

  forests-09-00174




forests-09-00174







Forests 2018, 9(4), 174; doi:10.3390/f9040174




Article



Comparative Analysis of the Effects of Stem Height and Artificial Pruning on Seasonal Radial Growth Dynamics of Wild Cherry (Prunus avium L.) and Sycamore (Acer pseudoplatanus L.) in a Widely Spaced System



Lars Sprengel *, Dominik Florian Stangler, Jonathan Sheppard[image: Orcid], Christopher Morhart[image: Orcid] and Heinrich Spiecker





Chair of Forest Growth and Dendroecology, Albert-Ludwigs-University Freiburg, Tennenbacher Str. 4, 79106 Freiburg, Germany









*



Correspondence: lars.sprengel@iww.uni-freiburg.de; Tel.: +49-761-203-8584







Received: 26 February 2018 / Accepted: 27 March 2018 / Published: 29 March 2018



Abstract

:

Intensive artificial pruning of trees increases the proportion of high-value timber but simultaneously reduces the crown and consequently the capacity to assimilate photosynthates. Here, midterm effects of two intensive pruning treatments, a classical and a selective approach, on radial growth dynamics at different stem heights is comparatively analyzed for the broadleaved tree species sycamore (Acer pseudoplatanus L.) and wild cherry (Prunus avium L.) at a site in the upper Rhine valley in southwest Germany using high-resolution point-dendrometers starting three years after pruning. We fitted shape-constrained additive models to the dendrometer data and derived estimates of growth phenology and performance of individual trees over the 2010–2016 observation period. The statistical analysis based on linear mixed-effects models showed significantly later growth cessation and in individual years also higher rates of radial growth in sycamore compared to wild cherry. Growth onset for both tree species initiated systematically earlier at the higher dendrometer location compared to breast height. While no main effects of treatment or interactions of treatment with year were detected, we found significantly higher average daily growth rates and annual radial growth of wild cherry at the top dendrometer location compared to breast height in the selective pruning treatment. Our results provide new insights into seasonal growth patterns of sycamore and wild cherry in a widely spaced system and contribute to a better understanding of the effects of stem height, pruning treatment and climate on radial growth dynamics of valuable broadleaved tree species.
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1. Introduction


The demand for high-value timber in Europe is predicted to increase in the near future, alongside the increased demand for all other woody products [1]. It is suggested that the demand for high-value timber derived from broadleaved tree species has already risen to the extent that supply can no longer meet demand [2]. Meanwhile, climate change predictions advise that mean annual air temperature will rise and that forest health is at risk, especially when forests consist of non-site-adapted and drought-intolerant tree species [3].



A rising demand for wood can be partially satisfied by planting and growing trees outside of forests in widely spaced systems. Targeted silvicultural treatments must be applied to trees cultivated in these systems in order to attain a high-quality product. Sycamore (Acer pseudoplatanus L.) and wild cherry (Prunus avium L.) do not self-prune well under these conditions and the amount of high-value timber for both species can consequently be increased by applying artificial pruning [4,5]. Such treatments incorporating a wide spacing between trees may be an option to increase the share of high-value timber of the crop trees.



Pruning is often a necessary treatment for the production of valuable timber, as production goals for such a product often stipulate branch-free log lengths of 4 to 15 m with mean mid under-bark diameters greater than 40 cm and with a knotty core of less than 10 cm in diameter [6]. When considering the highest quality logs, veneer production aims to use all wood outside a knotty core [7].



Pruning treatments applied to the study trees are a classical pruning treatment and a selective pruning treatment [8]. Springmann et al. [5] have studied the effect of these two pruning treatments on tree growth and secondary shoot development of wild cherry for the two years after pruning and found that diameter growth of intensively whorl-wise pruned trees was reduced in the year of and the first year after pruning. This was not the case for wild cherry trees treated with the intensive selective pruning treatment. Kupka [9] found in his study on growth response of young wild cherry trees to pruning that within a 5-year period after pruning tree diameter growth was reduced by one third when three quarters of the crown were removed and reduced by 10% with the removal of half of the crown [9]. Bulfin and Radford [10] also found in their study with regard to early formative shaping of newly planted broadleaved trees that the reduction in diameter growth of shaped sycamore and wild cherry trees was highly significant. This contradicts Kerr and Morgan [11], who found in their study on formative pruning on broadleaved trees that pruning on wild cherry had no effect on diameter growth up until 6 years after pruning. A study from Balandier [12] on consecutive annual pruning of young sycamore and wild cherry trees in agroforestry systems also showed no differences in stem diameter between pruned and un-pruned trees.



Growth monitoring with precision dendrometers is a well-established technique to study effects of weather, climate or forest management on high-resolution dynamics of radial stem growth [13,14,15]. This approach enables a more detailed understanding of the tree response to changeable and non-changeable environmental conditions, as well as investigation of the effects of silvicultural treatments, such as artificial pruning on secondary growth.



Radial displacement of trees has two distinguishable physiological causes: Radial growth processes and diurnal fluctuations due to swelling and shrinking of non-lignified extensible tissues mostly located in the phloem and bark, which are driven by the interrelationship of water uptake by the roots and transpirational losses by the leaves [16,17,18,19]. Radial growth is predominantly controlled by cambial cell divisions and xylem cell enlargement [20]. Cambial activity and cell differentiation processes in hardwoods in central Europe are limited to the growing season that starts in spring and ends in autumn [17]. During secondary growth the diurnal fluctuations may overlay the actual growth dynamics, especially if individual trees have low growth rates [16,21].



The impacts of artificial pruning on high-resolution radial growth dynamics are generally not well understood. Seasonal growth dynamics of sycamore and wild cherry and their control by environmental conditions have only been studied rudimentarily so far [22]. In addition, tree growth analyses focusing on breast height exclusively, might not accurately reflect tree and stand performance and aboveground carbon allocation patterns [23,24]. Van der Maaten-Theunissen and Bouriaud [24] found that on eight different study sites in southwestern Germany no clear patterns of average ring-area increment between different stem heights for silver fir (Abies alba Mill.) and Norway spruce (Picea abies (L.) H.Karst.) were evident. Bouriaud et al. [23] also found no clear trends of increasing or decreasing ring-width with increasing stem height for European beech (Fagus sylvatica L.) in eastern France. Spiecker [7] found in a study about radial growth and natural pruning of sessile and pedunculate oaks (Quercus petraea (Matt.) Liebl. and Q. robur L.) that radial growth at different stem heights is influenced by the competition with neighboring trees: Radial growth at breast height increases more strongly compared to radial growth at 5 m and 10 m stem height if trees are released, but is especially low for dominated trees compared to radial growth in 5-m and 10-m stem height. For lodgepole pine (Pinus contorta Dougl.) in Canada, Chhin et al. [25] found that growth at lower stem sections was mainly driven by climatic conditions prior to the growing season, whereas growth at higher stem sections was more related to climatic conditions during the growing season. Furthermore, comparisons of daily growth rates and tree-ring phenology in different tree compartments have only been performed in a limited amount of studies so far and information on the variability of high-resolution growth dynamics along the stem axis of sycamore and wild cherry is still lacking [26,27,28,29,30].



This study contributes a comparative analysis of the effects of artificial pruning on radial growth phenology (growth onset, growth cessation, duration of growth and day of the maximum growth rate) and performance (seasonal maximum growth rate, average daily growth rate and annual radial growth) based on a long-term dendrometer time series from 2010 to 2016 in different stem heights of sycamore and of wild cherry.



It is hypothesized that:




	
Between tree species there are no differences in growth phenology and seasonal growth patterns [22]. Based on findings of previous studies [20,31], we assume the day of the maximum growth rate to be controlled by the photoperiod cycle and to occur approximately at the time of summer solstice with no differences between treatments and stem locations.



	
Between the two stem locations there is no clear difference in annual radial growth [23,24]. Growth onset occurs earlier at higher locations of the stem due to an earlier allocation of auxin and photosynthetic assimilates to areas of the stem closer to the leaves [26] and therefore growth duration is longer at higher locations of the stem.



	
Between pruning treatments there is a difference in annual radial growth due to the reduction of leaf mass in the crown of pruned trees, resulting in a temporarily reduced photosynthetic capacity leading to a lessened rate of biomass accumulation [8]. Therefore, we expect that the annual radial growth is smaller compared to un-pruned trees. The reduced growth rates after pruning treatment will also be reflected in a later growth onset and/or earlier growth cessation, as several studies found positive correlations between radial growth and the duration of cell production and cell enlargement [27,32,33,34]. The effect of pruning on growth dynamics also varies between the upper and the lower location of the stem [5].









2. Materials and Methods


2.1. Study Area and Experimental Setup


The research site is located close to the town of Breisach in the Upper Rhine Valley, South-West Germany (48°04′12″ N, 7°35′20″ E, ~180 m a.s.l.). During the baseline climate period 1981–2010, the mean annual precipitation sum was 658 mm, of which 357 mm fell between May and September (1 km × 1 km grid data of daily precipitation sums provided by the German National Meteorological Service, DWD). As gridded data for temperature were not available for the region, we used the data of the climate station Emmendingen-Mundingen (48°08′17″ N, 7°50′06″ E, 201 m a.s.l.), ~20 km east of the research site. Mean annual air temperature during the baseline climate period was 10.2 ℃ and mean temperature between May and September was 16.8 ℃.



For a more detailed characterization of the climatic conditions during the observation period, Figure 1 shows monthly values of mean air temperature (a), mean relative humidity (b), sum of precipitation (c) and mean available water capacity (d) for each year of the experiment as a deviation of the monthly mean values of the baseline climate period 1981–2010. It can be seen that especially in July and August 2015, the mean air temperature values were extremely high (Figure 1a). While in several years, unusual high average monthly mean values of relative humidity were observed, in June 2014 and July 2015 the research area experienced a high vapor-pressure deficit (Figure 1b). Dry spring conditions, indicated by very little precipitation and low soil water content, were identified in 2011 and 2014 (Figure 1c,d). While August 2010 and July 2014 had extraordinarily high amounts of precipitation, rainfall was particularly low in July 2015 and 2016. From July to December 2015 available water capacity was exceptionally low, which was also the case between September and December 2016 (Figure 1d).



Due to the vicinity of the river Rhine, the ground water table is high, at approximately 1 m below surface [36]. The soil is composed of silt, clay and loam and can be classified as a luvisol [5,37]. Nutrient availability can be regarded as optimal due to the former use as agricultural land [5].



Trees were planted in rows with 1.5 m spacing between trees and 7.5 m between rows. As single trees have been removed in the framework of management operations since the initial setup, spaces between trees vary. Trees were 2 to 3 years old when planted in 1997, being between 1.2 and 1.5 m tall at that time, and were all of local origin.



Stem radial displacement data have been recorded during the years 2010–2016 utilizing high-resolution point-dendrometers, which are based on a linear displacement transducer (Trans-Tek Inc., Ellington, CT, USA) (Figure 2). The measurement interval was set to one measurement every 5 min and from April 2016 onwards changed to one measurement every 15 min. All dendrometers are connected to a central data logger station (23X, Campbell Scientific, Logan, UT, USA).



Of each of the two tree species, six trees were equipped with two dendrometers on the north-facing side of the stem, one at 1.3 m above ground/at breast height and the second one below the third node from the top (at ~5 m above ground). All trees are part of a pruning experiment testing different pruning methods and intensities already described in detail by Springmann et al. [5]. Among the six trees of each species, two had been pruned applying an intensive classical pruning treatment (Classical Treatment), leaving only the 3 top nodes and removing all other branches, two had been pruned applying an intensive selective pruning treatment (Selective Treatment) removing all branches with a diameter of >2 cm and/or a branch angle of <40°, and two were not pruned in order to have a control group (Control) (Figure 2). Pruning took place in summer 2007. A more detailed description of all the trees that are part of this study is shown in Table 1.




2.2. Data Analysis and Statistical Methods


All statistical methods and data analyses were computed in the R programming environment using the Graphical User Interface R Studio [38,39]. To perform comparative analyses of seasonal radial growth dynamics, estimates for growth phenology (i.e., onset of growth (ton), cessation of growth (tce), duration of growth (∆t) and day of maximum growth rate (tmax)) and performance (i.e., seasonal maximum daily growth rate (rmax), average daily growth rate (r∆t) and annual radial growth (RG)) were determined. For this purpose, we extracted the irreversible radial growth component of the raw data of stem radial displacement measurements by fitting generalized additive models with monotonically increasing shape constraints (SCAM: shape constrained additive model) using the scam package [40,41]. We used the modelling efficiency as a statistic similar to the coefficient of determination to quantify the goodness of fit of our non-linear regression models [42]. In addition, we calculated the mean absolute error to assess the mean absolute difference between model predictions and stem radial displacement data in the units of the response (i.e., micrometers). The mean absolute percentage error quantifies the model accuracy independent from the scale of the response variable [42,43]. With averages of above 0.99, the modelling efficiency substantiated very high predictive power of the fitted SCAM for both tree species and all treatments (Table 2). Mean absolute errors and mean absolute percentage errors were in average higher in wild cherry than in sycamore. Mean absolute percentage errors of <0.6% for sycamore and <1.7% for wild cherry showed in general low relative differences between simulated values of the SCAM and dendrometer data.



In Central Europe secondary growth has a distinct seasonal pattern and generally starts during spring and ends in autumn [17]. However, in comparison to the pinning method or microcore sampling, dendrometer data do not provide empirical information to detect onset and cessation of cambial cell divisions and radial cell enlargement [44]. In order to estimate ton, tce and ∆t, a subjective threshold of the daily rate of radial growth or accumulated growth at a given point of time needs to be defined [13,45]. We followed the approach of Duchesne et al. [14], where ton and tce are defined as the days of the year when the first derivative of the SCAM (SCAM’) was irreversibly rising above or falling below the threshold of 5 µm day−1 in spring and autumn, respectively. In comparison to static properties of deterministic models such as the Weibull or Gompertz function [15,46], the more flexible SCAM have superior abilities to capture the partly complex patterns of intra-annual growth dynamics [41,43]. SCAM can be fitted easily to bimodal seasonal growth patterns, where for short periods of time during the growing season SCAM’ might sink below the defined threshold as a result of temporary growth depressions. However, in some cases SCAM might also detect false bimodal seasonal growth patterns, where SCAM’ does temporarily rise above the defined threshold in spring or autumn as a mere result of fluctuations or rehydrations in stem water status. In general, our individual dendrometer time series were characterized by clear unimodal growth patterns (Figure A1). In case the SCAM’ displayed bimodal characteristics, we defined both modes to be controlled by growth processes if the proportion of the cumulative increment of the smaller mode in relation to the cumulative increment of the larger mode was at least 5% (Figure A2). In case the proportion was lower than 5%, we regarded the smaller mode to be triggered by fluctuations in stem water status exclusively (Figure A3). ∆t was calculated as tce − ton, rmax represents the growth rate at tmax, RG is the accumulated growth between ton and tce, and r∆t was calculated as RG/∆t.



Seasonal growth response was analyzed by using linear mixed-effects models (LMEMs), which are in particular useful for repeated measurement data with sporadically missing values. The LMEMs were calculated using the lmer function of the package lme4 [47]. With support of the lmerTest package, ANOVA (analysis of variance) tables with p-values and F-statistics were calculated [48].



The linear mixed-effects model was formulated as follows:


     y  i , j , k , l , m    = µ +  S i  +  T j  +  L k  +  Y l  +    (  S × T  )    i , j   +    (  S × L  )    i , k   +    (  T × L  )    j , k   +    (  S × Y  )    i , l   +    (  T × Y  )    j , l   +     (  L × Y  )    k , l   +    (  S × T × L  )    i , j , k   +    (  S × T × Y  )    i , j , l   +    (  S × L × Y  )    i , k , l   +    (  T × L × Y  )    j , k , l   +     (  S × T × L × Y  )    i , j , k , l   +  I m  +  ε  i , j , k , l , m     



(1)




where     y  i , j , k , l , m      denotes the response variable, µ is the general experimental mean,     S i     is the fixed effect   S   of the tree species   i   (wild cherry or sycamore maple),     T j     is the fixed effect   T   of the treatment   j   (control, classical or selective pruning),     L k     is the fixed effect   L   of the dendrometer location   k   (top or bottom),     Y l     is the fixed effect   Y   of the Year   l  ;       (  S × T  )    i , j     ,       (  S × L  )    i , k     ,       (  T × L  )    j , k     ,       (  S × Y  )    i , l     ,       (  T × Y  )    j , l     ,       (  L × Y  )    k , l     ,       (  S × T × L  )    i , j , k     ,       (  S × T × Y  )    i , j , l     ,       (  S × L × Y  )    i , k , l     ,       (  T × L × Y  )    j , k , l      and       (  S × T × L × Y  )    i , j , k , l      are the interaction terms,   I   denotes the random effect of the individual tree   m   and     ε  i , j , k , l , m ,   .    represents the residual error term.



Post hoc tests were performed to test for significant differences between tree species within years averaged over dendrometer locations using the function lsmeans of the package lsmeans [49]. As higher ranking interaction terms from the model formulation would have produced potentially misleading results, the post hoc tests were performed based on the model as described above, while changing treatment (  T  ) and location (  L  ) from fixed to random effects. Additional pairwise comparisons were conducted between locations within years separated by tree species. In this case, the model was modified by changing treatment (  T  ) from fixed to random effect. Finally, we also conducted pairwise comparisons between locations within treatments separated by tree species and averaged over years. In this case, the model above was modified by changing year (  Y  ) from a fixed to a random effect.





3. Results


3.1. Effect of Tree Species


While being rather identical in April and July, the rate of radial growth of sycamore was higher than in wild cherry for most weeks in May and June (Figure 3a). However, in August and September, radial growth rates of sycamore were consistently higher in comparison to wild cherry. While wild cherry had a rather normally distributed seasonal growth pattern averaged over the complete observation period, the pattern of sycamore had a distinct right-skewed shape.



Pairwise comparisons between the two tree species within each year showed a delayed growth onset (ton) for wild cherry compared to sycamore in 2013 (DOY (day of year) 123 vs. DOY 115; p < 0.05) and again in 2016 (DOY 129 vs. DOY 122; p < 0.05). In contrast, ton in 2014 occurred significantly earlier in wild cherry at DOY 104 compared to DOY 115 of sycamore (p < 0.01) (Figure 4a). Growth cessation (tce) took place later for sycamore in all of the investigated years with the differences being significant in 2010 (p < 0.001), 2011 (p < 0.01), 2012 (p < 0.001) and 2016 (p < 0.01) (Figure 4b). Across all years of the observation period, the effect of tree species was significant as a consequence of the later average growth cessation of sycamore (DOY 244) in comparison to wild cherry (DOY 227) (p < 0.05) (Table 3). Duration of growth lasted—same as for cessation of growth—significantly longer for sycamore in the years 2010 (p < 0.001), 2011 (p < 0.05), 2012 (p < 0.01) and 2016 (p < 0.01) (growth duration data not illustrated). According to the analysis of variance, the effect of tree species on the average growth duration was only slightly significant (p < 0.10). The day of the maximum growth rate (tmax) of wild cherry occurred in most of the years later in comparison to sycamore, with significant differences in 2014 (DOY 186 vs. DOY 166, p < 0.01) and 2015 (DOY 178 vs. DOY 163, p < 0.05) (Figure 4c). The maximum growth rate (rmax) of sycamore was significantly higher in 2010 (p < 0.05), 2011 (p < 0.01) and 2012 (p < 0.05) than for wild cherry and rather similar between the tree species in the following years during the measurements (Figure 4d). Similar patterns were visible for the average daily growth rate (r∆t) and annual radial growth (RG), where a conspicuous decline of growth rates of sycamore was observed in the more recent years, resulting in rather similar growth patterns between both tree species between the years 2013 and 2016. The average daily growth rate for sycamore was significantly higher in 2011 (p < 0.01) and annual radial growth for sycamore was significantly higher in 2010 (p < 0.05), 2011 (p < 0.01) and 2012 (p < 0.05) in comparison to wild cherry (Figure 4e,f).



While the main effect of the year was significant for all investigated response variables, significant interaction effects of tree species and year were also generally present with the exception of the day of the maximum growth rate (tmax) (Table 3).




3.2. Effect of Stem Height


Radial growth rates of sycamore were faster at the higher stem location compared to breast height during the beginning of the growing season in April (Figure 3b). With the exception of the second half of July, radial growth rates were almost identical during the remaining parts of the growing season between the dendrometer locations.



The faster radial growth rates during the beginning of the growing season in April and May at the higher stem location in comparison to breast height were even more pronounced in wild cherry (Figure 3c). The difference of the seasonal growth dynamics between the top and bottom locations revealed a slight phase shift between the locations from the beginning of the growing season until the second half of July.



Pairwise comparisons within years and between dendrometer locations showed that, for sycamore, growth onset (ton) took place consistently earlier at the higher location than at breast height with the differences being significant in 2011 (DOY 102 vs. DOY 110, p < 0.05) and 2014 (DOY 107 vs. DOY 123, p < 0.001) (Figure 5a). Similarly, duration of growth for sycamore lasted significantly longer at the top dendrometer location than at breast height in 2011 (149 days vs. 133 days, p < 0.05) and 2013 (146 days vs. 123 days, p < 0.01). No clear patterns between the locations of sycamore were observed for growth cessation (tce) and for the day of the maximum growth rate (tmax) with the exception of the year 2014, where tmax was reached 21 days earlier at the higher location (DOY 155) than at breast height (DOY 176) (p < 0.05) (Figure 5b,c). While the maximum growth rate (rmax) of sycamore displays a similar trend between the two dendrometer locations along the years, in 2011 rmax was significantly higher at the upper location (107 µm) than at breast height (88 µm) (p < 0.05) (Figure 5d). While similar patterns as for rmax were observed in the average daily growth rate (r∆t) and radial growth (RG) during the years (Figure 5e,f), significant differences were only found in RG during the year 2011, where the higher location (8.7 mm) showed a 2 mm wider radial growth than at breast height (p < 0.01).



Similar as with sycamore, growth onset in wild cherry (ton) displayed a similar trend between the dendrometer locations and initiated systematically later at breast height. In 2010, ton started 8 days earlier at the higher location (DOY 111) than at breast height (p < 0.05). In addition, for wild cherry ton took place also earlier at the higher location than at breast height in 2013 (top: DOY 119; bottom: DOY 128; p < 0.05) (Figure 5g). Growth cessation (tce) of wild cherry occurred rather synchronously between the dendrometer locations in most of the years, with no clear differences being observed (Figure 5h). Duration of growth lasted longer at the top dendrometer location (112 days) compared to breast height (94 days) in 2012 (p < 0.05). The lagged time of occurrence of the day of the maximum growth rate (tmax) at breast height remained widely constant throughout the observation period with the difference being significant in the year 2015 (top: DOY 166; bottom: DOY 190; p < 0.01) (Figure 5i). The maximum growth rate (rmax), the average daily growth rate (r∆t) and annual radial growth (RG) of wild cherry displayed parallel trends and were mostly similar between the dendrometer locations throughout the observation period with no significant differences being detected in individual years (Figure 5j–l).



No significant interaction effects of location and year or significant higher ranking interactions involving the location and year interaction were identified for any response variable (Table 3).




3.3. Effect of Treatment


In all three pruning treatments, growth onset (ton) of sycamore started earlier at the higher location on the stem than at breast height with the differences being significant for the control (DOY 113 vs. DOY 121, p < 0.01) and selective pruning (DOY 112 vs. DOY 118, p < 0.05) (Figure 6a). Within all treatments of sycamore, no significant differences in growth cessation (tce) or the day of the maximum growth rate (tmax) could be detected between the dendrometer locations. (Figure 6b,c). Duration of growth lasted—same as for onset of growth—significantly longer at the top dendrometer location compared to breast height in the control (140 days vs. 127 days, p < 0.05) and the selective pruning treatment (131 days vs. 119 days, p < 0.05). Although no differences could be observed for the control and selective pruning treatment, the maximum growth rate (rmax) in the higher location in the classical pruning treatment of sycamore was with 110 µm significantly higher compared to 93 µm at breast height (p < 0.05) (Figure 6d). No significant differences in sycamore could be detected when comparing average daily growth rates (r∆t) or annual radial growth (RG) between dendrometer locations in any pruning treatment (Figure 6e,f).



Similar as with sycamore, growth onset (ton) of wild cherry occurred earlier at the higher locations compared to breast height with the differences being significant for the classical (DOY 112 vs. DOY 119, p < 0.05) and selective pruning treatment (DOY 113 vs. DOY 121, p < 0.01) (Figure 6g). Growth cessation (tce) of wild cherry occurred in all treatments between DOY 220 and DOY 230 with no significant differences between the dendrometer locations (Figure 6h). Duration of growth lasted longer at the top dendrometer location (117 days) compared to breast height (106 days) in the classical treatment (p < 0.05). Across all treatments and both tree species, the earlier onset and longer growth duration of the higher dendrometer location compared to breast height was highly significant (p < 0.001), whereas no significant effects of treatment and tree species were observed (Table 3). In comparison to breast height, the day of the maximum growth rate (tmax) at the higher dendrometer location of wild cherry was observed significantly earlier in the control (DOY 167 vs. DOY 180, p < 0.05) and classical pruning treatment (DOY 168 vs. DOY 181, p < 0.05) (Figure 6i). The effect of the dendrometer location on the day of the maximum growth rate was also highly significant across tree species, treatments and years (p < 0.01) (Table 3). The maximum growth rate (rmax) was not significantly different between the dendrometer locations in any of the pruning treatments of wild cherry (Figure 6j) and effects of treatment, tree species and location on rmax were not observed in general (Table 3). While no differences were observed for the control and classical pruning treatment, in the selective pruning treatment the average daily growth rate (r∆t) and annual radial growth (RG) at the upper dendrometer location were higher compared to breast height (r∆t: 42 µm vs. 35 µm, RG: 4.9 mm vs. 3.8 mm, p < 0.05) (Figure 6k,l). Main effects of treatment or interactions of treatment with year on any response variable were not detected. However, significant 3-way interactions of species, treatment and location were detected for the maximum growth rate (rmax) and average daily growth rate (r∆t), respectively (p < 0.05) (Table 3).



In contrast to sycamore, the effect of the earlier peak of the maximum growth rate at the top stem location for wild cherry remained stable and visible also in the seasonal growth patterns averaged across all observation years (compare Figure 3b with Figure 6c and Figure 3c with Figure 6i).





4. Discussion


In this study, we used linear mixed-effects models to compare radial growth dynamics of the two tree species sycamore and wild cherry in different stem heights and to test whether pruning had a significant midterm effect on radial growth dynamics.



Differences between sycamore and wild cherry in radial growth dynamics were observed for the timing of growth cessation and in the seasonal growth patterns (Figure 3a and Figure 4c), contradicting our hypothesis that both tree species have similar seasonal growth dynamics as found in a previous study by Henhappl in south-western Germany [22]. The higher growth rates in August and later growth cessation of sycamore could be the result of its potentially better adaption to the site conditions or different wood formation strategies of the diffuse-porous sycamore compared to the semi-ring-porous wild cherry [50]. However, our findings of an average growth cessation of sycamore at DOY 244 are in line with Ladefoged [51], who observed that sycamore grows only half of its tree ring in May and June and continues radial growth until September.



The effect of the year is present for all growth estimates. This also accounts for the interaction effect of year and tree species with the exception of the day of the maximum growth rate (Table 3). Climate data show that the years 2014–2016 had dry summers with high vapor pressure deficit. For wild cherry, the day of maximum growth rate in 2014 and 2015 was significantly later during these years compared to sycamore (Figure 3). Stangler et al. [13] demonstrated that sugar maple (Acer saccharum Marshall) responded sensitively to an extreme heat wave by decelerating the rate of radial growth significantly earlier compared to the more resistant yellow birch (Betula alleghaniensis Britt.) during the growing season.



In 2013, a sharp decrease of the available water capacity was observed between June and August. In 2015 and 2016 from July to September mean air temperature was between relatively and extremely high, whereas precipitation and available water capacity were between relatively and extremely low (Figure 1). This could be an explanation for the declining seasonal maximum daily growth rates, average daily growth rates and annual radial growth of sycamore in the more recent years of the observation period, indicating a higher drought sensitivity compared to wild cherry (Figure 3). This is in accordance with the findings of Scherrer et al. [52], who ranked sycamore as more drought sensitive than wild cherry, due to higher canopy foliage temperature and reduced maintenance of sap flux dynamics during drought conditions. In contrast, the estimates for performance of sycamore were in none of the observation years significantly lower compared to wild cherry. However, sycamore demonstrated its higher efficiency to use the available water resources during years with no summer drought periods as indicated by its higher values of the maximum growth rate, average daily growth rate and annual radial growth between the years 2010 and 2012. Significant differences in the growth onset of the two tree species were not detected and contrasts within the years are difficult to interpret. Cambial activity of wild cherry might have experienced constraints after the relatively cool conditions in the months before and during spring of 2013 with a delayed growth onset. However, in the extreme dry April of 2014, growth onset of sycamore initiated significantly later, indicating again its potential drought sensitivity already very early in the growing season. As late winter 2015/2016 and early spring environmental conditions in 2016 were moderate, the later growth onset of wild cherry in 2016 might be a possible lag effect from an increased respiratory demand and depleted carbon pools by the extreme drought conditions and high temperatures during the previous summer [53]. Turnover of carbon pools in temperate forest tree species is highly variable and close correlations can exist between current year biomass increment and carbon uptake of the previous year [54].



Another of our main findings was that the dendrometer location on the stem had indeed a highly significant statistical effect on radial growth dynamics. In line with our hypothesis, growth initiated earlier and consequently lasted longer at higher stem locations than at breast height for both investigated tree species. Hauser [27] derived growth onset estimates of European beech based on a 10% threshold of the cumulative stem radial displacement at the end of September and found no differences between different stem heights. While Künstle [28] did not find differences between 1.90 m and 6.20 m stem height of solitary Norway spruce trees, earlier growth onsets were identified in the upper stem of 100-year-old Norway spruce trees by Vogel [55]. Using the pinning technique, Schmitt et al. [26] found in the diffuse-porous European beech growth onset in the upper stem heights to initiate about one week earlier than at breast height. In contrast, no differences were detected in the ring-porous black locust (Robinia pseudoacacia L.). In our study, the effect of the location was highly significant and present in the diffuse-porous sycamore and the semi-ring-porous wild cherry. This demonstrates that our algorithm, using absolute threshold values of the daily rates of annual radial growth, produced more compatible results to the direct observations of xylogenesis using the empirical pinning technique than the definition of relative threshold values in relation to final tree-ring width as performed e.g., by Hauser [27]. However, direct observations of cambial xylem cell production and enlargement are not possible with dendrometer measurements alone. Besides the irreversible radial xylem growth component, the dendrometer sensors also monitor the production and collapse of phloem and periderm cells as well as reversible swelling and shrinkage of extensible tissues [13]. Due to those uncertainties, the estimates of growth phenology and growth performance need to be considered as approximations, which might contain systematic bias. Therefore, our results should be validated by alternative approaches such as micro-coring or the pinning technique to directly study wood formation processes of the two investigated tree species [44,56,57].



The significant main effects of the year and location on the day of maximum growth rate contradict our hypothesis that this parameter was controlled by the photoperiod cycle exclusively. While for breast height our results are in general agreement with findings from previous studies that the day of the maximum growth rate occurs close to the time of the summer solstice [20,31], we also provided clear evidence that higher stem locations of sycamore and wild cherry maximized their growth rates significantly earlier.



We detected no main effect of the pruning treatment or interaction effect with the year, neither on the growth phenology nor on the performance (Table 3). Although the main effect of the year explained considerable proportions of the variance in the data, the lack of significant interaction effects of treatment and year indicates that the treatment effect did not vary during the course of our seven-year observation period. This is contradicting to our hypothesis, where we expected that the pruning treatment leads to shorter periods of cambial activity and reduced rates of radial growth. Also, Springmann et al. [5] found in their study that diameter growth in the year of pruning and in the following year of intensively classical pruned wild cherry trees was significantly smaller than for intensively selective pruned and un-pruned individuals, with 5% and 9% smaller tree rings, respectively. As our study was conducted covering a seven-year period starting three years after pruning and is therefore focusing more on the medium- to long-term effects, we conclude that in general the studied trees in terms of secondary growth adapted to their initial reduction of branches already in the third year after pruning. However, we found that pruning had a significant effect in interaction with the dendrometer location and tree species, likely triggered by the lower average daily growth rate and annual radial growth at breast height compared to the top location in the selective pruning treatment of wild cherry. The reduction of stem taper with increasing growth rates at the top location might have contributed to improve wood quality of wild cherry in the selective pruning treatment by stimulating a more cylindrical bole formation [58]. Low-density planting of broadleaved trees, such as in agroforestry systems, leads to more vigorous growth compared to stand-grown trees, which in turn leads to larger branches and greater taper. Heavy green pruning triggers a growth response that decreases stem taper and leads to a bole shape more similar to a stand-grown tree [59]. Pruning affects vigor most at the stem base, leading to a more cylindrical bole [60]. Furthermore, pruning diminishes taper due to increased secondary growth in stem parts where shoots are present [12]. Figure 6f shows that, even though not statistically significant, also radial growth is greater at the higher stem location for classical and selective pruned sycamore. A larger sample size with higher replications per pruning treatment and tree species could lead to a clearer result showing possibly a significant increase of radial growth at the upper stem section as well.




5. Conclusions


In conclusion our study shows that intensive classical and selective pruning of the valuable broadleaved tree species sycamore and wild cherry had no negative effect on radial growth dynamics three years after pruning. Furthermore, radial growth at different stem heights initiated systematically earlier at the higher location compared to breast height for both tree species. These results, as the study was conducted on trees in a widely spaced system, are limited to the two tree species sycamore and wild cherry in comparable environments and under the same climatic conditions. Results regarding the possible effects caused by pruning treatments need to be treated with caution, as the repeated measures of only two trees per pruning treatment for each tree species during our 2010–2016 observation period might have increased the probability of type II errors to occur during hypotheses testing. This means that the working hypotheses of an existing treatment effect might have erroneously been rejected due to the statistical penalty of low sample sizes.



We see high potential in additional research based on the analysis of the diurnal amplitudes of the stem radial displacement data to gain a better understanding of the long-term effects of applied pruning treatments and stem height on stem water storage dynamics [61,62]. Moreover, our study did not put its emphasis on the influence of climatic variables on radial growth dynamics but more on the effects of pruning treatment, tree species and different stem heights. Although we could highlight potentially different growth responses of sycamore and wild cherry to extreme climatic events, future studies should include climatic variables into the statistical models for more in-depth insights into the environmental control of growth phenology and high-resolution radial growth dynamics of the two investigated tree species [14,63].







Acknowledgments


The authors would like to thank Felix Baab for his tireless support and maintenance of the measurement equipment. We also acknowledge Olaf Grobbel for data management and continuous data quality assessment. This research was funded by the German Federal Ministry of Food and Agriculture (BMEL) within the project Agro-Wertholz (support code 22031112). The article processing charge was funded by the German Research Foundation (DFG) and the University of Freiburg in the funding program Open Access Publishing. The authors would also like to thank the reviewers and the academic editor for their comments and suggestions, which led to an improvement of this article.




Author Contributions


L.S., J.S. and C.M. performed the field work tasks; L.S. and D.F.S. analyzed the data with advice from J.S., C.M. and H.S.; L.S. wrote the paper with inputs from D.F.S., J.S., C.M. and H.S.; H.S. conceived and designed the experiments.




Conflicts of Interest


The authors declare no conflict of interest. The funding sponsors had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the decision to publish the results.





Appendix A




[image: Forests 09 00174 g0a1 550] 





Figure A1. (a) Shape constrained additive model (SCAM) fitted to stem radial displacement data (SRD) measured by a precision point-dendrometer on a sycamore (top location) in the year 2012 (time series ID: D8_Ah_ob_2012). (b) Algorithm to estimate growth phenology, i.e., growth onset (ton), the maximum daily growth rate (tmax) and growth cessation (tce), based on the first derivate of the shape constrained additive model (SCAM’) representing a typical unimodal seasonal growth pattern. 






Figure A1. (a) Shape constrained additive model (SCAM) fitted to stem radial displacement data (SRD) measured by a precision point-dendrometer on a sycamore (top location) in the year 2012 (time series ID: D8_Ah_ob_2012). (b) Algorithm to estimate growth phenology, i.e., growth onset (ton), the maximum daily growth rate (tmax) and growth cessation (tce), based on the first derivate of the shape constrained additive model (SCAM’) representing a typical unimodal seasonal growth pattern.



[image: Forests 09 00174 g0a1]







[image: Forests 09 00174 g0a2 550] 





Figure A2. (a) Shape constrained additive model (SCAM) fitted to stem radial displacement data (SRD) measured by a precision point-dendrometer on a sycamore (top location) in the year 2013 (time series ID: D8_Ah_ob_2013). (b) Algorithm to estimate growth phenology, i.e., growth onset (ton), the maximum daily growth rate (tmax) and growth cessation (tce), based on the first derivate of the shape constrained additive model (SCAM’) representing a bimodal seasonal growth pattern. 
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Figure A3. (a) Shape constrained additive model (SCAM) fitted to stem radial displacement data (SRD) measured by a precision point-dendrometer on a wild cherry (bottom location) in the year 2010 (time series ID: D19_Ki_un_2010). (b) Algorithm to estimate growth phenology, i.e., growth onset (ton), the maximum daily growth rate (tmax) and growth cessation (tce), based on the first derivate of the shape constrained additive model (SCAM’) representing a false bimodal seasonal growth pattern. 
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Figure 1. Monthly values of (a) mean air temperature, (b) mean relative humidity, (c) sum of precipitation and (d) mean available water capacity for the years 2010–2016 as a deviation of the monthly means of the baseline climate period 1981–2010 (horizontal reference line). Grey shaded areas indicate the monthly 5th and 95th percentiles of the deviations of the baseline climate period (Data retrieved from the German National Meteorological Service (DWD); values for available water capacity are based on the deterministic forest hydrological model WBS3 calibrated for the site conditions of the research plot [35]). 
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Figure 2. Research setup of a tree group with the three pruning treatments Control, Classical Treatment and Selective Treatment (blue: branches with a diameter >2 cm; green: branches with angles <40°). On the right a detailed description of the high-resolution point-dendrometers (PD) is shown. 






Figure 2. Research setup of a tree group with the three pruning treatments Control, Classical Treatment and Selective Treatment (blue: branches with a diameter >2 cm; green: branches with angles <40°). On the right a detailed description of the high-resolution point-dendrometers (PD) is shown.



[image: Forests 09 00174 g002]







[image: Forests 09 00174 g003 550] 





Figure 3. Seasonal dynamics of the daily rate of radial growth split for (a) species, (b) dendrometer locations of sycamore and (c) dendrometer locations of wild cherry. Transparent ribbons indicate model-based standard errors of the estimate and missing values were compensated by model predictions. 
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Figure 4. Estimates of onset (ton) and cessation of growth (tce), day of maximum growth rate (tmax), seasonal maximum daily growth rate (rmax), average daily growth rate (r∆t) and annual radial growth (RG) for sycamore and wild cherry over the years of measurements averaged over stem heights. Transparent ribbons indicate the model-based standard errors of the estimates and stars (*) indicate p-values < 0.05 for pairwise comparisons between tree species within the years. Missing values were compensated by model predictions. 
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Figure 5. Estimates of onset (ton) and cessation of growth (tce), day of maximum growth rate (tmax), seasonal maximum daily growth rate (rmax), average daily growth rate (r∆t) and annual radial growth (RG) of sycamore and wild cherry for top and bottom locations of dendrometers on the stem over the years of measurement. Transparent ribbons indicate the model based standard errors of the estimates and stars (*) indicate p-values < 0.05 for pairwise comparisons between dendrometer locations within the years. Missing values were compensated by model predictions. 
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Figure 6. Least-square means of onset (ton) and cessation of growth (tce), day of maximum growth rate (tmax), seasonal maximum daily growth rate (rmax), average daily growth rate (r∆t) and annual radial growth (RG) for locations of dendrometers on the stem and pruning treatments of sycamore and wild cherry. Error bars display the standard errors of the least-square means. Different lowercase letters indicate p-values < 0.05 for pairwise comparisons. Comparisons take place within pruning treatments, (indicated by same colors), and between dendrometer locations. 
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Table 1. Tree species, pruning treatment, diameter at breast height (DBH), tree height, crown length and crown projection area for all trees of this study measured in July 2016.
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	ID
	Species
	Pruning Treatment
	DBH (cm)
	Tree Height (m)
	Crown Length (m)
	Crown Projection Area (m2)





	1
	Sycamore
	Control
	19.5
	14.6
	12.7
	38.71



	2
	Sycamore
	Control
	17.1
	13.6
	11.4
	20.33



	3
	Sycamore
	Classical Treatment
	20.6
	14.0
	12.1
	32.34



	4
	Sycamore
	Classical Treatment
	11.0
	13.0
	10.4
	7.53



	5
	Sycamore
	Selective Treatment
	16.3
	13.5
	7.9
	27.47



	6
	Sycamore
	Selective Treatment
	15.6
	13.0
	8.7
	24.31



	7
	Wild Cherry
	Control
	27.3
	19.8
	18.7
	53.19



	8
	Wild Cherry
	Control
	18.3
	19.8
	18.7
	30.36



	9
	Wild Cherry
	Classical Treatment
	22.1
	18.7
	13.2
	38.51



	10
	Wild Cherry
	Classical Treatment
	22.8
	16.0
	13.2
	32.97



	11
	Wild Cherry
	Selective Treatment
	22.4
	19.2
	12.1
	23.01



	12
	Wild Cherry
	Selective Treatment
	15.0
	16.5
	9.6
	12.70
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Table 2. Modelling efficiency, mean absolute error and mean absolute percentage error of the shape constrained additive models (SCAMs) fitted to the annual dendrometer data averaged over the three applied treatments for the tree species sycamore and wild cherry.
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Tree Species

	
Treatment

	
Modelling Efficiency

	
Mean Absolute Error

	
Mean Absolute Percentage Error






	
Sycamore

	
Control

	
0.9999

	
12.22

	
0.45




	
Classical Treatment

	
0.9999

	
18.13

	
0.44




	
Selective Treatment

	
0.9999

	
13.13

	
0.55




	
Wild Cherry

	
Control

	
0.9998

	
21.42

	
0.71




	
Classical Treatment

	
0.9990

	
26.46

	
1.38




	
Selective Treatment

	
0.9911

	
26.54

	
1.68
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Table 3. ANOVA table for the linear mixed-effects models with tree species (  S  ), pruning treatment (  T  ), dendrometer location (  L  ) and year (  Y  ) as fixed effects compiled for the analyzed response variables growth onset (ton), growth cessation (tce), day of maximum growth rate (tmax), maximum growth rate (rmax), average daily growth rate (r∆t) and annual radial growth (RG). p-values < 0.05 are highlighted in bold type; DF are degrees of freedom.
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Fixed Effect(s)

	
DF

	
Response

	
F-Value

	
p-Value

	
Response

	
F-Value

	
p-Value






	
S

	
1

	
ton

	
0.02

	
0.886

	
rmax

	
2.53

	
0.163




	
T

	
2

	
0.04

	
0.959

	
0.81

	
0.490




	
L

	
1

	
27.72

	
<0.001

	
2.18

	
0.144




	
Y

	
6

	
20.40

	
<0.001

	
2.85

	
0.015




	
S × T

	
2

	
0.59

	
0.582

	
1.50

	
0.297




	
S × L

	
1

	
0.15

	
0.699

	
2.22

	
0.140




	
T × L

	
2

	
0.34

	
0.713

	
2.59

	
0.082




	
S × Y

	
6

	
5.43

	
<0.001

	
9.32

	
<0.001




	
T × Y

	
12

	
1.19

	
0.303

	
1.44

	
0.166




	
L × Y

	
6

	
1.05

	
0.398

	
0.25

	
0.958




	
S × T × L

	
2

	
2.15

	
0.123

	
3.54

	
0.034




	
S × T × Y

	
12

	
0.67

	
0.779

	
1.39

	
0.189




	
S × L × Y

	
6

	
1.20

	
0.314

	
0.52

	
0.793




	
T × L × Y

	
12

	
0.39

	
0.964

	
0.56

	
0.864




	
S × T × L × Y

	
12

	
0.47

	
0.925

	
0.82

	
0.632




	
S

	
1

	
tce

	
6.66

	
0.042

	
r∆t

	
0.86

	
0.389




	
T

	
2

	
0.25

	
0.786

	
0.60

	
0.580




	
L

	
1

	
1.35

	
0.248

	
0.24

	
0.629




	
Y

	
6

	
6.72

	
<0.001

	
2.50

	
0.029




	
S × T

	
2

	
0.16

	
0.858

	
1.97

	
0.219




	
S × L

	
1

	
0.06

	
0.804

	
0.01

	
0.935




	
T × L

	
2

	
0.89

	
0.415

	
2.44

	
0.094




	
S × Y

	
6

	
8.71

	
<0.001

	
8.38

	
<0.001




	
T × Y

	
12

	
1.52

	
0.136

	
0.90

	
0.550




	
L × Y

	
6

	
1.14

	
0.348

	
0.43

	
0.856




	
S × T × L

	
2

	
0.16

	
0.851

	
4.08

	
0.021




	
S × T × Y

	
12

	
0.51

	
0.904

	
1.15

	
0.336




	
S × L × Y

	
6

	
1.69

	
0.136

	
0.71

	
0.645




	
T × L × Y

	
12

	
0.47

	
0.926

	
0.54

	
0.878




	
S × T × L × Y

	
12

	
0.72

	
0.729

	
0.66

	
0.780




	
S

	
1

	
tmax

	
3.30

	
0.119

	
RG

	
2.05

	
0.202




	
T

	
2

	
0.66

	
0.550

	
0.30

	
0.754




	
L

	
1

	
8.20

	
0.005

	
2.77

	
0.100




	
Y

	
6

	
4.59

	
<0.001

	
4.88

	
<0.001




	
S × T

	
2

	
1.21

	
0.361

	
0.97

	
0.430




	
S × L

	
1

	
1.53

	
0.219

	
0.01

	
0.915




	
T × L

	
2

	
0.61

	
0.544

	
1.96

	
0.148




	
S × Y

	
6

	
1.43

	
0.213

	
11.42

	
<0.001




	
T × Y

	
12

	
0.81

	
0.638

	
0.89

	
0.556




	
L × Y

	
6

	
1.04

	
0.405

	
0.82

	
0.559




	
S × T × L

	
2

	
0.26

	
0.775

	
2.17

	
0.121




	
S × T × Y

	
12

	
0.57

	
0.861

	
0.79

	
0.656




	
S × L × Y

	
6

	
0.67

	
0.674

	
0.99

	
0.436




	
T × L × Y

	
12

	
1.15

	
0.337

	
0.57

	
0.862




	
S × T × L × Y

	
12

	
0.69

	
0.758

	
0.53

	
0.889
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