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Pushing the envelope: Empirical Growth
Models for Forests at Change.

Abstract

Global climatic change has local impacts. By extending the empirical forest growth
model for single trees PrognAus with a climate-sensitive module for basal area
increment we forecast single-layered stands of Scots Pine (Pinus sylvestris L.), Oak
(Quercus spp.), and their mixture to show latitudinally ordered decreases in standing
volume in the year 2100 (paper I). The forecast decreases were more severe for Scots
Pine stand types than for Oak stand types; more severe between the historical
reference and RCP 4.5 than the additional stress imposed by the RCP 8.5 scenario
for the Oak stand type, whilst Scots Pine experienced a decrease of the same
magnitude as between the historical reference and RCP 4.5; and more severe at lower
latitudes than for higher latitudes. To investigate high-resolution spatiotemporal
trends, we trained a static reduced model (SRM) on the forecast stands and their
climatic data (paper II). We simulated the period 2018-2100 at 30-arcsecond
resolution across Europe for all stand types to compare to the period 1923-2005. The
Scots Pine stand type was predicted to experience substantial decreases in gross
volume production relative to the historical scenario under the future scenarios RCP
4.5 and RCP 8.5. The gross volume production of the Oak stand type was predicted
to decrease in northern Europe but increase in some regions of central and southern
Europe. In contrast, paper III develops a proxy for the site productivity of mixed
coniferous forests based on repeat airborne laser scanning which is compared to
derived values for soil moisture. Our proxy for site productivity showed a weak
decline with increasing soil moisture, although variation was large. In paper IV, we
present preliminary results of the potential in using high-density repeated airborne
laser scanning for short-term predictions of volume increment in individual trees of
Norway Spruce (Picea abies (L.) H. Karst).

Keywords: climate change, growth, Norway Spruce, Scots Pine, Oak, productivity,
remote sensing, LiDAR, site index



Att tanja granserna: Empiriska
Tillvaxtmodeller for Skogar i Forandring

Abstract

Globala klimatfordndringar har lokal paverkan. Genom att utoka den empiriska
skogsproduktionsmodellen PrognAus med en klimatanpassad modul for trids
grundytetillvixt kunde vi framskrida enskiktade bestind av tall (Pinus sylvestris L.),
ek (Quercus spp.) samt deras blandning och visa latitudinellt ordnade nedgéngar i
den forvéntade stdende volymen ar 2100 (artikel I). Forutsedda minskningar var
allvarligare i tallbestdnd 4n i ekbestind; for ekbestdnden allvarligare i steget mellan
den historiska referensen och framtidsscenariot RCP 4.5 én for steget mellan RCP
4.5 och RCP 8.5, alltjamt som tallbestdnden predikterades uppleva en minskning av
samma storleksordning under béda stegen; samt allvarligare minskningar pa ldgre
breddgrader &n pa hogre latituder. For att vidare undersdka hogupplosta rum- och
tidsmaissiga trender passade vi en statisk reducerad modell (SRM) pé de framskridna
bestanden och tillhérande klimatdata (artikel II). Vi simulerade érsvis de olika
bestandstyperna for perioden 2018-2100 med 30-bagsekunders upplosning for stora
delar av Europa, for att sedan jamfora utvecklingen med den historiska
referensperioden  1923-2005. Tallbestand forvintades uppleva betydande
minskningar i deras bruttovolymproduktion under de framtida klimatscenarierna
RCP 4.5 och RCP 8.5 jamfort med den historiska referensen. Ekbestdndens
bruttovolymproduktion véntades minska i norra Europa men 6ka i vissa regioner i
centrala och sddra Europa. Artikel III utforskar istdllet hur en bonitetsindikator
sdsom skattad fran upprepade luftburna laserskanningar hoér samman med
markfuktigheten sdsom skattad av Agren et al. (2021). En svag neditgéende trend
aterfanns, dven om variationen var stor. I artikel IV presenterar vi preliminéra
resultat angdende mojligheten att nyttja upprepad laserskanning for att uppdatera
eller prediktera volymokningen hos enskilda granar (Picea abies (L.) H. Karst.).
Nyckelord: klimatféréndring, tillvéxt, Gran, Tall, Ek, bonitet, fjarranalys, LIDAR,
standortsindex.



Preface

Modelling growth is shooting at a moving target

- Professor Annika Nordin
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1. Introduction

1.1 Background

Any good farmer worries about the weather. Will rains come and bring
mould to the drying hay? Will a cold snap settle frost on the fresh sprouts?
Will the drought break before the water reserves run out?

The fundamental worries of those who grow forests are no different — and
with long rotation periods, the worries may extend over decades into the
future. One such current worry is climatic change, which may cause effects
such as drought, and storms causing damage from windbreak, perhaps
incurred after heavy snowfall. Consequently, much current forest research is
devoted to evaluating the likely consequences of climate change and how
forestry can adapt to changing climate. For example, adaptation may imply
that mixtures of coniferous and deciduous species should be used to a larger
extent (Knoke et al., 2008) or that shorter rotation periods should be applied
(Zimova et al., 2020). It may also involve different management strategies,
such as avoiding heavy thinning operations late in the rotation (Wallentin &
Nilsson, 2014). However, there are potential upsides of climate change as
well, such as faster growth due to increasing temperatures and elevated
atmospheric levels of carbon dioxide. The overall effect will depend largely
on where a forest is located geographically and how it is managed.

15



Once planted (or naturally regenerated), trees must adapt in situ to their
environment. They cannot, like animals, move to more favourable locations.
With poor adaptation to changing environmental conditions, trees will be
stressed because of several physiological mechanisms, which could lead to
decreased resilience and growth, or even death. For example, cell stomata
are used for maintaining cell temperatures in a viable range whilst avoiding
hydraulic failure of the supporting tissues — an important reason for tree death
due to drought (Mantova et al, 2022). On the other hand, high cell
temperatures may cause denaturation of proteins and release of excessive
amounts of metabolic signalling agents which can induce cell death (Huang
etal.,2019). Waterlogging impacts plants in analogous ways — where typical
responses might include nastic movements, programmed cell death in roots
to facilitate gas exchange and energy-saving actions to limit respiration
(Zhou et al., 2020).

An important reason for research on impacts of climate change on forests
and forestry is the many ecosystem services human society receives from
healthy forests (Seidl et al., 2016). These services range from materials for
buildings and packaging to recreational and cultural values. Some of them
have economic value as marketed goods, while others have non-market
values which are typically more difficult to assess (Obeng & Aguilar, 2018).
The economic value of marketed forest ecosystem services from the forestry
sector (including the economic groups forestry & logging, solid wood
products, pulp and paper products & wood furniture) was estimated at ~1.5
trillion USD in 2015 (Li et al. 2022). Further, these forestry sector groups
employed 32.4 million people. This stands in relation to a global GDP
reported by the World Bank Group (2024) of 75.36 trillion 2015 equiv. USD,
i.e. the forestry sector contributes to about 2% of global total GDP.

This thesis has a focus on forests in Europe. Thus, it is worth highlighting
that the European (excluding the Russian Federation) GDP from forestry in
2015 amounted to 423 billion USD, employing about 7.9 million people (Li
et al., 2022), i.e. the share of Europe’s GDP of the global GDP from forestry
was almost 30%. This is a massively outsized contribution, as Europe sans
the Russian Federation holds only about 5% of the world’s forests
(FAOSTAT 2020 SDG Indicators 15.1.1 Forest Area).

However, forested ecosystems on the European subcontinent encompass
several different biomes, ranging from subarctic boreal forests to temperate
and Mediterranean forests. They are strongly influenced by major weather
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systems from the Atlantic Ocean and from Eurasian continental landmasses.
Forest management is adapted to local conditions and traditions, meaning
that forests in Europe are far from homogeneous. For example, whilst the
peoples of the Iberian Peninsula have strong traditions of pastoral
agroforestry integrating livestock production with large seed-trees such as
Cork Oak (Quercus suber L.) or European Beech (Fagus sylvatica L.),
grazing has mostly been separated from forests in Nordic and Central
Europe, at the very latest following the introduction of managed pastures,
e.g. Kardell (2016), albeit certainly recommended by silviculturists far
earlier (ibid.).

Owing to the many differences between forests in Europe, it is not a trivial
task to evaluate how forests in Europe are likely to be affected by climate
change and what the relevant adaptation measures would be. Answering
these questions is an important task for researchers, and practitioners alike,
to safeguard that European forests should continue to provide vital
ecosystem services.

However, whereas the difficulties to make projections of forest state
increase due to climate change, so do the possibilities to make such
projections due to technological developments. Traditionally, growth models
for application in practical forestry have been based on data collected during
repeated field inventories or experimental stands (Ekd, 1985). Typical data
concern information about individual trees on sample plots, such as data
collected during national forest inventories (Tomppo et al., 2010). Mostly,
all trees on plots are calipered for diameter, whereas height is measured only
for a subsample of the trees. Site quality, stand age, etc., are typically
assessed at plot level. Because field campaigns are costly, only relatively
sparse samples are usually available from field inventories, or crude
subjective methods are applied whereby stand averages are ocularly assigned
for entire stands (e.g. basal area by angle count sampling, Bitterlich, 1984.)
With recent developments in remote sensing methods, new possibilities for
cost-efficient data collection have emerged.

A method of specific interest for forest inventories is Light Detection And
Ranging (LiDAR, e.g. Peterson et al. 2007). With LiDAR, the height
structure of forests, and the structure of the ground beneath forests, can be
obtained at relatively low cost per area unit. This type of information has
revolutionised forest inventories in several countries. For example, currently
the second round of a national campaign for collecting LiDAR data wall-to-
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wall for Swedish forests is currently being conducted (Nilsson et al., 2017).
High-accuracy maps for features such as biomass, volume, and height are
being made available for different uses, related to both forestry and nature
conservation (Bohlin et al., 2021; Saarela et al., 2020). Further, from detailed
height reliefs of the ground beneath the trees, high-accuracy maps of soil
moisture have been developed (Lidberg ef al., 2020). These have found
broad use for making logging operations more effective, while making less
negative impact on forest soils.

With this second round of LiDAR data acquisitions currently being
completed in Sweden, several new possibilities are emerging. Based on
forest height and height difference between consecutive measurement, maps
of site quality and stand age are currently being compiled (Appiah Mensah
et al., 2023). Ideas are emerging that growth models for trees and stands
could be improved using the same type of information.

This thesis comprises two main parts, both related to modelling the
growth of trees and stands. In the first part, I focus on the likely effects of
climate change on growth and discuss adaptation measures. A first article
explored the effects of climate change on the growth of stands of Oak
(Quercus spp. L), Scots Pine (Pinus sylvestris L.) and mixtures between the
two. The stands were located at different experimental sites across Europe.
In a second article, using the same data, I developed models so that
geographically explicit results in terms of growth effects of climate change
for the main parts of Europe could be obtained. Such results are important
for assessing regional and local level consequences of climate change, as
well as for discussing relevant mitigation measures.

The second part of the thesis addresses to what extent novel techniques
can be used for determining site quality and improving the accuracy of
growth models. Thus, in a third study, I contributed to relating site quality
assessments to soil moisture data. The site quality assessments were
developed wall-to-wall from repeated LiDAR acquisitions. In a fourth and
final study of the thesis, I evaluated to what extent data from repeated LIDAR
measurements could improve growth models based on traditional field data.

In the remaining sections of the Introduction, different areas of relevance
for the thesis are reviewed. At the end of the chapter, detailed objectives for
the thesis are presented.
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The Past is a Foreign Country'; but the Future may be Stranger Still.

1.2 Growth Modelling

Modelling helps us structure what we think we know, formulate experiments
for that which we do not; evaluate the impact of uncertainty; and provides us
with an opportunity to extend from our constructivist assumptions to explore
counter-factual statements by deductive reasoning. All models are a
simplification of reality.

Modelling is a core activity in describing and predicting the growth of
trees and forests, and should be tailored to provide timely, biologically
plausible, robust and objective-oriented results. As a result, a broad spectrum
of approaches has appeared:

Process-based modelling attempts to extend strong stoichiometric
relations observed in physiological plant-studies to mimic the natural
processes of growth, mortality, water and nutrient uptake, internal water
flow, desiccation rates etc., and has been successfully employed to predict
productivity across large scales (Coops, 1999).

Empirical modelling has a significantly longer history than the
aforementioned, placing less emphasis on the causal structure of lower order
processes. Empirical modelling has developed in direct relation to increased
mensurational demands. Taxation is costly, and as result early research in
forest mensuration was chiefly interested in finding simple and accurate
means to assess core features of stands such as the standing volume and basal
area. This developed into providing more-or-less sophisticated static
functions, e.g. that a trees volume can be related by a power law to its
diameter, e.g. Kopezky (1899), from which assessments of stand volume,
assortment composition and standing valuation could be carried out based on
single inventories; measurements from representative sites were rapidly
combined into yield tables, later based on strong generally observed
phenomena — such as FEichhorn’s rule. Named after Eichhorn (1904), it
refers to the remarkably strong relation between standing-stock and basal-
area weighted mean height, regardless of age (and by proxy, site quality). It
was first presented for Silver fir (4bies alba Mill.) and later suggested to be

! LP Hartley, 1953.
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generalizable to other, at least coniferous species, by Gehrhardt (1923).
Notable compilations of yield tables include e.g Swappach (1912) and
Wiedemann and Schober (1957)

These generalisations, with varying degrees of computational processing
of data, were based on considering the cross-sectional data from inventoried
plots to constitute developmental trajectories. Some are still in use today, e.g.
Assmann and Franz (1963, 1965)°.

It is here suitable to dwell for a moment on the difference between static
and dynamic equations, since by design what they imply is different. Static
equations, relating an independent not re-measured target variable to any
number of correlated features, is in essence providing the same service as did
formerly tables — providing an estimate of current conditions, or projections
based mainly on the assumption that the forest conditions within age classes
remain stable.

Dynamic equations, on the other hand, intend to mimic the alteration of a
characteristic over time — such as the 5-year basal area increment of a
stand/stem, or site index® functions. Although such functions are not required
by design to come from longitudinal data*, modelling from solely cross-
sectional data tends to yield biased results (Tegnhammar, 1992; Walters et
al., 1989; Yue et al., 2023). Repeat measurements allow for a postulation of
that the disturbance connected with a certain site be constant over time, such
that it can be satisfactorily addressed by differencing (Furnival & Wilson,
1976). However, when the disturbance by a site is correlated with predictors,
this does not properly account for the error term.

Thus, modelling forest development from longitudinal studies has today
become the norm — at least where well maintained national forest inventories
and long-term experiments are accessible (Fridman & Danell, 2023).
However, cross-sectional studies can be the only choice for research
conducted in areas with lacking experimental infrastructure.

A large number of generic models for growth modelling have been
proposed and specified, such as the Lundqvist-Korf, Gompertz or Chapman-

2 pers. comm. Priv.-Doz. Dr S. Vospernik

3 Site Index: Index of height growth productivity, typically expressed as the expected mean height of the 100
stems with thickest diameters per hectare at a given reference age.

4 Repeated measurements of the observed elements.
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Richards model families (Bertalanffy, 1938; Gompertz, 1825; Korf, 1939;
Lundqvist, 1957; Richards, 1959).

As an example, a curve fit to data for a Norway Spruce stand according
to Mensah ef al. (2022), fig. 1B demonstrates the general concepts of a
moderately slow juvenile phase — the maximum periodic increment being
reached as the canopy closes, and — finally — a tapering off as a stand matures
cf., Assmann (German: 1961, English: 1970).

Generally speaking, the trajectory of standing volume assumes a
sigmoidal-hyperbolic relation when plotted over time, or an inverse-
sigmoidal/negative exponential relationship when the ratio of increase is
plotted against gross production, e.g. figs. 1A, 1C. As I have mentioned
before and will return to later, volume is a modelled variable, and
consequently modellers have frequently preferred the sigmoidal
accumulation of standing volume to be an emergent property of the system
of growth equations (Vospernik et al., 2015).

Note here that the culmination of periodic annual volume increment of
the stand does not correspond to that of the average individual of the
prevailing trees (Clark, 1990).

The nature of a potential asymptote is dependent on model objective as it
is typically outside the range of underlying data and so largely subject to
modeller preference. Furthermore, it is dependent on fairly characterising the
effects of regular’ and irregular® mortality, which is notoriously difficult
(Siipilehto et al., 2020).

However, as was early observed by e.g. Reineke (1933) for a number of
north American tree species, there are fairly predictable species dependent
density limits — the capacity to maintain a certain average individual of a
given size per unit of space. As was later also found separately by Yoda et
al. (1963), this phenomenon gives rise to the so-called ‘self-thinning’ line’,
alluding to that when plotted on a log-log scale, the exponential decrease in
the number of survivors at an increase in the average size of the members of
the population approaches a linear limit, with a slope of approximately -3/2’s
for a wide range of species. The self-thinning line, as the limiting border for

5 Long-term, fairly predictable density-dependent mortality and ’background’ noise such as individual wind-
/snow breaks.

¢ Event-driven mortality, e.g. storm, drought, insect outbreaks with a clumped spatial distribution.

7 Also widely known as the -3/2 slope.
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the competition-density-yield effect, demonstrates that for a wide range of
initial plant spacings, final yield is rather unaffected. However, the slope
certainly varies even between woody species (Pretzsch & Biber, 2005;
Vospernik & Sterba, 2015). It should here be noted that one can typically
distinguish between the species boundary line, which follows from the
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Figure 1. Principal illustration of A) Net production of a stand of Norway Spruce (H100:
30 meters), B) solid line: current annual increment (CAI), dashed line: mean annual
increment (MAI), and C) Relative Growth Rate (RGR).
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definition above, and the dynamic thinning line, the trajectory undertaken by
single stands (Weller, 1990).

The formalisation of a self-thinning line as an emergent property of rules-
based games has attempted to clarify whether the apparent limit is inherently
expressing a property related to an allometric relation to biomass, or some
proxy limiting the planar spatial extent such as crown-diameter (Westoby,
1984). It can arise even in very simple systems, such as that suggested by
Slatkin & Anderson (1984), wherein points from a homogenous Poisson
point process are placed on a surface and grown as circles from a common
radius in discrete steps by some monotonically increasing growth function.
Whenever two circles overlap, one randomly dies. An example
implementation by the author is demonstrated in fig. 2%, where the points are
grown on a unit flat torus at a relative increase of the radius of 3% per growth
step. Note that the first step of instantiation is not shown, where overlapping
circles before the first growth period are removed. A quantile regression to
the 99" percentile of the result yields an almost identical slope to the
proposed -3/2 slope by Yoda & Reineke. Overall, it clearly demonstrates
both the accumulation of trajectories close to the species boundary limit (rule
of constant final yield) as well as widely varying individual trajectories.
Large increases in diameter without concomitant decreases in the density
demonstrate the competition-yield-density effect. Individual variations
between runs clearly occur due to the suboptimal placement of the surviving
points.

8 Note inversion of axes, yielding a -2/3 relation equivalent to the proposed -3/2 slope of the boundary limit.
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Figure 2. Results from 2’000 runs of the Slatkin & Anderson’s game. A quantile
regression to the 99th percentile yields a relation (solid, red line) of almost identical slope
to that of the -3/2 line (dashed line).

Note that the circles in Slatkin & Anderson’s game are not size-limited,
and that the maximum diameter of trees at low densities would therefore
taper off considerably compared to fig. 1, e.g. producing a curvilinear
relation (Cao & Dean, 2015). Large variation in outcome depending on small
changes in initial conditions, such as the spatial distribution and number of
circles in Slatkin & Anderson’s game, is typical of chaotic processes.
Without any knowledge of the generative system, we might question to
which degree these fluctuations in outcome are, in fact, due to undirected
perturbations from external influences (random noise) or whether they are a
property of an inherently chaotic single or aggregate process. We conclude
that the modelling scale and structure of the model are critical to delivering
operatively robust, if not informative, estimates. The fact that linear
formulations have been so serendipitously applied in physics and
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engineering by no means entails that the same is true for complex ecological
systemsg.

1.3 Uncertainties in growth modelling

Uncertainty is inherent to studies of forest growth. A first observation in
this context is that some variables of interest, such as tree or stand volume,
are not directly measurable (without great effort and cost) but start- and
endpoint observations must also be modelled. However, even if a growth
model is based on directly observable variables, such as the diameter of trees,
several sources of uncertainty exist in predictions from an estimated model.

Firstly, the specified model relationship may be incorrect (for any number
of reasons), which leads to errors that can be difficult to assess. Secondly,
the parameters of a model must be estimated from sample data. Thus,
variability in the estimated model parameters occurs, depending on the
sample data used for parametrising the model. Further, most models of
biological features comprise a large intrinsic variability even under ideal
circumstances. This variability is expressed as an error term, like € in the
simple model V' =f (B, H) + ¢ for determining the volume, V, of a tree, based
on its basal area, B, and its height, H.

Depending on the area of application, different errors are important to
consider. When predicting the growth of a single tree or stand, the variability
of the error term is mostly the most influential part, whereas when predicting
the average growth for a large area variability in estimated parameters is
usually the larger part (Lin e al., 2023). Likewise, for growth modelling
under climate change, large errors may be committed if growth models based
on empirical data are applied unless the data for the models did not include
large environmental gradients (cf., Vospernik, 2021).

In addition to the aforementioned sources of uncertainty, measurement
errors may occur among both the dependent and independent variables in a
model. Examples of the magnitude of such errors are given by, e.g. Broman
and Christoffersson (1999), Prodan (1965, p. 164) and Sterenczak et al.
(2019).

9 Sensu R. M. May.
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An illustration of the variability in growth modelling results is given in
fig. 3, where Monte Carlo simulation was applied to, based on fixed
estimates for the asymptote and of starting conditions, sample new parameter
values in each growth sequence. In this simple example, independence
between parameters, and Gaussian distributions for all the parameters were
assumed.
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Figure 3. Results from 2’000 repeated projections of a single stand illustrating model
uncertainty about the parameters in the growth model. The dashed line gives the
projection using the model parameters assumed to be true. The solid line corresponds to
the average of simulated projections. The deep blue, shaded area includes projections
contained within one standard deviation of the mean; the light blue, shaded area includes
projections contained within two standard deviations of the mean.

1.4 Site quality

The capacity of forest soils to provide yield in terms of tree volume has
long been a focus in research and application. In a landmark study, Cajander
(1909) suggested, based on preliminary work in southern modern-day
Germany, that forest types seemed stable, spare fleeting changes following
e.g. cutting, and that they might be used successfully to differentiate between
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site qualities. Together with Ilvessalo (1920), yield tables were statistically
formalized using statistical methods such as those championed by Cajanus
(1914). These demonstrated differences in productivity between the
suggested types. Later studies demonstrated that forest types ordered by
productivity differed with regard to soil nutrients, where, e.g., the more
productive forest types had higher concentrations of nitrogen available for
plants (Aaltonen, 1929; Valmari, 1921).

Production capacity is typically expressed in terms of a quantitative
estimate, such as site productivity (Skovsgaard and Vanclay, 2008). As a
result of the breadth of conditions in which forests grow, and increasing
focus on the spatiotemporal variation about the mean productivity beyond
the stand unit, there’s likely no single approach to estimating such that will
suit all conditions, interest scales and use-cases (Skovsgaard and Vanclay,
2013).

The picture is further complicated by that the realisation of the potential
growth is affected by both management and species-choice, whilst
experimental trials are both expensive and time-consuming. This leads to a
wide-variety of model-based estimates, such as the relations presented by
Agestam et al. (1981). In fig. 4, the system developed by Mensah et al.
(2022) was used as a basis for illustrating the relation between the estimated
site productivity and its proxy, here site index.

Many systems for determining site quality are based on the relationship
between top height, often expressed as the mean height of the 100 coarsest
trees per hectare, and the mean age of these trees. However, since the relation
between height and age is considerably confounded in many situations, site
quality assessments based on geobotanical factors assumed to affect site
fertility have also been developed, e.g. Lundmark (1974), Hagglund and
Lundmark (1977) and Hagglund (1979). As their basis, i.e. the constancy of
the underlying allometric relations, may change with climatic conditions or
between regions, also these relationships have come under heightened
scrutiny, e.g. Bontemps & Bouriaud (2014).
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Figure 4. Yield potential, the maximum attainable MAI (in m3ha-1yr-1), for different
site indexes. After Mensah et al. (2022). Solid line: Scots Pine. Dashed line: Norway
Spruce.!®

1.5 Climate Change

Fourier is generally credited as being the first to compare the insulative
effect of the atmosphere to that of a greenhouse, based on the experimental
work of de Saussure, who demonstrated that the amount of direct radiation
from the sun increases with altitude (Fleming, 1999). Only later did Tyndall
(1861) provide a mechanism by which the atmosphere could retain heat in
water vapour, and proposed that such could be the case also for carbon
dioxide (CO,). This was, in turn, shown only a few years later by Arrhenius
(1896). Arrhenius concluded that the rate of burning of coal could, indeed,
ceteris paribus, over the next 3’000 years cause an increase in the
concentration of atmospheric CO, by some 50%, with an accompanying rise

10'N.B. Although the growth may seem similar at a given site index, this should not be taken to imply that the
site index of different species be the same at a given site!
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in temperature by 3.4 °C (1896a)''. Water vapour, despite representing some
50% of total radiative forcing, is a by-product of the mean temperature with
a short atmospheric life-time, and so only works as an ‘amplifier’ (Lacis et
al., 2010).

It will have escaped no widely read person that the rate of CO; emissions
has doubled roughly every 32 years since 1896 (Andrew & Peters, 2024;
Friedlingstein et al., 2023)'?. At the same time, the global average annual
concentration of atmospheric CO» has increased from ~294 ppm (1900) to
419 ppm in 2023, roughly corresponding to an increase of 42.5% (NOAA,
2024; Ritchie et al., 2024). By comparison, the global monthly mean
temperature for each month between July 2023 — June 2024 exceeded 1.5 °C
increase relative to their monthly average 1850-1900 (C3S/ECMWE, 2024).
The World Meteorological Organization currently estimates that it is as
likely as not that the 2024-2028 mean increase will exceed 1.5 °C (WMO,
2024).

General Circulation Models (GCM’s) include a wide range of different
models, objectives and applications, but for the purposes of this thesis will
refer to coupled atmospheric-oceanic general circulation models
(A0OGCM’s), such as ACCESS1.3 (Bi et al, 2013), CMCC-CM
(Scoccimarro et al., 2011); MIROCS5 (Watanabe et al., 2010) or CESM1-
BGC (Lindsay et al., 2014), which are constructed from both process-based
and parameterized components. As mentioned above in a forestry context,
many model parameters may be uncertain, or have only been observed within
certain ranges.

In transient climate simulations'® the key input to differing experiments
include physics, model-warm up/initial conditions, and future inputs such as
greenhouse gas (GHG) emissions scenarios (e.g., Special Report on
Emissions Scenarios, or SRES), GHG concentration trajectories like the
Representative  Concentration Pathways (RCPs), or the Shared
Socioeconomic Pathways (SSPs) in which emission scenarios have been
constructed based on potential socioeconomic developments.

I Arrhenius took some comfort in that the descendants of the lecture audience might enjoy a better climate —
lecture given in Stockholm 3rd of February 1896.

121896 CO, emissions ~1.54 Gt; 2022 CO, emissions ~ 37.15 Gt.

13 In transient climate simulations, the model can be exposed to a time-series of drivers, e.g. emissions, where
the global climate is modelled in discrete steps.
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Both the RCP and SSP scenarios are categorized by the level of radiative
forcing'* at year 2100, e.g. RCP4.5 or SSP2-4.5 entail an end-of-century
level of radiative forcing of ~4.5 Wm™. This should be compared to a
radiative forcing of ca. 3.4 Wm™ in 2022, representing a 49% increase in
radiative forcing due to anthropogenic emissions'® since the 1990 reference
year of the Kyoto protocol (UNFCCC, 1997). Note, however, that the global
mean temperature will continue to rise even under the absence of further
emissions as climatic feedbacks take effect, and that the global mean reflects
neither the potential change at local to regional scales, nor the potential
impact.

Europe has warmed at a rate more than twice the global mean between
1980 and 2022 (Copernicus Climate Change Service (C3S), 2024). As found
by Abatzoglou, Dobrowski and Parks (2020), multivariate quantities
accounting for change in more than one measure could show that the
observed departure from climatic references is even more rapid than for
single measures, and associated with changes in means, rather than only
change in variance. Abatzoglou ef al. (ibid.) additionally warn that the
adaptive capacity of ecosystems may not be aligned with the observed
changes. Mahony et al. (2017) demonstrate for the North American continent
moderate departures during RCP 4.5, with limited regions (7% of area)
experiencing climate conditions meeting a fixed dissimilarity criteria during
the projected 2071-2100 normal period, whereas up 40% of the terrestrial
area is projected to exceed the same criteria under the RCP 8.5 scenario, with
major implications for long-term forest growth projections.

In many studies, the principle of uniformitarianism (the past is the best key
to the future) is implicitly assumed to hold — however no such guarantee can
be held in multivariate departures far outside the observed range in any
complex system. This is particularly the case where environmental change is
both rapid and of large magnitude, pre-empting possible adaptation by
gradual change in local community composition of vegetation and/or
necessary biological structures. An example is given by Hinze, Albrecht and
Michiels (2023, fig. 5) on the climatic comparison between current
distributions of potential vegetation, c.f. Tiixen (1956), in Europe and that

14 Radiative forcing is the net change in radiative flux (W/m?) by an external driver. The total effect is roughly
attributable (63% CO,, 19% methane, 6% nitrous oxide, etc.).

IS NOAA AGGI index.
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during 2070. Under the RCP4.5, RCP 8.5 scenarios the vegetation potentials
indicate a northward contraction of boreal Picea abies forests, being strongly
exacerbated under the RCP 8.5 scenario. Likewise, north-easterly shifts in
the European areas classed as Quercus-Carpinus forests towards the lower
basin of the Baltic Sea, Baltics and the Russian Federation were observed
under RCP 4.5. In RCP 8.5 such forests migrated further into Sweden and
Finland. A rapid expansion across the lowlands of Western Europe was
foreseen for the thermophilic Q. pubescens, which is currently found in
southern France and Italy. It is important to note that vegetation community
and respective abundances of species are indicative not of any species
absolute potential, but of each species’ growth rate in relation to that of its
competitors (sensu Ellenberg'®).

The impacts of environmental change on forest growth have been studied for
some time. From the Spruce sickness of Saxony mentioned by Wiedemann
et al. (1923), the Waldsterben and acid-rain of the 1980’s (Ulrich, 1990), the
increase in growth during the same period, cf. Spiecker et al. (1996), and
currently, assessing the potential impact of climatic change, e.g. Reyer
(2015), Reyer et al., (2017).

1 Heinz Ellenberg noted in 1953 that the distribution of the abundance of plants are shifted away from their
physiological optimum by competition, e.g. Crawley (2007).
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Figure 5. Conceptual effect of external forcing on biomass accumulation, after Hember
et al. (2012). Solid line marks actual growth function. Dashed lines labelled by starting
year (Biomass = 0.001).

Hember et al. (2012) demonstrated the conceptual growth impacts on a fixed
ontogenic trajectory of biomass growth of a stand (fig. 5). Between 200 and
100 years before present, the stand grows ' as well as usual. Between 100
years before present and present day, growth increases again to 100% (solid
line). This improvement continues out to 25 years into the future (time ¢) —
e.g. the dashed line representing the growth of a stand planted at 100 years
before present is denoted t-125. However, as noted by Hember et al., such a
direct modulation approach failed to capture carry-on effects such as
defoliation after drought, or intrinsic change (change in form of function).
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Paterson’s CVP Index'” is log-linearly related to the productivity of forest
stands expressed as m’ha'yr! (Paterson, 1956). By comparing the
development of CVP over time Pretzsch et al. (2023) found that between
1975 and 2017 the climatic conditions for forest growth had declined across
south-western Europe (Portugal to western Italy) whilst strongly improving
across the Scandinavian peninsula.

1.6 Remotely sensed data for improved growth
modelling

During recent decades, the challenges for accurate growth prediction have
increased due to climate change, but so have the possibilities to increase the
accuracy of growth models by making use of new techniques, facilitating the
incorporation of new types of data in the models. Not least, the developments
of remote sensing techniques, which have been rapid over recent decades,
offer such possibilities.

Aerial photographs have been available for a long time and proved their
importance for cartography, including production of maps for purposes of
forest planning. Aerial photographs have also been extensively used for
assessing features such a stand volume (Gingrich & Meyer, 1955). A
milestone in the development of remote sensing techniques for forest
inventory occurred when optical data from satellite-borne sensors were first
made available for civilian applications in the 1970s through the Landsat
missions (Goward et al., 2017). Since then, a plethora of satellite-borne
sensors have collected Earth information, with resolutions ranging from
coarse to fine. Whereas the main purposes of the missions have seldom been
forest inventory, data from medium and fine resolution sensors (<1 - 30
meters) have proved to be useful for forestry purposes as well: monitoring
harvests, forest health, species classification, crown closure as well as related
estimates of forest attributes such as volume (Fassnacht et al., 2024).

In the 1990s, Light Detection And Ranging (LiDAR) technology was
found to be extremely useful for purposes of forest inventory (Nasset, 1997).

17 CVP — Climate Vegetation and Productivity
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With LiDAR, detailed information about the height structure of trees and
forests can be obtained from hand-carried or vehicle-mounted laser scanners.
Derived features have been found to correlate strongly with aboveground
biomass, growing stock volume, and forest height. Following large-area
LiDAR campaigns in several countries, including Sweden (Nilsson et al.,
2017) forests maps of features such as volume and biomass have been
produced and found many different uses.

In parallel with the development of LiDAR techniques for forestry,
similar developments have been pursued using Radio Detection And
Ranging (RADAR) and Synthetic Aperture RADAR (SAR). Longer time-
series of spaceborne SAR measurements can estimate site index with
reasonable results if both species and age of stems in the area of interest are
known. However, silvicultural treatments tend to lead to an underestimation
(Huuva et al., 2023).

So far, LIDAR-based estimates of site index from existing equations have
been based on LiDAR height estimates with ancillary age information from
e.g. forest inventory (Holopainen et al., 2010; Tompalski et al., 2015),
LANDSAT (Tompalski et al., 2015) or direct estimation from bitemporal
LiDAR scanning campaigns (Noordermeer et al., 2020). Socha et al. (2017,
2020) developed new top height growth equations from repeated ALS
campaigns combined with age data from stand registers. Tyminska-
Czabanska et al. (2021) combined the aforementioned bitemporal approach
with interpolated precipitation data. Recent efforts have also extended the
site index concept to multitemporal ALS-data from mixed-wood stands using
the growth-rate at height approach outlined by Salas-Eljatib (2020), e.g.
Riofrio et al. (2023).

Some countries now run their second round of wall-to-wall LIDAR data
acquisitions. As a result, new opportunities to assess change are emerging,
including changes due to tree growth. Further, with dense LiDAR data
information derived from individual trees, it is possible to assess the
competition status between trees wall-to-wall as well as the height growth of
single trees. Results are promising and indicate that this new type of data has
a potential to increase the accuracy with which past growth, current state,
and probably even future growth of forests can be modelled. In fig. 6, the
principle of estimating site quality from repeat LIDAR measurements is
outlined.
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Figure 6. The Norway Spruce dataset (thick, solid black lines) underlying current site
index equations for use in Sweden fitted with Salas-Eljatib’s (2020) height growth rate
at height equation. N.B. Actual dataset registered total age, rather than age at breast
height. Thus, data subjectively shifted along abscissa to match. Sheath of curves based
on initial point (0.5,1.3).
LiDAR measurements to some extent penetrate vegetation cover and can
thus be used for providing detailed maps of ground topography. These types
of maps can also be used as input for soil moisture mapping. For example,
Agren et al. (2021) and Lidberg et al. (2020) have produced maps of soil
moisture for Sweden by combining height relief data derived from LiDAR
measurements with soil moisture as assessed by the Swedish national forest
inventory.

Thus, novel technologies offer new possibilities to improve growth
modelling through the incorporation of new metrics which correlate strongly
with growth into models.
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2. Objectives

The main objective of this thesis was twofold: (i) to assess the
consequences of climate change on the growth of Scots pine (Pinus sylvestris
L.) and oak (Quercus spp. L.) stands at European level, and (ii) to assess how
novel metrics from remote sensing could be utilised for improving the
accuracy of models in determining potential future growth of forests.

The specific objectives of the included papers were:

Paper I. A climate-sensitive basal area increment model for single trees has
been developed by Vospernik (2021) and used to simulate the growth of
inventoried stands of Q. spp., P. sylvestris and their mixture on the same sites
given varying climatic scenarios. We specifically hypothesized:
i) Decreased standing volume in year 2100 expected for all stand
types with increased scenario severity (Historical << RCP 4.5
<< RCP 8.5).
ii) If hypothesis I holds, Q. spp. will buffer these decreases better
than P. sylvestris.
iii) Mixed stands will show less of a response than the monocultures.
iv) Decreases will be more severe at low latitudes.

Paper II: Given the outcomes from study sites in paper I, we further
hypothesized that for species with low levels of subspeciation, such as Q.
spp. & P. sylvestris, the functional relationship between annual weather
patterns and volume growth may be very similar across their distribution.
We trained a static reduced model from yearly outputs by PrognAus to look
at relative differences in expected growth between 2017 and 2100 at a
European level.
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Paper III: In the third study, a primary objective was to investigate the
relationship between some factors which are known to affect soil fertility,
soil moisture from maps developed by Agren et al. (2021), and a proxy of
site quality as estimated from repeat LIDAR measurements across a boreal
landscape.

Paper IV: In the last study of the thesis, the objective was to compare the
accuracy of single-tree growth models developed based on traditional field
data with the accuracy of models based solely on LiDAR data, as well as
models where the two types of metrics were combined. The models
concerned growth in terms of volume.

Whereas a traditional approach to assessing the likely consequences of
climate change on growth is based on process-based modelling, this thesis
explores how empirical growth models based on data with large
environmental variation could be used for the same purpose, thus “pushing
the envelope” regarding the application of empirical growth models. Further,
novel metrics from remote sensing are explored for purposes of modelling
growth, thus demonstrating how such modelling might be cost-effectively
used in practical forestry.
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3. Material and Methods

3.1 Articles | & I

3.1.1 PrognAus

Developed in the early 1990s as a response to rapidly changing
management practices across Europe, PrognAus aimed to provide inventory
projections across both even- and uneven-aged mixed forest stands (Sterba
& Monserud, 1996). The growth module of PrognAus therefore absconds
both age and site index as independent variables, since these translate poorly
to uneven-aged forests (Ledermann, 2006). N.B. PrognAus employs a direct
estimation of increment, rather than a potential growth approach, e.g. Kahn
(1994), or Newnham (1964).

Initially the growth module was composed of functions for basal area
increment (Monserud & Sterba, 1996), height increment (Hasenauer, 1999;
Kneeling, 1994; Schieler, 1997), crown-ratio (Hasenauer & Monserud,
1996), mortality (Monserud & Sterba, 1999), and later also ingrowth
(Ledermann, 2002).

PrognAus continues to be actively developed today. The latest version of
the growth module of PrognAus includes a climate-sensitive basal area
increment function (Vospernik, 2021), and an updated height increment
model (Nachtmann, 2005). The climate-sensitive basal area increment
function was an important basis for the studies presented in papers I and II.
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Figure 7. Left: Triplet locations used in papers I and II. Right: Example of
projections of a single stand at one of the triplet locations highlighting differences
between choice of climatic scenario and GCM.



3.1.2 Forecasts for Triplet Sites

In connection with the ERA-Net SUMFOREST project REFORM
(Resilience of FORest Mixtures), a subset of inventoried triplets'® (23/36)
were chosen to be forecast under climatic conditions given by a set of historic
and future scenarios. Each triplet contained three plots on similar site
conditions: one plot each from monospecific stands of P. sylvestris and
Quercus spp., and one mixed species stand (fig. 7, left facet).

These triplets have previously been included in a series of studies i.a.
exploring species mixing effects on growth (Pretzsch et al., 2020), drought
response (Steckel et al., 2020), influence of competition and climate on
annual diameter growth (Vospernik et al., 2023), and impact of thinning and
species mixing on productivity (Engel et al., 2021).

Based on data from individual trees on the triplet sites, we then forecast
the standing volume at year 2100.

3.1.3 Linear Mixed Model

In paper 1, a linear mixed model was used for summarizing the results in
terms of the standing volume in year 2100 from the forecasts with PrognAus.
Predictor variables in the model were latitude and longitude, climate change
scenarios, and variables describing stand conditions. By estimating the
model parameters and interpreting the results, we were able compare
potential outcomes in terms of confidence and prediction intervals.

18 Triplet: group of three plots.
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In generic form, a linear mixed model can be expressed as
y=XB+ Zu + €

e~V (0,02)
u~N(0,0,%)

where y is a vector of observations of the dependent variable, dependent on
one or more explanatory variables stored in the matrix X with respective
coefficients . A vector u provides the estimated random effects, assigned
along X by design matrix Z. Finally, € is a vector of random error terms. The
random effects, u, were included for handling the problem that three stands
were located at each site, and thus the observations were not independent.
The random effects were assumed to be independent from the random error
terms. Both the random effects and the random error terms were assumed to
be normally distributed, with constant variance within each group.

To estimate the parameters and variance of the linear mixed model by
Restricted Maximum Likelihood we used the package "lme4’ [v. 1.1.33] by
Bates et al. (2015).

3.1.4 Confidence and Prediction Intervals

In paper I, we discuss two types of uncertainties:

1) How certain are we about the true mean standing volume at year
2100 for stands of a certain kind, as forecast by PrognAus?

i) How certain are we about the true value of the standing volume
for a single stand at year 2100, as forecast by PrognAus?

1ii) With what certainty might a single unobserved plot in the year
2100 of a species, mixture from our sample achieve at least the
median volume of a second species mixture?

For case (i) we can construct a confidence interval, which is a stochastic
interval that in a certain proportion (e.g. 95%) of repetitions of an experiment
contains the true mean value. For case (ii), we can construct a prediction
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interval, which is a stochastic interval that contains the true value of an
individual stand in a certain proportion of repetitions. To further illustrate
the difference, an example by Haman & Avery (2017) is rephrased below:

To show off the breaks on your fast new car to your friends, in a daredevilish
manoeuvre you drive towards a steep cliff, planning to hit the brakes at the last
second. Unbeknownst to your frightened friends, you have done some
calculations beforehand. You assure them — don’t worry! I’'m 95% certain that the
average stopping distance at our speed is less than the distance to the cliff! Your
friends start screaming louder. Realising your mistake, you quickly correct
yourself — I’'m 50% certain that our stopping distance will be shorter than the
distance left to the cliff!

Returning to paper I, let us break down the statistical issue at hand. Some
different sources of uncertainty exist in the model. First, there exists an
uncertainty about our parameter estimates. From the sample data and
regression analysis, we obtained the BLUE' point estimates of our fixed
effect coefficients, B That means that for given covariates, X;, we estimate
the mean outcome as

9 =X

Since our model does not perfectly describe the real world — there is residual
variation not explained by our feature variables which we assumed to be
normally distributed e~V(0,02) and shared between our different species
mixtures.

By adding a random variable from this distribution, €;, we generate new
responses for each data point to get a simulated values of our #n observations,
Z = {Z;,Zi41, -, Zn_1}, Where each z; = X;B + €;. We retrieve the statistic
of interest (the mean outcome) and repeat the process 10’000 times to get an
approximation of the distribution of the mean of the outcome, our confidence
interval, for which we retrieve a useful metric reflecting the range in which
the mean outcome might lie with some level of certainty, e.g. 95%

19 Best Linear Unbiased Estimates
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confidence interval (2.5 and 97.5™ percentiles). Since our errors are
normally distributed, we get a symmetric distribution.

To get the prediction interval, we must also consider the random-effects .
If we are interested in predicting an unobserved observation from our
subjects, we utilise the estimated random effects. Our simulated responses
then become z; = X;B + Z;u; + €;. For an observation from a new
unobserved subject, we would increase the variability further by drawing a
value from the distribution of the random effects as we did for the residual
error.

In paper I, we specifically ask with what probability a new observation
from one of our subjects of a certain kind (mixture, climatic scenario,
latitude, longitude, age, volume, stem density...) would be expected to
achieve a standing volume in year 2100 of af least the mean of a second
group. This reflects the overlap of the respective empirical cumulative
distribution functions and helps a forest manager understand how often we
expect this would occur. For example, under the RCP 8.5 future climatic
scenario at latitude 42°N we expect, based on our simulated sites, that the
standing volume of a Q. spp. stand (as projected by PrognAus), would
achieve at least the mean of a mixed stand of Q. spp. and P. sylvestris in
68.46% of cases.

3.1.5 Generalized Linear Mixed Model

Before we move on to the second paper, we must first introduce the
generalized linear mixed model,

n= X+ Zu

glw =
y | u ~ Exponential Family(u, ¢)
u~N(0,G)

The GLMM is an extension of the LMM by means of a link function g(-)

relating the mean to the linear predictor 1 (‘eta’). Our independent variable
y conditioned on the random effects u follows a distribution from the

44



exponential family with mean p and dispersion ¢ (‘phi’). The random effects
are normally distributed with covariance matrix G.

3.1.6 Generalised Additive Mixed Model

Figure 8. Penalised B-splines (solid, colored lines) about an intercept are summed to
estimate a trend in data points (solid black line).

Kolmogorov-Arnolds’ representation theorem allows for the representation
of many useful continuous multivariate functions as the sum of a group of
univariate functions (Arnold, 1957; Kolmogorov, 1956). For an intuitive
conceptual image, see fig. 8.

Let’s express the approximated solid black line in fig. 8 a ‘smooth’
function f(x) we would like to approximate. The smooth is the sum of a
number & of a simpler function b(x) such as in fig. 8, which have different
placement, size or other attributes, weighted by B:

fi@) = ) By by(®)

Jek
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Just like the GLMM, we can then state that we want to approximate the
behaviour of our independent variable y by adding together groups of
functions:

9(EM) =@+ fixy +e,

i€l

vy | u ~ Exponential Family(E(Y), ¢)
u~nN(0,G)

As is now clear, we are relating the mean of Y, |, to the linear predictor
1 by our link function g(-)

In fig. 1C, the relative growth rate of a sigmoidal trajectory drops very
rapidly and then flattens out towards an asymptote (separate from zero). We
thus expect that random samples of age from a uniform distribution will have
a density of instantaneous relative growth rates of gross volume which is
strongly right skewed and strictly positive. Among the family of exponential
distributions, one suitable distribution for modelling such data is the Gamma
distribution.

if: X~T'(a, B)

where:Vx € X,x > 0

then the probability density function of observing x is:

o

oa—1,—Bx
F(O()X e

flx) =

where the gamma function, I'(-), is Johann Bernoulli’s analytic
continuation of the factorial function.

It is important to consider that the skew of the gamma distribution now
causes the variance of our response to scale with the square of the expected
value:

12
Var(Y) = —
a
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In paper 11, we express the annual growth rate (GR) of a species-mixture
as the product of a term relating the average growth rate for the given species-
mixture at a given gross volume production and age, the offset from this
average for a particular plot, and modification of the average by some 4-
dimensional interaction between climatic variables (total precipitation and
temperature of the current and previous growth periods).

We express this in terms of a GAMM, with the index m referring to
species mixture, / to time point and ¢ to plot, as:

In (E(Gleq)) = Zongh + Bmo + it (Bmi, Xmiqr) + fnz(Bma» Xq1)
Xmigr = {Volumey, g, Agemq},
Xy ={Precy, Precy_1, Tempy, Tempg_1}
b~nN (0, y)

GRyuq~T(E(GRpugq), ¢)

Here, In (E (G leq)) is the log-link transformation of the expected value of

the growth rate. About our species-wise (m) log-averages S, is a species
mixture specific intercept, fi,1 (ﬁml, Xmlql) is a smooth function involving
stand conditions in terms of volume and age, fmz(ﬁmz,Xq,) a smooth
function involving precipitation and temperature conditions during the years
[ and [-1. The random site effects, b*°, were assumed to be normally
distributed, with a diagonal covariance matrix 1 (‘psi’). The response
variable values were assumed to follow a gamma distribution, because they

20 Note that I denote the weights *5’ rather than *u’, a subtle reference to that our random effects are parametric
values of a spline penalised w.r.t. to the chosen variance.
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cannot be negative. Our first smooth f,4 (Bml, X mlql) is then the offset from
the log-average growth rate incurred by the current combination of gross
volume production and age of species m in period / and plot ¢, and our second
smooth fy (ﬂmz,X ql) the offset reaction by species m expected from our
climatic variables in that plot (¢) and year (/). The final model was fit by
JREML as implemented in ‘mgcv' (Wood, 2011).

Growth has often been considered as the multiplicative product of several
correlated factors (Baule, 1917; Mitscherlich, 1909)*'. Because of the
multiplicative relationship between terms in a model with a log-link,
reasoning around the effects of the different components of the generalised
additive mixed model is straightforward. An example is given below.

The average growth rate of a certain species mixture is 3%. This plot grows 1.03
times as well as our plots on average. The current combination of gross volume
produced at the beginning of this period and this age means we expect the years’
growth rate to be thrice the species average across all studied ages. However,
weather has been somewhat poorer than average, inducing a 20 percent deficit.
Our expectation of the growth rate for our species and plot in the given year thus
becomes 0.03 x 1.03 x 3 x 0.8 =7.42%.

21 Mitscherlich postulated that the returns of a fertilisation (bone flour) is proportional to the difference between
a current and maximum level of production (law of diminishing returns).
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3.2 Articles lll & IV

3.2.1 Data from the Krycklan Catchment

During the fall and spring 2014-2015 and 2019-2020 10-meter radius
survey plots distributed across Svartberget Experimental Forest (fig. 9, top-
right facet) along a 350-m square grid were (re-)inventoried by field workers.
Using a Haglof POSTEX™ DPII system coordinates were recovered by
ultrasound multilateration for each tree with a diameter larger than 4 cm.
Height measurements from a laser rangefinder, e.g. with the Haglof
VERTEX™ series, were carried out for a subjective sample of trees
reflecting the diameter distribution for each plot.

In connection with the field inventories, airborne laser scanning (ALS)
campaigns were conducted with fixed-wing aircraft from an altitude of 1’000
meters with Optech Titan X (2015) and Riegl VQ-1560i-DW (2019)
instruments. This resulted in an average point density of 20 points/m* for
both campaigns, from which the data were aggregated into 10x10 m raster
cells.

The height for each tree was imputed from its diameter using plot,
species-level models fit to the sampled heights. The height data were used to
calculate Lorey’s mean height (hr), i.e. the basal area weighted mean height,
for each plot.

Forest management in early stages of stand development in the region is
dominated by low-grading, which thus has limited impact on the dominant
trees. Thus, when considering measurement series of Lorey’s mean height
‘false growth’ may occur as a result of thinning , wherein the basal-area
weighted mean height is increased as a result of thinning (Eide & Langsaeter,
1941; Wiedemann, 1937). However, the practical impact of such false
growth was assessed to be of limited importance in this study. In total, 337
sample plots were retained after filtering due to inappropriate grid placement,
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e.g. plots being located outside forested areas, or due to decreasing Lorey’s
mean height between consecutive measurements.

At this point, #; was preferable to dominant height as internal testing with
our dataset showed a stronger correlation between /; and our point cloud
metrics (not published). To relate the laser point cloud metrics to Lorey’s
mean height, a simple stepwise multiple linear regression using the available
LiDAR metrics was performed separately for each campaign. Final models
for both the 2015 and 2019 campaigns included the 95" height percentile
(P95) of the returns, the standard deviation of the height metric of the returns,
and interactions between the aforementioned. The coefficient of
determination R? for both models was about 95%.

3.2.2 Site index estimation

Site Index is typically defined as the expected mean height of the one
hundred coarsest stems at breast height per hectare at a reference age, e.g.
100 years total age. Note that it does not (!) refer to the development of any
single stem. Development of any individual stem can vary significantly, e.g.
figure 10.
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Figure 10. Development in height (meters) over total age of two stem-sectioned Norway
Spruce from Oslo municipal forests (orange, blue solid lines) contrasted against
dominant height trajectories in Norway Spruce plantations from Elfving (2003).

Following Elfving & Kiviste (1997), true growth functions should fulfil the
following criteria:

1) have a zero-point

i) be increasing

iii) have an asymptote parallel to the abscissa
v) have a single point of inflection.

From growth functions fulfilling these criteria, we can retrieve systems
of yield curves which are either anamorphic (scaled wvariants) or
polymorphic®* (curves which are not a simple rescaling of each other).

22 Polymorphic curves, since they are not a simple re-scaling of each other, can be disjoint (non-overlapping) or
non-disjoint (overlapping). Non-disjoint systems may be typically treated as resulting from covering several
underlying physiographic regions.
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A favourable sigmoidal equation passing through the origin is given by
the Chapman-Richards yield curve, where Y >0 is the variable which we are
specifically interested in (e.g. volume or height)

1
Y = A(1 — e7kt)T-m

where >0 is age, and A, k and m are parameters. It can be noted that
lim Y (t) = A, and thus 4 is the asymptote. Further, it can be shown that k>0

t—oo
is the rate of growth at the inflection point, and m>(0 governs the position of
the inflection point. m is by some authors (following v. Bertalanffy 1938)
preferred to approximate 2/3, but this is variable and dependent on the
models’ raison d’étre (Zeide, 1993). Overall, no single value may fit all use-
cases (Renner-Martin et al., 2018).

The yield form can be solved for t, whereby an age-independent
difference equation is established, e.g. Tomé et al. (2006):

1
YAl"m\1T-m
Yija =A (1 —eka [1 — (ZL) D

In this equation, a is the interval between measurements at time points i and
i+a.

In determining site productivity, large differences between sites are likely
to be found in terms of 4, i.e. this parameter may provide a useful proxy for
site productivity, and it should thus be strongly related to site index, e.g.
Nord-Larsen & Johannsen (2007).

For an anamorphic system where the parameters k& and m are not
dependent on A, we can express k as:

1 (1-(5)”

@

k =

This is a complex relationship, relating the attained fractions of the
maximum to the observed growth for a time units at an average growth rate
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ek®. The hyperbolic expression passes through (1, 0) when Y;f“ =1 and

rapidly flattens out for quotients > 1. To estimate A for different sites without
resorting to optimisation routines, we can approximate k, which as
independent of 4, is proportional to the observed rate of growth e.g.: k =

b (%) [sic!]* as utilised in paper III, yielding a coefficient of b = 0.021 (

strongly unresponsive to change).

Having estimated a relationship for £ where we directly parametrised for
a global b (0.021), 4 (26.99) and m (0.57), assuming that » and m are
invariant of 4 and of time, we can solve for 4 (denoted A, when estimated
thus) whenever a repeat observation is available, i.e.

1

YiTa - e_kaYim m
Ao = 1—eka

The local asymptote A, for each 10x10 meter pixel across the 68 km?
Krycklan catchment area was estimated based on laser data for the two time
points. The site productivity measure was based on Lorey’s height, as initial
assessments had shown that this measure could be assessed with less
variability compared to top height.

The relationship between A, and other metrics could thus be assessed,
such as depth-to-water (Beven & Kirkby, 1979), terrain-wetness-index
(Murphy et al., 2008), down slope index (Hjerdt et al., 2004), slope or
elevation. Specifically in this study, the relationship between A, and
estimates from the SLU soil wetness map (Agren et al., 2021) was evaluated.
This map provides the probability, for each map unit in a landscape, of the
soil being classified as “wet” according to the system used in the Swedish
National Forest Inventory. It was initially intended to distinguish between 5
soil moisture classes (‘Dry’, ‘Mesic’, ‘Mesic-Moist’, ‘Moist’, ‘Wet’) used by
the Swedish NFI, but a two-class binary choice (‘Dry’ or ‘Wet’) model was
found to be the most accurate. Rather than classifying the site, the probability
of a pixel being classified as ‘Wet’ by the ensemble is presented for the
Swedish forested landscape (ibid.).

23 See discussion.

54



3.2.3 Remningstorp Estate Inventory

The Remningstorp Estate, situated c. 13 km north-east of the locality Skara,
is owned and run by the Hildur and Sven Wingqvist** Foundation for the
express purpose of developing a ‘forest laboratory and research institute’
(Ahlberg & Kardell, 1997). The estate today encompasses an area of ~16
km? (including lakes), generating an estate average (1996) of 9.4 m® wood
ha'yr” (ibid.). Thus, the average site productivity is high. The forests are
dominated by Norway spruce.

During 2014, 2019 and 2021 complete inventories (DBH > 4 c¢m) of 41
80x80 metre plots were carried out. For each tree, the position, cross-
calipered diameter, and species was recorded. For each site, site index
(Hagglund, 1972, 1973, 1974) was estimated from observations of
vegetation type and other site properties (Hagglund & Lundmark, 1977;
Lundmark, 1974). Sample trees were selected for height measurements. The
basal-area weighted mean diameter of each tree was calculated from the
cross-calipered diameters. A global diameter-height function (Néslund,
1936) was fit across all species.

High-density airborne LiDAR scanning campaigns were conducted in
connection with the field inventories, resulting in mean pulse density per
square meter of 26.3 (2014) and 59.9 (2021). From the LiDAR point clouds,
metrics were calculated using the R-package /idR (Roussel et al., 2020;
Roussel & Auty, 2024). The metrics were normalized using a spatial
interpolation algorithm based on Delauney triangulation (/idR::dtm_tin), and
a digital terrain model (DTM) developed by rasterization of the same. Tree
objects were identified by the /idR implementation of Dalponte & Coomes
method (2016).

For each inferred tree, LIDAR metrics such as the 0" to 100™ percentiles
by steps of 5; the mean, standard deviation, skew, kurtosis, entropy, etc. were
computed. Further, we retrieved the convex hull volume of each delineated

24 Inventor of the multi-row self-aligning ball bearing and one of the founders of AB SKF 'Swedish Ball Bearing
Factory’.
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tree object, the ground cover area of the hull, and the central positions
elevation as recovered from the DTM.

3.2.4 Modelling Individual Tree Growth

Once the field-inventoried subplots for a single inventory have been properly
oriented against a spatially coherent reference material (e.g. from ALS), the
remaining inventories can be properly aligned against the initial reference.
However, due to field-errors, analysis was considerably complicated, see
appendix 1.

Growth series of single trees are then established by spatially aware pairwise
comparisons between adjacent inventories considering potential positioning
errors remaining in the aligned data, species, and change in diameter. Trees
with no successful match between adjacent inventories were iteratively
compared to inventories with intermittent re-inventories to, e.g., capture trees
which were overlooked during the intermediary inventory period. Obviously,
a tree which has been identified in any two inventories must have been
present during the interval. For the same reason, a tree of a sizeable diameter
should have previous records. This may not be true for small trees which
have only recently exceeded the lower limit for measurement (ingrowth).
The case where trees disappear is more complicated. It is not obvious
whether the tree has inadvertently been excluded by human error or, the tree
has been cut and subsequently removed from the stand.

We are left with a sparse dataset, with many unobserved records.

Defining which trees have been subject to an edge-effect is equivalent to
deciding at which distance from the concave hull of the inventoried stand
competition, or the absence of such, from out-of-plot stems becomes
negligible. This affects the amount of eligible data points when optimising
the competition index function.
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After creating series of diameter development from the field inventory, and
corresponding crown development series from the LiDAR data, these were
merged and the resulting records considered to constitute growth series of
individual trees.

Since only sample trees were measured for height, we fit a simple linear
model to all P. abies stems to adjust the 95 percentile of the return points
from each tree to the field measured height, which captured about 74% of
the variation about the mean:

Height,, = 4.22+ 0.9 - ZQqs

With diameter and height for each tree, we calculated the volume of each
stem as per Brandel (1994). In total, there were 458 P. abies trees which
increased in calculated volume between 2014 and 2021.

To explore whether LIDAR metrics could contribute to the prediction of the
volume increment, we fit 3 separate models: one model with only field
measures, one containing LiDAR metrics only, and one containing
information from both.

We modelled this increase with a generalized linear mixed model, assuming
the errors to be Gamma distributed, and enforcing predictions to be strictly
positive by using a log-link to transform the mean. We included a simple
random intercept per plot.
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4. Results

4.1 Article |

Decreases in the mean standing volume at the end of the simulation period
(year 2100) in unmanaged, single canopy stands of Quercus spp., P.
sylvestris and mixtures between the two species are expected under both
future climatic scenarios investigated (RCP 4.5, RCP 8.5) across a wide
range of European latitudes (fig. 11) For all stand types, the largest losses are
incurred between a moderate RCP 4.5 scenario and the historic reference.
For P. sylvestris, the more exacerbated RCP 8.5 scenario entailed an almost
doubled decrease relative that of the RCP 4.5 scenario to the historic
expectation. Quercus spp. stands showed limited responses to the additional
climatic change induced under the RCP 8.5 scenario (fig. 12).

Note that despite stronger relative losses, P. sylvestris is still a strong
contender compared to Quercus spp. on the same sites. Under the RCP 8.5
scenario, the chance of drawing a new unobserved P. sylvestris plot, at a
latitude of 42 °N from our group of plots, which achieves at least the mean
of that of Q. spp. is 95.5%. This should not be misinterpreted as a statement
that this is true for any site productivity.

At lower and median latitudes (42 °N / 50 °N), admixing Q. spp. stands
with P. sylvestris becomes a less attractive alternative with increasing
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scenario severity. Dominance® of Q. spp. against mixed stands of Q. spp.
and P. sylvestris is incurred during a shift from the historic scenario to RCP
4.5 (42°: +10.26 p.p., 50°: +9.5 p.p.). Positive change in dominance is even
stronger under RCP 8.5 when compared to the historical scenario (42°:
+23.55 p.p., 50°: +23.21 p.p.).

At 58 °N, Quercus spp. even achieves a moderate dominance over P.
sylvestris (68.10 %) under RCP 8.5, a total of +46.48 p.p. increase in
dominance compared to the historical scenario. The odds of drawing an
unobserved Q. spp. stand from our plots which achieves at least the mean of
our P. sylvestris stands has become 7.74 times as likely:

0.2162 \ ' / 0.681
(1 — 0.2162) ' (1 —0.681

)—1'«87.74

25 Percentage of new observations which would achieve at least the mean of another category. Always referred
to from the stronger contestant.
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4.2 Article I

In paper II, we used a static reduced model to present the general results from
paper I in a spatially explicit context across Europe. Fig. 13 compares the
ratio of end-of-period gross volume production between the future climatic
scenarios (2018-2100) and their historical counterpart (1923-2005).

Note the expected increases in gross volume production of Q. spp. in the
Mediterranean cluster (cf. fig. 14): the intermediate lowlands of Castilla &
Le6n to the south of the Cantabrian Mtn. chain, along with the coastline
along the Bay of Biscay, the Danube Delta and lowland plains of southern
Romania, the Pannonian plain, and regions of Italy & Greece (fig 13). This
is caused by a weak (<10 percentage points) positive gain in the annual
climatic response of Q. spp. to the average weather of the region up until
about 2065 (fig. 15). In the far future beyond this point, rapid decreases are
expected (c. 25-30 p.p.) for Q. spp. under RCP 8.5, likely associated with
continued temperature increases past 15 degrees Celsius (annual mean of the
monthly mean temperatures), whilst the positive gain is retained under RCP
4.5 (fig. 15).

P. sylvestris is unable to cope with this climatic change, and an ongoing
decline since 1980 is continued. For RCP 8.5 the decline is -40 percentage
points for 1975-2100. For RCP 4.5 it is -25 percentage points for 1975-2050.
However, the volume production of the Q. spp. — P. sylvestris mixed stand
type seems largely unaffected by the climatic change.

Declines in gross volume production by 2100 in P. sylvestris stands are
exacerbated across continental Europe. The degree of severity is strongly
latitudinally ordered. The largest declines are concentrated to land-locked
lowland areas, whereas elevation can be seen to strongly alleviate declines —
such as in the southern-most German states of Baden-Wiirttemberg and
Bavaria. Only limited impact to gross volume production under RCP 4.5 and
RCP 8.5 is expected surrounding the southern Baltic Ocean whilst P.
sylvestris across the northern German and Polish lowlands is more clearly
negatively affected.
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Site quality Ag (m)

4.3 Article lll

Calculated site quality values (A,) for each of the 337 inventoried field
plots were compared with recordings of soil moisture, according to the
system used by the Swedish National Forest Inventory, and soil type. Since
there were large discrepancies in the representation of different classes (e.g.,
251 ‘Mesic’ plots and only 5 ‘Wet’ plots), and non-normal within-group
distributions of A,, a Kruskal-Wallis test (Kruskal & Wallis, 1952) was
conducted to identify if at least one category had a median rank different
from the others. A post-hoc Dunn-Bonferroni test was applied to distinguish
between sample pairs. However, judging from the wide differences in
variance between groups (fig. 16) it was difficult to clearly determine
whether any purported significance was indeed caused by difference in
median ranks or if it was due to different variances (cf., Hart, 2001).

a) Soil moisture conditions b) Soil type
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Figure 16. Box plots of calculated Ao-values for different soil moisture classes and soil
types.
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Figure 17. Ao regressed against the raw probability of a “Wet’ soil moisture classification
by Agren et al. (2021). Random subset of 5000 pixels plotted. Dashed lines denote 95%
prediction intervals.

A weak quadratic trend of our estimate of site quality over modelled soil
moisture was found (fig. 17), although the residual variance was very large.
The probability of a ‘Wet’ classification by Agren et al. (2021) is not a strong
predictor of site quality. A post-study example, see discussion, formulating
k =a + b*In(Y»/Y1) provided a 140-fold improvement in MAE, but did not
lead to mentionable change in the relation shown in fig. 17 — the large
variance remained; a GAM smoother demonstrated a very flat relation
between the site productivity estimate out until ~90% classification
confidence by Agren et al. (2021), where it then drops steeply. Soil moisture
conditions and soil types (fig. 16) shifted in order.
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4.4 Article IV

I reiterate that article IV is still in a manuscript stage, and thus the results
should be treated as preliminary. The models are as follows.
In each case, the modelled variable was ln(Volumei2 oy — Volume;, | 4)

and the errors assumed to be gamma distributed.

Field Model:
Bo + By - Diameter; + 8, - BAL10; + 5 - Diameter; - BAL10; + 5, - GSI; + Zu

LiDAR Model:
Bo + By - Height; + B, - CrownHullVolume; + B3 - Ayeigns, - SOL; +
B4 - Density; + Zu

Combined Model:

Bo + B1 - Diameter; + B, - CrownHullVolume; + 5 - SDR10; +
Ba - Height; + Bs - Dpeign: + Zu

Here, Diameter is the subject trees diameter (cm) at breast height (1.3 m) in
2014, Height is the estimated height (m) as per the equation described in the
method section from LiDAR metrics from 2014, Aye;gp, is the difference in
estimated height between 2014 and 2021, BAL10 is Wykoff’s BAL (Wykoff
et al., 1982), the basal area of the stems with larger diameters within 10
meters, expressed per hectare. SOL is the sum of the overtopping lengths of
trees within 15 meters (accounting for terrain); GSI is the site index for P.
abies as assessed from site factors (Hagglund, 1979); SDR10 is Lorimer’s
SDR (Lorimer, 1983) within 10 meters. Density is calculated from the trees
identified by LiDAR within 15 meters, expressed per hectare. The crown hull
volume is the convex hull of all points in a segmented tree which are at least
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2 meters above the lowest point. Finally, the random intercepts are given by
vector u and assigned by design matrix Z.

In the field model, only intercept and Diameter were significant variables.
For the LiDAR model, intercept, Height, and Ap,;gn; were significantly

different from zero. Finally, for the combined model, the same variables
were significant: Diameter, Height, Aye;gn¢, and intercept.

Goodness of fit was poor for all models, which performed very similarly
(RMSE ~70 dm®).
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5. Discussion

Climatic change has a wide range of impacts on forest growth and yield. The
sign, magnitude and variability of the impacts are likely to depend on the
investigator’s timeframe for the analysis, what references are used, species
choice, site type, stand composition, management regime, geographic locale,
and scenario.

Throughout continental Europe, stands of P. sylvestris are expected to face
widespread growth declines primarily because of increasing temperatures
(papers I & II). Lowland sites will therefore be more likely to experience
growth declines compared to sites at higher altitudes. Further, change in
mean temperatures may likely be largest at high latitudes because of polar
amplification (Serreze and Barry, 2011). Although not specifically
investigated in this thesis, growth declines may become even more severe
due to increased risks from both abiotic and biotic disturbances (Seidl ef al.,
2017).

Throughout the southern Nordics (<60 °N), growth may be modulated by the
westly influx of precipitation from the North Sea, which condenses as the
result of orographic lift along the western Swedish coast and southern
Norwegian coastline. As a result, the south-eastern Swedish provinces of
Smolandia, Olandia and Gotlandia receive far less precipitation. In both the
south-western provinces of Hallandia, Bahusia and Dalia, as well as the
aforementioned easterly provinces, P. sylvestris may experience a decrease
in annual relative growth rate of up to 20 percentage points relative the
climatic baseline under RCP 8.5 — resulting in increasing difficulties in
species selection as the marginal advantage of P. sylvestris contra Q. spp. is
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decreased or even reversed on continental sites under the more severe future
scenario.

This is in stark contrast to the Franco-Pannonian grouping, where stands of
Q. spp. demonstrated even a moderate 10 percentage point gain in annual
relative growth rate relative to the climatic baseline under both future
scenarios whilst P. sylvestris could lose some 15 to 25 percentage points by
2100 compared to 2000.

However, also Q. spp. have limits to the amount of climatic stress they can
tolerate. The relative growth rate for Q. spp. was suggested to decrease
considerably during the last quarter of the century on some currently
climatically advantageous sites. In some cases, even on sites where climatic
preconditions for volume growth relative to the mean improved more rapidly
than ditto for stands of P. sylvestris during the first half of the century. For
example, in the lowlands of Bulgaria and the Romanian plains, the Douro
River basin and foothills of the Spanish mountain chains of the central
plateau, and in the Gascogne region by the Bay of Biscay.

The studies in papers I and II were conducted under the assumption that
empirical growth models can be used to forecast growth under changing
environmental conditions, contrary to a perception that process-based
models are required for this purpose. In either approach, some admission
must be made w.r.t. the genetic disposition of the studied material relative to
the subject for which the model is predicting, the rate of change of soil
factors, the direct impact of enhanced atm. [COs] or other gases such as
Ozone, the level of interactions between present species, and the potential
non-stationarity of these relations. As is common for forest production
studies in general, all results tend to apply for stands which have been
exposed to no ‘acute’ mortality from pests, wind- or snow-breakage - in
complete disregard of what proportion of the total material is spared.

Moving on to paper III. In contrast to mainland Europe and parts of southern
Sweden, precipitation has not been seen as a predominant limitation to
vegetation growth in northern Sweden, including at Svartberget Research
Station (Bergh et al., 1999). For most of Europe, the strongest limitation to
net primary production has been the amount of available solar radiation in
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combination with temperature (Nemani et al., 2003). However, Sprengel-v.
Liebig’s (Sprengel, 1828; v. Liebig, 1840) notion of a single limiting factor
has been long debated, or discarded in favour of a ‘law of diminishing
returns’ as proposed by Mitscherlich (1909) and further developed by Baule
(1917).

It thus stands to reason that even though precipitation may not be the
strongest limiting factor to growth in the Krycklan Catchment (the study area
for paper IIl), nutrient mobilisation and hydrological transport by
groundwater and/or run-off may have significant effects, and therefore be
strongly correlated with proxy measures of site moisture, such as terrain
indices. This can be exemplified by the Betsele transect (Giesler et al., 1998).
It is worth mentioning that whilst, for Norway Spruce, lateral ground water
flow is positively correlated with site index, the relation is muddied by that
ground water flow also increases the thickness of the eluviated soil layer —
which is associated with decreasing site index (Hagglund, 1979, p. 53;
Lundmark, 1974).

That article III found large variation in our proxy for site productivity
both about the soil moisture conditions and the soil types is therefore hardly
surprising.

Originally, we planned to use 3 field inventories (with associate ALS
campaigns 2008, 2014, 2019) combined with optical satellite data. A first
idea was to use a classification routine with Bayesian updating to delineate
stands dominated by a single species , e.g. Axelsson et al. (2021). This would
have been a means to develop and apply species-specific height development
curves, see appendix II.

The discovery that already developed site index functions fit the data
reasonably well, in combination with that H; follows the development of the
dominant height quite well over age, at least in stands of Norway Spruce, and
particularly for lower site indices or higher ages, e.g. Assmann & Franz
(1963, fig. 3), suggests that a working relationship between H;gp and site
productivity as estimated from periodic site index equations for H; could be
established, with perhaps only moderate confounding due to age.

As was also mentioned in article III (Larson ef al., 2024), quite a lot of
variance would likely have been explainable by regressing against one of the
multinomial models from Agren et al. (2021), by the introduction of tree
species, the application of species-separate ‘site index’ models, and by
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translating the species-specific measures of ‘site index’ to some standardized
expression of yield capacity e.g. MAlnax of Norway Spruce by ancillary
relations presented by e.g. (Eko et al., 2008; Leijon, 1979; Mensah et al.,
2022).

Finally, as alluded to earlier in this thesis, the linear estimate of & will be
most accurate around the average /; growth rate (median 1.06). Other

formulations could also have been used, including options such as including
Yiea
Yi

an intercept, relating k to ln( ), or approximating the instantaneous

Y-

growth rate and directly fitting the differential equation (Burkhart &

Tomé, 2014, p. 134). Relating k = In (y;'“) in a post-project investigation
gave a 140-fold improvement in MAE.

However, the relationships found indicate that our approach to estimate a
proxy value of site productivity from repeated LiDAR measurements is a
useful method, which could be developed further by modelling the reduction
in development of an ideal unhindered tree, i.e. by means of Bayesian
hierarchical modelling such as Matsushita et al. (2015) or Upper Boundary
Limit analysis, e.g. Tian et al. (2023). A height growth rate at given height
approach cf. Salas-Eljatib (2020) is a promising base model which is
potentially applicable to both rotation and continuous cover-type forestry,
although age-trends demonstrated by Matsushita et al. (ibid.) may indicate
that some extension of the modelled state-space is required to capture carry-
on legacy effects from previous states, e.g. crown reduction.

A clear example of the potential of single-tree models developed from data
derived from LiDAR campaigns is given by the competition-sensitive tree-
height growth equation for P. radiata D. Don developed by Gavilan-Acufia
et al. (2022) from a single ALS survey.

I further pursued the study of repeated LiDAR measurements for single
trees in paper IV. In this case, the ambition was to explore the possibilities
to make short-term forecasts of volume growth of single trees by
incorporating LiDAR metrics in the modelling. Several metrics contributed
to improving models based on field measurements only. Particularly, the
introduction of a height-difference estimate, ZQ95,-ZQ95, between the
measurements at time point 1 and 2, improved the model substantially.
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It should be stressed that this study was mainly exploratory, and several
issues remain to be solved before the approach might be applied in practice.
Attaining a high degree of tree identification (True Positives) may likely
continue to be an issue for some time, and require substantial tuning of
algorithms (Dalponte & Coomes, 2016; Li et al, 2012) currently
implemented in /idR (Roussel et al., 2020; Roussel & Auty, 2024) or the
application of novel methods, e.g. ‘SegmentAnyTree’ (Wielgosz et al., 2024).

Further, we made several simplifying assumptions in the study, including
that LIDAR metrics could provide height metrics for single trees close to the
truth; although given the high density of returns and moderately small
footprint of the utilised sensor, this may be a fair assumption (Socha et al.,
2020).

With ancillary repeat LiDAR data, this type of model could be utilised to
update forest inventories in short-term forecasts of a kind highly demanded
for tactical forest planning, and suitable for future applications in, e.g. data
assimilation pipelines where new information is continuously merged with
existing information (Nystrom ef al., 2015).

Rapid and accurate information from LiDAR-based approaches is likely to
continue to develop. For both scientific and operational implementations,
applications of difference equations with age implicit (Tomé et al., 2006) or
novel methods such as that by Salas-Eljatib (2020) are likely choices.
Inclusion of annual environmental variables into growth functions can be
successfully conducted and are necessary to model futures under different
climatic conditions.
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6. Conclusion

To ‘push the envelope’ means extending oneself or a system past given limits
to attempt and evaluate novel ideas, even if they may appear radical. In this
thesis, I have applied and evaluated two recently proposed ideas in the
context of growth modelling and assessment of site productivity.

The first idea is that consequences for tree and stand growth under climate
change might be explored with empirical growth models, although the
traditional approach is process-based modelling. With an empirical model
calibrated with data from a large climatic gradient (PrognAus), 1 evaluated
the likely growth consequences of climate change for Scots pine and Oak
stands across large parts of Europe. While the growth consequences were
found to be mainly negative, the opposite was observed for Oak in some parts
of south-central Europe.

The second idea is to utilise data from repeated LiDAR measurements for
enhancing assessments of site productivity and growth, potentially wall-to-
wall across large areas. I found that repeat LiDAR measurements were
suitable for assessing site quality. In an exploratory study, I also found a
promising potential for using data from repeated LiDAR measurement for
improving tree-level growth models.

However, as always tends to be the case in research, further studies would
be needed for assessing if the assumptions underpinning empirical modelling
of growth under climate change are supported. There would also be several
opportunities to further develop the proposed methods for assessing site
productivity and growth based on repeated LIDAR measurements.
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Popular science summary

Forest modelling can be seen as two schools: one claiming we must mimic
how trees work, and one claiming it is enough to mimic how trees behave.
Papers I and II took tree-level models describing tree behaviour and modified
some aspects such that they accounted for local weather. We inventoried
forests with Scots Pine and Oak across Europe and forecast them with
different climate models and future scenarios. We then created a simplified
forest-level model so that we could run our tree-level model across Europe.
Particularly across southern Europe, Scots Pine will produce less marketable
wood under the future scenarios we investigated than it has done in the recent
past. Oak stands may react negatively in many parts of Europe, but positively
in some. Papers I and Il recommend that future studies develop models that
also consider how forest health and mortality is affected by changing climate
and investigate how these models suggest management might affect forest
growth in future climates. The third paper of this thesis explores a new
technique where we have connected an indicator of forest growth based on
tree heights measured at two times by laser scanning over 68 square
kilometres and connected it to an indicator of soil moisture. We found that
in northern forests forest productivity might not be very strongly affected by
soil moisture alone, but productivity decreased on very wet sites. The last
paper explores if information about single trees from very dense laser
scanning could be used to complement ground-based inventories.
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Popularvetenskaplig sammanfattning

Skogsmodellering kan ses som uppdelad i tva skolor: en som hévdar att
vi maste efterlikna hur trdd fungerar, och en som héavdar att det ricker att
efterlikna hur trdd beter sig. Artiklarna I och II tog modeller pa tradniva som
beskriver trids beteende och modifierade dom sa att de inkluderar lokalt
vider. Vi inventerade tall och ekbestand igenom Europa och framskred dessa
sedan med olika klimatmodeller och framtidsscenarier. Vi skapade sedan en
forenklad modell pa bestdndsniva sa att vi kunde kora var komplexa modell
over hela Europa. Sarskilt i sédra Europa kommer vanlig tall att producera
mindre séljbart virke under de framtidsscenarier som vi undersokte dn vad
det gjort pa senare tid. Ekbestdnd kan reagera negativt i ménga delar av
Europa, men positivt i somliga. Artiklarna I och II rekommenderar att
framtida studier utvecklar modeller som ocksa tar hansyn till hur skogarnas
hilsa och dodlighet paverkas av fordndrat klimat och undersoker hur dessa
modeller tyder pa att skotseln kan paverka skogens tillvéxt i framtida klimat.
Den tredje uppsatsen i avhandlingen utforskar en ny teknik dér vi kopplat en
indikator for skogstillvéxt, baserad pa tridhdjder 6ver 68 kvadratkilometer
som uppmatts vid tva tillfillen genom laserskanning, till en indikator for
markfuktighet. Vi fann att i nordliga skogar kanske inte skogsproduktiviteten
paverkas sérskilt starkt av enbart markfuktigheten, men produktiviteten
minskade pad mycket blota platser. Den sista artikeln undersdker om
information om enskilda trdd fran mycket tit laserskanning skulle kunna
anvindas for att komplettera markbaserade inventeringar.
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Figure 18. The tree co-registration problem.
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A 40x40 m square plot has been completely inventoried in 16 10x10 m subplots
for each tree’s diameter, species. Sample trees have been measured for height.
Trees are provided with a local cartesian coordinate from fixed GPS points at
subplot centres but are not provided with constant identities. Duplicate
measurements of the same tree from several adjacent plots may exist. Due to
human error, the plot identities are scrambled, and in some cases trees in more
than one plot have been measured from a single plot centre. Align the individual
trees into a coherent coordinate system based on recovered tree objects from ALS
data, and then create growth series for single tree identities from subsequent field
inventories not accompanied by ALS. The only allowed manipulations are
rotation, translation, and mirroring in the XY plane.

Some complications compound the issue:

i) The trees are planted and thus interspersed with some spatial
regularity and are relatively close in diameter, height attributes.

ii) Only some trees have height measurements which can be linked
to ALS object estimates.

1i1) The plots undergo active management, e.g. thinning, by which

trees legitimately disappear. However, trees can illegitimately
disappear due to human error or because of edge-proximity.

Iterative Closest Point (ICP) solutions:

Previous work at the institution for Forest Resource Management has been
done by Kenneth Olofsson (unpubl.). Olofssons algorithm finds semi-global
optimum positioning by brute-force using random-instantiations to perform
a grid-search of the space before selecting the optimal positioning. However,
this resulted in several notable errors which will impact the creation of
growth-series: (weighted-) 2D ICP will consider the optimal position to
minimize to total error of the subgroup — commonly resulting in solutions
with moderate offsets for all points when there are some members with large
errors or no correspondence in the target point cloud (missing trees).
Secondly, the routine frequently found solutions in the buffer zone outside
of the field-inventoried plot, or strong overlap between inventoried plots.

To recover growth series for individual trees, it was thus necessary to
develop a novel approach, using the Fractional ICP approach, which has not
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to the authors knowledge previously been applied to the tree co-registration
problem.

Fractional ICP

Phillips et al. (2006) avoid the skewed alignment of point sets resulting from
outliers where the transform was computed from ICP by making outlier
detection part of the problem formulation to be solved.

Phillips et al. (ibid.), define a novel distance metric between two point-sets
(D, M): the fractional root mean squared distance (FRMSD). The FRMSD
regards the weighted distance of a specific fraction fof the best matches in a
considered mapping between single points p in set D in the dictionary p: D —
M.

1 [1
FRMSD(D, M, f, 1) = ij Z lp — n@)Il?

Where f is bounded [0,1], and corresponds to the cardinality of the chosen
fraction of D: D;. Obviously, there is a fixed number of fractions to consider.
A serves to identify a critical distance at which a point is considered an
outlier. Phillips e al. (2011) recommend A first be set to a large (A = 3) value
to find similar solutions, before refining the estimate by setting A=1.3 for 2D,
2=0.95 for 3D problems.

The problem thus becomes to find the transform 7 and fraction of outliers f
which minimizes the expression FRMSD(D, M, f, i). This can be shown to
converge to a local minimum.

A program to handle individual trees, subplots, and plots, diameter to height
mapping, saving transforms from subsets d of D to M in an interactive
context has been developed and provided with a graphical user interface
(GUI). The GUI facilitates manual adjustment of initial positioning and
transform of the subplots d, binary decisions of points in target point set M,
fitting of a diameter-height equation from sample trees, and more.
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Our application applies an improvement threshold for the FICP algorithm of
1E-6 meters, or 1’000 iterations, before switching to the more aggressive A.
We apply a nonlinear scaling of diameters to imputed heights from the
species-agnostic diameter-height function. As mentioned earlier, we
compute the full 4x4 transformation matrix but apply only the 2D rotation,
translation.

The open-source implementation will be continued to be developed and is
expected to feature in at least 3 upcoming articles (including article IV).
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8. Appendix Il — Dominant height growth for
article Il

For this initial case, the species-specific fractions of trees on each plot which
had attained a height of at least 70% of the single tallest tree on the plot were
taken to be co-/dominants. The mean of the dominant tree heights plus two
standard deviations was thus taken to best resemble the upper edge. The
dominant age was calculated likewise.

We parametrised the expression presented by Cieszewski (2005) against this
data:

) (i—j)] Hy(b+R) — ¢t/

i H1a<1—(§—i)j)+B+R

_ j _, 4
Where R = JBZ —2a(c+t])and B =b —H—ll.

H;being the model estimate for the height at age #;, the height-age
pair H; and ¢; identifying the trajectory, and a, b, ¢, j being parameters to
estimate.

Where the error model accounts for increasing possibility of disturbance,
errors with the time between the measurement points (Rennolls, 1995).

Var(H, — E(Hy)) = 0%(t; — t;)
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€= Hz - E(Hz) ~ N(O, O-Z(tz - tl))
To fit the data, we minimize the negative log-likelihood:
—(In(L)) = (N/2)In(216®) + (1/2) T In(t, — t1) + (1/20%) T{e? /(t; — t1)}

Where N is the total number of paired observations (H,¢;), (H» ;) and the
sum being taken over all pairs. Results (fig. 19, Norway Spruce) were in very
good agreement with the site-index curves currently in use in Sweden for
Norway Spruce (Elfving, 2003) and Scots Pine (Elfving & Kiviste, 1997),
but the dearth of inventory data for young stands of Birch resulted in slow
trajectories compared to (Eriksson ez al., 1997).
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|
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Figure 19. Model fit to data, height over age for Norway Spruce (P. abies (L.) H. Karst.).
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The climate change scenarios RCP 4.5 and RCP 8.5, with a representative concentration pathway for stabilization
of radiative forcing of 4.5 W m~2 and 8.5 W m~2 by 2100, respectively, predict an increase in temperature of
1-4.5° Celsius for Europe and a simultaneous shift in precipitation patterns leading to increased drought fre-
quency and severity. The negative consequences of such changes on tree growth on dry sites or at the dry end of a
tree species distribution are well-known, but rarely quantified across large gradients. In this study, the growth of
Quercus robur and Quercus petraea (Q. spp.) and Pinus sylvestris in pure and mixed stands was predicted for a
historical scenario and the two climate change scenarios RCP 4.5 and RCP 8.5 using the individual tree growth
model PrognAus. Predictions were made along an ecological gradient ranging from current mean annual tem-
peratures of 5.5-11.4 °C and with mean annual precipitation sums of 586-929 mm. Initial data for the simulation
consisted of 23 triplets established in pure and mixed stands of Q. spp. and P. sylvestris. After doing the simu-
lations until 2100, we fitted a linear mixed model using the predicted volume in the year 2100 as response
variable to describe the general trends in the simulation results. Productivity decreased for both Q. spp. and
P. sylvestris with increasing temperature, and more so, for the warmer sites of the gradient. P. sylvestris is the more
productive tree species in the current climate scenario, but the competitive advantage shifts to Q. spp., which is
capable to endure very high negative water potentials, for the more severe climate change scenario. The Q. spp.-
P. sylvestris mixture presents an intermediate resilience to increased scenario severity. Enrichment of P. sylvestris
stands by creating mixtures with Q. spp., but not the opposite, might be a right silvicultural adaptive strategy,
especially at lower latitudes. Tree species mixing can only partly compensate productivity losses due to climate
change. This may, however, be possible in combination with other silvicultural adaptation strategies, such as

thinning and uneven-aged management.

1. Introduction

Recent climate scenarios for Europe predict an average rise in tem-
perature for the medium and extreme emission scenario in the range of
1-4.5 °C for the RCP 4.5, and 2.5-5.5 C for the RCP 8.5 greenhouse gas
emission scenarios (Jacob et al., 2014). The climate change scenarios
represent concentration pathways for stabilization of radiative forcing
of 4.5 and 8.5 W m 2 by 2100, respectively (Jacob et al., 2014). The
large scale spatial patterns in high resolution climate ensemble models
are similar for both scenarios and the predicted increase in temperature
across Europe is particularly pronounced in Southern Europe (Jacob
et al., 2014). Associated with rises in temperature are changes in pre-
cipitation patterns, predicting a decrease in Southern Europe and an
increase in precipitation in Central and Northern Europe and a seasonal
shift in precipitation (Jacob et al., 2014).

As a consequence, we would expect to observe an earlier occurrence
of phenophases (Korner and Basler, 2010; Puchatka et al., 2017; Menzel
etal., 2020; Puchatka et al., 2024), a northward migration of tree species
(Ozolincius et al., 2014; Giesecke et al., 2017) similar to the one
observed in earlier warming phases (Giesecke et al., 2017), growth
depression (Eilmann et al., 2006; Pardos et al., 2021; Salomoén et al.,
2022) due to an earlier cessation of growth (Strieder and Vospernik,
2021; Puchatka et al., 2024) due to a premature cessation of the cambial
activity (Puchatka et al., 2024), increased tree mortality due to hy-
draulic failure or carbon starvation (Benito Garzon et al., 2018; Choat
et al., 2018; Arend et al., 2021; Mantova et al., 2022; Hartmann et al.,
2022; Hammond et al., 2022) reinforced by an increased risk of insect
pests and tree pathogens (Venaldinen et al., 2020) and an increase of
natural hazards and abiotic disturbances (Dupuy et al., 2020; Maurer
and Heinimann, 2020; Romeiro et al., 2022). Recent climate warming
has pushed many ecosystems to the margins of their ecological niche
(Bebi et al., 2001; Camarero et al., 2021) and further rising global
temperatures will continue to exacerbate the situation.

Oak (Quercus spp. (Quercus robur L. and Quercus petraea (Matt.)
Liebl.)) — Scots pine (Pinus sylvestris L.) mixed species forests are a plant
association found on xeric, acidophilous sites (Miiller, 1992) which are
thought to be resistant and resilient to climatic warming (Pretzsch et al.,
2020) since both tree genera are well adapted to drought.

Quercus spp. have deep penetrating tap roots and leaves with a thick-
walled epidermis (Gil-Pelegrin et al., 2017). Quercus spp. can endure an
extremely high negative water potential of —4 MPa and can withdraw
considerable amounts of stored water from its stem and crown (Zweifel

et al., 2009; Peters et al., 2023). As aniso-hydric tree species, they
display very little climate sensitivity and quickly recover from summer
drought, usually within 1-2 years (Gillner et al., 2013; Haerdtle et al.,
2013; Vitasse et al., 2019). Quercus spp. are adopted to be productive
even under high vapor pressure deficits, but extreme drought can move
them to their physiological limit leading to premature leaf cessation
(Zweifel et al., 2006).

P. sylvestris is a widely distributed tree species (Brus et al., 2012) that
is also drought tolerant with its thick walled epidermis and inset sto-
mata, which protect it from water loss (Zweifel et al., 2009). P. sylvestris,
however, maintains a significantly higher water potential than do
Quercus spp., not dropping below —1.5 and —2.5 MPa in leaves (Irvine
et al., 1998; Zweifel et al., 2009) and it stores smaller amounts of water
in its leaves and crown (Zweifel et al., 2007). The isohydric behavior and
tighter stomatal control result in greater limitations of carbon assimi-
lation than is observed for Q. spp. (Zweifel et al., 2009) resulting in more
pronounced and longer lasting growth response to drought for
P. sylvestris than for Q. spp. (Zweifel et al., 2009) and post-drought
growth depression for P. sylvestris can last for up to 5 years (Galiano
et al., 2011). Thus, while P. sylvestris is drought tolerant, it is better
adapted to wet and cool conditions in dry environments, where it opens
its stomata more widely than Q. spp. and then has a higher photosyn-
thetic capacity (Zweifel et al., 2009; Peters et al., 2023).

Both Q. spp. and P. sylvestris are of high commercial importance
(Durrant et al., 2016; Eaton et al., 2016) and many studies have inves-
tigated their productivity. At the same site Q. spp. were reported to
maintain lower tree densities in terms of stem number, basal area and
volume, but higher biomass productivity (Yuste et al., 2005), because of
their higher wood density. Lower basal area for Q. spp. is also reflected
by considerably lower maximum basal area per hectare attainable by
this species in comparison to P. sylvestris (Vospernik and Sterba, 2015).
Management concepts and commercial use for the two tree species differ
considerably: P. sylvestris constitutes 20 % of the standing timber volume
in Europe and has an easily workable wood for construction, furniture
pulp and paper (Durrant et al., 2016), and can be more easily managed
than Q. spp. In contrast, Q. spp. provides high quality hardwood,
appreciated for its durability and hardness. The most valuable oak wood
has narrow rings with long economic rotations and frequent manage-
ment interventions (Eaton et al., 2016).

The increasing frequency of drought extremes associated with
climate change is a key challenge to forest ecosystems. Consequently,
the quantification of drought effects on tree growth and mortality is of
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the highest concern for forest management and forest science (Bhuyan
et al., 2017). Selection of drought tolerant tree species (Thurm et al.,
2018; Vospernik, 2021), managing tree species mixture (Steckel et al.,
2020), climate adapted forest management and selection of suitable
provenances (Taeger et al., 2013; Karrer et al., 2022) are all important
strategies to mitigate climate change impacts. In particular, mixing tree
species has been proposed as one of the solutions to promote adaptive
forest management because mixed stands are supposed to be, on
average, more productive, more resistant and resilient to drought
(Pretzsch et al., 2020; Steckel et al., 2020; Pardos et al., 2021), herbi-
vores and pathogens (Jactel et al., 2017, 2019) than pure stands —
although the strength of the mixture effects may strongly vary with
species and site conditions (Pardos et al., 2021; Strieder and Vospernik,
2021).

While mixing tree species is beneficial, growth depressions follow
drought. These are well documented (Quercus: Toigo et al., 2015; Prokop
et al., 2016; Roibu et al., 2020; Vospernik et al., 2023; Pinus: Rigling
et al., 2002; Toigo et al., 2015; Treml et al., 2022), since both tree
species are well-represented in dendro-ecological studies. In general, Q.
spp. tree ring chronologies correlate positively with precipitation in
spring and early summer while during late-wood formation climate
response is unstable and varying in sign from site to site (Prokop et al.,
2016; Roibu et al., 2020; Vospernik et al., 2023). High autumn tem-
peratures positively affect carbohydrate reserves and thus are positively
associated with ring width for Q. spp. of the next year (Prokop et al.,
2016; Roibu et al., 2020; Vospernik et al., 2023). Likewise, spring and
early summer precipitation positively affect the growth of P. sylvestris on
xeric sites (Rigling et al., 2002; Treml et al., 2022). Unlike Q. spp.,
P. sylvestris ring growth was reported to be positively affected by winter
precipitation, which is important for successful shoot and root growth
but P. sylvestris is negatively affected by high summer temperatures
(Rigling et al., 2002; Treml et al., 2022). Fluctuations in the ring width
of P. sylvestris are reported to be higher than that of Q. spp. because of its
iso-hydric nature (Zweifel et al., 2009).

In Europe, additional growth depressions in future scenarios are
thought to be most pronounced in Mediterranean areas (Aldea et al.,
2018; Martinez-Sancho et al., 2021). Here, temperature rise is predicted
to be highest (Jacob et al., 2014), and these sites are currently already
particularly dry sites, with low water availability during summer (Aldea
et al., 2018; Martinez-Sancho et al., 2021) with stressful site conditions.
At these sites plant species are, however, genetically and phenologically
adapted to low water availability (Martinez-Sancho et al., 2021), and
trees at temperate or boreal sites with currently sufficient water avail-
ability and with currently larger absolute and relative growth rates,
might be affected more by climatic warming, and decrease more in
growth, while being still higher than in Mediterranean areas. At the
north-eastern range limit, despite predicted maintaining their climatic
niche, growth of Q. robur decreased in dry years (Puchatka et al., 2024),
possibly because this widely distributed species has different ecotypes,
which are only adapted to a proportion of the niche occupied by the
species as a whole (Saenz-Romero et al., 2019; Puchatka et al., 2024).

In order to supply decision makers, researchers and stakeholders
with an in-depth information and quantification of the consequences of
climate growth, it is imperative to integrate climate change scenarios
with forest growth models. This can be done by using climate and
mixture sensitive individual tree (e.g Vospernik, 2021), gap (e.g. Morin
et al., 2021) or process-based models (e.g. Gupta and Sharma, 2019;
Bouwman et al., 2021). The first type of model predicts growth and
mortality of individual trees, the second type uses a similar approach but
focuses on grid cells and the latter focus on tree physiological processes
such as photosynthesis, respiration, stomatal conductance or carbon
allocation (Weiskittel et al., 2011). Individual tree growth models most
easily integrate empirical research on tree rings and dendrometers and
forest management scenarios because of the shared focus on the indi-
vidual tree. Also, they are less computationally expensive than process
based models assuring reasonable prediction times and the detailed
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output provided by these models is often not required. Therefore, they
are the preferred means for simulating forest productivity (Weiskittel
etal., 2011), but predictions of tree growth with climate change remain
scarce (Bombi et al., 2017; Dyderski et al., 2018; Girardin et al., 2008;
Bayat et al., 2022; De Wergifosse et al., 2022) and are still lacking for
mixed Q. spp. and P. sylvestris stands.

Growth reactions for different climate scenarios have not yet been
studied in detail for Q. spp.-P. sylvestris pure and mixed forests. In this
study, we quantify growth reactions for Quercus and Pinus on different
sites across Europe under different climate scenarios and compare pure
and mixed species stand with respect to climatic resistance and resil-
ience and productivity response.

1.1. Hypothesis

We hypothesize that:

-

. The expected standing volume in 2100, decreases on average for all
species with increased severity of the scenario (Historical < RCP 4.5
< RCP 8.5).

. If hypothesis 1 holds, Q. spp. will be better able to buffer these
changes than P. sylvestris (experience less of a decline with increased
severity of scenario).

. Additionally, we hypothesize that the mixed species stands will show
less response in productivity than the single species stands do.

. We expect that, in line with our current understanding of the species’
climatic distribution, the volume fall-off with increased scenario
severity will be stronger for lower-latitude plots, which are closer to
their species distributional xeric limit.

N

w

IS

2. Data
2.1. Tree data

Initial data for the simulation was data from Q. spp. — P. sylvestris
triplets established as part of the ERA-Net SUMFOREST project REFORM
(“REsilience of FORest Mixtures”, reform-mixing.eu) across Europe. This
is described in detail in previous studies focusing on stand productivity
and tree drought resilience (Pretzsch et al., 2020; Steckel et al., 2020;
Vospernik et al., 2023) and tree growth simulation under current cli-
matic conditions (Engel et al., 2021). The dataset encompassed 23
triplets. By design, each triplet contains three plots, whereof two are
single-species stands of Q. spp. and P. sylvestris, and one is a mixed stand
of Q. spp. - P. sylvestris. The triplet data covered large geographic (Fig. 1)
and environmental (Fig. 2) gradients across Europe. Mean annual tem-
peratures at the sites varied between 5.5 °C and 11.4 °C and precipita-
tion is 586-929 mm. Plots were established in mature stands with an
interquartile age range of 55-91.5 years and an interquartile stand
volume of 317-613 m>ha ! (Table 1) with median stand characteristics
being comparable in both the pure and mixed stands. Even though there
is variation between different triplets, the pure and mixed plots within
each triplet show extremely little variation in stand characteristics,
showing the plots were carefully established (Appendix: Table 1).

2.2. Climate scenarios

Historical and future climate time series were acquired from CHELSA
(High Resolution Climatologies for Earth’s Land Surface; https://ch
elsa-climate.org/), a high-resolution (30 arc sec) climate repository for
the land surface (Karger et al., 2017). We accounted for existing vari-
ability in climate projections by simulating the data over the period
2006-2100 under four non-intercorrelated global circulation models
(ACCESS1-3, CESM1-BGC, MIROC5, CMCC-CM) and two climate sce-
narios (RCP 4.5; RCP 8.5) following the recommendation of Sanderson
et al. (2015). We retrieved time series for monthly minimum
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Fig. 1. Location of the study sites. Letters indicating the study site are also used
in Fig. 2 and in the appendix.

temperature, monthly maximum temperature and monthly precipitation
sum (Karger et al., 2020). We calculated the time series of mean tem-
perature by averaging the minimum and maximum monthly tempera-
ture. We compared the results obtained in the context of climate change
with those of a null scenario obtained from eight randomized historical
climate time series (1979-2013) provided by CHELSA to determine the
effects of climate change on tree growth. The time series of future cli-
mates provided by CHELSA showed stable precipitation regimes over
the 21™ century; For some regions an increase of precipitation was
predicted, while for others there was no trend or an opposite trend. In
contrast to past intra-annual precipitations recorded, the predicted
precipitation sums, showed hardly any variation in precipitation sums
between years. To overcome this short-coming, we replaced the pre-
cipitation forecasts with time series of randomized historical precipita-
tion given by CHELSA. Finally, we calculated average climatic
conditions per site to keep climatic conditions constant between plots of
the same triplet. The climate conditions simulated in each scenario are
illustrated in Fig. 2. While current mean annual temperatures varied
between 5.5 °C and 11.4 °C (Appendix T1) and remain at this level in the
historical scenarios, with some precipitation shifts, the scenario RCP 4.5
showed an increase in temperature up to mean annual temperatures of
12.5 °C during the study period and up to 14 °C in the RCP 8.5 scenario
and little change in precipitation for the Q. spp. and P. sylvestris triplet
plots.

3. Methods
3.1. Individual tree growth simulations

Simulations were carried out with the individual tree growth simu-
lator PrognAus. The simulator consists of a basal area increment
(Vospernik, 2021), a height increment (Nachtmann, 2006), a crown
ratio (Hasenauer and Monserud, 1996), mortality (Monserud and
Sterba, 1999) and an ingrowth model (Ledermann, 2002). The basal
area increment model encompasses 22 species, which are modeled based
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Fig. 2. Median of the mean monthly mean temperature °C and total annual
precipitation (mm) during 3 periods of the simulation: 2017-2044 (circle);
2045-2072 (triangle); 2073-2100 (square). Trajectories with a shared letter
denote the same site in different simulations.

on tree size, density and competition, climate, soil variables, harvesting
and disturbances and mixture. The competition indices used are non-
spatial and climate is modeled by separating climatic site effects from
weather conditions by including long-term mean temperature, long-
term mean precipitation and the yearly deviations thereof as input
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Table 1
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Summary (Q1: 25 % quantile, Q2: median, Q3: 75 % quantile) of mixture-wise initial stand conditions. Plot size (hectare), age (yrs), trees (ha™?), basal area (m?>ha™"),

volume (m® ha™1).

Q spp.

Q. spp.-P. sylv.

P. syly.

Q1 Q2 Q3 Q1

Q2 Q3 Q1 Q2 Q3

Plot size 0.06 0.11 0.16 0.15

Age 55 75 87 54
Trees 447 649 1493 553

Basal area 34.2 44.0 48.5 41.3

Volume 317 366 540 397
Basal area per species

Q. spp. 87 93 97 35
P. sylvestris 0 42
Other 2 4 13 1

o
w

0.19 0.29 0.07 0.11 0.12
65.5 83 48 66 92
779 1073 623 885 1196
45.3 52.1 47.3 52.1 60.9
515 564 421 510 613

45 48 0 3 6
52 55 86 92 97
4 12 0 3 8

parameters. Mixture effects for many different species are represented
by including the basal area proportion of them in the model. While the
basal area increment model is climate and mixture sensitive (Vospernik,
2021), these effects are not explicitly included in the other Prognaus
models (height increment: Nachtmann, 2006; crown ratio: Hasenauer
and Monserud, 1996; mortality: Monserud and Sterba, 1999; or
ingrowth: Ledermann, 2002) even though such effects might be
implicitly reflected by the site factors used in the models (e.g. elevation)
and stand variables (e.g. dominant height). All sub-models were devel-
oped based on the data of the Austrian National Forest Inventory. The
data cover a large environmental gradient in temperature and precipi-
tation (Vospernik, 2021) which because of Austria’s large altitudinal
(colline zone to timberline) extent and thus encompassing many climatic
conditions encountered in Europe, but may not be representative for
very dry Mediterranean sites. Nevertheless, the data encompass the
climatic conditions encountered on triplet plots. Measurements taken on
the triplet plots and climate scenarios were used as input for the indi-
vidual tree growth simulations. Simulations were done at a yearly time
step, without any silvicultural intervention or treatment applied during
the simulation period from 2017 to 2100 and not taking into account
ingrowth, thus focusing on the development of the current stand on the
plots. An example of the simulation for an individual plot of a triplet is
shown in Fig. 3.

3.2. Generalization of the model output to a stand-level model

Raw simulation results were generalized using a linear mixed model.
Since the mortality model is not climate sensitive, and we do not have
any information on the mortality prior to our inventory of the plots,
analysis focused on the standing living volume (as opposed to the total
production) at the end of the simulation (year 2100) given only infor-
mation on the climatic scenario and the initial state of the stand in
question. For this reason, we postulate that this relationship can be
accurately assessed with a linear mixed model with readily accessible
summary input terms from a forest stand.

Linear Mixed Models (LMM’s) can be generally expressed as:

y=Xp+Zu+te (€]

where X is a matrix of the predictor variables, B are the fixed-effect
coefficients, Z is a design matrix of the random effects, u are the
random effects and ¢ the residuals.

To test our hypotheses H1 through H4, we designed a full best subset
search (respecting the principle of marginality) of a global maximum
model to select a LMM which accounts for potential differences in the
scenario increments as the result of differing starting conditions in terms
of standing volume and age, and any site-specific reaction. The best
subset search was performed with MuMIn::dredge (v. 1.47.5, Bartor,
2023), given a number of potential inputs (see supplementary code). All
subset models included a plot-wise random effect and were fitted by
maximum likelihood, ML (Laplace approximation) with ‘Ime4::lme" (v.
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Fig. 3. Example of simulated trajectories for the German stand C-1, P. sylvestris
(Initial conditions: volume 441 m®ha~!, basal area 50.6 m?ha~! (92.7 %
P. sylvestris), number of trees 1750 ha™!, 45 years of age). Annual volume
increment decreases with age — but more rapidly so during more severe cli-
matic scenarios.

1.1.33, Bates et al., 2015). The final model was that which resulted in
the best (lowest) marginal Akaike’s Criterion. The marginal AIC as a
model selection criterion can be shown to be asymptotically related to a
Leave-One-Cluster-Out Cross-Validation, which significantly cuts down
on computational expense (Greven and Kneib, 2010; Fang, 2021). This is
particularly suited for instances where the main interest is the prediction
of previously unobserved levels.

The final model was then refitted by REML, Restricted Maximum
Likelihood, to avoid the bias associated with the shrinkage property
from ML estimation of random effect estimates. As the random effect
estimates are then the empirical best linear unbiased predictors, which
result in the minimum mean squared error given the variance compo-
nents, this is particularly suitable for models mainly interested in pre-
diction (Welham et al., 2014, p. 436). Since the (biased) estimator for
the residual variance from ML is 2, and the unbiased REML estimator is
ﬁ&z, the bias for our final model with 37 fixed-effect parameters and
648 observations would amount to ;" = ﬁ = 1.06.

Our final model with fixed-effect parameters is detailed below
(Table 3). Random-effects values for the 72 plots are not presented.

The marginal mean estimates and corresponding confidence
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Table 2

Simulation results for the different stand types. Volume (m*ha~") and its stan-
dard deviation and cumulative mortality till the end of the simulation period
(m®ha!) and the standard deviation thereof.

Mixture Climate Volume 2100 Cumulative mortality 2100
Mean SD Mean SD
m>ha~! m>ha~! m>ha~! m>ha~!

Oak Historic 748.7 +61.2 420.1 +145.7

Oak RCP 4.5 733.6 +64.8 357.3 +134.0

Oak RCP 8.5 734.6 +66.5 370.6 +140.5

Oak-Pine Historic 774.1 +79.7 363.1 +123.8

Oak-Pine RCP 4.5 744.9 +85.9 315.4 +115.8

Oak-Pine RCP 8.5 731.4 +87.7 307.2 +114.6

Pine Historic 861.2 +101.1 374.4 +127.8

Pine RCP 4.5 825.6 +101.7 342.4 +116.2

Pine RCP 8.5 790.9 +100.9 324.6 +108.6

intervals for a new unobserved level were calculated with covariates set
at their mixture-wise averages, longitude set at the mean of all plots, and
latitude set as the median or one of the extreme values.

In order to assess the likelihood of any of the marginal estimates
achieving at least the mean of another marginal estimate, confidence
and prediction intervals for the 27 (3 climate scenarios, 3 latitudes, 3
stand species mixtures) marginal estimates were calculated by a boot-
strapping routine (10’000 simulations), simulating the conditional dis-
tribution of the predictions, and considering the variance of the random
effects. From this, comparisons of the response probabilities could be
presented (Tables 4, 5 & 6). Where the tabulated values are the

Table 3
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likelihood that a random unobserved datum from one of the marginal
estimates will fall above the mean of any other marginal estimate. In
text, we use the term degree of dominance (henceforth dominance) of
the best performing species to signify this likelihood, e.g. If 78 % of
P. sylvestris stands under a certain climate and at a certain latitude would
be expected to achieve at least the mean of that of a Q. spp. stand,
P. sylvestris displays a strong dominance over Q. spp.

4. Results

At the end of the simulation period (2100) the standing volume was
highest in the historic scenario (Table 2). In this scenario also the density
dependent cumulative mortality during the simulation period was
highest resulting in the highest total productivity (2100).

4.1. Linear mixed model

A more detailed analysis of simulation results with the LMM gave the
following results: climate (historical and future scenarios), geographical
position and stand level (age, volume, stem number and mixture) vari-
ables were significant, at least when considering their interactions with
other variables (Table 3, random effects not presented). In total, some
6.9 % of variance was explained by the model, whereof 79.5 % by the
fixed effects, and some 17.3 % by the random-effects (Nakagawa and
Schielzeth, 2013).

Where mixture (Q. spp., Q. spp. — P. sylvestris or P. sylvestris) is the
species mix as a categorical variable; climate (Historical 1, RCP 4.5, RCP
8.5) is the simulated scenario; Ageso17, Volumeygi7, Stemsgg17 express

Parameterised linear mixed model. Independent variable: ‘Standing volume 2100°. t-Tests with Satterthwaite’s method. Level of significance: ‘* 0.1, .” 0.05, “** 0.01,

5 0,001, 5+ 0.

Variable Estimate Std. error Pr (>t

(Intercept) 8.126E+01 1.217E+02 0.507235

Climate RCP 4.5 3.694E+01 2.268E+01 0.103829

Climate RCP 8.5 2.829E+01 2.268E+01 0.212649

Latitude 1.087E+01 2.823E+00 0.000304

Longitude 5.377E+00 6.423E+00 0.406091

Mixture Q. spp. - P. sylvestris 2.272E+01 1.110E+02 0.838550

Mixture P. sylvestris —1.774E+02 1.126E+02 0.120639

Stemssg17 6.779E—02 1.560E—02 5.92E-05 ok
Agesor7 —9.396E-01 2.905E-01 0.002047

Volumeszg;7 3.474E-01 4.262E—02 4.96E—-11

Climate RCP 4.5:Latitude —1.367E+00 5.393E-01 0.011498

Climate RCP 8.5:Latitude —1.555E+00 5.393E-01 0.004088 e
Climate RCP 4.5:Longitude —5.784E+00 1.301E+00 1.07E-05 b
Climate RCP 8.5:Longitude —8.659E+00 1.301E+00 6.86E—11 b
Climate RCP 4.5:Mixture Q. spp. - P. sylvestris 1.468E+00 2.923E+00 0.615741

Climate RCP 8.5:Mixture Q. spp. - P. sylvestris —1.193E+00 2.923E+00 0.683373

Climate RCP 4.5:Mixture P. sylvestris —1.655E+00 3.162E+00 0.600842

Climate RCP 8.5:Mixture P. sylvestris —1.068E+00 3.162E+00 0.735665

Climate RCP 4.5:Stemszg17 8.408E—-03 2.888E—-03 0.003739

Climate RCP 8.5:Stemszg17 —3.968E-03 2.888E—-03 0.169985

Climate RCP 4.5:Agesq17 1.529E-01 5.607E—02 0.006606 b
Climate RCP 8.5:Agezq17 2.940E-01 5.607E—-02 2.23E-07 b
Latitude:Mixture Q. spp. - P. sylvestris 2.238E+00 2.610E+00 0.394880

Latitude:Mixture P. sylvestris 4.534E+00 2.596E+00 0.086333

Longitude:Mixture Q. spp. - P. sylvestris —2.076E+00 1.388E+00 0.140418

Longitude:Mixture P. sylvestris —9.662E—-01 1.323E+00 0.468259

Mixture Q. spp. - P. sylvestris:Stemsyo17 —6.888E—-02 1.951E-02 0.000842 e
Mixture P. sylvestris:Stemsyg;7 —2.991E-02 2.086E—02 0.157294

Mixture Q. spp. - P. sylvestris:Agesg17 —7.891E-01 3.778E-01 0.041375 *
Mixture P. sylvestris:Agezo17 —4.248E-01 3.596E-01 0.242611

Climate RCP 4.5:Latitude:Longitude 1.958E—-02 1.364E-01 0.886372

Climate RCP 8.5:Latitude:Longitude 7.896E—02 1.364E-01 0.564897
Historical:Latitude:Longitude —4.069E—01 1.443E-01 0.006197

Climate RCP 4.5:Mixture QP":Stemszo17 —4.834E-03 2.736E—-03 0.077812 .
Climate RCP 8.5:Mixture QP":Stemszg17 1.557E-02 2.736E-03 2.06E-08 b
Climate RCP 4.5:Mixture P. sylvestris:Stemszg;7 7.689E—-04 3.111E-03 0.804886

Climate RCP 8.5:Mixture P. sylvestris:Stemszg;7 2.672E-03 3.111E-03 0.390802

2 QP: Quercus spp. — P. sylvestris.
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Fig. 4. Diagnostic plots of the LMM. Subplot A. QQ-plot of model residuals.
Subplot B. Residuals versus fitted. Subplot C. Predicted versus actual values.

Subplot D. Conditional modes versus normal quantiles.
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the initial state of the plot in 2017 (in years, cubic meters, and stems per
hectare, respectively); latitude and longitude express the location of
each plot in decimal degrees. Colon (‘:’) signifies interaction terms.

Model diagnostics (Fig. 4A) indicate model residuals are under-
dispersed compared to that expected from .7’(0,1) and largely homo-
scedastic (Fig. 4B). As can be seen in the plot of the observed versus
predicted (Fig. 4C) overall fit is satisfactory (mean absolute percentage
error: 1.49 %). The mixed model conditional modes (random effects) are
close to normal (Fig. 4D).

Dimension size adjusted Generalized Variance Inflation Factor
(GVIF1/(2*df)) for the different variables was, as could be expected,
moderately high to high as a result of the low number of factor levels and
many interactions (see supplementary documentation) and inclusion of
square terms (volume). This is not perceived to be problematic in terms
of prediction, given that such data could be assumed to have the same
multicollinearity.

Marginal mean estimates for the mixture-wise means of the cova-
riates at the minimum, median and maximum latitude are presented in
Fig. 5. For P. sylvestris, an almost linear decreasing trend with increasing
scenario severity is shown, with a stronger slope at low latitudes. Both
the species mixture (Q. spp. — P. sylvestris) and Q. spp. show a demon-
strable stronger decrease in volume from the historical scenario to RCP
4.5 than a subsequent shift to RCP 8.5, where reactions are more diverse.
Q. spp. in particular, shows a maintained mean value under RCP 8.5
compared to RCP 4.5 at the highest latitude, with slightly lower values
for the median and lowest latitude. Q. spp. — P. sylvestris does show a
continued decrease relative to the historic scenario when moving from
the RCP 4.5 to the RCP 8.5 scenario, although not as strong as the jump

Quercus spp.
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Fig. 5. Estimated marginal means (the predicted means of the response for each level, ceteris paribus) from the LMM. Points are the mean estimate. Solid error-bars
represent the confidence interval of the estimate. Dashed error-bars represent the prediction interval of the estimate. Numbers in the panel strip text on the right refer

to latitude in decimal degrees.
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Fig. 6. Marginal mean estimates by stand composition and minimum, median
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from the historic scenario to RCP 4.5 (Fig. 6).

At the three latitudes examined (58°N, 50°N, 42°N), P. sylvestris
shows an almost linear decrease expressed relative to the historic sce-
nario, in which the RCP 8.5 entails almost a repeat loss of standing
volume (from high to low latitude, RCP 4.5: —5.2 %, —5.9 %, —6.7 %);
RCP 8.5: —8.9 %, —10.1 %, —11.5 %). Q. spp. proves to be considerably
more resilient than P. sylvestris in the RCP 4.5 — RCP 8.5 scenario com-
parison, where the rate of decrease observed in the Historical - RCP 4.5
shift has been stemmed completely, reversed, or only slightly continuing
(RCP 4.5-3.3 %, —4.4 %, —5.8 %; RCP 8.5: —3.0 %, —4.6 %, —6.5 %).
The Q. spp. — P. sylvestris mixture presents an intermediate resilience to
increased scenario severity (RCP 4.5: —4.4 %, —5.8 %, —7.4 %; RCP 8.5:
—5.7 %, —7.7 %, —10.3 %). Moving from the higher latitude towards the
lower latitudes, the standing volume relative to the historical scenario
rapidly encroaches on the losses experienced by the P. sylvestris stands,
and at the lowest latitude under the RCP 4.5 scenario demonstrates an
even inferior resilience.

4.2. Response probability tables

The effect of such a decrease in the mean estimate of standing vol-
ume 2100 is better expressed in terms of the response probabilities
(Tables 4, 5, 6). It becomes then clear (as can also be seen from Fig. 5),
that although P. sylvestris experiences the species-wise largest relative
decrease relative to the historical scenario, the terms of its dominance
(the likelihood that a given species could be expected to achieve at least
the mean of a second species) is strongly related to the latitude exam-
ined. The dominance of P. sylvestris to Q. spp. under the same scenario
decreases with increasing latitude and severity of the scenario. At 42°N,
this dominance is close to absolute. At 50°N, this dominance has
decreased to 99 %, 98 % and 89 % under the historical, RCP 4.5 and RCP
8.5 scenario, respectively. At 58°N, only 78 %, 64 % and 32 % of
P. sylvestris stands are expected to achieve at least the mean standing
volume of that of Q. spp. under the examined scenarios. The dominance
of Q. spp. to the Q. spp. - P. sylvestris mixture increases with scenario
severity, but Q. spp. - P. sylvestris is more strongly favored at higher
latitudes. The dominance of P. sylvestris relative to the Q. spp. -
P. sylvestris mixture decreases with latitude and scenario severity. In
Tables 4, 5 and 6, bold values indicate series of scenario severities where
the direction of the dominance switches. At 42°N, the relatively weak
dominance of the Q. spp. - P. sylvestris mixture to Q. spp. is rapidly lost,
such that under RCP 4.5 the dominance enjoyed by the Q. spp. -
P. sylvestris mixture under the historical scenario is reversed and of the
same strength. Under RCP 8.5 this dominance by Q. spp. has increased to
almost 70 %. At the intermediate examined latitude, 50°N, a strong
dominance (~71 %) of the Q. spp. - P. sylvestris mixture to Q. spp. is
rapidly dismantled, and under the most severe scenario, RCP 8.5,
switches direction, albeit very weakly. At the highest examined latitude,
58°N, a very strong dominance of P. sylvestris to Q. spp. of c. 78 % is
reversed to a dominance of Q. spp. to P. sylvestris at 68 % under RCP 8.5.

Response probabilities (probability of a new observation achieving at least the mean of the contestant) for 42°N. Read row to column. Scenario severity series (on the
diagonals of the submatrices) are printed in bold if they demonstrate a directional change in dominance.

Latitude 42 Q. spp. Q. spp. - P. sylvestris P. sylvestris
% Historical RCP 4.5 RCP 8.5 Historical RCP 4.5 RCP 8.5 Historical RCP 4.5 RCP 8.5
Q. spp. Historical 49.89 82.33 85.09 44.91 84.76 93.18 0.00 0.26 3.29
RCP 4.5 17.80 49.69 54.22 14.55 55.17 72.10 0.00 0.01 0.30
RCP 8.5 14.84 45.40 49.67 12.09 50.72 68.46 0.00 0.01 0.18
Q. spp.- P. sylvestris Historical 55.14 85.67 88 49.79 88.02 94.82 0.00 0.37 4.40
RCP 4.5 14.44 44.68 49.00 11.70 50.12 67.79 0.00 0.01 0.18
RCP 8.5 6.32 28.33 31.70 5.31 32.48 49.39 0.00 0.00 0.03
P. sylvestris Historical 99.99 100 100 100 100 100 49.72 91.16 98.76
RCP 4.5 99.76 99.99 99.98 99.53 99.97 100 9.13 49.81 82.93
RCP 8.5 97.00 99.64 99.80 95.52 99.79 99.92 1.21 16.87 50.31
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Table 5
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Response probabilities (probability of a new observation achieving at least the mean of the contestant) for 50°N. Read row to column. Scenario severity series (on the
diagonals of the submatrices) are printed in bold if they demonstrate a directional change in dominance.

Latitude 50 Q. spp. Q. spp. - P. sylvestris P. sylvestris
% Historical RCP 4.5 RCP 8.5 Historical RCP 4.5 RCP 8.5 Historical RCP 4.5 RCP 8.5
Q. spp. Historical 50.11 78.88 79.76 28.52 69.18 80.46 0.55 10.41 34.55
RCP 4.5 21.65 50.14 51.41 8.91 38.02 52.74 0.05 1.86 12.46
RCP 8.5 21.02 49.05 50.32 8.47 37.07 51.73 0.04 1.73 11.79
Q. spp.- P. sylvestris Historical 71.42 91.35 91.90 49.99 84.99 92.46 2.90 24.35 55.85
RCP 4.5 31.27 61.57 62.89 14.44 49.87 64.52 0.14 3.94 18.97
RCP 8.5 19.79 47.01 48.42 7.84 35.48 50.00 0.04 1.49 10.87
P. sylvestris Historical 99.28 99.93 99.95 97.32 99.86 99.94 49.71 88.69 98.14
RCP 4.5 89.75 98.08 98.22 75.41 96.21 98.35 11.56 49.8 80.23
RCP 8.5 65.29 88.59 89.14 43.43 81.23 89.79 1.91 19.50 49.19
Table 6

Response probabilities (probability of a new observation achieving at least the mean of the contestant) for 58°N. Read row to column. Scenario severity series (on the
diagonals of the submatrices) are printed in bold if they demonstrate a directional change in dominance.

Latitude 58 Q. spp. Q. spp. - P. sylvestris P. sylvestris
% Historical RCP 4.5 RCP 8.5 Historical RCP 4.5 RCP 8.5 Historical RCP 4.5 RCP 8.5
Q. spp. Historical 50.22 74.69 72.85 16.22 47.81 58.74 21.62 62.23 85.69
RCP 4.5 24.75 50.28 47.14 5.20 23.68 32.51 7.49 35.85 65.33
RCP 8.5 27.02 53.12 50.03 6.02 26.09 35.18 8.47 38.51 68.10
Q. spp.- P. sylvestris Historical 83.64 94.98 94.57 49.91 82.20 88.61 58.04 89.83 98.00
RCP 4.5 52.40 76.45 74.54 17.55 50.00 60.87 23.46 64.11 87.01
RCP 8.5 41.43 67.51 65.32 11.63 39.61 49.91 15.94 53.88 80.36
P. sylvestris Historical 78.13 92.61 91.59 41.96 76.30 83.93 49.92 86.2 96.79
RCP 4.5 37.97 64.16 61.67 9.99 36.16 46.03 13.98 49.68 77.53
RCP 8.5 14.34 34.93 31.92 2.10 13.22 19.66 3.33 22.73 50.11

5. Discussion

Q. spp. are predicted to be a winners of climate change increasing
their current range with increasing climate warming, while the current
range of P. sylvestris is predicted to decrease (Bombi et al., 2017;
Dyderski et al., 2018). In line with these species distribution predictions,
our growth simulations suggest that with increasing climatic warming,
the decrease in the growth of Q. spp. is predicted to remain weak,
whereas larger differences were found for P. sylvestris so that P. sylvestris
can only be considered moderately resistant to a warming climate. The
between species differences are consistent with the respective autoe-
cologies: Q. spp., with its deep root system and its ability to endure very
negative water potentials, is well adapted to climatic warming (Zweifel
et al., 2006) because it continues sequestering carbon under drought
conditions, while P. sylvestris closes its stomata earlier, at the cost of
photosynthesis. Empirical research also shows that Q. spp. show less
variability in ring width in comparison to other tree species (Gillner
et al., 2013; Vitasse et al., 2019).

Mixture is currently beneficial for productivity at the stand level but
positive mixture effects on productivity for Q. spp. and P. sylvestris are
minor and only partly compensate for the decrease in growth with
increasing climatic warming and the advantage of mixture is reported to
decrease with drought (Aldea et al., 2022). Minor gains in productivity
were also reported in empirical studies quantifying the effect of mixing
on Q. spp. and P. sylvestris and improved drought response in the mixture
was reported in some studies (Steckel et al., 2020) and a greater tem-
poral stability (del Rio et al., 2022), while other studies were not able to
confirm a beneficial effect of mixture on drought (Bonal et al., 2017).
Gains in productivity reported for Q. spp. and P. sylvestris mixed stands
were 7 % and 9 %, respectively (Steckel et al., 2020; Pretzsch et al.,
2020) and are thus smaller than the 8.9-11.5 % productivity loss ex-
pected for the more productive P. sylvestris in the RCP 8.5 scenario.
Although only partly compensating for productivity losses, the mixture
has also a positive effect on many ecosystem services such as provision
of habitats or biodiversity (Heinrichs et al., 2019; Felton et al., 2022),

and spreads the risk associated with extreme events (e.g Schwarz and
Bauhus, 2019) and insect outbreaks and herbivory (e.g. Griess and
Knoke, 2011; Jactel et al., 2017; Jactel et al., 2021).

Results obtained in this study are optimistic, in that climate effects
were only considered in the basal area increment model, but not yet for
the height increment or mortality model. The effect of climate on height
increment is, however, reported to be minor. Empirical studies on height
growth of Q. spp. (Stimm et al., 2021) and P. sylvestris (Taeger et al.,
2013) found no effect or small effects (<5 %) on height growth and
weaker correlations with climatic variables of the current year (Taeger
et al., 2013). This is because height increment is formed during a very
short period in spring, and therefore only influenced by the climate in
this period (Taeger et al., 2013). Shoot formation itself is a two-year
process, starting with bud formation during late summer of the first
year and the actual expansion occurring during spring/early summer in
the second year (Bréda et al., 2006). In addition to water availability,
temperature during the phase of bud formation is regarded as a trigger
for shoot length (Kozlowski et al., 1991; Salminen and Jalkanen, 2005).
This explains the weaker relation of annual height growth to the mois-
ture deficit of the current year.

Climate has an important impact on individual tree mortality. Large
scale mortality due to drought was reported for P. sylvestris (Dobbertin
et al., 2005; Bigler et al., 2006; Allen et al., 2010; Cailleret et al., 2017;
Brandl et al., 2020; George et al., 2022) and Q. spp. (Cailleret et al.,
2017; Brandl et al., 2020; George et al., 2022), yet such elevated mor-
tality effects are not explicitly included in our modelling approach, with
mortality models based on the empirical data of the Austrian National
Forest Inventory. Mechanisms, that lead to drought induced elevated
mortality are complex and include plant physiological response to
climate, climate influences on insect and pests and pathogens and their
interaction (Anderegg et al., 2015). Purely physiological causes for
drought induced mortality are hydraulic failure or carbon starvation
(McDowell, 2011; Mantova et al., 2022), but foundational evidence of
the mechanistic link has not been identified yet (Mantova et al., 2022).
Susceptibility to insects and pests is driven by drought, which stresses
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trees but also by many characteristics of host trees, pathogens or insects
(Anderegg et al., 2015), which make mortality factors difficult to
disentangle. Cailleret et al. (2017), analysed radial growth patterns
preceding mortality, and observed a radial growth decline in 84 % of the
trees prior to mortality, but did not separate drought induced mortality
from competition induced mortality. Competition induced mortality or
natural thinning, results from the increasing space and resource
requirement of trees with increasing size and occurs in high density
stands (Pretzsch et al., 2023) and it is the mortality component most
existing mortality models focus on. Climate-sensitive mortality models
have been suggested by Brandl et al. (2020) who found an increased
mortality risk for Q. spp. and P. sylvestris with increasing temperature
but the models are not fully compatible with the PrognAus modelling
framework since the study focused on dominant trees and did not
include competition induced mortality. Mortality models, separating the
influence of different stressors will improve climate sensitive tree
growth simulation in the future. Moreover, mortality due to catastrophic
events and disturbances, reported to increase with climate change (e,g,
Romeiro et al., 2022) was not included in the simulations and therefore
climate change will certainly cause larger economic losses than pre-
dicted by our approach. As can be seen already with other species, such
as Picea abies in the Alps, salvaging operations constituted 39.41 % of the
harvested timber volume (https://info.bml.gv.at/themen/wald/wald-
in-oesterreich/wald-und-zahlen/holzeinschlagsmeldung-2022.html). In
line with this, the potential range of P. sylvestris is predicted to decrease
because of increase mortality at the dry edge of the distribution (Bombi
et al., 2017; Dyderski et al., 2018).

This study shows that increasing climatic warming imposes ecolog-
ical and economical threats even to relatively well drought-adapted tree
species such as Q. spp. and P. sylvestris and that productivity losses for
these species are higher at the dry end of the climatic gradient of their
distribution. Results suggest a relative competitive advantage of Q. spp.
over P. sylvestris with increasing drought frequency and severity.

Also, when analyzing growth reactions it is important to consider a
different drought adaption of different provenances, as shown in the
study of Taeger et al. (2013) and broadlydistributed species are opti-
mally adapted only to a proportion of the climatic niche occupied by the
species as a whole (Sdenz-Romero et al., 2019). Carefully selecting
drought-resistant provenances can further mitigate climate-related
risks. Stronger drought resistance of saplings is often found in saplings
from drier locations (Cregg and Zhang, 2001).

In future research, the quantification of future productivity losses
should be extended to other species; A limitation of this study is that it
investigates the growth reactions of old stands, whereas those of
younger stands may differ. More intensively investigating the more
dynamic young stands is another key issue.

6. Conclusion

Climatic warming will result in severe productivity losses at dry sites
or the dry end of distribution of the tree species studied here. This study
suggests a competitive advantage and higher productivity of P. sylvestris
under the current climate, the mixture of Q. spp. and P. sylvestris could
be recommended with RCP 4.5, while for scenario RCP 8.5 there may be
considerable loss in productivity for P. sylvestris and only Q. spp. can be
recommended. Enrichment of P. sylvestris stands by creating mixtures
with Q. spp., but not the opposite, might be a right silvicultural adaptive
strategy, especially at lower latitudes. Tree species mixing can only
partly compensate productivity losses due to climate change. This may,
however, be possible in combination with other silvicultural adaptation
strategies, such as thinning and uneven-aged management, which were
not investigated in this study. Other options in RCP 8.5 could be assisted
migration with more drought resistant species or the introduction with
non-native species, although the collateral risk of such a strategy should
not be minimized (Dimitrova et al., 2022).

To better understand the influence of climate on forest productivity,
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fitting climate and competition sensitive mortality models for a large
range of species compatible with individual tree growth models is a field
for future research and a next step in climate sensitive growth pre-
dictions. Equally important is the integration of the associated risk in
growth predictions.

Further enhanced precipitation models in climatic predictions
showing more variability would further be necessary, since predictions
currently available showed too little variation in precipitation between
by years. Annual precipitation, however, largely affects growth
reactions.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2024.173342.
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Tree growth potential and its
relationship with soil moisture
conditions across a heterogeneous
boreal forest landscape
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Forest growth varies across landscapes due to the intricate relationships between various
environmental drivers and forest management. In this study, we analysed the variation of tree growth
potential across a landscape scale and its relation to soil moisture. We hypothesised that soil moisture
conditions drive landscape-level variation in site quality and that intermediate soil moisture conditions
demonstrate the highest potential forest production. We used an age-independent difference model
to estimate site quality in terms of maximum achievable tree height by measuring the relative change
in Lorey’s mean height for a five year period across 337 plots within a 68 km? boreal landscape. We
achieved wall-to-wall estimates of site quality by extrapolating the modelled relationship using
repeated airborne laser scanning data collected in connection to the field surveys. We found a clear
decrease in site quality under the highest soil moisture conditions. However, intermediate soil
moisture conditions did not demonstrate clear site quality differences; this is most likely a result of
the nature of the modelled soil moisture conditions and limitations connected to the site quality
estimation. There was considerable unexplained variation in the modelled site quality both on the plot
and landscape levels. We successfully demonstrated that there is a significant relationship between
soil moisture conditions and site quality despite limitations associated with a short study periodin a
low productive region and the precision of airborne laser scanning measurements of mean height.

Forest growth rate is a key aspect of forested ecosystems, and is influenced, among other things, by the complex
and dynamic interactions among environmental factors that vary depending on local biotic and abiotic condi-
tions. On both global and regional scales, climate and soil conditions represent some of the most influential
factors that explain spatial variation in forest growth. Forest management adds further complexity to landscape
variation of forest properties by altering important forest characteristics such as age, structure, and species
distribution!. It is important to note that both unmanaged and managed forest areas are also affected by natural
disturbances such as forest fires, windstorms, and insect outbreaks. As such, untangling the complex interactions
between the environmental drivers that regulate forest growth constitutes a grand scientific challenge. This is
particularly relevant for the managed boreal forests of northern Europe, where the expansive forested landscape
has been managed for several hundred years; this has resulted in a patchwork of human-induced actions and
natural disturbance that exert significant influences on the regulation of growth rate.

Within boreal landscapes, large variations in forest growth and carbon sequestration have been observed
across short distances®*. Furthermore, previous studies have identified topographic position as a key factor for
the variation in soil moisture conditions, which regulate soil development, nutrient accumulation, and vegetation
patterns*~’. Therefore, on the local landscape scale—where climate drivers such as temperature and precipitation
can be considered constant—the topographic position at a specific location may largely affect the forest growth
potential as a result of the differences in accumulated water surrounding areas®.

Site quality is the combination of the physical and biological factors of a geographical location or site. Site
quality is inherent to the site, but may be influenced by management or e.g. climate change’. Site quality can be
used to describe tree growth potential at a specific site. The fraction of a site’s growth potential that is realised by
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trees to produce a certain amount of volume is often quantitatively expressed as site productivity. This type of
information is critical for forest management planning as it provides the context for projecting forest production
over a certain period'’ and supports decision-making concerning both conservation and restoration efforts''.
As such, landscape-scale information on the variation in forest site productivity can significantly improve forest
management'? and enhance understanding of which biotic factors influence forest growth within the landscape.

In even-age stands, the relationship between tree height and age of a given species is closely related to the
capacity of the site to produce woody biomass'®. Therefore, site index, which is defined as the expected height of
the dominant trees at a reference age is a commonly used indicator for site productivity. In Sweden, site index is
generally estimated using two main methods: (1) by height development curves and (2) by site factors. Method
1 uses the height and age of the dominant trees (i.e., the 100 largest trees in diameter per hectare) to estimate
the expected height at a reference age (e.g. 100 years for Scots pine—Pinus sylvestris L. and Norway spruce—
Picea abies (L.) H. Karst, and 50 years for birch—Betula pendula Roth. and Betula pubescens Ehrh.)!**'5, This
method of estimating site index is denoted as STH. The requirement of information about dominant height and
age means that the method cannot be applied to all forest lands in Sweden (e.g., after clear-cut or thinning from
above). Therefore site index is often assessed using method 2, which is based on a combination of site factors
including climate, field vegetation, location and soil properties'®. This method of estimating site index is denoted
as SIS. SIS, although age-independent, is in comparison to SIH found to be lower in accuracy (~ 4 m). Using the
abovementioned methods for landscape-scale assessment of site quality poses several challenges because the
methods require homogeneous stand conditions (i.e., the methods are age-and/or species-dependent), commonly
not available on the landscape scale. Furthermore, a major limitation of both methods is that they are limited
to fixed sample plots or field registers, which effectively constrains the potential landscape-wide extrapolation.
Hence, an approach that is age-and species-independent has the potential to provide unbiased assessments of
the variation in site productivity across a broader scale'”.

When two measurements in time are available, age-independent difference equations have satisfactorily been
used to model site productivity. For example, Tomé et al.'” developed age-independent difference equations for
both dominant height (Eucalyptus globulus Labill.) and DBH (Quercus suber L.) growth in Portugal by reformu-
lating well-established theoretical growth functions. This approach provides a possibility for assessing the vari-
ation in forest growth potential when age is unknown, in some cases even with higher accuracy in comparison
to age-dependent methods'®. Furthermore, this approach facilitates landscape scale assessment of the variation
in forest productivity using remote sensing when two measurements in time are available.

Remote sensing, particularly airborne laser scanning (ALS), has rapidly advanced during the last decade.
The use of ALS in resolving the three-dimensional properties of forest vegetation structure has shown great
potential for measuring and estimating key attributes, such as forest growth and site productivity, at the land-
scape scale!®?2. Furthermore, bi-temporal ALS data can be highly beneficial as this information can be used to
reduce uncertainties related to disturbance from management (e.g., thinning, clear-cutting, etc.) and facilitates
the precise estimation of site productivity through the added information of growth between periods®. In
parallel with the developments of high resolution remote sensing for measuring forest attributes, ALS data has
massively increased the resolution of topographical information and has become an essential tool for modelling
soil moisture conditions on a landscape scale**. Landscape scale information of environmental factors such as
soil moisture, provides large opportunities to study its effect on site quality. For example, Mohamedou et al.®
demonstrated how modelling soil moisture conditions based on terrain indices can increase the accuracy of site
productivity estimates in boreal forests.

At present, landscape assessments of the variation in site quality and its relation to environmental drivers
are rare, in particular across small landscapes. Within smaller spatial scales, certain environmental factors,
and the interactions among them, remain constant, allowing researchers to concentrate on a specific subset of
environmental drivers. Studying how variation in soil moisture conditions influences site quality may provide
important insights into how environmental drivers affect forest growth, as well as enhance our ability to predict
where water availability will limit tree growth potential. This type of knowledge is highly relevant for the scal-
ing of forest ecosystem processes and development of sustainable forest management approaches in the future.
Unfortunately, datasets appropriate for site quality estimation across smaller landscapes are rare. In the present
study, we bridge this gap by using high-resolution, bi-temporal forest growth data to assess site quality on a
landscape scale, information which is then used to investigate how site quality is related to topography-derived
soil moisture conditions.

The presented research was conducted to test the following hypotheses: (1) spatial variation in soil moisture
drives landscape-level variation in site quality; and (2) areas with intermediate soil moisture conditions demon-
strate the highest potential forest production. To test these hypotheses, we first developed an age-independent
estimate of site quality based on repeated forest surveys (2014-2019) with a 5 year study period. In the second
step, site quality was estimated by using bi-temporal ALS data from the previously fitted site quality model.
Thereafter, site quality was evaluated on plot and landscape level under differing soil moisture conditions. Finally,
we discuss how the obtained results provide evidence for the connection between soil moisture conditions and
forest production in a managed, heterogeneous boreal landscape.

Methods

The study approach was generally centred on analysing the variation in site quality using soil moisture condi-
tions. The estimation of site quality was based on the principle of age-independent difference equations using
two measurements in time of Lorey’s mean height. The approach for site quality estimation was carried out in
three main steps: (1) global parameters were estimated using a difference equation adjusted for relative height
from field measurements. In the second step (2) we reformulated the fitted equation to estimate plot specific
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site quality estimates. In step (3), landscape estimation of site quality was made using the model from step (2)
and repeated measurements from ALS as input data. Finally, the variation in estimated site quality for both on
a plot and landscape scale was analysed in context of soil moisture conditions obtained from field survey and
map predictions.

Site description

The study was carried out in the Krycklan Catchment Study®® which is located in northern Sweden (64° 14’ N,
19° 46’ E) which covers a 68 km?. The area consists of a managed forest landscape with a mosaic of wetlands and
lakes, typical for the region. The mean annual temperature of the area is 2.4 °C, with a mean annual precipita-
tion of 636 mm year™ based on 30 years of data (1991-2021). The catchment has a gently undulating terrain,
with elevations ranging from 127 to 372 m above sea level. The upper parts of the catchment are dominated by
unsorted sediments, while glaciofluvial sorted sediments are common in the lower parts. The forest soils are
predominantly iron podzols. Forest cover 87% of the area and is dominated by Scots pine (Pinus sylvestris) (63%)
and Norway spruce (Picea abies) (26%), with scattered occurrence of deciduous species consisting mainly of birch
(Betula pendula and Betula pubescens). Since 1922, approximately 25% of the catchment has been set aside for
forest research and 1% is protected as nature reserves. Ownership of the remaining area is divided among forest
companies and private owners. Forests in non-protected areas are managed by conventional rotation forestry and
are predominantly even-aged, artificially regenerated, and thinned. Therefore, the area has evolved into a mosaic
of stands of different ages, basal area and stocks (Table 1). The field layer vegetation is dominated by ericaceous
shrubs (Vaccinium spp.) such as bilberry and lingonberry on moss mats of splendid feather moss (Hylocomium
splendens) and red-stemmed feather moss (Pleurozium schreberi).

Field data

In 2014, a survey grid covering the entire catchment area was established; this grid comprises of > 500 plots
(radius: 10 m, area: 314.5 m?) that are spaced 350 x 350 m apart (Fig. 1). The plot locations were allocated using
a randomly chosen origin, which was oriented along the coordinate axis of the SWEREF 99 TM projection.

Lorey’s mean height (m) Stand age' Basal area (m?) Volume (m® ha™')
Min 0 0 0 0
Median 13 64 19 129
Mean 12 69 18 139
Max 26 200 63 721

Table 1. Descriptive statistics of plot-level data from the Krycklan forest survey 2014 (n=484). 'Stand age
(i.e., number of years since stand establishment) was determined for each sample plot as the basal area-
weighted mean age obtained by coring 8-10 dominant trees outside each sample plot.

Survey plots

0 1 2 3 4
—— —

Figure 1. Map of the Krycklan catchment and the location of the 337 survey plots (350 x 350 m square grid).
The map was created using ArcGIS Pro (version 3.0.2).
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Accurate centre positions for each plot were determined using differentially-corrected GPS measurements, which
were obtained with a Trimble GeoXTR receiver and the SWEPOS real-time differential correction service. A
forest survey was conducted in the late fall and early spring of the 2014 and 2019 growing seasons. All trees with
a diameter at breast height (DBH, 1.3 m) greater than 4 cm were measured at each plot. To reduce the labour
necessary for surveying, the plot radius was reduced from 10 to 5 m for stands with a high stem density (e.g.,
regenerating or young forests). For all measured trees, DBH, species, and tree status (live or dead) was recorded.
Tree height was measured for subjectively selected undamaged sub-samples of at least three trees of each species
with a laser-guided hypsometer selected to capture tree size variation in DBH for each species. The selection of
sample trees was made independently at each survey occasion. We fitted a mixed-effects model with plot-level
random effects, where the dependent variable was the height of the measured trees and the independent variable
was their DBH. We then estimated the height of the remaining trees using these models, followed by calculating
the plot Lorey’s mean height (basal area weighted mean height). Plots without measured trees such as clear-cut
areas, treeless mires were removed. In addition plots with a decrease in Lorey’s mean height between the two
observations were excluded, which could be caused by management, natural disturbance or the independent
selection of sample trees at each survey occasion . After this exclusion, our survey data encompassed a total of 337
survey plots, each with consecutive measurements of Lorey’s mean height. In addition to the tree measurements,
the plots were classified into soil moisture classes (dry, mesic, mesic-moist, moist, and wet) based on an estima-
tion of each plot’s average depth to groundwater level during the vegetation period; these estimates were based
on the position of each plot in the landscape and vegetation patterns as per protocols of the Swedish National
Forest Inventory?’. The soil types for 315 of the survey plots were determined in a soil survey completed between
2019 and 2020 according to World Reference Base for Soil Resources (WRB) guidelines.

ALS data

Airborne Laser scanning (ALS) covering the entire study area was performed adjacent to both forest survey
campaigns (Table 2.). In August 2015, the study area was scanned using an Optech Titan X sensor (flight height:
1000 m) to yield an average point density of 20 points per m The sensor scanned the area using three specific
wavelengths, e.g., 532 nm (green), 1064 (NIR), and 1550 nm (SWIR). At the end of June 2019, the area was
scanned using a Riegl VQ-1560i-DW sensor at wavelengths of 532 nm (green) and 1064 (NIR); this yielded an
average point density of 20 points per m?*°.

The raw ALS point clouds were then processed by classifying point returns as ground, vegetation, unclassi-
fied, and noise. This enabled the generation of a Digital Elevation Model (DEM) to which all of the ALS points
were normalised. The point returns were aggregated to 10 x 10 m metrics using CloudMetrics Fusion software®.
Outlier assessments, carried out using bivariate scatterplots, were performed to examine the relationship between
field measurements of Lorey’s mean height and the 95th percentile height of laser returns (P95) from two scan-
nings. Observations with a height difference > 5 m between the field measured Lorey’s mean height and P95 were
excluded because these observations were considered to represent instances in which silvicultural practices, such
as thinning or clearcutting had been performed between the scanning and field measurements. The number of
plots excluded due to this discrepancy was 38 in 2014 and 25 plots in 2019.

An area-based approach was used to obtain wall-to-wall coverage of Lorey’s mean height across the entire
study area®. In the first step, the observed Lorey’s mean height from the geo-referenced survey plots at each
survey occasion was regressed on the ALS metrics from the corresponding ALS scanning. In the second step,
the models were applied over tessellations of individual grid cells to generate wall-to-wall estimates of Lorey’s
mean height at time of each survey occasion (2014 and 2019). We tested different predictive models using vari-
ous combinations of commonly used ALS metrics related to height and density**. The final predictive model
chosen for each year was formulated as a linear regression with the same independent variables which included
P95 and the standard derivation of height (heightStdDev). Both models showed high accuracy, with the residual
standard error (RSE) falling below 1.1 m for both the 2014 and 2019 (Table 3). The estimations of Lorey’s mean
height predicted from the individual models at each survey year, corresponded well to the field measurements
(n=337) (Fig. 2).

Site quality estimate

This study required an age-independent estimation of site quality to avoid the limitations of the commonly used
‘site index’, which requires inputs such as the ages and heights of dominant trees or, alternatively, vegetation
type and site properties. A mean height growth model with a sigmoidal shape will involve an asymptote and a

2015 2019
Time period 2015-08-23 2019-06-27
Season Leaf on Leaf on
Instrument Optech Titan X Riegl VQ-1560i-DW
Flying height 1000 m 1000 m
Measured wavelengths 532 nm (green), 1064 (NIR), and 1550 nm(SWIR) | 532 nm (green), 1064 (NIR)
Point density 20 points/m? 20 points/m?

Table 2. ALS data specifications.
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Year Model Adj R* RSE (m)
2014 Height =B, + ,(P95) + B, (heightStdDev) + B;(P95 * heightStdDev) 0.96 1.05
2019 Height =B+ ,(P95) + B, (heightStdDev) + p,(P95*heightStdDev) 0.95 1.03

Table 3. Results from linear regression predicting Lorey’s mean height for 2014 and 2019 using the area-based
method.

a) Observed vs predicted Lorey’s mean height 2014 b) Observed vs predicted Lorey’s mean height 2019
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Figure 2. Plots illustrating the observed vs. predicted Lorey’s mean tree heights from forest surveys conducted
in 2014 (a) and 2019 (b).

shape parameter describing how the asymptote is reached; as such, an estimator of site quality can be deduced
by expressing one of the parameters as a function of an un-observed site quality. The Richard’s growth model is
suitable for this purpose as it was empirically derived from tree physiology, has desirable properties, and has been
widely used in forest growth analyses®*>. We focused on the age-independent difference formulation (Eq. 1) of
the Richard’s model* presented by Tomé et al.” to derive the site quality estimate:

Yi+a:A{1—e*k“[1— (%)m]}; 1)

where Y is Lorey’s mean height in metres, A is the asymptote/maximum height (m) when time/age approaches
infinity, k is a parameter related to the growth rate, m is a shape parameter related to the point of inflection, and
a is the number of periods. The generalised model did not consider tree species. This age-independent difference
formula can be used to model height growth for the estimation of site quality when two successive measurements
are available; this includes the assumption that the growth function passes through the two height measurements
in both survey periods. In Eq. 1, the parameter A is most often the parameter that is most strongly related to
site quality®, as well as easy to interpret because it is expressed in the same dimension as the response variable,
height. The k parameter can also be expressed as a measure of relative height growth from the field mean height
measurements at time i and i + a4, and a global parameter b:

_ Yi+u
k_b*( : ) @

Equation (2) was substituted into Eq. (1) to obtain estimates of the global parameters m and b. The param-
eters were estimated using generalised nonlinear least squares in the R Environment®. To derive plot-specific
site quality estimates (A,), Eqs. (1) and (2) were algebraically reformulated (Eq. 3) as a function of the height
measurements at times 1 and 2 (corresponding to the survey periods 2015 and 2019, respectively) and the global
parameters m and b as:
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Landscape site quality estimate

We used Eq. (3) to estimate the site quality parameter (A,) to describe the expected maximum height over the
entire study area based on the ALS data, more specifically, Lorey’s mean heights from the bi-temporal ALS data.
We masked roads, railroads, and powerlines to reduce noise. In addition, we masked clear-cuts from 2000 to
2020 based on data from the Swedish Forest Agency.

Auxiliary data

To investigate variation in site quality within the study area, environmental variables describing the site proper-
ties were obtained for the 337 plots and on the landscape level. Soil moisture conditions were extracted from
the continuous SLU (Swedish University of Agricultural Science) soil moisture map that describes variation in
soil moisture conditions across Sweden®. The map was produced using machine learning, more specifically,
by combining geographically mapped information, e.g., various ALS-derived terrain indices, climate data, and
quaternary deposit information. The most important predictors of the developed soil moisture model was the
Depth to water index (DTW), the Topographic wetness index (TWI), and mapped information of wetlands. The
training and validation data sets included almost 20,000 survey plots with soil moisture classifications across
Sweden, and the final mapped information expresses the probability that a 2 x 2 m pixel is classified as wet
(0-100%). Agren et al.** previously used the survey plots included in this study as an independent validation
dataset. For the present study, the 2 x 2 m resolution available in the SLU map was resampled to a 10 x 10 m grid
using bilinear interpolation to match both the resolution of the field plots and the ALS metrics over the study area.

Statistical analyses

After assessing the spatial autocorrelation of plots using a semivariogram (Fig. S1), we concluded that each plot
could be considered as an independent observation. To address the first hypothesis, i.e., that soil moisture drives
variation in site quality at the landscape scale, we used second-order polynomial regression to examine the
relationship between site quality and modelled soil moisture. To address the second hypothesis, we performed a
non-parametric Kruskal-Wallis test*, followed by a Dunn-Bonferoni test”, to test for significant differences in
estimated site quality between pairs with different soil moisture classifications, soil types and dominating species.
The Kruskal-Wallis test was chosen because not all of the groups fulfilled the assumption of a normal distribution
and the presence of differences in sample sizes™. All of the statistical analyses were conducted using R software®.

Results

The growth in tree height between the two surveys for individual survey plots ranged from 0 to 4.8 m, with a
mean of 0.8 m; the median relative height growth was 6%. We fitted the age-independent difference equation
(Eq. 1) on the complete dataset (1 =337 field plots) using generalised nonlinear least squares to obtain estimates
of the global parameters, denoted as m, b and Ay, (Table 4). The overall model was significant and showed a
good fit, with a residual standard error of 0.41 m. In addition, the model errors did not show any obvious signs
of heteroscedasticity (Fig. 3).

The estimated global parameters m and b were used to estimate site quality (A,, or the expected maximum
height) for each survey plot using the algebraic solution for A, (Eq. 3). The estimated site quality (A,) had a mean
of 25.9 m and ranged from 7.2 to 67.3 m (Fig. 4).

We found significant differences in site quality among plots with different classified soil moisture condi-
tions (Kruskal-Wallis chi-squared =24.633, df =4, p-value <0.001), with the highest potential forest production
found in areas with intermediate soil moisture conditions (Fig. 5a). Moreover, mesic sites showed significantly
higher site quality in comparison to moist and wet soil moisture classes. Significant differences in site quality
were also observed for plots characterised by different soil types (Kruskal-Wallis chi-squared =29.464, df=5,
p-value <0.001), with histosols showing significantly lower site quality values in comparison to arenosols, pod-
zols, and regosols in the post-hoc Dunn-Bonferoni test (Fig. 5b).

Equation (3), when applied to the landscape level, used bi-temporal ALS estimates of mean height to com-
pute the expected site quality (i.e., maximum height) for each pixel (10 x 10 m spatial resolution). Estimated site
quality using bi-temporal ALS data demonstrated a near-normal distribution that included a similar range as the
estimated site quality using field data. The visual comparison of modelled soil moisture and site quality revealed

Fit statistics
Parameter | Estimate | Std. error | t-value | AIC BIC logLink | RMSE(m)
Ao 26.99 1.70 1588 | 576.85 |592.13 |-284.43 |0.41
b 0.021 0.00 6.24
m 0.57 0.10 5.53

Table 4. Estimated parameters of model 1, based on the field data.
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Figure 3. Plot of the predicted vs. observed Lorey’s mean height values (a), and residuals from the predicted
model in comparison to observed values (red line) (b).
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Figure 4. Histogram of estimated site quality (A,). Note: all observations over 50 m were placed in the 48-50 m
class.

noticeable patterns (Fig. 6). For example, areas with low site quality estimates generally showed rather wet soil
moisture conditions, and thus, were located in areas dominated by peat soils. On the other hand, some areas
showed higher site quality in comparison to neighbouring areas, in some cases likely associated with different
dominating species. For example, clear differences in site quality could be observed within an experimental trial
with blocks of different tree species (Fig. 6b). Stand edges could also be observed where younger stands showed
higher site quality in comparison to mature stands. An effect of tree species was in line with the observations
from field data plot scale, where plots dominated by Pinus contorta showed a significantly higher mean site quality
than plots dominated by other tree species (Fig. S2).

At the landscape scale, the relationship between site quality and the modelled soil moisture conditions (the
probability of a point being classified as wet) was described by a second-degree polynomial regression model
(R?=0.11, p-value <0.001, F-stat=31,380); indicating that site quality decreases as soil moisture increases. How-
ever, the estimated site quality showed large variation in relation to the predicted soil moisture condition (Fig. 7).
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Figure 5. The relationship between site quality and (a) soil moisture conditions and (b) soil type. Lowercase
letters show the results from the corresponding Dunn-Bonferoni test.
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Figure 6. Predicted site quality across the Krycklan catchment, based on bi-temporal ALS data (a). Predictions
of site quality in a smaller area (b), with the SLU soil moisture map over the same area (c). White areas are
masked areas such as clear-cuts, roads. agricultural fields, or and power lines. An experimental trials of different
tree species bordered with red (black in ). The map was created using ArcGIS Pro (version 3.0.2), https://www.
esri.com/en-us/arcgis/products/arcgis-pro/overview.

Discussion

Understanding the factors that explain variations in site quality across a certain landscape is a tremendous sci-
entific challenge due to the complex interactions between different environmental drivers varying in importance
across scales. This study focused on a 68 km? meso-scale heterogeneous landscape, a decision which effectively
controlled for dominant environmental drivers that are present on the national and regional levels, including
climatic gradients. We estimated forest site quality across the Krycklan catchment by using an age-independent
difference approach based on repeated and extensive field measurements of mean height. To estimate site quality
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Figure 7. The modelled polynomial relationship between site quality (A,) and soil moisture across the entire
study area. The plot displays a random sample of 5000 (10%) raster cells, coloured corresponding to the SLU
soil moisture map (Fig. 6¢). The regression line is shown in red, with the dashed lines representing the 95%
prediction intervals. The modelled soil moisture, shown as a percentage, denotes the probability of the point
being predicted as wet rather than the volumetric soil water content.

over the entire landscape, we applied our age-independent model to the available bi-temporal ALS data, which
had been obtained in close succession to the field plot surveys. The landscape estimates of site quality were
compared to readily available auxiliary data to assess the effects of soil moisture conditions on forest production
potential in the study area.

The use of bi-temporal ALS data to estimate forest growth and site quality has gained momentum in recent
years, and has already proven successful in multiple previous studies using varying approaches'>**, Previous
researchers have emphasised that age-independent models can rely on ALS data to yield landscape assessments
of site quality across various time periods without the constraint of age-specific information for trees*>**. For
instance, landscape estimates of site productivity, commonly presented using the site index, become challenging
when information on forest age, species distribution, or top/dominant height or site properties is limited to field
plots. Furthermore, the site index can only be directly estimated if the stand meets standard assumptions such
as level of stocking, species composition, and that the stand history has not excessively affected the development
of the dominant/co-dominant tree species.

The methodological differences between the present study and previous research mean that direct compari-
sons of our results to what has been reported in prior years are challenging. However, it is possible to compare
the results obtained from our age-independent model for tree height, which was used to estimate the global
parameters and derive the site-independent site quality estimates. The age independent height model predict-
ing height at time two, showed satisfactory accuracy with a RMSE of 0.41 m (Table 4). This is in line with the
model performance (RMSE value of 0.64 m) reported for an age-dependent Chapman-Richard function with
RMSE of 0.64 m*".

The site quality estimates reported in this study represent the site-specific maximum attainable Lorey’s mean
height when time/age approaches infinity. This theoretical value cannot be validated within the boundaries of
this study and is limited to be used to compare differences in site quality between sites. At the same time, the
site quality estimates showed a large range from 7 to >50 m, where especially the values in the highest can be
considered to be unreasonable. Furthermore, the current study was limited to information from only two field
survey inventories that were separated by a period of 5 years. This can be considered as a short growth period,
and the two measurements may not include all of the information necessary to explain the variation in site qual-
ity, especially if the measurements do not contain the empirical asymptote. The study period in the presented
research is far from the period needed to begin reaching the asymptote, that is, the maximum value of the site
quality parameter. It is also important to note that the use of tree height (ascertained through the height-age site
index approach) does not fully explain between-site differences in productivity. In other words, even if we have
a certain site index, there may be significant variation in the woody volume of the plot due to differences in car-
rying capacity, species composition, and site properties'®'*#2%3. Thus, we postulate that additional information to
height differences, such as species, basal area, or volume, may improve both site index or site quality estimates'’.
However, such information—especially volume—is not as readily available as tree height, which is available for
the whole of Sweden due to enhanced forest inventories. Another advantage of using height is that this metric, in
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comparison to basal area and volume, is not heavily affected by management and/or stand density. Nevertheless,
a previous study based on bi-temporal ALS data reported stand density effects on P. sylvestris height growth in
highly productive stands*.

After the site quality model had been fitted to the data set describing the survey plots (Eq. 3), it was then
applied to the bi-temporal ALS data to compute the expectedsite quality for 10 x 10 m raster cells of the study
area. The different laser scanners used in the 2015 and 2019 surveys could have caused potential errors in the
pixel-level estimations of site quality (Table 2). However, we would like to argue that this potential source of
error is small due the two separate calibration for each scanning based on field measured Lorey’s mean height.
Other potential sources of errors in the site quality estimates include the unavailability of tree species informa-
tion at the landscape level, along with the effects of forest management. The magnitude of the effects of these
error sources warrants further investigation. Another source of uncertainty is associated to a short study period
in combination with the low productive forests in the region, which may not have been sufficient to capture
the variation in site quality. The average field measured Lorey’s mean height difference was 0.8 m in the studied
period. Ground-based tree-height measurements of pine and spruce involve a mean error of 0.3 and 0.1 m,
respectively®’, which may limit the observation of between-site differences. Gathering landscape-level species
information has the potential to improve site quality estimates, which was apparent in the higher estimates of
site quality in an experimental tree species trial (Fig. 6a). Furthermore, the observed stand edges with higher
site quality associated to younger stands may be an effect of a higher proportion of birch, which is a fast grow-
ing pioneer species®. Previous studies have found that dividing the study area into strata based on tree species
improves prediction accuracy”’.

The reported results were consistent with our hypothesis in that site quality decrease in high soil moisture
conditions. Histosols in this region are associated with saturated soil conditions and showed significantly lower
site quality in comparison to other soil types. Similar findings for soil moisture conditions and soil types have
been observed in studies of the relationship between normalised mean annual increment in relation to soil
properties across Sweden*®. Previous studies have also proven the utility of soil moisture maps in comparison to
other terrain indices®, as well as the ability to predicting thick organic soil layers based on soil moisture®. Lower
site quality is expected in these areas because the saturated soil conditions decrease tree growth*®*!. Notably,
the modelled soil moisture was not able to explain the variation in soil quality among drier areas. We suspect
several reasons for this. Firstly, the soil moisture map used in this study was create to differentiate between the
soil moisture classes, e.g., dry (dry and mesic) and wet (mesic-moist, moist and wet); this may not adequately
capture the variation within these groups observed on plot level (Fig. 5)*!. The use of remote sensing technolo-
gies in combination with additional auxiliary data is not a new phenomenon. When site index was modelled for
Pinus pinaster Ait. stands in Spain, climate-related factors such as potential evapotranspiration, mean minimum
temperature, and mean precipitation were among the most important variables that explained variation in a site-
specific quality parameter?'. Using terrain indices to model soil moisture conditions has successfully improved
predictions of forest growth in numerous studies?>*'.

The variation of site quality is not only driven by soil moisture conditions, but rather the effect of complex
relationships between various environmental drivers. However, our study provides a unique insight into how soil
moisture conditions drive site quality variation on a local landscape. To better understand the landscape-scale
variation of site quality, the effects of additional biological and physical factors need to be studied. For example,
soil physical and chemical properties have a large effect on site quality, however such information is challenging
to extrapolate across a landscape scale.

Conclusion

This study presents a landscape scale perspective on the relationship between forest site quality and soil moisture
conditions within a managed boreal forest landscape. We estimated site quality across the entire study area using
an age-independent difference height growth model based on repeated forest surveys and ALS scanning. Evalu-
ation of site quality estimates showed lowest site quality in areas with the highest soil moisture levels. Although
substantial variation was observed for estimated site quality, there was no distinct trend that was indicative of
increased site quality in areas with intermediate soil moisture conditions. Collectively, our results deepen our
understanding of how certain soil moisture conditions relates to growth potential across a heterogeneous boreal
landscape.

Data availability
The dataset generated during the current study is available from the corresponding author on reasonable request.
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