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Although several manipulative experiments provided evidence for a negative effect
of defoliation on tree growth, results from observational studies were less univocal.
This may be due to the ability of observed defoliation to reflect the health status
of individual trees, to the influence of site condition and to the amplitude of time
window used for growth assessment. Here, we investigated the relationship between
two tree health indicators (crown defoliation, damage symptoms) and annual (measured
by tree-ring width on 69 Norway spruce trees) and periodical (5-year and 10-
year diameter increments, 346 trees from five coniferous species) tree growth. Data
originated from 14 (seven for tree rings) ICP Forests Level I plots in Trentino,
northern Italy. Diameter, defoliation and damage were measured between 1997 and
2011 as part of the annual crown condition survey, while cores for tree-rings were
collected on a sub-sample of trees in 2012. We carried out regression modeling
combined with model selection in one-step (periodical data) and two-step (annual
data) approaches, using moving averages for the annual data with varying time
window widths. Our results indicated an overall negative correlation between defoliation
and annual or periodical stem diameter growth. The relationship between defoliation
and growth changes in relation to the time window considered, and becomes
stronger when data are aggregated over longer time windows (>3 years), when
also the occurrence of damage symptoms plays a significant role. The effect of
the amplitude of the time windows for data aggregation is probably due to the
mechanisms behind the defoliation-growth relationship, which may change according
to the causal factors involved. In particular, when larger time windows are considered,
short-term fluctuations are likely to be smoothed out, and more general patterns
may emerge. We concluded that radial growth is significantly negatively related to
defoliation, and this supports the use of defoliation as a rapid indicator for forest health
and vitality.
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INTRODUCTION

Forest is a key component of the global carbon cycle (e.g.,
Friedlingstein et al., 2019) and the maintenance of forest health
and productivity is a serious concern for a sustainable forest
management (SFM). In this context, tree defoliation, forest
damage and forest growth are considered important indicators
(Forest Europe, 2020). Here, the question arises whether poor
apparent tree health as monitored by forest health survey can
also reveal reduced productivity. In Europe, this question raised
some interest especially in relation to the early debate around the
“Waldsterben” (“forest death,” otherwise known also as “forest
decline”; see, e.g., Innes et al., 1993). In particular, the relationship
between health and productivity has been explored considering
tree defoliation and tree growth. Defoliation is defined here as
“any deviation of foliage density on tree’s crown in comparison
with a reference tree assumed with full foliage density” (Ferretti
et al., 2021; see also below). On the other hand, the term
“growth” is used here to identify stem diameter increment in
trees, an important indicator of wood growth which is in turn
directly related to above-ground wood volume and biomass
increment (Bowman et al., 2013) and carbon sequestration
(Favero et al., 2020).

Several manipulative experiments with artificially induced
defoliation (e.g., Langstrom et al., 2001; Kurkela et al., 2005;
Eyles et al., 2009, 2011) and meta-analyses (e.g., Jacquet et al.,
2012) provided evidence for a negative effect of defoliation on
tree growth. Results from observational studies were less univocal
(e.g., Dobbertin, 2005), and recent reviews placed renewed
criticisms on the use of defoliation in forest health assessment
(Cherubini et al., 2021). With the 2018 megadrought causing
widespread canopy damage to forests in central Europe (e.g.,
Brun et al., 2020; Schuldt et al., 2020), the question whether
apparently reduced forest health can also reveal reduced tree and
forest growth became of renewed interest. Such a question has
clear relevance also for the functional interpretation of forest
health data as collected in Europe since the 1980s (Michel et al.,
2020) and for the possible role of forests in mitigating climate
change (Ferretti et al., 2021). For instance, Rohner et al. (2021)
showed that drought-induced defoliation and leaf browning in
beech trees are associated with lower annual growth and carbon
sequestration rates in Switzerland, and Ferretti et al. (2021)
showed a generalized negative relationship between defoliation
and periodical (10-years) basal area increment across a number
of broadleaved and coniferous tree species in France. Tallieu et al.
(2020) on the other hand showed that the relationship between
defoliation and annual radial growth in beech trees is subject to
considerable variation across France.

Discrepancies among results may be due to several reasons.
Among others, the ability of the defoliation observed in the field
to reflect the health status of individual trees, the influence of
site condition and other tree characteristics, and the amplitude
of time window used for growth assessment can play a role. In
particular, this latter point can be related to the differentiated
(in terms of timing and causal connection) responsiveness of
trees to stressors: as reported by Dobbertin (2005), “defoliation
by insects becomes first visible in crown transparency while stem

growth reaction occurs with delay. On the other hand, extreme
summer drought as observed in large parts of Europe in 2003
affects stem growth almost immediately, while foliage reduction
becomes only visible months later.”

Here, we adopt a broader concept, and consider defoliation
also in combination with other symptoms of damage as indicators
of tree health. Damage symptoms on trees are defined as all
visible sign from causal agents or factors that can be observed
on foliage, branches, stem and collar (Eichhorn et al., 2020).
We thus investigated the relationships between forest health
indicators (defoliation and observed damage symptoms) and
growth at different sites and at different time resolutions (1 to
10 years; see below).

We focused on coniferous trees from Level I plots of the
local ICP Forests (International Co-operative Programme on
Assessment and Monitoring of Air Pollution Effects on Forests)
network in Trentino, northern Italy. This is because of three
reasons: firstly, there is documented evidence of relationship
between defoliation and growth for several conifers, such as
Sitka spruce (Picea sitchensis Bong. Carrière), Norway spruce
(Picea abies L. Karst.), Silver fir (Abies alba Mill.), Douglas fir
[Pseudotsuga menziesii (Mirb.) Franco] and several pine species
(Innes and Neumann, 1991; Söderberg, 1993; Solberg, 1999;
Solberg and Tveite, 2000; Linares and Camarero, 2012; Ferretti
et al., 2021); secondly, the ICP Forests provide a long-term
consistent framework for annual surveys on tree health by
assessing tree defoliation and damage symptoms on ca. 110,000
individual trees located at ca. 5,800 plots across Europe (Michel
et al., 2020); thirdly, defoliation has been proven to be related to
other tree health indicators in the region (Ferretti et al., 2018).

In particular, we investigated (i) whether there is a relationship
between periodical (5 to 10 years) tree diameter growth and
defoliation and damage symptoms, (ii) at what extent such a
relationship is affected by site and tree factors, and (iii) how
different time windows used for measuring and reporting forest
health and forest growth may affect such a relationship. To do
so, we considered stem diameter growth data obtained from
periodical (multi-annual) stem measurements by callipering and
annual radial growth obtained via analysis of tree ring cores
(see below). Deliberately, we did not address the question on
the causal relationship behind – and between – tree health
and growth: such a question is very complex and involves
the role of several environmental drivers, including, e.g.,
temperature, precipitation, nitrogen deposition and soil nutrients
(e.g., Dobbertin, 2005; Ferretti et al., 2015; Etzold et al., 2020).
Such a question is marginal in the present study which is centered
around the possibility offered by defoliation data to reveal growth
reduction across the tree population examined.

MATERIALS AND METHODS

Study Concept and Data Resources
The study was carried out in Trentino, a 6,207-km2 alpine region
of northern Italy. The elevation ranges from 66 m a.s.l. (Lago
di Garda) to 3,769 m a.s.l. (Monte Cevedale) and the forests
cover 66% of the area (CLC Corine Land Cover, 2000). There
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are three distinct climatic zones: sub-Mediterranean (annual
mean temperature 12◦C; annual precipitation 800–1,000 mm),
oceanic-temperate (annual mean temperature 10–13◦C; annual
precipitation 900–1,000 mm), and continental-alpine (annual
mean temperature 8–9◦C; annual precipitation 1,000–1,500 mm)
(Eccel and Saibanti, 2005). We investigated relationships between
tree health indicators (crown defoliation, damage symptoms)
and periodical and annual tree growth. Data resources are
summarized in Table 1.

Tree crown condition (defoliation and damage) and periodical
growth data (cm; expressed in terms of diameter increments)
were collected on fourteen ICP Forests Level I plots, and provided
by the Forest and Fauna Service of the Autonomous Province of
Trento. Crown condition was assessed yearly between 1997 and
2011, and tree diameter at breast height (DBH) measured every
5 years (in 2001, 2005, and 2009), both by the local forest service.
In all, 346 trees belonging to five coniferous species (n = 21
Abies alba Mill., silver fir; n = 125 Larix decidua Mill., European
larch; n = 158 Picea abies (L.) H. Karst., Norway spruce; n = 14
Pinus cembra L.; Swiss pine; n = 28 Pinus sylvestris L., Scots
pine) were monitored.

Annual tree growth is expressed in terms of tree-ring width
(mm) measured on cores sampled in 2012 on n = 69 Norway
spruce trees in seven out of the above mentioned fourteen Level
I plots. The ring widths were measured in one or two cores
per tree, which were then averaged for the final analysis. For
the annual tree ring data, the role of increasing time windows
for growth assessments was also considered by taking moving
averages of time series observations on windows of varying
lengths denoted by k (see below). Ring widths from the period
1997–2011 were used, thus having 15 years of parallel data on
defoliation and ring widths.

Assessment and Measurement Methods
Tree crown condition (i.e., defoliation and damage) and diameter
data were collected according to the ICP Forests methods
(see Manual Part IV and Part V, accessible under1; accessed
on 20 July 2021).

Defoliation is expressed as the percentage of missing foliage
with respect to a standard local reference tree and recorded in
5% steps, from 0 (tree with full foliage) to 100% (dead tree, no
foliage left). Defoliation of 25% is traditionally used as forest
health threshold in international reporting (Michel et al., 2020).
As for tree damage, the number of reported instances of damage
due to the main categories of causal agents and factors (i.e., game
and grazing, insects, fungi, abiotic agents, direct action of man,
fire, atmospheric pollutants and other factors that were observed
but unidentified) was considered. Both defoliation and damage
were assessed every year in July-August by visual observation of
each tree at all plots and following the manuals and standards
in use at national and international level (Mueller and Stierlin,
1990; Ferretti, 1994; Eichhorn et al., 2016), supported by specific
quality assurance procedures (Ferretti et al., 1999, 2018; Bussotti
et al., 2009).

1http://icp-forests.net/page/icp-forests-manual

For coupling with periodical growth, defoliation and damage
data were averaged over the periods 2001–2005 and 2005–2009,
if at least 3 years of data were available, and over the entire 2001–
2009 period, if at least 6 years of data were available.

Periodical tree growth is based on the diameter measured at
breast height (DBH; conventionally at 1.30 m above ground) and
expressed in terms of diameter increments during 2001–2005,
2005–2009, and 2001–2009. Implausible values (i.e., negative
incremental values, implausible growth rates) were identified,
checked and discarded (see Ferretti et al., 2018 for details).

Annual tree growth was measured by tree-ring width.
A total of 118 tree cores (one or two cores per tree) were
collected in 2012 from n = 69 Norway spruce trees on
seven Level I plots. These trees were randomly selected (pure
random sampling with replacement) from those considered for
the diameter measurement analysis. The growth values from
diameter increments and tree rings may therefore differ because
of possibly different sample sizes, measurement methods and
sampling positions on the stem. The tree cores were previously
smoothed by sanding and subsequently measured for tree rings
width at 0.01 mm resolution, with measurements recorded by
means of the software TSAPWin (Rinntech, Germany) (Camin,
2013). For several reason, we did not carry out any formal
detrending of tree-ring data which is actually common in
dendrochronological studies that span over centuries and aim
at identifying climate-growth relationship (e.g., Klesse, 2021).
Firstly, tree diameter was used in the statistical models (see
below). This permits to control at least in part the geometric
factor related to the growth pattern. Secondly, we investigated
a relatively narrow time window (15 years) over which we
assumed limited (if any) effect of age on annual tree growth and
defoliation. Thirdly, the aim of the paper was not to investigate
tree growth in absolute terms, but in relation to defoliation levels.
For doing so, we used paired growth and defoliation data which
originated from measurements carried out on the same trees over
the same time windows.

Data Analysis
We used regression with model selection for establishing
defoliation-growth relationships, where other available data on
tree and site characteristics were also included in multiple
regression models. All computations were done in R (R Core
Team, 2020) for Linux and Windows. Model selection to select
the best covariates in multiple regression modeling was done by
optimizing the Akaike Information Criterion (AIC) in a stepwise
(both) procedure. The R-functions lm() and the stepAIC() were
used, among others.

Prior to the analysis, the annual tree ring data (mm)
were log transformed. This transformation being monotone, no
ambiguity can occur in statistical inference. Some of the other
data were transformed using square roots, and these include
defoliation (%), damage (n) and diameter increments (cm). To
safeguard against the possibility of near-zero incremental values,
log transformation was not applied to the diameter increment
data. Since all these observations assume non-negative values,
directions of change (increase or decrease) in them, before or
after transformation are interpretable in the same manner. The
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TABLE 1 | Plot data and number of trees for each species considered for crown condition and periodical growth.

ID plot Lat. Long. Elevation,
m a.s.l.

Aspect Main tree species

Abies alba,
n = 21

100

Larix decidua,
n = 125

116

Picea abies,
n = 158 (69)

118

Pinus cembra,
n = 14

123

Pinus sylvestris,
n = 28

134

UTRE0049 666000 5148000 1370 E 23 1 6

UTRE0052 714000 5148000 1900 NW 11 5 14

UTRE0071 633000 5133000 1590 SW 18 10 (8)

UTRE0072 651000 5133000 1600 NW 2 1 25 (10)

UTRE0073 666000 5133000 1390 NE 17 4 9

UTRE0075 699000 5133000 1480 E 1 3 32 (12)

UTRE0076 714000 5133000 1870 N 12 17 (11)

UTRE0100 681000 5118000 1390 SE 1 27 (15) 1

UTRE0101 699000 5118000 1670 W 21 9 (7)

UTRE0127 666000 5100000 380 W 3 7 15

UTRE0128 681000 5100000 1030 SW 1 1

UTRE0157 618000 5085000 1880 NE 21

UTRE0158 633000 5085000 1175 SE 2 3

UTRE0160 666000 5085000 1130 W 1 6 13 (6) 3

In brackets: the number of Picea abies trees sampled for tree-ring cores.

data about plot aspect were split into two components indicating
South-North (−1 to 1) and West-East (−1 to 1) orientations,
obtained from cosine and sine transformations, respectively, of
directional data. The analysis was done in a one-step multiple
regression modeling approach for the periodical data, whereas, a
two-step model was used for the annual (moving averaged) data.
These models are defined in Eqs. 1, 2, and 3 (see below).

Relationship Between Defoliation and Periodical Tree
Growth
For analyzing the periodical defoliation-growth relationship,
multiple regression was applied in a one-step regression modeling
approach as described in Eq. 1. The periods considered were
2001–2005, 2005–2009, and 2001–2009. We used square root
transformed diameter increments during a specified period as
response and square root transformed mean defoliation during
the same period and other tree and site characteristics as
predictors (explanatory variables), namely: damage (square root
of mean damage occurring in the tree during the same period),
latitude, longitude, elevation (m., altitude above sea level; ASL)
and aspect (split into two numerical components).

To evaluate the relationship between defoliation, damage,
tree- and site characteristics and periodical tree growth, the
following multiple regression model (Eq. 1) was used, combined
with model selection. The full model is as given below:

Yp = Xpβp + εp (1)

where, for a chosen period such as 2001–2005, 2005–2009 or
2001–2009, (a) Yp is the vector of all observations Yij(p), which
is the square root of diameter increment for tree j in plot i, (b)
Xp is the design matrix, where the first column is a vector of 1 s
corresponding to an intercept term, and the other elements of the
matrix correspond to these explanatory variables corresponding

to plot i and tree j characteristics, as described above, (c) βp is
a vector of regression parameters, and (d) εp is the error term,
specifically, a vector of independent zero mean and constant
variance random variables. The subscript p in Eq. 1 indicates that
this analysis is being done for the periodical data.

Relationship Between Defoliation and Annual Tree
Growth
To analyze the annual data, a two-step approach was adopted.

Step 1: at the first step, for each individual tree, a simple linear
model (Eq. 2) was fitted using moving averages of square roots
of annual defoliation as the explanatory variable and moving
averages of the logarithms of annual ring-widths as the response
variable. Negative values of the regression slope parameters βij
from this model may be indicative of a decreasing tendency in
growth (ring widths) with increasing defoliation. For the annual
data analysis, moving averages with windows of length k (years)
were used, taking k = 1, 2, 3, 4, 5, and 10. When k equals 1, no
moving averaging has been done and we have the annual data,
whereas, with k ≥ 2, we have averages on wider windows along
the time axis. For larger window-widths, the moving averages
describe rather longer-term behavior as opposed to the smaller
values of the window-width, which would include high-frequency
fluctuations. Thus, the regression model in Eq. 2 should be
interpreted in this light.

Step 2: at the second step, the estimated slope parameter from
step 1 was used as response and its functional relation to various
explanatory variables was established via multiple regression
(Eq. 3). This process was repeated for each window width k.
The explanatory variables used in the second step were: diameter
(average of three stem diameter observations (cm) from 2001,
2005, and 2009), damage (average of square root transformed
damage data over the 15-year period), elevation (m. a.s.l.),
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latitude, longitude, and aspect (two components of aspect: West-
East, between−1 and 1, and South-North, between−1 and 1).

Specifically, Eq. 2 for step 1 is described as:

Yij (t) = αij + βijXij (t)+ εij(t) (2)

where: (a) Yij(t) is the moving average of log transformed annual
ring widths, (b) Xij(t) is the moving average of square root
transformed annual defoliation values, (c) εij(t) is a zero mean
random variable with a constant variance, and (d) βij denotes the
regression slope parameter for tree j in plot i and t denotes time,
t = 1, 2,.., nij, nij being the number of moving average pairs for
tree-j in plot-i. This model is fitted individually for every (i,j) pair,
i.e., for every plot i and tree j combination.

For step 2, let β denote the vector consisting of the individual
slopes βij. Then Eq. 3 is described as follows:

β = Xβζ + Z (3)

where, (a) Xβ is the design matrix which contains tree and site
characteristics described earlier, (b) ζ is the vector of regression
coefficients, and (c) Z is a latent random vector of zero mean
and constant variance random variables, its elements being
independent of εij.

Thus, in this two-step model, the slope parameter vector
β (with components βij appearing in Eq. 2) is a function
of tree and site characteristics and some random variation
Z that is independent of the error term ε. To fit Eq. 3 we
use multiple regression with estimated slope coefficients from
Eq. 2 as response, the aim being to assess the relation between
the tree and the site characteristics and βij. When βij < 0,
it means that, increased values of defoliation lead to reduced
values of ring width. When an element of ζ is negative (see
Table 2), increased values of the corresponding explanatory
variable lead to decreasing values of βij (eventually becoming
negative), i.e., the negative influence of defoliation on ring
widths becomes stronger. We use AIC (Akaike information
criterion) for model selection in a stepwise approach in both
directions, to arrive at the final models with reduced sets of
explanatory variables.

Note that, if we substitute Eq. 3 into Eq. 2, we get Y = Uζ +

X Z+ ε, where, Z and ε are zero mean random vectors, Z and ε

are independent, U = X·Xβ and X and Xβ are design matrices as
defined before. Substitution of Eq. 3 into Eq. 2 thus leads to the
familiar linear mixed effects model format (Pinheiro and Bates,
2009). In other words, the mixed effects model is integrated in
our two-stage model.

If we rewrite Y = Uζ + X Z + ε, we get Y = Uζ + e, where
e = X Z + ε is a zero mean random vector. Thus Y follows a
classical linear model.

Our modeling approach (also see Ghosh et al., 1997) has a
few advantages. (i) Unlike in typical mixed effect model fitting
strategies, we do not require assumptions on shapes of the
probability distributions of Z and ε, instead, we simply make
use of the Gauss-Markov theorem (Rao, 1973), which requires
only second moment conditions. Testing (p-values) is justified
by asymptotic properties of the estimators (Serfling, 1980;
Sen and Srivastava, 1990). The relaxation of the distributional

TABLE 2 | Models describing the relation between square roots of diameter
increments (in cm, before transformation) and square roots of defoliation values (in
%, before transformation) as well as other variables.

Coefficients Estimate Std. Error p-value

Diameter increment
in 01 – 05

R2 = 0.2734 F-stat = 10.16
df = (4,108)

p-value = 0.000

Intercept 7.881e+00 1.707e+00 0.000

Longitude −4.893e-05 1.528e-05 0.002

Elevation −5.331e-04 1.735e-04 0.003

South-North −1.391e-01 9.976e-02 0.166

Defoliation −2.059e-01 5.949e-02 0.000

Diameter increment
in 05 – 09

R2 = 0.1144 F-stat = 7.041
Df = (2,109)

p-value = 0.001

Intercept 7.447e+00 1.956e+00 0.000

Longitude −5.774e-05 1.767e-05 0.001

Defoliation −9.491e-02 5.382e-02 0.080

Diameter increment
in 01 – 09

R2 = 0.2361 F-stat = 11.44
df = (3,111)

p-value = 0.000

Intercept 9.782e+00 1.922e+00 0.000

Longitude −6.109e-05 1.743e-05 0.000

Elevation −6.156e-04 1.855e-04 0.001

Defoliation −2.173e-01 5.885e-02 0.000

assumptions greatly enhances the applicability of the proposed
model to different types of data sets. (ii) The proposed model
may also be viewed as a type of varying coefficient regression
model (Hastie and Tibshirani, 1993) which is integrated in Eq. 2
and Eq. 3. In this light, we are able to assess on the average, in
what way the site qualities affect the way defoliation and growth
are correlated, while also taking randomness into account. This
is achieved by modeling the β coefficients. (iii) In Eq. 3, we
characterize the plots by making use of data on site qualities.
The inherent randomness present in the sites is also included in
the model via Z.

RESULTS

Defoliation, Damage and Periodical
Increment
Although occasionally very high on individual tree basis, mean
periodical (2001–2009) defoliation values were always below 15%,
ranging from 10.0 (Swiss pine) to 14.3 (silver fir) (Table 3).
Presence of damage was also limited, on average (0.5–1) with
almost no difference among species. When identified, the
reported damage symptoms were mostly due to insects (n = 130
trees with observed symptoms) and fungi (n = 176). There was,
however, a considerable number of trees (n = 277) on which
other symptoms were observed but their cause was not identified.
Periodical 2001–2009 growth was in the range of 1.18–2.76 cm,
higher in European larch and lower in Swiss pine.

Defoliation displayed a decreasing trend over time (Figure 1),
which was more pronounced in silver fir, European larch, and
Swiss pine (see Supplementary Figure 1). Damage to trees were
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TABLE 3 | Mean (min – max) values of defoliation, damage, tree diameter, periodical growth based on diameter increment for all species, and periodical growth and age
based on tree-rings for Norway spruce.

Abies alba
(n = 21)

Larix decidua
(n = 125)

Picea abies
(n = 158; 69)

Pinus cembra
(n = 14)

Pinus sylvestris
(n = 28)

Defoliation2001−2009, % 14.3 (0 – 50) 11.3 (0 – 100) 11.7 (0 – 100) 10.0 (0 – 30) 12.1 (0 – 95)

Damage2001−2009, n 1.0 (0 – 3) 0.6 (0 – 4) 0.5 (0 – 3) 0.8 (0 – 3) 0.5 (0 – 4)

Diameter2001, cm 35.3 (21.0 – 54.0) 39.6 (10.0 – 73.0) 43.3 (15.0 – 98.0) 28.8 (10.0 – 50.0) 33.3 (21.0 – 46.0)

Periodical growth2001−2009

from diameter increment, cm
2.02 (0 – 6.5) 2.76 (0 – 8.0) 2.67 (0 – 7.5) 1.18 (0 – 3.0) 2.16 (0 – 5.0)

Periodical growth2001−2009

from tree rings, cm
– – 2.02 (0.4 – 5.5) – –

Age2012 from tree rings, ys – – 70.3 (25 – 157) – –

FIGURE 1 | (A) Temporal pattern of mean yearly defoliation and damage from 1997 to 2011, and periodic diameter increment between 2001 and 2005, 2005 and
2009 for the five conifer species considered; (B) temporal pattern of mean yearly defoliation and damage from 1997 to 2011 and tree ring width, and periodic
diameter increment between 2001 and 2005, 2005 and 2009 for Norway spruce (Picea abies).

TABLE 4 | Pearson correlations between defoliation and growth.

Growth period n Pearson’s r (p-value)

01–05 113 −0.231 (0.014)

05–09 112 −0.166 (0.0795)

01–09 115 −0.230 (0.0132)

Annual 61 −0.309 (0.0154)

The defoliation values are square root transformed whereas the growth values
correspond to transformations used in the subsequent detailed analyses (see
Table 2 for periodical growth, and Table 5 for annual growth; k = 1). For the annual
data, within tree means are computed prior to computing the correlation between
defoliation and growth. P-values are indicated in brackets, although in view of the
results of the detailed analysis, these should be regarded as largely exploratory.
n = number of paired observations used for computing correlations.

more frequent after 2004, and their development was in good
agreement with defoliation. Average growth was slightly higher
during 2005–2009; in contrast, in the same period Norway spruce
displayed a lower growth in comparison to the previous 2001–
2005 period.

There was an overall weak, still significant, negative
relationship between periodical growth and defoliation over
the period 2001–2009 (p = 0.0132) (Table 4). It was more
pronounced in 2001–2005, and not significant in 2005–2009
(Table 4). Table 2 shows the results of model selection (final or

reduced models) for the three growing periods considered. The
reduced models are able to explain 11.4–27.3% of the increment
variance and – for all growing periods – retained defoliation
and longitude as predictors. Other predictors retained include
elevation for the periods 2001–2005 and 2001–2009. Overall,
periodical increments decrease with increasing defoliation,
longitude and elevation (Figure 2).

Defoliation and Annual Increment
In Figure 3, individual tree-ring widths (mm) measured on
the 69 Norway spruce trees are plotted against their annual
defoliation (%). There is a significant decrease in ring width with
increasing defoliation level (see also Table 4), especially when
defoliation is more than 20%, i.e., at least 25%: for defoliation
<25%, median tree ring width is 2.065 (1.525 – 2.890, first-third
quartile), whereas, for defoliation ≥25% values are 1.740 (1.018–
2.055).

In Table 5, the final reduced models for each value of window-
size (denoted by k) are presented. The amount of the variance
explained (R-Square) ranges between 9 and 21.5%, suggesting
a large amount of variability in the relationship between radial
growth and defoliation. In this context, however, the results
(Table 5) show that the significance of the models tends to
increase (smaller overall p-values) with increasing k values. In
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FIGURE 2 | Scatterplots of diameter increments (cm) for various values of defoliation (%), longitude (UTM Zone 32N, m) and elevation (ASL; m a.s.l.). Local linear
regression curves are superimposed on the scatterplots.

detail, we observe that for k = 3, geographical properties of the
site (aspect, elevation) play a role. For k> 3 (i.e., if k is at least 4),
the effect of damage becomes significant and comparatively more
important than other predictors, and makes the negative effect of
defoliation on growth even more pronounced. An example is in
Figure 4 which shows the long term (10-year window; k = 10)
effect of mean damage on the relation between defoliation (%)
and growth (ring widths in mm, Eq. 3): the fitted regression slopes
from step 1 (Eq. 2) tend to decrease toward negative values with
increased values of mean damage (we recall that a negative value

of the slope parameter in Eq. 2 indicates a decreasing tendency in
growth with increased defoliation).

DISCUSSION

Many authors reported relationships between defoliation and
growth (e.g., Dobbertin, 2005; Ferretti et al., 2021) and pointed
out that defoliated trees can be more prone to mortality (see
e.g., Dobbertin and Brang, 2001). In our study, growth was
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FIGURE 3 | Scatterplot of ring widths (mm) plotted against annual defoliation
(%) for individual Norway spruce trees and a superimposed local linear
regression curve.

investigated in the context of defoliation and other tree and site
characteristics. In particular, we considered also the occurrence
of damage to trees as an additional indicator of tree health. We
found defoliation as a consistent predictor of tree growth as
measured on periodical (multi-annual) diameter increment and
annual tree rings basis.

Periodical Increment
When periodical diameter increment is concerned, defoliation
is selected by all our models, and has a negative relationship
with growth. Other important variables include elevation and
longitude, thus suggesting that site condition may exert a role.
These latter results are in contrast with those reported by Ferretti
et al. (2021) that did not find any significant effect of the
geographical location on defoliation-growth relationship. Also
Solberg (1999) found that site productivity, development stage
or regeneration method do not affect the negative effect of
defoliation on growth. Both studies, however, were carried out
on a much larger basis, and in very different geographical and
ecological conditions.

It is worth noting that all three time-windows considered
in our study (2001–2005; 2005–2009; 2001–2009) lead to the
similar conclusions, although in the final models selected by the
model selection procedure the 01–05 and 01–09 windows show
stronger effects (retaining more explanatory variables and larger
R-square) than 05–09. The 01–09 window shows very similar
results as the 01–05 time window, indicating possible legacy
effects from 01 to 05.

As in other studies (e.g., Solberg, 1999; Solberg and Tveite,
2000), although significant, relationship between defoliation and

TABLE 5 | Results of model selection after the two-step model has been fitted.

Coefficients Estimate Std. Error p-value

k = 1 R2 = 0.116 F-stat = 2.49 df = (3,57) p-value = 0.069

Intercept −2.511e-01 1.247e-01 0.049

West-East −2.881e-02 1.753e-02 0.106

South-North −6.350e-02 2.724e-02 0.023

Elevation 1.533e-04 8.083e-05 0.063

k = 2 R2 = 0.096 F-stat = 2.022 df = (3,57) p-value = 0.121

Intercept −0.339 0.189 0.078

West-East −0.041 0.026 0.126

South-North −0.084 0.041 0.045

Elevation 0.0002 0.0001 0.097

k = 3 R2 = 0.148 F-stat = 3.126 df = (3,54) p-value = 0.033

Intercept −0.506 0.236 0.0367

West-East −0.072 0.035 0.045

South-North −0.129 0.051 0.016

Elevation 0.310e-03 0.152e-03 0.047

k = 4 R2 = 0.172 F-stat = 5.711 df = (2,55) p-value = 0.005

Intercept 0.121 0.054 0.028

Damage −0.366 0.127 0.005

South-North −0.117 0.049 0.020

k = 5 R2 = 0.158 F-stat = 4.979 df = (2,53) p-value = 0.010

Intercept 0.128 0.063 0.048

Damage −0.410 0.150 0.008

South-North −0.127 0.058 0.032

k = 10 R2 = 0.215 F-stat = 5.899 df = (2,43) p-value = 0.005

Intercept −0.130 0.212 0.544

Diameter 0.007 0.004 0.114

Damage −0.728 0.223 0.002

Here, k denotes the window-width (number of years) used to compute the moving
averages discussed earlier; k = 1 implies no moving averaging has been done prior
to analysis. The table shows the estimated coefficients (refers to the elements of
the parameter vector ζ) in step 2 and related summaries.

periodical growth is weak. This is not surprising, given the large
amount of variability existing in the data, and the large number
of factors that may affect tree health and growth.

Annual Increment
When annual increment is considered, again site-related
predictors (aspect, elevation) are relevant factors, and contribute
to the strength of the association between defoliation and
ring width in Norway spruce, at least in the short to
medium terms. This pattern remains when annual data are
aggregated over two or 3 years. When longer time windows are
considered (k > 3), the significance of the model increases (see
smaller overall p-values), damage symptoms become significant,
and the negative effect of defoliation on growth becomes
even more pronounced with increased damage to the tree.
This apparent contrast with the results from the periodical
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FIGURE 4 | Scatterplot of estimated regression slope parameters from step 1
(Eq. 2) versus mean damage for individual Norway spruce trees, with a
superimposed local linear regression curve (P = 0.002). The figure shows the
long term (10-year window; k = 10) effect of mean damage on the relation
between defoliation (%) and growth (ring widths in mm, Eq. 3).

growth (where “damage” is not retained in the final or
reduced models) may be due to the multiple species used in
that context while only Norway spruce was considered for
annual increments.

It is worth noting that in another study along an elevation
gradient in the same region, Gottardini et al. (2016) found
that crown transparency (a proxy for defoliation) was related
positively to damage and negatively related to needle weight,
length of annual shoots, Fv/Fm (an indicator of photosynthetic
potential; see Bussotti and Pollastrini, 2015), and δ18O (an
oxygen isotope ratio useful to evaluate plant responses to
environmental variables that influence stomatal opening). This
latter pattern is consistent with the findings of Gori et al.
(2014), which found oxygen isotope values decreased in the
defoliated trees.

Which Time Window for Stem Radial
Growth Assessment?
Relationship between defoliation and growth occurs for all
the time windows considered for growth assessment (1 to
10 years), but is stronger for time windows >3 years. This
may be related to causal mechanisms behind the defoliation-
growth relationship, which may change according to the causal
factors involved (see Dobbertin, 2005). Within the ICP Forests,
growth is customary assessed on a 5-year basis (Dobbertin
et al., 2020). This time resolution is certainly not suited to
detect the effect (signal) of events occurring at individual years.
As discussed by Ferretti et al. (2021), however, this is anyway
hardly feasible in the context of defoliation-growth relationship

because of different timing of measurements: tree defoliation is
usually assessed in July-August, while growth is better measured
after the end of the growing season (e.g., in winter). Rohner
et al. (2021) demonstrated that, depending on the timing of
the (climate) stress occurrence, the traditional crown defoliation
assessment in early- and mid-summer is not able to capture
the signal of crown deterioration and its immediate effects on
tree growth. While it is always desirable to have more time
intense data on tree growth, these data are not easy to be
obtained at the level – for instance – of large-scale survey
based on large number of plots. Coring trees for tree-ring data
can be done at once, but can be rather cost-intensive. In this
context, therefore, the importance of periodical, multi-annual
“traditional” measurements should be not underestimated: when
larger time windows are considered, short-term fluctuations
are likely to be smoothed out, and more general patterns may
emerge. This is because cumulated growth over 5 to 10 years
has the advantage to minimize the relative importance of
measurement errors, permits to focus on “average” condition
and smooths out the effect of sudden short-term random
events/disturbances that may create noise when looking for
general association.

In conclusion, we observed a significant and consistent,
although weak, association between defoliation and growth
across all the time windows considered, and modulated by site
factors and other tree health indicators. Our (and other’s) results
support the use of defoliation as a rapid indicator of tree health
and vigor, and suggest that defoliation and forest health data as
collected on an annual basis across Europe can reveal spatio-
temporal changes in forest growth and therefore in forest’s ability
to capture carbon from the atmosphere.
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