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Forest biomass dynamics of temperate mountain forests in Central and Eastern Europe.

Objectives of thesis

This thesis addresses how heterogeneous conditions, characterised by various tree sizes and uneven age
distributions, contribute to the stable carbon-carrying capacity of primaryforests. It explores how the
diversity of tree genera, size distribution, natural disturbances, age, and abundance contribute to forest
heterogeneity. Furthermore, the study investigates the relationship between biomass carbon and site-
specific factors (both biotic and abiotic) that influence biomass accumulation across the Carpathian primary
forests. The thesis emphasises the importance of primary forests as a stable carbon reservoir and the
continued protection to safeguard them into the future.

1. To investigate the effects of natural disturbance regimes, tree age, and environmental conditions on
forest biomass, this study focused on primary forests with minimal direct human impacts.

2. Toinvestigate the roles of tree structure and genus-level diversity in determining biomass carbon storage
in temperate forest ecosystems. Investigating the relationships that influence biomass and forest hetero-
geneity regarding the range of tree genus diversity and structural complexity across the primary mountain
forests.

3. Investigating whether primary forests continue to accumulate carbon or whether the stocks reach equi-
librium. Assessing the amount of survival, growth, mortality, and the transfer of carbon from the live to
dead biomass pools across the temperate montane primary forests.

Methodology

For investigating the objectives of this thesis, data is used from a comprehensive network of permanent
sample plots established in montane primary forests across the Carpathian Mountains, including Slovakia,
Ukraine, and Romania. Individual tree diameters are used to calculate the amount of biomass present in
each tree using a series of species-specific allometric equations to capture trends in forest biomass carbon.
This is calculated by partitioning the mass of a tree into its stem, branches, and foliage and summing these
to calculate individual tree mass (tree kg”-1). Individual tree biomass is then summed for each plot and
extrapolated to represent the amount of biomass stock per hectare (Mg ha”-1). Site-specific biotic and
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perature, climatic water deficit, and altitude, are

abiotic factors, such as tree age, disturbance severit
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Summary

Primary forests hold a multitude of unique traits that are not present in-pomary
forests or terrestrial ecosystems. The presence of native vegetation that has remained
in the ecosystem for centuries, as well as heterogeneity in species, structuregand
classes, are driven by natural disturbances. Moreover, primary forests, particularly in
the Carpathian Mountains spanning Central and Eastern Europe, exist without any
direct impact from human activity. In an evelnanging world continually being
devdoped for human activity, from settlements to agricukwand forestry, it is rare for

such natural forests to exist in Eurof&ince primary forests are driven by natural
processes that shape forest demography over centuries, this allows-di#ageeter

trees (> 60 cm) to remain in the ecosystem and are valuable carbon stores. Such
characteristics make primary forests an importagbsystem, not only for being driven

by natural processes but its uneven age and tree size structure accommodates a stable
carban store and healthy biodiversity. Whilst forest biomass carbon is not a new
approach for quantifying ecosystem functionality and services, most studies focus on

either carbon sequestration, fluxes or biomass productivity.

The aim of this thesis is to investigate biomass carbon stocks across the temperate
montane primary forests across Central and Eastern EurBpecifically, @ provide

new knowledge into the spatial and temporal trends in biomass carbon stocks across
the Carpathians Mountain forests, and their relationship with biotic and abiotic factors.
Site:specific factors include mean pHevel tree age and disturbancesity which are
derived from dendrochronological data, gridded climate data, tree size and genera
diversity to topographical conditions across the regidiime studies in thighesis
represent data from two major forest types across the Carpathians: deaglforests,
dominated by beechRagus sylvatica) in the lower elevations and coniferous forests,

dominated by Norway spruc®icea abiesin higher elevatioriocations

The first study focuses on thdrivers of biomass accumulati@cross 726 permanent
sample plots; seesubchapters3.1, 4.1 & 5.1 Usingforestinventory-based dataand
nonlinear regression model$,quantified aboveground biomass in mixed beech and
spruce forests.The findings revead that biomass stocks in these forests are

comparable to other temperate primary forests, with significant carbon storage
|



capabilities. The highest mean total biomass was found in southern mixed beech forests
and western spruce forests. The study highlights the importance of preserving
unmanaged forests as a climate mitigation strategy, demonstrating their continued
function as carbon sinks over centuries. Additionally, it underscores the resilience of
these forests in maintaining positive biomass accumulation rates despite varying

disturbance histories and tree ages.

Thesecond studgxaminal the interplay between tree structure, gendsvel diversity,

and biomass stocks from 726 permanent sample plots in the Carpathian Moungtains
seesubchapters3.2, 4.2 & 5.2Focusing ohow forest biomass, structure, and diversity
vary spatiallyTheresults indicate that both genus diversity and structural complexity
are crucial for understanding biomass distribution. Local disturbances and varied tree
ages enhance forest heterogeneity and biomass accumulation. Structural indices,
supported by genusbundance, positively impact biomass stocks, with spruce forests
exhibiting higher tree density and basal area compared to mixed beech forests. This
study highlights the significance of primary forests as stable carbon reservoirs,
maintained through theirstructural and biological diversity, and underscores the
importance of protecting these ecosystems for future carbon storage and biodiversity

conservation.

The thirdstudy investigates carbon dynamics in temperate montane primary forests,
focusing on the carbon carrying capacity (CCC) and the factors influencing carbon stocks
¢ see subchapters.3, 4.4 & 5.3 Using data from two census periodsross 454
permanent sample plot@analysing the fluctuations in live and dead biomass rades.
findings reveal that primary forests continue to accumulate carbon over time,
functioning as stable carbon reservoirs. The study highlights the importance of tree age,
mortality, and local disturbances in driving carbon fluctuations. Mixed beech forests
showed consistent increases in live carbon, while spruce forests exhibited more
variability. This comprehensive analysis underscores the significance of primary forests
in the global carbon cycle and the need for effective conservation strategies to mitigate

climate change.



To synthesise the three specific research areas, findings from each are combined in a
cumulative discussion subchapter (5.4) which includes a comprehensive discussion of
biomass carbon stocks and thdiogeographical relationshipacross the primary
forests. The observed plateau in carbon accumulation at -2@6 years inthe
Carpathian primary forests likely represents stability between growth and
decomposition processesvithin theinterval between censuse$latural disturbances,

such as windstorms aruhrk beetle outbreaks, can disrupt this balance, altering carbon
dynamics by removing biomass and promoting new growth. Until such events occur,
forests are expected to maintain their carbon stock within a narrow range. Large
diameter trees enhance carbostorage and support forest heterogeneity, ensuring
O2y Ay dzSR IANR UK | YR &dahyidichpaatg 2F GKS T2

The findings from this thesis demonstrate the value of primary for&3tsy highlight
how, despite of high maturity levels, continue to be an active and critical carbon sink.
These forests are essential for preserving the ecological integrity of centangs
diversity of tree size, age structures and species across the Carpathissligve such
informationis critical in understanding how natural forests exist without direct human
intervention and how their unique traits in biodiversity and carbon stocks can be
replicated in norprimary forests. Thus, supporting the protection and conservation of
both primay and nonprimary forests is essential for mitigating climate change and the

longterm stability of the terrestrial ecosystem
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Preface

There is a need to recognifiee importance of naturally regenerative forestnd it is
important to actively conserve and protect them to ensure thieimgevity into the

future. Here is a passage from my favourite natural historian, biologist, and fellow

Leicestrian, Sir David Attenborough:

GLG YAIKG &aSSY tA1S ty 200A2dza GKAy3 (2
precious.
It provides the air we breathe, the food we eat, the water we drink. You have only to
take a walk through a forest and look up at its canopy to see the outstanding beauty
and complexity of ecosystems. Pause in the stillness among the trees and contemplate

GKI G A& &adzZNNP dafiévingd & 2dzy AGQa Y

But, rather than cherish this planetour homeg we have too often treated it with
O2yiSYLIid ¢2RI&> & + 02yaSldsSyO0Ss: 4
¢ Sir David Attenborough

Photo of an ancient English Oak tree (Quercus Robur) from Bradgrate Park,

LeicestershireSource: Dheeraj Ralhan (2016)

In light of the current climate and environmentatisesour world faces, it is more

important than ever for scientists to provide evidence on the state ofemwironment.
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Chapterl | Introduction

1.1 | GlobalTerrestrialBiosphere

Forest ecosystems cover 30% of the Earth's land surface and account for more than 80%
of global terrestrial carbon storag&AO, 2020)However, there are growing concerns

over the capacity of future forest carbon storage due to climate change. Drastic changes
in environmental conditions and disturbance regimes, as predicted by climate models
(Price, 2013) are expected to strongly impact forest demographyed species
recruitment, growth and mortality) and the corresponding integrity of forest function,
such as carbostorageo ! £ £ Sy S |t & wamnT WF3I2RIAZ
2020)

Terrestrial ecosystems are in continuous flux, driven by interactions with biophysical
conditions, such as atmospheric, hydrological and lithospheric processes, which vary
from local to global scalé®an et al., 2024; Reichstein and Carvalhais, 20ft8g trend

in global temperature rise continues on its current trajectory, the integrity of terrestrial
ecosystems, such as primary forests, may be compronglseedling and Phillips, 2007;
Yuan et al., 2019)This can jeopardise the carboarrying capacity of some forests
through changes in biodiversity and species composition, which could shift a forest into
a novel successional phase with lesser recruitment, growth and biofAasteregg et

al., 2020; Houghton, 2005; McDowell et al., 2020; Silva Pedro et al.,.2015)

1.2 | ForestBiomassCarbon3ocks

Forests are critical for climate mitigation because they store large quantities of carbon
(Mackey et al., 2020; Pan et al., 2024, 2011; Zhu et al., 2Cli8)ate change can impact

the forestthroughlongi SNl Waf 2¢6Q OKIFy3ISas>s &adzOK | a R
course of several decadefllen et al., 2010Q)or shorti SNY WYa dzZRRSy Q
disturbances, such as windstorms, drougiduced mortality, and pest and disease
outbreaks Athough the effects can last for much longer than the event itgelfgh et

al., 2019; Zhu et al., 2018)o safeguard stable future carbon stocks, it is important to
improve understanding of the current state of the forests and how they respond to
variability in biotic and abiotic conditions. In thisesis | focused on differences in
biomass stocks due to natural disturbance and tree age, in addition to the effects of
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climate (temperature, climatic water deficit) amopography (altitude, slope position in

a stand).

Understanding variation in forest biomass stocks can offer insights into the spatial

variability in ecological traits (forest structure, age, competitive ability) and the

conditions that influence carbon gar lossegJacobson et al., 2019; Keeton et al.,

2011) Living biomass actively contributes to carbon sequestration and then

accumulates as carbon stocks in both living and dead biomass (dead statwimged

trees, litter layer) and in soil organic mattérwl 32 RT AZ&1 A SG € ®X HAauAT
2004; Pugh et al., 2019)The partitioning among these biomass components,

particularly aboveand belowground, varies with air temperature, water availability

and soil nutrientgAlvarezDavila et al., 2017)

1.3 | Importance ofForest Monitoring

The development and application of forest inventories is a simple, yet efficient method
for assessing the state of ecology in a terrestrial environment at the fine scale. While
remotely sensed datanable assessments tdrge areas and conduct analysis at the
global scale, information is aggregated at the mdeneel, making it difficult to
distinguish individual trees or niche conditions of a site, depending on the resolution of
the data.Forest inventories despite being timeonsuming difficultly accesimgaccess
remote locationsand subject to human bias or error, offer a lawst and finescale

data collection Moreover, forest inventories are important for capturimglividual tree
characteristics, as well as site conditiprisat might not be possible through most
remotely sensed approaches. Observing and measuring ecology at an individual, is
crucial for understanding the dynamism within a forest ecosystem, including the
variability in biomass stock which can be achieved dach individual tree. Shc
approaches can necessitate conservation and management stratelggtablishing
permanent sample plots with regular monitoring can provide #cale data to assess

the current state of the ecosystem and changes over time.

Establishing a baseline for sampling and methodologies to assess forested ecosystems
is crucial for understanding current conditions and identifying potential obstacles to

forest development (Elliott et al., 2016). It is essential to develop robust andesitf
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methods for estimating carbon stocks and their changes, covering a range of spatial
scales suitable for various mitigation activities. Field data is totalnderstanding
ecosystem characteristics and calibrating estimates across all spatial scales. However,
collecting field data involves many tradéfs due to constraints such as access to forest
sites, labouintensive work, required equipment, and the nuerof sitessampledand

time taken.This thesis utilises forest inventory data to analyse bioncasson stocks

and biodiversity in temperate montane primary forests. The aim is to provide new
knowledge about the current state of the primary forests, including their varialmility

time and space from fine to coarse scale across Central and Eastern Europe.

1.4| Primary ForesbDynamics andNatural Dsturbances

Currently, we have an incomplete understandofghe effects of natural disturbances

on the temporal and spatial stability of forest biomgSeidl et al., 2014; Zhang et al.,
2014) Given the important climate regulation function of forests, improved insights
regarding relationships between factors that influence the successional development
of forests, and their associated carbon storage @igcal to predict the consequences

of global changeDisturbance regimes are characterised by the extent, frequency and
severity of reoccurring events. The nature of a disturbance regime influences the
growth potential, canopy structure and development pathways of forest systems
(Frelich and Lorimer, 1991) owfrequency catastrophic disturbances that cause
extensive tree mortality (for example, bark beetle outbreaks in monodominant spruce
forests of the Carpathians) substantially impact the economies of wood production and

biomass storage over short afshgtimeframesé a A { 2t + O .SG | € ®X H At

In contrast, more frequent gapcale disturbances (which predominate in the mixed
species forests of the Carpathian region) may lead to a shifting mosaic of forest
conditions over large areas, whereby temporal changes in stand structure potentially
oscillae arounda mean level(Bormann and Likens, 197%or exampleFrelich and
Lorimer(1991)suggested that the age structure of forest patches in primary temperate
forests of Eastern North America, where gggale storm disturbances are prevalent,
was temporally stable when considered at a broad regional scale (that is, substantially
exceeding lhe extent of a typical gagenerating disturbance). However, whether and

under what conditions the biomass accumulation and carbon storage of forests
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potentially reach steadgtate levels is still under debafeuyssaert et al., 2008; Zhu et
al., 2018) An improved quantification of biomass levels at continental scales is critical
in an era of anthropogenic climate change where disturbance events are becoming

increasingly severe and frequent.

1.5| ResearchRationale

This thesis focuses on investigating trends in biomass carbon stocks in mountain
temperate primary forests across Central and Eastern Europe. It aims to quantify the
amount of biomass carbon stored in naturally regenerating ecosystems and understand
how primary forests develop over time and space in the absence of direct human
influence. The findings presented here provide a catalyst for understanding the current
state and health of these primary forests, particularly in terms of their accumulated
biomass.By exploring the variability in aboveground biomass of live trees, dead
standing trees, and downed dead wood along the forest floor, this study provides

deeper insight into the processes that drive and maintain a diverse ecosystem.

Moreover, this thesiss novel as it utilises forest inventory datamontane temperate
forestsfrom a large network of permanent sample plots, covering a large geographic
area and gradienfThis thesis can help to inform and improve our understanding of the
natural processes that influence forest ecology at the fine scat®. assessing forest
ecology in remote, steep, and diffictti-access locations, remotely sensed date
often used to bridge knowledge gapBurthermore, thighesis offers nevknowledge

and novel insights into the importance of quantifying both live and dead biomass

accumulation

15.1 | Temperate primary forest biomass accumulates over centtdaeg time frames

To investigate the effects of natural disturbance regimes, tree age, and environmental
conditions on forest biomass, thhapter focused on primary forests where direct
human impacts have been minimal. Compound disturbance events can lead to
increased mortality of largdiameter trees and biomass losses if a considerable
proportion of large trees are frequently killed by higbveity disturbances (Yuan et al.
2021).In thischapter, we assessed the extant levels and drivers of biomass stocks in

the primary forests of the Carpathian Mountains in Central and Eastern Eufidpe.
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study area covera broad a range of forest types from mixed corgfégciduous stands

at lower elevations, where beech is often prevalent, to monodominant spruce stands
at upper elevations. We used a unique dataset from an extensiveldaddd inventory

of remnant primary forest stands that are distributed across continentahle

geographic and environmental gradients.

The spatially explicit disturbance history and tree age of all sampled locations were
reconstructed using dendrochronological techniques. We quantified variation in extant
levels of biomass at plot, stand and landscape scales for aboveground woody live
reservoirs, as well as standing and downed deadwood. We formulated nonlinear
regression models to investigate the factors influencing biomass stocks, specifically to
guantity (Q1) the relationships between observed giwtel biomass stocks (total, live
and cead) and the corresponding tree species composition of meanlglet tree age,

past natural disturbance severity, temperature, climatic water deficit and altitude.

We posited that variation in the severity of natural disturbances regulates the biomass
of a forest. We expected that high severity disturbances, which are more common in
spruce forests due to bark beetle outbreaks, limit maximum biomass levels, while lowe
severity perturbations may be associated with an elevated carbon accumuldinen.

aim wasto (Q2) identify any thresholds in tree age beyond which primary forests in
Europe potentially cease functioning as carbon sinks. Based on prior literature exidenc
(e.g, Keeton et al. 2011 )we hypothesisedhat (H1)temperate primary forests in this
region have a capacity to maintain net positive biomass accumulation rates over long

time frames.

15.2 | Tree structure and diversity shape the biomass of primary temperate mountain
forests

To investigate theoles of tree structure and gendsvel diversity in determining the
biomass carbon storage in temperate forest ecosystems. We aimed to investiggte (Q
what are the relationshipbetween forest biomass, tree genus, and structure across
different spatial scales; and 4Qwhat other factors influence the spatial distribution of
forest biomass, with reference to tree age, disturbances, topography, and climate.

Using these criteria, we assess the relationships that influence biomass and forest
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heterogeneity regarding the range of tree genus diversity and structural complexity
across the primary mountain forests. We hypothesise that) (Blomass stocks are
strongly influencd by structural complexities, followed by tree genus diversity, which
In turn supports agesize heterogeneity and increases biomass. Moreover, we expect
that (H3) forest heterogeneity, mediated by age and disturbances, influences biomass

positively in more heterogenous forests and negatively with less heterogeneity.

1.5.3 | Spatictemporal variability in carbon dynamics across the primary forests

The focus of carbon accounting is commonly on the net changes in atmospheric carbon
RAZ2ZEARSE 6AGK GKS FyY2dzydi 2F OFINbz2zy aiaz201 OArASs
(gain) and efflux (loss) processes. However, our knowledge of current carbon

accountingin temperate montane primary forests is limited due to the lack of

consistent monitoring of naturally regenerative forests across a large gradient, both

spatially and temporallyln this investigation, we use novel approaches to assess the

current carboncarrying capacity (CCC) of primary forests.

Here, we provide a novel approach to quantifying the spatial and temporal changes in
primary forest carbon stocks in both live and dead biomass accumulation across two
census periods, with an average interval of 5 years between censuses, from 454
permanentsample plots across Central and Eastern Europe. We aimed to investigate
(Q5) how carbon dynamics have changed across the primary forests over time and the
rate of these changes, and §Rhow sitespecific factors (mortality, tree age, carbon

stock, altitude) influence the spatial and temporal variations in carbon dynamics across

the primary forests.

Thischapteraims to assess whether primary forests continue to accumulate carbon or
whether the stocks reach equilibrium. By addressing these questions, we seek to
elucidate the factors influencing changes in carbon pools and ultimately evaluate the
longterm carboncarrying capacity of primary forests. Thigpterfurther investigates
trends in carbon dynamics across different forest types (mixed beech, spruce) and
landscapes (Western, Eastern, Southern) within the Carpathian Mountains, assessing
the amaunt of survival, growth, mortality, and the transfer of carbon from the live to

dead biomass pools.



Moreover, we aim to assess the variation in both live and dead carbon stocks across the
Carpathians tabetter understand their dynamics. We hypothesised4(Hhat these
primary forests function astable carbon reservoirs, with a gradual increase in carbon
stocks over time, suggesting the continued capacity of these forests to act as carbon
sinks. This study is significant as it provides a comprehensive analysis of primary forest
carbon dynamics, edributing to our understanding of how these ecosystems function
and their role in the global carbon cycle. By integrating data from multiple regions and
forest types, we offer a robust assessment of the factors influencing carbon stores and
the stabilityof the primary forests, which is crucial for developing effective conservation

and management strategies to mitigate climate change.

1.5.4| Primary Forest Biomass: A Comprehensive Synthesis

The key findings and results in this thesis are synthesiseddiedicated subchapter,
focusing on the carbon accounting and biodiversity in the temperate montane primary
forests. The overall rationale is to provide a comprehensive insight into carbon and
biodiversity trends, which can be used to inform the currdiatiss of the Carpathian
primary forests, and how they relate to climateitigation targets through enhanced
carbon storage and biodiversity conservation. The final, cumulative subchapter
investgates therole of carbon dynamics, the importance of lamgjiameter trees in
maintaining carbon stores, and the effects of different tree age cohorts, sizesande
disturbance regimes. Additionally, to examine the relationship between biomass, tree
diversity, and local (sitepecific) factors such as tree size variability, tree density,

topography and climatic water deficit.



Chapter2 | Literature review

2.1 | Global Distribution of Biomass

Forest biomass refers to the biological mass of living and dead organic matter,
accumulated by trees through growth and decomposition that exists in a terrestrial
ecosystem(BarOn et al., 2018; Houghton, 2005; Keeling and Phillips, 2@iige
biomass represents the amount of live and dead carbon stocks available in a forest, it
can be useful for assessing thealth of a forested ecosystem by quantifying the
amount of carbon stock present and how site conditions, suclbiadiversity to
disturbance regimes influence biomagsfoughton, 2005; Keith et al., 2010; Mackey et
al., 2013) Naturally regenerative forests benefit from continual accumulate of living
biomass which transfer to the dead standing and forest floor carbon pool as coarse

woody debris through decompositiqivlackey et al., 2013; Nosdarsen et al., 2019)

FAO (2020) report that forest carbon stocks in Europe (excluding the Russian
Federation) for the live, dead and soil carbon pool are, 68.4 t€ 184 tC ha, and

107 tC ha, respectively. MoreoverfFAO, 2020)evealeda decrease in total forest
carbon stocks between 199¥020by 6 Gt to 662 Gtjue to loss in forested areawjth

a risk in most ecosystems shifting from a carbon sink to a sobA® 2020) However,
FAO(2020)recognised that despite a global decline in total forest carbon, there have
been significant increases in live and dead carbon stocks in some continents, including
Europe which was attributed to an increase in forest area and improved protection

(European Council, 2023)

Studies byBarOn et al.(2018) distinguish biomass into three major biome types,
including marine (~6 Gt C), deep subsurface oceanic (~70 Gt C) biome and terrestrial,
which represented the biggest share of biomass carbon stocks (~ 470A8t@)nting

for the current amount of biomass carbon in a forest is essential for understanding its
stability over time, whether that is seasonal, annual or a coarser time series to observe
the spatial and temporal variabilittHoughton, 2005; Reich et al., 2014ssessing
forest biomass and its ecology at the fine scale (i.e. < 1 ha) can provide a greater insight
into the niche conditions and characteristics that influence biomass at the local level

(Zhou et al., 2016).ocal, endogenous processes such as tree species diversity, tree size,
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density, natural disturbances, topography, water availability, can have contrasting
influence on forest demography which might not be detected at coarser scales (i.e. > 1
ha) (Houghton, 2005; Reich et al., 2014)

2.2 | Primary Forests

Terrestrial ecosystems, particularly forests, exist along a diverse gradient of conditions
including diversity of ecosystem functiofisiomass)species, tree density, structural
complexities (diameter and height distribution), age and the modality of disturbances
(i.e., natural processes or human activigifoughton, 2005; Mackey et al., 2015; Reich
et al.,, 2014; Sabatini et al., 2020; Zhang et al., 20TBgse variations are largely
influenced by their spatial distribution, both latitude and longitudinal position, driven
by the type of climate and, in turn, forest tyiee., broadleaved;onifer, mixed forest
Primary forests refer to naturally regenerated forests of native species, whose
composition and structure are regulated by ecological processes, including natural
disturbance regimegMackey et al., 2015)pPrimary forests can also be described a
naturally regenerative,primaeval virgin forests with varying degree of natural
regeneration.FAO(2020)define primary forests as naturally regenerative forest that
feature native tree species with ndear or direct impact from human activity, which
attributes to these forests being globally rare and spatially fragmented. As a result,
primary forests feature unique qualities compared to other forest systebesng
populated by native tree speciesshose composition, structure and dynamics are
dominated by ecological and evolutionary processes including natural disturbance
regimes(FAO, 2020; Mackey et al., 2015)

The legacy of ecological activity and development in a forest, along with extant
conditions and land use, have a considerable influence on a faréstcomprises of
mostly early to late seral developmeiilackey et al., 2015; Sabatini et al., 2020;
Svoboda et al.,, 2010Mackeyet al. (2021) explain how the conditions of a given
ecosystem depend on the ecological processes and the proportion or types of
disturbances, either natural disturbances or a direct cause of human activity to the
gradient of management or no management practisgsese forests are an important
store of carbon in the biosphere, but there is uncertainty about the persistence of this

store under the increasing effects of climate change (Mackey et al., 2015; Case et al.,
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2021). Responses and adaptation of forest ecosystem dynamics, in terms of
complexities in complexity from long history of developmesttucture and functioning,

to changes in climate and disturbance regimes may affect the magnitude and longevity
of the carbon stored (Pan et al., 2011; Houghton et al., 2009; Keeling and Phillips, 2007).
Such changes in terrestrial carbon stocks cougghyer feedbacks with the atmospheric
carbon dioxide concentration and climat&€hus, primary forests can be considered
important ecosystems that rely on the continual flow and occurrence of natural
disturbance regimes and regeneration to support an uneven age and structured forest
without human intervention (Mackey et al., 2028uch diversity of conditions that are
primarily driven by natural processes make primary forests an important refuge as a
steady carbon reservoir that supports the accumulation of live and dead biomass

(Duque et al., 2021; Keith et al., 2024; Sabatini et al., 2019)

2.2.1 | Protection of Primary Forests

The European Union has established the European Greerf2gapean Council, 2019)

as a roadmap to climate neutrality by 2050, in line with the Paris Agree(hiECCC,
2015) This ambitious goal involves reducing greenhouse gas emissions and restoring
ecosystems. The EU Biodiversity Strategy aims to mitigate the direct and indirect
impacts of environmental degradation on biodiversity, supporting sectors such as
agriculture, fsheries, and forestriEuropean Council, 2023)he recent adoption of the
natural restoration law targets 20% restoration by 20@uropean Council, 2023)
There is a strong need for improved protection of primary as well aspniomary
forests, since they represent a larger portion of forested areas globallyari€ed
protection leads to improved forest biodiversity, supporting native tree species,
providing stable habitats for flora and fauna, and ensuring the stability of cestora

(European Council, 2023; Keith et al., 2024; Sabatini et al.,.2020)

FAQ(2020)report found that in Europe, recent decades have witnessed a positive trend
in European primary forest area, driven by improved land use pradi&ssatini et al.,
2020)and may continue to increase due to recent adoption of supportive legislation,
notably the European Green Dd&luropean Council, 201@jth the goal of expanding
forest area and their protection. The most substantial gains in primary forest area

occurred between 2000 and 2010 (33,000ya!) with a subsequent decrease in the
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rate of increase coverage during the following decade (202020; 9,000 ha yr?)

(FAO, 2020)The spatial scarcity of primary forests, both across Europe and globally, are
valuable ecosystems that act as a carbon refuge in terms of their steadily in storing
biomass carborfMackey et al., 2021)Such conditions are challenging, yet possible to
replicate in norprimary forests where human intervention is present and had a larger
impact in shaping the ecosystem. Therefore, primary forests can be considered as one
of the last remaining terrestri@cosystems where natural processes influence and drive

forest productivity and shape its demography without human intervention.

2.22 | European Primanand OldGrowth Forests

Europe has a long history of intensive land use stemming from urban development,
agriculture and silviculture and their expansion into formerly natural environments
(Ciais et al., 2008Moreover, Europe accounts for 27% of remaining primary forests
globally, this figure drops to 3% when excluding the Russian Fedef&#aD, 2020)
The low proportion of primary forests in Europe is attributed to centuries of human land
use and development, leading to a higher proportion of secondary and production
forests across the continentSabatini et al., 2019)Despite the small land cover,
European temperate and boreal regions are comparatively-statlied compared to
those in Asia and Africa. While the latter continents feature more spembgprimary
forests, data gaps limit a comprehensive global assesswf primary forest§Mackey

et al., 2015; Sabatini et al., 2020)

Similarly, studies byleyer et al.(2021)on deciduous forests in northwestern Germany
revealed the nuanced trends in growth and mortality rates between pure beech, mixed
oak and mixed beech forestBure beech forests had the highest biomass (478 Mg ha

1), followed by mixed beech (434 Mg¥Hand mixed oak (334 Mg Hg with biomass
levels affected byspecies interactiongMeyer et al., 2021) Beech forests are
particularly efficient at accumulating biomass in lght conditions, while similar
conditions in oak forests can reduce productivity. Ingtdwth forests, the diversity of
species and age structures leads to higher deadwood acaiion) contributing to the
forest's uneven age and structu(®leyer et al., 2021)The slow decay of wood allows
deadwood to sustain biomass levels for decades, even as living biomass declines

(Carmona et al., 2002; Meyer et al., 2021)
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Martin-Benito et al(2021)studies omold-growth Quercus petraeéorest in the western
Cantabrian Mountains, Spain, focusing on forest dynamics and carbon dynamics. The
study found a decrease in tree abundance from smaller to larger diameters, with large
trees (>70 cmdbh) being less frequent but dominating the forest biomass, comprising
50% of the total aboveground biomass (AGB). Over the last 400 years, the forest has
experienced frequent lovseverity disturbances, with rare major events affecting less
than 20% of the ges(Martin-Benito et al., 2021)These disturbances and recruitment
periods in the 19 century have shaped the forest's current age distribution and
structural diversity.Despite lower productivity in okgirowth forests, the biomass of
large tree cohorts significantly surpasses that of secondary foréstest demography

was found to be driven by the disturbance of an individual tree, either by uprooting,
partly breakage or gradual decay from the canopy which of large diameter trees, which
can drastically shape the structure of a forest and its oveealh@n carrying capacity
(Janda et al., 2019; Keith et al., 2024; Ma#Bienito et al., 2021; Synek et al., 2020)
Martin-Benito et al.(2021)identified that the low tree slenderness and relatively open
canopiesin a forestreduce the likelihood of largecale disturbances, such as wind

throw, compared to closedanopy forests.

2.3| Primary Forestg The Carpathians

The Carpathian primary forests consist of two main forest types, which are Norway
spruce Picea abie$L.)Kars) and mixed beech=agus sylvatica.). In the mixed beech
forests of the Carpathians, there is a diverse range of species composition, tree
densities and low to intermediateseverity natural disturbances (primarily wind
driven), which in combination contribute to a muléiyered forest sucture (Stillhard

et al.,, 2022) Beech Fagu3 wood has a slow decay rate, and thus, dead wood is
maintained in the forest carbon store for decad@deyer et al., 2021)In the spruce
forests of the Carpathians, windstorms and bark beetle disturbances of low to
intermediate severity have a range of impacts. Localised windstorms may fell individual
or groups of trees and generate small canopy gaps. Severe windstormi,cahioccur

in both forest types, or bark beetle outbreaks in spruce forests, may cause extensive
tree mortality over large area@Meigs et al., 2017)These processes have promoted

both even and uneveraged forest stand structures that support a high variability in
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biomass levelgJanda et al., 2019)The effects of natural disturbances at stand or
regional scales have been difficult to distinguish from the confounding effects of
biophysical conditions that vary over gradients of topography and cliifdateda et al.,
2019) However, stands can accumulate large carbon stocks after periods of high
disturbance severity, while lower disturbance severity levels create less regeneration of

carbon storegSeedre et al., 2020)

Studies in Ukrainian Carpathian primary foregtsamine changes in forest attributes
such as tree density, basal area, and the volume of living and dead Btiésard et al.,
2022) Stillhard et al.(2022) recognised the underrepresentation of key species,
includingAcer pseudoplatany€arpinus betulysandAbies albaand their contribution
towards shaping forest demography in terms of tree size variation and diversity. Beech's
shade tolerance and competitive dominance enable it to efficiently fill canopy gaps,
contributing to the multilayered structure characteristiaf primary forests. The study
supports the idea that these forests are in equilibrium regarding productivity and
development(Stillhard et al., 2022)Since natural processes drive primary forests, any
abrupt changes in disturbance regimes could disrupt this equilibrium, leading to a novel
successional phase if recruitment is weaker and latigeneter trees are losd 2 F Rl S

al., 2013; Stillhard et al., 2022; Svoboda et al., 2014)

2.3.1 | The distribution of biomass across the Carpathians

In the Carpathians Mountainganda et al.(2019)investigated basal area variation in
primary Picea abiegorests to understand the influence of biophysical environments
and natural disturbancesStandlevel tal basal areavas found to have gositive
relationship between mean annual temperature and basal ardavebiomass(Janda

et al., 2019) Furthermore, Janda et al.(2019) identified forest age structures are
synchronised, suggesting increased susceptibility to disturbances and a potential rise in

disturbance frequency and severilya A { 2t + O .S | £ ®X HAMPO

Finescale disturbances were identified as key drivers of basal area variation within
stands, with the proportion oliveto dead trees at finer scales indicating the impact of
biophysical and natural disturbancéswl y Rl S | f @ HamdpT airl]:

al., 2020) These findings were supported Beedre et al(2020)in assessing biomass
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carbon accumulation and their relationship with natural disturbances across the

dominant spruce primary forests in the CarpathiaRamary forests store significantly

more carbon than managed forests, but they face increasing threats of conversion to

managed forests, leading to immediate carbon losses and reduced biodivi@gsiti

SG t®dX HwnunT aAiAl2tt O SG It dX wuiAhetpbdg {0 GAYA
term impact of disturbance severity on carbon stores highlights the need to account for

these factors when predicting future carbon accumulation (both live and dead carbon

pools)(Seedre et al., 2020% A 1 2 f t @028idvestightael how longerm natural

disturbances impact forest biodiversity and carbon dynamics over 250 years in the

Carpathian primary forests. The stusgymphasisesthe importance of multiscale

analyses to understand how biodiversity and carbon stocks fluctuate across

regenerating forestadBy combining carbon stoetith site specific data (i.e. tree species

diversity, tree size, dendrochronology reconstructiom\pdes a detailed account into

fine-scale carbon carrying capacity of the forestpturingthe historicalinfluences of

disturbances and maturity levels and how they shape present forest demography

OWFEYRFE SG Ff®dX unmdT aAi] Zrhdfidingémphdsigethen numT { SS
need for forests to mature and have older trees, requiring the protection and expansion

of primary forests to sustain biodiversity and carbon stordaga A { 2t + O S | f ®X Hn

especially amid the current environmental crii®ith et al., 2024; Mina et al., 2017)

24| Allometric Equationg Estimating Forest Biomass

Allometric equations are a crucial method for statistically estimating forest biomass
carbon calculating speciespecific biomass while accounting for variables such as
diameter, site conditions, wood density, and height introduces uncertainty and
potential errors(RéjouMéchain et al., 2021)Accurate measurement often requires
destructive methods, such as tree felling, which disrupts ecosystems and reduces
biomass. Pseudobservation estimates, derived from specisecific wood density
and structural parameters (diameter, height), are useestimate biomasgForrester
etal., 2021, 2017; Pan et al., 2013; Pugh et al., 2019b; Vanderwel et al., A4 &)ain
challenge in biomass carbdrased studies is selecting suitable allometric equations,
given the complexities of using specmzecific parameters and forest inventory

measurementgForrester et al., 2017; Réjédéchain et al., 2021)
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Numerous allometric equations exist for various terrestrial biomes, especially
temperate and boreal regions. However, challenges arise in obtaining forest inventory
data from remote sites and from the species diversity and density within tropical
biomes (BarOn et al., 2018; Houghton, 200%Although temperate ecosystems are
well-represented, limitations in allometric techniques and statistical estimations
persist. Errors in estimation often stem from inaccurate forest inventories and small
sample sizegForrester et al., 2021, 2017; Zianis and Mencuccini, 20B#®mass
predictions require precise diameter at breast height (dbh) measurements, usually
obtained from the mean stem diameter used to fit the equat{@orrester et al., 2017;
Zianis and Mencuccini, 2004Applying these measurements to populations with
different diameter distributions can reduce accuracy, highlighting the need for
standardised methodological approacheBorrester et al.(2021) emphasise the
importance of including tree height alongside diameter to achieve accurate biomass
estimates. Additional structural parameters offer greater insight into how competition
and intertree characteristics influence biomass production, accountorgmultiple

factors affecting net primary production and stand developm@rrrester et al., 2021)

Inaccuracies in allometric equations can misrepresent the true quantity of biomass in a
location. Partitioning allometric equations allows for the subdivision of biomass analysis
between longlived components (stem, coarse root system) and siioed
components (fineroot system, foliage, brancheg@Reich et al., 2014)-orrester et al.
(2017) observel that a decline in foliage often coincides with increased basal area
growth, reflecting a reduction in shalived tissue productivity. This leads to reduced
photosynthetic activity as the tree compensates for the suppression of stem growth.
Variability inroot and foliage biomass supports the hypothesis that mean annual
temperature and biomass are influenced by temperature gradients, particularly in trees
with limited or no access to the canofigeich et al., 2014)ith less space for crown
expansion or fingoot development, more biomass may be allocated tarsteenabling
trees to reach the canopy layéenf et al., 2019However, a recent study yorrester

et al. (2021)using a small sample area in a young Mediterranean plantation forest
produced results partly incompatible with earlier findin{fSorrester et al., 2017)

Temperate biomes generally exhibit greater biomass carboompared to
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Mediterranean environments, due to more favourable conditions for net ecosystem

production.

RéjouMéchain et al.(2021) explore methods for upscaling and mitigating errors in
forest biomass estimates, including the use of forest inventories and remote sensing
techniques to scale from the landscape to the global level through satellite imagery.
Forest biomass estimates aresrived from allometric equations that factor in tree
dimensions diameter, height) and wood density to create an accurate representation
of biomass carbon storag€&orrester et al., 2021; Lu et al., 2016; Rédjbéchain et al.,
2021) This nonnvasive technique is preferable to destructive methods, which,
although accurate, reduce tree density and can have detrimental effects on the

ecosystem.

Allometry-based estimations are an ideal alternative for assessing forest ecosystem
productivity. However, the potential for error depends on the suitability of the
allometric equation and the parameters us@€brrester et al., 2017; Réjadéchain et

al., 2021) Bias can weaken the robustness of the study by failing to accurately represent
biomass distribution. Standardisation is essential to ensure forest inventory data are
precise and consistent, thereby avoiding cv@runderestimation in biomass estimates
(Zianis and Mencuccini, 2004Jonsistent data quality across study sites is crucial to

minimising errors and ensuring reliable biomass estimates.

2.5| Forest Biodiversity

Tree genus diversity and structure are critical factors in determining tree growth
characteristics and, thus, how much biomass can be accumulated by an individual tree
and a forest's overall carbecarrying capacity. However, their effects can vary
dependirg on local conditions, such as tree density, altitude, temperature and water
availability(Fotis et al., 2018; Reichstein and Carvalhais, 2@@&nbining tree genus
diversity (abundance, richness, tree size distribution) with local;spezific factors

(i.e., climate, topography, tree age, natural disturbances) can enable a better
understanding into the mechanisms that influence biomass st@kess a broad

geographic gradientMichaletz et al., 2018; Wang and Ali, 222
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The structure of trees at different spatial scales can help identify how individual trees
respond to standevel conditions, such as age and size distributBhbrecht et al.
(2021)found that the range in uneven tree size distribution (smallame diameter

range) strongly influences biodiversity (i.e., species diversity) and ecosystem functions
(biomass). However, large A I YS (i S NI 8ONBYS 3R 6 KA D Srdb 52 568 2oy (I NA
the communities' total live biomass stocidseith et al., 2010; Lutz et al., 2018; Wang

and Ali, 2022)Investigating the range in tree sizes can provides a deeper insight into

the spatial range in biomass across communities.

Species distribution influences structural complexity and biomass stocks, but its effect
can vary depending on local conditions and disturbance regimes which can influence
forest ecosystem functioningFotis et al., 2018; Reichstein and Carvalhais, 2019)
Szwagrzyk and Gaz{2007)found that beechkdominant stands across Central Europe
contain high biomass, resulting from a low frequency of high disturbance events rather
than the species being a particularly strong competitor. Furthermard, {1 2 f + O S
(2021)demonstrated that local variability in disturbance regimes plays a crucial role in
maintaining forest carbon stores and promoting biodiversity in the primary forests of

the Carpathian Mountains.

Climate change induced by human activities may disrupt biomass accumulation, for
example through exceptional disturbance events beyond that of the previous regime,
with the potential of compromising the resilience of the forest ecosystem to future
disturbances and affecting the structural integrity and biodiversitgterestingly,
Sabatini et al(2019)found that maximising biodiversity and carbon storage at the stand
level in temperate forests is challenging, and broader strategies, such as zoning, may
offer better outcomes regarding their dwmenefits. Explicitly considering all
conservationrelevant taxa, rather than relying on biodiversity surrogates, is essential
for quantifying how native species respond to changes in forest structure and carbon
levels, which can influence overall biodivergBabatini et al., 2019\Whilst Sabatini et

al. (2019) may not have found a clear signal between carbon stock levels and
biodiversity, safeguarding both to maximise their-lmenefits can lead to improved
ecosystem stabilityKeith et al., 2024)This implies that such forests become stable and

healthy carbon stores and overall carrying capacityerefore, understanding forest
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heterogeneity by assessing structural complexities and biomass is essential for
revealing the state of the carbon store and its stabilnhbrecht et al., 2021; Mackey
et al., 2015; Wang and Ali, 2022)

2.6| Natural Disturbance and Forest Maturity

Natural disturbances are an essential part of any terrestrial ecosystem, as a means of
controlling and driving ecological processes and functionality across the ecosystem.
Natural disturbances in primary forests create an uneven distribution in age and size
structure of trees and their consequent biomass stocks, with mosaic effects at scales
from small clusters of trees to landscape (macro) le(@bnstone et al., 2016; Pugh et

al., 2019b; Sprugel, 1991he capacity of a forest to recover after a disturbance event
depends on individual tree survival and regeneration traits, and their resulting post
disturbance legacies that produce an uneage forest structurgJanda et al., 2019;
Schurman et al., 2019)The random distribution in disturbance occurrences and
severities and their relationship with abiotic and biotic processes maintain a broad
range in biomass stockvestigating the role of natural disturbances and tree age, in
addition to forest biomass, climate, and topographical factors, provides a deeper
understanding of the complex relationships between biotic and abiotic factors in

maintaining a diverse ecosysh.

Disturbance regimes are characterised by the extent, frequency and severity of
reoccurring events. The nature of a disturbance regime influences the growth potential,
canopy structure and development pathways of forest systéRrelich and Lorimer,
1991) Lowfrequency catastrophic disturbances that cause extensive tree mortality (for
example, bark beetle outbreaks in monodominant spruce forests of the Carpathians)
substantially impact the economies of wood production and biomass storage over short
and lng time framesé aA 1 2t t O Sl cohtrbsth) Mored frequend gagcale
disturbances (which predominate in the mixed species forests of the Carpathian region)
may lead to a shifting mosaic of forest conditions over large areas, whereby temporal
changes in stand structure potentially okt around some mean lev@Bormann and
Likens, 1979)For examplekrelich and Lorimgfl991)suggested that the age structure

of forest patches in primary temperate forests of Eastern North America, where gap

scale storm disturbances are prevalent, was temporally stable when considered at a
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broad regional scale (that is, substantially exceeding the extent of a typical gap
generating disturbance). However, whether and under what conditions the biomass
accumulation and carbon storage of forests potentially reach stestale levels is still
under debate(Luyssaert et al., 2008; Zhu et al., 2018) improved quantification of
biomass levels at continental scales is critical in an era of anthropogenic climate change

where disturbance events are becoming increasingly severe and frequent.

The capacity for a forest to recover after a disturbance event depends on individual tree
survival and regeneration traits, and their resulting pdsturbance legacies that
produce an unevefage forest structuréJanda et al., 2019; Schurman et al., 20T9e
random distribution in disturbance occurrences and severities and their effects with
abiotic and biotic processes maintain a broad range in biomass stGakently, we

have an incomplete understanding into the effects of natural disturbances on the
temporal and spatial stability of forest biomass. Given the important climate regulation
function of forests, improved insights regarding relationships betwesstofs that
influence the successional development of forests, and their associated carlragesto
are critical to predict the consequences of global change. Disturbance regimes are
characterised by the extent, frequency and severity of reoccurring events. The nature
of a disturbance regime influences the growth potential, canopy structure and
devdopment pathways of forest systenfgrelich and Lorimer, 1991)owfrequency
catastrophic disturbances that cause extensive tree mortality (for example, bark beetle
outbreaks in monodominant spruce forests of the Carpathians) substantially impact the
economies of wood production and biomass storage over short amgl tione frames

6airl12tt O .SG FfdE HAHMD
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Chapter3 | Methodology

3.1 | Introduction to the methodology

This chapter establishes the methodological framework of the research into primary
forest biomass and carbon dynamics across CentralEastern European temperate
forests. This chapter aims to provide a full account of the methods for investigating
montane temperate primary forest biomass carbon across Central and Eastern Europe.
Featuring a detailed description of the protocols used thlyloout the thesis and the
distinct approaches for each of the three main research aims. The first two subchapters
(3.1 and 3.2) comprehensively describe the common methods used across all three
research topics featured in this thesis. This includes ddi@ilgetermining the study

area, forest inventories, sampling protocols and biomass calculations using species
specific allometric equations. A detailed description of methods for each specific

research aim can be found in subchapters 3.3, 3.4, and 3.5.

3.11]| Study area

The study area for this research encompasses the Carpathian Mountains (hereafter
referred to as the CarpathiaflsThe study area of the research for each research aim
was conducted in the Carpathian which comprises of extensive-léned data,
collected across the temperate montane primary fore3tse Carpathians is the one of

the largest mountaimangesin Europe, being over ~1,500 km lofiholiavchuk et al.,
2023; Mraz and Ronikier, 2018he Carpathian Mountairange stretches from Central

to Eastern Europe, encompassing portions of Austria, the Czech Republic, Slovakia,
Poland,western Ukraine Romaniaandparts of northernSerbia(Holeksa et al., 2009;
Kholiavchuk et al., 2023; Mraz and Ronikier, 20b@his thesisthe Carpathians hereby
refers to portions of Slovakia, Ukraine and Romania, representing over ~80% cover of
the mountainrange(figure1). Permanent sample plots were established across primary
forests in theCarpathian MountairRange, covering areas unaffected by direct human
activity. The remoteness of most forest stands, combined with steep terrain and high
altitude, naturally deters agricultural land use, thus attributing to the long periods of
natural growth and developménFor more detail on plotsral sampling protocol, see

subchapter 3.1.2.
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The Carpathian forests experience natural disturbances at various scalessddcali
eventssuch aswvindstorms, snowstorms, and bark beetle outbreaks in spruce forests
can cause physical damage to trees (crown breakage, stem snapping, or uprooting)
OCNIy120A6 SiG fdX wnumMT aShiftsdnicimate &dthe f &3
multifaceted threat of future climate change adds to the level of complexities in how
natural disturbances influencge mountain region and the primary forest€limate
change adds another layer of complexitycreasing temperatures due to drought have

a widespread, disproportionate effect on forests at different elevations, may disrupt
current disturbance regimes and elevate the impact by localised disturbance agents
(Chivulescu et al., 2021; Schurman et al., 208)ereas outbreaks of European bark
beetle (ps typographud..) are widespread but specispecific, only infesting spruce

(Synek et al., 2020)

The unigue geography of the Carpathians fosters extensive areas of naturally
regenerating forestsynaffectedby human intervention. These naturally regenerating
ecosystems argloballyrare and fragmented Especiallyin Europe,considering the
continent's long history of land userhich saw an increased loss in natural forests since
the late 19" century(Holeksa et al., 2009; Sabatini et al., 2028) such, areas such as
the Carpathians, can be seen as the ecological refuge due to the existence of large,
contiguous forest coverSince the Carpathians features a complex and varied
geography, this attributes towards a highly diverse topographic and climatic conditions,
leading to the spatial variability in ecological traits (i.e., species distribution and
development) across the nge(Holeksa et al., 2009; Sabatini et al., 20T8E observed
difference in species richness and the presence of endemic species between the
Western and Southeastern Carpathians can be attributed, in part, to favourable
palaeoecological conditions during the Pleistocene and Holocene efkbbsavchuk

et al., 2023; Mraz and Ronikier, 2018)nce the Last Glacial Maximum, the Carpathians
have served as a crucial refuge for flora and fatinas making the region a valuable

and criticalbiodiversity hotspot.

These primary forests represent ecosystems spanning early tedéate stages, shaped
primarily by natural processes due to the lack of human intervention. This allows for

the accumulation of significant live and dead biom@ssleksa et al., 2009; Sabatini et
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al., 2019) Disturbance agents vary from local to regional scales. Climatic extreme

events, such as bark beetle outbreaks in spruce forests to wind/snowstorms, have a

localised impact on the proportion of physical breakage of a tree (i.e., crown, stem or

uprooting)6 CNJ y 1 290A6 S |t ®S HnumT a.Anpreailgd SG | o
temperatures due to drought have a widespread, disproportionate effect on forests at

different elevations, may disrupt current disturbance regimes and elevate the impact

by localised disturbance agen{€hivulescu et al., 2021; Schurman et al., 2019)

Whereas outbreaks of European bark beetles(typographud..) are widespread but

speciesspecific, only infesting spru¢8ynek et al., 2020)

To investigate the variability in the accumulation of living and dead biomass and overall
carbon carrying capacity of the primary forests, the study area is divided into two main
forest types. This enables for a better understanding of the ecologicalifunadity (.e.,
biomass stocks) and sispecific conditions (tree size, age, disturbances, topography)
vary in distinct forest types at different elevation ranges. Forest types include Norway
spruce Picea abiet.Kars) dominating the upper elevationtes, and European beech
(Fagus sylvaticé.) at the lower elevationglanda et al., 2019; Schurman et al., 2019)

At lower elevations (6001,200metres above sea levelm.a.s.}, deciduoudorests are
characterised by varying proportions of beeBlagus sylvatich.)which is the dominant
speciessilver fir @bies albaMill.), and sycamoreAcer pseudoplatanuk), with less
common smalleaved lime Tilia cordataMill.) and common hornbeamCarpinus
betulus L.). The western Carpathians (Slovakia) feature a cooler climate, whereas
warmer, milder conditions occur in the Southern Carpathians (Ukraine and Romania)
(Janda et al., 2019; Saulnier et al., 2020; Schurman et al.,.20&@ever, coniferous
species such as Picea and Alba are not exclusive to the upper eleagqr> 1,200 m
a.s.l)and present in the deciduous, pgominantly beech forestsAs such, identifying

how genera respond in different parts of the Carpathians enables a deeper
understanding of the ecological processes that influence biomass accumulation across

the Carpathians.
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a. Study area _-¢ o Poland

Czechia
Ukraine

Slovakia“:™

b. Landscape

Romania

c. Stand

Forest type
Mixed beech

@ Eastern | @ geech- high [ Beech - moderate
Bulgaria

Figure 1 Study area Map of the Carpathian Mountains showing the study area and the
726 plots with three spatial scales, representing the (a) study area, (b) landscape
(Western, Eastern, and Southern Carpathians), and (c) stands situated within a given
landscape containing eachdividual plot. Each plot was categorised by the prevalence
of beech and spruce in their respective forest types, based on the Importance Value
Index (IVI) score to identify genera presence by low (< 100), moderate; (1®0) and

high (> 150) IVI scorese®&hg¢ mixed spruce (n plots = 4) being plots in the mixed beech

forests characterised as being dominantly spruce in structure and genus coverage.

3.1.2 | Forest inventories: data collection and sampling protocols
We used data from the REMOTE Network (www.remoteforestsRENMOTE Primary

Forests, 2020from permanent sample plots in the Carpathians across Slovakia, Ukraine
and Romania. Plots were set up in areas identified as primary forests, following a
stratified random design. We used a hierarchical scale comprising of three levels at
different spatal scales: 1) macrscale - landscape level (Western, Eastern, and
Southern Carpathians); 2) intermediateale- stand, nested within a landscape;-3

fine-scale- plot (or patch), nested within a given stand (figure 1). All plots followed a
23



circular design with mixed beech forest at @.0.15 ha and spruce forest plots at 0.05
¢O.lhaplotare@d CNI y 1 20A6 SiG It dX wnumT aifor2ft O Si
mixed beech plotsin the spruce stands, single circular plots were established with an

area of 0.05 0.1 ha. Mixed beech plots use a nestgctular design with size of 0-1

0.15 ha. To unify the methods across each sample year, we sébthé K NBa K2t R (2 x

10 cm for both forest types (spruce and mixed beech).

Two classes of permanent sample plots were used to investigate the research aims
across the Carpathian Mountainsased on the number of censuses conducted in each
plot. The first class comprised 726 plots, each providing stegisus data on biomass
stockscollected during initial plot establishment, used for investigating research aims 1
and 2. The second class included 454 plots that have undergemeasurement,
allowing for analysis of changes over time to investigate research ainca3bon
dynamics. Tie first census in these plots represents the year of establishment, while
the second signifies the first iMmeasurement event, with an average fiyear interval
between them. For more details on plots with mudgnsuses and respective sampling

protocols see subchapter 3.4.1.

lff AYRAQGARdzZ f tAGS YR RSIFIR aidlyRAYy3a GNBSa
m aboveground were identified in each plot. Tree position (xmnetres) of each tree

was also measured based on their distance from the plot centre using the spatial

mapping softward~ieldMapusing aGetactablet. Field mapping of each tree using the

tablet was placed in the plot centre, attached with a receiver and transponder on the

outer bark of a tree to measure the precise distance from the plot centre. Tree cores

- t

were sampled from®20nond dzLILINSda SR f AGAy 3 GNBS& S6AGK || ROF

sampled with a single core extracted at a height of 1 m aboveground and perpendicular
to the slope of the ground WI Yy Rl S | f ®X n nDeapBtandingireées + O S |
were categorised by decay stage (table 3). Downed dead wood was measured using a

line transect approach, where five 20 m transects, all starting at the centre of the plot,

()

were set in cardinal directions (0°, 72°, 144°, 216°, and;288°1 2t t O PWe [ f ®Z HAMD

YSIFadzaNBR ff R26YySR RSIR ¢g22R RSoONARA x c OY
standing and downed dead wood were identified to the species type where possible.

Topographic data, including landform, denotes plot position along a slope gradient
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within a stand, slope and altitude were recorded onsite from the centre point of each

plot during forestinventories (table 1).

. . Plot size DBH size Tree status
b3S Centre point of paired plots* .
_______ 1-200m? O 10-20cm . Live tree
Plot centre

* —.— 2-1,000 m? O 20-60cm @ Deadtree

—  Paired plot distance* O 560 @ q
) ——— 3-1,500m2 260cm Live tree - core

— Line transect

Figure 2 Circular plot design and sampling protocglBlustration of plot design and
sampling approach for identifying live and dead standing trees for diameter
measurement and tree core sampling. Plots are split into innera@0 m=2), middle (2

¢ 1,000 m?) and outer (8 1,500 m?) rings. Fanost of thespruce forest plots the plot

size is 500 m2, with only an inner and outer ring to divadaot. Whilst mixed beech

plots were established as a pair of plots, 40 m apart or 20 m equidistant from the centre
point of the paired plots. Spruce plots were established singularly and most with a plot
size of 500 m2. Since plot size varies across stand locations in the primary forests,

the illustration includes three plot sizes, with the line transect approach, used for
YSFadzNAy3d GKS LINBaSyOS 27 Rtnes&tuloigdhe R 2
transect linemeasured from the plot centre tde perimeter. All individual trees were
measured at diameter at breast heiglaah, cm). Tree status is denoted by colour: live
trees (green), dead trees (red), and live trees that have been cored for samples (green

with diagonal lines). Red lines indicate line transects within each plot.

Dead standing tree height was classified into predefined height classes approximated
during field sampling (0 = 0¥9.9 m; 1 =10.@ 19.9 m; 2 =20.@ 29.9 m; 3 = 30.Q
39.9; 4 =40.@ 49.9; and 5 = 50. 59.9 m) and median height was assigned facle

class. Downed deadwood was measured using the line transect mé#edWagner,
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1968) To differentiate between dead tree characteristics, we categorise deadwood by
decay class to assess the decay rate at the plot level and further estimate dead biomass:
1 ¢ recently died tree bearing small twigs with leaves; &cently died tree bearing
twigs with no leaves; 8 dead tree with large branches onlygdroken dead tree or a

dead tree with few large branches present; and $hag >1.3 m height and the highest

decay class.
Status Category Description
1 Full growth with no visual damage.
Live 2 Alive tree withon!y crown Qa[nage. _
3 'f A0S GAUK auSY ONBI I :
4 Alive, uprooted tree.
10 5SFR GNBS &addzyLd Xmdo Y KS&
11 Dead tree with no visual damage.
12 Dead tree with crown damage.
13 {yF3a> + RSIR GNBS gAlGK ai
14 Dead uprooted tree.
15 Tree death caused lppmpetition is typically a suppressed tree
with no or minimal visible evidence from biotic agents (i.e. bau
beetle outbreak).
Dead 16 Dead tree uprooted after death.
17 Dead tree with partial crown breakage, isolated to the upper
canopy.
21 Recentdieback caused by a largeale disturbance, with no visue
damage.
22 Recent dieback caused by a lasggrale disturbance, with crown
breakage.
23 Recent dieback caused by a lasgmle disturbance, with stem
breakage.

Tablel: Forest inventory level method for classifying live and dead standing tree status

and types based on their characteristics.

Topographic data was captured onsite during forest inventories and taken from the
centre point of each plot: mean altitude (metres above sea leval.a.s.l), slope (°),
denoting plot steepness and landform, which categorises the position of each plot
relative to the stand it is nested within by the following levels; tbp of the slope; 2;

the peak of the slope; 8the midpoint between the valley and top of the slope; the
lower part of the slope close to the base; and ®alley or a gradual slopd the base.

Seetable 2for mean landscapscale characteristics in topographical conditions.
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Landscape  Country Forest type Plots  Altitude (m) Slope (°)
Eastern (Northern) Romania Mixed beech 40 874-1152 0-45
Spruce 133 1266- 1666 0-43
(Eastern) Slovakia Mixed beech 66 615-1068 0-38
(Western) Ukraine Spruce 96 1219- 1501 8-43
Eastern (total) Mixed beech 106 615-1152 0-45
Spruce 229 1219- 1666 0-43
Southern (Southern) Romania  Mixed beech 84 923-1324 0-43
Spruce 117 1267-1713 21-52
Western (Western) Slovakia Mixed beech 80 785- 1285 0-44
Spruce 110 1235-1535 0-39

Table2: Landscapecale characteristics of the total number of ficstnsus plotgn =

726} altitude (m) and slop€’) (minimum and maximum range) across each

geographical landscape, country and forest type in the Carpathians.

3.1.3| Dendrochronological data

We used incremental tree cores to quantify two modes of interannual radial growth
patterns using tree ring width analysis, being either (1)-gaguuitment or (2) growth
release events. Gagecruited events are those that initiated growth under a relatyvel
open canopy soon after a canoppening disturbance event, as indicated by rapid

initial growth. In contrast, growth released events signal radial growth was established

in the shaded understorey and later recruited to the canopy through a gap formation,

evidenced by slow initial growth followed by a sudden growth relgaseimer and
Frelich, 1989)An event was classified as gagruited if the mean ring width of the
fifth to fifteenth ring from the pith exceeded the early growth rate threshold, based on
comparisons between early growth rates in young trees sampled in gaps versus those
under a foest canopy (i.e., suppressed growth). Released growth is a significant
increase in the growth rate of a tree following the removal or death of neighbouring
i

trees, observed in tree ring patterns as an abrupt growth incréagel R |

Gaporigin growth refers to the growth of trees that developed in the gaps created by
the death or removal of canopy trees. We used the absolute increment methrader

and White, 2005)to identify releases estimating suppressed and -gagruitment

period in identifying signals in tree growth.

27

S .

t

(o))



The difference between the Iear mean before and after a peak disturbance event,
with a threshold of 1.25 times the standard deviation based on growth differences
throughout the chronology, was used to identify released growth. We allowed for
multiple proxy evidence of disturbance events occurring within individual trees
throughout the analysed tree ringwidth 2 | RIS (i ToImitightE any effects fiom
abrupt climatic inputs, we selected tree rings with releases that occurred > 20 years
after potential rapid early growth rates and before the tree reached the diameter
indicating canopy access. Since different species respifetteshtly to growth trends

and the period when a tree ascends to the canopy, we apply spegidsegionspecific
diameter thresholds. Shade tolerant genera such as Fagus and Picea may have none to
multiple releases during their chronologies. We idéatl gap trees based on
statistically irregular variation in growth within the juvenile portion of a tree core that

surpassed sitspecific thresholdé 2 F Rl S | f ®X HnunT CNBf AOK

Canopy area was determined by extant tree crown area, which was modelled using the
coefficient between canopy area artbh, divided by the sum of canopy area of all
cored trees in a plot. To identify potential disturbance events, we employedye&0
moving sum to capture lonterm trends in canopy disturbance, calculated for each
disturbance year from the full chronology. e\calculated density using ayear
smoothing bandwidth within a 3@ear moving window. The year of a disturbance event
was identifiedat peak years after rising for at least 5 years, with > 10 years gap between
two peaks. The severity of a disturbance event was measured as the relative canopy
area distributed, based on the sum of the relative current crown areas of trees that
showed diturbance indicators within an Xgear window around the peak of a
disturbance event 2 I RIS {i This fnebhidd isthasedion the standard assumption
that most trees exhibit responses to disturbances within a decade of the event, and that
the aggregated relative current crown areas of these trees accurately reflect the
proportion of the plot that was disirbed in the pastLorimer and Frelich, 1989Ve
selected the maximum disturbance severity event, extracted from -lelotl
chronologies, as the main (historical) disturbance variable in this study, since we
assume it to be the most influential parameter from the full chronology. Disturbance

severily was categorised as being low (< 40%), moderates6(@b6) and high severity (>
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60 %)Janda et al., 2017WWe omitted values with a disturbance severity < 10% to avoid

any uncertainties in reconstructing such events due to the number of available cores.

We developed allometric mode(§Vhittaker and Woodwell, 1968 estimate extant
canopy dimensions of gap trees and thus infer recent disturbances. Allometric models
were based ondbh and crown measurements (canopy length and width) of > 5
randomly selected mature trees in each plot. We assessed recent disturbance severity
by measuring canopy openness, which indicates recent changes to the canopy structure
6ail2tt O .&nodytower of individwabliving and destdnding trees (for
decay classes from 1 to 3 only) were calculate from their basal area, and then the
proportion of live and dead trees occupying the canopy. This allowed canopy gaps to be
identified and an irdrence to the severity of past disturbances that created the gaps.
We aggregated pletevel maximum disturbance (dendrochronological data) and extant
canopy openness (recent disturbance using structural data), selecting the extant
canopy gap (recent distbance) severity if it exceeded the historical, maximum
disturbance severity. The data produced consisted of tree ring chronologies covering a

250year period (detailsi@ R SG Ff ®X wnuwnT WFYRIF Si

3.14 | Gridded climate data

To assess how regional climatic conditions influence biomass across the primary,
unmanaged forests, we extracted monthly climate information from the TerraClimate
database(Abatzoglou et al., 2018)ith a 4 km spatial resolution. More specifically, we
obtained temperature minimum (tmin), maximum (tmax), precipitation (ppt) and
climatic water deficit (CWD [mm], defined as the difference between potential and
actual evapotranspiration) values for the 192819 period. Mean plotevel air
temperature is calculated from the annual mean values for tmin and tmax. We
computed monthly potential evapotranspiration (PET) values from tmin, tmax, ppt and
fFGAGdzRS dza Ay 3 ( K&largrebvidHdids Saméng 8FRdpdakell A 2 Y
calculated monthly climatic water balance (CWB [mm]) values as the difference
between ppt and PET. Finally, we averaged yearly mean temperature, yearly CWB and
yearly CWD for each plot and for the 192819 period. To test our hypothesis
regarding the spatial variability of biomass stocks, we use mean temperature (°C), CWB

and CWDCWD was selected priori since it measures water deficit and identifies
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where demand for evapotranspiration exceeds available water and CWD performed
better than CWB in the statistical modellirgeé sipplementS13 for model testing&
S1.5for mean climate data valu¢sNe used mean CWD in preference to other gridded
climate data because moisture availability influences the amount of biomass

accumulated in the foregtHoughton, 2007; Luyssaert et al., 2008; Pan et al., 2011)

3.1.4 | Statistical analysis: a common approach

We fit GAMMSs using a Gaussian distribution and identity a link function with a restricted
maximum likelihood, as implemented in the bam function from thpaRkagemgcv
(Wood, 2011) Each model shares a common structure including biomass as the
response, forest species composition as the fixed effects, pair of plots and stand per
forest type set as the random effects (spline). To address spatial autocorrelation, we
converted latitudeand longitude into geographic distance as linear coordinates using

the Rpackagegeodist(Karney, 2013andvegan(Oksanen et al., 2013)

GAMMs were calibrated with spatial autocorrelation using latitude and longitude as

linear covariates, ensuring an accurate representation of geographic variations in the

biological response variabléuto-spatial correction is applied to each model with

longitude, latitudes usingthe thin smoothing penalty. We restricted the smooth basis

to 3 knots to prevent biologically spurious responsesless stated in each research

study. We use the Akaike information criterion (A{8kaike, 1987)o rank the models

GAOGKAY SIOK aSio 2SS dzasS GKS p! L/ G2 Ot OdA 4GS
biomass models (total, live and dead biomaasbon) (Anderson et al., 1994; Burnham

et al., 2011) using the following approach ! L AIGL AlGuin, WwhereAlG is the AIC

model in series and\IGin is the lowest AIC within the series. The candidate model

selection approackBurnham et al., 2011imits the number of fixed effect variables to

2yS LISNJ INRdzLI: &St SOUAy3a (GKS Y240 LI NBAY2YA2dz
(Burnhametal.,201® n! L/ f H &adzLJLl2NIia GKS Y2RSftf O0ARSHf
ddzZ33Sad LI NOAFE AdzLII2 NI F2N) 6KS Y2RSt FyR p x
All data preparation and statistical analyses were conducted using RR.C@re Team,

2022)
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3.2 | Forest biomass

The main objective of this thesis is to investigate biomass accumulation across the
primary forests of the Carpathians and their overall cadsarrying capacity. To
achieve this, biomass was calculated for individual live trees,-d&adling trees, and
downed woody debris, measured in each plot. Live and esadding tree biomass was
calculated using the dbh (cm) of each individual tree. Downed woody debris was
measured using a diameter intersecting along a transect. [iffl@s comparative
approach employ multiple methods that allow for aomprehensive assessment of
forest biomass across the Carpathian region. The following subchapter details the
foundational approach used for calculating forest biomass. This approach is the basis
for both singlecensus and muktensus assessments of biossacarbon storesAll
values upscaled to one hectare, with biomass values given as ¥Wgvhdst carbon is
given as tC hwhich is approximate 0.5 of the biomass valger further details on

how carbon dynamics utilises muttensus data, see subchapt3.5.

3.2.1| Live biomass

Live standing biomass was calculated using a series of species andspeaific
allometric equationsKorrester et al., 201, AupplementS12). Allometric equations are
suited for mature, uneveiaged temperate forest specigaising equations 3 1) and

4 (eq 2 from Forrester et al(2017)

T 1i 11 Q- X q

where Y the natural logtransformed biomass estimation, andf is the natural log
speciesspecific weight with represent theé weight divided by the speciespecific

basal aread represent diameter at breast height (dpbbm) at 1.3 m aboveground,
denotes the standard error. Individual live tree biomass was calculated by summing the
mass of each tree component (stem, branches, foliage) using dbh (cm) and basal area
(m? hal) as predictors. The use of basal area as a secondary predictor was applied to
Abies alba, Fagus sylvatica, Picea abies, Pinus cembra, Pinus syhresffiaxus
baccata Estimates were multiged with a correction factor to address bias when back

transforming biomass from the natural log, upscaled from the raw values (kg)ttee
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megagrams per hectare (Mg Ha SeesupplementS1.2¢ Forest biomass$or a detail
account of speciespecific coefficients used in the allometric equations for calculating

live tree biomass.

3.2.2 | Dead biomass

We include two types of deadwood in the study: standing dead trees and downed dead
wood (coarse woodgebris) found on the forest flooin each plotdbh and height of
dead standing trees were measured, coarse woody debris was measured using the line

intersect method, and the decay stage was classified in both cases 8jable

Class Description

Recent dead or cut trunk/ deadwood debris. The wood is hard and only abl
1 penetrate a few mm into the wood using a spike. Completed covered with b
phloem fresh remaining in some parts of the deadwood debris.
Wood mostly hard (spike carenetrate up to 32 cm into the wood), most of the
2 bark remains (but not necessarily a bark begtifested trunk), no fresh phloem
present.
Wood is partially decayed on the surface in the centre, spike penetrabesi3
into the wood, largepiece(s) of bark is loose or detached.

Most of the wood is soft throughout, the entire spike {26¢cm) is able to

4 penetrate the wood (depending on its diameter). However, the central parts
the wood remain hard, whilst the [outer] surface layers are missing.

The wood is very soft and disintegrates when lifted; the trunk is typically cov

by fieldlayer vegetation.

Table3: Forest inventory level method for classifying dead wood and deadwood [coarse
woody] debris based on decay status whesing a spike to measure the degree of

firmness or softness of the deadwood debris.

The volume of deadwood hwas calculated for dead standing trees based on the
measured dbh and height using theE_VOL_AB_HmDm_HTunction and the
SK.par.Imenodel fromTapeRpackage in RKublin et al., 2013a, 2013b; Zanne et al.,
2009) For calculating downed deadwood, the volume was calculated based on the
diameter at intersect using the line transect approg®fan Wagner, 1968)sing the
following approachdq 3:

B'Q
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where V is the volume of wood per unit ared,is deadwood diameter, andis the
length of the sample line (100 mthe sum of five 20 m transect linegan Wagner,
1968) The line transect approacfvvan Wagner, 1968identifies the presence of
downed deadwood on the forest floor. Subsequently, not all plots include downed
deadwood since an individual coarse woody debris did not intersect along the transect
line, with 644 plots from the first census ploErom the volumes of dead standing and
downed trees, we estimated the biomass by multiplying the volume by spspisfic
wood density and a density reduction factor specific to the decay gtdgamon et al.,
2008)

3.3 | Temperate Primary Forest Biomass Accumulates over

CenturiesLong Time Frames

3.3.1| Forest species composition

To address how tree species may influence biomass, we use two typlassifications.
Forest type (mixed beeclspruce) and forest species composition nested within each
forest type containing 12 groups. We use tree species to calculate a forest species
composition index based on relative total biomass (percentage of total@let
biomass) for each of the threep generaFagus, Picea, Abjeand other representing

all other genera present in the forest, but with a lesser frequency and biomass. Each
plot is divided into seven categories of forest species compositionxiagdeoss two
main forest types (mixed beegclpruce) (able 4). Brest species composition is an
intermediate scale between plot and stand levels, grouped within a landscape
(subchapter3.1.2). Landform measures the position of the plots along the slope within

the scale of the standspplement S11).
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Forest Forest species Relative total biomass by category (¢

Number of plots

type composition
P P Beech Spruce Other
Mixed
beech Pure beech 123 X N FooM
c o, 10¢
Beech 57 X Tp Uz o5
Mixedbeech 63 X pn 0z 2550C
Mixed forest* 27 Mixture
- X pn 25
Spruce  Mixed spruce 19 X Tp 50
X Tp 10
Spruce 38 X s 25
Pure spruce 399 X P F M

Table 4:Forest Species CompositigrBased on the Proportion of the Total Biomass

Categorised by Three Major Species Groups: Beech, Spruce, Fir andtCthgér. W2 (i K S NI
category includes all remaining species identified during forest inventories that have a

substantially lower frequency. *Mixed forest combines 27 plots from the categories due

G2 t26 FTNBI|dSyOe 27F LI 2 so¥echyspEDOB zF FNNBE Y d'™mw
& LINHZOS 0aLINHzOSY ke G XK 2T YA EBSENM LINHzOS 6
KX 1Zpy T G0 8SOKROFANN X pmrE>T 0SSOKY X pr2s y T

3.3.2 | Statistical analysis: Investigating forest biomass stocks across the

Carpathians

We built a series of generalised additive mixed models (GAMMS) to test our research
questions. To investigate (Q1) the relationship between biomass type (total, live, dead)
with biotic and abiotic factors, we use plevel data for the following plekevd
variables in the GAMMSs: mean and standard deviation of tree age (year); disturbance
severity (% CA); climate (mean temperature and CWD) and topographical variables
(altitude and landform). Additionally, we use test for (Q2) any threshold inlele

tree age across the primary forests potentially cease functioning as carbon sinks.

We built the GAMMs in two parts, to first identify how biomass type responds to each
grouped variable and then select the most significant variable to build a hierarchical
model to test (Q2) how biomass types are influenced by biotic and abiotic facters. W

used the model selection approach and created three sets of models to describe the
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biomass types (total, live, dead) to identify individual trends with biomass types and
factors. To investigate Q2, biotic and abiotic factors were grouped into four models:
age, disturbance, topography and climaseigplement 3.3 1 GAMMs). We use the
candidate model selection method by selecting the most parsimonious model as the
best fit model(s) influencing biomass. Moreover, for identifying (Q2) biotic and abiotic
factors, we set a limit of one variable per group (topography eimdater Supplement

Sl1.3for details on the model selection and candidate model selection degg):

AERVQUE A déanéi QoaRéd @ Eiow {1 0dEQI0OQANAR O
[ 0é¢ QbdNA 6QQ T

where log(biomass)s the natural logransformed biomass (total, live, dead) for each
respective model series, composition is the forest species composition class and
included in all modelsis the thinplate regression spline applied to each variable with
standre and paired plotre set as the random effe&sato-spatial correction is applied

to each model witHongitude, latitudes using the thin smoothing penalty. We restricted

the smooth basis to 3 knots to prevent biologically spurious responses. We uséGhe
(Akaike, 19871 2 NI y1 GKS Y2RSta oA0KAY SIFOK &S
relative difference within each of the biomass models (total, live and dead biomass)
(Anderson et al., 1994; Burnham et al., 2011)

3.4 | Tree structure and diversity shape the biomassmimary

temperate mountain forests

3.4.1 | Structural and biodiversity indices

The selection of variables for our statistical analysis ¢s#ehapter2.7) was informed

by the research hypotheses and information from the literature to supmupplement

2.2 table S22). To test these hypotheses regarding the influence of biotic and abiotic
factors on forest biomass, structure, and ge#dergel diversity, we selected variables
capturing key aspects of both forest structure and gelayv®l diversity. For assessing
structurd complexity, we used dbh to calculate basal area (¥,far each individual

tree. The sum of all individuals within a plot was upscaled to one hectare. Based on this
approach for mean plelevel basal area (fha?), we catulated a basal area indéxai)
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using the standard deviation ) to address the variability in plé¢vel tree size

distribution at the fine scale=(15):

B'Q: QQU QBB a M@ M
naé QuQ

OOQ, N & & 8 LCEN BEia@ R

Plot-level tree density was calculated as the number of trees per hectare. The basal area

index, incorporating the full range of dbh classes, was preferred over small and large

diameter ranges, which showed no significant relationship with-{g@eél biomas in

preliminary tests gupplement 8.2 ¢ GAMMS. Since basal area was highly correlated

with biomass, we used the basal area index to measure structural variance within each

plot (Aponte et al., 2020)We also applied theé&staudhammer and LeMa2001)

approach using the Shannon index to measure tree size distribution diversity. This

method differs from the basal area index, which groups plots by mean basal area of all

trees per dbh classes in 10 cmintervals (le¢ion n OY3X YR x inn OYO0® ¢K
distribution measures structural diversity, while the basal area index represents

variability in mean basal area within a plot.

We quantified tree diversity across plots using the Sharwbener diversity index
(Shannon indexHill, 1973) Genus diversity was calculated at the genus level and
divided by the natural logarithm of the total number of genera in each plot. Genus

abundance was measured by the total sum of individuals per genus in eaclkgt (

"ME QOO0 EQDNE OO d GOME QQU "QABARE 6 (0]

wherenrepresents the number of genera within a plot Tree genus diversity and tree
size distribution indices were calculated using thpaRkagevegan(Oksanen et al.,
2013) Shannon indices (tree genus diversity and tree size index) were standardised
using a pairwise difference analygdmeztegui et al., 2022eq 7) to calculate the
difference fi) between each Shannon index, calculated for live and dead standing trees:
01 QUWRHQQdI QWL QI | QO W

THRE £ f T mmB o061 D@ 01 | Q6 ®
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The pairwise analysis tests the similarity or dissimilarity between indstasc{ure -

tree size index,genus - tree diversity) and their spatial distribution across the
Carpathians. We measured the degree of beech and spruce prevalence in their
respective forest types by calculating the Importance Value Index (IVI). We used the VI
to calculate the proportion oflenera dominance and abundance in a plot, ranging from

0 (low presence) to 200 (high presence) based on the following approach: IVI = sum of
relative dominance €q 5 + relative abundancee{ 6 (Curits & Mcintosh, 1950;

Mueller-Dombois & Ellenberg, 1974).
3.4.2| Generaprevalence Importance Value Index

We measured the degree of beech and spruce prevalence in their respective forest
types by calculating the Importance Value Index (IVI). We used the VI to calculate the
proportion of genera dominance and abundance in a plot, ranging from 0 (low
presence) to 200 (high presence) based on the following approach: IVI = sum of relative
dominance €q 8 + relative abundancesq 9 (Curtis and Mcintosh, 1950; Mueler
Dombois and Ellenberg, 1974)

LG maQoﬁ)‘QQs o i
I Qda 0QA &b Qe oﬁcwun ma&&nn U]

1 Qo Od @b 0Q B0 Wp TTTT w

Using the IVI score (e8 9) we rank the prevalence of beech and spruce in their
respective forest types, ranked by low (< 100), moderate €0B0) and high (> 150)

IVI scores, with beeahmixed spruce (n plots = 8) being plots in the mixed beech forests
characterised as being donantly spruce in structure and genus coverage, ensuring the
category contains a minimum of five levels associated with the random effects, when
used for the statistical analysis (see section 2Zlur et al., 2009)Measuring beech

and spruce prevalence using the IVI provides an insight into how genera influence a plot
based on its degree of presence in a community (supplerrtc Importance Value
IndeXy). We used these structural and geHdesel variables to assess, at the fiseale

how tree structure varies across the Carpathians and their corresponding influence on
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biomass stocks in supporting an uneven-agee distribution and forest heterogeneity

(H1, H2)¢ for detail on variable selection and rationale, see supplenghf¢ GAMMs

3.4.3| Statistical analysis: Influence of tree genus and structure on forest

biomass

We built a series of generalised additive mixed models (GAMMS) to test our research
questions.To explore the relationships between forest biomass, gdeusl diversity,

and structural complexities, we developed a series of generalised additive imixed
effects models (GAMMS), divided into two sets: fiK38) to test variations along three
hierarchical scales (plot, stand, landscape) and seqmartl (Q4) to examine their
interactions with sitespecific biotic and abiotic factors. The selection of key variables
was guided by our hypotheses and information from the literatimapplement 3 ¢

table 2.2). GAMMSs were constructeasingthe following desigrieq 10:

GE@QE GhiBE nato | 00EQ aAOE QI HdOAQ
| ¢ & QDG @00 6 Q0 pm

where the response variableg(biomas$ is the mean plofevel biomass transformed
using the natural logarithm. We usetbtr, stande, andlandscape, as random effects,
representing fine, intermediate, and macro scales, respectively, which were grouped by
forest type (mixed beech, spruce). Random effects accounted for spatial variation in
plot-level response and predictor variables across the Carpathi@mce not all plots
contained dead standing trees > 10 cm dbh, we conducted separate approacligs fo

(n = 726 plots) and dead modelsn € 607 plots) with plotevel total biomass
(aboveground live, dead, and downed dead wood) as the consistent response variable

throughout the analysis.

For assess howQB) biomass, genulevel diversity and structure vary along three
hierarchical scales (plot, stand, landscape), we used the followiodels testing

different series of spatial scales as the random effects:

a £ @®Qe a bii o NAGED { 0DEQ A®E QI GORQ pp

a £ @®Qe a bii o aOE QI GORQ PG
38



a € @®QE a bii o i 00EQ po

a € @®QE a bii o naeéo pT

where, x» represents predictors for live and dead standing trees, including structure
(basal area index, tree size index), gefexel diversity (abundance, tree diversity),
combined effects (basal area index + abundance),jafdK | Y(n6nglised pairwise
difference between tree size index and tree diversity). To account for spatial scales, we
used three classes (landscape, stand, and plot) as random effects in each model
(equationsll ¢ 14, respectively). Pletevel random effect (pla$) was represented by
calcuhting the importance value index (IVI) at the genus level for each plot as a measure
of beech and spruce prevalence. Variables were selected based on their performance
during initial model testing to identify the mosinportant variable per group. For
details on model calibration and predictor selection, sepplement 3.2 ¢ GAMMSs,

table 2.3.

To assess how forest biomass and composition (basal area index and genus abundance)
interact with sitespecific factor¢Q4) we developed interactive GAMMs. These models
included the following plotevel variablesdendrochronologymean plotlevel tree age

x disturbance severityktructure (tree size index using Shannon indeggnuslevel
diversity(tree diversity using Shannon indeg)imate (temperature), andopography
(altitude). Interactive models tested the interaction between getaigel diversity
(abundance) and structural complexity (basal area index) withdgpendent factors

using the following approach:

a € Q¢ a dido ® E Naéo i 00EQ ameg Qi oo Q
[ 0 € & "QaD®d®NA 6QQ (15)
a € Qe a didon o E Raéo { 00EQ adE Qi odnQ

[0 ¢ QDO 6QQ (16)

wheref represents the tensor product smooths denoting the interaction between site
specific factor %) with structure €q 15 - basal area indéxand genusgq 16 - genus
abundance per live and dead standing trees. We used the candidate model selection

approach(Anderson et al., 19949 identify the most important variables from the most
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parsimonious model, limiting variables to one per categpseesupplementS22 for

detail on GAMMs and the variables selected using model selection

3.5| Temporal and spatial variability in carbon dynamiesross
the primary forests

3.5.1 | Forest inventories: two census data collection and sampling

protocols

To investigate spatial and temporal changes in carbon dynamics, we adopted a
standardised sampling protocol detailed snbchapter 3.1.2: Forest Inventories. This
approach aligns with studies that rely solely on fzehsus data, for example, using the
same plot size and tree diameter thresholds set in the first census. Notably, the protocol
encompasses consistent methoder fidentifying and measuring live trees, dead
standing trees, and downed deadwood, ensuring comparability between the first and
secondcensuses. A total of 454 plots were sampled twice to capture the spatial and
temporal changes ithe Carpathianmontane primary forestsThis includes the initial

plot establishment (first census) and the first -measurement event since
establishment (second census). The interval between the first and second census varies
across the network, ranging from 3 to 11 years, with an averagk péars.See
subchapter 3.1.%or further detail on secongatensus datand use irthis study, along

with specific plot design$or mitigating changes in plot size between the first and

second censuses.

To standardise the plot design, which was enlarged for most plots since the first census,
we employ the original plot size defined during the first cenffigure 3) This is
achieved by identifying trees within the original size using their tree coordinates (X, y in
metres) and proximity to the plot centre (designated as 0 m). The original plot size was
maintained by converting the plot area frto radius (diameteg m) with the following
distance from the plot centre: 1) 506w 12.6 m; 2) 1,000 fr= 17.8 m; and 3) 1,500
m?=21.5 m, respectively. Individual tree positions were converted to distance from the
plot centre (m) using the following approady(17):

NE QQL OOVH 6 @ O Q® © (17)
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where x? and y? represent the gridded position of the tree within a plot, calibrated to

the plot centre for a localised spatial coordinate of each tree.

s - _‘“. . DBH size
@70 ® o O 10-20cm
// '/* e} . @) '.\. \\ Tree type O 20— 60 em
[ O @ @  \ @ Lvetree
j F @ ’/ ® ‘~.\ \. \ O >60cm
J! ‘ / @ '\l O\ ‘I O Live - ingrowth tree
1 »® 1 3 i
| ' i i I Plot size
\ l._\ O \“O. 0© /O ] .]; @ oDeadtree 1—200m?
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Figure3: Changes in plot design and sampling across two censguBestration of the
circular plot design and the types of standing trees after the second census. Since most
plots were enlarged to 1,500 m2 or 2,000 m? in the second census, the enlarged area
was excluded from the analysis to ensure that only trees prieséhin the original plot

size are included. Trees located outside the original plot size (*) are therefore not used
for quantifying carbon dynamics. The extended plot size area is repies in light

grey, with trees within the enlarged plot area represented in dark grey shaBimg.
categorising the changes in tree type between censuses, the following categories are
used: live tree recorded as alive in the first and second census (green); live ingrowth
tree - a recruited tree that has surpassed the dbh threshold (> 10 cm) in the second
census (light green); dead treelead standing tree that was not marked as alive in the
previous census (light red); dead mortality trege tree that was alive in the first census

but dead in the second (red).

We set a minimum dbh threshold (> 10 cm, measured 1.3 m aboveground) to ensure a
consistent sampling protocol, and avoids bias in artificially inflating or underestimating
the number of trees within a plot. This approach provides a precise measure ohcarbo
dynamics based on the proportion of trees present. Furthermore, to address any
uncertainties in dbh measurements of live standing trees between the first and second
census, we prioritise the larger value from the first census if it differs from the gecon

This accounts for potential measurement errors or natural shrinkage that could lead to
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smaller dbh readings in the second census. Conversely, for dead standing trees,
particularly mortality trees, the seconatknsus measurements are retained due to
potential size contraction through decomposition processes, influenced by the time

since deathand the interval between censuses.

3.5.2 | Forest carbon dynamics across multiple censuses

Prior to calculating carbon stocks for each plot, we grouped trees and downed
deadwood into the following categories, to address the temporal changes across
censuses: Live carbon: 1) alive in the first census. To account for changes in tree types,
particularly those occurring after the second census, live and dead trees are categorised
based on their status across both censu@able 5. Thiscategorisation allows for a

more nuanced understanding of carbon dynamics: first ceqdive and dead; second
cersusg live, remaining = denotes trees that were alive in both censuses; ingrowth
new, recruited growth where a tree has surpassed the dbh threshold (> 10 cm, dbh) in
the second censug.e., small diameter treesyleadc trees that remained dead in both
censuses, and not previously identified as alive; mortglpyeviously alive in the first
census, but dead in the second census. Categorising trees based on changes over time
facilitates the identification of chage in tree type, such as mortality, redraent,
changes in the remaining live trees and overall shifts in live and dead trees across the
primary forest plots. All live and dead biomass values (MY ere multiplied by 0.5

G2 SaGAYFGS GKS FyY2dzyd 2F OFNb2y oi/ KlFeéeuvs
the biomasgKeith et al., 2009)

Forrester et al.(2017) approach uses pleevel basal area for most species as a
secondary predictor for estimating biomass. Since live tree biomass is split into four
different categorieg live trees from the first census, ingrowth, live remaining trees in
both census, mortély. Combining a single mean for pletvel basal area would not
represent each of the standing tree types (live, mortality, ingrowth). Therefore; plot
level basal area is split into each of the groups, to better represent the changes across
plots, for eab census. By splitting the secondary predictor for estimating biomass
provides a clear insight into the amount of biomass present for each carbon pool and
types(table 5).Moreover, the calculation for live biomass follows the same approach

outlined in subchapter3.2 ¢ Forest biomass, with the addition of ingrowth (new,
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recruited growth, surpassing thabh threshold of > 10 cjnto calculate the change over

time.
Census Carbon pool Status Description
Live Live- standing Alive tree in the first census
. Deaql- Dead tree in the first census
First standing
Dead Downed dead . )
wood Presence of downed deadwood in the first census
Live- Trees that were alive in both the first asécond
remaining censuses.
Live Live- New, recruited growth where a tree has surpassed t
. diameter threshold (> 10 cm dbh) in the second
ingrowth
census.
Second Dead- Trees that remained dead in both censuses and we
standing not previously identified aalive.
Dead Mortali.ty - Trees that were alive in the first census but dead in 1
standing second census.
Downed dead

Presence of downed deadwood in the second cens
wood

Table5: Summary of carbon pool statuses and their descriptions across two census
periods.Trees and downed deadwood are categoriset live and deadtanding and
forest floor(i.e., deadwoodpools Changes between the first and second censuses are

detailed, including newly recruited growth and mortalitges.

Biomass of mortality trees, which were alive in the first and dead in the second census,
was calculated using the deatlanding biomass approach, outlined in subchapter 3.2.2

- Dead biomass. To address a loss in biomass due to decay ws@@aihg and daned
deadwood, particularly mortality trees, we used the volumetric approach for
establishing biomass, as detailedsitbchapter 3.2.2 Dead biomass. We will employ

the TapeR package to estimate stem height for these trees (citation for the R package).
Additionally, we will consider the decay stage of each dsthding tree (table decay
stage). By incorporating the decay stage information, we can apply a decay reduction
factor. This factor accounts for the loss of mass due to decomposition processes ove

time since the tree died.

Downed deadwood, which represents forest floor carbon stocks, was measured using
the line transect approach (see subchapter 3.2.2). This approach relies on the original
coordinates of the transect established during the first census. While the position of
each individual deadwood piece intersecting the line transect was not recorded, this
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approach identifies the presence of downed deadwood debris on the forest floor. Since
the decay stage of individual debris is highly varied, quantifying downed deadwood
based on presence provides useful information into carbon dynamics, especially when
combined with live and dead standing carbon stores. This information allows for the

estimation of the amount of carbon stored within the forest floor over time.

3.53| Statistical analysis: Spatiemporal changes in carbon dynamics

Before developing the hierarchical models, we conducted a correlation analysis using
the R packageorrplot (Wei et al., 2017jo assess potential multicollinearity among
predictor variables (age, mortality, altitude, and fus#gnsus carbon stock). This step
aimed to ensure the feasibility of these variables in the models and prevent overfitting.
The performance of each predictaras measured along a matrix, where the strength

of a correlation from 1 tel. The closer the correlation coefficient is to 1 (positive) or

1 (negative), the stronger the correlation, with O indicating no significant correlation
between coefficients. Técorrelation analysis revealed no significant conflicting trends
between the variables, supporting their inclusion in the subsequent generalised
additive mixedeffect models (GAMMS) see supplements S3.1 for correlation analysis

outputs.

For developing the models, we created a series of GAMMs usirgathéunction from

the Rpackagemgcv(Wood, 2011) We used the annual C increment between the first
and second census as the response variable in all GAI@BIs6) as a representation

of spatiotemporal changes in carbon stocks across the primary forest plots and

quantify the overall carbostarrying capacity of each site.

To calculate incremental changes for the total carbon stock, aboveground carbon
increment (ACI) was calculated by calculating the difference in total carbon between

the second and first censusd 1§ using the following approach:

5608H oI @ @@o—— (18)

where Gyroand Gyr1 represent the amount of carbon stock (total, live, dead) during the
second and first census period respectivglyepresents the interval between the first

and second census (years) for each ghofTo investigate how mortality rates influence
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carbon stock types (i.e., total, live, dead stand and dead downed) across the 454 plots,

we used the following approacledq 19):

GéloQa@dop —— pmT (19)

where mort G2 represents the amount of dead standing carbon that was alive in the
first census but dead in the second, resulting in mortality sttutk] c,r> represents the

total carbon present in the second census period (year 2). GAMMs utilise the uniform
design in terms of the response variable, random effects and linear coordinates for

autospatial correctiongeq 20:

ae'® xE [ "MQEOQI LMOE 0WE QI AOE QI OOR'AE & QD dQQO (2R

where the response variableg(n) represents the carbon stock in the secarghsus,
transformed using the natural logarithm. We include three levels of random effgkts (
including; intervale which denotes the time between the first and second census
(years), withstande, and landscape representing intermediate and macro scales,
respectively, which were grouped by forest type (mixed beech, spruce)-Jatiial
correction was applied to each model witdngitude, latitude; using the thin smoothing
penalty. Hierarchical GAMMs use the following approach in testing the rel&ipns

with key, sitespecific factors (eG1 ¢ 24) (Q6):

at® xilile& Q4 € I QQ i Oa o (21)
at®m xilie Q4 ¢ iBQQ (22)
aeE®m xill& (23)

wherelog(G yr2) representing the amount of each carbon stock type (total, live, dead)
present in the second census period, transformed using the natural logarithm. GAMMs
also includemort x agewhich represent the interactions between mean plevel
mortality (%) and tree age (years), wih denoting altitude (m). We used the candidate
model selection approacliAnderson et al., 19940 identify the most important

GFNAFO6fSa FNRBY GKS Y2al LI NRARA YAykeA983) Y2 R
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Chapter4 | Results

4.1 | Temperate Primary Forest Biomass Accumulates over Centuries

Long Time Frames

Forest species compositiaggrouped by forest type (mixed beech and spruce) was the
most influential factor in controlling the spatial variance in forest biomass stocks (total,
live and dead biomass) across the landscapddd 6. The influence of forest species
composition on biomass is closely related to its altitudinal gradient in the occurrence of
these species from plot to stand level. Biomass (total, live, dead) in the mixed beech
forest plots is consistently higher than in the spruce forest plots, andiifference in
forest type has a greater effect on biomass stocks than the geographical landscape in
the Carpathianstéble 6. Mixed beech forest plots in the southern landscapes contain
the most diverse range in forest species composition (covering @l dategories of

pure beech, beech, mixed beech and mixed forest) and have the highest mean total
OA2Yl a4 o0SAy3 Admpplament$l.4)\Dead biomass Has & $mall
GNBYR 2F KAIKSNI aG201a Ay (KS*zdnpaies by /

NLJ § K A

0KS 91 aidSNy o6otwdtny Ry {o2rddiinkoS Nd/3 *YHharmisbapesy HH O a 3

The high abundance of dead biomass in the Western landscapes is attributed to a large
amount of dead standing biomass in the spruce forests and dead downed tsamas

the mixed beech forestddble 6).

t NA2NJ 62 GKS OFYRARFIGS Y2RSttAy3as ¢S aasSaasS

amongst the biotic and abiotic variables. We found péatel age is the most significant
variable influencing the spatial variability upon all biomass types (total, livej)dea
across different scalesupplement 3.3 ¢ GAMMS. Disturbance severity and climate
were the second and third most significant variable groups, while topography (landform
and altitude) was the least significant variable group in total and live biorHasgever,

the effect of altitude is accounted for, at least partly, due to the covariance of altitude

and forest type.
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Total Age—

Landscape Country Forest Plots (AGB and AGB Dead Deafi Dead Age 90th Age
type total standing downed N range
dead) quantile

Eastern  (Northemn)  Mixed o0 67 397458 36429 10£9  25:23 192435 26153 oL

Romania beech 428

Spruce 133 337114 251+82 21432 6.+12  15%22 126+38 18352 ;?;

(Bastern)  Mixed o yo7.83 305:72 51458 11412 40449 198:47 279:53  o.

Slovakia beech 442

{Western) 21—

X Spruce 96  286+61 215+43 36+17 12+10 23%13 150242 21765

Ukraine 405

Bastern  Mixed 100 461277 396467 45449 11411  34£42 19643 27253 20

(total) beech 442

Spruce 229  316+93 236:71 28+28 9+12  18+19 136x41 19760 1113;

Southern  (Southern)  Mixed o) 4oy 81 414275 34£25 12:13  22:17 185461 259486 L0

Romania beech 505

Spruce 117 39887 295:62 34x21 1312 21%15 135236 17952 ﬁ;

Western  \Western)  Mixed g so0. 106 322488 45240 9+8  36£38 157454 227468  9-433

Slovakia beech

Spruce 110 309:99 230:72 56+40 34x35 22:14 142:41 19053 ;é;

Table6: Landscapescale trends in biomassxddage¢ 2 G F f ' YSIy &adzy 2
OA2YI&a4T ! D. I fAGS 020SANRBdzyR 0A2Yl AaT
R26ySR o0A2YlIaaT SIgBS TGNSSS vy AK 2die SEFNEROT
maximum plotlevel age (years) within each landscape per forest typeyq &
guantile: mean 99 quantile range based on mean pltvel tree age; total and live

biomass contain 726 plots, dead biomass model contains 644 plots, respectively.

4.1.1 | Forest Biomass and Age

The most parsimonious models accounted for mean-f@oel age and temperature for
G201t o0A2YlFaaz YSIy 3S FT2N ft A0S 0A2YL &
best modelstable7). Mean forest age therefore influenced total and live biomass, but

did not affect dead biomassable 7, figure4). Live biomasexhibited a modest decline

with increasing mean plet S@St (GNBS +3S o6Se2yR | GKN
standard deviation of plelevel tree age was not an important predictor of any biomass

type (by AIC). We found that over 68.3% of plots (496 ofpf@8) were 10Q200 years

2f R YR KIR YSty G20t oA2%Iaa RSyaAdASa

Notably, 18% of all plotsth ESR 6 SSOK ' mnc X &UoMdizes T H
S B wunn @SIENBE KIFER | YSIy #ZhemixeddbdeehY | & 2
fFyYyRaOFLIS Ay GKS 9FadSNYy /FNLIF GKAFya 6wmd
GddzReé NB ISP & the bionfass Bbeing characterised as pure beech
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onnodm g “P.iAndepnyrastatie olfelst spruce landscape was in the Western
2 SN e

[ ' NLJ GKAlFya omnn 5 no &SINBOUI 6AGK
& LINHzOS 6HpmPH M 5 pndpc ad Kl
Model AIC R2(C) R2(M) n'!' L/ AICrank
Total biomass
MO: null (biomass) 109.75 0.4 NA 956.15 5
M1: age 1L829.5 0.87 0.5 16.9 2
M2: 3S b GSYLJ L846.4 0.87 0.5 0* 1
aoY F3S b GSYLI b 1801.87 0.86 0.5 4453 3
anY +F3S b GSYLI b 178058 0.86 0.51 65.82 4
Live biomass
MO: null (biomass) 573.89 0.31 NA 719.4 5
M1: age b145.51 0.8 0.4 o* 1
aHY 3S b RAAQD L124.6 0.8 0.41 20.91 4
aoY 3S b RA&G b 1134381 0.8 0.41 10.69 3
anY 38 b RAAUG b L142.3 0.8 0.41 3.21 2
Dead biomass
MO: null (biomass) 1544.15 0.14 NA 46.11 5
M1: CWD 1498.04 0.34 0.14 0* 1
aHY /25 b |38 &R 1498.4 0.33 0.15 0.35 2
aoY /25 b IS &R 1501.32 0.34 0.15 3.28 3
anY /25 b 3§ &R 1502.28 0.34 0.15 4.24 4

Table7: Models of total and live biomass were fitted with 726 records, while the dead

biomass models were fitted with 644cords. The strength of a model was quantified
oFlaAaSR 2y 1 1FA1S AYTF2NNIGA2Y ONRGSNAR2Y 6

the AIC value of a given model and AIC of the best modéMRand R (C) are the

marginal (fixed effects) and conditional (fixed and random) proportions of explained

variance. Notes: age pkbtvel mean tree age (years), age sd standard deviation of plot

level tree age (years); dist disturbance severity (removed canoy[@®] %); alt plet

level altitude (m); CWD clintia water deficit (mm); temp mean air temperature (°C);

*Best model by AIC criteria.
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Age (Mean) Age (standard deviation) Maximum disturbance severity (%)
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Figure 4 Conditional regression plots of pkevel biomass (total, live and dead) as a
function of plotlevel tree age and maximum disturbance severity fi@AMMs. Shown

are predicted total (upper panels), live (middle panels) and dead (lower) biomass levels
(y-axis). Explanatory variables-dxis) include mean pldevel tree age (left column),

the standard deviation of plot age (middle column) and the maximum reconstructed
disturbance severity for a site (right column). Each panel shows the effect of a given
explanatory variable conditionesh or controlling for the effects of the other covariates

in the model (that is, the other covariates were fixed at thebserved median values).
Forest species composition was also fixed at the most common level. The grey dots are
the corresponding partial residuals for each conditional plot. Shaded areas delineate
hp: O2YFARSYOS Ay idSNDIf&af dzS 2t RR § IN&e2aiA 2 B
denotes an important relationship based on AIC. Conditional plots were generated

using the Rpackagevisreg(Breheny and Burchett, 2017)

4.1.2 | The Relationship Between Biomass and Disturbance

We found that mixeeseverity disturbance regimes and plewel tree age support a

broad range in total, live and dead biomass across the Carpathians. The mean and
variance of biomass were substantially different in each of the landscape areas
(Western, Estern, Southern) and forest types (mixed beggpruce). Mean maximum
disturbance severity was found to be broadly similar across mixed beech
dcodnT B MPPYy PO YR ALINUzZOS 6codop B HA

controlling for forest species agposition, tree age was critical for influencing biomass
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stocks. Disturbance severity had no noticeable effect on biomass types (total, live,

RSFROX FFAGSNI | O02dzyiAy3a F2NJ 3ISd 2SS F2dzyR p
aLINHzOS I' unm0O SELISNASYOSR KAIK &aSOSNAGE RAA&d:
narrow rangeof variance compared with total and live biomass because of the uneven

distribution in disturbance regimes across the regitigure 4). However, we do not

rule out its background effect in shaping forest composition and a driver of influencing

an unevertree age;size distribution at the fine scale.

4.1.3 | Forest Biomass and Environmental Conditions

Mean temperature displays a strong positive relationship with total and live biomass

and was found to be the second most influential variable after dggure 5).

Interestingly, CWD was important for dead biomass with a pronounced increase after

50 mm, while tree age variance showed no clear trend. Mean CWD varied across each

geographic landscape and forest type, with spruce forest plots showing a broad range

NGKS 2Sa0SNYysx 9FadSNY FyR {2dziKSNYy I yRaoOl LIS
nHdmo p resp@dgively. CWIXin the mixed beech forests across Western, Eastern

YR {2dziKSNYy fFyRaoOl LISa ,4¢lyR HpDE®OWM®OD B MOYDHYS  YHYC

respectively.

Plotlevelaltitude had a moderate significance on live biomass with-j@eél landform
being significant for dead biomassupplement 3.3). Total and live biomass stocks
increased in a soutkasterly direction along the Carpathians. Mixed beech forests
increased in biomass stocks in a wassouth direction. In contrast, no similar trend
occurred in the spruce forests, with the highest metotal biomass in southern
fFyRaoOlLSa G o'pyadifopn wegs the mdsoinflueatidl topolgraphic
variable for dad biomass; however, it shows no significant trend compared to altitude

which depicts a reverseshaped distributionf{igure5).
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Figure 5: Conditional regression plots of pitavel biomass (total, livedead) as a
function of plotlevel climatic water deficit, temperature, altitude and landform from
GAMMs. Shown are predicted total (upper panels), live (middle panels) and dead
(lower) biomass levels {gxis). Explanatory variables-gxis) include mean pt-level
climatic water deficit (top left column), temperature (top right column), altitude
(bottom left column) and landform (bottom right column). Each panel shows the effect
of agiven explanatory variable conditioned on or controlling for the effects of the other

covariates in the model (that is, the other covariates were fixed at their observed
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median values). Forest species composition was also fixed at the most common level.

The grey dots are the corresponding partial residuals for each conditional plot. Shaded

FNBFE RStEAYSHGS dp: O2yFARSYOS AyiSNDIET &

biomass). Note: * denotes an importarglationshipbasedAlIC. Conditional plots were

generated using the{Backage visreg (Breheny and Burchett 2017).

4.2 | Tree structure and diversity shape thdéiomass of primary
temperate forests

4.2.1 | Forest composition across spatial scales

We identified strong dissimilarities in forest composition (i.e., basal area index and
genus abundance) and biodiversity indices (tree size index, tree diversity) between live
and dead standing trees across different spatial scéeg subchapter 4.2.8 The
proportion of live tree density and basal area was larger compared to dead trees,

regardless of forest typ@igure6). Romanian spruce forests in the Southern landscapes

032 f

KFR GKS KAIKSald YSIy tAQ0S olalf dnhiRdd G0 pc®dH 5

beech forests in the Western landscape had a lower mean basal area of 39.2 + 12 mz

KFeyX RSALIAGS I 6ARS Nry3aS Ay ol alkft F NBI
trees varied considerably across landscapes, with Slovakian spruce forests

2 SAGSNY I yRaOlILISa KIgAay3a | y22ilofée KAIK
GKAETS tAQPS GNBS ol alf I NBI gt a &aArAYAt [l NI

(supplement 3.2¢ table 2.5).

Spruce forests generally had higher tree density and basal area than mixed beech
forests, although mixed beech forests still represented a substantial proportion of
biomass across landscapdsupplement 3.2 ¢ figure 2.6). Genus abundance,
indicating the sum of individuals per genus, varied across landscapes. Most spruce
forests showed a lower range than mixed beech forest plots, except for Ukrainian
spruce plots in the Eastern Carpathians (51.3 £ 17), which were comp&oabieed

beech forest plots in the same landscggapplement S§ table S5figure6). Trends in

basal area index per size class (i.e., full dbh range, smaller or larger than 60 cm dbh)
revealed that all landscapes consistently contaiaddgher range of live standing basal
area for trees with a dbh < 60 cm, with a pronounced difference in spruce forests.

Romanian spruce forests in the Southern Carpathians had the highest live basal area for
52
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GNBES&a f cn OY ROK onpdc B MHDPY Yu KFeuybo:
60 cm dbh. Western Carpathian spruce forests showed the most notable range in basal
FNBF 2F RSIFIR GNBSa f cn OY ROK | { dgadhn 5
trees > 60 cm dbh.

The relationship between total biomass and IVI across different landscapes (Eastern,
Southern, and Western) revealed contrasting results between mixed beech and spruce
forests. Higher IVI values correlate with greater biomass, indicating that plots with a
higher dominance of the respective forest types tend to have more biolffiggse 6).

This correlation is stronger and more consistent in the Eastern and Southern
landscapes, while the Western Carpathians exhibit more variability, particularly in
mixed beeh forests. Thelbh class distribution shows a broad range of tree sizes, with
larger trees significantly contributing to total biomass, thus highlighting the importance
of forest composition and structure in controlling biomass across the Carpatt8arn3

- GAMMS.
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Figure6: Spatial distribution in total biomass and the prevalence of beech and spruce
genera in their respective forest types across each landscape (Eastern, Southern,
Western Carpathians) using the Importance Value Index (IVI) dbbrecoralenotes
generaprevalence (beech, spruce) ranked by low (< 100), moderate {(1(8D) and

high (> 150)beech¢ mixed sprucén plots = 4 being plots in the mixed beech forests
characterised as being dominantly spruce in structure and genus coverage. dbt) class
plot-level mean diameter at breast height (cm, dbh) of live standing trees and total

aboveground live and dead biomass (Mgthacross the 726 primary forest plots.

4.2.2 | The relationship between biomass and forest complexities

Assessing forest biomass, genus and structural variables at different spatial scales (Q1)

revealed comparable results between live and dead standing trees. We found that the

combined model, which included basal area index and genus abundance with all three

spatial scales (landscape, stand, plot), was most influential in positively increasing

biomass in both live and dead trees. Testing gdpusl tree diversity at different scales

revealed higher confidence when using all three spatial scales, supportéiyhgr

ntL/ +FYR wu @FfdzSa 02 YLI NBR -levet (suppleghl 2yt & &adl
S2.2table 2.3) Combining structural (basal area index) and gdeusl diversity

(abundance) indices demonstrated a stronger relationship with total biomass

variability, than the individual models with one variable. In contrast to the live models,

dead tree models shogd moderate support for basal area containing all three scales,

indicating that structure has a greater influence on the distribution of dead trees a

total biomass than gensts S@St RAOGSNEBAGE | f2ySd ¢KS y2NXIfAa
between live and dead models showed a similar response when using both structural

and genudevel indices at the three spatial scales, with stdenxel models perfaning

aA YAt ND.BL), shpwingIBSIdast amount of variability between live and dead
RAAGNAOGdzO A 2 Y T RcSeelslippletenkBR ridurtimet dietails an model 0

testing and results.
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4.2.3 | Interactions with biotic and abiotic factors

For testing how forest biomass, structural and getexl indices interact with biotic

and abiotic factors (@), we found tree age and disturbances, as a combined factor,
positively influenced pletevel biomass and forest composition (i.e., basal area index
and genus abundance), with the three spatial scales as the random effects helping
maintain the positive eict. The second part of the analysis revealed that a mixed range
in low-intermediate disturbance severity and a higher tree age range incredsed t
structural complexities of live and dead trees, increasing total biomass. However, age
and disturbance had a negative effect on dead tree abundance and total biomass when

observed independently from other factors (figufe

Live tree models revealed that the full model, containing all five factors
dendrochronological (age x disturbance), structure (tree size index), genus (tree
diversity), climate (temperature) and topography (altitudgjvas most important for
positively nfluencing total biomass (table8). Altitude and temperature were
moderately important for controlling live tree abundance but were less influential than
the dendrochronological factors (age x disturbance). Both live and dead models showed
a strong relationship with the dendrochronologidactors, specifically pldevel mean

tree age. The uneven aggize structure of the primary forest positively supports
biomass stocks, demonstrated by the broad range of structural traits, such as tree size
index and basal area index. The interactivedels with biomass revealed contrasting
relationships between structural and genlevel indices, with structural factors (basal
area index) showing a stronger response to biomass than genus abundance. The
relationship between biomass and genasel factos (tree diversity, abundance)
showed a slight positive increase, yet marginal compared to the interactive response

with structural factors (tablé, figure 8).
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Figure7: Generalised additive mixeeffects model (GAMM{ heatmaps showing the
interactions between plotevel total biomass (Mg h9, structure (basal area index),

and genus (abundance) with age and disturbances. Basal area Jraleneasure of

forest structural variability of pletevel basal area (frha?l) standard deviation; genus
abundance = pletevel genus count; Disturbance severity = mean-f@oéel disturbance
severity represented as a proxy of disturbed canopy area (% CA); Mean tree age = mean
plot-level tree age (years). Black contour lines represent the spatial distribution of total
biomass values. The heatmap colour scheme shows light shading represents lower
amounts of total biomass, while darker shading denotes higher amounts of total
biomass. Narrow spacing between contour lines represent dense distribution in the

interaction between variables, with wider spacing representing a sparse distribution.
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Live standing trees Dead standing trees
Model Predictor AlC n'! L/ R (RI\Z/I) D Rank| AIC nt L/ ?CZ) (Rl\i) D Rank n U NE
Interaction with structure [basal area index]
0 Null model 109.75 321.31 - 0.404 - 6 -197.04 140.57 - 0.472 - 6 3.51
1 Age x dist -198.26 13.29 0.627 0.573 0.401 4 -337.61 0 0.603 0.53 0.284 1 -0.26
2 Age x dist + tree size index -196.41 15.14 0.626 0.573 0.401 5 -337.22 0.39 0.603 0.529 0.284 2 -0.26
3 Age x dist + tree size index + tree diversity -199.35 12.21 0.63 0.572 0.408 2 -337.12 0.48 0.601 0.53 0.281 3 -0.26
4 Age x dist + tree size index + tree diversity + temp | -198.93 12.63 0.63 0.571 0.409 3 -336.79 0.81 0.602 0.531 0.283 4 -0.26
5 Age x dist + tree size index + tree diversity + temp { -211.56 0 063 057 041 1 -335.29 2.32 0.601 0.533 0.283 5 -0.23
Interaction with genus [abundance]
0 Null model 109.75 159.18 - 0.404 - 6 -197.04 134.363 - 0.472 - 6 3.51
1 Age x dist -13.28 36.15 0.516 0.445 0.214 5 -331.4 0 0.598 0.503 0.276 1 0.92
2 Age x dist + tree size index -39.43 9.99 0.535 0.46 0.249 4 -331.04 0.361 0.599 0.504 0.279 2 0.79
3 Age x dist + tree size index + tree diversity -49.04 0.39 0.539 0.463 0.253 2 -324.77 6.63 0.599 0.504 028 5 0.74
4 Age x dist + tree size index + tree diversity + temp | -49.43 0 0.541 0.461 0.258 1 -328.02 3.374 0.599 0.505 0.281 3 0.74
5 Age x dist + tree size index + tree diversity + temp 1 -47.71 1.72 0.544 0.478 0.265 3 -326.71 4.689 0.598 0.516 0.281 4 0.75

Table8: Generalised additive mixeeffect models (GAMMS) analysing the relationship between-j@eel biomass, structure (basal area index) and

genus diversity (abundance) and interactions with the following site dependent factors: age; xmaian plotlevel ree age and disturbance severity;

tree size index the proportion of basal area per dbh class using the Shannon index; tree divegsityislevel diversity using the Shannon index;

temp ¢ mean plotlevel temperature; and akf mean plotlevel altitude.For testing the hierarchical models, we used H&iaike information criterion

6! L/ 03X FYR 'L/ RAFFSNBYOS op! L/ &MNBSmaiBahBeyprasants ©@laidedzMiisce anhd acoo@n@ the 02 Y L.
fixed effects (applicable to the model with no random effects and containing BAsERC) = conditional Ralues accounting for both fixed and

random effects; D = explained deviation to account of goocioéss. n (i Nd8@BeSents the nrmalised difference is a symmetrical, pairwisst

which measures the degree of similarity or dissimilarity between models
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Figure8: Generalised additive mixeeffects model (GAMM{ heatmaps showing the
interactions between plotevel total biomass (Mg hg, structure (basal area index),
and genus (abundance) with tree size index, tree diversity, per tree type (live and dead
standing). Main interactions: Basal area indexmeasure of forest structural variability

of plot-level basal area (frha?) standard deviation; abundance = plewel relative
genus abundance. Predictor variables: Tree size index {tdm proportion of basal
area per dbh class; tree genus diversity (bottom paggbnuslevel tree diversity; each
predictor variable was deulated usng the Shannon Index. Black contour lines
represent the spatial distribution of total biomass values. The heatmap colour scheme
shows light shading represents lower amounts of total biomass, while darker shading
denotes higher amounts of total biomass. Naw spacing between contour lines
represent dense distribution in the interaction between variables, with wider spacing

representing a sparse distribution.

4.3 | Spatioctemporal variability in carbon dynamics across the primary
forests

4.3.1 | Changes in carbon stocks over two censuses

The analysis of carbon dynamics across 454 forest plots in the Carpathian primary
forests,reveals nuanced trends over two censusgedles 9, 10). Mixed beech forests
exhibited a slight increase in botbtal and live carbon stocks all locationswith dead
carbon pools showing varied changes. Specifically, Eastern Romania and Western
Slovakia saw notabléncreasesin live carbon, while Slovakia experienced minor
increases. The maximum increase in live carbon was observed in the spruce forests of
Eastern Romania, with a substantial gain (28 + 43 #, kdnereas the minimum change

in live carbon occurred in the Slovakian mixed beech forests (5 + 8JC ha

Spruce forests demonstrated more pronounced fluctuations, with Eastern Romania
showing the highest gains in total carbon (30 + 48 t€) laad a significant increase in
live carbon, and Southern Romaniath moderate increases in total carbon and a
substantial rise in dead carbon stocks (tab®. Conversely, the maximum decrease in
live carbon was noted in the spruce forests of the Western region, with a decline of 15
+ 40 tC ha, while the mixed beech forestS &lovakia saw the least change in total

carbon, with an increase of only 1 + 17 tC'ha

59



Trends in aboveground carbon increment (ACI) between censuses revealed a higher

gain in total carbon than mortality across various landscapes and forest types. In the

mixed beech forests, Eastern Romania showed an increase in total carbon stocks (1.55

+4my U/ KlFeéy eNBuyo FYyR A0S OFINb2y aid201a o6mowm
Ffaz2 NRAS 6nodnn p HPTYy G/ KlFeéy &@NRuvd {f20F1A
AYONBIasS Ay (G2Grft OIFINb2y aiG201a @®@uxc p TPny
cdno G/ KlFreéu @NRBUOX GAGK YAYAYILIf AYONBIFAS Ay F

In the spruce forests, Romania displayed a modest increase in total carbon stocks (0.27

B odpm O/ KlFeéuy &@NEBuO YR tA0S OFNb2y aaz201a o
stocks decreasedf( ®T K odmMo G/ KIeéy @&NRuycdedanmotleN: AySQa alL
adzoadlydAalf AyONBIF&AS Ay G2d4lt OFNb2y adaz201a o
ai201a omdm B ndyp G/ Kleéuy eNRPUOm+BNIK | af A 3IK
0/ KI ey @&NERuy undprycefdmsts SiNF monez0bsta idrease in total

OFNb2y aiuz201a 6mdrc p odc G/ KlFeéy @NBULUO FYR fA
Ly AyONBFasS Ay RSIFR OFNbB2y ai201a O6MOMp 5 H DD

Overall, the data reflect the dynamic nature of carbon stocks across different forest
types and regions, influenced by various ecological and environmental fattoese
trends highlight the spatial variability in carbon stocks within a short period of time.
Interestingly, dead carbon stocks exhibit more variability than live carbon stocks, with
significant increases in some regions, suggesting changes in forest dynamics, potentially
due to natural disturbancesand mortality affecting deadwood accumulatio

(supplement S2).
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Forest n Total¢  Totalg Liveg Liveg Dead Dead Dead standing Dead standing Dead CWD Dead CWD

Landscape Country ne2{ n[A n58St

type plots yrl yr2 yri yr2 yrl yr2 -yrl -yr2 -yrl -yr2
) 213+ 220+ 195% 200¢
Vixed Romania 33 po e > a5 1814 20%16 5+5 5+8 12+11  15+11 8+21 521 2+14
beech Slovakia 70 2;2 * 233 * 123 * 223 26429 22422 6+6 4+6 20424 18421 1417 548 -3+15
Eastern
. 161+ 191+ 132+ 160% 30+ 28+
Romania 50 o 2 o b 28%14 3017 8+7 12+14 20410 18%10 g s 2%16
Spruce Ukraine 26 1;3 * 132 * 122 * 1;2 * 19+8 19:6 8+6 9+5 12+5 10+5 5+6 6+4 06
. 164+ 176+ 149+ 153+ 11+
Southern Romania 94 32 48 32 43 16+9 23+23 6+5 14 + 20 10+7 9+8 26 4+25 7+19
Mixed oo 190+ 191+ 159+ 166+ 44,05 25424 4+4 243 27423  23+23 1+11 749 -6+12
_beech Western  Slovakia 38 36 50 ar
140+ 147+ 110+ 95% A5+ 22+
Spruce 161 a0 u a0 oy 30%23 52:57 1821 39+54 12+9 1314 7:23 oA

Table 9: Landscapescale trends in carbon dynamics across censuses in the 454 forest plots, for total, live amadntbeadpools (tC hY, dead carbon

stocks include standing and coarse woody debris (C¥WDgach census year (yearykar 2)and their respective range in values between census years

The spatial distributiosiin carbon stocks are categorised by forest type (mixed beech, spruce), landscape (eastern, southern, western) and countn
(Romania, Slovakia, Ukraine) across the Carpathian primary forests. Diffgngntedrbon stocks between censuses represent the changes in total, live

and dead pools, withlhvalues containing mean and standard deviation in carbon stocks ().
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tC hat yr?

Forest Landscape Country n Total Live Dead Ingrowth Mort Downed
type plots
. 155+ 1.11 + 0.44 + 0.29 + 0.49 +
Mixed Romania 33 "jhg 417 278 121276 47 1.99
beech Slovakia 70 426+ 391+ 0.35+ 4.03 0.48 + -0.33 %
Eastern 7.08 6.03 2.96 5.91 1.12 1.51
. 0.27+ 097+ -0.7 £ 0.21 + -0.49 +
Romania 50 55, 78 313 02037 g 2.61
. 1.03 + 1.1+ -0.07 0.14 + -0.29 +
Spruce Ukraine 26 121 0.85 197 0.4 £0.65 028 09
. 1.76 £ 0.6 + 1.15+ 0.63 + 0.78 = -0.11 +
Southern  Romania 94 3.6 3.97 2.96 2.22 1.33 0.9
Mixed 20 024+ 156+ -1.32 + 0.36 0.09 + -0.98 +
beech Western Slovakia 2.66 1.85 2.74 0.61 0.25 2.55
Spruce 161 145+ -3.48% 492 + 0.23 + 3.03 -0.12 +
P 5.19 9.64 13.7 0.69 6.52 3.16

Table10: Landscapescale trends inncremental carbon stocks between censuses (tC
ha'yr!) across the 454 forest plstincluding the mean argtandard deviation#). For

the following carbon stocks, values are based on the change between the second and
first census:Total ¢ net change in carbon stocks combining aboveground live, dead
standing and downed dead stocKsive ¢ net change in aboveground live standing
carbon stocksPeadc net change in aboveground dead standing and downed carbon
stocks;Ingrowth ¢ the specific increase in aboveground live standing carbon, including
new recruited treesMort ¢ net change in mortality rates based on tamount of trees

that were living in the first census and dead in the second ceri3oanedc the net

change in downed dead carbon, representing the presence forest floor carbon pool.

4.3.2 | Spatietemporal trends in carbon dynamics

Trends in thespatiotemporaldistribution of carbon stocks in the Carpathians primary
forests revealed a general pattern of stability across the regarticularly,in termsof

total carbon stocks, encompassing both aboveground live and dadibn reservoirs
(tables 9, 10). We found that the spatibemporal trends in carbon varied across each
landscape (Western, Eastern, Southern) and forest type (mixed beech, spFoce).
example,the one mixed beech stand in Western Slovakiaowed relatively stable
amounts of total and live carbon accumulation between the first and second census,
with less gain in dead carbon stores compared to the first census pénieddsin live

and dead carbon accumulation across censuses revealed a high propoftiore o

carbon from the first census transferring into the dead carbon pool in the second census
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at specific sites(figure 9, 10, 1). Interestingly, trendsin Eastern and Southern
landscaperemained stable with considerably low amount of mortality arglightly
higher rates of ingrowth compared to the Western landscaffigsire 9, 10, 1). This is
emphasised by a pronounced increase in ingrowth, which was considerably greater in
the Eastern and Southern spruce forests (figi&. Notably, the spruce forests in
EasternRomania exhibit significant increases in total carbon stocks, indicating overall

forest growth and increased carbon accumulation.

Analysing the trends in carbon dynamics revealed the contribution of live ingrowth
carbon, which represents live tree carbon that surpassed the dbh threshold (> 10 cm)
in the second censusrhiswas a relatively minorcomponentcompared to thetotal
amount of carbon from remaining trees that were present in both censubes
indicated the processes of carbon accumulatibfortality carbon, indicating trees that
were previously alive in the first census but dead in the second, are prominent in some
stands.Mortality was high at some sitaa the Western Slovakian spruce foredisit

lower in the SoutherrRomaniarspruce forests (figuré2, 13.

Conversely, the presence of dead standing carbon, where trees were identified as dead
in both censuses was generally low. Similarly, dead downed carbon, representing the
presence of carbon on the forest floor from fallen trees and coarse woody debris, also
revealed a low level across stands. Our results suggest thatstaading trees remain
standing for some time, with a minimal change to the forest floor carbon pool between
censusegfigure 13) However, since downed dead carbon was measured usingie li
transect approach, we can only base these findings oretttenate of mearof coarse

woody debris.
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Hgure 11 Trends in dead carbon dynamica comparison of carbon stocks between the first (orange) and second (green) census periods ac
Carpathian primary forests, including 454 plots. Trends depict dead carbon, combining dead standing tree carbon atmlvdeddwood,

representing the forest floor carbon pool stocks (tGthacross each landscape (Western, Eastern, Southern) and forest type (mixed beech, ¢
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Net changes in carbon stocks, categorised by landscapes (Western, Eastern, Southern)
and forest types (mixed beech, spruce), revealed that live carbon stocks generally
increased across most locations (Figure 13). However, Slovakian spruce forests in the
Western landscape showed a unique trend: after the second census, the majority of the
carbon transferred from live to mortality, with most stands showing a loss of over 40 tC
hat in live carbon and an increase of more than 20 tCimanortality. In contrast, the

net change in carbon in the Eastern and Southern landscapes showed a moderate
increase in live carbon, with live carbon gains ranging around 10-tGitiss most
stands, and some stands in these landscapes showing gains > 20.{Thisasuggests
higher levels of tree deatim the Western landscape spruce forestshilst mixed beech

remained within its mean rangéfigure 13)

Soruce forests in Eastern Romamavealed thehighestrange inACI(0 ¢ 10 tC ha yr

1. Mixed beech forests generally exhibit moderate ACI, with some locations showing
negative values, particularly in Western Slovdkgure 14) These trends highlight the
influence of sitespecific conditions, such as maturity and topography, on the
spatiotemporal distribution of carbon stocks across the Carpathi®espite the
substantial turnover in carbon type (live to mortality) in the Slovakian spruce forests,
ACI revealed that most stands increased in carbon stocks. However, the Slovakian
spruce stands in the Western landscape showed a consistently higher @nge
variability ¢n G2 wmn G/ KlFeéy @NBuyo O2YLI NBR G2

where the ACI was centred aroundf@(re 14).
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4.3.3 | Carbon dynamics and their relationship with biotic and abiotic

factors

Testing carbon dynamics for eabiomasscomponentrevealed that live and dead
models performed similarly, identifying the full model (M1) containing carbon,
mortality X age and altitude as the best fit and the only model within each series with
an AIC < Rtable 11) We identifiedthat the changes in live and dead stockeparately
were largely controlled by fluctuations in mortality since the first census and the

unevenage structure of the forest plots.

Thetrends were forlive anddead carbonwere similarwhere the fullmodel (M1),
including all variablesyas the best fit for each respective carbon type. Live carbon
revealed the lowest AIG523.169, whilst dead carbon was considerably higher (
143.19), showing the best fit. Removing altitude (M2) resulted in a higheioAloth

live (514.46) anddead (-127.82)models, respectively. This highlightse importance

of altitude in predicting carbon stocksd their spatietemporal distribution across #h
primary forests The simplest model (M3: carbon) showed a considerable decrease in
performance with a higher Al@r live (442.97) and dead-32.11) carbon The
difference between live and dead carbon models and their respective AIC may be
attributed to the variability in carbon. Live carbon values show less variability compared

to dead carbon, which is dependent on mortality and decomposition.

Additionally, AIC values within each model series were lower for dead carbon than total
and live carbon, suggesting that the models fit better for dead carbon stocks. This could
be due to the highly varied and uneven nature of the dead carbon dataset cechpa

total and live carbon datasets. However, the range in dead carbon stocks across each
census period is considerably broader and more variable than total and live carbon
stocks.In contrast, results for total carbon revealed that the mo@él) contaning
carbon from the first census with mortality and mean tree pgevidedthe best fit with

'y pt L/ -58.31). 06! L/ T

All models (total, live, dead) found that carbon stocks alone from the first census period
had no strong effect on incremental carbon between censuses. The interactive effects

of mortality x age improved the performance of all models, indicating a positive
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influence on incremental carbon stocks between the first and second census at the plot

level. Indicating that incremental carbon between censuses was driven by mortality and

age dynamics in support of all sépecific variables driving carbon stocks bsplatially

and temporally.The inclusion of altitude improved model performance for live and

dead carbon; it wakess critical for total carbon since it is the sum of total components

of live and dead carbon, resulting in a stable trend with minimal variability compared

to analysing each component separatéfigure 15)

Model AIC n!'L/ RC) RWM) D Rank

Total C

MO: Null 17.23 603.54 - 0.38 0.4 4

M1: Carbon + morxage + alt -583.2 3.11 0.84 0.79 0.85 2

M2: Carbon + morx age -586.31 0 0.84 0.79 0.85 1

M3: Carbon -511.69 74.62 0.81 0.79 0.82 3
Live C

MO: Null 17.23 540.39 - 0.38 0.4 4

M1: Carbon + morx age + alt -523.16 0 0.82 0.78 0.83 1

M2: Carbon + morxage -514.46 8.7 0.81 0.77 0.83 2

M3: Carbon -442.97 80.19 0.78 0.74 0.79 3
Dead C

MO: Null 17.23 160.42 - 0.38 0.4 4

M1: Carbon + morxage + alt -143.19 0 0.59 0.5 0.62 1

M2: Carbon + morxage -127.82 15.37 0.57 0.49 0.6 2

M3: Carbon -32.11 111.08 0.46 0.4 0.49 3

Table 11: Generalised additive mixeeffect models (GAMMSs) analysing the

relationship between plotevel carbon dynamics with sispecificvariables, which

includes: mort = mortality as a percentage of pHevel total carbon (%)ge= mean

plot-level tree agealt = mean plotlevel altitude (m);carbon= the amount of carbon

(total, live, dead) present in the first census period for each model type (i.e., total, live,

dead). These variables were tested with total incremental carbon stocks as the response

variable, which is the average gain in total aartstocks between the first and second

censusFor testing the hierarchical models, we dsthe Akaike information criterion

0

L/ 0 | YyR

L/

RAFFSNBYOS
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marginal Rrepresents explained variance and account for the fixed effects (applicable

to the model with no random effects and containing bagg R (C)= conditional R

values accounting for both fixed and random effe@is; explained deviation to account

of goodnes=f-fit. Rank denotes the order of immpance based on thAIC score within

eachmodel series.
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Figurel5: Generalised additive mixeeffects model (GAMM] heatmaps showing the
interactions between mean pldevel tree age (years) and mortality as a percentage of
total carbon (%). Panels are split by carbon type, including total (top), live (middle) and
dead(bottom) carbonstock(tC ha') from the firstcensus Black contour lines represent

the spatial distribution of total carboafter the second censushe heatmap colour
scheme shows light shading represents lower amounts of carbon, while ddréding
denotes higher amounts of carbon. Narrow spacing between contour lines represent
dense distribution in the interaction between variables, with wider spacing

representing a sparse distribution.
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Chapter5 | Discussion

5.1 | Temperate Primary Forest Biomass Accumulates over Centuries

Long Time Frames

Biomass stocks in the temperate forests of the Carpathian study region were
asymmetrically distributed across broad classes of forest type, as well as spatially
among subregions (termed landscapes in this study). In general terms, biomass
amounts were grea SNJ 6& |y | @S N}irdBoreliVersél mixed beech 3 K |
forests versus spruegominated communities (Tab). Geographically, the southern
Carpathian landscapes support the largest stores of carbdromassn the region

649 nnan G 2Y, whienthe a\@stef landscape area maintains the lowest site
OA2Yl 4& RSyaAildASH Acéiding te a pravidus metmlysigReitK |

et al., 2009) our estimates of aboveground biomass carbon stocks for the Carpathian
region correspond in magnitude with other temperate primary forests. Ecosystems with
similar total biomass include the highly productive conifer forests of the Pacific
Northwest regionof North America. Based on a large dataset of widely distributed
forest inventory plots, maximum biomass levels in that ecoregion were estimated to
exceed 1000 Mg h&! (Luyssaert et al., 2008; Smithwick et al., 20G2jbstantially
greater than total biomass estimates in this study of primary forests in the Carpathians.
Nevertheless, average live biomass in the Pacific Northwest ranges from 400 to 500 Mg
hat (varying by subregion)Van Tuyl et al., 2005)ike that in our study. The mixed
species forests of the Nortkastern United States support comparable but marginally
lower, relative to the Carpathians, live biomass amounts, ranging from 250 to 350 Mg
hat' in late successional olgrowth forest conditions(Keeton et al., 2011)A few
temperate forest types reported ifkeith et al.(2009) do substantially exceed the
maximum total biomass of the Carpathian region, includingBbealyptus regnand-.
Muell.) forests of Southeastern Australia, where siteerage biomass excee¢b80 Mg

hal.

The biomass amounts quantified in this study are also consistent with previously
documented globatcale patterns in the distribution of forest carbon, exceeding

biomass densities reported for many tropical and boreal forest sys{gagh et al.,
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2009) At broad scales, variation in forest biomass density has been associated with
gradients in and interactions between temperature and moisture supply, whereby total
carbon storage is purportedly maximised under cool and mesic cond{fi@raandez

al NOINyST Si FfdX uwnanmnT YSAGK SiG oS wnys
2014) Results from our study support a hypothesis for a temperatigpendent
increase in biomass, although we did not detect evidence for a thermal thredigidy

5). Presumably annual temperatures in the Carpathians? (1C) are below the
maximum levels, 1§20 °C accordingto I NB I @I I NI | Y2R12)pthtt niay NIt [ |
lead to reductions in net carbon gain. Cool conditions have also been hypothesised to
inhibit decomposition and thereby maintain dead biomass st@Klesth et al., 2009)n

the Carpathian region, our results show that drier conditions produced greater dead
biomass figure 5). Many interacting factors likely influence organic matter
decomposition, including climate variables and the morphological and chemical
properties of deadwoodHu et al., 2018)In summary, a temperature threshold that

limits the carbon economy of trees and potentially affects decomposition rates may
partly explain the evidence in the literature for comparatively reduced total biomass
pools in tropical versus temperate forestssgms(Fernandeaviartinez et al., 2014)n
northern-latitude or highelevation boreal forests, total biomass may be limited by the
direct effects of low temperature on plant productivity, or by indirect effects on growing

season length.

Controlling for broad categories of forest type, tree species composition within those
types and climate factors, our analyses indicate that biomass stocks (total, live, dead)
were strongly governed by tree agalle 7). Carbon stocks increased nonlinearly with

the mean plotlevel tree age, peakingwhenpotS @St (G NXS | 3Sa | LILIN.
(figure 4). A modest decline in total and live biomass was detected beyond this age
threshold. A unimodal response to age is largely consistent with theoretical
expectations and empirical evidence from prior stud{ernandeaMartinez et al.,

2014; Liu et al., 2014; Luyssaert et al., 2008)ugh the underlying mechanisms are

not fully resolvedMeyer et al., 2021)We discuss in more detail oorodelling results

and potential drivers in the following sections.
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5.1.1 | Forest Biomass and Natural Disturbances

In this study, we hypothesised that disturbance history would strongly determine
trajectories of forest development and the consequent range of biomass accumulation.
However, our analyses did not detect an appreciable disturbance related signal in the
biomass data. After accounting for pksvel tree age in our models, disturbance
severity was not an important predictor of biomass stocks (total, live and dead). In
contrast, previous research has found symptomatic relationships between the time
interval of a prior extreme disturbance and contemporary levels of biomass. For
example, carbon storage was found to reach maximum levels in primary Norway spruce
forests circa 200 years following major historical disturbarcesA 1 2t + O SG Ff ®X wn
Given that primary forests are often subject towecurring lowseverity disturbances,

we suggest that future studies investigate the effects of disturbance frequency or return
interval on biomass stocks. Statistical uncertainties associated with béestae
reconstructions may also affect analysis outcomes. In our models, we used a measure
of the most extreme disturbance event in a temporal chronology. However, multiple
tree mortality events of low or moderate severity are likely to affect a givencsié

the course of centuries, leading to a progressive loss of information (data from tree
cores) over time. A fading signal phenomenon, previously discussed in the context of
retrospective analyses (for exampl&wetnam et al., 1999)may lead to an

underestimation of the importance of past event severity in biomass models.

5.1.2 | Forest Species Composition

Our modelling results suggest that biotic factors substantially regulate biomass stocks.
Total, live and dead biomass stocks were higher in more diverse +apeamies forests
(supplement fgures &.2, 9.4). Speciespecific lifehistory strategies determine the
demographic performance of trees (for examgarvivashipand growth), hence their
differential responses to climate and environmental variation, and thereby influencing
the successional variability of forest communiti€Srime, 1977; Kobe, 1997We
speculate that forest functions, such as carbon accumulation, may be buffered or
stabilised in communities comprised of a diverse assemblage of species, consistent with
a muchdiscussed theory linking diversity with ecosystem development (for example,
Lasky et al., 2014)Additionally, a diversity of species that are characterised by
substantial interspecific variation in IHgstory traits may contribute to greater long
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term communitywide resistance to environmental perturbations (for example, climate
extremes)Zhang et al., 2018bhereby contributing to a conservation of forest biomass.
For example, prior research has documented evidence for a greater drought tolerance
in European beech, relative to Norway spruce, which may facilitate a greater potential

for longterm biomass ilmixed beech communitie@Viarchand et al., 2023)

5.13| ForestBiomass and Maturity

Forest maturity, represented by mean pldével tree age, was the main factor
determining the accumulation of forest biomass (total, live and dead) across the
Carpathian study region. We found forest maturity across the region was partly
regulated by past distudince severityKeeton et al., 2011; Pavlin et al., 202Iree age
effects have long been assumed to strongly influence rates of carbon gain in forests (for
example,Whittaker et al., 1974)Recent continental and global scale analyses have
indicated that forest age may account for as much as 92% of net ecosystem productivity
(Magnani et al., 2007UJnresolved questions relate to the capacity of maturing ane old
aged forests to capture and retain atmospheric carbon in biomass [pboyssaert et

al., 2008) Theory indicates that biomass accumulation follows a predictable pathway
as trees regenerate and increase in size following a stand disturbance. Then ecosystem
productivity and net carbon gain are maximised, possibly withing200 years, and
subsequent} either declingGower et al., 1996; Ryan and Yoder, 1986ymann and
Likens(1979) theory support that biomass stocks can vary substantial at different
spatial scales. Results of plewel total, live and dead biomass show a highly varied
range. Meanwhile, at the coarse scale (that is, landscape level), biomass remains stable
across therespectively, forest types. More recent research indicates that uneggea

forests may maintain positive carbon assimilation rates for several cenfilteaton et

al., 2011; Luyssaert et al., 2008)

Our results indicate that measured pl@vel biomass of primary forests in our study
region varied unimodally with mean plkvel tree age f{gure 4). Specifically,
controlling for other factors such as species composition, biomass stocks attained
YIEAYdzYy £tS@Sta a YSIy F2NBad | 38a | LILIN
on analyses of large datasets have detected evidence for substantiadlytbtésholds;

for example, maximum forest biomass was associated with ages @#880years in
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Keeton et al(2011)and 45@500 years irLiu et al.(2014) However, comparisons of
agedependent biomass thresholds among studies are confounded by inconsistent
derivations of mean pletevel tree age. The two previously mentioned studies
calculated stand age from a selected subset of canopy dominant (ke==ton et al.,
2011; Liu et al., 2014)n this study, tree age was derived from an unbiased and more
AYGiSaANI GABS YSGOGNRO o61FaSR 2y GKS I @gSNY3s 3S
Therefore, our estimates of forest age and corresponding biomass thresholds are, by
necessity, reduceth magnitude relative to values derived solely from the largest or
oldest trees. Nevertheless, we demonstrate that primary forests in mesic temperate
regions have a capacity to accumulate carbon for centuries, consistent with other
studies and irrespectivef uncertainties associated with age calculations. We did also
consider an alternative measure of forest age founded on a supposition that biomass
levels are determined by variation in the complexity of forest structure. We fit alternate
competing modelsvith the standard deviation of tree ages in a plot, assumed to reflect
structural heterogeneity. However, according to model selection criteria, standard
deviation was not an important predictor of biomass relative to mean tree tajag

6).

Biomass in the Carpathian was found to decline modestly beyond they@@5age
threshold. We did not detect evidence for an asymptotic biomass response to age, as
in Keeton et al(2011) Steadystate dynamics have been hypothesised to emerge in
unevenaged, multilayered forests, where live biomass losses, associated with patch
scale disturbances or competitiedriven tree mortality, may be relatively rapidly
replaced by growth responsés extant canopy and subanopy treegLuyssaert et al.,
2008) We argue that our results are more consistent with previous findings that
biomass growth in trees increases significantly with tree Siaedeclines with tree age
when controlling for siz€Foster et al., 2016)As no system can sustain unlimited
growth, agedependent biomass accumulation must ultimately be constrained by
inherent physiological limit¢Day et al., 2001)A range of mechanisms may lead to
physiological declines in old trees. For example, hydraulic constraints in taller and
presumably older treeRyan and Yoder, 199@ay negatively influence physiological
function and demographic processes, including growth, defence and suioralyova

et al., 2022)
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5.1.4 | Abiotic Conditions and Their Influence on Biomass Stocks: Climatic

Effects

Our analyses identified that climatic water deficit plays a crucial role in determining the
amount of dead biomass and influencing forest specaaposition in the Carpathians.
Moisture availability also influences the decomposition rate of dead standing and
downed wood and hence the time for biomass transfer from live to dead stock
(Kueppers et al., 2004; Meigs and Keeton, 20T8B})s may explain why variance in tree
F3S FyR /25 gl a AaAA3IYyAFAOLYyd F2NJ RSIR
temperature and CWD for total and live biomass was margsgdplement 3.3t
GAMMSs). The amount of biomass accumulated in similar age cohorts may vary between
different forest species composition types since wood density varies with species
(Keeling and Phillips, 2007Mhus, the variability in tree age influences the range in dead

biomass stocks across the Carpathians.

A possible explanation for why CWD is the most significant variable influencing dead
biomass is that water availability varies along an altitudinal gradient and controls decay
rate and forest type. CWD was higher in the Southern Carpathians landscapes
compared to Western and Eastersupplement 3.5t Climate data). This suggests that
the Southern landscape has a partially elevated drought severity, regardless of species
composition, yet biomass is consistently higher than in other landscéigasg3). CWD

is positively related to the proportion of dead standing and downed biomass
Furthermore, cooler temperatures at higher elevations maintain a slower
decomposition rate and delay the weakening of dead standing trees and their falling
onto the forest floor Kueppers et a[2004)emphasise a lag in decay rates between the
two forest types, for example, the difference in decay rate between mixed beech and
spruce, and susceptibility to different disturbance agents. Spruce plots in Western
Carpathians, Slovakia feature a significagigater range in dead standing biomass
compared with other landscapetable6) where cooler temperatures support a slower
decay rate compared to mixed beech forest plots at lower elevations. Despite the lower
range in dead biomass stocks compared to total and live biomass, our results
demonstrate the amount of dead biomass presantthe primary forests of the
Carpathians is similar to other European temperate fordstaeger et al(2017)show

in old-growth forests of Bavaria, Germany, the range of dead biomass wag32342
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Mg h&?!, which is similar to levels in the Carpathians at coarse scales (#pble
Deadwood is often omitted from studies on forest development due to difficulties of
measurement. An inclusion of deadwood helps establish a deeper insight into the state

and type of carbon storage in an ecosystéBormann and Likens, 1979)

5.1.5 | Abiotic Conditions and Their Influence on Biomass Stocks:

Environmental Effects

Our findings are similar tdanda et al(2019) whereby spruce forests exhibit a
westward trend of decreasing basal area at stand and landscape scales. These general
patterns may be influenced by higher disturbance severities in Western landscapes that
generate larger stocks of dead biomass. High 8gvdisturbance regimes are driven

by intense windstorms and extensive bark beetle outbreaks, which are the main drivers

of mortality in spruce forest€landa et al., 2019The combined effects of windstorms,

bark beetle outbreaks and a higher portion of pure spruce stands with few mixtures
may contribute to the higher disturbance severity in western landscapes. The most
influential disturbance agents that cause mortalityr@ss the mixed beech forests are
windstorms and senescence processe€ NI y' 1 2 @A & In Sontrast, the Sprucen H m 0

forest suffers from increased bark beetle outbreaks and windstorm events that occur

at high elevations and steeper sités2 R S |t ®X HnanunT W YRI

2018) Mortality of these trees that produce the dead standing biomass cohort
represents a stable carbon pool for many decades due to the low decomposition rates
(Meigs and Keeton, 2018Fompetition in the mixed forest may induce mortality since
there is a higher demand for light availability, access to nutrients and space for growth,
whereas growth in a pure forest displays less variability in biorfBagkowicz and

Paluch, 2019; Keeling and Phillips, 2007)

5.1.6 | Conclusionsf the firstsubchapter

A main goal in this study was to evaluate the capacity of primary forests to sustain net
positive biomass accumulation rates. We demonstrate that primary forests in Central
Europe reach maximum biomass over centuigesy time frames. Estimated biomass

levels present in extant Carpathian primary forests are comparable in magnitude with
biomass stocks that have been quantified for other temperate primary forest regions in

mid latitudes. Mean plotevel tree age was identified as the most important driver of
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OA2YlI&aa Ay 2dzNJ IylrtfteasSaoe 2SS ARSYGATASR
biomass levels peaked at the plot level. We documented a reduction in biomass, albeit
modest, in plots surpassing this age threshold. Unexpectantly, controlling for tree age
the effects of antecedent disturbance severity were not an important predictor of

observed biomass amounts. We suggest that future studies evaluate the effects of

alternate disturbance parameters on resulting biomass.

Our results support prior findings that primary forests serve as critical carbon sinks and
store and thereby provide an important climate regulation funct{@uyssaert et al.,
2008) However, the functional integrity of primary forests is threatened by ongoing
environmental changes. For example, global change factors have triggered a recent
acceleration of tree mortality rates in divergent forest biomes across the globe
(Hartmann et al., 2018) The effects ofincreasingly severe drought, warming
temperatures, land clearing and wood harvest, among other factors, are
multiplicatively impacting tree demography and forest productivity. Additionally,
although disturbance effects were not important in our study, irctsarelated to the
recent emergence of more extreme and frequent windstorms, fires and insect
outbreaks are largely unknown. We suggest that results from this study demonstrate
that safeguarding residual primary forests from land clearing and managempatim

may serve as an effective climate mitigation strategy.

5.2 | Tree structure and diversity shape the biomass of primary

temperate mountain forests

We found heterogeneity in tree size and genus distribution positively influenced
biomass in supporting a diverse range across the three spatial scales (plot, stand,
landscape) (Q). Interactive models revealed that mean plevel tree age,
disturbances, and genus and structural complexities interact to create diverse forest
compositions (@). These interactions support the accumulation of live and dead
biomass through continual regeneration, growth and decay in a spatially diverse forest
ecosystem. Thus,oafirming both hypotheses regarding the interconnected role of
structural complexities in basal area index, supported by géenes abundance,

positively influences total biomass stocks2YHForest composition complexity (tree
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genus diversity, structure) results from local processes such as disturbance regimes,

uneven tree age and natural regeneratior3jH

We found the degree of heterogeneity in forest composition greatly controls the spatial
distribution of biomass across the primary forests. Matwminant beech and spruce
forest plots exhibit contrasting structures, with sprudeminant plots featuring a
similar size range, while beeatominant plots show a broader range in tree sizes.
Assessing the relationship in structure and genus with biomass shows that stocks are
modulated by the effects of tree size index and tree diversity. Thus, the complexities in
forest composition significantly influence the spatial variability and range in biomass

stocks across forests at similar altitudes and levels of complexity.

5.2.1 | Influence of forest structure and genus diversity on biomass

Our findings show that complexities of gerlesel tree diversity and structure have an
interlinked effect on biomass, similar to the results reported(¥Wang and AJi2022)

This difference in biomass stocks varied between forest types, with mixed beech forest
plots a greater range in the valuestode size and genus abundance compared to most
spruce forest plots. We found that forest heterogeneity levels can lead to a decline in
biomass stocks, due to the lack of diversity or minimal variability in structure and-genus
level diversity, which is strgly influenced by the relative effects of forest composition
(Hgure6). The spatial variability in forest structure was positively correlated with genus
level diversity, particularly in sites where there is a minimal difference between tree

size index ad tree diversity across most plots (supplemeg}.S

5.2.2 | Interactions between forest biomass and structure

We found the interactive effects of tree age and natural disturbances, Shannon indices
(tree diversity and tree size index) to be the most important factors influencing the
spatial variability in live and dead standing trees and biomass. Our resultsralae $0
Ehbrecht et al.(2021) in finding the uneven distribution in pléével biomass is
influenced by a multage and tree size structure and interlinked with the variability in
tree diversity (seesubchapter5.2.3. The distribution of dead trees showed a higher
level of variance in tree structure, with a higher basal area index but lower genus

abundance. This further demonstrates how the distribution of biomass is
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heterogeneous across the Carpathians and related to complexities in structure (basal
area index, tree size index), and its interaction with tree diversity. Using a full range of
tree sizes, rather than specifically analysing the influence of small or tleege, was
more important for addressing the spatial variability in forest composition and biomass
across forest plots (supplemen2.8 ¢ GAMMS). This provided a better insight into the
uneven structure of the primary forests at the plot scale and int&dd relationship
between genus diversity and variability in tree structure with bion{&ssis et al., 2018;

Wang and Ali, 2022)

The variability in tree structure is modulated by the effects of age and natural
disturbance in maintaining an uneven, heterogeneity ecosystem. Natural disturbances
in the region typically leads to partial or total tree breakage, which facilitates an nneve
tree size range through a mixture of canopy structures (Synek et al. 2020). The
mechanisms of creation of canopy openings enable suppressed trees to ascend through
the forest stratum, resulting in an uneven forest structure, which then contributes to
overall biomass stockChoi et al., 2023 argediameter trees are more susceptible to
uprooting and breakage from windstorms, than smaller trees due to a lack of flexibility
and often greater internal decayPatacca et al., 2023pmall trees benefit from being
sheltered by neighbouring tre€kutz et al., 2018)Canopy openings formed by patterns

of complex, moderate disturbance regimes facilitate younger individuals to develop
into largediameter trees (> 60 cm, dbh). In the context of the Carpathian primary
forests, such processes maintain a structural compleacross forest strata. Whilst >
50% of the biomass is stored in largBameter trees, the uneven distribution in smaller

trees helps maintain diversity in structure and genus (see supplemenfi@fre S5.4).

5.2.3 | Interactions between forest biomass and geihesel diversity

Our analysis showed that tree genus diversity is highly correlated with structure in
supporting increased biomass stocks (figure 4). However, sites dominated by beech and
spruce in the respective forest types, hence low diversity, showed that biomass stock
remained high due to heterogeneity in forest structure. We found tree diversity,
observed at the genus level, to have a lower mean (as a dimensionless index) compared
to tree size index (supplemenfS ¢ table .5). This difference stems from tree size

index containing a broader range in values due to the broad variability of basal area
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index, whilst number of genera is broadly similar within each forest type. Interestingly,
we found dominant beech plots in Western Slovakia contained the largest range (0O
0.99) across the Carpathian primary forest plots in our study (supplenZ8t $able

2.5). In plots where dominant genus such as beech and spruce are mixed in their
NBEaLISOGAGS F2NBad GelL)lS KFIgS || KAIKSNI I Y2dzyi
size index and genus diversity is minimal or closer to 0. Whilst most plots have a similar
mean diameter range, higher IVI relating to a greater presence of dominant genus
(beech, spruce) showed an increase in total biomass across all landscapes@figure
Interestingly, monedominant beech plots (IVI > 150) in the Southern Carpathians
showed higler biomass with increasing dominance. However, the difference between
other landscapes and forest types was minimal (figéreMixture of subdominant
genera, where beech and spruce have a lesser dominance in their respective forest
plots, respond with a high biomass that is within a similar range to the rdamainant

plots (figure6 & supplement 3.3¢ figure S2.6.

The uneven species distribution across the Carpathian reflects the characteristics of

primary forest and how varying local conditions can modulate genus diversity, tree size

and the overall biomass stocks in an ecosyst@htang and Ali, 2022; Zeller and

Pretzsch, 2019)0ur results showed that the structural complexities in tree size (basal

area index and tree size index), rather than tree diversity, may be a better indicator;

with complexities in forest structure supporting better resilience and resistance to
disturbarce events that allows trees to continue growing to larger s{g#wi et al.,

HAHOT aAl2ftt O SG It o2 .HoweverTboth strfictital andS RNR S
species indicators have a crucial role in assessing the degree of biodiversity in a forest

and their interlinked relationships with biomass stocks.

5.2.4 | The relationship between forest biomass, tree age and size

distribution

We found that plots containing a mixture of tree age and size range positively
influenced the amount of biomass. Primary forests with large old trees together with

cohorts of trees with a range of ages facilitate a stable carbon store for ~225 years
(Ralhan et al., 2023¥hich was found to be supported by complexities in basal area

index. Moreover, the variability in age cohorts, ranging from plots or stands containing
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a large number of old trees to less mature trees through regeneration, maintains a
diverse age and size structuf@anda et al., 2019; Keith et al., 2009; Yuan et al., 2019)
Our findings are similar to other regional studies, such as Zeller & Pretzsch (2019), in
assessing forest structure and species diversity from tree to stand level across Central
Europe. Additionally, we found that complexities in the full tree size gretiss
diversity range were positively linked with an increase in total biomass stocks
(supplement 3.2 ¢ GAMMs). Biomass can remain stable, if the range in tree age and
size within an extant community are uneven and forest development is not heavily

compromised by disturbance@iponiot et al., 2022)

5.2.5 | Effects of natural disturbances and structural complexities on

biomass

We found a positive relationship between biomass stocks, age and disturbances for
both live and dead tree models (tabl®). Dead tree models revealed a stronger
relationship due to a wider size range compared to live trees (supplen2ed)t Slatural
disturbances can have variable effect on forest development, based on the severity,
intensity, frequency, and impact on different tree sifBatacca et al., 2023; Sabatini et
al., 2020; Seedre et al., 2020; Szwagrzyk and Gazda, RQdal disturbances are key
components in a forest, in supporting forest heterogeneity by maintaining diversity in

tree size and structural complexities.

Whilst moderate disturbance severity may not lead to staepglacement impacts in

most forests, their effects vary due to local processes and site conditions. In the spruce
dominant primary forests in the Carpathians, moderate disturbances produced high
structural complexities, which led to an optimal balance in carbon storage and
biodiversityo a A { 2 £ + O . $ifhe ¢astebrdUnitechStake®hoi et al(2023)found

that moderate disturbances enhanced canopy structure complexity, supporting
resistance and resilience to a disturbance. Higher severity disturbances (i.e., > 60% CA)
produce larger openings, and topography influences the degree of exposure to solar
radiation, thus affecting canopy recruitme(®avlin et al., 2024 )Disturbance events

can greatly influence tree size ranges and spatial scales and are a key characteristic of a
forest shaped by natural disturbanc@shoi et al., 2023; Lutz et al., 2018; Szwagrzyk and
Gazda, 2007)
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Most plots in our study experienced disturbance events that affected forest
composition at scales of less than 1 ha, with isolated occurrences ofshigrity
events, typically in Slovakian spruce forest plots at the stale of greater than 1 ha
62FRIF SG Ff®X HAauAnT CNIY120A6 SO FfdX HAuMT
et al., 2020) Patacca et al(2023)found a dramatic increase in frequency of natural
disturbance events across the European continent between 1950 and 2019, with bark
beetle outbreaks, windstorms and fire being the primary disturbance agents. Increasing
trends in disturbance events, and efges to both frequency and severity, could amplify
the effects of sequential disturbance agents such as bark beetle outbreaks in the
dominant spruce forests, adding to the highly stochastic pattern in darftdgieksa et

al., 2009; Patacca et al., 2023)

5.2.6 | Effects of climate and topography on forest composition and

biomass

We found temperature and altitude strongly interacted with live getexgel abundance

in influencing biomassinterestingly, no other model found a substantial effect on
forest composition (basal area index and abundance), which had a lesser degree of
importance than interactions with age, disturbances, and Shannon indices (tree size
index, tree diversity). Thisay be due to the high correlation between pletvel genus
indices (abundance, tree diversity) and structural data (basal area index, tree size index)
indices with total biomass. Changes in species and structural complexities across
different altitudes maybe sensitive to global environmental change, specifically,
increases in thermal sensitivity in controlling species occurrence, growth and biomass
stocks(Anderegg et al., 2020; Wang and Ali, 2022)isture limitations can also affect
forest growth and biomass, which can be more pronounced along an altitudinal
gradient(Case et al., 2021; Wang and Ali, 202®hilst we did not find an important
trend with climate water deficit (CWD), we do not rule out the importance of CWD, in

addition to temperature, in controlling species growth and biomass.

Swetnam et al.(2017) found comparable results with topography being highly

correlated to carbon store, in monitoring forest carbon and water constraints in a sub
alpine coniferous forest with fir, spruce and pine in the US. The variability in local
topographical conditions, sin as slope position and aspect, were found to have a
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stronger influence on biomass carbon accretion than climatic condi(ing&tnam et

al., 2017) Duduman et al.(2021) found a positive correlation between maximum
biomass of three main generalfies, Picea, Fagustrongly varied with altitude, with
species diversity declined with increasing altitude with stands above an intermediate
altitude gradient (i.e., > 1,000 m), which contained maximum carbon stocks, showed a
decline in standevel species to > 2. The teewature-altitudinal gradient directly
influences the amount of biomass a forest can accumulate by affecting tree height,
exposure to solar radiation, growth ratage, and wood densifAnderegg et al., 2020;
Dolezal et al., 2020; Duduman et al., 2021; McDowell et al., 2020; Ullah et al., 2021)

5.2.7 | Conclusions of thesecondsubchapter

Our study aimed to assess the spatial variability in aboveground living andbbeaass
stocks, its relationship with structural and species diversity, and environmental
conditions across the Carpathian primary forests. We found th&) (@ combined
effects of basal area index and abundance were important for explaininggttigbility

in live and dead biomass across three spatial scales (plot, stand, landsc2pd)d(ell
biomass stocks showed a strong interactive effect with mean age and disturbance when
testing their relationship with the spatial variability in forest composition (i.e., basal
area index, genus abundance)jQOur results showed how the interaction between
tree age and natural disturbances supports a complex forest composition. These
interactions enable the forest ecosystem to provide a stable carbon gtowmugh
current and ongoing structural complexities and species diversgy {Hhus, confirming

our hypotheses that (B) structural complexities and tree genus diversity influence
biomass stocks and (H2) forest heterogeneity, mediated by age and disturbances,

positively influences biomass.

The interactions of biotic and abiotic factors that create heterogeneity in forest
composition enable accumulation of large stable carbon stocks in the ecosystem. We
emphasise the importance of assessing carbon stock, which is often understudied, in
favour of carbon flows and ecosystem productivity. Climate change presents-multi
faceted uncertainties upon ecosystems globally, which could threaten the stability of
primary mountain forests. Understanding the current state of these forests offers a

deeper ingght into the processes that facilitate forest development, benefiting carbon
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storage and biodiversity. Quantifying biomass carbon stocks in primary forest
ecosystems is crucial to better evaluate the ecological and functional processes without
direct impacts from human activities. Therefore, protecting primary forests is
paramountto ensure their future security and ability to maintain large carbon stores

that contribute to climate mitigation.

5.3 | Spatiotemporal variability in carbon dynamics across the primary

forests

5.3.1| Trends in carbon dynamics across the Carpathians

Across the majority of the primary forest stan(@5) carbon dynamics showed a steady
trend across the Carpathians, with a gradual increase in carbon stokss most sites,

over time with an average fivgear interval between censusesotably, total carbon
stocks remained within range of the first census. However, spruce forest plots showed
a wider range in carbon, particularly in the Western landscapes, which showed a higher
mortality rate than the Eastern and Southern landscafesnds in dead carbostocks

were highly variedbetween sites due to variations in disturbance events causing
mortality which supports a heterogenous forestandscapscaleanalysis of carbon
stocks across censuses revealed stable total carbon across the Carpatvhians at

the coarser scalecreasein live carbon stocks was greater than mortal{y4) Mixed

beech forests showed a consistent increase in live carbon, averaging between 5 and 7
tC ha. In contrast, spruce forests displayed a wider range of live carbon changes across
landscapes, froml15 tC ha in Western Slovakia to 28 tC-ha Eastern Romanidhe
variability in mortality across the Carpathians stems from spatial and temporal
differences in specific disturbance events (e.g., bark beetle outbreaks) at some sites,

which converted live biomass to dead biomass.

Assessing the drivers of carbon dynamic6)(@vealed support for age and mortality
influencing carbon fluctuations over time and space. Changes in carbon stores, whether
total, live, or dead, was found to be driven by the interaction of tree age and recent
mortality between censuses. The continuaeésence of large diameter trees (> 60 cm,

dbh) in both censuses allows for live carbon stocks to remain stable and steady (figure
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S3.4). The interplay of local factors, from climate, tree species traits, natural
disturbances, and historical land management practices, drives the accumulation of
large carbonstocks infrom largediameter trees(Keith et al., 2024, 2009; Lutz et al.,
2018; Mildrexler et al., 2020)his further highlights the important quality of primary
forests, where the absence of direct human activity allows large carbon stocks to
accumulate and be maintained in the forest for centuri#¢hile most spruce plots
revealed a increase in live carbon, they suffered higher mortality rates than mixed
beech forests. Notably, a significant portion of the dead carbon in the spruce plots
remained standing during the second census, while forest floor carbon levels (i.e.,
coarse woodylebris) remained relaely constant. The variability in dead carbon type
(standing and downed) may be due to the difference in disturbance agents influencing
each forest type. Wind and snowstorm events occur in both forest tgpésk RIS {i

2020; Janda et al., 2019; Seedre et al., 2020; Synek et al., 2020)

The frequency and intensity of these disturbance agents are more pronounced in the
spruce forests compared to the deciduous forestptot® R S | f ®X HAH 7S
2021; Synek et al., 20200his is due to the characteristics of the forest itself where
spruce trees at higher altitudes aexposed to more storms, in addition to being
affected by bark beetle outbreaks in some locatigddanda et al., 2019; Seedre et al.,
2020; Synek et al., 2020)he combined impact of multiple disturbance agents increases
the threat of bark beetle outbreaks, specifically affecting spruce trees. Such disturbance
regimes can substantially threaten the survival of spruce and are a factor for elevated
mortality ratesin the sprucedominated forests in the Western Carpathigfatacca et

al., 2023; Synek et al., 2020hisdifference in mortality and transfer to dead biomass
highlights the difference idisturbance regimeand the responses of each fordgpe,

with mixed beech forests showing higher resilience and stability than spruce forests.

5.3.2 | Variability in live, deadand totalcarbon stocks over time and space

The accumulation of live and dead biomass is a critical part of the biosjgheren

cyclein maintaining a healthy anbiodiverse ecosystem and a heterogeneous forest
6aAil12ftt O SG [t dX HaumT wl f).fOuryindiBgs indichtebe> H N
complex dynamic in forest development across forest types, driven by the uneven age

structure and recent local (pldevel) changes by mortality. These characteristics in
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ecosystem processes demonstrate that the Carpathian primary forests are a stable
carbon stock, with the accumulation of live biomass and decomposition acting as the
main change in forest demography before a natural disturbance event. Abrupt changes
in forest structure facilitate the natural regeneration of the ecosystem through a
mixture of lowto-intermediate recent disturbanceflanda et al., 2019; Ralhan et al.,

2024)

Trends in carbon accumulation and their dynamics revealed a distinct difference
between the mixed beech and spruce fores@rbon accumulationbetween the
census periods differed between forest typeath mixed beech forestslways positive

and ranging from 0.6 to 3.91 tC Rayr!, whereasspruce forestavere negative or
positive at different sites with a rangeom -3.48 to 1.76 tC hayr. While spruce
forests displayed a significantly higher carbon accumulatia in live biomasgshere

was also lgher mortality at many siteRRecruitment rateqi.e., ingrowth rateshlso
differed between the twoforest types, with mixed beech plots ranging from 0.36 to
4.03 tC ha yrt and spruce forests from 0.2 to 0.63 tCha™.

Trends in carbon accumulation and their dynamics revealed a distinct difference
between the mixed beech and spruce forests. Both forest types showed signs of carbon
accumulation, with mixed beech forests ranging from 0.6 to 3.91 tG/hkand spruce
forests from-3.48 to 1.76 t@a yri(figure 14, tabled). While spruce forests displayed

a significantly higher carbon accumulation, the distinct characteristics of beech and
spruce species dominance significantly influence carbon accumulation patterns.
Recruitment rateqi.e. ingrowth rateg also differed between the two types, with mixed
beech plots ranging from 0.36 to 4.03h&* yr' and spruce forests from 0.2 to 0.63 tC

hatlyrl,

5.3.3| Dynamics of carbon stocks

We found the rate of mortality and ingrowthwere consistent with other forest

ecosystemswith live carbon stock accumulating atséightlyhigher rate than mortality

ratesO 5dzlj dzS S Ff ®X HanumMT 58RSNAETA SO f®dX HAHOT
2019) Studiesn tropical and subtropical Andean montane foreilaique et al., 2021)

revealed higher amounts of carbon gaihsn lossesn old growth forests, driven by

90



sizedependent mortality and influence from disturbance regim@sque et al. (2021)
found that increased stem density, rather than changes in average wood density, were
the main drivers influencing carbon gaiddoreover, Duque et al. (2021pbserved
significant aboveground carbon gains in Andean forests despite changes in tree species
composition due to warming. Interestinglyrends in the Andean montane forests
showed ahigh mortality rate between 000 and 1800 m.a.s.l.the zonewhere species

have varying thermal tolerancéBuque et al., 2021)They attributed this mortality to

changes in species compositiagplementS3,table S.1).

Beech wood has a slow decay rate and thus dead wood is maintained in the forest
carbon store for decadedMeyer et al., 2021)Downed dead carbon showed a decline

in both forest types, with mixed beech showinglahtlylarger decline (mixed beech:

0.31 +2.48 t@a' yr?; spruce=0.16 + 2.34 tC hbyr?). The decrease immount of dead
downed carbonbetween censusesepresentsloss of carbon from the total biomass
pool, even though the absolute amounts are smdlhis decline in dead carbon
accumulationon the forest floorrepresents the balance between inputs to the pool
from standing dead trees falling and decompositidnhe dead biomass. However, the
mean interval of 5 years between censuses may be a short period of time for any

substantial decomposition to occ(supplement S3; figures S3.233.3).

A substantial portion of live carbon was converted to dead carbon (mortality) after the
second censusighlighting the needo monitor all biomass pool3.his was particularly
noticeable in the spruce forests in the Western danapes,where mean annual
increment rate of mortality was 3.03 + 6.52h@&* yr?, whilst the rangdor the Eastern
and Southern landscapepruceforestswas consideraly lower, being0.37+ 0.94tC
ha'yrtand0.78+ 1.33tC ha' yr, respectivelyln the mixed beech forestsnortality
rates were considerablyower, in the Westen (0.09+0.25tC hal yr?) and Easten (0.24
+0.55tC ha' yr!) landscapes, respectivel@urfindings arewithin range oDyderski et
al. (2023)in quantifying biomas dynamics acros$orce National Park, Polish
Carpathiansrevealing a averagemortality increment 0f2.9+0.01tC ha' 5 years' in
spruce forestsDominart beechforests in the Polish Carpathians revealedaaerage
increment of livecarbonat 6.65+ 0.01 tC ha 5 years! , howe\er, these vales are

based on anincrement of five years interval between measuremerttsan annual
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increment per year(Dyderski et a).2023) The altitudinal range in our study of the
Carpathian primary forests (600 1,735 m.a.d) was comparable t®yderski et al.
(2023)(640¢ 1,310m.a.s.l) anadbserved a similar trend with increasing mortality rates
with altitude (supplement S3, figure S3.2Dyderski et al. (2023jound that the
variability in local to regional disturbance regimes to altitude and topographic wetness
index as a measure gjotential soil moisture accumulatioand availabilitywere the
main drivers of biomasgs the Polish Carpathians. Mortality rates over aygar period
revealed a retreat of spruce and increased growth rate of beech and fir. Old growth
forests have larger trees that grow more slowly and die less frequéhitiglings by
Dyderski et al. (2023evealed that forests with a mixture of tree sizes have lower

mortality rates for older trees due to higher resilience to disturbance regimes.

Mortality rates also differed between the two types, with mixed beech ranging from
0.09 to 0.48 ta? yr! and spruce forests from 0.14 to 3.03h& yr?. This aligns with
studies bySzewczyk et a2011) supporting the more pronounced and variable growth
responses of beech and spruce in the Western Carpathwéen analysing changes in
stand densityandgrowth chronologiesThe difference in growth rates between spruce
and beechdue togreater climatic variability, as well as local climatic conditions. Spruce
are more thermaly sensitive, with changes in temperature and precipitation
significantly reducing growthBeech is less sensitive but still impacted by such
fluctuations in climatic condition§Szewczyk et al., 201I)his explains why the range

in mortality was greater in the spruce forest than in the mixed beddtausethe
spruce dominant forestbecome more stressedlue to adverse climate conditions
which makes thensusceptible to bark beetle outbreaks as a secondary disturbance
agent(Marchand et al., 2023Hence, these distinct characteristics of beech and spruce

forest types significantly influence carbon accumulation patterns across the landscape.

The higher range in livearbon incremenaindrate of mortality in the spruce dominant
forests demonstrates these plots exhibit a higher degree of varialiityeir total
carbon stocksLive carbon displayet clear patterrwith increasing mortality and age.

In contrast, total carbon stocks peaked at approximately ~225 years, aligning with
previous researcfRalhan et al., 2023Pead carbon stocks exhibited an inverse trend,

decreasing significantly after 200 years. In a-gamopean study byi Filippo et al.
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(2015) the maximum lifespan limit of 2®mperate deciduous tree species was 300
400 years, whilst the maximum medtot level tree age in the Carpathian primary
forests plots was 442 years Our findings suggest that trees can attain a maximum
lifespan of approximately 36800 years in these temperate deciduous forests. Beyond
this threshold, growth rates may continue at a substantially reduced rate or potential

plateau in carbon accumulation.

5.34| Drivers of Carbon Dynamid3isturbances

Historical disturbances shape the growth trajectories of mature trees, particularly those
with long lifespans that remain for centuries and continue to be an important carbon
sinkb YSAUGK SG f®Z wnawnT YdzSLIWISNE SiG |t oz
Seedre et al., 2020; Yuan et al., 20E0)wever, uncertainties concerning future climate
change may introduce a novel phase in disturbance regiftePowell et al., 2020)
impacting the accumulation of live and dead carbon. In the Norway spRiceg abies
forests of the Carpathians, the effects of natural disturbances at the coarse scale have
been difficult to distinguish when confounded by biophysical conditions such as
topography and climatic conditiorfdanda et al., 2019However, stands can reach high
carbon stocks after periods of high disturbance severity, whilst lower disturbance
severity levels lead to a stagnating carbon st(feeton et al., 2011; Seedre et al.,
2020) The mixed beechFagus sylvatigaforests of the Carpathians have a diverse
range in species and tree density and experience intermediate severity natural
disturbances that result in a muliayered forest structur€Choi et al., 2023; Meigs and
Keeton, 2018; Stillhard et al., 2022)

The amount of live and dead carbon remained within the mean rdraya the first
censusfor most landscapes. Western Slovakian spruce forests showed the highest
mortality, with a high proportion of trees in most stands identified as dead in the second
census. Despite the high mortality, which was limited to the spruce forests in the
Westernlandscapes and a few stands in the Southern landscape, ot@adlcarbon
stores remained stabl@across the Carpathianshis stability is due to the carbon
transferring from the living to the dead pool, as the majority, if not all, of the mortality
trees identified in the second census remained standing, allowing their presence to be

accounted for during forest inventories. However, such dynamics between censuses
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may be difficult to capture for downed dead wood since it requires the use of the line
transect approach, which identifigger censughe averagepresence of coarse woody
debris not the individual tree or logsConsidering these caveatssampling downed
dead wood, this approach remains suitable in quantifying the amount of carbon on the
forest floor at the fine scalthat can be remeasured along the same spatial dimensions
set by the plot sizeThe position of the line transectsising the sameapproach for
individual trees positioni.g., X,y coordinate} across all plots provides an account of

the change in coarse woody debris present per census.

Studies ontemperate forests innortheast ChingYuan et al., 2021demonstrate the

importance of largediameter trees (> 60 cm, dbh), which were found to represent over

pre: 2F 0 LX 23Qa 020/ fsimilérlpatt®mssyin carliog Bidskd 2 S A RSY
distribution with varying tree size, with > 50% represented in |aligeneter trees,

which is also supported bifeith et al. (2024)n a Europeasiocused study on the

carboncarrying capacity of naturallyegeneratng forests. Compound disturbance

events have the potential, depending on their intensity, frequency, and duration, to

compromise the stability of large trees, drastically reducing the amount of live carbon

in a plot(Keith et al., 2024; Ralhan et al., 2024; Yuan et al., 2021py take centuries

to restorecarbon stores foregont® pre-disturbance levels of live carbon

The mortality of a large, mature tree in a plot can significantly impact carbon dynamics,
with mortality rates exceeding the growth rate of younger trees as ingrowth and
incremental growth of remaining treeslnderstanding how primary forests, even those
containing similar dominant genera (beech, spruce), respond to these different
disturbance regimess crucial. In contrast to the Western Carpathians, mortality rates

in the Eastern and Southern Carpathian landscapes were relatively similar across forest
types. Interestingly, these eastern landscapes exhibited substantial carbon gains (0.01

25 tC ha yr?) in both spruce and mixed beech forests.

Despite substantial fluctuations in carbon stocks between live, dead, and ingrowth
components, particularly evident in Western spruce forests, the ovenabkimum
carbon of the primary forests remained relatively stable. This emphasises the

importance of disturbance regimes in maintaining forest structure and function.
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Notably, the increased level of mortality was particularly evident in spruce forests (>
1200 m.a.s.l), especially in the Western CarpathiBegch forests plots showedTéis
aligns with the increasing threats of bark beetle outbreaks and windstorms in these
spruce forests, leading to higher mortality rates in this specific lands(&yeek et al.,
2020) Although total annual carbon increment remained high in Western spruce
landscapes, separating live ingrowdghd mortality components revead a contrasting

trend.

5.3.5]| Drivers of carbon dynamics: age distribution

We established one of the first studies on the Carpathian primary forestséstigate

the spatiotemporal changes in carbon dynamics, but also establish protocols for
assessing primary forests natural carbon carrying capacity. Similar to trends discussed
in subchapter 5.1.8 Forest Biomass and Maturity, changes in carbon stores over time
and space supports a peak in accumulation at ~225 y@&athan et al., 2023)vhich is
much higher than previous studi¢keeton et al., 2011)After an average interval of 5
years between census, the primary forest plots show a steéachgase in live carbon

that is greater than mortality rates across the majority of pldtewever, he short
interval between censuses showed minimal deviation from the nesahon stock and

so there remains uncertaintiesbout the longevity of accumulation angiaximum
carbon stocksSimilar to single census studies on biomass (see subchapter 5.1), we did
not detect evidence for asymptotic carbon stocks over timeesponse to age, as in
Keeton et al(2011)and Zhu et al.(2018) in terms of saturated carbon stocks limited

by age.

Trends in carbon dynamics with age revealed that whilst net change in live and dead
carbon strongly varied between plots within a stand (i.e., at the-§icale), standevel
trends identified the overall stability of the carbon resenaaross the landscap®ur
findings suggest thathysiological treenaturity is not the primary driver of a losstime

rate of carbon gain in living trees. Instead, individual tree characteristics, such as
reduced hydraulic conductivity, seeta be more critical factors which limit a tree's
resilience to disease and pathogens, ultimately leading to mortality. This aligns with
Pavlin et al. (2024) and Synek et al. (202)ere intermediate disturbances play a

critical role in shaping canopy tree structure and in turn driving tree mortallity.
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addition to shaping tree structurethe physiologicakcharacteristicof a tree such as
reduced hydralic condictivity, can impact tree growth by restricting b system
development (Reich et al.,, 2014; Ryan and Yoder, 1997; Yuan et al.,.ZDii8)
restriction can increassusceptibilityto windstormdamageandtree uprooting, These
characteristics areommon inPiceatrees, which trend to have shallower rogslystems
compared toFagus especially at higher altitwsand in soils with a higher proportion

of rocks which prevenPiceatrees from developingleeproots for gability (Noreika et

al., 2019; Yuan et al., 2019)dditionally,Korolyova et al(2022)highlighted that other
physiological characteristics, such the reduced plasticitywith maturity, can also
impact tree structure, particularly witlolder trees compared to younger trees. This
diminished ability to adapto changing climate conditionsiakes older trees more
vulnerable to partial windstorm damage, potentially exposing them to disease and
compromising their defence mechanisms and survival. Therefore, individual tree
physiology and local factors like disturbance regimes emerge as crataafrdnants of

forest structure

5.3.6 | Conclusions of thehird subchapter

Our findings on carbon dynamics in the Carpathians reveal that the current state of the
primary forests, calibrated using field inventories and local species information such as
tree diameter and basal area, remains stable and continues to accumulasativdead
carbon stores(H4) However, the stability of these forest carbon stores may be
threatened by future climate change. Uncharacteristic disturbance events, such as
prolonged or abrupt droughts or windstorms, which are the primary disturbance agents
across the Carpathiansay increase the risk of a novel forest development ph{&sdk

et al., 2022; Janda et al., 2019; McDowell et al., 2020; Schurman et al., ZU9)
conditions may occur in the spruce forest plots, which exhibited a higher degree of

variability in terms of live carbon loss and increased mortality after the second census.

We acknowledge the limitations of this study, particularly in covering both spatial and
temporal changes in carbon stock, excluding temperature and climatic water deficit.
Uncertainties in data coverage influenced this decision. Despite this omission, we
recognise the critical role of climatic conditions, particularly temperature and water

availability, in regulating carbon dynamics and tree age distribution across primary
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forests. Our findings indicate that, over a short period, the primary forests have
remained stable with sustained growth across most stands. Notably, an exception exists

in the Western Slovakian spruce forests, which displayed significant mortality.

While our research provides high spatial resolution of carbon stores across the
temperate mountain primary forests, further studies are needed to capture changes
over longer periods, thus providing greater temporal resolution into carbon dynamics.
The abs¢ OS 2F YI Yyl 3ISYSyid FyR KdzYly 1 yR dza:
resilience to future climate change. Unmanaged forests promote a diversity of traits
within the ecosystem, such as a range of ages and structural sizes and a variety of
genera. Thifieterogeneity ensures the loAgrm stability of its carbon stocks and the

health of the forest as a carbon reservoir. Trends in carbon dynamics show the potential

for mature primary forests in mitigating climate change.

5.4 | Primary Forest Biomass: A Comprehensive Synthesis

54.1| Primary ForesBiomassCarbon

Based on our findings, the observed plateau in caraocumulation at approximately
200225 years in Carpathian primary forests may represent an equivalence of processes
of growth and decomposition until the next natural disturbance event at the site
(subchapter5.3). It is crucial to note that natural disturbance events, such as
windstorms, bark beetle outbreaks in the spruce forests, and water stress due to
warmer drought conditions, may likely disrupt this equilibrium if they disturb the
forests at a larger sde (i.e., > 1 ha). Such disturbances can sogmifly alter carbon
dynamics by removing biomass and creating opportunities for new growth, potentially
resetting the carbon accumulation process. Until the occurrence of such a disturbance,
the forest is expected to maintain its carbon stock within atreely narrow range with

continued accumulation of live and dead biomass.

The presence of one or two largikameter treesgreatlyincrease a plot's total carbon
store since larger trees store more carbon than smaller trees. Larger trees can shelter
them from intermediate disturbance. Such processes help maintain an uneven age and

size structure that ensures the continual growth atelelopment of the forest. Thus,
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it supports the primary forests' overall carb@arrying capacity, which can remain
stable due to the presence of larger trees, facilitating heterogeneity in structure and
speciesLuyssaert et a(2008)highlight the role of disturbance in creating unevaged

forests, essential for lonterm carbon storage and stability of eigtowth forests.

Moreover, Urrutia-Jalabert et al(2015)investigated olegrowth temperate rainforests

in Southern Chile and found that differences in disturbance regimes significantly
influence carbon accumulation. Forests with a history of fire disturbances tend to have
lower carbon storage (114.1 Mg C-Haand lack large, oldrowth trees. This is likely
due to the fires eliminating these loHdyed carbon storefUrrutia-Jalabert et al., 2015)
Conversely, forests that escaped major historical fires, as evidenced bfjrepre
estimates of largaliameter trees, exhibit a higher proportion of eigtowth trees and,
consequently, greater carbon storage (447.5 Mg &) hahis highlights the importance

of large trees in maintaining an uneven age distribution in a forest and accumulating

biomass over centuries.

Interestingly, studies b@®ndei et al(2023)on the relationship between tree diversity

and biomass across different biogeographic regions revealed that localised variability in
tree species and basal area were key drivers of biomass. \Wintii et al(2023)did

not include tree age in their study, our study revealed the importaoftree age
specifically the variability in age ranges within an ecosysianmediating tree size
distribution. The combination of largéiameter trees (> 60 cmdbh), uneven age
cohorts in a stand and varying rates of mortalitglpsto mediate carbon dynamics and

a positive increase in biomass stocks across the Carpathians (see subchapter 5.3).

Noreika et al(2019)explored the relationship between tree species, forest biomass,
and biogeographic regions. Their work highlights how tscale variations in factors,
such as stem density, tree size, topography, and latitude, significantly influence forest
dynamics and arbon accumulation. Whil&oreika et al.(2019)focused on a global
scale and did not consider tree age, our findings from the Carpathians support the
importance of sitespecific factors. Here, topography, tree density, aidersity of
generaplay vital roles in controlling carbon stocks and the ability of mature trees to

actively accumulate biomass (see subchapter 5.2).
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5.4.2| International Agreements and Carbon Accounting

International agreements, such as the Paris Agreem@MIFCCC, 201%nd the
GlasgowClimate PactUNFCCC, 2021aim to limit global warming, but concerns
regarding carbon accounting methods remain aaslressedn Keith et al.(2024) To
achieve climate goals, Europe needs to prioripsetecting existingstocks,increasing
forest carbon stocksand improwng carbon account protocols that are fit for the
purpose of quantifying the carbecarrying capacitpf primary forests and the potential
for natural regeneratn of secondary forestgKeith et al., 2024)Protecting existing
primary forests isvital for maintaining carbon storage arlde safeguardbiodiversity
that ensures the integrity and stability eEosystemsWhile largescale afforestation is
also important a tailored approach prioritising native species and biodiversity is
essentialand must take into consideration local conditidiosfacilitate the restoration

of native specieand support a heterogenous forestherefore, a balanced approach
that replicates the composition and structure of native ecosystems, such as primary
forests, combined with strict protection, would enhance biodiversity and carbon

storage capacityKeith et al., 2024; Mackey et al., 2015)

The ¢rict protection and restoration of primary forests, alongside responsible
management of other forests, offer rapid mitigation benefits and contribute to
biodiversity conservatio(Keith et al., 2024; Luyssaert et al., 2008; Mackey et al., 2021,
2015; Sabatini et al., 2020y his aligns with the European Green Deal and focuses on
protecting and restoring these vital ecosystems by supporting the-terg security of

the naturally regenerative forests and their biodiversity. Therefore, supporting an
unevenaged, multitiered forest structure with a mixture of tree species that occupy

different strata will benefit the longterm stability and security of the primary forests.

54.3| Safeguarding Primary Forests: Future Management and Challenges
In recognition of the future threats to the biosphere, there are increasing uncertainties
as to how terrestrial ecosystenmsparticularly the longevity of primary forests, will
respond and adapt to future climate changes. Effective management protocols

necessitate the continuecexistenceof primary forests to ensure their protection into
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the future. This requires comprehensive information on the state of these forests to
better understand how the ecosystem may evolve. This thesis demonstrates the

importance of forest inventories in assessing the state of the primary forests.

Mina et al. (2017) investigated the impact of various management strategies on
projected carbon stocks between 2080 and 2100. Their findings suggest that
unmanaged (natural) forests will experience the greatest increase in carbon storage,
followed by alternative managementtrategies. In contrast, businessusual
scenarios, where forest protection is limited, and lamgk change persists, resulted in
the lowest projected carbon stockblotably, the scenario with increased unmanaged
forests consistently showed higher carbon stores and offered additional benefits such
as greater biodiversity, improved watbolding capacity to prevent drougimduced
dieback, enhanced erosion control, aptbtection against rockfall and avalanches in
specific forest area@eith et al., 2017; Mina et al., 2017)

Predicted warmer temperaturesuntil 2150 in the Dinaric Mountains indicated a
marginal increase in projected carbon stocks along an altitudinal gradient, comparable
to the Carpathian primary foresina et al., 2017)While Mina et al.(2017)found

that warmer temperatures would briefly benefit forests at different altitudes, they do
not stipulate the range in temperature increase but rather the probability that such
locations may warm under different climate scenari@.ich projected changes in
carbon stores may enhance the capacity for carbon stordge,only if there is
improved resource availability in hydrologic activity and soil nutriergsulting in
minimal water stress due to drought conditiof¥uan et al., 2021Therebre, ifcarbon
uptake is going to increase, then there has to be a comparable increase in other limiting

resources, mainly water and nutrients.

If future climates continue to warm, this may lead to significant shifts in forest
development and natural disturbance regimé@glcDowell et al., 2020; Meigs and
Keeton, 2018)Native vegetation, such &cea may be outcompeted by genera that
typically thrive at lower altitudes, such &agusand Acer. However, postlisturbance

successional development could introduce a forest composition that is less diverse in
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structure, age, and species, with a lower proportion of lagig@neter treegMcDowell
et al., 2020; Meigs and Keeton, 2018)

Our findings reveal tht primary forests, which are prominently elgtowth forests, are

a stable carbon reservoiihisunderlines the need to safeguard all primary forests,
which hold a dynamic range of carbon stocks, biodiversity and age structure which is
characterised by their centuries of developmdRalhan et al., 2023%abatini et al.
(2020)found that while many European primary forests are within protected areas,
non-primary forests encompass a larger proportionarfd cover. If these neprimary
forests are given similar or the same protection status as primary forests, this could

potentially restore degraded forests within these same boundaries.

In the context of European forests, safeguarding primary forests, which only represent
0.7% of forested aresa(Sabatini et al., 2019 ecessitates substantially expanding
protected areas (1,132 kin(Sabatini et al., 2020$tudies by Sattini et al (2019, 2020)
underlire not only the importance of primary forests, hileir vulnerability to human
activity such as land us&oguaranteethe long-term survivalof theseprimaryforests

into the future, the ecological conditionaeed to be protectedsuch as diversity of age
cohorts, structure, and specieand these conditions need to be replicatéd non
primary foreststo support their restoration (Sabatini et al., 2020)This further
addresses the urgent need for integrated policy reforms, as seen by the ambitious
directive of the European Green D¢alrropean Council, 2023, 2018)at acknowledge
LINAR Yl NBE FT2NBalaQ ANNBLI I OSFotS @FfdzS | yF
efforts (Keith et al., 2009; Sabatini et al., 2020)

101



Chapter 6 | Conclusions

Primary forests serve as invaluable cartsbocks andsinksand thushelping mitigate
climate change Theseforests, characterised by their centurietd trees, maintain
diverse traits in tree size, age structure, and species diversity, contributing to their
ability to accumulate biomass and store carledfectively. These centuriesld forests
contain a long legacy of growth histories, preserved through the presence-gfath
trees, andthey continue to accumulate biomass. Therefore, maintaining the presence
of primary forests is critical to ensuring the letegm security of the ecosystem.
Primary forests are spatially fragmented and rare, particularly in temperate Europe.
Inadequate security and protocols for quantifying forest ecology and health may expose
these native forests to future climate change. This could compromise the overall
cartbon-carrying capacity of primary forests, potentially shifting them from carbon sinks
to carbon sourceskEffective forest monitoring is needed tpuantify and understad

that changes occurrinig the dynamics of their carbon stores and biodiversityd thus

contribute tomitigating climate change through active conservation and protection.

This thesis emphasises that primary forests reach their maximum biomass over long

time frames, with tree age being the most significant driver of biomass accumulation

(subchapter 5.1). Despite the modest reduction in biomass in older plots, primary

forestscontinue to serve as stable carbon stores. The interaction between tree age and

natural disturbances supports a complex forest composition, enhancing the
SO2aeaitsSyQa adGl oAt Al esudchaResB): ND2y aG2N)F 3S OF LI C

However, the functional integrity of these forests is threatened by ongoing
environmental changes, such as severe droughts, warming temperatures, and
increased frequency of windstorms, fires, and bark beetle outbreaks. The absence of
human management andahd use in primary forests promotes resilience to climate
change by fostering a diversity of traits within the ecosystesub¢hapter5.2).
Supporting a heterogeneous forest ensures the kergn stability of carbon stocks and

the health of the forest as aarbon reservoir. To ensure the future security of these
ecosystems, it is crucial to protect primary forests from land cleahiagvestingand
management impacts. Effective forest monitoring and conservation efforts are needed

to maintain their role as carbon sinks and mitigate climate change. Given their spatial
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fragmentation and rarity, particularly in temperate Europe, safeguarding these forests

is paramount to prevent them from shifting from carbon sinks to carbon sources.

This thesis provides new knowledge and information on the state of ecology in
temperate montane primary forests, focusing on a detailed account of their carbon
stocks and their variability over space and time. While temperate forests are well
researched irterms of their dynamics, more information must be provided covering a
large geographic area for temperate European primary forests. This thesis is one of the
few studies utilising a large network of permanent sample plots across Central and
Eastern Europe combining forest inventories, dendrochronological, and gridded
climate data to assess the relationship between biomass and biotic and abiotic factors

across the Carpathians.

Moreover, the research conducted in this thesis addresses the importance of primary
forest biomass and demonstrates that mature, -gidbwth forests are capable of
accumulating biomass for approximately 200 years and maintaining their stores beyond
225 yeas with minimal decline at a fine scale. While highlighting the importance of
primary forest as a stable, lorigrm carbon reservoir, it is equally crucial to address
how susceptible these native forests are to future climate chaargehumanactivities

such as land use. Despite the forest plots being in remote locations, far from human
settlements, it is important to protect these ecosystems to avoid any losses due to poor
or inadequate protection, which poses a high risk to the forests enfélte of climate

change
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S11| Forest Inventories

Figure S11: Landformfeatures the slope position of a plot within the scale of the stand
and identified during forest inventories and categorised lytdp of the slope; 2; the
peak of the slope; 8 middle position of the slope between the valley and tog;ldwer

positionof the slope close to the base; and; valley or a gradual slope

S12| Forest Biomass

Biomass: Part4Branch mass

Species Equation

Abies alba, Picea abies exp¢3.3163 + 2.1983 x log(dbh cm)) x
1.00803763592252

Acer, Aceplatanoides, Acer pseudoplatanus, Betuli  exp(3.7241 + 2.4069 x log(dbh cm)) x
Betula pendula, Broadleaves, Carpinus betulus, 1.38607162595035
Corylus, Corylus avellana, Fraxinus, Fraxinus exce
Salix, Salix caprea, Sambucus, Sambucus nigra
Sambucus racemosa, Sorbus, Sorbus aucuparia, 1
Tilia cordda, Ulmus, Ulmus glabra

expE3.248 + 2.3695 x log(dbh cm)-+ (
Taxus baccata 0.0254 x
basal area)) x 1.00258646540519

Fagus sylvatica expE3.7694 + 2.8003 x log(dbh cm)-+ (
0.0247 x
basal area)) x 1.46653457042711

Larix decidua expE3.2409 + 2.1412 x log(dbh cm)) x
0.967330408815134

Pinus cembra, Pinus sylvestris expE3.6641 + 2.1601 x log(dbh cm)) x
1.04508984648314

Table 3.1: Speciesspecific allometric equations faalculating branch mass devised

from Forrester et al. (2017).
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Biomass: Part i Foliage mass

Species Equation
Abies alba, Picea abies exp¢2.1305 + 2.0087 x log(dbh cm)-+
0.0324 x
basal area)) x 1.04450283517212
Acer, Acer platanoideBetula, Betula pendula, exp(4.2286 + 1.8625 x log(dbh cm)) ;
Broadleaves, Carpinus betulus, Corylus, Corylus avelli 1.0636530778921

Fraxinus, Fraxinus excelsior, Salix, Salix caprea, Samkt
Sambucus nigra, Sambucus racemosa, Sorbus, Sort
aucuparia, Tilia, Tilia cordata, Ulmus, Ulmus glabra.

Acer pseudoplatanus exp(4.0625 + 2.0662 x log(dbh cm)) ;
1.00318132717147
Taxus baccata expE2.6019 + 2.1097 x log(dbh cm)-+
0.0404 x
basal area)) x 1.01325784347909
Fagus sylvatica expf4.4813 + 1.9073 x log(dbh cm)) :
1.08751755461533
Larix decidua expE3.8849 + 1.7502 x log(dbh cm))
0.956852217638524
Pinus cembra, Pinus sylvestris expf2.4122 + 1.8683 x log(dbh cm)-+
0.0537 x

basal area)) x 1.03396760040159
Table 3.2: Speciesspecific allometric equations for calculating foliage mass devised

from Forrester et al. (2017).

Biomass: Part 1§ Stem mass
Species Equation

Abies alba exp(3.2683 + 2.5768 x log(dbh cm)) x
0.987286775425715

Acer, Acer platanoides, Acer pseudoplatanus, Betul — exp¢2.4521 + 2.4115 x log(dbh cm)) x
Betula pendula, Broadleaves, Carpinus betulus, Con 0.936149672763302
avellana, Fraxinus, Fraxinus excelsior, Salix, Salix ca
Sambucus, Sambucus nigra, Sambucus racemosi
Sorbus, Sorbus aucuparia, Tilia, Tiliadata, Ulmus,
Ulmus glabra

Taxus baccata exp(2.7693 + 2.3761 x log(dbh cm) +
(0.0072 x basal area)) x
1.03850427882888

Fagus sylvatica exp(1.4487 + 2.1661 x log(dbh cm)) x
0.997918893742347

Larix decidua expE2.4105 + 2.424 x log(dbh cm)) x
1.01854983592874
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Picea abies expE2.5027 + 2.3404 x log(dbh cm)) x
1.05988395278679

Pinus cembra, Pinus sylvestris expE2.3583 + 2.308 x log(dbh cm)) x
1.03342764129309

Table 3.3: Speciesspecific allometric equations for calculating stem mass devised
from Forrester et al. (2017).

S13| Generalised Additive MixeHffects Models [GAMMS]

The generalised additive mixed model (GAMM) is built in stames. The first stage
involves testing (Q1) each grouped parameter with biomass type (total, live, and dead)
and forest composition. The second stage selects the most significant variable from

each grouped parameter to identify the trends between (Q®}ibiand abiotic factors

and biomass type.

Generalised additive mixesffect model: Part¢ model selection:

Group Variable Equation

MTaeE@U G YOO D OQANAR O | 0WEQ
i 0 ehbmno

Plotlevel tree age P 0 ¢ BIQE G i be 6 i dodae § oRinae o
g i 0 ®mE Qi atfmo

Age
Plotlevel treeage ¢ & ¢ &Q¢ G i D¢ an € i ‘WOCOBIRQ 3
variance DOQINAB O | 00E QI &t
Disturbance . o 0@t a Oéanéi TWOIRIES O OQIRAR 6
: Plot level disturbance g
severity i 0WeE Qi &ehno
Plotlevel altitude T 0e @0e a o weanet g.jo.:f EE DO Qinaa o
i 0WeEQIi aeMwo
Topography
Plot level landform v & & BOE a @s anéi dodseEQ Qe a
0OQINAB O | 00E Qi athdo
Plot level mean @ 0éBQE A DEanéi ‘Aode en 0 OQNAR o
temperature i 0ME QI 0 EDO
Climate

Plot level climatic ~ x & ¢ 8Q¢ G ¢ ®¢ anéi Uo6AR 0 GQNQAG o
water deficit i 0EQI aehbo

117



Table 3.4: Generalised additive mixegffect models expressed as a series of equations
for testing thevariability in biotic and abiotic factors with biomass type (total, live, age).
Age = mean plekevel tree age (years); Age sd = variance in-lghe¢l tree age (years)
represented by the standard deviation; dist = mean féstel disturbance severity
(removed canopy area [CA%]); alt = mean {éofel altitude (m); landform = pldevel
slope position; temp = mean plkievel temperature £ ); CWD = mean pldevel

climatic water deficit (mm).
Where log(biomass) is the natural Wr@nsformed biomass (total, live and dead) for
each respective model series, s is the tplate regression spline applied to each

variable with standre and paired plotre set as the random effects.

Generalised additive model: PartICandidate model selection:

Total model Live model Dead model
MO: - MO: - MO: -
M1: age M1: age M1: age sd
M2: age + temp M2: age + dist M2: age sd + CWD
M3: age + temp + alt M3: age + dist + alt M3: age sd + CWD + land

M4: age + temp + alt+ dist M4: age + dist + alt + temp M4: age sd WD + land + dist

Table 3.5: Structure of the candidate model selection approach for testing the
significance or nosignificance of the explanatory variables with total, live and dead
biomass for each respective model series. Intercept¥ge =mean plotlevel tree age
(years); Age sd = variance in pletel tree age (years) represented by the standard
deviation; dist = mean pldevel disturbance severity (removed canopy area [CA%)]); alt
= mean ploflevel altitude (m); land = pldevel slope psition; temp = mean plekevel
temperature @ ); CWD = mean pldevel climatic water deficit (mm). Based on the
NAIC, the models follow a hierarchical structure by testing the 1st,>Xnoth most

significant variables.

118



Group

Disturbance

Model tercent Age severity Topography Climate
P Age Age sd Dist Alt Landform  Temp CwB CWD
AIC  109.75 -829.5 -693.06 -699.82 -693.77 -687.32 -721.21 -697.03 -703.71
(%) 0.87 0.84 0.84 0.84 0.84 0.85 0.84 0.84
Total Re 0.4
— 0.5 0.45 0.45 0.45 0.45 0.45 0.45 0.45
model (M)
n! L 939.25 0 136.44 129.68 135.72 142.18 108.29 13246 125.79
S 9 1 7 4 6 8 2 5 3
rank
AIC 573.89 -14551 67.67 41.37 58.94 74.74 58.75 84.22 67.02
(%) 0.8 0.74 0.75 0.74 0.74 0.74 0.74 0.74
. 0.31
Live & 0.4 0.32 0.32 0.32 0.32 0.32 0.39 0.32
model (M)
n! L 7194 0 213.18 186.88 204.45 220.25 204.26  229.73 21253
AlC 9 1 6 2 4 7 3 8 5
rank
AIC 154415 1499.67 1498.31 1501.86 1503.76 1498.85 1504.04 1504.17 1498.04
(%) 0.33 0.33 0.33 0.33 0.32 0.32 0.32 0.34
Dead R 0.14
— 0.14 0.15 0.14 0.14 0.15 0.15 0.09 0.34
model (M)
n!t L 4477 46.11 1.63 0.27 3.82 5.72 0.81 6 0.14
AlC 9 4 2 5 6 3 7 8 1
rank

Table 3.6: Results from the generalised additive mixed models (GAMMs)imitihl

model selection approach for total (left); live (middle); and dead (right) biomass for
each of the four groups: Age, Disturbance severity, Topography and Climate. For
comparing the performance of each model, the Akaike information criterion (i€);
RAFFSNBYOS 'L/ op! L/ 0 F2NJ adlyRIFINRAAAY3
dead); R2 (M) = Marginal R2 values accounting for the fixed effects; R2 (C) = Conditional
R2 values accounting for both fixed and random effects; Age #eletmean tree age
(years); Age sd = pligvel tree age (years) represented by the standard deviation; dist

= disturbance severity (removed canopy area [CA] %); alt =lgMel altitude (m);
landform = plot position along a scale gradient; CWB = climatienmtlance (mm);

CWD = climatic water deficit (mm); temp = pletel mean air temperature (°C).
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S14| Trends in Forest Biomass
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Figure S1.2Landscapacale spatial variability in forest biomasstegorised by forest

species composition (pure beech, beech, mixed beechgfch, pure spruce, spruce,

mixed spruce, and mixed) and forest type (mixed beech and spruce). Forest species

composition: Pure beech = > 90%; beech =9®%; mixed beech = 505%; Fibeech

= fir < 50%, beech < 50%; mixed spruce =AY, spruce = 7590%; pure spruce = >

90%; *Mixed forest combines 27 plots from the categories due to low frequency of

plots: Mixed forest (100% other [neBeech, Spruce, Fir], n = 1), SBuc 6 { LINIzOSY x Tp

KX obre: T QHIKSINYY min M0OS aAESK & pINIzOS50%,$ NKHZOS Y X
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dead biomass plots = 644. Box presents the distribution whdskers indicate the

minimum and maximum range in values.
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Figure 3.4: Standlevel aboveground livedead standing and downed biomass (Mg'hacross the Carpathians. (Eastern, Southern, Western)
two major forest types (mixed beech and spruce): aboveground live (green), dead standing (light blue) and dead downedredmaSpruce
forests, Eastern Carpathians = Dead biomass was noturezhguring forest inventories in Calimani 1, 2, and Giumalau 1 when using the tra
line approach for indicating dead downed trees and coarse woody debris and the presence of dead standing trees in theae tsrithe

measurements was taken.



S15| Climate data

Forest species N Temp CwD
Landscape Foresttype composition plots °C) CWB (mm) (mm)
Pure beech 474.21 £
72 535+13: 163.26 27.9+15.9¢
. Beech 525.74 + 24.26 +
Mixed 24 488+0.9¢ 116.89 10.55
beech
Mixed beech 518.49 + 25.16 +
9 481+1.27 153.23 10.87
Eastern Mixed forest 1 4.38 594.25 19.11
437.23 £ 23.08 +
Pure spruce 197 2.89+0.57 298.84 11.71
Spruce 1351 +
P Spruce 20 3.07+0.5:702.59 +258.  10.63
649.56 +
Mixed spruce 12 2.61+062 28566 13.35%7.4¢
56.95 +
Pure beech 36 4.53+1.3:24531+137.. 16.06
Mixed 172.49 + 53.59 +
beech Beech 14 432+121 11543 14.67
Southern Mixed beech 25 3.98+0.5£178.16 +£59.2 49.2 + 7.56
Mixed forest 9 3.97 £0.22164.66 £ 34.9:50.15 + 5.7¢
Pure spruce 103 3.45+0.8225.25+74.0042.75+7.8
Spruce Spruce 8  3.6+0.57 219.4 +72.9143.35 + 5.6!
Mixed spruce 6 2.62 £ 0.7 346.68 + 88.4' 33.8 + 6.95
Purebeech 15 4.79+0.5€501.4 + 129.5126.24 +9.7"
Mixed 499.05 +
beech Beech 19 4.66+05% 115.26 25.64 +8.8:
Mixed beech 29 4.7+051507.67 £96.3'24.76 + 6.9!
Western Mixed forest 17 4.63+0.3¢488.43 + 87.4:25.86 * 6.8¢
Pure spruce 99 2.57+0.98845.14 +161.. 7.54 +3.91
Spruce 779.91 +
Spruce 10 2.74+09¢ 202.67 9.18 £5.39
Mixed spruce 1 1.85 982.64 451

Table 3.7: Trends in climate forest species composition group, forest types (Mixed
beech, spruce) anthndscape (Eastern, Southern, Western) across the Carpathians,
using mean () standard deviation. Mean stdedel trends in temperature and CWD
per forest type across the Carpathian primary forest plots. Mean annual climate data is
obtained from calculatig mean trends from 1958020 at the plot level. Temp = mean
annual temperature § ); CWB = mean annual climatic water balance (mm); CWD =

mean annual climatic water deficit (mm)
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Supplement | S2

.1 Importance Value Index

Forest type Genus prevalence IVIrange Number of plots

Beechg high >150 152

. Beech¢ medium  100c150 72
Mixed beech—5 ¢ che low <100 38
Spruce* G 8

Spruceg medium 100150 11

Spruce Spruce high >150 445

Table 2.1: Plotlevel genus category Plotlevel category in assigning the most
common genus based on the Important value index (IVI) score (on a scal20ff 0
within each plot.IVI rankprevalence of beech and spruce in their respective forest
types, ranked by low (<100), moderate (£@60) and high (>150) IVI scores, wittech

¢ mixed sprucéplots n =4) being plots in the mixed beech forests characterised as

being dominantly spruce in structure and genus coverage.

2.2 Generalised AdditivMixed-Effects Models [GAMMs]

GAMMs were calibrated using spatial autocorrelation (ts) with latitude and longitude,
with geographic coordinates converted into linear covariates using tpadRages
geodist and vegan. Thiplate regression splines were applied to fixed and random
effects, and spatial autocorrelation variables, with each predictor containing a smooth
function restricted to three knots to reduce artificial biological responses. By calibrating
each GAMM with spatial autocorrelation using latitude and longitude converted int
linear covariates, we account for spatial dependence in the models by factoring in plot
location. This allows the model to capture how the biological response variable changes
geographically, providing more accurate results that consider the spatia¢xoot the

data.

Prior to building the main models, we tested each variable with tree indices (live and
dead) independently, to investigate their performance, before creating the models
using the model selection approach. Exploratory testing was conducted to identify how
each variable per group response to mean gitel biomass (Mdnal) across the
Carpathians. Preliminary model testing with no assumptions and interactions to identify
the performance of each predictor with biomass, per live and dead standing trees. We
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calculated a filtered basal area and basal area index by excludingdamgeter trees
GAUGKAY SIFOK LX 20 x cn OY Rigeld treéZmaRhave anS Y A
the structural diversity in a given community. Rletel tree density is calculadl to

guantify the number of trees per hectare. Moreover, we tested the relationship smaller
00X cn OYO FyR fFNBS ox cn OY0 RAIFYSGSNI
standard deviation. However, we opted to use the full dataset since we found n
important relationship during preliminary testing (see supplement S1 for method and

S4 for statistical analysis).

In building the GAMMSs, we tested the variables in Table S4.1 to identify the ideal biotic
and abiotic factors to assess how they interact with forest biomass, structure (basal
area index), and gentsvel diversity (abundance). We used the basal area inddRe

main interaction variable based on the assumption that tree size strongly influences the
distribution of total biomass and contributes to gerlesel diversity. Since basal area

at the plot level is highly correlated with forest biomass, we optedge the coefficient

of variance of basal area at the plot level as an index of tree size variability, providing
insight into the variation of tree size range in different site conditions (i.e., gves

tree diversity, abundance).

Diameter at breast height (dbh) is measured for all live and dead standing individuals
across each of the 726 plots, providing a deeper understanding of tree size variability at
the fine scale. Furthermore, using genus abundance as the main interactiableao
represent genudevel diversity provides insight into how genus distribution and the
number of individuals belonging to each genus are correlated with biomass and

structure (basal area index).

Prior to developing the main models, we first conducted a series of tests to identity the
performance of each variable independently. Structural variables: basal area-index
coefficient of variance of pleevel basal area which includes the full randerees,

with the latter variables representing the coefficient of variance based on trees < 60
and > 60 cm, dbh, respectively; Tree density =-{goel tree density (hd); Tree size
index ¢ the proportion of basal area per dbh class using the Shannon index. Genus

variables: Genus abundance: the total sum of genus count present in each plot; Tree
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diversity- spatial variation in genus based on the Shannon Index; genus abundance
plot-level genus count. Combinegt { K | ¢ ¢ gaywise comparison of tree size index
(structure) and tree diversity (genus). Topography: Altitqdaean plotlevel altitude

(m); landform¢ plot steepness and landform, which categorises the position of each
plot relative to the stand it is nested. Climate: Temperatgemean plotlevel
temperature (°C); CWPmean plotlevel climate water deficit (mm). Age variables: Age

¢ mean plotlevel tree age; Age varianceepresent the coefficient of variance in mean
plot-level tree age. Disturbance variablesDisturbance severit, mean plotlevel
disturbance severity represented as a proxy of disturbed canopy area (%CA); Combined

disturbance variables; age x dgstean plotlevel tree age and disturbance severity.
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Category

Variable

Description

Supporting Literature

Basal Area Index
Coefficient of variance
of plot-level basal
area including full
range of trees.

Indicates tree size
variability, which
influences biomass
distribution and genus
level diversity.

Since basal area was highl

correlated with biomass, we

used the basal area index t

measure structural variance

within each plot (Aponte et
al., 2019).

Basal Area Index (< 6
cm)- Coefficient of
variance based on
trees < 60 cm dbh.

Highlights variability in
smaller tree sizes.

Uneven tree size distributior

categorising the
position of each plot,
nested within a stand|

(]
3 Basal Area Index (> € has a significant influence o
S cm)- Coefficient of | Highlights variability in forest biodiversity and
o) variance based on larger tree sizes. biomass stocks (Ehbrecht ¢
trees > 60 cm dbh. al, 2021, WangndAli,
. i 2022).
Tree Density Plot Refl_ects stapd density )
. which can influence
level tree density (-1fal "
1) competition and
' resourceavailability.
Tree Size Index : L
: Provides a measure o] Structural complexity in treg
Proportion of basal ) . ;
structural complexity | size classes influences fore
area per dbh class . . e
) and diversity within a| processes (Staudhammer
using the Shannon
. plot. andLeMay, 2001).
index.
Genus Abundance Represer)ts overall
genus richness,
Total sum of genus .
. important for
- count present in each )
P lot understanding
g plot biodiversity. Spatial variability in
9 . ) .
= Tree Diversity Spatial _Mea_sures genus species/genus d_|verS|ty_car
T R diversity, which can have a strong impact in
S variation in genus ) .
o affect ecosystem controlling biomass
T based on the Shanno . . .
S . resilience and accumulation (WangndAli,
c index. .
8 productivity. 2022).
Genus Abundance Reflects local genus
richness, useful for
(Plotlevel)- Plotlevel | . L .
fine-scale biodiversity
genus count.
assessments.
3 n{ Kl yyewise Integrates structural Quantifying the difference
k= comparison of tree . . between biodiversity indices
5 o and genus diversity to
c size index (structure) to see how the degree of
5 . : assess overall forest LT R
and treediversity . similarity or dissimilarity
O heterogeneity. . )
(genus). influence biomass stocks.
Influences climate and Altitude affects temperature
Altitude - Mean plot species composition, and precipitation,
- level altitude (m). affecting forest influencing biomass (Wang
s structure and biomass andAli, 2022).
% Landform- Plot .
S Determines
3 steepness and microhabitat Plot position along a slope
2 landform, P 9 P

conditions, influencing
tree growth and forest
dynamics.

profile can influence the
accumulation of biomass.
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Climate

Temperature- Mean
plot-level
temperature (°C).

Affects metabolic rateg

and growth patterns,
impacting biomass
accumulation.

CWD- Mean plot
level climate water
deficit (mm).

stress and its effects o

Indicates water
availability, crucial for
understanding drought

forest biomass.

levels (Ehbrecht et al., 2021

Climatic conditions control
the spatial distribution of
forest biomass, its structura

complexity and diversity

Dendro

Age- Mean plotlevel
tree age.

Provides insight into
forestdevelopment
stages and their impac
on biomass, structure,
and genudevel
diversity.

AgeVariance

Coefficient of variancg

in mean plotlevel
tree age.

Reflects age
heterogeneity,
important for

understanding the
variance in maturity
levels and how it
influences forest
processes.

Disturbance Severity
mean plotlevel
disturbance severity

represented as a
proxy of disturbed
canopy area (% CA)

Measures the impact o
disturbances,

influencing forest

& 0 NJzO (i dzNB

overall carbon carrying

capacity.

Agexdis- Combined
dendrochronological
variables; mean plet

level tree age and
disturbance severity.

Examines the
interaction between
age and disturbance,
providing insights into

how chronological
development
influences biomass
accumulation and the
distribution of live and
dead standing trees.

The uneverage structure
support a heterogenous
forest with higher levels of
biomass which are
maintained through natural
disturbances (Ralhan et al.
2023).

into  structural

genuslevel

genuslevel diversity.

diversity combined
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Table 2.2 Description of sitespecific variables used for developing the models:
Descriptive summarise of the biotic and abiotic variables tested prior to developing the
main generalised additive mixesffects models (GAMMSs). Each variable is categorised
topography climate and
dendrochronological (dendro) variabldhe importance of each variable is provided to

highlight their relevance in assessing interactions with forest biomass, structure, and



Model selection: no
interactions Live Dead Normalised
R? R? R? R? difference
Group predictor AIC  AAIC @ ™ Rank | AIC  AAIC a ™ Rank
109.75 296.71 0.4 17 - 17941 0.47 17 3.51
- Null model 197.04
- 0 061 056 1 — 81.23 0.56 049 3 0.22
Structure Basal area index  186.95 295.21
Basal area index —97.53 89.42 056 0.49 2 - 90.71 0.55 047 10 0.49
[« 60 cm, dbh] 285.73
Basal areaindex -80.03 10693 0.55 0.51 3 - 91.12 0.55 047 11 0.56
[> 60 cm, dbh] 285.32
32.04 21899 0.47 0.4 12 — 90.68 0.55 048 9 1.25
Tree density 285.77
Tree size index —6.99 179.96 05 043 5 - 86.52 0.56 048 4 0.95
[Shannon index] 289.93
Genus 15.11 202.06 0.49 042 6 — 91.39 0.55 048 12 1.11
abundance 285.05
Genus [count]
Tree diversity 15.8 202.75 048 041 8 - 91.72 056 047 13 1.12
[Shannon index] 284.72
AShannon 1546 202.41 0.49 0.4 7 - 94.44 0.55 048 16 1.12
[combined: 282.01
species,
structural]
31.42 21837 047 043 11 — 90.45 0.55 051 7 1.25
Topography Altitude [m] 285.99
34.7 22166 047 0.4 15 — 90.49 0.55 047 8 1.28
Landform 285.95
36.14 223.09 047 0.4 16 — 8853 056 047 5 1.29
Climate Temperature 287.92
33.35 220.3 047 041 14 - 9275 055 047 14 1.27
CWD 283.69
-51.08 13587 0.53 047 4 - 0 0.62 0.5 1 0.76
Age Age 376.44
Age variance 33.17 220.12 047 041 13 - 93.01 0.55 048 15 1.27
[standard 283.43
deviation]
Disturbance 30.82 21778 048 041 10 - 83.8 0.56 048 6 1.24
Disturbance severity 287.64
age x dist 17.19 20414 049 0.33 9 - 64.9 057 049 2 1.12
[combined, 311.55
interactive
effects]

Table 2.3:Generalised additive mixegffect models (GAMMs)Model testing with no
interactions Full list of predictor variables used to test their effect on total biomisigs (
hat) per tree type (live and dead standing) across the Carpath&tnsctural variables:
basal area indexcoefficient of variance of pldevel basal area which includes the full
range of trees, with the latter variables representing the coefficient of variance based
on trees < 60 and > 60 cm, dbh, respectivEhge density plot-level tree densityh{at

1): Tree size indexthe proportion of basal area per dbh class using the Shannon.index
Genus variablessenus abundancehe total sum of genus count present in each plot;
Tree diversity spatial variation in genus based on the Shannon Ingenysabundance

- plot-level genus count. Combinedh { K I yg\a Palrwise comparison of tree size

index (structure) and tree diversity (genus). Topographlyitude ¢ mean plotlevel
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altitude (m);landformg plot steepness and landform, which categorises the position of
each plot relative to the stand it is nested. Climatemperature¢ mean plotlevel
temperature (°C)CWDg mean plotlevel climate water deficit (mm). Age variablésgfe

¢ mean plotlevel tree ageAge variance; represents the coefficient of variance in
mean plotlevel tree age. Disturbance variableBisturbance severitymean plotlevel
disturbance severity represented as a proxy of disturbed canopy area (%CA); Combined
disturbance variablesage x dist ¢ mean plotlevel tree age and disturbance severity

For testing the hierarchical models, we used Alaike information criterion (AIC), and
'L/ RAFFSNBYOS op! L/ 0 NBLNBRMM=margivabd ddzNBa 27
represents explained variance and account for the fixed effects (applicable to the model
with no random effects and containing ba$®); R (C) = conditional R values
accounting for both fixed and random effect3;= explained deviation to account of
goodnessof-fit. Normalised differences a symmetrical, pairwise test which measures

the degree of similarity or dissimilarity between models

S2.2.1 | GAMMsForest biomass and complexities at different sc#gs)

To analyse the relationship between forest biomass, gdeusl diversity, and
structural complexity across three hierarchical spatial scales to quantify spatial
variability. The following variables were selected using these three hierarchical spatial
scaks based on their performance in tmeodel selection: Structural variables: basal
area index- coefficient of variance of pleevel basal area; tree size indexpatial
variation in basal area per dbh class using the Shannon index. Genus variables: Tree
diversity- spatial variation in genus based on the Shannon Index; genus abundance
plotf S@St 3ISydza 0O2dzy i ® / 204 pakwiss eom@atisbidoftred SayY n{ Kl vy
size index (structure) and tree diversity (genus); basal area index + genus abugdance
structural and genugevel diversity variables combined into a single model. These
structural and genugevel diversity variables were selected due to their performance in

the initial testing (see Table23l) and model selection (see Results 3.3). Tlatiap

scales include the landscape scale (i.e., macade), which divides the Carpathians into
three regions at the coarser scale, based on ordinatwesfern, eastern, southern);
stands are nested within each landscape and denote an intermediate scale; plots are

nested within each stand and represent individual sites at the fine scale.
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Live Dead
i R 22 G N2
predicor P31 A L1 L R(Q) D | Ac priL R p |
scale (M) ©c M
Null model - 109.75 417.16 NA 0.4 NA 19; 04 99.76 NA 0.47 NA 3.51
Structure
Landscape c c
+ Sl:.)t;r:d + 109.75 417.16 0.404 0 595 21 1.58 0.561 295.91 351
C q S
Ba}ﬁzleirea Landscape 183.72 123.69 0.616 0.564 0.38 284.08 12.71 0.538 28408 0.23
Stand 226 o5 181.16 0.565 0.26 | ¢287.9 8.89 0.561 ¢287.9| 0.38
Plot '];.82 11 125.3 0.614 0.38| ¢281.2 156 0.54 ¢281.2 0.23
Landscape c c c
+ SF.)tEr:d + 129.64 177.77 0.574 0.29 289 92 6.87 0.557 289 92 0.37
Tree size C q
index Landscape ¢6.99 300.42 0.504 0.43 0.18 580.94 15.86 0.536 0475 280.94 0.95
(Shannon)  giond 1144 31885 0.474 01150, 1419 0558 Se261| 108
C q
Plot 5.92 313.33 0.503 0.2 578.64 18.16 0.538 578.64 1.04
Genus
Landscape ¢ c
+ SI;tlzrt]d + 19.43 326.83 0.483 0.14 285.05 11.74 0.553 285.05 1.15
dijéf;ty Landscape  31.1 33851 0457 . 0.08]¢2766 20.19 0532 .. G276.6] 125
tan . . . . . . .
(Shannon) Stand 4452 351.93 0.477 0.15 276 3g 2041 0553 276 3g| 138
C q
Plot 44.43 351.84 0.455 0.08 573.41 23.38 0.534 573.41 1.39
Landscape ¢ ¢
+ Slé)tlz(a)rt]d + 21.68 329.08 0.487 0.15 28471 12.08 0.556 284.71 1.16
Genus G q
abundance Landscape 31.66 339.06 0.459 (.42 0.08 278.15 18.64 0.535 0471 27815 1.26
Stand 29.15 336.56 0.484 0.17]| ¢280.3 16.5 0.556 ¢280.3| 1.23
C q
Plot 38.17 345.57 0.461 0.1 576.27 20.52 0.538 576.27 1.32
Combined
Landscape ¢ ¢
+ ?:}E)Td + 20.52 327.93 0.487 0.15 282.01 14.78 0.555 282.01 1.16
q G
n{KE Yy Landscape 27 33441 0.461 0.404 0.08 278.87 17.93 0.537 0481 278.87 1.21
Stand 34.98 342.38 0.481 0.16 ;72 5, 2427 0554 ;72 5| 129
C S
Plot 39.74 347.15 0.46 0.09 274.39 22.4 0.538 274 39 1.34
Landscape i i i
+ Sl;tlfgr:d + 307 41 0 0.676 0.47 296.79 0 0.562 296.79 ¢0.02
Basal area C C C
I;giﬁ; Landscape 042 71 64.7 0.63 063 0.37 284.21 12.58 0.54 0489 284.21 0.08
C C S
abundance Stand 29399 13.42 0.67 0.47 288.69 8.1 0.562 588.69 ¢0.01
q q G
Plot 254 77 52.64 0.642 0.4 581 29 15.51 0.543 281 29 0.05
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Table 2.4: Diversity and structural indices at different spatial scales (plot, stand,

landscape) and forest type (mixed beech, spruce) using (GAMMSs). Structural variables:

basal area indexcoefficient of variance of pldevel basal area; tree size indexhe

proportion of basal area per dbh class using the Shannon index. Genus variables: Tree

diversity- spatial variation in genus based on the Shannon Index; genus abundance

plotf S@St 3ISydza O02dzy (i ® / 204 pakwiss Bomatisbidoftred SayY n{ Kl vy
sizeindex (structure) and tree diversity (genus); basal area index + genus abungance

structural and genutevel diversity variables combined into a single model. Akaike
AYTF2NXYLEFEGAZ2Y ONARGSNRAR2Y oO6!'L/ 0 FYR 'L/ RAFTFSNBYyC
compaison, R (M) = marginaR represents explained variance and account for the

fixed effects (applicable to the model with no random effects and containing B3se

R (C) = conditionaR? values accounting for both fixed and random effects; D =
explaineddeviation to accountof goodnesd-F A 1 & pniNBSa Aa | A83YYSGNROI
(i.e., the normalised difference) to measure the degree of similarity or dissimilarity

between live and dead models.

S2.22 | GAMMs:Heatmaps (Q2)

Generalisedadditive mixedeffects model (GAMMY, heatmaps from the optimum
GAMM featuring an interactive effect between plevel total biomass (Mga?) and
structure (basal area index) and species (abundance). Heatmaps show the combined
interactive effects of plotevel mean tree age and disturbance severity, per structure
and species component. Featuring the spatial variability in biomass per livdeaud

standing tree indices in the temperate primary forests of the Carpathians.

Narrow spacing between contour lines represents dense distribution in the interaction
between variables, with wider spacing representing a sparse distribution. The heatmap
colour scheme shows light shading represents lower amounts of total biomass, while
darker shading denotes higher amounts of total biomass. Narrow spacing between
contour lines represents dense distribution in the interaction between variables, with

wider spacing representing a sparse distribution
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Figure &2.1. GAMMSs¢ DisturbanceBasal area indeg a measure oforest structural

variability of plotlevel basal area (frhett0

a0 yREFENR aRiBighke: plok 2 v

level relative species abundandgisturbance severityg mean plotlevel disturbance

severity represented as a proxy of disturbed canopy area (% CA).
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Figure S2.2GAMMs¢ Age: Basal area indexa measure of forest structural variability
of plot-level basal area (thaf'0 & (0 | ¥ R NR abRr8lahded plotieReyrelaiive 0 T

species abundancé&ge= mean plotlevel tree age (years).
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Figure S2.3GAMMs¢ TemperatureBasal area indeg a measure of forest structural
variability of plotlevel basal area (frhef'0 & G | Y R NR abri@ighker: plot 2 y 0

level relative species abundandeemperature= mean ploflevel temperature (°C).
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