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Front page picture: the sunrise sheds a light on a group of young Norway spruce trees. I took this picture
from Cés, in Val Leventina (Ticino), in the Summer 2019.
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“Do not go where the path may lead, go instead where there is no path and leave a trail.”
Aphorism by Ralph Waldo Emerson
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Summary
The Norway spruce (Picea abies (L.) H. Karst.) is one of the most important tree species in the Southern Swiss
Alps, especially in the mountain forests which support an essential protective function on the infrastructures
and settlements of the inner alpine valleys. Norway spruce forests are subject to a multitude of stressors
threatening their stability and hence the provision of their protective function on the long term. In this master
thesis, I aim to identify the main processes and factors shaping the Norway spruce’s range in study area of the
Southern Swiss Alps. I combined an analytic and modelling approach based on the most recent forest data
from the Swiss National Forest Inventory (NFI) with a set of high-resolution indicators.
Firstly, I analysed the current occurrence of this species in the study area. I calculated the changes measured
in the Norway spruce’s stands in terms of stem density and basal area of living and dead trees, as well as the
change in the number of seedlings and saplings. The reference data are the NFI2 and the NFI4. This first
analysis denotes an increase in the species’ stocks but also an increase in the tree mortality, an overall uplift
of the species’ range and a strong reduction in the frequency of the species’ rejuvenation.
Secondly, I assessed the ecologic connection between the Norway spruce and the alpenroses (Rhododendron
spp.), which are vectors of the needle’s bladder rust fungus (Chrysomyxa rhododendri). I used a combined
analytic and modelling approach to assess the impact of this connection through a broad spectrum of
topographic and pedo-climatic control variables. The procedure consists on a Likelihood-Ratio Test applied to
a multi-linear regression. This combinatory assessment shows that the alpenroses’ cover degree is depressing
the Norway spruce’s mixture and cover degree, both of the young and in the adult trees. This relationship is
also true in the opposite direction. This evidence highlights the ecologic meaning of the allelopathic association
between these species.
Thirdly, I modelled the Norway spruce’s range by approximating the species’ mixture degree assessed in the
NFI4, either referring to the established rejuvenation and to the adult trees. The method applied was a Tobit
multi-regression. I produced four different models’ version. All models are based on high resolution climate
data. For each fitted variable, I produced an extended version which accounts for the occurrence of the rustyleaved alpenrose (Rhododendron ferrugineum) recursively predicted with an additional model. Finally, all
models’ versions were projected in the second half of the 21st Century by integrating the corresponding future
climate indicators based on the CLM scenario.
The models based on the current climate display a reliable reconstruction of the present Norway spruce’s range
in the study area. The non-linear boundaries of the Norway spruce’s range in the upper forest’s belts are reliably
reproduced
by
integrating
the
predicted occurrence
of
the rusty-leaved
alpenrose.
The projections based on the future climate data present a dramatic retreat of the Norway spruce’s range
towards its current centre of gravity in the Upper Ticino and in Val Poschiavo. The migration of the species to
higher altitudes is hindered by the presence of the rhododendron. These results contrast with conventional
models based on the whole of Switzerland. This shows that distinct dynamics are responsible for the absence
of the Norway spruce in the study area, which could lead to a much greater decline of the species in the future
than assumed in conventional scenarios. Nevertheless, any extrapolation drawn from modelling approach must
be taken very cautiously and, in no circumstances, they should be considered as quantitative forecasts.
In conclusion, in this thesis I highlighted that the Norway spruce’s stands of the Southern Swiss Alps are
subject to a multitude of dynamics. On the long term-scale, they are showing an overall negative tendency of
development. However, the main drivers of change as the changing disturbance regime and the land-use are
not quantified in the climatic indicators. The complex interactions between these multiple factors needs
therefore to be considered with a greater attention for responsibly addressing the challenges imposed by the
current development of the mountain forests.
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Riassunto
L'abete rosso (Picea abies (L.) H. Karst.) è una delle specie arboree più importanti delle Alpi Svizzere
Meridionali, soprattutto nelle foreste montane che svolgono una funzione protettiva essenziale sulle
infrastrutture e sugli insediamenti delle valli alpine interne. Le foreste di abete rosso sono soggette a una
moltitudine di fattori di stress che ne minacciano la stabilità e quindi la loro funzione protettiva a lungo termine.
In questa tesi di Master mi propongo di individuare i principali fattori e processi che determinano l’areale
dell’abete rosso nell'area di studio delle Alpi Svizzere Meridionali. L’approccio impiegato combina un
procedimento analitico e modellistico basato sui più recenti dati forestali dell'Inventario Forestale Nazionale
Svizzero (IFN) con una serie di indicatori ad alta risoluzione.
In primo luogo, ho analizzato la presenza attuale di questa specie nell'area di studio. Ho calcolato i cambiamenti
nei popolamenti di abete rosso in termini di densità di fusto e di superficie basale di alberi vivi e morti, nonché
la variazione del numero di piantine e alberelli. I dati di riferimento sono l'IFN2 e l'IFN4. Questa prima analisi
denota un aumento della provvigione della specie ma anche un aumento della mortalità degli alberi, un
innalzamento generale del suo areale e una forte riduzione della frequenza del ringiovanimento della specie.
In secondo luogo, ho valutato la connessione tra l'abete rosso e i rododendri (Rhododendron spp.), che sono
vettori del fungo della ruggine vescicolare del peccio (Chrysomyxa rhododendri). Ho combinato un approccio
analitico e modellistico per valutare la validità di questa connessione attraverso un ampio spettro di variabili
di controllo topografiche e pedo-climatiche. La procedura consiste in un Test di "Likelihood-Ratio" applicato
ad una regressione multilineare. Questo approccio denota che il grado di copertura dei rododendri è
responsabile di una riduzione significativa nella mescolanza e nel grado di copertura dell'abete rosso, sia nel
ringiovanimento che negli alberi adulti. Questo rapporto è vero anche nella direzione opposta. Questo risultato
evidenzia il significato ecologico dell'associazione allelopatica tra queste specie.
In terzo luogo, ho modellizzato l'areale attuale dell'abete rosso attraverso i dati sul grado di mescolanza del
IFN4, sia per il ringiovanimento che per gli alberi adulti. Il metodo applicato è una Tobit-multiregressione. Ho
prodotto quattro modelli diversi basati su dati climatici ad alta risoluzione. Per ogni variabile modellizzata, ho
creato una versione estesa del rispettivo modello che tiene conto della presenza del rododendro rosso
(Rhododendron ferrugineum), prevista ricorsivamente con un modello aggiuntivo. Infine, tutte i modelli sono
stati proiettati nella seconda metà del 21° secolo, integrando i rispettivi indicatori climatici futuri basati sullo
scenario CLM.
I modelli basati sul clima attuale mostrano una ricostruzione affidabile dell'attuale areale di diffusione
dell'abete rosso nell'area di studio. I confini non lineari dell'areale dell'abete rosso nelle fasce forestali superiori
sono riprodotti in modo affidabile integrando la presenza del rododendro rosso. Le proiezioni basate sui dati
climatici futuri presentano un drastico arretramento dell'abete rosso verso l'attuale baricentro dell'abete rosso
nell'Alto Ticino e in Val Poschiavo. La migrazione della specie verso quote viene ostacolata dalla presenza del
rododendro. Questi risultati sono in contrasto con i modelli convenzionali basati sull'insieme del territorio
svizzero. Ciò dimostra che delle dinamiche distinte sono responsabili dell'assenza di abete rosso nell'area di
studio, le quali, in futuro, potrebbero portare ad un declino della specie molto più marcato rispetto a quanto
assunto dagli scenari convenzionali. Tuttavia, qualsiasi estrapolazione ricavata da un approccio modellistico
deve essere interpretata con cautela e, in nessun caso, deve essere considerata come una previsione
quantitativa.
In conclusione, in questa tesi ho evidenziato che, attualmente, i popolamenti di abete rosso delle Alpi Svizzere
Meridionali sono soggetti a una moltitudine di dinamiche che rivelano una tendenza generale negativa nello
sviluppo della specie. Tuttavia, i principali fattori di cambiamento, come il regime di perturbazione e le attività
antropiche, non sono quantificati dagli indicatori climatici. Le complesse interazioni tra questi molteplici
fattori devono quindi essere considerate con una maggiore attenzione per affrontare in modo responsabile le
sfide imposte dai mutamenti in atto nelle foreste di montagna.
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Zusammenfassung
Die Fichte (Picea abies (L.) H. Karst.) ist eine der wichtigsten Baumarten in den Südschweizer Alpen, vor
allem in den Bergwäldern, die eine wesentliche Schutzfunktion auf die Infrastrukturen und Siedlungen der
inneralpinen Täler ausüben. Die Fichtenwälder sind einer Vielzahl von Stressfaktoren ausgesetzt, die ihre
Stabilität - und damit ihre Schutzfunktion - langfristig gefährden. Das Ziel dieser Masterarbeit ist, die
wichtigsten Faktoren und Prozesse zu identifizieren, die das Verbreitungsareal der Fichte im
Untersuchungsgebiet der Südschweizer Alpen prägen. Dafür kombiniere ich einen analytischen und
modellierenden Ansatz, der auf den neusten Walddaten des Schweizerischen Landesforstinventars (LFI) und
auf hochauflösender Indikatoren basiert.
Zuerst analysiere ich das aktuelle Vorkommen und die Veränderungen der Fichtenbestände dieser Art im
Untersuchungsgebiet. Die Berechnungen basieren auf der Stammdichte und Grundfläche der lebenden und
toten Bäume sowie auf der Anzahl Sämlingen und Setzlingen. Die Referenzdaten sind der LFI2 und der LFI4.
Diese erste Analyse zeigt eine Zunahme der Fichtenvorräte, aber auch eine Zunahme der Baumsterblichkeit,
eine allgemeine Erhöhung des Verbreitungsgürtels der Art und eine starke Abnahme der Häufigkeit der
Fichtenverjüngung.
Zweitens bewerte ich den Zusammenhang zwischen der Fichte und den Alpenrosen (Rhododendron spp.), die
Vektoren des Blasenrostpilzes (Chrysomyxa rhododendri) sind. Ich verwende einen kombinierten analytischen
und modellierenden Ansatz, um die Gültigkeit dieser Verbindung durch ein breites Spektrum topographischer
und pädoklimatischer Kontrollvariablen zu beurteilen. Das Verfahren besteht aus einem Likelihood-Ratio
Test, der auf multilineare Regressionen mit den Kontrollvariablen angewandt wird. Dieser Ansatz zeigt an,
dass der Deckungsgrad der Alpenrosen den Mischung- und Deckungsgrad der Fichte sowohl bei den jungen
als auch bei den erwachsenen Bäumen stark negativ beeinflusst. Diese Beziehung gilt auch in umgekehrter
Richtung. Dieses Resultat unterstreicht die ökologische Bedeutung der allelopathischen Beziehung zwischen
diesen Arten.
Drittens modelliere ich das Verbreitungsgebiet der Fichte durch den aktuellen Mischungsgrad der etablierten
Verjüngung und der erwachsenen Bäume aus dem LFI4. Die angewandte Methode ist eine Tobit-MultiRegression. Ich habe vier verschiedene Modellversionen erstellt. Alle Modelle basieren auf hochauflösenden
Klimadaten. Für jede angepasste Variable habe ich eine erweiterte Version erstellt, die das Vorkommen der
Rostblättrigen Alpenrose (Rhododendron ferrugineum), die mit einem zusätzlichen Modell rekursiv
vorhergesagt wurde, berücksichtigt. Schliesslich habe ich die Versionen aller Modelle in die zweite Hälfte des
21. Jahrhunderts mit den entsprechenden zukünftigen Klimaindikatoren auf der Grundlage des CLM-Szenarios
projiziert.
Die auf dem aktuellen Klima basierenden Modelle zeigen eine zuverlässige Rekonstruktion des heutigen
Verbreitungsareals der Fichte im Untersuchungsgebiet. Die nichtlinearen Grenzen des Verbreitungsareals in
den oberen Höhenstufen werden durch die Integration des prognostizierten Vorkommens der Rostblättrigen
Alpenrose zuverlässig reproduziert. Die Projektionen, die auf den zukünftigen Klimadaten basieren, zeigen
einen dramatischen Rückgang des Fichtenareals in Richtung ihres heutigen Schwerpunkts im Oberen Ticino
und in Val Poschiavo. Die Verschiebung der Art nach höheren Lagen wird durch die Anwesenheit der
Alpenrose verhindert. Diese Ergebnisse stehen im Gegensatz zu den konventionellen Modellen, die sich auf
die gesamte Schweiz beziehen. Dies zeigt, dass eine charakteristische Dynamik für das Fehlen von Fichte im
Untersuchungsgebiet verantwortlich ist, welche in Zukunft zu einem viel stärkeren Rückgang der Art führen
könnte als in konventionellen Szenarien angenommen. Nichtsdestotrotz ist jede Extrapolation, die aus
irgendeinem Modellierungsansatz gezogen wird, sehr vorsichtig vorzunehmen und darf keinesfalls als
quantitative Prognose betrachtet werden.
Als Schlussfolgerung habe ich in dieser Masterarbeit hervorgehoben, dass die Fichtenbestände in den
Südschweizer Alpen einer Vielzahl von Dynamiken unterliegen, die langfristig eine negative Tendenz zeigen.
Haupttreiber der Veränderungen, wie die sich ändernde Störungsregime und die Landnutzungformen, sind
jedoch in den Klimaindikatoren nicht quantifiziert. Die komplexen Wechselwirkungen zwischen diesen
vielfältigen Faktoren und Prozessen müssen betrachtet werden, um den zukünftigen Herausforderungen
verantwortungsvoll zu begegnen.
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Résumé
L'épicéa (Picea abies (L.) H. Karst.) est l'une des espèces d'arbres les plus importants dans les Alpes Suisses
Méridionales, en particulier dans les forêts de montagne qui ont une fonction de protection essentielle sur les
infrastructures et les établissements des vallées alpines intérieures. Les forêts d'épicéas sont soumises à une
multitude de facteurs de stress qui menacent leur stabilité qui en soutien la fonction protectrice à long terme.
Dans ce mémoire de Master, je vise à identifier les principaux facteurs et processus qui définissent l'aire de
répartition de l'épicéa dans la zone d'étude des Alpes Suisses Meridionnales. J'ai combiné une approche
analytique et modéllistique basée sur les données forestières les plus récentes de l'Inventaire Forestier National
suisse (IFN) avec un ensemble d'indicateurs à haute résolution.
Tout d'abord, j'ai analysé la présence actuelle de cette espèce dans la zone d'étude. J'ai calculé les changements
mesurés dans les peuplements d'épicéas en termes de densité de tiges et de surface basale des arbres vivants et
morts, ainsi que l'évolution du nombre de semis et de jeunes pousses. Les données de référence sont l'IFN2 et
l'IFN4. Cette première analyse indique une augmentation des effectifs de l'espèce mais aussi une augmentation
de la mortalité des arbres, une augmentation en hauteur de son aire de répartition et une forte réduction marquée
du rajeunissement de cette espèce.
Ensuite, j'ai évalué le lien entre l'épicéa et les roses des Alpes (Rhododendron spp.), qui sont des vecteurs du
champignon de la rouille vésiculaire de l'épicéa (Chrysomyxa rhododendri). J'ai utilisé une approche
analytique et modélistique combinée pour évaluer la validité de cette connexion à travers un large spectre de
variables de contrôle topographiques et pédo-climatiques. La procédure consiste en un test de "LikelihoodRatio" appliqué à la régression multi-linéaire des variables de contrôle. Cette approche indique que le degré
de couverture des rododendres déprime le mélange et le degré de couverture de l'épicéa, tant chez les jeunes
que chez les arbres adultes. Cette relation est également vraie dans la direction opposée. Cette preuve met en
évidence la signification écologique de l'association allélopathique entre ces espèces.
Troisièmement, j'ai créé une projection de l'aire de répartition de l'épicéa en me basant sur les degrés de
mélange du rajeunissement établi et des arbres adultes, qui ont été évalués dans l'IFN4. La méthode appliquée
est une multirégression Tobit. Tous les modèles s’appuient sur des données climatiques à haute résolution.
Pour chaque variable ajustée, j'ai produit une version étendue qui tient compte de la présence du rhododendron
ferrugineux (Rhododendron ferrugineum), que j’ai prévue de manière récursive avec un modèle
supplémentaire. Enfin, les versions de tous les modèles ont été projetées dans la deuxième moitié du 21e siècle
en intégrant les indicateurs climatiques futurs correspondants, basés sur le scénario CLM.
Les modèles basés sur le climat actuel montrent une reconstruction réalistique de l'aire de répartition de l'épicéa
dans la zone d'étude. Les limites non-linéaires de l'aire de l'épicéa dans les ceintures forestières supérieures
sont reproduites de manière fiable en intégrant l'occurrence prévue du rhododendron ferrugineux. Les
projections basées sur les données climatiques futures présentent un recul important de l'aire de répartition de
l'épicéa vers son centre de gravité actuel dans le Haut-Tessin et dans la Val Poschiavo. La migration de l'espèce
vers des altitudes plus élevées est empêchée par la présence du rhododendron. Ces résultats sont en contraste
avec les modèles conventionnels basant sur l’ensemble de la Suisse. Cela démontre que des dynamiques
distinctives sont responsables pour l’absence de l’épicéa dans la zone d’étude, lesquelles, dans le futur,
pourraient amener à un recul de l’espèce bien plus marquée que les scénarios conventionnels. Néanmoins,
toute extrapolation tirée d'une approche modélistique doit être prise avec prudence et ne doit en aucun cas être
considérée comme une prévision quantitative.
En conclusion, dans cette thèse de Master, j'ai souligné que les peuplements d'épicéas des Alpes Suisses
Méridionnales sont soumis à une multitude de dynamiques. Actuellement, de nombreux processus sont en
cours, montrant une tendance globale négative du développement de l'aire de répartition de l'espèce.
Cependant, les principaux facteurs de changement, tels que le changement de régime de perturbation et
l'utilisation du sol, ne sont pas quantifiés dans les indicateurs climatiques. Les interactions complexes entre
ces multiples facteurs doivent donc être considérées avec une plus grande attention pour relever de manière
responsable les défis imposés par le développement futur des forêts de montagne.
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1.
1.1.

Introduction
General introduction

Mountain forests provide a great variety of fundamental ecosystem services (Price et al. 2011). They preserve
the groundwater, retain the soil erosion and assure the protection from natural hazards, such as avalanches,
rockfall and debris flows (Brang & Sandri in Ringling & Schaffer, 2015). Since the Southern Swiss Alps are
orographically separated from the rest of the country, the protective forests of the inner alpine valleys are
essential for assuring the main infrastructures connecting these regions to the Alpine North. Moreover,
mountain forests provide protection and contribute to the livelihood of the local communities, for example by
supporting a series of economic and recreational activities, from timber production to tourism. Finally, they
act as a carbon sink and harbour a great variety of habitats, providing an important shelter for biodiversity
(Price et al. 2011).
The Norway spruce (Picea abies (L.) H. Karst) is the most widespread tree species in Switzerland. It accounts
for 43.2% of the total tree biomass, corresponding to 171.6 ± 0.4 millions of m3 (NFI4b data, Abegg et al.
2014). Despite this, the Norway spruce has seen an overall decrease from 1993 to 2015, which in certain
regions was so strong “that the timber industry fears it will not have enough Swiss spruce to process in the
future” (Camin et al. in Ringling & Schaffer, 2015).
The average Norway spruce proportion in the Southern Swiss Alps is lower than in the rest of the country,
primarily because this species is naturally absent in the Central and Southern Ticino (Ceschi et al. 2014).
Nonetheless, it represents most of the forest cover both in Upper Valleys of the Canton Ticino (Ceschi et al.
2014) and in the Southern Grisons (Bott et al. 2015). In the Southern Swiss Alps, the Norway spruce
corresponds to 55.8% ± 4% of all conifers 1 and around 24,1% ± 0.2% of all forest trees in share of volume
(Abegg et al. 2014)). Hence, the Norway spruce is the most abundant tree species in the mountain areas of the
Southern Swiss Alps, which underlines its crucial role in the provision of the protection and other ecosystem
services.
Yet, the shallow root system of the Norway spruce makes it one of the most sensitive tree species to windthrow
and rockfall (Caudullo et al. 2016). Moreover, it is exposed to air pollution (Caudullo et al. 2016), drought
(Lu et al. 1994) and pests - such as the Norway spruce bark beetle (Ips typographus) - which can impose
substantial damages threatening the forest’ stability (Stroheker et al. 2018; Temperli et al. 2013; Jakobi et al.
2019; Ceschi 2014).
While scientists are debating whether to name the current geologic epoch Anthropocene (e.g. Monasterski
2015), the global effects of the human activities are aggravating the precarious stability of the mountain forests
(Mc Dowell et al. 2016, Allen et al. 2010). The problem of the acid rains generating extensive damages to

1

The proportion between Silver fir and Norway spruce in Ticino is around 1 : 5.5 (± 0.16) and Larch to Spruce is 1 :
1.73 (±0.01). Source: NFI4b data, provided by Abegg et al. (2014).

15 | 158

Norway spruce forests (cf “Waldsterben”) seems resolved (Hickler et al. 2012). However, new sources of
environmental pollutants such as nitrogen depositions and ozone emissions are still threatening the forests’
health (Etzold & Zweifel 2018; Hickler et al. 2012).
Since 1900, in the Southern Swiss Alps a very significant temperature increase between 0.1°c and 0.2°C per
decade was registered. Since 1961 the trend grew more intensely, with a strongly significant temperature
increase up to 0.5°C per decade in Summer and Spring, both in Ticino and in the Southern Grisons. No trend
can be seen on the precipitations, with the only exception of the significant reduction in Spring precipitations
measured at the station of Segl-Maria, which is representative for the southern Grisons (Spinedi et al. 2012;
Bader et al. 2012).
The climate change will origin multiple trade-offs in the ecosystem services provided by Norway spruce forests
(Mina et al. 2017; Temperli et al. 2013; Theurrillat & Guisan 2001). The change in the elevational phenology
of Ips typographus will likely result in more frequent mass outbreaks (Jakobi et al. 2015), which will be
amplified by the cross-scale interaction between changing disturbance regime and climate (Temperli et al.
2011). Studies based on dynamic forest models (e.g. ForClim) have shown that the drought-induced dieback
of the Norway spruce is unlikely to be compensated by other species (Huber et al. unpublished). The
discrepancies with the current climate will be more evident at the upper and dry timberline (Bugmann 1994).
The contraction of the conifers’ range is expected to be gradually reoccupied by less concurrential -and
frequently less economically valuable- tree species, such as the Mediterranean oaks (CH2014 Impacts, 2014).
At the European scale, this could cause losses of several hundreds of billions of Euros for the timber industry
(Hanewinkel et al. 2013 in Schwörer et al. 2015).
In this Master’s thesis I will address the complex subject of the processes and factors shaping the occurrence
of the Norway spruce in the study area of the Southern Swiss Alps (see section 2 Study area). I will start my
research with a broad viewpoint for analysing the current changes in the Norway spruce forest. In the core
part, I will assess whether the alpenroses (Rhododendron spp.) are an obstacle for the Norway spruce’s
expansion. Finally, I will apply the competences grown in this work to generate a set of models predicting the
current and future mixture degree of the Norway spruce in the study area.
In order to contextualise my research, in the paragraph 1.2. I delineate a portrait of the Norway spruce.
Afterwards, in the paragraph 1.3 I contextualise the history of the Norway spruce’s colonisation of the study
area. Then, in the paragraph 1.4 I identify a possible research gap. Finally, in the paragraph 1.5 I expose the
hypothesis and research questions which I am going to address in this work.
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1.2.

Portrait of the Norway spruce

In this paragraph, I will present a short description of the Norway spruce’s biology.

Taxonomy and Nomenclature
The officially accepted botanic name of the Norway spruce is Picea abies (L.) H. Karst. (IPNI 2020). There
are at least six homotypic synonyms on the Norway spruce’s botanic name (IPNI 2020), some of which are
frequently found in the scientific literature (se Annex 1). All extant conifers are accounted in the phylogenetic
order of the Pinales, formerly known as Coniferales (Christenhusz et al. 2015). The Norway spruce is part of
the pine tree family (Pinaceae), which is the taxon

Switzerland, such as the pines (Pinus spp.), the European

Table 1: common names of the Norway spruce
(Bott et al. 2015)
English
Norway 2 spruce, European spruce

larch (Larix decidua) and the Silver fir (Abies alba).

German

Fichte; Rottanne

Related species of the genus Picea are widespread in the

French

épicéa, sapin rouge

whole Northern Hemisphere (Ran et al. 2006).

Italian

abete rosso, peccio (pèscia 3)

The Table 1 presents the common species’ names in

Romansh pign

comprising all the main conifer trees native to

English and in the Swiss national languages.

Ecology
The Norway spruce is colonising a great variety of biomes. Despite it is typically growing in extreme
continental conditions, such as in the boreal forests and on high mountain ranges, it can also be found in
extreme oceanic conditions (Caudullo et al. 2016). The Norway spruce supports average annual temperatures
by 1-1.4°C but its frost resistance allows it to withstand absolute minimum temperatures by -36/-38°C
(Tranquillini 1979 in Ravazzi 2002). The minimum precipitation requirements vary with the annual
temperatures; thus, they can be as low as 450mm pro year in the coldest climates (Tranquillini 1979 in Ravazzi
2002) while they are around 700mm in oceanic areas (Lyr 1992 in Huber et al. 2015). The precipitations during
the vegetation period should exceed 300mm (Lyr 1992 in Huber et al. 2015). The experiences made with
plantations showed that the optimum of the species’ growth is found outside its natural range (Kohnle et al.
2008 in Caudullo et al. 2016). The species is generally characterised by high growth rates, although its
optimum lays on fertile deep soils with sufficient moisture (Caudullo et al. 2016). The soil water holding
capacity was shown to limit the species’ occurrence (Henne et al. 2011). The species tends to avoid
waterlogged conditions (Caudullo et al. 2016) 4.

2

Despite the common name “Norway”, this species colonized South-Western Scandinavia only during the late Holocene
reaching the South-Western Norway Coast during in the last 1000 years (Seppä et al. 2009). In the study area, this species
was already present at least 5000 years earlier (Ravazzi et al. 2002).
3
In the Swiss Italian dialect.
4
Since the Norway spruce has a flat rooting system, I observed that the species can be strongly affected by the fluctuation
of the ground water level (observation in Rätikon).
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The excessive warmth can induce the species’ mortality (Kohnle et al. 2008 in Huber et al. 2015): the conifers
have a limited stem water conductivity and the excessive hydraulic pressure can induce the formation of gas
bubbles causing tracheidal embolism and the desiccation of the tree (Choat 2013). This phenomenon is also
observed by repeated frost and thawing cycles (Mayr et al. 2007). Similarly, the “frost drought” phenomenon,
which occurs if water absorption by the root system is hindered by frozen soils, is an important factor limiting
the species occurrence in continental areas (Huber et al. 2015). In general, the Norway spruce’s growth is
limited by excessive winter temperatures (Martin-Benito in Huber et al. 2015). Sykes (2009) suggests that the
juvenile trees are more sensitive to warmer winters than established mature trees. For this reason, Norway
spruce trees can persist in areas where the climate has changed (Sykes 2009 in Huber et al. 2015).
The ecologic plasticity of this species allows it to tolerate all main geologic substrates and soil pH.
(Infoflora.ch, visited on 15.05.2020). However, the species is known for its acidifying ability on topsoil
horizons and it is mostly found on deep and light acidic soils (Caudullo et al. 2016).
Norway spruce is a secondary coloniser (Caudullo et al. 2016), and it can very effectively succeed other
heliophile species forming climax forests (Seppä et al. 2009). On the other side, it can also grow as a pioneer
species, rapidly colonizing opened areas (Van Der Knaap 2005).

Occurrence
As we can see in the Figure 1, the distribution’s
range of the Norway spruce in Europe is
stretching from Central Europe to the Siberian
Plateau. To the East, the species’ range
intersects with the range of the Siberian spruce
(Picea obovata) 5. We observe that the species
has a wide but discontinuous distribution
across the main mountain chains of the Central
and Eastern Europe. The species is also present
in the entire Alpine Bow. At a European scale,
the Southern Swiss Alps are located at the
south-western edge of the species’ range.

Figure 1: distribution range of the Norway spruce (Picea abies)
(map adapted from EUROFGEN, 2009).

5

Since Picea abies is characterised by a great morphologic and genetic diversity, it is still object of debate whether the
Siberian- and Norway spruce are two different varieties of the same species (e.g. Krutovskii & Bergmann 1995).
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The Figure 2 presents the occurrence of the
Norway spruce according the Swiss National
Forest Inventory (NFI). We see that the species is
occurring in the whole Swiss territory, while it is
only found in the Inner Alpine Valleys of the
Southern Swiss Alps. There is a very sharp
division line marking the territories of the Central
and Southern Ticino, where the species is
naturally absent (Frehner et al. 2005). In the study
area, Norway spruce’s stands are mainly found at
Figure 2: The occurrence of Picea abies (in green) in the
Switzerland assessed at least in two consecutive NFI surveys
(Image taken from www.lfi.ch, lastly visited on 31.01.2020).

1.3.

the high-montane and subalpine elevation belts
(Ceschi 2014).

History of the Norway spruce colonisation

As I already mentioned, the Norway spruce species is distinguished by a remarkable adaptability to very
diverse environmental conditions. The strong genetic and phenotypic diversity among the Norway spruce
populations could be explained the continuity of this species even during the Quaternary glaciations (Burga &
Hussendorfer 2001; Ravazzi 2002). The geographic fragmentation of the Norway spruce populations during
the glacial maxima and the migration pathways during the Holocene may therefore explain the morphologic
differentiation among Norway spruce populations (Ravazzi 2002; e.g. Van der Knaap et al. 2005; Burga &
Hussendorfer 2001). In this paragraph, I will therefore make a short historical digression on the of the Norway
spruce’s colonisation of the Southern Swiss Alps.
In that time preceding the Würm Glaciation, around 100’000 years ago, the Norway spruce had its maximal
distribution, covering almost the entire European continent (Ravazzi 2002). Traces of the Norway spruce’s
presence from that time are available in the interglacial see of Re, in Val Vigezzo, which is located 20km
westwards from Locarno (Sidler & Hanke 1993 in Ceschi 2014). After a gradual cooling of the climate, the
species migrated southwards and, during the last glacial maximum, it subsisted in the ice-free regions of the
Central and Southern Europe (Ravazzi 2002).
The Figure 3-a shows the maximal extent of the glaciers during the Würm Glaciation, which was reached
around 25’000 Before Present (BP) (Ravazzi 2002). We observe, that the entire region was completely covered
by the ice-cap. We can therefore assume that no tree persisted in this area.
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a)

b)

Figures 3: a) left, the extent of the ice-cap during the last glacial maximum (25’000 BP). Image extracted from the ©
Atlas of Switzerland (ETH Zürich, 2020). b) right, the colonisation’s pathway of the Norway spruce in the Southern
Swiss Alps established through palynological profiles. The lines refer to the dates in years before present (elaborated
from Burga & Hussendofer, 2001).

After the climate began to warm, the areas left behind by the glaciers’retreat was rapidly regained by the
vegetation. Initially, a steppe of pioneer plants gradually created the first vegetation layer on the bare rocks.
After this, a tundra of woody plants, particularly Ericaceae shrubs as the alpenrose (Rhododendron spp.) and
the blackberries (Vaccinium spp.) occupied the novel soil layer (Marcacci et al. 2018). According to Ravazzi
(2002) the first pioneer trees as the birch (Betula spp.) and Scots pine (Pynus sylvestris) colonised the Southern
Alps as soon as 13-15’000 BP. After this initial succession phase, the arrival of tree species more adapted to
the alpine climate as the European larch (Larix decidua) and the stone pine (Pinus cembra) extended the
forested area up to the current forest line as early as 10’000 BP. Then, the silver fir (Abies alba) rapidly took
over the forest vegetation from the colline to the subalpine elevation belts, where it dominated the forest for
several thousands of years. Finally, the first traces of the Norway spruce presence in the area of the Southern
Swiss Alps coincide with the Atlantic optimum, around 7000-9000 BP (Ravazzi 2002; Burga & Hussendorfer,
2001).
The Figure 3-b reproduces the ranges which were gradually occupied on the Norway spruce colonisation of
the Southern Switzerland. Many sources indicate that this species migrated westwards, from of the SouthEastern Alps or the Balkans (Van der Knaap 2005; Ravazzi 2002), with an astonishing tempo estimated
between 60-130 meters per year (Lang 1994 in Burga & Hussendorfer 2001). Most likely, as it is implicit in
the Figure 3-b, the colonisation of Ticino occurred from North-East through the Passes of San Bernardino or
Lucomagno6 (Zoller & Kleiber in Ceschi 2014; Beer et al. 2018).
The Norway spruce gradually overtook the vegetation descending from the subalpine belt, which was located
at 2400 m asl thanks to the mild temperatures of that period (Burga & Hussendorfer 2001). The progression of
the Norway spruce, however, was hindered by the concurrence of the established vegetation, which already
included the main conifers and other broadleaved species (Van der Knaap 2005). The species migration from

6

However, it seems that the species required at least one thousand years to cross these high mountain passes (Beer et al.
2018).
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North-East eventually stopped: the Norway spruce trees found in the Western Ticino show a distinguished
genetic profile, suggesting that this species migrated from another origin (Müller-Stark 1995 in Burga &
Hussendorger 2001) 7. As already mentioned, today, vaste areas of the Central-Southern Ticino are free from
the Norway spruce (Ceschi 2014; Frehner et al. 2005).
Human inference, soil development and the orography have been shown to be a very strong obstacle to the
species’ colonisation (e.g. Henne et al. 2002; Theurillat et al. 2001; Ravazzi 2002).
Yet, the palinological profile in Lago di Starlarescio - located at 1875m asl in Brione Verzasca - shows that
the Norway spruce appeared in the area of Central Ticino as soon as 7000 BC. At that time, the Norway spruce
increased at the expense of the silver fir and the Scots pine during the Atlantic optimum. Those species will
never recover. However, around 4000 BC we observe an inesorable reduction of the Norway spruce’s pollen,
which persist in small residuals until today (own interpretation from Vescovi 2000). We can therefore assume
that, despite the long dating presence of Picea abies and the seemingly favourable conditions, this species never
became dominant in the Central and Southern Ticino. The absence of the Norway spruce in the region is thus
more likely to be reconduced to a systematic factor hindering its expansion, either related to climate or to other
negative ecologic feedbacks (personal communication by Gabriele Carraro).
According to G. Carraro and L. Z’graggen (in Huber et al. 2015) the difference between the areas where the
Norway spruce is present and where it only occurs in isolated outposts, is possibly explained by the different
climate conditions and by factors likely excluding the species’ establishment when the plants are between 010cm high, possibly up to 30cm. This opinion is corroborated from the observation that artificially planted
trees are growing vigorously and are frequently over-shading other dominant species, such as the silver fir.
Finally, it is stated that at the subalpine elevation belt, especially in areas where a lot of Rhododendron
ferrugineum occurs, the Norway spruce is almost completely absent (Huber et al. 2015).
I tried to understand more deeply the connection between these phenomena. I therefore investigated the main
forest types registered in Ticino, according to Carraro (2012).
Interestingly, I observed that in the syn-taxonomic association of the Rhododendron Abietetum, the Norway
spruce’s percentage is seemingly much lower than the other associations of the montane belt, despite
presenting favourable conditions for the Norway spruce’s growth (own interpretation from Carraro 2013).
Other similar examples are seen in the associations of the Rhododendron ferruginei-Laricetum and the
Rhododendron ferruginei/hirsuti-Pinetum montanae, where the Norway spruce almost entirely disappears in
presence of the Rhododendron (own interpretation from Carraro 2013).

7

Since the Norway spruce migrated from the south (see Figure 3-b) it is plausible that these populations originated from
a glacial refugium in the Appennines, as indicated by Ravazzi (2002).
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The Figure 4 is showing the occurrence of the rustyleaved alpenrose (Rhododendron ferrugineum),
which is the most common Rhododendron species in
the Southern Swiss Alps, according to the NFI (see
paragraph 4.2. in the Results). We observe that this
species is particularly present in the Central and
Southern Ticino and in the mountains of Moeasano,
while it is less frequent in the inner Alpine valleys of
the Upper Ticino and Poschiavo. In fact, the denser
Figure 4: The occurrence of Rhododendron ferrugineum
assessed at least in 2 consecutive NFI surveys (Source:
coincide with the absence of the Norway spruce. The www.lfi.ch, visited on 31.01.2020).

presence of Rhododendron ferrugineum seems to

ranges of these species seem therefore to be mutually exclusive.
The Norway spruce and the main alpenrose’s species native to
Switzerland 8 are known to be the mutual hosts of a needle’s rust
fungus, known as Chrysomyxa rhododendri De Bary (1879)
(Nierhaus-Wunderwald, 2000). This fungus is an obligate parasite,
which undergoes a complex life multi-host cycle requiring the two
plant species: the main diploid stage overwinters on the alpenroses’
leaves, while the main haploid stage attacks the current year needles
of the Norway spruce at the beginning of the vegetation period
(Ganthaler et al. 2014).
The fungal infection, commonly known as the needle’s bladder rust
disease, produces a very visible yellowing of the Norway spruces’
canopies (see Figure 5).
Even though the complex multi-host cycle of C. rhododendri has Figure 5: Norway spruce’s shoot infected
by C. rhododendri. In white are visible the
fruitbodies (Picture taken from Blaschke &
evidences for the negative effects of this pathogen in Switzerland Dimke, 2008)

been documented by De Bary in 1869 (Ganthaler et al. 2014),

are still poorly documented (Nierhaus-Wunderwald, 2000). Yet, the experiences made in the eastern Alps show
that the needle’s bladder rust disease may occur in mass outbreaks (Strasser 2010, Blaschke & Dimke 2008).
These epidemic events, generally occur every decade, are causing important economic damages to the Norway
spruces forests (Ganthaler et al. 2014).
Since these observations are consistently suggesting that the Rhododendron, presumably by means of the
needle bladder rust disease, is partly explaining the absence of the Norway spruce in the Central Ticino, I will
address these processes and factors in further detail in this thesis.
8

C. rhododendri is known to occur either on Rhododendron ferrugineum, which typically grows on acidic top-soils, and
R. irsutum, which is found on the calcareous substrates (Ganthaler et al. 2014). I therefore assume that the fungus occurs
on the hybridised form Rhododendron x intermedia as well.
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1.4.

The uncertainties of the current models’ predictions

The tree species chosen as a focus for this Thesis, the Norway spruce, is one of the most valuable, thus most
researched, tree species. A simple research in the ETH library is emblematic for this: a research for “Picea
abies”, “Norway spruce” or “Fichte” gives access to more than one hundred thousand articles concerning this
species.
Complex mathematical models and forest simulation have been used to predict the current and future range of
the Norway spruce under the influence of the future climatic changes (e.g. Portree+: Zimmermann et al. 2016;
Forclim: CH2014 Impacts 2014). The scenarios projected in these researches are an important reference for
planning the policies of the forestry sector (Zimmermann & Bugmann 2008). At the Swiss scale, these studies
have shown that the Norway spruce’s range will severely reduce. As we discussed at the beginning, the
withdrawal of the Norway spruce forests is already perceptible (e.g. CH2014 Impacts, 2014).
However, the models’ predictions on the Southern Swiss Alps show greater discrepancies between the current
Norway spruce’s range and the predicted one. In this region, the modelled scenarios don’t estimate a reduction,
yet a systematic increase of the Norway spruce presence, particularly in the areas where this species is
nowadays almost entirely absent (Zimmermann et al. 2016). For example, in the Figure 6 we see an aggregate
of statistical models predicting the Norway spruce’s range either in the present (left) or in the second half of
the 21st Century (right). If we compare these models with the actual species’ range (see Figure 2) we see that
the models’ projections are over-estimating the species’ presence in the Central Ticino. Moreover, most of the
future projections predict a progressive colonisation of the areas, where hardly any natural Norway spruce
stand is currently present (see Figures 6).

Figures 6: the image left presents the prediction of the current Norway spruce's range calculated on climate period
1991-2020. The image right is the respective future projection on the period 2051-2080. Both representations are based
on the climate scenario A1B. These projections are the aggregate of several models’ types, including “[1] Classification
and regression trees (CART), [2] Flexible discriminant analysis (FDA), [3] Generalized linear models (GLM), [4]
Generalized additive models (GAM), [5] Artificial neural networks (ANN), and [6] Generalized boosted regression
trees (GBM)” (images and description extracted from Zimmermann et al. 2016).

One could argue that the presence of this species in the Central Ticino may be possible even now, but its
colonisation is impeded by the anthropogenic interference. However, the specialists on this domain all agree
that this cannot be the (only) reason to explain the species’ absence (personal communication by Gabriele
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Carraro & Ludwig Z’graggen), and palynological evidences also sustain this counterfactual (see paragraph
1.3. History).
In my opinion, the explanation for this pattern should be investigated elsewhere. On the one side, it is realistic
to think that since these models have a relatively broad spatial resolution (e.g. 500x500 m in Zimmermann et
al. 2016), the complex topography and pedo-climatic mosaic of the Southern Swiss Alps may not be recognised
(cf. Chapter 2. Study area). On the other side, since these models refer to a much larger scale of analysis (e.g.
the entire Alpine Bow) it may be possible that the peculiar processes or factors shaping the Norway spruce
forests in this region may be under-represented, and thus not reproduced, by the models.

1.5.

Hypothesis and research questions

The aim of my Master’s thesis is to understand which are the processes and factors responsible for the
occurrence of the Norway spruce in the Southern Swiss Alps. For this purpose, I will list three main hypotheses
to orient my research.
I firstly hypothesise that the processes related to the changing climate are imposing some significant changes
in the structure, mortality and rejuvenation of the Norway spruce stands. This reflexion is in contrast with the
perception that, since the forested area is expanding and the forests’ stocks are growing (e.g. Brändli 2010),
also the continuity of the forests’ cover will be maintained in the future. Secondly, seen the observations made
on the history of the Norway spruce in the study area, I also hypothesise that the alpenroses are an important
ecologic factor hindering the Norway spruce from colonising further areas, where it could potentially find a
suitable niche within its physiologic range. Thirdly, seen the discrepancies between the modelled and the
observed range of the Norway spruce in the Southern Swiss Alps, I hypothesise that a study circumscribed on
the peculiar ecologic and pedo-climatic characteristics of this area can lead to a more realistic representation
of the Norway spruce’s range.
In this Master’s thesis, I will therefore investigate how these processes and factors are currently shaping the
Norway spruce forests, and which evolution shall be expected by the intensification of climate change. I will
therefore tackle the following research questions:
1) What changes are the Norway spruce forests on the Southern Swiss Alps undergoing?
2) What is the role played by the alpenroses (Rhododendron spp.) in the Norway spruce’s stands of the
Southern Swiss Alps?
3) Which parameter should be considered for meaningfully model the Norway spruce’s range in the
Southern Swiss Alps?
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2.

Study area

In this chapter, I will introduce the study area by showing the location of the sampling points. Afterwards, I
will provide a description of the peculiar climate, biogeography and geology of this region. In the Introduction,
I anticipated that the study area, which will be considered in this research, corresponds the Southern Swiss
Alps. The Figure 7 presents the study area, which corresponds to the production region of the Southern Swiss
Alps, as defined by the NFI 9 (see Brändli 2010). This area does not correspond to the entire hydrographic basin
of the Southern Alpine Slope, because the regions of Val Bregaglia, Simplon Pass and Val Mustair are
excluded.
The red points in the Figure 7 represents all the forest inventory plots examined in this research. While the
official forest survey network of the NFI extends on the whole study area, I accessed additional survey grid
restricted to the Canton of Grisons, corresponding to the regions of Val Calanca and Val Mesolcina (also
indicated as Moesano) and Val Poschiavo. In order to maintain an even representativeness of the whole study
area I therefore decided to focus my data analysis on the official NFI grid.

Figure 7: Study area with all available plots from the fourth National Forest Inventory (NFI4) and the extended
Forest Inventory Network in the Canton of Grisons. The entire study perimeter encompasses the Canton of Ticino,
together with the adjacent region of Moesano and Poschiavo in the Canton of Grisons.
Background:SWISSIMAGE25 (©Swisstopo)

9

This definition is compatible with the data catalogue of the NFI which I accessed for my researches.
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In the first part of this work, I examine the current topographic distribution of the Norway spruce. This study
was carried out on a dataset restricted to the Canton of Ticino and the adjacent Moesano region. In the rest of
the work, which consists in the analysis of the forest change, of the factors limiting the species occurrence, as
well as the modelling of the Norway spruce’s range, I also included the inner-alpine valley of Poschiavo, as
suggested by M. Frehner, in order to cover a greater continentality gradient and for obtaining a better
representation of the dynamics in the whole study area.
The geography of the study area presents steep altitudinal gradients, which ranges from 193 meters asl of the
Lago Maggiore to 3402 meters of the Adula Horn in the western part of the study area, and from 536 meters
asl of Campocologno to 3900 meters asl of the Piz Palü in Val Poschiavo (data from the Swiss National Map
1:25’000, ©Swisstopo). The climate of is therefore strongly characterised by the presence of the Alps, which
sensibly determine any meteorological event in the region (Spinedi et al. 2012). While the oceanic West
currents are generally deviated by the Alpine Chain, the incursions of Polar and Sub-Polar air from the North
commonly induces Foehn 10 winds generating warm and dry conditions (Spinedi et al. 2012). In these cases,
important dry periods can be observed, mostly occurring between January and March (Spinedi & Isotta 2004).
On the other side, the warm and mild currents from South to South-West can cause prolonged periods of
intensive precipitations (Spinedi et al. 2012). On average, the Southern Swiss Alps receive the greatest amount
of cumulative precipitations in the country, mostly concentrated between Spring and Autumn (Spinedi et al.
2012).
From a bio-geographic point of view centred
on the forest, the study area can be subdivided
into seven main Forest Eco-Regions (see
Figure 8), which have been defined in
“Sustainability and success monitoring in
protection forests" (NaiS) by Frehner et al.
(2005).

The

lines

are

drawn

in

correspondance to the main changes in the
forests’ composition.
Frehner et al. (2005) provide an oveview of
the main characteristics of these Eco- Figure 8: Forest Eco-Regions according to Frehner et al. (2005).
Geodata obtained from Swisstopo ©.

Regions:
 The Continental Alps (NaiS Region 3) represent the most continental Eco-Region, with the greatest
oscillations of daily and seasonal temperatures. The area is protected from the influence of the oceanic
and insubric climate 11, by the surrounding mountain chains. It is characterised by high solar radiation

10

The Foehn (Italian: “Favonio”) is a katabatic wind caused by perturbations which extinguish while crossing the Alpine
Bow (Spinedi et al. 2012).
11
The “Insubric climate” is characteristic of the Lakes region of the Southern Pre-Alps (Insubric Region), which are
characterised is the irregular alternance between dry and humid periods. In the dry periods, the West currents are deviated
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and scarce precipitations. The forests’ composition is distinguished by the presence of the mixed
conifer forests with European larch (Larix decidua) and stone pine (Pinus cembra) in the upper forest
belts.
 The Southern intermediatate Alps (NaiS Region 4) are deep post-glacial valleys, distinguished by the
influence of the North Foehn. The precipitations’ abundance is generally increasing from North-East
to South-West. However, the climate is still too continental for the dominance of the European beech
(Fagus sylvatica), which defines the boundary with the Southern Pre-Alps.
 The Southern Pre-Alps (NaiS Region 5) are divided in tree sub-units: 5a) with the Norway spruce
presence, 5a*) with Norway spruce outposts and 5b) withouth the Norway spruce. This area is
generally characterised by an Insubric climate, which is distinguished by very high cumulative
precipitations (locally exceeding 2000mm per year). The Foehn winds are generally less prominent
towards the South. The presence of the conifers gradualy decresase from North towards the South: the
Norway spruce is present in isolated populations of the NaiS Region 5a and it becomes more rare in
the NaiS Region 5a*, while it completely disappears from the natural forest’s stands in the NaiS
Region 5b. The areas usually covered by the Norway spruce are replaced by the European larch and
especially the silver fir (Abies alba), which is distinguished by the fast-growth, reduced shade
tolerance and the ability to colonised opened areas, which are typical features of the Norway spruce.
The European beech builds extended stands in the natural forests, reach up to the upper forest limit in
the NaiS Region 5b.
 The Southern Plateau (NaiS region M) is distinguished by a hilly landscape laying on molassic
sediments. The forests are mostly dominated by broadleaves trees.
From the geologic point of view, the study area is located on a complex mosaic of geologic stratification
generated by the Alpine Orogenesis. The entire study area is marked by prominent reliefs and deep glacial
valleys. The continuous erosive activity of the natural elements produces a complex mosaic between outcrops
of the bedrock substrates and sedimentary depots. The main division line corresponds to the hydrographic
barrier splitting the Northern and the Southern Ticino (Insubric Line). The vast majority of the Norway
spruce’s range is located north of the Insubric Line, therefore I look in more detail on this part by means of the
Geologic Atlas 1:500’000 (See Annex 3-A).
The main geologic substrates distinguishing the study area are composed by felsic rocks, in particular gneiss
and mycascists, of metamorphic origin. Only punctual outcrops of vulcanic intrusions and maphic
metamorphites are scattered on the study area, in particular near the Insubric Line. However, the inner-alpine
valleys are marked by important geologic discontinuities produced by the presence of calcareous rocks (e.g.
“Bündner Schiefer”). An important intrusion stretches longitudinally in the Northern Ticino (between Val
Bedretto and Piottino, and between the passes of Lucomagno and Greina) and it occurs with lenticular
by the Alpine Bow and, particularly in the Winter, the Foehn winds participate to locally accentuate the drought. In the
humid periods, the orographic uplift of the southern currents from the Mediterranean or, particularly in the summer, of
humid thermal winds, cause important and prolonged precipitations (Spinedi et al. 2012).
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discontinuities along the boundary between Ticino and Val Calanca. An additional calcareous belt stretches
from San Bernardino to Valle della Forcola in the upper part of Val Mesolcina. Finally, a lenticular incursion
of calcareous rocks emerges on the left orografic slope of Val Poschiavo (own interpretation from the geologic
map 1:500’000, see Annex 3-A).
From the pedologic point of view, the soil types are determined by the geologic matrix, as well as exposition,
elevation, climate, slope, vegetation and anthropogenic influence, and finally the soils’ age (Blaser et al. 2005).
Given the size of the study area, it is not conceivable to provide a description of all soils present. However, I
will present a brief distinction between the main features of the forest soils based on my knowledges:
-

The majority of the territories are laying on felsic metamorphic rocks, which are mostly characterised
by deep, oxidized and nutrient-poor soils. These soil types are mostly rich in soil carbon matter 12.

-

The soils formed on calcareous substrates are mostly shallow, with a low water holding capacity and
an unbalanced nutrient accessibility.

-

The soils on sedimentary depositions are generally deeper, more rich in nutrient and with a good water
holding capacity.

This overview depicts a very complex mosaic of topographic and pedo-climatic conditions, which is reflecting
on the variety of the forests within the study area.

12

Blaser et al. (2005) exposed that the soil organic content in the Southern Swiss Alps is generally higher than the
counterpart in the Alpine North. The strong precipitations typical the insubric climate cause a lessivation of the
organic acids from the forests’ topsoils (Blaser et al. 1987), causing an accumulation of soil organic carbon in the
deeper soil horizons (Blaser et al. 1997). The soils of the Southern Swiss Alps are thus important carbon stocks in
the context of the climate change.

28 | 158

3.

Data description

In this section I present the technical and procedural aspects of my research, in order to guarantee the
reproducibility of the different analytic and modelling approaches developed. In the first part, I describe the
datasets used (see 3.1. Data description).
In this study, I used several types of indicators. In this first paragraph I will describe the origin and the meaning
of the variables used. In the first part, I will explain the meaning of the forests’ variables (sapling procedure
and elaboration) obtained from the Swiss National Forest Inventory (NFI). In the second part, I will address
the other types of indicators used.

3.1.

The NFI variables

I choose to focus my research on forest datasets of the NFI, since they offer a great variety of robust data
covering the whole study area. In this paragraph, I will describe how I accessed these multiple data, then how
these data have been generated and, finally, which variables I addressed in my research. The list of all NFI
variables used in this research is attached in the Annex 4-A. The NFI data are provided by the Swiss Federal
Institute for Forest, Snow and Landscape Research (WSL 2020).
Data requests
From the very beginning of this work I decided to base my analysis on the NFI datasets, because they offer a
wide-ranging set of precise forests’ measurements evenly distributed on the entire study area. I choose to
specifically examine the data from the NFI4. As a reference for the calculating the forests’ changes I considered
the NFI2.
All NFI data requests were gently elaborated by Anne Herold-Bonardi, who was subsequently appointed as
co-referent for this thesis. Totally, I inquired three main data requests to the NFI. Firstly, I obtained two
general datasets including the occurrences of the Norway spruce in the NFI plots in the Canton of Ticino and
in the region of Moesano. These data are available only for the plots where this species was present. Secondly,
I applied for another dataset including more precise information on the structure of the adult and young forest
stands. The dataset was extended to all available NFI plots in Ticino and Moesano. This dataset revealed
insufficient for the statistical modelling which I performed in the second section of this thesis. Therefore, I
accorded with the referents to perform a third data request. On the one hand, we decided to extend the study
area to the whole biogeographic region of the Southern Swiss Alps (cf. section 2. Study area). On the other
hand we also included the extended forest survey network of the Canton of Grisons. Thanks to this request I
could change my analysis’ focus from variables characterising the forests’ structure to other variables related
to the forests’ cover, which showed to be more suitable for characterizing the mixture of forest stands.
NFI sampling procedure
In this paragraph I will explain the most important aspects of the NFI and the relevant phases of the collection
of NFI data in the field. The NFI is a continuous monitoring service on the Swiss forests, which is accomplished
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by the WSL in collaboration with the Federal Office for the Environment (FOEN). As already mentioned, in
my thesis, I primarily focus on the results of the second and fourth NFI, which took place respectively in the
periods 1993-1995 and 2009-2017 13. The NFI sampling procedure follows scrupulous guidelines, that are
described in the respective publications of Düggelin & Keller (2017) for the fourth NFI and Stierlin et al.
(1993) for the second NFI. Small adaptations are regularly applied to the NFI sampling procedure. However,
in the analysis of the changes in the forests’ stands I focussed only variables directly comparable between the
two reference periods. If it is not required, I will therefore refer only for the definition of the most recent
guidelines by Düggelin & Keller (2017).
Until the third NFI, the field surveys were conducted in restricted time windows, while from the measurement
of the 4th inventory took place continuously. Therefore, the second NFI was condensed on a period of three
years, while the fourth NFI stretched on a nine years period.
The NFI survey plots are located at a horizontal distance ≅ 1414 meters. The Canton of Grisons still maintains
an independent sampling grid as an extension of the NFI. The extended forest inventory network of the Grisons

is sampled with a horizontal distance of 500 meters between each plot. This extended network, however, has
a restricted sampling procedure, which is not accounting for the forest rejuvenation and the species’ mixture
degrees.
In both forest survey networks, the same samples are re-measured every decade for monitoring the forest’s
evolution. The plots’ centre is marked on the land with an iron bar. Today, the plots are geo-localised through
GPS coordinates using also neighbouring elements as a reference for triangulating the satellite coordinates
(Düggelin & Keller, 2017). Originally, however, the exact plots’ centres were measured by means of a
measuring tape for localising the plots centre through landscape elements. Therefore, the plots’ centres are
mostly subject to an uncertainty of some meters (Personal communication by Anne Herold-Bonardi).
The survey of the NFI plots takes place only if a forest is present. The quantitative criterion for determining
the presence of “a forest” is assessed - either in the field or though aerial images - on a 50x50 meters square
surrounding the NFI plots, aligned with the cardinal’s directions (see Figure 9). Only plots with a forest cover’s
degree of at least 20% are assessed as forested areas 14 (Düggelin & Keller, 2017).

13

At the time when I wrote my master’s thesis, the results of the fourth NFI were still to be published. I stipulated a
contract with the responsible person at the WSL (Fabrizio Cioldi) for accessing and analysing the unpublished NFI4 data.
14
If the forest cover is temporarily reduced below 20%, for example by a disturbance as storm damages, the point is still
defined as a forest. If the disturbance is systematically impeding the forest’ growth, for instance an avalanche corridor,
then the point is not considered as forest (Düggelin & Keller, 2017).
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The survey of the adult trees is conducted on two
concentric circles around the centre. All trees with a DBH
greater than 12 cm are assessed within a horizontal radius
of 8 meters. Additionally, all trees with a DBH greater
than 36 cm are assessed in a greater radius of 12 horizontal
meters.
The horizontal distances are measured with a Vertex and
they are corrected with a factor depending on the slope.
The slope, in turn, is manually measured with an
inclinometer. Starting from the North (measured with a
compass) the position, diameter and species of each tree

Figure 9: the structure of the NFI plots. An external
square of 50x50 meters, two concentric circles of 8- are measured. The Vertex is also used to estimate the trees’
and 12-meters horizontal radius and one or two
satellites, either West or East from the centre heights and many other factors are also noted on the trees’
(Düggelin & Keller, 2017).
conditions.

The second step of the survey consists on the assessment of the trees’

longitudinal axis. The satellite to the east is defined as the Satellite 1, while the

Table
2:
rejuvenation’s
classes assessed in the NFI2
and NFI4 Young forest
satellites
(according
to
Düggelin & Keller, 2017: p.
111).

one to the west is defined as Satellite 2 in the variable JWANR (Stierlin et al.

Class Size

rejuvenation within the young forest satellites (see Figure 9). These are located
at an oblique distance of 10 meters from the main plot’s centre on the

1994). In the NFI2 both satellites were assessed, while from the NFI4 the only

1

Height 10-39 cm

one to the west is measured. If this is not accessible, the one to the east is

2

Height 40-129 cm

surveyed (Düggelin & Keller, 2017). Within the young forest satellites, the

3

DBH 0-3.9 cm

number of all young trees per species within four classes of size are registered.

4

DBH 4-7.9 cm

5

DBH 8-11.9 cm

The Table 2 indicates the classes of the rejuvenation, assessed in the satellites.
In conclusion, an additional set of descriptive variables are quantified to

describe the mixture degree of the main forest stand 15 in each NFI plot. In this stage, the percentage of each
main tree species are quantified – with a 1% absolute error – in the Upper forest layer, which encompasses
trees in the upper canopy cover – as well as in the Established rejuvenation, which encompasses the
rejuvenation in the classes 3 to 5 (see Table 2). In the same stage, the composition of the Soil vegetation was
assessed in the NFI3 by quantifying the relative percentage of 13 species of plants and shrubs. The total cover
of each respective forest’s layer – the Upper forest layer, the Rejuvenation layer, and the Soil vegetation – was
also assessed. I will go in more details through this procedure in the next paragraph.
Selection of the NFI variables
In this section I will go through all NFI variables which I used for my analysis.

15

The Main forest stand (German “Massgebender Bestand”) refers to the forest type which is present in the main plot’s
centre. This definition relies to some extent upon the subjective judgements of the NFI collaborators.
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All NFI data were provided in form of .xls tables. Each NFI table is accompanied by a set of variables
indicating the plots’ geographic positions, defined by the latitude and longitude coordinates of the plot’s centre
based on the 1:25’000 map. The coordinates follow the old system “Landes Vermessung -CH1903” (LV03).
As we exposed in the previous paragraph, the coordinates have an uncertainty of some meters. The variables
concerning the NFI plots are provided if the sites is considered as a forest (see Figure 10). This definition is
based on the cover degree, height and size of the forests’ stands. However, if the forest stand is currently
disrupted by an impermanent disturbance (windthrow, fire etc.) the plot is still considered as a forest (Düggelin
& Keller, 2017).
The Inventory number is listed on each plot by the
respective variable INVNR. All main species
were assigned to a code number ranging from 1 to
13, expressed by the variable HBART. In each
location, the data were repeated for each
inventory number and for each species assessed.
Depending on the phase in which each variable is
measured or calculated, each type of variable is
stored in separate databanks of the NFI. For this
reason, also all variables were provided on Figure 10: NFI forest-definition (source: Bürgi 2010)
separate tables and could not be linked with
simple analytic tools, but it was necessary to do a more complex procedure, which I will expose in the section
2.3.
Each table was separately reporting the measurement concerning the different phases of the NFI survey. The
NFI tables included following variables concerning the forest’s structure and composition:
-

The occurrence of the Norway spruce in each phase of the NFI assessment

-

The basal area per hectare and stem number per hectare of each species, both derived from the number
and size of each tree in adult forest circle plots

-

The number of plants of each species assessed in the young forests’ satellites.

-

The percentage of each species on the Upper forest’s layer of the main forest’s stand

-

The percentage of each species in the Established rejuvenation in the main forest’s stand.

-

The aggregate volume per hectare calculated for all tree species present in the plot.

Besides these main variables, many other indicators were listed on the NFI tables. The topographic conditions
are also described by the Elevation (Z25), the Slope (NAIG) and the Exposure (ASPECT25 or AZIEXPO 16).
Other descriptive factors were present, which were eventually abandoned for this thesis. For my analysis, I
therefore selected a set of forest variables, which I will shortly explain in the following paragraphs.

16

The main difference is that Aspect25 is provided in radial Azimuth degrees ranging from 0-360, while AZIEXPO is it
is the original vertex measurement expressed in “gon”, with values ranging from 1-399.
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The variables standing for the species’ occurrence were available only for the regions of Ticino and Moesano.
The variable OCCURRENCE indicates if the species was present in any of the phases of the NFI survey. The
variable BA_PRAES indicates how many trees of one species are assessed in the adult circle plot, and finally
the variable JWCA_PRAES indicates how many plants of one species were surveyed in the young forest
satellites (personal communication by Anne Herold).
The variables standing for the Basal area per hectare and Stem number per hectare are geometrically
extrapolated from the adult circle plot to one hectare. While the stem number is directly assessed on the survey,
the basal area is calculated through the radius of all trees assessed on the adult circle-plots.
The variables standing for the Norway spruce percentage are directly measured on the field, both for the
established forest’s rejuvenation and the upper forest layer 17. More precisely, these variables are quantified by
the NFI collaborators on the main forest plot, which is defined as the forest stand inside the survey area, which
also lays at the plot’s centre (Düggelin & Keller, 2017). The absolute error of the species percentage is assumed
at the 1% (Düggelin & Keller, 2017).
For the young forest, the variable VERJGESAFI indicates the Norway spruce’s percentage quantified on the
total assured rejuvenation, which is defined as all the saplings from 130 cm height (or 0 cm DBH) to 12 cm
DBH. For the adult layer, the variable DGANTFI is the Norway spruce’s percentage estimated on the total
upper forest’s layer (Düggelin & Keller, 2017: p. 185). In stratified forests, i.e. in forest with a homogenous
height of the canopy layer, the upper layer includes all pre-dominant, dominant and co-dominant trees. In
staged forests, i.e. in forests where the upper and lower limit of the canopy between neighbouring trees is
mostly located at different heights, the upper layer includes all trees (Düggelin & Keller, 2017), whose height
is at least two third of the forest stand’s height (Düggelin & Keller, 2017).

3.2.

The pedo-climatic indicators

In order to predict the species’ range with regression models (see paragraphs 3.3 and 3.4), I considered a set
of external indicators on climate and soil. The baseline was provided by the climate geodata offered by Zischg
et al. (2019). I then selected the best accessible geodata compatible with my baseline. In this paragraph I will
describe the source and the original aim of these datasets.
Data provider
An extensive subset of high-resolution climate rasters was shared by Zischg et al. (2019) on the online platform
Zenodo. Since these rasters were developed for the Adapted Ecograms Project, also the corresponding climate
projections for the periods 2071-2090 were obtainable (e.g. Frehner et al. 2019).
Nonetheless, the first set of climatic rasters was still partially incomplete, because important indicators, as for
instance rainfall data, were still missing. Thus, I had to investigate further to access other convenient data.
Thanks to the advice of Monika Frehner, I accessed also to the indicators on cumulative precipitations during

17

The species’ percentages on the adult forest was assessed both in the 3rd and 4th NFI, while the percentage on the young
forest was only assessed on the 4th NFI.
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the vegetative period and snowfall through the environmental consulting bureau Abenis AG. Other indicators
referring to geology, soil water availability, elevation belts and NaiS Eco-Regions, were finally accessed
through the Swiss governmental platform Swisstopo.
The extensive list of all indicators is listed in the Annex 4-B.
Indicators’ description
The climate indicators used in this thesis had been distributed for research purposes requiring a high-resolution
climate geodata (Zischg et al. 2019). These indicators were developed for the project Adapted ecograms (e.g.
Huber et al. 2015, Frehner et al. 2019), whose aim consisted in quantitatively modelling the current and future
diagrams for the determination of the forest typologies used in the NaiS protocols (see Frehner et al. 2005).
The datasets provided by Zischg et al. (2019) are describing the Swiss climate at a cell resolution of 25 by 25
meters. They include the monthly minimum, maximum and mean temperatures, thermal continentality, length
of the vegetation period, mean air moisture at 1:30 pm, frequency and temperatures by Foehn events and finally
the global solar radiation. For the climatological data concerning the temperatures, thermal continentality and
length of the vegetation period, a projection in the future climate also existed. The other indicators are assumed
to remain constant. In the final part of my research, I therefore accessed several indicators on the future climate
based on the CLM scenario. I will discuss in more detail these datasets in the discussion (see paragraph 5.4.3.
The future climate variables).
Zischg et al. (2019) are providing an outlook on these datasets and the way, how these datasets have been
generated. I will go through the main temperature indicators with some supplementary details.
Each indicator always refers to the monthly mean of each indicator assessed in January, April, July and
October. Most variables are related to the reference period 1981-2010. The mean, maximum and minimum
temperatures are also available for the period 1961-1990. The absolute minimum and absolute maximum
temperatures, as well as the absolute thermal continentality, available from the start of the meteorological
records.
Originally, my aim was to assess the parallel between temperature changes and forest change in the two
respective periods of the NFI2 and NFI4. However, the temperature indicators provided by Zischg et al. (2019)
proved unsuitable for evaluating the correlation between the forest’s change and the temperatures’ changes
between the two reference periods of 1961-1990 and 1981-2010, since the climate data on both periods are
based on the same reference data 18 and therefore the temperatures’ difference lacks of explicit spatial
relationship to the local topography and geomorphology. Many studies are showing that the elevation and the
18

The meteorological measurement used to create the temperature data refer to the period 1961-1990. The
temperatures’ daily variability was calculated on the period 1981-2010 and punctually corrected with expertise
of the Dr. Z’graggen on cold air basins. The temperature data are aggregate of the mean values on the entire
year, as well as on the month of April, July, October and February. Additionally, the lowest and the highest
temperature values are also recorded for the entire reference years. The data are interpolated on the entire
Switzerland with a Digital Elevation Model and a temperature gradient of 2°C from North to South. Finally,
the aggregated temperatures were mathematically extrapolated to the 1981-2010 reference period by adding
the temperature difference with the period 1961-1990 registered at all Meteoswiss stations (Zischg et al. 2019).
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Continentality (conventionally defined as the orographic distance from the oceans) are exacerbating the
temperature increase due to climate change. Thus, I firstly decided to create a spatially explicit version of the
temperature increase in the Southern Swiss Alps. Since I could not provide satisfactory baseline for my study
by extrapolating the anomalies registered in the Meteoswiss stations by using Digital Height Models, I then
decided to abandon this approach.
The rain- and snowfall data were provided by Päivi Gubelmann from Abenis AG – the environmental
consultancy office involved in the production of these data for the Project Adapted Ecograms. Their datasets
considered both the period 1980-2010 and the prognosis for the period 2045-2075 based on the CLM scenario.
The original aim of the rainfall data was to provide the average of cumulative precipitation during the
vegetation period. Since the length of the vegetation period strongly varies with the height, three datasets were
available, either from April to September, from April to August and from June to August. Since I was interested
in quantifying the precipitations at the beginning of the vegetative period, I calculated the rainfalls between
April and Mai, as the arithmetical difference between the precipitation in April to August minus those from
June to August.
The snowfall data were also a mandate for the Project Adapted Ecograms. They include an extensive set of
indicators, including the cumulative snow heights, the mean period of snow cover and the damages induced
by snow to the vegetation.
Afterwards, as I already mentioned, I downloaded several geo-data from the governmental platform Swisstopo.
The soil water availability is determinant for the forests’ development (Remund et al. 2016). I therefore
downloaded from the governmental platform Swisstopo the rasters on the Soil Water Balance (SWB) as well
as the Plant Water Availability rates (ETa/ETp). Those data were also available for the entire study area. The
indicators of the SWB and ETa/ETp extended from 1980 to 2018. The spatial resolution was only 250x250
meters. The SWB is calculated as the difference between the precipitations and the potential evapotranspiration
considering the soil infiltration rate (Remund et al. 2016). The ETa/ETp is the ratio between the total actual
(Eta) and the potential evapotranspiration (ETp). The difference between these two values indicating the
quantity of water released in the atmosphere, is that the ETp is linearly related with the soil water availability,
while the reduced plants photosynthetic activities by water limitation causes the reduction of the ETa.
According to Remund et al. (2016) an ETa/ETp value below 0,8 presumes a reduction of the trees
photosynthetic activity which can be harmful for sensitive tree species.
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4.

Methods

In this section, I will describe the methods applied in my research. I tried to expose in detail all essential parts
which are needed for replicating my work. The results of the analysis are explained in the chapter 5. Results
and interpretation. Firstly, in the paragraph 4.1., I will present the analysis of the Norway spruce stands based
on the NFI data. Secondly, in the paragraph 4.2., I will address the interaction between the Norway spruce and
the alpenroses. Thirdly, in the paragraph 4.3., I will produce and validate a set of models predicting the present
and future species’ occurrence in the study area. My work was a check and balance between the available data
and the progression of my observations. Therefore, I choose a narrative approach to present this section,
because best enables to understand the reasons why I choose to apply certain procedures.
For my analyses, I used following softwares: ArcMap 10.6.1 (© ESRI 2019), SPSS Statistics 25 (© IBM
2019), R i386 3.5.3 (© R studio ink. 2019).

4.1.

Analysis of the Norway spruce forests’ state and change

Before researching on a specific phenomenon, I formulated a broad research question in order to discover the
NFI datasets through a comprehensive explorative study. I therefore addressed the first research question
through an extensive statistical analysis: what changes are the Norway spruce forests in the Southern Swiss
Alps undergoing? My focus was on how the Norway spruce forests reacted to the climatic changes during the
last two and a half decades.
In this section, I will firstly examine the current distribution of the Norway spruce in Ticino and Moesano
through the NFI4 data on the species’ occurrence. Secondly, I will assess the current changes in the Norway
spruce stands between the NFI2 and NFI4 in terms of stand structure, concentrating on the changes in basal
area and stem density. Thirdly, I will analyse the species’ mortality and lastly the changes in the species’
rejuvenation.

4.1.1. Quantifying the Norway spruce’s occurrence
With my first data request I could perform a preliminary analysis on the Norway spruce’s occurrence in Ticino
and Moesano. From the available data, I basically selected two types of indicators: the presences and the
number of trees. I therefore assessed the species’ presence in the adult circle plot through the variable
BA_PRAES and in the young forest satellite with the variable JWCA_PRAES. I used these variables for
assessing the species distribution in correspondence to the main topographic stand factors: elevation, aspect
and slope.
After my second data request, I accessed a more complete dataset with the stand structure and species
composition in all the adult forest plots in Ticino and Moesano. Afterwards, I accessed an additional set of
variables from my third data request, which was extended to the region of Poschiavo and the densified forest
survey Network of the Grisons. Since the explorative analysis was already concluded, I decided to integrate
the whole study area with the novel forest variables.
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I individuated two main target variables for describing the forest’s stand structure: the Stem number per
hectare, which represents the number of adult trees on the adult circle-plot extrapolated on one hectare, and
the Basal area per hectare 19, which is extrapolated in one hectare from the circular surface of all trees’ DBH
in the adult circle-plot.
In order to assess the species’ composition in the adult forest with one single indicator, I defined the variable
Percentual Stand Density Index (PSDI). The Stand Density Index (SDI) was developed by Reineke (1933) in
the United States for describing the forest’s density independently from the site, the soil fertility and the stand’s
age. The original formula was later converted in the metric system. I elaborated the SDI formula used in the
NFI database (1) in order to describe the percentage of the Norway spruce (2). I used following equations:
⎛
(1) SDI formula according to the NFI: 𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ∗ ⎜2 ∗
(2) PSDI, obtained by inserting the species data in (1):

2 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑝𝑝𝑝𝑝𝑝𝑝 𝐻𝐻𝐻𝐻
� 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝜋𝜋

⎝

25

SDI(Picea)

1.6

⎞
⎟
⎠

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃: = SDI (All species) ∗ 100

4.1.2. Analysis of the changes in the Norway spruce
I performed an explorative analysis of the structural change of Norway spruce stands between the two reference
datasets of the NFI2 and NFI4. In order to maintain an even representativeness of the whole study area, I only
focussed on the available data from the NFI grid.
Firstly, I analysed the changes of main target variables characterising the Norway spruce’s stands, the Basal
area and the Stem density. I investigated the relationship with height, exposition, elevation belts and forest
Eco-Regions.
I imported the variables in ArcMap to calculate the change between the two reference inventories. I projected
the information in a GIS format using the XY Point to Feature tool. For reasons of consistence, the coordinate
system LV03 was maintained throughout the entire analysis. To make any type of elaborations, I used the
Model-Builder function for ensuring the replicability of any step of the data preparation. Since the variables
are provided from different tables, they had to be intersected.
For producing visual representations, I intersected the extended network of the Grisons with the conventional
NFI. In the Figure 11, a basic example of a Model-Builder in Arcmap is shown. It can be seen, that the Select
tool is used to separate the second and forth NFI. This tool implements a call using the SQL code for extract
each plot through the variable Inventory number (INVNR). The commands for selecting the NFI2 is
“INVNR==250” and the NFI4 is “INVNR== 450”, while the densified network of the Grisons uses
respectively the codes “INVNR==18251” and “INVNR==18451”. The remaining tools shown in the Figure
11 were used to avoid the repetitions while intersecting the plots from the conventional and extended networks.

19

For reasons’ of simplicity, I will use the names “Stem density” and “Basal area” in the text.
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Figure 11: procedure used to intersect the NFI and extended network data in Arcmap. The original NFI tables are shown
in blue, the yellow squares are Arcmap tools and the green ellypses are the outputs. This simple model computes the
union between the conventional NFI grid and the densified network of the Grisons withouth repetitions. The final outputs
are the complete version of the 2nd and 4th NFI on the whole study area.

Similarly to the Inventory number, the values concerning the Norway spruce were extracted through the
variable HBART, where the value “1” corresponds to this species.
In the Annex 10 attached the Modelbuilder instrument which I created for extracting the change of stand
structure and mixture in the Norway spruce forests. In order to calculate the difference between the target
variables in the second and fourth NFI, I converted each variable with the Point to Raster tool and I merged
them using the Mosaic To New Raster tool using a “blank” raster, generated with the Create Constant Raster
feature. This step is necessary to calculate the gradient between two surveys also if no data has been reported
either in the initial or final survey. Afterwards, I used the Raster Calculator tool to calculate the arithmetic
difference of the Basal area and Stem density of the Norway spruce trees between the NFI2 and NFI4. The
difference for the total forest and the dry-standers was also calculated.
These values where then reinserted into a copy of the original dataset using the Extract multi-values to point
function. I extracted the values on the forest-plots of the NFI4 inventory, since it best represents the current
state of the forest. The final output had still to undergo an important phase, which consists in reducing one
single copy of values at each plot with the dissolve tool. This tool proved to be essential, since the NFI tables
always provided many repetitions for each plot, because each row is separately referring to the single species.
The dissolve feature has the particularity to compute a mathematic operation for each of the variables kept as
output. The disadvantage is that one set a priority on the main variables, since the operation requires a long
time to be performed. On the other side, this tool can be used to calculate mathematic operations of the
variables, such as the total sum, the mean or the standard deviation etc.
This way, I calculated the total Basal area and Stem density of all species in each NFI plot. I also used this
tool to identify the species’ number with the command count on HBART and to assess which plots originally
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assessed the Norway spruce with the command min on HBART 20. I also maintained several other variables
such as the mean elevation (Z25), slope (SLOPE), exposition (AZIEXPO), etc. To acquire the corresponding
Elevation Belts and forest Eco-Region, I added this information from the corresponding GIS indicators by
means of the intersect tool. The raster variables were systematically extracted with the extract multi-values to
point tool. Finally, I exported the resulting table by means of the Table to Excel tool.
The processed output presented the Basal area and Stem density change between the NFI2 and NFI4. I then
performed following analysis. Firstly, I assessed the change along Elevation Belts and forest Eco-Regions.
Secondly, by means of an ANOVA performed in Excel, I investigated if the species Basal area and Stem
number statistically significantly differed between NFI2 and NFI4. Lastly, I used several plots and Pivot Tables
to explore the data, especially the connection between Exposition, Elevation belts and change in stand
structure.

4.1.3. Change in mortality
I assessed the mortality of the Norway spruce trees by means of the Stem density and Basal area of the Norway
spruce’s dry-standers. The dry-standers are surveyed in several steps of the NFI survey (Düggelin & Keller,
2017). However, the variables used consider all the dead trees higher than 130 cm, which are surveyed as the
trees in the adult-forest circle plot. For this reason, the variables BASF_DUERR and N_HA_DUERR –
referring to the Basal area and Stem density of the dry-standers - were exported in the same way as the adult
trees (see paragraph 4.1.2. Analysis of the changes in the Norway spruce stands)
I analysed the changes in basal area and stem number of dry-standers linked with the elevation belts and forest
Eco-Regions. I presented a graphical elaboration to assess the topographic patterns linked with the exposition
and elevation of the NFI plots. I carried out an ANOVA test to investigate the geographic patterns linked with
the potential range of the silver fir assessed in the High-Montane Elevation belts.

4.2.

Assessing the connection with the alpenroses

In this section, I addressed the second research question: “What is the role played by the alpenroses
(Rhododendron spp.) in the Norway spruce’s stands of the Southern Swiss Alps?”
I examined the effect of the spruce’s needles bladder rust disease indirectly, by studying the relationship
between the alpenrose’s cover and the Norway spruce’s mixture percentage and cover degree, either in the
rejuvenation and adult layers. Firstly, I assessed the connection between these two species assessed in the NFI
plots. Then, I analysed this link with a method consisting on a Likelihood-Ratio Test. This method involved
the creation of a multi-linear regression predicting the Norway spruce’s variables with a broad set of indicators.
I assessed the change in precision between the regression models for predicting the Norway spruce presence
with and without considering the alpenrose cover. Finally, I assessed the connection between the alpenrose
and the residuals of the regression model predicting the Norway spruce percentage in the adult layer.

20

Since the Norway spruce corresponds to HBART=1, the species is always present if the minimum is equal to one.
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4.2.1. Rejuvenation’s change
I analysed the change of Norway spruce’s rejuvenation by means of the young forest satellites’ surveys in the
NFI2 and NFI4. I defined two categories: the Seedlings, which include all trees from 10 to 129cm height, and
Saplings, which include all trees from 130cm height to 12cm DBH. I thus focussed on the change in number
pro hectare of the living Norway spruce’s Seedlings and Saplings assessed in the respective inventories.
An important change in the NFI survey methodology determined the procedure of my analysis: in the NFI2
both satellites were measured, while in NFI4 the assessment was concentred only to one single satellite,
preferably the one to the East (if accessible) otherwise the one to the West. In order to compare two compatible
datasets, I address the rejuvenation’s change in satellite which was measured in both NFI by mean of the
discriminant variable JWSANR. Initially, I also carried out the analysis of the Norway spruces’ young forest
using – if two satellites were assessed – the mean values between the two young forest satellites of the NFI2.
I performed an ANOVA to test the significance of the change in the number of living Norway spruce’s
Seedlings and Saplings per hectare. I investigated the temporal development of the damages on young Norway
spruce trees under the influence of browsing animals by plotting the trend of the damaged plants per hectare
in the time.
Initially, I also extracted the seedlings data from my second data request in the same way as described for the
adult forest’s change. I calculated the change in Seedling and Saplings from the NFI2 and NFI4, either as the
total number per hectare and the percentage of all trees. I analysed these variables in SPSS (© IBM 2019)
through Step-wise linear regressions and Pearson’s correlations to identify which variables best correlated with
the rejuvenation’s change. At first, I identified the Cumulative amount of wet snow as the main indicator, which
determine the change in Norway spruce’s Seedlings and Saplings. Since the wet snow is intrinsically linked
with the damages due to several pathogenic fungi (e.g. Nierhaus-Wunderwald 1996), I addressed more detail
in the second section of my research.
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4.2.2. Definition and evaluation of the target variables
I first performed an explorative analysis for assessing the link between the Rhododendrons and Norway spruce.
To do so, I analysed the co-existence between the alpenroses and the Norway spruce. I therefore intersected
the data on the occurrence of both species in the main forest stands of the NFI for assessing their geographic
relatedness.
Since this analysis gave substantial evidences of the negative relationship between these two species, I decided
to implement a more quantitative procedure for excluding biases caused by external factors related to climate,
topography and soil edaphic conditions. This task implied to create a multi-linear regression for predicting the
Norway spruce’s presence inside the study area.
After several trials using different target variables 21, I decided to focus on the percentages and cover degrees
of the Norway spruce assessed in the main forest stand. On the one hand, the variable was attained on the
rejuvenation’s layer through the percentage of Norway spruce in the assured rejuvenation through the variable
VERJGESAFI; on the other hand, the percentage of Norway spruce in the adult forest was attained through
the variable DGANTFI.
These variables were also transformed in order to assess the Norway spruce’s cover degree of each respective
forest layers (respectively VERJGESAFI_ and DGANTFI_). These Norway spruce percentages and cover
degrees were analysed in parallel. To calculate the absolute cover, I multiplied the variables on the species’
percentage with the total cover of each respective forest’s layer.
For the Norway spruce’s cover in the upper layer, I divided the variable DGANFI by 100 for obtaining a
percentage – ranging from 0 to 1 – which I multiplied with the variable indicating the total cover degree of the
upper layer (DECKGR, expressed in %). This value indicates the Norway spruce’s cover degree in the main
forest stand.
For reasons of feasibility, during the NFI surveys the variable indicating the total assured rejuvenation cover
(VERJGESDG) is classified in categories (personal communication by Hanne Herold). The classes of the
variable VERJGESDG are indicated in the Table 4. To quantify the total Norway spruce’s rejuvenation cover,
I multiplied the Norway spruce’s percentage of the assured rejuvenation (VERGESAFI divided by 100) with
the mean value for each interval of the respective class of rejuvenation cover degree (VERJGESDG). Zero
values and “no data” were maintained.

21

I have tried to produce a multi-regression model on the PSDI and Basal Area, since they had the highest collinearity
with the Norway spruce cover degree and they are available both on the NFI and in the extended network of the Grisons.
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Table 3: the transformed values from the variable VERJGESDG which indicates assured rejuvenation’s cover degree
assessed on the main forest stand where the NFI is located (Düggelin & Keller, 2017).

VERJGESDG
classes

Classes of the
cover degree

1*
2
3
4
5
6
7
-1

<1% *
1-4%
5–9%
10–25%
26–50%
51–75%
76–100%
Not assessed

Mean cover
degree
[are/ha]
0
3
7
17.5
38
63
88
-

Abs. Error
[are/ha]
0
2
+/- 2
+/- 7.5
+/- 12
+/- 12
+/- 12
+/-

*If the rejuvenation cover is less than 1%, then the assured rejuvenation cover is
“Not available” (Düggelin & Keller, 2017).

The values are referring to the proportion of the main forest stand which is covered by the Norway spruce,
either in the adult or in the rejuvenation layer. We can therefore express these values in are (i.e. 10m x10m)
per hectare (i.e. 100m x100m). Since the size of the main forest stand is very variable, we cannot consider this
value as an actual cover, but rather as the cover degree of the Norway spruce in each layer.
As I already mentioned, the cover degree of the alpenroses was selected as the main control variable. The
surveys of the “soil vegetation’s types and cover degree on the 5 are circle-plot” was decided and applied by
Philippe Duc, [collaborator] of the NFI, after the full assessment of the vegetation in the 5 ares circle planned
between the FOEN and NFI was substituted by a vegetation’s modelling. The soil-vegetation’s assessment was
a normal part of the NFI3 (freely translated from a written communication by Monika Frehner). The
percentage of the alpenroses on the total soil vegetation (including grasses, bushes etc.) was therefore only
available in the NFI3.
In addition, the NFI surveys recorded an ordinal variable indicating the total soil vegetation cover degree in
six classes (Düggelin & Keller, 2017). I therefore estimated the average soil vegetation cover degree in each
class with the same procedure shown in the Table 4, adapted for the respective number of classes.
Consequently, I multiplied the percentage of Rhododendron ferrugineum on the total soil vegetation (VEGDG
| VEG=12) with the total soil vegetation cover assessed in the corresponding inventory (BODVEGDG |
INVNR = 350).
The other native alpenrose’s species, Rhododendron hirsutum, was also assessed in the soil vegetation
(VEGDG | VEG=13). However, this species has been assessed only in one NFI plot (identification nr. 150954),
in an exiguous percentage. Yet, since this species is also a host of Chrysomyxa rhododendri, I included it in
the total cover degree of the alpenroses without differentiating between the two species. Since the soil
vegetation cover degree is also assessed on the main forest’s stand, the same consideration made above can be
repeated on the cover degree of the alpenroses.
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For reasons of simplicity, in this thesis I used simpler variable names. I thus called “alpenrose cover” the
variable indicating cover degree of Rhododendron ferrugineum and R. irsutum. I used “adult Norway spruce
cover”, and “Norway spruce rejuvenation cover” for the variables indicating the Norway spruce cover degree
in the upper layer and, respectively, in the assured rejuvenation.
The target variables were imported in a single table after intersecting their coordinates with Arcmap. Since the
variables concerning the Norway spruce cover were in a table embracing all NFI surveys and each row referred
for one tree species, it was filter necessary to sort these data. The variables were selected for the NFI4 through
the INVNR variable. Afterwards, each dataset was dissolved in order to maintain only a unique value of the
target variables at each plot.
The spatially explicit relations between the alpenrose cover and the Norway spruce cover (both in the adult
and young forest layers) were firstly assessed visually with a cartographical representation. Next, the data were
analysed through Pivot Tables in Excel and through scatterplots using the ggplot2 extension of Rstudio. These
two forms of visualisation, one synthetic and one analytic, allowed to get an insight in the link between the
dependent variables (the Norway spruce cover) and the control variable (the alpenrose cover).
Afterwards, I tested the relationship between the target variables by analysing the two-tailed significance of
the Pearson’s coefficient, both through bivariate and partial correlations in SPSS. For the partial correlations,
the topographic variables (height, slope, Northness) and the pedo-climatic indicators (soil water availability,
temperature, rain, snowcover, air humidity, solar radiation and foehn frequency) were used as a control.
Essentially, this approach allowed me to estimate if these variables are linearly coupled (bivariate Pearson’s
correlation) and if this connection can be explained through the influence of other external factors (partial
Pearson’s correlation).

4.2.3. Modelling the Norway spruce cover and mixture
After showing the extent of the relationship between the alpenrose cover and the Norway spruce analytically,
I tested this link though a more holistic approach, by assessing if the alpenrose cover would significantly
determine the models predicting the occurrence of the Norway spruce. Essentially, this implied creating a
multi-linear regression using a set of predictor data, and then testing if the model significantly increases in
precision when adding the alpenrose cover. In the following bullet points I provide an overview of the most
significant stages in this procedure:
•

Selecting an exhaustive set of predictors

•

Building multi-linear regressions to quantify the Norway spruce presence

•

Performing a Likelihood-Ratio Test to assess the effect of the alpenrose cover on the Norway spruce’s
models

•

Evaluating the regression with train-test subsamples
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4.2.4. Importing and clustering the raster indicators
The first part started by selecting an appropriate set of predictive variables for creating a model of the Norway
spruce. For this part I required the variables generated for the Adaptierte Ökogramme project 22 (see Zischg et
al. 2019; Huber et al. 2015; Frehner et al. 2019), which account for a broad spectrum of very accurate pedoclimatic rasters with a 25 meters cell resolution. The complete list of all indicators used is attached in the
Annex 4-B.
From the original data, I calculated some derived indicators which were more appropriate for my analysis. I
aggregated the Soil Water Balance and the plants water availability in three rasters concerning the period 19812010: one with the absolute minimum value, one with the mean value and the last with the absolute maximum
value registered in each raster’s cell. In addition, I created a precipitation variable concerning the period
between April and Mai by subtracting the mean precipitations between June and August from the mean
precipitations between April and August, this way I could assess the precipitations only on the late spring
period. I transformed the Exposition in order to express the “Northness”, as defined in Sherman et al. (2005)
(Oncelli, 2019).
I extracted the values of all pedo-climatic rasters at the location of each NFI point through the Extract MultiValues to Point function of Arcmap. I also selected the topographic variables assessed directly on the field
during the NFI survey (Elevation, Slope, Exposition). Finally, I created a dataframe, condensing all these pedoclimatic and topographic variables at each NFI 4 plots in one single table.
Conventionally, species distribution models try to select only predictors with a maximum Pearson’s score of
0,7 (e.g. Zurell 2019) . However, the Pearson’s scores obtained by performing a bivariate correlation test on
all predictors were constantly showing more extreme values than 0.7, indicating that the topographic and pedoclimatic variables are mostly inter-correlated. For this reason, I grouped the variables within the dataframe in
order to select the optimal combination of predictors for creating the Norway spruce models.
Therefore, I decided to use a clustering algorithm based on a Principal Component Analysis (PCA) in order to
subdivide the climatic variables into the greatest possible number of clusters, each representing an independent
group of variables (ideally not auto-correlating). This procedure was performed with the ClustOfVar package
in Rstudio. Essentially, this algorithm runs through the following stages:
•

Testing if variables with identical or undefined values are present

•

Clustering the variables with a PCA-based algorithm

•

Plotting the variables’ relatedness through a dendrogram

•

Performing a stability analysis on the partitions

•

Identifying the clustered variables’ names

22

I decided to discard the rasters from the Swiss Hydrologic Atlas because their resolution revealed to poor for showing
significant influence in my analysis. Additionally, I also decided not to use the gradient between climate data of different
periods, because they lack an explicit reference to the topography. I also renounced to interpolate myself the temperature
anomalies obtainable from the Meteo Swiss stations.
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Firstly, I analysed the structure of all variables. In this step I decided to omit the Maximum Soil Water Balance
(MaxSWB) since it is constantly 100%. Then I eliminated all identical variables by accordingly using the
vapply function for sorting out the identical columns. Finally, I run the anyNA function for identifying if some
variables held undefined values. In this step I dropped out the tree height and forest mixture degree rasters
from the NFI. 23
Before running the clustering functions, it was necessary to call the splitmix function from the PCAmixdata
package in order to feed in the algorithm only quantitative (i.e. numeric, non-categorical variables). My
dataframe is formatted within the default matrix $X.quanti 24 (Reference for PCA: Chavent et al. 2011).
Afterward I could run the hclustvar function from the ClustOfVar package on the $X.quanti matrix. This
function is hierarchically scaling the distance of each variable from the centre of the variables’clusters
predicted through the PCAmix function. The scaling criterion for quantitative variables is the squared
correlation (Chavent et al. 2011). Finally, the output of this process was visualised in a dendrogram with the
plot(tree) call. The climate variables’ dendrogram is shown in the Figure 12.

Figure 12: clustering dendrogram used to determine the principal components in the independent variables (listed in the
x-axis). The number of branches intersected by the scattered horizontal lines represent the number of variables’
partitions. For example, the scattered blue line at the Height =3 divides the dendrogram in two partitions, while the
orange line below divides it into 4 partitions. The Height of each branches is calculated as the squared correlation
between the centre of each variable’s partition generated through a principal component analysis function.

23

. The reason, why these last variables held empty cell was clarified only later. In fact, the canopy height and forest
mixture models are extrapolated on the total forest cover using the official geocover Vector25. However, the NFI do not
necessarly fall inside the official forest area, because their procedure for the forest-assessment does not correspond.
24
Interestingly, with this algorithm it would also be possible to cluster qualitative data (such as cathegorical vector data)
through the $X.quali string.
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As a second step, the stability of each combination of variables’ partitions was assessed through the stability
function of the ClustOfVar package. This function recursively applies the previous function hclustvar on
different combination of partitions. The number of iterations is set by the user by defining the number of
bootstrap samples (B).
The partitions (P) from P=2 to P-1 obtained with a number of bootstraps samples B were compared with the
PCA clusters. A higher correspondence between partitions and clusters indicates a greater stability of the
partitions, in which the dendrogram may be subdivided (see Chavet et al. 2012 for more precise information
on this tool). This stability of the partitions plotted against the respective partition number is shown in the
Figures 13. This graphical representation helps in determining a suitable number of clusters. For my analysis,
I firstly set the number of bootstraps “B” to 100, then I increased it to 1’000, since I realized that a greater
number of bootstrap samples consents a greater precision of the output.

Figures 13: The outputs show the stability of the partitions in which the predictive variables can be subdivided. The
number of partitions in which the dendrogram is subdivided is presented on the x-axis. The y-axis is the partitions’
stability as the “mean of the corrected Rand indices”, which is a measure if the correspondence between the variable’s
partitions and the PCA clusters. The image left shows the peaks below 20 partitions, while the boxplot right gives an
overview on all theoretically possible subdivisions. The highest peaks are found at 7, 11 and 15 partitions.

The most stable numbers of partitions are located in accordance with the peaks, which can be easily identified
at 7, 11 and 15 partitions, indicating that these numbers of subdivision are the most representative of the
number of components generated with a PCA (for more details, see Chavent et al. 2012). I therefore decided
to keep on working with 11 partitions, because this number of variables best allows to encompass the entire
set of variables. This way I could postpone the choice for the best-matching variables in the next phases.
Finally, I cut the dendrogram at the desired number - of 11 partitions - using the cutreevar function. The output
is a list of clusters, each containing the name of the variables inside of the corresponding partition. This output
was eventually filtered in order to present only the non-null clusters 25.

25
For some reason, there are always empty clusters in the cutted partitions. I therefore had to systematically generate
more outputs (with higher number of partitions) in order to obtain the desired number of values in the partitions. Instead
of 11 partitions, the cut providing an output with 11 non-empty clusters was generated with 28 partitions.
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4.2.5. Selecting the predictors through correlation analysis
In each of the clusters, the variable showing the best significance in the two-tailed Spearman correlation tests
with the dependent variables were selected as a predictor for the regression model.
The Spearman’s test assesses the monotonic covariance between two variables, and it is frequently used as a
criterion for the selection of predictors in species distribution models (e.g. Oncelli 2019, Zimmermann 2016).
The topographic variables indicating Elevation and Northness were dropped, since they were already
accounted in other climate variables (e.g. Northness is collinear with the Solar radiation in Winter, Elevation
is collinear with Temperatures and Snow). The Slope did not show any significant correlation with any of the
dependent variables, consequently it was also dropped. Finally, the variables standing for the edaphic
conditions (Soil Water Balance and Plant water availability) as well as those which could meaningfully relate
to the rost-fungi phenomenon were preserved. The Annex 4-B shows all variables which were used as
predictors.

4.2.6. Building multi-linear regression to quantify the Norway spruce presence
Multi-linear regressions were built for all of the four dependent variables using the lm function in R. I
systematically investigated the models summaries for assessing the goodness of their fit through the adjusted
R-squared coefficient and the significance of each predictor through the respective t-test Pr(>|t|) 26. The
variables showing the least significance were dropped one by one, until the model’s adjusted R-squared
reached a maximum. The Table 5 lists the regression models equations.
Table 4: overview of the models' variables. The target variables, also called dependent variables, are those variables that
will be predicted by the models. The model’s equation, instead, lists the independent variables (or predictors), which will
be used to predict the target variable. The equations notation is a sum, indicating a multi-linear regression model.

Model

Dependent

ID

variables*

A1

B1

C1

D1

Models parameters**

Rejuvenation
percentage
Rejuvenation

ns_am + tjanmax + tabsmin + Schneebruch + lfd+ lfjan + contapr + contabs +
janglobrad + foehnfapr
ns_am + tjanmax + tabsmin + Schneebruch + lfd + lfjan + contapr + contabs

cover

+ janglobrad + foehnfapr

Adult

ns_am + tjanmax + Schneebruch + Frosttrocknis + lfd + lfjan + foehnhyy +

percentage
Adult canopy
cover

contapr + contabs + janglobrad + foehnfapr
ns_am + tjanmax + Frosttrocknis + lfd + foehnhyy+ lfjan + contapr + contabs
+ janglobrad + foehnfapr

*The dependent variables are derived from the NFI4 database (see subsection 2: description of the target variables)
**All the independent variables are derived from Zischg et al. (2019) and Frehner et al.( 2017) (see Annex 4-B).
All parameters with the ending are calculated on the period 1981-2010, while the others are assumed to be constant

26
The t-test is a statistical method to test if one variable can be excluded from the model (null Hypothesys). The Pr(/t/) is the same as the p-value, i.e.
the probability to observe any value equal or greater than t. This way, we can assess if one specific variable is rejecting the null hypothesis, implying
that it can be meaningfully kept as a predictor.
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Afterwards, I assessed the models output through the plot function. The Figures 14 are showing the QQplots,
which allow to assess the Normality in the distribution of the model’s residuals. The residuals of the zeroes
seem to follow the diagonal line, which represent a perfect normal distribution. However, the residuals at the
upper-right corner are visibly deviating the reference line. At this stage, the Normality of the residuals is
therefore not guaranteed in any of the plots.

Figures 14: The four diagrams present the q-q plots for the four regressions’ versions. On the y-axis, the standardised
residuals (i.e. the differences between the actual and modelled values) is plotted against a randomly generated normal
population on the x-axis. The red points indicate the plots where the actual are equal to zero.

Since I am considering all the Southern Swiss Alps, many NFI plots have zero values where the Norway spruce
is not occurring. Therefore, the barycentre of the dependent variables is dominated by the null values, which
are visible in red in the normality plots above. I therefore decided to adjust my regressions by correcting the
dependent variables using the squared root, since the logarithms are incompatible with zero values. This
approach revealed very effective, and the resolution of my regressions visibly increased (see Table 5)
Table 5: the dependent variables were transformed with squared roots. This
allowed to increase the models’ accuracy assessed with the R-squared.

Model
ID
A1
A1_s
B1
B1_ss
C1
C1_s
D1
D1_ss

Dependent variables*
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
�𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
4

�𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
�𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
4
�𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

Adjusted
R-Squared
.3029
.3432
.1229
.3203
.3298
.3760
.2651
.3453

Difference

+.0403
+.1974
+.0462
+.0802
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Nonetheless, the normality assumption for the residuals’ distribution appears much more accurate, especially
on the Norway spruce cover graphs on the right-hand side (see Figures 15).

Figure 15: the q-q plots are showing residuals distribution with corrected variables. The percentual mixture of Norway
spruce rejuvenation -top left- and adult layer -bottom left- are transformed using the squared root. Meanwhile, the cover
of the rejuvenation -top right- and canopy cover -bottom right- are transformed using a double squared root, i.e. a fourth
root.

4.2.7. Likelihood-Ratio Tests
The models so optimised were analysed by adding an extra predictor, i.e. the alpenrose cover (see 4.2.1.
Definition and evaluation of the target variables). Since this indicator only included values greater than zero,
I firstly set to zero at all plots where no Rhododendron had been measured. This way I could feed this variable
into my models. The models extended with the alpenrose cover are listed in the Table 6.
Table 6: List of the Norway spruce models’ IDs extended with the alpenrose cover

Model
ID
A2
A2_s
B2
B2_ss
C2
C2_s
D2
D2_ss

Dependent variables*
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

�𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
4

�𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

�𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
4

�𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
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To assess if the alpenrose cover induced a statistically significant change in the Norway spruce models, I
plotted the residuals of the simple model (without alpenrose) to the actual alpenrose cover. The idea behind
this approach is to assess whether the alpenroses externally affect the Norway spruce, for example by
explaining a lower Norway spruce’s presence than the model based on climate data actually predicts.
Afterwards I compared the two models’ versions (with and without alpenrose) through a Likelihood-Ratio
Test, which is performed automatically by the ANOVA function with the command test=”LRT”. In addition, I
monitored the R-squared values of each function for assessing the change in the model’s resolution. Since the
models’ outputs differed even if they were fed with the squared root of the alpenrose cover, I decided to test
both the linear and squared rooted version of the predictor in each model, and then keep only the version with
the best adjusted R-squared.

4.2.8. Assessment of the regression functions
To evaluate the validity of the multi-linear regressions I tested their accuracy outside of the points that have
been used to create them. For this reason, I calculated the predicted R-squared*, which consists in the Rsquared calculated on the projection in a separate testing dataset. The predicted R-squared* is also a robust
indicator to assess whether the models have been overfitted by an excessive number of predictive variables. I
evaluated the overfit of the Norway spruce’s percentage models, both in the young and adult forest layers,
though a comparison between predicted and adjusted R-squared.

4.2.8.1.

Partitioning on training and testing datasets

I partitioned my dataset into a Train and a Test groups. These groups were randomly chosen in Excel with the
RAND function, which generates random values between 0 and 1, and the IFELSE test for dividing the values
above and below 0.7 into the two subgroups. Totally, 544 plots were assigned to the Train group and 250 to
the Test. In order to check if the train and test models were both representative for the entire dataset, it was
assessed whether each group equally accounted for all Elevation belts and Forest Eco-Regions with a
scatterplot.

4.2.8.2.

Definition of the model’s projections

I projected in Arcmap the linear regressions of the Norway spruce’s percentage generated with climate
variables (simpler models’ version), as well as their extended version with the squared root of the alpenrose
cover (extended model’s version). The choice of these models is due to the fact that they had been built with
exactly the same set of variables as those concerning the Norway spruce’s cover, though the exhibited higher
adjusted R-squared values. Moreover, I choose to assess the linear models (and not the versions corrected
through square-root) since the predicted values can be directly compared with the actual values of the Testgroup.
To project the simpler model’s version, I had to import all the climate rasters corresponding to each predictor
in Arcmap. I had to assure that all rasters exhibited the same coordinate system, format and resolution.
I firstly converted all rasters to the LV_03 coordinate system with the Define Projection tool. For certain layers,
an initial coordinate system was already provided, while for others I had to investigate in the respective
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documentations. Secondly, I converted all raster datasets in a geoTIFF format – the most widespread GIS
format - with the Raster to Other Format tool. I had to investigate the initial format (for most layers it was
ASCII) and then change them in the TIFF format.
Thirdly, I created an empty-raster for scaling all layers with a cell size of 25 meters, by ensuring that the
rasters’ grids overlapped in the same position. To do so, I used the Swiss official Digital Height Model
(DHM25) downloaded from the platform Geovite (internal of the ETH) as a reference. I set all its cell values
to zero of the DHM25 with the Reclassify function in Arcmap. I then used the Resample tool with all the
predictors to scale them with the same resolution of the empty-raster. I used the “cubic interpolation” as
resampling method, since it provides a reliable downscaling if the raster’s cell size of the predictor is greater
than the one of the reference empty-raster 27.
I finally extracted all rasters with the polygon shapefile of the total study area, in order to reduce the computing
power required for the calculations.
I then used the Raster Calculator tool for calculating a linear combination of the climate rasters (predictors)
as defined in the Norway spruce’s models. For this, I carefully transcribe the coefficient produced with the
linear models’ summaries, which multiplied the respective predictors, and I added the “intercept” constant.
The coefficients and the intercept were generated with the summary()$coefficients command. For preventing
an accuracy loss, the coefficients were produced without scientific notation, with the option “scipen=999”.

4.2.8.3.

Definition of the alpenrose cover’s models

For extending the model’s projections with the alpenrose cover it was necessary to create a geographic
representation of this variable in form of a raster. Hence, I created a model for predicting the alpenrose cover
equally as those for the Norway spruce. I therefore generated a linear multi-regression of the alpenrose cover
following the same procedure presented for the multi-regressions of the Norway spruce’s percentage and cover.
The Tables 7 and 8 indicate the model’s equation used and the adjusted R-squared for each model’s version.

Table 7: regression equations for predicting the alpenrose cover

Model
ID
R1

Dependent
variable
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

Regression equation
lfd + SchneeMax + Ausapern + Hoechststand + tabsmax + contjul +
foehnhjul

Table 8: Alpenrose models' IDs for the linear, square rooted and forth foot corrected versions.

Model

Dependent

ID

variable

Adjusted R-squared

Difference

27

I initially created a forest-mask by selecting the forested area in the Vector500 shapefile, which is freely accessible
from the Swisstopo platform. I created a base-raster by clipping the empty DHM raster with the forested area laying inside
the study area’s perimeter.
The projection’s procedure had to be extended to the whole study area since many of the NFI plots did not intersect with
the Vector500 forest shapefile used as a mask for the calculations. This incompatibility has to do with the fact that the
procedure to assess the forested area in the Vector500 shapefile is different from the forest definition in the NFI’s modules.
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𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

.2419
.3464

+.1045

�𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

.3739

+.0275

R1
R1_s
R1_ss

�𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

4

Since the alpenrose cover corrected through the single square-root showed the greatest significance inside the
Norway spruce’s models, I decided to project the respective Model R1_s to use it as an input term in the
Norway spruce’s equations.
Firstly, I projected the respective climate indicators, used as predictors in the regression’s equation R1_s,
following the same procedure exposed in the previous paragraph (see 4.2.8.2. Definition of the models’
projections). Secondly, I created a mask for selecting only the geologic substrates where the rusty-leaved
alpenrose (Rhododendron ferrugineum) is most likely to occur (see Figure 26). This assumption relies on the
observation, that this species is much more diffused in the Study area than the other azalea species, R. hirsutum,
which was registered in only in one NFI plot within the Study area. I therefore used the shapefile “Genese
1:100’000” on the Geology500 dataset (downloaded from Swisstopo). I used the Select tool to keep only the
areas characterised with Metamorphic rocks (both Metamagmatites and Metasediments), which are also the
predominant geologic substrate in the study area (cf. Rock genesis map in the Annex 3-B).
I then used the regression’s coefficients from of the R1_s equation to create a geographic projection in ArcMap
using the Raster Calculator. Since the Norway spruce’s models must consider only the actual cover of the
alpenrose, I used the Reclassify tool to define a value “zero” for all cells where the R1_s model generated
negative values. Hence, I retransformed the reclassified raster with the continuous scale of the original output
by means of the tool Mosaic To New Raster. Finally, I recursively used this output for feeding the Norway
spruce models with the coefficient calibrated for the extended models’ versions.

4.2.8.4.

Evaluation of the regressions’ projections

The models A1, A2, C1, C2 and R1_s were fed with the Train subgroup 28. The output was projected in Arcmap.
Then, the models’ values were extracted at the location of each plot in the Test subgroup using the Extract
Multi-Values to Point function. The output was converted to a .xls format using the Table To Excel tool.
The models’ values printed in the Test-Table were “manually” assessed by calculating the predicted Rsquared* in Excel. The predicted R-squared* have been calculated with following equation 29:
Predicted R-squared* ≔ 1 −
Where:

𝑓𝑓𝑖𝑖∗

𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟𝑠𝑠
𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑡𝑡

=1−

2

� �𝑓𝑓𝑖𝑖∗ −𝑦𝑦𝑖𝑖 �
𝑖𝑖

�𝑖𝑖(𝑦𝑦𝑖𝑖 −𝑦𝑦�)2

= modelled values greater than zero
𝑦𝑦𝑖𝑖 = the actual value
1
𝑦𝑦�𝚤𝚤 = ⋅ ∑𝑛𝑛𝑖𝑖=1 𝑦𝑦𝑖𝑖 = mean value
𝑛𝑛

28

I decided not to use the “square-rooted” models on the Norway spruce to avoid conversion’s problems while
extrapolating the data in the models’ evaluation (cf paragraph 4.3.2. Introducting the Tobit regressions).
29
The predicted R-squared* does not directly consider all the predicted values, because the negative values were
transformed in zeroes.
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Since the regressions’ functions mostly project negative values where the respective species are absent (cf.
Figure 32), I considered that it makes no sense to negatively judge the predictions which are lower than the
zeroes. Therefore, I firstly transformed all negative predictions into zeroes for calculating the predicted Rsquared*. The predicted R-squared* of the R1_s model was calculated with the square-root of the actual
alpenrose cover. By comparing the model’s R-squared generated with the Train subgroup with the predicted
R-squared* generated with the Test subset, I also assessed if the models were overfitted 30.
As an additional step to qualitatively assess if the alpenrose cover improves these models, I compared the
projection of the adult Norway spruce percentage model with and without alpenrose. Therefore, I create a
raster output for each of the models using Arcmap, on the one hand for the multi linear regressions built with
climate predictors, and on the other hand those extended with the alpenrose cover. The difference between the
two models intuitively represents the improvement between the two model’s versions.

4.3.

Modelling the Norway spruce’s range

In this last section, I will try to answer to the last research question: “which predictors are required for
meaningfully model the occurrence of the Norway spruce range in the Southern Swiss Alps?”
Since in the previous section already I produced three multi-linear regressions of the Norway spruce’s mixtures
and cover degrees, I will perform this modelling part using the same regressions’ equations elaborated on the
previous section. In the previous part I addressed both the mixture and cover degrees of the Norway spruce.
Since the mixture degrees of this species are directly measured on the field - and they are therefore subject to
an absolute error of 1% (Düggelin & Keller, 2017) - I decided to focus this part only on these variables, both
focussing on to the established rejuvenation and on the upper forest layers. I start by selecting a combination
of non-collinear predictors’ variables. I then separately investigate the quality of the regressions’ functions. As
assumed in my research question, my primary goal is to predict the presence (and therefore also the absence)
of the Norway spruce. Therefore, I will introduce the Tobit multi-regression, which is a statistical method used
to model the dependent variables, which are limited in their values range by a physical threshold (in our case
the zeroes, corresponding to the species’ absence). After this preparation, I will assess the quality of the
adjusted models through the predicted R-square (cf. 4.2.8. Assessment of the regressions’ functions). Finally,
I will select the models’ equations with the most reliable outcomes, and I will define a respective projection in
Arcmap, both for the present and the future climate scenario.

4.3.1. Filtering of the models’ predictors
To verify the observations made on the models’ validation section on the models’overfit, I evaluated if the
predictors were meaningfully linked to dependent variables of the models in the Training group. I checked the

30

This overfitting problem originates when the predictor are reproducing the noise within the training dataset,
instead of producing predicting their trend. This problem is common when the variables used have high intercorrelations. The over-fitted models are therefore characterized by an excessive R-squared but there is a
consistent loss of predictability outside of the training’s range.
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Pearson’s correlation (Rho) among the predictors and with the dependent variables using the ggpairs function
of the GGally package in R. I assessed if the regression’s coefficient had the same sign as the Rho values
between the dependent variables and predictors. Hence, I eliminated one by one the predictors that were not
coherently linked with the dependent variables. I repeated this test until all coefficients had the same sign as
the respective Rho values.
Then I investigated the correlations among variables. Usually, to prevent the model’s overfit, all predictors
must have a Rho value <0.6 (e.g. Zimmermann et al. 2016). By means of the ggpairs function, I eliminated
the variables which held excessive Rho values. I thus eliminated the predictor on Frost-drought damages from
the adult Norway spruce percentage’s models, because it held an excessive inter-correlation with the other
predictors. I also checked the plots between predictors and dependent variables to graphically assess their
relationship.
Since the models’ structure and predictors were very consistent among the Norway spruce’s models, I
performed this step in the models A1, C1 and R1_s. The resulting models were renamed by adding a “_adj”
suffix.

4.3.2. Introducing the Tobit regressions
After these considerations, I decided to assess the quality of the models by plotting the predicted values
(model’s output) against the actual values (input data). The Figures 16 show the predicted vs. actual values
generated using the adult Norway spruce cover’s model.

a)

b)
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c)

d)

Figures 16: the predicted values generated from different models’ versions plotted against the actual of the adult Norway
spruce's cover. The predicted values are generated with: a) Simple linear multi regression, b) Multi regression corrected
by “square rooting”, c) retransformation through quadratic square of the Multi regression corrected by “square rooting”
and d) Tobit multi-regression. The points in red, along the y-axis, indicate the projections where the input values are
equal to zero. The dashed green line represents the identity function (y=x).

We observe that the models’ values are tendentially smoother than the actual values. This is partly justified
because a correspondence between input and output data would imply an overfit, caused by excessive number
of predictive variables. Additionally, the problem caused by the models’ overfit will be prevented through a
further variable’s selection (see paragraph 4.3.3. Definition of the adjusted models).
In the Figures 16-a and 16-b we observe that the zeroes in the input data generate a wide interval of output
values. This implies a low accuracy of the models’ forecast of the Norway spruce’s absence. We observe that
the model corrected by “square rooting” (Figure 16-b) the dependent variable more reliably approximates the
identity function, implying a better approximation of the original data. Nonetheless, if I the squared rootcorrected models are back-transformed through the quadratic square for extracting the actual cover (Figure
16-c), then the distribution becomes even less reliable that the first approximation (e.g. Figure 16-a). Moreover,
the distribution of the zeroes (in red) and of the negative predictions would become meaningless, since any
negative value would turn positive.
For these reasons, I introduced a different regression function for approximating my data. I applied a Tobit
regression, which is a statistical method used for predicting linear regressions to censored datasets, i.e. datasets
where a certain value defines a physical limit to the distribution of the measurements (e.g. ETH Zürich, 2017).
The Tobit regression consists in a linear regression, where the values laying at an arbitrary limit (in my case,
when the Norway spruce percentage is equal to zero are projected as if they would be normally distributed,
even beyond the threshold limit (ETH Zürich, 2017). In my case study, we can assume that certain
combinations of climatic factors are more extreme than the threshold which determines the absence of the
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Norway spruce. Since it is impossible to measure negative values on the field, this model enables to better
estimate a linear regression including the Norway spruce’s presence and absence.
The distribution of the values predicted with the Tobit model are displayed in the Figure 16-d. The Tobit
regression projects a more accurate regression of the Norway spruce cover than the linear models shown
before. With a Tobit regression, the outputs of the zeroes (in red) are visibly lower than those of the other input
values. On the one hand, this shows that the Tobit model is more relyable in estimating the Norway spruce’s
absence than the other linear models. On the other hand, also the predicted values seem to provide a better
approximation of the input values shown through the green line (cf. Figures 16).

4.3.3. Definition of the adjusted models
The Table 9 presents the distribution of the Norway spruce’s presence and absence predicted by each different
model’s versions, either produced with the lm function or the Tobit tool of the Regr0 package in R (e.g. Stahel,
2013). The models of the Norway spruce are fed with the square-root of the alpenrose cover. Therefore, only
the model of the alpenrose cover corrected through square root was assessed. We observe that all dependent
variables have a high null ratio. As we have seen in the previous plots (see Figures 16) the “linear model”
function is generally unreliable to assess the Norway spruce’s absence. In fact, the negative predictions are
visibly less than the absences. In turn, the Tobit regressions have a much greater correctness in the prediction
of the species’ absence, at least from the point of view of the absence-ratio.
Table 9: Analysis of the predictions generated from the lm and the Tobit regressions. The Proportion (Prop.) refers to
the percentage of absence (nulls) in the Train dataset. In turn, the Difference (Diff.) is the difference between the
percentage of negative predictions and the nulls-Proportion.
Actual
values

Young spruce (VERJGESAFI)

Adult spruce cover (DGANTFI)

Alpenrose cover

Absence Presence

Absence

357
Predicted

187

Prop.
65.6%

356

Models A2

values

Presence

Prop.

Absence

Presence

Prop.

188

65.4%

420

124

77.2%

Models C2

Model R1_s

Negative

Positive

Diff.

Negative

Positive

Diff.

Linear

144

430

-40.5%

117

427

-43.9%

Square root

97

447

-47.8%

108

436

-45.6%

Tobit (linear)

352

192

-0.9%

364

180

1.5%

Tobit(square root)

363

181

1.1%

343

201

-2.4%

Negative

Positive

Diff.

147

397

-50.2%

436

108

2.9%

In the Table 9, we observe that the Tobit models (highlighted in green) show a ratio of presences and absences
in accordance to the original dataset. To have a comparison with the respective linear models, I decided to
project both models’s version in Arcmap for assessing the accuracy and the correctness of their prediction on
a separate Test sample.
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I defined the models’ projections following the same procedure exposed in the paragraph 4.2.8.2. Definition
of the models’ projections. Afterwards, I generated an output in a separate Excel document, where I calculated
the models’predicted R-squared*.

4.3.4. Calculating the Model’s correctness
To assess the correctness of the predictions, I created a confusion matrix for each model. The confusion matrix
is aimed to assess how many predictions on presence and absence are matching with the actual observations
in the test dataset. Afterwards, I calculated percentage of true observations, where both the predicted and the
actual presences or absences are corresponding (see Table 10).
The True predictions is calculated as M11+ M22 while False predictions are M12+ M21.
True presences are calculated as

M11
M11+ M21

* 100 and True absences as

Table 10: Confusion matrix M.

M22
M21+ M22

* 100.

Confusion matrix M
M11
M12
Predicted > 0
Predicted ≤ 0
Actual > 0
Actual > 0
M21
M22
Predicted > 0
Predicted ≤ 0
Actual ≤ 0
Actual = 0

Having ascertained that the Tobit regressions are more reliable for assessing the presence and absence (which
is coherent with my research question) I decided to project the future Norway spruce’s percentage using the
Tobit regression coefficients as a baseline. The projections were performed with and without the alpenrose
cover both for the rejuvenation and the adult forest. For this purpose, I used the coefficients from the Tobit
regressions of the regression’s equations A1_adj, A2_adj, C1_adj, C2_adj and R1_s_adj.

4.3.5. Projecting the present and future Norway spruce’s range
Coherently with the previous parts, I firstly imported all future climate rasters available into ArcMap. I selected
only the future scenarios based on the CLM model, which predicts a moderate climate change scenario with
an average temperature increase of 2.4°C in the Swiss Alps (cf. Abenis AG, 2019). The precipitation data
(snow and rain) were provided by Abenis AG, while I obtained the temperature data from the Prof. Zischg.
I firstly calculated the Tobit regression of the model Tobit_R1_s (i.e. the square-rooted alpenrose cover) with
the future variables (Average snow height maximum) using RasterCalculator.
Since the accuracy in the predicted R-squared* of the alpenrose cover was lower than zero (see paragraph
4.3.4. Calculating the models’ correctness, I decided to assign to all cells the average value of the alpenrose
cover’s instead. I therefore calculated the average alpenrose cover from the original dataset (train+test), only
with the plots where the species was present. I corrected this value with the “square-root”. Finally, I assigned
this correction to the output of the Tobit_R1_s model using the Reclassify tool and of the RasterCalculator.

57 | 158

On the one hand, I set to zero all negative outputs of the Tobit_R1_s model. On the other hand, I assigned the
average value of the square rooted cover 31 to all cells greater than zero.
I fed this output into both versions of the Norway spruce’s Tobit models created with the alpenrose cover
A2_adj and C2_adj. The models’ structure was maintained from the Tobit models previously produced with
the present climate (see paragraph 4.2.8.2. Definition of the models’ projections). The future climate data used
for the rejuvenation are the Precipitations in April-Mai and Snow ruptures. Meanwhile, for the Adult forest I
used the future Precipitations in April-Mai and Snow ruptures and Absolute continentality.

4.3.6. Final evaluation of the models
To assess the prediction’s change due to the (predicted) alpenrose cover, I also generated the respective Tobit
models built only with climate predictors A1_adj and C1_adj, both for the present and future climate scenarios.
Clearly, these models were generated with the same climate variables.
Finally, I produced a GIS visualization for all present and future models, with and without alpenrose. I choose
to classify the Norway spruce models through the following threshold levels:
- Negative values = absence
- 0-20% = sporadic presence
- 20-40% = co-dominant
- 40-60% = dominant
- > 60% = pre-dominant
Assumed the low models’ accuracy in determining the Norway spruce’s percentages, these categories must be
considered only indicatively.
For the alpenrose cover models, I simply choose to represent the absences (predicted values ≤ 0) and presences
(predicted values > 0).
I visualized the difference between the present and future Norway spruce presence predicted by the models.
Coherently with the previous statements, the presences in each model were defined with the conditional test
in Raster Calculator. The value “1” was assigned to the True cells (presences), while the value “0” was
assigned for those False (absence). The difference between the present and future climate was the evidenced
by subtracting of the rasters of the presences-absences (1-0) of the present model minus that of the future
model. Therefore, the resulting cell value “+1” implies a new presence were the species is currently absent
(Expansion), while the “-1” implies an absence from cells where it is currently present (Disappearance).
Since the Tobit regressions used to predict the future Norway spruce’s percentages were based on a slightly
different procedure (I fed the mean alpenrose cover in the presences assessed from Tobit regression of the
square rooted alpenrose cover), I re-assessed the models’ accuracy for the last time.
I performed the final evaluations on the Tobit models’ projections based on the present climate. I extracted the
models’ outputs on the Test sample using the Extract Multi Values to Point tool in ArcMap.

31

The value assigned was 3, because for some reasons the Reclassify tool only accepted entire numbers, despite the format
“double” and the option command “6 digits after the comma”.
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Firstly, I recalculated the predicted R-squared* value for all the present models of the Norway spruce
percentage. Using the Confusion matrixes, I also assessed the percentage of true predictions, as well as the
models’ ability to predict true presences and true absences. Secondly, I generated a QQ-plot to verify the
normality of the Residuals’ distribution. Thirdly, I tested the heteroskedastic distribution of the residuals (i.e.
if the variance of the residuals increases with the increasing fitted value) though a plot of the absolute residuals
against the actual values. Lastly, I checked if the expected error is distributed around zero by plotting the
residuals against the difference between the predicted and the actual values.
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5.

Results

In this chapter, I will present the main results from this research.

5.1.

Explorative analysis on the forest’s change

In this first part I analysed the changes of the Norway spruce stands in the study area.
Firstly, I assessed the current distribution of the Norway spruce in the region of Ticino and Moesano.
Particularly, I analysed the plots where this species was assessed during the NFI4. Secondly, I examined the
forest stands in the entire study area. I assessed the current presence of the Norway spruce in terms of basal
area, stem number and the percentage of this species on the total stem density. Thirdly, I quantified the changes
which are shaping the Norway spruce stand structure, mortality and rejuvenation forests.

5.1.1. The distribution of the Norway spruce
The Figure 17 allows to compare the altitudinal distribution
of the Norway spruce’s occurrence, assessed on one side in

2000

the young forest satellite (0-12cm DBH) and on the other

1800

that the species is present in a great range of elevations,
extending from 255 up to 2186 meters asl. In fact, even the
young trees are found above 442m. The greatest share of the
plots is found between 1100 and 1900 meters asl., with
85.54% of the adult Norway spruce trees. The mean
elevation of all plots where the species was assessed the
adult plot is 1448 meters asl. (SD=351) and in the
rejuvenation’s plot 1513m (SD= 329). In the upper elevation

Elevation [meters a.s.l.]

side in the adult circle-plot (12+ cm DBH). We can observe

1600
1400
1200
1000
800
600
400
200

especially above 1800 meters asl. This may indicate a

0%
10%
20%
% of the total number of Norway spruce
trees assessed
Norway spruce assessed in one Young forest satellite

progression of the Norway spruce in the higher elevation

Norway spruce assessed in the Adult tree plot

belts, we observe a higher proportion of the young trees,

belts. There is an abrupt change between 1700 and 1800
meter, where the adult spruce’s proportion is much higher.
Likewise, between 1100 and 1500 meters there is a higher

Figure 17: distribution of the Norway spruce along
100 meters altitudinal belts, calculated as the
percentage of all Norway spruce’s trees assessed in
the NFI4 plots. Data referring to Ticino and Moesano.

proportion of the adult trees.
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distribution in relation to the slope. The
highest slope where one Norway spruce
sapling was assessed is 303% (71.74°),
while 11 adult trees and one sapling where
assessed in a plot with a slope of 178%
(60.67°). Despite these outlayer are not
represented in the Figue 19, they are still
emblematic of the adaptability of this
species to the steep mountain landscapes
of the Southern Swiss Alps. 81.93% of the
adult trees are found on slopes between 30

% of the total number of Norway
spruce trees assessed

The Figure 18 displays the trees’

Slope [%]

30%

15%

0%

0 10 20 30 40 50 60 70 80 90 100110120130140
Norway spruce assessed in the Adult circla plot
Norway spruce assessed in one Young forest satellite

Figure 18: distribution on 10% slope classes of the percentages of the
total number of Norway spruce trees assessed within the respective
survey area. Data: NFI4, Ticino and Moesano.

and 90% (17 to 42°), while only 5.04% are
found on flatter areas.
The classes of exposition of the plots
where the Norway spruce is present are
shown in the Figures 19. Like in the two
previous

cases,

there

is

a

great

correspondence between the adult and
young trees. Interestingly, the greatest
number of plots with adult Norway
spruces are situated in South-West
exposition (18.8%), and more than half of

Figures 19: distribution in 8 aspect’s classes of the number of plots
indicating the Norway spruce presence, both in the adult circle-plot
(left)
and
in
the
young
forest
satellite
(right).
Data: NFI 4, Ticino and Moesano.

the total plots (52.1%) are either in North, East or South-West expositions. This pattern is most likely related
with the orography of the valleys in the upper Ticino and Moesano, which determine that many NFI plots are
located in these particular expositions. Finally, in the West and South expositions there is a visible exceedance
of the rejuvenation ratio compared to the adult ratio of respectively 5.12% and 1.71%.
The Figure 20 shows the geographical distribution of the Norway spruce. The dots represent the species’
percentage calculated through the PSDI, as defined in the section 3.1. The NFI variables, referring on all the
adult forest’s surveys where the species has been assessed in the NFI4.
On the one hand, we see that the species’ range corresponds very neatly with the NaiS Eco-Regions 4 and 5a.
In these areas, the species occurs in the vast majority of the mountain slopes. On the other hand, we observe
that the species is almost entirely absent from the area corresponding to the NaiS Eco-Regions 5a* and 5b,
although the few points occurring in these areas are artificially planted, like those on the Cassarate’s river basin
(e.g. Ceschi 2014).
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Figure 20: the percentage of Norway spruce on all the adult plots within the study perimeter, calculated as the relative
percentage of this species on the total Stand Density Index (SDI).

In the Figure 20 we observe that the highest percentages of the Norway spruce are found in the inner Alpine
valleys. The Val Poschiavo shows an almost uninterrupted continuity of the forests dominated from the
Norway spruce, with the only exception of the southernmost portion in the Val dal Saent. The Val Mesolcina
has a very high Norway spruce’s percentage in the uppermost part, which remains very important along the
right hydrographic slope until Soazza: at this point the species disappears from the right and appears in the left
hydrographic slope, with a dense cluster between Val della Forcola and Val D’Arbola. In the inferior portion
of the Val Mesolcina the species’ percentage is visibly lower, unless in some isolated groups in the upper forest
belts, especially on the left slope of the Val Traversagna. Similarly, in Val Calanca, the species is very present
in the uppermost portion above Valbella, then its percentage strongly decreases (but remains present) until
Selma Landarenca, from where it returns very dominant on both sides of the valley. In Ticino, the low
resolution of the forest surveys makes it difficult to interpret the result. However, we observe that for the
North-Eastern Ticino the Norway spruce’s percentage is visibly higher northwards of Biasca, although stands
dominated from this species are punctually found until the boundary with the Norway spruce free areas. Also
in the uppermost part of the Val Leventina, i.e. in Val Bedretto, the species’ percentage is visibly lower. In the
Eastern Ticino, we observe consistent stands in the Valleys of Bosco Gurin, Campo, Lavizzara and Onsernone,
while in the remaining areas the species’ percentage is generally low.
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5.1.2. Changes in the Norway spruce stands’ structure
According to the NFI 2 and 4 data, the Basal area and Stem density of the Norway spruce stands are
sensibly increasing (see Table 13). The Stand Density Index (SDI), an indicator commonly used for
assessing the capacity of mountain forests to provide a protective service (e.g. CH2014 Impacts, 2014), is
registering a positive increase in the forest stands where the Norway spruce trees occur. These positive trends
assessed with the aggregate means do not necessarily imply that the Norway spruce stands are stable. The same
growth is also seen with the number of dry trees, which are related to the tree mortality. In fact, the standard
deviation values of the stands’ changes (corrected through the covariances) indicate important variations on
the single measurement. Therefore, the general positive changes are representative for the study area, but the
variability of the values is too high for characterising the trends at the individual plot scale, which may
experience more abrupt changes.
Table 11: the stem number and the basal area of Norway spruce forests are increasing, as do the number of dry-standers
and the Stand Density Index (SDI).

NFI 2
Mean
SD

Mean

NFI4
SD

CHANGE
Mean
SD

Basal area
pro hectare
[m2/ha]

Living

20.10

16.97

20.53

18.82

+0.39

10.77

Dry

0.69

1.91

0.86

2.59

+0.28

2.78

Stem number
Pro hectare
[n/ha]

Living

229.43

13.16

231.95

13.45

+32.32

168.09

Dry

223.43

41.88

231.37

44.86

+2.33

33.02

SDI

-

552.42

285.92

613.79

339.57

+61.37

254.94

The incongruence between the difference in mean values at the NFI2 and NFI4 and the actual mean change is
due to the fact that the Norway spruce was assessed in many areas where it was not present earlier, and thus
these plots are not considered as Norway spruce forests during the NFI2.
The Figures 21 indicate the median and distribution at the 95% confidence intervals of the increase in the adult
Norway spruce’s basal area and stem density. The basal area change shows positive median values at all
elevation belts. A significant basal area increase is registered at the high-montanes (mean=+3.37, SD=12.57),
subalpine (mean=+4.11, SD=9.53) and upper subalpine (mean=3.59, SD=4.96) elevation belts. The colline
belt with beech trees also shows a modest but significant increase (mean=+2.62, SD=2.28), while the change
at the colline (mean=+0.04, SD=6.65) and lower/upper montane (mean=+2.35, 10.71) belts are nonsignificant. The highest median growth is registered at the high-montane belt, although several negative
outliers reasonably reduce this positive trend. There is a progression from the main area of the silver fir
(mean=+2.89, SD=14.26), through the secondary area of the silver fir (mean=+3.57, SD=10.95) and the
maximum by the relict area of the silver fir (mean=+4.66, SD=9.58). An ANOVA test on these three areas
indicates no statistically significant difference between the ranges of the silver fir (p-value=0.644).
The stem density change projects to some extent a more moderate perspective: none of the elevation belts
shows any significant change at the scale of the study area. Despite this, we can notice a more pronounced
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reduction of the Norway spruce’s stem number at the colline belt (mean=-27.54, SD=69.99), while the highest
increases are registered at the upper subalpine (mean=+58.43, SD=119.45) and subalpine belts (mean=+50.19,
SD=163.98). Also in this case, an ANOVA test evidences no statistically significant difference between the
three high-montane belts (p-Value=0.789). The mean increase at the high montane belts is, therefore, of +27.9
plants per hectare (SD=176.9).

Figures 21: the overall change of the Norway spruce’s stem number per hectaree (left) and basal area (right) between
NFI2 and NFI4 is shows positive means (showed by the trend line) at all Elevation Belts, evaluated on the field according
to Frehner et al. (2005). The order is alphabetic, though the sequence of the legend from left to right is coherent with the
mean elevation unless for the Lowe/upper montane belt, which is below High-montane belts.

A two tailed Pearson’s correlation between the basal area and stem density change of .626 (p-Value<<0.01)
shows an association between these two variables. However, the consideration made on the Figure 21 shows
that these two variables are subject to different processes along the elevation belts.
The favourable growing conditions at the high-montane belt are perhaps the reason for this peak. Similarly,
the reduction in basal area change between the subalpine and upper-subalpine belts is probably caused by the
shorter vegetative season and severe stand conditions at higher altitudes.
In order to test if the exposition plays an important role in the change of Stem density and Basal area, I
performed an ANOVA test between the forest stands with an exposition SE-S-SW and those NE-N-NW. I
found that both the change in Stem density (p-Value=0.043) and Basal area (p-Value=0.046) are slightly but
significantly correlated with the exposition.
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Consistently with the distribution shown in
the Figure 22, the important Stem number
and Basal area increase at the upper
subalpine and subalpine elevation belts
corroborate the theory of the rising forestline. The sources of this change are likely
related to the abandonment of the alpine
pastures, progressively regained by the
forest, and to the changing climate. The
forest-line hypothesis is sustained from the
evidence that the increase in the number of
Norway spruce’s trees is stronger at the
southern

expositions

(p-Value=0.0126), Figure 22: change of the Norway spruce stands’ structure at the
where the treeline may react more rapidly in subalpine and upper-subalpine elevation belts plotted against the

aspect, converted Northness according to Shermann (2005). The linear

consequence of the climate warming, since it regression line shows the positive association between southern
is less subject to other disturbances such as

exposition Stem number per hectare.

avalanches (see Figure 22).
An additional indicator which was used to assess the impact of the geographic site-condition on the Norway
spruce’s growth are the NaiS Eco-Regions (cf. Frehner et al. 2005). The Tables 12 and 13 resume the main
developments in the Norway spruce’s stands at different elevation belts in the forest Eco-Regions, where this
species occurs. The boxplots reported below the Tables should help the reader in visualizing the trends
registered in the changes of Basal area (Figure 23) and Stem density (Figure 24) at different elevation belts in
the main forest Eco-Regions.
The first thing that we see on the Table 12 is that there is an uneven distribution in terms of number of plots,
both considering the elevation belts and the forest Eco-Regions.
We observe that 867 plots were totally registering the Norway spruce. Of these, only five plots were located
in the Pre-Alps with Norway spruce outposts (Eco-region 5a*). For this reason, in the boxplots below I reported
only the Intermediate Alps (4) and Pre-Alps with Norway spruce (5a).
If we have a look at the boxplots of the previous page (Figure 21) we see that the altitudinal distribution of the
Norway spruce stands is also very consistent with the respective changes in Basal area and Stem density shown
in the Figures 23 and 24.
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Table 12: overview of the changes in Norway spruce’s Basal area pro ha from the NFI2 to the NFI4. The rows in bold
are in the forest Eco-Regions, each subdivided in elevation belts (by Frehhner et al.2005) where the species is present.
Nr. of
Nr. of Change Picea
Change Picea
plots
plots
abies’ Basal
abies’ DrySD
SD
Elevation Ecoarea
standers
[m3/ha]
[m3/ha]
Belts
Regions
Southern intermediate Alps
554
4.28
9.87
0.11
1.82
colline
4
-0.25
2.37
0.00
lower/upper montane
9
5.37
4.16
0.22
1.04
high-montane (main area of silver fir)
98
4.20
13.14
0.29
2.91
high-montane (relict area of silver fir)
136
3.57
10.95
0.11
1.60
high-montane (secondary area of silver fir)
53
4.66
9.58
0.14
2.16
subalpine
184
4.94
8.74
0.05
1.37
upper subalpine
70
3.86
5.06
-0.03
0.91
Southern Pre-Alps with Norway spruce presence
303
1.78
12.18
0.60
3.99
colline
9
0.17
8.01
0.58
1.73
colline with beech
7
2.56
1.55
0.11
0.30
lower/upper montane
116
2.14
11.03
0.06
1.84
high-montane (main area of silver fir)
98
1.57
15.24
0.56
4.90
subalpine
57
1.41
11.48
2.00
5.80
upper subalpine
16
2.39
4.63
0.06
1.24
Southern Pre-Alps with Norway spruce outposts
5
0.78
7.95
0.84
1.52
colline with beech
1
7.90
0.00
lower/upper montane
2
-7.20
5.52
2.10
1.98
subalpine
1
6.80
0.00
upper subalpine
1
3.60
0.00
Southern Pre-Alps free from Norway spruce
5
4.64
7.62
-0.64
1.43
colline with beech
3
1.00
0.87
-1.07
1.85
lower/upper montane
2
10.10
11.46
0.00
Total study area
867
3.39
10.77
0.28
2.78

Basal area change

Figure 23: overview of the Norway spruce’s Basal area change along the elevation belts in the main forest ecoregions.
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Table 13: overview of the change in Norway spruce’s Stem number pro ha from the NFI2 to the NFI4. The rows in bold
are in the forest Eco-Regions, each subdivided in elevation belts (by Frehhner et al.2005) where the species is present.
Change Picea
Change Picea
Nr. of
abies’ Stem
abies’ Dryplots
SD
SD
standers
density

Stem density change

[n/ha]

[n/ha]

Southern intermediate Alps

554

colline
lower/upper montane
high-montane (main area of silver fir)
high-montane (secondary area of silver fir)
high-montane (relict area of silver fir)
subalpine
upper subalpine
Southern Pre-Alps with Norway spruce
presence
colline
colline with beech
lower/upper montane
high-montane (main area of silver fir)
subalpine
upper subalpine
Southern Pre-Alps with Norway spruce
outposts
colline with beech
lower/upper montane
subalpine
upper subalpine

4
9
98
136
53
184
70
303

50.25
63.89
55.79
40.66
20.55
51.22
59.36

9
7
116
98
57
16
5

-39.78
11.43
-3.03
3.36
42.47
51.75

1
2
1
1
5

250.00
-110.00
300.00
100.00

3
2

0.00
35.00
32.32

Southern Pre-Alps free from Norway spruce
colline with beech
lower/upper montane
Total Study area

164.99

1.94

30.89

108.01
160.62
191.32
217.39
150.12
158.08
124.09

0.00
22.22
2.14
5.72
1.72
0.98
-0.71

44.10
44.77
39.46
28.64
21.74
22.28

172.72

2.94

36.99

49.25
48.45
187.20
170.15
181.31
103.98

13.33
7.14
-1.86
4.65
6.35
7.50

40.00
18.90
27.14
42.48
47.61
20.82

194.63

14.00

21.91

42.43
-

0.00
35.00
0.00
0.00

21.21
-

31.30

-4.00

8.94

49.50
168.09

-6.67
0.00
2.33

11.55
33.02

Figure 24: overview of the Norway spruce’s stem density change along elevation belts in the main forest Eco-Regions.
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5.1.3. Change in the Norway spruce’s mortality
In order to analyse the changes of the Norway spruce’s mortality rate between the NFI2 and NFI4, I observed
the patterns associated with the dry-standers assessed in the adult forest circle-plots. The dry-standers are dead
trees, which are decomposing in standing position. The dry-standers are very commonly killed by natural
phenomena due to senescence, light concurrence or pests. In particular, the Norway spruce trees attacked by
the bark beetles (f.e. Ips typographus) in the timeframe of 12-22 years between the second and fourth NFI are
very likely to be accounted as dry-standers. The Figures 25 present the topographic position of the NFI plots
which reported a change in the basal area and stem number of Norway spruce’s dry-standers from the NFI2
to the NFI4. The dry-standers are found at all expositions and elevations where the Norway spruce occurs.
The patterns between stem number and basal area of are only partly corresponding.

Figures 25: Changes in Norway spruce's dry-standers assessed on the NFI plots plotted as a relationship of the Elevation
(y-axis, in Metes asl) and Northness (x-axis, calculated according to Shermann, 2005). The facets represent the main
forest Eco-Regions, according to Frehner et al. (2015). The point size and colour represent the change of the total drystanders’ Basal area (images left) and total dry-standers’ Stem number (images right).

The blue clusters show the positions where an important increase of dry-standers occurred. A cluster of dry
trees’ number in the Southern Intermediate Alps is found at the North exposition. The relatively small impact
of this cluster on the basal area of the dry trees indicates that these trees were of rather small size. We can
therefore interpret this pattern by linking the death’s cause is more with the light competition. The larger cluster
of dry-stander’s basal area increase visible in the Southern Pre-Alps with Norway spruce presence, in turn,
does also not correspond with a cluster in stem number change, indicating that the trees concerned where of
rather bigger size. The increase of old spruce trees’ mortality could be an indication that these trees have rather
died in consequence of the natural senescence or bark beetle outbreaks. This representation provides an
interesting tool for assessing the topographic patterns linked to the natural Norway spruce’s mortality.
By applying the Excel’s one-way ANOVA, I investigated if the Stem number, Basal area or Mean diameter of
the Norway spruce’s trees which died (and are still present as dry-stander) between NFI2 and NFI4 is
depending on the exposition. Neither the mean Stem density (p-Value=0.13), the Basal area (p-Value=0.60)
nor the Mean diameter (p-Value=0.61) of the novel standing dead trees is significantly correlated with the
exposition.
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Then, I analysed the change of stand structure and mortality in the Norway spruce stands at the high-montane
elevation belts within the tree main regions of the silver fir’s range (see Table 14). The idea behind this analysis
is to assess whether the continentality gradient influences the Norway spruce’s mortality at the High-montane
elevation belt.
This analysis shows that there is no significant difference between the main silver fir ranges, whether of the
changing number of dry-standers (p-Value=0.805) nor in the change of their basal area (p-Value 0.627). The
Table 14 resumes the differences between the High montane elevations previously discussed. These evidences
suggest that there is not a strong geographic pattern between the change of the stand structure and mortality of
Norway spruce trees in the occurrence regions of the silver fir.
Table 14: Changes in the Norway spruce stands between NFI2 and NFI4, along the occurrence regions of the Silver fir.

[n/ha]
[m3/ha]

Basal
area

Stem
density

Mean change in
stands’ structure

Main area of
silver fir

SD

Secondary area
of silver fir

SD

Relict area of
silver fir

SD

ANOVA’s
p-Value

Living trees

29.6

182.5

40.7

217.4

20.6

150.1

0.769

Dry-standers

3.4

43.5

5.7

39.5

1.7

28.6

0.644

Living trees

2.89

14.26

4.66

9.58

3.57

10.95

0.805

Dry-standers

0.42

4.03

0.14

2.16

0.11

1.60

Nr. of Plots

196

53

0.627

136

5.1.4. Changes in the Norway spruce’s rejuvenation
The Norway spruce’s rejuvenation in the young forest satellites was assessed. The Table 16 shows the mean
and median of the number of the Norway spruce’s seedlings and saplings per hectare extrapolated from the
NFI’s young forest satellites. The NFI2 has been reported twice because firstly, the mean between the number
of plants in the young forest satellites -where two of them were present- was considered, and secondly only
the same satellite reported in the NFI4 was considered. If nothing was present in the NFI4, I took the average
between the two satellites of the NFI2.
We observe that the mean number of seedlings, where the Norway spruce was assessed, are extremely high.
These values drop considerably if we consider the median of the plants’ number, especially if we include on
the calculations also the plots where the species was not observed. For example, the mean of the Norway
spruce’s seedlings on the NFI4 plots is 5019.4, but the median value is zero.
The number of plots is an indication of the frequency of the of Norway spruces’ rejuvenation. The total number
of NFI plots where the Norway spruce seedlings have been assessed is 129, while the saplings appeared in 164
plots. We derive that seedlings have appeared in 12 and sapling in 63 satellites where they were previously
absent. In contrast, in the Table 15 we observe a considerable drop in the number of satellites where the Norway
spruce seedlings are present: from 117 to 29. Considering the apparition of seedlings in new plots, we can

69 | 158

therefore conclude that only 17 plots where the seedlings were assessed in the NFI2 still possess them 13-24
years later, in the NFI4. This corresponds to merely 14.5%.
Table 15: mean and median number per hectare of the Norway spruce's living young trees (rejuvenation), extrapolated
from the young forest satellites of the NFI2 and NFI4.

Mean 1

Median2

SD2

Nr. of
plots1

NFI2

seedlings

3730.9

1062

5697.3

117

same satellite

saplings

1581.0

708

1323.8

101

seedlings

5019.4

0

3757.0

29

saplings

960.4

199

982.4

110

NFI4
1

2

NFI plots where the Norway spruce was assessed on the current young forest survey
of all plots where the seedlings (or the saplings) occurred either in the NFI2 or in the NFI4

A comparison through a one-way ANOVA shows that there is a statistically significant difference between the
aggregate mean of the Norway spruce’s living seedlings and saplings number in the NFI2 and NFI4 (see Table
16). The reference samples consider all the NFI plots where respectively the Norway spruce’s seedlings or
saplings have been assessed at least once. The difference is also representative if we consider only the Norway
spruce’s trees from the satellites which have been assessed twice. The lower significance by the saplings
indicates that this change may have been stronger by the seedlings than the saplings.
Table 16: analysis of variance between the number of living Norway spruces assessed in the young forest satellites of the
NFI 2 and NFI4. Again, the analysis was repeated on the average between both NFI2 young forest satellites -if presentand the satellite which is re-assessed on the NFI4.

Anova between NFI2 and NFI4

Anova’s significance

seedlings

0.000398***

saplings

0.0134*

same satellite
p-values: * <.05, ** <.01, ***<.001
I then analysed the mean and median values of changes in the number per hectare and percentage of the total
rejuvenation (including other tree species). The difference has been calculated only between the young forest
satellite where the species was reported in both NFIs. The values refer to the number of NFI plots with
seedlings or saplings. The outcomes confirm the reduction of seedlings and saplings expected from the
previous considerations.
Table 17 : the difference in Norway spruce’s living seedlings and saplings per hectare in the NFI2 and NFI4, calculated
either with the mean between the two satellites assessed in the NFI2 or with the same satellites re-assessed both surveys.

Change
NFI2 to NFI4
mean satellite

same satellite

seedlings

Mean
change
-1974.74

Median
change
-708

SD
6678.399

saplings

-435.156

-509

1644.002

seedlings

-2018.38

-708

6754.014

saplings

-312.355

-111

1658.584
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Since the Table 17 shows that the changes are consistent both if we consider the same satellites or the mean
value between the satellites, I performed a more comprehensive analysis of the spatially explicit relationship
between the changes in the rejuvenation and the topography, soil water availability and climate parameters. I
calculated the Pearson’s correlation coefficients, but none of the variables used showed any statistically
significant correlation 32.

4000

Lastly, I assessed the change though time of in
the number of Norway spruce’s young trees
(seedlings+saplings) damaged by browsing

y = 0.051x - 750.05
R² = 0.0399

2000

animals. The slightly positive trend presented in
the Figure 26 is not suitable for further statistical
considerations since it relies on a very limited set

0
31.01.1993

10.10.2006

18.06.2020

of measurements. Correspondingly, also the Figure 26: linear trend of the Norway spruce's
indicators concerning the dead seedlings and seedlings+saplings per hectare damaged by browsing game.
saplings were excluded, since their number is too exiguous for a robust statistical analysis.
The rejuvenation’s data from the young forest satellites revealed very complex for a reliable analysis of the
Norway spruces’ development at the scale of the study area. Fortunately, in the NFI4, an additional set of
indicators concerning the forest’s rejuvenation was introduced. The percentages of each main tree species in
the forest’s cover and on the total rejuvenation were estimated by the NFI collaborators on the 50x50meters
perimeter surrounding each NFI plot. Despite these data are not comparable with other NFI surveys, these
indicators allow to analyse the factors acting on the forest’s rejuvenation and to compare different tree species
in a more reliable and straightforward way, as presented for example in the Figures 27.

0%

100%

y = -0.5004x + 0.4037
R² = 0.0586

0%

Rhododendron ferrugineum
Cover

100%

Larix decidua rejuvenation
proportion

Picea abies rejuvenation's
proportion

100%

0%

y = 0.1163ln(x) + 0.7124
R² = 0.2005
0%

Rhododendron ferrugineum
Cover

100%

Figures 27 the Norway spruce (left) and European larch (right) rejuvenation's percentage are plotted against the rustyleaved alpenrose's cover. The Norway spruce is best described with a negative linear regression line, while the European
larch with a positive logarithmic line.

32

Because of an error while importing the data in Arcmap, the climate indicator concerning the wet-snow depositions
initially showed a very significant correlation with the reduction of the Norway spruce’s regeneration. This mistake lead
me to further investigate the link between the Norway spruce and the snow fungi. This explains the reasons why I have
chosen to analyse the rust-fungus C. rhododendri for the second part of this thesis.
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The Figures 27 present that the percentage of the Norway spruce’s rejuvenation is negatively related with the
cover of the rusty-leaved alpenrose, while the percentage of the European larches’ rejuvenation seems to
strongly positive related with this factor.
This indication seems to suggest that the Norway spruce’s rejuvenation is harmed by the rusty-leaved
alpenrose’s presence, while the larches’ rejuvenation visibly seems to take advantage from this factor. The
dynamics linked with these interesting processes will be analysed in more details in the second part of this
thesis.

5.2.

Assessment of the Alpenrose’s effect on the Norway spruce

In this section, I will present the outcomes of the assessment on the relationship between the Norway spruce
and the alpenroses (Rhododendron spp.). In this analysis, I will address my second research question, i.e. what
is the role played by the alpenroses (Rhododendron spp.) in the Norway spruce’s stands of the Southern Swiss
Alps? For investigating the link between those species, I will present an arrangement of analytic and modelling
approaches, to assess different aspects of these phenomena more holistically. I will start with a
contextualisation by describing the co-occurrence of the alpenrose and the Norway spruce on the NFI plots. In
the core part, I will generate a multi-linear regression to define the link between the percentage and the cover
degree of the Norway spruce in the NFI4 with the main climatic, edaphic and topographic factors which permit
to describe its current presence. Finally, I will perform a “Likelihood-Ratio Test”, which means that I will
investigate if the alpenrose’s cover substantially reduce the Norway spruce’s presence, both in the adult and
rejuvenation layers, in a way that cannot be associated to any other of the factors considered.

5.2.1. Analysis between the species’ occurrences
The rusty-leaved alpenrose (Rhododendron ferrugineum) is an evergreen shrub typical of the alpines and upper
subalpines landscapes. Together with the other main alpenrose’s species of the Swiss mountains (R. hirsutum
and R. x indermedia) it is one of the most important vectors of the needle bladder rust disease, carried by the
rust-fungus Chrysomyxa rhododendri.
This rusty-leaved alpenrose was totally registered in 261 plots of the NFI4. The range where the rusty-leaved
alpenrose has been assessed in the Study area (occurrence assessed in of the NFI surveys) is located at a mean
elevation of 1661 meters asl (SD=333). The mean exposition is centred at an exposition of +/-76.5 Azimuth°,
corresponding to Northness value of 0.23 (SD=0.65), calculated according to Shermann (2005). If we consider
only the plots where the cover degree of Rhododendron ferrugineum was assessed in the main forest’s stand
on the NFI3, we observe that this species was accounted 182 times 33. In contrast, the other main alpenrose
species, Rhododendron irsutum, was assessed only once in the soil vegetation of the NFI3. However, in this
The Figure 28 shows the percentage of the rusty-leaved alpenrose on the total soil vegetation present in the
main forest stands on the NFI3 plots. This variable is represented in relationship with the elevation (y-axis),

33
The difference with the previous number is because the occurrence in the NFI4 determines if the species is present in
any part of the NFI4 survey, while the alpenrose’s cover degree of the NFI3 is only indicated if the species was accounted
in the survey of the soil vegetation within the main forest stand.

72 | 158

exposition (x-axys), forest Eco-Region (facets) and the main geologic substrates (colour) assessed from the
Rock Genesis map 1:100’000 (cf. Annex 3-B). In Figure 28 we observe, on the one hand, that the species
occurs mainly in the Intermediate Alps (NaiS region 4) and in the Pre Alps (NaiS regions 5a). On the other
hand, we see that alpenrose seem to grow at lower elevations in the NaiS regions 5a and 5b. This observation
may suggest that the alpenrose finds a favourable niche only in the upper forest limit in the continental areas,
while it can potentially grow at lower elevations in more oceanic stands where, in turn, the Norway spruce is
less present.

Figure 28: The geologic substrates under which the rusty-leaved alpenrose occurs. The y-axis in each plot represents the
elevation, while the x-axis in each plot presents the linearized Northness, where 0 represents the South and 125 the North.
The scatterplots are divided in the main forest Eco-Regions according to NaiS (Frehner et al. 2005). The colours of the
points represent the geologic substrate, extracted from the “Rock Genesis” map of the Geologic Atlas 1:100’000
(©Swisstopo). The points’ size is proportional to the percentage of Rhododendron ferrugineum on the total soil vegetation
assessed in the main forest stand of the third NFI.

Generally, we observe that the lower the elevation, the more the alpenrose is restricted to the northern slopes.
The greater rusty leaved alpenrose’s percentages are found on geologic substrates based on Metamophic rocks,
where both the Metasediments and Metamagmatites are equally accounted (see Figure 28). In addition, we can
consider that the Metamophic rocks include mainly acidic substrates, because the dolomitic rocks are
accounted on the category of the Biogenetic rocks (see Annex 3-B). Because of the rough scale of the geologic
layer used, the links with the geologic substrates are just indicative. However, the pattern presented is in
contrast with the assumption made by Frehner et al. (2015) that the species predominantly occurs on paragneiss
rocks, which are among the Metasediments. In the Figure 28, we observe that other important geologic
substrates where the species is present include the Magmatic rocks and the Clastic sediments.
The Figures 29 presents the geographic distribution of the alpenrose in parallel with the cover degree of the
established Norway spruce’s rejuvenation (Figure 29-A) and its cover degree in the upper forest layers (Figure
29-B). For a larger representation, refer to the same maps attached in Annex 2-F and in Annex 2-G. We observe
that the species ranges are very distinct: the alpenrose predominantly occupies the upper elevation belts and
the areas of the Lepontine valleys (Onsernone, Vallemaggia and Verzasca), especially in the areas included in
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the Pre-Alps with Norway spruce outposts. The alpenrose’s presence in the other forest Eco-Regions is mostly
located in the upstream part of the valleys and near the alpine meadows, especially in the places where the
Norway spruce is absent or rare. The same pattern can be also visualized for the Norway spruce’s range, which
is mostly present with a higher cover degree where the alpenrose is absent.
A)

B)

Figures 29: Cover degree of the target species within the main forest stands of the corresponding NFI plot. In orange,
the alpenroses (Rhododendron ferrugineum + R. hirsutum) in the NFI3 plots. A) In blue, the cover degree of the
Norway spruce’s rejuvenation (saplings with DBH between 0-12 cm). B) In grey, the cover degree of the Norway
spruce in the upper forest layer. The Norway spruce’s data refer to the NFI4. A transparency of 60% was used to show
the plots where both species co-occur. Background images: SWISSIMAGE25m (© Swisstopo).
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The Table 18 shows that of 183 plots indicating a certain Alpenrose’s cover, 79 are also assessing the Norway
spruce in the young forest, while only 61 show the presence of species in the adult canopy layer. Most of the
plots in which those species coexist are located in the NaiS regions 4 and 5a, where 65.4% of the plots with
alpenrose’s also assessed the Norway spruce in the rejuvenation, while only 46.1% included the species in the
adult layer. Meanwhile, the ratio of Norway spruce occurrence strongly decreases in the NaiS regions 5a* and
5b, where adult and young spruces are present respectively in 2.2% and 8.9% of the plots with alpenroses.
Table 18: Number of NFI-plots where Picea abies and Rhododendron ferrugineum co-occur. The values are obtained by
intersecting the plots where the alpenrose’s was assessed in the survey of the vegetation in the NFI3 with the presences
of the Norway spruce assessed in the main forest stands of the NFI4.

Forest Eco-Regions

Plots with

Plots with

Plots with

Alpenrose

alpenrose and

alpenrose and spruce

adult spruce

rejuvenation

(3) Continental Alps

3

1

0

(4) intermediate Alps

72

34

47

(5a) Pre-Alps with Norway spruce presence

55

25

28

(5a*) Pre-Alps with Norway spruce outposts

42

1

4

(5b) Pre-Alps free from Norway spruce

3

0

0

183

61

79

Total

Data for alpenrose are from the NFI3, for the Norway spruce from the NFI 4.

I assessed the link between the alpenrose cover with the variables indicating the percentages and the cover
degrees of the Norway spruce, both in the established rejuvenation and in the adult layer. This link can be
visualized in the Figure 30. The scatterplots
display a visible negative association between the
Norway spruce and the alpenrose cover. We see
that the percentages and cover degrees of the
Norway spruce are always visibly lower where
the alpenrose is consistently present. A certain
rejuvenation is present even in the plots with a
substantial alpenrose cover, while the adult
Norway spruce is assessed only once - and in an
exiguous quantity - in plots with a substantial
alpenrose’s cover degree (> 1/3).
The Table 19 indicates the Pearsons’ correlation Figure 30: Relationship between the Norway spruce variables (y-

axis) and the alpenrose’s cover degree (x-axis). The red line are

coefficients linking together the target variables the linear trend and the blue interval represent the uncertainty
on the Norway spruce with the alpenrose cover.

range. The Norway spruce absences are not considered.
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We observe that the Norway spruces assessed in the upper forest layers has very significant negative
correlations with the alpenrose cover, both in the mixture and cover degrees. The mixture degree of the Norway
spruce in the rejuvenation layer is significantly correlating only in the young forest mixture, while
rejuvenation’s cover degree does not show any significant p-Value. However, the correlations values are
always negative, indicating that these variables are inversely proportional, i.e. that by a high alpenroses’ cover
degrees there is tendentially a lower percentage and cover degree of the Norway spruce.
Table 19: Pearson's correlations between the Norway spruce and the alpenrose’s cover degree.

Young spruce
mixture

Young spruce
cover

Adult spruce
mixture

Adult spruce
cover

-.076*

-.057

-.111**

-.117***

.032

.107

.002

.001

Pearson’s
correlation
p-Value
(2-tailed)

Signif. codes: ‘*’ p-Value < 5% ‘**’ p-Value < 1% ‘***’ p-Value < 0.1%

These negative correlations do not imply any causal relationship. In fact, many external factors may be
responsible for the decrease of the Norway spruce, for example the climate, the topography and the soil type.
I therefore assessed this link with a more holistic approach, comprehensive of these external factors.

5.2.1. The alpenroses’ influence on the Norway spruce
After this preliminary analysis, I generated multiple regression equations of the Norway spruce mixture degree
and cover degree using the general linear model function lm() in R. The exact procedure is extensively
discussed in the respective Procedures section (see paragraphs 4.2. Assessing the connection with the
alpenroses). In the analysis of the predictive variables I selected indicators on topography, soil water
availability and an all-embracing list of climate variables (see Annex 4-B). The predictive variables were
selected through a clustering algorithm based on the principle of the Principal Component Analysis (PCA).
The variables within each cluster showing the greatest Spearman’s correlations with the target variables were
selected. Since the topographic variables were strongly correlating with the climate variables, the latter were
maintained. The regressions’ equations were therefore generated with a combination of climatic predictors and
an indicator on the soil water availability. Since many independent variables were overfitting the regression
models, I firstly eliminated one by one all predictors with the lowest significance in the regression’s equations.
I then kept the models’ versions with the highest adjusted R-squared values, which should represent the best
estimation of the dependent variables. Since the multi-linear regression equations showed a substantial
improvement by “square-rooting” the target variables, the regression versions with and without square roots
were examined in parallel.
Finally, I evaluated if the alpenrose cover can substantially improve the regressions fitted on the Norway
spruce percentage and cover degree, both in the rejuvenation and canopy layers. The models’ improvement
was assessed with the increase of the models’ R-square value, with a Likelihood-Ratio Test test between the
regressions’ versions without and with alpenroses, and finally by investigating the residuals distribution. To
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prove if the opposite relationship is also true – instead of the impact of the alpenoses on the Norway spruce,
also the Norway spruce’s impact on the alpenroses – I repeated the same procedure and I assessed the Norway
spruce’s impact on the regression of the alpenrose cover.

5.2.2. Results of the Likelihood-Ratio Test
The Table 20 summarizes the results of the comparison between the linear multi-regressions - of the Norway
spruce’s cover and mixture, in the young and adult layers - created with pedo-climatic predictors (control
group) and extended with the additional independent variable of the alpenrose cover. The adjusted R-squared
values provided by R with the function summary$adj.r.squared were compared. The ANOVA tests performed
with the command Test = “LRT” between the different models’ versions allowed to assess if the changes in
the models are statistically significant.
Table 20: the outcomes of the Likelihood-Ratio Test between the linear multi-regressions of the Norway spruce’s mixture
and cover created with 1) only climate predictors and 2) climate and alpenrose cover as predictors. The adjusted Rsquared values indicate the goodness of the models' fit and the F-test indicates if the extended model is significantly
improved by the variable “alpenrose”.

R-squared
Simple regression
Climate
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

Climate
+Alpenrose

ANOVA’s
Significance
(F-Test)

R-squared
Regression adjusted by
“square-rooting”
Climate
Climate
+Alpenrose

ANOVA’s
Significance
(F-Test)

.3029

.3268

1.031e-07 ***

.3432

.3624

9.147e-07 ***

.1229

.1296

0.008456 **

.3203

.3298

0.0005467 ***

.3276

.3527

3.361e-08 ***

.3728

.4133

4.107e-13 ***

.2692

.2841

3.375e-05 ***

.3326

.3554

1.09e-07 ***

Signif. codes: ‘*’ p-Value < 5% ‘**’ p-Value < 1% ‘***’ p-Value < 0.1%

In the Table 20 we see that in all cases, the models’ performances are improved by considering the alpenrose
cover. The adjusted R-squared values register in all cases a perceptible positive change. The absolute changes
are ranging from +0.67% in the simple regression of the Norway spruce sapling’s cover, up to +4.05% in the
model predicting the square-root of the Norway spruce’s mixture degree in the adult layer. The absolute
positive increase in the R-squared are ranging between +0.77% up to +3.85%, which correspond to a relative
increase in precision of respectively 5.75% and 10.84%. The ANOVAs show that these differences between
the models in the control group and those extended with the alpenrose cover are very significant (see Table
20).
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Table 21: the coefficients related to the alpenrose cover fitted in each model versions. The coefficients were generated
for each regression equation with the command “summary()$coefficients”.

Adult layer

Rejuvenation
layer

Coefficients of the
alpenrose cover
Mixture
[%]
Cover
degree
[a/ha]
Mixture
[%]
Cover
degree
[a/ha]

Coefficient

Standard Error

t-Value

p-Value

simple

-6.11E-01

1.14E-01

-5.371529

1.03E-07***

square root

-6.06E-02

1.22E-02

-4.948818

9.15E-07***

simple

-5.72E-04

2.16E-04

-2.64949

8.22E-03**

fourth root

-2.66E-03

7.66E-04

-3.471144

5.47E-04***

simple

-6.06E-01

1.11E-01

-5.46231

6.32E-08***

square root

-7.38E-02

1.20E-02

-6.177709

1.04E-09***

simple

-5.72E-04

2.16E-04

-4.170776

3.37E-05***

fourth root

-2.66E-03

7.66E-04

-5.360976

1.09E-07***

The Table 21 presents the coefficients of the all multi-linear regression equations concerning the alpenrose
cover. In each regression, the alpenrose cover was associated with a negative Coefficient (see Table 21). If we
compare the Coefficient values between the respective variables in the Rejuvenation layer and Adult layer, we
observe that these are almost exactly equivalent. The standard errors of the coefficients are always smaller
than their coefficient, therefore the influence of the variable is always evaluated negatively. Moreover, all
regressions consider the additional parameter on the alpenrose cover with a very strong significance level: in
the rejuvenation’s cover degree, the variable’s influence is significant (p-Value= 0.0082), while in all models
the p-Values are indicate a very significant influence of the variables (p-Values < 0.001). These evidences are
indicating a solid effect of this predictor, which cannot be resumed by the other variables fed in the models.
Since I tried to cover the greatest possible variety of indicators assumed to influence the Norway spruce, we
can conclude that this link is not concealed behind any other of these factor, neither due to the climate, soil
water availability or topography.
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5.2.3. Analytic digression on the causality relationship
Furthermore, I evaluated if there is a causal relationship between the alpenrose’s cover degree and the Norway
spruce proportion in the upper forest layer. I investigated if the deviance of the Norway spruce’s percentage
from its physiologic potential can be explained by the presence of the alpenrose. I therefore analysed if the
alpenrose cover is responsible for the
differences between actual values and the
predicted values (i.e. the residuals) of the
regression on the adult Norway spruce’s
proportion based on climate indicators. I
choose only this model because the model
with only climate parameters showed the
highest R-square among the regressions.
With the scatterplot in the Figure 31, I
assessed if the discrepancies of the Norway
spruce predictions, based on climate data, can
be explained by the alpenrose cover. Since
Figure 31: relationship between the residuals of the adult Norway the residuals are the difference between the
spruce percentage’s regression trained only with climate parameters actual and the modelled values, positive
and the alpenrose cover. The size of the dots represents the actual
Norway spruce percentage, while the colours represent the residuals correspond to an under-estimation
respective predicted values (see Legend).

and negative residuals reflect an over-

estimation of the model. In the Figure 31, we therefore observe that – besides six cases – the regression’s
function frequency over-estimates the species percentage when the alpenrose cover is greater than 10%. This
indication suggests that the prediction of the Norway spruce presence produced only with climate variables
over-estimates the actual incidence of the species, while, in turn, the alpenrose cover may explain (an even be
responsible for) this difference.
Moreover, it can be seen, that in most plots where the alpenrose cover has high values, the predicted Norway
spruce percentages are below 25% (see colours), yet the actual percentages are even lower. We could also
argue that obviously the over-estimations occur where the actual Norway spruce’s presence is close to zero.
The model’s discrepancy may therefore be related to the fact that, since the species is simply not present, the
model is over-estimating its potential occurrence.
The Figure 32, however, help to clarify the hypothesis, whether there is tendentially an over-estimation of the
Norway spruce mixture where the alpenrose cover was assessed. If we look at the right image (Figure 32), the
median of the residuals shows that the regression is tendentially under-estimating the prediction of the Norway
spruce’s mixture where the Norway spruce cover is zero. This means that the model is generating negative
values where the species is not present. On the boxplot left, the median of the residuals attests that the model
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fed with climate variables tends to over-estimate the Norway spruce’s presence where the alpenrose cover is
greater than 0, while this is not the case if the alpenroses are not present.

Figure 32: distribution of the residuals in the model predicting the adult Norway spruce's percentage. The image left
investigates the residuals if the alpenrose is absent (in blue) or present (in red), while the plot in the right the same
analysis for the Norway spruce (absence=green, presence=red).

These signals, together with the previous evidences, are clearly sustaining the thesis of a causal relationship
between the alpenroses’ presence and the reduction of the Norway spruce below its potential physiologic range.

5.2.4. Assessing the Norway spruce’s impact on the alpenroses
I showed that the alpenrose cover is negatively linked with the mixture and cover degrees of the Norway
spruce. It is intuitive to think that, if the link between the Norway spruce and alpenrose cover is explained by
the incidence of the parasitic fungus carried by both species, then also the alpenrose must be to some extent
negatively affected from this pathogen. I therefore used the same combinatory approach applied to holistically
assess the alpenrose cover’s impact on the Norway spruce (see paragraph 4.2.7. Likelihood-Ratio Test) for
conducting an equivalent analysis regarding the Norway spruce’s impact on the alpenrose cover.
I therefore performed a Likelihood-Ratio Test to assess the impact of the Norway spruce cover degree on the
prediction of the alpenrose cover through a multi-linear regression based on climatic variables.
The Table 22 briefly summarises the main results of the Likelihood-Ratio Test. It reports the sign of the
coefficients as well as the significance of the independent variables used for predicting the alpenrose cover.
All listed climatic independent variables are either significant or very significant. The multi-linear regression’s
equation was expanded by integrating the Norway spruce’s cover degrees both in the rejuvenation and in the
canopy layer. We observe that the Cover degree of the adult Norway spruce and the Cover degree of the
Norway spruce rejuvenation have a negative coefficient. This suggests that they have a negative effect on the
alpenrose cover, independently from all other variables. The adult Norway spruces’ cover degree shows a very
high significance (p-Value < 0.001) while the Norway spruce rejuvenation has only a low – but still perceptible
– significance (p-Value < 0.05).
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The adjusted R-squared shows that the precision of the regressions increase by 2.50% by considering the
Norway spruce (absolute increase). Also the Likelihood-Ratio Test performed between the two models
versions proves that the improvement between the two model’s versions is highly statistically significant (pValue < 0.1%).
Table 22: comparison between the regressions fitted on alpenrose’s cover degree, (1) only with climate predictors and
(2) by integrating the adult and young Norway spruce's cover. The name of each independent variable has a colour
indicating the type of relationship with the alpenrose cover: red if it is negative and green if it is positive. The numbers
in brackets indicate the significance of each variable in the model (p-Values). The adjusted R-squared values are in the
bottom. The third column presents the significance of the ANOVA performed between the two models.
(1) Predictors (p-Value)
(2) Predictors (p-Value)
Climate
Climate + Norway spruce’s cover degrees
First day without snow (8.11e-06 ***)
First day without snow (0.000136 ***)
Highest snow cover level (3.32e-10 ***)
Highest snow cover level (6.95e-08 ***)
Foehn frequency in July (1.27e-05 ***)
Foehn frequency in July (0.001718 **)
Absolute maximum temperature (0.00705 **)
Absolute maximum temperature (0.000781 ***)
Continentality in July (0.00129 **)
Continentality in July (4.68e-05 ***)
Global solar radiation in January (3.74e-06 ***)
Global solar radiation in January (1.35e-05 ***)

Adjusted R-squared
0.2416

Cover degree of the adult Norway spruces (4.40e-05***)
Cover degree of the Norway spruce rejuvenation (0.015525*)
Adjusted R-squared
0.2666
ANOVA’s Significance
(F-test)
7.32E-07 ***
Signif. codes: ‘*’ p-Value < 5% ‘**’ p-Value < 1% ‘***’ p-Value < 0.1%

The evidences brought from this second Likelihood-Ratio Test suggests that, as for the Norway spruce, the
negative feedback due to the proximity of these species is also true for the alpenrose.
These evidences are a good base to think that there is a negative ecologic feedback between the alpenroses and
the Norway spruce. This feedback is at least strong enough for harming both species and strongly affecting
their co-existence. Most likely, this phenomenon is therefore mediated by the alpenrose-spruce needle’s
bladder rust disease (Chrysomyxa rhododendri). If we want to evaluate if this feedback is able to explain the
absence of the Norway spruce from the Central and Southern Ticino (forest Eco-Regions 5a * and 5b), it is
therefore necessary to visualize geographically the consequences of this phenomenon (see chapter 5.2.1.
Analysis between the species’ occurrences).

5.2.5. Evaluation of the linear regressions
My purpose was therefore to create an actual model to visualize the differences in the Norway spruce’s
occurrence, by considering or not the alpenrose cover. In order to see if the predictions generating by the
regression functions are reliably depicting the target variables, I imported in Arcmap the regressions created
in the previous section to perform a preliminary evaluation of their accuracy outside the Training dataset. I
thus only imported the most reliable models which showed the best R-squared values (see paragraph 4.2.7.
Likelihood-Ratio Test). I therefore focussed on the models predicting the Norway spruce percentages, both in
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the young and in the adult forest (cf. Table 20). Since the main goal was to quantitatively evaluate the
predictions’ quality for the Norway spruce percentages, I considered only the regressions’ version built without
“square rooting” the target variables, because the outcomes could be directly compared with the actual
measurements. However, I observed that the “square rooted” alpenrose cover both produces a greater
improvement in the Norway spruce’s regressions and it has a better R-square, so I maintained this corrected
version. Consequently, I fitted the models A1, A2, C1, C2 and R1_s on a Training dataset 34. The regressions’
equations were then used to define the respective projections in ArcMap. The projections were implemented
with the original raster indicators, from which I initially attained the independent variables. The regression on
the “square rooted” alpenrose cover was recursively fed on the models A2 and C2. The outcomes were
exported on a separate table, produced through the Test dataset. The precision of the models’ projections was
analysed by calculating the predicted R-squared*. The Table 23 presents the comparison between the Rsquared assessed in the Train (actual R-squared) and in the Test dataset (predicted R-squared*).

Table 23: R-squared calculated in the Training (actual) and Test (predicted) dataset. The actual R-squared was obtained
in R with the command “summary()$r.squared”. The predicted R-squared* was calculated “manually” in Excel. For the
calculation, the model R1_s was compared with the square root of the actual alpenrose’s cover.

Dependent variable

Regression’s ID

actual R-squared 35 predicted R-squared*

Norway spruce percentage

A1

0.336

0.216

in the rejuvenation layer

A2

0.364

0.227

Norway spruce’s percentage

C1

0.375

0.252

in the canopy layer

C2

0.411

0.249

R1_s

0.341

0.296

�Alpenrose cover degree

The Table 23 presents the evaluation of the regressions predicting the Norway spruce percentage, performed
both by considering the alpenrose cover or not. The R-squared values should be compared with the Annex 6.
The projection of the Norway spruce percentage in the rejuvenation layer integrating the alpenrose cover
(square rooted) show a higher predicted R-squared* +1.1% (absolute). Meanwhile, the Norway spruce’s
percentage in the canopy layer shows a small decrease of -0.3% (absolute) by considering the alpenrose.
Overall, we observe that the predicted R-squared* values are always slightly lower than the actual R-squared.
This difference could be a sign that too many variables in the models could cause an “overfitting problem”. It
is therefore not clear if the trend registered on the regressions’ projections are authentically depicting an

34

For the definition of the Train and Test datasets, refer to the paragraph 4.2.8.4. Evaluation of the regression’s
projections.
35
The actual R-squared of the projections created considering the alpenrose cover are sensibly higher, because the I
integrated the “square rooted” alpenrose cover and possibly because only the plots in the Train dataset were used to create
these regressions.
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improvement (or a small decline) of the predictions’ quality, considering the influence of the alpenrose on the
Norway spruce of the projected outside of the dataset which has been used to create these regressions.

5.3.

Modelling the present and future mixture of the Norway spruce

In this section, I will address my third research question: which parameter should be considered for
meaningfully model the Norway spruce’s range in the Southern Swiss Alps? At first, in the paragraph 5.3.1., I
will adapt the procedure used in the previous section, in order to produce a reliable set of models for predicting
the occurrence of the Norway spruce in the study area. Then, in the paragraph 5.3.2., I will define a projection
the species’ range. I will both model the current species’ range based on the available NFI data and I will
integrate the future climate indicators to make a projection of the species’ ranges in the second half of the 21st
Century. Finally, in the paragraph 5.3.3., I will evaluate the robustness of the projections based on the current
climate. The exact procedure applied in this section is explained in the Methods’ paragraph 4.3. Modelling the
Norway spruce’s range.

5.3.1. Definition of the adjusted models
In this paragraph, I will adapt the regression’s functions used to assess the effect of the alpenroses’ cover
degree on the Norway spruce’s mixture degrees (cf. paragraph 5.2.1. The alpenroses’ influence on the Norway
spruce ) in order to make a reliable prediction of the species’ range. In the Table 23, we observed a reduction
in the predictions’ quality if I projected the regressions created with a Train group on a separate Test group. In
order to make sure that these models were not “overfitted” by an excessive number of variables, undermining
its representativity, I underwent an additional selection procedure.
For preventing the models’ overfit, I selected the predictive variables by selecting only the predictor, which
have a correct association with the target variables. I therefore eliminated one by one all the other predictors,
whose coefficient’s sign was different from the sign of their Pearson’s correlation with the dependent variable.
This way, I obtained a series of “adjusted models”, reduced to avoid overfitting issues.
The correlograms presented in the following pages indicate the relationship between each couple of variables
in the models referring to the three dependent variables which I assessed in this third part. The upper-right part
presents the Pearson’s correlation (Rho) of each variable’s combination. The values in grey are the Rho values
of the dependent variable, the green colours (“TRUE”) refer to the plot where the target species are present,
while the red colours (“FALSE”) refer to the nulls. The diagonal shows the distribution of the predictors’
values in function of the variables listed on top of the correlogram. The areas in blue indicate the cumulative
frequency of the values with Norway spruce’s presence and in red the absence. Finally, the lower part lists the
scatterplots built with the variables in the x-axis and y-axis indicated respectively on top and on the right.
The first correlogram (see Figure 33) refers to the adjusted model of the Norway spruce percentage in the
established rejuvenations. The first column shows the scatterplots with the Norway spruce percentage on the
x-axis and the predictors in the y-axis. We observe that the variable with the best linear relationship is LFjan,
which refers to the mean air humidity at 1:30 pm in January. The main correlations among all variables are
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below the critical threshold of 0.6. We also observe a marked clustering when we consider the plots with
Norway spruce presence and absence. These observations support the validity of the varibales’ choice.

Figure 33: correlogram of the variables in the adjusted Model of the Norway spruce percentage in the established
rejuvenations (C2_adj). The alpenrose’s cover is excluded. Each plot refers to a combination of the variables listed on
top/right. The axis descriptions refer to the entire lines/columns of the matrix. The colours indicate the Norway spruce’s
absence (red) and presence (blue).

Figure 34: correlogram of the variables in the adjusted model of the Norway spruce percentage in the upper forest layer
(C2_adj). The alpenrose’s cover is excluded. Each plot refers to a combination of the variables listed on top/right. The
axis descriptions refer to the entire lines/columns of the matrix. The colours indicate the Norway spruce’s absence (red)
and presence (blue).
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The second correlogram (see Figure 34) presents the set of variables for the adjusted model of the Norway
spruce percentage in the upper forest layer (C2_adj). As in the previous correlogram in the Figure 33, we
observe the best linear relationship with the variable LFjan. Other important variables are the Cumulative
precipitations in April-Mai (ns_am) and Absolute thermal continentality (contAbs). Despite the correlation
between these last two variables is slightly greater than 0.6, despite the first refers to the precipitations and the
second to the temperatures

36

. Therefore, also in this case we observe a complementary set of climate

parameters.
The last correlogram (see Figure 35) presents the variables adjusted model of the alpenrose cover degree
(R_s_adj). We observe that the Average snow height maximum (Hochststand) and the Foehn frequency in July
(foehnhjul) have the best correlations and they differentiate the clusters of points with and without alpenrose.
In contrary, the global radiation in January (Janglobrad) shows a low correlation score. However, it lasted
throughout the analysis and possess a significant P-value (0.000136 ***) in the adjusted linear models,
suggesting that this factor is complementary to the other ones.

Figure 35: correlogram of the adjusted model of the alpenrose cover degree (R_s_adj). The target variable is the
absolute alpenrose cover (not square-rooted). The colours indicate the alpenrose’s absence (red) and presence (blue).

I projected the adjusted models in Arcmap, both using the coefficient generated with the lm function and the
Tobit regression of the Regr0 package. For this, I followed the same procedure as for the previous models’
assessment (see paragraph 4.2.8.4. Evaluation of the regressions’ projections). I extracted the predicted values
using the Test dataset and I exported the predictions in Excel. I calculated the predicted R-squared* and I also
generated a confusion matrix for each one of the models, for comparing the percentages of true predictions in
comparison to the presences of the actual values. The Table 24 resumes the outcomes of this assessment.

36
The Absolute continentality is defined by Zischg et al. (2019) as the difference between the absolute maximum- and
the absolute minimum temperatures in one place, in our case starting from the beginning of the climatologic records on
1894 until 1990.

85 | 158

Table 24: summary of the quality assessment of the models projected in ArcMap. We observe the predicted R-squared*
and the proportion of correct predictions assessed through confusion matrix.
A2_adj
C2_adj
R_s_adj
lm*
Tobit*
lm*
Tobit*
lm
Tobit
Predicted R-squared*

0.191

0.135

0.158

0.047

-0.043

-0.067

Proportion of correct
predictions

51.6%

72.8%

61.6%

71.6%

56.0%

79.6%

*fed with the linear model R1_s_adj with reclassified values >0

The prediction of the established Norway spruce’s rejuvenation shows a greater predicted R-squared* in
comparison to the regression focussing on the adult forest 37. The alpenrose cover’s model has, in turn, a very
low predicted R-squared*. Since the R-squared essentially measure “how much preciser” the predicted values
are in comparison to a horizontal line at the variable’s mean, I conclude that it is more accurate to use the
average value of the alpenrose cover (i.e. 2.84%) in place of the model’s output. In general, we observe a loss
in accuracy between the linear models and Tobit models’ R-squared. This is partly justified: the Tobit models
are generating a normal (negative) distribution of the values at zero (i.e. the censoring threshold).
Conventionally they are not evaluated with a R-squared, since the model’s input differs from the actual values
(personal communication at the help desk for statistics at the ETH). Since my research question was based on
the prediction of the Norway spruce range, in the choice of the best models, I did not focus on the goodness of
the fit (i.e. the predicted R-Squared*) but rather on the models’ correctness in assessing the presences and
absences of the species. In the Table 24, we observe that the proportion of correct predictions of the Tobit
regression is much higher in comparison to the linear models. This indicates that these models are more reliable
for addressing my research question. I therefore selected the Tobit regressions for predicting the future Norway
spruce’s range.

5.3.2. Present and future models’ projections
I created a set of models’ projections on the target species based on the Tobit regressions. The Table 25 in the
next page reports the outcomes of the models predicting the percentage of Norway spruce’s mixture degree in
the total rejuvenation (A1 and A2) and on the upper forest layer (C1 and C2). I generated these models’
projections both in the present – using the climate indicators discussed in the correlograms of the previous
pages – and with the future climate change scenario CLM. Like we already discussed in the previous section,
the models A1 and C1 are fitted only with climate indicators, while the models A2 and C2 are also extended
with the predicted cover degree of the rusty leaved alpenrose (Rhododendron ferrugineum).
The Tobit regressions, fitted with the variables of the Training group, provided a p-Value of 1.11e-45 for the
regression A1 and 4.51e-49 for the regression A2.Likewise, the p-Value of the model C1 is 2.54e-51 and that of
the model C2 is 1.41e-57.

37

Interestingly, the linear model A2_adj has an even greater predicted R-squared* value (0.391) if we assess its
performance only with the plots where the established Norway spruce rejuvenation is present.
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Table 25: GIS projection of the Tobit models fitted on the Norway spruce percentage in the rejuvenation (A1 and A2)
and upper forest’s layer (C1 and C2). The left column displays the present distribution, while the right column the future
projection. The highlighted areas present the Norway spruce percentage in four classes: 0-20% - hell blue, 20-40% hell green, 30-60% - green, >60% - dark blue. Background: SWISSIMAGE25m (© Swisstopo).

Present

Future

A1

A2

C1

C2
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In the Table 25, we observe that all maps display very similar pattern. I will describe the models based on the
present projections with a few bullet points by referring to the main geographic landmarks (see Annex 5).
 We see a centre of gravity of the predicted range located in the valleys of the Northern Ticino as well as
in val Poschiavo, where all models identify the highest mixture degree of the Norway spruce.
 In Ticino, the highest presences are in the left hydrographic slope of the Val Leventina downstream of
the St. Gotthart pass and on the right slope of the Val di Blenio, from Campo Blenio to Biasca. A high
presence is also seen in the right slope of the Val Leventina, between Chironico and Bedretto, in the left
slope of the Val di Blenio, around the Gana Bianca massif, and in the lateral valleys of the Riviera.
 Generally, a lower presence is predicted in Moesano, with continuous patterns in the higher portion of
the valleys which more scattered towards the south, especially downstream of Roveredo. However, the
models show consistent populations until the Val d’Arbedo.
 The presence in the Western Ticino is scattered in the Val Lavizzara, Val di Bosco, Val di Campo and
Vergeletto.
 In the Pre-Alps with Norway spruce Outpost the species is always predicted in isolated patches on the
upper Verzasca Valley (Val Vogorness, Valleys of Lavertezzo) and between the Sassariente and Pizzo
dell’Uomo.
The Table 26 presents the predicted occurrence of the rusty leaved alpenrose, both in the present and in the
future. We notice that the species’ range is mainly found at the highest elevations, mainly in East, North and
West exposures. Visually, we see that the species range is not predicted to undergo substantial changes between
the present and future range. We notice, however, that the species can reduce or even disappear where it is
now present in isolated patches or narrow stripes, such as in Gambarogno, on the Gazzirola and on the left
hydrographic slope of Val Poschiavo.
Table 26: GIS visualisation of the Alpenrose presence predicted with a Tobit regression, both in the present (left) and in
the future (right). Background: SWISSIMAGE25m (© Swisstopo)

Present

Future

Rs

These geographic patterns as well as the differences between the models’ predictions based on present and
future climate will be presented and contextualised in the next section (see paragraph 6.4. Models’ discussion).
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5.3.3. Assessment of the models’ projections
In this conclusive paragraph, I will present the statistical validation of the models’ results based on the current
species occurrence, which we discussed in the paragraph 5.3.2. Present and future models’ projections. For
assessing the results on the Norway spruce, we refer to the NFI4 data. For the alpenrose, we will compare the
NFI3 data. To distinguish these outcomes from those already discussed, the final models’ have a “Tobit_”
prefix.
The Table 27 resumes of the models’ exactness in predicting the presence and absence of the Norway spruce
and the Alpenrose. These ratios have been calculated using Confusion matrixes accounting the number true
and false predictions on the species presences and absences. The true presences, which measure the ratio of
true predictions on the Test plots where the target species is registered, are higher than 60% for the Norway
spruce’s models. A much lower value is obtained by predicting the alpenrose’s presence with the Tobit_R_s
model (21.2). The true absences, which measure the ratio of true predictions on the Test plots where the target
species is not registered, are always higher than the total exactness. The best value is obtained by the prediction
of the alpenrose’s absence with the Tobit_R1_s model (94.4%). We notice, that the Norway spruce’s presence
assessed by feeding the models with the alpenrose cover (Tobit_A2 and Tobit_C2) has a generally lower ratio
of true absences but a higher ratio of true presences, in comparison to the models fed only though climate
predictors.
Table 27: correctness of the Models predictions on the presences and absences of the target species. The True presences
and True absences indicate the proportion of exact predictions where the target species is present or, respectively, absent
in the NFI plots of the Test sample. The overall models' exactness indicates is the total ratio of true predictions in the
Confusion matrix.

Models’ exactness

True presences
[%]

True absences
[%]

Total Exactness
[%]

Tobit_A1

63.8

81.8

75.2

Tobit_A2

70.3

75.5

73.6

Tobit_C1

61.6

81.1

74.4

Tobit_C2

68.8

73.8

72.0

Tobit_R_s

21.2

94.4

79.2

We observe that the Total Exactness is always between 72% and 80%. The Total Exactness is higher in the
models fed only with climate predictors, especially because the absences have a greater weight on these
average values, weighted on the plot accounts. However, the true presences indicate an absolute improvement
of 6.5% for the rejuvenation and of 7.2% in the adult forest in the models considering the alpenrose presence.
This result indicates that considering the occurrence of the rusty leaved alpenrose had a considerable positive
impact on the models’ accuracy in predicting the actual Norway spruce’s occurrence. As we already discussed,
the R-squared is not related to the aims of my research, thus it is presented in the Annex 6. However, in order
to qualify the models, in the Table 28 I will present the three evaluations based of the models’ residuals, which
I calculated on the separate set of Test plots.
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Table 28: evaluation of the models. The Quantile-Quantile plots (QQ-plots) [1] put in relation the ranked models’
residuals against a Normal distribution computer-generated numbers. The Absolute residuals vs. Actual values [2] and
the Residuals vs. actual values [3] allows to assess respectively the Heteroskedasticity of the models’ residuals and the
residuals’ distribution on Zero. For readability reasons, the plots in [2] and [3] are not displaying the positive residuals
on zero.

Tobit
Model

[1] Q-Q plots

[2] Absolute residuals vs.

[3] Residuals vs.

Actual values

Actual values

A1

A2

C1

C2

R_s
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Since the Tobit regression are based on a Gaussian distribution (ETH Zürich, 2017), which assumes a Normally
distributed 38 of the dependent variables, I also tested whether the “normality criterion” is fulfilled on the
residuals. The Q-Q plots (see column [1], Table 28) show that the residuals of the Norway spruce percentages’
models are quite neatly corresponding to the reference line (diagonal line in grey, generated in R with the
qqline function) in the residuals’ range between 0 and 100 (y-axis), as well as from 0 to 10 in the square root
of the alpenrose cover’s model. Since the residuals represent the difference of the actual values minus the
predicted values, this implies that when the model under-estimates the actual cover, the residuals are likely
normally distributed.
In the Norway spruce percentages’ models, we see that by residual values below 0 and above 100, the
distribution gradually deviates from the reference line. This implies, that on the in the models’ over-estimations
and on the outliers (with under-estimations greater than 100%) the residuals are not normally distributed. This
phenomenon might have to do with biases on the datasets produced, for instance, by human interventions on
the forest’s cover, such as tree cuts (over-estimation) or plantations (outliers). I did not test this hypothesis any
further. In the alpenrose cover’s model, we see a flat line when the residuals are equal to zero. This “step” is
produced by the fact that some values have been artificially masked out when I extracted this model by
integrating the masks on the geologic substrates (see Methods, paragraph 4.2.8.2. Defining the models’
projections). The residuals with values equal to zero are consistent with the assumption, that the rusty-leaved
alpenrose is not present in the areas which have been masked out.
The Absolute residuals vs. Actual values plots (see column [2], Table 28) allows to assess the
heteroskedasticity in the residuals (i.e. if the variance of the residuals increases with the increasing fitted value).
Since the Tobit regressions are projecting negative values in correspondence to the species’ absence (see
paragraph 4.2.7.4. Evaluation of the regression’s projections), I hided the positive residuals in zero to facilitate
the interpretation39. In the Norway spruce models, we observe, that the absolute residuals are tendentially
increasing by rising measured values, especially with mixture’s degrees above 40%. This phenomenon may
lead to the conclusion that the models are not reliable for predicting the species’ percentage. However, this
observation is also possibly explained through a biased variability in the original data, for example caused by
anthropogenic influences.
In the Residuals vs. Actual values plots (see column [3], Table 28) allows to assess the residuals’ distribution
on zero, which indicates if the models are capable to correctly approximate the dependent variables. Also here,
the positive residuals in zero have been hidden for reasons of readability. In general, we see that the models
have a good ability to fit the Norway spruce percentages lower than 40%, while above this threshold they
systematically produce under-estimation. Lastly, we observe that the actual alpenrose cover cannot be
predicted reliably. However, this bias was avoided by considering the average alpenrose cover value in the
Norway spruce’s models (see paragraph 4.3.5. Projecting the present and future Norway spruce’s range).
38

A “Normal” distribution is a typical distribution of random values around a mean, typically represented by the
“Gaussian bell”. The Normality criterion is a necessary assumption for applying the Linear and the Tobit regression.
39
The reader should therefore consider that more than 70% of the zeroes have negative values (see Table 28).
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6.
6.1.

Discussion
Overview

In this Master’s thesis, I used a diverse spectrum of statistical approaches for individuating the main processes
and factors determining the development of the Norway spruce’s forests in the Swiss Southern Alps. My aim
was to understand how the Norway spruce stands are currently changing, in what way the presence of the
alpenroses (Rhododendron spp.) is linked with the species’ absence at the edge of its occurrence range, and
how the combined effect of the changing climate and the alpenroses’ presence will determine the future range
of the Norway spruce.
I started my research with an explorative analysis on the distribution’s range of the Norway spruce within the
study area. Afterwards, I addressed the recent development of the species’ adult trees in terms of Basal area
and Stem density change, both focussing on the living and on the standing dead trees. Ultimately, I analysed
the development of the species in the juvenile phases. This analysis denoted an increase in the Norway spruce’s
stocks but also an increase in the tree mortality and a strong reduction in the frequency of the species’
rejuvenation. This part will be discussed in the paragraph 6.2.
Afterwards, I oriented my analysis on the link between alpenrose and Norway spruce. I investigated the
interaction between these species postulating the hypothesis that there is a negative relation. The procedure
involved a testing approach based on the species’ prediction through multi-linear regressions. In all cases, the
null hypothesis that the alpenrose’s cover degree is not significantly hindering the Norway spruce’s mixture
and cover degrees was rejected. The analysis highlighted that the alpenroses’ presence is a limiting factor
hindering the Norway spruce’s presence below its physiologic potential, predicted by the local site conditions.
This part will be discussed in the paragraph 6.3.
Finally, I applied the concepts and techniques learned in the previous phases of this research to develop a set
of models for predicting the current mixture degree of the Norway spruce, both in the upper forest- and in the
established rejuvenation layer. To reach this objective, I firstly adapted the multi-regressions used for assessing
the alpenroses’ impact on the Norway spruce in order to make a reliable projection and, secondly, I applied a
Tobit multi-regression, which revealed more correct in predicting the species’ occurrence. For each model, I
produced an extended version considering the occurrence of the rusty-leaved alpenrose (Rhododendron
ferrugineum). Ultimately, I created a projection of the species’ range in the future. These models were
projected with a cartographic format. The comparison between present and future models allowed to observe
the changes in the predicted Norway spruce’s range. This part will be discussed in the paragraph 6.4.
In each paragraph, I firstly contextualise the main results. Secondly, I discuss the implications of my analysis.
Thirdly, I expose the limits of my work. At last, in the paragraph 6.5. I enumerate the perspective for future
researches interested in further developing my work.
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6.2.

Climate change and Norway spruce stands

In this paragraph, I address the hypothesis, formulated at the beginning of this work, that the processes related
to the changing climate are imposing significant changes in the structure, mortality and rejuvenation of the
Norway spruce stands.

6.2.1. Contextualisation of the results
I started this analysis on the current state of the Norway spruce forests by localising the species’ distribution
in the study area. I denoted an uneven geographic distribution. The core part of the species’ range is in the
inner alpine valleys of the North-Eastern Ticino, as well as the Moesano and Poschiavo regions. The species
is also locally present in the upper valleys of the Western Ticino. However, these last areas are more
geographically circumscribed. In contrast, the Central and Southern Ticino are almost entirely free from the
Norway spruce. We have seen that the Norway spruce is predominantly growing on steep mountain slopes at
all expositions. The great ecologic plasticity of the species allows it to be present at all elevations, from the
lowest places in Switzerland up to the alpine tree line. Single trees are occasionally found even higher: the
record for the study area is 2625 meters asl on the Pizzo Folcra, in Val Bedretto 40.
We still observed a clear trend on the increase in the number of the Norway spruce trees at the subalpine and
upper-subalpine elevation belts, as well as a reduction in the colline belt. This observation is compatible with
the discrepancy between the altitudinal distribution of the adult trees and the rejuvenation, suggesting that the
species’ range is shifting towards higher elevations. The trend is coherent with the rising tree line level
registered in the Alps and in other parts of the World, which has been linked to the rising global temperatures
(Körner et al. 1998). We have also seen that the Norway spruce expansion in the upper forests belts is stronger
at the southern exposures. As many alpine pastures have been abandoned during the last century, this
phenomenon can be also linked with the encroachment of abandoned alpine meadows (Ceschi et al. 2014).
The increase in the basal area and stem number of the dry-standers suggests that also the mortality frequency
of the Norway spruce is increasing. This evidence can be explained by natural phenomena related to tree
mortality caused by senescence, light concurrence or external disturbances. On the one hand, the growing
forests’ stocks may be causing a selective pressure on the trees, inducing the mortality of the old trees
(senescence) or of the less vigorous ones (selection). On the other hand, the rising number of dead trees can
also be due to “silent” disturbances, such as heatwaves, droughts or pests. In fact, numerous scientific
researches have focussed on the development of the bark beetles’ outbreaks in mountain forests, suggesting
that cross-scale interaction among various consequences of the changing climate, such as the increasing
temperatures and frequency of extreme events, are likely going to promote the virulence of the bark beetle
towards higher elevations (e.g. Temperli et al. 2013; Jakobi et al. 2019).
The contribution of experts from the forestry praxis in Ticino, confirmed the connection between the observed
trend and the increase in bark beetles’ damages in Norway spruce stands. According to the cantonal forest

40

(eported by Michele Jurietti on 23.10.2018, URL: https://www.lfi.ch/resultate/meldungen, visited on 1stApril 2020.
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engineer of Ticino, the forest Eng. Roland David, the bark beetles’ outbreaks importantly expanded after the
heavy snowfalls of the Winter 2014, which caused extensive damages to the Norway spruce trees above 1000
meters asl. Since then, an important increase of the bark beetle outbreaks was observed at all exposures,
extending up to the subalpine belt (personal communication by forest Eng. Roland David).
The Figure 36 presents the yearly costs, revenues and quantities of tree cuts related to the phytosanitary
interventions recorded in the cantonal database of Ticino since 2008 41. We notice that the trends of the costs
and quantities of tree cuts in recent years is tendentially exponential, although there are seemingly cyclicities
of four-five years. In the Figure 36 we see that the economic budget of the interventions is also linearly
proportional with the total volumes of the tree cuts. Since the difference between the costs of the interventions
and the revenues from the timber sales are directly covered by the public finances, the increase in the bark
beetles’ outbreaks is a threat also in socio-economic terms.

Figure 36: overview of the yearly balances of the phytosanitary interventions in the Canton of
Ticino. Data provided by the forest Eng. Christian Broggi (Forestry department of the Canton of
Ticino, state of December 2019)

The analysis of the rejuvenation reveals a very significant decrease on the frequency of the Norway spruce’s
seedlings (plants from 10 to 129cm) and a slightly significant reduction of the number of saplings (plants from
0 to 12 cm DBH). Despite this, the mean density of seedlings in the plot, in which they are assessed, remained
constant, while the sapling number slightly decreased. In fact, the ratios between the total number of seedlings
and saplings assessed in the NFI2 is 1 seedling to 0.83 saplings, while in the NFI4 it becomes 1 seedling to
5.12 saplings. We therefore observe a that the reduction of the seedlings’ number is far below a minimum
“sustainable” ratio of 1:1, which would be necessary for replacing the saplings on the long-term scale. This
phenomenon indicates a gap in the Norway spruce regeneration.

41

The registry is tendentially postponed in comparison to the actual intervention and the accounts for the year 2019 are
still temporary. The phytosanitary interventions account both for the prevention of outbreaks and emergency cuts.
(personal communications by Christian Broggi). These data are intended for practical purposes. Thus, they must rather
be interpreted as qualitative statistics in relation to the actual forests’ state.
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Since the Norway spruce is growing in mountain areas, where the trees’ growth rates are reduced by the cold
temperatures, we can assume that, on average, it takes at least 19 years 42 for the seedlings to become saplings
(Stöcker 2001). It is therefore difficult to interpret, referring to these data, if a systematic trend or a specific
phenomenon is responsible for this overall reduction of the seedlings’ number. I have reported that my
correlation analysis on the changes in the Norway spruce rejuvenation did not show any statistically significant
link with the topography and climatic factors. This can be linked, in the one side, to the extreme variability in
the number of plants assessed in the NFI satellite-plots. On the other side, different combinations of factors
can be determining the availability of the Norway spruce regeneration. For example, the availability of microreliefs or decaying wood is strongly determining the spatial distribution and the seedlings, because they are
required for withstanding the concurrence of the grasses and bushes in the soil vegetation.
Considered these things, I can just draw some suppositions on which factors which may be responsible for the
discrepancy in the seedlings number. In the recent decades we have experienced dramatic changes related to
the regional climate. Spinedi et al. (2012) highlight a “decrease in the number of frost days; a sharp increase
in the number of summer and tropical days at low and medium altitude; the uplift of the zero degrees isotherm
in all seasons and more pronounced in summer; a sharp decrease in snowfall and the length of the period with
snow on the ground, particularly significant at medium altitudes” (freely translated, the analysis is referring to
Ticino on the time period between 1961 and 2010). We can assume that these local changes in the climate
patterns could have provoked a general uplift of the tree species’ range, as we denoted in the previous
paragraphs. Finally, the summer heat and the drought events (like the drought event of the Summer 2003) may
have induced a higher seedlings mortality. These factors are likely inter-connected, as the cumulative sum of
many stressors is usually causing the seedlings mortality.
However, these suggestions are impossible to generalise, since there is no solid ground to base these
assumptions. I will therefore enumerate some of further factors that cannot be excluded :
 The irregular seed production related to Mast events 43, which can also occur with a frequency of 10
years in subalpine spruce forests.
 The reduction of light availability due to the increased forest’s stocks.
 The reduction of suitable substrates for the Norway spruce’s regeneration.
 The herbivory damages by game, which sharply increased in the recent years.
In conclusion, I must say that the observed reduction in the seedlings’ number is insufficient to imply a
systematic gap in the rejuvenation, as many local factors are simply not considered in this analysis. Even

42
This value refers to the two natural forest ecosystems in the National Park Hochharz, in Austria (Stöcker 2001). Since
it assumes no external disturbances as damages to the apical growth, we can assume that the actual value can be much
higher.
43
Masting events - or Mast-years- identify the contemporaneous seed production of all trees of one – or many – species.
We saw at school, that Mast year events of the subalpine Norway spruce forests usually occur every 5-10 years.
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though the climatic changes may impose a “bottleneck” in the species’ presence, the high mortality rates,
especially in the young forest’s layers, remains an important driver for the natural adaptation process.

6.2.2. Implications
In this first part, we saw an overview of the main structural changes in the Norway spruce forests of the
Southern Swiss Alps. The forests’ uplift will provide multiple opportunities (protective services, carbon stock
and timber production) but also multiple trade-offs (loss of pastureland, alteration of the landscape and loss of
biodiversity in the alpine ecosystems). The continuity of the forest is essential for assuring the protective
function in the long term (Frehner et al. 2005). Yet, the increased tree mortality and the reduction of the
species’ rejuvenation are alarming signals of the possible disruptive changes which could affect the Norway
spruce forests. I did not identify the causes of the reduction on the Norway spruce’s seedlings observed.
Therefore, further studies are needed to assess the extent and the reasons of this phenomenon and the possible
consequence on the continuity of the mountain forests.
These observations confirm the expectations from initial hypothesis, i.e. that the Norway spruce forests are
undergoing major structural changes in all the aspects considered. However, with this type of analytic
approach, it is not possible to demonstrate that the changing climate can be blamed responsible for these
changes, although the evidences for their disruptive consequences are ubiquitous. Mina et al. (2017) show that
the management strategies will substantially determine the ecosystem service provision by mountain forests.
For this reason, the management choices must be carefully pondered for sustaining the most important
ecosystem services. The forest planners, therefore, will have to set priorities for shaping the mountain forests
in order to maintain their functional role. In particular, the active management will be essential for preserving
the functional ecosystems, such as protective forests or wooded pastures.

6.2.3. Remarks and limitations
The choice of addressing the forest changes through the second and forth NFI relied upon the peculiar
characteristics of these two surveys. On the one hand, they have a comparable survey procedure to assess the
young forest satellites (personal communication by Anne Herold). On the other hand, they started at the end
of the reference time periods provided in the climate data of the Adapted Ecograms project (e.g. Zischg et al.
2019). After a complicated start in this thesis, I planned to perform a comparative analysis between state of
the forest and the recent climate change. However, I realised that the climate data would not provide a suitable
baseline for that type of analysis. Still in a preliminary phase of this work, I hence decided to focus on a more
extensive modelling approach, which better corresponded to my interests in studying the changes and limiting
factors in Norway spruce forests.
A few remarks are required on the NFI sampling procedure. As discussed in the paragraph 3.1 The NFI
variables, the sampling technique is based on several plots with different sizes, which are conceived for a
multitude of different purposes. The interpretation of each data is intrinsically related to the measurement
procedure applied in the NFI survey. We have seen, for example, that the comparisons between adult circleplot and young forest satellite data is showing different responses of the species’ altitudinal distribution.
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However, the comparison must be taken with an adequate caution. For example, in Ticino and Moesano, 234
plots have registered the Norway spruce presence in the adult layer, while only 117 did the same within the
young forest satellite (NFI4 data). This discrepancy, concerning half of the data, is rather linked to the different
sampling area of the respective survey plots than to intrinsic characteristics of the Norway spruce’s stands.
Similarly, the changes observed in the seedlings’ number may also be partly related with a biased sampling
procedure, because the plot size of the young forest satellites increases in the higher classes of rejuvenation
(cf. paragraph 3.2. NFI variables). In fact, the species’ distribution calculated on the number of individuals per
hectare is not necessarily comparable, since the plants’ density in the forests at different altitudinal zones and
development stages tends also to be very variable. Since the Norway spruce seedlings tend to be very localised
on suitable niches, it is therefore less likely to assess any small seedling at all, although they may be present
in the nearby areas. However, it is hardly believable that the discrepancy observed is related to a sampling
bias, because the procedural bias would be present in both NFI surveys and thus it would be compensated by
the high number of plots.
More generally, the plot size is not necessarily representative for the single forests stands, but it is conceived
to describe the forest change at aggregate scale. In fact, the methodology was developed for assessing the
volumes and other indicators at the regional and national scale (personal communication by Anne Herold).
The location and the size of the plot are extremely significant for the representativeness of the data. Especially
in mountain forests -as the study area- the heterogeneous relief affects the forests on a very local scale. Each
NFI plot therefore lays on multiple phyto-sociologic associations, each with unique biocenosis and intrinsic
ecological dynamics. It is therefore impossible to disentangle all the complex dynamics peculiar of each forest
stand in the area where the sample plots have been taken, because the sampling methodology reduces the
spatial patterns and ecologic variability to a mere index. The same NFI variables are aggregated terms, that
have been extrapolated from a limited amount of input measurements. Looking for example only at the density
of plants of one species per hectare is insufficient for studying the interaction between different plant species
living in proximity, which are undergoing complex spatial and temporal feedbacks.
In conclusion, a few details concerning the NFI plots: firstly, the plots centre does not perfectly correspond to
the coordinates used, however this imprecision is only limitedly relevant for this analysis. Secondly, the survey
of the first tree NFI was restricted to three years, while the NFI4 was surveyed on a continuous base for almost
a decade. This result may cause inconsistencies in the numbers, since between the surveys of the NFI2 and the
NFI4 there is a timeframe ranging between 12 and 24 years.
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6.3.

Rhododendro-Piceetum

In this paragraph, I address the hypothesis, formulated at the beginning of this work, that the alpenroses are an
important ecological factor hindering the Norway spruce from colonising further areas, where it could
potentially find a suitable niche within its physiologic range.

6.3.1. Retrospective
In the second part of my research, I evaluated the relationship between alpenroses and the Norway spruce in
the study area. A particular set-up was applied for verifying this relationship. The main target variables were
the cover degree of the alpenroses (Rhododendron spp.) from the NFI3 as well as the of mixture and the cover
degrees of the Norway spruce, both in the rejuvenation layer and in the canopy layer of the NFI4.
Firstly, we saw that the ranges of alpenroses and Norway spruce are overlapping. Both species mainly occur
in the upper forest belts of the mountain areas, with main distribution in the Intermediate Alps and in the PreAlps. However, we denoted that the two species tend not to occur in the same areas. In fact, the Norway
spruce’s rejuvenation is recurrent in areas where the alpenroses are present. However, the adult Norway
spruces are much less frequent where the alpenroses occur. This evidence may indicate that the Norway
spruce’s rejuvenation is impeded from reaching the upper canopy layer.
Where both species are present, we observe a clear negative correlation between the two species. This
correlation is very significant for the adult Norway spruce trees, but it also significant with the mixture’s degree
of the rejuvenation.
I then performed a Likelihood-Ratio Test to assess the impact of the alpenroses on the Norway spruce mixture
and cover degrees predicted trough multi-linear regressions. These regressions were produced with different
indicators selected to be representative for all the topographic and pedo-climatic indicators available for this
research (see Annex 4-B). Through this comprehensive approach, I evidenced that the alpenrose is related to
the Norway spruce to an extent, which cannot be explained by any other variables. By assessing the difference
between the expected and the actual percentage of the Norway spruce, I could show that the mixture of this
species is perceptibly under its expected potential in areas where the alpenroses are present. These results allow
to ascertain that a feedback between these species is having a negative impact in the presence of the Norway
spruce. All these observations confirm the hypothesis postulated at the beginning of this work.
Additionally, I also proved that this relationship is also true in the opposite direction, i.e. that the Norway
spruce is also responsible for the reduction of the alpenroses’ cover degree under its predicted potential.

6.3.2. Contextualisation of the results
This negative association between these species could be explained by two types of biological interactions:
1) Concurrence: both species are competing for the same resources, hence both species are harmed by
the other species’ presence.
2) Allelopathy: one species is inhibited by the presence of the other species through an indirect factor.
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The Table 31 presents the ecological indicator values according to InfoFlora 44. In ecology, these values are
used to evaluate the site conditions associated to the plants’ realised ecologic niche. We observe that the species
have the same humidity requirements and show overlapping needs in term of soil pH and temperature. Yet,
Table 29: Ecological indicator values of the target the alpenroses require are less exigent on soil nutrients and
species. Source: Infoflora.ch (visited on 30 April
grow in tendentially more oceanic climates. Since we do not
2020)
R.
ferrugineum
(R. hirsutum)

Picea abies

Light

3

1

Temperature

2

2+

Soil

Climate

Ecological
indicator values

observe any substantial difference, we deduce that the
species may be concurring for the same niches. However,
the higher light requirements of the alpenroses could be the
reason why this species is shown to reduce in presence of
the Norway spruce, which can effectively reduce the light

Continentality

2

3

availability on the ground through its dense canopy cover.

Humidity

3

3

We have seen in the Introduction (cf. paragraph 1.3.), that

2 (4)

X

2

3

the alpenroses and the Norway spruce are infested by a
Reaction (pH)
Nutriments

Legend: all values range from 1 to 5, where:
1 means “very low requirement” and
5 means very “high requirement”.
X means “ubiquitous”.

common fungal parasite (Chrysomyxa rhododendri) which
requires both species to complete its life cycle. According
to Ganthaler et al. (2014) it is very unlikely that the
alpenroses are harmed by C. rhododendri and, to date, no
negative impacts on this species have been documented. On

the other side, the damages on the Norway spruce are more studied. For instance, Bauer & Schwaninger (2007)
assert that the natural regeneration of the Norway spruce may be hindered by Chrysomyxa rhododendri in the
alpine and boreal area, because the fungal infection – causing the loss of the new-year foliage – has a consistent
effect on the seedlings’ mortality, since they have a limited nutrient budget. This factor is also relevant for the
use of the species on plantations in alpine and boreal areas (Bauer & Schwaninger, 2007). These observations
suggest that there is an allelopathic relationship between the species.
A study conducted in the Austrian Alps found that three climate parameters essentially promote the infection
through Chrysomyxa rhododendri: winters with heavy snow, mild springs, and humid and warm early summers
(Gruber 2000 in Ganthaler et al. 2014). These conditions sustain critical phases in the fungi’s life cycle: the
snow is a protection from the low temperatures and drought, hence a thick snow layer reduces the fungus’
mortality while it overwinters in the alpenroses’ leaves 45; the mild temperatures are favoring the growth and
development of the fungus in Spring, as this phase is probably temperature-limited; finally air humidity and
raindrops are likely increasing the efficiency of the Norway spruce’s needle infection in the early summer
(Ganthaler et al. 2014). All these climate conditions are also typical of the Southern Swiss Alps, which are

44

Ecological indicator values available on www.Infoflora.ch (lastly visited on 30.04.2020).
Tomiczek & Cech (2014) showed that the infection’s potential is higher in areas distinguished by thick
snowcover, since the Rhododendron bushes dry out when they are not covered from snow.
45
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characterized by an Insubric climate regime. The region, in fact, has notably higher mean temperatures than
Northern Alpine Slope, and is distinguished by high precipitations and heavy snowfall events, locally
expressing some of the most extreme cumulative depositions in Switzerland (Spinedi et al. 2012). These
conditions may therefore explain an unusually high incidence of the needle bladder rust disease in the study
area. Long before starting this master thesis, I personally observed an extended yellowing event in the Norway
spruce trees in the upper Val Malvaglia, which is characterised by a beautiful larch forest with of rusty-leaved
alpenroses.
On the one hand, these peculiar climate conditions may also explain the local differences between the areas in
the Pre Alps with Norway spruce and the Pre Alps with Norway spruce outposts. In fact, the Pre Alps with
Norway spruce outposts are characterized by comparatively higher snow covers and air humidity than the rest
of the study area. These factors may be directly favouring the incidence of the needle bladder rust disease in
this region. Since the alpenrose is also positively affected by the
thick snowcover and it is negatively affected by the foehn
frequency – which is less prominent in the area - (cf. Figure 35)
the combination of these factors may in turn favour the
occurrence of the alpenrose in the same area.
On the other hand, since the Norway spruce is essentially a
climax species (Cadullo et al. 2016), this knowledge could also
explain why this species is so dominant in areas where the
alpenroses are absent. For example, we can observe consistent
geographic pattern in the Upper Val Mesolcina. In this region,
the rusty leaved alpenrose is hindered by the presence of
calcareous -“Bündnerschiefer”- bedrocks (see Figure 37). On
these substrates, the Norway spruce is almost the only tree
species present, while the European larches are much more
common in the neighbouring areas on acidic bedrocks (own
observation).

Figure 37: left, the mixture degree of the
Norway spruce in adult forest stands,
calculated through the PSDI on NFI4 and
extended inventory grid data. Right, the
geology of the upper Val Mesolcina. In red
acidic metamoprhites, in blue calcareous
sediments (“Bündnerschiefer”), in yellow
sedimentary depositions (source Geologic
map 1:500’000, © Swisstopo)

6.3.3. Implications
My statistical analysis evidenced at least the existence of an allelopathic ecologic relationship between these
two species. This complex ecological feedback, likely mediated by a rust-fungi, is relevant for determining the
ecological balance in Norway spruce forests. In this thesis, we therefore contributed to the knowledge on a
phenomenon that receives little consideration on the Swiss forestry sector (Nierhaus-Wunderwald 1996).
We have seen that the spatial interaction between the alpenroses and the Norway spruce can explain the
reduction of the Norway spruce in areas where it could potentially thrive. Especially, the abandonment of the
pasture on many alpine meadows, as well as the establishment of protected areas, have been identified for
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favouring the encroachment through the alpenrose (Tomiczek et al. 2014). In the Southern Alps, the last
century was characterised by the decline of the agro-silvo-pastural activities in the mountain areas (Ceschi
2014). The effect of the fungal infections caused by Chrysomyxa rhododendri may therefore extend with the
increasing occurrence of the alpenroses on abandoned alpine meadows.
Yet, knowing that the Norway spruce is unlikely to naturally grow in certain areas may help in the choice of
the tree species in afforestation projects. In particular, alternative species such as the European larch or the
stone pine may be more suitable for plantations at the detachment zone of avalanches where the alpenroses
occur. We have also seen that the interaction with the Norway spruce is also negative for the alpenroses,
probably in consequence of the light concurrence. This awareness could also benefit the protection of valuable
habitats for red list bird species, such as the black grouse (Lyrurus tetrix), which require opened alpine forests
with shrubs to live. Finally, Ganthaler et al. (2014) discussed possible “invasive” measures to retain the
damages caused by the needle bladder rust fungi on the Norway spruce forests, such as the systematic
eradication of the alpenroses, with the conclusion that such measures would be limitedly effective and very
costly, both in economic and ecologic terms.
As a conclusion, we can return to the initial observations exposed on the history of the Norway spruce’s
diffusion (see paragraph 1.4). We observed that the species was likely hindered on its pathway to colonise the
Central and Southern Ticino by the combined effect of unfavourable climatic and ecologic conditions in this
region. Ravazzi (2002) remarks that the Norway spruce’s colonisation of the Inner and Eastern Alps took place
from the subalpine forest belts, because the lower elevations where already occupied by the broadleaved trees.
Additionally, he states that the Norway spruce failed to spread on mountain areas subject to oceanic air masses,
for example the Apennines and Rhodophes mountains (Ravazzi, 2002). Seen the parallels between all these
factors and the study area, I suggest that the rusty-leaved alpenrose’s presence should be considered as a factor
which possibly hindered the Norway spruce’s colonization of these areas.

6.3.4. Remarks and limitations
Now, I will expose the main remarks and limitations of my analysis. I directed my focus on the connection
between the cover degree of the alpenrose’s and the Norway spruce, while the control variables referred to the
topography and pedo-climatic indicators. The indicators used can be seen in the Annex 4-B. On the one hand,
the topographic and climatic indicators were strongly correlating. In fact, the climatic variables had been
generated by interpolating the meteorologic data by means of digital terrain models (Zischg et al. 2019; Abenis
AG 2019). Therefore, I assumed that the topography is intrinsically included in the climate variables, as I
remarked in the paragraph 4.2.4. Selecting the predictors through correlation analysis. On the other hand, the
indicators selected for the soil water balance and plant water availability showed of limited use, as they had a
poor relationship with the target variables. I guess that this problem is due to the procedure that I used for
aggregating these parameters, i.e. by calculating the minimum, mean and maximum values during the reference
period 1981-2010.
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Finally, it is possible that in this analysis I neglected other types of important factors, which may have been
important too, such as other species, the micro-topography, the geologic substrates or the history of the forest
stands. For example, the Norway spruce is subject to multiple diseases, particularly the snow-fungus
Herpotrichia juniperi is known to cause important damages to the Norway spruce trees in the upper forest
belts (Nierahaus-Wunderwald, 1996). Therefore, I also followed this path by evaluating the occurrence of the
main co-hosts of this fungus, such as the juniper (Juniperus communis), the stone pine (Pinus cembra) and the
mountain pines (Pinus mugo sspp.). This evaluation showed that these species are limited to a low number of
NFI plots (see Annex 11), therefore it was not reliable to statistically prove this relationship, as I did for the
alpenroses. Yet, I commonly observe Herpotrichia juniperus fungi in Val Bedretto, both in the valley bottom
at the high-montane and in the subalpine forest belts. In my opinion this fungus is punctually responsible for
the reduction of the Norway spruce’s cover degree. However, since its hosts are equally damaged, it is very
likely that the ecologic effect of this fungal infection has an overall low impact on the forests’ composition as
I have shown for Chrysomyxa rhododendi.
During the selection trough a clustering algorithm I did not include the precipitations in Mai-April, which I
added only later. This indicator, however, showed a much greater (negative) impact in the prediction of the
Norway spruce than the precipitations during the entire vegetation period. This sustains the previous
observations on the impact of rust fungi as an important ecologic factor on the Norway spruce’s occurrence
(cf. Section 6.3. Rhododendro-Piceetum).
I could not demonstrate the significance of the negative correlation with the alpenroses on the Norway spruce
rejuvenation’ cover degree. However, as we have seen in the previous section (6.2. Climate change and the
Norway spruce stands), the rejuvenation’s distribution is determined by many factors, such as the availability
of a suitable micro-topography, and it is therefore a less reliable indicator. Additionally, the target variables
used for this analysis showed different levels of (im)precision. Since the survey of the species’ mixture degrees
is carried out in the field, these measurement are subject to a 1% absolute error (see Düggelin & Keller, 2017).
The cover degrees of the upper forest also show a 1% absolute error. The rejuvenation and the soil vegetation,
however, have greater levels of incertitude since they are assessed in categorical classes (cf. paragraph 3.1 The
NFI variables). “Squared-rooting” the target variables in the regressions’ equations revealed to be an
interesting – as unexpected – instrument. In fact, using this type of transformation on normed variables ranging
from 0 to 1, allows it to magnify the impact of very small events (such as the presence of the rhododendron in
an areas with a low soil vegetation cover) while reducing the influence of bigger amounts, that are more subject
to the imprecision through a greater absolute error in the measurements.
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6.4.

Models’ discussion

In this third paragraph, I will tackle the third hypothesis, in which I postulated that a model concentrating on
the particular ecologic and pedo-climatic characteristics of the Southern Swiss Alps can lead to a realistic
representation of the Norway spruce’s range. In the last part of my research, I modelled the Norway spruce’s
range within the study area. I fitted the present mixture degree of this species, both for the established
rejuvenation and for the adult trees. The method applied was a Tobit multi-regression. I produced four different
models’ version. All models were based on high resolution climate indicators, which I derived by filtering the
non-collinear predictors used in the respective multi-linear regressions of in the previous part. For each fitted
variable, I also created an extended model version by recursively integrating the occurrence of the rusty-leaved
alpenrose (Rhododendron ferrugineum), which I predicted whit an additional model created exactly with the
same procedure. As a last thing, I extrapolated all models’ versions in the second half of the 21st Century by
means of the corresponding future climate indicators referring to the Swiss CLM scenarios.
Keeping in mind the research hypothesis, in this unit I start with a assess the quality of the models which I
produced by comparing them with other sources. Afterwards, I will discuss the meaning of the variables used
in the models. Then, I will present the implications of my research and, finally, I will discuss the main
limitations of my models.

6.4.1. Contextualisation of the results
In this part of the discussion, I will present a qualitative comparison between the actual Norway spruce’s range
and the projections of the models which I created in this work. For a statistical evaluation of the models’
outputs, refer to the paragraph 5.3.3 Assessment of the models’ projections. Here, I will examine how
“meaningfully” the projections can be compared with the measured data. Firstly, I start by comparing the range
of Norway spruce forests’ range by means of the model Tobit_C2 predicting the species range in the upper
forest layer. Secondly, I discuss the models on the established rejuvenation. Thirdly, I present the prediction
of the rusty leaved alperose occurrence. Fourthly, I present the future models’ projections.

6.4.1.1.

Virtual Norway spruce forests

In the Figure 38 we see a superposition between NaiS forest Eco-Regions and the projection of the model
Tobit_C2, which predicts the present mixture degree of the Norway spruce assessed in the NFI4. The
projection was created through climate indicators and it also considers the predicted rusty-leaved alpenrose’s
presence.
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Figure 38: superposition the forest Eco-Regions according to Frehner et al.(2005) with the Norway spruce’s range
predicted with the Tobit regression C2. (Background image and shapefiles obtained from Swisstopo ©)

In the Figure 38, we observe that core part of the predicted Norway spruce’s range corresponds to the forest
Eco-Region of the Intermediate Alps. Despite a perceptible diminution, the species is also represented in PreAlps with Norway spruce’s presence. Interestingly, in the Figure 38 we observe that the specie’s in the Eastern
Ticino and Moesano regions is visibly lower than in the Western Ticino. This inconsistency, however, is not
necessarily due to a lack of the models precision, since the division line drawn in the Forest Eco-Regions of
the Western Ticino was created for practical purposes it may be subject to a certain imprecision from the biogeographic point of view (see Huber et al. 2015). In the Continental Alps we see a few Norway spruce stands
in the northernmost valleys of Ticino.
We see that the predicted presences in the Pre-Alps with Norway spruce Outposts are limited to small and
scattered patches. Also the boundaries between this and the adjacent regions are depicted precisely along the
division line between the Riviera and Val Verzasca. Finally, we see that South from the division line with the
Pre-Alps without Norway spruce the species is not predicted. In general, we can say that the predictions are
consistent with the actual range of the species’ distribution discussed in the Chapter 2. Study area.
For looking at the predictions of this model in more detail, in the Figure 39-a we see a much more of the actual
Norway spruce ‘s range in the Canton of Ticino published in Ceschi (2014). The Figure 39-b presents the same
projection which we just discussed. Both representations are focussed on the Canton of Ticino for allowing a
direct visual comparison. At the first glimpse, we observe that the two representations match very good. The
predicted and actual occurrence’s ranges are almost identical. The altitudinal distributions are predicted quite
precisely.
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a)

b)

Figures 39: Comparison between projection and effective Norway spruce range. The illustration a) presents the green
the actual extension of the Norway spruce's forests in the Canton Ticino according to Ceschi (2014). The Figure b) is
an extract of the predicted Norway spruce percentage in the upper forest layer. The model was produced using a Tobit
multi-regression based on climate data and the predicted alpenrose’s cover. (Background: SWISSIMAGE25m, ©
Swisstopo).

In general, we see that all areas where the spruce is present are consistently reported in the model. The actual
species presences in Leventina, Blenio, Riviera and upper Valle Maggia are reproduced accurately. This is
also true for the main spruce areas of Cerentino, Campo Vallemaggia, Val di Peccia and Val Lavizzara. The
model also depicts the presence in the smaller patches where the species naturally occurs, like on the Monte
Zucchero and the Passo Garina in Val Onsernone. Even some stands which have been artificially planted are
reproduced, for example on the Sassariente and in Val d’Efra.
Punctually, we observe some differences. In general, the species is predicted to occur in a few additional
patches in the hydrographic basin of the Maggia and Isorno rivers. For example, we notice that the species is
locally predicted in areas where it does not occur, like in Val Bavona and Val Vogorness. However, since these
patches are very small and isolated, the Norway spruce may not be able to colonize these areas very likely in
consequence of the diffused beech and the larches forests (with alpenroses), the steep topography and finally
because of the anthropogenic inference. We also see that the model does not predict any presence
corresponding to the lowland Norway spruce forest above Palagnedra, where the species occurs with a different
eco-type which seems to be particularly adapted to the extreme insubric climate conditions of the region
(Ceschi 2014).
If we look at the model’s representation in more detail, we see some further discrepancies. The model tends to
be imprecise in the areas where alpine meadows are present. For example, the predicted range tends to be
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exaggerated at the upper and lower edges of the Norway spruce. For instance, we see some differences in the
left hydrographic slope of the Val Bedretto, in Piora, around the Naret lake, on the Lucomagno Pass and in the
upper Val Malvaglia. In the inferior hedge of the species’ range, we see that the Norway spruce is predicted to
occur below the villages of the Traversa in Leventina (on the terrace between Anzonico and Sobrio), where
mostly broadleaved trees and Scots pine forests occur. However, we can also assume that the reduction of the
Norway spruce’s occurrence nearby the villages can be explained by the anthropogenic interference, which
was responsible for the reduction of the Norway spruce forests to spread the pastures (cf. Ceschi 2014). With
these assumptions, we can therefore recognize the model’s ability to predict the potential distribution range in
Ticino even where the species is not yet present.
Now, we will evaluate the quantitative models’ predictions. I only directed this part of the analysis to the
regions of Moesano and Poschiavo, since in the Canton of the Grisons maintains a much more detailed forest
survey network. I will present a comparison between the projection of the model C2 and the actual Norway
spruce’s percentage calculated in the survey of the adult forest of the NFI4 through the PSDI. In this master’s
thesis, I defined the PSDI as an absolute measurement for assessing the tree species’ percentage (cf. paragraph
4.1.1. Quantifying the Norway spruce’s occurrence).
The Figures 40-a and 40-b present a quantitative comparison of the species’ mixture referring to the region of
Moesano.
a)

b)

Figure 40: comparison between the predicted and actual Norway spruce percentages in the Moesano region. a)
Projection of the Model Tobit_C2 of the species’ percentage on the upper forest layer assessed in the NFI4. b) Norway
spruce’s proportion as the species’ PSDI calculated on the adult circle plot. The raster was derived on a 500m cell
size through the NFI4 and the corresponding data from the extended grid. The species’ absences are not shown.
Background: SWISSIMAGE25 (©Swisstopo).
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Despite the considerably different resolution, we observe that the Norway spruce’s range corresponds between
the prediction and the survey data. In the prediction and in the measurements, the areas where the species is
most present are in the upper part of Val Mesolcina, as well as on the upper and lower edges of Val Calanca.
The discontinuities in the species’ range in the right hydrographic slope of Val Mesolcina between Soazza and
Cama, as well as the exiguous species’ percentage in the left hydrographic slope descending from Cama to the
border with Ticino, are well represented.
In Ticino, the final edge of the species’ range in the right hydrographic slope of Val D’Arbedo (which is not
shown in the map from Ceschi 2014, see Figure 40-a) also corresponds between the predicted and measured
presence of the species (Figures 40-b). On the negative side, we notice that the estimations of the Norway
spruce’s proportion in Moesano are systematically lower in the measured data. This is particularly evident in
the areas with the highest measured Norway spruce’s presences. On the optimistic side, the extremely high
percentage of the Norway spruce in the upper Val Mesolcina, especially between San Bernardino and Val della
Forcola, are likely due to the presence of a calcareous substrate (own interpretation from the geologic map
1:500’000), which is possibly responsible for the pre-dominance of this species 46.
The Figures 41-a and 41-b refer to the same comparison focussing on Val Poschiavo.
a)

b)

Figure 41: comparison between the predicted and actual Norway spruce percentages in Val Poschiavo. a)
Projection of the Model Tobit_C2 of the species’ percentage on the upper forest layer assessed in the NFI4. b)
Norway spruce’s proportion as the species’ PSDI calculated on the adult circle plot. The raster was derived on a
500m cell size through the NFI4 and the corresponding data from the extended grid. The species’ absences are not
shown. Background: SWISSIMAGE25 (©Swisstopo).

46

The region of San Bernardino is famous for the Bosc di Péscioi (trad. “the forest of the big Norway spruce trees”) which
lays on this particular geologic formation called “Bundner Schiefer” (Beer et al. 2018).
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In this case, we see that both the predicted and the measured species’ percentages are very consistent between
the two representations. In particular, we can recognize the same pattern in dark blue related to the areas with
the highest percentage of the Norway spruce. Additionally, we also see that the pattern related to the reduction
of the Norway spruce percentage at higher elevation visible in the Figure 41-a is also precisely reproduced by
the models’ projection in the Figure 41-b. This correspondence is due to the fact that the model C2 is
considering the negative relationship with the rusty-leaved alpenrose (cf. section 5.2. Assessment of the
alpenroses’ effect on the Norway spruce).
My comparative examination showed that the model C2 reliably reproduces the Norway spruce’s range in the
Southern Swiss Alps. Since the ranges exposed by the projections of the adult and young forest are consistently
matching, we can also consider that the model presenting the established rejuvenation is also robustly
predicting the present range. These considerations are consistent with the evaluation of models’ ability in
predicting the species’ presences and absences (cf. Table 28 in the paragraph 5.3.3. Assessment of the final
models), which showed a correctness always higher than 70%.
As a final conclusion, we can return to the initial hypothesis, proving that it is possible to create a meaningful
representation of the current Norway spruce’s in the Southern Swiss Alps.

6.4.1.2.

Modelling the Norway spruce rejuvenation

My comparative examination of the model C2 showed that it reliably reproduced the Norway spruce’s range
in the Southern Swiss Alps. Since the ranges exposed by the projections of the adult and young forest are
consistently matching, we can also consider that the model presenting the established rejuvenation is also
robustly predicting the present range. Unfortunately, to my knowledge there are no mapping on the percentage
of the rejuvenation’s mixture for comparing this model’s version with an actual measurement.
In the models’ assessments (see paragraph 5.3.3. Assessment of the models’ projections), we observed the
predictions of the Norway spruce’s rejuvenation were more correct in predicting the species
presences/absences and more precise in predicting its percentage (see R-squared Table Annex 6). This
evidence is likely due to the fact that the models have been trained using climate indicators (mostly) referring
to the recent decades. In fact, if we suppose that the Norway spruce trees can live several hundreds of years,
the Norway spruce trees in the upper forest layer grew in different epochs, possibly even in the “Little ice age”
of the 17th Century. In contrast, the established rejuvenation (accounting for the trees from 130cm height to
12cm DHB) is supposedly more recent, and it originated in a period with a more similar climate to the one
presented on the climate indicators.

6.4.1.3.

The meaning of the rusty-leaved alpenrose’s feedback

In the modelling part of this research I decided to project all models’ versions both with and without
considering the allelopathic relationship between the Norway spruce and the rusty-leaved alpenrose. As we
could observe in the results (see paragraph 5.3.2 Present and future models’ projections), the models created
only with climate indicators roughly reproduced the same distribution range of the Norway spruce as those
extended with the rusty-leaved alpenrose. This evidence therefore suggests that the combination of the
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particular climatic regimes in the different subunit of the study area (cf. NaiS Eco-Regions) are sufficient for
predicting its current distribution range. However, we need to look more closely at the local distribution of the
Norway spruce predicted with these two types of models for assessing the actual advantage obtained by
considering the negative connection with the alpenrose’s presence.
The Figures 42 evidence the meaning of the relationship Norway spruce-alpenrose discussed in the previous
section (cf. 6.3. Rhododendro-Piceetum). The models on the established rejuvenation cover produced only
through climate indicators displays a linear increase of the Norway spruce’s percentage with increasing
altitudes (Figure 42-a). In contrary, the model Tobit_A2, presents a clear reduction of the Norway spruce’s
percentage near the upper tree-line (Figure 42-b). This difference is particularly evident on the northern and
north-eastern slopes. I choose to display this particular section of the study area because I know most of the
places represented. To my knowledge, the Norway spruce’s reduction is consistent with the occurrence of
larch-rhododendron forests found on the belts between Pozzo and Püscett above Semione, between Cava and
Svallo in Val Pontirone and between Cusiè and Alpe di Pozzo in Val Malvaglia. From this comparison, we
deduce that by integrating this factor that we aknowledged for negatively influencing the Norway spruce’s
cover and mixture degrees, can perceptibly ameliorate the prediction of the altitudinal distribution of this
species.
a)

b)

Legend: light green= 0-20%; green=20-40%; dark green=40-60%; dark blue=>60%
Figures 42: differences in present Norway spruce proportion estimated by a) the model Tobit_A1 (based only on climate
indicators) and b) the model Tobit_A2 (based on climate indicators + alpenrose presence). The area focused is the
regions around Biasca and Malvaglia, where I had the luck to grow up. (Background images: SWISSIMAGE25m, ©
Swisstopo).

The alpenrose is not fundamentally determining the occurrence of the Norway spruce at the greater scale of
the NaiS Eco-Regions. However, we have seen that locally this factor is reliably reproducing the species’
decrease in the upper elevation belts, hence it is helpful for predicting the non-linear boundaries of its range.

109 | 158

The Figure 43 presents a comparison between the
projection of the current rusty-leaved alpenrose’s
presence and its actual cover degree, which I calculated
from the NFI3. We see that the areas where the species is
present are

well represented.

However, model’s

assessment (Table 28) showed a very low correctness of
the models’ prediction of the actual alpenrose presence
(21.2%). This low value is very likely caused by a
technical problem in the extraction of the models’ values.
In fact, since the alpenrose’s cover was produced only for
being recursively fed to the other models, the projection
was extracted using two masks. The first mask concerns

Figure 43: comparison between actual rhododendron

the geologic substrates, where I extracted only the areas cover degree (green squares) and the presence
with acidic rocks, either methamorphic, vulcanic and predicted by the model R1_s (present). The size of the

green squares is proportional to the alpenrose’s cover

sedimentary (e.g. Geologic map, 1:100’000). The second degree.
mask concerns the actual forests’ extent (e.g. Vector500). Background: SWISSIMAGE25m (© Swisstopo)
The geologic mask accounts for most of the assessed area (see Annex 3-B). Therefore, it is unlikely causing
discrepancy. This is not the case for the mask encompassing the forested area. In fact, the definitions for the
forest presence of the Vector500 shapefile and in the NFI are strongly mismatching. I extracted all NFI plots
in the Test dataset using forest’s mask and I observed that only 65.2% of the total plots were located inside the
forested of the Vector500. Since the rusty-leaved alpenrose is mainly growing near alpine tree line (cf. Figure
30), we can assume that the discrepancy between the areas defined as forests is even greater. Therefore, the
model is more reliable than assumed by the low value.

6.4.1.4.

The climate change impact on Norway spruce forests

We will now look at the results of the predicted Norway spruce’s range based on the future climate indicators.
The Figure 44 displays the Norway spruce’s range predicted with the Tobit_C2 Model based on the future
climate data and considering the allelopathic relationship with the rusty-leaved alpenrose. The areas where the
species is shown to occur in the present-day model and then disappear in the future model are shown in red
(disappearance). In contrast, the areas where the species is not shown to occur in the present-day model and
will appear only in the future model are shown in blue (expansion). The projected species’ range is shown to
undergo major changes. In fact, the representation is clearly dominated by the species disappearance. The
procedure used to calculate this map is explained in the paragraph 4.3.5. Projecting the present and future
Norway spruce’s range.
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Figure 44: disappearance and expansion of the adult Norway spruce in the future: prediction with the Tobit regressions
fed with climate parameters as well as the predicted alpenrose presence. In green, the areas where the Norway spruce is
currently present. In red, the areas where this species is predicted to disappear and in blue where it is predicted to expand.
Background: SWISSIMAGE25m (© Swisstopo)

In Ticino and Moesano, the species is shown to almost entirely recede from the regions of Riviera, Valle
Maggia, Val Calanca and Mesolcina. The species is shown to persist only in areas where it currently has its
centre of gravity particularly in the valleys of Leventina, Blenio and Poschiavo. Only in Val Poschiavo, we
see that the future range roughly matches with the current one, despite the species’ is disappearing from a
narrow band in the southernmost part of the valley. In the Western Ticino, small residual populations are only
shown in the upper Val Lavizzara (Campo la Torba). Although in the remaining areas the species is not shown
to completely disappear, the lower limit on mountain slopes is substantially higher. This change is similarly
strong at all expositions. The alpenrose cover is not projected to substantially change in the future, because
the only non-constant indicator used to predict the alpenroses’ presence is the Average snow height maximum,
which - at least in the upper elevation belts - is predicted to slightly increase in the CLM climate scenario
(Abenis AG 2019). Therefore, the alpenroses’ range is predicted to slightly expand. For this reason, the Figure
44 additionally highlights a narrowing of the Norway spruces’ range in the higher elevations, which is
particularly noticeable in the northern slopes on the main valleys of Leventina, Calanca and in the lateral
valleys of Blenio and Riviera. This representation therefore suggests that the areas with a high alpenroses’
cover degree may be an obstacle for the migration of the Norway spruce towards higher elevations.
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6.4.2. The meaning of the climate variables
In the previous section, we have seen that the models based on climate parameters can be used to reliably
predict the Norway spruce’s range in the Southern Swiss Alps. The variables listed in the Table 30 includes
all climate parameters used in the final models’ versions. In the Annex 4-B I report the comprehensive list of
all variables considered in this work, but which were select out during the creation of the models.
Interestingly, the climate variables finally selected for the adult and the young forest are matching, although
the adult forest is additionally considering the absolute thermal continentality. Since the indicators are always
coherently linked to each target variable, I used a respective colour to show if they are positively (blue) or
negatively (red) associated.
The combination of indicators provides an insight in the factors shaping the Norway spruce’s stands in the
study area. We observe that these climatic indicators coincide with the description provided by Z’graggen &
Carraro, who stated that the absence of the Norway spruce in the Pre-Alps with Norway spruce outposts (forest
Eco-Region 5a*) is related to the lacking North-foehn influence, the low terminal continentality and partially
by the high precipitations and snow cover (in Huber et al. (2015).

Table 30: the predictors used in the present and future models of the Norway spruce percentage, either upper
forest layer (Adult forest) or in the established rejuvenation layer (Rejuvenation), as well as for the rusty-leaved
alpenrose’s cover degree (Alpenrose). The colour of the indicators’ names indicates whether these indicators are
positively (blue) or negatively (red) associated to the target variables.

Indicators’
names
Contabs
LFjan
Ns_am

English name
Absolute thermal
continentality
Mean relative air
humidity at 1:30 PM
in January
Mean cumulative
precipitations
between April-Mai

Reference
period
(present)

Unit

Source

1894-1990

°C

Zischg et
al. (2019)

No

Adult forest

1981-2010

%

Zischg et
al. (2019)

Yes

Rejuvenation/
Adult forest

1981-2010

mm

Abenis
AG

No

Rejuvenation/
Adult forest

-

Abenis
AG

No

Rejuvenation/
Adult forest

Zischg et
al. (2019)

Yes

Alpenrose

Abenis
AG

No

Alpenrose

Obtained
from
Andreas
Zischg

Yes

Alpenrose

Schneebruch

Number of snowrupture events

1981-2010

Foehnhjul

Foehn frequency in
July

1981-2010

Hochststand

Average maximum
snow height

1981-2010

Janglobrad

Mean global solar
radiation in January

1984-1993

m

Wh/m

2

Assumed
Target
to remain
variables
constant?
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The mean relative air humidity at 1:30 PM in January has the highest negative correlation with the Norway
spruce’s presence. In fact, the pattern of the low winter humidity is related to the North-Foehn events which
frequently hit the Southern Swiss Alps in this season -which is also characterised by prolonged droughts- with
very strong effects on the vegetation (Spinedi et al. 2012). Historically, the silver fir was a major factor
hindering the spread of the Norway spruce in the Southern Alps (Ravazzi 2002). However, prolonged drought
events may be particularly relevant in reducing the ecologic concurrency of the silver fir in the inner alpine
valleys (personal communication by Ludwig Z’graggen). Although the Norway spruce is an evergreen tree,
we deduce that this species must be more adapted to winter drought events 47. This factor may have favoured
the establishment of this species in the inner-alpine valleys, since they are more heavily affected by the Foehn
events.
The most uncertain indicator is the Number of snow-ruptures events, which is positively associated with the
Norway spruce in both models. The Norway spruce is a sensitive species to snow damages, which can harm
the species’ vertical growth and expose it to bark beetles’ damages (Ellenberg & Leuschner 2010 in Schmutz
2013). However, this indicator has been calculated by interpolating, along an altitudinal gradient, the number
of heavy snowfalls events (with at least 20mm water equivalent) in the period 1981-2010 (Abenis AG, 2019) 48.
Therefore, we can rather assume that the number -or the frequency- of heavy snowfall events is more likely to
be the factor shaping the Norway spruce’s range, rather than the snow damages on their own. Frost drought
events are actually an important factor in subalpine Norway spruce forests by frozen soils (Huber et al. 2015).
This second factor may thus explain why the snow cover is positively influencing the Norway spruce.
Also the absolute thermic continentality, which is calculated as the difference between the absolute maximum
and absolute minimum temperature since the beginning of the meteorological records (Zischg et al. 2019), is
an important factor in this context. The positive relationship with the absolute thermal continentality can be
related to the continental character of the Norway spruce, which is a typical tree species from the boreal zones.
The Precipitations in April-Mai are found to have a negative relationship with the species. In fact, the other
variables concerning the reference periods (either Apr-Sep, Jul-Aug and Jul-Sep) did not show any significance
in the models. We discussed in the previous part (cf. 6.3. Rhododendro-piceetum) that the rust-fungus carried
by the alpenroses, Chrysomyxa. rhododendri, is favoured by high air humidity and precipitations, high
temperatures and, indirectly, by high snow covers (Ganthaler et al. 2014). Interestingly, we can see that the
factors more favourable for the rust-fungi infection also correspond to the combination of variables used by
the models used to predict the Norway spruce’s range. Therefore, this rust-fungi may explain why the Norway
spruce is negatively affected by the precipitation in April-Mai.

47

The silver fir has a less efficient transpiration control-mechanism – performed by closing the stomatal pores - than the
Norway spruce (personal communication by Ludwig Z’graggen).
48
Since the wet snow is commonly more likely attach to the branches causing damages to the trees, only event
distinguished by “wet-snow” are considered. Since snow measurement are available only twice a day and the number of
measurement stations above 1500 is exiguous, this indicator is subject to a great incertitude (Abenis AG, 2019).
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Ultimately, we notice that the Mean global solar radiation in January refers to a different time period than the
other layer. However, we can consider this factor to be stable through time.

6.4.3. The future climate variables
The future Norway spruce range was directly projected by integrating the available future projections
corresponding to the climate indicators used in the models discussed in the previous part, which I presented in
the Table 30). The Table 31 shows the future climate indicators which I have integrated in the models. All
other predictors are assumed to remain constant (personal communication by A. Zischg), and thus I maintained
the previous version from the 1981-2010 reference period.
Table 31: Future climate variables from the CLM scenario used for the future predictions.

Future Predictors (CLM scenario)

Reference period

Operation on original data

Absolute thermal continentality

2070-2099

Tabs max – Tabs min

Precipitation April-Mai

2045-2074

Prec. April-August – Prec. June-August

Snow ruptures

2045-2074

-

Average snow height’s maximum

2045-2074

-

The future climate data are based on the CLM climate scenario, which is the elaboration at the Swiss scale of
the A1B emission scenario of the IPCC produced by Remund et al. (2016). The A1B emission scenario
presumes no consistent intervention for reducing the global CO2 emissions rates until 2050, and afterwards a
sensitive reduction of the emissions induced by the technologic improvement and the peak of the world
population (Appenzeller et al. 2011; Spinedi et al. 2012).
Globally, the A1B is therefore considered the “best estimate
scenario” (Bader et al. 2012).
The temperature increase predicted by the CLM scenarios in the
Southern Switzerland are around 4.3°C by 2085. For the same
period, the CLM scenario also consider a reduction of the
precipitations around 26%. For this reason, the CLM scenario is
commonly defined as the “dry future scenario” (Frehner et al.
2019).
According to the A1B emission scenario of the IPCC, the
precipitations’ sum is expected to reduce in the summer and
slightly increase in the winter (see Figure 45). In my work, I

Figure 45: Precipitations' change projected
in the Southern Switzerland by the A1B
scenario. (image adapted from Appenzeller et
al. 2011).

applied the future projections from the CLM scenario for the
change in the temperatures, precipitations and snowfalls. The Table 31 lists the exact indicators which I
integrated: I calculated the Absolute thermal continentality as the difference between the Absolute maximum
and absolute minimum temperatures; the precipitations in April-Mai as the difference between the
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Precipitations in April-August minus those in June-August. Both in the Table 30 and 31, we observe that the
Absolute thermal continentality is referring to a different period in respect to the other indicators. This
discrepancy is related to the origin of the data, which depends on the absolute minimum and maximum
temperatures at each location. Since this value consider only the extreme values, it makes sense to observe
how the range between the temperature extremes
We have seen in the previous paragraph that the frequency of heavy snowfall events is positively related to the
occurrence of the Norway spruce (cf. paragraph 6.4.2.). The rising snowfall horizon induced by climate change
(estimated 400 meters by Abenis AG 2019) is therefore evaluated as a factor pushing upwards the species’
range. We may think that heavy snowfall events at low elevations could damage more broadleaved trees or
their rejuvenation. This may cause the species’ range to be pushed upwards in consequence of the increased
ecologic concurrence. However, to my knowledge, there are no evidences proving this relationship in the
alpine area.
The procedure used to calculate the future frequency of heavy snowfall events does not have a geographic
pattern (besides the altitudinal gradient). In the paragraph 3.2. The pedo-climatic indicators, I already exposed,
that also the past temperature change is not showing a clear geographic structure. Thus, I assume that also the
future temperature increase –hence also the thermal continentality– is not related to a defined spatially explicit
pattern. Therefore, I tried to figure out if the species’ decrease observed in the Moesano could be explained by
the change in the precipitations. The Figures 46 present a comparison of the future precipitations in April-Mai
generated the CLM model. The Figure 46-a shows the expected precipitations in April Mai according to the
CLM scenario. We observe a very strong gradient of the precipitations’ reduction from West to East. The
region of Moesano is mostly represented in blue-green colours, indicating that the precipitations are in the
higher range (definitely higher than in Val Poschiavo). In the Figure 46-b we observe the change in the ArilMai precipitations between the reference for the current climate (1981-2010) and the future data from the CLM
model (2045-2045). Here, we observe a gradient of the precipitation’s increase from North to South, although
the region of Moesano is clearly distinguished by a stronger reduction of the precipitations.

Figure 426: left, the future late spring precipitations in the Study area according to the CLM scenario (period 20452075). Right, the change in late-spring precipitations between the period 1981-2010 and 2045-2075.

Since my models are essentially based on a linear combination of multiple climate indicators, a spatially
explicit modification in one variable may result in a completely different pattern in the results. However, if we
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remember, the indicator on the Precipitations in April-Mai was associated to a negative coefficient in the
models of the Norway spruce (cf. Table 32). Therefore, a reduction in the future precipitations should manifest
an increase in the species range. However, as we saw in the Figure 44, it was not the case. This fact implies
that a combination of either the decrease in thermic continentality or the reduction in the frequency of heavy
snowfalls events must explain the disappearance of the Norway spruce predicted in the region of Moesano.
In the Figure 47 we see a comparison between the model predicting the Norway spruce’s presence in the future
and the forest elevation belts according to the same climate scenario published by Frehner et al. (2019). We
see that the prediction made by the Norway spruce’s model is representing the species’ range between the
boundary of the colline and the upper- and high-montane elevation belts. In fact, we observe that the effects
predicted by climate change in this scenario are disruptive. On the one hand, the colline elevation belt englobes
the biggest part of the study area (see Frehner et al. 2019 – part 4). On the other hand, the subalpine elevation
belt almost completely disappears, while the high montane elevation belts are mostly higher than the predicted
species’ range. The fact that the Norway spruce is not predicted in its current natural range is simply related to
the fact that I used the present forested area for extracting my models’ projections 49. However, according to
this representation, the future forest line should be much higher than today. The choice for this parameter is
therefore very influential for representing a reliable prediction on the future range of this species.

Figure 437: comparison between the Norway spruce’s presence predicted from the future projection of the Tobit_C2
model and the elevation belts for the period 2085 predicted by Frehner et al. (2019). Both represenations are using the

49

In contrast, Frehner et al. (2019) determined the limit for the future upper forest line by considering a minimum
threshhold of 11°C for the absolute maximum temperature in one cell.
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same CLM scenario, which corresponds to a dry future. Background image: SWISSIMAGE 25 (©Swisstopo).

6.4.4. Implications
Through the successful assessment of the models I could confirm the initial hypothesis of my research, i.e. that
by using a modelling set-up concentrated on the particularities of the Southern Swiss Alps it is possible to
reliably describe the Norway spruce’s range in this complex and heterogeneous region.
To my knowledge, none of the models currently produced on scale of the entire Alpine Bow or with the focus
on the Norther Alpine Slope of Switzerland provide a realistic prediction on the contraction of the Norway
spruce’s range in the Southern Swiss Alps. In this thesis, I produced a set of models with a good resolution
able to reliably predict its current range in the study area. In particular, the main innovations of my research
were the selection of high-resolution indicators which can precisely represent the peculiarity of the region, the
decision to focus on the mixture degrees of the Norway spruce as a main target variable, the fact of integrating
the presence of the rusty-leaved alpenrose through a recursive model and, finally, the choice to also consider
the absences of this species by applying a regression function adapted for this purpose.
In relation to the factors shaping the Norway spruce’s range, we saw that the precipitation in April-Mai have
a very strong negative relationship, which may be explained by the mix of factors promoting the infection
through the needles bladder rust fungi (see paragraph 6.3.2). I think that the rust-fungi (and other similar
pathogens) could have a much larger impact in the Norway spruce’s occurrence than expected, in particular
by reducing the survival rates of the species’ regeneration. This observation may suggest that fungal diseases
could be responsible for the absence of the Norway spruce in the regions, particularly in the NaiS Eco-Regions
5a* and 5b, which are characterised by a warm-humid Insubric climate regime. This observation is therefore
supporting the supposition, proposed by Z’graggen & Carraro (in Huber et al. 2015), that cryptic factors are
leading to the mortality of the Norway spruce rejuvenation in the youngest development-stages are possibly
causing the exclusion of this species from the NaiS Eco-Regions 5a*.
By projecting the future occurrence of the Norway spruce, I showed that the range of this species is likely to
strongly reduce. The most radical developments are expected to occur in the Southern Pre-Alps and, in the
lower elevations, in Southern Intermediate Alps. These models suggest that the Norway spruce will likely find
an ecologic barrier in the alpenroses’ stands, possibly hindering its migration towards higher elevations. These
phenomena will presumably be more relevant if the winter precipitations will increase in the future, as assumed
for the current climate change scenarios on the Southern Swiss Alps (CH-2011, CH-2018). However, the
summer drought may be a negative factor for the alpenroses, possibly indirectly facilitating the migration of
the Norway spruce. The reduction of this species, however, may cause a retreat of the opened larch forests,
typical of the upper-subalpine belt, posing an additional stress to red-list bird species like the black grouse.
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6.4.5. Limitations and methodological remarks
Present models
The models’ results presented in this section show a very good consistency with the actual observations.
However, we should always keep in mind that a model is an artefactual representation of the reality, which can
only be interpreted by understanding the mathematical background and the particular set-up behind these
results. In general, we can say that the models are only consistent within the area where they have been
developed. Thus, it is not possible to extract predictions on other regions. Any extrapolations outside the
geographic and temporal parameters must be interpreted very cautiously.
For orienting the reader, I will therefore contextualize the models’ assumptions.
The models have been produced on the target variable of the Norway spruce’s mixture degree on the
rejuvenation and canopy layers assessed in the main forest stands on the NFI4 plots. These variables refer to
the period 2009-2017, in which the samples have been taken. All the climate variables on which the models
are based are, in turn, extracted from the Adapted ecogram project (see Zischg et al. 2019; Huber et al. 2015).
These variables are referring to the period 1980-2010, through the global radiation and the absolute
continentality referred respectively to the period 1980-1994 and 1894-1990.
I started by dividing the dataset into a training and testing dataset. This procedure was required for validating
the final outcomes. However, this technique caused a reduction in the sample size of the input data, which is
implying a lower resolution. This procedure could have been avoided with a cross validation algorithm, to
recursively test a subsample of the entire dataset. However, after trying this path, I decided for the other option
for reasons of feasibility.
I had to strongly reduce the number of variables for avoiding the problem of the models’ overfit. In this, I
noticed that also the accuracy of the models decreased. However, this precision was necessary for assuring the
reliability of the models’ projections. The combination of variables used in the models do not necessarily imply
that these indicators have the greatest correlations, nor that they give a causal explanation on the occurrence
of the Norway spruce. More likely, they represent the main independent components out of the set of selected
variables which can be used for describing the Norway spruce’s percentage through linear models. The
outcome is therefore only one of the many possible combinations of variables. It may even sound quite
simplistic, since the equations are fitted with a relatively small set of indicators. However, in my research, I
always followed a rigorous procedure for selecting only the most adequate variables. Therefore, I assume that
the outcomes are the best approximations which could be performed through this “manual” approach.
The modelling procedure applied consisted on a “Tobit” multi-linear regression, which best enabled to assess
the species presences and absences. The Tobit regression revealed very useful for increasing the models’
correctness in predicting the species’ boundaries. This is because the tool is projecting negative values where
the species is absent. This projection, however, is automatically generated and, as we observed from the
assessment of the models’ accuracy, the “goodness” in the actual predictions decreased in comparison to the
simple linear models.
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My analyses were performed only with a limited set of indicators, because I choose to use only those which I
could access for free. Particularly, the transformation of the soil variables can be disputed, since the
transformations that I made in the Soil Water Balance (SWB) and in the Plants Water Availability Ratio
(ETa/ETp) variables substantially reduced their spatial accuracy.
The future models
Hicker et al. (2012) provide an interesting critical comment on species distribution models:
“Forests are considered very dynamic and complex systems, difficult to parametrize into
a deterministic vision. […] Some biologically and evolutionarily relevant points such as
biological interactions, adaptation, genetic and ecological differences between regional
populations and competition are neglected.
This leads to uncertainties in the model statements. The changes in the modelled areas
must therefore under no circumstances be interpreted as concrete forecasts.
They merely show how a hypothetical window of environmental variables, which correlate
with today's species distribution, shifts in the future in a certain climate scenario. Because
the correlations are based on today's distribution, they only reflect the correlations
described under interactions with other species, especially competition, realized niche, not
the physiologically possible fundamental niche. However, it is precisely in the course of
rapid climate change that biotic interactions can change […]”
[Freely translated from Hinckler et al. 2012]
To paraphrase this quote, the extrapolation on a future setting of parameter is only presenting how the realised
niche of the species would shift under changed climate conditions. However, this assumption is neglecting
many external factors and complex interaction, which cannot be consequently predicted. Therefore, the
representation provided by the future model of the Norway spruce percentage seen in the paragraph 6.4.1.4.
The climate change impact on the Norway spruce forests, must be taken as an indicative scenario, and in no
case it should be considered as a quantitative prediction.
The predictions made for the future range of the Norway spruce are also very consistent with the projection of
the future elevation belt considering this scenario (see Figure 45). Yet, I already mentioned that the CLM is
commonly considered the “dry future scenario” (Frehner et al. 2019). Therefore it is arguable that the
prediction generated considering the CLM scenario are simply biased by the fact of representing one
(pessimistic) version, while it would be also necessary to consider the other extremes (e.g. RCA or RegCM3
scenarios). As a remark on the scenario for the future climate, I have to object that, like any future climate
prediction, the indicators are subject to a high level of incertitude. In fact, to date the CLM scenario is already
outdated, since it has been substituted by the CH2018 projections. In a comparison with the most recent
CH2018 scenarios, the expected temperature increase in the A1B emission scenarios for the initial period 2035
are comparable with the model RCP2.6 (is the lower range) and in the period 2060-2080 they are comparable
to RCP 8.5 (at the upper range). In addition, new CH2018 scenarios presume wetter winters and less
pronounced summer drying (CH2018, 2018).
We can also mention that besides the processes leading to a gradual development, the disruptive changes
induced by extreme climate event such as storms, pests, forest’s fires and other unpredictable factors could
considerably determine the future species’ range. Finally, more than considering the climate change as an
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external force, we should keep in mind the complexities of the changes induced by the human activities, in this
epoch distinguished by the preponderant effects of the humans as a force which is irreversibly influencing the
entire biosphere.

6.5.

Perspectives for future researches

In this paragraph, I will set the baseline for researchers, who may be interested in exploring in further detail
the approaches and the results that I produced in this work. Therefore, I will provide a list of suggestions, either
concerning the research opportunities to further develop my research or to tackle important research questions
through similar approaches.
In this first section, we have seen that the Norway spruce’s forests are subject to a variety of important
structural changes. Some factors driving to the tree mortality, such as the bark beetles, are extensively studied
but, to my knowledge, less studies are addressing the changes in the species’ rejuvenation. Since the Norway
spruce is the most important -but also the most vulnerable- tree species in the protective forests of the Southern
Swiss Alps, there is an urgent necessity to address these topics in more detail. My analysis has shown that the
NFI datasets are offering a great number of opportunities for the most disparate researches. In respect to the
vulnerability of the Norway spruce’s forests and the decrease of its rejuvenation highlighted in this work, I
therefore recommend to assess whether there is a sufficient rejuvenation in the protective Norway spruce
forests, if not, which measures can be taken to overcome this issue and, finally, which policies should be
engaged for address this issue at an institutional level.
In the second section, I discussed that the alpenroses are negatively related to the occurrence of the Norway
spruce. I suggested that this feedback is due to the incidence of the needle bladder rust disease, caused by
Chrysomyxa rhododendri. An experimental design on the field would help to get a more definite insight in the
extent of this phenomenon. For example, Norway spruce seedlings could be planted at different sites along a
climatic or ecologic gradient, by controlling for example the alpenroses’ cover degree etc.
In a broader perspective, we have seen that the future climatic changes are expected to provide higher winter
precipitations and generally warmer temperatures, which are an optimal mix of factors favouring the expansion
of C. rhododendri. Since we observed that the rejuvenation rate of the Norway spruce sharply decreased, it
would be sensible also to investigate if these phenomena are linked with the particular climate conditions of
the Insubric region and whether climate change may spread the conditions responsible for a deficiency of the
Norway spruce’s regeneration.
In the third section, I produced a realistic prediction of the Norway spruce’s range within the study area.
However, the methodologic procedure could be improved by means of a more elaborated machine learning
algorithm for producing and calibrating the models. Nevertheless, we have seen that both the alpenroses and
the Norway spruce are negatively related to each other. Therefore, this non-linear feedback would require a
much more complex modelling design for being optimised. Finally, in order to improve the predictions at the
local scale (f.e. in the Moesano region) it would be possible to repeat my procedure to generate more accurate
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outcomes at the local scale by integrating the extended forest survey network of the Grisons for fitting the
species’ PSDI, which I also conceived in this work for quantifying the species’ mixture in the adult forest.
I showed that a modelling approach based on the mixture degrees assessed in the NFI and a combination of
high-resolution climate data can produce very realistic results. These variables were optimal for this type of
analysis, since they could be directly used without complex elaborations. These variables can therefore be
applied for further analysis of species distribution models at the Swiss scale. Additionally, the mixture degree
of the established rejuvenation revealed even more reliable then the adult forest. Focussing on the young forest
could provide important advances both in terms of precision and of usefulness for the predictions of the tree
species development under climate change.
By considering the alpenroses’ cover, which we showed to have a negative ecologic relationship with the
Norway spruce, it was possible to integrate a non-linear factor shaping the upper forest belt with a recursive
modelling design. On one side, in my models I emphasise the effect of the alpenroses in acting as an ecologic
barrier for the migration of the Norway spruce, which should proportionally raise with the increasing
temperatures. On the other side, I showed a type of approach that could reveal useful also in other situations,
where spatial interactions between target species are identified. Hence, the knowledge generated from this
work can be applied for predicting more accurately the forest development in long-term management plans on
mountain forests.
Finally, the future predictions generated from my models were based on a particularly dry climate scenario. In
order to have a more balanced prediction, it would be necessary to integrate at least one further scenario as the
RegCM3 (or the RCA). As my prediction was restricted to the current forested area, it would also be
meaningful to project the future increase of the upper forest line, for example with a 11°C threshold (see
Frehner et al. 2019).

6.6.

Final considerations

Changing climate conditions may induce changes in the ecologic balances which regulate the forest’s
ecosystems: unfavourable climate conditions, disturbances and other stressors can induce radical changes in
the ecosystems. Therefore, the mixture of the Norway spruce is, like that of other species, strongly determined
by climate change. The trends which are visible today (e.g. see Dionea SA, 2012) may exacerbate in the future
and even produce new forms of stable forest typologies.
Ceschi (2014) illustrates that the illiterate population of Ticino in the 17th to 19th century was the main force
which formed the forests’ landscapes. With rudimental utensils but a great know-how, the subsistence farmers
gained their existence by selling timber and coal harvested by hand in inaccessible valleys. Yet, the forests’
situation was disastrous, and by 1858 the forest cover was reduced to 17.4% (Landolt 1864 in Ceschi 2014).
The Great flood of 1864 incontestably proved the importance of the forests for their protective functions. The
rising political and social awareness allowed to protect the forests, which could experience an expansion lasting
until today. Despite our lifestyles and sources of income evolved, today, the human impact on the forests is
still preponderant: atmospheric pollution and climate change are altering the ecologic balances causing great
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environmental harms and irreversible changes. We are still causing this, without even touching a tree. The
growing demand for consumerism good is exploiting the planet’s resources. Nevertheless, our behaviours and
our choices are also shaping the forests. Never like today, so much attention has been put on the health of the
environment. I hope that the comprehension of these phenomena will help us to take the right decisions to
maintain the beautiful world that we have received from our ancestors, also for the future generations.

I performed this analysis on my own. The methodology applied was reached through the competences that I
matured along this research. Modellig is a very complex research field requiring very deep knowledges in
statistics and programming. Therefore, it is a domain that is mostly reserved to experts of this field. I therefore
tried to document all my assumptions in the most transparent way, so that it is still possible to rebuild my
procedure for someone else willing to follow this trail. Working on my own provided me many uncertainties
but, in the same time, made me learn many things. Possibly I learned much more than if I researched with the
constant support of an experts’ team. When I started, I hardly had any idea about statistics. Few weeks before
I began, I did not know what a “p-Value” is. And now, after so many weeks spent on examining data for
disentangling complex phenomena, I can hardly believe what I learned to do with statistical analysis and
models. I hope that this effort can contribute to the scientific understanding of the forests in “our” mountains.
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7.

Conclusion

This Master’s thesis presented a wide-ranging assessment of the processes and factors shaping the Norway
spruce stands in the Southern Swiss Alps. In the explorative analysis, we evidenced that the Norway spruce
stands are undergoing multiple changes in terms of stand structure, mortality and rejuvenation rate. I
demonstrated that such changes are showing different patterns linked to the elevation belts and exposure. With
a holistic analytic approach, we saw that the Norway spruce and the alpenroses (Rhododendron spp.) are
undergoing complex ecologic feedbacks, deterring the expansions of both species below their physiologic
potential. Finally, by applying the technical competences matured in the previous parts, I produced different
scenarios for the present and future Norway spruce’s geographic distribution with a modelling approach.
In this Master’s thesis, I investigated three main research pathways. Conclusively, I will go through the three
research questions stated at the beginning for finding an answer based on the results of my analysis.
1) What changes are the Norway spruce forests on the Southern Swiss Alps undergoing?
The stocks of the Norway spruce trees are rising. The Norway spruce stands are expanding in the higher
elevations and withdrawing from the lower forest belts, indicating an uplift of the species’ range. However,
we observe a substantial increase in the stocks of dry trees, which is likely accountable by the increased
incidence of the bark beetles’ outbreaks registered in the recent years. Finally, we notice a consistent reduction
of the frequency of the species’ rejuvenation, particularly strong in the youngest development stages between
10-130 cm height. These evidences show that the Norway spruce’s stands are becoming more unbalanced and
thus they may be vulnerable to external disturbances, such as heavy snowfall, wind damages and heatwaves.
The combined effect of the bark beetles, modified disturbance regime and climate change can therefore
aggravate the precarious stability of the Norway spruce forests, threatening the fundamental protective
functions which they sustain. This is a very urgent issue.
2) What is the role played by the alpenroses (Rhododendron spp.) in the Norway spruce’s stands of the
Southern Swiss Alps?
The alpenroses (Rhododendron spp.) are interfering with the Norway spruce with a perceptible negative effect
on its mixture and cover degree. Therefore, in the ecotones where these species are co-occurring, we observe
that the dominance of the Norway spruce is reduced, in favour to other tree species. It is very likely that this
phenomenon is caused by an allelopathic interaction mediated by the rust-fungus Chrysomyxa rhododendri,
which is responsible for the needles’ bladder rust disease on the Norway spruce shoots. There are evidences to
suppose that the needle bladder rust disease is hindering the growth of the Norway spruce’s rejuvenation. We
can therefore assume that this species is also creating an ecologic barrier to the migration of the Norway spruce.
3) Which parameters should be considered for meaningfully model the Norway spruce’s range in the
Southern Swiss Alps?
The final results of this thesis presented a wide set of models coherently predicting the occurrence of the
Norway spruce in the study area. These models were mainly based on climate indicators, including the mean
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air humidity in winter (negative), the cumulative precipitations in the late spring (negative), the frequency of
heavy snowfall events (positive) and the absolute thermal continentality (positive). In order to depict a more
reliable representation, considering the negative effect induced by the presence of the rusty-leaved alpenrose
allows to reproduce more accurately the non-linear decrease of the species’ presence in the upper forest belts.
Additionally, the modelling set-up used in this work as proved very effective for generating a reliable
representation. Therefore, the most important parameters were:
-

The selection of high-resolution indicators which can precisely represent the peculiarity of the region.

-

The decision to consider both a continuous variable which can reliably reproduce the species’
percentage.

-

The choice to also consider the absences of the species by applying a regression function adapted for
this purpose.

-

The integration of an ecologic interaction recognized for delimiting the species’ range.

I hope that with this work I could contribute to the scientific knowledge on these topics and, particularly, that
I could rise our cognition and our interest for the mountain forests.
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Annex 1: Taxonomy and nomenclature of the main target species
A) Taxonomic tree and Nomenclature of the Norway spruce (source: www.cabi.org, lastly visited
on 30.03.2020)

B) Taxonomic tree and Nomenclature of the main alpenrose species of the Swiss Alps (source:
www.Infoflora.ch, lastly visited on 30.03.2020)
Preferred scientific names:
Taxonomic tree:
Rhododendron ferrugineum L.
Rhododendron hirsutum L.
x

Rhododendron intermedium Wender
Common Names:
English: alpenrose, azalea, alpine rose
German: Almrausch, Alpenrose
Italian: rosa alpina, rododendro, azalea
French: azalee

Domain: Eukaryota
Kingdom: Plantae
Phylum: Spermatophyta
Subphylum: Angiospermae
Class: Dicotyledonae
Order: Ericales
Family: Ericaceae
Genus: Rhododendron
Species: Rhododendron spp.

C) Taxonomic tree and Nomenclature of Chrysomyxa rhododendri (source www.cabi.org, lastly
visited on 24.03.2020)
Preferred scientific name:
Taxonomic tree:

C. rhododendri De Bary
Common Names:
English: spruce’s needle rust; rhododendron-spruce
needle rust;
German: Alpenrosen-Fichtennadelrostpilz
Italian: ruggine vescicolare del peccio
French: rouille vesciculaire du rhododendron

Domain: Eukaryota
Kingdom: Fungi
Phylum: Basidiomycota
Subphylum: Pucciniomycotina
Class: Pucciniomycetes
Order: Pucciniales
Family: Coleosporiaceae
Genus: Chrysomyxa Unger
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Annex 2: Maps (representations created with the NFI data developed in this work)
A. The Norway spruce percentage calculated through the PSDI, data source NFI4. Background image: SWISSIMAGE25 (©Swisstopo).
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B. Change of Norway spruce’ Basal area pro hectare from the NFI2 to NFI4. Background image:
SWISSIMAGE25 (©Swisstopo)

C. Change Basal area pro hectare of Norway spruce’s dry-standers from the NFI2 to NFI4. Background
image: SWISSIMAGE25 (©Swisstopo).
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D. Change of Norway spruce’ Stem number pro hectare from the NFI2 to NFI4. Background image:
SWISSIMAGE25 (©Swisstopo)

E. Change Stem number pro hectare of Norway spruce’s dry-standers from the NFI2 to NFI4. Background
image: SWISSIMAGE25 (©Swisstopo).
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F. Cover degree of the Rusty-leaved alpenrose (NFI3) vs. cover degree of the established Norway spruce’s
rejuvenation (NFI4). Background image: SWISSIMAGE25 (©Swisstopo).

G. Cover degree of the Rusty-leaved alpenrose (NFI3) vs. cover degree of the Norway spruce in the upper
forest’s layer (NFI4). Background image: SWISSIMAGE25 (©Swisstopo).
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Annex 3: Geologic maps
A) Extract of the Geologic map 1:500’000 on the Study area. Map available from Swisstopo.ch (online
version actualised on 30.06.2008). The Swiss national and cantonal boundaries are indicated in pink.
The red colours indicate felsic rocks, blue are mafic rocks, green colcalcareous rocks, brown
sedimentary rocks and in yellow we see morenic sediments. For a more detailed description, consult
the QR code in the bottom-right corner. © Swisstopo.

B) Elaboration from the Rock-Genesis Map 1:100’000 from the Geologic Atlas (©Swisstopo)
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Annex 4: Variables
A) NFI variables used

Variables

Name

Type

Unit

Inventory

CLNR

Plot ID

ID

-

All

KTBSL

Canton number

ID

-

All

NAISREG

Forest Eco-Region

Factor

-

All

X

Longitude

Coordinate

-

All

Y

Latitude

Coordinate

-

All

Z25

Elevation

Number

m asl.

All

NEIG

Slope

Number

%

All

AZIEXPO

Exposition

Number

grad

All

ASPECT25

Exposition

Number

°

All

HBART

Main species code

Factor

-

All

OCCURRENCE

Species present on whole survey

Boolean

-

All

BA_PRAES

Species present on adult forest plot

Boolean

JWCA_PRAES

Species present in the young forest

Boolean

-

All

All

satellite
V_PH

Standing tree volume per ha

Number

m^3/ha

All

BASF_HA

Basal area pro hectare adult trees

Number

m^2/ha

All

N_HA

Stem density = Stem number pro

Number

n/ha

All

Number

m^2/ha

All

Number

n/ha

All

hectare
BASF_DUERRST_HA

Basal area pro hectare of dead trees
on adult forest

N_DUERRST_HA

Stem number pro hectare of dead
trees on adult forest

SDI

Stem density Index

Number

-

All

KFM

Mean stem diameter DBH

Number

M

All

DECKUNGSGR

Total canopy cover per ha

Number

a/ha

All

DGANTFI

Picea abies's relative canopy cover

Number

%

3; 4

Number

%

3; 4

Total cover of Established

Ordinal

-

4

rejuvenation in the Main forest stand

7 classes

proportion
DGANTLA

Larix decidua's relative canopy cover
proportion

VERJGESDG
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VERJGESAFI

Picea abies's relative canopy cover

Number

%

4

Number

%

4

proportion
VERJGESALA

Larix decidua's relative canopy cover
proportion

BODVEGDG

Total cover degree of Soil vegetation

Code

-

All

6 classes
VERJART

Type of rejuvenation

Code

-

All

AUFFORUMF6

Origin of the forest stand

Code

-

All

DATUMF

Date of young forest survey

Date

-

All

JWSANR

Number of the young forest satellite

Code

-

All

JWHBART1234

Tree species in young forest satellite

Ordinal

-

All

JWKLASSE2

Rejuvenation class

Ordinal

-

All

N_LEBEND_PRO_HA

Number of plants pro hectare

Number

n/ha

All

extrapolated from the young forest
satellites

B) Climate indicators

Variable

Name

Unit

Present
period

Future
(if used)

Source

Temperatures
TJANMIN6190

Mean temperature low
in January

°C

1961–1990

Zischg et al. (2019)

TJANMAX6190

Mean temperature high
in January

°C

1961–1990

Zischg et al. (2019)

TJANMEAN6190

Mean temperature in
January

°C

1961–1990

Zischg et al. (2019)

TAPRMIN6190

Mean temperature low
in April

°C

1961–1990

Zischg et al. (2019)

TAPRMAX6190

Mean temperature high
in April

°C

1961–1990

Zischg et al. (2019)

TAPRMEAN6190

Mean temperature in
April

°C

1961–1990

Zischg et al. (2019)

TJULMIN6190

Mean temperature low
in July

°C

1961–1990

Zischg et al. (2019)

TJULMAX6190

Mean temperature high
in July

°C

1961–1990

Zischg et al. (2019)

TJULMEAN6190

Mean temperature in
July

°C

1961–1990

Zischg et al. (2019)

TOCTMIN6190

Mean temperature low
in October

°C

1961–1990

Zischg et al. (2019)

TOCTMAX6190

Mean temperature high
in October

°C

1961–1990

Zischg et al. (2019)
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TOCTMEAN6190

Mean temperature in
October

°C

1961–1990

Zischg et al. (2019)

TYYMIN6190

Mean temperature low
in the year

°C

1961–1990

Zischg et al. (2019)

TYYMAX6190

Mean temperature high
in the year

°C

1961–1990

Zischg et al. (2019)

TYYMEAN6190

Mean temperature in
the year

°C

1961–1990

Zischg et al. (2019)

TAMJJASMEAN6190

Mean temperature
April–September

°C

1961–1990

Zischg et al. (2019)

TJANMIN9110

Mean temperature low
in January

°C

1981–2010

Zischg et al. (2019)

TJANMAX8110

Mean temperature high
in January

°C

1981–2010

Zischg et al. (2019)

TJANMEAN8110

Mean temperature in
January

°C

1981–2010

Zischg et al. (2019)

TAPRMIN8110

Mean temperature low
in April

°C

1981–2010

Zischg et al. (2019)

TAPRMAX8110

Mean temperature high
in April

°C

1981–2010

Zischg et al. (2019)

TAPRMEAN8110

Mean temperature in
April

°C

1981–2010

Zischg et al. (2019)

TJULMIN8110

Mean temperature low
in July

°C

1981–2010

Zischg et al. (2019)

TJULMAX8110

Mean temperature high
in July

°C

1981–2010

Zischg et al. (2019)

TJULMEAN9110

Mean temperature in
July

°C

1981–2010

Zischg et al. (2019)

TOCTMIN8110

Mean temperature low
in October

°C

1981–2010

Zischg et al. (2019)

TOCTMAX9110

Mean temperature high
in October

°C

1981–2010

Zischg et al. (2019)

TOCTMEAN8110

Mean temperature in
October

°C

1981–2010

Zischg et al. (2019)

TYYMIN8110

Mean temperature low
in the year

°C

1981–2010

Zischg et al. (2019)

TYYMAX8110

Mean temperature high
in the year

°C

1981–2010

Zischg et al. (2019)

TYYMEAN8110

Mean temperature in
the year

°C

1981–2010

Zischg et al. (2019)

°C

1894–1990

2070-2099

Zischg et al. (2019)

°C

1894–1990

2070-2099

Zischg et al. (2019)

TABSMIN
TABSMAX

Absolute minimum
temperature of the
period
Absolute maximum
temperature of the
period
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Thermal continentality
CONTJAN

Mean daily temperature
variation in January

°C

1981–2010

Zischg et al. (2019)

CONTAPR

Mean daily temperature
variation in April

°C

1981–2010

Zischg et al. (2019)

CONTJUL

Mean daily temperature
variation in July

°C

1981–2010

Zischg et al. (2019)

CONTOCT

Mean daily temperature
variation in October

°C

1981–2010

Zischg et al. (2019)

CONTYY

Mean daily temperature
variation in the year

°C

1981–2010

Zischg et al. (2019)

CONTABS

Daily temperature
variation in the period

°C

1894–1990

own
calculation

Zischg et al. (2019)

Vegetation period
LFD

Average last frost day in a
year

no. of
day

1981–2010

Zischg et al.
(2019)

FFD

Average first frost day in a
year

no. of
day

1981–2010

Zischg et al.
(2019)

VEGPER

Durations of frost-free
vegetation period

days

1981–2010

Zischg et al.
(2019)

MLFJAN8110

Mean daily relative air
humidity in January

%

1981–2010

constant

Zischg et al.
(2019)

MLFAPR8110

Mean daily relative air
humidity in April

%

1981–2010

constant

Zischg et al.
(2019)

MLFJUL8110

Mean daily relative air
humidity in July

%

1981–2010

constant

Zischg et al.
(2019)

MLFOCT8110

Mean daily relative air
humidity in October

%

1981–2010

constant

Zischg et al.
(2019)

MLFYY8110

Mean relative air humidity
in the year

%

1981–2010

constant

Zischg et al.
(2019)

LFJAN8110

Mean relative air humidity
at 1:30 p.m. in January

%

1981–2010

constant

Zischg et al.
(2019)

LFAPR8110

Mean relative air humidity
at 1:30 p.m. in April

%

1981–2010

constant

Zischg et al.
(2019)

LFJUL8110

Mean relative air humidity
at 1:30 p.m. in July

%

1981–2010

constant

Zischg et al.
(2019)

LFOCT8110

Mean relative air humidity
at 1:30 p.m. in October

%

1981–2010

constant

Zischg et al.
(2019)

LFYY8110

Mean relative air humidity
at 1:30 p.m. in the year

%

1981–2010

constant

Zischg et al.
(2019)

Mean air humidity

Solar radiation
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GLOBRADJAN

Average global radiation in
January

Wh/m2

1984–1993

constant

Prof. A. Zischg

GLOBRADAPR

Average global radiation in
April

Wh/m2

1984–1993

constant

Prof. A. Zischg

GLOBRADJUL

Average global radiation in
July

Wh/m2

1984–1993

constant

Prof. A. Zischg

GLOBRADOCT

Average global radiation in
October

Wh/m2

1984–1993

constant

Prof. A. Zischg

GLOBRADYY

Average annual global
radiation

Wh/m2

1984–1993

constant

Prof. A. Zischg

NASSSCHNEE

Cumlative sum of the Snow
height during periods with
wet snow

m

1981-2010

2045-2074

Abenis AG

FROSTTROCKNIS

Number of frost drought
events

nr. of
events

1981-2010

2045-2074

Abenis AG

SCHNEEBRUC

Number of events with a
rupture of the tree
canopies due to large wet
snow events.

nr. of
events

1981-2010

2045-2074

Abenis AG

SCHNEEFREIE_VEGPER

Duration snowcover

days

1981-2010

2045-2074

Abenis AG

EINSCHNEIEN

First snowing day

nr. of
day

1981-2010

2045-2074

Abenis AG

AUSAPERN

Snow melting day

nr. of
day

1981-2010

2045-2074

Abenis AG

HOECHSTAND

Mean snowheight

m

1981-2010

2045-2074

Abenis AG

SCHNEEMAX

Maximal snowheigt

m

1981-2010

2045-2074

Abenis AG

Snow-cover variables

Rainfall during the vegetation period
NS_JA

Sum of the precipitations
between July and August

mm

1981-2010

2045-2074

Abenis AG

NS_AMJJA

Sum of the precipitations
between April and August

mm

1981-2010

2045-2074

Abenis AG

NS_AMJJAS

Sum of the precipitations
between April and
September

mm

1981-2010

2045-2074

Abenis AG

NA_AM

Sum of the precipitations
between April and Mai

mm

own
calculation

own
calculation

SWB

Soil Water Balance

%

1981-2010

-

©Swisstopo

Eta/Etp

Plants water availability

%

1981-2010

-

©Swisstopo

DHM25

Digital Height Model

m

-

Soil variables

©GeoVite
ETH Zürich
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Annex 5: Study areaExtract of the map 1:25’000 (©Swisstopo)
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Annex 6: Models’ assessment
A) R-squared improvements and Likelihood-Ratio Tests performed on the multi-linear regressions
Normal R-

Rejuvenation layer

Adult layer

Squared
Mixture [%]

Cover degree [a/ha ]

Mixture [%]

Cover degree
[a/ha ]

simple

square root

simple

forth root

simple

square

simple

root
Climate

forth
root

0.31

0.35

0.13

0.33

0.33

0.37

0.28

0.34

0.34

0.37

0.14

0.34

0.36

0.41

0.29

0.36

2.449%

1.969%

0.771%

1.018%

3.553

3.852

1.570

2.336

%

%

%

%

10.84

10.39

5.68%

6.88%

%

%

3.361e- 4.107e- 3.375e-

1.09e-

08 ***

07 ***

variables
Climate +
alpenrose
Increase in
precision
Relative

7.86%

5.60%

5.75%

3.10%

increase
(F-Test)

1.031e-

9.147e-07

0.00845

0.000546

07 ***

***

6 **

7 ***

13 ***

05 ***

B) R-squared on the Final Models predictions, extracted in the Test-sample.
Goodness of the
models’ fit
Predicted
R-squared*

Tobit_A1

Tobit_A2

Tobit_C1

Tobit_C2

Tobit_R1_s

0.18

0.16

0.07

0.07

-0.07
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C) Plots of

the actual vs. predicted values for all versions of the models A2; C2 and R_s
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Annex 7: Correlations’ table
The table presents the Spearman Rho correlation’s values with two tailed significance for the dependent
variables used for the models. The cluster number in the first column is generated through the clustering
algorithm gently offered by Devin Routh. The variable VERJGESAFI refers to the established Norway spruce
rejuvenation, while the variable DGANTFI refers to percentage of the species in the canopy layer.
Spearman’s Rho

Cluster 1

VERJGESAFI
Correlation
Two tailed
sign.

DGANTFI
Correlation

Two tailed
sign.

Number
of plots

ns_amjja
ns_amjjas
ns_jja

-.377**
-.371**
-.275**

0.000
0.000
0.000

-.394**
-.389**
-.274**

0.000
0.000
0.000

794
794
794

Ausapern81
Hoechststa
tjanmax811

.423**
.416**
-.430**

0.000
0.000
0.000

.387**
.367**
-.404**

0.000
0.000
0.000

794
794
794

foehntapr8
tabsmax
tamjjasmea
taprmax811
taprmean81
taprmin811
tjulmax811
tjulmean81
tjulmin811
tyymax8110
tyymean811
tyymin8110
lfokt8110_1
tabsmax_12
tabsmin_12
tamjjasmean6190_1

-.473**
-.405**
-.449**
-.435**
-.454**
-.451**
-.428**
-.458**
-.469**
-.444**
-.459**
-.457**
-0.059
-.405**
-.474**
-.449**

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.094
0.000
0.000
0.000

-.456**
-.384**
-.428**
-.414**
-.437**
-.435**
-.404**
-.440**
-.452**
-.422**
-.440**
-.439**
-.103**
-.384**
-.467**
-.428**

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.004
0.000
0.000
0.000

794
794
794
794
794
794
794
794
794
794
794
794
794
794
794
794

.404**
.334**

0.000
0.000

.361**
.283**

0.000
0.000

794
794

ffd
lfd
vegper
tabsmin
tjanmean81

-.469**
.483**
-.478**
-.474**
-.464**

0.000
0.000
0.000
0.000
0.000

-.468**
.470**
-.470**
-.467**
-.443**

0.000
0.000
0.000
0.000
0.000

794
794
794
794
794

foehnhoct
foehnhyy
foehnhjan
foehnhapr
foehnhjul

.527**
.534**
.450**
.139**
-.091*

0.000
0.000
0.000
0.000
0.010

.524**
.550**
.432**
.227**
-0.029

0.000
0.000
0.000
0.000
0.409

794
794
794
794
794

contjul
contapr
contabs

-.177**
-.265**
.449**

0.000
0.000
0.000

-.146**
-.251**
.461**

0.000
0.000
0.000

794
794
794

Cluster 2

Cluster 3

Cluster 4
Schneebruc
SchneeMax_

Cluster 5

Cluster 6

Cluster 7
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contjan

0.021

0.564

0.036

0.311

794

aprglobrad
globradjah

.160**
.147**
.182**

0.000
0.000
0.000

.165**
.150**
.183**

0.000
0.000
0.000

794
794
794

.138**

0.000

.133**

0.000

794

.098**

0.006

.104**

0.003

794

-.118**
-.103**
.481**
.484**
-.550**
0.017

0.001
0.004
0.000
0.000
0.000
0.637

-.154**
-.150**
.477**
.479**
-.600**
-0.014

0.000
0.000
0.000
0.000
0.000
0.689

794
794
794
794
794
794

-.410**
.124**
-0.034

0.000
0.000
0.334

-.391**
.122**
0.011

0.000
0.001
0.762

794
794
794

.401**
-.287**
0.040
.365**
.390**
0.025

0.000
0.000
0.264
0.000
0.000
0.477

.409**
-.251**
.096**
.358**
.368**
0.026

0.000
0.000
0.007
0.000
0.000
0.472

794
794
794
794
794
794

-.452**
.459**
.306**

0.000
0.000
0.000

-.424**
.462**
.268**

0.000
0.000
0.000

794
794
794

Cluster 8

julglobrad
janglobrad
oktglobrad

Cluster 9
lfapr8110_1
lfyy8110_1
foehnfapr
mlfapr8110_1
lfjan8110_1
lfjul8110_1
mlfjan8110_1
mlfjul8110_1
mlfyy8110

Cluster 10
MinSWP8110
MaxSWP8110
MeanSWP811
MinPlWP811
MeanPlWP81
MaxPlWP811

Cluster 11
Einschneie
Frosttrock
Nassschnee
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Annex 8: R scripts
##############################################################
################### Final Models Projections ######################
###############################################################
Bosco <- read_excel(IFN4_TUTTO_completo_diss.xlsx")
Bosco_train <- read_excel(FN4_TUTTO_completo_diss_Train.xlsx")
Bosco_test <- read_excel(IFN4_TUTTO_completo_diss_Test.xlsx")
#-----------------------------------------------ADJUSTED MODELS’ VERSIONS
A2_adj <- lm(formula = VERJGESAFI ~ ns_am + Schneebruc + janglobrad + lfjan8110_1 +
sqrt(Abs_Cover_Alpenrose), data = Bosco_train) #eliminated contApr, tjanmax, lfd, foehnfapr, tjanmax811,
contabs
C2_adj <- lm(formula = DGANTFI ~ ns_am + Schneebruc + contabs + janglobrad + lfjan8110_1 +
sqrt(Abs_Cover_Alpenrose), data = Bosco_train) #eliminated lfd, tjanmax811, foehnfapr
R_s.adj <- lm(formula = Abs_Cover_Alpenrose ~ Hoechststa+foehnhjul+janglobrad, data = Bosco_train) #
eliminated Ausapern81, contjul,tabsmax
#Regressions'coefficients -> f adjusted models'validation in ArcGIS
summary(A2_adj)$coefficients[,1]
summary(C2_adj)$coefficients[,1]
summary(R_s.adj)$coefficients[,1]

#-----------------------------------------------------TOBIT MODELS’ VERSIONS

Tobit_A1 <- regr(formula = Tobit(VERJGESAFI, limit = 0) ~ns_am + Schneebruc + janglobrad +
lfjan8110_1, data = Bosco_train)
Tobit_C1<- regr(formula = Tobit(DGANTFI, limit = 0) ~ ns_am + Schneebruc +contabs + janglobrad +
lfjan8110_1 , data = Bosco_train)
Tobit_R1_s<- regr(formula = Tobit(sqrt(Abs_Cover_Alpenrose), limit = 0) ~
Hoechststa+foehnhjul+janglobrad, data = Bosco_train)
Tobit_A2 <- regr(formula = Tobit(VERJGESAFI, limit = 0) ~ns_am + Schneebruc + janglobrad +
lfjan8110_1 + sqrt(Abs_Cover_Alpenrose), data = Bosco_train)
Tobit_C2 <- regr(formula = Tobit(DGANTFI, limit = 0) ~ ns_am + Schneebruc +contabs + janglobrad +
lfjan8110_1 + sqrt(Abs_Cover_Alpenrose), data = Bosco_train)
Tobit_R2_s<- regr(formula = Tobit(sqrt(Abs_Cover_Alpenrose), limit = 0) ~
Hoechststa+foehnhjul+janglobrad+DGANTFI, data = Bosco_train)

#Regressions'coefficients -> f adjusted models'validation in ArcGIS
options(scipen=1) #turns off scientific notation
summary(Tobit_A1)$coefficients[,1]
summary(Tobit_C1)$coefficients[,1]
summary(Tobit_R_s)$coefficients[,1]
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#################################################################
########## assessment of the Final Models' projections ###################
#################################################################
library(readxl)
Forest <- read_excel(“Predicted_RSquared_Models_VALIDATION.xlsx")
Forest
##Variables:
# "Res_****" indicate all residuals (actual values - predicted values)
# "Residuals_****" indicate residuals calculated whit the predicted values set = 0, this variable is used to
hide all negative predictions by values =0
##Q-Q-PLOTS
qqnorm(Forest$RES_TobitR)+qqline(Forest$RES_TobitR)
qqnorm(Forest$Res_A1)+qqline(Forest$Res_A1)
qqnorm(Forest$Res_A2)+qqline(Forest$Res_A2)
qqnorm(Forest$Res_C1)+qqline(Forest$Res_C1)
qqnorm(Forest$Res_C2)+qqline(Forest$Res_C2)
## Homoschedasticy: I considered the predicted negative numbers == 0!
#Squared root alpenrose cover
plot(Forest$SQRT_Cover_Alpenrose, abs(Forest$RES_TobitR),
col=factor(Forest$Residuals_Tobit_R_s)!=0)
plot(Forest$VERJGESAFI...44, abs(Forest$Res_A1), col=factor(Forest$Residuals_A1)!=0)
plot(Forest$VERJGESAFI...44, abs(Forest$Res_A2), col=factor(Forest$Residuals_A2)!=0)
plot(Forest$DGANTFI...24, abs(Forest$Res_C1), col=factor(Forest$Residuals_C1)!=0)
plot(Forest$DGANTFI...24, abs(Forest$Res_C2), col=factor(Forest$Residuals_C2)!=0)
## Residuals on zero
plot(Forest$SQRT_Cover_Alpenrose, Forest$Residuals_Tobit_R_s)+abline(a=0, b=0, col="grey")
plot(Forest$VERJGESAFI...44, Forest$Res_A1, col=factor(Forest$Residuals_A1)!=0)+abline(a=0, b=0,
col="grey")
plot(Forest$VERJGESAFI...44, Forest$Res_A2, col=factor(Forest$Residuals_A2)!=0)+abline(a=0, b=0,
col="grey")
plot(Forest$DGANTFI...24, Forest$Res_C1, , col=factor(Forest$Residuals_C1)!=0)+abline(a=0, b=0,
col="grey")
plot(Forest$DGANTFI...24, Forest$Res_C2, , col=factor(Forest$Residuals_C2)!=0)+abline(a=0, b=0,
col="grey")
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###################################################
############ Linear regressioon models #################
###################################################
# Import relevant datasets
library(readxl)
Bosco <- read_excel("IFN4_TUTTO_completo_diss.xlsx")
Bosco_train <- read_excel("IFN4_TUTTO_completo_diss_Train.xlsx")
Bosco_test <- read_excel("IFN4_TUTTO_completo_diss_Test.xlsx")
###################################################################
########## Plot dependent variables VS alpenrose cover ####################
###################################################################
library(ggplot2) # plot variables
#Plot cover of Picea vs cover of Rhododendron
Bosco1 <- subset(Bosco, Bosco$DGANTFI_!=0)
Bosco2 <- subset(Bosco, Bosco$VERJGESAFI_ !=0)
A <- ggplot(Bosco2, aes(x=Abs_Cover_Alpenrose, y=VERJGESA_1)) +
geom_point() +
geom_smooth(method=lm , color="red",fill="#69b3a2", se=TRUE)+
labs(title= "",x= "Cover alpenrose [%]", y= "young Spruce proportion [%]", caption = "" )+
coord_cartesian(xlim = c(0, 100), ylim = c(0, 100))+
theme_solarized()
plot(A)
B <- ggplot(Bosco2, aes(x=Abs_Cover_Alpenrose, y=VERJGESAFI_)) +
geom_point() +
geom_smooth(method=lm , color="red",fill="#69b3a2", se=TRUE)+
labs(title="",x= "Cover alpenrose [%]", y= "young Spruce cover [ha/ha]", caption = "" )+
coord_cartesian(xlim = c(0, 100), ylim = c(0, 0.5))+
theme_solarized()
plot(B)
C <- ggplot(Bosco1, aes(x=Abs_Cover_Alpenrose, y=DGANTFI)) +
geom_point() +
geom_smooth(method=lm , color="red", fill="#69b3a2", se=TRUE)+
labs(title="",x= "Cover alpenrose [%]", y= "Adult Spruce proportion [%]", caption = "" )+
coord_cartesian(xlim = c(0, 100), ylim = c(0, 100))+
theme_solarized()
plot(C)
D <- ggplot(Bosco1, aes(x=Abs_Cover_Alpenrose, y=DGANTFI_)) +
geom_point() +
geom_smooth(method=lm , color="red", fill="#69b3a2", se=TRUE)+
labs(title="",x= "Cover alpenrose [%]", y= "Adult spruce canopy cover [ha/ha]", caption = "based on NFI
data" )+
coord_cartesian(xlim = c(0, 100), ylim = c(0, 1))+
theme_solarized()
plot(D)
grid.arrange(A, B, C, D, ncol=2)
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#########################################################
######### multi-linear regression models########################
##########################################################
# A - Regression model of the Norway spruce rejuvenation "VERJGESA_1" (mixture)
#1) without Alpenrose
#lm(formula = VERJGESA_1 ~ ns_amjja + tjanmax811 + tabsmin_12 + Schneebruc + Frosttrock + lfd +
foehnhyy + contapr + contabs + julglobrad + janglobrad + foehnfapr + lfjan8110_1 + MinSWP8110 , data =
Bosco)
# A1 Model with the maximum adjusted r^2
regA1 <- lm(formula = VERJGESA_1 ~ ns_am + tjanmax811 + tabsmin_12 + Schneebruc + lfd + contapr
+ contabs + janglobrad + foehnfapr + lfjan8110_1 , data = Bosco)
summary(regA1)
regA1_s <- lm(formula = sqrt(VERJGESA_1) ~ ns_am + tjanmax811 + tabsmin_12 + Schneebruc + lfd +
contapr + contabs + janglobrad + foehnfapr + lfjan8110_1 , data = Bosco)
summary(regA1_s)

#2) with "Cover_Alpenrose"
regA2 <- lm(formula = VERJGESA_1 ~ ns_am + tjanmax811 + tabsmin_12 + Schneebruc + lfd + contapr
+ contabs + janglobrad + foehnfapr + lfjan8110_1 + Abs_Cover_Alpenrose , data = Bosco)
list (summary(regA2))
coef(regA2)

regA2_s <- lm(formula = sqrt(VERJGESA_1) ~ ns_am + tjanmax811 + tabsmin_12 + Schneebruc + lfd +
contapr + contabs + janglobrad + foehnfapr + lfjan8110_1+ Abs_Cover_Alpenrose , data = Bosco)
summary(regA2_s)
list (summary(regA2_s))
#PLOT#
par(mfrow = c(2, 2))
plot(regA2)
###------------------------------------------------------------# B - Regression model of the spruce rejuvenation "VERJGESANTFI_" (cover)
#1) without Alpenrose
#lm(formula = VERJGESAFI_ ~ ns_amjja + tjanmax811 + tabsmin_12 + Schneebruc + Frosttrock + lfd +
foehnhyy + contapr + contabs + julglobrad + janglobrad + foehnfapr + lfjan8110_1 + MinSWP8110 , data =
Bosco)
# B1 Model with the maximum adjusted r^2
regB1 <- lm(formula = VERJGESAFI_ ~ ns_am + tjanmax811 + tabsmin_12 + Schneebruc + lfd +
contapr + contabs + janglobrad + foehnfapr + lfjan8110_1 , data = Bosco) ##
(summary(regB1))
regB1_s <- lm(formula = sqrt(sqrt(VERJGESAFI_)) ~ ns_am + tjanmax811 + tabsmin_12 + Schneebruc +
lfd + contapr + contabs + janglobrad + foehnfapr + lfjan8110_1 , data = Bosco) ##
(summary(regB1_s))
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#2) with "Cover_Alpenrose"
regB2 <- lm(formula = VERJGESAFI_ ~ ns_am + tjanmax811 + tabsmin_12 + Schneebruc + lfd + contapr
+ contabs + janglobrad + foehnfapr + lfjan8110_1 + Abs_Cover_Alpenrose , data = Bosco) ##
list (summary(regB2))
coef(regB2_s)
regB2_s <- lm(formula = sqrt(sqrt(VERJGESAFI_)) ~ ns_am + tjanmax811 + tabsmin_12 + Schneebruc +
lfd + contapr + contabs + janglobrad + foehnfapr + lfjan8110_1 + Abs_Cover_Alpenrose , data = Bosco)
##
###------------------------------------------------------------# C - Regression model of the spruce cover "DGANTFI"
#lm(formula = DGANTFI ~ ns_amjja + tjanmax811 + tabsmin_12 + Schneebruc + Frosttrock + lfd +
foehnhyy + contapr + contabs + julglobrad + janglobrad + foehnfapr + lfjan8110_1 + MinSWP8110 , data =
Bosco) ## na.action, start = NULL, etastart, mustart, offset,
#1) Model of DGANTFI without Alpenrose
# Model with the maximum adjusted r^2
regC1 <- lm(formula = DGANTFI ~ ns_am + tjanmax811 + Schneebruc + Frosttrock + lfd + contabs +
janglobrad + foehnfapr + lfjan8110_1, data = Bosco)
summary(regC1)
coef(regC1_s)
regC1_s <- lm(formula = sqrt(DGANTFI) ~ ns_am + tjanmax811 + Schneebruc + Frosttrock + lfd +
contabs + janglobrad + foehnfapr + lfjan8110_1, data = Bosco)
summary(regC1_s)
#2) Model of DGANTFI with Alpenrose
regC2 <- lm(formula = DGANTFI ~ ns_am + tjanmax811 + Schneebruc + Frosttrock + lfd + + contabs +
janglobrad + foehnfapr + lfjan8110_1+ Abs_Cover_Alpenrose, data = Bosco)
list (summary(regC2))
regC2_s <- lm(formula = sqrt(DGANTFI) ~ ns_am + tjanmax811 + Schneebruc + Frosttrock + lfd+
contabs + janglobrad + foehnfapr + lfjan8110_1+ Abs_Cover_Alpenrose, data = Bosco)
list (summary(regC2_s))

# --------------------------------------------------------------# D - Regression model of the spruce cover "DGANTFI_"
#lm(formula = DGANTFI_ ~ ns_amjja + tjanmax811 + tabsmin_12 + Schneebruc + Frosttrock + lfd +
foehnhyy + contapr + contabs + julglobrad + janglobrad + foehnfapr + lfjan8110_1 + MinSWP8110 , data =
Bosco) ## na.action, start = NULL, etastart, mustart, offset,
#1) Model of DGANTFI_ without Alpenrose
# D1 Model with the maximum adjusted r^2
regD1 <- lm(formula = DGANTFI_ ~ ns_am + tjanmax811 + lfd + foehnhyy + contabs + janglobrad +
foehnfapr + lfjan8110_1 , data = Bosco)
summary(regD1)
regD1_s <- lm(formula = sqrt(DGANTFI_) ~ ns_am + tjanmax811 + lfd + foehnhyy + contabs +
janglobrad + foehnfapr + lfjan8110_1 , data = Bosco)
summary(regD1_s)
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#2) Model of DGANTFI_ with Alpenrose
regD2 <- lm(formula = DGANTFI_ ~ ns_am + tjanmax811 + lfd + foehnhyy + contabs + janglobrad +
foehnfapr + lfjan8110_1 +Abs_Cover_Alpenrose, data = Bosco)
summary(regD2)
regD2_s <- lm(formula = sqrt(DGANTFI_) ~ ns_am + tjanmax811 + lfd + foehnhyy + contabs +
janglobrad + foehnfapr + lfjan8110_1 +Abs_Cover_Alpenrose, data = Bosco)
summary(regD2_s)
###------------------------------------------------------------#R-squared values
summary(regA1)$r.squared
summary(regA1_s)$r.squared
summary(regA2)$r.squared
summary(regA2_s)$r.squared
summary(regB1)$r.squared
summary(regB1_s)$r.squared
summary(regB2)$r.squared
summary(regB2_s)$r.squared
summary(regC1)$r.squared
summary(regC1_s)$r.squared
summary(regC2)$r.squared
summary(regC2_s)$r.squared
summary(regD1)$adj.r.squared
summary(regD1_s)$r.squared
summary(regD2)$adj.r.squared
summary(regD2_s)$r.squared
#Coefficients
summary(regC2)$coefficients[,1]
# --------------------------------------------------------------# R - Regression model of the Alpenrose cover
#lm(formula = Abs_Cover_Alpenrose ~ MeanPlWP81+lfd+SchneeMax_+ ns_jja +Ausapern81 +
Hoechststa+foehnhjul+tabsmax+tjanmean81+contjul+mlfokt8110_1 +janglobrad, data = Bosco)
regR_0 <- lm(formula = Abs_Cover_Alpenrose ~ Ausapern81 +
Hoechststa+foehnhjul+tabsmax+contjul+janglobrad, data = Bosco_train)
regR_1 <- lm(formula = Abs_Cover_Alpenrose ~ Ausapern81 +
Hoechststa+foehnhjul+tabsmax+contjul+janglobrad+DGANTFI_+VERJGESAFI_, data = Bosco)
regR1_s <- lm(formula = sqrt(Abs_Cover_Alpenrose) ~ Ausapern81 +
Hoechststa+foehnhjul+tabsmax+contjul+janglobrad+sqrt(DGANTFI_), data = Bosco_train)
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###############################################################
###################perform LIKELIHOOD-RATIO TESTS##############
###############################################################
#Anova between model on Picea's canopy cover without and with Alpenrose Cover
AnovaA <- anova(regA1,regA2,test="LRT")
AnovaA
AnovaA_s <- anova(regA1_s,regA2_s, test="LRT")
AnovaA_s
AnovaB- anova(regB1,regB2, test="LRT")
AnovaB
AnovaB_ss <- anova(regB1_s,regB2_s, test="LRT")
AnovaB_ss
AnovaC <- anova(regC1,regC2,test="LRT")
AnovaC
AnovaC_s <- anova(regC1_s,regC2_s,test="LRT")
AnovaC_s
AnovaD <- anova(regD1,regD2,test="LRT")
AnovaD
AnovaD_ss <- anova(regD1_s,regD2_s,test="LRT")
AnovaD_ss
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#########################################################
#################MODEL EVALUATION####################
#########################################################
# Inspect the distribution of the dependent variables
par(mfrow = c(2, 2))
#Norway spruce frequency - Without zeroes
hist(Bosco$VERJGESA_1[Bosco$VERJGESA_1 != 0], freq = TRUE, main= paste(""), xlim =
range(0,100), ylim = range(0,200), xlab = paste("Young spruce percentage [%]"), ylab=paste("Number of
plots >0"), axes = TRUE, plot = TRUE, labels = TRUE)
hist(Bosco$VERJGESAFI_[Bosco$VERJGESAFI_ != 0], freq = TRUE , main= paste(""), xlim =
range(0,1), ylim = range(0,200), xlab = paste("Young spruce cover [ha/ha]"), ylab=paste(""), axes = TRUE,
plot = TRUE, labels = TRUE)
hist(Bosco$DGANTFI[Bosco$DGANTFI != 0], freq = TRUE, main= paste(""), xlim = range(0,100),
ylim = range(0,200), xlab = paste("Adult spruce percentage [%]"), ylab=paste("Number of plots >0"), axes =
TRUE, plot = TRUE, labels = TRUE)
hist(Bosco$DGANTFI_[Bosco$DGANTFI_ != 0], freq = TRUE, main= paste(""), xlim = range(0,1),
ylim = range(0,200), xlab = paste("Adult spruce canopy cover [ha/ha]"), ylab=paste(""), axes = TRUE, plot
= TRUE, labels = TRUE)
#Alpenrose frequency - without zeroes
hist(Bosco$Abs_Cover_Alpenrose[Bosco$Abs_Cover_Alpenrose != 0]*0.01, freq = TRUE, main=
paste(""), xlim = range(0,1), ylim = range(0,250), xlab = paste("Alpenrose cover [ha/ha]"), ylab=paste(""),
axes = TRUE, plot = TRUE, labels = TRUE)
#sqrt Norway spruce frequency - Without zeroes
hist(sqrt(Bosco$VERJGESA_1)[Bosco$VERJGESA_1 != 0], freq = TRUE, main= paste(""), xlim =
range(0,10), ylim = range(0,200), xlab = paste("sqrt(Young spruce percentage [%])"), ylab=paste("Number
of plots >0"), axes = TRUE, plot = TRUE, labels = TRUE)
hist(sqrt(sqrt(Bosco$VERJGESAFI_))[Bosco$VERJGESAFI_ != 0], freq = TRUE , main= paste(""),
xlim = range(0,1), ylim = range(0,200), xlab = paste("sqrt(Young spruce cover [ha/ha])"), ylab=paste(""),
axes = TRUE, plot = TRUE, labels = TRUE)
hist(sqrt(Bosco$DGANTFI)[Bosco$DGANTFI != 0], freq = TRUE, main= paste(""), xlim =
range(0,10), ylim = range(0,200), xlab = paste("sqrt(Adult spruce percentage [%])"), ylab=paste("Number of
plots >0"), axes = TRUE, plot = TRUE, labels = TRUE)
hist(sqrt(sqrt(Bosco$DGANTFI_))[Bosco$DGANTFI_ != 0], freq = TRUE, main= paste(""), xlim =
range(0,1), ylim = range(0,200), xlab = paste("sqrt(Adult spruce canopy cover [ha/ha])"), ylab=paste(""),
axes = TRUE, plot = TRUE, labels = TRUE)
#sqrt Alpenrose frequency - without zeroes
hist(Bosco$sqrt(sqrt(Abs_Cover_Alpenrose))[Bosco$Abs_Cover_Alpenrose != 0]*0.01, freq =
TRUE, main= paste(""), xlim = range(0,1), ylim = range(0,250), xlab = paste("Alpenrose cover [ha/ha]"),
ylab=paste(""), axes = TRUE, plot = TRUE, labels = TRUE)
hist(Bosco$sqrt(sqrt(Abs_Cover_Alpenrose))[Bosco$Abs_Cover_Alpenrose != 0]*0.01, freq =
TRUE, main= paste(""), xlim = range(0,1), ylim = range(0,250), xlab = paste("Alpenrose cover [ha/ha]"),
ylab=paste(""), axes = TRUE, plot = TRUE, labels = TRUE)
hist(sqrt(Bosco$VERJGESAFI_[Bosco$VERJGESAFI_ != 0]), freq = TRUE, main= paste("Number of plots
with Norway spruce cover >0"), xlim = range(0,1), ylim = range(0,250), xlab = paste("Norway spruce cover
[%]"), ylab=paste("Frequency"), axes = TRUE, plot = TRUE, labels = TRUE)
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################################################################
################ Evaluate Q-Q-Plots ################################
################################################################
par(mfrow = c(1, 1))
plot(regA1, which=2, col=factor(Bosco$VERJGESA_1 == 0), pch=20, main= "Young spruce percentage
[%]")
plot(regB1, which=2, col=factor(Bosco$VERJGESAFI_ == 0), pch=20, main= "Young spruce cover
[ha/ha]")
plot(regC1, which=2, col=factor(Bosco$DGANTFI == 0), pch=20, main= "Adult spruce percentage [%]")
plot(regD1, which=2, col=factor(Bosco$DGANTFI_ == 0), pch=20, main= "Adult spruce canopy cover
[ha/ha]")
plot(regA1_s, which=2, col=factor(Bosco$VERJGESA_1 == 0), pch=20, main= "sqrt(Young spruce
percentage [%])")
plot(regB1_s, which=2, col=factor(Bosco$VERJGESAFI_ == 0), pch=20, main= "sqrt(Young spruce cover
[ha/ha])")
plot(regC1_s, which=2, col=factor(Bosco$DGANTFI == 0), pch=20, main= "sqrt(Adult spruce percentage
[%])")
plot(regD1_s, which=2, col=factor(Bosco$DGANTFI_ == 0), pch=20, main= "sqrt(Adult spruce canopy
cover [ha/ha])")
plot(regA2, which=2, col=factor(Bosco$VERJGESA_1 == 0), pch=20, main= "sqrt(Young spruce
percentage [%])")
plot(regB2, which=2, col=factor(Bosco$VERJGESAFI_ == 0), pch=20, main= "sqrt(Young spruce cover
[ha/ha])")
plot(regC2, which=2, col=factor(Bosco$DGANTFI == 0), pch=20, main= "sqrt(Adult spruce percentage
[%])")
plot(regD2, which=2, col=factor(Bosco$DGANTFI_ == 0), pch=20, main= "sqrt(Adult spruce canopy
cover [ha/ha])")
plot(regR, which=2, col=factor(Bosco$Abs_Cover_Alpenrose == 0), pch=20, main= "sqrt(Adult spruce
canopy cover [ha/ha])")
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Annex 9: final R-Models’ coefficients
Coefficients generated with the
Tobit_A1
coef df
ciLow
ciHigh
R2.x signif p.value p.symb
(Intercept) 584.8706486623 1 355.106
814.635
ns_am
-0.3110133605 1 -0.4592693167 -0.1627574044 1 -2.11 0.00 ***
Schneebruch 8.8273328612 1 5.6591052753 11.9955604471 1 2.87 0.00 ***
janglobrad 0.0003943377 1 -0.0001524164 0.0009410918 1 0.72 0.16
lfjan
-9.1944928078 1 -13.8589708698 -4.5300147459 1 -2.05 0.00 ***
log(scale) 3.9916191830
1
Tobit_A2
coef
df
ciLow
ciHigh
R2. x signif
.value p.symb
(Intercept)
522.8014374689
1 302.5907288269 743.012146111 .
.
.
ns_am
-0.3303919510
1 -0.4727532103 -0.188030692 1 -2.33 0.000 ***
Schneebruc
11.9742564210 1 8.5633338883 15.385178954 1 3.60 0.000
***
janglobrad
0.0001980638
1 -0.0003325644 0.000728692 1 0.37 0.466
lfjan_1
-7.9014028829
1 -12.3726146727 -3.430191093 1 -1.83 0.000 ***
sqrt(Cover_Alpenrose) -8.5641362368 1 -12.3382753946 -4.789997079 1 -2.28 0.000 ***
log(scale)
3.9468295237
1
Tobit_C1
coef
(Intercept) 717.135206042
ns_am
-0.247143290
Schneebruc 6.800328105
contabs
0.920385046
janglobrad 0.000472968
lfjan_1 -12.732182981
log(scale) 3.940775785

df
ciLow
ciHigh
R2.
1 401.97520229902 1032.2952097857
1 -0.41865996597 -0.0756266145 1
1 3.50066523705 10.0999909732 1
1 -3.12767507726 4.9684451691 1
1 -0.00005384063 0.0009997766 1
1 -17.41355861500 -8.0508073470 1
1
.
. . .

x signif
-1.45
2.11
0.23
0.89
-2.89

0.004
0.000
0.656
0.080
0.000

p.value p.symb
**
***
.
***

Tobit_C2
coef
df
ciLow
ciHigh
R2x signif
(Intercept)
631.1212866120
1 334.0179412648 928.2246319593
ns_am
-0.2663193245
1 -0.4282600936 -0.1043785554 1 -1.66
Schneebruc
10.4328072503 1 7.0073269352 13.8582875654 1 3.14
contabs
1.0516505990
1 -2.7632464943 4.8665476923 1 0.28
janglobrad
0.0002522482
1 -0.0002490135 0.0007535098 1 0.50
lfjan_1
-11.1141998793
1 -15.5255552502 -6.7028445083 1 -2.67
sqrt(Cover_Alpenrose) -10.8179198792 1 -14.5802797791 -7.0555599793 1 -2.94
log(scale)
3.8767824287
1
.
. .
.
.

p.value p.symb
0.001 **
0.000 ***
0.589
0.326
0.000 ***
0.000 ***

Tobit_R1_s
coef
(Intercept) 2.0231584269
Hoechststa 3.0656865524
foehnhjul -66.7176349604
janglobrad -0.0001014525
log(scale) 1.1643995634

df
ciLow
ciHigh
R2.
x signif
1 -0.8793298494 4.92564670331
1 1.9045985545 4.22677455038 1 2.72
1 -89.8726305179 -43.56263940283 1 -3.39
1 -0.0001426387 -0.00006026625 1 -2.58
1
.
. .
.
.

p.value p.symb
0
0
0

***
***
***
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Annex 10: Arcmap Modelbuilder
A) Modelbuilder function created to extract the Basal area and Stem density change in each NFI plot.
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B) Modelbuilder function created to plot the final models versions and extract the predicted values on
Test.
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Annex 11: Occurrence of the co-host of Herpotrichia Juniperi
A) Pinus mugo (presence in two consecutive NFI surveys, picture taken from www.lfi.ch, visited on
11.5.2020, © WSL)

B) Pinus cembra (presence in two consecutive NFI surveys, picture taken from www.lfi.ch, visited on
11.5.2020, © WSL)

C) Juniperus cummunis (presence in two consecutive NFI surveys, picture taken from www.lfi.ch,
visited on 11.5.2020, © WSL)
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