening period (dW = cW – bW); and iii) the total 157 

duration of wood formation (i.e. the duration of xylogenesis) (dX = cW – bE). Data were 158 

analysed using the CAVIAR (v2.10-0) package (Rathgeber et al., 2018) built for R statistical 159 

software (R Development Core Team, 2018). 160 
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Starting from the detailed time-resolved data from tree micro-cores, the annual C fixed in the 161 

stem (SGt) was estimated for each sampled tree as follows:  162 

 163 

��� � �.�����	�
�	����
∆�    (2) 164 

 165 

Where SGt is the amount of C fixed in stem per year expressed in Mg C yr−1, 0.46 is the 166 

carbon content of the woody tissues (Scarascia-Mugnozza et al., 2000), BSt and BSt-1 are the 167 

stem biomass in Mg of Dry Matter (DW) of at the beginning and at the end of each sampling 168 

year, Δt is the time variation (one year). 169 

The site-specific allometric equation for beech used for BS was that proposed by Masci 170 

(2002): 171 

 172 

�� � 
��.��������.���
���     (3) 173 

  174 

Where BS is in Mg DW, and DBH is the diameter (in cm) at 1.30 m (R2 = 0.96, p-value < 175 

0.01).  176 

Stem CO2 efflux (ES) 177 

Two PVC collars (10 cm diameter and 5 cm high, one facing north and one south) were fixed 178 

on each tree with flexible plastic ties and sealed leak tight with Terostat (Henkel KgaA, 179 

Germany). When present, bark mosses and lichens were removed. Stem CO2 efflux was 180 

measured with a portable IRGA (EGM 4, PP-System, Hitchin, UK), equipped with a closed-181 

dynamic chamber (SRC-1, PP-System, Hitchin, UK), that was tighted to the collars. Each 182 

measurement consisted of a 120 seconds loop, where CO2 concentration inside the chamber 183 

was measured every 5 seconds. During measurements the CO2 concentration typically 184 

increased by 10 to 50 μmol mol−1. 185 

Stem CO2 efflux (ES) was calculated as: 186 

 187 

�� � ���� � ���� 	 �	
�
�     (4) 188 

  189 

ES is stem CO2 efflux per surface area (μmol m−2 s−1), KCO2 (μmol mol−1 s−1) is the slope of 190 

the regression between CO2 concentration and time during measurements, Vmol, the molar 191 

volume, is the volume occupied by one mole of CO2 (m
3 mol−1), at the air pressure (measured 192 
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by built-in sensor of the EGM-4) and air temperature (Tair, °C) at measurement time, A is the 193 

exposed lateral area of stem (m2), and Vcuv is the sum of SRC-1 and collar volumes (m3). 194 

Temperature was used to calculate the relationship among ES and Tair, using the well-known 195 

Arrhenius exponential function:  196 

 197 

�� � 
 	 �������     (5) 198 

 199 

ES overall temperature sensitivity for a 10 °C increase (Q10) was calculated according to 200 

Gruber et al. (2009) as: 201 

 202 

��� � 10 ����     (6) 203 

 204 

where KT is the regression slope taken from linear regression of log10 of ES versus Tair.  205 

From the wood formation and xylem phenology analysis described above, we identified wood 206 

(w) and non wood (nw) formation periods for each tree, so it was possible to separate the 207 

measured ES in two groups, ESw and ESnw. Thus, according to Eq. 5, we calculated per each 208 

group the specific CO2 efflux at a base air temperature of 15°C (ES15w and ES15nw) and the 209 

specific Q10 (Q10w and Q10nw). 210 

During the non-wood formation period, ESnw is constituted only by the effluxes derived by 211 

the maintenance respiration (ESb, μmol m−2 s−1 ) that was calculated as: 212 

  213 

��!" � ��� � ���#!" 	 ���!"

��������

��  (7) 214 

 215 

During the wood formation period ESw (μmol m−2 s−1), which is affected by both maintenance 216 

and growth respiration, was calculated as:  217 

 218 

��" � ���#" 	 ���"

��������

��    (8) 219 

 220 

 221 

We assumed that ESb and its relationship with air temperature was also valid during wood 222 

formation period, although this approach is not accounting for the acclimation of maintenance 223 

respiration to temperature during warmer periods. Nevertheless, there are contrasting 224 

hypotheses on this process (Carey et al., 1997; Stockfors & Linder, 1998). Under this 225 
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assumption, we calculated the stem CO2 efflux due to growth respiration, ESg (μmol m−2 s−1), 226 

as: 227 

 228 

��� � ��" � ���     (9) 229 

 230 

The daily C effluxes of the whole stem were obtained by integrating, over the entire stem 231 

area, the effluxes through equation 7, 8, 9, using the half-hourly Tair values measured at the 232 

site. The stem area was calculated as follow:  233 

 234 

�� � 0.464 	 ��� � 2.083   (10) 235 

 236 

where LA is the stem lateral area (m2) and DBH is the stem diameter (in cm) at 1.30 m (R2 = 237 

0.828, p-value < 0.01, for more details on equation see additional material). Using this 238 

approach, we considered the measurement at 1.30 m representative of the whole stem, even if 239 

contrasting effect of height on stem CO2 effluxes are reported (Damesin et al., 2002; 240 

Katayama et al., 2019). 241 

Annual values of each C fluxes of the five sampled trees (TES, TESb, TESg, see Table 1 for 242 

definitions) were obtained summing up the daily values. 243 

From tree to stand level 244 

Annual values of each fluxes per tree at stand scale (ASG, AESb, AESw, AESg) were 245 

estimated using a probabilistic sampling scheme that yields unbiased estimators for several 246 

variables (Bascietto et al., 2004, 2012) . 247 

DBH elevated to the power of 2.5 (DBH2.5) (Bascietto et al., 2012) was used as proxy 248 

variable to estimate stem C fluxes. The sampling probability at the stand level (���) of the jth 249 

tree was calculated as 250 

��� �
���

∑ ���
�
���

      (11) 251 

where q is the number of trees in the stand, and Atj is the proxy variable (DBH2.5) of the jth 252 

tree. Every jth tree yields an unbiased estimator of stem fluxes of the stand:  253 

�	�� �  
%��

&��
      (12) 254 

Where  ��is the stem flux (e.g. TES, TESb, TESg, and SG) of the jth tree. Consequently, it is 255 

possible to calculate the unbiased mean and the variance of the estimator, as follow: 256 
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�	! � �
!  	 ∑ �	��!

'(�      (13) 257 

#
$�	! % �  
∑ )���* 
��*+

�
�
���

!��!
��      (14) 258 

 259 

Where n is the number of sampled trees. 260 

Meteorological and phenological data 261 

Half-hourly air temperature and precipitation were downloaded by ERA5 database of the 262 

European Centre for Medium-Range Weather Forecasts (ECMWF) 263 

(https://www.ecmwf.int/en/forecasts/datasets/archive-datasets/reanalysis-datasets/era5), and 264 

downscaled to experimental site using relationships built using previously measured values 265 

for temperature (°C) and precipitation (mm). Comparison against data measured at the site 266 

confirm the reliability of this choice that allows to use a continuous data series, without gaps. 267 

Leaf phenology was monitored using the MODIS Leaf Area Index product (LAI, 268 

MOD15A2H, https://modis.gsfc.nasa.gov/) with 8-day temporal resolution and 500 meter 269 

spatial resolution. The date of onset of photosynthetic activity (green up) and the date at 270 

which plant green leaf area peaks its annual maximum (maturity) were assessed trough the 271 

rate of change in the curvature of the fitted logistic models (Zhang et al., 2003). 272 

Statistical data analysis 273 

Descriptive parameters of the growth and xylem phenology were tested using One Way 274 

Repeated Measures Analysis of Variance, considering years as factor, followed by post-hoc 275 

(Holm-Sidak method). Exponential equation was used to evaluate the relationship between ES 276 

and Tair. Differences among ES parameters (Q10 and ES15) were tested using Two Way 277 

Repeated Measures ANOVA (Two Factor Repetition), using year and period (non-wood 278 

formation, wood formation) as factors. Multiple comparisons were performed by Holm-Sidak 279 

method. Linear regressions were used to assess the relationship between ESg and SG. We 280 

tested data normality and constant variance using Shapiro-Wilk test and the Spearman rank 281 

correlation between the absolute values of the residuals and the observed value of the 282 

dependent variable, respectively. 283 

Results 284 

Wood formation dynamic 285 

The date of onset of photosynthetic activity, based on leaf area index (LAI) dynamics, 286 

differed among the study years, occurring at DOY 118, 95, and 127 in 2015, 2016 and 2017, 287 
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respectively. In all three years, cambium activation occurred after leaf unfolding at DOY 123 288 

± 4, 118 ± 8, 138 ± 6 in 2015, 2016 and 2017, respectively (Fig. 1). In 2016, cambium cell 289 

production continued also after the late frost event, but at considerably lower rates.  290 

Different intra-annual growth patterns were observed during the three study years, especially 291 

in the year of the late frost (2016, Fig. 2, Table 1). In 2016, the maximal growth rate (rx) (F = 292 

8.469, p-value = 0.014) was lower and was reached 3 weeks earlier (tx) (F = 22.667, p-value 293 

< 0.001) than in the other two years. The different intra-annual growth patterns resulted also 294 

in significantly narrower tree rings in 2016 (230.12 ± 1.54 μm) (F = 13.272, p-value < 0.01) 295 

than in 2015 (1312.17 ± 196.15 μm) and 2017 (1234.80 ± 269.32 μm).  296 

In the study years, differences were also observed for the beginning, cessation, and duration 297 

of wood formation phases (Fig. S2). The beginning of the enlargement phase occurred earliest 298 

in 2016 and latest in 2017 (F = 34.789, p-value < 0.001). In contrast, the cessation of this 299 

phase was observed latest in 2015 (F = 17.155, p-value < 0.01). Consequently, the duration of 300 

the enlargement phase was longer in 2015 (110 ± 22 days) than in 2016 (82 ± 4 days) and 301 

2017 (78 ± 4 days) (F = 8.025, p-value = 0.01). The beginning of wall thickening phase did 302 

not differ among the years (F = 4.188, p-value = 0.06). The cessation of this phase occurred 303 

latest in 2015 (F = 69.167, p-value < 0.001). Thus, the duration of wall thickening phase was 304 

shorter in 2016 (57 ± 5 days) than 2015 (99 ± 6 days) and 2017 (75 ± 4 days) (F = 26.561, p-305 

value < 0.001). We observed also a delay in the beginning of the maturation phase in 2016 (at 306 

DOY 200 ± 4) with respect to 2015 (at DOY 178 ± 4) and 2017 (at DOY 176 ± 2) (F = 307 

11.650, p-value < 0.01). The overall duration of wood formation was longer in 2015 (128 ± 5 308 

days) than in 2016 (98 ± 8 days) and 2017 (97 ± 8 days) (F = 12.561, p-value < 0.001).  309 

Stem CO2 efflux (ES) 310 

During the monitoring period (April 2015 – November 2017), the measured ES ranged 311 

between 0.16 ± 0.03 μmol CO2 m
−2 s−1 (December 2015) and 3.01 ± 0.40 μmol CO2 m

−2 s−1 312 

(August 2017) (Fig. 3). Mean ES measured in 2016 (0.68 ± 0.19 μmol CO2 m−2 s−1) was 313 

lower (F = 24.476, p-value < 0.01) than in 2015 (1.11 ± 0.40 μmol CO2 m−2 s−1) and 2017 314 

(1.29 ± 0.30 μmol CO2 m
−2 s−1).  315 

In each years, ES was strongly related to air temperature through the standard exponential 316 

function (Fig. 4). The relation was confirmed at the different aggregation level of 317 

measurements (whole year, wood formation and non-wood formation periods; see also Table 318 

S2 in Supporting Information).  319 
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Q10 shown to be 2.71 ± 0.15, 2.11 ± 0.18, and 2.68 ± 0.15, in 2015, 2016, and 2017, 320 

respectively. The Q10 parameter was not strongly affected by the sampling year (p-value = 321 

0.059), although the values in 2016 were 22% lower than the other two years. Wood 322 

formation affected the Q10 parameter (F = 31.563, p-value < 0.01) with Q10w and Q10nw 323 

calculated to be 3.06 ± 0.15 and 1.93 ± 0.14 (t = 5.571, p-value < 0.01), respectively. This 324 

difference was confirmed for all of the sampled years. 325 

Also ES15 was affected by the different conditions of monitoring years (F = 7.094, p-value = 326 

0.01) with mean values of 2016 (0.63 ± 0.07 μmol CO2 m
−2 s−1) lower than 2015 (0.93 ± 0.12 327 

μmol CO2 m−2 s−1) and 2017 (0.82 ± 0.12 μmol CO2 m−2 s−1). Similarly to Q10, wood 328 

formation period affected also ES15, with ES15w (0.84 ± 0.22 μmol CO2 m
−2 s−1) higher than 329 

ES15nw (0.73 ± 0.02 μmol CO2 m
−2 s−1, F = 7.094, p-value = 0.01). Furthermore, during the 330 

wood formation period, ES15w was higher in 2015 (1.03 ± 0.07 μmol CO2 m
−2 s−1) and 2017 331 

(0.90 ± 0.07 μmol CO2 m
−2 s−1) than in 2016 (0.60 ± 0.09 μmol CO2 m

−2 s−1). No differences 332 

among years were found for ES during the non-wood formation periods.  333 

Annual ES for individual trees ranged between 112 g C m−2 yr−1 in 2016 (tree 4) and 349 g C 334 

m−2 yr−1 in 2017 (tree 2). Average total ES for all sampled trees was lower in 2016 (182 ± 25 335 

g C m−2 yr−1, F = 12.007, p-value < 0.01) than in 2015 (258 ± 27 g C m−2 yr−1 ) and 2017 (233 336 

± 35 g C m−2 yr−1).   337 

The estimated contribution of maintenance respiration to ES for individual trees ranged 338 

between 112 g C m−2 yr−1 in 2016 (tree 4) and 284 g C m−2 yr−1 in 2017 (tree 2), and was 339 

lower, on average, in 2016 (169 ± 21 g C m−2 yr−1) than in 2015 (211 ± 18 g C m−2 yr−1) (q = 340 

5.104, p-value = 0.017).  341 

Likewise, the estimated contribution of wood formation to ES for individual trees varied 342 

between 0 in 2016 (tree 4) and 70 g C m−2 yr−1 in 2015 (tree 2) and was significantly lower (F 343 

= 8.144, p-value = 0.012) on average in 2016 (14 ± 5 g C m−2 y−1) than in 2015 (48 ± 9 g C 344 

m−2 yr−1) and 2017 (39 ± 8 g C m−2 yr−1). In relative terms, contribution to ES by wood 345 

formation was estimated to be 18 ± 2%, 9 ± 3%, and 16 ± 3% in 2015, 2016, and 2017, with 346 

the remaining CO2 efflux originating from maintenance respiration. 347 

Radial growth and stem C effluxes  348 

During the study period, annual average measured ES and tree ring widths were closely 349 

related (Fig. 5). Seasonal patterns of ES were similar in the three experimental years, but with 350 

different amplitudes (Fig. 6). Moreover, ESb, the stem C effluxes affected by maintenance 351 

respiration, showed a similar pattern among the three years. We observed a time-lag between 352 
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the time of maximum growth rate (tx) and maximum ES values of 23 ± 2 days, 31 ± 2 days, 353 

and 29 ± 1 days in 2015, 2016, and 2017, respectively. Differences between years were not 354 

significant (F = 3.317, p-value = 0.07). 355 

From tree to stand level 356 

Annual stand-level stem C emission (AES) was lower in 2016 (0.7 ± 0.01 Mg C ha−1 yr−1) 357 

than 2015 (0.9 ± 0.1 Mg C ha−1 yr−1) and 2017 (0.9 ± 0.1 Mg C ha−1 yr−1) (Table 3). During 358 

the experimental years, annual stem C effluxes due to maintenance respiration (AESb) were 359 

similar; in contrast AES due to growth respiration (AESg) was lower in 2016 (0.05 ± 0.01 Mg 360 

C ha−1 yr−1) than in 2015 (0.18 ± 0.03 Mg C ha−1 yr−1) and 2017 (0.14 ± 0.02 Mg C ha−1 yr−1). 361 

The contribution of AESg to the annual stem effluxes was 26%, 2%, and 24% in 2015, 2016, 362 

and 2017, respectively. 363 

The amount of carbon fixed in stem biomass (SG) was lower in 2016 (0.2 ± 0.05 Mg C ha–1 364 

yr–1) compared to 2015 (1.1 ± 0.1 Mg C ha–1 y–1) and 2017 (1.0 ± 0.2 Mg C ha–1 yr–1). The 365 

difference between SG and AES was positive in 2015 and 2017, but negative in 2016. At the 366 

studied beech forest, the mean C construction cost of wood, assessed as the slope of the 367 

relationship between AESg and SG at tree level (R2 = 0.849, p-value < 0.01, see supporting 368 

information Fig.S3), was 0.2 g C emitted per g C fixed. This parameter was the mean between 369 

years being 0.15 ± 0.01 for 2015, 0.25 ± 0.06 for 2016, and 0.13 ± 0.06 for 2017, respectively.  370 

Discussion  371 

Cambial activity and radial growth are not entirely linked to leaf phenology 372 

To the best of our knowledge, for the first time the effects of a spring late frost and a 373 

subsequently close summer drought on the wood formation of beech were described. 374 

In all three years, cambium reactivation and wood formation occurred within 1-3 weeks after 375 

leaf development, confirming the tight dependence of the radial growth on leaf phenology and 376 

photosynthesis in diffuse-porous species (Čufar et al., 2008; Michelot et al., 2012). 377 

Nevertheless, in diffuse-porous trees, stem conductivity to water occurs in several outermost 378 

growth rings and is not limited to the youngest formed xylem, as in ring-porous species 379 

(Schume et al., 2004). Hence, in beech allocation to current year wood is not as decisive as in 380 

ring-porous species, and newly formed photosynthates at the beginning of the season are 381 

rather used for other crucial processes, such as foliage and fine root growth. At the same site, 382 

Matteucci (1998) analysed in parallel net ecosystem exchange (NEE) and carbon allocation to 383 

foliage and wood growth (dendrometers), finding that the latter started approximately 15 days 384 

after photosynthesis exceeded respiration (i.e. NEE was negative). Until then, net absorbed 385 
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carbon was allocated mostly to foliage growth. This can be related to C allocation hierarchy 386 

that identifies newly developing leaves as the main C sink as at the beginning of the growing 387 

season (Campioli et al., 2013; Collalti et al., 2018; Merganičová et al., 2019, and references 388 

therein). Interestingly, and counter to our expectations, in 2016 the cambium remained active 389 

at low rates even after complete canopy defoliation. D’Andrea et al. (2019) already showed 390 

that in the absence of photosynthesis old C reserves fuelled leaves production and likely other 391 

physiological activities of the tree. In the present work we found that also cambium activity, 392 

besides a second leaf production, behaves as an additional C sink, giving new insight on tree 393 

internal C regulation and the pivotal role of C reserve. 394 

After the second re-sprouting, the cambium cell production decreased and became non-395 

productive, although the environmental conditions were still favourable for radial growth. 396 

Stem radial growth of beech in Selva Piana was greatly affected by extreme late spring frost 397 

event in 2016 because of the premature cessation of cambial cell production and the lower 398 

growth rate during the active period, which resulted in 82% narrower annual xylem 399 

increments if compared to 2015 and 2017. This can be related to a somewhat hypothesised, 400 

genetically controlled, form of hierarchy in C allocation (composed by old C reserve and 401 

recently fixed photosynthetates) that identifies newly developing leaves as the main C sink 402 

rather to radial growth (Campioli et al., 2013; Collalti et al., 2018; Merganičová et al., 2019). 403 

Some new insights on the genetic control (rather than the environmental ones) on cambial 404 

growth have only emerged recently (see Zhang et al. 2019; Greb, 2019) but a clear picture 405 

still missing. In beech, previously reported growth reduction, as a consequence of late frost, 406 

ranged from 48 to 83% in beech, with the maximum occurring at the northern fringe of the 407 

Alps (Dittmar et al., 2006). Radial growth rates had fully recovered in 2017 with no visible 408 

long-term effects of the late spring frost event in 2016, showing the high resilience to late 409 

frost of beech (Dittmar et al., 2006; Principe et al., 2017). However, as shown in D’Andrea et 410 

al. (2019), beech trees during 2016 were able to compensate for reserve lost, completely 411 

refilling the pool at the same level as before the frost event. Hence, it were not need to 412 

prioritize reserve recharge over stem biomass production the subsequent year.   413 

Surprisingly, the 2017 summer drought shown no effect on the stem radial growth, we can 414 

only hypothesis that because it occurred when trees already completed the primary of the 415 

processes, as already demonstrated in the Mediterranean region for other tree species (Forner 416 

et al., 2018).  417 
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Effluxes from stem are not entirely synchronised to radial growth 418 

Mean annual values of Q10 ranged between 2.11 (2016) to 2.71 (2015) and were similar to the 419 

values estimated at the same site for co-dominant (2.59) and dominant (2.34) beech trees 420 

(Guidolotti et al., 2013). Q10nw, and Q10w estimated in this study are very comparable with the 421 

dataset of various coniferous and broadleaf tree species reported in Damesin et al.( 2002). 422 

Similar intra-annual variability of Q10 were observed in many studies on different species 423 

with higher Q10 during the growing period (Paembonan et al., 1992; Carey et al., 1997; 424 

Stockfors & Linder, 1998; Gruber et al., 2009). However, other studies found stable Q10 425 

throughout the year (Ceschia et al., 2002; Damesin et al., 2002).  426 

As reported in other studies, ES15, stemCO2 efflux at an air temperature of 15°C, was 427 

sensitive to wood formation processes, showing an increase during the growing period 428 

(Ceschia et al., 2002; Damesin et al., 2002).   429 

Maximal xylem production and maximum ES were not synchronized while a constant delay 430 

of about a month was observed, as in young beech forest where the peak of ES occurred c. 27 431 

days after the maximum stem growth rate (Ceschia et al., 2002). Furthermore, our results 432 

confirmed that at the peak ES occurred when xylem cells were still in the phase of wall 433 

thickening and lignification, as previously hypothesized (Ceschia et al., 2002). Moreover, 434 

when maximum ES was observed, it is very likely that trees were already refilling the stem C 435 

reserves pool (Scartazza et al., 2013).  436 

Only spring frost affects negatively stem C fluxes  437 

The amount of C fixed by stem biomass formation in 2015 and 2017 ranged from 1.47 to 1.65 438 

Mg C ha–1 yr–1, thus being at the low end of values reported for a beech forest in Germany 439 

from 1.69 to 2.41 Mg C ha–1 yr–1 (Mund et al., 2010). Such differences can be explained by 440 

differences in environmental conditions. In 2016, however, we measured only 0.194 ± 0.05 441 

Mg C ha–1 yr–1, i.e. only about 20% of the fixation during the two reference years, 442 

emphasizing how exceptionally negative this year was.  443 

Annual stem CO2 efflux (AES) is known to be highly variable in temperate forests (Yang et 444 

al., 2016). Our data ranges from 0.662 to 0.938 Mg C ha-1 yr-1 and thus is lower than the 1.65 445 

to 2.25 Mg C ha–1 yr–1 reported for a younger beech forest (Damesin et al., 2002). 446 

Annual stem CO2 efflux (AES) is known to be highly variable in temperate forests (Yang et 447 

al., 2016). Our data ranges from 0.66 to 0.94 Mg C ha-1 yr-1 and thus is lower than the 1.65 to 448 

2.25 Mg C ha–1 yr–1 reported for a younger beech forest (Damesin et al., 2002). 449 
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An earlier estimate for AES at the study site was 0.63 Mg C ha-1 yr−1 (Guidolotti et al., 2013) 450 

for 2007, another year characterized by a summer drought. The stem C efflux of the drought 451 

year presented in this study (2017, 0.85 Mg C ha-1 yr−1 ) was about 25% higher than 2007, this 452 

could be due to an increase of stem biomass (c. 15% lower in 2007 than in 2017, see also 453 

Collalti et al., 2019) and to different measurement tools. In 2015, the contribution of AESg to 454 

the annual stem effluxes (about 25%) was lower than that measured in a young beech forest 455 

(Ceschia et al., 2002), evidencing the importance of forest developmental stage in 456 

determining wood formation and growth respiration. The construction cost (0.23 g C fixed per 457 

g C emitted) is in the lower end of the range reported for boreal tree species (0.25 - 0.76 g C 458 

g–1 C (Lavigne & Ryan, 1997). 459 

While the late frost event in 2016 reduced both wood growth and stem CO2 efflux with 460 

respect to those measured in the other two years, the percentage reduction of growth (80%) 461 

was much larger than the reduction of ES (25%). Hence, it seems that in beech the 462 

contribution of growth respiration on total stem CO2 fluxes in mature beech trees is lower 463 

than that of maintenance respiration. In the year of late frost, the strong reduction of fixed 464 

growth C and the contemporary lower reduction of stem CO2 efflux strongly affected the 465 

overall stem carbon balance, transforming the stems from a sink into a source of carbon. We 466 

estimated the amount of carbon released into the atmosphere by stems in 2016 equal to the 467 

amount of C fixed during the other two experimental years.  468 

Differently, the summer drought did not have any significant effect on stem growth and 469 

neither on effluxes of C related to growth respiration. The pressure of extreme events on 470 

carbon cycle can become also evident at large scale, as shown in the case of the heat wave 471 

occurred in the summer of 2003, when the cumulative European carbon sequestration of the 472 

previous five years was released in few months (Ciais et al., 2005). Forest ecosystems are 473 

potentially susceptible to all climate extremes (Reichstein et al., 2013), although their impact 474 

on different functional processes may differ.  475 

In conclusion, this study highlights the sensitivity of beech in the Mediterranean region to leaf 476 

damage as a result of post-leaf out frost. Expecting leaf development to start earlier due to 477 

global warming, is increasing the likelihood that spring frost may damage leaves. We 478 

demonstrated that stem growth was significantly reduced due to the prolonged absence of 479 

photosynthesizing leaves, despite the fact that the cambium was kept active during the leafless 480 

period by using old reserves. However, the loss in growth was not completely compensated 481 

for after re-growth of leaves, but rather the cambium activity ceased shortly thereafter. 482 

Consequently, trees fixed less C in stem biomass, with a reduction of the stem carbon efflux 483 
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due to growth respiration, which was mirrored also on the annual stem C effluxes. The 484 

reduction of C fixation was higher than the reduction C effluxes of stem, hence, this 485 

component of forest ecosystem became an active source of C, releasing in the atmosphere an 486 

amount of carbon equal to the sum of the net gain of the other two study years. It can be 487 

inferred that this occurred also in other beech stands similarly affected by spring frost in the 488 

Centre and South of Italy.  489 
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Figure 749 

 750 

 751 

Fig. 1: Number of cambium cells (N. cells vs. Leaf area index (LAI, m2m−2). Grey points and 752 

dashed lines are the MODIS-LAI values and modelled intra-annual dynamic of Selva Piana 753 

beech forest, respectively. Green and blue vertical lines represent the green up and maturity 754 

phase of leaf phenology, respectively. Red vertical line represents the late frost of 25th April 755 

2016. Black triangles are the average number of cambial cells of five beech trees. Bars are the 756 

standard error.  757 
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 758 

Fig. 2: Intra-annual dynamics of xylem formation (μm) in 2015 (red dots and solid line), 2016 759 

(green dots and solid line) and 2017 (blue dots and solid line). Gompertz functions were fitted to 760 

the total xylem increment comprised of enlarging, wall thickening and mature cells. Each point 761 

is the mean of the 5 sampled Fagus sylvatica trees and bars are standard errors. *** p-value < 762 

0.001 763 

 764 

Fig. 3: Top panel: Tair (°C) at the measuring time in 2015 (Red), 2016 (Green), and 2017 (Blue). 765 

Bottom panel: Measured stem CO2 effluxes (μmol CO2 m
−2 s−1) in 2015 (Red), 2016 (Green), and 766 

2017 (Blue). Each point is the mean of 5 Fagus sylvatica trees. Bars are standard errors. 767 

 768 
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 769 

Fig. 4: Relationship between ES (μmol CO2 m−2 s−1) and air temperature (Tair, °C). Annual, 770 

considering the whole measurements for each year, each point is the mean of the five sampled 771 

trees. Each point represents the mean of those trees, during non-wood and wood formation 772 

periods, at a given sampling date. Bars are the standard error. *** p-value < 0.001, ** p-value < 773 

0.01, * p-value < 0.05. 774 

 775 
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 776 

Fig. 5: Relationships between the ring widths (mm) and the mean annual ES (μmol CO2 m−2 s−1) 777 

measured in 2015 (Green), 2016 (Blue), and 2017 (Red). Each point represents a sampled Fagus 778 

sylvatica tree per year. Bars are the standard error. *** p-value < 0.001. 779 

 780 
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 781 

Fig. 6: Daily increment and stem Carbon effluxes of Fagus sylvatica. Black line is the daily 782 

increment during 2015, 2016 and 2017, respectively. Red line represents ES, the daily C effluxes. 783 

The below panel, ESb/ES shows the contribution of maintenance respiration to daily stem C 784 

efflux.  785 
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Tables 786 

Table 1: List of terms used in the text 787 

Terms Definition Spatial 
Scale 

ES 
stem CO2 efflux per surface area 
(μmol m−2 s−1) 

Local 

ES15w 
specific CO2 efflux at an air temperature of 
15°C during the wood formation period 
(μmol m−2 s−1) 

Local 

ES15nw 
specific CO2 efflux at an air temperature of 
15°C during the non-wood formation period 
(μmol m−2 s−1) 

Local 

Q10w ES temperature sensitivity for a 10 °C 
increase during the wood formation period 

Local 

Q10nw 
ES temperature sensitivity for a 10 °C 
increase during the non-wood formation 
period 

Local 

ESw stem CO2 efflux per surface area (μmol m−2 
s−1) during wood formation 

Local 

ESb stem CO2 efflux per surface area (μmol m−2 
s−1) due to maintenance respiration 

Local 

ESg stem CO2 efflux per surface area (μmol m−2 
s−1) due to growth respiration 

Local 

AES annual stem C efflux (Mg C ha−1 yr−1) Stand 

AESb 
annual stem C efflux due to maintenance 
respiration (Mg C ha−1 yr−1) 

Stand 

AESg annual stem C efflux due to growth 
respiration (Mg C ha−1 yr−1) 

Stand 

SG 
annual C fixed in stem biomass (Mg C ha−1 

yr−1) 
Stand 

 788 

 789 

 790 

 791 

 792 

 793 
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Table 2: Parameters describing the intra annual radial growth derived from Gompertz function 794 

for the total xylem increment comprised of enlarging, wall thickening and mature cells. α is the 795 

upper asymptote, representing the final ring width at the end of the growing season; tx is the 796 

DOY at which the daily increment is maximal (Gompertz curve inflection point); rx is the 797 

maximal daily increment (μm day−1). Different letters represent significant differences among 798 

the monitored years. 799 

 800 

Total xylem increment 

Parameter Year Mean (± S.E.) F p-value 

    
α 2015 1312.17 (± 196.15) a 

  
α 2016 230.12 (± 31.54) b 13.722 < 0.01 

α 2017 1234.80 (± 269.32) a 
  

    
rx 2015 25.77 (± 2.95) a 

  
rx 2016 6.09 (± 2.00) b 8.469 0.014 

rx 2017 22.71 (± 3.51) a 
  

     
tx 2015 174 (± 2.19) a 

  
tx 2016 157 (± 5.65) b 22.667 < 0.001 

tx 2017 174.80 (± 1.24) a 
  

     
 801 

 802 

 803 

 804 

 805 

 806 

 807 

 808 
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Table 3: Annual C stem fluxes. AES is the annual stem C efflux assessed using specific 809 

parameters for wood formation (Q10w and ES15w ) and non-wood formation periods (Q10nw and 810 

ES15nw ); AESb is the annual stem C efflux due to maintenance respiration; AESg is the annual 811 

stem C efflux due to growth respiration; SG is the annual amount of C fixed in the stem 812 

biomass; different letters represent significant differences p-value < 0.05  813 

 814 

Year Flux type 
Mean (± S.E.)  

Mg C ha–1 yr–1 
F p-value 

2015 AES 0.938( ± 0.084) a 

13.933 0.002 2016 AES 0.662 (± 0.008) b 

2017 AES 0.854 (± 0.104) a 

2015 AESb 0.760 (± 0.053) a 

6.270 0.023 2016 AESb 0.615 (± 0.072) b 

2017 AESb 0.715 (± 0.090) a/b 

2015 AESg 0.178 (± 0.033) a 

8.310 0.009 2016 AESg 0.049 (± 0.017) b 

2017 AESg 0.139 (± 0.027) a 

2015 SG 1.151 (± 0.151) a 

18.620 < 0.001 2016 SG 0.194 (± 0.050) b 

2017 SG 1.031 (± 0.183) a 

2015 SG-AES 0.213 (± 0.087) a 

16.838 0.001 2016 SG-AES −0.468 (± 0.055) b 

2017 SG-AES 0.177 (± 0.105) a 

 815 

 816 

 817 

 818 

 819 
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