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INTRODUCTION 

Introduction 

Warming of the climate system has been defined, by the IPCC 2021, as unequivocal and that 

many of the changes observed, since the 1950s, are unprecedented over decades to millennia. 

Each of the last four decades has been successively warmer than any preceding decade since 

1850. It has been observed that the temperature increase is not uniform across the planet, in fact 

the most sensitive and vulnerable environments to climatic warming are the boreal regimes, 

arctic regions, and high mountains (Walther et al., 2002; Cannone et al., 2007; IPCC, 2014; 

IPCC, 2021). 

Climate change is increasing the frequency and magnitude of extreme weather events, 

accompanied by anomalies of temperature and precipitation, for example heat waves and 

summer droughts, which, could exert relevant impacts on ecosystems, especially on vegetation 

(Min et al., 2011; Coumou and Rahmstorf, 2012; Russo et al., 2014; IPCC 2021). 

Increasing drought stress could alter the composition, structure, and function of terrestrial 

ecosystems (Huang et al., 2018) and affect his sequestration capacity of carbon from the 

atmosphere (Anderegg et al., 2015; Schwalm et al. 2017) and could intensify positive climate 

feedback, leading to even greater warming (Stark et al., 2016; Szejner et al., 2020). 

Heat waves and prolonged drought events are typically associated with declines in vegetation 

productivity due to water stress on ecosystem metabolism (Leuzingeretal.,2005; Schwalm et 

al.,2012; Eamus et al., 2013; Ivits et al., 2014; Huang et al., 2017; Huang et al., 2018), making 

it more susceptible to other biotic and abiotic stress factors. This increased vulnerability leads 

to higher tree mortality, wildfire risks, and loss of biodiversity (Seidl et al., 2017; Gharun et al., 

2024). 

Particularly, drought can have a ‘legacy effect’ on ecosystems (Gutschick and Bassirirad, 2003; 

Walter et al., 2013; Anderegg et al., 2015; Camarero et al., 2015; Frank et al.,2015; Huang et 

al., 2018) and reduce their capacity on carbon sequestration in the following years (Ciais et al., 

2005; Descals et al., 2023). Legacy effect is defined as the lag in recovery that has effects on 

vegetation performance (Gutschick and Bassirirad, 2003; Huang et al., 2018). Their recovery 

capacity depends on multiple factors including: the severity and frequency of climate extremes 

(e.g., maximum temperatures reached during a heat wave), post-event weather conditions, site 

variables (topography, soil depth and texture), stand structure and composition or functional 

traits enhancing resilience (Anderegg et al., 2015; Rita et al., 2020). For example, frequent heat 
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waves or droughts, associated with their legacy effects, limit recovery capacity and affect 

growth resilience (Ingrisch and Bahn, 2018; Kannenberg et al., 2020; Schwarz et al., 2020; 

Serra-Maluquer et al., 2021). The timing of the extreme climate event with respect to principal 

tree phenological phases (bud burst, leaf flushing, tree-ring formation) is a critical factor 

determining damage. 

Lower drought resilience tends to result in a higher risk of mortality in the event of future 

droughts (Klein et al., 2018; Trugman et al., 2018; DeSoto et al., 2020), in fact over the past 30 

years, drought and heat-related mortality have been reported on every wooded continent (Allen 

et al. 2010; Eamus et al., 2013). Tree death can be related with different biotic (stem size, stand 

conditions, tree species and pathogens) and abiotic factors (storms, precipitation, topographic 

features, edaphic conditions and disturbance history) and is usually due to stem breakage or 

uprooting caused by wind-throw or standing death caused by root and butt diseases (McCarthy, 

2001; Rubio-Cuadrado et al., 2018). 

Also, the shift in timing of vegetation phenology is a bio-indicator of climate change (Peñuelas 

et al., 2001; Ibáñez et al., 2010; Xie et al., 2015). While numerous research has concentrated 

on the spring season, typically driven by temperature (Zhang et al., 2024), influences of climate 

change on autumn leaf senescence received less attention and it’s more complex due to the 

multitude of influencing factors (Gallinat et al., 2015; Liu et al., 2016; Zhang et al., 2024). 

Previous studies observed that environmental variables like temperature, precipitation, and 

solar radiation could be responsible for variations in fall phenology (Keskitalo et al., 2005; Piao 

et al., 2006;  Kong et al., 2016; Liu et al., 2016a; Liu et al., 2016b; Zu et al., 2018), but the 

correlations are still not clear (Garcı´a-Plazaola et al., 2003; Richardson et al., 2013; Zohner et 

al., 2023). 

Plant responses to drought could be studied by several approaches. One strategy could be to 

examine water and carbon processes, such as tree ring width, wood anatomical traits and 

intrinsic water use efficiency (iWUE) assessed by carbon isotope discrimination (Ponton et al., 

2001; Olano et al., 2014; Pellizzari et al., 2016; Cailleret et al., 2017; Puchi et al., 2021; 

Camarero et al., 2023; Zhang et al., 2025). The traits of the vessels affect plant hydraulic 

performance (Wheeler et al., 2005; Zhang et al., 2025), and they could be used as a proxy of 

theoretical specific hydraulic conductivity (Tyree & Ewers, 1991; Poorter et al., 2010; Schuldt 

et al., 2016; Zhang et al.,2025). The iWUE is an indicator of leaf water loss in plants due to 

transpiration and it’s important for determining water exchange between terrestrial ecosystems 

and the atmosphere. (Seibt et al., 2008). The isotopic composition of carbon in tree rings (δ13C) 

is widely used to derive iWUE, because it provides information on the ratio between the 
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photosynthesis rate and the stomatal conductance rate, which is linked to the intercellular (Ci) 

and atmospheric (Ca) concentrations of CO2 (Saurer et al., 2004; Battipaglia et al., 2010; 

Pellizzari et al., 2016; Diao et al., 2023; Zhang et al., 2025). For example, lower stomatal 

conductance leads to a decrease in Ci/Ca ratios and consequently to an increase in iWUE and 

δ13C in tree rings. 

Another method is the study of the land surface phenology from remote sensing observations 

at high resolution. The seasonality of vegetation is often studied using time series of vegetation 

indices such as the normalized difference vegetation index (NDVI) (Yang et al., 2022; Descals 

et al., 2023). Structural indices such as NDVI are highly dependent on changes in the near-

infrared spectrum and therefore reflect seasonal changes in leaf biomass. 

The first part of this thesis is focused on the impacts of extreme drought combined with long-

lasting heat waves of 2022 in three areas located in Northern of Italy across an elevation 

gradient, from the Po plain to the Alps. 

The year 2022 in Europe was characterized by hottest and driest year on record, with the 

summer of that year being the warmest summer ever recorded, with nine consecutive months 

with almost no precipitation, and winter 2022-2023 remained relatively dry (Toreti et al., 2023; 

Knutzen et al., 2025).  Compound drought and heat-wave conditions in 2022 caused widespread 

crop damage, water shortages, and wildfires across Europe (Gharun et al., 2024). 

The most affected regions were France, Italy, and the Iberian Peninsula, where extreme 

droughts lasted from May to August and temperatures rose by more than 2.5°C above the 

seasonal means (Tripathy and Mishra, 2023; Gharun et al., 2024). 

However, the impact of the extreme year 2022 was not uniform across Europe, with the highest 

impacts detected in central Europe and the lowest in the alpine regions, suggesting different 

sensitivity due to the effect of elevation or the adaptation to historical drought exposure (e.g., 

Knutzen et al., 2025). In the southern region, the thinning of deciduous tree canopy cover was 

particularly pronounced in Italy and Spain. This indicates that even regions well adapted to 

drought conditions have experienced unprecedented stress during these years (Knutzen et al., 

2025). While the Alpine zone exhibited minimal impact. This limited impact can be attributed 

to the higher altitudes, which may provide mitigating effects such as cooler temperatures or 

reduced evapotranspiration, potentially protecting the area from extreme drought conditions. 

However, it should be noted that mountain forests are under pressure from the effects of climate 

change, due to their temperature limitations and high exposure to warming (Albrich et al., 2020; 

Knutzen et al., 2025). 
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European forests are extremely vulnerable to the combined effects of increased heat and 

drought, which threaten even ecosystems currently considered resilient. This vulnerability is 

likely to increase, with serious consequences such as increased tree mortality, changes in 

species composition, increased risk of insect infestations and wildfires, and decreased forest 

productivity and carbon sequestration. 

A comprehensive and collaborative approach is essential to effectively address the complex 

challenges posed by recurring heat waves and droughts. The development of adaptive 

management techniques and climate-resilient forestry strategies requires the combined efforts 

of researchers, policymakers and forest managers. The integration of forest management, 

climate change adaptation and global greenhouse gas reduction strategies is critical to 

mitigating future environmental impacts and providing greater ecological and social stability 

(Knutzen et al., 2025). 

The second part of the thesis has been realized in the Alaskan Arctic tundra, at the Toolik Lake 

Field Station, in the upper Kuparuk River region, as part of the InsubrePolar project, funded by 

the University of Insubria and carried out in collaboration with the University of Alaska 

Fairbanks (UAF). 

The Arctic is one of the areas extremely sensitive and vulnerable to the recent climate change, 

where impacts on both abiotic (e.g., permafrost degradation, ground temperature increase, loss 

of seasonal snow cover, and change in soil Carbon stocks, biogeochemical cycles, and ground 

hydrology) and biotic components of the ecosystems, such as the phenology of organisms, the 

range and distribution of species, the composition, and dynamics of communities, are 

significant and extensive (Walther et al., 2002; Cannone et al., 2007; Oberbauer et al., 2013; 

Overland and Wang, 2013; Christensen 2014; Lund et al., 2014; IPCC, 2014; Kwok and 

Cunningham 2015; Bhatt et al., 2017; Comiso et al., 2017; Brown et al 2018; Zhang et al., 2018; 

Box et al., 2019; IPCC, 2021). 

Arctic regions are estimated to store 1,100-1,500 Pg of Carbon within permafrost (Hugelius et 

al., 2014), and its thawing could release in atmosphere significant amounts of carbon (CO2 and 

CH4) that could have positive feedback on climate change (Schaefer et al., 2014). In particular, 

each molecule of CH4 has 28-34 times potential of global warming compared to a molecule of 

CO2 (Myhre et al., 2013). 

The production of CH4 (methanogenesis), takes place in soils because of the decomposition of 

organic matter. This process is carried out by specialized anaerobic microorganisms, known as 

methanogens, which are typically found in wetlands and other inland water environments 
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(Christensen et al., 2015; Nzotungicimpaye and Zickfeld, 2017). Vegetation type plays a key 

role in CH4 dynamics (production, consumption and transport) (Joabsson et al., 1999; Ström et 

al., 2003). Methanogenesis can be inhibited and the oxidation of CH₄ to CO₂ can be promoted 

when roots release oxygen into the rhizosphere (Chanton and Dacey, 1991; Watson et al., 1997; 

Frenzel, 2000; Ström et al., 2003). At the same time, CH₄ transported through the aerenchyma 

bypasses oxidation, as it conducted directly from the anoxic zone to the atmosphere without 

passing through the oxic layer of the peat (Frenzel and Rudolph, 1998; Bellisario et al., 1999; 

Ström et al., 2003). According to Ström et al. (2003), the amount of labile carbon depends on 

plant species and photosynthetic rates, and the production of CH4 is linked to the quality of 

substrate and the root exudation of labile carbon. Changes in vascular plant composition, 

induced by climate change, may have consequences for substrate quality, carbon cycling and 

CH4 emissions in Arctic ecosystems. 

The aim of the InsubrePolar project is the assessment of CH4 emissions in relation to climatic 

and environmental conditions, in three different vegetation communities: dry heath tundra, 

moist acidic tussock-tundra and wet meadow tundra (Euskirchen et al., 2012; Kade et al., 2012), 

with a particular focus on the end of vegetation period (fall to winter), characterized by high 

methane emissions, but few information are available in literature (e.g. Howard et al., 2020; 

Kim et al., 2007). To better understand the vegetation dynamics and the relation with fluxes, a 

phytosociological map of the area was made merging field surveys with UAS imagery. 

Climate change is severely impacting terrestrial ecosystems, from European forests subjected 

to unprecedented drought and heat events to Arctic tundra ecosystems experiencing rapid 

transformations. Both regions, although ecologically distinct, illustrate the vulnerability of 

vegetation to extreme climatic conditions and the domino effect on the structure, function and 

biogeochemical cycles of ecosystems. The increasing frequency and intensity of droughts 

represent a serious risk to forest resilience, carbon sequestration and biodiversity in Europe. 

Similarly, the Arctic is a critical area in the global climate system, where permafrost 

degradation and changes in vegetation can increase greenhouse gas emissions, amplifying 

climate feedback. It is therefore important and urgent to integrate long-term monitoring, 

interdisciplinary research and mitigation strategies to ensure the survival and preservation of 

ecosystems, which are extremely susceptible to climate change. 

This thesis aims to assess how climate warming and extreme climatic events influence the 

structure, functioning and carbon-related processes of terrestrial ecosystems across contrasting 

biomes (temperate deciduous forests and Arctic tundra): 
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1. Quantify the effects of the 2022 compound drought–heatwave event on vegetation 

phenology, productivity and canopy dynamics along a lowland–alpine gradient in 

northern Italy through high-resolution remote sensing. 

2. Evaluate species-specific growth responses and wood-anatomical adjustments to 

extreme heat stress, integrating dendrochronology, carbon isotope discrimination (δ¹³C) 

and functional xylem traits. 

3. Investigate spatial and seasonal variability of CH₄ fluxes in Arctic tundra, identifying 

the biotic and abiotic drivers regulating CH₄ production, oxidation and plant-mediated 

transport across vegetation types. 

4. Provide a high-resolution phytosociological and physiognomic vegetation map of the 

Toolik Lake region to establish a baseline for detecting ongoing and future Arctic 

vegetation shifts. 
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Remote-sensing evidences of the impacts of combined 

drought and heatwaves of 2022 on deciduous forests 

in northern Italy across an elevation gradient 

Abstract 

The year 2022 in Europe was extreme due to prolonged heatwaves and severe drought. We 

analyse through high-resolution remote sensing the impacts of the extreme year 2022 on the 

phenology (onset and end of growing season) and on the occurrence of early crown 

discoloration of deciduous forests in northern Italy from the lowlands (Monza) to the Prealps 

(Cernobbio) and the Alps (Valdidentro). 

We analysed plant phenology using the normalized difference vegetation index (NDVI) of 2244 

images of Sentinel-2 (period 2017-2023) and identified by General Regression Model the 

drivers of early crown discoloration in the year 2022. We also computed the biomass production 

at peak season using NDVI provided by Landsat. 

The extreme year 2022 produced the largest impact at the lowlands, with early crown 

discoloration occurring 40 days earlier than mean leaf senescence and decrease of biomass 

production, but high resilience in 2023. Unexpectedly, the year 2022 produced detectable 

impacts at the alpine and prealpine sites, with early crown discoloration of 15 days earlier than 

leaf senescence, mainly driven by vapour pressure deficit at the prealpine site, and with a legacy 

effect of decreased biomass production in 2023 at the alpine site, suggesting the poor resilience 

of alpine deciduous forests. The extreme conditions of 2022 did not exert any impact on the 

greening of the following year at any study site. 

Differently from what previously reported, the high elevation deciduous forests are sensitive to 

extreme heat and drought, indicating the need to assess their future potential resistance and 

recovery. 

 

Keywords: extreme climatic events; plant phenology; advanced leaf senescence; decreased 

biomass production; forest ecological requirements 
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1.Introduction 

Phenological shifts are widespread ecosystem responses to climate change (e.g. Walther et al., 

2002; Menzel et al., 2006; Min et al., 2011; IPCC 2021; Coumou and Rahmstorf, 2012; Russo 

et al., 2014). Climate change is increasing the frequency and magnitude of extreme weather 

events, in particular of heat waves and summer droughts which, both alone as well as combined, 

could exert relevant impacts on ecosystems, especially on vegetation (e.g. Zscheischler et al., 

2014). 

Leaf senescence (LS) is an active physiological process of nutrient recovery prior to winter 

diapause/dormancy in which nutrients and macromolecules are converted into transportable 

compounds, remobilized from the above-ground biomass and stored for next year's growth 

(Keskitalo et al., 2005; Lim et al., 2007; Fracheboud et al., 2009). The correct timing of leaf 

senescence is a trade-off between C acquisition and N storage (Fracheboud et al., 2009; 

Richardson et al., 2010; Zhao et al., 2012; Estiarte and Peñuelas, 2015). Considered alone, air 

warming delays leaf senescence, while drought advances leaf senescence (Estiarte and 

Peñuelas, 2014), with opposite consequences on the efficiency of nutrient resorption 

(Fracheboud et al., 2009; Zhao et al., 2012; Estiarte and Peñuelas, 2015). The combination of 

heat waves and droughts exerted divergent impacts on leaf senescence, with uncertainties on 

the extent and recurrence of early leaf senescence of deciduous forests (Descals et al., 2022) 

and on their detection through remote sensing (e.g., Brun et al., 2020, Sturm et al., 2022). 

In the last decades extreme climatic events, in particular the combination of long-lasting high 

temperatures and drought, triggered early leaf discoloring, wilting and shedding, with early 

crown discoloration and defoliation (e.g., Braun et al., 2021; Gazol and Camarero, 2022). Early 

crow discoloration and defoliation represent the result of accumulated impacts of stressful 

environmental conditions (e.g. Bussotti et al., 2024) producing hydraulic failure (e.g. Choat et 

al., 2012; Engelbrecht, 2012), carbon starvation (McDowell and Sevanto, 2010), embolism and 

consequent failure in water transport (Allen et al., 2015; Schuldt et al., 2016; Knutzen et 

al.,2025). As observed in Europe during the extreme climatic events occurred in 2003 and 2018, 

early crown discoloration and defoliation induce the shortening of forest canopy duration, limit 

photosynthesis and nutrient uptake, reducing forest productivity and the ecosystem capacity of 

carbon sequestration (Ciais et al., 2005; Richardson et al., 2010; Fridley, 2012; Reichstein et 

al., 2013; Bastos et al., 2020; Smith et al., 2020; Bigler et al., 2021), with positive feedbacks to 

climate change (Lindner et al., 2010). 
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High-resolution satellite data can improve the assessment over vast territories (Torres et al., 

2021), the monitoring of remote areas (Gross et al., 2009) and offer the possibility of repeated 

measurements (White et al., 2016; Wegler and Kuenzer, 2024), tracking the responses of 

vegetation ecosystems to climate change and, particularly, to the combination of heatwaves and 

droughts (Hartmann et al., 2022), improving the  spatial resolution of the analyses and providing 

an earlier detection of leaf senescence (Hmimina et al., 2013; Descals et al., 2022; Hartmann et 

al., 2022) and/or of early crown defoliation and discoloration (e.g., Brun et al., 2020). 

Moreover, a high spatial resolution may allow to better discriminate the different responses and 

sensitivity of different vegetation types to these extreme events also for the future assessment 

of their potential resistance, recovery, and resilience (e.g., Sturm et al., 2022). This information 

is recommended for a correct landscape management, to achieve ecosystem conservation (e.g., 

Wei et al., 2022) and promote adaptation to climate change, given that extreme climatic events 

are now occurring at continental-scale (Sturm et al., 2022) and are expected to further increase 

in the next future (Rahmstorf and Coumou, 2011). Stressful conditions leading to early crown 

defoliation and discoloration (e.g., Braun et al., 2022; Bussotti et al., 2024) could be detected 

over vast territories through remote sensing (e.g., Brun et al., 2020). The normalized difference 

vegetation index (NDVI) is a structural vegetation index used to characterize vegetation vitality, 

greening rate and phenology, assess and quantify vegetation responses to climatic and 

environmental change (e.g., Breshears et al., 2005; Camarero et al., 2015; Gouveia et al., 2017; 

Senf et al., 2020). As NDVI is a structural index reflecting seasonal changes in leaf biomass 

(e.g. Descals et al., 2020, 2022), it is used as a proxy of leaf biomass, is suitable to analyse the 

seasonality of vegetation and its changes. In particular, the decline of NDVI in autumn is a 

proxy of the timing of leaf senescence, as NDVI decreases when leaves fall (e.g., Yin et al., 

2020; Descals et al., 2022), and could be used to dectect stressful conditions in summer inducing 

a reduction of biomass production. Early leaf discoloring and defoliation, as well as strong 

reductions in NDVI, were detected in response to summer drought were documented in Italy 

and Europe for broadleaves tree species (e.g., Pollastrini et al., 2019; Puletti et al., 2019; Rita 

et al., 2019; Bigler et al., 2021; Bussotti et al., 2021), confirming the potential of remote sensing 

for early detection and monitoring of forest stress. 

The year 2022 in Europe was characterized by extreme climatic conditions due to an 

unprecedented long-lasting combination of heatwaves and severe drought lasting for several 

months, from late spring to late summer (Toreti et al., 2023; Knutzen et al., 2025). The most 

affected regions were France, Italy, and the Iberian Peninsula, where extreme droughts lasted 

from May to August and temperatures rose by more than 2.5°C above the seasonal means 
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(Tripathy and Mishra, 2023; Gharun et al., 2024). The impact of the extreme year 2022 was not 

uniform across Europe, with the highest impacts detected in central Europe and the lowest in 

the alpine regions, suggesting different sensitivity due to the effect of elevation or the adaptation 

to historical drought exposure (e.g., Knutzen et al., 2025). 

The combination of drought and heatwave of the extreme year 2022 had unprecedented 

negative impacts on the forest greenness, photosynthetic capacity and vitality of trees, 

especially in deciduous broadleaf forests in Europe (Choler, 2023; Hermann et al., 2023; 

Gharun et al., 2024; Knutzen et al., 2025). Several studies demonstrated that the heatwaves and 

droughts of summer 2022 caused widespread and severe effects on forest phenology and 

productivity across Europe (Hermann et al., 2023; Choler, 2023; van der Woude et al., 2023; 

Bucha et al., 2024 a; Bucha et al., 2024 b; Gharun et al., 2024; Knutzen et al., 2023, 2025). 

In Italy the ICP Forests monitoring network reported for the year 2022 the occurrence of one 

of the most relevant defoliation events of deciduous broadleaved trees in the temperate region 

coinciding with the hottest and driest years (2012, 2017 and 2021-2022) (Bussotti et al., 2024). 

However, while several studies reported the occurrence of early crown discoloration and 

defoliation of deciduous broadleaves trees in Italy in response to drought for the first two 

decades of this century (e.g., Pollastrini et al, 2019; Puletti et al., 2019), only few studies 

addressed the impacts of the extreme climatic conditions of summer 2022 on vegetation in 

northern Italy. These studies mainly focused on agricultural systems, such as crops in the Po 

Valley (e.g., Sofia et al., 2024; Xue at al., 2024) rather than on natural forest ecosystems, and 

those showing remote sensing evidences were mainly referred to the Mediterranean region (e.g., 

Baronetti et al., 2023). 

Here we analyse through remote sensing the impacts of the extreme climatic events of the year 

2022, in particular of the long-lasting and severe drought coupled with warming, on deciduous 

broadleaves forests at three study sites located across an elevation gradient in northern Italy 

from the Po plain to the Prealps to the Alps in Lombardy Region. We hypothesize that this 

extreme climatic event induced: a) early crown discoloration and defoliation of deciduous 

broadleaves trees in late summer, and b) decrease of biomass production during the peak of the 

growing season (July and August). We hypothesize that all sites are sensitive to the extreme 

climatic conditions with the highest impacts occurring at the lowlands and decreasing their 

intensity with increasing elevation, but with differential sensitivity and resilience at inter- and 

intra-community level.
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2.Material and Methods 

2.1. Vegetation and study sites selection 

We performed our study across a transect covering an elevation gradient from the Po plain to 

the Alps, with three main study sites: Monza Park, representative of the lowlands; Cernobbio 

for the Prealps; Valdidentro in upper Valtellina for the Alps. Deciduous forests are one of the 

most widespread land cover types characterizing the vegetated natural landscape across our 

study transect (Pace et al., 2021). At each study site were selected the most representative and 

widespread forest types according to the “Forest map of the Lombardy Region” 

(https://www.geoportale.regione.lombardia.it/en/metadati?p_p_id=detailSheetMetadata_WA

R_gptmetadataportlet&p_p_lifecycle=0&p_p_state=normal&p_p_mode=view&_detailSheet

Metadata_WAR_gptmetadataportlet_identifier=2r_lombar%3A7ceabf1c-28b2-4c0b-b4ba-

4be3d17afa33&_jsfBridgeRedirect=true). 

This study represents a case study carried out along an elevational transect in northern Italy. 

The selected sites correspond to the most widespread deciduous forest types of the Lombardy 

Region, as documented by the official Forest Map of Lombardy Region and confirmed by field 

surveys, and are representative of the regional forest landscape (Fig. 1 SM). Although our 

analysis is site-specific, the extent of the surveyed areas provides a suitable level of replication 

of the data achieved. 

At each study site the specific areas have been selected and identified by field survey allowing 

to confirm the data on landscape classification provided by the Forest Map of Lombardy region 

and the characterization of each vegetation type as reported in Table 1SM. 

As target representing the different natural and semi-natural landscapes across the study 

gradient, for the lowland we selected the area around Monza and Milan, in particular the Monza 

Park (160-220m asl) primarily composed by: oak dominated forests of the foothills (dominated 

by Quercus robur L., Q. petraea (Matt.) Liebl.) (QR) and oak-hornbeam forests of the lowlands 

(dominated by Quercus, Ulmus minor Mill., Fraxinus, Carpinus betulus L.) (UM) (Table 1SM). 

For the Prealps we selected the Cernobbio area across an elevation gradient from 200 to 1200 

m asl, with the following forest types: oak-hornbeam forests of the hills and sub-montane belt 

of the Carpinion betuli (dominated by Quercus petraea, Q. robur, Carpinus betulus) (CB); 

chesnut forests on calcareous soils dominated by Castanea sativa Mill. (CS); ash-oak-

hornbeam forests (Typical Orno-Ostryetum dominated by Fraxinus ornus L. and Ostrya 

carpinifolia Scop.) (OO); ash-maple-hornbeam forest dominated by Acer spp., Fraxinus ornus, 

Ostrya carpinifolia (belonging to the Tilio-Acerion Alliance) (TA); birch forest dominated by 

https://www.geoportale.regione.lombardia.it/en/metadati?p_p_id=detailSheetMetadata_WAR_gptmetadataportlet&p_p_lifecycle=0&p_p_state=normal&p_p_mode=view&_detailSheetMetadata_WAR_gptmetadataportlet_identifier=2r_lombar%3A7ceabf1c-28b2-4c0b-b4ba-4be3d17afa33&_jsfBridgeRedirect=true
https://www.geoportale.regione.lombardia.it/en/metadati?p_p_id=detailSheetMetadata_WAR_gptmetadataportlet&p_p_lifecycle=0&p_p_state=normal&p_p_mode=view&_detailSheetMetadata_WAR_gptmetadataportlet_identifier=2r_lombar%3A7ceabf1c-28b2-4c0b-b4ba-4be3d17afa33&_jsfBridgeRedirect=true
https://www.geoportale.regione.lombardia.it/en/metadati?p_p_id=detailSheetMetadata_WAR_gptmetadataportlet&p_p_lifecycle=0&p_p_state=normal&p_p_mode=view&_detailSheetMetadata_WAR_gptmetadataportlet_identifier=2r_lombar%3A7ceabf1c-28b2-4c0b-b4ba-4be3d17afa33&_jsfBridgeRedirect=true
https://www.geoportale.regione.lombardia.it/en/metadati?p_p_id=detailSheetMetadata_WAR_gptmetadataportlet&p_p_lifecycle=0&p_p_state=normal&p_p_mode=view&_detailSheetMetadata_WAR_gptmetadataportlet_identifier=2r_lombar%3A7ceabf1c-28b2-4c0b-b4ba-4be3d17afa33&_jsfBridgeRedirect=true
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Betula pendula Roth (BP); typical beech forests of the calcareous soils dominated by Fagus 

sylvatica (FS); green alder forests dominated by Alnus alnobetula (Ehrh.) K.Koch (AA) (Table 

1SM). For the Alps we selected the area between Bormio and San Carlo (Valdidentro) in upper 

Valtellina (1400-2600 m asl) with two types of deciduous forests: birch forest dominated by 

Betula pendula (BP) and white alder forests dominated by Alnus incana (L.) Moench (AI) 

(Table 1SM). Each study area extends over 42 km2. 

All these areas were not affected by fire, according to Descals et al. (2022) using the FIRMS 

active-fire product (Giglio et al., 2016).  

2.2. Plant phenology assessment through remote sensing 

For the assessment and quantification of plant phenology we selected the Copernicus Sentinel-

2 mission, which uses two polar-orbiting satellites launched by the European Space Agency 

(ESA), on 23 June 2015 and on 07 March 2017, respectively. Sentinel-2 has been used in 

several studies on forest phenology (Vrieling et al. 2018; Granero-Belinchon et al. 2020, 

Kowalski et al. 2020, Löw and Koukal 2020, Quesada-Ruiz et al. 2021, Tian et al. 2021; 

Grabska-Szwagrzyk and Tyminska-Czabanska, 2023), and allows to analyse and monitor the 

variability in land surface conditions, providing revisit time (5 days with 2 satellites at mid-

latitudes) and spatial resolution (10 m for the bands of interest: 2, 3, 4 and 8) (Sentinel 2 user 

Handbook) suitable for the quantitative assessment and monitoring of plant phenology, in 

particular for the greening and leaf senescence (Vrieling et al., 2018; Granero-Belinchon et al., 

2020; Kowalski et al., 2020;  Löw and Koukal 2020; Quesada-Ruiz et al., 2021; Tian et al. 

2021; Grabska-Szwagrzyk and Tyminska-Czabanska, 2023). In particular, the high temporal 

resolution of the Sentinel-2A and-2B satellites allows a precise assessment of the end of season 

(EoS) (Descals et al., 2022). 

For each study area, we selected from one to four scenes per month with the lowest amount of 

noise (e.g. clouds, shadows) acquired from Sentinel-2. Our study focused on the period May 

2017 – December 2023 (17 May 2017 to 7 December 2023 in Monza and Cernobbio; 27 May 

2017 to 28 October 2023 at Valdidentro) using the European Space Agency’s Scientific Hub, 

analysing totally 2244 satellite images. Indeed, all satellite images are Level-2, Bottom-Of-

Atmosphere (BOA) corrected reflectance products, and were available only from May 2017. 

For each image of each selected study site, we processed the normalized difference vegetation 

index (NDVI) time series, according to the following formula: 
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𝑁𝐷𝑉𝐼 =
𝑁𝐼𝑅 − 𝑅𝐸𝐷

𝑁𝐼𝑅 + 𝑅𝐸𝐷
 

 

NDVI was calculated from visible (band 4 Red) and near infrared bands (band 8 NIR) 

combinations in QGIS software from Sentinel 2. 

NDVI allowed to identify the onset of the growing season (DOY, Day Of Year) as a proxy of 

leaf greening, the end of the season (EoS, DOY) as a proxy of leaf senescence (LS), and the 

growing season length (days), obtained by computing the difference between the onset and the 

end of the growing season.   

The end of the growing season was estimated as the day when NDVI decreased exceeding the 

threshold provided by 50% of the annual amplitude plus the annual minimum NDVI value 

(Descals et al., 2020). This threshold represents low NDVI values that estimate the mid-

greendown date. Usually, the threshold for the estimation of the leaf-shedding date is 20% 

(Descals et al., 2020) but the higher threshold metrics calculated with 50% of the amplitude are 

less affected by biases due to discontinuities in the time series (Descals et al., 2020). Similarly, 

the onset of the growing season in spring was identified by the NDVI increase above the same 

threshold. The identification of leaf senescence provided by NDVI from Sentinel-2 images was 

ground validated by field surveys of the sites during the autumn 2022 and 2023. 

The mean date (DoY, day of year) of leaf senescence obtained by the NDVI time series for the 

period 2017-2023 allowed to achieve the reference term for the quantification of the inter-

annual variability of the date of leaf senescence in autumn (e.g., Brun et al., 2020; Descals et 

al., 2020, 2022) and for the assessment and quantification of early crown discoloration (instead 

of leaf senescence) in 2022. The phenological data were analysed at each of the three study 

sites both at inter-community and at intra-community level. 

For the onset of the growing season, leaf senescence (or early crown discoloration in years with 

extreme climatic conditions) and growing season length were computed with the descriptive 

statistics (minimum, maximum, median, 25th and 75th percentile) both at inter- and intra- 

community level for each study site. 
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2.3. Climate 

We collected daily air temperature and precipitation data recorded with a continuous dataset at 

the three closest ARPA Lombardia automatic weather stations (AWS) to our study areas, during 

the last two decades in the period 2004-2023, in particular: Osnago AWS for Monza Park, 

Como viale Geno AWS for Cernobbio area, and Valdisotto Oga S. Colombano AWS for 

Valdidentro area.  

We computed the annual, seasonal (in particular for the summer, JJA = June, July, August) and 

monthly (from May to September as targets representative of the growing season across the 

three study sites) means of air temperature (°C) and cumulated precipitation (mm) and analysed 

through linear regression their trends with time to assess whether 2022 was an extreme year. 

We also computed for each study site the extreme temperature index (TX90P) to assess the 

severity of warming. The extreme temperature index (TX90P) (Zhang et al., 2011; ISTAT, 

2020) is the number of days with Tmax > 90th percentile, calculated on period 2004-2023.  

To quantify the effect of warming on drought for each study site we computed the Standardized 

Precipitation Evapotranspiration Index (SPEI) (Vicente-Serrano et al., 2010), derived from the 

Standardized Precipitation Index (SPI), and computed using precipitation and potential 

evapotranspiration (PET) (Begueria et al., 2013; Vicente-Serrano et al., 2010, 2013). SPEI 

values allow to discriminate dry (extremely dry ≤ -2; severely dry -2 ≤ SPEI < -1.5; moderately 

dry -1.5< SPEI < -1) from normal (-1 < SPEI < 1) to wet (moderately wet 1 < SPEI < 1.5; 

severely wet 1.5 < SPEI ≤ 2; extremely wet SPEI > 2) conditions (Wang et al., 2021). In 

particular, to identify the occurrence of persistent drought conditions from the onset of spring 

to the end of summer, we computed for each summer month (June, July, August) the SPEI with 

a window length of 6 months (SPEI_6_months) (e.g., Knutzen et al., 2025). The SPEI 

computation was performed by Rstudio with SPEI package (RCore T.E.A.M., 2016), using 

precipitation and Potential Evapotranspiration (PET) data for the period 2017-2023. PET data 

were calculated through Rstudio using daily maximum and minimum temperature data 

(Affandy et al., 2023).  

High temperatures increase the evaporative water demand of plants (vapour pressure deficit, 

VPD) inducing stomatal closure and decreasing photosynthesis, and clear relation between 

increases of tree mortality and increased VPD were detected in Europe in the period 1993-2013 

(Gazon and Camarero, 2022). To quantify the impact of the vapour pressure deficit (VPD) on 

plants, we downloaded the VPD data covering the period 2004–2023 from the TerraClimate 

dataset (http://www.climatologylab.org/terraclimate.html) (Castellanata et al., 2022). 

http://www.climatologylab.org/terraclimate.html
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TerraClimate is a high-resolution (~4 km) monthly dataset that provides climate and climatic 

water balance information for global land areas. It combines spatial climatology data from the 

WorldClim and CRU TS4.0 datasets (Castellaneta et al., 2022). 

2.4 Drivers of leaf senescence at intra-community level 

As leaf senescence was the phenological stage more influenced by the extreme year 2022, we 

performed General Regression Models (GRM) at intra-community levels to identify the drivers 

of leaf senescence, with leaf senescence and dependent variable, years as categorical factors 

and the climatic data (air temperature, precipitation, SPEI) as independent variables. All GRM 

were computed with the software STATSOFT©. 

2.5 Impact of the extreme year 2022 on peak season biomass production 

NDVI is a structural index reflecting seasonal changes in leaf biomass (e.g. Descals et al., 2020, 

2022), suitable to provide a quantitative assessment of the impact of extreme climatic events 

on leaf biomass during the summer season, with special reference to decreased biomass 

production. The dataset provided by Sentinel-2 could not be used to assess the occurrence of 

decreased biomass production during the study period: indeed, due to the updating processing 

baseline performed in January 2022, the digital number (DN) data before and after the change 

was shifted, not allowing the comparison of the reflectance data. 

To overcome this problem, we decided to use the dataset provided by the satellite Landsat 8, 

launched on February 2013 by NASA in collaboration with the U.S. Geological Survey 

(USGS). It consists of two sensors, the Operational Land Imager (OLI) and the Thermal 

Infrared Sensor (TIRS), with a spatial resolution of 30 meters (visible, NIR, SWIR) and 100 

meters (thermal), and a temporal resolution of 16 days (Landsat 8 Handbook). The Landsat 

NDVI time series were processed and computed in QGIS software from Landsat 8, using the 

same equation already used for the Sentinel NDVI time series. To assess whether the extreme 

year 2022 induced decreased summer biomass production we computed for each year in the 

period 2014-2023 the descriptive statistics (minimum, maximum, median, 25th and 75th 

percentile) of NDVI provided by Landsat 8 at peak season (July and August) at intra-

community level for each study site. 
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3. Results 

3.1. Climate 

Over the last two decades (2004-2023), the year 2022 exhibited the highest mean annual air 

temperature (MAAT) as well as the highest mean summer air temperature (JJA: June, July, 

August) at all the three study sites (with the exception of the MAAT of Cernobbio, with 2022 

being one of the warmest years) (Fig. 1). In particular the mean temperature of the summer 

season 2022 largely exceeded the mean of the last two decades (respectively of +2.9°C in 

Monza; +2.5°C in Cernobbio; +1.9°C in Valdidentro). 

The mean monthly air temperatures during the growing season (May to September) further 

confirmed that the year 2022 was extreme, with temperatures largely exceeding the mean of the 

last two decades and in particular from May to August (with the only exception of September) 

and reaching the most extreme values in July (Table 2 SM). It is also notable that c. 50% of the 

records of mean monthly temperature between May and September was characterized by values 

higher than the mean of the two decades, well above the mean values and, for the year 2022, 

exceeding in most cases also the 90th percentile of the last two decades (Table 2 SM). 

The number of extreme temperature days (TX90P) occurred during the summer (JJA, June, 

July, August) confirmed the extreme conditions of the year 2022 in the last two decades, 

especially in June and July and especially at Monza and Cernobbio (Fig. 1G-I, Table 4SM), 

with a long record of consecutive extreme temperature days. The year 2015 was characterized 

by the highest TX90P in July of the last two decades, followed by the year 2022 (Fig. 1G-I, 

Table 3SM), although the mean summer temperature of the year 2022 was the highest of the 

last two decades (Fig. 1D-F, Table 3SM). 

The lowest amount of total annual precipitation (TAP) in the last two decades was recorded in 

the year 2022 both at Monza and Cernobbio, with TAP being less than the 25th percentile of 

the precipitations of the last two decades, accounting a decrease of 51% (at Monza) and 43% 

(at Cernobbio) respect to the mean value of TAP in the period 2004-2023 (Fig. 2, Table 4SM). 

At Valdidentro in 2022 the TAP was 12% lower than the mean of the two decades but not the 

lowest (Fig. 2, Table 4SM). This trend was confirmed also for the summer precipitation (JJA-

P), with 2022 being the year with the lowest summer precipitation at Cernobbio (with a decrease 

of 67% respect to the summer mean in the period 2004-2023), and one of the three years with 

lowest summer precipitations at Monza (2013, 2015, 2022) accounting a decrease of of 67% in 

2022 (Fig. 2, Table 4SM). At Valdidentro summer precipitations exhibited a fluctuating trend, 



30 
 

with 2022 being one of the years with low precipitation and a decrease of 18% respect to the 

summer mean of the period 2004-2023 (Fig. 2, Table 4SM). 

Over the two decades (period 2004-2023) Monza was characterized by the highest values of 

VPD (vapour pressure deficit) followed by Cernobbio, with Valdidentro showing the lowest 

VPD values, as could be expected according to the elevation and, consequent, temperature 

gradient across the three study sites (Fig. 3). 

Monza exhibited the highest VPD of the two decades in the summer 2022, followed by the VPD 

recorded in summer 2015 (Fig. 3A). Also, Cernobbio exhibited the highest VPD in summer 

2022, although very similar conditions were recorded during the summer 2015 (Fig.3B). 

Conversely, at Valdidentro the highest VPD was recorded in July 2015, with summer 2022 

showing relatively high but not the highest VPD conditions (Fig. 3C). 

The SPEI computed on the window of the preceding six months indicated in the year 2022 the 

occurrence of a persistent drought with severely dry (SPEI < 1.5) conditions during the whole 

summer and also in September both at Monza and Cernobbio, and moderately dry (-

1.5<SPEI<1) at Valdidentro (Fig. 4).
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Figure 1. Mean annual air temperature (MAAT, °C) (A, B, C), mean summer air temperature (JJA, June-July-August, °C) (D, E, F) and number of days with 

extreme temperatures (TX90P, exceeding the 90th percentile of the decade 2004-2023) (G, H, I) for each summer month (June, July, August)of the last two 

decades (2004-2023) over the three study areas (A, D = Monza, B,E = Cernobbio, C, F = Valdidentro) and the 2004-2023 mean (final dot in each graph A,B,C) 

as reference. 



32 
 

 

 

Figure 2. Total annual cumulative precipitation (TAP, mm) and summer cumulative precipitation (June, 

July, August, mm, JJAP) in the period 2004-2023 over the three study areas (A, D = Monza, B, E = 

Cernobbio, C, F = Valdidentro), and the 2004-2023 mean (final dot in each graph) as reference.  
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Figure 3. Monthly means of Vapour Pressure Deficit (VPD, Pa) in the period 2004-2023 measured at: 

A) Monza, B) Cernobbio, C) Valdidentro. 
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Figure 4. Standardized Precipitation Evapotranspiration Index (SPEI) computed on the window of the 

six preceding months (SPEI_6_months) in the period 2017-2023 to identify the occurrence of long-

lasting drought for each of the three study sites (Monza, Cernobbio, Valdidentro) for the months of A) 

June; B) July; C) August; D) September. The dotted line indicates the threshold of SPEI = -1.5, 

indicating severely dry conditions. 

 

3.2. Impacts of the extreme year 2022 on plant phenology at inter-

community level 

Across the study period and at inter-community level, the onset of the growing season, provided 

by leaf greening, occurred earlier at the sites located at lower elevations, between the end of 

March/beginning of April until the end April both at Monza (mean DOY 98, range DOY 91 – 

104) and Cernobbio (mean DOY 112, range 88 – 147), while slightly later at Valdidentro, which 

is located at higher elevation, between the beginning of May and the mid of June (mean DOY 

145, range DOY 132 – 164) (Fig. 5A, Table 1). 

The end of season, provided by leaf senescence (and for the year 2022 by early crown 

discoloration), exhibited the opposite trend with elevation, occurring between the beginning of 

October to mid-November at Valdidentro (mean DOY 298, range DOY 281-322), late 

November at Cernobbio (mean DOY 310, range DOY 273-351) and mid-December at Monza 

(mean DOY 315, range DOY 274-350) (Fig. 5B, D, Table 1). 

The year 2022 was characterized by a slightly delayed greening (onset of the growing season) 

respect to the mean of the period 2018-2023 (Table 1), while it exhibited a striking advance of 

the end of season due to early crown discoloration, with the largest advance (40 days) at Monza, 
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and comparable advances of 17 and 14 days, respectively, at Cernobbio and Valdidentro (Fig. 

5D-F, Table 1). The year 2022 was extreme also for the duration of the growing season, which 

was the shortest both at Monza (218 days) and Cernobbio (199 days), but not at Valdidentro 

(149 days). Moreover, Monza exhibited the largest inter-annual variability of growing season 

duration (86 days) which exceeded by c. the double the variability observed at Cernobbio (48 

days) and Valdidentro (34 days) (Fig. 4C, F, Table 1). 

 

Figure 5. Inter-annual variability at inter-community level in the period 2017 – 2023 at the three study 

sites of: A) onset of the growing season provided by the leaf greening, B) end of the growing season 

provided by leaf senescence (and for the year 2022 by crown discoloration), and C) growing season 

length; D) leaf senescence at Monza; E) leaf senescence at Cernobbio; F) leaf senescence at Valdidentro. 

Dots indicate the outlier values for graphs A-C. The graphs D-F show median ± percentiles (25-75) ± 

minimum and maximum of leaf senescence showing its advance at all study areas.   
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Table 1. Greening, leaf senescence (or early crown discoloration in years with extreme climatic conditions) and growing season length (DOY) for each 

community type at each of the three study sites in the study period of Sentinel-2. 

GREENING (DOY) MONZA 
 

CERNOBBIO 
 

VALDIDENTRO 
 

YEAR 

oak 

(QR) 

Lowlands oak-

hornbeam (UM) All 

maple 

(TA) 

g.alder 

(AV) 

birch 

(BP) 

chestnut 

(CS) 

beech 

(FS) 

ash-hornbeam 

(OO) 

Hills oak-

hornbeam (CB) All 

w.alder 

(AI) 

birch 

(BP) All 

2018 104 104 104 111 112 114 111 110 110 101 110 155 138 146 

2019 91 93 92 112 119 116 112 117 104 100 111 164 157 160 

2020 98 99 98 112 115 119 112 114 100 93 109 144 132 138 

2021 95 95 95 113 110 115 120 113 99 147 117 155 150 152 

2022 101 101 101 115 117 119 115 115 105 101 112 145 141 143 

2023 95 96 95 117 114 123 117 115 109 88 112 134 132 133 

MIN 91 93 92 111 110 114 111 110 99 88 109 134 132 133 

MAX 104 104 104 117 119 119 120 117 109 147 117 164 157 160 

MEAN 97 98 98 113 114 118 114 114 104 105 112 149 142 145 

LEAF 

SENESCENCE/EARLY 

CROWN 

DISCOLORATION 

(DOY) 

oak 

(QR) 

Lowlands oak-

hornbeam (UM) All 

maple 

(TA) 

g.alder 

(AV) 

birch 

(BP) 

chestnut 

(CS) 

beech 

(FS) 

ash-hornbeam 

(OO) 

Hills oak-

hornbeam (CB) All 

w.alder 

(AI) 

birch 

(BP) All 

2017 303 318 311 306 312 298 312 312 309 273 303 322 315 319 

2018 318 318 318 316 307 317 317 312 314 334 317 316 295 306 

2019 350 348 349 323 313 324 325 318 325 325 322 295 288 292 

2020 306 306 306 304 297 301 304 302 306 323 305 283 294 289 

2021 323 323 323 319 323 312 321 322 321 351 324 320 309 315 

2022 274 274 274 298 290 288 298 297 279 314 295 282 281 282 
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2023 323 320 322 305 286 301 304 299 312 322 304 283 284 284 

MIN 274 274 
 

298 286 288 298 297 279 273 295 282 281 282 

MAX 350 348 
 

323 323 324 325 322 325 351 322 322 315 319 

MEAN 314 313 315 310 304 306 312 309 309 320 310 300 295 298 

GROWING SEASON 

(DOY) 

oak 

(QR) 

Lowlands oak-

hornbeam (UM) All 

maple 

(TA) 

g.alder 

(AV) 

birch 

(BP) 

chestnut 

(CS) 

beech 

(FS) 

ash-hornbeam 

(OO) 

Hills oak-

hornbeam (CB) All 

w.alder 

(AI) 

birch 

(BP) All 

2018 214 214 214 205 195 203 206 202 204 233 207 161 157 159 

2019 259 255 257 211 194 208 213 201 221 225 210 131 131 131 

2020 208 207 208 192 182 182 192 188 206 230 196 139 162 151 

2021 228 228 228 206 213 197 201 209 222 204 207 165 159 162 

2022 173 173 173 183 173 169 183 182 174 213 182 137 140 139 

2023 228 224 226 188 172 178 187 184 203 234 192 149 152 151 

MIN 173 173 173 183 172 169 183 182 174 213 182 131 131 139 

MAX 259 255 257 206 208 208 213 209 222 234 210 165 162 162 

MEAN 218 217 218 198 188 190 197 194 205 223 199 147 150 149 
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3.3 Impacts of the extreme year 2022 on leaf senescence at intra-community 

level 

At Monza and Cernobbio, the onset of the growing season was characterized by a limited inter-

annual variability (<10 days) at intra-community level, with the only exception of the oak-

hornbeam forest of the hills (CB) at Cernobbio (59 days) (Table 1). Valdidentro exhibited a 

larger inter-annual variability of the onset of the growing season being of c. one month, as 

expected at higher elevations at sites where snow cover persistence may change yearly. 

At intra-community level the year 2022 was extreme with the occurrence of early crown 

discoloration, observed many days earlier respect to the range of variability of the leaf 

senescence for all the selected vegetation communities at each of the three study sites (Fig. 6, 

Table 1). At Monza and Valdidentro all the analysed vegetation types exhibited the earliest 

crown discoloration across the whole study period, while at Cernobbio the year 2022 was the 

most extreme year for all forests, with the exception of the green alder forests (AV) and the 

oak-hornbeam forest of the hills and sub-montane belt (CB) (Fig. 6, Table 1). 

The most sensitive communities were those located at lower elevation (Monza) and dominated 

by oaks and oaks-hornbeam (QR, UM), showing very similar responses, with early crown 

discoloring occurring 40 days earlier than mean leaf senescence over the period (Fig. 6, Table 

1). At Cernobbio, the vegetation ash-hornbeam (OO) exhibited the earliest crown discoloration 

(30 days earlier than mean leaf senescence), while all the other forest types exhibited an early 

crown discoloration occurring between 12 and 18 days earlier than mean leaf senescence, with 

the only exception of the oak-hornbeam forests of the hills and sub-montane belt (CB), which 

was characterized by the smallest advance (6 days) (Fig. 5, Table 1). In the alpine area 

(Valdidentro), the impacts of the 2022 extreme climate were similar to those observed at 

Cernobbio, with an advance between 14 and 19 days of early crown discoloration respect to 

mean leaf senescence for the birch and white alder forests, respectively (Fig. 6, Table 1). 

The persistence of early crown discoloration was observed also in 2023, particularly for both 

forest types of Valdidentro (AI, BP) as well as for the beech (FS) and green alder (AV) forests 

of Cernobbio, showing a LS advance very similar for 2022 and 2023 (Table 1). These data 

indicate both high sensitivity and lack or poor resilience of these forest types to the effect of 

extreme climatic events. Conversely, both forest types analyzed at Monza, which exhibited the 

largest advances observed in 2022, were characterized by high resilience in 2023, with a limited 

delay (of c. ≥ 7 days) of LS respect to the mean values of the study period (Table 1). 

 



39 
 

Figure 6. Inter-annual variability at intra-community level of leaf senescence (DOY, day of year) of 

each selected type of deciduous forests in the period 2017-2023, in the three study areas (Monza, 

Cernobbio, Valdidentro). The graphs show the descriptive statistics (minimum, maximum, median, 25th 

and 75th percentile). The red dots represent the year 2022. Legend: QR = Oak dominated acidophilous 

forests of the foothills; UM = Oak-Hornbeam forests of the lowlands; TA = Ash-Maple-Hornbeam 

forest dominated by Acer., Fraxinus ornus, Ostrya carpinifolia (belonging to the Tilio-Acerion 

Alliance); AA = green Alder forests dominated by Alnus alnobetula;  BP = Birch forest dominated by 

Betula pendula (BP); CS = Chesnut forests on calcareous soils dominated by Castanea sativa; FS = 

typical Beech forests of the calcareous soils dominated by Fagus sylvatica; OO = Ash-Oak-Hornbeam 

forests (Typical Orno-Ostryetum dominated by Fraxinus ornus and Ostrya carpinifolia); CB = Oak-

Hornbeam forests of the hills and sub-montane belt; AI = white Alder forests dominated by Alnus 

incana. 

3.4. Drivers of leaf senescence in the extreme year 2022 at intra-community 

level 

As the most important impacts of the extreme climatic year 2022 were observed on early crown 

discoloration, we analyzed the drivers of early crown discoloration at intra-community level for 

each study site through GRM (General Regression Models) (Table 2). At all sites and for all 

the investigated community types the GRM was statistically significant (p < 0.05) and 

explained most of their variance, providing robust support of the influence of some selected 

climatic factors on early crown discoloration. At Monza, the summer conditions of air 

temperature and precipitation are the most important drivers of leaf senescence of oak forests 

 
AA 
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of the foothills (QR) while, for the oak-hornbeam forest of the lowlands (UM) the most 

important driver is the persistence of drought conditions in the six months preceding the 

summer (provided by the SPEI July) in combination with air temperature at the peak of the 

summer (T-July) (Table 2). 

At Cernobbio VPD in July was the driving factor triggering early crown defoliation of oak-

hornbeam of the hills (CB) and of ash-oak-hornbeam (OO), and VPD in August of ash-maple-

hornbeam (TA), green alder (AV) and birch (BP) (Table 2). A different condition was observed 

for beech (FS), as its early crown discoloration was driven by a combination of factors including 

summer temperature (JJA-T), vapor pressure deficit in June and July (VPD-Jun, VPD-Jul) and 

SPEI in August (Table 2).  

At Valdidentro, the persistency of drought until the peak of the summer (in particular SPEI Jul) 

and the precipitations in late spring-early summer (P May, P June) are the key drivers of early 

crown discoloration of the white alder (AI), while July air temperature and precipitation in 

August are the most important factors for birch (BP) (Table 2). Concerning the birch forests, it 

is notable that the drivers affecting their early crown discoloration change from Cernobbio, 

where VPD-August is the driving factor, and Valdidentro, emphasizing the importance of the 

combination of summer temperatures and precipitations (Table 2). 

Overall, the data indicates that different forest types exhibit varying degrees of sensitivity to 

climatic variables, with vapor pressure deficit in summer, air temperature and precipitation 

during the summer months playing critical roles in influencing the early crown discoloration 

observed in 2022 for these vegetation communities.
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Table 2. General regression model shows the climatic drivers affecting crown discoloration in the year 2022 at intra-community level for each of the selected 

vegetation communities at each study site. Only statistically significant values are reported (p<0.05). Legend: JJA-T= Mean temperature of  summer season 

(June, July and August); T-JUL =Mean temperature of July; T-AUG =Mean temperature of August; JJA-P =Total precipitation of summer season; P-MAY = 

Total precipitation of May; P-JUN = Totale precipitation of June; P-JUL =Total precipitation of July; P-AUG =Total precipitation of August; SPEI JUL = 

Standardized Precipitation Evapotranspiration Index (SPEI) computed for the 6 months preceding July; SPEI AUG = Standardized Precipitation 

Evapotranspiration Index (SPEI) computed for the 6 months preceding August; VPD-JUN = vapour pressure deficit June; VPD-JUL = vapour pressure deficit 

July; VPD-AUG = vapour pressure deficit August. Legend of vegetation types: QR = oak dominated acidophilous forests of the foothills; UM = oak-

hornbeam forests of the lowlands; TA = ash-maple-hornbeam forest dominated by Acer spp., Fraxinus ornus, Ostrya carpinifolia (belonging to the Tilio-

Acerion Alliance); AA = green alder forests dominated by Alnus alnobetula ;  BP = birch forest dominated by Betula pendula (BP); CS = chesnut forests on 

calcareous soils dominated by Castanea sativa; FS = typical beech forests of the calcareous soils dominated by Fagus sylvatica; OO = ash-oak-hornbeam 

forests (Typical Orno-Ostryetum dominated by Fraxinus ornus and Ostrya carpinifolia); CB = oak-hornbeam forests of the hills and sub-montane belt; AI = 

white alder forests dominated by Alnus incana. 

MONZA  oak (QR) oak-hornbeam (UM) 

  F p R ß F p R ß 

JJA-P 46.6 0.02 
 

1 
   

  

JJA-T 64 0.01  2.4     

T-JUL 31.7 0.03 
 

-1.3 115 0.008 
 

-1.3 

T-AUG 56.5 0.01 
 

-1.4 
   

  

SPEI JUL 
   

  116.2 0.008  -1.1 

P-JUL 
   

  22.5 0.04 
 

0.44 

whole model 29 0.033 0.99   79.4 0.01 0.99   

CERNOBBIO ash-maple-hornbeam (TA) green alder (AA) 

  F p R ß F p R ß 

VPD JUN 
   

  
   

  

VPD JUL 
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VPD AUG 11.3 0.02 
 

-0.83 21.4 0.005 
 

-0.9 

JJA-T 
   

  
   

  

JJA-P 
   

  
   

  

SPEI AUG 
   

  
   

  

T-SEP 
   

  
   

  

Full model 11.3 0.02 0.83   21.4 0.005 0.9   

CERNOBBIO birch (BP) chesnut (CS) 

  F p R ß F p R ß 

VPD JUN   
  

    
  

  

VPD JUL   
  

    
  

  

VPD AUG 7.1 0.04 
 

-0.76 15.4 0.01 
 

-0.87 

JJA-T   
  

    
  

  

JJA-P   
  

    
  

  

SPEI AUG   
  

    
  

  

T-SEP   
  

    
  

  

Full model 7.1 0.04 0.76   15.4 0.01 0.87   

CERNOBBIO Beech (FS) Oak-hornbeam hills (CB) 

  F p R ß F p R ß 

VPD JUN 63.9 0.01  -0.9   
  

  

VPD JUL 96.5 0.01  -0.75 14.3 0.01 
 

-0.86 

VPD AUG        
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JJA-T 107.2 0.009  0.5   
  

  

JJA-P        
  

  

SPEI AUG 60.6 0.01 
 

-0.6   
  

  

T-SEP 
   

    
  

  

Full model 363.5 0.002 0.99   14.3 0.01 0.86   

CERNOBBIO ash-oak-hornbeam (OO)         

  F p R ß   
  

  

VPD JUN   
  

    
  

  

VPD JUL 14.3 0,01 
   

 -0.86    
 

  

VPD AUG   
  

    
  

  

JJA-T   
  

    
  

  

JJA-P   
  

    
  

  

SPEI AUG   
  

    
  

  

T-SEP       
  

  

Full model 14.3 0,01 
 

0.01 0.86          

VALDIDENTRO white alder (AI) birch (BP) 

  F p R ß F p R ß 

SPEI JUL 28721.9 0.003 
 

1.6 
   

  

SPEI AUG 1979.5 0.01 
 

1.1 
   

  

JJA-P 634 0.02 
 

0.69 
   

  

P-MAY 5536.4 0.008 
 

-2.3 
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P-JUN 5066.9 0.008 
 

-2.17 879.7 0.02 
 

0.38 

P-JUL 
   

    
 

  

P-AUG 
   

  2420.2 0.01 
 

-0.66 

T-JJA 
   

  206.5 0.04 
 

-0.27 

T-JUL 
   

  2463.8 0.01 
 

-0.83 

Full model 7761.4 0.008  0.99  2581.8 0.01 0.99   
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3.5 Impact of the extreme year 2022 on biomass production at peak season 

at intra-community level 

The negative impact of the extreme year 2022 on biomass production at peak season (July and 

August) was evident at Monza (Fig. 7A) and Cernobbio (Fig. 7B). The extreme year 2022 

induced the largest summer biomass decrease on oak (QR), oak-hornbeam of the lowlands 

(UM), oak-hornbeam of the hills and submontane belt (CB), and ash-oak-hornbeam (OO) 

forests, with the lowest NDVI values (obtained by Landsat) recorded across the investigated 

decade (2014-2023). The largest impact was observed at Cernobbio on the oak-hornbeam of 

the hills and sub-montane belt (CB), showing the lowest NDVI values, even lower than what 

observed at Monza (Fig. 7A, B). Interestingly, at Cernobbio the ash-oak-hornbeam forests (OO) 

exhibited a large NDVI decrease also in 2023, indicating a legacy effect of the extreme climatic 

conditions of the summer 2022 on the biomass production of the following year (Fig. 7B). The 

other forest types at Cernobbio and the deciduous forest at Valdidentro apparently did not show 

any direct impact of the extreme year 2022 on their peak season biomass production, as its 

values were similar or just slightly lower than the mean of the decade (Fig. 7C, D). The large 

decrease of NDVI observed at Valdidentro in 2023 (the lowest NDVI of the entire decade) 

suggested also at this site the occurrence of a legacy effect of the extreme year 2022 with a 

delayed response of both the birch dominated forests (BP) and of the white alder forests (AI) 

to the stress induced by the extreme climatic events of the year 2022. On the other hand, both 

Monza and Cernobbio the most sensitive forests (QR, UM, CB) exhibited a rapid recovery in 

the year 2023, with NDVI values close to the mean of the decade (Fig. 7A, B). Notably, also 

the dry and hot summer 2015 induced a decrease in biomass production of the most sensitive 

forest types, identified by the decrease of NDVI at peak season (July and August) at Monza and 

Cernobbio, but this decrease was much less than in 2022 (Fig. 7A, B). 
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Figure 7. NDVI obtained by Landsat as proxy of biomass production at the peak of the growing season 

(July and August) in the period 2014-2023 comparing: A) Monza (oak, QR, and oak hornbeam, UM, 

forests); B) Cernobbio (oak hornbeam of the hills and sub-montane belt, CB (black), and ash-oak-

hornbeam, OO (red), forests); C) Cernobbio (all other forest types excluding oak hornbeam); D) 

Valdidentro (all forest types). The dashed line represents the mean value of NDVI for the period July 

and August of the decade 2014-2023 for study sites and forest types of the panels A-D. The red arrows 

indicate the impact of the extreme year 2022 (panels A, B) and its legacy effect on 2023 (panel D). 

 

4. Discussion  

4.1 Extreme climatic conditions of the year 2022 

Extreme climatic events, with special reference to heatwaves and severe drought, are increasing 

in the last years, with 2022 being until now the most extreme year, characterized by the warmest 

and driest summer of the last decades across Europe, and exceeding the conditions recorded in 

the extreme year 2015 (Hoy et al., 2017; Laaha et al., 2017 da Knutzen). The climatic data of 

our three study sites confirmed the severity of the conditions recorded in the year 2022, which 

was recognized as an extreme year across Europe and, in particular in Italy, France and Spain 

(Tripathy and Mishra, 2023; Gharun et al., 2024; Knutzen et al., 2025). Our data allowed us to 

assess that the severity of these conditions was not the same across the geographical gradient 

investigated, as could be expected. In particular, the worst conditions of severe drought and 

high temperatures (resulting also in the highest vapour pressure deficit) were experienced in 
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2022 by the lowland site, Monza, in terms of air temperature but above all of precipitation (Figs. 

1, 2, 3), followed by Cernobbio, with 2022 being the most extreme year of the last two decades 

for both sites (Figs. 1, 2). At Valdidentro it is notable that the year 2022 was the most extreme 

of the last twenty years for air temperature but not for the precipitations (Figs. 1, 2). The data 

provided by SPEI of the preceding six months (Fig. 4) suggested that the drought conditions 

were long-lasting across spring and summer. This effect was evident also at Valdidentro, in the 

alpine zone, where the severity of the extreme year 2022 was more pronounced than could be 

expected only from the precipitation data, suggesting potentially higher impacts on ecosystems 

(Fig. 4). 

4.2 Impacts of the extreme year 2022 on plant phenology at inter-

community level 

Forests are particularly vulnerable to the impacts of heat and drought, but their response and 

degree of sensitivity depend on the forest type, composition and bioclimatic zone (e.g., Pardos 

et al., 2021). Our analyses, performed at local scale across a geographic gradient from the 

lowlands to the alpine zone, indicated that the extreme year 2022 produced widespread impacts 

on the phenology of deciduous woodlands, triggering early crown discoloration at all sites, 

while it did not affect the onset of the growing season.  Indeed, both at inter- and intra-

community level, the onset of the growing season exhibited a very small inter-annual variability 

at the lowland and prealpine sites (Monza and Cernobbio) (Table 1, Fig. 5A), suggesting a 

strong photoperiodical control of the greening phenophases as the dominant tree species of 

these forests are late successional long-lived, slowly reproducing plants (Tang et al., 2016). On 

the other hand, the large inter-annual variability of the growing season onset observed at the 

alpine site (Valdidentro) is likely influenced by the patterns of snowmelt dates. 

The extreme year 2022 triggered the occurrence of early crown discoloration at all sites across 

the analysed study period both at inter- and intra-community level, with the strongest responses 

(and sensitivity) at the lowland site (Monza), showing early crown discoloration c. 40 days 

earlier than the mean date of leaf senescence, and more limited impact at the prealpine 

(Cernobbio) and alpine (Valdidentro) sites, with advances of c. 15-16 days compared to their 

mean of the period (Table 1). The highest sensitivity detected at the lowland site is coherent 

with the occurrence of the worst conditions of long-lasting and severe drought, high 

temperatures and highest vapour pressure deficit observed at Monza. The smaller impact of the 

extreme year 2022 observed on the forests located at higher elevation may be due to the thermal 

gradient, with lower temperatures at higher elevations smoothing the climatic impact on plant 

phenology (Knutzen et al., 2025). Differently from Knutzen et al. (2025), who reported no o 
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limited impacts of the extreme year 2022 on forests in the alpine zone, we show that even at 

higher elevations the deciduous forests were affected by the extreme conditions of the year 

2022, with early crown discoloration occurring c. two weeks earlier than the mean date of leaf 

senescence. 

These data confirm the strong negative impact of persistent and severe heat and drought on 

early crown discoloration produced by a combination of drought and heat stress (e.g. Estiarte 

and Penuelas, 2015). Combined with drought, a persistent heat exceeding the 30°C growth 

optimum (Percival, 2023) was observed mainly during July and August 2022. Effects of 

extreme heat on trees include leaf and twig scorching, sunburn on leaves, branches, and stems, 

leaf senescence and abscission, inhibition of shoot and root growth and mortality (Teskey et al., 

2015; O’Sullivan et al., 2017; Percival and Percival, 2022; Percival, 2023).  Furthermore, 

photosynthesis is affected when leaves exceed their thermal tolerance level (Knight and 

Ackerly, 2002, Curtis et al., 2014; Percival, 2023): indeed, photosynthesis is recognised as one 

of the most heat-sensitive processes in plants (Berry and Bjorkman, 1980, Hu et al., 2020, 

Salvucci and Crafts-Brandner, 2004; Percival, 2023). We can therefore associate early crown 

discoloration occurred in 2022 to a persistence, extreme warm and dry summer season 

characterized by high to very high values of vapour pressure deficit which for Monza and 

Cernobbio where the highest recorded in the last 20 years. These data confirm the findings of 

previous studies emphasizing the role of high VPD in producing tree defoliation and even 

mortality (e.g., Pollastrini et al., 2019; Braun et al., 2021; Gazol and Camarero, 2022; Bussotti 

et al., 2024) Prolonged drought and heat have already caused widespread forest mortality 

throughout the 1990 s and 2000s across several Mediterranean regions within Europe (Allen et 

al., 2010; Percival, 2023, Knutzen et al., 2025). During the summer of 2003, air temperatures 

of almost 40◦C were recorded across northern France and southern Germany coinciding with 

the depletion of soil water reserves. The combined heat and drought stress caused foliage 

yellowing and browning, branch die-back, premature leaf loss, and tree death across forest 

stands. Oak, fir, spruce, beech, and pine were severely affected, raising concern about the 

consequences for long-term forest health. Comparable heat stress and drought episodes resulted 

in large-scale tree mortality of Scots pine stands throughout Switzerland and Italy (Bigler et al., 

2006, Dobbertin and Rigling, 2006, Vertui and Tagliaferro, 1998; Percival, 2023). 
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4.3 Impacts and drivers of the extreme year 2022 on plant phenology at 

intra-community level 

The analyses performed at intra-community level indicated different sensitivity and resilience, 

linked to their ecological requirements, of the investigated forest types to the impact of the 

extreme year 2022 and highlighted that the drivers triggering the observed early crown 

discoloration were different (Fig. 5, Table 2).  

The termophilous forests of the lowlands (oak (QR) and oak-hornbeam (UM) at Monza) (Fig. 

5) exhibited the highest sensitivity toc the impact of heat and drought, as could be expected as 

these forests grow in riparian and moist environments associated to the Lambro river and its 

fluvial terraces (Prodrome of the Italian Vegetation https://www.prodromo-vegetazione-

italia.org/; Italian interpretation manual of the 92/43/EEC Directive Habitats 

http://vnr.unipg.it/habitat/). 

The conditions of the summer 2022 were so extreme to exert visible impacts also on the forests 

of the prealpine and alpine sites, typical of cool and moist conditions, such as the beech (FS), 

green alder (AA), white alder (AI), and birch (BP) forests, or typical of  temperate and moist 

conditions like the ash-oak-hornbeam forest (OO) (Prodrome of the Italian Vegetation 

https://www.prodromo-vegetazione-italia.org/; Italian interpretation manual of the 92/43/EEC 

Directive Habitats http://vnr.unipg.it/habitat/). Interestingly, at Cernobbio vapour pressure 

deficit in summer (July and August) was the driver of early crown discoloration for all the 

selected forest types. At Cernobbio the early crown discoloration of the beech forest (FS) was 

influenced also by summer temperature and persistent drought (SPEI-August), suggesting a 

slightly different sensitivity of beech compared to the other selected forest types.  

Extreme climatic events may induce legacy effects, provided by negative impacts observed the 

year following the extreme event. Extreme drought events occurring during the growth season 

may influence post-drought tree growth, causing damage to the photosynthetically active leaf 

area and limiting the photosynthesis (Magnani et al., 2000; Bréda et al., 2006; Galvez et al., 

2011; Keith et al., 2012; Huang et al., 2018). Consequently, the ring width of trees is expected 

to be reduced over the years following a severe drought (Bréda et al., 2006; Keith et al., 2012; 

Palacio et al., 2014; Huang et al., 2018). 

Interestingly, at all sites the early crown discoloration observed in 2022 did not trigger any 

legacy effect on the greening of the following year, indicating that the onset of the growing 

season was not influenced by the events of the previous summer, and differently from what 

observed in other European deciduous forests (e.g., Brun et al., 2020). 
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In our case, the occurrence of potential legacy effects of the extreme year 2022 on plant 

phenology was evident only on the patterns of leaf senescence of the following year. We 

observed a direct relation between sensitivity and resilience to the impact of the extreme year 

2022. Indeed, the forests of the lowland site Monza exhibited the highest sensitivity and the 

highest resilience, as confirmed by the absence of any legacy effect in the following year 

(2023). The lack of legacy effect at Monza is coherent with the observation that drought-

adapted ecosystems are characterized by high sensitivity but also high resilience (Knutzen et 

al., 2025). On the contrary, despite the direct impact on early crown discoloration in 2022 was 

less intense than at Monza, both at Cernobbio and Valdidentro we observed a clear legacy 

effect, with the occurrence of advanced leaf senescence even in 2023, which was not an extreme 

year (Table 1), indicating a poor resilience of the deciduous forests at these sites. The largest 

legacy effect was observed for forest types typical of cool and moist conditions, such as the 

beech (FS), green alder (AA), white alder (AI), and birch (BP), suggesting that the impact of 

the stress induced by the harsh climatic conditions of the summer 2022 affected on a longer 

timescale these forests. Our data then confirm that the forests with phenological higher 

sensitivity are also those with higher resilience (Knutzen et al., 2025).  

4.4 Impacts of the extreme year 2022 on biomass production 

NDVI is a structural index, and its seasonal changes reflect changes in leaf biomass and could 

be used as a proxy of biomass production (e.g. Descals et al., 2020, 2022). The decrease of 

biomass production (desumed by the strong NDVI decrease) at peak season (July and August) 

in 2022 further emphasized the different sensitivity and resilience of the analysed forest types 

across the investigated gradient. As could be expected, the forests of the lowlands (UM, QR) 

and the mesophilous (CB) and thermophilous forests (OO) of the prealpine site exhibited the 

largest biomass decrease in 2022. The other forest types apparently were not influenced by the 

extreme conditions of 2022, as we didn’t detect any decrease of biomass production at peak 

season. However, a legacy effect of the extreme conditions of 2022 was evident for the 

thermophilous ash-oak-hornbeam forest (OO) and, unexpectedly, for the forests of the moist 

and cool alpine site (AI, BP), with reduced biomass production at peak season in 2023 (Fig. 6). 

Both the immediate and delayed observed decreases of biomass production can be explained 

considering that extreme drought events affect photosynthesis and vegetative growth (Ciais et 

al., 2005; McDowell et al., 2008; Barbeta et al., 2015; Wu et al., 2017) inducing both an 

immediate reduction in photosynthesis, but also delayed long-lasting effects (McDowell et al., 

2008; Anderegg et al., 2015; Wu et al., 2017), such as loss of carbon stocks, increased pathogen 

attacks, hydraulic failure, and forest mortality (Breshears et al., 2005; Allen et al., 2010, 2015; 
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Wu et al., 2017). Moreover, it is likely that the large leaf senescence advance occurred in 2022 

may have induced a decline of forest primary productivity, as observed during the 2018 drought 

event in Switzerland (Gharun et al., 2020). 

In a scenario of increasing frequency and severity of heat and drought events, the assessment 

of the impact of these extreme climatic events on forests through remote sensing analysis, can 

provide important information on forest sensitivity and resilience even in difficult-to-reach 

areas. 

This study highlights the differential sensitivity of deciduous forests across an elevation 

gradient in Northern Italy to one of the most extreme climate events of the last decades, with 

severe drought conditions lasting in the year 2022 throughout spring and summer. Our analyses 

indicate different sensitivity and resilience of the different forest types, linked to their ecological 

requirements. In particular, the lowland thermophilus forests were the most affected by the 

impact of heat and drought, with early crown discoloration up to 40 days compared to the mean 

leaf senescence date, but exhibiting the highest resilience. In the forest types at higher elevations 

and moist conditions we identified a legacy effect in 2023, indicating prolonged stress from the 

extreme conditions of 2022 and poor resiliency. We observed also that the early crown 

discoloration of the previous summer did not influence the onset of the growing season of the 

following year. 

These results show the complexity of forest ecosystem responses to climate change, 

highlighting the need for site-specific and complex assessments. To better understand the 

impact of drought on plants, further investigations should be carried out, in particular future 

research may focus on dendrochronological analyses to obtain long-term information about the 

impact of climate, in particular of heat waves and drought, on tree growth. Indeed, the 

identification of climate change impacts on different forest types at different sites is essential 

for future land management and to promote site-specific and forest-specific conservation and 

adaptation strategies. 
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Supplementary materials 

 

Table 1. Forest types selected at each study site according to the Lombardy Region Forest Map. For each forest type is reported the code (of the Lombardy 

Region Forest Map), the dominant species, and their correspondence to the main vegetation groupds according to the Prodrome of the Italian vegetation, Eunis 

habitats, Nature 200 habitats and Corine Biotopes habitats. Site legend: M = Monza; C = Cernobbio; V = Valdidentro. 

Site Acronym Forest 

map 

code 

Forest map type Dominant 

species 

Prodrome of the 

Italian Vegetation 

Eunis Nature 2000 Corine 

Biotopes 

M UM 3 Oak-hornbeam 

forests of the 

lowlands 

Quercus 

robur, 

Carpinus 

betulus, Ulmus 

minor, 

Fraxinus 

angustifolia, 

F. excelsior 

71.1.10.2 Suball. 

Ulmenion minoris 

G1.A1 - Quercus sp., 

Fraxinus sp., Carpinus 

betulus forests on 

eutrophic and 

mesotrophic soils 

91F0 Riparian mixed 

forests of Quercus 

robur, Ulmus laevis 

and Ulmus minor, 

Fraxinus excelsior or 

Fraxinus 

angustifolia, along 

the great rivers 

(Ulmenion minoris) 

44.4 Mixed 

oak-elm-ash 

woodland of 

great rivers 

M QR 10 Oak (Quercus robur) 

dominated 

acidophilous forests 

of the foothills 

 

Quercus 

robur, Q. 

petraea 

71.1.6 All. Carpinion 

betuli 

G1.88 - Quercus 

dominated 

acidophilous forests of 

the foothills 

9160 Sub-Atlantic 

and medio-European 

oak or oak hornbeam 

forests of the 

Carpinion betuli 

 

41.59 

Insubrian 

acidophilous 

oak forests  

C CB 5 Oak-hornbeam 

forests of the hills 

and sub-montane belt 

Quercus 

petraea, Q. 

robur, 

Carpinus 

betulus 

71.1.6 All. Carpinion 

betuli 

G1.8 Sub-continental 

oak-hornbeam forests 

9160 Sub-Atlantic 

and medio-European 

oak or oak hornbeam 

forests of the 

Carpinion betuli 

41.26 Sub-

continental 

oak-hornbeam 

forests 

C CS 50 Chesnut forests on 

calcareous soils 

Castanea 

sativa 

 

 

71.1.6 All. Carpinion 

betuli  

G1.7D5 – Woodlands 

and forests with 

Castanea sativa 

9260 Castanea sativa 

woods 

41.9 Chestnut 

woods 

C OO 65 Ash-oak-hornbeam 

forests (Typical 

Orno-Ostryetum) 

Ostrya 

carpinifolia, 

Fraxinus 

71.3.2 All. Carpinion 

orientalis 

G1.74 Italo-Illyrian 

[Ostrya carpinifolia] 

91H0 Pannonian 

woods with Quercus 

pubescens 

41.7374 

Pannonian 
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ornus, 

Quercus 

pubescens 

71.3.2.8 Suball. 

Helleboro nigri-

Ostryenion carpinifoliae 

sub-thermophilous 

[Quercus] woods 

white oak 

woods 

C TA 72, 73 Ash-maple-hornbeam 

forest and typical 

ash-maple forest 

dominated by Acer 

spp., Fraxinus ornus, 

Ostrya carpinifolia 

Acer spp., 

Fraxinus 

ornus, Ostrya 

carpinifolia 

71.1.4 All. Tilio 

platyphylli-Acerion 

pseudoplatani 

71.1.4.1 Suball. Ostryo 

carpinifoliae-Tilienion 

platyphylli 

 

G1.A4 Ravine and 

slope woodland 

and 

G1.A1 Quercus- 

Fraxinus-Carpinus 

betulus woodland 

9180 Tilio-Acerion 

forests of slopes, 

screes and ravines 

 41.43 Alpine 

and peri-

Alpine slope 

forests 

C, 

V 

BP 84, 86 Birch forest 

dominated by Betula 

pendula 

 

 

Betula pendula 

 

71.4.1 All. Corilo 

avellanae-Populion 

tremulae 

G1.92 Populus 

tremula woodland 

NA NA 

C FS 97 Typical beech forests 

of the calcareous 

soils (Mountain 

Beech forests) 

Fagus 

sylvatica 

71.1.1 All. Galio 

odorati-Fagion 

sylvaticae 

 

G1.63 - European 

neutrophilous forests 

dominated by Fagus 

sylvatica 

9130 Asperulo-

Fagetum beech 

forests 

41.133 - 

Medio-

European 

montane 

neutrophilous 

beech forests 

V AI 175 White alder forests Alnus incana 71.1.10 All. Alnion 

incanae 

G1.12 Boreo-alpine 

riparian galleries 

91E0 Alluvial forests 

with Alnus glutinosa 

and Fraxinus 

excelsior 

44.2 - Boreo-

alpine riparian 

galleries 

C AA 176 Green alder forests Alnus 

alnobetula 

66.1.1 All. Alnion 

viridis 

F2.32 - Subalpine and 

oroboreal [Salix] brush 

4080 Sub-Arctic 

Salix spp. scrub 
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Table 2SM. Mean monthly air temperatures (°C) at each study site (Monza, Cernobbio, Valdidentro) in the 

period 2004-2023. 

 

MONZA 

Year May June July August September 

2004 15.5 21.3 22.5 22.3 18.6 

2005 18.1 21.9 22.8 20.1 18.5 

2006 17.2 21.7 25.3 20.1 19.4 

2007 17.9 21 23.4 21.3 17 

2008 17.2 20.7 22.2 22.2 17.2 

2009 19.4 21 22.9 24.1 19.5 

2010 16 21.2 24.6 21.1 17.1 

2011 19 20.6 22 23.9 20.5 

2012 17 22.5 24.3 25.3 18.4 

2013 15.2 21 24.6 23.1 18.7 

2014 16.8 21.3 21.2 20.6 18.3 

2015 18 22.4 27.3 23.8 18 

2016 16 20.5 23.9 22.5 20.1 

2017 17.7 23.1 23.7 24.2 16.5 

2018 18.3 22.4 24.3 23.9 19.7 

2019 14.5 23.9 24.7 23.7 18.6 

2020 18.2 20.5 24 23.6 19.2 

2021 15.81 23.3 23.6 22.7 19.7 

2022 19.8 24.7 27.3 25 18.8 

2023 17.4 22.8 24.5 24.3 20.5 

CERNOBBIO 

Year May June July August September 

2004 18.9 21.9 22.9 23.1 20 

2005 18.1 22.3 23.9 21.7 19.2 

2006 17.4 22.3 25.7 21.1 20.5 

2007 18.4 21 24.1 21.7 18.1 

2008 16.9 20.7 22.8 23.2 17.6 

2009 19.5 21.3 23.5 24.9 20 

2010 15.7 21.1 25.4 22.1 18 

2011 19.1 20.4 22 24.8 21.8 

2012 17.2 22.5 24.4 25.8 19.8 

2013 15 21.2 25.2 24.2 20.1 

2014 17.2 21.3 21.4 20.9 19.6 

2015 17.8 22.6 27.4 24.3 18.9 

2016 16.1 20.7 24.4 23.5 21.4 

2017 18.1 23.5 24.5 24.8 18 

2018 17.8 22.9 25.1 25.2 21.4 

2019 15.1 24.3 26 24.5 20.4 
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2020 18.8 20.9 24.7 24.7 20.7 

2021 16.2 23.7 24 23.6 21 

2022 19.9 24.5 27.7 26.1 20.4 

2023 17.5 23.2 25.1 25.3 21.9 

VALDIDENTRO 

Year May June July August September 

2004 2.4 7.4 8.2   5.7 

2005 4.8 8.6 9 7.6 6.7 

2006 3.9 8.5 12.6 5.9 5.7 

2007 4.8 8.3 9.8 9 4.7 

2008 4.6 8.7 9.5 10.2 5.2 

2009 6.3 7.8 10 11.5 7.7 

2010 2.5 8 11.6 8.8 5.3 

2011 5.4 7.9 8.1 11.1 9.8 

2012 4.5 9.1 10.4 11.8 6.3 

2013 1.9 7 11.4 10.2 7 

2014 3.3 8 8.8 7.5 6.5 

2015 4.9 8.6 13.6 11 4.7 

2016 2.8 7.3 10.7 10.3 7.8 

2017 5.1 10.3 10.5 11.6 4 

2018 5.7 9.1 11.4 11.4 8.5 

2019 1.7 11.7 11.7 10.9 7.4 

2020 5 7.3 11 10.9 7.4 

2021 2.1 10.2 10.3 9.2 7.8 

2022 6.8 10.9 12.8 11.5 5.2 

2023 4.7 9.6 11.4 11.4 9.9 
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Table 3SM. Number of days with extreme temperatures (TX90P, exceeding the 90th percentile of the decade 2004-2023) for each summer month (June, July, 

August) and the total summer value, in the three study areas (Monza, Cernobbio and Valdidentro) in the period 2004-2023. 

 MONZA CERNOBBIO VALDIDENTRO 

Year June July August Total June July August Total June July August Total 

2004 0 0 0 0 0 2 0 2 0 NA 0 0 

2005 2 0 0 2 3 3 0 6 3 3 0 6 

2006 0 6 0 6 0 8 0 8 2 6 0 8 

2007 0 0 0 0 0 5 0 5 0 5 0 5 

2008 0 0 0 0 1 0 0 1 4 0 0 4 

2009 0 0 2 2 0 0 5 5 0 1 2 3 

2010 0 3 0 3 0 8 0 8 0 9 2 11 

2011 0 0 4 4 0 0 8 8 2 0 6 8 

2012 1 2 9 12 2 2 8 12 2 2 6 10 

2013 2 3 3 8 1 6 6 13 2 2 6 10 

2014 1 0 0 1 1 0 0 1 3 0 0 3 

2015 0 19 5 24 1 18 7 26 0 16 7 23 

2016 0 3 0 3 1 2 0 3 2 2 4 8 

2017 4 2 5 11 5 1 6 12 6 3 5 14 

2018 0 2 8 10 0 1 6 7 0 2 4 6 

2019 6 12 1 19 5 4 1 10 6 5 1 12 

2020 0 4 7 11 0 3 2 5 0 4 3 7 

2021 0 3 4 7 0 0 3 3 2 0 4 6 

2022 5 18 9 32 6 18 8 32 3 12 2 17 

2023 5 8 10 23 0 7 8 15 2 6 8 16 
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Table 4SM. Monthly total liquid precipitation (mm) at each study site (Monza, Cernobbio, 

Valdidentro) in the period 2004-2023. 

 

MONZA  
Year May June July August September 

2004 127.7 33.5 90.7 91.1 31 

2005 49.7 24.9 140.8 118.6 136.4 

2006 62.3 6.6 80.3 167.5 5.7 

2007 162.7 190.2 46.7 103.1 178.5 

2008 240.2 137.6 181.6 74.6 127.4 

2009 10.4 166.5 70.2 49.9 79.8 

2010 196.5 109.4 86.5 219.4 154.4 

2011 47.8 159.8 103.8 60 144.2 

2012 149 156.8 13.4 48.4 133.2 

2013 290 50.6 47 69.4 47.4 

2014 59.6 278.6 237.4 177.6 21.2 

2015 88.6 82.2 6.4 83.4 128.6 

2016 200.6 282 150.4 79 57 

2017 189.6 225 61.8 24.8 282.8 

2018 120.4 40.8 163.2 134.6 27.8 

2019 155.4 88.8 106.2 139.2 79 

2020 161 304.2 84.6 84.8 108 

2021 143.2 37.8 120.6 92.6 93 

2022 56.6 48.2 18.8 125.8 69.4 

2023 178 176 177.2 85 59 

CERNOBBIO  
Year May June July August September 

2004 171.8 30.2 57 146.4 47.2 

2005 50 47.8 93.4 129.2 150.8 

2006 46.6 13.2 118.2 126 190.8 

2007 128.6 186.2 22.4 217.8 137 

2008 233.4 201.2 191.4 106.8 129.2 

2009 39 105.4 161.8 44 124.8 

2010 362.6 63.6 71 178.8 156.8 

2011 76.2 156.2 124.8 19.4 147.4 

2012 108.8 91.4 84.6 37.4 111.4 

2013 257.2 71.2 72.6 32 118.2 

2014 42.4 140.6 285.8 312.2 26.6 

2015 126.6 115 29.2 82.2 176 

2016 251.8 148.6 211 70 110.4 

2017 157.2 258 63.6 65.2 153 

2018 258.2 34.2 76.4 63.6 23 

2019 114.8 45.8 43.2 133 60.2 

2020 145.8 211.2 42.2 162 104 

2021 160.6 20.8 286.4 133 107.4 
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2022 83.2 57.8 14 36.6 186.4 

2023 178 242 175 90.2 160.8 

VALDIDENTRO  
Year May June July August September 

2004 73.2 41.2 124.6 0 37 

2005 71.2 58.4 87.8 111.6 68.6 

2006 62.2 55.8 86.6 158.6 74.4 

2007 110.8 134.6 148.4 191.2 55.4 

2008 136.4 130.2 291.8 118 148.2 

2009 29.8 151.6 124.4 67.8 56.6 

2010 164.8 73 74 173.6 143.6 

2011 108 205.4 178.4 106.2 64 

2012 59.8 194.4 156.4 193 222.8 

2013 152 89.6 80 165.2 92.2 

2014 71.8 129.6 204.6 199.6 58.8 

2015 156 109.6 42.6 136.6 267.4 

2016 136.8 302.6 161.2 155.4 53.2 

2017 95.2 295.2 111 172.2 212 

2018 107.6 61.4 134.6 135.8 63 

2019 88 105.6 104 160.2 93.8 

2020 120.8 211 93.4 343.2 88.4 

2021 112 68.2 219.2 149.8 69.4 

2022 78.2 142 131.4 72.8 130.8 

2023 130.4 108 178.8 265.4 158.6 
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Impacts of a heat wave on tree growth, wood anatomy 

and intrinsic water-use efficiency in temperate forests 

Abstract 

Climate change is leading to more frequent and severe extreme climate events, such as hot 

spells. However, we lack information on how heat waves impact wood anatomy, radial growth 

and intrinsic water-use efficiency (iWUE). This lack of information is notable in temperate 

forests, where heat waves can reduce productivity and trigger canopy dieback. We assessed the 

impacts of the 2022 heat wave on two temperate forests located at high (Cernobbio) and low 

elevation (Monza) sites in northern Italy. Eight winter-deciduous tree species were sampled, 

forming either diffuse- (Acer pseudoplatanus, Betula pendula, Fagus sylvatica, Tilia cordata) 

or ring-porous wood (Castanea sativa, Fraxinus excelsior, Quercus pubescens, Quercus 

robur). Some species suffered a severe reduction of basal area increment (BAI) during 2022 

(B. pendula, -58 %; Q. robur, -48 %), others experienced a moderate growth drop (F. excelsior, 

-5 to -34 %; T. cordata, -29 %; C. sativa, -25 %; Q. pubescens, -18 %; A. pseudoplatanus, -5 

%), and others showed a slight increase (e.g., F. sylvatica, + 3 %). Moreover, negative growth 

legacies were detected in F. excelsior at the low-elevation site. In terms of growth reduction, F. 

excelsior, A. pseudoplatanus and Q. pubescens were the most sensitive species to summer 

maximum temperatures and drought severity. In A. pseudoplatanus, the ray parenchyma 

fraction declined in 2022, indicating lower C storage. Few differences in wood 13C, a proxy 

of iWUE, were found between species. A. pseudoplatanus (-26.1 ‰) and F. excelsior (-25.6 

‰) showed the highest wood 13C. Responses to heat damage in terms of growth and wood 

anatomy were uncoupled and depended on leaf phenology, with early-leafing species showing 

the most severe growth reduction. 

Keywords: Acer pseudoplatanus, Fraxinus excelsior, summer heat wave, temperate forests.  
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1. Introduction 

A major component of climate warming is the increase in year-to-year climate variability 

leading to more frequent and severe climate extremes (IPCC, 2023). These extremes include 

heat waves and dry spells, that trigger forest die-off and raise tree mortality rates worldwide 

(Allen et al. 2015). In many cases, trees recover after such negative climate impacts, but their 

recovery capacity depends on multiple factors including: the severity and frequency of climate 

extremes (e.g., maximum temperatures reached during a heat wave), post-event weather 

conditions, site variables (topography, soil depth and texture), stand structure and composition 

or functional traits enhancing resilience (Anderegg et al., 2015; Rita et al., 2020). For instance, 

either too frequent drought or heat waves and carryover effects (legacies) constrain recovery 

trajectories, affecting growth resilience (Ingrisch and Bahn, 2018; Kannenberg et al., 2020; 

Schwarz et al., 2020; Serra-Maluquer et al., 2021). A high shoot-to-root ratio in trees due to 

previous favorable weather conditions, the so-called structural overshoot (Jump et al., 2017), 

may exacerbate die-off damage because overbuilt stands may be susceptible to subsequent dry 

and stressful conditions (Italiano et al., 2024). In contrast, favorable conditions after an extreme 

event such as a wet period after a severe drought can offset growth losses (Jiang et al., 2019). 

Such varied responses indicate that the drivers of the pace of recovery must be understood when 

assessing the return of tree functionality after extreme climate events (Ruehr et al., 2019).  

 

Long-term field observations or reconstructions following extreme climate events may improve 

our understanding of tree recovery given the opportunistic nature of many die-off cases. In this 

regard, tree rings provide retrospective proxies of tree functioning which may be analyzed to 

disentangle the influences of antecedent, current and subsequent conditions on post-stress tree 

recovery (Camarero et al., 2018). Multi-proxy approaches combining several sources of 

information on tree functioning including tree-ring width or basal area increment data, wood 

anatomy and C isotope ratios (13C) provide relevant information on post-stress resilience (e.g., 

Colangelo et al., 2017, 2025; Italiano et al., 2023). 13C of tree-ring wood is a proxy of intrinsic 

water-use efficiency (iWUE), i.e. the ratio between photosynthesis and stomatal conductance 

rates (Francey and Farquhar, 1982; McCarroll and Loader, 2004). In this study, we followed 

this multi-proxy framework to assess the impacts of a heat wave on different aspects of tree 

functioning (growth, gas-water exchange, theoretical hydraulic conductivity, carbon storage in 

xylem). We investigated temperate forests in northern Italy because the impacts of hot spells 

on these mesic forests remain understudied. 
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Temperate forests are very vulnerable to heat and drought stress, that cause growth decline and 

die-off (Bréda et al., 2006; Nardini et al., 2013; Martín-Benito and Pederson, 2015; Rubio-

Cuadrado et al., 2018). For instance, a record drought caused die-off in temperate mesic forests 

of Eastern North America, and the main mechanism involved was hydraulic failure, i.e. plant 

desiccation due to cavitation-induced loss of water transport exceeding a lethal species-specific 

threshold (Hoffmann et al., 2011). The timing of the extreme climate event with respect to 

major tree phenological phases (bud burst, leaf flushing, tree-ring formation) is a critical factor 

determining damage. For example, in North American temperate forests, drought-induced 

growth decline was more intense due to early-season droughts coinciding with peaks in radial 

growth, particularly for early-growing trees located in the warmest regions (D’Orangeville et 

al., 2018). Moreover, legacy effects were very important for tree species that form diffuse-

porous wood, in sites with deep water tables, and in response to late-season droughts 

(Kannenberg et al., 2019). Overall, these findings indicate that the timing of heat waves or 

droughts, site conditions and species traits, including leaf and wood phenology, contribute to 

explaining the recovery after extreme climate events such as hot spells. 

 

An exceptional heat wave affected many European countries from May to September 2022, 

particularly impacting regions of the Po River basin in northern Italy, where crop losses, 

wildfires and excess mortality rates reached very high numbers (Ballester et al., 2023). Forests 

in the region were also affected, showing extensive canopy dieback. We selected two sites that 

presented this type of damage after the 2022 hot spell and sampled stands of eight winter-

deciduous tree species along a 1080-m elevation gradient. Tree species forming both diffuse-

porous (Acer pseudoplatanus, Betula pendula, Fagus sylvatica, Tilia cordata) and ring-porous 

(Castanea sativa, Fraxinus excelsior, Quercus pubescens, Quercus robur) wood types were 

selected to encompass a wide range of wood anatomical traits.  

Our specific objectives were: (i) to reconstruct radial-growth patterns and relate them to climate 

variables, paying particular attention to impacts of summer heat waves on wood production, (ii) 

to quantify the resilience after the hot spell in terms of growth, wood anatomy and 13C records, 

and (iii) to highlight the main responses to the studied extreme climate event. Using such a 

retrospective approach allows to pinpoint the impacts of a heat wave on tree functioning within 

a wide temporal framework. We expect that the species showing the earliest leaf unfolding in 

spring will be the most exposed and negatively impacted by the summer hot spell in terms of 

radial growth reduction. 
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2. Materials and methods 

2.1. Study sites 

We selected two study sites (Cernobbio, Monza) located in Insubria, Lombardia region, 

northern Italy (Fig. 1). Selected sites showed extensive canopy dieback and damage, 

characterized by leaf browning and abundant shedding, which were observed after the 2022 

heat wave. Each site showed different forest composition and climate conditions. In the mid-

elevation Cernobbio site (9º 04’ 14” − 9º 04’ 55” E, 45º 51’ 15” − 45º 52’ 27” N, 539 − 1249 

m a.s.l.), six species were sampled (from lowest to highest elevation: C. sativa, Q. pubescens, 

F. excelsior, A. pseudoplatanus, B. petula, and F. sylvatica; Table 1). In the piedmont, low-

elevation Monza site (9º 16’ 10’’ − 9º 17’ 08” E, 45º 35’ 41” − 45º 36’ 11” N, 170 − 195 m 

a.s.l.), three species were sampled (F. excelsior, Q. robur, and T. cordata). 

 

Figure 1. Maps showing the location of the two study sites (Cernobbio, Monza) in northern Italy and 

the sampled trees of the eight species. Elevation curves were not plotted in the Monza map because of 

the short elevation range (25 m). See also Table 1. 

 

The study forests are dominated by broadleaf, winter-deciduous temperate tree species (e.g., Q. 

robur), but are subjected to sub-Mediterranean influence (Pignatti, 1998). The mean annual 

temperature ranges 12.0−13.0 ºC and the total annual precipitation increases upwards and 

ranges 1162−1250 mm. The warmest month is July (maximum temperature between 26.2 and 

28.1 ºC), and the driest periods are the winter and July, with precipitation peaking in November. 

Italy
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In ring-porous species, stem radial growth may occur at least one month before buds were 

swollen, whereas in diffuse-porous species these two phenological events are more 

synchronous (Suzuki et al., 1996). According to 2022 phenological data taken at the nearby 

Sagno Swiss station (9º 02’ E, 45º 52’ N, 670 m a.s.l.), half of the crown leaves were formed 

by F. sylvatica, B. pendula, T. cordata and C. sativa on 16 April, 22 April, 25 April and 5 May, 

respectively (data available at https://app.phaenonet.ch/stations/2022_SGO).  

Soils are acidic and poor in nutrients, particularly in the Cernobbio site. The study sites 

correspond to secondary, young forests not being managed since the 1960s (Table 1). In Monza, 

the sampled T. cordata trees were located in a semi-urban area (Fig. 1). 

 

Table 1. Location and elevation of stands sampled in northern Italy. The last two columns show data on 

tree diameter at breast height (dbh) and age (estimated at 1.3 m). Values are means ± SD. 

Site Tree species Latitude N Longitude 

E 

Elevation 

(m a.s.l.) 

Dbh (cm) Height (m) Age 

(years) 

Cernobbio Castanea sativa 45° 51’ 15” 9° 04’ 47” 591−876 40.8 ± 12.5 14.0 ± 3.4 43 ± 16 

 Quercus pubescens 45° 51’ 44” 9° 04’ 40” 539−1088 38.5 ± 9.6 17.6 ± 4.8 55 ± 9 

 Fraxinus excelsior 45° 51’ 43” 9° 04’ 14” 730−1050 48.9 ± 10.2 20.5 ± 3.0 52 ± 9 

 Acer pseudoplatanus 45° 51’ 46” 9° 04’ 39” 791−1088 48.9 ± 11.1 23.7 ± 4.3 41 ± 8 

 Betula pendula 45° 52’ 24” 9° 04’ 55” 928−1261 45.5 ± 13.4 17.7 ± 1.5 44 ± 14 

 Fagus sylvatica 45° 52’ 27” 9° 04’ 49” 1061−1249 40.1 ± 11.8 18.4 ± 4.1 64 ± 15 

Monza Fraxinus excelsior 45° 35’ 41” 9° 17’ 08” 170−177 36.0 ± 12.8 27.8 ± 6.2 41 ± 14 

 Quercus robur 45° 36’ 11” 9° 16’ 59” 173−195 57.0 ± 11.2 27.6 ± 5.7 88 ± 30 

 Tilia cordata 45° 36’ 11” 9° 16’ 10” 187−191 46.3 ± 9.0 32.5 ± 8.4 53 ± 17 

  

https://app.phaenonet.ch/stations/2022_SGO
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2.2. Climate data 

Due to the lack of long-term, homogeneous climate datasets in the two study locations, we used 

0.1º-gridded monthly climate data (mean maximum and minimum temperatures, total 

precipitation; period 1960−2024) corresponding to the E-OBS climate dataset version 28.0e 

(Cornes et al., 2018). Using these data, we calculated monthly values of the Standardized 

Precipitation Evapotranspiration Index (SPEI), a multi-scalar drought index, at scales from 1 to 

24 months of cumulative water balance. The water balance calculation depends on temperature 

and precipitation and determines if climate conditions are wet or dry (Vicente-Serrano et al., 

2010). The SPEI was calculated using the R package (Beguería and Vicente-Serrano, 2023). To 

assess changes in soil moisture availability, we also obtained 0.1º-gridded monthly soil 

moisture data at 0–10 cm depth for the period 1982–2018 based on land surface model 

simulations with precipitation-based forcing (Rodell et al., 2004). To illustrate the conditions 

impacting on radial growth during the 2022 heat wave, we calculated the mean maximum 

temperatures during the growing season (from May to October). Mean maximum temperatures 

from May to August were +0.5 ºC higher in 2003, a widely study hot spell affecting Europe, 

than in 2022, and this period would not encompass the period of latewood formation (Michelot 

et al., 2012). 

2.3. Field sampling and tree-ring width data 

In each site, we selected 15 mature trees per species with visible canopy dieback after the 2022 

hot spell. We measured the diameter at breast height (dbh), measured at 1.3 m, using tapes, and 

the total tree height using a laser rangefinder (Nikon Forestry Pro). We sampled and extracted 

three cores from each tree at 1.3 m. Two cores were used to obtain tree-ring width and wood-

anatomy data, whereas the third core was used to measure 13C. The cores were extracted using 

Pressler increment borers with a 5-mm diameter. The cores for ring-width and wood anatomy 

data were glued onto wood supports. Then, they were air dried and sanded with sandpapers of 

increasing finer grain until tree-ring boundaries were conspicuous. Cores were visually cross-

dated under the binocular scope using dendrochronological methods (Fritts, 1976). Then, they 

were scanned at 1,200 dpi (Epson Expression 10000XL). The tree-ring widths (RW) were 

measured with a 0.001 mm resolution along two cores per tree using the CDendro-CooRecorder 

software (Larsson and Larsson, 2018). The visual cross-dating was checked using the 

COFECHA software, which calculates moving correlations between individual series and the 

mean species series (Holmes, 1983). The tree age at 1.3 m was estimated by counting the 

number of rings along the oldest core of each tree whenever it reached the pith or presented 

curved, innermost rings. 
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2.4. Processing tree-ring width data 

Tree-ring widths were converted into basal area increment (BAI) to analyze growth trends or 

into ring-width indices (RWI) to calculate climate-growth relationships. The BAI was 

calculated using the following formula: 

BAI =  (Rt
2 − Rt-1

2)      (1), 

where Rt and Rt-1 are the radii measured in years t and t-1, respectively, corresponding to the 

cumulative sums of annual ring widths (∑ 𝑅𝑊𝑡
𝑖  and ∑ 𝑅𝑊𝑡−1

𝑖 , respectively). 

Using the individual RWI series, we calculated several growth resilience indices for each 

species and site to quantify the impact of the 2022 heat wave and the subsequent recovery. We 

used simple indices to overcome some of the problems associated with widely used resilience 

indices (Schwarz et al., 2020). Specifically, we calculated the following ratios for RWIs of 

several years (subscripts): RWI2022 / RWI2021, RWI2023 / RWI2022, RWI2024 / RWI2023, and 

RWI2024-2023 / RWI2022. The RWI2024-2023 is the mean RWI for the years 2023 and 2024. 

To calculate climate-growth relationships, the individual ring-width series were converted into 

standardized ring-width indices through detrending (Fritts, 1976). These procedures allowed 

the removal of most size-related trends in ring-width data and emphasized high-frequency 

variability. We fitted negative linear or exponential functions to individual ring-width series 

and obtained ring-width indices by dividing observed values by fitted values. Then, 

autoregressive models were fitted to remove the first-order autocorrelation of the series of 

dimensionless indices. The resulting pre-whitened individual series were averaged using a bi-

weight robust mean to obtain mean ring-width series for each species. The BAI and RWI series 

were obtained using the dplR package (Bunn, 2008, 2010; Bunn et al., 2025) in the R statistical 

software (R Core Team, 2024). 

2.5. Wood anatomy 

To analyze wood anatomy, we selected five trees per species showing a high correlation 

between their indexed ring-width series and the species’ mean series of each site, except in A. 

pseudoplatanus, with four trees being analyzed. We focused on the period 2020−2024, 

encompassing two years before and after the 2022 heat wave. Wood cross-sections (thickness 

of 10–20 μm) of the core part, including the rings formed in 2020−2024 were obtained using a 

sledge microtome (Gärtner et al., 2015). Sections were stained with safranin (1 %) and Astra 

blue (2 %) and fixed with Eukitt®. The high-resolution images of the sections were then 

captured using an Olympus BH2 microscope equipped with an Olympus DP73 camera. The 

images were stitched with the PT-Gui software (New House Internet Services BV, Rotterdam, 

NL) to create one composite image for each annual ring. Finally, the images were analyzed 
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along a 4-mm tangential window using the image analysis software ImageJ version 1.54i 

(Schneider et al., 2012). 

Wood-anatomical variables were selected and measured following Scholz et al. (2013) and 

Ziemińska et al. (2023). In total, 40218 vessels were measured. For the diffuse porous species, 

the cut-off measurement value for vessel diameter was set at 35 µm, while 80 μm was used for 

the ring-porous species (cf. Granda et al., 2018). 

In each annual ring of each tree, we measured: the xylem vessel fraction (VF, μm2 μm-2) 

corresponding to the portion of the transversal area occupied by vessels; the mean radial vessel 

diameter (MVD, μm); the vessel density (VD, number of vessels per mm2); and the fraction of 

the transversal area occupied by ray parenchyma (RP, %). Based on the measurements of 

transversal area of all vessels in each ring, we calculated the theoretical (Kh) and total (TKh) 

specific xylem hydraulic conductivity (both in Kg m-1 MPa-1 s-1). 

2.6. Carbon isotope discrimination  

To analyze 13C, we selected the same five trees per species used for wood anatomy analyses. 

In this case, we focused on the period 2022−2024. The individual rings were separated under 

the binocular using scalpels. Then, they were milled and homogenised using a ball mixer mill 

(Retsch MM301, Haan, Germany). We used whole wood instead of cellulose because previous 

studies on hardwood species showed that they lead to similar trends and results considering 

δ13C (D’Alessandro et al., 2004). In total, 135 samples were analyzed. Lastly, wood aliquots 

(0.8–1.2 mg) were weighed on a microbalance (AX205 Mettler Toledo, OH, USA) into tin foil 

capsules.  

Isotope analyses were carried out at the Stable Isotope Laboratory of the University of Almería 

(Almería, Spain). Encapsulated wood samples were combusted to CO2 with a combustion 

module (CM) coupled to a cavity ring-down spectroscopy (CRDS) System (G2201-I Analyzer, 

Picarro), achieving a flash combustion at temperatures of 1700–1800 ºC. The released CO2 was 

transferred to a Picarro Liaison A0301 interface and entered into CRDS for analysis. The δ13C 

values were referenced to the Vienna PeeDee Belemnite (V-PDB) scale. Sugarcane, acetanilide, 

and urea were used as working reference standards for consecutive δ13C analyses of the wood 

samples, covering a wide calibration range from − 11.9 ‰ to − 44.3 ‰. These working 

reference standards were initially calibrated against the USGS (USGS-40 l-Glutamic acid) and 

the IAEA standards (IAEA-603 and NBS-18 calcites). Based on analyses of these international 

standards, the precision ranged between 0.01 and 0.34 ‰ (n = 9) and, in terms of accuracy, the 

δ13C error ranged from − 0.03 ‰ to 0.88 ‰. 
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2.7. Statistical analyses 

First, the normality of variables was checked using Shapiro-Wilk tests. Second, several 

variables, such as BAI, vessel density and hydraulic diameter, were log-transformed to fulfill 

normality. To compare resilience indices, 13C values (2022, 2023, and 2024) or wood-

anatomical variables of each species between years (2020, 2021, 2022, 2023, and 2024), we 

used ANOVAs and Bayesian t tests (Rouder et al., 2009). Bayes factor values larger than 3 or 

10 indicate substantial or strong evidence, respectively, for unequal means. ANOVAs were then 

followed by Tukey’s Q tests to compare means between species. To quantify the temperature 

and BAI trends, we used Mann-Kendall S tests. 

To obtain climate-growth relationships, Pearson correlations were calculated between species’ 

series of ring-width indices and monthly climate variables (mean maximum and minimum 

temperatures, precipitation, SPEI). The climate window of these analyses spanned from the 

prior (year t-1) to the current (year t-1) September. Correlations with the SPEI were calculated 

for 1- to 24-month long scales. Correlations were calculated for the common, best-replicated 

period 1962−2024 using the treeclim R Package (Zang and Biondi, 2015). We also compared 

RWIs of the study species between hot, normal and cold summer (June to August) conditions. 

Hot, cold and normal summers were defined as those showing maximum summer temperatures 

above and below the highest and lowest 10th percentiles, respectively, and the rest of the years. 

Data analyses were carried out using the PAST version 5.2.2. software (Hammer et al., 2001) 

and the R statistical software (R Core Team, 2024). 

3. Results 

3.1. Maximum temperature, growth trends and wood anatomy 

Maximum temperatures in the growing season showed significant (p < 0.001) positive trends 

in Cernobbio (S = 1082) and Monza (S = 1156; Fig. 2). Temperatures rose since 1960 at a mean 

rate of 0.045º yr-1. In 2022, the maximum temperatures were +1.45 ºC and +1.61 ºC higher than 

the expected values, according to this trend, in Cernobbio and Monza, respectively. In addition, 

the 2022 hot spell occurred after two relatively cold years. 
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Figure 2. Values and linear trends of mean maximum temperatures of the growing season (May to 

October) in the Cernobbio and Monza study sites. The dotted vertical line indicates the 2022 heat wave. 

 

The rbar values indicated we built robust and well-replicated tree-ring chronologies, but 

differences in growth rate, AR1 and MS suggested diverse growth responses to climate 

variability (Table S1). A. pseudoplatanus, F. excelsior, and B. pendula showed the highest 

growth rates (2.94−4.02 mm), whereas B. pendula and Q. robur showed the highest (0.45) and 

lowest (0.25) MS values, respectively. 

According to Mann-Kendall tests, all species showed significant BAI trends, except B. pendula 

in Cernobbio and Q. robur in Monza (Table 2, Fig. 3). Positive BAI trends were common and 

particularly strong in some species (T. cordata, F. sylvatica, and Q. pubescens), except for C. 

sativa, which showed a negative BAI trend. 

In 2022, BAI in Cernobbio was on average 85 % (-15 % loss) of the BAI measured in 2021, 

whereas in Monza it was 63 % (-37 % loss) (Figs. 3 and S1). However, there were great 

differences between species. In Cernobbio, the strongest and weakest BAI reductions 

corresponded to B. pendula (-58 %) and A. pseudoplatanus and F. excelsior (-5 %), 

respectively. Other species showed moderate BAI decreases (C. sativa, -25 %; Q. pubescens, -

18 %). Unexpectedly, F. sylvatica showed a relative increase of BAI in 2022 (+ 3 %). In Monza, 

Q. robur showed the strongest BAI reduction (-48 %), whereas the other two species showed 

moderate and similar losses in BAI (F. excelsior, -34 %; T. cordata, -29 %). Interestingly, the 

BAI reduction during 2022 of F. excelsior was significantly stronger at the low-elevation 

Monza site than at the high-elevation Cernobbio site (F = 194, p < 0.001; Bayes factor = 3.1). 

Moreover, BAI of F. excelsior in Monza showed another BAI reduction in 2023 (-17 %) when 

it reached a minimum value since 1995. 
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(a) 

 

(b) 

 

Figure 3. Basal area increment measured in the tree species sampled in (a) Cernobbio and (b) Monza 

sites. The vertical dotted lines indicate the 2022 summer heat wave. Values are means ± SE. The annual 

number of measured radii is shown on the right y-axes (bars). 

 

In the period 2020−2024. F. sylvatica showed the highest BAI value (21.1 cm2) and vessel 

density (83 vessels mm-2) (Table 2). The highest ray parenchyma fraction (21.1 %) 

corresponded to Q. pubescens, whilst Q. robur presented the highest vessel area fraction (32 

%), hydraulic diameter (216 μm), Kh (1300 Kg m-1 MPa-1 s-1) and TKh (1.18 Kg m-1 MPa-1 s-

1). 

 

 

 

 

 

Time (years)

1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020 2025

B
a

s
a

l 
a

re
a

 i
n

c
re

m
e

n
t 
(c

m
2
 y

r-1
)

0

5

10

15

20

25

30

35

N
o

. 
ra

d
ii

0
50

Castanea sativa

Quercus pubescens

Fraxinus excelsior

Acer pseudoplatanus

Betula pendula

Fagus sylvatica

Time (years)

1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020 2025

B
a

s
a

l 
a

re
a

 i
n

c
re

m
e

n
t 
(c

m
2
 y

r-1
)

0

5

10

15

20

25

30

35

N
o

. 
ra

d
ii

0
50

Tilia cordata

Quercus robur

Fraxinus excelsior



79 
 

Table 2. Mean values (± SD) of the growth and wood anatomical variables measured in the period 2020-2024. Abbreviations: BAI, basal area increment; Kh, theoretical 

specific xylem hydraulic conductivity; TKh, total ring area hydraulic conductivity. The BAI trend was assessed using Mann-Kendall S tests. Underlined S values were 

not significant (p > 0.05). Different letters indicate significant (p < 0.05) differences between species within each site according to Tukey’s Q tests. 

Site Tree species Ring width 

(mm) 

BAI (cm2) BAI 

trend, 

S 

No. 

measured 

vessels  

Vessel 

density 

(No. mm-

2) 

Vessel area 

fraction (%) 

Fraction of 

ray 

parenchyma 

(%) 

Hydraulic 

diameter 

( m) 

Kh (Kg m-1 

MPa-1 s-1) 

TKh (Kg m-

1 MPa-1 s-1) 

Cernobbio C. sativa 1.17 ± 0.37 6.6 ± 2.1a -640 3702 34 ± 5ab 22.7 ± 

3.2ab 

9.5 ± 1.3a 169.3 ± 9.0c 310.9 ± 76.4c 0.19 ± 0.07b 

 Q. pubescens 1.20 ± 0.32 7.9 ± 2.3a 1646 1939 38 ± 7ab 17.1 ± 

4.2ab 

21.1 ± 2.3b 207.2 ± 

15.2c 

305.4 ± 81.9c 0.19 ± 0.04b 

 F. excelsior 1.40 ± 0.30 11.2 ± 2.5a 1002 1824 14 ± 2a 20.5 ± 

3.5ab 

11.8 ± 1.1a 198.7 ± 9.4c 243.3 ± 52.8c 0.21 ± 0.03b 

 A. 

pseudoplatanus 

1.75 ± 0.48 16.5 ± 

5.0ab 

981 2893 23 ± 4a 9.7 ± 1.8ª 13.8 ± 

2.2ab 

74.5 ± 5.0a 17.7 ± 4.8a 0.02 ± 0.01a 

 B. pendula 1.06 ± 0.49 8.6 ± 3.9a 168 2800 32 ± 4ab 15.1 ± 

2.9ab 

15.4 ± 

3.9ab 

86.4 ± 4.4b 36.9 ± 12.0b 0.03 ± 0.01a 

 F. sylvatica 2.28 ± 0.71 21.1 ± 6.8b 1716 15417 83 ± 9b 23.3 ± 

2.8ab 

13.3 ± 2.1a 62.7 ± 6.0a 32.7 ± 5.9b 0.06 ± 0.03a 

Monza F. excelsior 1.07 ± 0.34 10.5 ± 3.2a 1230 1747 19 ± 5a 21.2 ± 

3.8ab 

13.9 ± 

1.7ab 

192.4 ± 

14.2c 

242.3 ± 53.1c 0.27 ± 0.06b 

 Q. robur 1.29 ± 0.49 13.1 ± 

4.6ab 

2 3646 41 ± 13ab 32.0 ± 1.5b 17.4 ± 

1.6ab 

216.3 ± 

36.5c 

1300.0 ± 

1702.3d 

1.18 ± 1.36c 

 T. cordata 1.19 ± 0.74 11.6 ± 6.7a 2318 6250 66 ± 16ab 19.4 ± 

3.7ab 

14.5 ± 

2.3ab 

64.2 ± 5.0a 27.5 ± 6.5ab 0.03 ± 0.02a 
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When comparing between years of the period 2020−2024, growth and wood-anatomy variables 

for the selected trees, the ray parenchyma fractions of A. pseudoplatanus in Cernobbio showed 

a significant reduction in 2022, whereas the hydraulic diameter increased (Table 3, Fig. S2). At 

this site, F. excelsior showed a reduction in vessel density during 2024.  

 

Table 3. Comparisons of growth and wood-anatomy data between years 2020, 2021, 2022 (heat wave), 

2023, and 2024 based on ANOVAs. Data correspond to five trees per species, except in A. 

pseudoplatanus (n = 4 trees). The statistics show F values, and bold values indicate significant (p < 

0.05) differences between years. Bold and underlined values indicate significant (p < 0.05) F values 

with strong evidence for unequal means (Bayes factor > 10). Upward and downward arrows indicate 

increases or decreases of the corresponding variable, respectively. 

Site Tree species Ring 

width 

BAI Vessel 

density 

Vessel 

fraction 

Fraction of 

ray 

parenchyma 

Hydraulic 

diameter 

Kh 

Cernobbio C. sativa 1.479 0.904 0.657 1.122 1.537 0.167 0.426 

 Q. pubescens 0.367 0.331 0.215 0.346 0.314 0.192 0.460 

 F. excelsior 0.582 0.504 ↓ 3.492 1.025 0.285 0.377 0.305 

 A. pseudoplatanus 0.143 0.155 0.146 0.257 ↓ 6.502 ↑ 3.144 0.618 

 B. pendula 0.977 1.007 0.019 0.633 0.393 0.110 0.647 

 F. sylvatica 1.750 2.123 1.165 0.180 0.403 0.342 0.178 

Monza F. excelsior 0.550 0.179 0.804 0.567 0.106 0.397 0.131 

 Q. robur 0.849 1.156 1.398 0.369 0.277 0.962 0.762 

 T. cordata 2.131 1.662 1.059 0.991 0.279 0.091 0.219 

 

3.2. Year-to-year growth variability 

Regarding the series of ring-width indices, they again highlighted again the severe growth 

reductions during 2022 of B. pendula and Q. robur in Cernobbio and Monza, respectively, and 

the negative legacy effects of F. excelsior in Monza (Fig. S3). In Cernobbio, the RWI series of 

all species showed significant (p < 0.05) and positive correlations (period 1962−2024), except 

for F. sylvatica. In Monza, the RWI series of the three species also showed significant and 

positive correlations, except for T. cordata and F. excelsior. 

The resilience indices illustrated how B. pendula showed a stronger RWI reduction in 

Cernobbio during 2022 than the rest of species, but also a stronger relative recovery in 2023 

and 2024 (Fig. S4). F. excelsior and Q. pubescens also showed remarkable RWI increases in 

2023 and 2024, respectively. In Monza, we found the lowest recovery of growth indices in the 

case of F. excelsior (Fig. S5). 
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3.3. Comparing wood 13C values between years and species 

During the period 2022−2024, we found no significant differences in wood 13C values between 

species neither in Cernobbio nor in Monza, exceptbetween F. excelsior and Q. robur from 

Monza in 2023 and 2024 (Figs. S6 and S7). Taking into account the data for the three years 

analyzed, F. excelsior showed higher 13C values (mean SD = -25.6 ± 1.0 ‰) than Q. robur (-

27.0 ± 0.9 ‰) in Monza (Q = 6.18, p = 0.0004). In Cernobbio, A. pseudoplatanus showed 

significantly higher 13C values (-26.1 ± 1.2 ‰) than Q. pubescens (-27.6 ± 1.0 ‰; Q = 5.52, p 

= 0.003) and F. sylvatica (-27.7 ± 1.6 ‰; Q = 5.67, p = 0.002). 

3.4. Growth responses to climate variables and a drought index 

Warm and dry June conditions constrained growth in Cernobbio (Fig. 4). The negative impact 

of maximum temperatures on growth indices extended until July in F. excelsior, A. 

pseudoplatanus, and B. pendula. High minimum temperatures in spring enhanced the growth 

of Q. pubescens and F. sylvatica, but elevated minimum temperatures in the previous autumn 

reduced the growth of A. pseudoplatanus. Wet spring conditions improved the growth of Q. 

pubescens and A. pseudoplatanus, but similar conditions in the previous November reduced the 

growth of Q. pubescens. This species and C. sativa were very sensitive to dry soil conditions 

from June to September, whereas B. pendula responded positively to wet soil conditions in the 

previous autumn. 
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Figure 4. Climate-growth relationships calculated for tree species sampled in Cernobbio. Climate 

variables include: mean maximum (TMx) and minimum (TMn) temperatures, precipitation (Pre), and 

soil moisture (SM). Bars are Pearson correlations and dashed and dotted horizontal lines show the 0.05 

and 0.01 significance levels, respectively. The window of correlations goes from the previous (months 

abbreviated by lowercase letters) to current (months abbreviated by uppercase letters) years. 

 

In Monza, high maximum and minimum temperatures in June reduced the growth of F. 

excelsior, whereas moist soil conditions in April and July improved growth (Fig. 5). In contrast, 

elevated minimum temperatures in the previous November-December reduced it. The growth 

of T. cordata decreased as the minimum temperatures of the previous autumn rose but increased 

as soil moisture levels in August did. High minimum temperatures and precipitation in the prior 

winter enhanced the growth of Q. robur.  
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Figure 5. Climate-growth relationships calculated for tree species sampled in Monza. Climate variables 

include: mean maximum (TMx) and minimum (TMn) temperatures, precipitation (Pre), and soil 

moisture (SM). Bars are Pearson correlations and dashed and dotted horizontal lines show the 0.05 and 

0.01 significance levels, respectively. The window of correlations goes from the previous (months 

abbreviated by lowercase letters) to current (months abbreviated by uppercase letters) years.  

 

The highest RWI−SPEI correlations in Cernobbio corresponded to F. excelsior (r = 0.64, p < 

0.001; July, 3-month long SPEI), A. pseudoplatanus (r = 0.49, p < 0.01; July, 9-month long 

SPEI), and Q. pubescens (r = 0.47, p < 0.01; June, 5-month long SPEI, Fig. S8). In Monza, the 

species most responsive to drought was again F. excelsior (r = 0.45, p < 0.01; October, 9-month 

long SPEI), followed by T. cordata (r = 0.44, p < 0.01; July, 6-month long SPEI) and Q. robur 

(r = 0.42, p < 0.05; October, 12-month long SPEI; Fig. S9). 
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3.5. Growth responses to maximum temperatures 

We only found a significant correlation between the mean maximum temperatures from May 

to October and the ring-width indices in the case of F. excelsior from Monza (r = -0.439, p = 

0.004; Fig. 6). 

 

Figure 6. Negative relationship found between the series of F. excelsior ring-width indices and the mean 

maximum temperatures from May to October (right y-axis) in Monza. The vertical dotted line indicates 

the 2022 heat wave. 

 

When comparing RWIs of F. excelsior from Monza for years with hot, normal and cold summer 

conditions, we found significantly lower values during hot summers (F = 12.85, p = 0.005, 

Bayes factor = 4.3; Fig. S10). In Cernobbio, differences in RWIs between summers of different 

thermal conditions were almost significant for Q. pubescens (F = 4.75, p = 0.055, Bayes factor 

= 1.1). 

4. Discussion 

We hypothesized that early-flushing tree species would be the most negatively impacted by the 

heat wave of 2022 in terms of growth loss. Phenological data from Switzerland ranked B. 

pendula, F. sylvatica-A. pseduplatanus and T. cordata-C. sativa as early, intermediate and late 

leaf unfolding species, respectively (Bigler and Bugmann, 2018). Bud break may start about 

two weeks earlier in Q. robur as compared to F. sylvatica (Sass-Klaassen et al., 2011; Michelot 

et al., 2012), whereas leaf unfolding occurs about 10 days later in F. excelsior than F. sylvatica 

(Vitasse et al., 2009). According to these phenological data, early-leafing species such as B. 

pendula and Q. robur would show the strongest growth reduction and this was the case, whereas 

late-leafing species (T. cordata, C. sativa, F. excelsior, Q. pubescens) showed moderate growth 
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losses. Remarkably, B. pendula also presented a high recovery capacity. The growth of the 

intermediate leaf-unfolding F. sylvatica was not negatively impacted by the hot spell, which is 

contradictory to its early flushing observed in 2022. Furthermore, warm and dry spring-summer 

conditions cause premature leaf discoloration, particularly in drought-sensitive species such as 

F. sylvatica, which should lead to growth reduction (Bigler and Vitasse, 2021). Beech showed 

a notable growth drop in 2020, when growing-season conditions were cool, and recovered 

afterwards, which could explain its elevated BAI in 2022. Besides, it was growing at the 

highest-elevation site, near B. pendula, which could have buffered the impacts of the heat wave. 

The intermediate-leafing A. pseudoplatanus showed a low growth reduction during 2022, 

despite its responsiveness to heat and drought stress. This is explained because it presented a 

prior BAI drop in 2021 (-18 %), which could also be related to cool conditions, as in F. 

sylvatica. This idea is supported by the strong correlations found between the growth indices 

of F. sylvatica and A. pseudoplatanus and May minimum temperatures in May.  

Three species (F. excelsior, A. pseudoplatanus and Q. pubescens) were the most sensitive to 

summer maximum temperatures, low soil moisture levels and drought severity, and also 

showed high 13C values, indicative of improved iWUE. In addition, the low-elevation F. 

excelsior stand was the only one showing legacy effects (reduced growth in 2023, reduction in 

vessel density in 2024) and presented low resilience and a negative correlation between growth 

and maximum temperatures, whereas the vessel density increased during 2024 in the high-

elevation F. excelsior stand. These findings do not agree with studies on drought impacts on 

temperate central European forests, who found marked growth reductions in diffuse-porous 

species such as F. sylvatica (Bader et al., 2022). They ascribed the higher tolerance to drought 

of ring-porous species to a tighter regulation of sap flow. However, wood production does not 

only depend on sap flow because elevated temperatures may damage foliage and reduce 

meristem turgor pressure that constrains cambial meristem activity (Peters et al., 2021). Under 

such C source and sink limitations, heat and drought stress may trigger the cessation of growth 

well before photosynthetic rates cease (Muller et al., 2011). 

Other European ash species, such as Fraxinus angustifolia, were also very sensitive to summer 

drought under temperate conditions (Pericolo et al., 2023). Fraxinus tree species can be 

considered semi-obligate phreatophytes (cf. Hultine et al., 2020) because their roots maintain 

continuous contact with the water table, but they may also extract water from the vadose zone. 

However, under severe heat stress, they can behave as obligate phreatophytes whose water 

requirements are derived exclusively from the water table to cool their leaves (Posch et al., 

2024). Ash species form shallow and deep (bimodal) root systems, show isohydric behavior 

and are prone to xylem cavitation by drought. These traits could explain the vulnerability of F. 
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excelsior to heat waves and soil drying, which would impair leaf cooling, leading to damage to 

the photosynthetic apparatus. In the case of A. pseudoplatanus, its fast-growing, pioneer 

strategy would explain its sensitivity to drought. This species shows rapid stomatal closure in 

response to a high vapor pressure deficit (VPD) during the early growing season, exposing it to 

heat stress (Battipaglia et al., 2008). Lastly, oaks show a more anisohydric behavior, and the 

stronger growth reduction of Q. robur as compared to Q. pubescens could be due to the higher 

drought-tolerance of the second species (Rubio-Cuadrado et al., 2018; Bose et al., 2024; 

Colangelo et al., 2025). 

Under drier conditions, plants form smaller xylem conduits, increased ray parenchyma, and 

higher vessel density to enhance resistance to drought-induced xylem embolism (Gleason et al., 

2016; Hacke et al., 2022). However, we did not find any significant impact of the heat wave on 

the hydraulic diameter or theoretical hydraulic conductivity, except in A. pseudoplatanus. In 

this species, the hydraulic diameter increased in 2022, and the ray parenchyma decreased, two 

responses attributable to the hot spell and which could indicate a decline in stored non-structural 

carbohydrates and a response to increase hydraulic conductivity. Radial parenchyma mainly 

contributes to storage functions and radial conduction (Carlquist, 2013), and it increases with 

higher precipitation and lower temperature (Martínez-Cabrera et al., 2009; Plavcová and 

Jansen, 2015). A limitation of our study was that we could not measure the axial parenchyma, 

which is a relevant proxy of carbon storage in the xylem for species with wide vessels (Morris 

et al., 2018).  

The carbon sink in European temperate forests declined by 12% from the 2000s to the 2010s 

(Pan et al., 2024), but it is unclear how heat waves contributed to such decline. Predicting tree 

growth responses to heat stress is challenging because (i) species have developed several 

strategies to withstand thermal damage, and (ii) heat, VPD, and drought stress are strongly 

coupled (Evans et al., 2025). On one side, compound droughts characterized by low soil 

moisture levels and elevated VPD lead to sharp declines in ecosystem productivity, vegetation 

browning and trigger elevated defoliation and mortality rates (Gazol and Camarero, 2022; Gu 

et al., 2025). In this sense, the 2022 heat wave was associated with flash droughts, characterized 

by a rapid increase in evapotranspiration, accelerating the drying of soil moisture over humid 

regions (Yuan et al., 2023). On the other side, high VPD and low soil moisture often occur 

during hot spells, but they can decouple during extreme heat waves leading to vegetation 

browning (Liu et al., 2023). For instance, Populus fremontii shows an efficient leaf cooling via 

transpiration in riparian forests of warm deserts, but small reductions in soil water availability 

during heat waves inhibit the cooling capacity, causing leaf necrosis and die-off (Moran et al., 

2023; Posch et al., 2024). Lastly, our findings indicate that after disturbances such as heat 
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waves, there may be few coordination between post-event growth rates and anatomical traits 

because wood production does not reflect the diverse aspects of tree growth, such as the 

formation of branches or roots (Hilty et al., 2021; Ziemińska et al., 2023).  

5. Conclusions  

In two temperate forests, early-leafing species such as B. pendula and Q. robur showed the 

strongest growth reductions linked to the 2022 heat wave. Shade-intolerant pioneer species such 

as F. excelsior and A. pseudoplatanus were particularly vulnerable to the heat wave in terms of 

reduction in radial growth. Moreover, F. excelsior showed legacy effects after the heat wave, 

which affected growth and vessel density. Only A. pseudoplatanus presented a strong response 

in wood anatomy showing a lower ray parenchyma fraction which indicates a decline in xylem 

C storage. When assessing the impacts of heat waves on tree growth, the aboveground 

phenology should be considered. Growth reduction, recovery and legacy effects differ among 

coexisting species. Thus, winner (heat-tolerant) and loser (heat-intolerant) species will emerge 

after heat waves leading to shifts in forest composition and productivity. 

Supplementary materials 

Table S1. Tree-ring statistics calculated for the study species. Abbreviations: AR1, first-order 

autocorrelation; MS, mean sensitivity; rbar, mean correlation. Values are means ± SD. Different letters 

indicate significant (p < 0.05) differences between species within each site according to Tukey’s Q 

tests. 

Site Tree species Timespan Tree-ring 

width (mm) 

AR1 MS rbar 

Cernobbio C. sativa 1941−2024 2.74 ± 

0.80ab 

0.69 ± 

0.19 

0.32 ± 

0.07ab 

0.39 ± 0.29 

 Q. pubescens 1954−2024 2.20 ± 0.80a 0.73 ± 

0.14 

0.27 ± 0.05a 0.44 ± 0.21 

 F. excelsior 1953−2024 2.94 ± 

0.77ab 

0.78 ± 

0.14 

0.27 ± 0.04a 0.60 ± 0.20 

 A. 

pseudoplatanus 
1962−2024 4.02 ± 1.24b 0.69 ± 

0.16 

0.27 ± 0.07a 0.46 ± 0.33 

 B. pendula 1958−2024 2.99 ± 

1.12ab 

0.60 ± 

0.19 

0.45 ± 0.09b 0.48 ± 0.21 

 F. sylvatica 1925−2024 2.09 ± 0.64a 0.57 ± 

0.15 

0.34 ± 

0.06ab 

0.39 ± 0.15 

Monza F. excelsior 1961−2024 3.17 ± 

1.32ab 

0.64 ± 

0.16 

0.30 ± 0.04a 0.47 ± 0.28 

 Q. robur 1897−2024 2.05 ± 0.50a 0.70 ± 

0.19 

0.25 ± 0.04a 0.38 ± 0.29 

 T. cordata 1944−2024 2.75 ± 0.80 0.59 ± 

0.17 

0.36 ± 0.07b 0.37 ± 0.27 
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(a) 

 
(b) 

 
 

Figure S1. Basal area increment (log scale) measured in the tree species sampled in (a) Cernobbio and 

(b) Monza sites. The vertical dotted line indicates the 2022 summer heat wave. Values shown are 

means ± SE for the period 2014−2024. 
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(a) 

 
(b) 

 
Figure S2. (a) Hydraulic diameter and (b) ray parenchyma fractions measured in A. pseudoplatanus 

tree rings during the period 2020−2024 in Cernobbio.  
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(a) 

 
(b) 

 
 

Figure S3. Series of ring-width indices calculated for the tree species sampled in (a) Cernobbio and 

(b) Monza sites. The vertical dotted line indicates the 2022 summer heat wave. Values are means ± 

SE. The annual number of measured radii is shown in the right y axes (bars).  
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Figure S4. Resilience indices based on ring-width indices and calculated for species sampled in 

Cernobbio. Different letters indicate significant (p < 0.05) differences between species according to 

Tukey’s Q tests.  
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Figure S5. Resilience indices based on ring-width indices and calculated for species sampled in 

Monza. Different letters indicate significant (p < 0.05) differences between species according to 

Tukey’s Q tests. 
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Figure S6. Wood 13C values measured in tree species sampled in Cernobbio. The horizontal lines are 

the mean 13C values for each study year. 
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Figure S7. Wood 13C values measured in tree species sampled in Monza. The asterisks indicate 

significant (p < 0.05) differences between species in years 2023 (p = 0.019) and 2024 (p = 0.024) 

according to Tukey`s Q tests. The horizontal lines are the mean 13C values for each study year. 

  

(a) Year 2022

-30

-28

-26

-24

-22

(b) Year 2023


1

3
C

 (
‰

)

-30

-28

-26

-24

(c) Year 2024

Tilia cordata Quercus robur Fraxinus excelsior

-32

-30

-28

-26

-24

*

*



95 
 

 

 
 

Figure S8. Drought-growth relationships in Cernobbio. For each tree species, the graphs show 

Pearson correlations (color scale) calculated for 1- to 24-month long resolutions of the SPEI (x axes) 

and from January to December (y axes). 
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Figure S9. Drought-growth relationships in Monza. For each tree species, the graphs show Pearson 

correlations (color scale) calculated for 1- to 24-month long resolutions of the SPEI (x axes) and from 

January to December (y axes). 
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Divergent seasonal processes drive CH4 fluxes across 

tundra in Alaska 

Abstract 

Arctic tundra largely contributes to global CH4 emissions which are influenced by several 

factors, including climate, soil properties, vegetation, permafrost thaw and seasonality. 

We analysed the CH4 fluxes from peak growing season to autumn 2023 of three vegetation 

types (dry, wet and tussock tundra) at Toolik (Alaska). We aim to analyse the spatial and 

temporal variability of CH4 fluxes, identify its biotic and abiotic drivers, emphasize the 

occurrence of divergent seasonal processes. 

The general regression models indicated vegetation type and air temperature as drivers of CH4 

fluxes. The tussock tundra, unexpectedly, produced the highest CH4 emissions followed by the 

wet tundra. In summer the high CH4 production was favoured by soil water saturation, unfrozen 

thickness and warm temperatures. The higher emissions in the tussock tundra are due to the 

CH4 transport through the tussocks’ aerenchyma, avoiding its re-oxidation to CO2, bypassing 

the soil oxic layers. The highest CH4 emissions occurred in November both in tussock and wet 

tundra, when the two-sided front of the soil freezing decreased the soil unfrozen thickness, 

inducing CH4 compression, pushing it up to the surface through the plants’ tissues. The dry 

tundra performed CH4 uptake during summer, while it was inactive in autumn, differently from 

other studies recording CH4 emissions in winter. Our findings suggest more investigations to 

encompass the effect of vegetation on the variability of CH4 fluxes and disentangle the potential 

for high emissions during the cold seasons and their contribution to the annual budget. 

 

Keywords: Methane; Arctic tundra; vegetation; plant mediated transport; cold season 

emissions; divergent seasonal dynamics. 
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1. Introduction 

Northern permafrost regions are estimated to store 1,100-1,500 Pg of Carbon within permafrost 

(Hugelius et al., 2014), corresponding to 1.6 Gt of soil organic carbon (SOC) (Schuur et al., 

2015), which could be released to the atmosphere as CH4 and CO2 emissions triggering relevant 

positive feedbacks to recent climatic change. 

Despite low temperatures, the Arctic tundra contributed to c. 45% of all Arctic CH4 sources and 

provides a large contribution to global CH4 emissions, estimated to range between 7% 

(McGuire et al., 2012; Kirschke et al., 2013) and 20 to 25% of global natural CH4 emissions 

(15 to 50 Tg CH4 year−1) Kirschke et al., 2013; Wang et al., 2024). CH4 emissions are 

particularly important as their global warming potential is 28–34 times greater than CO2 (Myhre 

et al., 2013), making CH4 a greenhouse gas 80 times more effective than CO2. It is responsible 

for approximately 20% of the direct radiative forcing since 1750 and contributes to a radiative 

forcing of 0.43–0.65 Wm−2 (Forster et al., 2021; Mar et al., 2022). Out of a total observed 

warming of 1.07 °C during the period 2010 to 2019, the Working Group I (WGI) 2021 

Intergovernmental Panel on Climate Change (IPCC) Sixth Assessment Report (AR6) attributed 

0.5 °C to CH4 emissions (Shindell et al., 2024).  

The Arctic tundra is a significant carbon reservoir, containing approximately 14% of the global 

soil organic carbon (Billings, 1987; Zona et al., 2009). CH4 production in the carbon-rich soils 

of this region is primarily driven by microbial metabolic processes (LAI, 2009; Kirschke et al., 

2013). The conversion of organic carbon into CH4 involves a complex series of biochemical 

reactions (Whalen, 2005; Howard et al., 2020). In this pathway, methanogenic archaea play a 

crucial role in the final stages, converting acetate and CO2 into CH4. However, the final CH4 

outcome depends on the overall composition of the microbial communities, since there are 

methanotrophic bacteria involved in CH4 oxidation (Oh et al., 2020). Methanogenic archaea are 

obligate anaerobic microorganisms, so CH4 production occurs only in absence of oxygen. 

Consequently, methanogenesis predominantly occurs in the anoxic layers of soils, such as those 

below the water table or in water-saturated environments (Dunfield et al., 1993; Conrad, 2009; 

Le Mer and Roger, 2001; Nazaries et al., 2013). CH4 is then released into the atmosphere 

through three primary pathways: diffusion, ebullition, or plant-mediated transport via vascular 

plants (Preuss et al., 2013; Xu et al., 2016). 

Empirical observations of CH4 flux indicate that both meteorological conditions and soil 

properties influence CH4 dynamics. Data from the Carbon in Permafrost Experimental Heating 

Research (CiPEHR) project demonstrated significant increases in methane emissions under 

elevated soil temperatures even in the upland tundra ecosystems, where ecosystem warming, 

permafrost thaw, and soil moisture change increased CH4 emissions (Natali et al., 2015). The 
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rate of methanogenesis is temperature-dependent, with an increased rate of change per unit of 

warming, as indicated by activation energies of 123-127 kJ mol-1 at 25 °C, and Q10 values 

ranging from 5.3 to 16 (Dunfield et al., 1993), and observed positive correlations between 

surface soil temperature and CH4 fluxes (Zona et al., 2016). The depth of the water table is 

another critical factor regulating CH4 emissions from peatlands. Numerous studies have 

reported an inverse relationship between average water table depth and seasonal CH4 emissions 

(Zona et al., 2009), while in some cases water table depth was found positively correlated with 

CH4 emission (Hiyama et al., 2021). Soil pH also may play a significant role in CH4 production, 

with more neutral soils producing higher CH4 emissions compared to more acidic soils (Wagner 

et al., 2017). Also changes of snow cover may affect CH4 emissions, as the Arctic tundra 

transitioned from being a minor CH4 source to a sustained CH4 sink under conditions of reduced 

winter snow, and the opposite with increases in winter snow depth (Blanc-Betes et al., 2016). 

CH4 emissions from permafrost soil in Arctic have been well documented (Tom and Chapin, 

1993; Ueyama et al., 2006; Kim et al., 2007; Kim, 2015) and recognised as a significant 

biogenic source of high-latitude atmospheric methane concentrations (Zhuang et al., 2004; 

McGuire et al., 2009). There have been several studies documenting scale and dynamics of CH4 

emissions using chamber flux measurements within Arctic in growing and winter season 

(Mastepanov et al., 2013; Howard et al., 2020; Kade et al., 2024), specific vegetation 

communities (Kim et al., 2007; Davidson et al., 2016), using above ground climatic variables 

(Sturtevant et al., 2012; Howard et al., 2020) or below ground abiotic parameters (Christensen 

et al., 2003; Davidson et al., 2016). Some studies focused on autumn freeze shoulder season 

and summer season for CH4 fluxes due to challenging conditions also pointed out by Howard 

et al., (2020) and Kim et al., (2007), with recent observations suggesting that CH4 emissions 

during the cold season could largely contribute to the annual CH4 emissions (Ward et al., 2024). 

The role of vegetation was emphasized as an integrator of processes controlling CH4 emissions 

(Davidson et al., 2016), with wetlands being one of the most important sources of CH4 

emissions among the heterogeneous vegetation communities occurring in the Arctic tundra (e.g. 

McGuire et al., 2009; McEwing et al., 2015; Davidson et al., 2016; Euskirchen et al., 2017). In 

particular, a simplified vegetation classification using just three classes (wet sedge, wet tussock 

and other) has been indicated as effective in explaining a large amount of the variation in CH4 

fluxes measured at different locations in Alaska (Davidson et al., 2016). 

This study focuses on assessment of the role of different key biotic, abiotic variables of soil to 

understand their role to CH4 fluxes from mid-summer to autumn freeze winter season. 

Here, we analyse a dataset obtained by daily CH4 flux measurements measured twice a week 

from peak growing season (July, 2023) to autumn freeze shoulder season (November, 2023) on 
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three different vegetation types (dry tundra, wet tundra, tussock tundra, with three replicates for 

each) representative of the most widespread vegetation communities occurring at Toolik Field 

Station, in northern Arctic Alaska (US) and congruent with the three vegetation classes 

indicated by Davidson et al. (2016) as suitable for the analysis of most of the variation in CH4 

fluxes. 

We aim to: a) identify the spatial and temporal trends of CH4 fluxes at inter- and intra-

community level; b) assess which are the main biotic and abiotic drivers of CH4 fluxes at inter- 

and intra-community level; c) highlight the role of autumn as shoulder/transition season when 

the highest CH4 emissions were observed. 

2. Materials and Methods 

2.1. Study area  

The study area lies in a continuous permafrost zone near to the North slope of Brooks Range, 

in northern Arctic Alaska at Toolik Field Station (68°38' N 149°34' W, 760 m elevation) (Fig.1). 

The active layer thickness (ALT) measured not far from our sites has been monitored since 

1995 and ranges from 67.5 (2002) to 100 (2001) cm (Shiklomanov, 2023). The region faces 

cold winters (air temperatures down to -30°C) and for relatively warm summers (up to 13°C), 

with annual rainfall range of ca. 300 mm (Huryn and Hobbie, 2012; Greaves et al., 2019). The 

snowpack melting starts in mid-May, while the soil freezing occurs between late September to 

early October. 

Vegetation is a mosaic of different tundra types, with the most widespread communities being 

the dry heath tundra (hereafter named “dry tundra”), the moist acidic tussock tundra (hereafter 

named “tussock tundra”), and the wet sedge tundra (hereafter named “wet tundra”) (Euskirchen 

et al., 2012; Greaves et al., 2019; Kade et al., 2012; Walker & Maier, 2008). The dry tundra is 

dominated by dwarf evergreen and deciduous shrubs, Arctostaphylos alpina, Dryas octopetala 

and Vaccinium vitis-idaea, deciduous dwarf shrubs such as Salix chamissonis, the graminoid 

Carex bigelowii, mosses such as Tomenthypnum nitens, Distichium capillaceum and lichens. 

The tussock tundra community, also known as moist acidic tussock-tundra, is dominated by 

Eriophorum vaginatum, Sphagnum spp., with deciduous shrubs such as Betula nana and Salix 

spp., evergreen dwarf shrubs such as Rhododendron tomentosum, Rubus chamaemorus, 

Cassiope tetragona, Empetrum nigrum, Vaccinium vitis-idaea and thick moss layers consisting 

of Aulacomnium turgidum, Hylocomium splendens, Sphagnum spp. and lichens. The wet 

meadow tundra, also known as wet sedge tundra, is dominated by Carex aquatilis, Eriophorum 

angustifolium, dwarf deciduous shrubs such as Rubus chamaemorus, Betula nana, Salix spp., 
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Rhododendron tomentosum, Andromeda polifolia, the forb Pedicularis capitata, and the mosses 

Aulacomnium turgidum, Sphagnum spp.. 

2.2. CH4 Flux-measurement 

The sites for the flux measurements were chosen in a very small area with very similar 

topographical characteristics (Table 1) in correspondence of the three most widespread and 

characteristic vegetation communities of the Arctic tundra: dry tundra, tussock tundra, wet 

tundra (Walker & Maier, 2008; Euskirchen et al., 2012; Kade et al., 2012; Greaves et al., 2019). 

 

Figure 1. a) location of the study area in the North Slope Alaska, Toolik field station, b) ortophoto of 

the Toolik field station area and location of its automatic weather stations (AWSs) used in this study 

(yellow triangle), c) high resolution RGB drone image of the study area where the red circular points 

represent ground location of CH4  flux chambers in the different vegetation types along a west-east 

transect (from West to East: Wet Tundra; Dry Tundra; Tussock Tundra . 

Manually operated closed soil chambers have been widely employed for the measurement of 

CH₄ fluxes due to their applicability across diverse ecosystems and varying site conditions 

(Flessa et al., 2002; Jiang et al., 2010). These chamber-based methods, in contrast to the eddy 

covariance technique, offer the sensitivity needed to detect low flux magnitudes, which are 

typical of CH4 emissions between climatic events (Baldocchi et al., 2012). Furthermore, 

chambers facilitate the detection of spatial variability in greenhouse gas fluxes (Merbold et al., 

2011), particularly important for CH4, whose sources and sinks are often spatially 

heterogeneous (Sun et al., 2013; Reuss-Schmidt et al., 2019). 
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Table 1. Study site location coordinates and main site characteristics: elevation (m a.s.l.); slope (°); 

aspect; total vegetation cover (%) and bryophytes cover (%); mean of the Ground Surface Temperature 

(GST, °C) measured at 2 cm of depth for the entire analysed period and its standard deviation. 
Plot Coordinates Elevation 

 (m a.s.l) 

 

Slope (°) 

 

Aspect Vegetation 

cover (%) 

bryophytes 

cover (%) 

GST 

(°C)  

Wet1 68°37'25.72"N  

149°35'3.93"W 

724 

 

1 

 

N 90 55 5.71± 6.30 

Wet2 68°37'25.95"N  

149°35'4.52"W 

724 

 

5 

 

W 70 10 4.55± 5.51 

Wet3 68°37'25.62"N  

149°35'5.24"W 

724 

 

3 

 

W 100 55 5.21± 6.43 

Dry1 68°37'25.98"N  

149°35'0.86"W 

728 

 

3 

 

S 85 10 4.57± 7.76 

Dry2 68°37'25.87"N 

149°34'59.94"W 

730 

 

7 

 

W 100 50 4.57± 7.76 

Dry3 68°37'26.20"N 

149°35'0.51"W 

729 

 

7 

 

SE 65 30 5.00± 7.34 

Tussock1 68°37'26.54"N 

149°34'55.15"W 

734 

 

4 

 

SW 100 50 3.84± 5.68 

Tussock2 68°37'26.74"N 

149°34'54.27"W 

735 

 

2 

 

W 100 90 3.68± 5.76 

Tussock3 68°37'26.18"N 

149°34'54.08"W 

735 

 

1 

 

SW 100 60 3.27± 5.94 

 

Chamber flux measurements of CH4 were carried out using a static closed polycarbonate 

chamber  of cubic shape (size 50 x 50 x 50 cm, with 125 L volume) at each of the three 

vegetation communities (dry, tussock, wet tundra) with three replicates sites for each 

community (e.g., dry 1, dry2, dry3, etc) from July to November 2023 (shoulder or transition 

season) (Table 1). At each site, measurement chambers were placed 20 minutes prior to 

measuring reaching a standard depth of 2cm and were removed after the complete cycle every 

day. Methane concentrations were measured using LiCor Analyzer (LI-7810 CH4/CO2/H2O 

Trace Gas Analyzer) which uses OF-CEAS (Optical Feedback - Cavity Enhanced Absorption 

Spectroscopy) measurement technique with precision (1σ): 0.60 ppb at 2 ppm with 1 second 

(±2.4 * 104 nmol/m2*s under 0°C) averaging (2024 LI-COR, 2024). CH4 exchange rate was 

measured in ppb (parts per billion) then converted to nmol/m²*s (Levy et al., 2011; Maier et al., 
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2022). For each plot of each community fluxes were measured under ambient light conditions 

and between measurements the chamber was opened, and the canopy was ventilated. The 

manual chambers were equipped with two holes for fixed nozzles at the top of the chamber 

(1.4*1.4 cm) allowing air inflow and outflow and connected through a tube (2 m long) to 

LICOR 7810 Trace Gas Analyzer using a male and female connector (2 cm long) for air 

collection and for balancing air pressure inside and outside chamber. A third hole was used to 

connect an 8 V fan for air mixing inside the chamber and the Arduino Mega microcontroller 

sensors measuring: air temperature/humidity (I2C sensor, ±0.5°C/±5% accuracy), soil moisture 

(2 sensors inside and 1 sensor outside chamber (±10% accuracy), soil temperature (±0.3°C 

accuracy). 

Measurements were run for 15 minutes three times a day (morning, midday, afternoon) twice a 

week at each site from July 2023 to November 2023. Individual chamber fluxes were calculated 

from the gradients of the relationship between gas concentration and sampling period using the 

central 11 minutes of the measure performing a linear regression and selecting data with R2 

≥0.9 (Kim et al., 2007; Kim, 2015).  

2.3 Climate  

Supporting climate data were provided by the Toolik Field Station Environmental Data Center 

from the weather station located at the field station (68° 38'N, 149° 36'W) (Fig. 1b). Air 

temperature (°C) (accuracy, ±0.2 °C) and relative humidity (%, accuracy 1.0) measured at 3 m, 

wind speed at 5 m (accuracy, ±0.3 m/s), Photosynthetically Active Radiation (PAR) at 1.8 m 

(accuracy, ±5%), barometric pressure (accuracy, ±1.5 hPa). The climate data were recorded 

hourly and successively averaged to daily mean from first week July to first week of November 

2023. 

2.4 Microclimatic and edaphic parameters 

 At each of the nine selected study sites (Table 1), microclimatic variables inside the chamber, 

including air humidity (%) and air temperature (°C) at 44 cm above the ground inside the 

chamber, as well as 2 soil temperatures (°C) and 2 moisture (%) at 2 cm below the surface, were 

recorded every second and subsequently averaged to yield daily values using an Arduino 

microcontroller. Snow cover thickness (cm) was measured manually during all the season in a 

ray of 5 m of each plot. At each site a shallow borehole (maximum depth 100 cm) was drilled 

where ground temperature (°C) was monitored at different depths between 20 and 100 cm 

depending on the plots and logged using Hobo data loggers (HoBO Pro v2 Logger U23-003 by 

Onset). Additionally, soil temperature (°C) at 2 cm was recorded using a 12-bit temperature 

smart sensor (S-TMB-M002, by Onset). Soil water saturation (%) was measured at 2, 20, 30, 
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and 60 cm in the boreholes using a Soil Moisture Smart Sensor (S-SMC-M005 by Onset). The 

soil surface temperature and soil water saturation sensors did not work in the dry tundra plots 

in November. Maximum thaw depths in summer and unfrozen thickness (cm) in the freezing 

season, were obtained by linear extrapolation of the maximum daily ground temperatures at 

different depths closer to the depth of the daily 0 °C isotherm in each borehole (Adlam et al., 

2010; Guglielmin, 2006) 

2.5 Soil chemical and physical properties 

To analyse the physico-chemical characteristics of the soil, in correspondence of each of the 

nine sites a soil core maximum 1 m long and 75 mm in diameter was extracted using a Snow-

Ice Permafrost Research Establishment (SIPRE) auger with an engine-powered head (Niendorf, 

2023) in 2 different periods (early beginning of July and beginning of September 2023). The 

soils were described according to the World Reference Base for Soil Resources 2014: 

International Soil Classification System for Naming Soils and Creating Legends for Soil Maps 

(FAO, 2014) and stored at -80°C until analysis. Each horizon of the core was analysed 

separately. 

Soil grain size was analysed by dry sieving, separating the coarser fraction (skeleton, >2 mm) 

from the sand (2-0.075 mm) and the finest fraction, composed of silt and clay (<0.075 mm) 

(ASTM, 2007). The analysis. The analysis of water content, pH, electrical conductivity, total 

organic carbons (TOC), carbonates and total carbons (TC) analysis were performed on the <2 

mm soil fraction. To quantify soil water content, the samples were dried at 105 °C in the oven 

for 24 hours by measuring the sample weight before and after drying (Gardner, 1986; Cannone 

et al., 2016, 2019). TOC, TC and carbonates were evaluated by loss of ignition (Blume et al., 

1990; Nelson and Sommers, 1996), measuring the loss of weight after incubation for 6 hours at 

600 °C for TOC and after incubation for 2 hours at 900 °C for carbonates. TC was calculated 

using the following equation: TC = TOC + Carbonates. Soil pH and electrical conductivity 

(µS/cm) was determined by mixing 5 g of sample (< 2 mm) in a 1:5 ratio with deionized water 

and after homogenization and after calibration of the instruments (Kalra, 1995; Cannone et al., 

2019). The physical and chemical characteristics of the soils reported in table 2 are weighted 

based on the different horizons thickness.    

2.6 Data elaboration 

Multivariate analysis was performed to characterize the selected vegetation sites, in particular 

Principal Component Analysis (PCA) was performed using the software CANOCO for 

Windows (ter Braak and Šmilauer, 1998). For the PCA the data were square-root transformed, 
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the scaling was made through the inter-species correlation, the standardization by species was 

centered, and without sample standardization. 

To identify the main drivers of the CH4 fluxes, we performed a Pearson correlation matrix of 

the climatic and micro-edaphic data allowed to select the variables for further statistical 

analyses, thus avoiding multicollinearity and redundancy. General regression models (GRMs) 

allowed to identify the drivers of CH4 fluxes (as dependent variable) from July to October, 

encompassing the peak and the end of the growing season both at: a) inter-community level 

(i.e., analysing the fluxes from all vegetation types and all sites, with month (as proxy of 

seasonality during the measurement period), plot and vegetation type as categorical factors), 

and b) intra-community level (i.e., performing separate analyses for the dry, wet and tussock 

tundra, with month as categorical factor). Moreover, to better understand the drivers of the large 

and unexpected CH4 emissions recorded in November, we performed two further GRMs at 

inter-community level, one focusing on July-August to be compared with the GRM focusing 

on the period October-November. All analyses were performed using the software Statsoft©.  

3. Results 

3.1 Climate, microclimate and soils 

The monthly means of the main climatic parameters measured during the period of the flux 

chambers measurements (July-November 2023) provided an unexpected pattern for air 

temperature, which ranged between -11.8 and +16.9°C, showing a progressive decrease during 

the season, but the lowest values in October instead than in November (Fig. 2A). Air humidity 

and PAR exhibited an opposite temporal trend, with the former showing a continuous increase 

from July to November, while the latter had an exponential decrease from July to November 

(Fig. 2B, C). Wind speed did not show large variations, and the minimum was recorded in 

November (Fig. 2D). 
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Figure 2. Mean monthly values of the main climatic parameters recorded by the Toolik AWS: A) air 

temperature (°C); B) relative air humidity (%); C) PAR (μmol/m2*s); D) wind speed (m/s). 

 

The three selected vegetation communities were characterized by different microclimatic and 

edaphic conditions concerning the maximum thawing depth/unfrozen thickness, ground surface 

temperature, and surface soil water saturation, although their temporal trends were similar (Fig. 

3).  

The maximum thawing depth was recorded between August and September, with the highest 

values observed in the dry tundra, reaching the maximum value of 149 cm in September (and a 

very rapid freezing in October), followed by the wet tundra (103 cm in August) and the tussock 

tundra (89 cm in September) (Fig. 3A). Notably, both in the wet and tussock tundra the unfrozen 

thickness accounted for up to almost 20 cm even in November (Fig. 3A), when the double side 

freezing left a certain thickness of unfrozen soil between the two freezing fronts. In all the 

selected vegetation communities the ground surface temperature exhibited a clear decreasing 

trend from July to November, with the dry tundra being characterized by the highest 

temperatures in summer (with the wet tundra) and the lowest temperatures in fall (Fig. 3B). The 

surface soil water saturation (measured at 2 cm) was highest in the wet tundra (where the soil 

was completely saturated by water between July and September), as expected, and was slightly 

higher in the tussock than in the dry tundra (Fig. 3C). The temporal trends of GST and soil 

water saturation were similar in all vegetation types, while the maximum thawing was 

anticipated in August in the wet tundra (Fig. 3). 

The plots were also characterized by different physico-chemical soil conditions, as confirmed 

by the multivariate analysis (PCA, Principal Component Analysis), with the dry tundra plots 

showing different characteristics compared to the tussock and wet tundra (Fig. 4, Table 2). The 
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plots are characterized by a gradient of increasing water content, electric conductivity, TOC, 

and TC from the dry to tussock to the wet tundra, with the former showing values much lower 

than the latter, and with the dry tundra having a much coarser texture (Fig. 4, Table 2). 

Relatively homogeneous values characterize pH, showing acidic values across all sites and 

vegetation communities (Table. 2). The PCA emphasized the differences of soil characteristics 

among the three vegetation types (dry, tussock and wet tundra) and allowed to highlight also 

some intra-community differences, in particular for the tussock tundra (with tussock 1 being 

different from tussock 2 and 3) and partially for the wet tundra (wet 3 showing some differences 

respect to wet 1 and 2), while the dry tundra was characterized by very high similarity of the 

soil characteristics of the three analysed plots (Fig. 4). 

 

Table 2. Weighted mean of physico-chemical characteristics of soils: WC (water content, %); pH; 

Electrical Conductivity (µS/cm); Skeleton (%), Sand (%), Silt+Clay (%); TOC, Carbonates and TC are 

expressed as %.  

Site WC pH 
Electrical 

Conductivity 
Skeleton Sand Silt + Clay TOC Carbonates TC 

DRY1 24.7 4.88 83.6 39.4 42.5 18.1 10.6 2.45 13 

DRY2 16.9 4.95 63.6 40.9 46.7 12.4 5 1.71 6.8 

DRY3 14.8 5.30 60.6 40.2 53.5 6.2 7.1 1.71 8.8 

WET1 73.9 4.99 193 2.1 86 11.9 68.3 7.23 75.5 

WET2 82.2 4.81 200.2 1 85.8 13.1 75.9 8.25 84.2 

WET3 71.6 6.13 186.5 3.6 60.4 36 48.3 6.27 54.6 

TUSSOCK1 34.9 5.43 62.4 3.4 74.7 21.9 13.5 3.33 16.8 

TUSSOCK2 59.3 5.45 116.3 3 69.7 27.2 39.5 5.32 44.8 

TUSSOCK3 73.1 4.81 131.2 5.6 74.8 19.6 59.1 9.07 68.2 

3.2 CH4 fluxes at inter-community level 

The amount and seasonality of the CH4 fluxes exhibited large differences comparing the three 

selected vegetation types (Fig. 5), with the tussock tundra showing the largest CH4 emissions, 

followed by the wet tundra, while the dry tundra exhibited slight negative emissions (i.e. CH4 

uptake). At intra-community level along the whole season, the plot wet 2 exhibited the largest 

emissions within the wet tundra, and the plot tussock 1 for the tussock tundra (Fig. 5). 

Analysing the temporal trends at intra-community level, the wet tundra exhibited an unimodal 

trend, with an increase from July to August, when the largest emissions were observed, and 

then a progressive decrease towards the end of the season (Fig. 6B), while the tussock tundra 

was characterized by the opposite pattern, with increasing emissions from July to November, 

and the largest amount recorded in November (Fig. 6C), which were the largest measured across 

all sites and vegetation types during the whole period of measurement. The uptake of the dry 

tundra was characterized by a unimodal pattern, with the largest uptake in August (Fig. 6A). 



115 
 

 
Figure 3. Microclimatic and edaphic characteristics of the three selected vegetation communities (period July – November 2023) concerning: A, B, C) maximum 

thawing (July- September, identified by the red rectangle) and unfrozen thickness (October- November, identified by the orange rectangle) (cm); D, E, F) ground 

surface temperature at 2 cm depth (mean monthly values, °C); G, H, I) surface soil water saturation (%). 
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Figure 4. Principal Component Analysis of the analysed vegetation plots (dry tundra, dry 1, 2, 3; tussock 

tundra, tussock 1, 2, 3; wet tundra, wet 1, 2, 3) explaining 96.8% of the environmental variance 

(cumulative explained variance: Axis 1 = 91.6 %; Axis 2 = 96.8%). Legend: EC = electric conductivity; 

WC = water content; TC = total Carbon; TOC = total organic Carbon. 
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Figure 5. Descriptive statistics of the seasonal CH4 fluxes (mean + standard error + 1.96*standard 

error) of each of the nine plots of the three vegetation types (dry: A; wet: B; tussock: C). 
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Figure 6. Seasonal patterns of CH4 emissions (mean + standard error + 1.96*standard error) from July 

to November 2023 at inter-community level: A) dry tundra; B) wet tundra; C) tussock tundra. Note that 

panel A has a negative Y scale. 
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3.3. Drivers of the CH4 fluxes at inter- and intra-community level 

The GRM performed at inter-community level over the period July-October (from the peak to 

the end of the growing season) identified vegetation type, air temperature, maximum thawing-

unfrozen thickness and period (provided by the month as categorical factor) as drivers exerting 

a statistically significant impact on the CH4 fluxes (Table 3). However, our analyses emphasize 

that the drivers of the CH4 fluxes at inter-community level changed from the peak of the 

growing season (July-August) to the cold season characterized by winter dormancy (October-

November) (Table 3). The most important drivers affecting in a statistically significant way the 

CH4 fluxes during the peak of the growing season (July-August) were vegetation type and plot, 

followed by some climatic parameters (atmospheric pressure, air temperature, air humidity and 

wind speed) and ground surface temperature (Table 3). During the cold season, in October and 

November, snow cover, air humidity, air temperature and vegetation type were the drivers of 

CH4 fluxes (Table 3), with large emissions observed especially in the tussock tundra (Fig. 5). 

The analysis at intra-community level allowed to emphasize the sensitivity to different climatic 

and environmental drivers of the CH4 fluxes associated to the selected vegetation types. The 

most important drivers for the CH4 fluxes in the wet tundra were associated to soil water 

saturation, period (provided by the month as proxy of seasonality during the measurement 

period) and maximum thawing/unfrozen thickness, while snow depth and ground surface 

temperature were the most important drivers influencing the CH4 fluxes of the dry tundra (Table 

4). The drivers of the tussock tundra were air humidity, maximum thawing/unfrozen thickness, 

air temperature and wind speed (Table 4). 
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Table 3. General Regression Model to identify the main drivers of CH4 fluxes (dependent variable) at 

inter-community level (all plots of all vegetation types) across the whole growing season (July-October 

2023) and then comparing the peak of the growing season (July-August) with the cold season of winter 

dormancy (October-November). Only statistically significant variables have been reported and the 

statistics of the whole model. 

 

CH4 flux inter-community Jul-Oct F p R² 

Unfrozen thickness (cm) 14.9 <0.00

1 

 

Air Temperature (°C) 22.5 <0.00

1 

 

Vegetation type 24.7 <0.00

1 

 

Month 9.3 <0.00

1 

 

whole model 8.9 <0.00

1 

0.69 

CH4 flux inter-community Jul-Aug F p R² 

Ground Surface Temperature (°C) 22.3 0.009  

Atmospheric pressure (atm) 45.4 0.002  

Wind speed (m/s) 35.2 0.004  

Air humidity (%) 29.7 0.005  

Air temperature 30.3 0.005  

Plot*Vegetation type 122.

7 

<0.00

1 

 

whole model 111.

1 

<0.00

1 

0.99 

CH4 flux inter-community Oct-

Nov 

F P R² 

Snow cover (cm) 275.

2 

<0.00

1 

 

Air humidity (%) 181.

5 

<0.00

1 

 

Air temperature (°C) 178.

2 

<0.00

1 

 

Vegetation type 221.

6 

<0.00

1 

 

whole model 160 <0.00

1 

0.99 
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Table 4. Drivers affecting the temporal patterns of the CH4 fluxes at intra-community level (dry tundra, 

wet tundra, tussock tundra). Only statistically significant variables have been reported and the statistics 

of the whole model. 

 

CH4 Wet tundra Jul-Oct F P R² 

Unfrozen thickness (cm) 7 0.038  

Soil water saturation (%) 27.

1 

0.002  

Month 11.

8 

0.006  

whole model 12.

7 

0.003 0.91 

CH4 Dry tundra Jul-Oct F P R² 

Snow cover (cm) 28.

5 

<0.00

1 

 

Ground Surface Temperature 

(°C) 

21.

7 

0.001  

whole model 19.

6 

<0.00

1 

0.88 

CH4 Tussock tundra Jul-Oct F p R² 

Unfrozen thickness (cm) 24.

9 

0.001  

Wind speed (m/s) 22.

3 

0.002  

Air humidity (%) 30.

6 

<0.00

1 

 

Air temperature (°C) 23.

9 

0.002  

whole model 11.

4 

0.003 0.87 

 

4. Discussion 

4.1 Spatial and temporal patterns of CH4 fluxes 

Our data identified the patterns of spatial and temporal variability of CH4 fluxes, highlighting 

differences across the three selected tundra types (wet, tussock and dry tundra) both at inter- 

and intra-community level, as well linked to seasonality, from the peak of the growing season 

(July 2023) to the winter dormancy (November 2023).  

Vegetation type was a key factor in explaining the observed differences in CH4 fluxes, in 

agreement with previous studies (e.g. McGuire et al., 2009; McEwing et al., 2015; Natali et al., 

2015; Davidson et al., 2016; Zona et al., 2016; Euskirchen et al., 2017), as indicated by the 

results of the GRMs performed at inter-community level both across the whole growing season 

as well comparing the peak of the growing season (July-August) with the cold season 

characterized by winter dormancy (October-November) (Table 3). 

Despite most studies reported that the wetland and/or wet sedge tundra performed the highest 

CH4 emissions at most Arctic sites (e.g. McEwing et al., 2015; Davidson et al., 2016, 
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Euskirchen et al. 2017; Parmentier et al., 2024), unexpectedly in our study the largest CH4 

emissions were observed in the tussock tundra (dominated by E. vaginatum and mosses) and 

not in the wetland tundra (dominated by C. aquatilis and mosses). The tussock tundra here is 

characterized by higher total vegetation cover (%) compared to the wet tundra (respectively, 

100% at all plots versus 70-100%) and, above all, by a high cover of the tussock E. vaginatum 

(>50%). The occurrence of tussocks and in particular of E. vaginatum has been recognized to 

promote larger CH4 emissions because its tissues are characterized by the aerenchyma and large 

lacunae, enabling the transport of CH4 from the soil to the atmosphere inside the plant tissue 

and, thus, bypassing the soil oxic layers where CH4 would be re-oxized (McEwing et al., 2015). 

Also C. aquatilis has aerenchyma too, but recent laboratory experiments suggested that in this 

species the production of root exudates (stimulating microbial methanogenesis) is much more 

important and efficient than the CH4 transport through the roots’ aerenchyma (Waldo et al., 

2019). Moreover, our wet tundra plots are characterized by high bryophytes’ cover, not 

providing a root system and hence unsuitable for CH4 transport within the soil to bypass the 

oxic layers. Therefore, the high bryophytes’ cover could contribute to the lower CH4 emissions 

recorded at the wet tundra compared to the tussock tundra plots. The occurrence and cover of 

tussocks could be more important in promoting CH4 emissions than the amount of TOC (which 

was much higher at the wet than at the tussock tundra soils, Table 1), thus indirectly confirming 

that CH4 emissions in these community types are not limited by C input (Zona et al., 2009; 

Sturtevant and Oechel, 2013; Davidson et al., 2016). 

The dry tundra at our study sites always acted as a CH4 sink, with a slight uptake observed from 

July to October at all plots, confirming previous observations both from the Arctic Alaska as 

well as from the European Arctic (e.g., Natali et al., 2015; D’Imperio et al., 2017; Virkkala et 

al., 2024). The CH4 uptake observed was due to the occurrence of oxic conditions in the soil, 

thus enhancing methane oxidation (Voigt et al., 2023). Indeed, our dry tundra plots were 

characterized by a coarser soil texture (>90% of skeleton + sand, Table 2) promoting soil 

drainage and the aerobic respiration (e.g., Lipson et al., 2012; Ma et al., 2023). 

 

The seasonal patterns of CH4 emissions allowed to further discriminate the tussock from both 

the wet and dry tundra (Fig. 5), as the former was characterized by an increasing trend of CH4 

emissions from July to November, with the highest values recorded in autumn and in particular 

in November, while both the latter exhibited the largest emissions between July and August 

(Fig. 5), as expected according to most studies carried out in the Arctic (e.g., Euskirchen et al., 

2017). The largest emissions recorded at the tussock tundra in autumn confirmed the importance 

of the transition seasons and of winter, as high CH4 emissions have been recorded during the 
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cold season even with very low air temperature and occurrence of snow cover (e.g. Zona et al., 

2016; Arndt et al., 2019; Bao et al., 2021), suggesting that autumn CH4 emissions could 

contribute up to 34%–50% of yearly emissions (Ward et al., 2024). The wet tundra exhibited 

the highest emissions during the peak of the growing season, when soil water saturation and the 

soil unfrozen thickness were highest (Fig. 3), as observed in other previous studies (e.g., 

Davidson et al., 2016; Euskirchen et al., 2017). 

Our data show that the dry tundra did not exhibit any activity (CH4 uptake or CH4 emission) 

later than October, differently from the findings at some other Arctic sites, where the upland 

dry tundra ecosystems produced CH4 emissions during the cold season and even a shift from 

summer CH4 uptake to winter CH4 emission (Zona et al., 2016). In our case, the lack of CH4 

emissions in autumn from the dry tundra could be due the lack of any unfrozen depth within 

the soil, as the soil was completely frozen (Fig. 3), not allowing CH4 production and/or transport 

within the soil. Considering that the upland dry tundra is extended over a very large amount of 

the Arctic (Virkkala et al., 2024), this finding indicates that not all upland tundra may provide 

a valuable contribution to the winter CH4 emissions, differently from what hypothesized by 

Zona et al. (2016). These findings suggest that the winter modelling needs further investigations 

and to be carefully addressed to avoid overestimations. 

4.2 Biotic and abiotic drivers of CH4 fluxes at inter-community level 

Climate, soil physico-chemical characteristics and vegetation of our site are coherent with the 

findings of previous studies performed both at the same location and in similar Arctic 

environments (Walker et al., 1989; Morrissey & Livingston, 1992; Christensen, 1993; Tom and 

Chapin, 1993; Kim, 2007, 2015; Walker and Maier, 2008; Davidson et al., 2016; Howard et al., 

2020). 

Air temperature allowed to assess that the climatic conditions during the period of measurement 

in the year 2023 were consistent with the mean monthly and seasonal values of the last decades 

(Christensen, 1993; Howard et al., 2020). Concerning soils, pH across the nine plots exhibited 

minimal variation (Table 2), suggesting that soil acidity or alkalinity did not significantly 

influence methane fluxes in these ecosystems (Ohtsuka et al., 2006; Davidson et al., 2016). 

TOC and TC were highest in wet followed by tussock and dry tundra (Table. 2, Fig. 4) in 

agreement with previous observations (Jobbagy et al., 2000; Wu et al., 2012). Although soil 

temperature is a known driver of microbial activity involved in methanogenesis (Chen et al., 

2020; Yvon-Durocher et al., 2014), the range of soil temperatures across sites was rather limited 

(Fig. 3B). 
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The GRM allowed to identify the drivers of CH4 fluxes highlighting differences linked to the 

tundra type and seasonality (Table 3). At inter-community level, all the GRMs (across the whole 

growing season - July to October and comparing the peak of the growing season - July-August 

- versus the cold season - October-November, Table 3) indicated vegetation type and air 

temperature among the most important drivers of CH4 fluxes. The influence of vegetation on 

CH4 fluxes mainly rely on the role of plants in enabling the transport of CH4 within soil, 

avoiding the soil oxic layers, and on the contribution of plants in providing organic matter for 

the microbial decomposition in particular through root exudates (e.g. McGuire et al., 2009; 

McEwing et al., 2015; Natali et al., 2015; Davidson et al., 2016; Zona et al., 2016; Euskirchen 

et al., 2017). These effects allow to identify opposite conditions in favouring CH4 transport 

and/or methanogenesis in the wet and tussock tundra opposed to the dry tundra, as confirmed 

by the large CH4 emissions observed in the former two and the slight CH4 uptake of the latter. 

According to Davidson et al. (2016), the analysis of the CH4 fluxes associated to the three 

selected tundra types (dry, tussock and wet tundra) may explain most of the observed variation 

of the CH4 fluxes within heterogeneous tundra landscapes encompassing multiple vegetation 

communities. 

Air temperature is another important driver of the CH4 fluxes across the whole season, as higher 

temperatures may increase the potential of anaerobic respiration (Yvon-Durocher et al., 2014; 

Jeong et al., 2018; Ma et al., 2023). Interestingly, our analyses emphasize the importance of air 

temperature especially in the cold season, as the effect of this driver is larger in October-

November compared to July-August (Table 3). This finding could be explained with the fact 

that during the peak of the growing season air temperature is an important but not limiting 

factor, differently from what may happen during the cold season. During the peak of the 

growing season at inter-community level, atmospheric pressure and wind speed are other 

important drivers (Table 3): decreasing atmospheric pressure and increasing wind speed may 

facilitate CH4 emission by increasing the steepness of the gradient of CH4 concentration 

between the soils and the atmosphere (e.g. Sachs et al., 2008; McEwing et al., 2015). Our 

analyses confirm the importance of the soil unfrozen thickness, as it increases the thickness of 

soils rich in organic matter available for respiration and, further, the unfrozen soil could be 

inundated and/or waterlogged, promoting anaerobic respiration, highlighting the importance of 

the hydrological implications of active layer thaw (Lawrence et al., 2015; Rodenhizer et al., 

2020). 

During the cold season (October-November, Table 3) snow cover is the most important driver 

at inter-community level. In particular, in November the tussock and the dry tundra showed a 

thinner snow cover (respectively, 30 and 32 cm) than the wet tundra (45 cm), but the tussock 



125 
 

tundra produced the largest CH4 emissions, while the dry tundra was inactive. These data 

suggest that the influence of snow cover on CH4 fluxes may change depending on the tundra 

type and seasonality and that this issue needs further investigations also considering that 

uplands (including the dry tundra) cover a large part of the Arctic (Vikkala et al., 2024). 

4.3 Biotic and abiotic drivers of CH4 fluxes at intra-community level 

The intra-community analyses, referred only to the whole growing season (July-October 2023), 

allowed to highlight the differences of behaviour and abiotic drivers of the three selected tundra 

types (Table 4). In the wet tundra soil water saturation was the primary driver of the CH4 

emissions, followed by month (as proxy of seasonality) and unfrozen thickness. These results 

confirm the role of soil water saturation as an important driver of elevated CH4 emissions from 

the ground (Zona et al. 2009; Sturtevant and Oechel 2013; Kim, 2015; McEwing et al., 2015), 

and are congruent with the observation that the CH4 emissions in the wet tundra are highest 

when soil water saturation and unfrozen thickness are highest (July and especially August) (Fig. 

3 Table 4). From July to August the soil water saturation reaches its highest value, as also 

confirmed by the occurrence of a water table on the surface of the wet tundra, providing the 

best conditions for anaerobic respiration (e.g., Bridgham et al., 2013). 

In the dry tundra snow depth and ground surface temperature were the most important drivers 

(Table 4), with the CH4 uptake decreasing at the end of the season when a thin snow cover 

occurs. Dry tundra sites acted as net sinks for CH4 throughout the season, likely due to enhanced 

methane oxidation associated with higher soil temperatures (Kutzbach et al., 2004; Olefeldt et 

al., 2013; Davidson et al., 2016). At our sites dry tundra exhibited slightly above average soil 

temperatures than the tussock and wet sites, and low organic compound during the data 

collection period (Table 1, Fig. 3) supporting dry tundra act as net sinks (Juncher Jørgensen et 

al., 2014; D’Imperio et al., 2017). 

Air humidity and air temperature with wind speed and unfrozen thickness were the most 

important drivers of the tussock tundra during the growing season (Table 4). These findings 

highlight the importance of the steepness of the gradient of CH4 concentration between the 

tussock tundra soils and the atmosphere in promoting higher CH4 emissions and confirm 

indirectly also the role of tussocks (and in particular of E. vaginatum) in promoting the CH4 

transport bypassing the oxic layers within soils (e.g., McEwing et al., 2015). The role of 

unfrozen thickness could be better appreciated until the period of maximum thawing 

(September 2023) when the tussock tundra exhibits the combination of maximum unfrozen 

thickness providing the maximum availability of unfrozen organic matter to anaerobic 
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respiration (e.g., Zona et al. 2009; Bridgham et al., 2013; Sturtevant and Oechel 2013; Kim, 

2015; McEwing et al., 2015). 

4.4. Peculiarity of autumn CH4 fluxes  

The rates of methane emissions are linked to three main different processes: production, 

oxidation, transport (e.g., McEwing et al., 2015). Our data allow to emphasize the shift in the 

prevailing importance of these processes by comparing the growing season (and in particular 

the peak of the growing season) with the cold season. The high rates of CH4 emissions in August 

observed in the tussock and wet tundra confirm the findings of previous studies showing that 

CH4 production is high when there is the combination of high soil water saturation, unfrozen 

thickness and air temperatures (e.g., Verville et al. 1998; Zona et al. 2009; Sturtevant and 

Oechel 2013; McEwing et al., 2015; Davidson et al., 2016). 

However, the largest CH4 emissions were recorded in the tussock and wet tundra during the 

cold season (October and, above all, November), highlighting the occurrence of a different 

process mainly linked to CH4 transport. During the autumn the CH4 emissions from these two 

tundra types accounted c. 77% of the total emissions recorded during the whole study period 

(July-November 2023) in a period when the unfrozen thickness of the soils was rapidly 

decreasing, and the soil water saturation was minimal due to the freezing (Fig. 3). These 

emissions exceed those observed in the mid-summer season and are consistent with the ranges 

reported by Howard et al., (2020) and Zona et al., (2016). 

These findings confirm the importance of CH4 emissions during the transition seasons, 

characterized by cold air temperatures and refreezing of soils and support the hypothesis that 

cold season emissions could provide a valuable contribution to the annual budget of CH4 fluxes 

(e.g., Zona et al., 2016; Bao et al., 2020; Ward et al., 2024). 

These very high emissions during the cold season could be explained with the occurrence of a 

two-sided front of the soil freezing front, occurring both from the surface downward driven by 

cold air temperatures, as well as from below upward due to the presence of permafrost. As the 

two-sided front freezing decreases the soil unfrozen thickness, the CH4 here accumulated 

suffers increasing pressure and compression until it is pushed out towards the surface, being 

transported by the plant’s aerenchyma and/or ground cracking and/or frost-induced ground 

fissures, and released into the snowpack and the atmosphere (Kim et al., 2007; Mastepanov et 

al., 2013; Arndt et al., 2020; Bao et al., 2021). 

 

In conclusion, we analysed the CH4 fluxes of three widespread vegetation communities (tussock 

tundra, wet tundra and dry tundra) in the high Arctic region in Alaska. Our data allowed us to 
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assess the importance of the interaction of different biotic and abiotic factors in understanding 

the dynamics of the patterns of CH4 fluxes. We emphasized that the drivers of CH4 fluxes 

change both at inter-community and intra-community level and also with seasonality. 

Unexpectedly we recorded highest emissions in the tussock and not in the wet tundra both in 

summer and in autumn. During summer the high CH4 production in tussock and wet tundra was 

favoured by soil water saturation, unfrozen thickness and warm temperatures and the higher 

emissions in the tussock tundra can be due to the CH4 transport through the tussocks’ 

aerenchyma, avoiding its re-oxidation to CO2, bypassing the soil oxic layers. In autumn the 

highest CH4 emissions can be explained by the effect of a different process. In particular, the 

two-sided front of the soil freezing decreases the soil unfrozen thickness, inducing CH4 

compression, and pushing it up to the surface through the plants’ tissues. We emphasized that 

the dry tundra acted as a CH4 sink with CH4 uptake during summer and was inactive in winter, 

differently from what observed in other sites where the dry tundra shifted to be a CH4 source in 

winter. Our data improved our understanding of the key factors affecting the CH4 fluxes in the 

sensitive Arctic ecosystems and our findings suggest the need for more investigations to 

encompass the effect of vegetation on the variability of CH4 fluxes and disentangle the potential 

for high emissions during the cold seasons and their contribution to the annual budget. 
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High-resolution vegetation mapping at Toolik Lake 

(Alaska) integrating UAS imagery and field surveys 

Abstract 

The Arctic is one of the most sensitive regions to climate change, with shrub encroachment 

being among its most widespread impacts. Vegetation serves as an excellent bio-indicator of 

climatic change, and its monitoring is essential. This requires the combination of high spatial 

resolution mapping with a detailed characterization of vegetation composition and dynamics 

In this study, we propose a mapping to realize high-resolution vegetation maps (both 

phytosociological and physiognomic map) using the drone-based ortho-imagery as a basemap 

for field mapping integrated with vegetation surveys applying the phytosociological method. 

We tested this protocol by mapping the vegetation in an area close to Toolik (Alaska) during 

the summer 2024 and we analyzed the phytosociological data using multivariate analyses 

We mapped an area of > 13 ha providing very detailed information on vegetation spatial 

distribution, floristic composition, community types and physiognomy. Five communities 

accounted for more than 65% of the mapped area, with moist sedge tundra with low shrubs 

(Carex bigelowii, Betula nana, and Ericaceae; 17.3%), tussock tundra (15%), low to tall shrubs 

of Betula nana (17.6%), and Carex aquatilis wetlands (16.6%) representing the most extensive 

formations. 

The use of the drone ortho-imagery as a basemap for field mapping resulted particularly 

effective in relatively flat areas and/or very homogeneous geomorphological conditions, but 

with heterogeneous vegetation, features common to many Arctic landscapes. 

These maps provide an essential baseline for monitoring future vegetation dynamics and 

detecting fine-scale changes in response to climate warming in Arctic tundra ecosystems.  

.  

Keywords: drone ortho-imagery; phytosociological relevés; field mapping; physiognomic 

maps; Toolik field station; Arctic vegetation monitoring 
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1. Introduction 

The Arctic is one of the most climate-sensitive regions (IPCC, 2018), partly due to the Arctic 

amplification (Serreze and Barry, 2011), with Alaska experiencing the strongest warming in 

the period 1950-2000 (Walsh et al., 2019). Climate warming has been driving several impacts 

on the ecosystems, among which the northward expansion of species ranges (Sturm et al., 2001; 

Tape et al., 2006; Forbes et al. 2010; Myers-Smith et al., 2011), the advancement of 

phenological stages (Høye et al., 2007; Ovaskainen et al., 2013) and the increased reproductive 

investment for many species (Barrett et al., 2015). Moreover  shrubs encroachment (Sturm et 

al. 2001; Tape et al., 2006; Elmendorf et al., 2012; Kapfer and Grytnes, 2016), in particular 

of Salix species  of Betula nana (Jones et al., 1997; Shaver et al., 2001; Hill & Henry, 2011; 

Kapfer and Grytnes, 2016), but also of graminoids and forbs (Myers-Smith et al., 2011; Walker 

et al., 2012; Kapfer and Grytnes, 2016) have been observed.Differently, mosses and lichens are 

decreasing in abundance (Jägerbrand et al., 2006; Kapfer and Grytnes, 2016). 

Change in species composition, in particular the increase of shrub abundance, could alter above-

ground carbon storage, changing the quantity and decomposability of litter (Callaghan et al., 

2004; Sturm and Douglas, 2005; Petrenko et al., 2016; Bjorman et al., 2020), increase winter 

soil temperatures and change the snow cover depth ((Myers Smith and Hik 2013; Bjorman et 

al., 2020), decrease winter albedo and increase solar radiation absorption (Sturm et al., 2001, 

2005; Chapin et al., 2005, Sturm and Douglas 2005; Tape et al., 2006, 2012; Lawrence and 

Swenson 2011; Loranty et al., 2011; Myers-Smith et al., 2011; Elmendorf et al., 2012; DeMarco 

et al., 2014; Dial et al., 2016; Myers-Smith and Hik, 2018; Bjorman et al., 2020),with feedback 

to the global climate (Chapin et al. 2005; Pearson et al. 2013; Bjorman et al., 2020). 

Vegetation plays a key role in shaping the structure, biodiversity, processes and dynamics of 

the terrestrial ecosystems. Due to its lack of vagility, it is also one of the most reliable bio-

indicators of environmental and climatic change. Vegetation mapping has therefore been 

recognized as a key component for the development of terrestrial ecosystem models 

(Euschirken et al., 2009). Vegetation surveys and monitoring can be conducted at various 

spatial and temporal scales, from plot-scale measurements to track changes of vegetation with 

high spatial heterogeneity, to satellite remote sensing, which enables the assessment of changes 

across broad geographic areas (Fraser et al., 2016). 

Detailed field surveys at the plot scale provide different data depending on the methodology 

used. These include information on floristic composition, vegetation communities and 

successional dynamics (e.g., phytosociological method as in in Walker et al., 1994, Boggs et 

al., 2018, as well as data on plant cover, dominance, functional types and traits (e.g. point-frame 

methods as in Hudson and Henry, 2008 and in Elmendorf et al., 2012). Conversely, satellite-

https://onlinelibrary-wiley-com.insubria.idm.oclc.org/doi/full/10.1111/avsc.12280#avsc12280-bib-3000
https://onlinelibrary-wiley-com.insubria.idm.oclc.org/doi/full/10.1111/avsc.12280#avsc12280-bib-0053
https://onlinelibrary-wiley-com.insubria.idm.oclc.org/doi/full/10.1111/avsc.12280#avsc12280-bib-0024
https://onlinelibrary-wiley-com.insubria.idm.oclc.org/doi/full/10.1111/avsc.12280#avsc12280-bib-0041
https://onlinelibrary-wiley-com.insubria.idm.oclc.org/doi/full/10.1111/avsc.12280#avsc12280-bib-0057
https://onlinelibrary-wiley-com.insubria.idm.oclc.org/doi/full/10.1111/avsc.12280#avsc12280-bib-0032
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based remote sensing allows to assess the general distribution of main vegetation physiognomic 

types, biomass and phenology over large areas, but in most cases lack spatial resolution 

necessary to detect fine-scale changes at species and/or community level (Cruzan et al., 2016; 

Moffatt et al., 2016). A particularly expensive remote sensing method is high-resolution 

airborne LiDAR, which allows for detailed vegetation mapping (with spatial resolution of 20 

cm) using the Random Forest model trained on ground reference plots (Greaves et al., 2019). 

More recently, micro–unmanned aerial vehicles (UAVs) have been increasingly used for 

vegetation mapping, as their high spatial resolution and image details are adequate for 

estimating the spatial distribution and abundance of vegetation over relatively large areas with 

relatively low efforts and costs (Anderson and Gaston, 2013; Cruzan et al., 2016; Oldeland et 

al., 2021). In most cases, drones-based photogrammetry has been used to classify and map 

vegetation (Fraser et al., 2016; Oldeland et al., 2021). Drone ortho-imagery has been used also 

as a base map to support field mapping of individual plant species at very high spatial resolution 

(Oldeland et al., 2021), suggesting its potential as a flexible, effective and low-cost tool for 

detailed vegetation mapping. 

High-resolution vegetation mapping is essential for capturing the heterogeneity of the Arctic 

tundra ecosystems and for monitoring their spatial and temporal dynamics in response to 

climate change (Greaves et al., 2019). This task is even more important at sites with previous 

vegetation surveys and/or vegetation maps, such as the Toolik Lake area (Northern Brooks 

Range, Alaska), where vegetation was first described and mapped using the permanent plot 

method in 1989 (Walker and Barry 1991) and the phytosociological method in 1991 (Walker 

and Maier, 2008) and where a high-resolution physiognomic map of vegetation was produced 

in 2013 (Greaves et al., 2019). 

In the frame of the project INSUBRE-Polar, a detailed vegetation survey and field mapping 

was carried out in the summer 2024. The survey covered an area of 13.39 ha close to Toolik 

Field Station and employed the phytosociological method and the drone ortho-imagery as a 

base map to support field mapping and to produce new high resolution phytosociological and 

physiognomic maps. The aims of this study are: (a) to characterized the most recent species 

composition, structure and spatial distribution of the plant communities; (b) to provide a 

detailed reference data for the monitoring and the assessment of any impact of future 

environmental changes; and (c) to offer a support for any multi-disciplinary and high-resolution 

experimental or modelling studies which involve vegetation features in the study area. 
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2. Materials and Methods 

2.1 Study area 

The study area is located in the Brooks Range on Alaska’s North Slope (Fig. 1SM), close to the 

Toolik Field Station (68°38' N 149°34' W, 760 m elevation). This site is characterized by cold 

winters, with air temperature as low as to -40°C, and relatively short but warm summers, with 

air temperatures reaching up 13°C. The mean annual air temperature is approximately -16°C, 

with mean annual precipitation sum of ca. 300 mm. Snow cover is continuous between late 

September/early October until late May/beginning of June (Huryn and Hobbie, 2012; Greaves 

et al., 2019). Permafrost is continuous in the area, with active layer ranging between 67.5 cm 

to 100 cm in depth (Shiklomanov 2023). 

The study site is located in the bioclimatic subzone E, in the floristic province of North Alaska-

Yukon territory and in the erect dwarf-shrub tundra (low shrub moss tundra) (Walker et al., 

2005). The vegetation is a mosaic of different vegetation types including: erect shrub; dwarf-

shrub, tussock-sedge, moss tundra; and wetlands (Walker, 2000; Walker et al., 2005, 2016). 

2.2 Field survey and data 

The phytosociological map of the vegetation of the study area was obtained through field 

surveys carried out in summer 2024. The Toolik Field Station GIS and Remote Sensing Dept. 

created an orthophoto mosaic (hereafter, OPM) of the study area using a DJI Matrice M210 

unmanned aerial system (UAS) on 16th of June 2024. The OPM was printed at a scale of 1:250 

and used as basemap to support the vegetation field surveys. Indeed, drone-derived ortho-

imagery has been suggested as suitable tools to support field surveys and to allow more accurate 

mapping with just-in-time aerial imagery (Oldeman et al., 2021), compared to the simple use 

of topographic maps. For the vegetation mapping, each patch of homogeneous vegetation 

identificable on the OPM was delineated by the expert (N.C.), resulting in polygons of distinct 

vegetation communities.  Each mapped polygon on the OPM was then verified in the field and 

for each polygon a phytosociological relevés was carried, using a standard plot of 1x1 m.  GPS 

location (accuracy ± 2m), elevation, aspect, detailed location within the mapped polygons and 

one or more photos taken from different point of views of each plot enabled reliable future 

resurvey of the study area. For each plot were recorded the total vegetation cover and the cover 

of each species of vascular plants, bryophytes, lichens, visually estimated as a percentage (%) 

with a range from 0% to 100% to provide detailed information also on species with low cover 

values (Cannone et al., 2007, 2010; Cannone and Pignatti, 2014; Malfasi and Cannone, 2021). 

Vascular plants, bryophytes and lichens were identified to the species level according to Hulten 

(1968) and Thomson and Brehmer (1984). Species identifications were visually validated 
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though comparison with herbarium specimens at Toolik Field Station. Species nomenclature 

was standardized according to the Global Biodiversity Information Facility (www.gbif.org).  

For each relevés were recorded also the mean and maximum height of the main species of the 

erect-shrubs layer [29], to better characterize the vegetation physiognomy and structure.     

For the accurate identification of the vegetation syntaxa, in particular of the vegetation 

communities obtained by the phytosociological survey and of the physiognomic classes, our 

data were compared with the available literature for Alaska and also for the Arctic region 

(Walker and Barry, 1991; Walker et al., 1994; Walker and Walker, 1996; CAVM Team 2003; 

Raynolds et al., 2005; Jorgenson et al., 2009; Viereck et al., 2012; Boggs et al., 2018; Wells et 

al., 2022). 

2.3 Multivariate analyses and phytosociological map 

The data of the 349 phytosociological relevés were analyzed by means of multivariate analysis, 

performing the Principal Component Analysis (PCA-349 relevés). PCA was carried out using 

a log transformation of the data of the 50 most abundant species through the software CANOCO 

for Windows (ter Braak and Smilauer, 1998). According to the main species and relevés clusters 

identified by the PCA, the main vegetation communities occurring in the study site were 

identified and, for each community type, the mean floristic composition and cover (%) of each 

species were computed. 

To confirm the attribution of the 19 vegetation communities obtained by the 349 relevés to the 

syntaxa already identified by the available literature, a second PCA (PCA-communities) was 

carried out using the mean floristic composition and cover of the 19 communities identified at 

our study site and  the 28 more similar vegetation communities described by Boggs et al (2018) 

for Alaska for comparison. The results of the PCA-communities analysis allowed us to confirm 

the congruence between the 19 vegetation communities identified in our study and those 

previously described in the literature referred to the study area (Walker et al., 1994; Greaves et 

al., 2019; Wells et al., 2022), as well as to Alaska and other Arctic and Subarctic vegetation 

(Jorgenson et al., 2009; Viereck et al., 2012; Boggs et al., 2018), and to finalize the 

phytosociological map.  

The field map was scanned, geo-referenced (n. 433 ground control points; RMS error <1 m), 

and manually digitalized to produce a single vector layer (ESRI shapefile format) composed of 

314 polygons. All the GIS analyses were conducted using the open-source program QGIS 

(3.28.4), in the projected coordinate system NAD83/UTM6N (EPSG: 26906). 

 

http://www.gbif.org/
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2.4 Physiognomic map 

The physiognomic map was derived from the phytosociological map by comparing the 

physiognomic classes of the 19 vegetation communities observed in this study with those 

described by Walker et al (1994), Boggs et al (2018), and Greaves et al (2019) (Table 1SM) ). 

To further support the attribution of our communities to the main physiognomic classes, for 

each of our 19 plant communities the descriptive statistics (minimum, maximum, median, 25th 

and 75th percentiles) of the height of the shrubs species Betula nana, Salix pulchra, Vaccinium 

uliginosum and Rhododendron tomentosum as well as of the mean shrub height recorded in 

each relevé were calculated (Fig. 2SM). These data allowed to confirm the attribution of each 

of the 19 vegetation communities identified by our analyses to the main vegetation classes and 

to the main physiognomic classes (according to Walker et al., 1994; Boggs et al., 2018; Greaves 

et al., 2019). For each of the identified physiognomic classes we also compared photo of 

reference plots with our own field images, that corroborated the consistency of the attribution.  

These data were used to assign a unique physiognomic class to each vegetation communities 

and digitalized polygons of the field map and allowed to produce the physiognomic map of the 

study site at scale 1:250. 

3. Results 

3.1 Identification of vegetation communities and phytosociological map 

A total of 349 phytosociological relevés were carried out in the study area. Our assessments 

included 177 taxa: 102 vascular plants (6 not determined at the species leve), 38 bryophytes 

and 37 lichens and the general category Cyanobacteria crust. A multivariate analysis (PCA) of 

the 349 relevés (Fig. 1a, 1b; Table 1) and of the 53 most abundant species enabled the 

identification of nine main species clusters (Fig. 1a) labelled from A1 to I, each characterized 

by specific target species. Based on the same dataset, the PCA also distinguished nine main 

community clusters and 19 distinct vegetation communities (Fig. 1b, Table 1). These included 

dwarf shrub tundra (A1, A2), dry heath tundra (B1, B2, B3, C), moist sedge tundra (D1, D2), 

low to tall shrub tundra (E1, E2, E3), tussock tundra (F1), shrubby tussock tundra (F2), wet 

tussock sedge tundra (G1, G2), wetland (H1, H2, H3) and pond (I). The average vascular plants, 

bryophytes and lichens species richness are 28, 12 and 12, respectively. 

 

Dwarf shrub tundra cluster refers to hemi-prostrate and prostrate dwarf shrubs and fruticose 

lichens (i.e. Pertusaria dactylina, Thamnolia subuliformis) and it comprises two vegetation 

communities. The first is a dwarf shrub tundra of moist sites (A1), co-dominated by the dwarf 

shrubs Dryas integrifolia (11.0%), Salix reticulata (11.8%) and Cassiope tetragona (11.7%) 



144 
 

and by a significant mosses cover, mainly composed by Rhytidium rugosum (26.7%). 

Differently, the second is a dwarf shrub tundra of dry exposed sites (A2), dominated by Dryas 

octopetala (40.7%) with Vaccinium vitis-idaea (6.3%) and Salix phleboohylla (4.2%), and with 

a higher lichens cover. In A1 the species richness is relatively low (v=21; b=10; l=14), while it 

increases in A2 (v=30; b=8; l=25), especially for lichens. 

Dry heath tundra (B, C) cluster is dominated by prostrate dwarf shrubs, with many fruticose 

lichens (i.e. Stereocaulon alpinum, Cetraria cucullata, Cladina rangiferina), and it comprises 

four different communities characterised by the dominance of different vascular species. The 

first (B1) is a dry heath tundra of Kalmia procumbens (34.6%), with different species of lichens, 

mainly composed by Cetraria cucullata (13.2%) and Stereocaulon alpinum (10.3%), with high 

constancy also of other lichens species such as Masonhalea richardsonii, Sphaerophorus 

globosus and Peltigera malacea. The community has a relatively low species richness (v=30; 

b=11; l=17). The second vegetation community (B2) is co-dominated by dwarf shrubs 

Arctostaphylos alpinus (27.5%), Vaccinium vitis-idaea (22%) and Empetrum nigrum (18.7%) 

and is characterised by the presence of Dryas octopetala (5.1%), despite with lower frequency 

and abundance than in A2. The cover of mosses (i.e. Dicranum spadiceum (4.9%)) and lichens 

(i.e. Cetraria cucullata (6.1%)) are low, while the species richness reaches in this community 

the highest values of the whole study area (tot=98; v=54; b=18; l=26). The third community 

(B3) is characterized by the Ericaceae dwarf shrubs Vaccinium uliginosum (12.8%) and 

Vaccinium vitis-idaea (9.3%) with a significant understorey mainly dominated by lichens (i.e. 

Cladina rangiferina (29.5%)) and secondly by mosses (i.e. Racomitrium lanuginosum 

(14.1%)). The species richness of lichens and mosses are relatively high and low, respectively 

(v=23; b=9; l=20). The forth community (C) of this cluster still includes shrubs Vaccinium 

uliginosum (26.8%) and Vaccinium vitis idaea (10.5%), but with the co-dominance of Betula 

nana (38.9%),  a significant increase of mosses cover (mean = 76%)  than the previous 

communities of the cluster, mainly composed by Rhytidium rugosum (26.8%), Aulacomium 

turgidum (17.3%) and Hylocomium splendens (15.2%), and a decrease in lichens. The species 

richness is relatively high (v=41; b=16; l=16). 

Moist sedge tundra (D) cluster is dominated by the sedge Carex bigelowii and includes two 

vegetation communities those differ according to the dwarf shrubs and mosses covers.  The first 

is a moist sedge tundra (D1) of Carex bigelowii (48.1%) and Salix reticulata (23.3%), and a 

low mosses cover, mainly composed by Dicranum species (Dicranum spadiceum (10.5%); 

Dicranum elongatum (6.3%)). The second (D2) is a shrubby moist sedge tundra co-dominated  

by Carex bigelowii (34.7%), Betula nana (23.5%) and Rhododenron tomentosum (19.7%) and 

with a significant mosses cover, mainly composed by Hylocomium splendens (40.1%) and 
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Aulacomnium turgidum (17.8%). The species richness is lower in D1 (v=32; b=12; l=9) than in 

D2 (v=32; b=18; l=18). 

Low to tall shrub tundra (E) cluster is characterized by the dominance or co-dominance of 

different shrubs species (Betula nana, Salix pulchra) with a moss-rich understorey and it 

comprises three vegetation communities. 

The first community (E1) is dominated by the shrubs Betula nana (53.6%) with a frequent 

occurrence of Vaccinium vitis-idaea (7.7%) and a significant mosses cover, mainly composed 

by Hylocomium splendens (52.6%) and Aulacomnium turgidum (12.7%). The second (E2) is 

co-dominated by the shrubs Betula nana (47.8%) and Salix pulchra (23.4%), with dense mosses 

cover mainly composed by Hylocomium splendens only (60.1%). The third is a tall shrub 

community (E3) dominated by Salix pulchra (75.5%), with frequent and relatively abundant 

Carex bigelowii 15.2%) in the herbaceous strata and with a significant mosses cover, composed 

by Hylocomium splendens (47.4%). The species richness reaches one of the highest values in 

E1 (tot=75; v=40; b=18; l=17), with a decreasing trend in E2 (tot=48; v=23; b=15; l=10) and 

E3 (tot=40; v=23; b=10; l=7). 

Tussock and shrubby tussock tundra (F) cluster includes two plant communities characterized 

by tussock species (Eriophorum vaginatum), with other graminoids (Carex bigelowii) and 

shrub species (Betula nana,Vaccinium uliginosum, Salix pulchra, Rhododendon tomentosum), 

and by a moss-rich understory, that is shared also with cluster E.   

The tussock tundra (F1) is dominated by Eriophorum vaginatum (66.8%), with a relatively low 

abundance of Betula nana (17.1%) and Salix pulchra (7.7%) and a discontinuous mosses cover 

mainly composed by Hylocomium splendes (36.7%) and Aulacomnium turgidum (16.4%). In 

the shrubby tussock tundra (F2) the abundances of shrubs species such as Betula nana (22.6%), 

Salix pulchra (13.7%), Vaccinium uliginosum (9.9%) increase, while Eriophorum vaginatum 

decreases in cover (21.1%), compared to F1. The moss-rich understory is still composed by 

Hylocomium splendes (45.2%) and Aulacomnium turgidum (17.6%). The species richness is 

relatively high for both F1 (v=25; b=15; l=13) and F2 (v=31; b=16; l=13).  

Wet tussock sedge tundra (G) cluster is characterized by the dominance of mosses of Sphagnum 

species and by the occurrence of non-dominant vascular species such Rubus chamaemorus and 

Andromeda polifolia. This cluster comprises two vegetation communities, which differ 

according to the relative abundances of the target species Carex bigelowii and Betula nana. The 

two plant communities G1 and G2 share a thick moss layer dominated by Sphagnum warnstorfii 

(32.2% and 32.0%, respectively) and Sphagnum angustifolium (28.6% and 20.0%, respectively) 

but differ in vascular species composition and shrubs cover. Indeed, if Andromeda polifolia 

(4.4%) is more common in G1, while Rubus chamaemorus (6.0%), Carex bigelowii (35.4%) 
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and Betula nana (23.8%) increase in G2, allowing to differentiate the two vegetation 

communities. The species’ richness is relatively high for G1 (v=35; b=13; l=6) and high for G2 

(v=41; b=18; l=16). 

Wetland cluster (H) refers to sites with shallow standing of flowing water, and it includes three 

communities which differ by the dominance or co-dominance of the target vascular species and 

by the abundance and composition of the mosses understory. The first vegetation community 

(H1) is dominated by Carex aquatilis (33.6%) with a rich moss understory mainly composed 

by Sphagnum warnstorfii (43.6%). Other diagnostic species, although not abundant, are the low 

shrubs Salix chamissonis (5.0%), Andromeda polifolia (3.1%) and Vaccinium oxycoccos (0.9%) 

and the forb Pedicularis labradorica (0.3%). The second vegetation community (H2) is 

dominated by Carex aquatilis (60.3%) with a lower moss coverage than H1, mainly composed 

by Tomentypnum nitens (19.8%). In the third vegetation community (H3), the diagnostic and 

dominant species is the sedge Eriophorum angustifolium (59.1%), which replaces Carex 

aquatilis (3.6%), with locally abundant species such as Carex membranacea (14.4%) and 

Drepanocladus brevifolius (28.6%). Frequent species are also Polygonum viviparum and 

Pedicularis sudetica.  The species richness is low in all these three communities, with a 

decreasing trend from H1 (v=23; b=11; l=4), H2 (v=20; b=8; l=0) and H3 (v=15; b=8; l=2). 

Ponds (I) are characterized only by mosses cover of Leptodictyum riparium (100%), occurring 

in temporary water bodies within wetland during the peak of summer season. 

  

To assess the ecological relevance of these communities, a second PCA (PCA-communities) 

was performed, comparing the 19 vegetation communities identified in our study site (A1 to I) 

with 28 communities selected from those described by Boggs et al (2018) for Alaska (Fig. 2). 

This analysis revealed the same clusters of target species (Fig. 1c, d) as those found in the 

previous PCA of the 349 relevés (PCA-relevés, Fig. 1a, b, Table 1). The consistency between 

the two PCA results (Fig. 1a-d, Table 1), confirmed the classification of the 19 vegetation 

communities and supported their attribution to the main syntaxa previously described for 

Alaska. Moreover, the comparison with synoptic tables other than Boggs et al (2018) allowed 

to better locate some of the vegetation communities within the syntaxonomical framework of 

Alaska and Arctic regions available in literature.      

The dwarf shrub tundra communities A1 correspond to Cassiope tetragona–Dryas integrifolia 

and Dryas integrifolia–Salix reticulata communities described by Komarkova and Webber 

(1978, 1980), Walker et al. (1994), and Boggs et al. (2018), which are characterized by hemi-

prostrate dwarf shrubs and fruticose lichens in subxeric to mesic, non-acidic conditions (Walker 

and Maier, 2008). The dwarf shrub tundra A2 fits with Selaginello sibiricae–Dryadetum 
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octopetalae, Dryas octopetala–Hierochloe alpina and Dryas octopetala- Salix phlebophylla 

described by Walker et al. (1994), Jorgenson et al. (2009) and Boggs et al. (2018), respectively, 

representative of prostrate dwarf-shrub tundra on xeric to acidic sites (Walker and Maier, 2008). 

Dry heath tundra communities (B1–B2) correspond to Loiseleuria procumbens–Cladonia (B1) 

and Arctostaphylos alpina–Vaccinium vitis-idaea (B2), described by Hanson et al. (1953). The 

dry heath tundra B3 and C show a strong affinity with Vaccinium uliginosum–Vaccinium vitis-

idaea and Betula nana exilis–Vaccinium uliginosum communities, respectively, described by 

Hettinger and Janz (1974), representative of hemi-prostrate dwarf-shrub, fruticose lichen 

tundra, of subxeric to mesic and acidic sites (Walker and Maier, 2008). 

The moist sedge tundra (D1) had similarity with the Carex lugens–Salix reticulata community 

described by Boggs et al. (2018), whereas the moist sedge with low shrub tundra (D2) 

corresponds to Carex bigelowii–Betula nana–Salix planifolia–Ledum decumbens–Vaccinium 

spp. described by Viereck et al. (1992) and Betula nana–Carex bigelowii reported by Boggs et 

al. (2018). 

The low to tall shrub community (E1) corresponds to Betula nana-Rhododendron tomentosum 

(Birch ericaceous low shrub) and Hierochloë alpina-Betula nana, described by Boggs et al. 

(2018) and Walker et al., (1994), respectively. E2 community had similarity with Betula nana-

Salix planifolia-Vaccinium uliginosum (Craighead et al. 1988) and Betula nana-Rhododendron 

tomentosum (Boggs et al., 2018). The third community of low to tall shrub (E3) fits with Betula 

nana–Salix planifolia ssp. pulchra– Eriophorum, described by Jorgenson et al., 2009, and Salix 

pulchra-Hylocomium (Boggs et al., 2018). 

The tussock tundra (F1) and shrubby tussock tundra (F2) correspond to Betula nana–

Eriophorum vaginatum and Salix pulchra–Hylocomium types, respectively (Boggs et al., 2018).  

The wet tussock sedge tundra (G1) is consistent with Sphagno–Eriophoretum vaginati (Walker 

et al., 1994) and partially with Salix pulchra-Eriophorum vaginatum (Boggs et al., 2018). G2 

has affinity with Carex aquatilis-Eriophorum spp./Sphagnum spp., described by Boggs et al. 

(2018). 

 Finally,the wetland community H1 is best aligned with the Carex aquatilis–Salix planifolia 

ssp. pulchra association reported by Jorgenson et al. (2009), while H2 and H3 correspond to 

Carex aquatilis–Sphagnum and Eriophorum angustifolium–Carex spp. (Boggs et al., 2018). 

This validation enabled the completion of the phytosociological map (Fig. 2a). 

The phytosociological map confirmed that the vegetation of the study area represents a 

heterogeneous tundra landascape, and that the spatial distribution is primarily driven by 

topographic and moisture gradient (Fig. 2a). The eastern side of the map consists of nearly flat 
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terrain dominated by moist tussock and sedge communities. In contrast, dry dwarf tundra and 

dry heath tundra communities are mostly found on small hilltops and elevated sites, while 

wetland communities are primarily located in the low-lying, depressed areas in the western side 

of the map (Fig. 2a). Low to tall shrubs occur both in flat terrain as well as on gentle slopes, 

with Betula nana-dominated shrublands being more common in the flat areas and Salix pulchra-

dominated shrublands more frequent on sloped terrain (Fig. 2a). 

Five vegetation communities accounted for more than 65% of the total surface area of the study 

site. These are the moist sedge tundra with shrubs, dominated by Carex bigelowii, and as co-

dominants by Betula nana and Ericaceae (D2), which covered 17% of the area; the tussock and 

shrubby tussock tundra dominated by Eriophorum vaginatum (F1, F2), covering 15% and 13% 

respectively; the low to tall shrub tundra dominated by Betula nana (E1) covering 13%; and the 

wetland dominated by Carex aquatilis (H2), which occupied 10%. All other communities each 

covered less than 5% of the study area (Table 2). 

3.2 Physiognomic map 

The mean shrub height of the 19 vegetation communities (Fig. 2SM, 3SM) supported their 

classification into to eight physiognomic classes, encompassing a total of eleven sub-classes 

(Table 2), and contributed to the finalization of the physiognomic map (Fig. 2B).  

Moist sedge with low shrubs and low to tall shrub communities, were the most abundant 

physiognomic classes, with an extent of 17.3% and 17.6% of the study area, respectively. These 

two classes were also characterized by the tallest shrub species, with average shrub heights 

between 12.0 to 22.4 cm. The highest values were recorded in low to tall shrub communities, 

particularly in E3 (22.4 cm) and E2 (18.7 cm). Wetlands covered 16.6% of the area and showed 

shrub heights between 11.3 and 15.4 cm, while tussock tundra (15%) and shrubby tussock 

tundra (13.4%) had intermediate shrub heights of 11.2 and 12.3 cm, respectively. Dry heath 

tundra (10.2%) had smaller shrubs, averaging between 5.3 and 13.7 cm, and wet tussock sedge 

tundra (7.8%) showed similar values (10.7–13.8 cm). The remaining communities, including 

moist sedge tundra (0.8 cm), dwarf shrub tundra (0.1–1.1 cm), and ponds (0.1 cm), contributed 

marginally to the total area (0.1–1%) and were characterized by very low or absent shrub cover. 

Among the species measured, Salix pulchra and Betula nana were identified as the tallest 

shrubs, however, their height varied considerably across different community types (Fig. 4SM).  

Tall shrubs reached heights of up to 80 cm, with Betula nana ranging from 2 to 75cm and Salix 

pulchra from 3-80 cm. In contrast, low shrubs were significantly shorter, with Rhododendron 

tomentosum ranging from 2 to 20 cm and Vaccinium uliginosum from 2 to 25 cm.  
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Table 1. Floristic composition, mean species cover (%) and mean height of the eleven vegetation communities (A1 to I) identified by the two PCAs (Figs. 1, 2). 

Bright yellow background = target species characteristics of each community. Light yellow background = target species preferential for multiple groups.  Black = 

vascular plants (v); blue = mosses (m); red = lichens (l). 

 

 Species Acronym 
PCA 

group 
A1 A2 B1 B2 B3 C D1 D2 E1 E2 E3 F1 F2 G1 G2 H1 H2 H3 I 

v Cassiope tetragona Cass.tet A 11.7 . 4.8 1.2 0.9 0.2 6.9 . 0.3 . 0.2 1.6 0.6 3.6 1.2 . . . . 

v Dryas integrifolia Dry.inte A 11.0 . . . . . 1.3 . . . . . . 0.7 . . . . . 

v Salix reticulata Sal.ret A;D 11.8 . 0.8 0.03 0.4 0.2 23.3 0.3 0.04 0.1 3.7 0.3 2.0 0.6 0.2 . . . . 

v Dryas octopetala Dry.oct A 2.0 40.7 1.0 5.1 . 0.7 0.1 . . 0.1 . . . . 0.1 . . . . 

v Salix phlebophylla Sal.phleb A 0.7 4.2 . 0.2 0.1 . . . 0.0 . . . . . . . . . . 

l Pertusaria dactylina Pertus.dact A 6.0 9.2 7.2 2.2 0.5 0.2 . 0.0 0.0 . . . . . . . . . . 

l Thamnolia subuliformis Thamn.subul A 3.0 1.3 1.7 0.5 0.9 0.6 0.1 0.4 0.1 . . 0.3 0.2 0.2 0.2 . . . . 

l Flavocetraria nivalis Flavoc.niv A:B . 2.2 1.2 0.5 . . 0.3 0.1 0.04 . 0.1 0.01 . 0.4 0.1 . . . . 

v Kalmia procumbens Kalm.proc B . . 34.6 2.8 . . 0.3 . . . . . . . . . . . . 

l Stereocaulon alpinum Stereo.alp B . 0.2 10.3 1.2 2.5 0.8 0.3 . 0.4 . . 0.00 . . . . . . . 

l Masonhalea richardsonii Masol.rich B 0.3 0.1 4.6 0.6 4.5 1.9 0.3 0.8 0.9 0.2 0.1 0.2 0.5 . 0.2 . . . . 

l Sphaerophorus globosus Sphaerob.glob B 0.3 0.2 3.3 0.6 1.0 . 0.4 . 0.1 . . . . . . . . . . 

l Peltigera malacea Peltig.mal B 0.3 1.0 1.1 0.5 0.8 0.0 . 0.1 0.5 . . 0.1 0.2 . 0.3 . . . . 

l Cetraria cucullata Cetr.cuc B 3.3 3.8 13.2 6.1 10.1 3.1 2.1 4.4 3.0 1.2 0.2 2.7 2.9 1.8 0.7 0.1 . . . 

v Arctostaphylos alpina Arct.alp B . 5.0 4.4 27.5 . 2.9 . 0.7 1.8 . . 0.0 0.1 . 0.5 . . . . 

v Empetrum nigrum Emp.nig B . 0.8 11.2 18.7 10.7 5.8 . 6.3 6.2 4.3 17.0 7.5 3.4 2.3 4.6 . . . . 

l Cladina rangiferina Cladi.rang B 0.3 . 2.8 2.2 29.5 10.5 3.0 8.3 4.8 0.6 0.5 3.0 4.6 0.4 1.2 0.1 . 0.1 . 

l Cladonia gracilis Clad.graci B . . . 0.1 3.0 0.2 . 0.3 0.3 0.2 . 0.5 1.2 . 0.8 . . . . 

m Racomitrium lanuginosum Racom.lag B . . . 1.9 14.1 1.2 . 1.8 0.1 0.1 . . 0.7 . . 0.1 . . . 

m Polytrichum strictum Poly.strict B 0.7 0.4 0.1 2.1 5.8 0.3 0.1 0.6 1.2 1.4 8.0 1.2 0.2 1.2 0.6 . . . . 

m Dicranum spadiceum Dicra.spad B 8.3 . 10.3 4.9 9.4 8.3 10.5 1.8 1.2 1.1 2.5 1.3 3.7 7.7 0.4 2.1 5.0 . . 

m Dicranum elongatum Dicra.elon B . 0.7 . 4.3 11.4 5.7 6.3 5.6 1.4 . . 10.1 2.7 . 1.0 . . 8.6 . 

v Vaccinium vitis-idaea Vac.vitid B;C . 6.3 1.0 22.0 9.3 10.5 1.0 14.0 7.7 6.0 3.2 10.6 8.3 0.6 2.2 . . . . 

v Vaccinium uliginosum Vac.uli B;C 1.8 0.8 14.4 7.4 12.8 20.6 1.5 4.8 8.1 10.3 14.0 6.7 9.9 10.3 8.7 0.3 1.0 0.2 . 

m Rhytidium rugosum Rhyt.rug C 26.7 12.3 3.2 3.1 . 26.8 . 4.4 7.8 2.7 0.2 1.9 4.4 1.5 1.5 . . . . 
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v Bistorta officinalis Bis.off C 1.7 0.1 1.4 0.1 1.3 1.3 1.6 2.0 1.6 0.6 4.6 0.8 1.4 0.1 0.4 . 0.1 . . 

l Dactylina arctica Dactyl.arct C 0.1 0.4 0.01 0.1 0.9 0.5 0.4 0.4 0.7 0.2 0.04 0.5 1.1 . 0.2 . . . . 

v Carex bigelowii Car.big D 4.7 0.6 7.3 2.4 9.2 4.7 48.1 34.7 4.4 12.3 15.2 5.6 9.0 5.5 35.4 10.0 0.1 . . 

v Rhododendon tomentosum Rhod.tom D . . 0.9 4.0 7.8 7.1 1.8 19.7 6.9 8.2 2.8 9.9 6.4 0.4 2.2 0.4 . 0.04 . 

l Cetraria islandica Cetr.isl D 1.0 . 0.1 0.1 0.2 . 0.6 0.1 0.2 0.1 0.3 0.3 0.4 0.5 0.1 0.3 . . . 

v Betula nana Bet.nan E . 0.6 1.3 3.1 2.8 38.9 1.6 23.5 53.6 47.8 12.8 17.1 22.6 10.0 23.8 16.8 1.4 6.0 . 

v Salix pulchra Sal.pulcr E . . . 0.1 0.5 4.9 0.4 6.7 4.0 23.4 75.5 7.7 13.7 4.7 8.6 0.8 1.3 0.7 . 

m Aulacomnium turgidum Aulac.tur E . . . 0.7 10.5 17.3 . 17.8 12.7 8.7 1.3 16.4 17.6 2.2 9.7 2.1 . 0.3 . 

m Hylocomium splendens Hylo.splen E . . 1.3 0.5 2.8 15.2 5.6 40.1 52.6 60.1 47.4 36.7 45.2 9.2 10.9 9.3 2.1 0.7 . 

v Eriophorum vaginatum Eri.vag F . 0.1 0.1 0.2 1.6 1.3 . 3.4 2.5 2.7 0.2 66.8 21.1 7.9 5.3 1.4 1.3 2.3 . 

v Pedicularis lapponica Pedic.lap F . . . 0.0 0.1 0.0 . 0.1 0.1 0.1 0.0 0.4 0.2 0.1 0.2 0.2 . . . 

v Rubus chamaemorus Rub.cham G . . . 0.0 . 0.2 1.0 0.4 0.9 0.8 0.5 1.2 3.1 1.5 6.0 0.4 0.0 . . 

v Andromeda polifolia Andr.poly G 0.7 . 0.3 0.2 . 0.0 0.6 0.4 0.4 2.4 0.1 2.8 1.8 4.4 3.9 3.1 2.5 4.2 . 

m Sphagnum warnstorfii Spha.warn G 8.3 . . . . . 0.5 2.2 0.7 4.7 8.1 6.0 4.9 32.2 32.0 43.6 1.5 3.0 . 

m Sphagnum angustifolium Spha.angu G . . . . . . . 1.7 0.9 5.2 10.6 5.8 1.4 28.6 20.0 11.4 0.8 . . 

v Salix chamissonis Sal.cham H . . . . . 0.4 1.3 0.1 0.0 0.1 . 0.0 0.1 0.2 0.4 5.0 2.3 0.3 . 

v Vaccinium oxycoccos Vac.oxyc H . . . . . . . 0.00 0.1 . . 0.5 0.3 0.5 0.9 0.9 . . . 

v Carex aquatilis Car.aquat H . . . . . 0.1 . 0.2 0.4 1.5 . . . 2.9 0.7 33.6 60.3 3.6 . 

m Tomentypnum nitens Toment.nit H 5.0 . . 0.6 . 0.2 3.1 0.4 1.9 0.3 . . 0.1 1.2 2.5 . 19.8 0.7 . 

v Eriophorum angustifolium Eri.angus H . . . . 0.4 . . . 0.5 . . . 0.4 5.5 0.8 2.9 4.8 59.1 . 

v Carex membranacea Car.membr H . . . 0.1 . . . . . . . . . 0.5 . 0.7 1.2 14.4 . 

v Pedicularis labradorica Pedic.labr H . . . . 0.02 0.1 . 0.1 0.01 . 0.1 0.1 0.01 0.04 0.1 0.3 . . . 

v 
Carex rariflora  var. 

rariflora 
Car.rarif H . 0.02 . 0.01 0.4 0.8 0.1 . . . . . . 3.5 1.1 2.1 4.3 2.1 . 

m Leptodictyum riparium Leptod.rip I . . . . . . . 0.1 . . . 0.3 0.1 . . 1.4 . . 
100.

0 

v Polygonum viviparum Poly.viv other 0.3 . 0.2 0.03 . 0.3 0.3 0.0 0.02 . . . . 0.00 0.1 . 0.2 0.2 . 

v Poa arctica Poa.arct other . 0.2 . 0.1 . 0.3 . 0.1 0.6 . 7.7 0.00 . 0.4 . . 0.0 . . 

v Salix glauca Sal.glau other . . . . . 1.7 . 1.0 0.4 . . . . . . . 0.2 . . 

v Calamagrostis inexpansa Calam.inex other 0.7 . . 0.1 . . . . 0.01 . . . 3.6 . . . . . . 

 Mean shrub height (cm) 4.3 2.8 5.3 6.9 6.3 13.7 8.2 12.0 17.6 18.7 22.4 11.2 12.3 10.7 13.8 15.4 11.3 13.1 0 
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Table 2. Overall extent in the year 2024 (expressed in ha and in % on the total study area) of each main vegetation community and corresponding physiognomic 

class (PCAs Figs. 1,2, Tables 1, 1SM).  

PCA group Physiognomic classes of PCA Area (ha) Area (%) Physiognomic classes Area (ha) Area (%) 

A1 Dwarf shrub tundra - Moist snowbed  0.02 0.1 
Dwarf shrub tundra - Moist 

snowbed  
0.02 0.1 

A2 
Dwarf shrub tundra - Dry exposed 

tundra 
0.15 1.1 

Dwarf shrub tundra - Dry exposed 

tundra 
0.15 1.1 

B1 Dry heath tundra 0.11 0.8 

Dry heath tundra 1.37 10.2 
B2 Dry heath tundra 0.31 2.3 

B3 Dry heath tundra 0.23 1.7 

C Dry heath tundra 0.72 5.4 

D1 Moist sedge tundra 0.11 0.8 Moist sedge tundra 0.11 0.8 

D2 Moist sedge with low shrub 2.32 17.3 Moist sedge with low shrub 2.32 17.3 

E1 Low to tall shrub 1.75 13.1 

Low to tall shrub 2.46 17.6 E2 Low to tall shrub 0.55 4.1 

E3 Low to tall shrub 0.05 0.4 

F1 Tussock tundra 2.01 15 Tussock tundra 2.01 15 

F2 Shrubby tussock 1.79 13.4 Shrubby tussock tundra 1.78 13.4 

G1 Wet tussock sedge tundra 0.28 2.1 
Wet tussock sedge tundra 0.94 7.8 

G2 Wet tussock sedge tundra 0.76 5.7 

H1 Wetland 0.27 2 

Wetland 2.22 16.6 H2 Wetland 1.4 10.5 

H3 Wetland 0.55 4.1 

I Pond 0.01 0.1 Pond 0.01 0.1 

total total 13.39 100   13.39 100 
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Figure 1. Multivariate analyses with: a, b) the first PCA (Principal Component Analysis) performed on the 

349 phytosociological relevés of the study area explaining 61.3% of the cumulative variance: (with a) species 

diagram with species’ clusters (A-I) and b) relevés diagram with relevés’ clusters (A-I) and main physiognomic 

classes associated); c,d) the second PCA performed using the 19 vegetation communities (A1 to I) obtained 

by the first PCA (a,b) and for comparison, a selection of the main vegetation communities of Alaska as in 

Boggs et al., (2018) (black dots and community names) (with c) species diagram with species’ clusters (A-I); 

d) vegetation communities’ diagram with clusters of main communities (A-I) and main physiognomic classes. 

Legend: arrows: species; circles: relevés (b) or vegetation communities (d). Physiognomic classes associated 

to the main species-relevés’ clusters:  A = Dwarf shrub tundra; B = Dry heath tundra; C = Dry heath tundra; 

D = Moist sedge with shrub; E = Low to tall shrub; F = Tussock and shrubby tussock; G = Wet tussock sedge; 

H = Wetland; I = Pond. Species’ name abbreviations: the full names of the species are given in Table 1. Legend 

of the communities selected from Boggs et al (2018): Do.SPhl = Dryas octopetala-Salix phlebophylla; 

BN.ClaR = Betula nana-Cladina rangiferina; DI = Dryas integrifolia; SGla.VU = Salix glauca-Vaccinium 

uliginosum; DO.CT = Dryas octopetala-Cassiope tetragona; VU.DO = Vaccinium uliginosum-Dryas 

octopetala; SPhl.VU = Salix phlebophylla-Vaccinium uliginosum; CT.VU = Cassiope tetragona-Vaccinium 

uliginosum; DI.SRet = Dryas integrifolia-Salix reticulata; CBig.VVI = Carex bigelowii- Vaccinium vitis 

idaea; CBig.SRet = Carex bigelowii-Salix reticulata; BN.CBig = Betula nana-Carex bigelowii; BN.RT = 

Betula nana-Rhododendron tomentosum; BN.EV = Betula nana-Eriophorum vaginatum; EV.RT = 

Eriophorum vaginatum-Rhododendron tomentosum;  SPul.Hyl =Salix pulchra-Hylocomium splendens; 

SPul.EV = Salix pulchra-Eriophorum vaginatum; RT.VVI = Rhododendron tomentosum -Vaccinium vitis-

idaea; CAq.VVI = Carex aquatilis - Vaccinium vitis idaea;  SPul.EA = Salix pulchra-Eriophorum 

angustifolium; EA.Carex = Eriophorum angustifolium-Carex spp. ; CA.Spha =  Carex aquatilis-Sphagnum 

spp.; CAq = Carex aquatilis; CAq.EA = Carex aquatilis-Eriophorum angustifolium; Poa.Cal = Poa arctica-

Calamagrostis stricta ssp. inexpansa; CBig.DO = Carex bigelowii-Dryas octopetala; Arct.CAq = 

Arctosptaphylos alpinus-Carex aquatilis; SGla = Salix glauca. 
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Figure 2.  A) Phytosociological map of the study area provided by the multivariate analyses (PCAs Figs. 1, 2); B) Physiognomic map of the study area obtained 

according to the results of the PCAs (Figs. 1)
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4. Discussion 

High-resolution vegetation mapping provides all the information mandatory for the assessment 

and monitoring of the natural variability and responses of the heterogeneous Arctic tundra to 

climatic and environmental changes (Greaves et al., 2019). The possibility to detect and 

quantify small-scale changes in vegetation distribution and composition is particularly relevant 

in the context of rapid climate warming, which is already affecting species distribution, 

phenological patterns and community structure (Linderholm, 2006; Bertin et al., 2008; 

Richardson et al., 2013; Liu et al., 2018; Antão et al., 2022). 

Our data show that the drone ortho-imagery used as a base for the field mapping combined with 

the detailed vegetation characterization through the phytosociological survey is a reliable and 

well applicable method to achieve a high-resolution vegetation mapping  providing three kind 

of products: a) high resolution phytosociological map, b) derived high resolution physiognomic 

map, c) detailed data on vegetation floristic composition, cover, species richness, growth form, 

traits, community type of each mapped polygon.  

The approach proposed here is highly suitable for many Arctic sites characterized by almost 

flat topography and/or very homogeneous geomorphological conditions without well 

recognizable features, but with vegetation mosaics following micro scale topographic and 

edaphic gradients. 

Together, these products provide a robust ecological baseline for monitoring future vegetation 

changes in tundra ecosystems. 

In this study area, we identified 19 distinct vegetation communities, which reflect the 

environmental gradients of moisture, topography, and soil conditions, with dry heath tundra on 

elevated and exposed sites, tussock and moist sedge tundra in nearly flat areas, and wetlands in 

depressions. The five main communities covering the area are characterized by Carex bigelowii, 

Eriophorum vaginatum, Carex aquatilis and dwarf shrubs as Betula nana and Ericecae,  

Studies that describe the characteristics of plant communities and that contribute to monitoring 

the mid- to long-term changes of the ecosystems are needed to better understand the dynamics 

of tundra vegetation (Harris et al., 2022) and address knowledge gaps on the mechanisms 

driving recent and future vegetation trends (Martin et al., 2017). 

The use of drone ortho-imagery as base for the field mapping allows to select the most proper 

scale for the efficient mapping by regulating the height and resolution of the drone flight and 

also to perform the flight in the best meteorological conditions avoiding some inconveniences 

related to the occurrence of clouds which could occur when using satellite derived images 

(Gamon et al., 2013).   

https://www-sciencedirect-com.insubria.idm.oclc.org/science/article/pii/S0168192312002869#bib0570
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These high-resolution datasets are important for assessing ecosystem responses to climate 

change, supporting ecological modelling, and guiding future experimental and 

multidisciplinary studies in tundra ecosystems (Berner et al., 2024; Virkkala et al., 2024; 

Orndhal et al., 2025). 

 

5. Conclusion 

This study shows that combining drone-based ortho-imagery with phytosociological surveys is 

an effective method for producing high-resolution vegetation maps in Arctic tundra ecosystems. 

The resulting datasets provides a robust baseline for monitoring future vegetation dynamics and 

detecting fine-scale changes in response to climate warming. The 19 vegetation communities 

identified reflect strong environmental gradients of moisture, topography, and soil conditions, 

mainly represented by moist sedge with low shrub, tussock tundra and wetland. 

These patterns highlights the importance of micro-environmental gradients in determining 

community distribution and provides essential data to detect responses of Arctic ecosystems to 

climatic changes. High-resolution maps can be used for ecosystem process assessments, carbon 

dynamics modelling, and experimental projects that require detailed vegetation information. A 

shifts in vegetation composition, such as shrub expansion and the decline of mosses and lichens, 

can generate significant feedbacks to the climate, the availability of detailed phytosociological 

and physiognomic maps represents a fundamental tool for monitor, understand, and predict the 

ecological consequences of climate change in Arctic tundra ecosystems. 
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Supplementary materials 

 

Figure 1SM. Study area reference to (a) the site location within Alaska and (b) the study area within 

Toolik Lake and (c) the specific location of all the vegetation relevés.  
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Figure 2SM. Descriptive statistics (minimum, maximum, median, 25th and 75th percentile) of 

the shrub height (cm), in particular: total shrub species: Betula nana; Salix pulchra; 

Rhododendron tomentosum; Vaccinium uliginosum. 
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Figure 3SM. Visual example of the application of the majority method to backward assign a 

physiognomic class in 2013 (Greaves et al., 2019) to each of the relevé carried out in 2024, with the 

indication of the spatial distribution (top panels) and of the frequencies (bottom panels) of the classes. 

Red dot = phytosociological relevés in 2024; red frame = square-buffer of 2 m (correspondent to the 

GPS accuracy) applied on each of the phytosociological relevé and where the frequencies of 

vegetation types were accounted. 
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Figure 4SM. A picture of the representative plots of each community type identified by the PCA 

analysis (see Figs. 1, 2). 
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Table 1SM. Summary table of all the vegetation communities (from A1 to I, according to the PCAs’ results) and physiognomic classes obtained by the PCA and 

associated to the available information on vegetation communities/phytosociological associations and physiognomic classes as reported by the available literature. 

PCA 

community 

CODE 

Target 

species 

PCA 

class 

Greaves 

et al., 

2019 

Class 

descript

ion 

Greaves 

et at., 

2019 

Class 

CODE 

Walker 

& 

Maier, 

2008 

TLG 

Codes 

refered 

to 

Greaves 

et al., 

2019 

Walker & 

Maier TLG 

Class 

description 

Walker 

& 

Maier, 

2008 

Class 

TLG 

CODE 

Walker 

& 

Maier, 

2008 

TLG 

Codes 

refered 

to main 

species 

Walker & 

Maier TLA 

Class 

description 

Walker 

& 

Maier 

TLA 

CODE 

Plant 

association/communities 

title from exsisting 

literature 

Citation 

A1 

Dryas 

integrifolia, 

Salix 

reticulata, 

Cassiope 

tetragona 

Dwarf 

shrub 

tundra 

Moist 

snowbed  
6 

113, 

204, 

205, 

206, 207 

Hemi-prostrate 

dwarf-shrub, 

fruticose lichen 

tundra. 

Subxeric to 

mesic and non 

acidic 

17 

113, 

204, 

205 

Hemi-

prostrate and 

prostrate 

dwarf shrub, 

forb, moss, 

fruticose 

lichen tundra 

11 

Cassiope tetragona-Dryas 

integrifolia (Komarkova 

and Webber 1978, 1980) 

Viereck et 

al.,1992 

Dryas integrifolia-

Cassiope tetragona 

Walker et 

al., 1994 

Dryas integrifolia-Salix 

reticulata (Dwarf shrub 

dryas) 

Boggs et al., 

2018 

A2 

Dryas 

octopetala, 

Vaccinium 

vitis-idaea 

Dwarf 

shrub 

tundra 

Dry 

exposed 

tundra 

3 

101, 

102, 

103, 105 

Prostrate 

dwarf-shrub, 

forbs, fruticose 

lichen tundra. 

Xerix to acidic 

13 101 

Prostrate 

dwarf shrub, 

fruticose 

lichen tundra 

9 

Selaginello sibiricae-

Dryadetum octopetalae 

Walker et 

al., 1994 

Dryas octopetala–

Hierochloe alpina 

Jorgenson et 

al., 2009 
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Dryas octopetala-

Vaccinium spp. 

(Jorgenson 1984, Racine 

and Young 1978, Talbot 

and others 1984) 

Viereck et 

al.,1992 

Dryas octopetala- Salix 

phlebophylla 

Boggs et al., 

2018 

B1 

Kalmia 

procumbens, 

Masonhalea 

richardsonii

, 

Stereocaulo

n alpinum, 

Spaheropho

rus 

globusus, 

Peltigera 

malacea   

Dry 

heath 

tundra 

Dry 

exposed 

tundra 

3 101, 102 n/a n/a n/a n/a n/a 
Loiseleuria procumbens-

Cladonia 

Hanson et 

al. 1953 

B2 

Arctostaphyl

os alpinus, 

Vaccinium 

vitis-idaea, 

Empetrum 

nigrum, 

Dryas 

Octopetala 

Dry 

heath 

tundra 

Dry 

exposed 

tundra 

3 103, 105 

Prostrate 

dwarf-shrub, 

fruticose lichen 

tundra 

12 103 

Prostrate 

dwarf shrub, 

fruticose 

lichen tundra 

9 

Salici phlebophyllae-

Arctoetum alpinae 

Walker et 

al., 1994 

Arctostaphylos alpina-

Vaccinium vitis-idaea 

Hanson et 

al. 1953 

B3 

Vaccinium 

uliginosum, 

Vaccinium 

Dry 

heath 

tundra 

Low 

dense 

shrub 

5 110 

Hemi-prostrate 

dwarf-shrub, 

fruticose lichen 

tundra. 

18 110 

Hemi-

prostrate 

dwarf shrub, 

12 

Vaccinium uliginosum-

Vaccinium vitis-idaea 

(Hettinger and Janz 1974) 

Viereck et 

al.,1992 
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vitis-idaea, 

Betula nana 

Subxeric to 

mesic and 

acidic 

fruticose 

lichen tundra 

C  

Vaccinium 

uliginosum, 

Vaccinium 

vitis-idaea, 

Betua nana,  

Aulacomniu

m turgidum, 

Hylocomium 

splendens, 

Rhytidium 

rugosum, 

Cladinia 

rangiferina 

Dry 

heath 

tundra  

Low 

dense 

shrub 

5 110 

Hemi-prostrate 

dwarf-shrub, 

fruticose lichen 

tundra. 

Subxeric to 

mesic and 

acidic 

18 110 

Hemi-

prostrate 

dwarf shrub, 

fruticose 

lichen tundra 

12 

Hierochloë alpina- 

Betula nana 

Walker et 

al., 1994 

Betula nana- 

Rhoodendron 

tomentosum ( Birch 

Ericaceous Low Shrub) 

Boggs et al., 

2018  

Betula nana exilis - 

Vaccinium uliginosum 

(Hettinger and Janz 1974) 

Viereck et 

al.,1992 

D1 

Carex 

bigelowii,Sa

lix reticulata 

Moist 

sedge 

tundra 

Moist 

non-

tussock 

tundra 

9 401, 403 

Nontussock 

sedge, dwarf-

shrub, moss 

tundra (moist 

nonacidic 

tundra) 

5 
401, 

403 

Non tussock 

sedge, dwarf 

shrub, moss 

tundra 

5 
Carex lugens/Salix 

reticulata 

Boggs et al., 

2018 

D2 

Carex 

bigelowii, 

Betula nana, 

Ledum 

palustre, 

Hylocomium 

splendens, 

Aulacomniu

m turgidum 

Moist 

sedge 

with low 

shrub 

Shrubby 

moist 

non-

tussock 

tundra 

10 

110, 

201, 

302. 303 

Hemi-prostrate 

dwarf shrub, 

fruticose lichen 

tundra. 

Subxeric to 

mesic and 

acidic 

18 302.303 

Hemi-

prostrate 

dwarf shrub, 

fruticose 

lichen tundra 

12 

Carex bigelowii-Betula 

nana-Salix planifol-

Ledum decumbens-

Vaccinium spp. 

(Craighead and others 

1988, Racine and 

Anderson 1979, Racine 

and Young 1978) 

Viereck et 

al.,1992 
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Carex bigelowii-

Vaccinium 

spp./Sphagnum spp. 

Brock and 

Burke 1980 

Betula nana- Carex 

bigelowii (Tussock shrub 

tundra) 

Boggs et al., 

2018 

E1 

Betula nana, 

Vaccinium 

vitis-idaea, 

Hylocomium 

splendens, 

Aulacomniu

m turgidum 

Low to 

tall 

shrub 

Low to 

tall 

moist 

shrub 

11 
304, 

306, 307 

Dwarf-shrub, 

moss tundra 

dominated by 

dwarf birch 

(Betula nana) 

21 
306, 

307 

Dwarf-shrub 

or low shrub, 

sedge, moss 

tundra 

13 

Hierochloë alpina- 

Betula nana 

Walker et 

al., 1994 

Betula nana-

Rhododendron 

tomentosum (Birch 

ericaceous low shrub) 

Boggs et al., 

2018 

E2 

Betula nana, 

Salix 

pulchra, 

Hylocomium 

splendens 

Low to 

tall 

shrub 

Low to 

tall 

moist 

shrub 

11 
304, 

306, 307 
n/a n/a n/a 

Dwarf-shrub 

or low shrub, 

sedge, moss 

tundra 

13 

Betula nana-Salix 

planifolia-Vaccinium 

uliginosum (Craighead 

and others 1988). 

Viereck et 

al.,1992 

Betula nana-

Rhododendron 

tomentosum (Birch 

ericaceous low shrub) 

Boggs et al., 

2018 

E3 

Salix 

pulchra, 

Carex 

bigelowii, 

Low to 

tall 

shrub 

Low to 

tall 

moist 

shrub 

11 

314, 

315, 

316, 318 

Low shrubland 23 

314, 

315, 

316, 

318 

Dwarf-shrub 

or low shrub, 

sedge, moss 

tundra 

13 

Betula nana–Salix 

planifolia ssp. pulchra– 

Eriophorum 

angustifolium 

Jorgenson et 

al., 2009 
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Hylocomium 

splendens 

Salix pulchra-

Hylocomium (Low tall 

willow 

Boggs et al., 

2018 

F1 

Eriphorum 

vaginatum, 

Betula nana, 

Vaccinium 

uliginosum, 

Salix 

pulchra, 

Carex 

bigelowii, 

Hylocomium 

splendens, 

Aulacomniu

m turgidum 

Tussock 

tundra 

Tussock 

tundra 
7 406, 407 

Tussock sedge, 

dwarf shrub, 

moss tundra 

(tussock tundra, 

moist acidic 

tundra) 

4 
406, 

407 

Tussock 

sedge , 

dwarf-shrub, 

moss tundra 

4 

Betula nana-Eriophorum 

vaginatum (Tussock shrub 

tundra) 

Boggs et al., 

2018 

F2 

Eriophorum 

vaginatum, 

Betula nana, 

Salix 

pulchra, 

Carex 

bigelowii, 

Vaccinium 

uliginosum, 

Hylocomium 

splendens, 

Aulacomniu

m turgidum 

Shrubby 

tussock 

tundra 

Shrubby 

tussock 

tundra 

8 308 

Dwarf shrub, 

sedge, moss 

tundra (shrubby 

tussock tundra 

dominated by 

dwarf birch, 

Betula) 

19 308 

Dwarf-shrub 

or low shrub, 

sedge, moss 

tundra 

13 

Salix pulchra-

Hylocomium (Low tall 

willow 

Boggs et al., 

2018 

G1 
Sphagnum 

spp., Betula 

Wet 

tussock 

Raised 

areas in 
13 409, 506 8 409 

Sedge, moss 

tundra 
6 

Sphagno-Eriophoretum 

vaginati (typicum) 

Walker et 

al., 1994 
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nana, 

Andromeda 

polifolia 

sedge 

tundra 

wet 

tundra 
Sedge, prostrate 

dwarf-shrub, 

moss tundra 

Partially Salix pulchra-

Eriophorum vaginatum 

(Tussock shrub tundra) 

Boggs et al., 

2018 

G2 

Sphagnum 

spp., Carex 

bigelowii, 

Betula nana, 

Salix 

pulchra, 

Rubus 

chamaemor

us 

Wet 

tussock 

sedge 

tundra 

Raised 

areas in 

wet 

tundra 

13 409, 506 

Sedge, prostrate 

dwarf-shrub, 

moss tundra 

8 409 
Sedge, moss 

tundra 
6 

Carex aquatilis-

Eriophorum 

spp./Sphagnum spp. (Wet 

sedge)  

Boggs et al., 

2018 

H1 

Carex 

aquatilis, 

Salix 

chamissonis, 

Andromeda 

polifolia, 

Sphagnum 

spp. 

Wetland 
Wet 

tundra 
14 

501, 

502, 

503, 

504, 507 

Sedge, prostrate 

dwarf-shrub, 

moss tundra 

8 506 
Sedge, moss 

tundra 
6 

Carex aquatilis–Salix 

planifolia ssp. pulchra 

Jorgenson et 

al., 2009 

Sphagno-Eriophoretum 

vaginati (typicum) 

Walker et 

al., 1994 

H2 
Carex 

aquatilis 
Wetland 

Wet 

tundra 
14 

501, 

502, 

503, 

504, 507 

Sedge, prostrate 

dwarf-shrub, 

moss tundra 

8 506 
Sedge, moss 

tundra 
7 

Carex aquatilis-

Sphagnum (wet sedge) 

Boggs et al., 

2018 

H3 

Eriphorum 

angustifoliu

m, Carex 

aquatilis 

Wetland 
Wet 

tundra 
14 

501, 

502, 

503, 

504, 507 

Sedge, moss 

tundra in fens 

with flowing 

water 

9 501 
Sedge, moss 

tundra 
7 

Eriophorum 

angustifolium-Carex spp. 

(Wet sedge) 

Boggs et al., 

2018 

Eriophorum 

angustifolium-Carex 

aquatilis 

Walker et 

al., 1994 

I 
Leptodictyu

m riparium 
Pond Water 15 

601, 

602, 

603, 604 

Herbaceous 

marsh 
11 

601, 

603, 

604 

Water and 

herbaceous 

marsh 

8 n/a n/a 
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CONCLUSIONS 
Warming of the climate system has been defined, by the IPCC 2023, as unequivocal and that 

many of the changes observed, since the 1950s, are unprecedented over decades to millennia.  

It is expected that a further increase in global warming would lead to an increase in the intensity 

and frequency of warming extremes, including heat waves and summer droughts which could 

exert relevant impacts on ecosystems, especially on vegetation (e.g. Gallinat et al., 2015; IPCC, 

2021). These changes are increasing the tree mortality rate, shifting in timing the vegetation 

phenology, reducing the forests capacity of carbon sequestration, leading to shifts in species 

distribution and limiting the recovery capacity of forests. Monitoring and understanding these 

changes are fundamental for future land management and to promote site-specific and forest-

specific conservation and adaptation strategies. 

The four studies presented in this thesis contribute to better understanding how two biomes 

(temperate forests and arctic tundra) respond to global warming, focusing on impact of 

heatwaves and drought on fall phenology and growth, and on methane dynamics. 

In a scenario of increasing frequency and severity of heat and drought events, the assessment 

of the impact of these extreme climatic events on forests through remote sensing analysis, can 

provide important information on forest sensitivity and resilience even in difficult-to-reach 

areas. 

The analysis on temperate forests demonstrated that the combined heatwaves and droughts of 

2022 caused early crown defoliation and reduced productivity, with impacts differing across 

the elevation gradient. Lowland thermophilus forests were the most affected by the impact of 

heat and drought, with an advance of leaf senescence up to 40 days but exhibiting the highest 

resilience. In the forest types at higher elevations and moist conditions we identified a legacy 

effect in 2023, indicating prolonged stress from the extreme conditions of 2022 and poor 

resiliency. 

Our study on tree growth and wood anatomy confirmed that heat stress significantly reduced 

radial growth and altered the functional characteristics of wood in several species, especially in 

early-leafing species such as Betula pendula Roth and Quercus robur L., demonstrating a 

species-specific sensitivity to extreme heat and drought. The study also reported changes in the 

anatomical characteristics of wood, such as a decrease in the ray parenchyma fraction in Acer 

pseudoplatanus L., indicating a decline in carbon storage in the xylem.  
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These results demonstrate the relevance of phenological timing, wood anatomy, and site 

conditions in determining tree sensitivity and resilience to extreme events, with implications 

for species distribution, forest composition, and long-term ecosystem functioning. 

In Arctic ecosystems, vegetation change is among the most widespread responses to climate 

change. Shrub encroachment, primarily driven by Betula nana and Salix pulchra, is changing 

the composition of the tundra community, with consequences for the structure and functioning 

of the ecosystem. The high-resolution phytosociological and physiognomic mapping conducted 

carried out as part of the “Insubre Polar” project provides an essential baseline for detecting 

and quantifying transformations occurring in Arctic plant communities.   

The composition of the tundra community is shifting due to shrub encroachment, which is 

mostly caused by Betula nana and Salix pulchra. This has consequences for the structure and 

operation of the ecosystem. The "Insubre Polar" project's high-resolution phytosociological and 

physiognomic mapping is a crucial baseline for identifying and measuring continuous changes 

in Arctic plant communities. 

At the same time, the assessment of methane dynamics revealed that vegetation strongly 

modulates CH₄ fluxes. Tussock tundra was the main source of methane, with peaks during 

summer and autumn linked to soil water saturation, permafrost degradation high temperature 

in summer, and freezing soil in autumn induced CH₄ release. In contrast, dry tundra during 

summer acted as a methane sink, while in autumn is inactive. According to our data, vegetation 

may have a significant impact on methane fluxes variability, particularly during colder seasons, 

and our findings suggest that further investigation is needed to understand the effect of 

vegetation on CH₄ flux variability and to clarify the potential for elevated emissions during cold 

seasons and their contribution to the annual budget. 

In conclusion, these studies demonstrate how extreme climatic events and global warming 

influence phenology, productivity, structure, dynamics, and carbon fluxes of ecosystems. The 

study of climate change impacts on different vegetation types in different sites is essential for 

future land management and for conservation and adaptation strategies site-specific. 

Understanding how vegetation is changing and what parameters and factors regulate emissions 

is important for finding mitigation solutions to recent climate change, identifying effective 

strategies to reduce feedback to the climate system. 
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Key messages: 

• Extreme climatic events alter ecosystem functioning across biomes, affecting 

phenology, productivity, and carbon cycling. 

• The vulnerabilities of different vegetation species and communities determine the 

capacity for resilience and the possible legacy effects, with implications for the future 

composition of forests and the stability of ecosystems. 

• Functional characteristics, phenological timing, and site conditions influence vegetation 

responses to extreme climate events, in particular droughts and heatwaves, providing 

useful information for predicting forest vulnerability, for finding the correct mitigation 

solutions. 

• Arctic vegetation plays a central role in regulating methane emissions, that has a very 

high global warming potential and could have positive feedback on climate change. 

• High-resolution spatial data are essential for monitoring ecological changes, enabling 

the detection of small-scale variations in vegetation structure and function, and 

providing a robust tool to predict ecosystem trends in the context of accelerating global 

warming. 

Future research should quantify the long-term ecological impact of extreme climate events by 

integrating multi-year monitoring of phenology, growth, and canopy dynamics through 

combined approaches of dendroecology, ecophysiology, and remote sensing. Long-term 

monitoring is essential for identifying delayed or cumulative effects that may not emerge over 

a single growing season, including changes in carbon allocation, alterations in wood formation, 

and progressive changes in canopy structure. In Arctic ecosystems, expanding continuous 

measurements of CH₄ flux, particularly during the cold season, will be essential to improve 

knowledge of annual budgets and explaining the role of vegetation in the regulation of the 

methane cycle. 
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