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Abstract
Khaleghi M.R.(2018): Application of dendroclimatology in evaluation of climatic changes.J. For. Sci., 64: 139-147.

The present study tends to describe the survey of climatic changes in the case of the Bojnourd region of North Kho-
rasan, Iran. Climate change due to a fragile ecosystem in semi-arid and arid regions such as Iran is one of the most
challenging climatological and hydrological problems. Dendrochronology, which uses tree rings to their exact year of
formation to analyse temporal and spatial patterns of processes in the physical and cultural sciences, can be used to
evaluate the effects of climate change. In this study, the effects of climate change were simulated using dendrochro-
nology (tree rings) and an artificial neural network (ANN) for the period from 1800 to 2015. The present study was
executed using the Quercus castaneifolia C.A. Meyer. Tree-ring width, temperature, and precipitation were the input
parameters for the study, and climate change parameters were the outputs. After the training process, the model was
verified. The verified network and tree rings were used to simulate climatic parameter changes during the past times.
The results showed that the integration of dendroclimatology and an ANN renders a high degree of accuracy and ef-

ficiency in the simulation of climate change. The results showed that in the last two centuries, the climate of the study

area changed from semiarid to arid, and its annual precipitation decreased significantly.
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Climate change refers to unexpected chang-
es in the earth’s climate characteristics that oc-
cur in the long-term (GoyaL 2004). Further, the
forest has important roles in runoftf generation,
soil erosion and climatic conditions (GHOLzOM,
GHoraMI 2012). Increase in global temperature
is the most obvious sign of this change (BABAEIAN
et al. 2015) and therefore temperature variations
are commonly used to detect and quantify pos-
sible changes in climate (AMIRI, ESLAMIAN 2010).
Also, climatologic, hydrologic and hydrogeologic
records are necessary for water resource planning
and management. Plants grow in spring and sum-
mer seasons better than in autumn and winter. This
provides the studies of climate change by annual
growth rings of trees (JAFARI 2010). According to
previous studies, there is a relationship between
precipitation, temperature, and tree rings and can,
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therefore, be useful for developing long-term esti-
mates of specific hydrological variables and also in
chronology studies (CLEAVELAND, STAHLE 1989).
Dendrochronology is one of the methods applied
in reconstructing past environmental events. It is
the science of defining past climatic and hydrologic
variability from tree-ring data (WOODHOUSE et al.
2010; PAREDES-VILLANUEVA et al. 2015). Due to
the growth-limiting effects of low precipitation and
high temperatures, dendroclimatic (as one of the
branches of dendrochronology) studies would be
successful in part (CONKEY 1979). Dendroclimatol-
ogy is concerned with constructing records of past
climates and climatic events by the analysis of tree
growth characteristics and especially annual rings
(STEINSCHNEIDER et al. 2017). Reviews show that
tree-ring data have been successfully applied to
reconstruct hydrologic variables such as river dis-
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charge (WooDHOUSE, MEKO 2002; L1u et al. 2010).
BoGIiNoO and JoBBAGY (2011) studied the relation-
ship between climates with the growth and death of
Prosopis caldenia Burkart in the lowlands and up-
lands. Moreover, their results showed that precipi-
tation has an important role in the forest and that
the optimum depth to groundwater ranges from
two to eight metres. In certain areas, soil moisture
declines when precipitation decreases and when
depth of groundwater increases (GHOLAMI et al.
2015; KaMES et al. 2016). Therefore, trees will pro-
duce wider annual rings in wet years compared to
dry years. Therefore, tree rings and vessel features
are valuable proxies in the evaluation of climatic
changes, but it is important to select tree species
that are suitable for dendroclimatology studies.
We selected Quercus castaneifolia C.A. Meyer
(Rix, KirkHAM 2009) for dendroclimatology stud-
ies in the Bojnourd region of North Khorasan,
north-eastern Iran. Q. castaneifolia is an impor-
tant species native to Iran and is a suitable selec-
tion for evaluating annual changes in climatic fac-
tors (DANEK et al. 2007). Quercus Linnaeus is the
largest genus in the family Fagaceae with approxi-
mately 300600 species (SOEPADMO 1972); it is the
most common genus of Fagaceae in forests of Iran.
The sensitivity of the Quercus species tree-ring ex-
tent to climatologic and water access changes is
high. We refer to D1 FiLipro et al. (2010) and GEA-
IzQUIERDO et al. (2011). To find out the climate
trend in a future course, we select a climate change
forecasting model using artificial neural network
(ANN). In general, different studies have indicated
the usefulness of the ANN to simulate the climatic
factors (MAIER, DANDY 2000). From these studies,
it has been demonstrated that ANN models can be
flexible enough to simulate the climatic factors suc-
cessfully. The goal of this study is the application
of dendroclimatology in the evaluation of climate
change effect by combining dendroclimatology and
ANN modelling to simulate the climatic factors.

MATERIAL AND METHODS
Study area

The research trees were located at 56°58'E to
57°05'E longitude and 37°23'N to 37°28'N latitude
in North Khorasan province, in north-eastern Iran
(Fig. 1). The study was carried out in the Bojnourd
region and at the Abyari meteorological station.
The Abyari station was located at an elevation of
1,600 m and was 5 km away from the study area.
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The annual mean precipitation and temperature
were 267 mm and 13.3°C, respectively. The climate
in the study area was arid; the climatic data from
the Abyari meteorological station were used for
comparison with the tree-ring data. The average el-
evation of the study area (the location of the study
trees) was 1,650 m. The study trees were located
in an area of similar elevation. The precipitation
pattern in the study area is rainfall. The age of the
study trees ranged from 180 to 250 years; we se-
lected a period from 1800 to 2015.

Dendroclimatology studies

In order to reconstruct the climate of the past,
tree rings are evaluated for their full length using
statistical models. We collected 25 samples from
the old trees. The longest tree-ring series covered
250 years, extending back to 1765. Two cores were
extracted at breast height in the vertical directions
(130 cm). We provided a suitable box for core con-
servation. Sanding of the cores was done until the
tree-ring extent was clearly visible.

Crossdating and standardization. Crossdating
can be described as the recognition of the same tree
ring pattern in a species with different stands, as the
actual growth date of any one ring of the pattern is
the same in the different trees, and one may carry
a chronology across from tree to tree (DOUGLASS
1941). The crossdating process is done by measur-
ing the extent of the annual tree rings. The tree-
ring extents of the samples were arranged accord-

Fig. 1. Study area and the meteorological station in north-
eastern Iran
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ing to their cambial age (the number of rings from
the centre). At first, crossdating was performed
by matching tree ring patterns (wide and narrow
rings) using the skeleton plot method (DouGLAsS
1941; STOKES, SMILEY 1996). Cores were visually
crossdated against the established record using the
signature patterns of ring width (EDMONDSON et
al. 2014). This is a non-climatic variance when the
process of its modelling, approximating and re-
moving is known as standardization (GHOLAMI et
al. 2017a, b). The standardized tree-ring index was
calculated based on Eq. 1:

W

I = 7t (1)
t
where:

I, - standardized tree-ring index,
W, — tree-ring width (mm),

Y, — estimated growth curve for year ¢.

We used a regression relationship and I, to pres-
ent a standard chronology of Q. castaneifolia in the
Bojnourd region.

Time series analysis

After tree-ring marking, ring widths were mea-
sured to the nearest 0.01 mm with a stereomi-
croscope and a LINTAB™ device (RINNTECH,
Germany) with TSAP-Win™ (Version 0.55, 2003)
software. Crossdating of tree rings was carried out
by using the TSAP software, which was designed as
a platform for the measurement and tree-ring time
series analysis. The correlation between the differ-
ent indirect methods is analysed with TSAP-Win
Scientific™ a program for the measurement and
analysis of tree-ring data (DE RIDDER et al. 2011).
Non-climatic trends were removed by using the au-
toregressive standardization (ARSTAN 1986) pro-
gram. To provide a new basis for removing non-cli-
matic trends from tree-ring data, regional growth
curves (RGCs) have been recently used (NAURZ-
BAEV et al. 2004). To obtain the RGC for the study
site, the tree ring widths of all samples were aver-
aged according to their cambial age. Moreover, the
residual chronology was then used, which repre-
sented the maximum interannual climate variabil-
ity. The quality of the chronologies was deemed
sufficient if the expressed population signal (ESP)
value of 0.88 was reached (WIGLEY et al. 1984). ESP
was used to estimate the strength and reliability of
the chronology through time (GRISSINO-MAYER et
al. 2010). The other growth indices were coefficient
of parallel variation = 0.75, ESP = 0.86, signal-to-
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noise ratio = 0.74 and mean sensitivity = 0.68. After
determining the growth indices, for each studied
tree, the time series of the tree-ring chronology
was defined. Finally, a chronology related to the
studied trees was defined.

Simulation of climatic parameters

In this study, a multilayer perceptron (MLP) net-
work was applied to simulate the climatic param-
eters. To estimate the climatic parameters during
the past centuries, it was used from a feed-forward
neural network and the Levenberg-Marquardt
(LM) learning algorithm. The tree-ring width
and precipitation during the growth season were
evaluated as inputs, and the precipitation of the
growth season was adopted as the output. In the
first stage, all data were normalized and divided
into two classes: training data (70% of all data)
and testing data (30% of all data). NeuroSolutions
software (Version 5.0, 2011) was used as an ANN
in the simulation. Consequently, the best network
architecture for the simulation of climatic factors
was found, by using a trial-and-error method that
was an MLP network with a sigmoid transfer func-
tion and an LM training technique. The number of
hidden neurons was changed from 1 to 10. Also,
the trial-and-error method and sensitivity analy-
sis were executed to select the appropriate input
variables. Three input patterns were evaluated, and
their efficiencies (f) were evaluated and compared,
as expressed in Eqs 2—4:

Al=f(W,) (2)

where:
Al - De Martonne aridity index,
W, — tree-ring width (mm).

P=1(W) ®)

where:
P — annual precipitation (mm).

r=r(w) @

where:
T — annual mean temperature (°C).

The modelling process was started with one neu-
ron in one hidden layer and then progress (with
increasing size) until the performance of the test
is satisfactory (Sy 2006). The ANN efficiency is
evaluated by using the mean squared error (MSE)
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Table 1. Tree-ring width — W, (Quercus Linnaeus), an-
nual precipitation (P), annual temperature (7) and the
aridity index (AI)

Year W, (mm) P (mm) T (°C) Al
1960 1.50 293 12.9 12.79
1961 2.74 312 12.2 14.05
1962 2.30 340 12.8 14.91
1963 2.36 366 12.4 16.34
1964 2.98 323 13.1 13.98
1965 2.25 368 12.6 16.28
1966 2.83 348 12.8 15.26
1967 2.61 355 12 16.14
1968 2.19 315 12.4 14.06
1969 3.20 362 13.2 15.60
1970 2.40 305 13.4 13.03
1971 2.21 323 12.8 14.17
1972 1.90 325 12.6 14.38
1973 2.28 352 13.3 15.11
1974 2.12 298 14.2 12.31
1975 2.29 312 13.7 13.16
1976 3.21 338 13.1 14.63
1977 3.40 330 13.2 14.22
1978 2.83 283 13.3 12.15
1979 3.04 346 13.2 14.91
1980 2.23 304 13.9 12.72
1981 1.94 372 12.7 16.39
1982 2.83 251 14.4 10.29
1983 1.70 143 13.3 6.14
1984 2.50 273 13.6 11.57
1985 1.20 146 12.6 6.46
1986 2.53 290 13.5 12.34
1987 2.60 273 13.4 11.67
1988 2.86 324 12.8 14.21
1989 1.99 240 13.3 10.30
1990 1.10 134 12.7 5.90
1991 3.20 325 12.9 14.19
1992 2.77 333 12.4 14.87
1993 3.21 253 12.9 11.05
1994 2.07 260 13.7 10.97
1995 1.64 194 13.1 8.40
1996 1.72 192 13.2 8.28
1997 2.28 281 13.5 11.96
1998 1.69 211 13.7 8.90
1999 2.28 291 13.5 12.38
2000 2.83 309 14.5 12.61
2001 0.88 138 12.7 6.08
2002 2.63 337 12.9 14.72
2003 2.80 373 13.6 15.81
2004 2.40 287 13.7 12.11
2005 2.30 365 14 15.21
2006 1.98 213 13.3 9.14
2007 1.87 272 13.3 11.67
2008 1.58 194 14.4 7.95
2009 2.65 301 13.3 12.92
2010 2.77 223 13.5 9.49
2011 1.85 243 14.4 9.96
2012 1.75 211 13.8 8.87
2013 1.48 198 12.9 8.65
2014 1.55 216 13.6 9.15
2015 1.69 231 13.2 9.96
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and the coefficient of determination (R?). Using a
verified network for the study area for the period
1800-2015, the annual Al changes were simulated.
Within the modelling process, the network input
was the annual tree ring, and the network outputs
were the annual Al, P, and 7. Finally, to evaluate
the simulation accuracy, the simulated results were
compared with the recorded values.

RESULTS

Table 1 shows some of the tree-ring widths and
climatic factors. Statistical analysis was carried out
with the SPSS software (Version 22.0, 2016) on cli-
matic data (including 7 and P). It was used from
the Pearson correlation coefficients for the rela-
tionships of P, T and Al with the tree-ring chro-
nologies. Table 2 shows the results of correlations
of the tree-ring chronology with the climatic data
(P, T, and AI). A significant correlation of the tree
ring with P, T, and AI (N1sTor 2016) was found.
Also, the results showed that the tree ring was af-
fected by P, T, and the climate classification (AI).
The results from the analysis of variance indicated
that tree-ring width was significantly (95% prob-
ability) related to P and T. According to results,
effective factors in tree-ring width were P and T.
The time series of the tree-ring chronology and the
annual aridity index during the study period are
presented in Fig. 2. Fig. 3 presents the time series
of the tree-ring chronology and the mean tree-ring
widths during the last two centuries. Also, the tree
rings significantly decreased over the last 60 years.
The results of an ANN simulation during the train-
ing stage for the Al simulation (R? = 0.9) are pre-
sented in Table 3. Based on Fig. 4, an evaluation of

Table 2. Pearson’s correlation between tree rings and an-
nual precipitation (P), mean annual temperature (7), and
the aridity index (AI)

Pearson’s correlation

P 0.68
T 0.2
Al 0.67

Table 3. Results of network training for simulating the
aridity index using annual tree-ring width

All runs Best network  Training
Average of minimum MSEs ~ minimum MSE 0.006
Average of final MSEs final MSE 0.04

MSE — mean squared error
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Fig. 3. Time series of the tree-ring chronology and the mean tree-ring widths in the last two centuries

the ANN efficiency in the climatic simulation dur-
ing the validation (testing) stage was done by com-
paring the simulated and the measured aridity in-
dices (R? = 0.66). Fig. 5 indicates the results of the
network efficiency evaluation of the Al simulation.
According to the results, the ability of an ANN in
the simulation of the aridity index is at an accept-
able level of accuracy. Based on these results, we
found acceptable outcomes during the training
stage. The optimum network structure for precipi-
tation simulation includes an MLP with the input
tree rings, a sigmoid transfer function, the LM or
momentum training techniques, and one neuron.
A sigmoid transfer function and the LM or mo-
mentum training techniques are some of the best
selections for hydrologic modelling (ANCTIL, RAT
2005). After network optimization, an efficiency
evaluation for the testing stage was performed
via a comparison between the measured and the
simulated precipitation during the growing sea-
son. Moreover, past studies confirm ANN'’s per-
formance in other modelling studies (SAMANI et
al. 2007). Fig. 6 shows the simulated AI during the
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last four centuries. According to the simulated De
Martonne index, the climate of Bojnourd changed
from semiarid to arid during the last two centu-

16
14

Simulated value
IS

Actual value

Fig. 4. Comparison between the simulated and the meas-
ured aridity index in the testing stage (R? = 0.7)

— Actual value
— Simulated value

Aridity index

9710 11 12 13 14 15 16 17 18
Year

Fig. 5. Comparison between the simulated and the meas-
ured aridity index in the testing stage

1 2 3 4 5 6 7 8
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Fig. 6. The aridity index simulated by using the verified neural network and the measured tree-ring widths in the last

two centuries

ries (Table 4). Fig. 7 shows the annual precipita-
tion during the last two centuries as simulated by
using dendroclimatology and an ANN. According
to the results, the precipitation values in the study
area decreased by about 100 mm over the last four
centuries.

DISCUSSION

One of the most commonly applied methods of
evaluating climatic factor changes is the evaluation

of long-term records based on tree-ring analyses.
To do this, the Quercus chronologies were devel-
oped for the Bojnourd region using diftferent tech-
niques, such as crossdating and standardization,
and with the aid of the ARSTAN software. These
chronologies were correlated with climatic factors
and climate changes, and the climate changes were
simulated based on the correlations. To found the
variability of climate conditions due to anthro-
pogenic effects and other effective factors, there
is a need to precisely date annual tree-ring chro-
nologies over a long period (MARTINELLI 2004).

Table 4. The changes in climate class, mean annual precipitation (P) and mean annual temperature (7) during the

last two centuries

P (mm) T (°C) Al Climate classification
19th century 390 10.8* 20.4 Mediterranean
20" century 345 12.2* 15.5 semi-arid
Meteorological station (the last 55 years) 267 13.3* 12.16 arid

*This simulation has not an acceptable accuracy, Al — aridity index
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Fig 7. The simulated annual precipitation and the mean precipitation from the Bojnourd meteorological station (55-year

period) in the last two centuries
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Therefore, to simulate the climate changes based
on large-scale chronologies dating back, dendro-
climatology and an ANN were applied together.
To evaluate the probable impacts of enabling/dis-
abling tree rings, precipitation, temperature, and
the aridity index, some models were developed.
Based on results, a suitable input variable for ANN
in climatic simulation is tree-ring width. Thus we
can prove the high efficiency of the ANN and the
present methodology (the integration of an ANN
and dendroclimatology) in simulating climatic
changes. The results showed that precipitation had
a more significant relationship with tree rings than
did temperature and the AI; however, using only
the Al provided better results in the modelling of
the climate index. Due to importance of the tem-
perature factor under cold conditions, it is hardly
likely to have been eradicated in a wetter regime
(NAURZBAEV et al. 2004). Based on results, the
best network structure for aridity index simulation
is an MLP network with a sigmoid transfer func-
tion and the LM training technique and therefore
an ANN based on the LM technique is an efficient
structure for climatological simulations (NAYEBI
et al. 2006). Also, the results of the training stage
showed that the MSE and the coefficient of de-
termination (R?) were 0.04 and 0.9, respectively.
These results proved that the use of an ANN for
the simulation of climatic factors has produced
good results. During the testing stage, MSE and
R? were 0.06 and 0.7, respectively. We simulated
the climatic factors for the period 1800-1960 (i.e.,
P, T, and AI). As shown in Fig. 7, the annual pre-
cipitation values in the study area during the last
two centuries ranged from 134 to 480 mm. The
annual mean temperature was from 10 to 14.5°C.
This simulation can be used to define periods of
drought. For example, during the last two centu-
ries, some drought periods occurred. Based on
the results, the most intense droughts occurred
in 1850, 1955, 1970 and 1980 decades; the longest
drought happened during 1850-1870. The recon-
struction accuracy for annual temperature was
lower than that for precipitation because of two
main reasons: first, there was a lesser fluctuation
in annual temperature in the study area; and sec-
ond, the studied trees in this research grew in the
highlands and in an area of low temperature. In
the mid-twentieth century, particularly from 1940
to 2015, notable climatic changes occurred in the
Bojnourd region. By using tree-ring chronology
and the AI, we found that the climate class in the
study area changed from semiarid to arid, and this
trend in climatic changes continued. According to
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studies of BABAEIAN et al. (2015) in Iran, climate
change continues and the change in precipitation
is greater than that in temperature. Also accord-
ing to many researches it has been reported from
various studies that there is a diverging trend in
the climate-growth relationship that started after
the late twentieth century (LEAL et al. 2015). We
observed early climate changes in the Bojnourd
region in the mid-twentieth century, during which
industrialization in the study area was intensi-
fied. The climatic reconstructions (P, T, and the
Al) for the period 1800-1960 showed a long-term
trend toward lesser precipitation and higher arid-
ity over the last 200 years. What is clear from the
results of this study is that the precipitation in the
Bojnourd region decreased in the mid-twentieth
century and its climate changed from semiarid to
arid during the last two centuries. Based on the
above-mentioned dendroclimatology studies, an
intense drought in the study area was defined. If
suitable tree species were selected in suitable envi-
ronmental conditions for dendroclimatology stud-
ies, capability of dendroclimatology in modelling
climate change would be proved (Grigas et al.
2014). Topography, pedology, and tree physiology
are the most important factors in determining the
local distribution of the trees under consideration.
The studied trees are located in a mountain region
(with rather cold conditions), therefore the annual
temperature did not change significantly during
the last two centuries. The annual temperature
range during the past 55 years based on second-
ary data was 11.9-14.5°C. This study showed that
the climate in the Bojnourd region changed from
semiarid to arid during the last two centuries.
Therefore, in order to support decision making
processes toward sustainable development, con-
sidering the knowledge of past climate changes is
important and essential (BusH, METCALFE 2012;
LoPEz et al. 2012). Also, these results show the in-
stability of the climate change during the last two
centuries (BABAEIAN et al. 2015). Further study
with the use of older trees is needed to extend the
tree-ring chronology further back in time, and
other dendroclimatological methods, such as ves-
sel chronology, can be applied.
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