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Abstract: In Greece, water scarcity is a key factor limiting forest growth, with a strong
correlation observed between water availability and tree ring growth in Mediterranean
forests. The LIFE-PRIMED project in the Nestos Delta, northeastern Greece, studied tree
growth patterns on both riverbanks, noting significant fluctuations towards the east and
varying increases towards the west. The drought index revealed a decrease in drought over
time, and no clear link between tree growth and drought conditions was found. Severe
droughts and dam-induced flooding appear to affect tree growth by altering hydrological
patterns. Years of significant decline with notable growth deviations include 1995, 1998,
2000, 2002, 2007, and 2017 in the eastern region, and 2002, 2004, 2007, and 2017 in the
western region. Significant droughts in 1990, 1993, and 2001 had limited immediate
impact but may have affected growth in subsequent years. Further research is needed
to understand the impact of climatic conditions and prolonged floods on tree growth to
improve management decisions.
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1. Introduction
Forests face significant challenges as they endure pressure from climate fluctuations.

Over the past century in Southern Europe, forests have been subjected to direct abiotic
disturbances such as droughts and high temperatures, occurring not only in the summer
months [1–4]. Decreased precipitation and high temperatures are most likely the main
threats to the diversity and survival of Mediterranean forests [5].

This often results in reduced productivity, higher mortality rates, and the decreased
resilience of ecosystems to secondary infestations by fungi and insects [6–8]. Tree growth
serves as a quantitative measure of tree vitality and its capacity to withstand environmental
constraints [9]. According to the literature, warming-induced drought can exacerbate
physiological stress on long-lived woody vegetation, leading to a sudden reduction in tree
growth. Additionally, a decline in growth due to severe droughts may trigger widespread
mortality, altering the structure, composition, and mid-term dynamics of forest stands and
landscapes at regional scales [10]. In recent decades, severe drought events characterized
by high temperatures and low precipitation have led to intense episodes of forest dieback
across Europe [9,11]. Furthermore, numerous recent instances of drought and heat-related
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tree mortality worldwide indicate that no forest type or climate zone is immune to an-
thropogenic climate change, even in regions not typically considered water-limited [2].
A comprehensive review by Dobbertin [9] emphasized an increase in tree growth as an
indicator of their vitality in response to environmental changes, suggesting that tree ring
width can serve this purpose.

In Greece, water scarcity is likely the main climatic factor limiting forest growth.
Research has demonstrated a strong correlation between water availability and tree ring
width and growth across various Mediterranean forests and tree species [12–16].

2. Methodology
The LIFE-PRIMED project area is in the Nestos Delta, Kavala, Greece, covering

22,484.630 hectares (SCIGR1150010). The Nestos area includes priority habitat 91E0 (Annex
I Dir. 92/43/EEC), which has two subtypes: alder stands (Alnus glutinosa), white poplar
(Populus alba) and elm (Ulmus minor) stands. Recent studies highlighted the invasion of
Amorpha fruticosa and the negative effects of its expansion on the ecosystem [17]. Habitat
91E0* includes alluvial forests along European riverbanks.

In plots with IDs 7 and 15 (area circa 707 m2 each), five dominant or co-dominant
Alnus glutinosa L. trees were selected randomly for wood core sampling. Two cores per
tree were extracted at breast height using a 400 mm long and 5.15 mm wide increment
borer from Haglof (Haglof Inc. Sweden), spaced at least 5 m apart. Cores were carefully
stored in straw and transported to the laboratory, where they were air-dried, hand-sanded,
and measured using LignoVision software (version 1.40). The trees range in age from 9 to
33 years at plot 7 (elevation 23 m, east of the riverbank) and from 16 to 22 years at plot 15
(elevation 20 m, west of the riverbank) (Table 1).

Table 1. Characteristics of the research area (sampling plots 7 and 15) and the ages of the trees selected
for core sampling.

No. Elevation Age Distance from the Main
River Channel

Plot 7
(east)

Lat 40.973
Lon 24.744

23 m 783 m

1 22
2 9
3 28
4 33
5 25

Plot 15
(west)

Lat 40.997
Lon 24.750

20 m 226 m

1 16
2 22
3 18
4 19
5 21

The time series data were plotted against the corresponding years, along with a
fitted curve and its equation. Typically, these curves are adequately estimated using a
two-parameter exponential decay function fitted to the data:
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yt = y0 + ae−bx

where a and b are variable values that vary from series to series depending on the slope of
the curve required to fit the data, and y is the expected increase in a given year t [18]. The
evaluation of ring width models was based on the adjusted coefficient of determination
(Radj), root mean square error (RMSE), and significance (p < 0.05).

The measured ring widths (Wt) were converted into average ring width indices (RWI)
by dividing each width for year t by the expected growth (Yt), using the following equation:

RWI =
wt

yt

This conversion both removes the trend in growth and scales the variance so that it is
approximately the same throughout the entire length of the time series.

3. Results
The ring width index (RWI) was calculated for two out of the (15) total selected sample

plots of the project, specifically on plot 7 (Figure 1) on the eastern bank of the river and plot
15 (Figure 2) on the western bank. Figures 1 and 2 present the standardized radial growth
increments per plot.

Proceedings 2025, 115, 19 3 of 7 
 

 

The time series data were plotted against the corresponding years, along with a fitted 
curve and its equation. Typically, these curves are adequately estimated using a two-pa-
rameter exponential decay function fitted to the data: y = y + ae  

where a and b are variable values that vary from series to series depending on the slope 
of the curve required to fit the data, and y is the expected increase in a given year t [18]. 
The evaluation of ring width models was based on the adjusted coefficient of determina-
tion (Radj), root mean square error (RMSE), and significance (p < 0.05). 

The measured ring widths (Wt) were converted into average ring width indices 
(RWI) by dividing each width for year t by the expected growth (Yt), using the following 
equation: RWI = wy  

This conversion both removes the trend in growth and scales the variance so that it 
is approximately the same throughout the entire length of the time series. 

3. Results 
The ring width index (RWI) was calculated for two out of the (15) total selected sam-

ple plots of the project, specifically on plot 7 (Figure 1) on the eastern bank of the river and 
plot 15 (Figure 2) on the western bank. Figures 1 and 2 present the standardized radial 
growth increments per plot. 

 

Figure 1. Average ring radial growth index for plot 7 (east). Figure 1. Average ring radial growth index for plot 7 (east).



Proceedings 2025, 117, 19 4 of 6

Proceedings 2025, 115, 19 4 of 7 
 

 

. 

Figure 2. Average ring radial growth index for plot 15 (west). 

The Palmer Drought Severity Index (PDSI), ranging from −10 (dry) to +10 (wet), was 
used to track long-term drought, typically between −4 and +4 (Figure 3). Data came from 
the TERRACLIMATE and CHIRPS datasets, as noted by Huntington [19]. 

  

Figure 2. Average ring radial growth index for plot 15 (west).

The Palmer Drought Severity Index (PDSI), ranging from −10 (dry) to +10 (wet), was
used to track long-term drought, typically between −4 and +4 (Figure 3). Data came from
the TERRACLIMATE and CHIRPS datasets, as noted by Huntington [19].
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4. Management Insights and Conclusions
From the analysis of tree rings, the drought index, and the assessment of results, the

following conclusions emerged:

• During the study period, tree growth on both riverbanks followed a similar trajec-
tory, with significant growth fluctuations occurring eastward first, followed by either
significant or less pronounced increases westward.
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• Significant decline years were identified (marked as circles in Figures 1 and 2), where
most trees showed exceptional growth deviations compared to adjacent years. Exam-
ples include 1995, 1998, 2000, 2002, 2007, 2010, 2017, and 2021 east of the river, and
2002, 2004, 2007, and 2017 west of the river. Younger trees provided less growth and
climate information.

• Four significant drought events (indicated by circles in Figure 3) were identified, and
we retained three of them (1990, 1993, and 2001), where PDSI < −4. These events
appear to have had a limited impact on tree growth during the drought year itself,
but potentially affected growth in the following year (e.g., the 2001 drought possibly
reduced growth in 2002 to the east). This phenomenon seems to be sporadic and
requires additional research for confirmation.

• On-site observations by the LIFE-Primed working group have shown that dam over-
flows in the northern Nestos River result in heightened wet conditions, which could
potentially hinder tree growth and lead to mortality events. However, no mortality
has been observed thus far.

• The frequency and quantity of water released from dams need monitoring, as se-
vere and prolonged floods can disrupt riparian forest hydrology, altering water lev-
els, flood duration, and groundwater replenishment, thus affecting tree growth and
nutrient access.

• Severe floods can lead to the loss of ecosystem services provided by the ecosystem [20].
• These specific conditions may be more significant in terms of their impact on site

tree growth, suggesting a more limited role of climatic conditions. However, further
investigation is needed to draw more conclusive findings.

Author Contributions: Conceptualization, P.P.K. and E.K.; methodology, P.P.K.; software, P.P.K.; E.K.;
E.A. and A.S. validation, P.P.K. formal analysis, P.P.K. and E.K. investigation, P.P.K.; E.K.; E.A. and
A.S. resources, P.P.K.; E.K.; E.A. and A.S. data curation, P.P.K.; writing—original draft preparation,
P.P.K.; writing—review and editing, P.P.K.; supervision, P.P.K.; project administration, E.K.; funding
acquisition, E.K. All authors have read and agreed to the published version of the manuscript.

Funding: This work is funded by the LIFE PRIMED (LIFE17 NAT/GR/000511) project, which is
co-financed by the Greek Green Fund (GRFU).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author due to ongoing analyses and planned future publications.

Acknowledgments: We thank our collaborator N.E. Chatzipavlis for his support throughout data
collection in the field.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
The following abbreviations are used in this manuscript:

RMSE Root Mean Square Error
RWI Ring Width Index
PDSI Palmer Drought Severity Index



Proceedings 2025, 117, 19 6 of 6

References
1. McDowell, N.; Pockman, W.T.; Allen, C.D.; Breshears, D.D.; Cobb, N.; Kolb, T.; Plaut, J.; Sperry, J.; West, A.; Williams, D.; et al.

Mechanisms of plant survival and mortality during drought: Why do some plants survive while others succumb to drought?
New Phytol. 2008, 178, 719–739. [CrossRef] [PubMed]

2. Allen, C.D.; Macalady, A.K.; Chenchouni, H.; Bachelet, D.; McDowell, N.; Vennetier, M.; Kitzberger, T.; Rigling, A.; Breshears,
D.D.; Hogg, E.T.; et al. A Global Overview of Drought and Heat-Induced Tree Mortality Reveals Emerging Climate Change Risks
for Forests. For. Ecol. Manag. 2010, 259, 660–684. [CrossRef]

3. Adams, H.D.; Zeppel, M.J.; Anderegg, W.R.; Hartmann, H.; Landhäusser, S.M.; Tissue, D.T.; Huxman, T.E.; Hudson, P.J.; Franz,
T.E.; Allen, C.D.; et al. A multi-species synthesis of physiological mechanisms in drought-induced tree mortality. Nat. Ecol. Evol.
2017, 1, 1285–1291. [CrossRef] [PubMed]

4. Choat, B.; Brodribb, T.J.; Brodersen, C.R.; Duursma, R.A.; López, R.; Medlyn, B.E. Triggers of tree mortality under drought. Nature
2018, 558, 531–539. [CrossRef] [PubMed]

5. Peñuelas, J.; Sardans, J.; Filella, I.; Estiarte, M.; Llusià, J.; Ogaya, R.; Carnicer, J.; Bartrons, M.; Rivas-Ubach, A.; Grau, O.; et al.
Impacts of Global Change on Mediterranean Forests and Their Services. Forests 2017, 8, 463. [CrossRef]

6. Ciais, P.; Reichstein, M.; Viovy, N.; Granier, A.; Ogée, J.; Allard, V.; Aubinet, M.; Buchmann, N.; Bernhofer, C.; Carrara, A.; et al.
Europe-wide reduction in primary productivity caused by the heat and drought in 2003. Nature 2005, 437, 529–533. [CrossRef]
[PubMed]

7. Colangelo, M.; Camarero, J.J.; Ripullone, F.; Gazol, A.; Sánchez-Salguero, R.; Oliva, J.; Re-dondo, M.A. Drought decreases growth
and increases mortality of coexistingnative and introduced tree species in a temperate floodplain forest. Forests 2018, 9, 205.
[CrossRef]

8. Navarro-Cerrillo, R.M.; Rodriguez-Vallejo, C.; Silveiro, E.; Hortal, A.; Palacios-Rodríguez, G.; Duque-Lazo, J.; Camarero,
J.J. Cumulative drought stress leads to a loss ofgrowth resilience and explains higher mortality in planted than in naturally
regene-rated Pinus pinaster stands. Forests 2018, 9, 358. [CrossRef]

9. Dobbertin, M. Tree Growth as Indicator of Tree Vitality and of Tree Reaction to Environmental Stress: A Review. Eur. J. For. Res.
2005, 124, 319–333. [CrossRef]

10. Galiano, L.; Martinez-Vilalta, J.; Lloret, F. Drought-induced multifactor decline of Scots pine in the Pyrenees and potential
vegetation change by the expansion of co-occurring oak species. Ecosystems 2010, 13, 978–991. [CrossRef]

11. Peñuelas, J.; Lloret, F.; Montoya, R. Severe drought effects on Mediterranean woody flora in Spain. For. Sci. 2001, 47, 214–218.
[CrossRef]

12. Sarris, D.; Christodoulakis, D.; Körner, C. Recent Decline in Precipitation and Tree Growth in the Eastern Mediterranean. Glob.
Change Biol. 2007, 13, 1187–1200. [CrossRef]

13. Papadopoulos, A. Tree-Ring Patterns and Climate Response of Mediterranean Fir Populations in Central Greece. Dendrochronologia
2016, 40, 17–25. [CrossRef]

14. Koulelis, P.P.; Daskalakou, E.N.; Ioannidis, K.E. Impact of Regional Climatic Conditions on Tree Growth on Mainland Greece.
Folia Oecologica 2019, 46, 127–136. [CrossRef]

15. Koulelis, P.P.; Fassouli, V.P.; Petrakis, P.V.; Ioannidis, K.D. The Impact of Selected Climatic Factors on the Growth of Greek Fir on
Mount Giona in Mainland Greece Based on Tree Ring Analysis. Austrian J. For. Sci. 2022, 1, 1–30.

16. Koutavas, A. Late 20th Century Growth Acceleration in Greek Firs (Abies Cephalonica) from Cephalonia Island, Greece: A CO2

Fertilization Effect? Dendrochronologia 2008, 26, 13–19. [CrossRef]
17. Avramidou, E.V.; Korakaki, E.; Malliarou, E.; Solomou, A.D.; Mantakas, G.; Karetsos, G. First Report and Genetic Analysis of the

Invasive Species A. fruticosa L. In Greece: A Combined Genetic and Regeneration Study. Ecologies 2023, 4, 627–635. [CrossRef]
18. Fritts, H.C. Tree Rings and Climate; Academic Press: London, UK, 1976; 567p.
19. Huntington, J.L.; Hegewisch, K.C.; Daudert, B.; Morton, C.G.; Abatzoglou, J.T.; McEvoy, D.J.; Erickson, T. Climate Engine: Cloud

Computing and Visualization of Climate and Remote Sensing Data for Advanced Natural Resource Monitoring and Process
Understanding. Bull. Am. Meteorol. Soc. 2017, 98, 2397–2410. [CrossRef]

20. Talbot, C.J.; Bennett, E.M.; Cassell, K.; Hanes, D.M.; Minor, E.C.; Paerl, H.; Raymond, P.A.; Vargas, R.; Vidon, P.G.; Wollheim, W.;
et al. The impact of flooding on aquatic ecosystem services. Biogeochemistry 2018, 141, 439–446. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1111/j.1469-8137.2008.02436.x
https://www.ncbi.nlm.nih.gov/pubmed/18422905
https://doi.org/10.1016/j.foreco.2009.09.001
https://doi.org/10.1038/s41559-017-0248-x
https://www.ncbi.nlm.nih.gov/pubmed/29046541
https://doi.org/10.1038/s41586-018-0240-x
https://www.ncbi.nlm.nih.gov/pubmed/29950621
https://doi.org/10.3390/f8120463
https://doi.org/10.1038/nature03972
https://www.ncbi.nlm.nih.gov/pubmed/16177786
https://doi.org/10.3390/f9040205
https://doi.org/10.3390/f9060358
https://doi.org/10.1007/s10342-005-0085-3
https://doi.org/10.1007/s10021-010-9368-8
https://doi.org/10.1093/forestscience/47.2.214
https://doi.org/10.1111/j.1365-2486.2007.01348.x
https://doi.org/10.1016/j.dendro.2016.05.005
https://doi.org/10.2478/foecol-2019-0015
https://doi.org/10.1016/j.dendro.2007.06.001
https://doi.org/10.3390/ecologies4030041
https://doi.org/10.1175/BAMS-D-15-00324.1
https://doi.org/10.1007/s10533-018-0449-7
https://www.ncbi.nlm.nih.gov/pubmed/30930510

	Introduction 
	Methodology 
	Results 
	Management Insights and Conclusions 
	References

