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Abstract: Although several studies suggest that tree species in mixed stands resist drought events
better than in pure stands, little is known about the impact on growth and the tree water deficit (TWD)
in different tree heights at heavy drought. With dendrometer data at the upper and lower stem and
coarse roots, we calculated the TWD and growth (ZGmax) (referring to the stem/root basal area) to
show (1) the relationship of TWD in different tree heights (50% tree height (H50), breast height (BH),
and roots) and the corresponding leaf water potential and (2) how mixture and drought influence
the partitioning of growth and tree water. The analyses were made in a mature temperate forest of
Norway spruce (Picea abies (L.) Karst.) and European beech (Fagus sylvatica (L.)). Half of the plots were
placed under conditions of extreme drought through automatic closing roof systems within the stand.
We found a tight relationship of leaf water potentials and TWD at all tree compartments. Through
this proven correlation at all tree heights we were also able to study the differences of TWD in all tree
compartments next to the growth allocation. Whereas at the beginning of the growing period, trees
prioritized growth of the upper stem, during the course of the year the growth of lower stem became
a greater priority. Growth allocation of mixed spruces showed a tendency of a higher growth of the
roots compared to the BH. However, spruces in interspecific neighborhoods exhibited a lesser TWD
in the roots as spruces in intraspecific neighborhood. Beeches in intraspecific neighborhoods showed
a higher TWD in BH compared to H50 as beeches in interspecific neighborhoods. Mixture seems to
enhance the water supply of spruce trees, which should increase the stability of this species in a time
of climatic warming.

Keywords: tree water status; climate change; rainfall exclusion; Picea abies (L.) Karst.; Fagus sylvatica (L.);
root–shoot allometry

1. Introduction

Climate models have predicted an increased number of drought events of longer duration and
stronger intensity [1,2] that are likely to alter the growth and stability of forests [3–5]. Ciais et al.
(2005) [6] gave evidence that precipitation deficits and extreme summer heat are capable of causing a
Europe-wide reduction of ecosystem primary productivity. Increasing drought and accompanying
changing resource availability lead to shifts in resource allocation within trees [7]. As predicted by
functional equilibrium models [8,9] and proven by extensive studies [10], plants allocate additional
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biomass to those organs that acquire the most limiting resources. Consequently, plants allocate more
biomass to the roots in such cases where belowground resources, such as water and nutrients, are
limiting. When light or CO2 are the limiting factors, plants allocate more biomass above ground. Tree
species sensitive to drought can, therefore, respond to extreme drought with reduced stem growth and
increased root growth [10,11].

Drought stress reactions can be determined, inter alia, via the leaf water potential (tree water
status). Based on the difficult accessibility of branches, it is very laborious to measure leaf water status
in tall trees. Continuous high-resolution measurements of stem radius variations meet this and provide
an opportunity to gain deeper insights into the dynamics of tree water relations and growth patterns
due to the opportunity to assess tree water status without a canopy crane or other circuitous methods
for taking leaf water potential measurements in the tree crown. As such, they offer huge potential
for ecological research under a changing climate. Stem radius variations are increasingly used in
plant physiology to analyze stem growth and the tree water status [12–15] and have been analyzed for
different tree species [14,16,17].

Usually, diurnal stem radius variations are measured by electronic, high-resolution point or
band dendrometers [18,19]. The drought-induced changes can be recognized through modified
characteristics of the bark tissue (decreasing cell turgor, which results in stem shrinking) and changes
in radial growth [20,21]. When transpiration exceeds the water uptake from the soil, the tree relocates
water storages—mainly located in the living cells within the cortex—to maintain the transpiration
process. The coordination of stomatal and hydraulic regulations allows for an adjustment of the tree
water use. Various environmental factors (e.g., temperature, soil water availability, vapor pressure
deficit) control these mechanisms and thus the tree’s water use. On a diurnal scale, shrinking
and swelling of the stem is the result of these mechanisms and lead to alternating depletion and
replenishment of the involved tissues. This process is driven by the transpiratory demand during
daytime and overnight refilling of the living cells of the phloem tissue with water from the soil [22–24].
There are many ecophysiology models describing the dynamic radial and vertical water flow between
the tree tissues [13,25–27]. Zweifel et al. (2000) [17] investigated stem radius changes and their relation
to stored water in stems with truncated stem segments of living Norway spruces and were able to
attribute the stem contraction to the living tissue outside of the cambium. Shrinking and swelling of the
stem can, hence, be used as indicators for the whole tree water status [17,26,28] and can be measured
for any species and any tree organ. How trees react during drought at the different tree compartments
are very interesting, due to the species-specific strategies to cope with drought stress [29,30]. McCarthy
and Enquist (2007) [31] showed that plants allocate biomass to the plant compartment which acquires
the most limiting resource.

In addition to site and climatic conditions, the mixture of species also has a significant impact on
the water supply and growth of a tree. Species mixture can improve forest ecosystem functions under
changing climate through complementary interactions among a pair of species [32,33]. Complementary
effects depend on the type of species and the changing resource availability [33–35]. The most
widespread mixed forest stands in Central Europe consist of Norway spruce (Picea abies (L.) Karst.)
and European beech (Fagus sylvatica (L.)). Mixtures of these tree species have been analyzed in many
studies [36–39]. Evergreen spruce is considered to be particularly sensitive to drought stress [40,41],
with a drought sensitive stomata closure [29] and correspondingly impeded photosynthesis. Deciduous
beech is known to be more drought resistant as compared to spruce [41,42]. The mixture of these two
tree species can have several advantages for both tree species. For example, Bolte and Villanueva
(2006) [43] detected a deeper rooting system of beech in mixture with spruce compared to monocultures,
and consequently, an enhanced water and nutrient availability for beech trees. The improved soil
water storage due to the reduced interception of beech in mixture with spruce [44–46] can also have a
positive effect on the water availability and change the entire stand’s water balance [47].

The knowledge of species interactions in mixed forest stands has increased in recent years, with
many investigations about beech and spruce trees [35,37,42,43]. However, most studies have focused
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on growth-related differences in mixture rather than on changes in tree water status and these were
not observed at different tree positions. Further, the differences between stem and root show the shift
of growth and tree water under drought conditions for the given species, where water drawn from
internal stores during drought is not only from an ecophysiological perspective but also from a remote
sensing perspective interesting. Remote sensing captures the water content of tree canopy (CWC),
the product of leaf area index, leaf mass per area, and leaf water content [48]. A greater focus on
water pools may improve our ability to understand and anticipate drought-induced changing traits or
mortality in plants [49,50].

In the present study, we determined the basal area growth (ZGmax) and tree water status
(tree water deficit, (TWD), as described by Zweifel et al. (2016) [51], also referred to the basal area) at
three tree compartments: the upper stem (50% tree height—H50, at approximately 15 m tree height),
the lower stem (breast height (1.3 m), BH), and at the coarse roots (roots) in the growing season.
The TWD, as the measurement unit for the tree water status, was analyzed in relation to the leaf water.
Subsequently, TWDs at H50, BH, and the roots were employed to analyze species-specific differences
between beech and spruce in terms of drought-related changes in root–stem allometry.

The aim of the study was to investigate growth allocation as well as local tree water deficit in the
tree compartments under heavy drought, in intra- and interspecific neighborhoods. Therefore, we
used a rainfall exclusion experimental setup to provide drought stressed mature trees in the treatment
plots and unstressed trees in the control plots. Naturally occurring drought was experimentally
enhanced by means of stand scale rainfall exclusion, the Kranzberg ROOF Experiment (KROOF).
We demonstrated how the allocation pattern of control and treatment trees or trees in intra- and
interspecific neighborhoods during the growing season look.

We hypothesized that: (1) the stem basal area variations and the leaf water potential show a
positive relationship at the different tree heights; (2) the relationship between growth response and the
respective TWD is the same at the three different positions H50, BH, and root; and (3) interspecific
neighborhood with beech trees facilitates spruce trees under drought stress.

2. Materials and Methods

2.1. Site Description

The study was located in southern Germany (longitude: 11◦39′42′′ E, latitude: 48◦25′12′′ N,
altitude 490 m a.s.l), near Freising (Kranzberg forest) and approximately 35 km northeast of Munich.
The soil of the Kranzberg forest is a luvisol developed from loess over tertiary sediments with high
nutrient and water availability. The forest stand comprises European beech (Fagus sylvatica (L.)) and
Norway spruce (Picea abies (L.) Karst.). The age of trees varies between 64 ± 2 years for spruce and
84 ± 4 years for beech (in 2015). In 2010, twelve plots were established with a total area of 1730 m2

with 63 beech trees (mean height 26.1 m, mean diameter 28.9 cm at breast height) and 53 spruce
trees (mean height 29 m, mean diameter 34.3 cm at breast height) (Table 1). On each plot, four trees
were selected as monitoring trees (48 trees in total) (Table S1). Each of the 12 plots contained zones
of spruce or beech trees in an intraspecific neighborhood and zones of spruce or beech trees in an
interspecific neighborhood.

For the throughfall exclusion experiment (TE), roof structures were built in six plots below the
crown of the trees at a height of about 3 m. The other six plots acted as control plots (CO). In spring
2010, the plots were trenched with a heavy-duty plastic trap to a depth of about 1 m to avoid external
effects on and water intake in the experimental plots [52]. The roofs closed only during rainfall through
a set of precipitation sensors, to avoid unintended micro-meteorological and physiological effects [38].
The drying cycles with closing roofs lasted from May to December 2014 (570 mm precipitation was
excluded) and from March to November 2015 (480.2 mm precipitation was excluded). The annual
precipitation average for the Kranzberg forest ranges between 750 and 800 mm for the entire year and
between 460 to 500 mm year−1 in the growing season (mid-April to the end of October) (1971–2000) [53].
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The annual average temperature is 7.8 ◦C and the average temperature for the growing season is
13.8 ◦C (detailed description provided by Pretzsch et al. (2012) [47]).

Table 1. Characteristics of the investigated stand where the treatment and control plots were located.
(N: number of trees per ha; n: number of trees with dendrometers; BA: basal area per ha; V: total stem
volume per ha; hq: mean height; dq: quadratic mean diameter at 1.3 m breast height).

Area N n BA V hq dq

(m2) (m2) (m3) (m) (cm)

Drought Treatment

Spruce 301 12 29.7 422 29.3 34.8
Beech 352 12 22.9 309 26.1 29.1
Total 145 653 24 52.6 730

Control
Spruce 310 12 28.8 400 28.7 33.8
Beech 356 12 22.6 305 26 28.7
Total 144 666 24 51.4 705

2.2. Water Potential (Ψ Leaf)

Leaf water potentials at predawn (LWPpre) and midday (LWPmid) were measured on several
sunny days during the growing season (April–October) in 2014 and 2015. Leaf water potential
measurements were conducted in time windows from 2:00 h to 3:30 h CET for LWPpre and 13:00
to 15:00 h CET for LWPmid. The same experimental trees (n = 31) were used for the dendrometer
measurements that could be conducted with the canopy crane. At a height of 25–30 m, south-exposed
twigs of about 10–20 cm in length were taken from the sun crown (access through canopy crane) and
were enclosed in humid plastic bags to prevent further water loss. The leaves were immediately
measured with a pressure chamber (Model 3000 Pressure Extractor, Soil moisture Equipment Corp.,
Santa Barbara, CA, USA).

2.3. Stem Basal Area Variations (Growth and Tree Water Deficit)

On each of the 48 trees selected for measurement, three automatic dendrometers of two types
(Ecomatik, Dachau, Germany) were installed at different tree heights. The DR-type dendrometer
(DR, radius dendrometer) was installed at breast height (1.3 m, BH) and 50% tree height (H50).
For measurements of the roots, circumference dendrometers of the DC2 type (DC, circumference
dendrometer) were used and fixed on one main root per monitoring tree at most 20 cm depth and
30–50 cm distance to the tree. The thermal expansion coefficient of the sensor was <0.2/K µm.
All dendrometers were fixed in a northeast direction to avoid environmental influences. From the
spruce trees, the outermost tissues of the bark were removed to minimize hygroscopic effects of the
outer bark. The frames of the dendrometers were fixed with stainless steel screws on the tree stem,
with the linear transducer in direct contact with the stem/root surface. Measurements were recorded
every 10 minutes. All measurement errors and proven outliers in the raw data were eliminated prior to
further processing. Hourly means of the raw 10 minute measurements of stem radius variations were
analyzed during the growing season (April to the end of September, days of the year (DOY) 91–273).

To describe how drought affects the tree organs, we used the tree water deficit (TWD), defined
by Zweifel et al. (2016) [51]. First, the “pure” growth (further defined as zero growth, ZGmax) was
extracted from the stem or root dendrometer measurements to determine the TWD (water signal).
For separation, we used the zero growth concept of Zweifel et al. (2016) [51], which results in growth
curves with a stepwise shape (Figure 1). When the current maximum of the stem basal area is exceeded,
the increment increases. For our investigations, we used the maximum ZG value per day (ZGmax).
The TWD was calculated as the difference between the growth-induced expansion of the stem and the
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daily shrinking and swelling. The negative values of the TWD revealed increasing shrinking of the
stem basal area.

The radial measurements (ZG and TWD) were transformed into basal area fluctuations.
This procedure is standard in examinations of tree ring data [54], but new for analysis of dendrometer
data. We used this approach because the basal area fluctuation as a two-dimensional measurement
better reflects the tree response than the radial fluctuation as a one-dimensional measurement which
neglects the respective tree dimension.

Furthermore, we proved the relationship between the stem water signals and the leaf water
potentials at midday and predawn. We found the best match for the relationship between LWPpre and
TWD minimum (TWDmin, maximum daily shrinkage) during drought conditions (Supplementary
Materials, Table S2) and used the LWPpre for further analysis of the relationship between TWDmin
and LWPpre.
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Figure 1. Exemplary illustration of the course of the stem basal area variation and the two applied
indices, zero growth (ZG) and tree water deficit (TWD), for a period of 16 days in the growing
season 2015 of an example spruce tree. The climatic graph of vapor pressure deficit (VPD) and daily
precipitation sum (Prcp) illustrated how the deficit of water led to a stagnation of the zero growth and
a decrease in the tree water deficit during the last five days of the example period.

2.4. Climatic Data

The weather data were collected from two sources. Temperature and relative humidity were
measured at 10 min intervals in the forest stand and monitored with a temperature sensor (RFT-2,
UMS) at a height of 27 m and stored in a datalogger (Logger Campbell CR100, Multiplexer AM16/32).
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The sensor was protected against direct irradiation with a ventilated radiation shield. The vapor
pressure deficit (VPD) was calculated with these data. Precipitation data were available from the
nearby weather station, about 2 km from the study site in Kranzberg forest [55].

2.5. Statistical Analysis

Our experimental setup consisted of time series measurements of individual tree. The individual
trees were grouped by different control and treatment plots. Consequently, the analysis was based on
nested data. To consider this nesting, we applied linear mixed effect models (lmer) from the package
lme4 [56]. The random effects b are the individual tree, with the index i, the plot with the index j
and the year abbreviated with the index k. t represents the measurement at which we used the daily
maximum value for zero growth (ZGmax) and the daily minimum value for the tree water deficit
(TWDmin). ε always represents the residual error of the respective models.

To answer the question of whether the TWDmin at the various tree compartments is able to reflect
drought stress, we examined the relationship between the TWDmin and LWPpre at the three different
measurement positions. We pooled both years (2014 and 2015) into the same dataset for the analysis.

We applied linear mixed models in a logarithmic form (Equation (1)):

ln (TWDmin)i jkt = β0 + β1· ln
(
LWPprei jt

)
+ bi + b j + bk + εi jkt (1)

The applied logarithm led to a significantly better fitting of the data and considered the non-linear
course of the analyzed relationship. The logarithm of the negative TWDmin values was enabled
through a transformation by multiplying by −1. For the depiction, we adapted only the y-axis to
negative values. All models where fitted species-specific for a straightforward interpretation.

To show how growth allocation or the TWDmin react between the three tree compartments under
drought conditions, we examined the difference (Di f f ) of ZGmax and TWDmin at a measurement
position above to the measurement position below (H50–BH and BH–Root). A value above zero would
mean that the upper tree compartment profits, and a value below zero would indicate that the lower
tree compartment had a higher growth. We chose to use the difference instead of the ratio because,
when using the ratio, meaningful but very low TWDmin or ZGmax values in one compartment can
lead to immoderate and meaningless outliers in the analysis.

The resulting difference value of the upper and lower measurements served as the independent
variable. Because TWDmin and especially the ZGmax increase over the growing season, the difference
between upper and lower compartments (lowComp) can be higher at the end of the growing period
than at the beginning. Therefore, we always related the difference to the respective measurement of
the lower compartment.

To show how mixture and drought treatment influence the growth allocation or TWDmin pattern
of the upper and lower compartments, linear mixed models were applied. Mixture (Mix) and treatment
(Treat) were included as fixed effects in a model (Equation (2)):

Di f fi jkt = β0 + β1·lowCompi jt + β2·Mix·lowCompi jt + β3·lowCompi jt·Treat

+β4·lowCompi jt·Mix·Treat + bi + b j + bk + εi jkt
(2)

The significances of the fixed effects of the linear mixed models were tested by an F test with
Satterthwaite’s approximation ([57], R package lmerTest). To consider the large number of measurements
points, we also calculated the conditional coefficient of determination (R2) for the mixed-effect models
with the command r.squaredGLMM from the MuMln package. Additionally, the quality of the
models was checked using the root mean square error (RMSE). All analyses were performed with
R version 3.2.3 [58].
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3. Results

3.1. Temperature and Precipitation in 2014 and 2015

There are clear differences in temperature and precipitation between the analyzed years 2014 and
2015 in the growing season (Figure 2a,b). The air temperature in 2015 was 1.1 ◦C above the average
from 2001 to 2015 [59]. Compared to the year 2014, the summer months of the year 2015 had a higher
number of days without rainfall or with low rainfall and simultaneously higher temperatures and
higher vapor pressure deficits (VPDs).Forests 2019, 10, x FOR PEER REVIEW 7 of 21 
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Figure 2. Monthly precipitation sums and daily mean temperature values (a,b, above) and daily vapor
pressure deficit (VPD) (a,b, below) in the growing season (April–September) of the years 2014 and 2015.

3.2. Leaf Water Potentials

Comparing the midday water potentials (LWPmid) for the years 2014 and 2015, the LWPmid
were significantly more negative for beech trees than for spruce trees (Supplementary Materials,
Figure S1a–d, p < 0.001). Furthermore, we found significant differences between the trees of the drought
treatment and control plots (Supplementary Materials, Table S3, p < 0.01), and the predawn water
potentials (LWPpre) revealed clearer differences (p < 0.001) compared to LWPmid (Supplementary
Materials, Figure S2a–d). The effect of the drought treatment was observable through more negative
LWPpre compared to the control plots (Figure S3). No differences were observable between trees in
intra- and interspecific neighborhoods.

3.3. Zero Growth and Tree Water Deficit

To determine growth and TWDmin, we separated the growth from the daily shrinking and
swelling. Figure 3 provides an overview of the data (intra- and interspecific neighborhoods are shown
in Figure S4, Supplementary Materials). Spruce trees had a higher diameter increment compared to
beech trees in 2014 at all three measuring positions (H50, BH, and roots). The diameter increment of the
spruce trees was smaller for the dry year 2015 compared to the year 2014. In beech, by contrast, relevant
growth reduction of the trees could not be observed in 2015 compared to 2014. Drought-treated beech
trees even showed higher growth in BH and the roots in 2015.
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Figure 3. Mean TWDmin and zero growth (growth without the water signal) referring to the stem/root
basal area (mm2) for the years 2014 (left) and 2015 (right) for spruce (red) and beech (blue) at the
control (thick line) and treatment (thin line) plots at 50% tree height (a–d), breast height (BH, e–h),
and roots (i–l). Shaded regions are confidence intervals. Data are shown for the growing season.

Comparing the daily TWDmin of the growing season in 2014 and 2015, the effect of the drought
year 2015 was observable in the intense shrinking in the summer months (DOY 152–243) (Figure 3d,h,l).
Furthermore, there was a high shrinkage phase at H50 in 2014 for spruce trees (possibly through an
adaptation reaction at the beginning of the drought treatment). The treatment plots indicated a more
distinct stem shrinkage compared with the control plots for both years. Species-specific differences
can also be seen in the magnitudes of the daily TWD. Spruce trees revealed more distinct stem water
changes than beech trees (see daily values of TWD in Figure 3c,d,g,h,k,l). Overall, the stem shrinkage
was highest at H50 and roots compared to BH.
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3.4. Relationship between Tree Water Deficits and Water Potentials at Different Tree Heights

The TWDmin values were more negative when the LWPpre became more negative at the stem
(BH, H50) and the roots (Figure 4a–c). Spruce trees revealed a higher TWDmin than beech trees at all
positions. The r-squared (R2) of the different models ranged between 0.38 and 0.73. The relationship
was significant for both species and all positions (p < 0.001, Table 2). The TWDmin was highest in the
crown, but the roots also showed high fluctuations when LWPpre reached −1.2 MPa.
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Figure 4. Relationship between TWDmin and predawn water potential (LWPpre) for spruce (red, black
triangles) and beech (blue, light grey circles) trees for 50% tree height (a), breast height (b), and roots (c)
(R2 and significance levels based on models from Table 2; *** p < 0.001).

Table 2. Parameter estimates and statistics for the logarithmized relationship of the tree water deficit
minimum (TWDmin) and the predawn water potential (LWPpre) at three different tree heights (50% tree
height (H50), breast height (BH), and roots). All measurements of the TWDmin referred to the stem/root
basal area (mm2). The dependent variables are in the columns. Rows show the output of the model
with the fixed variables (N: number of LWPpre and TWDmin measurements). Significance level:
*** p < 0.001.

log(TWDmin)

H50 BH Root

Species N. Spruce E. Beech N. Spruce E. Beech N. Spruce E. Beech

Intercept 4.995 *** 2.876 *** 4.786 *** 3.071 *** 3.412 *** 3.317 ***
log(LWPpre) 1.081 *** 0.501 *** 0.760 *** 0.563 *** 2.804 *** 1.292 ***

R2 0.46 0.61 0.42 0.58 0.73 0.38
RMSE 126.93 6.17 50.40 7.93 112.27 44.47

N 138 79 144 134 138 140

3.5. Stem and Root Growth and TWDmin in Different Tree Compartments

How the allocation was oriented under control or treatment and inter- or intraspecific neighborhoods
is illustrated in Figures 5 and 6. On the y-axis, the difference between BH and H50 or BH and the roots
is given for the zero growth (panel above) or TWDmin (panel below). On the x-axis, the basal area
growth or TWDmin of the respective lower tree compartment is given (BH, Figure 5 or roots, Figure 6).
The x-axis of ZGmax is also a proxy for time within the growing period, while the x-axis of TWDmin
is a proxy for increasing drought stress which was happening in the middle of the growing period.
The significances of the respective linear mixed-effect models are summarized in Table 3.
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The model quality can be check in the data provided in Supplementary Materials Figures S5–S12.
All in all, the fitted linear regressions show good relationships between observed to predicted values
(Figures S5–S12a,b). There was a strong overlapping within the data, especially close to the regression
lines, which resulted in high model performances of the p-value and R2. We revealed the overlapping
close to the regression lines by hexagon density plots (Figures 5 and 6) and histograms of the residuals
(see Supplementary Materials Figures S5–S12c). The model output was nearly normally distributed,
which can be seen in the QQ-plots of the residuals (Figures S5–S12e). The deviation of the residuals
from normal distribution was under 5%. Nevertheless, we checked these points very carefully to be
sure that these outliers did come from measurement inconsistencies.
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Figure 5. Relationship of growth (ZGmax) (a,b) and the tree water deficit (TWDmin) (c,d) represented
by the difference of the measurements at 50% tree height (H50) and breast height (BH), dependent on
the breast height measurement. Values below the zero line mean a growth allocation into the lower stem
compartment at breast height. For the TWDmin, the negative values represent a lower tree water deficit
at breast height. Linear mixed models depict how strongly the allocation was influenced by drought
treatment (thick line—control, thin line—treatment) or mixture (intraspecific neighborhood—straight
line, interspecific neighborhood—dashed line). The respective models are shown in Table 3.
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by the difference of the measurements at breast height (BH) and at the roots, dependent on the root 
measurements. Values below the zero line mean a growth allocation into the roots. For the TWDmin, 
the negative values represent a lower tree water deficit in the roots. Linear mixed models depict how 
strongly the allocation is influenced by drought treatment (thick line—control, thin line—treatment) 
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Figure 6. Relationship of growth (ZGmax) (a,b) and the tree water deficit (TWDmin) (c,d) represented
by the difference of the measurements at breast height (BH) and at the roots, dependent on the root
measurements. Values below the zero line mean a growth allocation into the roots. For the TWDmin,
the negative values represent a lower tree water deficit in the roots. Linear mixed models depict how
strongly the allocation is influenced by drought treatment (thick line—control, thin line—treatment)
or mixture (intraspecific neighborhood—straight line, interspecific neighborhood—dashed line).
The respective models are shown in Table 3.

In general, the interaction of treatment and mixture with the lower tree compartment (x-axis) was
significant, except for beech trees in some cases. The interpretation of the influence of treatment and
mixture always refers to their dependency on the lower tree compartment. We subsequently looked at
this interaction or rather the orientation and position of the control to treatment curves (or intra- to
interspecific curves).

The x-axis showed an increasing basal area increment over time within the growing season.
We found that the growth in BH was always higher, except for at the beginning of the growing season,
where growth in H50 was higher. The tree appears to invest in the upper trunk (H50) at the beginning
of the growing season and then more in the BH (Figure 5a,b, Table 3(a),(b)). In the following, we first
describe the ZG of spruce, followed by that of beech, and then the TWD of both species.

Treated intraspecific spruce trees showed a tendency to grow more in H50 as interspecific spruces
of the control plots (Figure 5a, Table 3). Beech trees at the control plots showed an increasing increment
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of the upper stem, whereas beeches of the treatment plots revealed a higher growth in BH than
in H50 (Figure 5b, Table 3(b)). A tendency of a higher TWD in H50 could be found for spruces
in interspecific neighborhoods (control and treatment plots) compared to the intraspecific spruces
(Figure 5c, Table 3(c)). The same pattern could be observed for beech trees (Figure 5d, Table 3(d)).

Overall, spruce trees showed a higher root growth than beech trees. Spruces in interspecific
neighborhoods showed a higher tendency to root growth than in intraspecific neighborhoods (Figure 6a,
Table 3(e)). In contrast, beech tress in intraspecific neighborhoods had a higher increment in the roots
than in BH compared to beeches in interspecific neighborhood (Figure 6b, Table 3(f)). The TWD
was higher in the roots for both species. Spruce trees of the treatment plots and in intraspecific
neighborhoods had the highest TWD in the roots (Figure 6c, Table 3(g)). For beech trees in intra- and
interspecific neighborhoods, no differences could be found (Figure 6d, Table 3(h)).

Table 3. Parameter estimates and statistics for the diameter growth (ZGmax) and tree water deficit
(TWDmin) of the 50% tree height (H50) and stem at breast height (BH) from Figure 5 and stem at
breast height (BH) and root from Figure 6, dependent on drought (treat) and species mixing (mixture).
The dependent variables are in the columns. Rows show the output of the model with the fixed variables
(N: number of measurements). Significance levels: *** p < 0.001; ** p < 0.01; * p < 0.05; (*) p < 0.1.

Position H50–BH BH–Root

ZGmax/TWDmin ZGmax TWDmin ZGmax TWDmin

Art
(a) (b) (c) (d) (e) (f) (g) (h)

N. Spruce E. Beech N. Spruce E. Beech N. Spruce E. Beech N. Spruce E. Beech

Intercept 100.961 *** 59.753 * 62.534 ** 2.908 (*) 235.5 ** 149.09 ** 53.718 *** 13.17 ***
BH −0.481 *** −0.408 *** −0.468 *** −0.463 ***

Treat × BH −0.075 *** −0.109 *** 0.037 −0.028 (*)
Mixture × BH −0.173 *** 0.01 0.148 ** 0.18 ***

Mixture × Treat × BH 0.243 *** −0.001 0.209 ** 0.026
Root −0.279 *** 2.63 *** −0.796 *** −0.992 ***

Treat × Root 0.241 *** −2.257 *** 0.258 *** 0.048 ***
Mixture × Root 0.347 *** −2.398 *** 0.161 *** 0.001

Mixture × Treat × Root −0.23 *** 2.338 *** 0.155 *** −0.011
R2 0.95 0.94 0.56 0.77 0.73 0.67 0.81 0.94

RMSE 69.6 49.9 59.9 4.2 182.1 194.8 42.9 9.6
N 7924 4866 7924 4866 8290 7940 8290 7940

4. Discussion

4.1. Relationship between Tree Water Deficit and Leaf Water Potential

We found a strong relationship between TWDmin and LWP for both species at the three tree
positions (H50, BH, roots). Furthermore, the high-resolution TWD measurements could show the
differences between intra- and interspecific neighborhoods clearer compared to the LWP. The LWP
showed no significant differences between intra- and interspecific spruce and beech trees, but the
effect of the drought treatment could be shown compared to the trees of the control plots. Spruce
trees, as a more drought sensible tree species, showed the expected higher LWP compared to the more
drought resistant beech trees.

We found the best match for TWDmin and LWPpre, but the relationship between TWDmin and
LWPmid was also significant. The study of Remorini and Massai (2003) [60] confirmed that the LWPpre
is a better tree water status indicator than LWPmid.

Early dendrometer studies, such as Cohen et al. (2001) [61], focused on the maximum daily
shrinkage and compared the data with the water potential at midday and predawn. The Cohen
study shows the link between maximum daily stem shrinkage (MDS) and predawn and midday LWP.
The MDS was closely related to the predawn and midday water potential, similar to the present study.
A more recent study by Dietrich et al. (2018) [15] showed the relationship between TWD and LWP
of different tree species, which included Norway spruce and European beech. It was illustrated that
the daily TWD displayed the tree water status better than the maximum daily shrinkage, in which
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the stem water signal was not separated from the growth signal. Particularly under dry conditions,
the TWD was a consistent proxy for the tree water status of tall trees.

The temporal and spatial patterns of stem radius variations of Norway spruces were determined
in Zweifel and Häsler (2001) [62]. As in the present study, they found similar but not identical dynamics
of stem and root radius fluctuations at different heights (along the stem at 6, 10, 14, 18 m above ground
and on roots). There were differences in the heights of the curves (amplitudes) at different tree heights
and there was a time lag between the tree compartments. In the present study, the time offset was not
investigated and could be an option for further investigations.

Similar to our study, Zweifel and Häsler (2001) [62] found the greatest fluctuations in the upper
stem part, within the crown, due to the proximity to the tree crown and thus transpiration [63], next to
the roots which also showed high radius fluctuations as in the present study. High root basal area
variations could be caused by a high aridity, as in the drought experiment and the very dry year
2015. Hinckley et al. (1978) [64] stated that the water potential differences between the crown and the
soil increases the water movement within the tree, and thus, increases the water movement from the
internal stored water in the bark. The water storages near the crown can be reached faster than water
storages from the soil due to the more negative leaf water potential than the root water potential. Thus,
diurnal water potential fluctuations are larger in the branches than the roots, leading to larger daily
shrinkage in the branches.

In the present study, the relationship between TWD and LWP could be illustrated at the stem
(at H50, BH) and at the roots. This is in line with the first hypothesis that the stem basal area variations
and the leaf water potential show a positive relationship at the different tree heights.

4.2. Root and Stem Growth and TWDmin in Different Tree Heights

The applied method—the difference between upper and lower tree compartments in relation to
the lower tree compartment—led to a visible deviation of the measured TWDmin and ZGmax at the
different tree compartments. We are aware that the results have to be interpreted with caution due
to the included variation. Nevertheless, the applied models considering the offset of the individual
trees showed significant relationships. Within our approach, we followed the principle of parsimony,
with linear relationships and as few parameters as possible. Also, the R2 and the RMSE provided
evidence for a high model explanatory power. The QQ-plots showed us that there were only a few
outliers and we checked them carefully to avoid any inconsistencies in our measurements.

We found that the trees invested more in the basal area growth of the upper stem (H50) at the
beginning of the growing season. Later in the season, growth investment shifted increasingly to the
lower stem (BH). An explanation for this might be the theory of the seasonal distribution of the growth
hormone auxin. In spring, it is produced in the apical meristem and transported down to the stem in
the phloem of the tree [65,66]. In this way, the strength of radial growth shifts from the top to stem base.
During the growing period, the growth of spruce and beech trees were favored in BH than in H50.
Beech trees at the control plots showed a tendency of a higher growth in H50 than in BH compared to
trees of the drought treatment.

We also found that TWDmin was higher in the upper stem (H50) than in the lower stem (BH), but
with an increasing stem shrinkage, the shrinkage in BH was higher. The dendrometer position at H50
was near the crown and more water reserves could be used for transpiration [63]. With increasing water
stress, the water storage pools in H50 are possibly exhausted and more water reserves of the storage
pool in BH are used. This could be related to the higher diameter growth at BH compared to H50
due to the lesser shrinkage and accordingly higher cell turgor which is important for cell expansion.
Zweifel et al. (2016) [51] stated that periods of stem shrinkage allow for very little growth. In addition,
Van der Maaten–Theunissen and Bouriaud (2012) [67] revealed a reduced growth of Norway spruce
at all stem heights during summer drought in southwestern Germany with the greatest reduction in
growth at breast height.
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For beech trees, the diameter increments were higher at BH. Despite this, the TWDmin was also
higher at BH than at H50. Overall, the TWD was less pronounced for beech trees than for spruce trees.
This could be also observed at the LWP and this could be due to the higher resistance of beech trees
to drought [14,42]. Beech trees have an anisohydric character and continue growing and transpiring
under dry conditions in contrast to spruce trees. Furthermore, spruce and beech trees have different
rooting systems [43]. Beech trees have a deeper rooting system than spruce trees and can reach water
from deeper soil horizons, which may reduce the use of water from the storage tissue. Spruce trees as
an isohydric tree species respond with a reduced stomatal conductance under drought stress, and thus
reduced transpiration, which in turn reduces growth [29,68].

Furthermore, spruce and beech trees revealed a higher growth at BH than at the roots and a higher
TWDmin in the roots. The roots are affected by drought conditions through the lack of soil water supply
and more water from the storage tissue in the roots could be used to maintain the transpiration process.
In addition, the growth differences shifted more to the roots for beech in intraspecific neighborhoods
and for spruce trees in interspecific neighborhoods. More root growth could imply more water stress,
which is explained in McCarthy and Enquist (2007) [31] and Ledo et al. (2018) [69]. The resource supply
of plants is determined by the shape of the rooting system, the shape of the tree crown, site conditions,
and proximity to other trees [39,70–72]. Depending on the prevailing conditions, biomass is allocated
differently in the compartments of the tree (crown, stem, and root). The optimal partitioning theory of
McCarthy and Enquist (2007) [31] indicates that a limited resource leads to a promotion of growth of
the plant organ that receives this resource (roots). Our findings about the allometric relationships for
growth—endorsed by the TWDmin results—support optimal partitioning theory and are consistent
with the findings of other studies [73–75].

In contrast, Schall et al. (2012) [76] found a significant increase of the percentage of belowground
compartments for beech seedlings but not for spruce seedlings. When considering the TWDmin of
beech trees, no significant differences between control and drought treatment were obvious. Thus,
the second hypothesis that the relationship between growth response and the respective TWD is the
same at the three different positions H50, BH, and root could be confirmed for spruce trees and for
beech trees at the BH–root consideration. Spruces showed a higher growth in BH with a shift to root
growth with increasing increment and time at the control and treatment plots and the TWD was
respectively higher in the roots.

4.3. Differences in Intra- and Interspecific Neighborhoods

Many studies have pointed out that species mixture can have positive effects on the biodiversity [77],
productivity [78], and soil fertility [79] of the whole system and that these effects depend on which
species are mixed. Spruce and beech trees have different physiological and morphological traits [43,80].
Pretzsch (2014) [80] stated that plasticity in crown and root architecture appears to be the key to
understanding effects of mixed system productivity.

Our investigations showed differences in inter- and intraspecific neighborhoods under drought
conditions when considering TWDmin and the root growth. For spruce trees, the stem basal area
growth (H50–BH) at BH was highest in intraspecific neighborhood at the control plots. The TWDmin
showed a similar pattern and was highest in intraspecific neighborhood at BH. The BH–root comparison
indicated a higher growth in BH for spruces in intraspecific neighborhoods compared to the interspecific
neighborhoods. The TWD of spruces was in interspecific neighborhoods lesser than in intraspecific
neighborhoods at the control and treatment plots at the roots. An explanation for this pattern could
be that the growth is influenced by several factors (e.g., soil characteristics, nutrient supply, light) in
addition to water availability [33,81]. The TWDmin reflects the water status of the tree. Therefore,
spruces are facilitated in an interspecific neighborhood in terms of the tree water status under increasing
drought, but not for stem radius growth. Nevertheless, the stem radius growth could be influenced
under extreme drought conditions due to the higher TWDmin. A lesser TWDmin in the roots supported
growth and offers the opportunity to reach more water resources in deeper soil horizons. Spruce
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trees, with their mainly shallow rooting systems and only few sinker roots have limited access to
deeper soil water resources. Therefore, spruces use more water reserves from the storage tissue within
one day. In addition, Bolte and Villanueva (2006) [43] found that beech trees in a neighborhood with
spruce trees rooted in deeper soil horizons than in intraspecific neighborhood. That can be a reason
for the higher growth of beeches in interspecific neighborhoods in BH than in the roots compared to
the intraspecific neighborhoods. Spruce trees may benefit from this favorable characteristic through
the effect of hydraulic lift [82–84]. Hydraulic lift is the passive movement of water from moist to
dry soil horizons by plant root systems. Usually at night when transpiration has ceased, water is
released from the roots into the upper soil horizon [82]. Beech trees can redistribute water from
deeper to shallower soil horizons with their rooting systems. The reallocated water in the dryer soil
layers can be used by beech trees as well as by the surrounding spruce trees [83]. This could be an
explanation for the lower TWD of spruce trees in the interspecific neighborhood compared to spruces
in the intraspecific neighborhood.

In contrast, the effect of drought treatment and control on the TWD of beeches was not significant.
In several studies, positive reactions of mixed beech trees have been detected [39,43,85], but we did not
find this positive interaction.

Thus, the third hypothesis that an interspecific neighborhood with beech trees facilitates spruce
trees under drought stress could be confirmed for the water status of spruce trees, but not for the
radius growth.

5. Conclusions

The present study is one of the first to investigate changing growth at different tree compartments
within a single year and with the help of TWDmin and ZGmax.

We found a relationship between the TWDmin and leaf water potentials at the three investigated
tree compartments for spruce and beech. This confirms that dendrometer measurements are a good
tool for drought stress analyses at different tree compartments. The dendrometer measurements
were much easier to handle than the water potential measurements and they were able to provide
water status information within a timely and high-resolution manner throughout the whole year.
However, the relationship between TWDmin and leaf water potentials included a deviation. Additional
measurements, like phloem thickness, might improve the understanding of the relationship among
both parameters.

With our investigation of growth and TWDmin in 2014 and 2015, we showed the growth pattern
and compared it with the TWDmin pattern. Nevertheless, several studies have shown that the
biomass allocation of a plant changes across the life course. Therefore, it is important to extend the
measurements and to also include a tree’s juvenile and senescence stages.

Surprisingly, for spruce trees we found that an interspecific neighborhood resulted in a higher
root growth and a lesser TWD in the roots than in BH. Beech trees were less affected by drought and
showed a higher growth in BH in an interspecific than in an interspecific neighborhood compared to
the roots. The TWDmin could showed the effect of neighborhood better than the LWP measurements.
The LWP measurements showed no significant differences in intra- and interspecific neighborhoods.

To answer the question of whether spruce benefited from the mixture with beech under drought
conditions, we considered the TWDmin and concluded that the mixture of beech could reduce the
drought stress for spruce under future climatic warming.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/10/7/577/s1,
Figure S1: Mean water potential at midday for the years 2014 (left) and 2015 (right) for spruce trees in intra- and
interspecific neighborhoods at the control and treatment plots (a,b) and for beech trees in intra- and interspecific
neighborhoods at the control and treatment plots (c,d). Data is shown for the growing season, Figure S2: Mean
predawn water potential for the years 2014 (left) and 2015 (right) for spruce trees in intra- and interspecific
neighborhoods at the control and treatment plots (a,b) and for beech trees in intra- and interspecific neighborhoods
at the control and treatment plots (c,d). Data is shown for the growing season, Figure S3: Mean predawn water
potential for the years 2014 and 2015 for spruce trees in intra- and interspecific neighborhoods at the control and

http://www.mdpi.com/1999-4907/10/7/577/s1
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treatment plots (a) and for beech trees in intra- and interspecific neighborhoods at the control and treatment
plots (b). Data is shown for the growing season, Figure S4: Mean TWDmin and zero growth (growth without
the water signal) referring to the stem/root basal area (mm2) for the years 2014 (left) and 2015 (right) for spruce
(red) and beech (blue) in intraspecific (solid line) and interspecific (dashed line) neighborhoods at 50% tree height
(a–d), breast height (BH, e–h) and the roots (i–l). Shaded regions are conficence intervals. Data are shown for
the growing season, Figure S5: N. spruce ZG H50-BH. Model critism plots for the linear mixed effect models
in Table 3 and Figures 5 and 6. The models critism plots are in the same order. Description of the single plots
within each Figure: (a) plot of the outermost fitted values against the observed values of the response variable;
(b) plot of the innermost fitted values against the innermost Pearson residuals; (c) histogram of the innermost
residuals; (d) QQ-plot of the estimated random effects; (e) QQ-plot of the Pearson residual; (f) notched boxplot of
the innermost Pearson residuals by the grouping variables plot:indivudal tree:year; (g) scatterplot of the variance
of the Pearson residuals within the grouping variables, Figure S6: E. beech ZG H50-BH, Figure S7: N. spruce
TWD H50-BH, Figure S8: E. beech TWD H50-BH, Figure S9: N. spruce ZG BH-Root, Figure S10: E. beech ZG
BH-Root, Figure S11: N. spruce TWD BH-Root, Figure S12: E. beech TWD BH-Root. Table S1: Characteristics
of the individual spruce (n = 24) and beech trees (n = 24), seperated by plot (n = 12, overall 48 trees), drought
treatment (6 plots, 24 trees)/control (6 plots, 24 trees) and intra- and interspecific neighborhoods (six control plots
and six treatment plots with respectively six intraspecific beech trees; six interspecific beech trees; six intraspecific
spruce trees; six interspecific spruce trees) for the year 2014 (DBH: diameter at 1.3 m breast height), Table S2:
Coefficient of determination (R2) of TWDmin (tree water deficit, daily minimum), LWPpre (water potential at
predawn) and of TWDmax (tree water deficit, daily maximum) and LWPmid (water potential at midday). The R2

based on the relationship between leaf water potential (LWP) and tree water deficit (TWD) at the three different
tree heights (H50, BH, Root). The respective models based on Equation (1). The last two rows contain the means of
both species and of all tree heights, Table S3: Parameter estimates and statistics for the water potential at midday
and predawn dependent on species and drought treatment. Standard deviations are in brackets. The dependent
variables are in the columns. Rows show the output of the model with the fixed variables. Significance levels:
***, p < 0.001; **, 0.01; *, 0.05; (*), 0.1.
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