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Abstract
Questions: During the winter of 2014, an intense drought combined with sub-zero 
temperatures resulted in a massive Calluna dieback in Norwegian heathlands. We 
studied the initial vegetation recovery under two management approaches: natu-
ral recovery and prescribed burning. We hypothesized that natural recovery will be 
slower in more drought-affected sites, whereas burning will facilitate post-fire recov-
ery in all sites by effectively removing dead and damaged heath. Both natural recov-
ery and post-fire succession will be slower in the north.
Location: Calluna heath in seven sites spanning an approx. 600-km latitudinal gradient 
along the coast of Norway (60.22–65.69° N).
Methods: After a natural drought, 10 permanent plots per site were either burnt or 
left for natural recovery. Vegetation data were recorded annually in 2016 (pre-fire) 
and 2017–2019 (post-fire) reflecting a factorial repeated-measures design (n = 280). 
The data were analyzed using mixed-effects models.
Results: Two years after the drought, we observed high but variable Calluna dam-
age and mortality. Over the four years of study, damaged Calluna recovered, whereas 
dead Calluna showed little recovery. Both the extent of the damage and mortality, as 
well as the rate of natural recovery, are only weakly related to site climate or envi-
ronmental factors. Fire efficiently removed dead and damaged Calluna and facilitated 
post-fire successional dynamics and recovery in a majority of sites.
Conclusions: Extreme winter drought resulted in substantial and often persistent 
damage and dieback on Calluna along the latitudinal gradient. In sites with high mor-
tality, prescribed burning removed the dead biomass and, in some cases, facilitated 
vegetation recovery. Traditional heathland management, which uses burning to fa-
cilitate all-year grazing by Old Norse sheep in Atlantic coastal heathlands, can be an 
efficient tool to mitigate dieback events and more generally to increase resistance to 
and resilience after extreme drought events in the future.
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1  |  INTRODUC TION

Land-use change and climate change represent major threats to 
terrestrial ecosystems across the world, negatively impacting biodi-
versity ecosystem functioning and benefits to people (IPBES, 2019; 
IPCC, 2023). Globally, deforestation and agricultural intensification 
constitute major drivers of land-use change, but in industrialized 
regions, such as Europe, large areas and important habitats are 
also negatively impacted by abandonment of traditional and ex-
tensive land-use practices (IPBES,  2018, 2019). Land-use changes 
operate through altering disturbance regimes in ecosystems, and 
the evidence for consequences of these changes on biodiversity 
is accumulating, with further changes predicted for the future 
(Newman,  2019). Managing ecosystems for high resilience (sensu 
Holling,  1973) in the face of changing disturbance regimes has 
thus become an ecological and socioeconomic imperative of the 
Anthropocene (Newman,  2019), and resilience has become a key 
concept for understanding and predicting ecosystem responses to 
global change.

The Atlantic coastal heathlands of northwest Europe are key habi-
tats threatened by land-use change and abandonment (IPBES, 2018). 
Heaths once covered several million hectares, but due to tree and 
shrub encroachment after abandonment of traditional land-use 
practices combined with pressures from industry, infrastructure, 
housing developments, and agricultural intensification, their extent 
has so drastically decreased that this nature type is now classified 
as greatly endangered in the EU as well as in Norway (Webb, 1998; 
Tsiripidis et al., 2016; Hovstad et al., 2018). These heaths date back 
several millennia and were created and maintained by low-intensity 
land-use regimes involving extensive free-range grazing and pre-
scribed burning, and in some instances also mowing or turf-cutting 
(Gimingham,  1992). Managed heathlands are typically burnt on a 
decadal scale to improve fodder quality, resulting in a cyclical suc-
cessional pattern, where the keystone species Calluna vulgaris (L.) 
Hill (hereafter Calluna) passes through characteristic morphological 
phases (pioneer, building, mature, degenerative) before a new fire is 
set and the cycle starts again (Gimingham, 1992). These semi-natural 
cultural landscapes support characteristic biodiversity, provide hab-
itat for pollinators, areas for grazing, fodder, food production, and 
carbon sequestration along with contributions to the local economy, 
recreational values, landscape appreciation, and tourism (Walmsley 
et al., 2021; Cusens et al., 2023). Traditional management practices 
are crucial to maintain these open landscapes and their biodiversity, 
benefits, and services. Extreme climatic events (droughts, floods, 
heat waves, cold snaps) are likely to increase in frequency and in-
tensity in the future (IPCC, 2023). This is of relevance for nature 
management and conservation, as extreme events are expected 
to have system-wide impacts on species and ecosystems (Jentsch 
et  al.,  2007; Smith,  2011; Ummenhofer & Meehl,  2017; Ploughe 
et al., 2019) and could drive ecosystems past ecological thresholds 
(Peñuelas et  al.,  2007; Knapp et  al.,  2008; Smith,  2011; Munson 
et  al.,  2018; Lamentowicz et  al.,  2019). Droughts may increase 
wildfire risk, and particularly so in abandoned heathlands where 

successional dynamics and litter accumulation may lead to high 
fire loads (Davies, Smith, et al., 2010; Log et al., 2017; Grau-Andres 
et al., 2018).

During the winter of 2013/2014, an intense drought combined 
with unusually low temperatures resulted in a massive dieback of 
Calluna in the coastal heathlands of Norway. Winter precipitation 
(Dec–Feb) was less than 50% of normal, and there was a prolonged 
period of below-freezing temperatures, exposing the evergreen 
Calluna plants to extremely low humidity while at the same time 
blocking access to groundwater due to frozen ground in the most 
affected areas (www.​met.​no). The 2014 winter drought in Norway 
caused massive Calluna dieback in the coastal heathlands, and more 
generally major damage across the boreal and Arctic heath veg-
etation zones (Bjerke et  al., 2017). With the exception of a minor 
Calluna dieback event in 1991 in Norway (Solberg et al., 1992), mas-
sive Calluna dieback had previously only been recorded in England 
(Marrs, 1986, 1993), Scotland (Hancock, 2008), and the Netherlands 
(Aerts & Heil, 1993), where it has been linked to reduced frost tol-
erance (Sæbø et  al.,  2001) due to atmospheric nitrogen pollution 
(Heil & Diemont, 1983; Aerts & Heil,  1993; Marrs, 1993; Gordon 
et  al., 1999; Southon et  al.,  2012) and to drought combined with 
low temperatures (Hancock, 2008). These recent ‘Arctic browning 
events’ have been linked to extreme winter climate events, includ-
ing strong frost and lack of snow, but also winter warming periods 
(Phoenix & Bjerke, 2016; Parmentier et al., 2018).

Globally, we lack knowledge of the magnitude, type, and com-
bination of climate extremes under which ecological thresholds are 
exceeded, and where ecosystem functioning therefore cannot be 
upheld (Smith, 2011). While a study from lowland heath in the UK 
finds near full recovery within a year after drought-related dieback 
(Watson et al., 1966), a Scottish study reports little recovery after 
three years (Hancock, 2008). Interestingly, a major drought-related 
dieback in arctic tundra was reported to recover rapidly after wild-
fire (Bret-Harte et al., 2013). While previous research generally does 
not consider the pre-drought ecological state, for example succes-
sional phase of the damaged heathland vegetation, there is evidence 
suggesting that successional dynamics may be an underappreciated 
source of heathland resilience. For example, whereas Calluna seed-
lings have been shown to be drought-sensitive (Gimingham, 1972; 
Calvo et  al.,  2005; Meyer-Grünefeldt et  al.,  2015), Calluna in the 
building phase is more resistant to drought (Meyer-Grünefeldt 
et al., 2015). In a recent study, Haugum et al. (2021) find that overall, 
established heathland vegetation is generally resistant to drought, 
although mature-phase Calluna shows signs of being less resistant. 
Similarly, in a study of a major Calluna dieback in England, older 
stands were more affected by damage compared to younger or 
uneven-aged stands. Whether the 2014 drought event has driven 
the coastal heathlands past their ecological threshold depends on 
the resilience of the ecosystem, which may vary in time and space.

The Norwegian coast provides a particularly suitable system for 
studying variation in both the immediate response and resilience to 
extreme events, as this landscape has unusually broad ranges in cli-
mate, environment, and land use (Moen, 1998). Along the Norwegian 
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coast, species composition and abundance (Vandvik et  al., 2005; 
Velle & Vandvik,  2014), seed germination regulation (Måren & 
Vandvik, 2009; Spindelböck et al., 2013; Vandvik et al., 2014), and 
regeneration dynamics and growth rates (Nilsen et al., 2005; Velle 
et al., 2012; Vandvik et al., 2014) all reflect biogeographic variation 
of relevance to extreme event responses and resilience. For example, 
an absence of vegetative regeneration in old Calluna stands (Mallik 
& Gimingham, 1985) and in northern heathlands (Velle et al., 2012), 
and poor seedling recruitment in dry habitats (Calvo et  al., 2005; 
Spindelböck et  al.,  2013; Velle & Vandvik,  2014) can negatively 
impact heathland resilience. Regeneration dynamics is therefore 
generally slower in northern heathlands (Velle & Vandvik, 2014). As 
Calluna is a keystone species in coastal heathlands, drought dam-
age, diebacks, and variation in regeneration rates are likely to have 
severe repercussions for ecosystem functions and services. For 
example, Calluna is the main fodder resource during winter for the 
year-round outfield grazing with Old Norse sheep (Buer, 2011), an 
old livestock type dating back to the first settlement after the last ice 
age (Kaland, 1986), thus potentially threatening this traditional land 
use in impacted areas, plus landscape fire risk is likely to increase, 
especially in areas with high fuel loads (Davies, Smith, et al., 2010).

The current mechanistic understanding of how terrestrial eco-
systems are impacted by drought is founded primarily on opportu-
nistic studies and localized experiments (Beier et al., 2004; Jentsch 
et  al.,  2007; Smith,  2011). Smith  (2011) emphasizes the value of 
opportunistic studies initiated after a period of extreme climatic 
conditions as these offer opportunities for assessing ecosystem im-
pacts in realistic ecological settings. Furthermore, such studies can 
capture the full temporal and spatial magnitude of the extreme cli-
matic event. In this study, we make use of the unique 2014 Calluna 
dieback event in combination with prescribed burning experimental 
treatments to address critical questions for understanding the role 
of traditional management (i.e., burning and grazing, see above) in 
controlling ecosystem resilience after drought damage and dieback 
along an approx. 600-km north–south gradient. We study the effect 

of vegetation recovery in Calluna-dominated habitats by following 
two different approaches. The first approach is to carry out pre-
scribed burns and assess whether the post-fire vegetation devel-
opment follows the same trajectories as in previous studies when 
there was no drought damage. The second approach is to leave the 
vegetation unburnt to recover by itself.

We hypothesize that the rate of recovery after drought is a func-
tion of the extent of the damage. This predicts the slowest recovery 
in the more damaged sites and plots (Figure 1a). We also hypoth-
esize that fire can effectively reset drought-damaged heathland 
(Figure 1b). This predicts that the rate of post-fire succession will be 
unaffected by the extent of drought damage pre-fire, but the varia-
tion in ecological dynamics along the coast will mean that the rate of 
regeneration should be higher in southern sites.

2  |  MATERIAL S AND METHODS

2.1  |  Study sites

The study was carried out in seven Atlantic coastal heathland 
sites, spanning a 583-km latitudinal gradient along the west coast 
of Norway, from 60.22° N, 5.00° E to 65.80° N, 12.22° E (Figure 2, 
Table  1). All sites are classified as acidic heath vegetation (T34-
C-2 and T34-C-4, Nature in Norway), the most common heath 
type along the Norwegian coast, and a characteristic habitat in the 
northwestern European heathlands (Loidi et al., 2020). All sites are 
in oceanic vegetation sections (O1-2); sites A–C are in the bore-
onemoral vegetation zone and sites D–G in the southern boreal 
vegetation zone (Moen,  1998). Traditional heathland management 
along the Norwegian coast involves grazing (often year-round graz-
ing systems) and prescribed burning with burning intervals spanning 
from 15 years in the south and up to 30 years in the north (Velle 
et  al.,  2012; Velle & Vandvik, 2014). In this study, all sites are ex-
tensively grazed by Old Norse sheep. The heaths in this study were 

F I G U R E  1 Conceptual diagram outlining the predicted recovery after drought damage under the two management approaches: (a) 
natural recovery in unburnt sites and (b) post-fire vegetation development in burnt sites. In unburnt sites, (a) we expect recovery rates to be 
higher in sites with a relatively lower degree of drought damage/mortality. After fire, (b) we expect recovery rate to vary over time, but not 
with degree of pre-fire drought damage.
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selected to be in the late mature phase in all sites, ready to be burnt, 
according to the traditional land-use management regime. Today, 
traditional management has been discontinued in many heathlands 
and, as a consequence, heathlands are now classified as ‘endan-
gered’ in the Norwegian Red List of habitats (Hovstad et al., 2018) 
and ‘vulnerable’ in the European Red List of habitats (Tsiripidis et al., 
2016). All our study sites have been subjected to changes in manage-
ment over recent decades, including both reduced grazing intensity 
and reduced fire frequency.

2.2  |  Data collection

Climate data were obtained from the nearest climate stations to each 
site. Precipitation, temperature, and air humidity time series were 
collected from the following meteorological stations: A, Slåtterøy 

fyr; B, Ytterøyane; C, Svinøy fyr; D, Sandstad II; E, Rørvik Airport; F, 
Vallsjø; and G, Tjøtta. The length of the available time series varies 
among the stations and variables, and all available data for all sites 
in 2014 were used. Mean annual precipitation ranges from 1100 to 
2500 mm (Førland, 1993), mean annual temperature from 5.2°C to 
7.6°C, and mean January temperature from −1.5°C to 2.5°C, being 
above −1.5°C across all sites (Aune, 1993; Table 1).

The data collection in all sites is based on a repeated-
measurements design. At each study site, 10 experimental blocks, 
each of 10 m × 10 m, were randomly positioned within the Calluna 
heath stands. The stands were selected to have as equal a structure as 
possible (>75% Calluna cover, <40 cm height, and at the mature suc-
cessional stage according to the heathland cycle; Gimingham, 1992). 
Minimum distance between blocks was 15 m. Within each block, one 
1 m × 1 m plot was placed randomly and permanently marked with 
metal poles in each corner. The plots were selected to avoid marked 

F I G U R E  2 Map of study sites and the 
potential distribution area for Norwegian 
coastal heathlands (Velle et al., 2023).

Site
Geographical 
location

Mean annual 
temp. (°C)

Mean Jan. 
temp. (°C)

Mean annual 
precip. (mm) Bedrock

G 65.80 N 12.22 E 5.7 −0.3 1309 Mica schist

F 65.69 N 12.07 E 5.4 −0.4 1131 Mica schist

E 64.84 N 10.85 E 5.2 −1.5 1535 Granodiorite gneiss

D 63.30 N 8.00 E 5.7 −0.3 1136 Gabbro

C 62.36 N 5.52 E 7.1 3.0 2560 Micaceous gneiss

B 61.80 N 4.92 E 7.3 2.8 2673 Quartzite

A 60.22 N 5.00 E 7.6 2.5 2080 Amphibolite

TA B L E  1 Climatic conditions 
(temperature (Aune, 1993); precipitation 
(Førland, 1993)) and bedrock (Sigmond 
et al., 1984) for the seven study sites 
along the 583-km gradient from north to 
south.
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depressions and concavities, paths, areas with more than 10% bare 
rock or bare soil, and less than 5 m from the edge of any previously 
burnt area. Within each site, half the blocks were dedicated to ex-
perimental fires, while the rest were left unburnt as controls. The 
fires were performed by an experienced team trained to follow tra-
ditional burning prescriptions (Kaland, 1999). The prescribed burn-
ings were conducted under conditions as constant as possible along 
the climatic gradient, between February and April, in dry weather 
and with wet or frozen ground, downwind under light wind speed 
(0.5–3 m s−1). Plant community composition in all plots (seven sites, 
10 plots each) was recorded during late summer before burning 
(2016) and three years after burning (2017–2019).

The cover of species of vascular plants, bryophytes, and lichens 
was recorded with plant nomenclature following Lid and Lid (2005) 
for vascular plants, Frisvoll et  al.  (1995) for bryophytes, and Krog 
et al. (1994) for lichens. In addition, we recorded the cover of bare 
soil, graminoids, herbs, mosses, lichens, and litter (total cover of loose 
dead plant material). To quantify the effect of drought on Calluna, we 
recorded the cover of dead, drought-damaged, and healthy Calluna 
within each plot (Figure 3). This was done according to the observed 
colouring and texture of the Calluna leaves and stems, where green 
and soft leaves were interpreted as healthy Calluna, brown and soft 
leaves as drought-damaged Calluna, and grey, colourless and crispy 
leaves were interpreted as dead Calluna (Figure 3). Each cover was 
visually estimated to the nearest percentage. For each plot we mea-
sured the peat depth (measured from the soil surface to the inor-
ganic substrate), aspect, slope, and recorded the microtopography 
within the plot as concave, flat, or convex.

2.3  |  Data analysis

We explored the patterns and relationships between climate, envi-
ronment, Calluna damage, and community response data through an 
exploratory analytical approach and via models. We compared the 
mean relative humidity, temperature, and precipitation of January 
2014 with the same month in other years for the available time 
series of climate data from the nearest climate stations. We calcu-
lated the cover and proportion of the main functional groups, and 
of dead, damaged, and healthy Calluna for each plot and year. These 
responses were related to climatic and site-level environmental vari-
ables reflecting drought severity and soil moisture.

Mixed-effects models were used to regress the proportion of 
dead Calluna in 2016 against drought severity (estimated as January 
2014 relative humidity) and local factors (soil depth and aspect). 
Similarly, the cover of regenerating Calluna and number of Calluna 
seedlings in burnt plots were regressed against time and latitude. 
Latitude was used as a predictor because the 2014 drought damage 
varied with latitude, and because heathland regeneration dynamics 
after fire also varies along a latitudinal bioclimatic gradient (Nilsen 
et al., 2005; Velle & Vandvik, 2014). For all models, we assumed a 
Gaussian error distribution, except for the number of seedlings 
where we assumed a negative binomial distribution, and we included 

plots within sites as a random factor to capture the nested spatial 
structure of the data. We used non-parametric multidimensional 
scaling (NMDS) to summarize community compositional patterns 
across sites and years.

All analyses were done in R v. 4.3.0 (R Core Team,  2023), 
using  lme4 v. 1.1.32 (Bates et  al.,  2015) and lmerTest v. 3.1.3 
(Kuznetsova et al., 2017) to fit mixed-effect models, vegan v. 2.6.4 
(Oksanen et al., 2022) for ordination, and tidyverse v. 2.0.0 (Wickham 
et  al.,  2019) for data manipulation. Packages targets v. 1.0.0 
(Landau,  2021), quarto 1.2 (Allaire et  al., 2023), and renv v. 0.17.3 
(Ushey & Wickham, 2023) were used to ensure reproducibility.

3  |  RESULTS

3.1  |  Drought severity

All sites experienced droughts beyond the range of the measured 
climate time series in January 2014, and for the northern sites, this 
continued into February (Appendix S1). The magnitude and duration 
of the drought increased northwards, both in terms of mean relative 
humidity, which decreased from ca 65% in the south to less than 
55% in the north in January 2014, and in terms of the magnitude of 
the difference from the normal range. Precipitation was extremely 
low across all sites in January 2014, and the three northernmost 
sites had sub-zero temperatures (Figure 4).

3.2  |  Drought damage and recovery of 
dwarf shrubs

The drought had a pronounced effect on Calluna in all sites, with 
dead or damaged Calluna making up on average 20.5%–44.2% 
of the cover in the sites 2016, with some variation across plots 
within sites (range 4%–57%) (Figures 5). The sites in the south had 
less dead Calluna, but in return, a greater proportion of drought-
damaged Calluna (Figure  5). Healthy Calluna was still found in 
all sites, except site F, where the majority of Calluna was dead 
(Figure 5). Other vascular plants were present at all sites, at vari-
able cover. Surprisingly, we do not find any effect of our climatic 
or environmental variables on the proportion of dead or damaged 
Calluna; specifically, no significant effect of the magnitude of the 
drought (Figure 4), plot aspect, slope, or peat depth (p > 0.05 in all 
cases, Appendices S2–S4).

Over the four years of study, the unburnt plots showed signs 
of some natural recovery after drought as the cover of damaged 
and dead Calluna decreased over time, whereas live Calluna in-
creased (estimated annual increase 3.06% cover; F1,102.44 = 10.827, 
p < 0.01). The lowest recovery was observed in plots with dead 
Calluna (E, F) (Figure 5). Prescribed burning efficiently removed 
the drought-damaged and dead Calluna in all sites, and live Calluna 
then emerged and slowly but gradually increased in cover over the 
three next years in most sites (estimated annual increase 2.34% 
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cover; F1,69 = 17.09, p < 0.001) The increase in Calluna cover was 
slower in the two northernmost sites. The cover of other vascular 
species was variable, with no clear patterns between treatments 
or among sites (Figure 5).

In all sites, Calluna seedlings emerged after fire, with an average 
of 7.82 seedlings per plot. In contrast, only two seedlings were en-
countered in the unburnt plots, and the difference is highly signifi-
cant (p < 0.001). In burnt plots, seedling densities decreased sharply 
towards higher latitudes (with log number of seedlings decreasing by 
an estimated 0.7 per degree latitude; p = 0.012), and very few seed-
lings emerged from sites F and G (Figure 6).

3.3  |  Community-level responses

The total sum of the functional groups' cover in unburnt stands var-
ied over time and space from more than 200% to approx. 100% with 
especially high cover in site B and in the final year of site E (Figure 7). 

The vegetation was generally dominated by Ericales and bryophytes, 
with lower but variable contributions of graminoids, woody plants, 
and ferns and forbs. The total vegetation cover, reflected in the sum 
of the cover of the plant functional groups, was generally relatively 
constant over time in the unburnt stands, with some low-cover sites 
and years (2017 for A and E, 2018 and 2019 in F). After fire, total 
vegetation cover was reduced by ca 30%–90%. In sites where large 
amounts of bryophytes remained after fire, these generally died in 
the following 1–2 years (sites D, G, but not E) (Figure 7). The relative 
abundance of graminoids and ferns and forbs increased after fire, 
to the extent that these functional groups dominated the vascular 
vegetation after a few years (e.g., A, C, E, G). Ericales also increased, 
but more slowly (Figures 5 and 7).

The NMDS diagram reflects the biogeographic gradient from 
southern sites on the upper right-hand side of the diagram to north-
ern sites on the lower left (Figure 8a). Southern sites are character-
ized by southernly distributed and drought-tolerant species, such 
as Erica tetralix L. and Carex pilulifera L., whereas northern sites are 

F I G U R E  3 (a) A Calluna-dominated heathland plot (1 m × 1 m, with 16 subplots) with high cover of dead Calluna (site F); (b) healthy Calluna; 
(c) drought-damaged Calluna, and (d) dead Calluna.
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characterized by arctic–alpine species such as Empetrum nigrum L., 
Betula nana L., Arctostaphylos alpinum (L.) Spreng., and Carex nigra 
(L.) Reichard (Figure 8b). Whereas unburnt plots were stable over 
time and dominated by dwarf shrubs and bryophytes (upper part 

of the diagram), the burnt plots shifted after fire towards communi-
ties dominated by early-successional graminoids and forbs such as 
Agrostis capillaris L., Carex binervis Sm., Luzula multiflora (Ehrh.) Lej., 
and Potentilla erecta (L.) Raeusch. (Figure 8a,b).

F I G U R E  4 Frequency distribution of 
mean precipitation, temperature, and 
relative humidity (%) for January from 
climate station time series for sites A–G 
(coloured histograms). The span of each 
climate time series is given on the plots. 
More information on sites A–G is given 
in Figure 2 and Table 1. Climate stations 
used per site are listed in Section 2.1. 
Precipitation data for 2014 are missing for 
site F.

F I G U R E  5 Percent Calluna cover over 
time by health status (dead, damaged, 
healthy) and sum of other vascular plant 
species. Bars are given for average values 
per site and each of five individual plots 
within sites. For further information on 
sites A–G see Figure 2 and Table 1.
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4  |  DISCUSSION

4.1  |  Northern sites are most strongly affected by 
drought

Two years after the severe winter drought in 2014, we observed 
major but variable Calluna dieback, with considerable amounts of 
dead and damaged heather, especially in some of the northern sites. 
Dieback of Calluna and other evergreen dwarf-shrub heathland veg-
etation has previously been reported from throughout the Arctic, 
including Norway (Bjerke et  al.,  2017; Parmentier et  al.,  2018). 
Interestingly, regarding the Calluna dieback that followed the 2014 
winter drought, Bjerke et  al.  (2017) suggest that low precipitation 
and hence very little snow cover caused a frost drought, resulting in 
the observed Calluna mortality. In our more southern coastal heath-
lands however, lack of snow cover during winter is a common feature; 
indeed, this forms the basis for the characteristic year-round-grazing 

F I G U R E  6 Number of Calluna seedlings per 1 m × 1 m plot over 
the three post-fire years (2017–2019) in the burnt plots within each 
site. For further information on sites A–G see Figure 2 and Table 1.

F I G U R E  7 Community cover over 
time by taxonomic group. For further 
information on sites A–G see Figure 2 and 
Table 1.
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systems (Buer, 2011; Kvamme et al., 2004). In contrast, long drought 
spells, with or without sub-zero temperatures, are uncommon. 
During January and February 2014, our sites were exposed to ex-
tremely low air humidity, with the four northernmost sites having 
reductions that were unprecedented in the available climate time se-
ries. In the three northernmost sites, this was combined with periods 
of sub-zero temperatures. Drought stress is often characterized by 
passing a threshold in soil water availability (Beier et al., 2012), but it 
has been argued that models used to measure the impact of drought 
on ecosystems should be refined to record the role of low air humid-
ity as this is often an underestimated cause of plant stress (Novick 
et al., 2016). Our study adds further support to this line of argument, 
as we find no relationship between the proportion of damaged and 
dead Calluna and typical variables that influence soil moisture, such 
as peat depth, slope, or aspect.

Our heathlands are relatively species-poor and dominated by 
a single species, Calluna vulgaris, hence the ecosystem's dynamics 
and functioning rely on a single species. According to the biodiver-
sity insurance hypothesis (Yachi & Loreau, 1999), diversity confers 
ecosystem resilience because more diverse communities poten-
tially harbour a broader range of niches to accommodate environ-
mental perturbation, hence low-diversity systems such as ours 
should be vulnerable to perturbations (e.g., drought). However, 
while Gobin et al. (2015) find that Calluna from within temperate 
forests show little drought tolerance, several other studies sug-
gest that Calluna may be relatively resistant to drought, possibly 
with locally adapted responses (Meyer-Grünefeldt et  al.,  2016; 
Haugum et  al.,  2021). Accordingly, Ibe et  al.  (2020) find prov-
enance-  and life-history-specific responses in the morphology 
and physiology of Calluna plants to water pressure deficit. As our 
northern oceanic heathland study sites have little historic expo-
sure to droughts, these high-latitude heathlands may be particu-
larly susceptible to increased climatic variability, and in particular 
to increased drought risk (Hanssen-Bauer et al., 2017) under cli-
mate change.

4.2  |  Varying recovery in unburnt stands

In some sites, drought-damaged Calluna was relatively rapidly 
replaced by live Calluna over our three years of study. This hap-
pened in three of the seven sites (B, D, E), possibly due to a re-
covery of drought-damaged tissue, or the emergence of new 
shoots that replaced damaged tissue. These results may indicate 
that when the drought damage is below a certain threshold, the 
plants manage to recover, and conversely, if the damage exceeds 
this threshold, the damage becomes permanent and the plants 
may die. There is a knowledge gap related to such thresholds, and 
the causal relationships of how species and communities respond 
to stress appear to be complex (Vicente-Serrano et al., 2020). In 
an experimental drought study in Norwegian coastal heathlands, 
partial browning on Calluna was observed during prolonged sum-
mer droughts (Haugum et  al.,  2021). Most of this browning was 
reversed in less than three months, demonstrating high resilience 
at this magnitude of disturbance. Moreover, a study in grassland 
and heath communities by Backhaus et al.  (2014) finds that mild 
drought events increase the resistance towards extreme drought 
events and proposes epigenetic changes or soil biotic legacies as 
possible explanations. The study also shows that the response of 
a single species to drought may be affected by the presence of 
other species. Although Calluna is the keystone species, Empetrum 
nigrum, which is also typically found in our northern heathlands, is 
a heathland species with relatively high resistance to climatic vari-
ability in the arctic tundra. A study by González et al. (2019) finds 
that shoot length and berry production are reduced when exposed 
to freezing temperatures during winter, but less so if the following 
growing season is warm and long.

F I G U R E  8 Non-parametric multidimensional scaling (NMDS) 
plot of (a) plots and (b) species. Species names are given as the 3 + 3 
first letters of the genus and species names. Full names are given in 
Appendix S5.
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In some of the southern sites, such as A and C, there was little 
recovery despite a relatively modest drought impact. One possi-
ble explanation is higher atmospheric nitrogen deposition in these 
southern sites, exceeding the critical limit of 5–15 kg N ha−1 year−1 
(Bobbink et  al.,  2022). Nitrogen addition can cause increased 
drought susceptibility (Power et  al.,  1998; Carroll et  al.,  1999; 
Southon et  al.,  2012) and slower growth (Barker et  al.,  2004) in 
Calluna shoots. Generally, the distribution range of Calluna is char-
acterized by high precipitation, mild temperatures, and low nutri-
ent availability (Loidi et al., 2020), making it potentially susceptible 
to both nitrogen enrichment and drought. Drought resistance in 
Calluna, including winter drought because of soil freezing, has been 
documented to decrease when exposed to elevated nitrogen levels 
(Britton & Fisher,  2007; Fangmeier et  al., 1994). One explanation 
is linked to an increase in the shoot:root ratio (Meyer-Grünefeldt 
et  al.,  2015). Combinations of increased nitrogen deposition and 
extreme winter droughts can thus be a potential future threat to 
Calluna-dominated heathlands.

In sites E and F drought-damaged and dead Calluna disappeared 
over time, without any recovery of live Calluna. In these northern 
sites, Calluna does not resprout vegetatively and thus depends ex-
clusively on seed regeneration for recovery (Velle & Vandvik, 2014). 
As seed germination is strongly promoted by fire (Måren & 
Vandvik, 2009), recovery in the absence of fire may be effectively 
inhibited. The loss of the dominant Calluna due to drought impact on 
older Calluna plants may free up niches for new species to establish 
(Hobbs & Gimingham, 1984; Gimingham, 1992), giving forest succes-
sional species opportunities to enter the system (Gimingham, 1972). 
This reduces the ecological condition of the heathland (Nybø & 
Evju,  2017) and may speed up secondary succession into forest 
(Gimingham, 1972; Moen et al., 2006). Despite low relative humid-
ity, precipitation, and temperature, site G had a higher proportion of 
healthy Calluna than the other northern sites. The differences are 
not explained by peat depth, slope, or aspect. However, one possible 
reason might be site differences in exposure, as site G is more shel-
tered from the prevailing winds than E and F. This is compatible with 
Davies, Legg, et al.  (2010), who find significant variation in spatial 
and temporal moisture content in Calluna. They link this to shoots 
from exposed locations having a lower moisture content when the 
ground is frozen and that over-winter damage to leaf cuticles re-
duces the ability of the plant to regulate water loss.

4.3  |  Prescribed burning resets the post-fire  
succession

In this study, we find that fire effectively reset drought-damaged 
heathland by removing dead or damaged Calluna across all sites. 
The prescribed burning initiated a classical heathland post-fire 
succession with grasses and forbs, but also Calluna seedlings and 
other Ericales. These post-fire successional trends follow the gen-
eralized heathland cycle (Gimingham,  1972, 1992), and we note 
that the rate of recovery of healthy Calluna is similar in burnt and 

unburnt plots, at approx. 3% linear increase in cover over the 
study years. As the burnt plots start from a much lower cover, this 
suggests greater potential for growth at a per capita rate. The lati-
tudinal variation in post-fire development agrees with earlier stud-
ies along the same latitudinal gradient (Velle & Vandvik, 2014). In 
particular, the slow development of the Calluna cover after fire 
in northern sites is explained by the geographical variation in 
Calluna's regeneration strategy, as it re-establishes from both re-
sprouting stems and from seeds in the south, but only from seeds 
north of 63°N (Velle et al., 2012; Velle & Vandvik, 2014). Seed ger-
mination in Calluna is stimulated by exposure to smoke (Vandvik 
et al., 2014) and Calluna typically resumes dominance in the can-
opy 3–6 years after fire (Velle et al., 2012; Velle & Vandvik, 2014). 
While we encountered low numbers of seedlings in the two north-
ernmost sites compared to previous studies in western and cen-
tral Norway (Måren et  al. 2010; Måren & Vandvik, 2009; Nilsen 
et  al., 2005; Velle & Vandvik, 2014), the number was compara-
ble to that in late-successional heathlands in Scotland (Hobbs & 
Gimingham, 1984). In our study, low seeding numbers could be due 
to bryophytes and lichen left behind after the burning delaying 
seedling establishment (Figure  7), or because seedlings died be-
fore they were recorded during the relatively warm and dry sum-
mer of 2018. This drought might have had a more negative impact 
in the north, as the northern seeds and seedlings are less adapted 
to drought (Birkeli et  al.,  2023). Heathland seed banks generally 
harbour vast numbers of Calluna seeds (Måren & Vandvik, 2009), 
and we can expect additional seedlings to emerge over time, al-
though the majority of new individuals after fire normally estab-
lish within the first 2–3 years after burning (Måren et  al. 2014; 
Måren & Vandvik, 2009; Vandvik et al., 2014).

4.4  |  Implications for heathland management 
after drought

Drought damage has implications for heathland biodiversity, 
ecosystem functioning, and benefits to people. First, drought-
damaged and dead Calluna generally has lower moisture content 
compared to healthy Calluna (Log et al., 2017; Log, 2020), which 
might increase the probability of uncontrolled and unwanted wild-
fires. Wildfires do occur in heathlands, as has recently been ex-
perienced in the UK (Grau-Andres et al., 2019) and Norway (Log 
et al., 2017). Unlike prescribed burning, which takes place under 
controlled conditions during the autumn and winter to avoid dam-
age to the soil and seed bank (Gimingham,  1972), wildfires will 
generally occur in dry periods, including during summer, and they 
are thus more likely to damage seed banks, biodiversity, and car-
bon pools (Davies, Smith, et al., 2010; Grau-Andres et al., 2018). 
Our study thus suggests that prescribed burning during winter can 
be an efficient tool to remove dead biomass after drought, thus 
decreasing wildfire risk in subsequent years. As we find that natu-
ral recovery after drought is unpredictable and can be slow, pre-
scribed burning appears to be a reliable option to reset damaged 
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heathlands and promote ecosystem recovery. Although Calluna 
recovery after fire was slow in some of our sites, graminoids and 
forbs increased relatively quickly and reached 50%–100% cover 
after a few years, supporting ecosystem recovery and functioning, 
including grazing value. Since drought resistance is lower in older 
Calluna stands (Haugum et al., 2021) and since post-fire regenera-
tion rates are generally higher in younger stands (Marrs,  1986; 
Davies, Smith, et al., 2010; Velle et al., 2012, many of our sites), 
heathland management, including burning and grazing, can be effi-
cient mitigation tools to increase resistance to and resilience after 
future extreme drought events.

AUTHOR CONTRIBUTIONS
Velle, Thorvaldsen and Vandvik conceived the ideas and designed 
the methodology; Haugum, Thorvaldsen and Velle collected the 
data; Telford analyzed the data; Velle and Vandvik led the writing of 
the manuscript. All authors contributed critically to the drafts and 
gave final approval for publication.

ACKNO​WLE​DG E​MENTS
The authors thank Sally Power and two anonymous reviewers for 
valuable comments on the manuscript, Cathy Jenks for assistance 
with linguistic corrections, and Kristine Birkeli, Victoria H. Grape, 
and Christine Pötsch for assistance during fieldwork. We thank the 
landowners for allowing us to conduct this study on their lands and 
for joining the fire team during the prescribed burning.

FUNDING INFORMATION
This study has been funded by the Research Council of Norway 
(MILJØFORSK project 255090 and BRANNSIKKERHET project 
298993).

DATA AVAILIBILIT Y S TATEMENT
The data that support the findings of this study are openly available 
in the Open Science Framework at DOI 10.17605/OSF.IO/MV84D.

ORCID
Liv Guri Velle   https://orcid.org/0000-0003-0433-5337 
Siri Vatsø Haugum   https://orcid.org/0000-0003-4958-7132 
Richard J. Telford   https://orcid.org/0000-0001-9826-3076 
Pål Thorvaldsen   https://orcid.org/0000-0002-3883-847X 
Vigdis Vandvik   https://orcid.org/0000-0003-4651-4798 

R E FE R E N C E S
Aerts, R. & Heil, G.W. (1993) Heathlands. In: Pattern and processes in a 

changing environment. Boston: Kluwer Academic Publishers.
Allaire, J., Xie, Y., Dervieux, C., McPherson, J., Luraschi, J., Ushey, K. et al. 

(2023) rmarkdown: Dynamic Documents for R. https://​github.​com/​
rstud​io/​rmark​down

Aune, B. (1993) Air temperature normals. Normal Period 1996–1990 
(Report no. 02/93). http://​www.​met.​no

Backhaus, S., Kreyling, J., Grant, K., Beierkuhnlein, C., Walter, J. & 
Jentsch, A. (2014) Recurrent mild drought events increase resis-
tance toward extreme drought stress. Ecosystems, 17(6), 1068–
1081. Available from: https://​doi.​org/​10.​1007/​s1002​1-​014-​9781-​5

Barker, C.G., Power, S.A., Bell, J.N.B. & Orme, C.D.L. (2004) Effects of 
habitat management on heathland response to atmospheric nitro-
gen deposition. Biological Conservation, 120(1), 41–52. Available 
from: https://​doi.​org/​10.​1016/j.​biocon.​2004.​01.​024

Bates, D., Mächler, M., Bolker, B. & Walker, S. (2015) Fitting linear mixed-
effects models using lme4. Journal of Statistical Software, 67(1), 
1–48. Available from: https://​doi.​org/​10.​18637/​​jss.​v067.​i01

Beier, C., Beierkuhnlein, C., Wohlgemuth, T., Penuelas, J., Emmett, B., 
Körner, C. et  al. (2012) Precipitation manipulation experiments – 
challenges and recommendations for the future. Ecology Letters, 
15(8), 899–911. Available from: https://​doi.​org/​10.​1111/j.​1461-​
0248.​2012.​01793.​x

Beier, C., Emmett, B., Gundersen, P., Tietema, A., Peñuelas, J., Estiarte, 
M. et al. (2004) Novel approaches to study climate change effects 
on terrestrial ecosystems in the field: drought and passive night-
time warming. Ecosystems, 7(6), 583–597. Available from: https://​
doi.​org/​10.​1007/​s1002​1-​004-​0178-​8

Birkeli, K., Gya, R., Haugum, S.V., Velle, L.G. & Vandvik, V. (2023) Germination 
and seedling growth of Calluna vulgaris is sensitive to regional climate, 
heathland succession, and drought. Ecology and Evolution, 13(7), 
e10199. Available from: https://​doi.​org/​10.​1002/​ece3.​10199​

Bjerke, J.W., Treharne, R., Vikhamar-Schuler, D., Karlsen, S.R., Ravolainen, 
V., Bokhorst, S. et al. (2017) Understanding the drivers of exten-
sive plant damage in boreal and Arctic ecosystems: insights from 
field surveys in the aftermath of damage. Science of the Total 
Environment, 599-600, 1965–1976. Available from: https://​doi.​org/​
10.​1016/j.​scito​tenv.​2017.​05.​050

Bobbink, R., Loran, C. & Tomassen, H. (Eds.). (2022) Review and revision of 
empirical critical loads of nitrogen for Europe (Report no. 110/2022). 
https://​www.​umwel​tbund​esamt.​de/​en/​publi​katio​nen/​revie​w-​
revis​ion-​of-​empir​ical-​criti​cal-​loads​-​of

Bret-Harte, M.S., Mack, M.C., Shaver, G.R., Huebner, D.C., Johnston, M., 
Mojica, C.A. et al. (2013) The response of Arctic vegetation and soils 
following an unusually severe tundra fire. Philosophical Transactions 
of the Royal Society, B: Biological Sciences, 368(1624), 20120490. 
Available from: https://​doi.​org/​10.​1098/​rstb.​2012.​0490

Britton, A.J. & Fisher, J.M. (2007) Interactive effects of nitrogen depo-
sition, fire and grazing on diversity and composition of low-alpine 
prostrate Calluna vulgaris heathland. Journal of Applied Ecology, 
44(1), 125–135. Available from: https://​doi.​org/​10.​1111/j.​1365-​
2664.​2006.​01251.​x

Buer, H. (2011) Villsauboka. Førde: Selja Forlag AS.
Calvo, L., Tarrega, R., Luis, E., Valbuena, L. & Marcos, E. (2005) Recovery 

after experimental cutting and burning in three shrub communities 
with different dominant species. Plant Ecology, 180(2), 175–185. 
Available from: https://​doi.​org/​10.​1007/​s1125​8-​005-​0200-​z

Carroll, J.A., Caporn, S.J.M., Cawley, L., Read, D.J. & Lee, J.A. (1999) The 
effect of increased deposition of atmospheric nitrogen on Calluna 
vulgaris in upland Britain. New Phytologist, 141(3), 423–431. Available 
from: https://​doi.​org/​10.​1046/j.​1469-​8137.​1999.​00358.​x

Cusens, J., Barraclough, A.D. & Måren, I.E. (2023) Integration matters: 
combining socio-cultural and biophysical methods for mapping 
ecosystem service bundles. Ambio, 52(6), 1004–1021. Available 
from: https://​doi.​org/​10.​1007/​s1328​0-​023-​01830​-​7

Davies, G.M., Legg, C.J., O'Hara, R., MacDonald, A.J. & Smith, A.A. (2010) 
Winter desiccation and rapid changes in the live fuel moisture con-
tent of Calluna vulgaris. Plant Ecology and Diversity, 3(3), 289–299. 
Available from: https://​doi.​org/​10.​1080/​17550​874.​2010.​544335

Davies, G.M., Smith, A.A., MacDonald, A.J., Bakker, J.D. & Legg, C.J. 
(2010) Fire intensity, fire severity and ecosystem response in 
heathlands: factors affecting the regeneration of Calluna vulgaris. 
Journal of Applied Ecology, 47(2), 356–365. Available from: https://​
doi.​org/​10.​1111/j.​1365-​2664.​2010.​01774.​x

Fangmeier, A., Hadwiger-Fangmeier, A., Van der Eerden, L. & Jäger, H.-J. 
(1994) Effects of atmospheric ammonia on vegetation. A review. 

 1654109x, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/avsc.12760 by U

N
IV

E
R

SIT
Y

 O
F B

E
R

G
E

N
, W

iley O
nline L

ibrary on [12/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://10.0.68.197/OSF.IO/MV84D
https://orcid.org/0000-0003-0433-5337
https://orcid.org/0000-0003-0433-5337
https://orcid.org/0000-0003-4958-7132
https://orcid.org/0000-0003-4958-7132
https://orcid.org/0000-0001-9826-3076
https://orcid.org/0000-0001-9826-3076
https://orcid.org/0000-0002-3883-847X
https://orcid.org/0000-0002-3883-847X
https://orcid.org/0000-0003-4651-4798
https://orcid.org/0000-0003-4651-4798
https://github.com/rstudio/rmarkdown
https://github.com/rstudio/rmarkdown
http://www.met.no
https://doi.org/10.1007/s10021-014-9781-5
https://doi.org/10.1016/j.biocon.2004.01.024
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1111/j.1461-0248.2012.01793.x
https://doi.org/10.1111/j.1461-0248.2012.01793.x
https://doi.org/10.1007/s10021-004-0178-8
https://doi.org/10.1007/s10021-004-0178-8
https://doi.org/10.1002/ece3.10199
https://doi.org/10.1016/j.scitotenv.2017.05.050
https://doi.org/10.1016/j.scitotenv.2017.05.050
https://www.umweltbundesamt.de/en/publikationen/review-revision-of-empirical-critical-loads-of
https://www.umweltbundesamt.de/en/publikationen/review-revision-of-empirical-critical-loads-of
https://doi.org/10.1098/rstb.2012.0490
https://doi.org/10.1111/j.1365-2664.2006.01251.x
https://doi.org/10.1111/j.1365-2664.2006.01251.x
https://doi.org/10.1007/s11258-005-0200-z
https://doi.org/10.1046/j.1469-8137.1999.00358.x
https://doi.org/10.1007/s13280-023-01830-7
https://doi.org/10.1080/17550874.2010.544335
https://doi.org/10.1111/j.1365-2664.2010.01774.x
https://doi.org/10.1111/j.1365-2664.2010.01774.x


12 of 14  |    
Applied Vegetation Science

VELLE et al.

Environmental Pollution, 86(1), 43–82. Available from: https://​doi.​
org/​10.​1016/​0269-​7491(94)​90008​-​6

Førland, E.J. (1993) Precipitation normals, normal period 1961–1990 
(Report no. 39/93). http://​www.​met.​no

Frisvoll, A.A., Elvebakk, A., Flatberg, K.I. & Økland, R.H. (1995) Sjekkliste 
over norske mosar. Vitskapleg Og Norsk Namneverk. https://​hdl.​
handle.​net/​11250/​​2836235

Gimingham, C.H. (1972) Ecology of heathlands. London: Chapman and 
Hall.

Gimingham, C.H. (1992) The lowland heathland management hand-
book. English Nature. http://​books.​google.​com/​books?​id=​jGZRP​
QAACAAJ

Gobin, R., Korboulewsky, N., Dumas, Y. & Balandier, P. (2015) 
Transpiration of four common understorey plant species according 
to drought intensity in temperate forests. Annals of Forest Science, 
72(8), 1053–1064. Available from: https://​doi.​org/​10.​1007/​s1359​
5-​015-​0510-​9

González, V.T., Moriana-Armendariz, M., Hagen, S.B., Lindgård, B., 
Reiersen, R. & Bråthen, K.A. (2019) High resistance to climatic vari-
ability in a dominant tundra shrub species. PeerJ, 7, e6967. Available 
from: https://​doi.​org/​10.​7717/​peerj.​6967

Gordon, C., Woodin, S.J., Alexander, I.J. & Mullins, C.E. (1999) Effects 
of increased temperature, drought and nitrogen supply on two up-
land perennials of contrasting functional type: Calluna vulgaris and 
Pteridium aquilinum. New Phytologist, 142(2), 243–258. Available 
from: https://​doi.​org/​10.​1046/j.​1469-​8137.​1999.​00399.​x

Grau-Andres, R., Davies, G.M., Gray, A., Scott, E.M. & Waldron, S. 
(2018) Fire severity is more sensitive to low fuel moisture con-
tent on Calluna heathlands than on peat bogs. Science of the Total 
Environment, 616, 1261–1269. Available from: https://​doi.​org/​10.​
1016/j.​scito​tenv.​2017.​10.​192

Grau-Andres, R., Davies, G.M., Waldron, S., Scott, E.M. & Gray, A. 
(2019) Increased fire severity alters initial vegetation regeneration 
across Calluna-dominated ecosystems. Journal of Environmental 
Management, 231, 1004–1011. Available from: https://​doi.​org/​10.​
1016/j.​jenvm​an.​2018.​10.​113

Hancock, M.H. (2008) An exceptional Calluna vulgaris winter die-back 
event, Abernethy Forest, Scottish Highlands. Plant Ecology and 
Diversity, 1(1), 89–103. Available from: https://​doi.​org/​10.​1080/​
17550​87080​2260772

Hanssen-Bauer, I., Førland, E.J., Haddeland, I., Hisdal, H., Mayer, S., 
Nesje, S. et al. (2017) Climate in Norway 2100 (Report no. 1/2017). 
The Norwegian Centre for Climate Services. http://​www.​miljo​direk​
torat​et.​no/​globa​lasse​ts/​publi​kasjo​ner/​M741/​M741.​pdf

Haugum, S.V., Thorvaldsen, P., Vandvik, V. & Velle, L.G. (2021) Coastal 
heathland vegetation is surprisingly resistant to experimental 
drought across successional stages and latitude. Oikos, 130(11), 
2015–2027. Available from: https://​doi.​org/​10.​1111/​oik.​08098​

Heil, G.W. & Diemont, W.H. (1983) Raised nutrient levels change heath-
land into grassland. Vegetatio, 53(2), 113–120. Available from: 
https://​doi.​org/​10.​1007/​BF000​43031​

Hobbs, R.J. & Gimingham, C.H. (1984) Studies on fire in Scottish heathland 
communities. 2. Post-fire vegetation development. Journal of Ecology, 
72(2), 585–610. Available from: https://​doi.​org/​10.​2307/​2260069

Holling, C.S. (1973) Resilience and stability of ecological systems. Annual 
Review of Ecology and Systematics, 4(1), 1–23. Available from: 
https://​doi.​org/​10.​1146/​annur​ev.​es.​04.​110173.​000245

Hovstad, K.A., Johansen, L., Arnesen, A., Svalheim, E. & Velle, L.G. (2018) 
Coastal heathlands – semi-natural nature. Norwegian red list for 
ecosystems and habitat types. Available at https://​artsd​ataba​nken.​
no/​RLN20​18/​74 [Accessed 10 January 2023]

Ibe, K., Walmsley, D., Fichtner, A., Coners, H., Leuschner, C. & Härdtle, 
W. (2020) Provenance- and life-history stage-specific responses of 
the dwarf shrub Calluna vulgaris to elevated vapour pressure defi-
cit. Plant Ecology, 221, 1219–1232. Available from: https://​doi.​org/​
10.​1007/​s1125​8-​020-​01076​-​3

IPBES. (2018) The IPBES regional assessment report on biodiversity and 
ecosystem services for Europe and Central Asia. In: Rounsevell, M., 
Fischer, M., Torre-Marin Rando, A. & Mader, A. (Eds.) Secretariat 
of the Intergovernmental Science-Policy Platform on Biodiversity and 
Ecosystem Services. Bonn, Germany: IPBES secretariat, pp. 892.

IPBES. (2019) In: Brondizio, E.S., Settele, J., Díaz, S. & Ngo, H.T. (Eds.) 
Global assessment report on biodiversity and ecosystem services of 
the intergovernmental science-policy platform on biodiversity and eco-
system services. Bonn, Germany: IPBES secretariat. Available from: 
https://​doi.​org/​10.​5281/​zenodo.​3831673

IPCC. (2023) In: Lee, H. & Romero, J. (Eds.) Climate change 2023: syn-
thesis report. contribution of working groups I, II and III to the sixth 
assessment report of the intergovernmental panel on climate change. 
Geneva, Switzerland: IPCC. Available from: https://​doi.​org/​10.​
59327/​​IPCC/​AR6-​97892​91691647

Jentsch, A., Kreyling, J. & Beierkuhnlein, C. (2007) A new generation of 
climate-change experiments: events, not trends. Frontiers in Ecology 
and the Environment, 5(7), 365–374. Available from: https://​doi.​org/​
10.​1890/​1540-​9295(2007)​5[365:​angoce]​2.0.​co;​2

Kaland, P.E. (1986) The origin and management of Norwegian coastal 
heaths as reflected by pollen analysis. In: Behre, K.E. (Ed.) 
Anthropogenic indicators in pollen diagrams. Rotterdam: Balkema, 
pp. 19–36.

Kaland, P.E. (1999) Kystlynghei. In: Norderhaug, A., Austad, I., Hauge, L. 
& Kvamme, M. (Eds.) Skjøtselsboka for kulturlandskap og gamle norske 
kulturmarker. Oslo: Landbruksforlaget, pp. 113–126.

Kvamme, M., Kaland, P.E., & Brekke, N.G. (2004) Concervation and 
management of North European costal heathlands. Case study: The 
Heathland Centre, Western Norway. Lygra: The Heathland Centre.

Knapp, A.K., Beier, C., Briske, D.D., Classen, A.T., Luo, Y., Reichstein, M. 
et al. (2008) Consequences of more extreme precipitation regimes 
for terrestrial ecosystems. Bioscience, 58(9), 811–821. Available 
from: https://​doi.​org/​10.​1641/​b58090

Krog, H., Østhagen, H. & Tønsberg, T. (1994) Lavflora: norske busk- og 
bladlav. Oslo: Universitetsforlaget.

Kuznetsova, A., Brockhoff, P.B. & Christensen, R.H.B. (2017) lmerTest 
package: tests in linear mixed effects models. Journal of Statistical 
Software, 82(13), 1–26. Available from: https://​doi.​org/​10.​18637/​​
jss.​v082.​i13

Lamentowicz, M., Gałka, M., Marcisz, K., Słowiński, M., Kajukało-
Drygalska, K., Dayras, M.D. et al. (2019) Unveiling tipping points in 
long-term ecological records from sphagnum-dominated peatlands. 
Biology Letters, 15(4), 20190043. Available from: https://​doi.​org/​
10.​1098/​rsbl.​2019.​0043

Landau, W.M. (2021) The targets R package: a dynamic make-like 
function-oriented pipeline toolkit for reproducibility and high-
performance computing. Journal of Open Source Software, 6(57), 
2959. Available from: https://​doi.​org/​10.​21105/​​joss.​02959​

Lid, J. & Lid, D.T. (2005) In: Elven, R. (Ed.) Norsk flora, 7th edition. Oslo: 
Det Norske Samlaget.

Log, T. (2020) Modeling drying of degenerated Calluna vulgaris for wild-
fire and prescribed burning risk assessment. Forests, 11(7), 759. 
Available from: https://​doi.​org/​10.​3390/​f1107​0759

Log, T., Thuestad, G., Velle, L.G., Khattri, S.K. & Kleppe, G. (2017) 
Unmanaged heathland – a fire risk in subzero temperatures? Fire 
Safety Journal, 90, 62–71. Available from: https://​doi.​org/​10.​1016/j.​
fires​af.​2017.​04.​017

Loidi, J., de Blust, G., Campos, J.A., Haveman, R. & Janssen, J. (2020) 
Heathlands of temperate and boreal Europe. In: Goldstein, 
M.I. & DellaSala, D.A. (Eds.) Encyclopedia of the World's biomes. 
Netherlands: Elsevier. Available from: https://​doi.​org/​10.​1016/​
B978-​0-​12-​40954​8-​9.​12078​-​0

Mallik, A.U. & Gimingham, C.H. (1985) Ecological effects of heather 
burning: II. Effects on seed germination and vegetative regenera-
tion. Journal of Ecology, 73(2), 633–644. Available from: https://​doi.​
org/​10.​2307/​2260500

 1654109x, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/avsc.12760 by U

N
IV

E
R

SIT
Y

 O
F B

E
R

G
E

N
, W

iley O
nline L

ibrary on [12/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/0269-7491(94)90008-6
https://doi.org/10.1016/0269-7491(94)90008-6
http://www.met.no
https://hdl.handle.net/11250/2836235
https://hdl.handle.net/11250/2836235
http://books.google.com/books?id=jGZRPQAACAAJ
http://books.google.com/books?id=jGZRPQAACAAJ
https://doi.org/10.1007/s13595-015-0510-9
https://doi.org/10.1007/s13595-015-0510-9
https://doi.org/10.7717/peerj.6967
https://doi.org/10.1046/j.1469-8137.1999.00399.x
https://doi.org/10.1016/j.scitotenv.2017.10.192
https://doi.org/10.1016/j.scitotenv.2017.10.192
https://doi.org/10.1016/j.jenvman.2018.10.113
https://doi.org/10.1016/j.jenvman.2018.10.113
https://doi.org/10.1080/17550870802260772
https://doi.org/10.1080/17550870802260772
http://www.miljodirektoratet.no/globalassets/publikasjoner/M741/M741.pdf
http://www.miljodirektoratet.no/globalassets/publikasjoner/M741/M741.pdf
https://doi.org/10.1111/oik.08098
https://doi.org/10.1007/BF00043031
https://doi.org/10.2307/2260069
https://doi.org/10.1146/annurev.es.04.110173.000245
https://artsdatabanken.no/RLN2018/74
https://artsdatabanken.no/RLN2018/74
https://doi.org/10.1007/s11258-020-01076-3
https://doi.org/10.1007/s11258-020-01076-3
https://doi.org/10.5281/zenodo.3831673
https://doi.org/10.59327/IPCC/AR6-9789291691647
https://doi.org/10.59327/IPCC/AR6-9789291691647
https://doi.org/10.1890/1540-9295(2007)5%5B365:angoce%5D2.0.co;2
https://doi.org/10.1890/1540-9295(2007)5%5B365:angoce%5D2.0.co;2
https://doi.org/10.1641/b58090
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.1098/rsbl.2019.0043
https://doi.org/10.1098/rsbl.2019.0043
https://doi.org/10.21105/joss.02959
https://doi.org/10.3390/f11070759
https://doi.org/10.1016/j.firesaf.2017.04.017
https://doi.org/10.1016/j.firesaf.2017.04.017
https://doi.org/10.1016/B978-0-12-409548-9.12078-0
https://doi.org/10.1016/B978-0-12-409548-9.12078-0
https://doi.org/10.2307/2260500
https://doi.org/10.2307/2260500


    |  13 of 14
Applied Vegetation Science

VELLE et al.

Måren, I.E. & Vandvik, V. (2009) Fire and regeneration: the role of seed 
banks in the dynamics of northern heathlands. Journal of Vegetation 
Science, 20(5), 871–888. Available from: https://​doi.​org/​10.​1111/j.​
1654-​1103.​2009.​01091.​x

Måren, I.E., Janovský, Z., Spindelböck, J.P., Daws, M.I., Kaland, P.E., & 
Vandvik, V. (2010) Prescribed burning of northern heathlands: 
Calluna vulgaris germination cues and seed-bank dynamics. Plant 
Ecology, 207(2), 245–256. Available from: https://​doi.​org/​10.​1007/​
s11258-​009-​9669-​1

Marrs, R.H. (1986) The role of catastrophic death of Calluna in heathland 
dynamics. Vegetatio, 66(2), 109–115. Available from: https://​doi.​
org/​10.​1007/​BF000​45500​

Marrs, R.H. (1993) An assessment of change in Calluna heathlands in 
Breckland, eastern England, between 1983 and 1991. Biological 
Conservation, 65(2), 133–139. Available from: https://​doi.​org/​10.​
1016/​0006-​3207(93)​90442​-​4

Meyer-Grünefeldt, M., Belz, K., Calvo, L., Marcos, E., von Oheimb, G. & 
Härdtle, W. (2016) Marginal Calluna populations are more resistant 
to climate change, but not under high-nitrogen loads. Plant Ecology, 
217(1), 111–122. Available from: https://​doi.​org/​10.​1007/​s1125​
8-​015-​0563-​8

Meyer-Grünefeldt, M., Calvo, L., Marcos, E., von Oheimb, G. & Härdtle, 
W. (2015) Impacts of drought and nitrogen addition on Calluna 
heathlands differ with plant life-history stage. Journal of Ecology, 
103(5), 1141–1152. Available from: https://​doi.​org/​10.​1111/​1365-​
2745.​12446​

Moen, A. (1998) National Atlas of Norway: vegetation. Hønefoss: 
Norwegian Mapping Authority.

Moen, A., Nilsen, L.S., Aasmundsen, A. & Oterholm, I.A. (2006) 
Woodland regeneration in a coastal heathland area in Central 
Norway. Norwegian Journal of Geography, 60(4), 277–294. Available 
from: https://​doi.​org/​10.​1080/​00291​95060​1047941

Munson, S.M., Reed, S.C., Peñuelas, J., McDowell, N.G. & Sala, O.E. 
(2018) Ecosystem thresholds, tipping points, and critical transi-
tions. New Phytologist, 218(4), 1315–1317. Available from: https://​
doi.​org/​10.​1111/​nph.​15145​

Newman, E.A. (2019) Disturbance ecology in the Anthropocene. Frontiers 
in Ecology and Evolution, 7(147), 1–6. Available from: https://​doi.​
org/​10.​3389/​fevo.​2019.​00147​

Nilsen, L.S., Johansen, L. & Velle, L.G. (2005) Early stages of Calluna vul-
garis regeneration after burning of coastal heath in Central Norway. 
Applied Vegetation Science, 8(1), 57–64. Available from: https://​doi.​
org/​10.​1658/​1402-​2001(2005)​008[0057:​esocvr]​2.0.​co;​2

Novick, K.A., Ficklin, D.L., Stoy, P.C., Williams, C.A., Bohrer, G., Oishi, A.C. 
et al. (2016) The increasing importance of atmospheric demand for 
ecosystem water and carbon fluxes. Nature Climate Change, 6(11), 
1023–1027. Available from: https://​doi.​org/​10.​1038/​nclim​ate3114

Nybø, S. & Evju, M. (2017) Fagsystem for fastsetting av god økologisk 
tilstand. Forslag Fra et ekspertråd. Ekspertrådet for økologisk 
Tilstand. https://​www.​regje​ringen.​no/​no/​dokum​ent/​rappo​rtar-​og-​
planar/​id438​817/​

Oksanen, J., Simpson, G.L., Blanchet, F.G., Kindt, R., Legendre, P., Minchin, 
P.R. et  al. (2022) Vegan: community ecology package. R Package 
Version 2.6–4. https://​CRAN.​R-​proje​ct.​org/​packa​ge=​vegan​

Parmentier, F.J.W., Rasse, D.P., Lund, M., Bjerke, J.W., Drake, B.G., 
Weldon, S. et  al. (2018) Vulnerability and resilience of the car-
bon exchange of a subarctic peatland to an extreme winter event. 
Environmental Research Letters, 13(6), 65009. Available from: 
https://​doi.​org/​10.​1088/​1748-​9326/​aabff3

Peñuelas, J., Prieto, P., Beier, C., Cesaraccio, C., De Angelis, P., De Dato, 
G. et al. (2007) Response of plant species richness and primary pro-
ductivity in shrublands along a north–south gradient in Europe to 
seven years of experimental warming and drought: reductions in 
primary productivity in the heat and drought year of 2003. Global 
Change Biology, 13(12), 2563–2581. Available from: https://​doi.​org/​
10.​1111/j.​1365-​2486.​2007.​01464.​x

Phoenix, G.K. & Bjerke, J.W. (2016) Arctic browning: extreme events 
and trends reversing arctic greening. Global Change Biology, 22(9), 
2960–2962. Available from: https://​doi.​org/​10.​1111/​gcb.​13261​

Ploughe, L.W., Jacobs, E.M., Frank, G.S., Greenler, S.M., Smith, M.D. 
& Dukes, J.S. (2019) Community response to extreme drought 
(CRED): a framework for drought-induced shifts in plant–plant in-
teractions. New Phytologist, 222(1), 52–69. Available from: https://​
doi.​org/​10.​1111/​nph.​15595​

Power, S.A., Ashmore, M.R., Cousins, D.A. & Sheppard, L.J. (1998) Effects 
of nitrogen addition on the stress sensitivity of Calluna vulgaris. The 
New Phytologist, 138(4), 663–673. Available from: https://​doi.​org/​
10.​1046/j.​1469-​8137.​1998.​00160.​x

R Core Team. (2023) R: a language and environment for statistical com-
puting. Vienna, Austria: R Foundation for Statistical Computing. 
Availeble at https://​www.​R-​proje​ct.​org/​ [Accessed 10 Januar 
2023].

Sæbø, A., Håland, Å., Skre, O. & Mortensen, L.M. (2001) Influence of 
nitrogen and winter climate stresses on Calluna vulgaris (L.) Hull. 
Annals of Botany, 88(5), 823–828. Available from: https://​doi.​org/​
10.​1006/​anbo.​2001.​1516

Sigmond, E.M., Gustavson, M. & Roberts, D. (1984) Bedrock map of 
Norway [1:1 million]. Trondheim: Norges Geologiske Undersøkelse.

Smith, M.D. (2011) An ecological perspective on extreme climatic 
events: a synthetic definition and framework to guide future re-
search. Journal of Ecology, 99(3), 656–663. Available from: https://​
doi.​org/​10.​1111/j.​1365-​2745.​2011.​01798.​x

Solberg, S., Solheim, H., Venn, K. & Aamlid, D. (1992) Forest damages in 
Norway 1991. (Report no. 21/92). Norsk Institutt for Skogforskning. 
https://​www.​nibio.​no/​publi​kasjo​ner?​filte​rs=​1&​q=​&​page=​378&​
depar​tment%​5B%​5D=​1ecbd​60d-​5a87-​479d-​80c0-​a187a​77decfb

Southon, G.E., Green, E.R., Jones, A.G., Barker, C.G. & Power, S.A. (2012) 
Long-term nitrogen additions increase likelihood of climate stress 
and affect recovery from wildfire in a lowland heath. Global Change 
Biology, 18(9), 2824–2837. Available from: https://​doi.​org/​10.​
1111/j.​1365-​2486.​2012.​02732.​x

Spindelböck, J.P., Cook, Z., Daws, M.I., Heegaard, E., Måren, I.E. & 
Vandvik, V. (2013) Conditional cold avoidance drives between-
population variation in germination behaviour in Calluna vulgaris. 
Annals of Botany, 112(5), 801–810. Available from: https://​doi.​org/​
10.​1093/​aob/​mct142

Tsiripidis, I., Piernik, A., Janssen, J., Tahvanainen, T., Molina, J., Giusso 
del Galdo, G. et  al. (2016) European red list of habitats. Part 
2, Terrestrial and freshwater habitats. European Commission, 
Directorate-General for Environment, Publications Office. https://​
doi.​org/​10.​2779/​091372

Ummenhofer, C.C. & Meehl, G.A. (2017) Extreme weather and climate 
events with ecological relevance: a review. Philosophical Transactions 
of the Royal Society, B: Biological Sciences, 372(1723), 20160135. 
Available from: https://​doi.​org/​10.​1098/​rstb.​2016.​0135

Ushey, K. & Wickham, H. (2023) renv: Project Environments. Available 
at https://​rstud​io.​github.​io/​renv/​, https://​github.​com/​rstud​io/​renv

Vandvik, V., Heegaard, E., Maren, I. E., & Aarrestad, P. A. (2005) Managing 
heterogeneity: the importance of grazing and environmental vari-
ation on post-fire succession in heathlands. Journal of Applied 
Ecology, 42(1), 139–149. Available from: https://​doi.​org/​10.​1111/j.​
1365-​2664.​2005.​00982.​x

Vandvik, V., Topper, J.P., Cook, Z., Daws, M.I., Heegaard, E., Maren, I.E. 
et al. (2014) Management-driven evolution in a domesticated eco-
system. Biology Letters, 10(2), 20131082. Available from: https://​
doi.​org/​10.​1098/​rsbl.​2013.​1082

Velle, L.G., Nilsen, L.S. & Vandvik, V. (2012) The age of Calluna stands 
moderates post-fire regeneration rate and trends in northern Calluna 
heathlands. Applied Vegetation Science, 15(1), 119–128. Available 
from: https://​doi.​org/​10.​1111/j.​1654-​109X.​2011.​01144.​x

Velle, L.G., Thorvaldsen, P., Kvamme, M. & Vandvik, V. (2023) The po-
tential distribution area of Norwegian coastal heathlands. Art 

 1654109x, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/avsc.12760 by U

N
IV

E
R

SIT
Y

 O
F B

E
R

G
E

N
, W

iley O
nline L

ibrary on [12/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1111/j.1654-1103.2009.01091.x
https://doi.org/10.1111/j.1654-1103.2009.01091.x
https://doi.org/10.1007/s11258-009-9669-1
https://doi.org/10.1007/s11258-009-9669-1
https://doi.org/10.1007/BF00045500
https://doi.org/10.1007/BF00045500
https://doi.org/10.1016/0006-3207(93)90442-4
https://doi.org/10.1016/0006-3207(93)90442-4
https://doi.org/10.1007/s11258-015-0563-8
https://doi.org/10.1007/s11258-015-0563-8
https://doi.org/10.1111/1365-2745.12446
https://doi.org/10.1111/1365-2745.12446
https://doi.org/10.1080/00291950601047941
https://doi.org/10.1111/nph.15145
https://doi.org/10.1111/nph.15145
https://doi.org/10.3389/fevo.2019.00147
https://doi.org/10.3389/fevo.2019.00147
https://doi.org/10.1658/1402-2001(2005)008%5B0057:esocvr%5D2.0.co;2
https://doi.org/10.1658/1402-2001(2005)008%5B0057:esocvr%5D2.0.co;2
https://doi.org/10.1038/nclimate3114
https://www.regjeringen.no/no/dokument/rapportar-og-planar/id438817/
https://www.regjeringen.no/no/dokument/rapportar-og-planar/id438817/
https://cran.r-project.org/package=vegan
https://doi.org/10.1088/1748-9326/aabff3
https://doi.org/10.1111/j.1365-2486.2007.01464.x
https://doi.org/10.1111/j.1365-2486.2007.01464.x
https://doi.org/10.1111/gcb.13261
https://doi.org/10.1111/nph.15595
https://doi.org/10.1111/nph.15595
https://doi.org/10.1046/j.1469-8137.1998.00160.x
https://doi.org/10.1046/j.1469-8137.1998.00160.x
https://www.r-project.org/
https://doi.org/10.1006/anbo.2001.1516
https://doi.org/10.1006/anbo.2001.1516
https://doi.org/10.1111/j.1365-2745.2011.01798.x
https://doi.org/10.1111/j.1365-2745.2011.01798.x
https://www.nibio.no/publikasjoner?filters=1&q=&page=378&department%5B%5D=1ecbd60d-5a87-479d-80c0-a187a77decfb
https://www.nibio.no/publikasjoner?filters=1&q=&page=378&department%5B%5D=1ecbd60d-5a87-479d-80c0-a187a77decfb
https://doi.org/10.1111/j.1365-2486.2012.02732.x
https://doi.org/10.1111/j.1365-2486.2012.02732.x
https://doi.org/10.1093/aob/mct142
https://doi.org/10.1093/aob/mct142
https://doi.org/10.2779/091372
https://doi.org/10.2779/091372
https://doi.org/10.1098/rstb.2016.0135
https://rstudio.github.io/renv/
https://github.com/rstudio/renv
https://doi.org/10.1111/j.1365-2664.2005.00982.x
https://doi.org/10.1111/j.1365-2664.2005.00982.x
https://doi.org/10.1098/rsbl.2013.1082
https://doi.org/10.1098/rsbl.2013.1082
https://doi.org/10.1111/j.1654-109X.2011.01144.x


14 of 14  |    
Applied Vegetation Science

VELLE et al.

Available at https://​artsd​ataba​nken.​no/​Pages/​​342556/​Verkt​
oey_​for_​kartl​egging_​av_​kystl​ynghei [Accessed 28 September 
2023].

Velle, L.G. & Vandvik, V. (2014) Succession after prescribed burning 
in coastal Calluna heathlands along a 340-km latitudinal gradi-
ent. Journal of Vegetation Science, 25(2), 546–558. Available from: 
https://​doi.​org/​10.​1111/​jvs.​12100​

Vicente-Serrano, S.M., Quiring, S.M., Peña-Gallardo, M., Yuan, S. & 
Domínguez-Castro, F. (2020) A review of environmental droughts: 
increased risk under global warming? Earth-Science Reviews, 201, 
102953. Available from: https://​doi.​org/​10.​1016/j.​earsc​irev.​2019.​
102953

Walmsley, D.C., Delory, B.M., Alonso, I., Temperton, V.M. & Härdtle, 
W. (2021) Ensuring the long-term provision of heathland eco-
system services. The importance of a functional perspective 
in management decision frameworks. Frontiers in Ecology and 
Evolution, 9, 1–15. Available from: https://​doi.​org/​10.​3389/​fevo.​
2021.​791364

Watson, A., Miller, G.R. & Green, F.H.W. (1966) Winter browning of 
heather (Calluna vulgaris) and other moorland plants. Transactions of 
the Botanical Society of Edinburgh, 40(2), 195–203. Available from: 
https://​doi.​org/​10.​1080/​03746​60660​8685143

Webb, N.R. (1998) The traditional management of European heathlands. 
Journal of Applied Ecology, 35(6), 987–990. Available from: https://​
doi.​org/​10.​1111/j.​1365-​2664.​1998.​tb000​20.​x

Wickham, H., Averick, M., Bryan, J., Chang, W., McGowan, L.D.A., 
François, R. et al. (2019) Welcome to the Tidyverse. Journal of Open 
Source Software, 4(43), 1686. Available from: https://​doi.​org/​10.​
21105/​​joss.​01686​

Yachi, S. & Loreau, M. (1999) Biodiversity and ecosystem productivity in 
a fluctuating environment: the insurance hypothesis. Proceedings of 
the National Academy of Sciences, 96(4), 1463–1468. Available from: 
https://​doi.​org/​10.​1073/​pnas.​96.4.​1463

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

Appendix S1. Relative humidity and air temperature for January and 
February 2014.
Appendix S2. Proportion of dead, damaged, and healthy Calluna 
against mean peat depth across the seven study sites along the 
~600 km north–south gradient.
Appendix S3. Proportion of dead, damaged, and healthy Calluna 
against slope across the seven study sites along the ~600 km north–
south gradient.
Appendix S4. Proportion of dead, damaged, and healthy Calluna 
against aspect across the seven study sites along the ~600 km 
north–south gradient.
Appendix S5. List of species names, abbreviations, and functional 
groups, sampled in the experimental plots.

How to cite this article: Velle, L.G., Haugum, S.V., Telford, 
R.J., Thorvaldsen, P. & Vandvik, V. (2023) Prescribed burning 
can promote recovery of Atlantic coastal heathlands 
suffering dieback after extreme drought events. Applied 
Vegetation Science, 26, e12760. Available from: https://doi.
org/10.1111/avsc.12760

 1654109x, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/avsc.12760 by U

N
IV

E
R

SIT
Y

 O
F B

E
R

G
E

N
, W

iley O
nline L

ibrary on [12/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://artsdatabanken.no/Pages/342556/Verktoey_for_kartlegging_av_kystlynghei
https://artsdatabanken.no/Pages/342556/Verktoey_for_kartlegging_av_kystlynghei
https://doi.org/10.1111/jvs.12100
https://doi.org/10.1016/j.earscirev.2019.102953
https://doi.org/10.1016/j.earscirev.2019.102953
https://doi.org/10.3389/fevo.2021.791364
https://doi.org/10.3389/fevo.2021.791364
https://doi.org/10.1080/03746606608685143
https://doi.org/10.1111/j.1365-2664.1998.tb00020.x
https://doi.org/10.1111/j.1365-2664.1998.tb00020.x
https://doi.org/10.21105/joss.01686
https://doi.org/10.21105/joss.01686
https://doi.org/10.1073/pnas.96.4.1463
https://doi.org/10.1111/avsc.12760
https://doi.org/10.1111/avsc.12760

	Prescribed burning can promote recovery of Atlantic coastal heathlands suffering dieback after extreme drought events
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Study sites
	2.2|Data collection
	2.3|Data analysis

	3|RESULTS
	3.1|Drought severity
	3.2|Drought damage and recovery of dwarf shrubs
	3.3|Community-­level responses

	4|DISCUSSION
	4.1|Northern sites are most strongly affected by drought
	4.2|Varying recovery in unburnt stands
	4.3|Prescribed burning resets the post-­fire succession
	4.4|Implications for heathland management after drought

	AUTHOR CONTRIBUTIONS
	ACKNO​WLE​DGE​MENTS
	FUNDING INFORMATION
	DATA AVAILIBILITY STATEMENT
	REFERENCES


