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Abstract: Current flood risk management is based on statistical models and assessments of the risk
of occurrence over a given time period, although with very short measurement periods, usually
following catastrophic events. Ongoing monitoring of basic hydrological (river-water level and
streamflow) and climate data are the basis for sustainable water management and long-term flood
control planning. The lack of data has proven to be particularly negative during this period of global
climate change, when non-seasonal flooding (during summer) is becoming increasingly frequent,
and the resulting damage greater. The aim of this study was to analyse the possible use of tree ring
width chronologies of trees growing in floodplain areas to reconstruct hydrodynamic variables
(river-water level and streamflow). The study analysed the influence of climatic and hydrological
variables on the growth of narrow-leaved ash (Fraxinus angustifolia Vahl) in the Sava River basin.
The results indicate the significant potential of narrow-leaved ash tree-ring width chronologies to
reconstruct the summer streamflows of the Sava River (R2 =0.45). These results can serve to develop
long-term data series on the summer streamflows of the river, thereby enabling better insight into
its spatial and temporal dynamics with the goal of more successful, sustainable management of
floodplain areas.
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1. Introduction

Recent changes in climate have been marked by now standard patterns of increasing
air temperature trends and significant changes to the distribution and intensity of precip-
itation throughout Europe [1-3]. Over the past few decades, these climate change patterns
and extreme weather events have become more frequent, including heavy, short-term
precipitation events that cause flooding as well as fires, droughts, and gale-force winds,
all of which cause massive economic damage and irreparable ecological losses.

According to the European Environment Agency [4], a total of 3563 floods were rec-
orded in 37 European countries in the period between 1980 and 2010, some of which were
catastrophic [5-8]. Recent flood events across Europe, such as the flood in the Elbe River
catchment area of August 2002, have caused fatalities, made thousands of people home-
less, and caused damage amounting to several billion euro [9].

Some predictions forecast a doubling of the incidence of severe flood peaks with re-
turn periods above 100 years within the next three decades[10], which will increase dam-
age manyfold [11]. The other extreme is the occurrence of severe droughts, which have
regularly appeared throughout Europe over the past 20 years [12,13].

Extreme floods cause substantial economic damages due to direct destruction of ag-
ricultural crops and property, and in the worst cases, they also result in human casualties.
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Better understanding of the annual variability and long-term trends of hydrological fac-
tors (streamflow and water levels) is an important component in managing water re-
sources, particularly in the context of adaptation. To better understand the long-term dy-
namics of flooding and drought, data on river-water levels and streamflow are impera-
tive. Such data can be obtained through various sources such as historical records in the
form of archives, newspapers, and journals. Unfortunately, data that includes continuous
measurements of water levels and streamflows in large rivers are scarce and primarily
limited to short time periods, particularly in Southeast Europe. One way to circumvent
this problem is through use of tree rings, either from living trees or from archeological
wood.

Research to date has indicated that examining the variability in tree-ring width
(TRW) of trees growing in floodplains can allow for a reconstruction of extreme events
and hydrological trends far back into the past [14-18]. To the extent of our knowledge, no
such reconstructions has been conducted in Southeast Europe. Though Europe is under
the constant influence of lowland river flooding, this lack of data and research can be at-
tributed to the wide-scale degradation of floodplain forests in the past, which are a poten-
tial source of data for this kind of reconstruction. These types of forests cover less and less
area worldwide, and in Europe alone, nearly 90% of the lowland floodplain forests have
been degraded by anthropogenic influence over time [4,19]. In addition to being a poten-
tial source of useful data for dendrohydrological research, floodplain forests also provide
natural flood protection, and research has indicated that after these forests have been cut
down, the river streamflow has increased [20,21]. Following recognition of the value of
these ecosystems and the threats incurred by their complete loss [22,23], recent efforts
have been made to revitalise river courses and re-establish the floodplain forests of Eu-
rope.

Lowland floodplain forest ecosystems are among the most sensitive to climate
change [24,25] as they are directly dependent on the hydrological regime of lowland riv-
ers. Very rare areas of still relatively preserved floodplain forests can still be found in
Southeast Europe. Narrow-leaved ash (Fraxinus angustifolia Vahl) is a widely distributed
species in the floodplain areas in Southeast Europe. This tree species is not often studied
and therefore has not been recognised as being climate sensitive, particularly not in the
sense of reconstructing climatic elements. Narrow-leaved ash is a Mediterranean species
found in south and southeastern Europe, north Africa, and west Asia [26]. It colonises
river banks and lowlands, and is adapted for both flood and drought conditions. Rare
dendrochronological research has indicated its significant sensitivity to both the climatic
and hydrological components of climate [27-29], though a significant problem lies in the
short chronologies of less than 100 years. Reconstructions on the basis of narrow-leaved
ash growth have not been made in Europe, though in North America, a study was con-
ducted on black ash (Fraxinus nigra Marsh.) with respect to river streamflow [15].

The aim of this study was to determine the sensitivity of narrow-leaved ash to hy-
drological and climatic factors and the possibility of using this tree species for long-term
reconstruction of these variables.

2. Materials and Methods
2.1. Research Area

The study was conducted in the Lonjsko Polje Nature Park (45.233886° N, 17.066181°
E, elevation 90-92 m) in continental Croatia (Figure 1). Lonjsko Polje Nature Park is one
of the largest and best preserved natural floodplain areas in Europe.



Sustainability 2021, 13, 2408

3 of 11

10

Figure 1. Study area indicating the position of the Jasenovac measurement station (black dot) and
sampling plot (red dot).

The park covers an area of 50,650 ha and is characterised by lowland floodplain for-
ests dominated by narrow-leaved ash (Fraxinus angustifolia Vahl) that covers broad areas
of several thousands of hectares. Three dominant microrelief types with their accompa-
nying vegetation alternate in a mosaic fashion in the park area: (a) wet microdepressions
with dominant narrow-leaved ash, (b) dry microelevations with dominant common oak
(Quercus robur L.), and (c) transitional forms with mixed stands of oak and ash. The rela-
tive elevation difference between these microdepressions and microelevations is 1-2 me-
tres. The deepest microdepressions are without any forest vegetation due to the long-
standing flood waters and, over time, have been completely replaced by permanent wet
grasslands. The soil in the study area has characteristics of heavy gley soil which can con-
tain up to 57% clay in the 5-25 cm zone [30].

Sampling for the purpose of this study was performed on a 2500 m? circular plotin a
pure stand of narrow-leaved ash (in a microdepression), at an elevation of 90.5 m, at a
distance of 2.9 km from the Sava riverbed. The climate conditions show humid continental
characteristics, with a mean annual air temperature of 9.5 °C and an annual total of 890
mm of precipitation. Flooding occurs regularly, at least twice per year (usually in early
spring and late autumn), and flood waters may be up to 4 metres high.

2.2. Sample Collection and Data Processing

Samples were collected from healthy, dominant narrow-leaved ash trees using a
Pressler increment borer at a height of 1.30 metres from ground level. A total of 47 trees
were sampled, with two cores per tree. The collected samples were dried in the laboratory,
affixed to a wooden base, and then polished using various grades of sandpaper (granula-
tion of 100 to 600).

Tree-ring width (TRW) was measured using the program CooRecorder (Cybis, Swe-
den) on digital photographs taken using the ATRICS (Advanced Tree-Ring Image Cap-
turing System) system, an automatic measurement table, and digital camera [31]. Further
data processing was conducted using the TSAP-Win™ dendrochronological software
(Rinntech, Germany). Comparisons and synchronisation of the obtained values of TRWs
were performed using a combination of visual and statistical methods. The dating of the
measured samples in the individual chronology was performed using the t-values of the
correlation coefficient [32] and the Gleichlaufigkeit coefficient [33]. Subsequent quality
control was performed using the program COFECHA [34]. Finally, dated individual series
of TRWs were averaged for each tree (TRWt).
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Removing the variability of low frequencies caused by tree age and forest manage-
ment was performed with ARSTAN [35] using the Spline method of 32 years on previ-
ously transformed series (power transformation) [36]. Standardised ring-width series
(RWI) were averaged into a single residual chronology calculated using Tukey’s biweight
robust mean [37].

The quality of chronology is presented with basic statistical indicators, such as mean
inter-series correlation (RBAR), mean sensitivity (MS), autocorrelation (AC), and ex-
pressed population signal (EPS). RBAR is the average correlation coefficient between se-
ries; MS is a within-series statistic that measures the relative change in ring width from
one year to the next, and AC is a measure of the previous year’s influence on the current
year’s growth [38]. EPS evaluates the confidence of the chronologies by indicating the de-
gree to which the particular sample chronology portrays a hypothetically perfect chronol-
ogy based on an infinite number of trees [39].

2.3. Climate Data

Unfortunately, there are no local climate measurement stations in the study area,
while the data from surrounding meteorological stations cover only very short time peri-
ods. Therefore, we used homogenised series of climate data taken from the database Cli-
mate Research Unit (CRU TS53.24.01) [40], with a spatial resolution of 0.5 x 0.5°. Mean val-
ues of air temperature (Temp, °C), total monthly precipitation (Prec, mm) and the stand-
ardised Palmer drought severity index (scPDSI) were used. This index is a combination of
two fundamental variables, i.e., precipitation and temperature [41], though interpolated
over a larger spatial scale.

To conduct the correlation analysis of the hydrological variables, we used the mean
monthly water level values (R, m.a.s.l.) and streamflow (Q, m3/s) of the Sava River meas-
ured at the nearby Jasenovac measurement station (45.266751° N, 16.907375° E) (Figure 1).
The hydrological data cover the period from 1927 to 2014, and were obtained from the
Croatian Hydrological and Meteorological Institute (DHMZ).

2.4. Correlation Analysis

Correlation analyses were performed between the individual monthly values of hy-
drological and climatic factors, and the residual chronologies (RWI) created for the period
from 1927 to 2014 for a period of 17 months from June of the previous year to October of
the current year (jun-OCT). The analysis was performed using the order dcc (correlation
function analysis) in the “treeclim” package in R [42], with a reliability interval of 0.05.
Correlations were also calculated between the chronology index and the mean seasonal
values of climatic and hydrological factors for a season length of two, three, and four
months. The temporal stability of the climatic and hydrological signals was calculated
using a moving correlation for a 30-year period with a one-year shift, again with the dcc
order. The regression model of the reconstruction was tested using the split-period cali-
bration/verification approach that includes calculations of reduction of error (RE), coeffi-
cient of efficiency (CE), mean squared error (MSE), and the squared correlation coefficient
(R2).

3. Results
3.1. Chronology Statistics

After quality control, a total of 85 from the 94 series of tree-ring widths were pro-
cessed and dated. Dated individual series were then averaged for each individual tree,
resulting in 47 averaged TRWt samples included in the final analysis (Figure 2.). The pe-
riod suitable for climate analysis (EPS > 0.85) was from 1895 to 2015, as the period for
which it can be considered to represent the studied population with 85% certainty. The
intra-series correlation (RBAR) was 0.70 while the mean sensitivity of standardised series
(MS) was 0.30.
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Figure 2. Tree ring width chronology (dark gray lines—averaged series per tree (TRWt), blue
line—average of all TRWt series) (A) and standardised residual chronology (light gray lines—ring-
width indices (RWI), red line—average of all RWI series), expressed population signal —EPS
(black line) and mean between-tree correlation —Rbt (green line) (B).

—_
]

Ring-width indices
o
I

<
n

3.2. Climate Growth Relationship

The results of the correlation analysis between climatic (temperature, precipitation,
and scPDSI) and hydrological variables (water level and streamflow) for the period 1927-
2014 indicate a significant (p < 0.05) positive sensitivity of narrow-leaved ash to stream-
flow (Q) and water level (R) of the Sava River, precipitation (Prec) and the drought index
(scPDSI), and a negative correlation with temperature (Temp).

Significant positive correlations were determined with the streamflow (Q) of the Sava
River in the period from April to August of the current year, with the highest values in
May (r = 0.59), July (r = 0.52), and August (r = 0.55) (Figure 3.). Positive correlations were
seen for the drought index (scPDSI) for the period from March to October, with maximum
values in July (r = 0.57) and August (r = 0.59). A significant possible correlation was also
established for water levels (R) from May to August of the current year, which were high-
est in May (r = 0.51) and August (r = 0.55). Somewhat weaker positive correlations were
established for precipitation from April to August, with highest values in April (r = 0.39)
and July (r = 0.43). Negative correlations were established for the average temperature
from June to August, with the highest values in June (r =-0.36). Correlations with climatic
and hydrological variables of the previous year did not show significance.



Sustainability 2021, 13, 2408

6 of 11

Correlation Coefficient (R)

0.80 -
0.60

0.40 -
0.20

0.00

-0.20
-0.40 |

Previous year months Current year months

-0.60 -

®Temp
B Prec

m scPDSI
mR

mQ

Jun

5 9D a g 2 0 Z oK@ > Z Jd 0o - <
3 o o o w 2 2 w o
Sa2d0za0SW$XIS332I308 é
months

Figure 3. Values of the calculated correlation coefficients between individual monthly and seasonal (MJJA) climatic and
hydrological variables (Temp—temperature, Prec—precipitation, scPDSI—Palmer drought severity index, R—river-water
level, Q—streamflow) and the chronology of narrow-leaved ash trees for the period from June of the previous year (Jun)
to October (OCT) of the current year of ring formation.

Seasonal correlations indicate somewhat higher values for the 4-month season
length. Positive correlations were found with average streamflow from May to August of
the current year (QM]JJA; r = 071), average value of scPDSI from May to August of the
current year (PDSIM]JJA; r = 0.59), average value of precipitation from May to August of
the current year (PrecM]JJA; r = 0.57), average value of river-water level from May to Au-
gust of the current year (RMJJA; r = 0.56), while negative correlations were found with
mean temperature from May to August of the current year (TempM]JJA; r = -0.42).

3.3. Temporal Stability of the Climate and Hydrological Signal

Moving correlations were examined for a 30-year period, with a shift period of 1 year
for the selected average seasonal value (from May to August) of the climate and hydro-
logical variables that showed significant and high correlation values (Figure 4). The results
indicated that the average streamflow (Q) of the Sava River and drought index (scPDSI)
had a stable signal over the observed period (1927-2014). Unlike these, the correlations
with water level (R), precipitation, and temperature were not stable during the observed
period (Figure 4). A drop in the correlation values after 1980 was particularly prominent.
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Figure 4. Results of the moving correlation between residual chronologies (RWI) and selected cli-
mate variables (Temp—mean temperature, Prec—sum of precipitation and PDSI—mean drought
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index for the period May to August) and hydrological variables (Q—mean streamflow and R—
sum of river-water level for the period May to August). Standard deviation (Z score) of the 30-year
averages of climatic and hydrological variables are shown with the black line for the period from
May to August.

3.4. Potential for Streamflow Reconstruction

Significantly (p < 0.05) high and temporally stable correlations were confirmed for
the average streamflow of the Sava River from May to August of the year of tree-ring
formation, indicating the significant potential of TRW chronologies of narrow-leaved ash
for future reconstructions ( Figure 3; Figure 4). The stability of the relationship between
streamflow and growth dynamics of narrow-leaved ash trees was then tested using a 45-
year calibration and verification period for the mean seasonal values of streamflow with
the highest correlation for the May—August period (MJJA) (Figure 5B). Both commonly
used measures of the predictive skills for a linear regression model (RE and CE statistics)
are highly positive (RE = 0.464; CE = 0.438), regardless of whether the early or the later
period is used for the calibration. The total explained variability of the streamflow using
the TRW chronologies of narrow-leaved ash was 45% (R?=0.454; p = 0.0099) with a relative
mean squared error (RMSE) of 48.15 (Figure 5A).

A) B Verification Calibration
R=0.72, p - value =0.0099
w—Model ) intercepl = ~9274117
1200 Conf. interval (Mean 95%) 3.0 :zp:ojés.vgfo.n& RMSE =48.15
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Figure 5. Regression model of the streamflow (Q), ash chronologies (RWI) (A), and the standard
deviation (Z-score) of the average Sava streamflow from May to August, and the ash tree chronol-
ogies for the period 1927-2014 (B).

4. Discussion

The study results show the significant sensitivity of the narrow-leaved ash tree-ring
width on climatic and hydrological variables. The positive correlation with precipitation
was highest in July and in the period from May to August of the current year which is
similar to the results of research on common ash (Fraxinus excelsior L.) conducted in north-
ern and central Europe [43,44] and on narrow-leaved ash in southern and southeastern
Europe [27-29]. The Palmer drought severity index (scPDSI) showed a significant and sta-
ble correlation during the observed period.

In considering the monthly correlations, the most important month for the growth of
narrow-leaved ash is May. During this month, the highest reliance of tree growth was
found on the values of streamflow and water level. This reliance was lower in June, and
increased again in July and August when transpiration and moisture deficits were high-
est. In the ecological sense, streamflow can be considered as being the result of the state
of humidity and available water in the ecosystem, which is directly dependent on precip-
itation and evaporation [45,46], while tree growth represents a complex, integrated reac-
tion to precipitation and temperature [38]. Accordingly, low streamflow rates in the sum-
mer period indirectly represent a lack of moisture in the ecosystem, which is a fundamen-
tal variable for tree growth [47,48].
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The highest significant, positive, and temporally stable correlation was found with
the average streamflow in the summer period (May to August), which corroborates simi-
lar research on the narrow-leaved ash in Portugal [27]. During this time, the trees experi-
ence a deficit in available water, which is further pronounced here due to the characteris-
tics of heavy gley soil. The roots of narrow-leaved ash are shallow and most of them are
found in the 5-25 cm zone [49]. For these reasons, narrow-leaved ash has adapted to use
available water more efficiently and even though it grows in a floodplain area, drought is
the limiting growth factor.

River-water level also showed significant and strong correlations prior to 1980, fol-
lowed by a decline. This result can be attributed to the drop in river-water levels due to
riverbed erosion and reduced quantities of sediment load caused by hydrotechnical works
in the upper reaches of the river [50]. Furthermore, the actual reliance of streamflow on wa-
ter level changed substantially after 1980. Prior to 1980, the average streamflow and water
level showed a strong positive correlation (r = 0.99), while this weakened in the period after
1980 (r = 0.73), with greater deviations on the scatterplot (Figure 51, Supplementary Materi-
als). On the other hand, streamflow showed high and stable correlations throughout the
whole observed period and was therefore selected for reconstruction.

In Europe, hydrodynamic reconstructions based on TRW are uncommon. Rare re-
search has been done in the UK [51] and more recently in Austria [52]. Research is directed
at the reconstruction of climatic variables, primarily temperature and precipitation [53—
55]. More reconstructions of hydrological variables were done in some other parts of the
world, especially in North America. Many of those are streamflow reconstructions using
tree-ring widths as a proxy [56-58]. These reconstructions are necessary for informing wa-
ter managers of natural variability with the aim of better management of natural re-
sources—water, forests, and soil. According to several studies in North America [59-61],
the instrumental records don’t capture the full range of natural variability of streamflow
because they are short.

The reconstruction model of the summer streamflows based on the narrow-leaved
ash tree-ring chronologies proved to be very successful. The reconstruction successfully
identified years of significant changes in streamflow which correspond to known years
documented in historic records (for example, 1965 and 1972). The overall explanation of
the variability of streamflow using TRWs of narrow-leaved ash was significant, in line
with similar research in Europe [52] and North America [58,59,61]. This is the first such
research in Southeast Europe and it shows the potential for creating a regional chronology
related to tree species of the Danube River Basin.

This study has shown that other tree species, such as narrow-leaved ash, have signif-
icant potential for reconstructions. Therefore, future research should be directed at creat-
ing long-term chronologies of this species. It is known that the maximum age of narrow-
leaved ash in the Sava River basin is 160 years [62], but high potential also lies in the sub-
fossil samples along the course of the Sava River. This could substantially extend the chro-
nologies of tree-ring widths of this species, thereby improving its potential in the recon-
struction of hydrological variables. These findings could be applied in the drafting of
river-management plans in a manner that is acceptable for the forest ecosystems in this
area.

Supplementary Materials: The following are available online at www.mdpi.com/2071-
1050/13/4/2408/s1, Figure S1. Reliance of streamflow on water level prior to 1980 (A) and after 1980

(B).
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