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Abstract
How drought affects tree and stand growth is an old question, but is getting unprecedented relevance in view of climate 
change. Stress effects related to drought have been mostly studied at the individual tree level, mostly investigating domi-
nant trees and using their responses as indicator for the impact at the stand level. However, findings at tree and stand level 
may differ, as the stand responses include interactions and feedbacks that may buffer or aggravate what is observed at the 
individual tree level. Here, we trace drought effects on growth and development from tree to the stand scale. Therefore, we 
analyse annually measured data from long-term experiments in temperate and Mediterranean forests. With this analysis, we 
aim to disclose how well results of dominant tree growth reflect stand-level behaviour, hypothesizing that drought resistance 
of dominant trees’ can strongly deviate from the overall sensitivity of the stand. First, we theoretically derive how drought 
responses at the stand level emerge from the tree-level behaviour, thereby considering that potential drought resistance of 
individual trees is modulated by acclimation and tree–tree interactions at the stand level and that the overall stress response 
at the stand level results from species-specific and size-dependent individual tree growth and mortality. Second, reviewing 
respective peer-reviewed literature (24 papers) and complementing findings by own measurements (22 experiments) from 
temperate and Mediterranean monospecific and mixed-species forests, we are able to reveal main causes for deviations of 
tree-level and stand-level findings regarding drought stress responses. Using a long-term experiment in Norway spruce (Picea 
abies (L.) KARST.) and European beech (Fagus sylvatica L.), we provide evidence that the species-dependent and size-
dependent reactions matter and how the size–frequency distribution affects the scaling. We show by examples that tree-level 
derived results may overestimate growth losses by 25%. Third, we investigate the development of the growth dominance 
coefficient based on measurements gathered at the Bavarian forest climate stations. We show that drought changes stand 
biomass partitioning in favour of small trees, reduce social differentiation, and homogenize the vertical structure of forests. 
Finally, we discuss the drought-related consequences of the social class-specific growth reaction patterns for inventory and 
monitoring and highlight the importance of these findings for understanding site-specific stand dynamics, for forest model-
ling, and for silvicultural management.

Keywords  Drought effects · Low-growth years · Growth partitioning · Social rank · Upscaling from tree to stand · Sampling 
bias · Buffering of growth losses

Introduction: social status and drought 
stress response

How tree growth and the underlying resources are parti-
tioned between trees of different social positions and how 
the partitioning is modulated by drought are essential for 
monitoring tree growth and vitality, for the understand-
ing and modelling stand dynamics, and for climate smart 
forest management (Bowditch et al. 2020). Nevertheless, 
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monitoring of growth and vitality is often based on observa-
tions of dominant trees only (Dobbertin 2005). Their growth 
reaction is thus used as an indicator for the stress at the 
stand level. However, responses at the tree compared to the 
stand level may differ, because various feedback processes 
may buffer or aggravate the development at the individual 
tree level. For instance, growth of predominant trees may 
be more sensitive to drought and thus is decreasing more 
strongly than the majority of subdominant or suppressed 
trees in a stand (Grote et al. 2016). Not considering such 
effects has been shown to potentially result in an overes-
timation of growth losses (Pretzsch et al. 2018a, b; Zang 
et al. 2012).

For ecosystem management and planning, the vitality, 
stability, and resilience of a stand as a whole are of primary 
interest, whereas tree-level traits and responses provide the 
means for understanding and explaining stand-level reaction 
patterns (Bauhus et al. 2017; Ulrich 1983). Differences in 
tree-level responses—or individual growth—can be char-
acterized by the growth partitioning between small and 
big trees. Heat and drought may, for instance, reduce the 
growth of exposed tall trees in relation to small trees and 
lead to a more equal size distribution and a more homogene-
ous vertical structure of the stand (Grote et al. 2016). Such 
a general pattern is not necessarily true in specific cases, 
where precipitation intensity which determines the water 
distribution in the root profile, or the species-specific size 
and distribution of fine roots may be important. However, it 
indicates that water availability may be the prevailing fac-
tor not only for individual growth but also for stand struc-
tural development (Olivar et al. 2015). In contrast, it can be 
expected that ample water and light supply will result in a 
more heterogeneous vertical structure because tall trees can 
then profit from their advantage in light competition without 
the negative feedback of limited water resources (Pretzsch 
and Biber 2010; Wichmann 2001; Schwinning and Weiner 
1998). The importance of individual tree size and com-
petition on growth, particularly during drought years, has 
been demonstrated empirically (Gleason et al. 2017; Ding 
et al. 2017) as well as in model simulations that considered 
resource acquisition and stress at the individual level (Holt-
mann et al. 2021).

Consequently, silvicultural design should consider the 
prevailing resource and growth-partitioning pattern. Assum-
ing that drought disproportionately affects growth and vital-
ity of tall trees, the selection of future crop trees among 
the predominant trees may become questionable. In such 
cases, small trees may counterbalance growth losses of tall 
neighbours (Steckel et al. 2020a, b; Pretzsch et al. 2018a, b), 
or the elimination of small trees may cause a density reduc-
tion that is beneficial for the remaining tall trees and future 
crop trees (Pretzsch 2021a, b, c; Gebhardt et al. 2014; Aus-
senac 2000). The particular best measures may be site- and 

species-specific, highlighting the importance of further 
research about this topic. In addition, it may be important 
to differentiate between drought events of different timing, 
intensity, and frequency (Mérian and Lebourgeois 2011; 
Clark et al. 2016).

Drought responses are mostly investigated at dominant 
or dominant and suppressed trees in monospecific stands 
(e.g. Eilmann and Rigling 2012, Bogino and Bravo 2008, 
Martín Benito et al. 2008). Other studies investigate the 
size dependency of drought reactions in size classes (Ste-
phenson and Das 2020) or in mixed-species stands (Pretzsch 
et al. 2013; Teets et al. 2018). Hardly any study evaluates 
the impact at stand level, even when comparing different 
social classes. This is particularly true for the most severe 
impact which is provoking tree death (e.g. Archambue et al. 
2020) as it has been rarely recorded on an annual basis and 
is also difficult to assign to a specific cause (Trugman et al. 
2021; Stephenson et al. 2019). However, since an increased 
drought-related mortality has been reported for many 
regions worldwide (e.g. Allen et al. 2010; Zhang et al. 2017; 
Obladen et al. 2021), also the importance of tree size and 
forest structure is increasingly highlighted (Bennett et al. 
2015, Colangelo 2017, Venturas et al. 2021).

Scaling from individual tree drought responses to growth 
reactions at the stand level requires a multiplication of the 
size-related reaction patterns (growth, mortality) by the 
frequency of trees per size class or social class. Thus, for 
upscaling to the stand level, the size dependency of stress 
reactions and frequency distribution of the trees are indis-
pensable. As latter information is missing in most studies, 
level-overarching insight about stand-level behaviour emerg-
ing from tree-level reactions is still poor (Strigul 2012; Bin-
kley et al. 2002; Cermák et al. 1998). Therefore, we here 
trace drought effects from the tree to the stand growth, using 
a mini-review (24 studies) and own findings (22 experi-
ments) in temperate and Mediterranean mono- and mixed-
species forests. The papers considered covered tree species 
worldwide and the experiments include the most ecologi-
cally and economically relevant tree species in Europe. Own 
findings were derived from experimental plots in temperate 
mono- and mixed-species stands of Norway spruce (Picea 
abies (L.) H. Karst.), European beech (Fagus sylvatica L.), 
Sessile oak (Quercus petraea (Matt.) Liebl.), Scots pine 
(Pinus sylvestris L.), silver fir (Abies alba Mill.), European 
larch (Larix decidua Mill.), European ash (Fraxinus excel-
sior L.), Maritime pine (Pinus pinaster Ait.), Scots pine 
(Pinus sylvestris L.), and Pyrenean oak (Quercus pyrenaica 
Will.).

In general, we hypothesize that dominant tree drought 
responses can strongly deviate from stand-level responses. 
More specifically, our objectives are to derive how the stand-
level drought responses emerge from the tree-level behav-
iour and, in particular, how size–frequency distribution and 
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mortality affect this scaling. We hypothesize that in this con-
text, species- and size-dependent reactions matter, and that 
drought may change the growth partitioning in favour of the 
small trees, reduce the social inequality, and homogenize 
the size and vertical structure of forests. Finally, we will 
discuss the consequences of considering the size-specific 
growth reaction patterns for forest mensuration, ecology, and 
management.

Methodology: theoretical considerations

Quantifying drought resistance of individual trees

Figure 1 illustrates the three possible response patterns of 
growth in individual trees to drought. Suppose a period 
(ref period) of normal growing conditions is followed by a 
dry period (drought year). In this case, the drought resist-
ance (res) in terms of growth ( idrought ) in the drought period 
may be divided by the growth ( iref ) in the reference period 
( res = idrought∕iref ). In principle, the growth in the drought 
period may be (Fig.  1a) reduced, (1b) neutral, or (1c) 
increased due to the drought. The resistance ratio res may 
be used to analyse any relationship between drought-related 
growth reactions and tree traits such as species, size, and 
competition.

Suppose that the stem basal area growth in the extreme 
drought year 2003 divided by the mean stem basal area 
growth in the preceding normal growth period 2000–2002 
results in a ratio res = ibadrought∕ibaref = 0.80 . Then, the 
resistance to drought is 0.80; that is, in the year 2003 the 
growth is only 80% of the normal growth and the growth 
loss is 20%. The response ratio res has been widely used 
to quantify tree growth reactions during dry periods (e.g. 
Thurm et al. 2016; Pretzsch et al. 2013; Lloret et al. 2011).

Characterizing drought responses of different tree 
sizes or social positions

To analyse drought-related growth responses of indi-
vidual tree properties, basal area is used as a substitute 
for tree size or social position within the stand. Figure 2 
shows three principle relationships between res and tree 
size, assuming a linear relationship; later, we will see that 
the relationships between resistance and size can also be 
nonlinear.

In the first case (Fig. 2a), small trees hardly suffer or 
even benefit by drought, but growth losses increase with 
increasing dominance and size of the tree. In the second 
case (2b), all trees have the same resistance and growth 
loss, while in the third case (2c) small trees suffer the 
most and losses are smaller for dominant trees. The actual 
relationships may be derived by regression analyses; the 
statistical characteristics may be used for the revelation of 
significant decreasing or increasing patterns or constant 
growth–size reaction patterns, respectively.

Growth resistance to drought can be calculated at the 
tree and the stand level, at the species or social class 
level. In this paper, we used capital RES for the resist-
ance at the stand level and res for the resistance at the tree 
level. Depending on the available data, we calculate the 
resistance at tree and stand level based on the basal area 
(iba, IBA) or stem volume growth (iv, IV) at the tree or 
stand level, respectively ( resiba , resiv , or RESIBA , RESIV ). 
Any size dependency will then be revealed by the model 
ln (res) = a0 + a1 × ln (ba) using individual tree basal area 
as a substitute for tree size or social position. The coef-
ficient a1 of the model will indicate whether the growth 
resistance is invariant to tree size ( a1 = 0 ), increases 
( a1 > 0 ), or decreases ( a1 < 0 ) with the social position 
of the tree.

Fig. 1   Courses of annual tree growth with a negative, b neutral, and c 
positive response of tree growth in a drought year (dotted line) com-
pared with the growth in a preceding period of normal growth (grey 
area). The ratio of annual growth within the drought year to that dur-

ing the reference period res = idrought∕iref indicates the growth resist-
ance and is suitable for analysing any size dependencies of the trees’ 
growth reactions (see Fig. 2)
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Characterizing individual size‑related tree mortality 
due to drought

Mortality can be interpreted as an ultimate growth reduc-
tion caused by drought. It may preferentially affect small 
trees (Fig. 3a), may be size-invariant (3b), or preferen-
tially eliminate larger trees (3c). To quantify the mode 
of mortality, the arithmetic mean stem diameter of trees 
that have died ( dmort ) can be divided by the initial mean 
stem diameter of the whole population ( dtotal ). The ratio 
modemort = dmort∕dtotal indicates the mode of mortality. 
In case of modemort < 1 , the mortality is concentrated 
on small trees, in case of modemort = 1 , the mortality is 
invariant, and modemort > 1 would indicate an increased 
drop out of tall trees. For the sake of completeness, we 
address how to consider mortality when upscaling to the 
stand level; however, in the empirical part of this review 

(“Empirical evidence” section) the database was too small 
to apply these characteristics.

Relevance of tree size–frequency distribution 
and mortality

Figure 4a–c schematically shows the three main components 
for scaling up the drought reaction from tree to stand growth. 
We already introduced the size-related growth reaction at 
the individual tree level that can be derived from the annual 
growth rates (Fig. 4a) in normal and dry years to calculate 
the drought resistance and relate it to tree size (Fig. 4b). In 
addition, upscaling requires information about the size–fre-
quency distribution of the remaining and the removed (due 
to silvicultural management or natural mortality) trees 
(Fig. 4c). Stand growth then results as the product of indi-
vidual tree growth and tree number per size class (Fig. 4d).

Fig. 2   Growth resistance to drought (relative tree growth res
idrought∕iref 

in dry compared to normal reference years) in dependence on the 
social position of trees within a stand. The three main reaction pat-
terns are visualized by a decreasing, b constant, and c increasing 

res
idrought∕iref values with increasing social rank of individual trees. 

The horizontal line (1.0-line represents, size independence) repre-
sents parity of growth in dry compared with reference years

Fig. 3   Different size-related mortality. The mortality may be a 
concentrated on small trees ( modemort < 1 ), b similar for trees 
of all sizes ( modemort = 1 ), or c concentrated on large trees 

( modemort > 1 ). The hatched area indicates the tree number reduc-
tion by drought-induced mortality
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We use the schematic representation in Fig. 4 to explain 
the relationships. In this example, small trees suffer less than 
large trees and some even benefit from the drought (Fig. 4a, 
b). As small trees are mostly much more frequent in the 
stand than tall trees (Fig. 4c), they contribute to a larger 
degree to stand basal area growth and can thus compensate 
growth losses of larger trees to a certain degree (Fig. 4d). 
The black line in Fig. 4d shows the stand growth plotted 
over basal area in normal years and the red line the same 
relationship in drought years. The hatched area between the 
two curves represents the size-dependent gains (in low size 
classes) and losses (in high size classes) of stand growth. 
The presented example demonstrates that the frequency of 
tree size classes (quantity) can potentially matter when scal-
ing the resistance (quality of the growth reaction) from tree 
to stand level.

Drought impact on growth distribution 
among the trees within forest stands

The pattern of growth resistance in dependence of tree size 
does not consider the size class frequency and therefore the 
growth partitioning within the stand (Fig. 4). In order to ana-
lyse whether drought modifies the stand growth allocation 
between small and tall trees, we applied the growth domi-
nance coefficient, GDC (Binkley et al. 2002). The GDC is 
based on the Gini coefficient for cumulative growth of trees 
and the Gini coefficient for cumulative stock of trees, which 

both are generally calculated as follows (see de Camino 
1976; Kramer 1988, p 82):

Variables xi and xj denote size or growth (or other tree 
characteristics) for the ith and the jth tree in the stand with 
i and j = 1…n trees. Here, we calculate both the Gini coef-
ficients of the cumulative growth of trees ( GCgrowth ) and the 
Gini coefficients of the cumulative stock of trees ( GCstock ) 
based on individual tree basal areas and derive the growth 
dominance coefficient as GDC = GCgrowth−GCstock

 . It also can 
be calculated directly based on the individual tree records of 
stem basal area and stem basal area growth of all trees of a 
population sorted by size as:

The Gini coefficients of cumulative tree basal area 
( GCstock ) and basal area growth ( GCgrowth ) can be visual-
ized by plotting cumulative tree basal area or basal area 
growth, respectively, over cumulative tree number (Fig. 5a, 
b). The growth dominance coefficient can be visualized by 
the cumulative distribution of tree basal area growth over 
tree basal area, e.g. tree basal area growth over initial tree 
basal area (Fig. 5c). For this purpose, all trees of a stand are 
ranked from smallest to largest basal area, the cumulative 

(1)GC =

∑n

i−1

∑n

j=1
xi − xj∨

2n(n − 1) × x

(2)GDC = 1 −

n∑

k=1

(
bak − bak−1

)(
ibak + ibak−1

)

Fig. 4   Upscaling the effect of 
drought from the tree to the 
stand level. Analyses at the 
individual tree level show a the 
dependency of tree growth in 
normal and dry years on tree 
size, and b the ratio between 
tree growth in dry and normal 
years. Upscaling furthermore 
requires information on c tree 
number over tree size classes for 
remaining and dead trees. The 
product of reaction patterns and 
their frequency in size classes 
finally results in d the stand 
growth over tree size for normal 
and dry conditions
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basal area of the trees is registered on the abscissa, and their 
cumulative basal area growth is registered on the ordinate. 
The resulting curves illustrate how tree size distribution con-
tribute to total stand growth. The lines in Fig. 5c indicate 
a growth dominance of tall trees (lower curve, GDC > 0), 
small trees (upper curve, GDC < 0), or a proportional con-
tribution of growth according to their size (straight line, 
GDC = 0) (Binkley et al. 2006).

Any differences of the GDC in dry compared with normal 
years indicate a change of the growth-partitioning pattern 
between differently sized trees. A constant GDC in dry and 
normal years would indicate that drought affected the growth 
of all trees in the population (small and large ones) equally 
(although the absolute growth rate of the stand may have 
changed). An increase in the GDC (e.g. a shift from the 
upper to the lower line in Fig. 5c) would mean that large 
trees increase their share of stand basal area growth. In con-
trast, a decreasing GDC (e.g. a shift from the lower to the 
upper line in Fig. 5c) would indicate an increasing share of 
the small trees. The consequences of such a shift of growth 
allocation will be shown by example in “Climate impact 
on the contribution of different tree size classes to stand 
growth” section and discussed in “Observed patterns and 
underlying processes” section.

Data requirement

Insight into the size-dependent growth reactions on drought 
years requires annual growth records, which are often not 
available from long-term experiments due to their measure-
ment intervals of 3–10-years (Johann 1993; Prodan 1965). In 
addition, annual measurements of stem diameter by calliper 

or circumference tape are of limited use due to their low 
accuracy (Zöhrer 1980, Loetsch and Zöhrer 1973). Retro-
spective annual growth detection based on increment cores 
may be a makeshift to get annual data (Heym et al. 2018, 
2017). However, such retrospective measurements have the 
disadvantages that mortality and thinning in the past may 
be unknown, and measurements refer in most cases to a 
(biased) subset of trees only (e.g. dominant tress or sample 
trees with the quadratic mean diameter). Exceptions may 
be increment corings on long-term experiments from which 
thinnings and mortalities are known. A very useful measure-
ment setup for such analyses is to fully equip a whole stand 
with permanent band dendrometers with readings taken at 
least annually over longer time periods. If such stands are 
under long-term observation, they also provide informa-
tion about tree heights, mortality, etc. In this study, we used 
measurements with permanent band dendrometer from plots 
in fully stocked monospecific and mixed-species temper-
ate forests in Germany as well as Mediterranean forests in 
Spain. We included only fully stocked stands in order not 
to confuse drought effects with stand density effects (e.g. 
spacing, thinning, regeneration cuts).

Empirical evidence

Mini‑review of size‑dependent growth reactions

We used the keywords “drought effects”, “low-growth 
years”, “growth partitioning”, “social rank”, “upscaling 
from tree to stand”, “sampling bias”, “buffering of growth 
losses” for searching in Web of Science, Google Scholar, 

Fig. 5   Schematic representation of the Gini coefficients based on 
basal area, GCba, GCiba, and the growth dominance coefficient, GDC, 
for quantifying the growth distribution among the trees in dry and 
normal growth years. a The Gini coefficient of tree basal area distri-
bution, GCba, indicates the degree of size equality of trees in a for-
est stand, b the Gini coefficient of tree basal area growth distribu-

tion, GCiba, indicates the degree of size growth equality of the trees 
in a forest stand, c the growth dominance coefficient, GDC, indicates 
the relative contribution of small compared with tall trees to stand 
growth. In all cases, the bisectoral line (broken) represents equality of 
size, growth, and growth contribution in relation to size
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and Scopus. We also excluded all investigations that did 
not provide sufficient information about tree dimensional 
distribution or did not investigate drought responses. Very 
helpful for getting a wide overview of this topic was the 
international authoring group with special expertise cover-
ing boreal, temperate, and Mediterranean forest research as 
well as the respective relevant publications. Table 1 sum-
marizes the remaining 24 studies that provide all required 
information. These studies cover many different commercial 
tree species and climate conditions from tropical to boreal. 
Most of them refer to fully stocked even-aged monospecific 
stands. Studies in mixed stands evaluated the resistance–size 
relationship for each species separately.

In general, the objective of the majority of studies was 
to analyse the drought resistance of dominant versus sup-
pressed trees, others sample systematically over all size 
classes, while some studies compare different social classes, 
but without covering the full dimensional range (e.g. domi-
nant and intermediate). Only few studies performed a com-
plete inventory; however, none of these have analysed the 
growth decline due to drought at both the tree (analysing 
social classes) and the stand level.

We found several studies on the relationship between 
mortality and drought. These were not considered, however, 
since they were not consequently combined with growth 
analyses or do not provide inventory information about the 
size–frequency distribution, necessary for scaling from the 
tree to the stand level. We found only one study that analyses 
growth resistance to drought at tree as well as stand level 
(Bottero et al 2021), but it is not included in Table 1 as it 
does not compare tree growth reaction by social classes.

The majority of the studies (17 out of 24) indicate a 
decrease in the drought resistance (higher drought suscepti-
bility) with increasing tree size and dominance within forest 
stands. Shade-tolerant tree genera such as Fagus, Abies, or 
Picea nearly always showed a significant decrease in the 
resistance with increasing size, whereas light-demanding 
genera such as Pinus, Larix, or Quercus showed more often 
size-invariant drought resistance (although there are also few 
examples showing opposite findings).

Own studies on size‑related growth reactions 
in temperate forest stands

For analysing the drought effects in temperate forests, we 
used the long-term observational plots of the forest climate 
stations (Intensive Forest Monitoring, Level II) in Bavaria 
(Ferretti and Fischer 2013) that cover the most relevant tree 
species in Central Europe. In addition, we used the mono- 
and mixed-species plots of the long-term experiment in 
Norway spruce and European beech Freising 813/1 (Grams 
et al. 2021). According to the different geological situations 
in Bavaria, the soil types at the experimental plots differ 

slightly. Dominant soil type in main root layer in most cases 
is loam as listed in Supplementary Table 1. The site con-
ditions at all included observation sites are representative 
for the respective growth region. All included plots are 
fully equipped with band dendrometers that record long-
term developments of circumferences and are continuously 
recording climatic boundary conditions. Supplementary 
Table 1 gives an overview of the main characteristics of 
the included long-term experimental plots. Supplementary 
Tables 2 and 3 show the characteristics of all statistical anal-
yses regarding the relationship between tree size and drought 
resistance on all included experimental plots in temperate 
and Mediterranean climate.

We used the long-term observational plot Flossenbuerg in 
monospecific and even-aged Norway spruce stand as model 
example for analysing the relationship between drought 
stress reaction and tree site. The plot Flossenbuerg in Nor-
way spruce belongs to the network of long-term forest cli-
mate stations, is fully equipped with band dendrometers that 
were read off since 1996. The location is N 49° 45′ 40'', E 12° 
23'', stand age 100 years, plot size 0.26 ha, stand basal area 
38.8 m2 ha−1 and the standing stem volume 515,6 m3 ha−1. 
We chose the drought years 2003 and 2018 (see Fig. 6). The 
stem diameter range was rather wide (15.6–61.5 cm in 2003 
and 20.5–58.7 cm in 2018) and underpins the suitability of 
this plot for revelation of any relationship between drought 
reaction and tree size. For more stand characteristics, see 
Supplementary Table 1.

The long-term observational plot Flossenbuerg thus 
provides evidence for a size-dependent growth reaction of 
Norway spruce on the extreme drought events in 2003 and 
2018. Figure 6a shows the plunges of annual tree basal area 
growth in 2003 and 2018. We chose the proceeding periods 
2000–2002 and 2016–2017 for calculation of the growth 
resistance res2003 and res2018 , respectively; in case of 2018, 
we chose a 2-years reference period to exclude the drought 
year 2015 from the reference period. Figure 6b shows the 
res2003 values resulting as ratio between annual growth in 
2003 and the average growth in the period 2000–2002; 
analogously we calculated the res2018 values (not shown). 
Figures 6c, d present the res2003 and res2018 values plot-
ted over stem basal area at the beginning of the respective 
growth periods, and the resulting regression curves based 
on the model ln (res) = a0 + a1 × ln (ba) . In both drought 
years, resistance values slightly increased with increasing 
tree basal area. For statistical characteristics of the regres-
sion analyses, see Supplementary Table 2.

Figure 7 illustrates the relationships between tree basal 
area and growth resistance in the drought year 2003 for 14 
long-term observational plots in monospecific stands. Here, 
we used the years 2000–2002 as reference. In case of Nor-
way spruce, only one out of six plots showed a significant 
decrease in the resistance with increasing tree size, and none 
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of them a significant increase (Fig. 7a). In European beech 
stands, the resistance was always decreasing with increas-
ing tree size (Fig. 7b), while the development in Scots pine 
stands showed no consistent or significant relation between 
resistance and size (Fig. 7c). Finally, in the only European 
larch stand investigated, we found a significant increase in 
the resistance with increasing tree size (Fig. 7d). On average, 
the resistance was lower for Norway spruce and Scots pine 
than for European beech and European larch. In essence, 
the level of resistance and its change with tree size was 
species-specific.

For spruce and beech stands, we used the long-term 
experiment Freising 813/1 (see Supplementary Table 1). 
This includes monospecific as well as mixed-species stands, 
which were composed of both species. However, there was 
only a small (European beech) or no (Norway spruce) effect 
of mixture (Fig. 8). In other words, the tendency of reduced 
resistance of larger trees is consistent in Norway spruce 
(small decline) as well as for European beech (large decline). 
For statistical characteristics of the regression analyses, see 
Supplementary Table 2.

Growth partitioning in drought years 
in Mediterranean forests

We used the long-term experiments Demanda (Lόpez-
Marcos et al. 2021; Riofrío et al. 2017) and Lubia (Aldea 
et al 2017, 2018) in Central Spain to represent the drought 
reactions in Mediterranean forests. On the first field trial in 
Demanda (41° 47′ 35″ N and 41° 53′ 41″ N latitude and 2° 
56′ 12″ W and 3° 20′ 46″ W longitude), the mean annual 
precipitation is around 600 mm, the mean annual tempera-
ture 10 °C, and in 2019, the precipitation was about 20–50% 
below the average. The 44–121-year-old stands consist of 
Pinus sylvestris and Pinus pinaster growing in mixed-spe-
cies conditions (López-Marcos et al. 2021). At the mixed-
species trials, the drought year 2019 reduced stem basal area 
growth of Pinus pinaster more than that of Pinus sylvestris. 
The overall regression ln (res) = a0 + a1 × ln (ba) in Fig. 9c 
includes both species on all plots and shows no significant 
slope. A calculation for each species separately shown in 
Fig. 9d also revealed non-significant slopes (represented by 
broken curves) that are different in trend.

The second field site, Lubia (2° 28′ 41″ W, 41° 39′ 22″ 
N) in central Spain, was selected to also include the effect of 
drought on deciduous trees (Aldea et al. 2017, 2018, 2021b). 
Here, the mean annual precipitation is 512 mm and the mean 
annual temperature 10 °C. In 2012, the precipitation was 
about 30% below average (362 mm) and not only spring 
2012 but also autumn 2011 was very dry. The 51-year-old 
stand (2021) consists of Pinus pinaster and Quercus pyr-
enaica. The soils are regosols andarenosols, characterized Ta
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by a slightly acidic pH (5–6), sandy texture and low fertility, 
composed of predominately tertiary and quaternary materi-
als (Aldea 2018).

Overall, we mostly found a decrease in the drought 
resistance with increasing tree size and a species depend-
ency. In particular, the investigation at Lubia provides 
evidence for a species-specific behaviour under drought, 
which can be explained with differences in growth phe-
nology and species-specific physiological stress responses 
(Aldea et al 2018, 2021b). It should be noted, however, 
that most of the oaks at this site are suppressed or sub-
dominant, whereas the pines are dominant and subdomi-
nant. (Fig. 10c, d). A separate evaluation for both species 
were not significant, but indicated that subdominant oaks 
hardly suffered by drought and showed a decrease in the 
drought resistance with increasing size. Pines showed a 
strong growth loss, but at a rather similar level for trees 

of all sizes. The results indicate that subdominant oaks in 
a stand may even benefit from the strong drought stress 
exposition of the neighbouring pines. At the stand level, an 
increase in the oak growth can compensate to some extent 
for the losses of the pines.

Upscaling of drought reactions from the tree 
to the stand level

We use the approximately 70–90-year-old stands of Norway 
spruce and European beech at the study site Freising 813/1 
to show the upscaling of drought reactions from the tree to 
the stand level. From these plots, we had both a complete 
inventory of the drought reactions of all individual trees and 
also the stand growth response based on the repeated inven-
tories, including tree mortality.

Fig. 6   Drought reaction of the annual basal growth on the mono-
specific Norway spruce observational plot Flossenbuerg, South Ger-
many. Annual growth records based on band dendrometers (data from 
1997 to 2020; n = 117 and 77 sample trees available for the analysis 
in 2003 and 2018, respectively). a Absolute annual stem basal area 
growth of individual trees. b Growth resistance in 2003 based on the 
ratio between basal area growth in 2003 and in the preceding two 

years. c, d Resistance in 2003 and 2018 plotted over stem basal area 
at the beginning of the growth periods and respective regression lines 
based on the model ln (res) = a0 + a1 × ln (ba) . The two vertical bro-
ken lines indicate the drought years 2003 and 2018 (left and right, 
respectively), and the horizontal black lines indicate the reference 
periods (for statistical characteristics, see Supplementary Table 2)
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Fig. 7   Relationship between tree basal area and growth resistance in 
the drought year 2003 for long-term observational plots in South Ger-
many for monospecific stands of a Norway spruce, b European beech, 
c Scots pine, and d European larch. Curves with slopes significantly 

different from a1 = 0 are represented by solid lines; slopes not differ-
ent from a1 = 0 are indicated by broken lines. For statistical charac-
teristics of the underlying model ln (res) = a0 + a1 × ln (ba) , see Sup-
plementary Table 2

Fig. 8   Relationship between tree basal area in 2000–2002 and 
growth resistance in the drought year 2003 for a Norway spruce 
and b European beech on the mixed-species experiment Freising 
813/1. The relationship between basal area and growth resistance 
was fitted for trees in monospecific stands (red), in mixed stands 

(green), and for all Norway spruces and European beeches together 
(black). For statistical characteristics of the underlying model 
ln (res) = a0 + a1 × ln (ba) , see Supplementary Table 2. (Color figure 
online) 
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Table 2 shows the drought resistance at the stand level 
calculated from the growth of all trees on the monospe-
cific plots in 2003 divided by the mean growth in the ref-
erence period 2000–2002. We used the volume growth 
which yielded in case of Norway spruce a resistance of 
res = 0.479 and for European beech res = 0.776. This 
means that growth of Norway spruce in the drought year 
2003 was only 47.9% of that in the years 2000–2002—a 
growth reduction of 52.1%. European beech grew 77.6% 
compared with the reference period, which means a 
growth reduction in 2003 of only 22.4%. If assessed by 
the growth of the 100 tallest trees (with respect to stem 
diameter) per hectare, i.e. based on the dominant trees, 
the resistance would be 0.359 in case of Norway spruce 
and 0.789 for European beech. This means an underes-
timation of resistance of Norway spruce by about 25% 
(0.359/0.479 = 0.749). In case of European beech, the 
100 tallest trees represent the stand reaction very well 
(0.778/0.776 = 1.003). The ratio between resistance values 

derived from subsample at the stand level has also been 
calculated for other selected samples of tall and small 
trees as shown in Table 2. In general, using only domi-
nant Norway spruces underestimates the stand resistance 
and using only subdominant Norway spruces overestimate 
the stand-level resistance, underestimating the growth 
losses. In contrast, calculating stand-level resistance from 
dominant beeches only reflects the stand resistance quite 
well, while using subdominant trees will overestimate the 
stand-level resistance (and underestimate growth losses). 
Overall, the resistance of subdominant spruce trees in the 
drought period 2003 was 23–35% of the stand-level resist-
ance, and for beeches, it was 37–131%.

The calculations in Table 2 also show that growth losses 
of tall beeches were larger than those of small trees, lead-
ing to some degree to a compensation effect at the stand 
level and stabilizing stand productivity under drought. It 
is also demonstrated that an unbiased sampling of drought 
reactions and growth losses at the stand level requires 

Fig. 9   Annual stem basal area growth of Pinus sylvestris and Pinus 
pinaster on the mixed plots in Demanda (Spain) (a, b, with the 
drought year 2019 indicated with broken vertical lines), and growth 
resistance res calculated for the drought year 2019 in relation to 
the mean of the preceding period 2016–2018 (c and d). The overall 

regression ln (res) = a0 + a1 × ln (ba) includes both species (c) and 
shows no significant slope, while a calculation for each species sepa-
rately reveals non-significant slopes (represented by broken curves) 
that are different in trend (d)
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sampling across all size classes. For details of the statisti-
cal test of the differences between tree- and stand-level 
resistance of Norway spruce and European beech, see Sup-
plementary Table 3.

Pitfalls for upscaling from tree to stand level

Assuming n trees on a plot show a tree-level resistance 
res1 … resn , a simple scaling to the stand-level growth 
can be done as a calculation of the arithmetic mean 
res =

(
res|1… resn

)
∕n . This would, however, require that 

the resistance values of all tree sizes are equal (Table 3, 
Example 1) or that all trees have the same growth rate resist-
ance (Table 3, Example 2). In all other cases, individual tree 
resistance values need a weighting by responses.

To illustrate common pitfalls, Table 3 shows four sim-
plified examples always based on the same three trees, 
but assuming different values for their resistance and vol-
ume growth for a 3-year reference period. The analysed 

experimental plots showed that a similar resistance as 
well as similar growth rates across all tree sizes and social 
classes is unlikely. Both Norway spruce and European 
beech have shown a decrease in the resistance and increase 
in the reference growth rate with increasing tree size. This 
is reflected in Example 3 where the arithmetic mean results 
in an overestimation of stand-level resistance (arithmetic 
mean of 0.5 versus weighted mean of 0.44 means an over-
estimation of resistance by 13%). Example 4 demonstrates 
the effect of the opposite tendency—although unlikely. 
Here, large trees are assumed to be more resistant than 
small trees, which results in an arithmetic mean of 0.50 
and a weighted mean of 0.56—indicating an underesti-
mation of stand-level resistance by 10%. Many studies 
reported a higher growth rate of tall trees under normal 
conditions (e.g. Stephenson et al. 2014) and/or a lower 
resistance under drought stress (see Table 1 and especially 
Aldea et al. 2021b, Pretzsch et al. 2018a, b, Trouvé et al. 
2017). As a result, the use of an arithmetic mean resist-
ance will likely lead to assessments that overestimate the 

Fig. 10   Annual stem basal area growth of Pinus pinaster and 
Quercus pyrenaica at the mixed plots in Lubia (Spain) (a, b, with the 
drought year 2012 indicated with broken vertical lines), and growth 
resistance res calculated for the drought year 2012 in relation to the 
mean of the preceding period 2010–2011 (c, d). The overall regres-

sion includes both species (c) and shows a significantly positive inter-
cept and a negative slope while a calculation for each species sepa-
rately reveals a significant intercept but non-significant decreasing 
slopes (represented by broken curves). For statistical characteristics, 
see Supplementary Table 2
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growth reduction by drought at the stand level. This is 
especially relevant when the direct assessment of stand 
growth resistance is not possible because not all trees are 
sampled (i.e. sampling by size classes).

Climate impact on the contribution of different tree 
size classes to stand growth

We investigate the development of GDC again based on 
measurements gathered at the Bavarian forest climate sta-
tions (see “Own studies on size-related growth reactions 

in temperate forest stands” section). In Fig. 11, the devel-
opment of annual GDC values from three selected sites 
is presented, in particular, the long-term trend and the 
response to the conditions in dry years (2003 and 2015, 
vertical lines). The drought years often triggered a longer 
lasting decrease in GDC values in the subsequent years. 
This indicates that drought can change the partitioning of 
the stand growth in favour of small trees at the expense of 
tall trees and equalizes the size distribution (see introduc-
tion of GDC in “Drought impact on growth distribution 
among the trees within forest stands” section).

In order to demonstrate differences between GDC 
values in dry vs. normal years, we calculated the mean 
GDC coefficient of all sites available from the Bavarian 
forest climate stations in the three reference years before 
a drought (2000–2002 and 2012–2014) and compared 
them with the GDC values in subsequent drought years 
(2003 and 2015). Any changes indicate a modification of 
the stand growth partitioning between small and tall trees. 
Figure 12 summarizes for all the experimental plots at the 
forest climate stations in Bavaria the effect of the drought 
on the GDC in the years (a) 2003) and (b) 2015. The GDC 
values in 2003 and 2015 are plotted against the respective 
mean GDC values in the reference periods. In case of a 
neutral effect of drought on the GDC, the points should 
lie on the bisector line. That the majority of the points are 
located below the line indicates that in dry years GDC is 
lower than in normal years and stand growth is preferen-
tially allocated to the small tree at the expense of tall trees. 
A two-sided t-test showed significant differences (p < 0.05) 
between the GDC values in drought compared to normal 
years for both drought events (2003 and 2015).

Table 2   Drought resistance for the stands of Norway spruce and 
European beech at the study site Freising 813/1 calculated for the 
stands as a whole (all) and for different strata of the stem diameter 
distribution (100 tallest/ha, 10% tallest/ha, 10% smallest/ha)

The drought resistance is calculated as absolute resistance (abs) and 
in relation to the whole stands

Collective or subsample Drought resistance Drought resist-
ance

N. spruce E. beech

abs rel abs rel

All 0.479 1.000 0.776 1.000
100 tallest/ha 0.359 0.751 0.778 1.003
10% tallest/ha 0.350 0.731 0.789 1.015
200 tallest/ha 0.390 0.814 0.780 1.006
20% tallest/ha 0.373 0.780 0.779 1.004
dq ±std 0.514 1.073 0.862 1.110
200 smallest/ha 0.590 1.231 1.067 1.375
20% smallest/ha 0.606 1.266 1.148 1.479
100 smallest/ha 0.650 1.353 1.795 2.313
10% smallest/ha 0.617 1.288 1.064 1.371

Table 3   Comparison of 
arithmetic and weighted mean 
resistance by example of three 
trees (no. 1–3) of different sizes

Resistances to drought stress and volume growth in the reference period are arbitrarily assumed according 
to general assumptions. The mean resistance is calculated as the arithmetic mean as well as weighted by 
growth in the reference period

No Resist iv ref Weighted Resist iv ref Weighted
Arith mean mean Arith mean mean

Example 1: Equal resistance Example 2: Equal growth rate
1 (small) 0.50 25 0.04 0.60 100 0.20
2 (medium) 0.50 75 0.13 0.50 100 0.17
3 (big) 0.50 200 0.33 0.40 100 0.13

0.50 0.50 0.50 0.50
Example 3: Decreasing resistance Example 4: Increasing resistance

1 (small) 0.60 25 0.05 0.40 25 0.03
2 (medium) 0.50 75 0.13 0.50 75 0.13
3 (big) 0.40 200 0.27 0.60 200 0.40

0.50 0.44 0.50 0.56
Bias 1.13 0.90
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Discussion and conclusions

Relevance of drought stress reactions at the tree 
and the stand level

In general, smaller scales determine fluxes and states at 
larger scales, but larger scales in turn determine boundary 
conditions for small-scale processes. For forest ecosys-
tems, this general principle has been postulated by Ulrich 
(1994) and Robinson and Ek (2000), who also defined a 
number of relevant processes to be considered for stand-
level development. Regarding responses to stress, primary 
species-specific individual impacts can be expected on the 
organ level which are directed to mitigate the respective 
stress (e.g. Niinemets 2010). Such responses in relation 
to drought are for example stomatal closure to reduce 

transpiration, root growth to improve water acquisition, or 
allocation to sapwood to strengthen or repair its conductiv-
ity. Since the benefits and costs of all reactions are differ-
ent and depend on size, social status, or species properties, 
also the individual growth development can be expected 
to differ between trees (e.g. Grote et al. 2016; McGregor 
et al. 2021).

A further complication results from changing interac-
tions between trees based on the individually different 
responses. For example, competition on water resources can 
be increased due to differences in uptake efficiency although 
the opposite effect of facilitation is also possible in case 
of hydraulic lift and water redistribution (e.g. Zapater et al. 
2011; Magh et al. 2020). On medium term, differences in 
individual tree growth responses and mortality result in 
stand structural changes and new species compositions 
(Caspersen et al. 2011), which then feed back to the growing 

Fig. 11   Development of GDC since the late 1990s at three Bavarian 
sites (out of 18) with adjacent climate stations. On most of the ana-
lysed plots, the GDC values decrease in drought years, i.e. the stand 
growth allocation changes in favour of small trees and on the expense 
of the tall trees. The vertical lines indicate the drought years 2003 
and 2015. The horizontal lines indicate GDC = 0.0, i.e. the basal area 

growth contribution of the trees is equal to their basal area contribu-
tion to the stand. Curve sections above the 0-line line indicate superi-
ority of tall trees, and curve sections below the 0-line indicate superi-
ority of small trees. A decrease from one year to the next indicates a 
change in the growth distribution pattern in favour of small trees

Fig. 12   Comparison of growth 
dominance coefficients for dry 
and reference years (calculated 
as described in the text). a GDC 
in 2003 compared to the normal 
growth period 2000–2000 
and b GDC in 2015 compared 
to the normal growth period 
2012–2014. Most of the points 
are below the bisectoral line, 
which means that on average 
drought reduced the GDC, i.e. 
the growth of small trees was 
less reduced than the growth of 
tall trees
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conditions of individuals. We have tried to summarize these 
mechanisms in Fig. 13, which illustrates that tree-level traits 
are essential, but not sufficient for understanding stand-level 
growth responses. It also shows, how management activities 
can have an influence, namely due to species selection (for 
example by planting, nursing and protecting young trees) 
and thinning (i.e. selective thinning). Similarly, disturbances 
also impact stand density, structure and species composition 
by acting selectively on species (e.g. insect attacks) or size 
(e.g. storm damage).

It should be noted that drought and other stresses interact 
with each other with enhancing (e.g. the increased transpira-
tion demand during heatwaves is increasing drought stress, 
e.g. von Buttlar et al. 2018) or in some cases also compen-
sating effects (e.g. drought-imposed stomatal closure may 
reduce the uptake of air pollutants such as ozone, Matyssek 
et al. 2006). In general, it can be expected that stand-level 
stress can be mitigated by trait diversification (e.g., varia-
tion of tree size, provenance and species) because this is 
likely to reduce stress-related risks (e.g. barrier against 
pathogen spread, balance by predatory herbivores). Over 
longer periods, stress mitigation also occurs due to accli-
mation responses that are related to tissue properties (e.g. 
wood density or leaf stomata density) or tree allometry (i.e. 
more root- relative to foliage biomass), also known as legacy 
effects (Kannenberg et al. 2019).

Future analyses may also address the size dependence 
of growth recovery after extreme drought, i.e. the drought 
resilience. Latter can also depend on social classes and affect 
the upscaling from tree to the stand level (Pretzsch et al. 
2020). For instance, Martin-Benito et al. (2008) found that 
dominant trees showed more plastic response and a better 
recovery after drought. This trade-off between resistance and 
recovery requires further consideration.

Observed patterns and underlying processes

In this study, we could show the different drought responses 
by tree size and social classes, and their potential impact on 
stand-level behaviour. We are not differentiating into size- 
and age although small trees of high age might respond 

differently from younger ones (Aakala et al. 2013), but we 
could not find any consistent pattern regarding drought stress 
in this regard. In most of the investigated stands, drought 
resistance was lower for tall trees or similar for trees of all 
sizes and social classes (see, for example, Figures 7, 8, 10). 
In a minor number of cases drought resistance increased 
with tree size in the case of Norway spruce (Fig. 6), Euro-
pean larch (Fig. 7d), or Scots pine and Maritime pine stands 
in Spain (Fig. 9). Overall, most of our findings were in line 
with the literature where 17 out of 24 studies indicated a 
decreasing or invariant relationship between tree size and 
drought resistance (Table 1), particularly for European beech 
and Norway spruce. In addition, Norway spruce and Scots 
pine react more homogeneous across different size classes 
and sites than European beech and European larch. More-
over, mixed stands were more variable in individual tree 
growth responses than monospecific stands (Figs. 8).

We could not determine the underlying causes of the pat-
tern that were observed, but can hypothesize based on the 
general considerations from the previous chapter. It is likely 
that the shading effect is greatest in European beech and 
Norway spruce stands as they have the highest leaf area and 
stand density. Scots pine and European larch stands have 
lower densities due to their higher light demand. Thus, a 
cooler microclimate and less transpiration demand can be 
expected in the shade-tolerant species, protecting from heat 
damage and decreasing drought stress (Grote et al. 2016). 
Consequently, we assume that the decrease in the resistance 
with tree size develops in parallel with maximum stand 
density and leaf area in the order European beech > Nor-
way spruce > Scots pine > European larch (Ellenberg and 
Leuschner 2010). It is possible that the minority of findings 
that indicate an increase in the resistance with size origi-
nate from statistical problems because the number of stands 
investigated was not sufficient to generalize the results. This 
might be the case particularly for Scots pine (both decreas-
ing and increasing with size, Fig. 7c) and European larch 
(Fig. 7d). Another possible explanation originates from the 
fact that we only refer to responses of aboveground (stem) 
growth, although partitioning between above and below-
ground tissues is known to depend nonlinearly on soil water 

Fig. 13   Growth, structure, and 
composition at the stand-level 
result from the growing condi-
tions and neighbourhood inter-
actions at the tree level. Stand 
structure in return determines 
tree growth and mortality
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availability (Phillips et al. 2016). Since drought stress is 
differently experienced in small and large trees, and indica-
tions exist that such responses might be more expressed in 
mixed stands (Schäfer et al. 2019), overall biomass growth 
responses might be obscured or even seem to be reversed 
when only looking at aboveground growth observations.

Finally, stand-level reactions result from tree-level 
traits and interactions. Species-specific drought resistance 
may result from anatomical (Saadaoui et al. 2017; Pelliz-
zari et al. 2016), morphological (Bussotti and Pollastrini 
2015; Seiler and Johnson 1988), or physiological acclima-
tion (Lemaire et al. 2021; Anderegg and HilleRisLambers 
2016) of trees. In Central Europe, sessile oak and Scots pine, 
for example, seem to be more resistant to drought events 
than European beech and Norway spruce (Pretzsch et al. 
2013). Many studies provide evidence that drought resist-
ance may decrease with progressive tree size due to a more 
difficult water transport to leaves (e.g. Bennett et al. 2015; 
Olson et al. 2018; McGregor et al. 2021). This is also well 
reflected by the global correlation between site index and 
water supply (Koch et al. 2004; Schäfer et al. 2000; Ryan and 
Yoder 1997), but see also (Becker et al. 2000). Competitive 
and facilitative neighbourhood interactions can modify the 
drought stress response in monospecific (Bottero et al. 2017; 
Steckel et al. 2020a, b) and mixed-species stands (Alba et al. 
2019; Grossiord 2020). In monospecific stands, it is mainly 
stand density that can increase drought stress due to a reduc-
tion in the water availability per tree (Toraño Caicoya and 
Pretzsch 2021; Sohn et al. 2016; Giuggiola et al. 2013). 
However, density reduction by thinning, especially if real-
ized too abruptly and strongly, can also cause drought stress 
as trees may be not acclimated to the new microclimate, or 
forest floor vegetation may become an even stronger com-
petitor for water than the former neighbours (Gebhardt et al. 
2014). An additional finding which is supported by several 
studies is that mixing tree species can mitigate drought stress 
(Pardos et al. 2021; Forrester et al. 2016; Thurm et al. 2016; 
Pretzsch et al. 2013; Vitali et al. 2018; Steckel et al. 2020a, 
b). This has been demonstrated to occur particularly by the 
facilitative effect of deep-rooting trees on more shallow-
rooting neighbours by hydraulic lift (Pretzsch 2021a, b, c; 
Dawson 1993).

Small size and low social position may have disadvan-
tages under normal conditions that can turn into advan-
tages in years with heat or drought stress (Bose et al. 2014; 
Pretzsch et al. 2018a, b). Ample water supply of a stand 
may enable tall trees to take advantage of their predominant 
social position and to better exploit radiation, shade their 
smaller neighbours and thus strengthen their preferential, 
size-asymmetric competitive status (Schwinning and Weiner 
1998). However, in hot and dry years, a smaller size can turn 
into an advantage because shaded trees transpiration demand 
is lower and water supply may be easier to facilitate with less 

height (Dordel et al. 2011). In particular, shade-tolerant tree 
species which are able to grow in the understory and endure 
high stand densities such as European beech may be able to 
use this advantage, whereas light-demanding species such 
as Scots pine or European larch may be not.

System dynamics and modelling

How can tree and stand modelling consider the dependence 
of growth partitioning between small and tall trees and of 
tree mortality on annual weather conditions? This is only 
possible with process-based ecophysiological models that 
depend on environmental conditions, and with explicit con-
sideration of individual trees or at least differently sized 
social classes (e.g. Grote and Pretzsch 2002; Deckmyn et al. 
2008; Grote et al. 2020; Jonard et al. 2020). Only then, car-
bon assimilation and stand development can be dynamically 
represented based on temporally shifting light and/or water 
limitations. The range from size-asymmetric competition 
(promotion of tall trees) under ample water supply to size-
symmetric competition (growth proportional to size) or even 
overproportioned growth of small trees under drought is then 
inherently integrated.

Statistical dendrometry models that estimate tree growth 
depending on competition indices and additional tree covari-
ables such as stem size or crown dimension (e.g. Pretzsch 
et al. 2002, Le Moguedec et al. 2012, Thurnher et al. 2017) 
assume ceteris paribus a strong exponential decrease in the 
growth with increasing competition index. Our results sug-
gest that this may apply in years without drought stress, 
i.e. when light is the growth limiting factor and competi-
tion is asymmetric. In such years, growth rate may strongly 
decrease with decreasing social position and competitive 
status (Fig. 14a). In dry years, however, being tall and pre-
dominant may become less advantageous, the slope of the 
growth–competition relation becomes less steep, and the 
growth difference between small and tall trees smaller.

Most size–class and diameter distribution models pre-
dict the tree growth depending on size, often assuming a 
linear growth–size relationship (Fig. 14b, straight broken 
line in the middle). Our results suggest that in moist years 
the growth–size relationship may change to a progressively 
increasing (Fig.  14b, broken line, favouring tall trees) 
while in dry years to a degressively increasing relationship 
(Fig. 14b, dotted line, favouring small trees).

Certainly, models based on average dimensions for trees 
and aggregated stand-level values such as yield tables 
(Weiskittel et al. 2011; Assmann and Franz 1965) are not 
appropriate for reflecting the mentioned structural changes 
of the stand by drought effects. The relative growth reduc-
tion of tall compared to small trees in drought years means 
a tendency to the homogenizing size differences, especially 
if drought years become more frequent. This tendency may 
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be reinforced if drought triggers mortality preferentially of 
tall trees (e.g. Bennett et al. 2015). This homogenizing effect 
may be stronger in monospecific stands than in mixed-spe-
cies stands, because in the latter a wider differentiation of 
ecophysiological traits may also result in a more expressed 
social ranking (Aldea et al. 2021b). It should be noted that 
already slight advantages of small and medium sized trees 
under dry conditions may strongly affect stand-level devel-
opments, because their frequency is generally unproportion-
able higher. A further positive feedback of such an influence 
is that a relatively larger exploitation of resources in dry 
years can also have a negative feedback on the growth on 
dominant trees (Toraño Caicoya and Pretzsch 2021; Knapp 
1991).

Consequences for measurement and monitoring

The vitality of a stand is generally monitored at the stand 
level, considering drought stress in terms of volume pro-
duction, crown density and mortality rates. These indicators 
include interactions at individual tree level that may have 
buffered or aggravated the observed features. Individual 
mortality or tree growth losses are detrimental at any rate 
and should be minimized. However, if the growth or volume 
reduction of more susceptible trees is compensated by trees 
of other social positions or sizes, productivity or other forest 
functions and services may be less reduced and the need of 
mitigating or restoring activities may be avoided. The capac-
ity for a compensation of losses can at least for some spe-
cies combination be assumed to be higher in more diversely 
structured or composed forests (Forrester et al. 2019; Aldea 
et al. 2021b).

Thus, studies of the reaction of small versus tall trees that 
start at the tree and end at the stand level are a relevant addi-
tion to the otherwise mostly tree-based stress analyses. They 

provide basic information about the resilience and sensitivity 
of a forest by integrating the individual tree stress reactions 
which are likely to differ from findings based on average or 
only dominant individual trees. The size-dependent growth 
response to drought strongly suggests sampling across the 
whole diameter range in order to correctly monitor growth 
responses and vitality. An approved methodology to do this 
is the installation of band dendrometers that give a very pre-
cise and highly resolved indication of basal area growth in 
normal as well as dry years. A possible drawback is that 
volume growth estimates can only be approached with pre-
defined taper functions, which may, however, change due to 
drought (Sterba 1981, 1984; Mette et al. 2015; Pretzsch et al. 
2010a, b; Rais et al. 2014). Rubio-Cuadrado et al. (2018) 
showed how also tree height growth could be affected by 
drought. More specifically, it is assumed that growth losses 
at breast height are much more pronounced than in the upper 
parts of the stem (Pretzsch et al. 2010a, b; Wipfler et al. 
2005; Sterba 1981). Thus, biomass growth reactions and 
reported percentages of growth losses based on basal area 
may be overestimated. This also indicates that the sensitiv-
ity to drought stress of specific tree species may be overes-
timated (such has been measured for beech, Schäfer et al. 
2019). Overall, this adds to the uncertainty that is related to 
drought-imposed allocation shifts, demanding either more 
measurements or an improved consideration of environmen-
tal conditions for biomass expansion factors (Temesgen et al. 
2015).

Relevance for ecosystem management

Our evaluations indicate that silvicultural prescriptions 
need to consider the response of differently sized, posi-
tioned or ranked trees on drought stress separately. This is 
important since for example thinning from below would be 

Fig. 14   Consequences of the 
drought-related modification of 
tree growth for modelling the 
growth–competition relation-
ship in a individual tree models 
and b diameter distribution and 
size–class models. Solid lines 
represent growth under moist 
conditions (asymmetric in 
favour of tall trees), broken lines 
growth under normal condi-
tions (size-symmetric growth of 
small and tall trees), and dotted 
lines represent growth under dry 
and hot conditions (asymmetric 
in favour of small trees)
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contra-productive under dry conditions if smaller trees are 
less affected and are able to compensate for growth losses 
of large trees. This should be kept in mind when designing 
silvicultural prescriptions while otherwise their capacity of 
stabilization or buffering drought stress might be “thinned 
away”.

Drought stress reactions and growth losses may be less 
detrimental in widely size-structured and/or mixed stands 
where individual trees area differently affected by drought. 
In this case, specific trees may be threatened, but not nec-
essarily the whole stand. Remaining, more resistant trees 
may partly buffer the losses and provide stand ecological 
functions and services. Thus, forest regeneration as well as 
selective thinning should be directed to increase the number 
of suitable species in view of climate change, drought, and 
stress in general. As important criteria, both the individual 
susceptibility which can be remarkably different (e.g. Gazol 
et al. 2018) and the stand-level interactions should be con-
sidered (see, for example, Vergarechea et al. 2019).

Knowledge of the behaviour of individual trees under 
drought stress is essential but not sufficient for the design 
of resilient forest stands. For ecosystem management and 
planning, also tree-level traits may provide evidence for 
understanding and influencing stand-level reaction patterns. 
The drought susceptibility of different species, their acclima-
tion capacity (e.g. anatomical, morphological acclimation), 
and their facilitative interaction (e.g. shading, hydraulic 
lift) should therefore be important selection criteria. Since 
these might differ between social classes and sizes, the forest 
design in terms of space per tree as well as species and size 
distribution can strongly affect tree–tree interaction in order 
to increase stability at the stand level.

The desire to mitigate drought and other climate change-
related stress by means of silvicultural treatments is inten-
sively discussed (Camarero et al. 2015, 2018; Ogle et al. 
2015). As indicated above, thinning from below may remove 
particularly those trees that may play a growth-stabilizing 
role in drought years. However, reducing stand density may 
reduce drought stress of the remaining stand by improving 
the water availability per tree (D’Amato et al. 2013; Andrews 
et al. 2020). In addition, other effects of thinning are an 
increase in the temperature and wind as well as a decrease 
in air humidity, which exacerbates transpiration demand and 
thus drought stress.

Trees respond to low stand density by acclimation of their 
tissue properties and anatomical features, which results in 
strong legacy effects of past treatments on the resilience 
to present or future conditions (Pretzsch 2021a, b, c; Ogle 
et al. 2015). In particular, strong and abrupt thinnings may 
be detrimental regarding drought resistance, because trees 
are only acclimating slowly to new environmental condi-
tions. For instance, initial wide spacing or repeated strong 
thinning favours the formation of large xylem vessels that 

enhance hydraulic conductivity and thus transpiration and 
growth under normal conditions, but may increase the risk 
of embolism under drought (Saunders and Drew 2022). 
Together with the effects on physical conditions, this might 
explain contradicting results that either found an improve-
ment (Aldea et al. 2017; Martín-Benito et al. 2010; Sohn 
et al. 2016) or a decline (D'Amato et al. 2013; Steckel et al. 
2020a, b) of drought resistance with density reduction, or 
showed that thinning may have positive effects in the short 
term, followed by negative effects in the long term (D'Amato 
et al. 2013; Calama et al. 2019). These discrepancies may 
be resolved when analysing the past tree ring structure and 
could help re-evaluate and improve stand density regulation 
as recommended by Sohn et al. (2016).
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