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Abstract 

Climate fluctuations are expected to drive a decline in the growth of many conifer and broadleaf 

species, especially in the Mediterranean region, where these species grow at or very near the southern 

limits of their distribution. Such trends have important implications not only for forest productivity 

but also for plant diversity, as shifts in species performance may alter competitive interactions and 

long-term community composition. Using tree-ring data sourced from two Abies cephalonica stands 

with different elevation in Mount Parnassus in Central Greece, we evaluate the growth responses of 

the species to climatic variability employing a dendroecological approach. We hypothesize that radial 

growth at higher elevations is more strongly influenced by climate variability than at lower 

elevations. Despite the moderate to relatively good common signal indicated by the expressed 

population signal (EPS: 0.645 for the high-altitude stand and 0.782 for the low-altitude stand), the 

chronologies for both sites preserve crucial stand-level growth patterns, providing an important basis 

for ecological insights. The calculation of the Average Tree-Ring Width Index (ARWI) for both sites 

revealed that fir in both altitudes exhibited a decline in growth rates from the late 1980s to the early 

1990s, followed by a general recovery and increase throughout the late 1990s. They also both 

experienced a significant decline in growth between approximately 2018 and 2022. The best-fit model 

for annual ring-width variation at lower elevations was a simple autoregressive model of order one 

(AR1), where growth was driven exclusively by the previous year’s growth (p < 0.001). At the higher 

elevation, a more complex model emerged: while previous year’s growth remained significant (p < 

0.001), other variables such as maximum growing season temperature (p = 0.041), annual temperature 

(inverse effect, p = 0.039), annual precipitation (p = 0.017), and evapotranspiration (p = 0.039) also had 

a statistically significant impact on tree growth. Our results emphasize the prominent role of carry-

over effects in shaping their annual growth patterns.  

Keywords: Greek fir; radial growth; climate; altitude; autoregressive model 

 

1. Introduction 

Understanding how trees respond to climatic factors and the suggested monitoring of tree 

species are increasingly crucial for evaluating forest ecosystem resilience, plant diversity and 

managing environmental changes, especially as global climate patterns shift.  

Predicted increases in the frequency and severity of global drought events may have a 

considerable impact on tree growth [1]. Simultaneously, severe droughts characterized by elevated 

temperatures and reduced precipitation have been associated with widespread episodes of forest 

dieback throughout Europe in recent decades [2–5]. Direct abiotic disturbances, such as droughts and 

other climatic variables, negatively affect forests. As expected, this issue is more intense in Southern 

Europe, where the sensitivity of tree species’ growth to a warmer or drier climate varies depending 
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on the species and local or previous management conditions [3,6–12]. These effects, in turn, lead to 

reduced forest productivity [13] increased tree mortality [14–16] and cascading impacts on plant 

diversity in Mediterranean forest ecosystems. In many studies, fir species together with pine in 

Europe and globally are selected to capture such cause-and-effect relationships as well as spatial 

variability, usually using dendroclimatic methodologies [17–19]. More specifically, Carrer et al. [8] 

reported that Abies alba species’ sensitivity to global change can lead to pronounced spatial variations, 

reflecting the complexity of the Mediterranean climate and causing substantial differences across the 

various regions of the basin. 

Past research indicates that Abies cephalonica Loundon (Greek fir, endemic to Greece) populations 

in mainland Greece, including Mount Parnassus, are experiencing both direct and indirect impacts 

from changing climatic conditions, with evidence pointing toward a trend of decline rather than 

resilience in several respects. The first serious reports of Greek fir dieback come from Mount Taygetos 

(Peloponnese) and date back to the 1960s. The phenomenon re-emerged in the following decades, 

reaching its peak intensity between 1985 and 1989. On Mount Mainalo (Peloponnese), the situation 

in 1988–1989 was dramatic, with areas where dieback affected up to 70% of fir trees. This event 

progressed with characteristic speed: first, branches in the middle of the crown would die, followed 

by resin exudation, and within a few weeks, the tree would be completely dead. This was often 

followed by bark beetle epidemics, which further exacerbated the situation [20]. 

Similar dieback was observed on Mount Parnassus as early as 1977, with the most severe effects 

seen at lower altitudes and in areas of mixed vegetation, where fir trees were interspersed among 

other broadleaf species. The situation worsened in the late 1980s, with dieback rates reaching up to 

40%, even in areas at relatively higher altitudes. Significant studies from that era highlighted that 

these diebacks were associated with unfavorable climatic and soil conditions, warmer and drier 

years, especially when combined with hot and dry summers [20]. This resulted in a weakening of tree 

vitality, primarily in shallow, rocky soils and, as expected, on south-facing exposures. 

This pattern was not an isolated behavior of the past. It recurred in 2000, 2002, and 2009, with 

extensive dieback recorded in many mountain ranges of Central and Southern Greece. 

Despite potentially receiving high levels of precipitation in autumn and winter, Greece’s fir 

forests are particularly vulnerable to summer droughts, especially in areas with poor soils. The 

literature agrees that water scarcity and temperature anomalies—particularly unusually high spring 

or low winter temperatures—are the main climatic factors limiting forest growth in Greece [21–28]. 

Similar relationships between water availability and reduced growth have been observed in fir 

species across other Mediterranean regions [29]. 

The decline of Mediterranean fir forests in Southern and Central Greece is mainly driven by 

extreme droughts, with abnormal temperatures—such as late frosts, severe cold, or prolonged 

winters—further hindering growth and recovery [30–34]. In general, the research has consistently 

demonstrated a strong link between the availability of water and the growth of trees, as measured by 

ring width and overall size, in different forests and/or species [35,36]. 

Furthermore, the decline of fir ecosystems has recently become increasingly pronounced by 

wildfires connected to climate, as has often occurred in the Peloponnese and Central Greece, where 

fires typically originate at lower altitudes and spread to higher ones. It is well known that the 

recovery of these ecosystems, particularly those dominated by Greek fir, can be slow and uncertain 

[37]. 

Given that future climatic conditions are expected to make the conditions even drier in the 

region, this study focuses on the dominant tree species growing at high elevations in the mountains 

of Central Greece, specifically on Mount Parnassus, which represent the southernmost limit of its 

natural distribution. The Greek fir is genetically and morphologically distinct within the Pinaceae 

family and exhibits high ecological importance as a keystone species in its native range. The 

particular species endemic to Greece can reach heights of up to 30 meters and is primarily distributed 

in Central Greece (Sterea Ellada), with additional populations in the Peloponnese, Kefalonia, and 

Evia. It forms extensive forests at relatively high altitudes. 
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We applied a dendroecological approach to investigate unmanaged stands and assess the 

species’ growth responses to climate variability. We hypothesize that the radial growth of Greek fir 

at higher elevations is more strongly influenced by climate variability than that of the particular 

species at lower elevations. Our specific objectives were to: (i) examine the relationship between 

radial growth and key climatic factors, and (ii) assess the influence of internal growth trends (legacy 

effect) and/or past growth influence and compare growth responses between two altitudes. 

2. Materials and Methods 

2.1. Study Sites, Vegetation and Climate 

The two study sites (S1538 and S1174) are situated in uneven-aged fir stands near the settlement 

of Livadi on Mount Parnassus, facing south and southeast, respectively (Figure 1). The elevations of 

the stands are 1,538 m and 1,174 m, respectively. Data for both stands were collected during the 

summers of 2024 and 2025. All sampled trees within each site were located at essentially the same 

elevation, with only minimal variation (less than 1–2 meters). Therefore, there is no internal 

altitudinal differentiation within sites. In addition, to the best of our knowledge, all samples were 

collected from unmanaged forests, where trees grow under natural and healthy competition. This 

ensures that our measurements reflect intrinsic tree growth and are not affected by human 

interventions. 

 

Figure 1. Location of the study areas on Mount Parnassus: S1538 and S1174. The map was created with QGIS 

3.22.3 (QGIS Development Team, 2021). Upper photo: fir stands near the first research area (Fterolakka, 1,538 

m). Lower photo: fir stands near the second research area (Corycian cave, 1,174 m). Photos by Panagiotis P. 

Koulelis. 

Regarding tree core sampling, we collected wood cores from 10 dominant or co-dominant Greek 

fir trees at breast height per stand, ensuring that sampled trees were at least 5 m apart, using a Mora 

three-threaded auger manufactured by Haglöf (Haglöf Sweden AB, Sweden). To minimize the 

formation of reaction (tension) wood, we selected straight trees with the most symmetrical canopies 

possible. After lab preparation, we measured tree-ring width to 0.01 mm precision, using LignoVision 

software [38] (ver. 1.40). The mean tree age was 77.6 years at Fterolakka and 94.6 years at Corycian 

cave (Table 1). 

  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 31 December 2025 doi:10.20944/preprints202512.2749.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202512.2749.v1
http://creativecommons.org/licenses/by/4.0/


 4 of 18 

 

Table 1. Geographical and stand structural characteristics. 

Stand Place name Latitude Longitude Aspect Altitude (m) 

Mean age 

of trees 

(years) 

Number of 

sampled 

trees 

S1538 Fterolakka 38.566634 °N 22.546596°E SE 1,538 77.6 10 

S1174 
Corycian 

cave 

38.5163354 

°N 
22.509543°E S 1,174 94.6 10 

2.2. Vegetation 

Mount Parnassus is a predominantly calcareous, karstic massif with sharp altitudinal zonation. 

Within the Natura 2000 SAC GR2450005, the Annex I habitat repertoire that underpins plant diversity 

at both sites includes: 4060 Alpine and Boreal heaths, 4090 Endemic oro-Mediterranean heaths with 

gorse, 8140 Eastern Mediterranean screes, 8210 Calcareous rocky slopes with chasmophytic 

vegetation, 8310 Caves not open to the public, 9340 Quercus ilex forests, 9530 (Sub)Mediterranean 

black pine forests, 9560 Endemic Juniperus forests, 6220 Pseudo steppe with grasses and annuals of 

the Thero Brachypodietea, and 6230 Species-rich Nardus grasslands (of small extent) [39]. The Corycian 

cave area is located above Delphi on the southwest flank of Mount Parnassus, surrounded by Greek 

fir forest on limestone. Kermes oak (Quercus coccifera) shrublands are documented to reach up to the 

cave (~1,400 m) and integrate with the fir belt. The rock faces support chasmophytic assemblages 

(habitat 8210), including rock dwellers such as Daphne jasminea (a Greek endemic recorded from 

Mount Parnassus). The result is a local mosaic of fir woodland, evergreen sclerophylls, and calcareous 

crevice flora around the cave [39–41].  

The Fterolakka area, located near the Parnassos Ski Centre, spans the upper montane fir treeline 

(approximately 1,700–1,800 m on Mount Parnassus) and extends into the subalpine (oro-

Mediterranean) zone. Above the treeline, the landscape opens into low, wind-shaped cushion heaths 

and mosaics of grasses and forbs growing on limestone. These include characteristic habitat types 

4090, with its distinctive Astragalus–Genista vegetation, and 4060, along with 8140 screes formed on 

shifting debris and 8210 chasmophytic plants clinging to stable rock ledges. In the lower subalpine 

zone, scattered Juniperus foetidissima can be found up to about 1,900 m, marking the upper limit of 

habitat 9560. Below this, dense stands of Greek fir dominate the slopes between roughly 600 and 

1,700/1,800 m, while black pine (Pinus nigra) mixes with fir between 750 and 1,500 m, especially on 

the slopes above Amfikleia and Polydrosos [39–41]. 

Emphasizing the ecological value of the area, we highlight its endemism and floristic richness, 

noting that Parnassus supports a highly diverse flora (≥ 850 recorded taxa), with a core of local 

endemics closely associated with limestone cliffs, screes, and the subalpine zone. Particularly notable 

are Centaurea musarum (Parnassus endemic), Euphorbia orphanidis (restricted to a handful of alpine 

scree patches near the summit area), Erysimum parnassi, Genista parnassica, Silene guicciardii, Geocaryum 

pumilum, and the emblematic Paeonia parnassica (a rare Greek endemic of mid montane openings in 

fir woodland and rocky places). The high conservation value of both the Corycian cave area and the 

Fterolakka treeline/subalpine landscapes is attributed to the concentration of specialized, narrow-

range taxa found within their specific 8210/8140 microhabitats [41–43]. 

2.3. Climate 

Climate data was received from the ClimateEngine platform for the period 1964–2024 (Climate 

engine 2025). Specifically, we extracted monthly maximum and minimum air temperature (°C), 

precipitation (mm), and potential evapotranspiration (mm) from the TerraClimate dataset (4 km, 

monthly resolution). The mean annual air temperature for the period 1964–2024 was 8.78 ± 2.70 °C at 

Fterolakka and 10.81 ± 2.73 °C at Corycian cave. Mean annual precipitation was 904.7 ± 156.1 mm and 

831.9 ± 142.1 mm for Fterolakka and Corycian cave, respectively, with most rainfall occurring in 

winter (36.8% and 37.7%). Summer was the driest season, receiving only 12.0% of annual 
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precipitation at Fterolakka and 11.5% at Corycian cave. According to the modified Köppen–Geiger 

global climate classification [44], the climate of the region is temperate with warm and dry summers, 

classified as Csb. 

The ombrothermic diagrams for the two study sites (Figure 2) indicate that Fterolakka 

experiences a short, low-intensity dry–hot period lasting two months (July–August). In contrast, the 

Corycian cave site exhibits a more intense dry–hot period that begins approximately one month 

earlier (June) and is of greater duration and severity than that of Fterolakka. 

  

Figure 2. Ombrothermic diagrams for the Fterolakka (left) and Corycian cave (right) sites for the period 1964–

2024. Air temperature (oC) is depicted with the red line and precipitation (mm) with the blue one. 

The Thornthwaite Aridity Index (AI) [45,46] was calculated using the UNEP [47] formula as:   

𝐴𝐼 =
𝑃

𝑃𝐸𝑇
  

where: 

• P = annual precipitation (mm), and 

• PET = annual potential evapotranspiration (mm). 

The calculated AI values were 1.52 ± 0.03 for Fterolakka and 1.25 ± 0.03 for the Corycian cave 

stand. According to the above classification, these values categorize the study area as humid. 

Fady et al. [48] showed that Abies cephalonica typically grows in areas with a pronounced three-

month summer drought and an overall humid climate receiving about 1,000 mm of annual rainfall. 

These sites experience a broad temperature spectrum, from very cold winters (coldest-month minima 

around −7 °C) to cool conditions (0–3 °C), which is wide for a Mediterranean fir. Aussenac [49] further 

noted that the species performs well across a broad mean annual temperature range of 8–17 °C 

throughout its natural distribution [50]. Overall, our current climate characterization supports the 

suitability of the sites for A. cephalonica while revealing slightly less severe summer dryness than 

reported in earlier studies. 

2.4. Cross-Dating, Detrending and Climate–Growth Relationships 

Cross-dating of the tree-ring samples was performed through manual inspection, where growth 

patterns across all samples were visually identified and matched. This approach was supported by 

statistical validation to ensure the accuracy and consistency of the tree-ring chronologies. Bernabel et 

al. [51] highlighted that cross-dating can be evaluated through both statistical methods and visual 

inspection. Papadopoulos [52] further emphasized the use of standard dendrochronological 

techniques, particularly visual comparisons, for cross-dating samples from pine forests, underscoring 

the importance of visual assessment in the process. Similarly, Trouet et al. [53] noted that cross-dating 

frequently relies on visually comparing growth curves to match ring width series. Nevertheless, all 
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series were then statistically verified using COFECHA (ver. 4.81c) [54] and TSAP-Win (ver. 6.06p) 

[55], where they were segmented into overlapping windows and correlated against a master 

chronology to detect misaligned rings or dating errors. The quality of the resulting chronologies was 

assessed through mean sensitivity, reflecting year-to-year growth variability, and r ̅ quantifying the 

common growth signal among trees. Outlier series with low correlations or anomalous patterns were 

re-examined or excluded. Finally, following Wigley et al. [56] and Briffa and Jones [57], the Expressed 

Population Signal (EPS) was calculated by the standardized values of annual growth per tree and 

stand as: 

𝐸𝑃𝑆 =
𝑁𝑟̄ 

1 + (𝑁 − 1)𝑟̄ 
  

where N is the number of trees that are included, and r ̄ is the average inter-series correlation 

coefficient. To account for age-related growth trends, tree-ring series were detrended following the 

approach of Fritts [58]. After establishing appropriate curves to represent growth changes with 

increasing tree age, a moving average was applied to smooth the series and construct expected 

growth patterns. Radial growth indices are known to be valuable long-term measures of overall tree 

vigor [1], and dendroclimatological methods are frequently applied to identify the climatic factors 

most closely associated with variations in tree-ring parameters [58]. For the detrending of the time 

series, the measured ring widths (Wt) were converted into an average ring width index (ARWI) for 

the two stands by dividing each year’s width (Wt) by the expected growth (Yt) for year t. This division 

removes the trend in growth and scales the variance so that it is approximately the same throughout 

the entire length of time series. The formula that was used is: 

𝐴𝑅𝑊𝐼 =
𝑊𝑡

𝑌𝑡
  

This procedure was repeated for each altitude and stand. After constructing and solving the 

equations for all measurements, the master ring width indices were calculated for all stands. 

Finally, we obtained time series data for soil moisture (SM), actual evapotranspiration (ActET), 

precipitation (PREC), climatic water deficit (ClimWD), mean maximum temperature (MaxTemp), 

and the Palmer Severity Index (PDSI) both annually and during the growing season of trees. These 

data were sourced from the climate engine and TERRACLIMATE dataset (4,000 m, 1/24-degree) 

covering the years 1960 to 2024, as described by Huntington et al. [59]. For this study, the growing 

season is defined as April through October in the Northern Hemisphere. The selection of this period 

is well-documented through anatomical and modeling studies across multiple Mediterranean conifer 

species with reports indicating that cambial activity can continue until the end of October [60,61]. 

Although the ring width series were detrended following moving average to remove age-related 

growth trends, a significant autoregressive term remained, indicating persistent short-term growth 

inertia independent of climatic forcing. For this reason, we preferred the application of a method 

capable of accounting for the internal growth lag effect of the trees. 

An autoregressive model, incorporating a lagged variable of the dependent variable, was 

employed to effectively account for serial autocorrelation inherent in the tree growth data. This 

approach seems to be crucial in the current analyses, where time series often exhibit temporal 

dependence, as current-year growth is influenced by the previous year’s conditions [19,58,62,63], 

which often leads to spurious correlations in simpler models. 

By including lagged ARWI terms, the model’s Durbin–Watson statistic was considered, 

demonstrating that the serial correlation was appropriately modeled. Such augmentation in 

methodology enabled stronger testing of climate–growth relationships, separating the true effect of 

climatic variables from the spurious effect generated due to the time-series nature. The 

autoregression thus gave a valid and better framework to establish the true effect of climate on tree 

growth. The simple AR(1) model expresses the current value of a time series as a linear function of 

its immediately preceding value and a random error term. Its general form is: 
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𝑌𝑡 = 𝑐 + 𝜙𝑌𝑡−1 + 𝜀𝑡  

where: 

• 𝑌𝑡 is the value of the variable at time 𝑡, 

• 𝑐 is a constant term,  

• 𝜙 is the autoregressive parameter that measures the influence of the previous observation 𝑌𝑡−1 

on the current one, and 

• 𝜀𝑡 is a white noise error term. 

The final AR(1) model for ARWI has the general form  

𝐴𝑅𝑊𝐼𝑡 = 𝑐 + 𝐵 ∙ 𝐴𝑅𝑊𝐼𝑡−1 +∑𝐵𝑖𝑋𝑖,𝑡

𝑘

𝑖=1

+ 𝜀𝑡  

where Xi,t are the considered climatic predictors: SM (annual soil moisture), SM_GS (growing season 

soil moisture), PREC (annual precipitation), PREC_GS (growing season precipitation), ActET (annual 

actual evapotranspiration), ActET_GS (growing season evapotranspiration), MaxTemp (annual mean 

maximum temperature), MaxTemp_GS (growing season mean maximum temperature), ClimWD 

(annual climate water deficit), ClimWD_GS (growing season climate water deficit), PDSI (annual 

Palmer Drought Severity Index), and PDSI_GS (growing season Palmer Drought Severity Index). 

Only statistically significant climatic variables are included in the final models. 

The autoregressive analysis was performed using IBM SPSS Statistics (Version 23.0). 

3. Results 

3.1. Cross-Dating and Detrending Results 

Cross-dating using the longest single series as a master was conducted at the Fterolakka site 

(1,538 m). 648 rings in the entire series were all measured, and 591 rings were dated to ensure they 

were properly dated. Based on results from both TSAP-Win (4.81c) and COFECHA (ver. 6.06p), 9 of 

the 10 increment core series available were included in the final chronology following very close 

examination of flagged segments and outliers. The mean inter-series correlation r ̅ of 0.246 and the 

average mean sensitivity of 0.203 suggested a moderate common signal. Flagged segments, as 

detected by COFECHA diagnostics, were inspected visually and removed where they resulted in 

unacceptable time shifts in the series. The whole chronology’s stated population signal (EPS) was 

0.645 [56,57], suggesting the existence of a moderate common signal. To incorporate as many of the 

series as was feasible, and since the series varied in length, the master site chronology was 

constructed from these nine series’ Average Ring Width Index (ARWIFTE) for the 1978–2024 period. 

For the Corycian cave stand, the sample included 949 rings in total and 948 cross-matched and 

dated successfully. The average series length was 94.9 years. The average inter-series correlation r ̅ 

was 0.262, and the average mean sensitivity was 0.212. The EPS of the chronology was moderate at 

0.782, accounting for a relatively coherent common growth signal. As was mentioned, COFECHA 

diagnostics recognized segments of potential issues, which were carefully investigated and adjusted 

where needed. Following this process and based on the outcome of CHAPWIN (ver. 4.81c) and 

COFECHA, 10 of the 10 original series were included in the final chronology. As in the case of the 

Fterolakka stand, and for as many series as possible to be incorporated, in the Corycian cave stand 

10 increment core series were cross-dated and tested, yielding a master chronology (ARWICOR) 

1964–2024. 

It is important to underline that despite the EPS values for both sites indicating a moderate to 

relatively good common signal, the chronologies for both sites preserve stand-level growth patterns 

and provide a valuable basis for ecological interpretation. 
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3.2. Ring Width Indices 

According to the method outlined, Figure 3 presents the annual fluctuation in the average radial 

growth between the two altitudes. The figure reveals that the standardized tree-ring width indices 

for the upper stand (FTE 1,538 m) and lower stand (COR 1,174 m) vary over time, yet always move 

similarly. The graph indicates periods of consistent growth and decline for both stands. Both, for 

example, have one period of declining growth indices from the late 1980s to the early 1990s and then 

a general trend upward through the late 1990s. There is also a notable decline in growth for both 

stands in the period from roughly 2018 to 2022. But there are some interesting differences too. The 

Fterolakka stand (green line), located at a higher elevation, is subject to more pronounced fluctuations 

in growth. It has some of the highest peak growth years, particularly in the mid-1970s and early 2010s, 

but also some of the lowest points, such as in the late 1980s and the early 2020s. 

The Corycian cave stand (blue line), at a lower altitude, shows a more stable growth pattern, 

though it still has periods of high and low growth. Its indices generally stay closer to the 1.0 average 

line, with less dramatic peaks and troughs compared to the Fterolakka stand. 

 

Figure 3. Master average tree-ring width indices across time for the two stands (Fterolakka 1,538 m and Corycian 

cave 1,174 m. 

3.3. Autoregressive Models 

The autoregressive analysis for the Corycian cave stand reveals that climatic variables do not 

exert any significant influence on tree growth and previous-year growth is found to have a significant 

influence. The model successfully addresses the issue of serial autocorrelation, providing a more 

robust assessment of climate–growth relationships as its summary indicates a reasonably good fit, 

with an adjusted R2 of 0.397, which shows that close to 40% of the variance in the ARWI index is 

explained by the predictors in the model (Table 2). The Durbin–Watson statistic of 1.802 is close to 2, 

indicating that serial correlation has been properly removed by adding the lagged variable ARWI 

(ARWIt−1) as described in the methodology. 
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Table 2. Autoregressive model summary for the Corycian cave stand. 

Model R2 Adjusted R2 
Std. Error of the 

Estimate 
Durbin–Watson 

Corycian cave 

stand 
0.520 0.397 0.114 1.802 

The ANOVA table revealed that the model as a whole is statistically significant (p < 0.001) (Table 

3), primarily driven by the strong influence of the autoregressive term ARWIt−1. Analysis of the 

coefficients further elucidates these findings. The last variable, representing the previous year’s 

growth, has a highly significant positive effect (B = 0.691, p < 0.001). This suggests high biological 

inertia, where previous growth is the most powerful predictor of current growth. Conversely, none 

of the included climatic variables, including growing season (GS) and annual values for all the 

examined variables, have any statistically significant effect on tree growth (all p values > 0.05, Table 

4). Focusing on the Corycian cave stand, the autoregressive term reflects the internal growth 

dynamics and constitutes the main factors of variability in tree growth. The assessed climatic factors 

seem to lack a meaningful and additional effect, which is likely to indicate that local and non-climatic 

factors, or even more complex climatic relations, are of greater significance. 

Table 3. Autoregressive model ANOVA for the Corycian cave stand. 

Model Sum of Squares df Mean Square F Sig. 

Regression 0.663 12 0.055 4.241 0.000 

Residual 0.612 47 0.013   

Total 1.275 59    

Table 4. Calculated standardized and unstandardized coefficients of the autoregressive model for the Corycian 

cave stand. 

 Unstandardized Coefficients Standardized Coefficients  

Model B Std. Error Beta t Sig. 

Constant 1.190 0.609  1.955 0.046 

ARWIt−1 0.691 0.119 0.681 5.819 0.000 

SM 0.000 0.002 −0.040 −0.142 0.888 

SM_GS 0.003 0.038 0.038 0.070 0.944 

PDSI −0.023 0.041 −0.370 −0.577 0.567 

PDSI_GS 0.000 0.000 −0.098 −0.569 0.572 

PREC 0.000 0.000 0.225 0.643 0.523 

PREC_GS 0.000 0.001 0.170 0.234 0.816 

ActET −0.001 0.002 −0.720 −0.776 0.441 

ClimWD −0.002 0.004 −1.469 −0.635 0.528 

ClimWD_GS 0.001 0.122 0.711 0.298 0.767 

MaxTemp −0.085 0.099 −0.367 −0.700 0.487 

MaxTemp_GS 0.068 0.609 0.355 0.685 0.497 

Note: SPSS excluded ActET_GS from the regression because it was collinear with one or more variables already 

included in the model. Therefore, it cannot add any unique information to explain ARWI. 

The final model of the AR(1) autoregressive model, where only the lagged dependent variable 

remains in the final model because the other predictors (the climatic variables) were not found to be 

statistically significant, can be expressed as: 

𝐴𝑅𝑊𝐼𝑡 = 1.190 + 0.691 ⋅ 𝐴𝑅𝑊𝐼𝑡−1 + 𝜀𝑡  
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where ARWIt is the tree growth index for the current year t, ARWIt−1 represents the previous year’s 

growth, and 𝜀𝑡 is the error term (residual) at time t. 

Autoregressive analysis of the Fterolakka stand shows complex interaction between previous-

year growth and a variety of climatic variables, though the overall model significance is marginal. 

The model summary (Table 5) shows an adjusted R2 of 0.217, and the predictors account for 

approximately 21.7% of the variation in the ARWI index. The value of the Durbin–Watson statistic of 

1.672 confirms that employing the lagged ARWI variable has addressed the issue of serial 

autocorrelation, so that climatic effects can be estimated more confidently. 

Table 5. Autoregressive model summary for the Fterolakka stand. 

Model R2 Adjusted R2 
Std. Error of the 

Estimate 
Durbin–Watson 

Fterolakka 

stand 
0.448 0.217 0.097 1.672 

However, the ANOVA table (Table 6) reveals that the general model is only marginally 

significant (p = 0.045), suggesting that climatic relationships that have been found to be significant 

should be interpreted with caution. The lower adjusted R2 compared to the Corycian cave stand, 

despite having significant climate factors, suggests a weaker model. 

Coefficient analysis provides further insight, revealing that the previous year’s growth (ARWIt−1) 

is a highly significant factor (B = 0.625, p < 0.001), confirming the presence of strong biological inertia, 

similar to the Corycian cave stand. 

Table 6. Autoregressive model ANOVA for the Fterolakka stand. 

Model Sum of Squares df Mean Square F Sig. 

Regression 0.239 13 0.018 1.935 0.045 

Residual 0.295 31 0.010   

Total 0.534 44    

Unlike the Corycian cave, for Fterolakka and 1,538 m elevation, there are certain climatic factors 

which are statistically significant predictors of tree growth (Table 7). Growing Season Maximum 

Temperature (MaxTemp_GS) has a statistically significant negative influence (B = −0.238, p = 0.041) 

and, conversely, annual precipitation (PREC) has a significant positive influence (p = 0.017). Annual 

Actual Evapotranspiration (ActET) also has a significant negative influence (B = −0.003, p = 0.039). In 

addition, Annual Maximum Temperature (MaxTemp) also has a significant positive impact (B = 

0.291, p = 0.039). The fact that the growing season and the annual temperature effects have opposite 

signs suggests a complex relationship. The remaining climatic variables, including soil moisture, 

PDSI, and growing season precipitation, were not found to have a significant relationship with tree 

growth in this model. 

Table 7. Calculated standardized and unstandardized coefficients of the autoregressive model for the Fterolakka 

stand. 

 Unstandardized Coefficients Standardized Coefficients  

Model B Std. Error Beta t Sig. 

Constant 0.171 0.581  0.294 0.771 

ARWIt−1 0.625 0.167 0.625 3.730 0.001 

SM_GS 0.001 0.001 0.172 1.169 0.251 

PDSI_GS 0.008 0.033 0.184 0.253 0.802 

PREC_GS 0.001 0.000 0.285 0.644 0.524 

ActET_GS 0.003 0.002 2.120 1.890 0.068 
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ClimWD_GS 0.004 0.005 3.235 0.884 0.384 

MaxTemp_GS −0.238 0.112 −1.510 −2.128 0.041 

SM −0.002 0.002 -0.405 −1.194 0.241 

PDSI 0.003 0.034 0.069 0.102 0.919 

PREC 0.002 0.000 0.699 2.520 0.017 

ActET −0.003 0.001 −2.068 −2.155 0.039 

ClimWD −0.003 0.005 −2.138 −0.602 0.551 

MaxTemp 0.291 0.135 1.584 2.160 0.039 

The final AR(1) model includes both the lagged dependent variable (ARWIt−1) and several 

statistically significant climatic variables. It can be expressed as: 

𝐴𝑅𝑊𝐼𝑡 = 0.171 + 0.625 ⋅ 𝐴𝑅𝑊𝐼𝑡−1 − 0.238 ⋅ 𝑀𝑎𝑥𝑇𝑒𝑚𝑝_𝐺𝑆𝑡 + 0.002 ⋅ 𝑃𝑅𝐸𝐶𝑡 − 0.003

⋅ 𝐴𝑐𝑡𝐸𝑇𝑡 + 0.291 ⋅ 𝑀𝑎𝑥𝑇𝑒𝑚𝑝𝑡 + 𝜀𝑡 
 

where ARWIt is the tree growth index for the current year t, ARWIt−1 represents the previous year’s 

growth, the climatic variables are as defined above, and 𝜀𝑡 is the error term (residual) at time t. 

Table 8 summarizes the results, highlighting differences in the effects of the examined variables 

on climatic sensitivity, the lagged growth effect, and their plausible biological interpretation based 

on the data. 

Table 8. Corycian cave vs. Fterolakka stands: Insights from two regions. 

Aspect Corycian Cave Stand Fterolakka Stand 

Climate 

Sensitivity 

None. No significant effect was 

found for any of the tested 

climate variables after controlling 

for autocorrelation. 

Yes, but complex. Specific climatic factors 

(growing season and annual temperatures, 

annual precipitation, and annual actual 

evapotranspiration) showed significant effects. 

Lagged Growth 

Effect 

Very strong and highly 

significant 
B = 0.691 

dominating the model’s 

explanatory power. 

Very strong and highly significant 
B = 0.625 

but coexisting with significant climatic effects. 

Biological 

Interpretation 

Growth is primarily driven by 

internal tree dynamics and 

biological inertia, with minimal 

influence from the tested climate 

variables. 

Growth is influenced by both internal 

dynamics and external climatic factors, 

although internal dynamics remain the single 

most dominant predictor. 

4. Discussion 

The results of the current study indicate that the radial growth of fir trees in Mount Parnassus 

(at least based on our data) seems to be influenced by both biological memory and climatic drivers, 

with the relative importance of these drivers varying along the elevation gradient. At the lower 

elevation, the best-fit model for annual ring width variation was a simple autoregressive model of 

order one AR(1), where current-year growth depended solely on the growth of the previous year. 

This finding underlines the important contribution of carry-over effects—or the biological memory—

in shaping annual growth patterns, particularly in Greek fir. 

By contrast, at the higher elevation (Fterolakka), the best-fit model incorporated both the AR(1) 

term and four climate variables, indicating that growth at these sites is jointly controlled by biological 

memory and exogenous environmental drivers. The positive identification of climate effects at high 

elevations underscores the increasing sensitivity of trees to external forcing in more stressful 

environments. Different sites, and consequently different altitudes, soils, slopes, etc., revealed slightly 

different effects of climatic parameters. There are differences among specific sites elevations, thus the 
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climate sensitivity depends on other site characteristics, such as soil and slope, but probably also to 

other ecological drivers, such as competition, stand density, and water drainage, among others 

[64,65]. 

Higher elevation stands are often characterized by a shorter growing season, lower 

temperatures, greater radiation, and higher climatic variability that, singly or together, amplify the 

effect of interannual climate on radial growth. Under such conditions, the tree’s internal reserves and 

physiological state interact with the environmental signals, producing a growth response that reflects 

both memory effects and immediate climatic conditions. Conversely, the significant relationships at 

higher elevations indicate tighter climatic control, likely due to temperature limitations and/or the 

short length of the growing season. Consistently, focusing on three conifer species, Ettinger and 

HilleRisLambers [66], showed that conifer growth is strongly climate-sensitive at high elevations—

where cold temperatures and heavy snowpack limit growth—but much less climate-driven in low-

elevation, closed-canopy forests. As a result, climate change is expected to have smaller impacts on 

low-elevation communities, especially during early life stages, compared with the more climate-

responsive high-elevation treeline zones. 

In general, ecosystem state is significantly influenced by its past, making it crucial to account for 

these carry-over effects when modeling the future dynamics of the species. However, the magnitude 

and duration of these legacy effects, in relation to the influence of contemporary environmental 

drivers, are poorly understood [67]. Rathgeber et al. [68] published an in-depth review analyzing the 

interactions between environmental drivers, the physiological state of trees, and the developmental 

stage of forming xylem, all crucial to understanding how normal seasonal cycles create standard tree-

ring structures and specialized anatomical features under exceptional conditions, such as extreme 

climatic events. 

The memory effects have been widely documented in conifers, among other tree species, 

reflecting the capability of the tree to buffer against short-term environmental variability by drawing 

from internal reserves [58,69]. More specifically, Babst et al. [70] assessed the climate sensitivity of 

model-based forest productivity estimates for major European tree species, including conifers, and 

demonstrated that carry-over effects from the preceding growing season can significantly shape 

subsequent tree growth, especially in environments characterized by harsh climatic conditions. 

Moreover, the amount of annual stem growth explained by current-year conditions differs largely 

among tree species. Historic conditions explain a significant fraction of unexplained variance [71]. 

Other studies have discussed ecological stress memory (ESM) [72], a mechanism important in 

the acclimation of plants to repeated stress events. Despite the wide documentation of ESM, it 

remains uncertain whether this promotes tree resistance during recurrent stress in subsequent 

decades. 

The above discussion is consistent with previous studies conducted on Mediterranean and 

temperate conifer forests, where autocorrelation in ring width series reflects the carry-over of 

resources, hormonal status, and structural constraints from one year to the next [70,73]. 

The hypothesis that fir stands at higher altitudes would exhibit greater sensitivity to climate 

change compared with those at lower elevations is partially supported, but the relationship is more 

complex than a simple altitude-driven effect. In our case, the response of the Greek fir at higher 

elevation does show a stronger response to climatic factors; this does not imply that climate is 

inherently more important than biological factors, but rather that its influence is more consistent, 

predictable, and statistically measurable. In contrast, at low elevation, it seems that climatic effects 

may be less evident or obscured by other stresses, or the local climate may fall outside the species’ 

optimal range, so that annual growth is more dependent on the previous year’s tree viability than on 

short-term climate fluctuations. This latter finding demands more analysis, considering site-specific 

conditions and stand characteristics. Similar elevation-dependent shifts from memory-dominated 

toward climate-sensitive growth have been reported in other montane and alpine conifers, 

highlighting the complex interplay between endogenous and exogenous factors in determining 

annual ring formation [74]. 
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One more observation that deserves discussion is the statistical significance of various climatic 

factors in Fterolakka. These include the positive influence of annual maximum temperature 

(MaxTemp) and precipitation (PREC), as well as the negative influence (indicated by their 

coefficients) of the maximum temperature during the growing season (MaxTemp_GS) and annual 

actual evapotranspiration (ActET). The marginal overall model significance (0.045) may be a result of 

a large number of predictors involved, suggesting that while these climatic effects are detectable, 

their overall contribution to explaining growth variability is limited. Many studies have investigated 

the relationship between tree-ring width and precipitation as well as temperature on a local scale for 

Greek fir [23,24,26,32,33] and identified cases of reduced tree growth unrelated to climate or weather 

events [23]. Generally, higher annual precipitation enhances soil moisture and water availability, 

promoting the formation of wider growth rings. However, while precipitation can be an important 

limiting factor for tree growth in those sites, the strength of this relationship varies with habitat, 

species, size of trees, and local hydrological conditions [75,76]. Our findings are consistent with 

several other studies where growth of conifers, such as Scots pine and Douglas fir, was mainly 

favored by winter temperature increase in particular the temperatures of January, February, and 

March of the current year [62]. Mountain ecosystems, especially those at the highest altitudes, are 

sensitive to ongoing climate variability. Radial growth of fir trees at high-elevation sites is promoted 

by normal or warmer summer temperatures (June–July) during the current growing season. 

Moreover, trees growing at high to mid elevations are sensitive to low winter temperatures, whereas 

those at low elevations exhibit little sensitivity to temperature fluctuations [77]. Another study 

demonstrated the positive effect of temperatures on tree growth, during late winter months [78] or 

the growth benefit from the increasing length of the growing season  [79]. Moreover, the negative 

impact of rising maximum temperature on fir growth recorded in our study has also been 

documented in many other investigations, although most of them report only on the adverse impact 

of some particular month(s) of the growing season [21–23]. 

Finally, the negative coefficient between actual evapotranspiration (ActET) and fir growth 

indicates that higher water loss through evaporation and transpiration is associated with reduced 

water availability for physiological processes essential to growth. In other words, when atmospheric 

moisture demand is high—under warmer or drier conditions—fir trees experience increased water 

stress, resulting in narrower growth rings. More specifically, the statistical significance of this 

relationship pertains to annual evapotranspiration (warmer conditions outside the growing season, 

milder winters, or warmer early springs) rather than to in-season evapotranspiration. 

In general, the forests in Southern Europe have been impacted by direct abiotic disturbances, 

like droughts and other climatic variables [6,7,9,11], leading to reduced forest productivity [13] and 

increased tree mortality [14–16]. In the present study, the physiological state of fir trees seems to be 

driven more by internal physiological processes, which in turn may be affected by external factors. 

5. Conclusions 

For the high-elevation stand, the results support the idea that climate sensitivity exists and is 

probably more pronounced compared to low-elevation fir stands, likely due to specific limiting 

climatic factors at higher altitudes. However, the complex nature of this sensitivity is revealed by the 

opposite effects of growing season and annual temperatures, suggesting heat stress during the 

growing season and benefits from milder conditions in the rest of the year, thus underlining the 

complexity of climate–growth relationships. 

In contrast, the Corycian cave stand’s lack of significant climate response is a notable statistical 

finding. It seems that at this site, the local, non-climatic factors, such as soil conditions, competition, 

site history that is not strongly evident, or others, may be more dominant drivers of tree growth 

variability rather than the climatic variables included in the current study. 

Ultimately, for both regions, the internal biological inertia—the powerful effect of previous-year 

growth—is the single most important factor explaining the growth variability issue. The utilization 

of an autoregressive model correctly addresses the issue of serial autocorrelation, which often leads 
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to spurious correlations in simpler models, and it accurately models the inherent temporal 

dependence in biological systems, such as tree growth. 

The results underline the complexity of climate–growth relationships and point out the key role 

played by the internal biological mechanisms involved in the mediation of external environmental 

factors that affect the development of Mediterranean fir ecosystems. The autoregressive approach 

provides a methodologically robust framework for disentangling autocorrelation effects and 

understanding site-specific tree growth responses. This finding may be particularly relevant in the 

context of climate change, since rising temperature extremes, changes in precipitation variability, and 

increased frequency of drought events may disproportionately affect high-elevation fir 

Mediterranean ecosystems, which are usually found either at the southern limits of their distribution 

or very close to them. 

Regular assessment and monitoring underpin sustainable forestry through the provision of 

baseline data for adaptive silviculture, biodiversity conservation, and valuation of ecosystem 

services. This is especially important given the rising frequency of disturbances and the pressing need 

to meet both national and international policy commitments. 
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