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Introduction

Documentation of the deterioration of
Natural Capital components at both the
regional and global scale by the interna-
tional scientific community (Balmford et al.
2003, 20053, 2005b, Petersen et al. 2007)
has led decision makers to place strong
emphasis on adopting initiatives to stop, or
reduce, the rate of biodiversity loss caused
by the negative impact of human activities
(Balmford et al. 2005a, Green et al. 2005).
Consequently, numerous measures and
action plans have been implemented to
integrate existing monitoring systems to

Defoliation is the main parameter for assessing tree crown conditions, and is
the result of cumulative interactions among different types of stressors, in-
cluding climate, air pollution, pests and diseases, and management systems.
Here, we evaluated a long-term data series (1992-2013) provided by the ICP-
Forests Level | monitoring network (16 x 16 km) in Romania. Specifically, we
investigated how climate influences defoliation at different spatial and tempo-
ral levels using statistical analyses. Using periodic climatic data (mean temper-
ature and precipitation) derived from a daily grid dataset (ROCADA) with a res-
olution of 0.1 x 0.1° (10 x 10 km), we quantified how climatic parameters
were correlated with defoliation, which was expressed as the mean tree defo-
liation per plot (DEF), and the proportion of damaged trees (crown defoliation
> 25% - fDEF). The cross-correlation (Spearman r) between defoliation indica-
tors and temperature was positive and relatively constant over time for all
broadleaves and conifers, combined and separately, except for Fagus sylvat-
ica (European beech), which had a negative cross-correlation coefficient. The
correlation obtained for precipitation was similar to that obtained for temper-
ature; however, this relationship was negative (except, again, for beech). The
temporal influence of temperature on defoliation was much lower than that of
precipitation, which had the greatest influence in dry regions (south and
southeast Romania), especially for Quercus species. Furthermore, precipita-
tion had a positive influence in moderate climate regions for conifers that
were situated outside their natural distribution ranges. For beech and conifers
situated at the upper altitudinal limits, temperature was negatively correlated
with defoliation, i.e., temperature had a positive influence on health status.
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allow ecosystem status to be assessed, in
parallel to adopting new designs based on
general guidelines through a “top-down”
approach (Henry et al. 2008).

Throughout all terrestrial ecosystems,
forests have the highest biodiversity, pro-
viding habitats for a wide range of animal
and plant species. With their high potential
of carbon sequestration, they constitute
one of the most important elements of the
global carbon cycle. Moreover, forests are
the main component of rural development,
providing protective functions for soil, wa-
ter and infrastructure, as well as contribut-
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ing goods and services to the economic
sector (Ojea et al. 2010). In parallel, forest
ecosystems provide essential socio-ecolog-
ical and economic benefits that are in-
dispensable for maintaining the quality of
life at global, regional, and local levels.
These forest ecosystem services can be
maintained by ensuring their biodiversity,
appropriate health status, stability, func-
tionality, and sustainability through proper
forest management (Canadell & Raupach
2008, Obersteiner et al. 2010, Yoshikawa et
al. 2011, Schaich & Milad 2013).

Climate change, air pollution and others
anthropogenic factors have a dramatic im-
pact on forest ecosystem functions, struc-
ture and diversity (Fischer et al. 2010), as
well as multiple, cumulative effects on the
forest health status at local, regional and
global scales (De Marco et al. 2014, Nowak
et al. 2014, Bendixsen et al. 2015). Increas-
ing ozone concentrations and biodiversity
loss are also key processes that produce
significant changes at the global level, such
as increasing average temperatures, as
well as causing an increase in the fre-
quency of extreme events, including cata-
strophic droughts and floods (MEA 2005).

In the last decades, various biotic and abi-
otic factors causing forest decline have
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been monitored at the tree, stand and for-
est levels through several national and
international programs (Matthews et al.
2000, Badea et al. 2013). Most European
countries have developed different re-
search/long-term environmental surveys
under the program “International Co-oper-
ative Programme on Assessment and Mon-
itoring of Air Pollution Effects on Forests”
(ICP-Forests) aimed at monitoring the
health status of forests. Such monitoring
systems, which were formerly focused on
the effects of air pollution, had to be
revised and reorganized to constitute a
“new forest monitoring network” at the
European level, using harmonized criteria
and indicators of forest health status, and
sharing common monitoring methods, in
accordance with new environmental issues
such as climate change and biodiversity
conservation. This unitary approach is
expected to ensure good comparability of
results for long-term data series.

The health status of trees in forests in Eu-
rope is monitored over large areas by sur-
veying the conditions of tree crowns. In-
deed, defoliation is the result of cumulative
interactions of various stress factors, in-
cluding climate, air pollution, biotic factors,
and management systems. The large-scale
forest condition monitoring network (Lev-
el 1) offers the opportunity to investigate
the relationships between tree defoliation
and climate, taking into account the large
number of species and high spatial variabil-
ity in their distribution (De Vries et al. 2000,
Requardt et al. 2009, Fischer et al. 2012).

This study aimed to identify the main cli-
matic drivers that have significantly influ-
enced tree defoliation over a 22-year peri-
od (1992-2013) in the Level | forest monitor-
ing network (16 x 16 km) of Romania. In
particular, we focused on: (i) analyzing
long-term defoliation dynamics at the na-
tional and regional scale for all tree spe-
cies, conifers vs. broadleaved species, and
the main tree species; (ii) developing statis-
tical analyses of how climate (temperature
and precipitation) influences the defolia-
tion of trees; and (i) analyzing regional and
species level variability in detail, based on

the statistical relationship between climate
and defoliation.

Material and methods

Datasets

Our dataset contained information on
tree crown condition evaluations made
across multiple years from 1992 to 2013
(except 2002 and 2008) in the ICP-Forest
level 1 monitoring network (16 x 16 km),
which was established in Romanian forests
in 1991. In each monitoring plot, 24 pre-
dominant, dominant, and co-dominant
trees (Kraft 1884) were consistently evalu-
ated. Between 215 and 244 plots were
monitored annually (Fig. 1). Tree crown de-
foliation was assessed each year using a
common methodology adopted by ICP-For-
ests (Eichorn et al. 2006, 2010). Based on
this information, two defoliation indicators
were calculated: the mean tree defoliation
per plot (DEF) and the proportion of dam-
aged trees (crown defoliation > 25% -
fDEF). These indicators were determined at
the plot level for all species, groups of
species (broadleaved versus coniferous
species), and the main individual species:
beech (Fagus sylvatica) oak species (Quer-
cus spp.), and Norway spruce (Picea abies).
To ensure there was a minimum sample
size for each species (groups of species), a
threshold of eight trees per plot was
adopted.

Defoliation indicator datasets include
both spatial (cross-sectional) and temporal
(longitudinal) gradients as a consequences
of different sampling locations and multi-
ple-years evaluations. For the temporal
analysis, defoliation indicators were stan-
dardized as z-score values based on mean
and standard deviation computed at plot
level for the 1992-2013 period.

Climatic data

Mean temperature and amount of precip-
itation were derived from the daily grid
dataset ROCADA at a resolution of 0.1 x 0.1°
(10 x 10 km — Dumitrescu & Birsan 2015).
Averages were computed for three peri-
ods: (i) annual mean (previous September

Fig. 1- Romanian
ICP-Forest Level |
plots network
(16 x 16 km) clas-
sified according
to the De Mar-
tonne index (1a).
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until current August — pS_A); (ii) mean of
the current growing season (April to Au-
gust — A_A); and (iii) the mean of the previ-
ous growing season (previous April to pre-
vious August — pA_pA). Means were calcu-
lated from both raw data and z-score val-
ues, using the same standardization meth-
od described for defoliation indices.

To explore the regional differences within
Romania, all plots were classified into
three climatic regions according to the an-
nual De Martonne’s index (I): Dry (1. <26);
Moderate (26 < 15 < 45); and Wet (1 > 45).

Statistical analysis

Potential trends in defoliation and climate
were tested using the non-parametric
Mann-Kendall test (Zs). Positive values of
Zs indicate increasing trends, while nega-
tive Zs values indicate decreasing trends. If
Zs < 1 (with p>0.05), then no trend is
present in the time series. To quantify the
relationship between climatic parameters
(temperature and precipitation) and defoli-
ation indicators (DEF and fDEF), the non-
parametric Spearman’s correlation coeffi-
cient (r;) was used. Cross-sectional analysis
was performed for each year and species
(groups of species and separate species)
using the raw data. The longitudinal analy-
sis used the z-score data, both for defolia-
tion indicators and climate data differenti-
ated in relation to climatic region. All statis-
tical analyses were performed using R soft-
ware (R Core Team 2008).

Results

Trends in the defoliation indicators

The defoliation indices considered in this
study (DEF and fDEF) had similar trends
over the analyzed period (1992-2013). Such
general trends did not change when abso-
lute (Fig. 2) or standardized values (Fig. 3)
were considered. The maximum defoliation
was recorded in the years 1994 and 2000;
starting from 2003, a progressive decrease
in defoliation and thus a general improve-
ment in forest conditions was observed.
The general pattern of variation over time
had two components: (i) a relative con-
stant trend until 2002; and (ii) a linear trend
with a negative slope starting from 2003.
Considering the two components, both de-
foliation indicators showed a significant ne-
gative monotonic trend (Zs = -3.16, p < 0.01
and Zs = -3.44, p < 0.01 for DEF and fDEF,
respectively).

Both conifer and broadleaved species
exhibited an overall decreasing trends in
DEF and fDEF over time (p < 0.01 — Fig. 2,
Fig. 3). The trends for broadleaved species
were very similar to those observed for all
species, with a constant pattern being de-
tected until 2003, and a decreasing trend
thereafter (Zs = -2.87, p < 0.01 for DEF; Zs =
-3.38, p < 0.01 for fDEF). For conifers, the
defoliation rate and percentage of dam-
aged trees tended to increase during 1995-
1998. After 1998, a constant recovery of
tree health status was noticed (up to DEF =

iForest 10: 554-560
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Fig. 2 — Temporal dynamics All species Broadleaves Coniferous
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16% in 2013), with this trend being nega-
tively monotonic (Zs = -2.76, p = 0.01 for
DEF; Zs = -3.21, p < 0.01). The maximum DEF
and fDEF values were recorded in different
years for broadleaved and conifers (1994
and 1998, respectively).

At the individual species level, although
overall DEF and fDEF trends decreased,
patterns in defoliation and the percentage
of damaged tree over time differed. Beech
had relatively low values for DEF between
1992 and 1998 (around 18%), followed by a
deterioration in health status until 2001 (in
2000 and 2001, maximum DEF and fDEF val-
ues of 21% and 30% were recorded, respec-
tively); however, the general trend was
negative (Zs = -2.2, p = 0.03 for DEF, Zs =

Year

— DEF — fDEF

-2.48; p = 0.01 for fDEF). An accelerated
decreasing trend was observed from 2002
onwards. Oaks had maximum DEF and
fDEF values in 1994 (32% and 56%, respec-
tively) and then both health status indica-
tors started to decrease (Zs = -3.44, p<0.01
and Zs=-3.78, p<o0.01 for DEF and fDEF,
respectively). Yet, oaks were the species
that were most affected by climate during
the entire study period (Fig. 2, Fig. 3).
During 1992-2000, Norway spruce exhib-
ited large variation in both DEF and fDEF,
with high defoliation values alternating
with recovery periods, leading to a gener-
ally negative trend (Zs = -2.42, p = 0.02 for
DEF; Zs = -2.99, p < 0.01 for fDEF). After
2000, the health status of Norway spruce

improved (Fig. 2, Fig. 3).

This general pattern was reflected in all
species, groups of species, and Norway
spruce. However, a continuously decreas-
ing trend was observed for oak species
from 1994 onwards. Beech was the healthi-
est species, showing a slight increase be-
tween 1999 and 2002, followed by the
same decreasing trend.

Defoliation vs. temperature: spatial
correlation analysis

Variation in the cross-sectional correla-
tion (spatial gradient) between defoliation
indicators and mean temperature (previ-
ous September-current August) was posi-
tive and relatively constant over time for all

Fig. 3 - Dynamics of relative All species Broadleaves Coniferous
mean defoliation (DEF) and
relative share of damaged 0.5
trees (fDEF, z-score
values).
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Tab. 1 - Cross-sectional Spearman’s correlation coefficients (r) between mean defoliation (DEF), share of damaged trees (fDEF) and

annual temperature (pS_A). (*): p<0.05.

DEF vs. Annual Temperature

fDEF vs. Annual Temperature

Year All Broad- Conif Beech Oak Norway All Broad- Conif Beech Oak Norway

species leaves ontrers eec spp. spruce species leaves ontrers eec spp. spruce
1992 0.220* 0.305* -0.008 -0.002 0.122 -0.118 0.220* 0.309*  -0.055 0.031 0.153 -0.152
1993 0.272* 0.341*  -0.184 -0.026 0.297 -0.214 0.269* 0.347*  -0.163 -0.076 0.335 -0.204
1994 0.314* 0.385* 0.152 -0.119 0.008 0.041 0.292* 0.371* 0.104 -0.105 0.159 -0.034
1995 0.236* 0.307*  -0.231 -0.139 0.189 -0.347* 0.239* 0.319*  -0.236 -0.139 0.147 -0.341*
1996 0.223* 0.272* 0.207 -0.161 0.084 0.011 0.227* 0.288* 0.131 -0.120 0.064 -0.015
1997 0.196* 0.254* 0.283*  -0.259* 0.105 0.064 0.179* 0.270* 0.164 -0.205* 0.146 -0.019
1998 0.208* 0.294* 0.226 -0.164 0.239 -0.030 0.177* 0.280* 0.120 -0.135 0.282 -0.068
1999 0.104 0.109 0.220 -0.322* 0.152 0.063 0.104 0.101 0.133 -0.333* 0.174 -0.019
2000 0.080 0.103 0.255*  -0.296* 0.200 0.064 0.094 0.102 0.225 -0.326* 0.177 0.041
2001 0.032 0.004 0.329*  -0.296* 0.024 0.205 0.052 0.015 0.288*  -0.255* 0.032 0.137
2003 0.117 0.129 0.322*  -0.283* 0.090 0.249 0.137* 0.138 0.268*  -0.245* 0.096 0.210
2004 0.133* 0.169* 0.342*  -0.190 -0.071 0.220 0.160* 0.178* 0.373*  -0.167 -0.076 0.195
2005 0.113 0.156* 0.320* -0.194 0.014 0.146 0.108 0.148* 0.344*  -0.180 -0.012 0.159
2006 0.079 0.083 0.325*  -0.289* 0.031 0.230 0.105 0.104 0.368*  -0.232* 0.050 0.271
2007 0.139* 0.129 0.247 -0.250*  -0.064 0.229 0.166* 0.169* 0.279*  -0.222* -0.095 0.315
2009 0.019 -0.001 0.274*  -0.432* 0.059 0.260 0.062 0.042 0.217 -0.283* 0.022 0.282
2010 -0.010 -0.063 0.249 -0.504* 0.160 0.202 0.053 0.002 0.298*  -0.374* 0.214 0.196
2011 0.005 -0.044 0.294*  -0.465* 0.185 0.274 0.011 -0.036 0.339*  -0.407* 0.148 0.407*
2012 0.100 0.040 0.364* -0.411* 0.139 0.272 0.055 0.011 0.405*  -0.353* 0.116 0.435*
2013 0.074 0.056 0.242 -0.025 0.056 0.314* 0.032 0.044 0.239 -0.100 0.047 0.236

species. Significant values were observed
at the start of the study period (1992-1998)
and for two individual years (2004 and
2007, s = 0.133-0.314, p < 0.05 — Tab. 1). For
broadleaved species, a similar trend was
observed across species, with higher corre-
lation coefficients being detected in 1992-
1998 (r; = 0.254-0.385, p < 0.05). Also, in
2004 and 2005, the mean defoliation of
broadleaved species was significantly cor-
related with temperature, with the inten-
sity of this relationship decreasing over
time. For conifers, DEF was also positively

correlated with temperature; however, sig-
nificant relationships (rs = 0.274-0.364, p <
0.05) were only detected in the second
part of the study period (Tab. 1). The de-
tected significance for the fDEF-tempera-
ture correlation was similar to the detected
significance for the DEF-temperature corre-
lation for all species, broadleaves and coni-
fers combined.

At the individual species level, the defolia-
tion-temperature relationship differed to
that observed for all species or major spe-
cies groups. For Fagus sylvatica, both DEF

and fDEF were negatively correlated with
mean temperature in all years, with signifi-
cant relationships first being detected
from 1997 onwards, except for 1998, 2004,
2005, and 2013 (Tab. 1). In the case of oak
species, DEF did not appear to be influ-
enced by temperature in any way. The only
significant correlation was that between
fDEF and mean temperature in 1993 (r; =
0.335, p < 0.05). The highest fDEF values
were recorded after 1993 (Fig. 2).

Norway spruce exhibited a significant cor-
relation between DEF and mean tempera-

Tab. 2 - Cross-sectional Spearman’s correlation coefficients (r) between defoliation (DEF), share of damaged trees (fDEF) and

annual amount of precipitation. (*): p<0.05.

DEF vs. Precipitation

fDEF vs. Precipitation

Year All_ Broad- Conifers Beech Quercus Norway AI[ Broad- Conifers  Beech Quercus Norway
species leaves spp. spruce species leaves spp. spruce
1992 -0.304*  -0.401* 0.026 -0.003 -0.561* 0.077 -0.284*  -0.374* 0.025 0.089 -0.528* 0.088
1993 -0.228*  -0.274* -0.041 0.065 -0.298 0.002 -0.205*  -0.253* -0.068 0.173 -0.295 -0.015
1994 -0.325*  -0.370* -0.134 0.083 -0.248 0.199 -0.292*  -0.337*  -0.137 0.134 -0.282 0.211
1995 -0.075 -0.157* 0.310* 0.240*  -0.032 0.402*  -0.081 -0.163* 0.293* 0.252*% 0.056 0.407*
1996 -0.151*  -0.239* 0.100 0.208* -0.374* 0.269 -0.144*  -0.236* 0.111 0.227*  -0.318* 0.265
1997 -0.056 -0.133 0.076 0.295* -0.120 0.273 -0.047 -0.123 0.099 0.298* -0.075 0.244
1998 -0.210*  -0.323* 0.044 0.065 -0.424* 0.235 -0.189*  -0.313* 0.067 0.040 -0.418* 0.266
1999 -0.175*  -0.239* -0.028 0.017 -0.451* 0.138 -0.153*  -0.202* -0.059 0.074 -0.480* 0.099
2000 -0.205*  -0.215* -0.355* -0.014 -0.317*  -0.117 -0.171*  -0.159*  -0.280* 0.080 -0.345*  -0.105
2001 -0.108 -0.140 -0.011 -0.026 -0.239 0.179 -0.075 -0.095 0.031 -0.003 -0.205 0.261
2003 -0.159*  -0.143*  -0.253 0.067 -0.053 -0.221 -0.172*  -0.145*  -0.280* 0.075 -0.103 -0.167
2004 -0.168*  -0.206* -0.119 -0.124 -0.043 0.078 -0.194*  -0.206* -0.206 -0.138 0.001 -0.024
2005 -0.138*  -0.183*  -0.055 0.003 -0.208 0.138 -0.172*  -0.209* -0.119 -0.110 -0.124 0.061
2006 -0.188*  -0.207* -0.185 -0.059 -0.157 0.035 -0.209*  -0.203*  -0.250 -0.062 -0.134 -0.123
2007 -0.269*  -0.248* -0.343* -0.148 0.149 -0.188 -0.299*  -0.279*  -0.447* -0.159 0.155 -0.320*
2009 -0.128 -0.131 -0.176 -0.043 0.089 -0.014 -0.158*  -0.146* -0.216 -0.112 0.140 -0.031
2010 -0.213*  -0.189* -0.373* -0.107 -0.279*  -0.167 -0.195*  -0.157* -0.378* -0.076 -0.218 -0.154
2011 -0.165*  -0.131 -0.375* 0.025 -0.252 -0.243 -0.097 -0.072 -0.294* 0.134 -0.264 -0.159
2012 -0.162*  -0.112 -0.328* 0.134 0.052 -0.202 -0.117 -0.103 -0.225 0.125 -0.068 -0.137
2013 -0.302*  -0.281* -0.350* -0.272* -0.244 -0.316*  -0.202* -0.179* -0.349* -0.135 -0.176 -0.292
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ture in 1995 (rs = -0.347, p < 0.05) and 2013
(rs = 0.314, p < 0.05). In the case of fDEF,
the correlation was stronger, with statisti-
cally significant relationships being de-
tected in 1995 and 2011-2012 (Tab. 1).

Defoliation vs. precipitation: spatial
correlation analysis

For all species, both DEF and fDEF were
negatively correlated with precipitation in
all analyzed years, except for 1995, 1997,
and 2001 for both indicators and 2009 for
DEF and 2011-2012 for fDEF (Tab. 2). Signifi-
cant values of r; (p < 0.05) ranged between
-0.151 (1996) and -0.304 (1992) for DEF, and
between -0.144 (1996) and -0.299 (2007)
for fDEF. Similar to the defoliation-temper-
ature relationship, broadleaves exhibited
the same trend as that detected for all
species, with significant negative correla-
tions being recorded in 1992-1996, 1998-
2000, 2003-2007, 2010, and 2013 for DEF
and in the same years for fDEF, excluding
2010 (Tab. 2). Defoliation indicators for co-
nifers showed a mixed response to precipi-
tation. In the first part of the study period,
rs values were mainly positive, but were
not significant or very close to zero. From
1995, rs values became statistically signifi-
cant (rs = 0.310 for DEF and 0.293 for fDEF).
From 1999, rs became negative. Statisti-
cally significant values were detected in
2000, 2007, and 2010-2013 for DEF and
2000, 2003, 2007, 2010-2011, and 2013 for
fDEF (Tab. 2).

The defoliation-precipitation relationship
for individual species followed the same
trends detected for their corresponding
species group, except for beech. For this
species, both DEF and fDEF were positively
correlated with the amount of precipita-
tion during 1995-1997. After 2000, rs values
became negative, reflecting the trend de-
tected for the other broadleaved species.

Defoliation vs. climate: temporal
correlation analysis

The dry region (southeastern Romania)
was characterized by I < 26 and predomi-
nant broadleaved species. In this region,
the mean temperature of the previous
growing season (t_pA pA - April to Au-
gust) was negatively correlated with DEF
and fDEF for all species and broadleaved
species (Tab. 3, Tab. 4), fDEF was also sen-
sitive to annual mean temperature (t_pS_A
— previous September to current August).
The correlation between temperature re-
corded during the previous and current
growing seasons and the health of conifers
(DEF and fDEF) situated in a dry climate
region (outside their natural area) was sig-
nificantly positive (rs = 0.471 and 0.486,
respectively - Tab. 3, Tab. 4).

As expected, the precipitation deficit has
the greatest influence on the defoliation
indicators of all species, broadleaved spe-
cies, and oaks. The highest Spearman’s cor-
relation coefficients were observed for the
precipitation that accumulated during the
year (p_pS_A), and precipitation in the cur-

iForest 10: 554-560
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Tab. 3 - Spearman’s correlation coefficients (r;) between relative mean defoliation
(DEF) and climatic variables at the regional level. (*): p<0.05.

Clir!'\ate Region All' Broad- Conifers  Beech Quercus  Norway
variable species leaves ssp. spruce
tAA Dry -0.006 -0.010 0.197 0.005
Moderate -0.120*  -0.119*  -0.145*  -0.085*  -0.154*  -0.066
Wet -0.133*  -0.090*  -0.186*  -0.079* - -0.213*
p_A_A Dry -0.234*  -0.247*  -0.036 - -0.439* -
Moderate -0.087*  -0.073*  -0.143*  -0.057 -0.034 -0.189*
Wet -0.086*  -0.070*  -0.128*  -0.072* - -0.117*
t_pS_A Dry -0.084 -0.082 0.027 - -0.097 -
Moderate -0.125*  -0.120*  -0.175*  -0.074*  -0.154*  -0.127
Wet -0.124*  -0.083*  -0.185*  -0.073* - -0.190*
p_pS_A  Dry -0.274*  -0.295* 0.020 - -0.434* -
Moderate -0.084*  -0.071*  -0.123*  -0.058 -0.034 -0.187*
Wet -0.091*  -0.080*  -0.122*  -0.085* - -0.114*
t_pA_pA Dry -0.181*  -0.219* 0.471* - -0.178 -
Moderate -0.098*  -0.090*  -0.125*  -0.016 -0.103*  -0.055
Wet -0.100*  -0.048 -0.183*  -0.045 - -0.201*
p_pA_pA Dry -0.021* -0.001 -0.281 - -0.050 -
Moderate -0.104*  -0.094*  -0.187*  -0.079*  -0.132*  -0.214*
Wet -0.127*  -0.118*  -0.144*  -0.104* -0.149*

rent growing season (p_A_A). For conifers
situated outside their natural area (dry cli-
mate regions) precipitation in the previous
and current growing seasons (p_pA_A and
p_A_A) had a strong (but non-significant)
influence on DEF and fDEF (Tab. 3, Tab. 4).
Precipitation had a similar influence on
broadleaved species in the moderate and
wet climatic regions (Tab. 3, Tab. 4). For
conifers, especially Norway spruce, this
influence was slightly higher in moderate
than in wet climatic regions. On the other
hand, oak species (which are more adap-
ted to dry climates) were less affected by
precipitation compared to other broad-
leaves. In moderate climate regions, where

sessile oak (Quercus petraea) is the domi-
nant species, temperature had a minor in-
fluence (r; = -0.103 to -0.154, p < 0.05). For
beech, the mean temperature in the cur-
rent growing season (t_A_A) and through-
out the entire year (t_pS_A) had a similar
minor (but statistically significant) influen-
ce in moderate and wet climate regions
(Tab. 3, Tab. 4). In general, the crown con-
dition of conifers, and especially Norway
spruces situated in wet climate regions,
was negatively correlated with tempera-
ture indicators, with r, having statistically
significant values between -0.188 and
-0.216 (Tab. 3, Tab. 4).

Tab. 4 - Spearman’s correlation (r;) between relative share of damaged trees (fDEF)
and climatic variables at the regional level. (*): p<0.05.

\Cllirpate Region All‘ Broad- Conifers  Beech Quercus  Norway
ariable species leaves ssp. spruce
tAA Dry -0.054 -0.067 0.229 -0.043
Moderate  -0.137* -0.129* -0.175* -0.093* -0.148* -0.105
Wet -0.118* -0.065* -0.190* -0.036 - -0.216*
p_A_A Dry -0.277* -0.288* -0.150 - -0.415* -
Moderate -0.081* -0.080* -0.079 -0.085* -0.044 -0.105
Wet -0.087* -0.079* -0.104* -0.088* - -0.101*
t_pS_A Dry -0.126* -0.130* 0.021 - -0.178 -
Moderate  -0.136* -0.129* -0.171* -0.023 -0.147* -0.154*
Wet -0.104* -0.054 -0.172* -0.024 - -0.188*
p_pS_A  Dry -0.312* -0.334* 0.012 - -0.362* -
Moderate  -0.090* -0.086* -0.093 -0.110* -0.045 -0.134
Wet -0.097* -0.094* -0.111* -0.107* - -0.095*
t_pA_pA Dry -0.214* -0.256* 0.486* - -0.145 -
Moderate  -0.118* -0.107* -0.163* -0.023 -0.106* -0.131
Wet -0.097* -0.036 -0.185* -0.024 - -0.205*
p_pA_pA Dry -0.003 -0.334* -0.293 - -0.001 -
Moderate -0.104* -0.086* -0.143* -0.109* -0.112* -0.148*
Wet -0.111* -0.094* -0.129* -0.079* -0.122*
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Discussion

The defoliation indicators obtained from
data collected at the level I plots (16 x 16
km) produced similar trends to those
recorded for the national network (4 x 4
km - e% < 2%, p > 0.05), but with higher val-
ues (Badea et al. 2003). Also, at the Euro-
pean level, with the exception of Norway
spruce, all individual species exhibited an
increase in mean defoliation until the mid-
1990s; however, defoliation then stabilized
until 2013, with the highest levels being
recorded in 2004. The overall trend slightly
increased for all species from 1991 to 2013
(Michel & Seidling 2014).

In general, temperature and precipitation
had a similar influence on tree health, with
a negative relationship being detected for
all species and for broadleaved and conifer-
ous species, except beech. The small influ-
ence of precipitation on the health status
of beech demonstrates that this species
grows well both in moderate and wet cli-
mate regions. Furthermore, beech is the
most stable and healthiest species at a
national level (Badea et al. 2013).

Based on our results, at the regional level
temperature had a much lower effect on
forest health conditions compared to pre-
cipitation. In general, the correlation coef-
ficient values were negative, with the high-
est values being recorded for all species
and broadleaved species situated in the dry
climate regions. This is mainly due to the
temperature recorded in previous growing
seasons, which contribute to the develop-
ment of full foliar buds. A similar trend was
detected for Quercus spp., whose defolia-
tion showed negative correlation coeffi-
cients with temperature in most cases. This
means that an increase of temperature has
improved oak tree health, mainly in high
hills and sub-mountainous regions (the op-
timum area for beech).

In conifers, the positive relationship of
the observed defoliation with temperature
might be explained by the sensitivity of
conifers established outside their natural
area, especially at low altitude (Badea et al.
2013). Indeed, a negative influence of tem-
perature on tree health was observed for
Norway spruce, while precipitation had a
positive effect. The positive relationship
between temperature and conifer defolia-
tion in dry climate regions reflects the re-
sponse of trees to thermal stress by reduc-
ing foliar biomass. Thus, the loss of needles
represents an adaptation mechanism in
response to prolonged high temperature
(De La Cruz et al. 2014). In the wet climate
region, an increase in temperature pro-
longs the growing season and enhances
the vegetation (and crown) condition of
conifers situated at the upper altitudinal
forest limit. A similar health status was
recorded for conifers situated in the mod-
erate climate region, with the influence of
temperature being combined with that of
precipitation.

Similar relationships between climatic va-
riables and mean tree defoliation have
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been reported for regions with a similar cli-
mate to Romania. For example, in France,
Ferretti et al. (2014) showed that precipita-
tion and precipitation deficits were the fac-
tors that were mainly correlated with defo-
liation changes in ICP Forests Level Il RENE-
COFOR plots. In contrast, in southern Eu-
rope, thermal stressors (temperature from
April and June of the current and previous
years) were the main climatic factors de-
termining an increase in mean defoliation
of trees in ICP-Forests level | plots, with
synchronized response (De La Cruz et al.
2014). Further, in northern Europe, tree
species showed a strong response to both
biotic and abiotic factors (Nevalainen & Yli-
Kojola 2000) and air pollutants (Ozolincius
etal. 2005).

According to the latest IPCC report (IPCC
2013), an increase in water deficit and tem-
perature in southern and eastern Romania
is likely. Recent studies confirm the trend
towards greater aridity in south Romania,
with consequences on the stability of agri-
cultural and forestry ecosystems being
expected (Paltineanu et al. 2009). An in-
crease in the intensity and frequency of
drought will cause the health status of oak
species to deteriorate, especially in the
southern and southeastern parts of Roma-
nia. This phenomenon will have a signifi-
cant influence on the stability of the forest
ecosystem in this region.

Conclusions

In this study the health status of Roma-
nian forests in the period 1992-2013 was
analyzed based on data collected at the ICP
level | network plots. Similar trends in the
intensity of defoliation across years were
observe using both the percentage of dam-
aged trees (defoliation > 25%) and the per-
centage of mean defoliation at the plot
level. For all species, groups of species
(broadleaves and conifers), and individual
species, defoliation was slightly positively
correlated with temperature and was neg-
atively correlated with precipitation, ex-
cept for Norway spruce and European
beech. For these two species, temperature
had a positive effect on trees within the
natural distribution range area and at the
upper altitudinal limit. Outside of their nat-
ural ranges, precipitation had a slightly po-
sitive influence, while temperature had a
negative effect on defoliation for both spe-
cies.

Temperature had a much lower influence
on defoliation compared to precipitation.
In dry regions (south and southeast),
where the most Quercus spp. (except ses-
sile oak) are located, precipitation that
accumulated during the previous and cur-
rent growing seasons had the greatest
influence. In these regions, temperature
also had a slightly positive influence in the
previous growing season. In moderate cli-
mate regions, precipitation strongly influ-
enced the health status of Norway spruce
and other conifers located outside their
natural distributional ranges (i.e., other

than in wet climate regions). In these mod-
erate climate regions, temperature had a
lower influence on defoliation compared to
wet climate regions, and prolonged the
growing season, which enhanced the
health status of beech, spruce, and other
conifers situated at the upper altitudinal
range limit of these species. Both precipita-
tion and temperature minimally influenced
beech located in the optimum area (ie.,
high hills and sub-mountain regions).

Although at the national level raising tem-
peratures and lower precipitation associ-
ated with climate change are not limiting
factors triggering high levels of defoliation,
our research showed an increasing nega-
tive effect of prolonged drought on the
tree health status in Southern and South-
Eastern part of Romania, which can lead in
time to losses in the biodiversity of these
forest ecosystems.
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