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Abstract

Adaptive management approaches are needed to maintain and improve forests’ resilience to future climatic changes. Cli-
mate sensitive forest increment models are the crucial tools to evaluate the performance of the adaptive strategies in forest
management under climate change. Oriental beech (Fagus orientalis L.) is the most dominating and commercially important
tree species in Hyrcanian forests of Iran, the main source of timber production, biodiversity conservation, and eco-tourism.
Consequently, this study aims to achieve three primary objectives: (1) to develop a climate-sensitive tree increment and
yield model for oriental beech forests (2) to predict the increment and yielding of these forests in the future under climate
change (IPCC scenarios), and (3) to analyze the resilience of four alternative management strategies including business as
usual (BAU) and logging ban. We re-calibrated a single-tree diameter and height increment, and tree survival models using
forest measurement data from permanent plots with five-year interval and from 1988 to 2018. By validating the models,
three climate change scenarios RCP2.6, RCP4.5 and RCP8.5 as well as four harvest strategies (logging ban, intensified
logging (50% above BAU), and decreased logging (50% < BAU), and BAU) were applied for the simulation of increment
and survival probability of single trees in a selected site. Our findings indicate that climate change, particularly increased
drought stress under the RCP8.5 scenario, significantly reduces the increment and survival probability of beech trees. How-
ever, under RCP2.6 and RCP4.5, we observed a slight increase in increment. Implementing a logging ban as a management
strategy emerged as the most resilient alternative for these forests, potentially fostering an increase in both diameter (up to
5.93 cm) and height increment (up to 3.12 m) until the final period. These findings lend support to the existing forest policy
of enforcing a ten-year logging ban in the Hyrcanian forests of Iran.
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Introduction

Communicated by Ruediger Grote. Global warming and climate change are among the most

pressing environmental challenges facing the world today.
These changes are already impacting ecosystems globally,
with forests being particularly vulnerable due to their sen-
sitivity to climatic factors. Climate change affects forest
growth by influencing temperature patterns and the length
of the growing season, and these impacts are expected to
intensify in the coming decades (IPCC 2018).The effects of
climate change on forests are both direct and indirect. Cli-
matic factors such as air and soil temperatures, atmospheric
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humidity, growing season duration, and soil moisture can
significantly alter the environmental conditions that trees
rely on for growth (Morison and Morecroft 2006). Given
that forests have long rotation periods—often ranging from
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50 to over 100 years—forests are particularly vulnerable to
these changes. As a result, the forest sector is expected to
face unique challenges compared to other industries, neces-
sitating careful adaptation planning (Williamson, 2009).
Over the next century, forests will need to transition to new
growing conditions driven by climate change (Ashraf et al.
2015), highlighting the urgent need to prioritize climate
change adaptation strategies to protect forest ecosystems
and their services (Pearce-Higgins et al. 2022).

To mitigate these challenges, adaptive forest management
plays a crucial role in enhancing forests’ resilience to climate
change. Effective management requires climate-sensitive
models that can help predict forest dynamics under future
climate scenarios. These models provide critical informa-
tion for forest policy and management decisions, ensuring
that forests continue to provide essential ecosystem services
(Kellomiki et al., 1997; Yousefpour et al. 2012). Tree incre-
ment—directly influenced by climate, competition, and man-
agement practices—is a key factor in understanding and pre-
dicting forest productivity. Accurate increment predictions
are vital for forest management strategies aimed at increas-
ing forest resilience (Levesque et al. 2016). In recent years,
there has been growing interest in developing forest simula-
tion models that integrate historical climatic data and forest
growth patterns to predict future increment under changing
climatic conditions (Schelhaas et al. 2018).

Although traditional forest increment models have relied
on statistical methods and historical data, there is increas-
ing recognition of the need for climate-sensitive approaches.
Hybrid models that combine empirical increment models
with process-based carbon balance models have shown
promise in capturing the complexities of climate impacts
on forest growth. These models are not only useful for eco-
logical research but also serve practical purposes in forest
management (Peng et al. 2002; Pretzsch 2009). As the need
for predictive tools grows, accessible, practical models that
predict climate change impacts with sufficient accuracy are
essential for forest managers. For example, Trasobares et al.
(2016) developed a climate-sensitive empirical increment
model for European beech, which has since been adapted
for Oriental beech (Fagus orientalis L.) in northern Iran’s
Hyrcanian forests.

Recent studies have emphasized the importance of long-
term ecosystem modeling to understand and mitigate the
impacts of climate change on forests. For example, Bergkvist
(2024) explored the long-term effects of climate change and
forest management on ecosystem services and functions in
Swedish production forests, using the process-based eco-
system model LPJ-GUESS to evaluate different manage-
ment policies under various climate scenarios. Similarly,
Spiecker and Kahle (2023) examined the critical role of
the climatic water balance in tree mortality and growth in
the Black Forest, Germany. Over a span of 68 years, their
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study demonstrated that declining water availability, par-
ticularly during consecutive hot and dry summers, signifi-
cantly impacted tree health. As the climatic water balance
worsened, tree growth and mortality became increasingly
sensitive, with recent years witnessing unprecedented mor-
tality rates. In addition, Weigel et al. (2023) investigated the
effects of summer drought, stand structure, and soil proper-
ties on the growth of European beech (Fagus sylvatica) in
northern Germany. Their study found that while basal area
increment remained stable at sites with more than 360 mm
of growing season precipitation, sites with less than 360 mm
experienced negative growth trends. They identified June
climatic drought as a major factor influencing radial growth,
especially at drier sites. The research also highlighted that
soil properties, such as sand content, played a significant role
in modulating tree growth sensitivity to drought. Further-
more, Martinez del Castillo et al. (2022) provided a broader
perspective on the issue by analyzing the climate-change-
driven growth decline of European beech forests across
Europe. Their study emphasized the widespread negative
impacts of climate change on the growth dynamics of Euro-
pean beech, with climate-induced growth decline becoming
evident in many parts of its range.

Bosela et al. (2023) also contributed to the understanding
of beech growth under climate change scenarios, suggest-
ing that both empirical and process-based models predict
enhanced growth in European beech, particularly at higher
elevations and in conditions with lower silt content and soil
pH. Both types of models suggest that beech will likely
experience better growth conditions in the future under RCP
4.5 and 8.5 scenarios. However, their study also identified
variability in the sensitivity of growth to climate factors
across different models, highlighting the importance of fur-
ther refining these models to capture ecosystem dynamics
more accurately. Wang (2024) further adds to this body of
research by emphasizing the critical role of forest adapta-
tion in enhancing resilience to climate change. Wang’s study
explores various strategies for forest adaptation to mitigate
climate-induced stressors, which aligns with the broader
understanding that adaptive forest management practices
are necessary to maintain ecosystem services and support
biodiversity. Together, these studies underscore the impor-
tance of incorporating water balance, drought legacies, and
soil conditions into forest management strategies to enhance
resilience under climate change (Spiecker and Kahle 2023;
Weigel et al. 2023; Martinez del Castillo et al., 2022; Bosela
et al. 2023).

The Hyrcanian forests, spanning 1.9 million hectares in
northern Iran, are home to a variety of temperate deciduous
species, with Oriental beech being a dominant and economi-
cally important species (Sagheb-Talebi et al. 2005). These
forests consist of a mix of managed and natural semi-virgin
stands, with only 60% of the area under formal management



European Journal of Forest Research

(Sagheb-Talebi et al. 2005). Given their ecological impor-
tance and vulnerability to climate change, the need for effec-
tive forest management strategies tailored to the specific
conditions of the Hyrcanian region is critical.

This study proposes a modeling framework to assess
the impact of climate change on Hyrcanian beech forests
throughout the twenty-first century. The model integrates
climate variables (such as temperature, precipitation, and
growing degree days) with forest inventory data to simulate
tree increment under various climate scenarios (RCP2.6,
RCP4.5, RCP8.5). By considering local policies such as
logging bans, the model provides a region-specific analysis
of how socio-economic and environmental factors influ-
ence forest management strategies. The goal of this study
is to identify the most effective policies that will ensure the
resilience and productivity of Hyrcanian forests under future
climate conditions.

The key hypotheses of this study are:

e RCP8.5 will lead to slower growth and reduced survival
rates for Oriental beech due to increased drought stress.

e “Business-as-usual” (BAU) and intensified logging
strategies will reduce forest resilience and growth rates
under climate change.

BAU management refers to conventional forest practices
in the Hyrcanian forests, which include periodic thinning
and selective logging aimed at maintaining tree density
and promoting growth. These interventions typically occur
every 5-10 years, reducing competition for resources like
light, water, and nutrients. BAU management focuses on
sustaining forest productivity. In this study, BAU was com-
pared with other management strategies, such as intensified
logging and logging bans, to assess their effects on forest
growth and resilience under climate change.

Materials and methods
Study area and local conditions

The data required for the model were collected from perma-
nent sample plots located in District 9 of the Shafaroud for-
ests in Iran (Fig. 1). The study area encompasses longitudes
48°51°59” to 48°48°3” and latitudes 37°30°9” to 37°26°35”,
with altitudes ranging from 850 to 2,000 m. Covering a total
area of 2,382 hectares, the dominant species in this region
is Oriental beech (Fagus orientalis), and the forest structure
is uneven-aged. The Hyrcanian forests of Iran were man-
aged using the shelterwood method and selection system. In
response to socioeconomic and environmental challenges,
a logging moratorium was proposed by the Iranian Depart-
ment of Environment in the early 2000s and implemented

in 2017 (Sotoudeh Foumanni et al., 2019). The moratorium
aims to conserve the forests and promote their recovery by
minimizing human interference.

In Shafaroud District 9, topographic conditions typically
support effective drainage; however, in some areas, exten-
sive livestock traffic has compacted the soil, limiting drain-
age. As the drought is the main cause of mortality in beech
forests, soil properties are the determinant of site quality.
The soil texture in the study area is primarily semi-heavy
to heavy, including clay loam, loamy clay, and silty loam,
with a moderate depth. The parent material shares these tex-
tures and depth characteristics. The bedrock is composed of
impure limestone, and organic matter levels are sufficient. In
certain locations, deforestation and intensive grazing have
compacted the soil, leading to signs of hydromorphy. Addi-
tionally, some sections show a thick layer of undecomposed
leaf litter on the surface. These soils are generally acidic,
with visible surface erosion in certain areas. Due to varia-
tions in altitude, topography, vegetation, and geology, the
area exhibits two distinct soil profiles: relatively deep soils
and those of medium depth. Key soil types in this district
include forest brown soils, leached brown soils, hydromor-
phic soils, and eroded soils.

In this region, nine permanent compartments, includ-
ing seven managed plots and two unmanaged plots, were
selected to estimate diameter and height increments, with
over 85% consisting of Oriental beech (Fagus orientalis).
Additionally, seven permanent compartments—five man-
aged and two unmanaged plots—were chosen to assess sur-
vival probability. Data for the model were collected from
these compartments, with measurements conducted at five-
year intervals from 1988 to 2018. Overall, the collection of
the dataset can be summarized as follows:

1. Sampling methodology: The entire study area of 2,382
hectares was sampled using a systematic random sam-
pling method. Grids measuring 150 % 200 m were estab-
lished, with each plot covering an area of 0.1 hectares.

2. Data collection: Within the nine compartments refer-
enced (seven managed and two unmanaged), we estab-
lished multiple permanent research plots. Each plot
recorded key forest structural and management informa-
tion, including stand density, diameter at breast height
(greater than 12.5 cm), tree height, and harvesting vol-
ume (m3/ha).

3. Plot distribution: The average number of trees per hec-
tare is approximately 180 across the parcels. The data
used for estimating diameter and height growth were
derived from these nine permanent compartments,
which predominantly consist of Oriental beech (over
85%).

4. Survival probability measurements: For survival
probability assessments, measurements were taken
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Fig.1 Study area in Shafaroud
forests of Iran (district# 9)

I Hyrcanian forest
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from seven managed compartments (five plots) and two
unmanaged compartments. These measurements were
conducted at five-year intervals from 1988 to 2018.

5. Modeling units: While the permanent research plots
provide essential data, we opted to model at the com-
partment level to account for the spatial variability and
management practices present in the study area.

increment models are as follows

In this region, the whole area (2382 hectares) was sam-
pled using a systematic random sampling method with grids
measuring 150 %200 m, and plot sizes of 0.1 hectares. Each
plot recorded forest structural and management information,
including stand density, diameter at -breast height (greater

@ Springer

1,500 2,000

than 12.5 cm), tree height, and harvesting volume (m>?/ha).
Required data for this model prepared from nine permanent
compartments, both managed (seven plots) and unmanaged
(two plots) were selected for estimated diameter and height
growth, comprising over 85% Oriental beech. Seven per-
manent compartments managed (five plots) and unmanaged
(two plots), were selected for survival probability measure-
ments of permanent samples were conducted at five-year
intervals from 1988 to 2018. Appendix Table 3 presents
data collected from nine permanent compartments used for
the assessment of forest characteristics, specifically focus-
ing on the Oriental beech (Fagus orientalis). The compart-
ments include a combination of managed and unmanaged
plots. Key metrics measured include the number of plots,
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the number of trees per hectare, the volume per hectare,
and the number of dead trees. Table 1 presents the average,
minimum, and maximum annual temperatures, as well as
precipitation data for the study area from Iran Meteorologi-
cal Organization.

Drought analysis

To determine the effects of drought, climatic variables
including annual mean temperature ( °C), rainfall (mm), and
the sum of growing days were used to calculate the Drought
Index (DI) and the Increment Degree Days Index (GDDI).
The drought index value was obtained using the following
equation (Trasobares et al. 2016):

DI =[(AX WB)+ (1 —A) x WHC)] 1)

where, DI is a stand drought index in range [0, 1], Ais a
weighting scalar that maximizes the fitting of the diameter
increment and height increment models, WB is the ratio
of precipitation sum to potential evapotranspiration in the
range [0,1] and WHC is the plant available soil water hold-
ing capacity index in the range [0,1].

GDDI = GDD/1900 )

Where, GDDI is the degree-day index at five-year periods
in the range [0, 1] and.

GDD is the sum of degree-days (April-October) at five-
year periods (Trasobares et al. 2016).

interpretation of DI and GDDI values

The values of DI and GDDI have specific implications for
understanding water and temperature conditions:

e DI=1: This value indicates no limitations in water
availability. Optimal conditions for beech increment are
achieved when the Drought Index reaches this value.

e GDDI=1: Similarly, this value indicates no limitations
related to the temperature sum, signifying favorable
increment conditions for the species.

Conversely, values around 0.7 or lower suggest significant
limitations due to extreme drought or insufficient tempera-
ture accumulation. Thus, when DI and GDDI are close to 1,
it indicates optimal or near-optimal site conditions for beech
increment in the region.

Growth models

Average diameter and height increment were assessed over
5-year intervals, calculated as the difference between aver-
age two successive diameters and heights of all trees in each
plot. Increment predictions were determined using diameter
and height increment models outlined in Trasobares et al.
(2016). These models consider tree size, standing stock,
growing conditions, and their variations. The diameter incre-
ment and height increment models are as follows:

. BAL_rem
In(idS) = B, + p, X dbh® + Py x dbh® + f, X ——=——— + fs X In(G_rem) + fs X BAL,,;, + f; X DI + fig X GDDI
In(dbh + 1) (3)
; 0.5 2 BALrem
In(ih5) = By + o X h*% + 3 X h* + By X ——"— + s X BALy, + B X In(BALy,;, + 1) + B, X DI + g X GDDI
In(dbh + 1) 4
Table 1 Annual meteorological data of study area
Period Temperature (°C) Precipitation (mm mh
Mean + SD** Min-Max CI" for mean (95%) Mean+ SD Min-Max CI for mean (95%)
1967-1977 16.26 +0.68 14.96-17.61 (15.85, 16.54) 162.98 +34.56 87.55-251.68 (126.29, 179.93)
1978-1988 16.52+0.83 14.38-18.23 (16.10, 16.94) 123.48 +22.38 79.81-191.50 (110.06, 136.90)
1989-1999 16.23+0.60 15.54-17.49 (15.94, 16.48) 136.08 +27.79 88.59-214.61 (121.73, 154.40)
2000-2010 15.44+0.61 13.59-17.02 (15.27, 15.70) 110.35+13.44 86.69-141.99 (117.50, 133.81)
2010-2018 16.45+0.44 14.95-17.95 (16.25, 16.57) 114.11+£21.68 54.15-242.84 (109.47, 124.40)

*CI=Confidence Interval for mean, SD** = Standard Deviation
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where id5 is diameter increment(cm in 5 years), dbh is diam-
eter at breast height at the beginning of the period (cm),
BAL_rem is the total basal area of trees larger than the sub-
ject tree remaining after thinning (beginning of the period)
(m2 ha'l), BAL_thin is the total basal area of trees larger
than the subject tree thinned at the beginning of the next
5-year period (In2 ha_l), G_rem is stand basal area of trees
remaining after thinning at the beginning of the period, DI
is drought index, GDDI is the degree-day index at five-year
periods, ih5 is height increment (m in 5 years) and h is tree
height at the beginning of the period (m).

In analyzing the data, two categories of mortality were
identified: mortality attributed to the inherent background
structure and mortality resulting from disturbances like
storms and insect attacks. Therefore, in this study, with the
defined objectives, the focus is on predicting background
mortality. According to various perspectives, increment
emerges as a crucial variable in indicating mortality, with
actual increment deemed a more suitable choice for calculat-
ing mortality compared to expected increment (Bigler and
Bugmann, 2004).

Due to the unavailability of actual increment data, Eq. (5)
from Trasobares et al. (2016) was employed. In this model,
using the information available during the period, the prob-
ability of a tree surviving was calculated.

1
1+ exp(— ( BO + f1 x BALLrem | g5 o DI)))

P(surv) =

(In(dbh+1)

&)
where, P(surv) is the probability of a tree surviving at the
next 5-year period.

The collected data were used to calibrate the model
(Appendix Table 3). These data represent stands which were
exposed to management interventions in terms of thinning
type and intensity (moderate natural thinning, heavy and
very heavy thinning). The measurements of standing beech
trees in all plots were taken after a thinning intervention.
For each measurement, the features of the growing stock
were calculated from the individual-tree measurements of
the plots. The stand’s density in each period was used to
determine the survival probability of the trees in the model
(See Appendix Table 4). Finally, the increment model was
validated by setting aside two controls compartments.

Model calibration and validation

Control compartments, which lacked exploitation and man-
agement measures and encompassed a wide range of envi-
ronmental and climatic conditions, were used to validate
the model. Nine sample compartments were employed,
consisting of both managed (seven plots) and unmanaged
(two plots) areas. The managed compartments were treated
under the shelterwood method and selection system. Seven
plots were used for model calibration, while two plots were
reserved for validation.

To calibrate and determine the optimal beta values, we
initially calculated the root-mean-square error (RMSE) of
residuals using Egs. (3, 4, and 5), along with the observed
values. The Solver optimization model was applied using
Excel to identify the set of beta values that minimized the
RMSE. In this optimization problem, the objective function
was defined as the sum of the RMSE of residuals, with the
variables being the beta values for the models presented in
Egs. (3, 4, and 5). The optimization results were then uti-
lized to re-calibrate the models for simulating Oriental beech
stands and their management in the Hyrcanian region.

Adaptive forest management

The use of the models for management planning was evalu-
ated by simulating adaptive management options under cli-
mate change scenarios. To simulate the climate of future
period, downscaled data from the MarksimGCM database
is provided based on the output of the Atmosphere—Ocean
General Circulation Model HadGEM?2-ES\ utilizing three
radiative forcing scenarios (2.6, 4.5 and 8.5 corresponding
with optimistic, realistic and pessimistic scenarios). The
model outcomes are provided by Hadly centre (UK) with
the resolution of 1.25°x 1.875°. The MarksimGCM database
is part of the international agricultural research consultative
group and the climate change, agriculture and food secu-
rity research program (CCAFS) (Duko et al. 2018). RCP
(Representative Concentration Pathway) simulated climatic
scenarios used to predict the climate of the study region. In
this study, three pathways have been selected for climate
modeling and research, which describe different climate
futures. Using the three RCPs, namely RCP2.6, RCP4.5,
and RCP8.5, the climate values were predicted for five-year
periods from 2018 to 2100 (Table 2). We consider RCP2.6

Table2. Avera'g(? tempera.ture Climate scenario Temperature ( °C) Precipitation (mm y") R? (%)

and daily precipitation using

climate scenarios in Iran 2025-2049 2050-2074 2025-2049 2050-2074
RCP 2.6 32.98 32.59 909 1077 99
RCP 4.5 33.43 33.79 737 872 99
RCP8.5 34.07 36.05 832 777 99
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to reflect current trends in climate conditions, serving as
an optimistic scenario aligned with the goals of the Paris
Agreement (UNFCCC 2015). The other two RCPs depict
realistic developments in climate throughout the twenty-
first century. We have identified four distinct management
options for beech forests, aligning with the latest forest pol-
icy debates in Iran regarding logging bans and varying inten-
sities of forest utilization for wood production and carbon
sequestration (Sotoudeh Foumani et al. 2019). Therefore, we
simulated the effects of four alternative management strat-
egies: BAU, intensified logging (50% above BAU harvest
level), decreased logging (50% below BAU harvest level),
and logging ban. The basal area values (BAL-thin) across
representative sample plots varied significantly among
management strategies, with intensified logging showing
the highest values, such as 34.20 m?ha™! and 37.56 m? ha™!
(see BAL_thin Figs in See Appendix Table 4), compared
to logging bans or decreased logging, where values were
consistently lower or at zero (See Appendix Table4).

By applying RCP scenarios on models, the increment
and survival values were calculated from 2018 to 2100.
Microsoft Excel was used to simulate increments during
this period by manually inputting data and applying func-
tions and formulas to project growth based on modeled RCP
scenarios and management strategies.

Finally, we evaluated the combinatorial effects of RCP
scenarios and management strategies on increment and sur-
vival of trees in beech stands to find the most promising
adaptive management strategies.

Results
Model calibration

The value of i parameters for the diameter/ height incre-
ment and survival (Functions 3, 4 and 5) was calculated
using solver optimization model to find the minimum RMSE
Appendix Table 5 represents the basal area of trees larger
than the subject tree thinned (BAL-thin) under various man-
agement strategies. All model parameter estimates were sig-
nificant at the 0.5% level and the validation for the models’
predictions resulted in R? of 96.67, 95.05, and 95.37 for
diameter, height, and the survival probability, respectively.

Model evaluation

The residual of the diameter increment model showed no
trend when displayed against individual tree dbh (dbh in
Eq. 3), competition (BAL_thin, BAL_rem and G_rem in
Eq. 3) and predicted diameter increment (id5 in Eq. 3)
(Fig. 2).

The results of model validation indicate that diameter
increment exhibited an upward trend in stands as the drought
index (DI) and stand degree-day index (GDDI) increased,
as illustrated in Fig. 3. The results of diameter increment
(Online Resource 5) reveal a distinctive pattern. In younger
compartments characterized by lower mean diameter, the
diameter increment initially experiences an upward trend,
followed by a gradual decrease (compartments 2, 3, 7 and 9).
In other compartments with older trees, diameter increment
has a decreasing trend and gradually the increment of each
period decreases compared to the previous period.

In general, the mean of total compartments shows when
time increases, the diameter increment has an increasing
trend, reaches its maximum value 0.996, and then with
increasing age and the effect of increasing competition,
decreasing trend to 0.99. However, the changes in diameter
increment are very moderate and stays within a range of
0.96-1.01 cm in five years.

The trend of changes in height increment (Online
Resource 5) indicates a decrease in height increment values
in each period compared to the previous one. In nearly all
compartments, the height increment declines as the period
length and competition, including BAL_rem and BAL _thin,
increase. Consequently, the maximum average height incre-
ment across all compartments is 0.25 m, while the minimum
average height increment drops to 0.21 m. Resullts (Online
Resource 6) illustrate the trend of changes in tree survival
and the number of trees under the current climate conditions.

The results (presented in Online Resource 6) illustrate
the average tree survival over different periods. In almost all
compartments, tree survival under the influence of BAL_rem
(based on changes in the BAL_rem values in Eq. (5)) has
been declining compared to the previous period. Further-
more, there is a corresponding decrease in tree numbers and
the mean diameter of trees increases over time. The diagram
clearly depicts a declining trend in tree count as the mean
diameter rises.er.

Simulation results

The results presented in Fig. 4a indicate an initial increase
in diameter increment, followed by a downward trend across
all four management strategies under the RCP2.6 scenario.

In Fig. 4b (RCP4.5), the diameter increment increases in
the beginning, so that in the logging ban strategy the diam-
eter increment has reached its maximum value (4.78 cm)
in the period 2048-2057. Then in the increased logging
strategy (50% above BAU) it reaches the minimum value
(3.82 cm). The results of RCP8.5 in Figs. 5 and 6c¢ indicate
a decreasing trend in diameter increment over time, and the
increased logging strategy (50% above BAU) has the great-
est decrease in the diameter increment compared to the other
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Fig.2 Mean bias/residual of the diameter increment model as a func-
tion of dbh, total basal area of larger trees remaining after thinning
(BAL_rem), total basal area of thinned larger trees at the beginning of
the increment period (BAL_thin), total basal area of trees remaining

three scenarios and other RCPs, led to the decrease in diam-
eter increment rate (2.63 cm) at the end of the period.
Regarding the trend of changes in height increment under
different harvesting and RCP scenarios, the results (pre-
sented in Online Resource 7) demonstrate a slight decrease
in height increment under the RCP2.6 and RCP4.5 scenarios.
Additionally, a downward trend in height increment over
time is revealed, with the increased logging strategy (50%
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after thinning (G_rem) and estimated diameter increment (estimated
id). Minimum average dbh between nine plots is 40 cm from 1967 to
2018 and maximum average dbh between nine plots is 56 cm

above BAU) showing the lowest height increment (0.20 m)
compared to other strategies.

The survival probability of trees decreases over an
80-year period under the influence of RCP2.6, RCP4.5, and
RCP8.5. The survival trend across all scenarios shows a
decline, with the rate of decrease being more pronounced
under RCP8.5 compared to the other two RCP scenarios
(Online Resource 8). The model shows the decreasing trend
of tree survival under the influence of all three climate
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Fig.4 Simulated mean diameter increment under four different man-
agement strategies and climate change scenarios (6a) RCP2.6, (6b)
RCP4.5, (6¢) RCP8.5

scenarios with the difference that the slope of the graph in
RCP8.5 is higher than the other two options.

Figure 5 illustrates the measured and simulated stand
development across three climate scenarios (RCP2.6,

RCP4.5, and RCP8.5) under four thinning scenarios: BAU,
logging ban, intensified logging (where thinning exceeds
50% of BAU levels), and decreased logging (where thin-
ning is reduced to 50% of BAU levels). The graph in Fig. 5
depicts changes in basal area (G) and dominant height
(Hdom) over time. The results demonstrate the impact of dif-
ferent thinning strategies on stand dynamics under varying
climate conditions, providing valuable insights into forest
management practices in response to climate change.

The changes in diameter increment under different thin-
ning scenarios from 1988 to 2100 are presented in (Online
Resource 1: Figs a, b, and c). The results indicate that, in the
RCP2.6 and RCP4.5 scenarios, diameter increment initially
increased but later declined from 2018 onward. However,
in the RCP8.5 scenario, a significant decrease in diameter
increment was observed across all management strategies.

Results (Online Resource 1) indicate the trend of height
increment changes from 1988 to 2100 under various har-
vesting scenarios. In all the thinning scenarios, the height
increment initially increases and then decreases in RCP2.6,
but the increment trend is decreasing in RCPs 4.5 and 8.5.

The development of beech stands in Hyrcanian forests of
Iran under four climate scenarios and management sched-
ules is illustrated in Fig. 6. The results demonstrate that
the impact of climate change can vary significantly across
different environmental conditions. The model provides a
comprehensive simulation of stand development, highlight-
ing the diverse effects of climate change on beech trees.
Additionally, it emphasizes how sensitive the beech stands
are to various management strategies. The findings indicate
that the current climate conditions are associated with an
increase in forest productivity.
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Fig.5 Measured and simulated basal area (G) development under three climate scenarios (RCP 2.6, RCP4.5 and RCP8.5) based on four thinning
scenarios (BAU, logging ban, intensified logging (50% above BAU), decreased logging (50% below BAU))

Discussion

Growth and yield models are essential tools for forest man-
agement, helping decision-makers predict the impact of
various factors, including climate change, on forest dynam-
ics. Trees’ responses to changing climate conditions vary
depending on species, climate intensity, site properties, and
geographical area. In growth models, diameter increment is
crucial variable for understanding the structure and yield of
trees. These models, with response functions accounting for
climate change, can be used to determine its effects on forest
productivity and health.

In this research, we presented the climate-sensitive forest
growth simulation for oriental beech uneven-aged forests
with y, intended for predicting Hyrcanian Forest incre-
ment under climate scenarios and different management
approaches. Surely, there are structural and bioclimatic dif-
ferences between where the model was originally developed

@ Springer

(Swiss even-aged Beech forests in Trasobares et al 2016) and
Hyrcanian uneven-aged beech forests. However, we could
successfully re-calibrate and validate the model to predict
the effects of future climatic changes in a rarely studied of
Hyrcanian beech stands. This demonstrates the flexibility
and adaptability of growth models to different forest types
and regions.

The application of the model allows us to assess how
climate change scenarios (RCP2.6, RCP4.5, and RCPS.5)
and management strategies (such as logging bans) could
affect individual tree increments in the Hyrcanian forests.
Our results indicate that under the RCP2.6 scenario (the
soft climate change scenario), simulated stand development
showed a positive trend, with growth increasing over time.
This is in contrast to the more severe RCP4.5 and RCP8.5
scenarios, where stand volume is predicted to decline. This
decline may be attributed to several factors, including more
frequent and severe droughts, increased heat stress, higher
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rates of insect outbreaks, diseases, and shifts in precipitation
patterns. The model also highlights that the implementation
of a logging ban (non-intervention) had the most signifi-
cant positive effect on increment rates, leading to increased

diameter and height growth compared to the other manage-
ment strategies.

The models used in this study are based on the integration
of existing data with climatic data from the same region. A
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robust individual-tree height increment model was devel-
oped using available diameter and height measurements.
While incorporating site index data could enhance the
model’s predictive accuracy, the primary focus remained on
exploring tree increment dynamics in the Hyrcanian forests.
The mean growth variation trends from the model during
successive periods indicate an initial increase in growth, fol-
lowed by a decrease due to heightened competition. Addi-
tionally, the mean trend of height increment under competi-
tion exhibits a declining pattern over time. In the survival
probability model, certain limitations were imposed: only
compartments that had not undergone operational or harvest
activities were measured, and mortality due to natural dis-
turbances was excluded. The change process of the survival
model reveals a decreasing trend with increasing diameter
and time, ultimately leading to a reduction in the number of
trees under prevailing climatic conditions.

The proposed models have been employed to conduct a
comprehensive simulation of sustainable development for
beech species in the study area under the influence of climate
change. According to the results from RCP2.6 and RCP4.5 sce-
narios, the predictions indicate that an increase in the drought
index is associated with an initial rise in production and diam-
eter. However, over time, the escalating drought conditions
and the reduction in the growth period contribute to a decline
in production. This suggests that elevated temperatures lead
to a decrease in both diameter and height growth. Zang et al.
(2016) predicted scenarios climate change significantly affects
dominant height growth of larch plantations in Northern and
Northeastern China. Decrease in height growth is compatible
with increasing drought and reduction in growth period and it
is in line with Trasobares et al. (2016). Furthermore, increased
drought leads to reduced growth in RCP8.5 scenario due to
unfavorable conditions in terms of rainfall and temperature
compared to RCP2.6 and RCP4.5 scenarios. These findings
provide valuable insights into the potential impacts of climate
change and forest management on the growth and survival of
Fagus orientalis in the Hyrcanian forests.

The survival model predicted a decline in tree survival
across all three scenarios, with the most significant reduc-
tion under RCP8.5. This is consistent with findings from
Engler et al. (2011), who also noted that warmer climates
could lead to the loss of suitable habitats for Fagus orien-
talis in the Hyrcanian forests. Given the narrow ecologi-
cal zone in which these forests are located, the implications
of these findings are particularly alarming, as they suggest
that climate change could lead to significant habitat loss for
beech trees. Similar findings were reported by Friedrichs
et al. (2009), who observed increased drought sensitivity
in beech forests in central Germany, and by Hirdtle et al.
(2013), who found similar patterns in Luxembourg.

They noted a robust consistency among trees growing in
drier locations implying that the trees in drier locations show
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a dependable and uniform response to long-term climatic
changes, reinforcing the idea that these trees are similarly
affected by environmental stressors, regardless of their spe-
cific site conditions. The research by Hirdtle et al. (2013)
underscores the vulnerability of Fagus species to changing
precipitation and temperature patterns, which is in line with
our results. Dittmar and Elling (2007) proposed that the growth
of European beech in the mountainous forests of the northern
Alps is frequently modified by temperature. Beech tree growth
in moderate areas, such as Hyrcanian forest, is also mainly con-
trolled by temperature and it has presented a positive growth
reaction to recent climatic warming (Salzer et al. 2009).

Martinez del Castillo et al. (2022) assessed the growth
decline of European beech (Fagus sylvatica) across 324 sites,
predicting a 20-50% decrease in growth by 2090 due to cli-
mate change. Their study focuses on large-scale projections
and the need for adaptation. This study, in line with our find-
ings, highlights the negative effects of climate change on beech
growth. However, our work incorporates management solutions
like logging bans. Other recent studies underscore the increas-
ing importance of long-term ecosystem modeling to predict
and mitigate climate change impacts on forest dynamics. For
instance, Bergkvist (2024) focused on the long-term conse-
quences of climate change and forest management practices on
ecosystem services in Swedish production forests. Using the
LPJ-GUESS model, Bergkvist explored different management
strategies under various climate scenarios. While this approach
aligns with our own modeling of forest increments under climate
change scenarios (RCP2.6, RCP4.5, RCPS.5), our study empha-
sizes the significant effects of rising temperatures and drought,
particularly under more extreme scenarios like RCP8.5, where
we predicted marked declines in tree growth and survival. This
is somewhat comparable to Bergkvist’s findings, but our model
further integrates the role of forest management practices, such
as logging bans, which we found to be crucial in maintaining
tree increment, as opposed to more conventional approaches.

Similarly, Spiecker and Kahle (2023) examined the cli-
matic water balance and its effects on tree mortality and
growth in the Black Forest, Germany, over 68 years. Their
study highlights the sensitivity of trees to declining water
availability, particularly during extreme drought years,
which corresponds with our findings that drought is a major
factor driving tree mortality and reduced growth under all
climate scenarios, especially RCP8.5. While Spiecker and
Kahle focused on a historical analysis of water balance, our
study extends this by exploring future impacts and identify-
ing that forest management strategies, such as logging bans,
could mitigate these negative outcomes. By allowing natural
regeneration and reducing human interference, these strate-
gies promote healthier growth conditions, enhancing tree
diameter and height growth. This non-intervention approach
helps minimize the stress that results from logging, improv-
ing forest resilience in the face of climate change.
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Together, these studies, in conjunction with our own results,
highlight the growing recognition of the importance of inte-
grating climate models with forest management practices. In
particular, our findings support the conclusion that strategies
focused on reducing human intervention, such as logging bans,
are essential for maintaining forest health and growth under
future climate conditions. Our research also emphasizes the
need to address water stress and competition as central factors
influencing forest productivity in the face of climate change.

The management strategy of implementing a logging ban
(non-intervention) was the most effective in promoting growth,
increasing both diameter and height by up to 5.93 cm and 3.18 m
(under RCP2.6 and for the period 20,248-2057, Fig. 4), respec-
tively. This supports previous recommendations, such as those
by the Iranian Department of Environment, which implemented
a logging moratorium in 2017 to combat overharvesting in the
Hyrcanian forests (Sotoudeh Foumanni et al., 2019). Our find-
ings emphasize the effectiveness of a non-intervention approach,
which allowed natural growth processes to resume, enhancing
tree regeneration and forest health.

For sustainable forest management, it is crucial to minimize
harvesting and increase production in the face of climate change
and growing drought conditions. The data used in the model,
including tree parameters, management interventions, and har-
vesting effects, are flexible and adaptable to different manage-
ment operations and harvest levels. Simulations can assess the
impact of thinning and harvest strategies on tree competition,
diameter, height, and standing stock affected by different man-
agement scenarios over time.

The model does not directly predict specific natural distur-
bances, it provides valuable insights into the climate-induced
vulnerabilities of forests, such as drought stress, which could
lead to increased mortality or growth reductions. These models
integrate existing biological data, climatic data, and previous
studies to provide reliable simulations. However, climate vari-
ables are not always readily available, and there may be signifi-
cant time lags before climate signals manifest in forest ecosys-
tems (Yousefpour et al. 2012). Nonetheless, monitoring forest
growth under climate change remains a practical approach for
effective adaptive management (Jacobsen and Thorsen 2003;
Millar et al. 2007; Bernetti et al. 2011). While the growth mod-
els can predict forest responses to climate change, they may
integrate other natural risk models e.g. for wind, fire in model
iLAND (Rammer et al. 2024) to forecast the impacts on forest
productivity under different climate scenarios. These coupled
models shall link the risk parameters not only to the dynamics
of climate properties but also forest structural change subject
to climate change scenarios (Yousefpour et al. 2012).

This model demonstrates how climate variability affects
the sustainable development of beech forests and highlights
the importance of incorporating regional climate projec-
tions into forest management. As climate change impacts
on forest growth vary depending on local conditions and

management strategies, it is essential to continue refin-
ing models to account for site-specific factors (Trasobares
et al. 2016; Bayat et al. 2022). Schleussner et al. (2016)
emphasize the need to align global climate goals, like limit-
ing temperature rise to below 2 °C, with regional adapta-
tion strategies. Their findings highlight how local climate
impacts vary with global temperature increases, supporting
the use of region-specific forest management approaches,
as seen in this study for Hyrcanian beech forests.
Integrating local disturbances in the modelling studies as
already has been practiced in central European even-aged
forests (Pretzsch 2009) is the next crucial step to simu-
late the future productivity of Hyrcanian forest. Moreover,
employing complex modelling approaches to represent
uneven-aged forest structures may improve the quality of
predictions. Ongoing data collection for model calibration
purposes as in this study is essential to extend the studies to
further locations with different soil and climate conditions.

Conclusion

The Hyrcanian forests in Iran are currently facing numer-
ous threats, including deforestation, pests, diseases, and
livestock impacts. Climate change adds a significant layer
of risk, exacerbating existing vulnerabilities. Rising global
temperatures, prolonged droughts, and reduced precipita-
tion represent critical challenges that must be addressed. To
effectively mitigate these threats, management plans must
incorporate the potential impacts of climate change while
maintaining the flexibility to adapt to evolving conditions
and formulating long-term strategies.

Key measures to enhance the resilience of Hyrcan-
ian forests include adjusting harvesting levels and vol-
umes, increasing afforestation efforts, conserving genetic
resources, boosting scion production capacity, and prepar-
ing strategies to combat pests and diseases. It is important
to note that the projections in this study are based on the
RCP2.6, RCP4.5, and RCP8.5 climate scenarios. Future
studies could benefit from incorporating additional climate
scenarios to provide a more comprehensive perspective.

Furthermore, while this study focused on oriental beech,
future research should explore the responses of other signifi-
cant tree species under changing climate conditions. These spe-
cies, though underrepresented in this study, are integral to the
ecological balance of the Hyrcanian forests. Including them in
predictive models and management plans is crucial for ensur-
ing their long-term survival and sustaining the broader forest
ecosystem.

Appendix

See Tables 3, 4, 5 and 6
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Table 3 Forest characteristics of
nine permanent compartments,
including tree density, volume,
and mortality

Table 4 Mean and range of
the main characteristics used
for fitting the individual-tree
diameter increment, height
increment and survival models
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Compartment number Number of plots Number of trees per ha Volume per ha (m®)  Number of
dead trees

34 5 130 403.5 1

14 4 175 163.25 0

24 5 286 570.7 2

25 5 202 411.3 3

26 6 120 305.83 1

27 6 220 505.42 4

28 6 272 460.42 1

29 6 185 349.17 0

33 4 278 3314 1

variable Number of compart- Mean Min Max

ments

Diameter/height growth models 9

(Egs. 3 and 4)

id5 (cm/5a) 3.13 2.62 5.94

dbh (cm) 47.3 40 56

BAL_rem (m?ha™!) 29.69 16.02 45.56

BAL_thin (m*ha™") 16.54 0.0 27.04

G_rem (m?ha™!) 43.45 26.48 67.60

DI 0.80 0.62 0.86

GDDI 0.93 0.59 1

ih5 (m/5a) 1.68 0.20 3.11

H (m) 20.8 15 26.9

Diameter/height growth models validation 2

id5 (cm/5a) 3.03 2.59 5.70

dbh (cm) 55 50 60

BAL_rem (m?ha™!) 25.34 20.26 28.51

BAL_thin (m*ha™!) 18.04 0.0 9.83

G_rem (m*ha™) 37.08 33.49 4231

DI 0.80 0.62 0.86

GDDI 0.93 0.59 1

ih5 (m/5a) 1.83 0.24 2.62

H (m) 24.3 23 25.6

Survival model (Eq. 5) 7

P (survive) 0.97 0.88 0.98

Dbh (cm) 49 45 56

BAL_rem (m*ha™!) 29.69 16.02 45.56

DI 0.83 0.80 0.86

id5=diameter growth(cm in 5 years), dbh=diameter at breast height at the beginning of the period (cm),
BAL_rem=total basal area of trees larger than the subject trees remaining after thinning (beginning of the
period) (m? ha™"), BAL_thin=total basal area of trees larger than the subject tree thinned at the beginning
of the next 5-year period (m? ha™!), G_rem =stand basal area of trees remaining after thinning at the begin-
ning of the period, DI=drought index, GDDI=degree-day index at five-year periods, ih5 =height growth
(m in 5 years) and h=tree height at the beginning of the period (m)
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Table 5 Value of basal area

< Representative
under management strategies in

sample plots

Values of BAL-thin* (m? ha™")

the sample plots

BAU logging ban Intensified logging (50% Decreased logging (50%
above BAU harvest level) below BAU harvest

level)

1 0 0 0 0

2 0 0 0 0

3 22.8 0 34.20 11.40

4 14.68 0 22.02 7.34

5 15.84 0 23.76 7.92

6 23.60 0 35.41 11.80

7 20.36 0 30.54 10.18

8 25.04 0 37.56 12.52

9 15.20 0 22.80 7.60

BAL-thin refers to the basal area of trees larger than the subject tree that are removed during thinning,
measured in square meters per hectare (m* ha™!). Under a logging ban, no thinning occurs (BAL-thin=0).
Intensified and decreased logging levels are relative to the BAU strategy

Table 6 Estimates of the parameters of the diameter growth (Eq. 3),
height increment (Eq. 4) and survival models

Parameter Diameter Height growth Survival
growth model  model (Eq. 4) model
(Eq. 3) (Eq. 5)

Estimated from model

BO - - 2.324

p1 —4.8902 —3.339990 —-0.330

p2 0.2334 —0.490468 4.313

B3 —0.0002 0.000558 -

p4 —0.0291 —0.047330 -

BS5 0.1623 —0.115935 -

po6 —0.0032 0.286980 -

B7 3.9339 3.744365 -

B8 1.3574 2.637163 -

R? 0.96 0.95 0.95

Estimated from Trasobares et al. (2016)

BO - - 2.044

p1 —3.4731 —8.6828 —0.306

p2 0.8485 1.0648 3.733

B3 —0.00081 —0.00227 -

p4 —0.09665 —0.05216 -

BS 1.1036 —0.1545 -

po6 —0.04753 0.3371 -

B7 3.3119 3.1526 -

p8 1.0857 2.2973 -

R? 0.25 0.18 -
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