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Abstract

Disturbances influence forest structure, dynamics, ecosystem function and
services. There is widespread concern that climate change is leading to shifts in
natural disturbance regimes, and subsequent changes to the structure,
composition, and function of forest ecosystems. How past disturbances have
shaped forests at the scale of decades or centuries is crucial to understanding long-
term forest development and biomass accumulation. This understanding will
increase the capacity to manage forests more resilient to climate change.

The main objective of the thesis is to reconstruct and characterize historical
disturbance regime in the mountain Norway spruce forest and to describe the
impact of disturbance legacies on ecosystem services. Analysis of tree-ring widths
has been shown to be the only approach to reconstruct forest history with annual
resolution over centuries. Thus I first aimed to 1) test the efficacy of tree-ring
methods for detecting past disturbance events (section 4.1); then ii) access
spatiotemporal characteristics of disturbance regime on the plot, stand, landscape,
and region level (section 4.2); and finally 1i1) evaluate the influence of natural
disturbances on the magnitude and dynamics of biomass accumulation and
maintaining lichen survival and diversity (section 4.3). To achieve first aim |
compare each method against a dataset of tree growth with likelihood of a growth
release calculated based on competition change from an experimental canopy
disturbance mimicking a hurricane in a northern hardwood forest Massachusetts,
USA. For the following aims, I compile a globally unique dendroecological
dataset, which includes 12000 cored trees sampled over 560 plots located across
the Czech Republic, Slovakia, Ukraine, and Romania, to examine regional scale
patterns of past disturbance in primary Norway spruce forests, and impact of its
legacies on ecosystem services.

The main founding of the thesis are:

1) Each tree-ring method demonstrated efficacy in the detection of canopy
disturbance across experimental and observational data. Recognizing the
conditions under which each disturbance detection method performs best will help
avoid possible pitfalls related to reconstructing past disturbance histories and

facilitate comparisons of forest histories using different methods (section 4.1.1).



i1) Evidence of a combination of variable severity disturbances that fails to
fit the classical scheme of gap or patch dynamics with sharply defined sizes and
borders, but is more consistent with a mixed severity disturbance regime across
the landscape (sections 4.2.1 & 4.2.2). Central and Eastern Europe mountain
spruce forest has been affected by series of mixed severity disturbances; these
events were clustered in a period from 1800 to 1900, resulting in a broad scale
peak and associated non-equilibrium of age and biomass across the regional scale
under high probability to be disturbed in the near feature (section Error!
Reference source not found.).

i11) The period of time that a tree is in the canopy, and not tree age,
modulates the trajectory of tree level AGBI. Time since disturbance and
disturbance severity are important co-predictors for stand-level AGBI and AGB
(section 4.3.1). Tree age was the strongest variable influencing lichen diversity
and composition. Recent (<80 years ago) severely disturbed plots were colonized
only by the most common species, however, old trees (>200 years old) that
survived the disturbances served as microrefuges for the habitat specialized and/or
dispersal limited species (section 4.3.2).

To conclude, recognizing the conditions under which each disturbance
detection method performs best will help avoid possible pitfalls related to
reconstructing past disturbance histories and facilitate comparisons of forest
histories using different methods. It is critical to better understand past
disturbance legacies over the larger region to assess the potential of future
outbreaks and to guide decisions on post disturbance management in these key
conservation areas. Management should recognize disturbances as a natural part
of ecosystem dynamics in the mountain forests of Central Europe, account for
their stochastic occurrence in management planning, and mimic their patterns to
foster biodiversity in forest landscapes. Even late-seral forests can rapidly regain
biomass lost to low intensity disturbance, and additionally survival of old trees
after disturbances could maintain and/or recover large portions of epiphytic lichen
biodiversity even in altered microclimates.
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1. Introduction

Climate change is expected to alter disturbance regimes around the globe
(Seidl et al., 2014). Interactions between disturbance regimes (Frelich, 2002;
Pickett and White, 1985; Turner, 2010) influence ecosystem development at
different spatial and temporal scales. Moreover, uncertainties exist on how timing
and frequency of disturbances vary through time and space (Pederson et al.,
2014). Understanding how past disturbances have shaped natural forests at the
scale of decades or centuries is crucial to informing forest management towards
increasing ecosystem resilience in the context of climate change.

Quantifying past forest disturbance events provides perspective on current
forest composition, structure, and function. Tree-ring reconstructions of past
disturbances cover the time not only of consecutive censuses in contemporary
forest inventory plots, but also of periods before written records of forest
disturbance, potentially back several centuries in time. When precisely-dated, tree
rings are assigned a specific calendar year (Douglass, 1920). Increased confidence
in the timing of disturbance occurrence allows ecologists a greater chance of
attributing disturbances to potential driving agents or teleconnection patterns
(Black et al., 2016). Relative to the lifespan of a tree, disturbance events are
typically fast processes occurring over hours (e.g., windstorm) to months or years
(e.g., drought) (Pickett and White, 1985). The ability to document disturbance
events on an annual basis across a landscape and over centuries is a powerful
method of quantifying past forest disturbance dynamics and revealing
mechanisms of long-term forest development.

Our understanding of natural dynamics has largely been based on studies
that characterized disturbance regimes through two opposing perspectives: either
small-scale patch dynamics, traditionally seen in old-growth temperate forests
(Korpel, 1995; Seymour et al., 2002), or large infrequent disturbances, often
described for boreal forests (Kuuluvainen and Aakala, 2011). However, there is a
continuum of natural disturbances in forests ranging from single canopy tree death
to widespread low mortality all the way to severe stand-replacing events. Recent
studies have demonstrated that disturbances may commonly be complex and

variable, such that the dichotomous characterization of disturbance regimes as



following large infrequent disturbances or patch dynamics is too simplistic
(Angelstam and Kuuluvainen, 2004).

Likewise, understanding how forest structure and composition respond to
variation in past disturbances may provide insight into future resilience to climate-
driven alterations of disturbance regimes (Tepley and Veblen, 2015). The
complex, stochastic nature of natural disturbances, and the extent and magnitude
of new disturbances are influenced by a combination of physiography, previous
disturbance history, and severity of new disturbance (Bouchard et al., 2006;
Splechtna et al., 2005; Wallenius et al., 2004), thus, defining clear disturbance
regimes in the landscape is problematic.

A major obstacle to integrating natural disturbance patterns into stand and
landscape forest management planning is the lack of landscape scale reference
conditions where disturbance processes and forest dynamics can be studied.
Recent research shows that spatial and temporal variability in disturbance
processes is greater than that suggested by traditional models. This would imply
that landscape scale management should not only mimic late successional forest
structure and composition, but successional stages and structural complexity that
arise from moderate to high severity disturbances as well. Understanding the
common pathways to stand and landscape structures and their historical range of
variability to inform forest management often requires retrospective studies in

primary forests that have been relatively uninfluenced by human activities.

2. Aims of the thesis

Thesis aims to reconstruct and quantify historical range of disturbances and
their legacy on ecosystem services (carbon dynamics and biodiversity). How past
disturbances have shaped forests at the scale of decades or centuries is crucial to
understanding long-term forest development and biomass accumulation. This
understanding will increase the capacity to manage forests more resilient to
climate change. Based on up to 500 permanent plots across several primary P. abies
forest landscapes allow to advance understanding of past disturbance history,
biomass accumulation dynamics and biodiversity in primary forest ecosystems.

Particular aims of the thesis are:



1. Investigate the efficacy of four of the commonly used tree-ring methods
(radial-growth averaging, boundary line, absolute increase, and time
series) in the detection of past disturbance events (section 4.1.1).

2. Reconstruct the spatiotemporal pattern of past disturbances at different
scales (plot, stand, and landscape) for Central (Slovakia) and Eastern
(Ukraine) Europe (section 4.2.1. and 4.2.2).

3. Access the level of synchronization and variability in disturbance history
across the entire Carpathian region (section Error! Reference source not
found.).

4. Evaluate the influence of natural disturbances on the magnitude and
dynamics of biomass accumulation at decadal to centennial time-scale
(section 4.3.1).

5. Evaluate the importance of old trees as micro-refuges and microclimate

stability in maintaining lichen survival and diversity (section 4.3.2).

3. Methods
3.1. Study area and data collection
Study was conducted in two distinct regions: New England, USA (section

4.1) and Carpathian mountain range (all other results).

3.1.1. New England, USA

To test the efficacy of tree-ring methods in the detection of past
disturbance events we used: 1) the hurricane manipulation experiment located at
the Harvard Forest, Petersham, Massachusetts; and ii) long-term monitoring plots
located across New England (Harvard Forest, Pisgah State Park, and North Round
Pond forests).

The hurricane manipulation experiment (“hurricane pulldown”) was
located at the Harvard Forest, Petersham, Massachusetts, USA (72.20 °N, 42.49
°W, 300-315 m a.s.l.) in a ca. 101-year old Quercus rubra-Acer rubrum forest
developed following a clearcut in 1915 (Harvard Forest Archives, unpub. data). A
0.8 ha experimental site and 0.6 ha control site were separated by a 30 m forest

buffer. Prior work (Foster, 1988; Rowlands, 1941) that examined the relationship



between damage and forest composition and age in the 1938 hurricane provided a
benchmark of roughly 80% canopy loss for the treatment effect in this
experiment. Prior to the hurricane experiment, all trees > 5 cm DBH were tagged
and spatially mapped. In early October 1990, during the peak of the hurricane
season, 276 trees were toppled in a northwesterly direction with a winch to
effectively simulate the 1938 hurricane disturbance. Immediately following the
toppling of trees, all trees were classified as bent, leaning, snapped, or uprooted.
Surveys indicated that 80% of the canopy trees and two-thirds of all trees >5 cm
DBH were damaged. Tree survival, recovery, and DBH were measured in 1990,
1996, 2000, 2005 and 2010 (Foster et al., 1997). In 2009, 57 Acer rubrum trees
from within the hurricane experiment and the adjacent control forest were cored to
determine how damage and release affected tree growth. Live A. rubrum stems
were selected to represent varying damage: bent (n=15), uprooted (n=6), snapped
(n=6), and standing or undamaged (n=15) from the pulldown plot, and 15
undamaged trees from the control plot. One core per tree was collected at
approximately breast height (1.3 m). Re-analysis of these samples in 2015 focused
on crossdated cores, resulting in 15 trees from the control plot and 32 from the
hurricane experiment plot.

Additionally, vegetation and tree-ring sampling were conducted in long-
term monitoring plots at the Harvard Forest (Lyford Grid and around the
environmental measuring site (EMS) eddy flux tower), and in Pisgah State Park,
New Hampshire (Pisgah Tract and North Round Pond forests). Trees were
sampled in 2-3 plots per site in a nested design; all trees >10 cm DBH censused,
mapped (distance and azimuth from plot center), and cored from 0-13 m from plot
center, trees >20 cm DBH censused, mapped, and cored from 13-20 m from plot
center, and trees >30 cm DBH censused, mapped, and cored from 20-30 m from
plot center. The 20-30 m nest was only employed in forests that were potentially
old growth. Three plots with a similar nested design from the old-growth forests
in the Palmaghatt Ravine at Minnewaska State Forest (New York) were used here
as a control because little damage is expected in this sheltered ravine that is
roughly 125 km west of the path of the 1938 hurricane. The gradient of hurricane

disturbance ranges from severe in the old-growth forests of Pisgah State Park,



moderate at the Harvard Forest, and little to no disturbance in the Palmaghatt
Ravine. In all sites within the gradient, two to three cores were removed per tree.

For more information on study area, see section 4.1.

3.1.2. Carpathian range, Central and Eastern Europe.

To access and quantify past disturbance history and its impact on
ecosystem services study areas were selected in the most preserved forests
remnants along the Carpathian primary mountain belt spanning the gradient from
North-West (Slovakia) to South-East (Romania). Using remote sensing data, a
review of scientific and popular literature, and visual inspections, in each location
the most preserve stand were selected ranged from ~ 15-50 ha (Fig. 3.1). Often
poor access on the steep and stony slopes protects those stands from selective
logging or grazing. Study stands cover the altitudinal range from 1200 (Ukraine)
to 1700 m (Romania). Predominant bedrock is: Romania — volcanic and
crystalinic (Svoboda et al., 2014); Ukraine — sandstone (Valtera et al., 2013);
Slovakia — Granitoids and Limestones (Janda et al., n.d.).

In each stand, we placed 15-25, 1000 m* (500 m” in rare cases) circular
plots using a stratified random design (Svoboda et al., 2014) for a total of 560
plots. In each plot, the positions, diameters, social status (Lorimer and Frelich,
1989), and species of all living trees with a DBH >10 cm were recorded for a total
of ca. 33000 trees. Using a random generator, we selected up to 25 non-
suppressed trees per plot for the dendrochronological analysis and age estimation.

For more details please see sections 4.2 and 4.3.
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Fig. 3.1 Geographical location of the 37 study stand with 560 plots (0.1 ha each). B:
example of the plot distribution within a stand. Black dots represent plots that
experienced a disturbance event in the period 1900-1910. C: All trees within the plot
were mapped (grey dots) and 25 randomly selected were cored (black dots). Source of
digital elevation model: http://www.reverb.echo.nasa.gov and Google; country

boundaries: http://www.diva-gis.org.

3.2. Data analysis
3.2.1. Dendroecological methods for reconstruction disturbance dynamic

We used four widely applied release detection methods. Growth release
methods used here can be divided into two broad groups: radial-increment
averaging (radial growth-average GA, boundary line method BL, absolute
increase method Al) and time-series analysis (TS). All methods were originally
designed and developed for different forest types or species in eastern North
America: Radial-growth averaging for trees in the deep shade of northern
hardwood forests (Lorimer 1985; Lorimer and Frelich 1989), which was later
adapted for overstory oak (Nowacki and Abrams, 1997); Boundary Line for
eastern hemlock, pine, and oak (Black and Abrams, 2004, 2003); Absolute
Increment for red spruce, balsam fir, American beech (Fraver and White, 2005);
and Time Series for eastern hemlock, white pine, and American beech
(Druckenbrod, 2005).

Before testing the four growth-release methods, we developed an

independent method to determine the likelthood of a growth release in each
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individual tree via the change in its competitive status before and after the pull-
down event as determined from the tree census data. We estimated the

competition status of each tree using a distance-weighted size competition index

(dj—d;)

————— where d;, the DBH of focal tree,
(distj x rad)

(Tomé and Burkhart, 1989) CI = ).

d; 1s the DBH of neighbouring tree, dist;;, the distance between the neighbouring
tree and focal trees, and rad, the radius beyond which competition between trees
is considered negligible (10 m in this study). Change in competition (CC) was
estimated as the difference of CI for the year immediately before the induced
disturbance and 5 years after in both the control and experimental plots in the
hurricane-simulation experiment. =~ We applied linear discriminant function
analysis (DFA) with jacknifed prediction to changes in competition at the
individual tree level to empirically determine whether surviving trees had
responded to the reduction in competition after the experimental hurricane
disturbance.

We also conducted a sensitivity analysis to identify and quantify how
different window length and thresholds influence the stand level reconstruction of
disturbance history for the hurricane pull-down experiment at the Harvard Forest
and the impact of the 1938 Hurricane at the severely disturbed Pisgah Tract. The
precision and intensity of detected disturbance events for each combination of

window length and threshold was quantified.

3.2.2. Disturbance dynamic in the natural forest landscapes

The disturbance history was evaluated based on two main types of tree
response to decrease in competition (Fig. 3.2): 1) rapid early growth rate (open
canopy recruitment and ii) abrupt, sustained increases in tree growth. We applied
the absolute increase (AI) method (Fraver and White, 2005) to reconstruct the

disturbance history based on the tree-ring series (results from section 4.1).
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Fig. 3.2 Examples of trees categorized as recruited in the gap (a) and having a release
after suppression (b). Release after suppression was identified using absolute increase

method.

Tree level canopy accession events were recalculated to the proportion of
the canopy area on the plot level that is currently covered by the subject tree
(Frelich, 2002; Svoboda et al., 2014). The current tree crown areas were modeled
based on tree DBH (R*=0.61, p<0.001). Tree level events were summed annually
and expressed as the proportion of the available canopy area to represent the plot
level disturbance chronology. We fit a kernel density function over the
reconstructed disturbance history, weighted by the canopy area (Trotsiuk et al.,
2014). Plot level densities of disturbance history were combined to represent the
stand level disturbance histories. For each stand we identified the year when
maximum proportion of the canopy area was disturbed (Fig. 3.3), and indicate it
as time since last main disturbance event (TSD). Proportion of the canopy area

disturbed during that event was used as a maximum disturbance severity (MDS).
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Fig. 3.3 Plot level disturbance history represented as proportion of the trees canopy area
responded to disturbances binned by year (black bars) or decade (grey bars). Peaks of
disturbances (solid circles) were identified based on the standardized density function
(black line) for events with more than 15% of intensity. The dashed grey line shows

available tree canopy area.

3.2.3. Impact of the disturbance legacies on ecosystem services

We used aboveground biomass accumulation as one of the important
ecosystem service. To estimate biomass based on a trees’ DBH, we considered
allometric equations for spruce based upon output parameters (AGB in kg), the
species and diameter range used to develop the equation, as well as the
geographical location of the allometric study site. The equation developed for the
Czech Republic spruce forest (Zianis et al., 2005) was found to be the closest
match to our study region. Individual tree diameters were reconstructed back in
time based upon the method of Bakker (2005). Using these reconstructed
diameters, we then computed the historical AGB and AGBI for each tree and year
(Babst et al., 2014). Stand-level AGB and AGBI were calculated as a sum of
AGB and AGBI of all living trees on each plot.

-13-



To access individual tree aboveground biomass accumulation, we fitted a
generalized additive mixed model (GAMM) with a linear combination of smooth
functions of DBH and tree age and their interaction as explanatory variables on
AGBI, considering random effects (Tree). The pertinence of the random effect
and interaction effect was determined by comparing the different models using the
Akaike Information Criterion (AIC) value (Burnham and Anderson, 2002). We
calculated significance of the explanatory variables and the overall variance
explained by the model.

To explain patterns and variability of lichens (as a proxy of biodiversity)
based on stand age and disturbance history we used linear mixed effects model
and general additive models. We analysed individual species relationships to tree
age and presence of old trees at the plot level in comparison to microclimate
change. We used general additive models (GAM) from the with binomial
distribution and with Plot as a random effect to test the influence of age variables
(age and maximum age) and microclimatic change, simplified to two categories,
high (extreme and heavy disturbance) and low severity (light and moderate); for
high severity events, we assumed substantial microclimatic changes existed in

historical development of the canopy.

4. Results

The dissertation thesis consists of 4 published manuscripts one submitted
and one to be submitted manuscript. The first part focuses on the comparing four
dendroecological methods for detecting past disturbance events (section 4.1). The
second part aims at analysis the spatiotemporal dynamic of disturbances on the
plot, stand, landscape and region levels (section 4.2). The third part presents an
assessment of the impact of disturbance legacies on ecosystem services (section

4.3).

4.1. Dendroecological methods for reconstruction disturbance dynamic
4.1.1. Testing the efficacy of tree-ring methods for detecting past disturbance
events using experimental data and known events

In review as:

-14 -



Trotsiuk, V., Druckenbrod D. L., Pederson N., Orwig D. A., Bishop D. A.,
Barker-Plotkin A., Fraver S., Martin-Benito D. 2017. Testing the efficacy of tree-
ring methods for detecting past disturbance events using experimental data and
known events. Methods in Ecology and Evolution.

Author contributions:

V.T., D.D., D.M-B. and N.P. conceived ideas and designed the study;

D.O., D.B., A.B-P. and N.P. performed the sampling;

V.T., D.D., D.M-B., D.B. and N.P. performed the dendrochronological
analyses;

V.T., D.D. and D.M-B. performed data and statistical analysis;

V.T. and N.P. wrote the manuscript and all authors commented on it.

Abstract:
Disturbances influence long-term forest structure and function. Accurately

quantifying the precise timing and intensity of past events provides insight into
the legacy of disturbance and will increase capacity to manage forests that are
more resilient to climate change. Tree-ring analysis of abrupt and sustained
growth increases in surviving trees (i.e., ‘releases’) is the only approach capable
of reconstructing past forest disturbances with annual resolution at centennial
scales.

Here, we: 1) investigate the efficacy of four commonly used tree-ring
methods to detect past disturbance events and ii) assess the sensitivity of each
method’s detection parameters and thresholds. We first compare each method
using a dataset of measured diameter expansion (census) for two decades
following an experiment mimicking a hurricane. We then evaluate each method
across an observed gradient of hurricane impact. Finally, we compare each
method against census data in a forest without any significant disturbance
observed during a 45-year period.

We used discriminant function analysis (DFA) to identify the likelihood
that surviving Acer rubrum trees experienced a significant reduction in
competition as a result of the hurricane experiment. Disturbance detection
methods agreed with 62-84% of the growth releases categorized by DFA. The

absolute-increase and original radial-growth averaging method had the highest
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temporal precision for dating growth releases and produced the lowest rate of
false negatives. The modified radial-growth averaging method produced the
highest rate of false positives. Sensitivity analysis indicated a significant negative
relationship between detected stand-level intensity of disturbance severity and
detection window length and threshold across all methods (p<0.001).

We find that each method was effective in detecting canopy disturbance, but
the original radial-growth averaging method and absolute increase method had
lower levels of overall error in detecting disturbance events. Parameter settings
play a key role in the accuracy of reconstructing disturbance history regardless of
which method is employed. Time-series and radial-growth averaging methods
require the least amount of a priori information, but only time-series analysis
quantifies the subsequent growth increment. Finally, we recommend yearly
binning of disturbances, can likely improve reconstructions of forest history and
thus further our understanding of past forest dynamics.
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Fig. 4.1 Plot-level disturbance history in response to a simulated hurricane in 1990
(represented by the red line) at the hurricane pulldown experiment. The proportion of

trees responding to disturbances is binned by year (black bars) and decade (grey bars).
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Peaks of disturbances (solid circles) were identified based on the standardized running
kernel density estimation function (solid black line). The dashed grey line shows number

of trees.

4.2. Disturbance dynamic in the natural forest landscapes

4.2.1. A mixed severity disturbance regime in the primary Picea abies (L.) Karst.
forests of the Ukrainian Carpathians

Published as:

Trotsiuk, V., Svoboda, M., Janda, P., Mikolas, M., Bace, R., Rejzek, J.,
Samonil, P., Chaskovskyy, O., Korol, M., Myklush, S., 2014. A mixed severity
disturbance regime in the primary Picea abies (L.) Karst. forests of the Ukrainian
Carpathians. Forest Ecology Management 334, 144—153.

Author contributions:

V.T., M.S., and P.J. conceived ideas and designed the study;

All co-authors performed the sampling;

V.T.,, PJ.,, MM., HR., and M.S. performed the dendrochronological
analyses;

V.T. performed data and statistical analysis;

V.T. and M.S. wrote the manuscript and all authors commented on it.

Abstract:
Natural disturbance regimes play key roles in shaping forest structure

and development at stand and landscape levels. Disturbances are commonly
complex and variable, such that classical dichotomous characterization of
disturbance regimes as following large infrequent disturbances or patch
dynamics is too simplistic, especially when the resulting damage is more
severe than the baseline of a single tree patch dynamic, but not severe enough
to represent large infrequent disturbance. Ongoing climate change affects
mountain Picea abies forests in Central, East and Southeastern Europe by an
increasing frequency of storms and bark beetle outbreaks. We present a
unique study based on extensive dataset aimed to reveal the spatiotemporal
pattern of the disturbance history and role of the mixed severity disturbances

in primary spruce mountain forest landscapes in the Ukrainian Carpathians.
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We reconstructed canopy disturbance history and maximum disturbance
severity using ca. 2396 tree cores in 96 sample plots. Neither large-scale
stand-replacement nor fine scale dynamics was the prevailing disturbance
over the last four centuries. Rather, we observed a complex spatiotemporal
pattern of mixed severity disturbances. Canopy turnover time ranged
between 50 and 300 years and depended on the maximum severity of the
disturbance event. Spatial analyses revealed no similarity in spatiotemporal
pattern across disturbance histories or maximum disturbance severities. We
observed evidence of a combination of variable severity disturbances that fails
to fit the classical scheme of gap or patch dynamics with sharply defined
sizes and borders, but is more consistent with a mixed severity disturbance
regime across the landscape. Windstorms were likely the most important
past disturbance agent. The probability of an epidemic bark beetle attack was
low, although the possibility of small local outbreaks cannot be excluded. An
additional, potentially overlooked, agent of disturbance could be historic
periods of extreme cold.

This reconstructed disturbance regime may challenge existing
silvicultural systems in the Carpathians, calling for a more complex
spatiotemporal forest management approach. However, mimicking a mixed
severity disturbance regime can be done at the forest management level by

applying a range of disturbance severities at the stand level.
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Fig. 4.2 Plot-level disturbance chronology. Each horizontal bar corresponds to one study
plot, with the color of the studied stand. Size of the point represents the proportion (%) of
the canopy area removed per decade. Black point show the midpoint of the decade in
which each MDS event occurred. Plots are ordered by the time of the main disturbance
event and horizontal bars were truncated when the percent of available canopy dropped

below 10%.
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4.2.2. The historical disturbance regime of mountain Norway spruce forests in the
Western Carpathians and its influence on current forest structure and
composition.

Published as:

Janda, P., Trotsiuk, V., Mikolas, M., Bace, R., Nagel, T.A., Seidl, R.,
Seedre, M., Morrissey, R.C., Kucbel, S., Jaloviar, P., Jasik, M., Vysoky, J.,
Samonil, P., Cada, V., Mrhalova, H., Labusova, J., Novakova, M.H., Rydval, M.,
Matéja, L., Svoboda, M., 2017. The historical disturbance regime of mountain
Norway spruce forests in the Western Carpathians and its influence on current
forest structure and composition. Forest Ecology Management
Author contributions:

P.J., V.T., M.M. and M.S. conceived ideas and designed the study;

PJ., V.T., MM. M.J,, J.V, HM, JL., LM., and M.S. performed the
sampling;

PJ.,, V.T., MM. JM. HM, JL., and L.M. performed the
dendrochronological analyses;

J.P. and V.T. performed data and statistical analysis;

PJ., V.T., T.N., R.S., and M.S. wrote the manuscript and all authors

commented on it.

Abstract:
In order to gauge ongoing and future changes to disturbance regimes, it

is necessary to establish a solid baseline of historic disturbance patterns
against which to evaluate these changes. Further, understanding how forest
structure and composition respond to variation in past disturbances may
provide insight into future resilience to climate-driven alterations of
disturbance regimes.

We established 184 plots (mostly 1000 m) in 14 primary mountain
Norway spruce forests in the Western Carpathians. On each plot we surveyed
live and dead trees and regeneration, and cored around 25 canopy trees.
Disturbance history was reconstructed by examining individual tree growth

trends. The study plots were further aggregated into five groups based on
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disturbance history (severity and timing) to evaluate and explain its influence
on forest structure.

These ecosystems are characterized by a mixed severity disturbance
regime with high spatiotemporal variability in severity and frequency.
However, periods of synchrony in disturbance activity were also found.
Specifically, a peak of canopy disturbance was found for the mid-19th
century across the region (about 60% of trees established), with the most
important periods of disturbance in the 1820s and from the 1840s to the
1870s. Current stand size and age structure were strongly influenced by past
disturbance activity. In contrast, past disturbances did not have a significant
effect on current tree density, the amount of coarse woody debris, and
regeneration. High mean densities of regeneration with height >50 cm
(about 1400 individuals per ha) were observed.

Extensive high severity disturbances have recently affected Central
European forests, spurring a discussion about the causes and consequences.
We found some evidence that forests in the Western Carpathians were
predisposed to recent severe disturbance events as a result of synchronized past
disturbance activity, which partly homogenized size and age structure and
made recent stands more vulnerable to bark beetle outbreak. Our data suggest
that these events are still part of the range of natural variability. The finding
that regeneration density and volume of coarse woody debris were not
influenced by past disturbance illustrates that vastly different past disturbance
histories are not likely to change the future trajectories of these forests. These
ecosystems currently have high ecological resilience to disturbance. In
conclusion, we suggest that management should recognize disturbances as a
natural part of ecosystem dynamics in the mountain forests of Central
Europe, account for their stochastic occurrence in management planning, and

mimic their patterns to foster biodiversity in forest landscapes.
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Fig. 4.3 The amount of canopy disturbed in the region over time, distributed over
disturbance severity classes. The disturbance chronology was constructed using a three-
decade running sum window of the percentage of canopy area disturbed. In the
chronology we summed three decades, and the date of the events were distributed per
decade (as midpoints). For easier visualization of the data, we used four disturbance
severity classes: Low — below 20%, Moderate — between 20% and 40%, High — 40% to
60% and Very high — over 60% of canopy area removed. The chronology was truncated
at 1790 and 1970 (see methods). Historical records of disturbance events (grey circles)
are presented in the upper part of the figure. The observed percentage of canopy area
removed was assessed by comparing the percentage of canopy area disturbed by Griffiths
et al. (2014) between 1985 and 2010 with the studied stand polygons delineated by the

official primary forest inventory on www.pralesy.sk.

4.2.3. Neglecting legacies of past forest disturbance overstates the climate effect
on current disturbances
Submitted as:

Schurman, J. S.*, Trotsiuk, V.*, Bace R., Cada V., Fraver S., Janda P.,
Kulakowski D., Labusova J., Mikolas M., Nagel T., Seidl R., Svoboda M.,
Neglecting legacies of past forest disturbance overstates the climate effect on
current disturbances. Global Change Biology
Author contributions:

" - both authors contributed equally (ordered by name);

V.T., P.J. and M.S. conceived ideas and designed the study;

V.T,PJ,V.C,MM.R.B., J. L. and M.S. performed the sampling;
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V.T.,PJ., V.C,, M.M.,, J.L. performed the dendrochronological analyses;
J.S., V.T. and V.C. performed data and statistical analysis;
J.S., V.T., TN, P.J.,R.S., D.K., S.F., and M.S. wrote the manuscript and all

authors commented on it.

Abstract:
Determining the climate sensitivity of forest disturbance rates remains a

pressing global-change issue and the emphasis on disturbance history as a co-
contributing factor has been insufficient. Large-scale forest dynamics are
commonly assumed to be climate driven, but disturbance history reconstructions
are rarely conducted at appropriate scales to check this assumption. We compiled
multiple tree-ring based disturbance history reconstructions from primary Picea
abies forest fragments distributed throughout five landscapes spanning the
Bohemian and Carpathian mountains into a regional chronology. The chronology
includes 11 595 trees spanning the years 1780 to 1990 collected from 560
inventory plots from 37 stands distributed across a 1000 km geographic gradient,
amounting to the largest disturbance chronology yet constructed in Europe.
Decadal disturbance rates between 1800 and 1920 were significantly above the
historical mean, followed by a region-wide decline. An estimated 75% of current
canopy area has recruited prior to 1900. Long-term disturbance patterns were
compared to an historical drought reconstruction and disturbance history was
linked to contemporary disturbance patterns derived from LANDSAT imagery.
Historically, disturbance rates were weakly positively associated with drought
severity, while non-synchronous landscape-scale peaks corresponded to locally
documented windstorms and bark beetle outbreaks. Among stand characteristics,
time since major disturbance was the best predictor of contemporary disturbance
rates. Disturbance susceptibility appears to remain low during the first 100 years
of development and subsequently increases. Recent disturbances were less severe
in structurally heterogeneous stands and an apparent historical trend of high
heterogeneity may also contribute to long-term patterns. Regional disturbance
patterns suggest that high 19" century disturbance rates contributed to a reduction
in disturbance susceptibility, which may have reduced the climate sensitivity of

20" century disturbance rates. Disturbance history can decouple climate-
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disturbance relationships and neglecting disturbance history can potentially lead

to the climate sensitivity of disturbance patterns being overstated, even at large
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Fig. 4.4 Kernel density smoothed (KDS) disturbed areas and cumulative disturbance
distributions. Mean regional disturbance (a, red line) with shaded standard error
represents the KDS mean over each of the five landscapes (blue lines), which are each a
mean over their respective stands (grey lines panel row c). These chronologies reflect a
temporal range of annual rates integrated into point estimates by a Gaussian kernel. Mean
cumulative disturbed area (b, red lines) reflect the mean over each landscape’s
cumulative sum over annual rates (d, green lines). The year 1900 is highlighted as the
point when 75% of current regional canopy area has recruited before (grey dashed -
landscape; grey solid - regional). Shaded rectangles indicate the consecutive 30 years
when the largest proportion of canopy area was removed or the 30 year interval with the

maximum recruitment rate.

4.3. Impact of the disturbance legacies on ecosystem services
4.3.1. The legacy of disturbance on individual tree and stand-level aboveground

biomass accumulation and stocks in primary mountain Picea abies forests.
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Published as:

Trotsiuk, V., Svoboda, M., Weber, P., Pederson, N., Klesse, S., Janda, P.,
Martin-Benito, D., Mikolas, M., Seedre, M., Bace, R., Mateju, L., Frank, D.,
2016. The legacy of disturbance on individual tree and stand-level aboveground
biomass accumulation and stocks in primary mountain Picea abies forests. Forest
Ecology Management 373, 108-115
Author contributions:

V.T., M.S., P.W., and D.F. conceived ideas and designed the study;

V.T.,M.S., P.J.,, M.M. R.B., and L.M. performed the sampling;
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V.T. performed data and statistical analysis;

V.T. and D.F. wrote the manuscript and all authors commented on it.

Abstract:

Disturbances, both natural and human induced, influence forest
dynamics, ecosystem functioning, and ecosystem services. Here, we aim to
evaluate the consequences of natural disturbances on the magnitude and
dynamics of tree- and stand-level biomass accumulation from decadal to
centennial scales. We use tree-ring data from 2301 trees and biometric data
from 4909 trees sampled in 96 plots (each 1000 m’) to quantify the influence
of mixed severity disturbance regimes on annual aboveground biomass
increment (AGBI) and total aboveground biomass accumulation (AGB)
across a mountainous monotypic Norway spruce (Picea abies (L.) Karst.)
primary forest. We hypothesize that the multiple internal and external factors
constraining tree growth will cause differences in tree and stand-level
biomass trajectories in these natural forests.

Although we found that tree-level AGB growth increases with tree size, we
also found that tree age and disturbance legacies plays a crucial role for AGB in
the investigated Norway spruce forests. Importantly, while younger trees of the
same diameter class have an average current AGBI rate that is rv225% higher
than older trees (300—400 years), we find trees that have been suppressed for

up to 120 years can respond vigorously when competition is reduced. On
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average, post disturbance AGBI was ca. 400% greater than pre-disturbance
AGBI. Growth of suppressed trees, independent of their age, followed similar
trajectories after canopy accession. While aboveground biomass generally
increased through time, the time since disturbance and disturbance severity are
important co-predictors for stand-level AGBI and AGB. These forests regained
most of the above ground living biomass over short interval (rv50 years) after
low intensity disturbances. The highest stand-level living AGB was observed
on plots that experienced >40% canopy removal 160—190 years ago, whereas
the highest AGBI occurred in plots disturbed recently within the past 40—50
years.

Our results emphasize the importance of including both individual tree
age and disturbance legacies to accurately characterize biomass dynamics and
trajectories in forest ecosystems. Importantly, the period of time that a tree is in
the canopy, and not tree age, modulates the trajectory of tree level AGBI.
Growth rates begin to decline after rv30 years (tree-rings width) and rv100
years (AGBI) in the canopy. We demonstrate that even late-seral forests can

rapidly regain biomass lost to low intensity disturbance.
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Fig. 4.5 Predicted aboveground biomass increment (AGBI) from generalized additive
mixed model based on the ca. 342,000 yearly resolved tree DBH, Age and their
interaction (a). Black lines show examples of growth trajectories and change in AGBI
during lifespan for selected trees. AGBI is significantly higher for younger trees within

same DBH class (b), and larger trees within same Age class (c).
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4.3.2. Old trees as a key source of epiphytic lichen persistence and spatial
distribution in mountain Norway spruce forests.
Published as:

Zemanova, L., Trotsiuk, V., Morrisey, R.C., Bace, R., Mikolds, M.,
Svoboda, M., 2017. Old trees as a key source of epiphytic lichen persistence and
spatial distribution in mountain Norway spruce forests. Biodiversity and
Conservation.

Author contributions:

L.Z. and M.S. conceived ideas and designed the study;

All co-authors performed the sampling;

V.T. and M.M. performed the dendrochronological analyses;

L.Z., V.T. and R.B performed data and statistical analysis;

L.Z. and M.S. wrote the manuscript and all authors commented on it.

Abstract:
Habitat loss and fragmentation can negatively impact the persistence of

dispersal-limited lichen species with narrow niches. Rapid change in microclimate
due to canopy dieback exposes species to additional stressors that may limit their
capacity to survive and colonize. We studied the importance of old trees as micro-
refuges and microclimate stability in maintaining lichen survival and diversity.
The study was situated in mountain Norway spruce (Picea abies (L.) Karst.)
forests of the Gorgany Mountains of the Ukrainian Carpathian mountain belt.
Lichens were collected on 13 circular study plots (1000 m?).

Dendrochronological methods were used to reconstruct age structure and
maximum disturbance event history. A linear mixed effects model and general
additive models were used to explain patterns and variability of lichens based on
stand age and disturbance history for each plot.

Tree age was the strongest variable influencing lichen diversity and
composition. Recent (<80 years ago) severely disturbed plots were colonized only
by the most common species, however, old trees (>200 years old) that survived
the disturbances served as microrefuges for the habitat-specialized and/or

dispersal limited species, thus epiphytic lichen biodiversity was markedly higher
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on those plots in comparison to plots without any old trees. Most species were
able to survive microclimatic change after disturbances, or recolonize disturbed
patches from surrounding old-growth forests. We concluded that the survival of
old trees after disturbances could maintain and/or recover large portions of

epiphytic lichen biodiversity even in altered microclimates.
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Fig. 4.6 Relation between the number of lichen species and individual tree age, age of the
oldest tree per plot, and tree diameter (DBH); left panel — number of species per tree (y-
axis) along tree age gradient (x-axis) split into two intervals of MaxAge (empty triangles
— trees from plots in which the oldest tree was younger than 270 years, black points —
trees from plots in which the oldest tree was older than 270 years); right panel — number
of species per tree (y-axis) along stem diameter (DBH, x-axis, empty triangles - trees
younger than 150 years, black points - trees older than 150 years); linear trendlines were
added (dotted line — MaxAge < 270 years in first panel and Age < 150 years in second
panel, dashed line — MaxAge > 270 years in first panel and Age > 150 years in second
panel).

5. Conclusions

Findings in this thesis contribute to the scientific understanding of the past
disturbance dynamic in the montane Norway spruce forests and impact of its
legacies on ecosystem services. This thesis presents a comprehensive picture with
particular emphasis on: 1) efficacy of four dendroecological methods, ii)
spatiotemporal dynamics of past disturbances, iii) impact of disturbances on

aboveground biomass development and lichen diversity.
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Our comparison of four commonly used methods of disturbance detection
based on the analysis of tree-ring width series of trees from forests with well-
documented disturbance events leads to three main considerations. First, we find
that the temporal uncertainties produced when determining the date of growth
release at the tree level create large uncertainties when reconstructing disturbance
at the stand level. Second, parameter settings are among the most critical and still
widely discussed issues in the disturbance detection methods analysed, as they
can lead to the over- or underestimation of the disturbance events (Bouriaud and
Popa, 2007; Copenheaver et al., 2014; Pederson et al., 2014; Rubino and
McCarthy, 2004). Finally, our results indicate that a yearly binning approach to
canopy disturbance could improve reconstructions of forest history and a better
understanding of forest dynamics.

Central and Eastern Europe mountain spruce forest has been affected by
series of mixed severity disturbances; especially during the 19" century.
Disturbance legacies affect forest structure, development pathways and
consequently susceptibility to new events. Those forests are under high
probability to be disturbed in the near feature, as a consequence of past
disturbances and not only current climate change.

We observed remarkable spatiotemporal complexity in natural disturbances,
which is likely impossible to precisely mimic through anthropogenic perturbations
(Kuuluvainen, 2009). Nonetheless, mimicking natural disturbances through
management can be used successfully in forests where species diversity and
structural heterogeneity are the primary objectives. Heterogeneity on the plot-
level is created through single disturbances while heterogeneity at the stand level
is a result of a combination of different plot-level disturbances. Forest
management can thus model disturbances at the forest compartment level. Forest
management compartments, which are commonly used by forestry enterprises,
can represent the units affected by a single disturbance within the range of natural
disturbance severities (Hanson and Lorimer, 2007; Seymour et al., 2002). In those
units, management could be oriented to have a range of disturbance severities,

targeting moderate canopy disturbances (Woods, 2004). If those compartments
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were spatially and temporally distributed, disturbance conditions approximating a
mixed severity disturbance regime could be achieved.

Legacies of disturbance history influence both tree and stand-level biomass
dynamics by changing local environmental conditions and levels of inter-tree
competition. Trees growing in monotypic spruce forests followed a similar
sigmoidal trajectory after canopy accession, regardless of age or prior duration
of suppression. This finding supports physiological theories and suggests that
trees in these types of forest structures might be competing for similar
limiting factors. While stand characteristics (e.g., time since disturbance,
existing biomass, etc.) can explain much of the variability in tree and stand-
level aboveground biomass increment (AGBI) (Coomes et al., 2014;
Michaletz et al., 2014), inclusion of the direct and indirect interactions with
climatic and physiological factors, together with disturbance regimes, will be
required for predictive models of biomass dynamics.

Persistence of old trees as micro-refuges after disturbances could help
increase species biodiversity of many specialized epiphytic species, even in
altered microclimates. We recommend the preservation of old-growth forest
fragments in Europe without any post-disturbance management interventions;
these areas would preserve existing habitats for uncommon lichen species and

also act as a source to colonize surrounding forests.
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