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Abstract
Forest tree growth is primarily explained, modelled, and predicted depending on current age or size, environmental condi-
tions, and competitive status in the stand. The accumulated size is commonly used as a proxy for a tree's past development. 
However, recent studies suggest that antecedent conditions may impact present growth by epigenetic, transcriptional, pro-
teomic, or metabolic changes alongside physiological and structural properties. Here, I analysed the ecological memory 
effect embedded in the xylem as a tree-ring structure. I used 35 mature Norway spruces (Picea abies (L.) H. Karst.) and 36 
European beeches (Fagus sylvatica L.) of the Kranzberg Forest water retention experiment KROOF in South Germany to 
scrutinise how their past development determines the growth of control plots and plots with 5-year water retention. I hypoth-
esised that the current size and growing conditions determine tree growth and drought stress resistance. Metrics quantifying 
the trees’ recent and past growth, and correlation and linear mixed models with random effects revealed the following eco-
logical memory effects. (1) For both species, the progressive growth course, low inter-annual growth variation in the long 
term, and low growth deflections in the recent past increased the growth resistance to drought. (2) The correlation between 
the past growth metrics and current stress reactions revealed that legacy effects could reach back 5–30 years; I found short- 
and long-term ecological memory. (3) Parameters of model prediction of the basic model with only size as a predictor of 
tree growth could be improved. The results suggest differences in the internal stem structure and ring pattern cause-specific 
differences in the trees' functioning and growth. I conclude that a long-term progressive increase and low variation in ring 
width may improve water conduction and reduce embolism in both species. Annual growth variation and low growth events 
in the recent past may have primed the morphology and allocation of the Norway spruce to better resist drought. The strong 
reduction in current growth, drought resistance by irregular growth, and past growth disturbances reveal a memory effect 
embedded in the tree ring pattern, suggesting further exploration and consideration in tree monitoring, growth modelling, 
and silvicultural prescriptions.

Keywords Antecedent growth · Ecological memory effect · Half-size time · Inter-annual growth variation · Low-growth 
years · Structural–functional relationships · Tree ring pattern

Introduction

Classical concepts of understanding, modelling, and silvicul-
tural steering of tree growth posit that individual tree growth 
depends mainly on the trees current size, age, environmental 

conditions, and competitive status (von Bertalanffy 1951; 
Coomes and Allen 2007; Weiskittel et al. 2011; Burkhart 
and Tomé 2012). Here, the cumulated stem size, crown size, 
and tree age are commonly used as proxies for a tree's past 
development and its history’s ecological memory. However, 
research into the growth response to environmental stress 
provides increasing evidence that current growth can be 
determined by conditions in the recent past (Walter et al. 
2011; Camarero et al. 2018; Bose et al. 2020). Ogle et al. 
(2015), Johnstone et al. (2016), and Pretzsch (2021a, b) pro-
posed concepts to explore the impacts of the distant past.

Interest in the relationship between past conditions and 
future growth originates from the desire to mitigate drought 
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and other climate change-related stress through silvicul-
tural treatment (Camarero et al. 2018; Ogle et al. 2015). For 
instance, initial wide spacing or repeated strong thinning 
results in large xylem vessels that enhance water conduction 
and growth under normal conditions but may increase the 
risk of embolism under drought. Hence, low stand densities 
may improve the drought resistance (Aldea et al. 2017; Mar-
tín-Benito et al. 2008; Sohn et al. 2016). Conversely, other 
studies have found opposite effects (D'Amato et al. 2013; 
Steckel et al. 2020), where density reduction had 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).

Past conditions may affect present growth via epigenetic 
(Rico et al. 2014; Bose et al. 2020), transcriptional, pro-
teomic, and metabolic (Fleta-Soriano and Munné-Bosch 
2016) changes, and also through physiological adjustments 
(Peltier and Ogle 2019) and changes in the plant structure 
(Netzer et al. 2019). Trees in seasonal forests have a particu-
lar characteristic: their tree ring and crown structurally store 
their past growth rhythm and can therefore be harnessed 
to quantify their past using appropriate metrics (Pretzsch, 
accepted). Thus, tree-ring, crown, and root morphology pat-
terns represent a structural memory embedded in the stem, 
crown, and root (Backhaus et al. 2014; Ogle et al. 2015). 
They may affect the trees' functioning and growth, e.g. via 
light interception, hydraulic conduction, or water and nutri-
ent uptake. Variations in this structure may cause specific 
differences in functioning and growth curve patterns. Thus, 
these structural traits may be crucial for analysing the sta-
tistical relationship between the past and present and to 
develop hypotheses regarding the underlying mechanism.

The structural memory embedded in the crown structure 
may make it challenging to predict tree growth. For instance, 
the crown length is easy to measure and is often used as a 
covariate when modelling growth responses (Webster and 
Lorimer 2003; Pretzsch 2009). Conversely, structural mem-
ory embedded within the trunk has been largely neglected 
(Ogle et al. 2015; Pretzsch under review). For instance, past 
variation in inter-annual growth, whether a tree’s growth was 
progressive or degressive, and whether a tree suffered low-
growth years in the past may be relevant for future growth 
(Camarero et al. 2018). Thus, past development may affect 
present growth and stress responses (Pretzsch, in revision).

To identify the effects of the past development of trees 
on their future behaviour, I examined sample trees from the 
Kranzberg Forest (KROOF) water retention experiment 
(Pretzsch et al. 1998a, b; 2020, 2014a, b; Goisser et al. 2016; 
Grams et al. 2021). I used existing information regarding 
past trajectories, size, competition before the beginning of 
the stress period, and the stress reaction regarding the annual 

growth rates in Norway spruces (Picea abies (L.) H. Karst.) 
and European beeches (Fagus sylvatica L.) in control and 
five-year water retention plots.

Our objective was to investigate how past human and 
natural disturbances in trees modify current drought stress 
resistance. I developed a metric for characterising the stem 
diameter growth trajectories in the past and analysed how 
these affect current growth under stress. I aimed to answer 
the following questions:

Q1: How do current growth responses to drought cor-
relate with metrics characterising the trees' past growth 
trajectories? Which metrics describing past growth code-
termine current growth? How far do ecological memory 
effects return to a tree's development?
Q2: How do metrics describing past growth trajectories 
correlate with each other? Which metrics have similar/
differing effects on current tree growth? How do Norway 
spruce and European beech differ regarding the ecologi-
cal memory effect?
Q3: Can model predictions of current growth be improved 
by including metrics characterising individual past devel-
opment? How does the inclusion of such information 
regarding the past modify parameters of model predic-
tion, such as the Akaike information criterion (AIC), 
root mean squared error (RMSE), and the coefficient of 
determination  (R2)?

I hypothesised that tree growth in the recent or more dis-
tant past determines the current growth and drought stress 
resistance of trees, alongside their current size and growing 
conditions.

I discuss why any ecological memory in trees should be 
considered when monitoring trees, analysing their growth 
trend, modelling tree and stand dynamics, and managing 
trees, especially under climate change.

Materials and methods

To analyse how past tree development and accumulated 
structure can modify growth responses to drought stress, I 
selected mature Norway spruces and European beeches from 
the well-documented water retention experiment KROOF in 
Germany (Grams et al. 2021; Pretzsch et al. 2020, 2014a, b). 
I used the trees with the following data for detailed analyses: 
their annual tree ring growth from their juvenile state, their 
growth reactions with and without experimental drought at 
present, and measurements of their present size, structure, 
and competitive status in the stand. I thus analysed how 
much information regarding past development can explain 
their current growth and usual variables such as present age, 
stem and crown size, and the trees’ competitive status and 
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treatment. The site conditions (Göttlein et al. 2012), experi-
mental setup (Pretzsch et al. 2014a, b), effect of extended 
drought on tree physiology (Goisser et al. 2016; Schäfer 
et al. 2019; Grams et al. 2021), tree and stand growth (Rötzer 
et al. 2017a, b; Pretzsch et al. 2020), and soil and mycor-
rhiza (Nickel et al. 2018) were previously published. Thus, 
I subsequently report only essential information regarding 
the KROOF experimental plots and trees used for this study.

Description of study site KROOF water retention 
experiment

Study site

The study site KROOF (longitude: 11° 39′ 42″ E, latitude: 
48° 25′ 12″ N, altitude 490 m a.s.l) is in Southern Ger-
many, approximately 35 km north-east of Munich. It has 
an average annual precipitation of 750–800 mm  year−1 and 
460–500 mm during the growing season (May–September). 
The average annual air temperature is 7.8 °C and 13.8 °C on 
a seasonal basis. The monospecific and mixed species stands 
of Norway spruce and European beech grow in luvisol origi-
nating from loess over Tertiary sediments and provide high 
nutrient and water supplies (Pretzsch et al. 1998a, b; Göttlein 
et al. 2012). Depending on soil depth, the water holding 
capacity for plant-available water ranged between 17 and 
28%, while soil  pHH2O varied between 4.1 and 5.1.

To characterise the water supply for each year, I cal-
culated the index of de Martonne (1926) (M = precipita-
tion/(temperature + 10)) based on the precipitation (mm) 
and temperature (°C) for the whole year  (My) and for the 
growing season from April to September  (Mgs). This index 
has been widely used in recent studies to describe drought 
conditions or aridity for a given region (Rötzer et al. 2012; 
Pretzsch et al. 2013a, b; Quan et al. 2013). The water supply 
for plant growth improves with increasing M index. On aver-
age,  Mgs was 19.8 and  My was 44.6 in 1998–2018.

Rainfall exclusion and control plots

KROOF has established 12 experimental plots, namely six 
rainfall exclusion plots and six control plots (Pretzsch et al. 
2014a, b; Grams et al. 2021). The plot sizes vary between 
110 and 200  m2. Overall, the total area was 868  m2 and 
862  m2 for the control and drought treatment plots, respec-
tively. Before rainfall began, exclusion trenching was per-
formed in the spring of 2010. The soil was trenched to 
approximately 1 m deep and 15 cm wide, lined with a heavy-
duty plastic tarp impermeable to water and root growth and 
refilled with the original soil material. At approximately 1 m 
depth, a dense clay layer of tertiary sediments prevented 
further downward-rooting (Häberle et al. 2015; Pretzsch 
et al. 2016).

At six plots, roofs were installed at approximately 3 m 
height underneath the stand canopy to induce rainfall 
exclusion. In 2014, the throughfall exclusion experiment 
at KROOF with novel, rain-controlled roof closure began. 
Triggered by rainfall, the roofs closed automatically and 
only stayed closed during rain events to exclude unwanted 
micro-meteorological and physiological effects (Pretzsch 
et al. 2014a, b). To avoid snow breakage and damage through 
icing, the roofs were kept open during the winter months. 
This resulted in small annual precipitation quantities for the 
rainfall exclusion plots from 2014 to 2018. The winter pre-
cipitation quantities for the five years of the experimental 
drought were clearly below 150 mm.

From establishing the experiment in 1998 to the present, 
represents a wide range of different water availabilities. The 
years 2001–2002 and 2005–2013 were relatively moist, 
while 2003 and 2015 were extremely dry. Accordingly, the 
Martonne index varied from 30 to 65 for the whole year and 
from 15 to 25 for the growing season. The meteorological 
data originated from the nearby forest weather station Freis-
ing, part of the Bavarian Environmental Monitoring System 
(LWF, 2017). For further information regarding the KROOF, 
see Göttlein et al. (2012), Häberle et al. (2012), and Pretzsch 
et al. (1998a, b).

Description of stand and tree characteristics

Dendrometric survey

Stand inventory began in 1994 with an inventory of stem 
coordinates and eight crown radii of all trees alongside stem 
diameter, tree height, height to crown base, and survival sta-
tus. The repeated measurements in 1994, 1999, 2005, 2013, 
and 2018 covered diameter at breast height ( d , cm), tree 
height ( h , m), height to crown base ( hcb , m), tree survival 
status at several surveys, and the crown radius projection of 
the trees in the eight cardinal directions (N, NE, E, SE, S, 
SW, W, NW) according to standards described by Pretzsch 
(2009, pp. 115–118). Eight radii were used to calculate the 
crown projection area in  m2 cpa = cr

2
× �  using 

cr =

√

(

r2
1
+ r2

2
+…+ r2

8

)

∕8.
For retrospective analysis of annual diameter growth and 

wood density (Pretzsch et al. 2020), I sampled two incre-
ment cores from 69 dominant Norway spruces and Euro-
pean beeches, with approximately half of them on control 
plots and the other half on the treatment plots of KROOF. 
The cores were taken at breast height on each sample tree’s 
stem in the N and E directions to obtain medium representa-
tive increment records. The main wind direction from SW 
boring from N and E was 45° to this maximum diameter 
and yielded more representative tree ring widths. To trace 
back the tree growth as far as possible, cores were taken as 
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preferably back to the pith to ensure a boring radial direc-
tion. The increment cores were taken with the borer MORA 
CORETAX (Haglöf, Järfälla, Sweden).

The increment cores were glued on wooden slides, 
ground, polished on a sanding machine using 120 grit paper, 
cleaned with compressed air, and analysed to the nearest 
1/100 mm using a digital positioning table Digitalpositi-
ometer (Kutschenreiter & Johann; Britz & Hatzl GmbH, 
Gerasdorf, Austria). For cross-dating and synchronisation, 
the extremely narrow rings in 1976 and 2003 were the most 
helpful. The radial increments (ir) of the two cores of a tree 
( ir1, ir2 ) were added to obtain a representative time series 
of the aboveground diameter increment (id) for each tree 
( id = ir1 + ir2 ) for further evaluation.

Stand characteristics

In the last full survey of the experimental plots in the 
KROOF in 2018, Norway spruce was 67 and European 
beech was 87 years old. The experiment comprised plots 
with monocultures and mixtures of both tree species. Mean 
and dominant tree sizes were similar in the mono-specific 
and mixed-species plots. The dominant heights of 34.3 m 
for spruce and 33.0 m for beech indicated optimum growing 
conditions, namely site indexes of O40 according to the yield 
table of Assmann and Franz (1965) for the Norway spruce 
and I. site class according to Schober (1975) for the Euro-
pean beech. The quadratic mean stem diameters at breast 
height on the plots were 27.1–36.4 cm, the mean heights 
were 27.2–36.4 m, and the dominant diameters (mean diam-
eter of the 100 tallest trees) were 41.4–44.9 cm. The tree 
numbers were 639–926 trees per ha, the stand basal area of 
the stands was 54.0–60.1  m2  ha−1, the standing stem volume 
was 802–981  m3  ha−1, and the mean periodic volume growth 
(1998–2016) was 19.4–26.3  m3  ha−1  year−1.

All plots were repeatedly moderately thinned from above 
in the longer past. The strength, kind, and timing of thinning 

were similar on all included plots. After the first inventory in 
1994, the stands developed under self-thinning conditions.

Sample tree characteristics

I examined 69 mature Norway spruces and European 
beeches, with approximately half of them in the control plots 
and the other half in the treatment plots (Table 1). In spring 
2014, before the start of water retention, the stem diameters 
of Norway spruce were 4–6 cm higher than that of European 
beech, and the intra-specific differences were minor. The 
stem diameter growth id2009−2013 in the 5 years before water 
retention was similar in the control and treatment plots. Spe-
cifically, growth losses of 48% for the spruce and 36% for the 
beech in the drought period compared with the pre-drought 
reference period 2009–2013.

Metrics for competition at present and tree growth 
in past

Competition index

To quantify the competitive status of the sample trees, I cal-
culated their competition index according to Hegyi (1974) 
at the beginning of the considered experimental drought 
period of the treated trees from 2014 to 2018. I used this 
commonly applied index, cij =

n
i = 1
i j

di∕dj × 1∕dstij  , 

≠

  

mainly based on tree diameter. This index quantifies the com-
petition of central tree j based on the stem diameter of tree j 
( dj ), the stem diameters of its neighbours (n) di,i=1…n , and the 
distance (dstij) between the central tree j and the respective 
neighbours. As the search radius for selecting the n of the cen-
tral tree with dj , I derived a species-specific function based on 
the stem diameters and crown radii on the experimental plots. 
Using linear regression, I derived cr = e(−1.8020+0.7173×ln(d)) for 
Norway spruce and cr = e(−2.0479+0.9213×ln(d)) for European 
beech. These functions reflect the mean tree crown radius, 

Table 1  Overview of 69 sample 
trees from water retention 
experiment KROOF included in 
this study

N, number of sample trees; d
1.3

 , stem diameter at breast height; id
2009−2013 , mean annual stem diameter 

growth in the 5 years before water retention; id
2014−2018 mean annual stem diameter growth in the 5 years 

during water retention treatment plots. min, Minimum; max, maximum; std, standard deviation

Variable Unit Norway spruce European beech

Control Treatment Control Treatment

n trees 18 17 19 15
d
1.3

 spring 2014 mean cm 36.9 35.9 30.4 30.6
d
1.3

 spring 2014 std cm ± 6.0 ± 7.4 ± 8.9 ± 10.6
d
1.3

 spring 2014 min cm 28.4 23.5 18.8 13.3
d
1.3

 spring 2014 max cm 50.1 49.3 52.7 47.7

id
2009−2013 ± std mm  year−1 3.36 ± 1.49 3.75 ± 1.99 1.76 ± 1.17 1.79 ± 1.39

id
2014−2018 ± std mm  year−1 1.98 ± 1.06 1.03 ± 0.62 1.69 ± 1.27 1.08 ± 0.75
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depending on the stem diameter. Variable cr was multiplied 
by factor 1.75 ( r = cr × 1.75 ) to include the most competi-
tive n in the calculation of cij . Thus, all i = 1…n trees around 
central tree j with a distance of dstij < rj were included in the 
calculation cij . Test runs with factors 1.5, 1.75, 2.0, and 2.5 
yielded an inclusion of 3.92, 5.35, 7.13, and 10.99 n on aver-
age. I decided to apply factor 1.75 for our analyses as a tree 
usually has 5–6 most impactful n (Prodan 1968a, b).

Metrics for characterising trees' past course of growth

This study’s objective was to characterise tree-ring pat-
terns and structures that may have functional implications 
for future tree growth under stress. For example, a strong 
inter-annual variation in tree ring width may indicate vari-
ations in growing conditions and the need for physiological 
and morphological acclimation of the crown and root at the 
expense of stem growth and reserve pools (Pretzsch 2021a). 
The early culmination of ring width and more narrow rings 
later (degressive course of growth) may indicate decreasing 
water conductance with increasing tree age. Conversely, a 
slow beginning and later culmination of ring width (progres-
sive course) may improve water conductance growth and 

drought resilience at advanced ages (Pretzsch 2021b). The 
frequency of low growth years may indicate the frequency 
of embolism in the xylem, progressive emptying of the tree's 
reserve pool in the past, and reduced stress resilience at pre-
sent and the future. Hence, I developed metrics to determine 
relationships between past growth manifested by structure 
and current growth (Table 2).

cvar: Based on the mean periodical diameter increment 
( id ) in the past survey periods, the coefficient of variation 
cvar = sdid∕id was calculated using the standard devia-
tion (sdid ) and mean ( id ) of the annual id values. The more 
irregular the ring width pattern of a tree, the higher the cvar 
(Fig. 1a).

freq: The frequency of low growth years ( freq ) was cal-
culated as the number (n) of years with low diameter incre-
ment in a period (p). The criterion for low growth was an 
annual increment below the mean annual diameter increment 
minus twice the standard deviation of the annual diameter 
growth ( id < (id − 2 × sdid ). The ratio freq = n∕p multiplied 
by 100 reflects the number of low growth years in one hun-
dred years (Fig. 1b).

hst: The half-size time ( hst ) was calculated to quan-
tify whether the past course of diameter development of 

Table 2  Overview of metrics used in this study to characterise individual trees' past development and present state

The metrics for characterising the past were based on the annual diameter increments (id) and tree diameter (d). The metrics for n-years old trees 
can be calculated for any defined imprinting period in the past

Variables' and metrics' names Abbreviation Explanation and indication

Stem diameter d Indication of tree present size
Tree height h Indication of tree present size

Crown radius cr cr =

√

(

r2
1
+ r2

2
+…+ r2

8

)

∕8

Crown length cl cl = h − hcb

Crown projection area cpa cpa = cr
2
× �

Crown volume cv cv = cl × cpa

Annual stem diameter increment id id = sum of ring width in N and E direction in a given year
Coefficient of variation of id cvar Inter-annual variation of id, cvar = sdid∕id , indicates the smoothness/oscillation 

of the id trajectory

Frequency of low growth years freq Number of years, n, in period p with low growth id, id <

(

id − 2 × sdid

)

Half-size time hst Describes whether d developed in a period degressively (hst < 0.5), linearly (hst ≅ 
0.5), or progressively (hst > 0.5). It refers to the relative time ( t = 0… 1 ) when 
dh =

(

de − db
)

∕2 is reached
Relative range of id rng Indicates the relative amplitude of id in a given period, rng = (maxid − minid)∕id 

with maxid and minid the maximum and minimum id values
Standard deviation of id sd Indicates the absolute variation of id, with 68% of the id values within id ± sdid

Mean id in the past mipre Mean level of annual diameter increment id in the past before the drought event

Competition index according to Hegyi (1974) ci cij =
n
∑

i=1,i≠j

�

di∕dj × 1∕distij
�

 ,  dj,  di, i=1…n, stem diameter of central tree j and 

neighbour i, dist = distance between trees i and j
Mean id in the current growth period mipost Mean level of annual diameter increment in the current growth period id
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the tree was degressive, linear, or progressive. I quantified 
the respective pattern by the hst at which the tree achieved 
half of the size growth from the beginning to the end of the 
respective growth p. For this purpose, the length of p was 
set to 1.0, and I calculated the point of time between the 
beginning and the end of the tree, arriving at half the size 
growth ( dh =

(

de − de
)

∕2 ) it achieved in the whole period.
The trajectory of quick starters with degressive develop-

ment is indicated by low hst values, as half of the diameter in 
a period is achieved early (Fig. 1c). Latecomers are indicated 
by high hst values, as they follow progressive courses of 
growth and reach the highest late. Continuous linear devel-
opment would result in hst = 0.5.

rng: The relative range of annual diameter increment 
was calculated as rng = (maxid − minid)∕id , with maxid 
and minid as the maximum and minimum diameter incre-
ment, respectively, and id as the mean diameter growth in 
the p. Thus, rng is a measure of the relative amplitude of the 
diameter growth and characterise the maximum deflection of 
the growing conditions in a period. These metrics reflect the 
instability of growth and underlying environmental condi-
tions (Fig. 1d).

sd: Standard deviation of the id values in a period; in 
addition to cvar, an absolute metric that indicates that 68% 
of the id values lie within the range id ± sdid (Fig. 1e).

mipre: Mean annual diameter increment id in the past 
before the start of the drought event (Fig. 1f).

To visualise the indicative value of the past course of 
growth measures, I selected Norway spruces from the lower 
and upper third of the respective measures range (Fig. 1). 
The metric cvar indicates a low coefficient of variation of 
the diameter increment for tree no. 91, which follows a rela-
tively constant downward trend compared to the stronger 
oscillating course of no. 48 with a high coefficient (Fig. 1a). 
Tree no. 45 had a much higher frequency of low growth 
years than tree no. 296 (Fig. 1b). Tree no. 451 demonstrated 
a downward trend compared to no. 86, which displayed the 
highest growth in the second half (1984–2013) (Fig. 1c). 
The relative amplitude was low for tree no. 908 and high 
for tree no. 52, as the latter had high growth and low growth 
phases in the middle of the reference period (Fig. 1d). The 
standard deviation was low for tree no. 91, which followed a 
shallow course of growth and high for no. 294, reflecting an 
alternation of years and periods with low and high growth 
rates (Fig. 1e). Figure 1f displays that the dataset includes 
trees with low and high mean growth rates in the 30 years.

Fig. 1  Metrics cvar, freq, hst, 
rng, sd, mipre for characteris-
ing past annual stem diameter 
growth of trees in 1984–2013 
visualised for selected Norway 
spruces underlying this study. 
To visualise the latter measures’ 
indicative value, I selected trees 
from the lower (thin trajec-
tories) and upper range (bold 
trajectories) of the respective 
values. The vertical lines reflect 
the beginning and end of the 
reference period for characteris-
ing past growth



93European Journal of Forest Research (2022) 141:87–104 

1 3

Reference periods for calculating metrics

The introduced metrics for the trees’ past development 
(Fig.  1, Table  2) were calculated for different periods. 
To receive stable metrics, a period of at least 5  years 
from 2013 to 2009 was chosen. In the following steps, I 
extended the period in 1-year steps, namely 2013–2008, 
2013–2007, etc. The respective metrics resulted in 
cvar

2009−2013 cvar2008−2013 … cvar
2007−2013 and more than 

30 years backwards. Hence, I could analyse any changes 
in the correlation between the trajectory characteristics 
such as cvar and hist and the growth in 2014–2018. For the 
characterisation of the database (Table 3), the metrics were 
calculated for 1984–2013 (Fig. 2). Most of the time series 
returned to 1950–1970 (Fig. 3).

Statistical evaluation

Analysing correlation between past growth pattern 
and current growth

The metrics cvar, freq, hst, rng, sd, and mipre were corre-
lated with the current growth to scrutinise how the course 
of growth in the past determines the current drought stress 
response. The mean annual diameter increment quantified 
the current growth during experimental drought stress from 
2014 to 2018. The metrics for the course of growth in the 
past were calculated for various periods to determine the 
duration of the memory effect by analysing the develop-
ment of the correlation coefficient with increasing backward 
extension of the reference period. I calculated the correlation 
between the growth id2014−2018 and the metrics starting with 

the 5 years 2013–2009, proceeding with 6 years 2013–2008 
until 50 years 2013–1964.

Mixed effect models for estimating current growth 
depending on present and past tree characteristics

To analyse how the diameter growth in 2014–2018 was 
determined by the treatment and the present state and past 
development of the trees, I applied linear mixed models 
with a random effect at the plot level to account for spa-
tial autocorrelation effects. The fixed effect variables, such 
as experimental factors (water retention vs. control), stem 
diameter, competition index, and metrics of the past tree 
growth, represented the influence of the trees' present and 
past characteristics on its growth; the parameters covered the 
fixed effects by a0–an . The random effects on a0 (intercept) 
at the plot level considered any spatial (several trees per 
plot) autocorrelations. The random effect bi covered the level 
plot. The indices i and k in the following equations refer to 
the plot and single observation levels, respectively. In all 
models, the random variable bi accounts for the correlation 
between the trees on plot i.

i described the respective model alternatives and selected 
the variable combinations based on the RMSE and AIC cri-
terion (Akaike 1981). The following model numbers refer to 
the results in the text and tables (Models 1–4).

Model 1

This model was used as a baseline. It represents the effect 
of the initial tree diameter (d) in spring 2014, only on the 
mean annual growth ( id ) in the 2014–2018 treatment.

Model 2

This model represents the effect of initial size and treat-
ment on growth id during the treatment period.

Model 3 a and b.
The underlying model 3 was for Norway spruce

 and for European beech

These models represent the effect of initial size and other 
additional characteristics of the tree and treatment on growth 
during the treatment period.

Model 4a and b.
The underlying model 4 was for Norway spruce

(1)idik = a
0
+ a

1
× dik + bi + �ik

(2)idik = a
0
+ a

1
× dik + a

2
× treati + bi + �ik

(3a)
id

2014−2018ik
= a

0
+ a

1
× treat

i
+ a

2
× ci

ik
+ a

3
× cr

ik

+ a
4
× cl

ik
+ b

i
+ �

ik

(3b)id
2014−2018ik

= a
0
+ a

1
× treati + a

2
× crik + bi + �ik.

Table 3  Overview of basic data for scrutiny of research questions 
Q1–Q3

Mean values (mean) and standard deviations (std) demonstrated for 
1984–2013 and separately for Norway spruce and European beech. 
For variable explanations, see Table 2

Variable Unit Norway spruce European beech

Mean std Mean std

d cm 36.45 6.49 30.50 9.39
h m 32.04 2.00 28.46 3.06
cr m 2.17 0.28 3.00 0.85
cl m 13.39 3.64 12.07 4.07
ci ./ 1.32 0.68 2.46 0.77
cvar ./ 0.44 0.14 0.51 0.24
freq year−1 0.16 0.05 0.15 0.06
hst ./ 0.39 0.08 0.37 0.10
rng ./ 1.67 0.45 1.86 0.83
sd mm  year−1 2.15 0.89 1.33 0.56
mipre mm  year−1 4.97 1.61 3.13 1.52
mipost mm  year−1 1.54 0.98 1.43 1.09
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 and for European beech

(4a)
id

2014−2018ik
= a

0
+ a

1
× d

ik
+ a

2
× treat

i
+ a

3
× cvar

ik

+ a
4
× ci

ik
+ a

5
× cv

ik
+ b

i
+ �

ik

In addition to the current tree characteristics and the treat-
ment, these models consider metrics of the tree develop-
ment of the past, namely metrics derived for indicating the 
ecological memory.

The selection of the fixed effects variables and random 
effects on the intercept at the plot level was based on AIC 
comparisons, resulting in Models 2–4. For all calculations, 
I used the statistical software R 3.6.3 (R Core Team 2017), 
and I used the libraries nlme (Pinheiro et al. 2018), lme4 
(Bates et al. 2015), lmerTest (Kuznetsova et al. 2017), and 
MuMIn (Barton 2009).

(4b)id
2014−2018ik

= a
0
+ a

1
× treati + a

2
× cvarik + bi + �ik.

Fig. 2  Courses of annual stem 
diameter increment of a, b Nor-
way spruce and c, d European 
beech based on this study. The 
control trees are represented 
by solid lines, the treatment 
trees by broken lines. The left 
solid vertical line represents 
the beginning of the 30-years 
(1984–2013), the right solid 
line represents the end of the 
reference period and the begin-
ning of the 5-year experimental 
drought (2014–2018). The two 
vertical broken lines indicate the 
drought years 1976 and 2003 
(left and right, respectively)

Fig. 3  Number of annual stem growth records plotted over calendar 
year for a Norway spruce and b European beech. The vertical lines 
represent 1984–2009 selected to calculate the metrics cvar, freq, hst, 
rng, sd, and mipre
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Results

Quantitative basis of study and visualisation 
of the growth trajectories

To characterise the 35 Norway spruces and 34 European 
beeches included in this study, I calculated the stem diame-
ter, tree height, crown radius, crown length, and competition 
index, in 2014 before the beginning of the water retention on 
the treatment plots. The characteristics of the growth pattern 
in the past, cvar, freq, hst, rng, sd, and mipre were calculated 
for 1984–2013 (Table 3). As I also calculated the measures 
for other periods in time, I will also call them cvar1984−2013 , 
freq1984−2013 , …, sd1984−2013 in the text for clarification. The 
mean id were calculated for 1984–2013 before the beginning 
of the water retention ( mipre1984−2013 ) and for 2014–2018 
( mipost ), which represents the growth under drought stress 
on the treatment plots and the reference on the control plots.

The visualisation of the annual stem diameter increment 
(Fig. 2) reveals a stronger inter-annual variation in Norway 
spruce (a) than in (b) European beech. While Norway spruce 
displays a generally decreasing trend since the 1990s, Euro-
pean beech continues to develop relatively parallel to the 
x-axis. This results from the general species-specific faster 
increases, earlier culmination, and decreased spruce growth 
compared with beech. Norway spruce appears stronger 
affected by the past drought years (e.g. 1976, 2003) com-
pared with beech. Beyond the drought years, the ups and 
downs of tree growth in the past are likely caused by thin-
ning in the longer past; after plot establishment in 1994, the 
stands developed under self-thinning conditions.

There were no systematic differences between the control 
and treated trees’ growth before the start of water retention 
in 2014 (Supplementary Figure 2a and b). However, there 
were clear differences between the groups within the water 
retention period. Particularly, the growth of the treated Nor-
way spruces decreased strongly in the first 2–3 years, and 
then, both species did not further decrease in growth but 
stabilised at a reduced level. However, the water retention 
continued until 2018, at the end of the displayed trajectories.

The following correlation analyses refer to the trees’ 
past growth from 1984. For the Norway spruce, 90% of the 
trees covered this period, while all beech trees covered this 
period. The main reasons for the incomplete time series in 
the longer past were disturbances of tree ring patterns by 
branches, rots, or resin pockets. I did not want to core the 
trees more than twice to avoid spoiling the stem or trig-
ger artefacts in the ongoing experiment. Norway spruces 
were generally approximately 20 years younger than beeches 
(see “Description of stand and tree characteristics” section); 
therefore, even cores that matched the pith were shorter 
regarding years than cores from beeches.

Analysing duration of ecological memory effect 
on current tree growth

Results are displayed for Norway spruce and European beech 
in the same graph to compare the species-specific patterns 
(Fig. 4). The left ends of the correlation trajectories should 
be neglected, as they may be distorted due to the decreasing 
number of trees covering the calendar years in the past.

The coefficient of variation of cvar was negatively cor-
related with id2014−2018 over a long period in the past. The 
higher the id variation in the last 30–40 years, the lower 
the growth in the drought period (Fig. 4a). Interestingly, the 
higher the frequency of extreme low growth years in the last 
20 years, the better the growth in id2014−2018 (Fig. 4b). Euro-
pean beech displayed a higher positive correlation between 
hst and growth (Fig. 4c), and the correlation increased the 
further the reference period reached backwards. This indi-
cates, especially for beech, that latecomers performed better 
in drought years than quick starters. The reaction pattern of 
metric ng was similar to that of cvar (Fig. 4d). Regarding 
the sd and mipre (Fig. 4e, f), Norway spruce and European 
beech behaved similarly. Both measures demonstrated a pos-
itive correlation id2014−2018 in the last 20–30 years. The latter 
refers mainly to a size effect; namely, the higher the standard 
deviation and the absolute stem diameter increment in the 
previous period, the higher the growth rate in id2014−2018.

Interestingly, in certain cases, a couple of years shorter or 
longer did not yield vastly different results and the correla-
tion between cvar, freq, hst, rng, sd, and mipre and id2014−2018 
growth was relatively stable. For instance, for cvar, I found 
several disjointed periods in the longer past between 1950 
and 1960, with high correlations but no significant corre-
lations in periods just one or two years longer or shorter. 
Conversely, 1970–1990 provided consistently similar high 
coefficients for the metrics cvar and hst (Fig. 4a, c). There-
fore, to detect reliable and stable reference period lengths, I 
selected periods with continuously significant correlations. 
Based on these criteria, the following periods of metrics-
specific periods were chosen to characterise the trees' past 
(Fig. 4). For cvar, I chose 1980–2013 (last 33 years), for freq 
1995–2013 (last 19 years), hst 1980–2013 (last 33 years), 
rng 1980–2013 (last 33 years), sd 2005–2013 (last 9 years), 
and mipre 1995–2013 (last 19 years).

Correlation between various metrics of ecological 
memory effect

Several metrics strongly correlate with each other: in the 
30-year imprinting period cvar with freq, hst, rng. This cor-
relation was mostly stronger when using metrics-specific 
imprinting periods. Regarding most metrics, Norway spruce 
and European beech behaved similarly.
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The comparison between the matrixes based on 30 years 
to the correlation metrics-specific periods revealed that, 
based on the shorter past, sd and freq had a strong and 
opposite effect (positive correlation with mipost) compared 
with cv and rng, which represent the variation in the longer 
past (negative correlation with mipost). Strong inter-annual 
variation appears to be detrimental to growth in the long 
term. However, dry years in the recent past may prime the 
preparation of trees for stress. These findings suggest that 
long- and short-term effects may be integrated into the sub-
sequent modelling approaches to examine ecological mem-
ory relevance.

For the Norway spruce, mainly cvar, rng, and hst were 
correlated with each other; namely, trees with a strong vari-
ation in annual diameter increment also have a wide range 
between the highest and lowest growth rates and display a 
progressive course of growth. Cvar is the variable with the 
maximum correlation with most other metrics.

For the European beech, cvar, rng, and hst were even 
closer correlated; however, there were more correlations 
between the different measures of the trees' past. For 
instance, cvar was also significantly negatively correlated 

with mipre, and hst was positively correlated with mipre. 
Here, cvar, hst, and rng are the variables with the maximum 
correlation with the three other variables. This reflects a 
much higher interdependency between the different meas-
ures for beech and higher redundancy of the set of measures 
than spruce (Fig. 5).

Contribution of past to estimation of current tree 
growth

The statistical characteristics of the growth prediction for 
Norway spruce and European beech with and without the 
inclusion of information of the trees' past are demonstrated 
using Models 1 and 4 (Tables 4, 5). For the characteristics 
of Models 2 and 3, the details are presented in Supplemen-
tary Tables 1 and 2. Table 6 summarises the stepwise model 
improvement for all four models and both species, starting 
with baseline Model 1 and progressing to Model 4. In all 
the tables, the results were restricted to the characteristics 
of the fixed effects.

Table 6 demonstrates that all three model characteristics, 
AIC,  R2, and RMSE, can be improved by several percentages 

Fig. 4  Pearson correlation 
coefficient between stem 
diameter growth in 2014–2018 
and selected metrics for trees 
calculated for 2009–2013 (verti-
cal line) and its change with 
reference periods reaching back 
into past (2009–2014…2009–
1950). The results are displayed 
for Norway spruce (thin lines) 
and European beech (bold 
line) separately for six selected 
measures a cvar, b freq, c hst, 
d rng, e sd, and f mipre. The 
bold grey and black horizontal 
lines display for Norway spruce 
and European beech, respec-
tively, the reference periods 
the metrics for the regression 
analyses in “Contribution of 
past to estimation of current 
tree growth” section were based 
on. The strong oscillation of 
the trajectories before 1970 
results from decreasing sample 
sizes (Fig. 3). The periods that 
resulted in significant correla-
tions (p < 0.05) are indicated 
by "*" on the trajectories of the 
correlation coefficients
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compared with the baseline model. Thus, past growth met-
rics’ inclusion strongly contributed to a further improve-
ment of the stem diameter growth prediction, especially for 
European beech.

I also looked for any interactions between the treatment 
and the metrics characterising the trees' past, as I assumed 
that past growth may be more relevant for trees that had 
dried out. However, no significant interaction between treat-
ment and cvar, hst, or sd indicates the strong overarching 
effect of the antecedent growing conditions on the behaviour 
of both control and treated trees.

Discussion

Tree development in past codetermines drought 
stress behaviour at present

This study revealed that past stem diameter growth reflects 
the tree ring pattern in the stem and growth history of the 
trees over several decades. The trend and inter-annual 
growth variation have stored information on past individ-
ual growing conditions. The ring width reflects only the 
result of the respective growing conditions and provides 

Fig. 5  Correlation between various metrics for past tree growth (cv, 
freq, hst, rng, sd, and mipre) and present growth (mipost) for Norway 
spruce and European beech. a, b Metrics calculated for the 30-years 
imprinting-period 1984–2013. c, d Metrics based on the lengths of 
imprinting periods with the best correlation with the present growth 
(cvar 1980–2013, freq 1995–2013, hst 1980–2013, rng 1980–2013, 

sd 2005–2013, and mipre 1995–2013). The correlation matrices are 
displayed in the left part of the Pearson correlation coefficients and in 
the right part the strength of the correlation (wide ovals = low, narrow 
ovals = strong correlation) and the sign of the correlation are visual-
ised (downward = negative, upward = positive correlation). For levels 
of significance of Pearson's r, see Supplementary Figure 3
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no information regarding the specific causes of individual 
development. However, it contains valuable unspecific infor-
mation regarding the past that has become a structural and 
ecological memory.

The correlations between the present growth and growth 
in the recent or former past strongly suggest ecological 

memory effects. The metrics cvar and rng both indicate the 
degree of inter-annual variation in growth.

The variables cvar, rng, and hst represent a long-term 
ecological memory and indicate that, in the long term, low 
inter-annual variation and amplitude of variation alongside 

Table 4  Results of fitting linear 
mixed effect model of mean 
tree diameter increment in 
2014–2018 depending on tree 
diameter at the beginning of 
spring 2014

Model 1 id
ik
= a

0
+ a

1
× d

ik
+ b

i
+ �

ik
 was used as a baseline model. AIC comparisons suggested using 

random effects at the plot leve

Fixed effect variable Fixed effect parameter Estimate Std. Error p

(a) Norway spruce and number of observations, n = 35
intercept a

0
− 0.7855 0.7011 0.2741

d a
1

0.0650 0.0181 0.0016
Random effect Std. Dev

Tree level bi 0.6318
Residuals Std. Dev
�ik 0.6675

(b) European beech, number of observations: n = 36
intercept a

0
0.0402 0.5938 0.9467

d a
1

0.0454 0.0183 0.0219
Random effect Std. Dev

Tree level bi 0.2955
Residuals Std. Dev
�ik 0.9799

Table 5  Results of fitting linear 
mixed effect model of mean 
tree diameter increment in 
2014–2018 depending on tree 
diameter at the beginning of 
spring 2014 and trees’ treatment 
(water retention = 1, control = 0)

The underlying Model 4 was id
2014−2018ik

= a
0
+ a

1
× d

ik
+ a

2
× treat

i
+ a

3
× cvar

ik
+ a

4
× ci

ik

+a
5
× cv

ik
+ b

i
+ �

ik
 for Norway spruce and id

2014−2018ik
= a

0
+ a

1
× treat

i
+ a

2
× cvar

ik
+ b

ik
+ �

ik
 for 

European beech

Fixed effect variable Fixed effect parameter Estimate Std. Error p

(a) Norway spruce and number of observations, n = 35
intercept a

0
1.4261 0.8482 0.1083

d a
1

0.0909 0.0256 0.0020
treat a

2
− 0.8558 0.2658 0.0105

cvar a
3

− 3.4478 0.8255 0.0005
ci a

4
− 0.3524 0.1306 0.0138

cv a
5

− 0.0040 0.0020 0.0518
Random Effect Std. Dev

Tree level bi 0.3430
Residuals Std. Dev
�
ik

0.4611
(b) European beech; number of observations: n = 36
intercept a

0
3.2694 0.3691 0.0001

treat a
1

− 0.6465 0.2812 0.0443
cvar a

3
− 3.0779 0.6188 0.0001

Random Effect Std. Dev
Tree level bi 0.0004

Residuals Std. Dev
�
ik

0.8137
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a progressive course of growth at a high level had a positive 
effect on tree growth.

I also found the following short-term ecological memory 
effect. I identified a second set of influential metrics, freq 
and sd, both had a positive effect on growth; the stronger the 
variation in the last few years and the higher the frequency of 
drought years in the recent past, the better the trees resisted 
extended drought. As the correlation with increasing back-
wards reaching timespans and reference periods was only 
slightly different for both species, I chose the same imprint-
ing periods.

The minor effects of hst, mipre, and short-term memory 
may be explained by the high correlation between cvar and 
mipost. The lack of such data may be one reason why the 
long-term memory effect has been assumed (Camarero 
et al. 2018) and conceptually addressed (Ogle et al. 2015; 
Zweifel and Sterck 2018), but has not analysed. The growth 
explanation accuracy increased by adding further variables; 
however, the strongest improvement was the addition of past 
metrics. Past development had a stronger effect on present 
growth than the effect of water retention. I expected an inter-
action between the treatment and the metrics characteris-
ing the trees' past, as I assumed that past growth may be 
more relevant for trees that had dried out. Our unique dataset 
discovered this memory effect: a combination of long-term 
courses of growth, and detailed measurement of internal 
and external tree and crown characteristics. Including the 
different individual tree histories via the cvar metrics into 
the model explained an additional 20–30% of the growth 
variation between dried-out and control spruce and beeches. 
The linear mixed model calculations revealed for both spe-
cies, especially beech, a considerable improvement of AIC, 
 R2, and RMSE compared with the basic model based on 
initial diameter and treatment only. However, there were no 

significant interactions between treatment and cvar, hst, or 
sd, indicating antecedent growing conditions’ overarching 
effect on both control and treated trees’ behaviour.

Past human and natural disturbances of trees 
reduces their drought stress resistance at present

I harnessed the ecological memory of trees that underwent 
an extended experimental drought period embedded in their 
xylem as a tree ring structure. I found that mainly the long-
term level and course of growth, the inter-annual variation 
in the long term, and the inter-annual variation in the short 
term affected present tree growth.

Strongly negative effects of the inter-annual variation 
of growth, represented by cvar and rng, may be caused by 
higher demands of photosynthates for repair and acclimation 
and a depletion of the tree's reserve pool in the past caus-
ing low resistance at present. High cvar values may indicate 
repeated embolies and disturbance of the inner pipeline 
system, increasing the susceptibility and predisposition to 
drought stress. The positive effect of growth variation and 
low growth years in the recent past may be caused by prim-
ing effects and preparing the trees to upcoming drought, 
termed eustress by Tesche (1992) for short-term positive 
effects. Dry years, especially on dry sites, can trigger the 
growth allocation to and the extension of roots (Nikolova 
et al. 2011; Pretzsch et al. 2012a,b). This may result in a 
better water accessibility of trees primed by antecedent 
drought events as assumed by Fleta-Soriano and Munné-
Bosch (2016). However, Backhaus et al. (2014) did not find 
such morphological legacies in their study of grassland 
communities.

Table 6  Comparison of AIC,  R2, and RMSE between Model 1 (baseline model id = f (d) ), Model 2 ( id = f (d, treatment) ), Model 3 
( id = f (d, treatment, tree state variables) ), and Model 4 ( id = f

(

d, treatment, tree state variables, metrics for the trees�past
)

)

The model characteristics of the baseline model were set to 100% to reveal the additional explanatory contribution of attributes of the treatment, 
the tree present structure and constellation, and past development
AIC, Akaike information criterion according to Akaike (1981), corrected  R2 (conditional  R2 including random effects), and root-mean-square 
error RMSE (including random effects)

Models abs/rel Norway spruce European beech

1–4 AIC R2 RMSE AIC R2 RMSE

Model 1 abs 98.85 0.57 0.58 111.43 0.22 0.93
rel 100 100 100 100 100 100

Model 2 abs 96.16 0.58 0.57 110.80 0.25 0.92
rel 97 102 98 99 114 99

Model 3 abs 90.89 0.71 0.47 105.88 0.26 0.91
rel 92 125 81 95 118 97

Model 4 abs 87.69 0.80 0.38 91.39 0.47 0.78
rel 89 140 66 82 214 84
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Progressive growth and high growth levels in the pre-
drought period were beneficial for growth under drought 
conditions, consistent with Camarero et al. (2018). Advanta-
geous water conductance of wide rings and large xylem ves-
sels may explain this finding (Ryan and Yoder 1997; Hart-
mann 2011). A low hst value indicates fast juvenile growth, 
followed by smaller tree rings, suggesting narrow tree rings 
and low water conductance in comparison to higher hst val-
ues (Ryan and Yoder 1997).

Netzer et al. (2019) also addressed the ambivalent effect 
of past high growth rates on growth and drought resistance. 
Trees with larger xylem vessels have a greater risk of embo-
lism formation and reduced hydraulic conductivity under 
drought. Trees with longer and wider xylem vessels may 
have a greater hydraulic conductivity and a pitted wall area, 
more prone to air seeding and embolism under drought con-
ditions. Hence, the larger the vessel size and water conduc-
tivity, the higher the risk of embolism; the more protected 
the xylem transport system is against embolism formation, 
the less efficient it is in water conductance.

The significant correlations between the trees' past growth 
metrics and current growth reaction to drought indicate 
mechanical relationships and guide further research.

Further explanation and exploration of ecological 
memory effect

Considering trees longevity and the natural and human dis-
turbances they may face and store in their ecological mem-
ory influencing subsequent growth, their past is relevant. 
Frequently occurring strong thinning may lead to volatile 
and unstable growing conditions (Cameron 2002; Pretzsch 
2020a). Atmospheric deposition of  SO2 (Elling et al. 2009; 
Hauck et al. 2012; Pretzsch 2020b), N (Pretzsch et al. 2014a, 
b; Etzold et al. 2020), and the impact of the ozone (Maty-
ssek and Sandermann 2003; Löw et al. 2006; Pretzsch and 
Schütze 2018) may further accelerate or decelerate growth. 
Finally, abiotic or biotic damage, such as drought (Allen 
et al. 2010), late frost (Zohner et al. 2020), and biotic events 
(Kulman 1971; Jactel et al. 2012; Bréda and Badeau 2008), 
may further impede tree growth. The disturbances combined 
may cause low- and high-growth years and trigger repeated 
changes in tree growth and allocation patterns, resulting 
in highly irregular tree ring and crown patterns. Different 
growth courses result in specific internal stem structures and 
crown morphologies. Because of the allometric relation-
ships between stem diameter and crown and root growth, the 
development of tree dimensions such as tree height, branch 
length, and branch and root diameter is similar to that of 
stem growth.

Most modern silvicultural measures, such as wide initial 
spacing or repeated strong thinning, increase cvar and rng 
and may contribute to stress predisposition. Measures such 

as tree species mixing (del Río et al. 2017) and continu-
ously moderate stand density reduction (Pretzsch 2020a) 
may reduce the inter-annual growth variation and repeated 
adaption, stabilising tree and stand growth. Natural stands or 
plantations under self-thinning have regular tree ring widths 
and crown structures (Dinulică et al. 2015). Reducing irregu-
lar growth years slows down juvenile growth or reduces the 
growth rate oscillation by niche complementarity and asyn-
chronous resource uptake. Higher oscillation of the diam-
eter growth may indicate alternating growing conditions 
and increased needs for physiological and morphological 
adaptations that may leave fewer photosynthates for stem 
growth and reserves. Slow starters with narrow rings first 
and wide rings later may have future advantages in struc-
ture and morphology with longer water transport lengths 
and advanced tree heights.

The differences in internal stem structure and external 
crown and root morphology may cause differences in the 
trees' light interception, hydraulic conduction, or water 
and nutrient uptake. Further research is required. Hence, 
the differences in structure cause specific differences in the 
functioning and growth curve patterns. For instance, degres-
sive courses with the widest rings close to the pith may be 
triggered by early dominance and may result from advanta-
geous hydraulic conductance in the youth followed by dis-
advantages growth due to narrower rings lower growth and 
drought resistance in advanced age (Ryan and Yoder 1997; 
Hartmann 2011).

This is reflected by functional, structural models 
(Sievänen et al. 2000, 2008) and patterns of tree rings, crown 
morphology, or root structure (Pretzsch et al. 2012a, b) may 
determine water conduction, light interception, and nutrient 
uptake, respectively. Thus, trees may memorise their past 
development and are codominant by their internal structures, 
in addition to their dependency on well-analysed external 
factors such as size, competition, and site conditions.

Relevance for tree growth analyses, simulation 
models, and silvicultural prescriptions

I found that the past can strongly codetermine tree growth 
and even at the parity of current size, environmental condi-
tions, and competition, trees can significantly differ because 
of their individual past development. This is highly relevant 
for tree growth analyses, simulation models, and silvicultural 
prescriptions.

Ceteris paribus present state conditions, experiments 
ascribe tree growth responses to the respective experimen-
tal factors such as spacing, thinning, or species mixing. 
However, tree responses at present may be codetermined 
by the stand development in the longer past. Past tree devel-
opment may strongly correlate with growth via the trees’ 
internal structure and morphology. For example, the growth 
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reactions during thinning may also strongly depend on the 
trees' past. Even in stands of the same age and stocked by 
trees with similar tree diameters, the thinning reaction may 
be much stronger in stands with moderate and slow opening 
in the youth than in stands with strong crop tree thinning 
in the past. Avoiding such bias by past development may 
consider the ecological memory effect by metrics such as 
cvar, hst, or freq. I suggest their inclusion as covariables in 
models, alongside the classical predictor variables size, envi-
ronmental conditions, and competition. That for both species 
the highest correlation between past and present growth pat-
terns occurred rather simultaneously (Fig. 4) suggests that 
the memory of past natural or human disturbances may be 
similar for different tree species.

Dendrometrically based, empirical individual tree simu-
lators commonly predict growth in 1- or 5-year steps over 
longer time horizons (Pretzsch 2009; Weiskittel et al. 2011; 
Burkhart and Tomé, 2012). They have generated and stored 
individual tree trajectories only for the model output. Future 
models may harness this information to improve the pre-
diction of current and future growth, as demonstrated here 
by the improved AIC,  R2, and RMSE. The modelled struc-
ture, crown morphology, and tree ring pattern may be better 
exploited for the prediction of plant growth, as suggested by 
Ogle et al. (2015), Fleta-Soriano and Munné-Bosch (2016), 
and Netzer et al. (2019).

The analysed trees represent forests where the long-term 
growth course is determined by silvicultural treatment via 
spacing and thinning. Silvicultural treatment in the further 
or recent past that is momentous for the growth, resilience, 
and resistance of trees at present may suggest revision of 
common silvicultural prescriptions and designs. A tradeoff 
between repeated growth acceleration triggered by thinning 
and the future stability and resistance of such trees may 
question several modern silvicultural prescriptions. The 
progressive course of growth and low inter-annual growth 
variation in the long-term and growth deflections in the 
recent past increased the growth resistance to drought can 
inform risk-resilient forests. How past silvicultural treatment 
and other disturbances determine structure and function-
ing regarding stress resilience could contribute to climate-
smart forestry and silviculture (Bowditch et al. 2020). It may 
facilitate silvicultural prescriptions that consider both well-
analysed options for stress mitigation and stand structures 
that promote stress reduction (e.g. selecting drought-tolerant 
species and provenances, reducing stand density, or mixing 
tree species). This may lead to drought-adapted approaches 
to individual tree structures and morphologies by shaping a 
tree’s history and ecological memory.

Conclusions

The strong impact of the tree's past course of growth on 
drought reactions suggests that antecedent growing condi-
tions and growth determined by silvicultural steering may 
also codetermine other tree behaviours such as aging, resist-
ance to stress, resilience, recovery, or mortality stronger than 
assumed so far. An additional 20–30% of the growth varia-
tion between dried-out and control spruce and beeches could 
be explained by model inclusion of different individual tree 
history metrics extracted from the tree ring patterns. The 
trees grew in the same stand and only differed in their indi-
vidual history; however, their past differed mainly in the 
growth variation and trend caused by human silvicultural 
interferences and competitive status. Information regarding 
the past may raise the variance explanation of growth above 
50% achieved by the classical tree state variables applied 
so far. The impact of antecedent conditions suggests that 
silvicultural prescriptions create growth trajectories with 
beneficial legacy effects. Tree history requires more atten-
tion from monitoring, modelling, and silvicultural steering 
of trees and forest stands.
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