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Abstract

The severe wildfires in the Arctic tundra are increasing. The Anaktuvuk River

fire occurred in northern Alaska in the year 2007 and burned 1,039 km2 of tun-

dra. Almost 50% of the fire had an intensity ranging from high to extreme

severity. Fires can cause changes in biodiversity and in the expression of plant

functional traits, altering both the structure and composition of vegetation, as

well as ecosystem processes. Plant traits define how the primary producers, which

carry out photosynthesis, change as environmental factors change. Variation in

plant trait expression (e.g. in the case of a disturbance), is often calculated using

community-weighted means (CWMs), which are useful for assessing the dynamics

between community traits and ecosystem functioning and for representing trends

in trait values over time.

Through statistical analysis (lm and ANODEV) of the independent variables

(fire severity, year and their interaction) and the dependent variables (CWM of

SLA, of plant height, of nitrogen and carbon content in leaves, for the vascular

plants), it can be concluded that, in this study, fire severity appears to have no

impact on the analyzed CWMs, neither in the short nor in the long term. Even

just the years after fire have not had an impact, except for CWM of plant height.

This is probably since, with the fire, almost all lower and less performing vegeta-

tion was burned, until it disappeared; thus, the average height values increased,

but this does not mean that the plants, on average, were taller. By analyzing the

SEM between the variables: CWM of SLA; CWM of Plant height; Ellenberg In-

dicator Value F; Year; Active layer depth; Fire severity; it was instead concluded

that fire severity and year seem to have no impact on the other variables. On the

contrary, the active layer depth influences the CWMs of SLA and of plant height,

which in turn impact the Ellenberg Indicator Value F for soil moisture. Fire

severity does not seem to be significant for vegetation structure. On the other

hand, vegetation structure seems to have an influence on ecosystem functions.
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1 Introduction

1.1 Fires in the Arctic tundra

The world is currently experiencing climate change, which has resulted in a rise

in the frequency of extreme events, posing significant challenges to ecosystems

worldwide, especially those situated at high latitudes (Walsh et al. 2020). These

regions are most affected by climate change, and an increase in temperatures

and precipitation is predicted (Treharne et al. 2020; Enright et al. 2014). At high

latitudes, the Arctic tundra ecosystem is found, which, due to rising temperatures,

this ecosystem is experiencing an increase in shrub cover (Rocha and Shaver

2011b; Hu et al. 2010). Consequently to the shrub cover increase, a warming of

the atmosphere is expected, with serious repercussions for sea ice and permafrost

(Rocha and Shaver 2011b; Hu et al. 2010; Narita et al. 2015; Noguer et al. 2001;

Swann et al. 2010; Walker et al. 2006). Furthermore, a significant change is that

the Arctic tundra is increasingly affected by severe wildfires (Hu et al. 2015; Heim

et al. 2021b; Rocha and Shaver 2011b). These wildfires induce alterations in soil

cover, a substantial decrease in biomass, and a shift in processes and patterns

within ecosystems (Hu et al. 2015; Heim et al. 2021b; Rocha and Shaver 2011b;

Amiro et al. 2006), both in the short and long term (Rocha et al. 2012).

Several studies have demonstrated that wildfires have side effects, mainly on

the soil. As soil cover decreases, thermokarst can potentially be caused, which

exposes deep soils rich in ancient carbon to the environment, leading to photosyn-

thetic and microbial degradation, resulting in significant greenhouse gas emissions

(Hu et al. 2015). This decrease in soil cover also leads to a reduction in albedo

(Heim et al. 2021b; Jones et al. 2013). Consequently, more energy is transferred

to the ground, raising its temperature by up to 1-4°C (Hu et al. 2015). More-

over, the active layer of permafrost is at least 15 cm thicker compared to control

zones (Heim et al. 2021b; Jones et al. 2013; Rocha and Shaver 2011b; Jiang et al.

2015b). Additionally, the moisture content of the surface soil increases (Jiang

et al. 2015b; Rocha and Shaver 2011b). This increase is primarily due to greater

water pooling on the surface, permafrost thawing, and the destruction of the sur-

face organic layer that typically absorbs water (Jiang et al. 2015b; Rocha and

Shaver 2011b; Wein and MacLean 1983; Liljedahl et al. 2007).
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From 1950 to 2007, on the northern slope of the Brooks Range of the Arctic

tundra, in Alaska, approximately 1,500 km2 were burned by fires, with ˜ 1,000

km2 consumed solely by the Anaktuvuk River Fire (ARF) (Figure 2), accounting

for 68% of the total burned area (Hu et al. 2015; Jones et al. 2009). This fire

played a crucial role in shaping the vegetation of the tundra. Furthermore, it is

predicted that the annual probability of large fires (> 1,000 km2) will increase

from 6.7%, over the last 60 years, to 13% - 23% for the rest of the 21st century

(Hu et al. 2015).

The ARF occurred in 2007 and burned 1,039 km2 of tundra (Hu et al. 2010).

It took place from July 16th to early October (around the 10th). The data sug-

gests that not only were the precipitation levels extremely low, but evaporation

was also higher than normal (Hu et al. 2010; Jones et al. 2009). The cause of

the fire, therefore, was exacerbated by the low precipitation and the increased

temperature, which, by raising the likelihood of lightning, favored the occurrence

of the fire (Hurteau et al. 2014; Romps et al. 2014). In addition to tempera-

ture and precipitation variations, other crucial factors, including extremely dry

soil conditions, south winds, and a late-season anticyclone over the Beaufort Sea,

favored a fire of this magnitude (Jones et al. 2009).

The ARF is also known for the strong severity of burn it caused (Figure

1). Nearly 47% of the area experienced burns ranging from high to extreme

severity, while over 35% suffered burns from moderate to high severity (Jones

et al. 2009). Only 18% had burns of low to moderate severity (Jones et al.

2009). For comparison, in the same year and area, another fire near the Kuparuk

River has started; approximately 80% of the Kuparuk River fire burned with

low severity, while only 20% had moderate severity burns, and less than 1%

experienced high severity burns (Jones et al. 2009). Low severity was defined

as "sites with mixed burned, unburned, and regenerating patches of vegetation";

moderate as "severity as sites mostly burned but with some vegetation remnants

and minimal tussock regeneration", and high to extreme severity as "sites with

complete vegetation and partial soil consumption" (Jones et al. 2009). These high

severity fires can significantly alter soil properties and nutrient cycling, leading

to long-term changes in the vegetation community (Heim et al. 2021b; Bouskill

et al. 2022; Heim et al. 2021a).
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The severity of burning serves as an indicator used to assess the extent of

damage inflicted on vegetation during fires (Rocha and Shaver 2011b; Keeley

2009). In this study, the severity is measured through differenced Normalized

Burn Ratio (dNBR) values before and after the fire (Hu et al. 2010; Jones et al.

2009).

Figure 1: Map of the ARF and the Kuparuk River Fire with colors indicating

the severity of burns through dNBR (Kolden and Rogan 2013). The range of the

dNBR pixel value is between -30, in blue-green, and 827, in red.

Fires also release a significant amount of carbon into the atmosphere. It was

found that the ARF released approximately 2.1 Tg of carbon, which is equivalent

to all the carbon absorbed, on average, in one year in the Arctic (Jones et al.

2013; Mack et al. 2011; Hu et al. 2015).

It is predicted that the extent, frequency, and severity of fires will rise, and

that the biome may become highly flammable, also due to the decrease in wetland

areas, which would facilitate the spread of fires (Jones et al. 2009; Hu et al.

2010; Hu et al. 2015). Climate change affects the distribution, abundance, and

diversity of vegetation, and it is estimated that in Arctic tundra regions, the

summer period will become drier and the length of the vegetative growth cycle

will increase (Hudson et al. 2011; Heim et al. 2021b).

3



1.2 Ecosystem functioning and plant traits

The plant traits encompass various characteristics of plants, such as anatomical,

morphological, phenological, physiological, and biochemical ones; they thus de-

termine how primary producers, performing photosynthesis, change with varying

environmental factors (Kattge et al. 2011; Díaz et al. 2004; Lavorel and Garnier

2002; Aerts and Chapin III 1999; Garnier and Navas 2012; Grime 2006a; Grime

2006b). Plant traits reflect evolutionary and assembly processes that occur after

a biotic or abiotic change; thus, they influence ecosystem processes (Valladares

et al. 2007; Bjorkman et al. 2018). Their change enables vegetation to survive or,

in the case of disturbance, adapt to the change of various environments (Kattge

et al. 2011; Valladares et al. 2007). Therefore plant characteristics can serve

as predictors for how species will react to environmental and climatic change

(Bjorkman et al. 2018; Fridley et al. 2016; Soudzilovskaia et al. 2013). Plant

traits impact the configuration and functioning of ecosystems, for example, by

regulating: primary production, the decomposition process of organic matter,

allocation of resources, nutrient cycling, and biological diversity (Kattge et al.

2011; Díaz et al. 2004; Lavorel and Garnier 2002; Aerts and Chapin III 1999;

Garnier and Navas 2012; Grime 2006a; Grime 2006b; Bjorkman et al. 2018).

Variation in plant trait expression is often calculated using community-weighted

means (CWMs), which are useful for assessing dynamics between community

traits and ecosystem functioning and representing trait value trends over time

(Garnier et al. 2004; De Bello et al. 2005; Louault et al. 2005; Quétier et al.

2007). CWMs are the weighted average of community traits, representing the

mean value of traits within a weighted community, calculated considering the rel-

ative abundance of different species exhibiting those traits (De Bello et al. 2013;

Bashirzadeh et al. 2023; Garnier et al. 2004; Díaz et al. 2007; Lepš et al. 2011;

De Bello et al. 2005; Louault et al. 2005; Quétier et al. 2007; Pescador et al.

2015). Plant traits, namely morphological, structural, or physiological character-

istics influencing the overall fitness of individual biological units, are significant

drivers of ecosystem behaviour and are utilized for determining the ecological

roles of species within an environment (Beest et al. 2021; Díaz and Cabido 2001).
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1.2.1 Disturbance mechanisms on plant functional traits

The relevance of functional traits in demonstrating responses and impacts on

ecosystems following altered disturbance regimes is widely recognized (Velbert

et al. 2017). It is anticipated that intense environmental disturbances, such

as: increased soil nutrient availability, increased biodiversity, extensive grazing,

drought, various soil management treatments, human or natural interventions on

grasslands, and frequent fires; will cause differences in the responses of functional

traits, potentially reducing their variation (Czortek et al. 2021; Niu et al. 2016;

Jung et al. 2014).

Fertilization has positive effects on certain vegetation traits, such as plant

height or leaf area, while it does not significantly increase others, such as Specific

Leaf Area (SLA) or Leaf Dry Matter Content (LDMC) (Siefert and Ritchie 2016).

Conversely, increasing biodiversity through seed distribution has not led to a sig-

nificant increase in any of the analyzed community functional traits (Siefert and

Ritchie 2016). Drought has shown that, depending on the species, the response

of functional traits differs, but overall, a decrease in SLA value and an increase

in leaf carbon content and LDMC are observed (Jung et al. 2014). Grazing, as

a disturbance, has caused significant variations in plant functional traits: signifi-

cantly increasing the weighted mean values of carbon, nitrogen, and phosphorus

in leaves and SLA, while decreasing the weighted mean value of leaf dry matter

content (Niu et al. 2016). The changes, in this specific case, have also favored

a shift in dominant species, increasing the presence of species with longer-lived

and shorter leaves (Niu et al. 2016). Regarding different soil management treat-

ments, such as aboveground biomass removal, plant functional traits have shown

temporal changes, with evident differences between treatments in canopy heights,

leaf attributes, and flowering behaviors (Velbert et al. 2017). Human or natural

interventions in grasslands, like soil removal and mowing, have reduced functional

diversity but increased species with characteristics such as canopy height, seed

mass, and high SLA over time in soil removal grasslands (Czortek et al. 2021).

There has been a significant increase in CWM values of functional traits over the

years, showing significant variation among different historical disturbance treat-

ments (Czortek et al. 2021). Finally, fire has significantly influenced plant trait

CWMs, increasing SLA values and decreasing LDMC values, while leaf thickness
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CWM has not undergone significant variations (Abedi et al. 2022). Fire has fa-

vored the abundance of fast-growing, small-statured species, thereby enhancing

photosynthesis and growth rates (Abedi et al. 2022). In general, all disturbances

have a more or less significant impact on plant functional traits, depending on

the type of disturbance and its intensity; indeed, disturbances also have a long-

term impact, especially on species turnover within communities (Jung et al. 2014;

Theurillat and Guisan 2001; Helmuth et al. 2005; Jump and Peñuelas 2005).

Focusing more on the disturbance of fire in the Arctic tundra and its effects

on plant traits, fires both destroy the vegetation canopy and char the soil surface

(Jiang et al. 2015b). Vegetation canopy and soil surface have an influence on

regulating the vegetation of the Arctic tundra (Jones et al. 2013; Qu et al. 2023).

Fires can cause significant changes in biodiversity and the expression of plant

functional traits, altering both the structure and composition of vegetation, as

well as ecosystem processes (Ames et al. 2016; Kumordzi et al. 2019; Heim et al.

2021b; Debouk et al. 2015).

High-intensity fires can alter the type and functioning of ecosystems through

changes in: community composition, functional traits and nutrient cycling pro-

cesses; they can also alter soil physical properties and carbon reserves (Taber

and Mitchell 2023; Rocha and Shaver 2011b; Rocha and Shaver 2011a; Dyrness

and Norum 1983; Johnstone and Chapin 2006; Meigs et al. 2009). Interactions

between fire severity and increasing temperatures can influence post-fire recovery

and vegetation community succession, leading to changes in species composition

and expressed traits (Liang and Hurteau 2023; Poulos et al. 2020; Taber and

Mitchell 2023). It is demonstrated that higher fire intensity reduces species rich-

ness and diversity (Venn et al. 2016), homogenizing vegetation functional traits,

thus posing challenges to ecosystem diversity, which will have lower turnover

(Taber and Mitchell 2023; Ames et al. 2016; Díaz et al. 2007; Bond and Keeley

2005). Moreover, only a few species are capable of immediately adapting to en-

vironmental change; thus, the better-adapted vegetation will be selected as post-

fire recovery vegetation (Li and Waller 2017; Taber and Mitchell 2023). Species

adaptation to fire may, in some cases, modify species traits without significantly

influencing the vegetation composition in the area (Mitchell et al. 2021). Under-

standing the impact of fire severity on vegetation after fire disturbance and how

ecosystem plant functions will change, is important (Taber and Mitchell 2023).
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1.3 Thesis purpose and research questions

In Arctic regions, tundra ecosystems represent one of the most vulnerable and

crucial landscapes for comprehending the impacts of global climate change. Of

the numerous threats that these ecosystems face, wildfires are a significant distur-

bance agent. The relationship between ecosystem functioning and fire severity in

the Arctic tundra remains a relatively understudied field. However, other ecosys-

tems are more extensively studied: fires can have a deep impact on several key

aspects of material and energy flows (Marcos et al. 2021). These include: ecosys-

tem functioning related to energy balances (albedo, latent heat, sensible heat);

biogeochemical cycles of carbon (primary productivity, biomass, decrease of plant

diversity and richness) or water (vegetation water content, soil moisture) (Marcos

et al. 2021; Fernández-Guisuraga et al. 2023; Keeley et al. 2005; Fernandez-Garcia

et al. 2020; Huerta et al. 2022; Grau-Andrés et al. 2019; Safford and Harrison

2004; Bret-Harte et al. 2013).

This study aims to explore the connection between ecosystem functioning and

fire severity in Arctic tundra. It focuses on using CWMs of plant traits, which

regulate primary production, organic matter decomposition, nutrient cycling, and

biodiversity within ecosystems (Kattge et al. 2011; Díaz et al. 2004; Lavorel and

Garnier 2002; Aerts and Chapin III 1999; Garnier and Navas 2012; Grime 2006a;

Grime 2006b). The objective of this thesis is to understand if and how fire severity

impacts ecosystem functioning, as measured through CWMs of functional traits

of vascular plants, during post-fire recovery. To complete this objective, the

research questions are as follows:

• Is fire severity impacting the Community Weighted Means of plant traits?

– And how does the impact of fire severity on the CWMs change over

time after a fire?

• How is vegetation structure linked to ecosystem functioning and fire?

Answering these questions could be useful and innovative in predicting the

change in Arctic tundra ecosystems following a fire, whether the fire is more

or less severe. Understanding how plant characteristics influence the response of

Arctic ecosystems to fires is crucial for developing effective management strategies

and predicting the impacts of climate change on Arctic tundras.
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2 Methods

2.1 Study area

The study area of the Anaktuvuk River fire scar is located along the Anaktuvuk

River in northern Alaska (Figure 2). It extends between the northern slopes of

the Brooks Range Foothills towards the north, where a coastal plain is situated

(Jandt et al. 2021). The fire originated at coordinates 69.047°N and 150.837°W,

with elevation in the affected area ranging from 500 meters above sea level (masl)

in the south to 100 masl in the north (Jandt et al. 2021).

Before the fire, the soil was described as acidic tundra (pH < 5.5) for 54%,

non-acidic (pH > 5.5) for 15%, and shrubland for 30% (Jandt et al. 2012). The

ecosystem is categorised as "shrub tussock mountain tundra, with gently sloping

slopes and ridges in loess and colluvium" (Jandt et al. 2021).

Figure 2: Left: Location of the ARF and Kuparuk River fires (upper) with a

satellite image of the area in June 2008 (lower)(Kolden and Rogan 2013; Jones

et al. 2009). Right: map of the study area showing all the permanent transects

used in this study with the reference ID (Jandt et al. 2021).
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In this area, winters are typically cold (-25°C) and summers are cool (20°C)

(Jandt et al. 2021). Annual precipitation amounts to approximately 15 cm, with

11 cm falling between June and September (Jandt et al. 2012; Jandt et al. 2021).

The map (Figure 2) and the dataset also encompass the Kuparuk River fire,

which occurred concurrently with the ARF in 2007 but burned a smaller area,

7.25 km2, and lasted only for two weeks (Jandt et al. 2012; Jandt et al. 2021;

Jones et al. 2009). This area is included to provide values for low-severity fires, so

some transects were placed nearby this scar. These two fires are often considered

together due to their similar ecosystems, climates, and burning conditions.

2.2 Experimental design and data calculations

The data are provided by the Bureau of Land Management mission and encom-

pass 14 burned areas and 11 unburned areas (Miller et al. 2022). Each area is

a transect, and within each transect, 100 measurements were recorded every 50

cm, out of a total 50 m length. In every transect, documentation was made of the

active layer depth and of the types of plants present at each point, identified by

their scientific species names based on Viereck’s (Viereck 1992) vegetation clas-

sification. Data collection occurred over five different years: 2008, 2009, 2010,

2011, and 2017.

2.2.1 Fire severity

To determine fire severity, the differenced Normalized Burn Ratio (dNBR) pixel

values for each burnt transect are provided (Miller et al. 2022). These values are

obtained by subtracting the post-fire Normalized Burn Ratio (NBR) value from

the pre-fire value to define the degree and extent of burned areas (Lutes et al.

2006). The NBR values are derived from Landsat 7 signals. Firstly, the with the

help of the reflectance ratio of Near Infrared (NIR) band (band 4) and Shortwave

Infrared (SWIR) band (band 7), the NBR value is calculated for two different

scenes (pre and post-fire) using the formula described by Lutes et al. (2006):

NBR = (B4� B7)/(B4 + B7) (1)

Then, the post-fire NBR value (2008) is subtracted from the pre-fire NBR value

(2007) to obtain dNBR values (dNBR = NBRprefire – NBRpostfire) (Keeley

et al. 2008; Keeley 2009; Lutes et al. 2006). These values remain the same
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across all years (2008, 2009, 2010, 2011, 2017), varying only among transects,

because the interest is only in the severity measured shortly before and after

the fire. Values of 0 or lower are defined as "Unburnt," while all other values are

maintained as continuous variables. Higher dNBR values indicate greater severity,

thus indicating a more significant impact on the ecosystem and environment after

the fire (Keeley 2009; Lutes et al. 2006).

2.2.2 Community Weighted Means (CWMs)

In the dataset data are categorized by transect and by year. For each plant, specie

and genus name has been defined, allowing vascular plants to be isolated from

other types of vegetation such as moss, liverwort or lichen. This categorization

process utilized the European and Mediterranean Plant Protection Organization

(2024) (EPPO) global database. For the vegetation not found in the EPPO

database, specific articles were consulted to determine their classification.

Data were utilized to determine the percentage cover of each species for each

transect across different years, adding the same vascular plant together and di-

viding by the total number of vascular plants found in the transect. Using the

Tundra Trait Team (TTT) database (Bjorkman et al. 2018), which focuses on

plant functional traits, the trait values for the species were determined by aver-

aging the available values of the same vascular plant present in the table of TTT,

calculating also the standard deviation. These traits include Specific Leaf Area

(SLA) [mm2/mg], vegetation height [cm], Nitrogen content in leaves [mg/g], and

Carbon content in leaves [mg/g]. Not all vascular plants found in the transect

had a functional trait value in the database, they were therefore not considered.

By multiplying the trait value with the percentage cover, the Weighted Mean

(WM) for each species in each transect for each year was calculated, with their

own standard deviation. Subsequently, these results were aggregated for the same

transect and year to obtain the total trait value per transect and per year, with

their standard deviation. Finally, the total trait value was divided by the total

abundance of all vascular plant species in the transect to derive the Community

Weighted Mean (CWM) for each transect and each year, along with the standard

deviation. At the end, despite the lack of functional trait data for each initial

species, each transect and each year have a value for all four considered CWMs.

These calculations were performed using R-Studio.
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Below are described the four functional traits analyzed for the thesis project.

The four selected CWMs are all positively correlated with each other, so if the

value of one CWM increases, the values of the other CWMs also increase, as far

as the Arctic tundra zones are concerned.

Specific leaf area The Specific Leaf Area (SLA) is defined as the ratio of one-

sided leaf area to dry leaf mass (Ames et al. 2016; Venn et al. 2016). High SLA

values are directly linked to higher growth rates and increased photosynthesis,

thus also associated with higher nutrient uptake rates, lower values, on the other

hand, are correlated with slower growth and a strategy focused on conserving

resources, potentially in environments where resources are limited (Abedi et al.

2022; Mitchell et al. 2021; Anacker et al. 2011; Wright et al. 2004; Westoby et al.

2002). Therefore, SLA serves as a good indicator for plant health in terms of

growth, photosynthesis, and soil nutrient resources.

Plant height The height of plants is correlated with their competitiveness

for capturing sunlight (Hudson et al. 2011; Westoby et al. 2002). Plant height

demands investments in stem construction and upkeep, which may become overly

costly when stress factors are present and hinder photosynthesis (Velbert et al.

2017; Falster and Westoby 2003). Generally, in herbaceous vegetation, the taller

the plants, the higher the SLA will also be, thus reducing the leaf area value per

biomass out of the ground (Westoby et al. 2002).

Nitrogen content in leaves In photosynthesis proteins, nitrogen plays a cru-

cial role, especially in the Rubisco protein (Wright et al. 2004). Therefore, it

serves as an indicator of: the photosynthesis rate, concerning CO2 absorption

(Wright et al. 2004); plant growth and status, as well as leaf growth and devel-

opment; and nutrient availability (Hudson et al. 2011; Jia et al. 2021; Crawford

1992). Higher SLA allows more efficient utilisation of supplementary nitrogen for

photosynthesis (Abedi et al. 2022; Díaz et al. 2016; Wright et al. 2004; Poorter

and Evans 1998). Furthermore, it has been demonstrated that plants with a

higher content of nitrogen in leaves develop a better response to environmental

stresses (Querejeta et al. 2022).
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Carbon content in leaves Generally, leaves with a high SLA value require

less leaf carbon investment, whereas those with a lower SLA require more carbon

to make the leaves more durable (Sakschewski et al. 2015). However, in environ-

ments with drought or cold conditions, a higher SLA value is more advantageous

for plants, because it allows them to store more carbon during the short growth

period (Sakschewski et al. 2015). Vascular plants with higher carbon content in

their leaves have been shown to be thicker compared to those with lower values

(Happonen et al. 2022). This thickening alters the ratio between leaf mass and

surface area, which primarily impacts the plant’s photosynthesis, leading to an

increase (Gagnon et al. 2019; Lafleur and Humphreys 2018). On the other hand,

in recent studies, it has been demonstrated that photosynthesis is positively cor-

related with rapid leaf economy, having more photosynthetic machinery, and thus

with a higher average SLA value (Wright et al. 2004; Sørensen et al. 2019; Shipley

et al. 2006). Leaf carbon content is also an indicator of photosynthesis rate, plant

growth, soil nutrient availability (Hudson et al. 2011; Crawford 1992).

2.2.3 Ellenberg Indicator Value F for soil moisture (EIV F)

The Ellenberg Indicator Value (EIV) F of the plant preferences for soil moisture

has been defined for all the vascular plants, from different databases (Lady Bird

Johnson Wildflower Center 2024; Zeigerwerte der Pflanzen Mitteleuropas nach

Ellenberg 2024; Hill et al. 2004; Sekretareva 1999) and included in the table as

an indicator of soil moisture. Each plant exhibits a distinct preference for soil

moisture levels, thereby serving as an indicator of soil moisture conditions at a

given location. The values are directly related to the plants, so they are poten-

tially not as accurate as direct on-site measurements, concluding that therefore,

these values will almost certainly correlate significantly with the CWMs values

due to the fact that they come from the same source of analysis. The values

range from a minimum of 3 to a maximum of 10, thus, following Ellenberg’s cat-

egorisation, the soil in which the plants grow varies from "dry-site indicator" to

"shallow-water-size indicator", thus providing an approximate description of the

soil in which the vascular plants are found (Hill et al. 2004). The values were

then averaged across species from the same transect and year, summing them

per transect and year and dividing the value by the number of species present,

providing an average value of the EIV F for each year and transect.
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2.2.4 Active Layer Depth (ALD)

The average thaw depth of the active layer for all the transects and all years

was also included in the table of the dataset. The unit of measurement is cm.

This value indicates the thickness of the soil layer present in the permafrost,

i.e. the layer close to the surface that can thaw in summer (higher value, more

positive) and remains frozen in winter (lower value, more negative) (Dobiński

2020; Subcommittee, Permafrost 1988; Van Everdingen 2005).

2.3 Statistical analysis

The linear model (lm) and analysis of deviance (ANODEV) were used to de-

termine the influence of fire severity, years and their interaction (dNBR:year)

on CWMs. The dependent variables are thus the four CWMs described above,

abbreviated as: SLA (specific leaf area), PlantHeight (height of the vegeta-

tion), N_content (nitrogen content in leaves) and C_content (carbon content

in leaves), while the independent variables are fire severity (dNBR); years (2008,

2009, 2010, 2011, 2017) and their interaction (dNBR:year). The analysis was

carried out for each dependent variable individually and no random effects were

included in the study, so, the unconsidered factors do not significantly influence

the results. The survey was conducted with R-studio mainly with the R-package

’dplyr’.

The linear model performs a linear regression analysis, examining the rela-

tionship between a dependent variable and independent ones. Consequently, the

result displays, with a straight line and as accurately as possible, the model of

the relationship between the dependent variable and the independent ones (Lin-

ear Regression Model 2024). The primary goal of linear regression analysis is to

understand and quantify the correlation between variables, as well as to make

predictions based on this relationship (Linear Regression Model 2024).

With ANODEV, two models were compared to determine if there are signifi-

cant differences between them (Analysis of Deviance 2023). The two models differ

by one independent variable, and if the p-value, of the independent variable, in

the table is statistically significant, it means that the independent variable that

has been added respectively, removed, has a remarkable effect on the dependent

variable, compared to the other model (Analysis of Deviance 2023).
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Subsequently, to answer the last research question, with the variables: CWM

of SLA; CWM of Plant height; Ellenberg Indicator Value F; Year; Active layer

depth; Fire severity; a Structural Equation Model (SEM) was carried out. This

model involves the use of multiple equations to test and develop models to eval-

uate different relationships between the variables (Soliveres et al. 2014; Grace

et al. 2010; Grace and Keeley 2006; Bollen 1989; Grace 2006). SEM can divide

causal influences between multiple variables, direct and non-direct, by means of a

simultaneous analysis (Soliveres et al. 2014; Grace et al. 2010; Grace and Keeley

2006; Bollen 1989; Grace 2006). This is why the model was essential, in this

research, in order to study a hypothesis by means of several variables operating

in the system.

This analysis was also conducted with R-studio but with the R-package ’lavaan’.

The variables were scaled and centred, with the R-package ’scale’, in order to

make a comparison between the estimated values, so to better understand the

relationships and their abundance. The resulting values have a range from -1 to

1, negative values represent an indirect correlation between variables, while posi-

tive ones indicate a direct correlation (Structural Equation Modeling 2021). The

estimated value reflects the intensity of the relationship and represents how many

units the dependent variable changes when the independent variable changes by

one unit (Structural Equation Modeling 2021). The significance is demonstrated

by the associated p-value (Structural Equation Modeling 2021).

Figure 3: Model of SEM diagram used for the analysis of the relationships among:

Year; fire severity (dNBR); Ellenberg Indicator Value F of soil moisture (EIV

F); CWM of plant height; CWM of SLA; and Active Layer Depth (ALD). The

structure of the model is: dependent variable ˜ independent variables.
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3 Results

3.1 Impact of tundra fire severity on CWMs of plant traits

Through the values obtained from the statistical analysis of the research, the

following conclusions and arrange figures were drawn. The study highlighted a

significant interaction between the CWM of plant height and the independent

variable years.

Via the linear model, it can be understood how the dependent variable (the

four CWMs) evolves in relation to the independent variables (Year, dNBR, and

dNBR:Year), thus representing how close the model estimates that the average of

the real values of the dependent variable is, to those calculated using the model

line. In general, thanks to the linear model (Table 1), it can observed that all

models have a very low multiple R2 value, indicating that only a small portion

of the variation in the value of a CWM can be explained by the two independent

variables and their interaction. This could therefore indicate that the model

should be more complex or that there is no strong linear interaction between the

variables.

Table 1: Linear model results for the relationship between independent variable

(first column vertically) and dependent variable (first column horizontally). The

table shows calculated multiple R2 values and estimate value of each CWM.

SLA Plant Height Leaf N Content Leaf C Content

Multiple R2 0.16 0.27 0.15 0.11

Intercept 1.36e+01 -2.54 17.92 430.57

dNBR -3.77e-03 0.03 -0.002 -0.03

2009 -2.19e-01 19.88 -1.61 -55.69

2010 -2.42e-01 19.38 -2.53 -38.26

2011 4.62e-01 18.67 -2.89 -62.37

2017 -3.57 16.63 -7.61 -95.47

dNBR:2009 -5.4e-04 -0.04 -0.003 -0.05

dNBR:2010 -4.83e-05 -0.04 -0.003 -0.09

dNBR:2011 -1.58e-05 -0.03 -0.001 -0.04

dNBR:2017 2.89e-03 -0.03 0.007 0.02
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It was discovered, through ANODEV (Table 2), that fire severity is not a

significant continuous variable for any of the four CWMs considered, therefore,

as illustrated in figures, data around the model lines are always scattered ran-

domly, without a specific pattern. The independent variable years was found to

be significant for CWM of plant height, thus indicating that, at least, one year

has a significantly different value of average from the others. For the other three

dependent variables, the independent variables years do not yield a significant

p-value. Furthermore, the interaction between dNBR and year (dNBR:Year) has

also resulted in a non-significant value for any of the CWMs, which is demon-

strated, in the figures below, by the fact that the lines of the linear model are

mainly parallel to each other.

Table 2: Results of the ANODEV for the comparison of the independent variables among the

four CWMs. The table displays the F-value and associated p-value indicating the significance

of the differences observed.

SLA Plant Height Leaf N Content Leaf C Content

F Value P Value F Value P Value F Value P Value F Value P Value

dNBR 2.86 0.096 0.12 0.74 0.13 0.72 0.31 0.58

Year 2.15 0.09 3.75 0.008 2.5 0.051 1.93 0.12

dNBR:Year 0.094 0.98 1.7 0.16 0.15 0.97 0.021 1

3.1.1 CWM of Specific Leaf Area (SLA)

Despite the fire that occurred in 2007, until 2011, the slope of the line for CWM

of SLA remained consistent, showcasing high CWM for SLA values at moderate

burn severity values, compared to the reference values. However, in 2017, there

was a noticeable decline in values of CWMs for SLA and a flattening of the line

(although not statistically significant). This suggests less disparity between burnt

and unburnt areas and a CWM of SLA value constant for all fire severity values

(Figure 4).
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Figure 4: Effect of fire severity (dNBR) on the community weighted means for SLA

across different years post fire (colors). In green are the reference values of the unburnt

areas.

3.1.2 CWM of plant height

An observable change in slope of the values of CWM for plant height in relation

to the fire severity can be noted between 2008 and subsequent years (Figure 5),

leading to an average of values different from other years. This contributes to

the significance found in the ANODEV Table 2 (p-value year = 0.008), which

means that the variable year has a significant effect on the value of CWM for

plant height. The CWM of plant height value is noticeably higher when the fire

severity is very high; subsequently, in the following years, it decreases at the same

value as dNBR. Even a decade after the fire, the CWM for plant height of the

vascular plants value remained relatively consistent with that of moderate burn

severity in 2008 and is comparable to that of unburnt areas.

3.1.3 CWM of leaf Nitrogen content

In 2008, the CWM for nitrogen content in leaves value was higher compared to

other years, and almost equal to the reference value (Figure 6). The slope of

the linear model remained consistent until 2011, but the value of the CWM for

nitrogen content in leaves declined. After 10 years post-fire, there is a change in

slope indicating higher CWMs for nitrogen content in leaves values in the more
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severely burned sites (even if not statistically significant), although the values are

not yet equivalent to the photosynthesis rates in the unburnt areas.

Figure 5: Effect of fire severity (dNBR) on the community weighted means for plant

height across different years post fire (colors). In green are the reference values of the

unburnt areas.

Figure 6: Effect of fire severity (dNBR) on the community weighted means for nitrogen

content in leaves across different years post fire (colors). In green are the reference

values of the unburnt areas.
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3.1.4 CWM of leaf Carbon content

This metric provides insight, albeit on a broad scale, into how carbon storage in

vegetation changes in plants. In 2008 the value of CWM of the carbon content

in leaves was much higher compared to the other years, but it remains notably

low compared to the average of the value of unburnt areas (Figure 7). However,

the values remain almost costly for the different fire intensities.

Figure 7: Effect of fire severity (dNBR) on the community weighted means for carbon

content in leaves across different years post fire (colors). In green are the reference

values of the unburnt areas.

3.2 Ecosystem functioning and fire linked to vegetation

structure

The model used for analysis through SEM has a complex network of interactions.

The values show the estimated effect of each independent variable on the depen-

dent variable. Significant interactions are shown with solid lines and no-significant

interactions are represented with dashed lines, the present number indicates their

estimated values of the influence (Table 3 in A). The significant relationships are

few, all of which are inversely proportional relationships (negative values) be-

tween the active layer depth and the CWM of SLA and CWM of plant height,

as well as the value of soil moisture. It can be observed that the variables fire

severity and years have no significant influence on the other variables (Figure 8).
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Exposing the significant relationships, there are two scenarios:

1. In the first case, as the active layer depth decreases of one unit, CWM of

plant height and CWM of SLA of plants increase respectively by 0.343 and

0.248 units. Moreover, if their value increases by one unit, the value for soil

moisture decreases by respectively -0.560 and -0.495 units, indicating drier

soil.

2. In the second case, as the active layer increases (becomes more negative)

by one unit, it causes a decrease in CWM of plant height and CWM of SLA

respectively by -0.343 and -0.248 units. And the decrease of them of one

unit, leads to an increase in soil moisture of respectively 0.560 and 0.495

units.

Figure 8: Structural Equation Model (SEM) exploring the relationships among: Year;

fire severity (dNBR); Ellenberg Indicator Value F of soil moisture; CWM of plant

height; CWM of SLA; and Active Layer Depth. Arrows indicate the direction of the

relationships expected between latent and observed variables in the model, accompa-

nied by their estimated values. The solid lines indicate significance, while the dashed

lines represent non-significant relationships (Table 3 in A).

In general, the active layer depth has a greater influence on the value of CWM

of plant height than on the CWM of SLA. However, the CWM of plant height

has a greater influence on soil moisture value compared to the CWM of SLA.
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4 Discussion

The Arctic tundra fires and their severity are crucial to consider for ecology and

phenology (Rocha et al. 2012). They are rare, but it is predicted that their

frequency and extent could strongly influence ecosystem properties (Heim et al.

2021b; Hu et al. 2015; Flannigan et al. 2009; Keeley et al. 2008). The responses

to fire are manifold, including the re-establishment of vegetative communities and

their regeneration (Keeley 2009).

4.1 Impact of tundra fire severity on CWMs of plant traits

Various factors influence the extent of fires, including abiotic elements such as

weather conditions (Rocha et al. 2012), slope and orientation of the terrain, and

biotic factors such as the presence of combustible material, hence the composition

and age of vegetation (Keeley et al. 2008; Keeley et al. 2005; Rocha et al. 2012).

Little studied and less clear is the consideration of fire severity, which is,

however, asserted to be correlated with the residual plant cover and soil thermal

properties (Rocha and Shaver 2011b; Wein and Bliss 1973; Keeley 2009). Fire

severity influences ecosystem responses (Keeley et al. 2008), but not significantly,

according to the linear model (Table 1), even though, as previously stated, the

model is only able to explain a small portion of the variation in the CWMs through

the selected independent variables. Fire severity depends, in addition to abiotic

factors, also by vegetation characteristics: such as its net primary production

(Rocha et al. 2012; Jones et al. 2013; Keeley 2009), density, continuity, and

flammability; but also on species survival characteristics (He et al. 2019). It

is also closely related to the quantity and composition of combustible material

accumulated in the shrub canopy (Keeley et al. 2008; Bond and Van Wilgen 2012;

Schwilk 2003). Standard age of the vegetation also plays a crucial role, as biomass

accumulates over time and decomposition rates are moderate (Keeley et al. 2008;

Keeley and Fotheringham 2003); it is presumed that fire severity increases with

vegetation standard age (Keeley et al. 2008; Minnich 1995).

As mentioned, changes in vegetation and soil properties are influenced by

surface energy dynamics and nutrient availability (Keuper et al. 2012; Loranty et

al. 2018). The functional traits analyzed (specific leaf area; plant height; and leaf
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nitrogen content) are good indicators to understand this change (Hobbie et al.

2002; Bjorkman et al. 2018). Through the CWM value of these functional traits,

the changes can be measured, allowing us to better understand how environmental

changes after a fire, more or less severe, affect vegetation (Heim et al. 2021b).

Post-fire CWM values are often higher than reference values because with

the fire, less-performing vegetation, which potentially has dried out more due

to hot and dry periods, is burned first. Thus, it will lead to an increase in the

mean values of various CWMs of the still living vegetation. In the long time,

plant regeneration can occur, which may lead to a decrease in the mean values

or prevalence of certain species over others. These two considerations are to be

taken into account; thus, they indicate that a change in CWM values does not

necessarily imply a change in vegetation functional traits.

4.1.1 Individual discussion of each CWM of plant trait

From Figure 4, it can be observed that the CWMs of SLA values for the 4 years

following the fire are higher compared to the values 10 years after it. They also

have a different slope, suggesting that when the fire severity is higher, CWMs of

SLA values are lower, although not statistically significant. In 2011, the average

CWMs of SLA values were higher compared to other years, indicating that vege-

tation may begin to recover already after 4 years from the fire. The vegetation is

characterized by the regeneration of grass tufts with low seed germination, thus

the average values remain relatively high (Rocha and Shaver 2011a; Wein and

Bliss 1973). In 2017, the values are lower and more similar to reference values,

as after 10 years, new vegetation with greater germination is regrowing, thus

reducing the average CWM of SLA values. In 2017, this disparity between the

various severity levels seems to no longer exist. It is stated that after a fire, the

prevalence of annual plants, which have a higher CWM of SLA value, increases,

and it is associated with post-fire regeneration (Abedi et al. 2022; Keeley et al.

2011; Anacker et al. 2011; Sakschewski et al. 2015).

Regarding CWM of plant height, 2008 is the year that makes the p-value year

significant, as values of CWM of plant height for severe fire severity are much

higher compared to other years. This is probably due to the fact that, with

higher intensity, practically all lower and less performing vegetation was burned,

until it disappeared; thus, the average height values increased. This leads to the
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conclusion that vegetation that is able to survive is more performing and taller.

In the following years, the values stabilize near reference values for all fire severity

levels, resulting in non-statistical significance, thus assuming the regrowth of new

vascular plants. Additionally, it has been shown that stress influences vegetation

height; hence, perhaps for this reason, the average values are lower (Sonnier et al.

2010; Cornwell and Ackerly 2009).

Looking at the values of CWMs of leaf nitrogen content, the following can be

observed: the tendency of 2008 to have high values, probably due to the death

of less-performing plants; the decrease in values for the years from 2009 to 2011;

and then the recovery for the year 2017, with even higher average values (but

still not statistical significant) for severely burned areas, thus promoting post-fire

regeneration (Abedi et al. 2022; Anacker et al. 2011; Sakschewski et al. 2015;

Bashirzadeh et al. 2023; Rahmanian et al. 2019). Nevertheless, there does not

seem to be a great difference in CWM of leaf nitrogen content values between

more and less severely burnt places. On the other hand, a difference can be

noticed between the burned and unburned sites, suggesting that in fire-affected

areas, the rate of photosynthesis is lower and that plants, in general, are less

efficient in growth and CO2 absorption. According to Hobbie et al. (2002), time

should be waited so that nitrogen, released from permafrost thawing during the

fire, can lead to increased plant productivity (Keuper et al. 2012). This is because

it is necessary for soil reserves to be restored first (Hobbie et al. 2002).

The values of CWMs of leaf carbon content are consistently below reference

values: for 2008, the explanation is similar to that for CWMs of leaf nitrogen;

while for the subsequent years, it can be observed that they are very similar

(thus not statistically significant). There seems to be a gradual decrease in the

slope between the most severely and less burned sites, which could indicate,

as in the case of leaf nitrogen, an increase in post-fire regrowth, although less

performing, comparing the values with the reference ones (Bashirzadeh et al.

2023; Rahmanian et al. 2019; Anacker et al. 2011; Sakschewski et al. 2015).

Carbon storage in leaves is a crucial metric to understand whether and to what

extent vascular plants can absorb carbon, thus limiting its concentration increase

in the atmosphere. From Figure 7, it can be observed that even after 10 years, the

CWM value of the carbon in the leaves is not equal to that contained in the leaves

of the reference vegetation. This observation raises that, after a fire, regardless
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of its severity, plants need much more time to re-establish a carbon value in their

leaves at the same level as plants that have not suffered a fire. This indicates

a lower photosynthetic rate performance and, since the carbon cycle is crucial

for global warming, this long recovery time could cause serious consequences for

the ecosystem. An increase increase in carbon in the soil or atmosphere can be

expected, that may transform the biome into a carbon source (Veraverbeke et al.

2021).
The non statistical significance of the results may however be interesting for

other studies and for future research. One possible explanation of the non signif-

icance is due to the limited sample size of the data; the total data points for each

year were 14, which are not sufficient to represent the entire area of the fire and

accurately capture the changes in functional traits of the vegetation. Additionally,

it was not possible to find a value for the functional traits for every vascular plant;

therefore, the CWM result is not an accurate mean for all transects. Moreover,

the CWM value of functional traits is an average of other values from a database

that, although it is specific for tundra ecosystem, may not always be accurate for

the specific vegetation at that location. To overcome these issues, it would have

been better to obtain the values of functional traits directly from the vegetation

at each transect measurement. Furthermore, more variables could potentially be

incorporated into the model, such as: soil moisture, soil nutrients, slope, light

received by the vegetation, or other biotic and abiotic factors that may influence

vegetation growth and thus its functional traits. Lastly, the methodology may

not be the most suitable for detecting significance. It can be observed, from

Figures (4, 5, 6, 7), a trend for all four CWMs concerning fire severity. It can

be noticed that the values of each CWM of plant trait at about 550 pixels are

higher compared to those for approximately 700 pixels, before increasing again

when the fire severity increases (˜ 850 pixel). The trend diminishes over time and

may suggest that the most appropriate methodology is the quadratic model, and

not the linear model.

4.1.2 General discussion of fire severity and vegetation recovery

Despite the severity of the fire, within 4 years after the event, the net primary

production of vascular plants, both in moderately burned tundra and severely af-

fected ones, had returned to pre-fire levels (Bret-Harte et al. 2013). However, the
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biomass of vascular plants in burned areas remained lower than that of unburned

areas (Bret-Harte et al. 2013). Although the biomass of graminoids was compa-

rable between fire-affected and intact areas, complete regeneration of deciduous

and evergreen shrub biomass had not yet occurred (Bret-Harte et al. 2013).

Fire promotes plant homogenization; therefore, it influences beta diversity,

especially through different-aged fire scars (Abedi et al. 2022), with a consequent

reduction in the ecosystem functions of dominant species (Heydari et al. 2020).

The impact of fire on species diversity is thus negative (Keeley et al. 2008; Grace

and Keeley 2006). Plant species diversity is lower immediately after the fire and

increases over time afterward (Venn et al. 2016; Heim et al. 2022; Frost et al.

2020; Jandt and Meyers 2000). After the fire, species richness was also low, but

it increased over the years (Figure 9 in A). Furthermore, high-severity fires have

lower species richness and evenness values compared to low-severity fire areas

(Heydari et al. 2020). However, it has been proven that, in low-intensity areas,

species richness and uniformity decrease after fire, whereas in high-intensity areas

they increase (Heydari et al. 2020). After a fire, therefore, multiple species with

also different growth forms can coexist (Bashirzadeh et al. 2023; Bannister et al.

2020).

A relatively rapid recovery of the vegetation cover of the arctic tundra after a

fire (within 10 years) is expected (Rocha et al. 2012), as indicated by this study

as well. This is likely due to the rapid response of plants (such as Eriophorum

vaginatum or V accinium sp.), which, taking advantage of the large carbon and

nutrient reserves in the soil (left from the ash; thawed from the permafrost layer;

or remained protected during combustion), are able to grow much faster (Rocha

et al. 2012; Wein and Bliss 1973; Narita et al. 2015). Eriophorum vaginatum, in

particular, is susceptible to fires; although burns can be severe enough to destroy

all aboveground parts of the plant, new shoots are protected by the bases of the

tussocks, moss mats, and peat, all of which favor this species as one of the first

colonizers of a post-fire area, especially in the short term, as confirmed by data

(Wein and Bliss 1973; Heim et al. 2022; Tsuyuzaki et al. 2018). Additionally,

sedges (Carex sp.) can grow vigorously on post-fire soil, as tussock growth is

resistant to the effects of fire (Jones et al. 2009). Another significant species

both in various studies and in this data, is Betula nana; it is known to dominate

shrub expansion in tundra regions, sprouting easily from rhizomes, especially in
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the long term (Jones et al. 2009; Heim et al. 2022; Bret-Harte et al. 2013; Mallen-

Cooper et al. 2021; Deslippe and Simard 2011). Consequently, the ARF scar area

was classified, following the fire, as "shrub-sedge mixed tundra, with shrub cover

exceeding 25%", thus greater than a typical tussock tundra (Bret-Harte et al.

2013; Jandt et al. 2012; Viereck 1992). This determination indicates that, 10

years after the fire, species richness and the number of individuals of these fast-

growing species, increased in fire-disturbed sites (Bashirzadeh et al. 2023) (Figure

9 in A). The vascular plants, after 10 years since the fire, are recovering, and with

the change of predominant plants there may be a change in the CWMs values.

This is potentially not yet observable in these results because the new plants are

young and not yet fully developed.

Fire promotes the dominance of cover by ruderal plants, broadleaf herbs, and

grasses; they have very high competitive ability and can occupy undisturbed

and degraded ecosystems (Bashirzadeh et al. 2023; Abedi et al. 2022; Enright

et al. 2007). Therefore, on average after the fire, annual plants outnumber peren-

nial ones, affirming that disturbance promotes the establishment (secondary suc-

cession) of a large number of small-statured, fast-growing species (with an R-

Strategy) (Abedi et al. 2022; Grime 1973; Venn et al. 2016; Keith et al. 2007;

Kahmen and Poschlod 2004). According to Abedi et al. (2022), two years after

the fire, the value of CWM of SLA is higher compared to control areas, con-

firming that fire can favor the appearance of fast-growing ruderal species (annual

plants), which have higher CWM of SLA and of leaf nitrogen content (Abedi et

al. 2022; Davies et al. 2009; Khaled et al. 2006; Rhodes et al. 2010; Bashirzadeh

et al. 2023). This could also be inferred from this study by examining individual

species and their values, but there do not appear to be significant differences for

various fire severity values.

The initial regeneration of vegetation in the tundra was primarily limited by

the photosynthetic capacity of plants, influenced more by the reduced leaf area

of the remaining vegetation than by nutrient deficiency (Jiang et al. 2015b). The

simulation made by Jiang et al. (2015b) revealed an excess of nutrients in the

soil, both due to continuous mineralization and the abundance of organic nutri-

ents in the ashes. The return of vegetation after the fire was mainly supported

by the absorption of residual inorganic nitrogen present in the ashes, due to per-

mafrost thawing and increased microbial activity (Heim et al. 2021b; Keuper et
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al. 2012) and by the transfer of nitrogen and phosphorus from soil organic matter

to vegetation (Jiang et al. 2015b). Since nutrient reserves remaining after the fire

were closely tied to the severity of the event, the importance of fire severity in

modulating the allocation of carbon nutrients in post-fire tundra ecosystems was

highlighted (Jiang et al. 2015b). Despite higher amounts of residual inorganic

nutrients in cases of more severe fires, those of moderate severity showed faster

recovery due to lower plant mortality and the consequent increase in photosyn-

thetic capacity (higher value of CWM of SLA and of plant height (Bjorkman

et al. 2018)) (Jiang et al. 2015b). Furthermore, Jiang et al. (2015b) state that,

if the severity of burning is greater, the quantity of nitrogen and phosphorus in

vegetation and soil organic matter (SOM) will be greater. However, if severity

is too high, nutrients in vegetation and SOM will be lower, thus plant growth

will be reduced (Jiang et al. 2015b), concluding that there should be a difference

between more and less severely burned areas. However, the presence of residual

inorganic nutrients allowed both severe and moderate fires to recover and surpass

the unburned site in 5 years after the fire, both in terms of total surface biomass

and productivity (Jiang et al. 2015b). The study of Jiang et al. (2015b), how-

ever, is based on a model, and it is likely that the time frame for recovery will be

longer.

An increase in soil temperature (determined by changes in soil thermal prop-

erties due to burned material remaining on the surface (Santana et al. 2010))

encourages mineralization rates and thus also permafrost thawing, which leads

to greater availability of nutrients primarily stored by shrubs, which have longer

roots (Heim et al. 2022; Jansson and Hofmockel 2020; Oulehle et al. 2016; Salmon

et al. 2016). The, relatively, rapid recovery of the vegetation cover will have impli-

cations for climate change and the regime of other fires (Rocha et al. 2012). It is

expected that fire will change the tundra into an area dominated by graminoids,

deciduous plants, and woody shrubs (Rocha et al. 2012; Rupp et al. 2000; Rocha

and Shaver 2011a; Johnstone et al. 2010; Sturm et al. 2001; Tape et al. 2006;

Hudson and Henry 2009). Therefore, the functional traits of plants, will reflect

the fact that post-fire plant growth strategies are faster, maximizing soil resource

acquisition (Taber and Mitchell 2023; Forero et al. 1999; Reich 2014; Wright et al.

2004). Although from this study the severity of the fire does not appear to have

a statistically significant impact on the CWM of vascular plants in the short- and
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long-term, fire disturbance, depending on fire severity, creates spaces that favor

shrub establishment and accelerate their proliferation (Heim et al. 2022; Lantz

et al. 2010; Myers-Smith et al. 2011; Myers-Smith et al. 2019; Shevtsova et al.

2020). This can lead to significant changes in vegetation community structure

during post-fire invasion (Myers-Smith et al. 2019). Consequently, the growth in

shrub abundance is expected to result in a future increase in the frequency, sever-

ity and extent of fires, and in the change in plant species characteristics (Jones

et al. 2013; Higuera et al. 2008).

4.2 Ecosystem functioning and fire linked to vegetation

structure

Fires can alter the microenvironment by increasing soil temperature, thawing,

and nutrient availability, as well as affecting soil moisture and hydrological pro-

cesses (Rocha et al. 2012; Jiang et al. 2015b; Keeley et al. 2008). These changes

can increase plant productivity and soil respiration for some time afterward the

disturbance (Rocha et al. 2012; Wein and Bliss 1973; Vavrek et al. 1999; Fetcher

et al. 1984). It has been demonstrated that broad-scale environmental factors,

such as temperature, primarily shape the CWMs, while finer-scale factors, such

as topography or soil characteristics, mainly influence functional diversity and

trait distribution among dominant species (De Bello et al. 2013).

Analyzing the SEM results, it can be observed that the years after the fire are

not significant when the model includes other variables. Therefore, the previously

described significance between CWM of plant height and year is no longer relevant

if other variables are considered to better explain the variation in CWM of plant

height over time. This means that the significance is likely due, as mentioned

earlier, solely to the loss of "low" vegetation (˜ 10 cm), not to the increase in

"high" vegetation (˜ 20 cm), in the most burned sites.

The severity of the fire does not have a significant effect on any of the other

variables, but this does not mean that the fire itself, apart from severity, does

not impact the other variables. In fact, it is demonstrated that fire increases

permafrost thaw depth in 75% of burned areas (Rocha et al. 2012), deepening

the active layer depth and increasing soil temperature (Heim et al. 2021b; Rocha

et al. 2012; Loranty et al. 2018). Contrary to our results, Rocha and Shaver
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(2011b) state that thaw depth increases with fire severity, indicating that the

active layer depth was deeper in severely burned sites. This result can also be

seen from the data in this study, if an ANODEV is conducted between the de-

pendent variable active layer depth (ALD) and the independent variable dNBR,

disregarding the others (Table 4 in A). An increase in ALD thickness can lead to

greater nutrient availability, especially nitrogen (Heim et al. 2021b), which pro-

motes plant productivity (Rocha et al. 2012; Fetcher et al. 1984; Wein and Bliss

1973; Vavrek et al. 1999; Heim et al. 2022). Nevertheless, in the results of this

study, an increase in the active layer does not directly cause an increase in the

CWMs of SLA and plant height, despite them being often linked to vegetation

productivity. This, however, could merely be due to the fact that the plants are

still low and still developing, thus the effect of the increased nutrient availability

is not yet visible. After a fire, permafrost restores itself, thus the active layer

decreases, as vegetation and organic soils are reconstituted and, consequently,

insulation from the atmosphere increases (Heim et al. 2021b; Michaelides et al.

2019; Bret-Harte et al. 2013; Racine et al. 1987; Jorgenson et al. 2010).

Areas characterized by drier ecosystems (i.e. more arid) experienced a higher

percentage of fire damage compared to those with wetter ecosystems (i.e. more

humid) (Rocha et al. 2012). After the fire, therefore, variations in soil moisture

were heterogeneous among ecosystems: while some showed significant changes,

others revealed mild fluctuations (Jiang et al. 2015a). Additionally, no signifi-

cant variations in average soil moisture in the tundra were observed after the fire,

despite a greater accumulation of surface water in burned sites due to the destruc-

tion of the organic layer, which normally absorbs water (Jiang et al. 2015a; Rocha

and Shaver 2011b). It has also been demonstrated that vegetation responses to

fire include a shift in vegetation community types, such as a change from dry

tundra to wet tundra (Rocha and Shaver 2011b; Hinzman et al. 2005).

From this analysis, it can be observed that the statements in the result section

(3.2) are confirmed. Immediately after the fire, CWM of SLA and of plant height

values are lower, causing an increase in soil moisture, also due to the thawing

of the permafrost and thus to the increase of the active layer depth (statement

two (3.2)). However, it is not excluded that, with a decrease in the active layer

thickness, the value of CWM of SLA and of plant height may increase, thereby

causing a decrease in soil moisture. Therefore, as time passes after the fire,
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statement one (3.2) could be the most relevant. However, in the tundra, soil

moisture is subject to a variety of influences, including summer precipitation,

snow distribution, freeze-thaw cycles, permafrost status, soil characteristics, and

topography (Myers-Smith et al. 2015). This variety of factors makes soil moisture

assessment more complex than climatic variables, and it is evident that it is

simplistic to derive a value solely from vegetation (as in this study case using the

Ellenberg Indicator Value F for soil moisture) without considering other factors.

Therefore, the significance resulting from the SEM analysis is relevant but should

be interpreted with caution.

The limitations of this model are several. The data sample is not very large,

70 observations, which may not be sufficient to represent the entire area analysed

and to detect significant differences. The model itself could be more comprehen-

sive, for example: including other ecosystem functioning or disturbances. Fur-

thermore, it is highly likely, that the significance of the interaction between the

two CWMs and the soil moisture indicator is lower in reality than derived from

this model. This because all values were calculated using the same vegetation

classification and are averages of data, making it much more likely for an interac-

tion to occur. Therefore, this model is acceptable but not perfect. Furthermore

some plants the values of functional traits were not found in the database, so

the calculation of CWMs is not an accurate mean, as in the case of the previous

analysis. In addition, the utilization of the dNBR value for assessing fire severity

may not be the most appropriate approach. The amalgamation of fire severity

and ecosystem responses into a singular index might not offer the optimal means

to fully comprehend the intricacies of the phenomena under consideration (Keeley

et al. 2008). Consequently, fire severity may not be adequately captured by this

index. Moreover, relying exclusively on vascular plants to detect vegetation dif-

ferences could have been limiting; solely analyzing vascular plants may not serve

as a universal indicator of vegetation change. The Arctic tundra, in addition to

vascular plants, is characterized by various cryptogamic plants, which are likely

more crucial for tundra ecosystems due to their higher abundance. Consequently,

they are likely more pivotal for ecosystem functioning and may have undergone

a more significant impact from fire. These reasons could potentially be linked to

the variables failing to explain much of the variance and having an insignificant

impact on other variables.
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In general, the consequences of fires on organic layer depth and soil moisture

result in increased soil temperature and deepening of thawing (Jiang et al. 2015b).

However, the extent of this phenomenon depends on the response of soil thermal

conductivity to soil moisture, changes in organic layer thickness, and vegetation

(Jiang et al. 2015a; Yoshikawa et al. 2003; Liljedahl et al. 2007). Fires in the

tundra have a significant effect on ecosystem functioning, involving both vege-

tation and watershed hydrological processes (Keeley et al. 2008). Consequently,

the structure of vegetation should be also linked to fire and ecosystem functions,

although many more variables play a crucial role in understanding the system.
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5 Conclusion

Due to the ongoing climate change in the Arctic an increase in the frequency,

extent and intensity of fires is predicted (Higuera et al. 2008; Hu et al. 2010).

However, it is not yet fully clear how fire intensity influences vegetation. From

these results, it can be concluded that fire severity does not appear to have an

impact on the functional traits of vascular plants, for the four investigated CWMs

(SLA, plant height, nitrogen and carbon content in leaves), both in the short term

(< 5 years) and in the long term (10 years). Additionally, fire severity also does

not seem to be significant for vegetation structure, which, however, seems to have

an influence on ecosystem functions.

A rise in vegetation will lead to a change in the traditional Arctic tundra

vegetation, causing an increase in shrubs, which would alter the values of plant

functional types, the ecosystem functioning and also increase the amount of fuel

for future fires (Higuera et al. 2008). Determining all factors leading to ecosystem

change is essential for understanding the long-term effects of fire and its inten-

sity, on both vegetation and ecosystem functioning, which, from this preliminary

analysis, appears to be strongly influenced.

The feedbacks between tundra fires and climate are complex, but suggest

possible short and long-term impacts (Higuera et al. 2008; Shaver et al. 2006;

Oechel et al. 2000; Mack et al. 2004). The severity of fires could also be significant,

especially in the short term, although the extent to which fire intensity determines

ecosystem responses remains, for the moment, uncertain (Keeley et al. 2008).

Impacts of fire include changes in vegetation, changes in soil moisture levels,

alteration of microbial activity, and changes in the nitrogen and carbon cycles,

as well as active layer thickness modification (Veraverbeke et al. 2021; Jiang et

al. 2015a; Bret-Harte et al. 2013). Therefore the impact of fire on ecosystem

functioning, involving both vegetation and watershed hydrological processes, is

significant.
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A Appendices

Table 3: Representation of the estimated values and the associated p-value deter-

mining significance of the Structural Equation Model among the variables: Year;

fire severity (dNBR); Ellenberg Indicator Value F of soil moisture (EIV F); CWM

of plant height; CWM of SLA; and Active Layer Depth (ALD).

Estimate P value
CWM_PlantHeight ⇠
ALD_mean
Year
dNBR

-0.343
-0.514
0.072

0.002
0.112
0.818

CWM_SLA ⇠
ALD_mean
Year
dNBR

-0.248
-0.292
-0.108

0.020
0.368
0.748

ALD ⇠
Year
dNBR

-0.613
0.322

0.442
0.588

EIV_F_mean ⇠
CWM_PlantHeight
CWM_SLA
Year
ALD_mean
dNBR

-0.560
-0.495
-0.370
-0.108
-0.057

0
0
0.345
0.594
0.874

Table 4: Results of the ANODEV for the comparison of the independent variables

among the active layer depth. The table displays the F-value and associated p-

value indicating the significance of the differences observed.

Active layer depth
F Value P Value

dNBR 4.88 0.031
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