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Abstract:

The coastal heathlands of North-west Europe are valuable cultural landscapes, created and
maintained over millennia by a land-use regime involving burning and grazing. These
heathlands are now critically threatened throughout their range by land-use change and,
increasingly, climatic changes. The climatic change impacts are complex, as the coastal
heathland regions are experiencing increased temperature and precipitation, but also
increased frequency and severity of extreme events, such as drought. Previous studies reveal
that established heathland vegetation, including Calluna, are vulnerable to drought, but also
that these vulnerabilities vary throughout the range, and with successional stage after fire.
Recruitment from seed is an important regeneration strategy for Calluna heathland
vegetation after burning, and our study is the first to assess how the seed germination and
early seedling growth of Calluna respond to drought. We will do this in a lab germination
experiment, where we will expose Calluna seeds to five different drought treatments, from -
0.25 MPa to -1.7 MPa, and measure germination, and record germination percentage,
germination rates, and seedling growth, below-ground allocation, and functional traits
(Specific Leaf Area, Specific Root Length). To allow assessment of variation in drought
responses due to geographic origin, successional stage, and the maternal plants’ drought
exposure, we will conduct this experiment on seeds from 540 Calluna plants sampled from
across three drought treatments (control, 50%, and 90% coverage), in three successional
stages after fire (pioneer, building, mature), in two regions (60N, 65N), using a factorial
design.

Introduction:

Human-induced climate change has caused the global temperature to rise 1 C over the last
century a trend that will continue unless drastic reductions in carbon emissions are made
(IPCC 2019). The rise in global temperature has caused changes in the atmosphere, altering
weather systems and precipitation patterns, which is resulting in an increase in more
extreme weather events, such as drought (Mann et al., 2017; Stott, 2016). In oceanic boreal
regions, such as in Norway, climate change is projected to lead to an overall increase in
precipitation; but also, due to changes in frequency and distribution of precipitation, an

increase in the frequency and severity of drought events (Skaland et al., 2019).

These extreme weather events are expected to add more ecological stress to already
vulnerable ecosystems (Gonzalez et al. 2010). Until about a decade ago, the most commonly
observed response to global warming in the Arctic was increased shrub growth, known as

‘arctic greening’ (IPCC 2014). In recent years, however, a new phenomenon, known as ‘arctic
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browning’, is becoming increasingly prevalent through the arctic and boreal zones globally
(Phoenix and Bjerke 2016; Treharne et al. 2019; Bjerke et al. 2017; Wang and Fried| 2019).
This refers to wide-spread die-back of evergreen dwarf-shrub heath vegetation, and while
the underlying causality is not fully resolved, the phenomenon has emerged as the
frequency of extreme weather events has increased (Phoenix and Bjerke 2016). The arctic
browning has thus been linked to increased environmental stress due to episodes of low
precipitation during winter months, reducing snow coverage, exposing the evergreen
vegetation to frost and drought (Bjerke et al. 2014; Bjerke et al. 2017). Such drought-driven
winter browning has also been observed at subarctic latitudes, especially in the

anthropogenic coastal heathlands (Phoenix and Bjerke 2016).

Coastal heathlands dominated by evergreen dwarf-shrubs are a characteristic and valuable
cultural landscape found throughout the oceanic regions of Europe, with a history dating
back more than 5000 years (Kaland, P.E. 1986; Birks et al. 1988; European Commision 2008;
IPBES 2018). Coastal heathlands are currently red-listed throughout their range due to
abandonment of traditional low-intensity land-use (Lindgaard & Henriksen 2011; Hovstad et
al. 2018; IPBES 2018; Wilson et al. 2019) and are now further threatened by climate change.
Several studies have aimed to quantify ecosystem responses to drought in coastal
heathlands (Britton et al. 2001; Haugum et al. 2021; Log et al. 2017), and these studies
demonstrate that browning leds to a reduction in primary production and reproduction,
more generally, of the evergreen dwarf-shrub Calluna vulgaris (L.) Hull (hereafter referred to
as Calluna) (Phoenix and Bjerke 2016). In a traditionally managed coastal heathland system,
prescribed burning is used to create a fine-scale mosaic pattern of heathlands in different
successional stages after fire, pioneer, building and mature (de Hullu and Gimingham 1984;
Kaland 1986). This successional mosaic pattern improves year-round pasture quality and
access for livestock (mostly sheep, but also goats, horses, cattle), while also increasing
biodiversity (Velle et al. 2014). Recent research suggests that heathland management may
also lower the risk of large-scale drought damage (Haugum et al. 2021), due to major
differences in physiology between age classes of the keystone species Calluna. Specifically,
mature Calluna is more negatively affected by drought (Haugum et al. 2021), and large area
abondement are leaving heathlands more vulnerable to drought damage and thus large-

scale browning.
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Calluna revegetate after fire both vegetatively and by seed germination (Mallik and
Gimingham 1985; Mallik, Hobbs, and Legg 1984). It has been found that mature Calluna
plants, in the mature successional stage and beyond, has a lower probability of producing of
root sprouts after fire (Berdowski and Siepel 1988; Meyer-Griinefeldt et al. 2015; Miller and
Miles 1970; Hobbs and Gimingham 1984). While all successional stages have abundant seed
production (Mallik, Hobbs, and Legg 1984), these results suggest that mature Calluna are
more reliant on seed germination for recruitment, whereas Calluna in the pioneer and
building stages use root sprouting as their main form for regeneration. With the increase in
drought events, there has also been observed differences in drought responses between
successional stages. Both very young (Meyer-Griinefeldt et al. 2015; Meyer-Griinefeldt et al.
2016) and mature (Haugum et al. 2021) Calluna plants have been shown to exhibit a
relatively low resistance to drought compared to building-stage plants. Yet there is no
research on how this reduced plant fitness under drought may affect the plant’s investment
in seeds. The research outlined above suggests contradicting predictions. On one hand, the
mature plants’ higher dependence on seeds could predict a higher investment in seeds and
seed quality with plant age. On the other hand, the mature plants’ lower resistance to
drought could be hypothesised to lead to reduced seed quality in drought-impacted plants.
Henceforth it could be hypothesized that mature successional stages might have crossed a

threshold, now yielding less viable seeds.

Calluna is a wide-spread species that exhibits local adaptations to both climate and
traditional land-use management (Vandvik et al. 2014, Spindelb6ck 2013), and different lines
of evidence indicate possible geographic variation in drought responses. First, populations of
Calluna throughout the southern European heathlands do respond differently to drought
(Ibe et al. 2020; Meyer-Grunefeldt et al. 2016). More southern populations exhibit a greater
tolerance to drought, while Atlantic populations are more sensitive (lbe et al. 2020). This
tells us there is variation among populations of Calluna in drought responses in the southern
part of the european gradient, but whether there are differences in responses between
atlantic and the edge of the northern end of the Calluna gradient is unstudied. Second, there
is broad-scale geographic patterns in the phylogenetic structure of Calluna, with Northern
and Southern populations in Norway being of different descent (Durka et al., unpublished).

Third, populations along the south-north climatic gradient in Norway have been shown to
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differ in regeneration modes and responses, with northern Calluna populations having
higher seed germination temperature requirements , and lacking vegetative resprouting,
compared to southern populations which have lower germination temperature
requirements and use both seeds and root sprouting for regeneration (Spindelbdck et al.
2013, Nilsen et al. 2005). The lack of vegetative resprouting in the northern populations
might indicate a higher investment in seeds compared to the southern populations, as seeds
are the only mode of recruitment here. At the same time, the southern populations are
adapted to a warmer climate which historically has exposed them to more frequent drought
(Meteorologisk Institutt 2021). These lines of evidence might infer differences in seed
germination responses to drought between Northern and Southern populations, again with
potentially contrasting predictions resulting from the northern populations’ higher
dependence on seeds for recruitment, and the southern populations’ adaptations to a

warmer climate.

Drought might induce a plastic response in the parental generation during seed formation,
that could influence the seed’s germination success (Mayer and Poljakoff-Mayber 1982;
Donohue and Schmitt 1998), and with increasing drought, such responses could be expected
for Calluna. During drought plants tend to produce larger seeds as a stress response, which
is positively correlated with seedling survival during drought (Vera 1997; Lloret et al. 1999;
Gianoli and Gonzalez-Teuber 2005). Seed mass is also positively correlated with a higher
root:shoot ratio (Lloret et al., 1999; Gianoli and Gonzalez-Teuber 2005), which is beneficial
during drought (Karcher et al. 2008; Xu et al. 2015). Calluna is more sensitive to drought
during their seedling stage because of their high shoot:root ratio compared to building and
mature stands of Calluna (Meyer-Griinefeldt et al. 2015). If Calluna has the ability to show a
plastic response to drought, differences in seed size and seedling drought responses could

differ depending on the parental drought exposure.

Based on the literature outlined above, we can make a series of partially contrasting
predictions about the responses and tolerances of Calluna seed recruitment to drought, and
how these might vary among populations, successional stages, and drought treatments.
First, we predict that northern populations will generally invest more in seeds, as an
adaptation to the lack of vegetative regeneration, increasing seed mass which will result in a

higher germination percentage during drought. However, local adaptations to climate would
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predict a wider germination niche and more drought tolerant seedling traits for the Southern
population, as it has historically been more exposed to periods of drought. Similarly, mature
plants could be expected to invest more in seed production, yet we could predict lower seed
mass, lower germination percentage, narrower germination niche and less drought-tolerant
seedling traits in seeds from older successional stages under drought, because of the lower
resistance to drought damage, leaving older plants with less resources for reproduction.
Finally, if Calluna has a plastic adaptive response to drought in the parental generation, this
could be expressed through greater seed mass, which will result in a higher germination
percentage, wider germination niche, and more drought tolerant seedling traits in seeds
produced by drought-impacted plants. Specifically, across all comparisons, we expect higher
root:shoot ratio as a response to increased drought. We also expect there to be a decrease
in specific leaf area (SLA) and increase in specific root length (SRL) with increased drought, as
this has been proven to be common responses to low water availability (Liu and Stiitzel
2004; Metcalfe et al. 2008). In addition, we predict that an increased seed mass will increase
germination percentage, germination niche, seedling size, and the plasticity in the root:shoot

ratio.

In this study we will investigate the drought responses of Calluna seed germination and
seedling traits, and test the predictions outlined above about variation in drought responses,
by comparing the responses in seeds originating from northern and southern populations,
pioneer, building and mature successional stages, and parental ambient vs experimental
drought climatic conditions. Using a germination experiment in the laboratory, we are asking

the following three questions:

1. Does population, successional stage, and the parental generation’s exposure to

drought affect Calluna seed germination?

2. Do these factors operate through variation in seed mass, and does seed mass infer

greater germination success and drought tolerance?

3. Are population, successional stage, and parental generation’s exposure to drought

effects evident after germination, in seedling traits?

To answer these questions we will be using seeds collected from a drought experiment

where coastal Calluna heathlands are subjected to ambient conditions and drought
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treatment by rainout shelters covering 50 and 90 % of the plots. The experiment is
replicated across two regions in Norway (ca. 60N and 65N), reflecting different climates and
also different genetic origins (Durka et al., unpublished), and across three successional
stages after prescribed fire; pioneer, building and mature. The seeds will be germinated
under a five-level drought gradient (including ambient conditions) in a growth chamber,
where seed germination timing and percentage, and specific leaf area (SLA), specific root
length (SRL), and above ground and below ground biomass will be measured on the

seedlings.

Methods

Study species (Calluna vulgaris (L.) Hull):

Calluna is a monotypic genus distributed across all of Europe from Scandinavia to Spain and
from the Ural Mountains to the Azores (Tutin et al. 1973). It is an evergreen dwarf-shrub
standing at 10-50 cm tall, but can reach up to 1m in standing height (Lid and Lid 2017). Its
flowering season is from July to September and it has a lot of small purple coloured flowers
(Clapham et al. 1981). Its small seed size allows seeds to be transported by wind (Beijerinck
1940), with a maximum diameter of 0,58mm (SE=0,016mm) (Bullock and Clarke 2000). The
reproduction in Calluna is a combination of vegetative resprouting and seedling recruitment
from soil seed storage, with both germination and resprouting strategies varying with
successional age (Berdowski and Siepel 1988; Miller and Miles 1970) and throughout the
species’ range (Nilsen 2005; Vandvik et al. 2014; Spindelb6ck 2013).

Site description:

The study was conducted in two bioclimatic regions, with three heathland successional
stages in each. The northern sites are Bugya representing the pioneer stages, Havergya the
building stages and Skotsveer the mature stages (Table 1). In the southern region all three
stages and hence sites are found on the same island, Lygra (Table 1). All six sites are
extensively grazed by old norse sheep or spaelsau (Haugum 2020). All sites have an oceanic

climate with vegetation dominated by heather, especially Calluna, and a land use history
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with fire and grazing. Most sites are nutrient poor wet to dry heath, heathlands, except for

Bugya which is a slightly nutrient rich heathland (Halvorsen et al. 2016).

Table 1: Ecological and climatic site information. Mean annual precipitation (MAP), mean
summer temperature (MST) (June-August) and mean winter temperature (MWT)

(December-February) is based on data from 1990 to 2019 (Haugum et al. 2020)

Site name Successional MAP (mm) MsT (°C) MWT Latitude  Longitude  Burn
stage (°C) (Decimal  (Decimal year
degrees) degrees)

Store Pioneer 1254+ 184 13.4+1.3 0.7¥1.6 65.83677 12.224506 2014
Bugya
Havergya Building 1720+461 13.3x14 15+19 64.779 11.2193 2010
Skotsveer  Mature 1254+184 134+1.3 0.7+1.6 65.79602 12.22450 Before
1980
Lygra Pioneer 2020+ 345 13.8+1.5 3.4+1.8 60.70084 5.092566 2013
Lygra Building 2020+345 13.8+15 3.4+18 60.70084 5.092566 2004
Lygra Mature 2020+345 13.8+15 3.4+1.8 60.70084 5.092566 1996
### Figure 1 ###

Field drought experiment

In the summer of 2016, three blocks of 70-200m? were set out in homogenous vegetation in
each of the six sites. In each block we installed three 2x2 meter plots, selected to be
dominated by Calluna while avoiding larger rocks, bare ground, and animal tracks. To avoid
grazing in the experimental plots, each plot was fenced in spring 2017, except for Havergya
which was fenced in spring 2018. Each plot was randomly assigned a treatment, and had
rain-out shelters installed following the Drought-Net protocol (Yahdjian & Sala 2002), with

three replicates of each drought level: control, 50% and 90% roof coverage. The obtained
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reductions in rainfall were 32.1 + 10.3% for 50% coverage and 43.5 + 20.3% for the 90%

coverage (Haugum et al. 2020).

Collecting seeds in the field:

In each plot, 10 individuals of Calluna were tagged with a unique identifier and measured for
functional traits annually from 2016 - 2019 (Haugum et al. 2021). The marked Calluna were
selected to represent the full range of plant sizes within each plot. For each individual, trait
measurements involved: standing height (mm), three measures of side shoots length (mm)
and three replicates of stem diameter (mm) (Haugum et al. 2021). From each of these
individuals we collected at least 50 seeds. Due to death, grazing disturbance before fences
were up, or a lost tag, extra individuals within the plot were collected as necessary to ensure
ten plants were sampled from each plot. All seed collection was undertaken between
30.09.2019 and 30.10.2019, which is at the end of the flowering season of Calluna in Norway

(Bele and Norderhaug 2008). The seeds are dry stored in coffee filters in the lab.

Seed Germination Experiment:

The seeds collected above will be used in a germination experiment to assess germination
responses to drought in Calluna. Drought conditions will be established using agar infused
with a polyethylene glycol (PEG, molecular weight 8000; 191 Sigma, St Lois, MO, USA)
solution, with five levels of drought, including control, reaching from -0.25 to -1.7MPa
(referred to as levels 1-5 with increasing level of drought). The 50 seeds per Individuals will
be distributed into five petri dishes with ten seeds in each. For individuals with less than 50
seeds, allocation will be prioritised in the following order: extreme drought treatment (level

5, -1.7MPa), control (level 1, 0.25MP) followed by levels 3, 2, and 4. .

Preparation of petri dishes:

10
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The preparation of the dishes will follow the protocol based on Weele et al. (2000), with

some alterations, following Gya et al. (2020).

1% agar will be autoclaved to avoid fungal or bacterial growth during germination, then 20
mL of 1% agar will be added to the 90 mm petri dishes will have To create the drought
gradient, polyethylene glycol (PEG, molecular weight 8000; 191 Sigma, St Lois, MO, USA ) will
be added, after the agar is solidified to avoid polymerization of the agar. PEG will be
dissolved in distilled water to reach the target water potentials (Table 2) with 30 mL of PEG
solution added to the 20 mL agar dishes. The dishes will be covered by parafilm and set to
equilibrate for 4 days. Before adding any seeds, any remaining liquid solution in the petri

dishes will be carefully removed.

Table 2: Treatment level and final water potential.

Treatment (level) Final water potential for Grams of solid PEG added

petri dishes (MPa) per litre media for overlay
solution

Control (1) -1.25 0

Wet (2) -0.5 250

Middle value (3) -0.7 400

Drought (4) -1.2 550

Extreme Drought (5) -1.7 700

Starting the germination experiment:

After preparing the petri dishes, ten seeds from each individual (see above for treatment
priorities for individuals with less than 50 seeds available) will be added to each of the five

levels of water potential. Seeds will be placed apart from each other on the agar surface

11
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using a tweezer and gloves to avoid any contamination. Afterwards petri dishes will be
covered with parafilm to avoid drying, and placed in a growth chamber (Sanyo Incubator
MIR-553) at 18 degrees Celsius, which is the optimal germination temperature for Calluna
(Grimstad 1985), with the light cycle set at 8 hours with light and 16 hours darkness as it is

the optimal germination conditions for Calluna seeds from our regions (Maren et al. 2009).

The seeds will be monitored once a week until day 20 after onset of the eksperiment, twice a
week as germination rate is expected to increase from this time onwards (Vandvik et al.
2014). Monitoring frequency will return to once a week when the cumulative germination

curves start flattening.

Trait measurements:

The seeds from each individual (10-50 seeds) will be weighed collectively because of the low
seed mass of Calluna, and the mean seed mass per individual will be calculated by dividing
the bulked weight by the number of seeds. The seed weight is air dried mass and not oven

dried as the seeds are to be used in the germination trial.

Germination traits for analyses will include germination percentage, which will be
germinated seeds as a percentage of viable seeds in a dish, T, (time to 50% germination),
and germination duration (number of days it takes to reach final germination percentage).
To test for viability, all seeds that do not germinate in the non-drought treatment will be
tested using an embryo integrity (squish) test and/or the cut test. We assume that the
proportion of non-viable seeds from the non-drought treatment will be the same for the rest
of the parental individuals’ petri dishes as it is randomly assigned seeds from the same

parental plant.

To measure seedling growth and allocation, a subsampling will be done with one seedling for
each petri dish measured for the following traits: SLA - Specific Leaf Area; SRL - Specific

Root Length; total biomass; and allocation to below-ground.

The chosen individuals will be harvested 1 week after recorded emergence, and separated

into above ground and below ground sections at the point where the individual emerges

12
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from is going into the agar. The above-ground parts will be divided into leaves and stems,
and all parts will then be scanned. After scanning all seedling parts will be placed in coffee
filters tagged with the seedling ID in a drying oven at 60 degrees for 48 hours (Diaz et al.
2016). After drying the above and belowground biomass will be weighed. SLA is found using
the scanned area of the upside of the leaf divided by its dry mass and SRL is found using the
length of the root divided by the dry mass (Diaz et al. 2016). To calculate the total leaf/above
ground area, the “LeafArea” package in R will be used (Katabuchi 2019). The below-ground

allocation (BG) will be calculated as the ratio between below-ground and total biomass.

Statistical analysis:

To investigate the drought effect on germination of Calluna we will use linear-mixed effect
models performed in R (R Core Team 2019) using the Ime4 package (Bates et al. 2020) and
ImerTest (Kuznetsova et al. 2020). A binomial distribution will be assumed for the
germination percentage, which will be analysed using a logit link function. A Poisson
distribution will be assumed for count data, including days to germination, T., and time to
max germination where we will use a log link function. Traits (SLA, SRL, seed mass, biomass
and root:shoot) will likely be normally distributed, either with or without a log

transformation. Here we will assume a Gaussian distribution.

To test how population, successional stage, parental drought treatment relate to
germination success under different drought conditions we will fit linear mixed effect
models. For each response variable, seed mass, germination percentage, T., (time to 50%
germinated), maximum germination, SLA, SRL, above and below ground biomass and
root:shoot, we will construct one global model to evaluate the treatment effects. In these
models, the fixed effects will include field drought treatment, population, successional stage
and lab drought treatment, and all interactions. Petri dish, blocks and sites and random
effects in the models. The specific predictions below will then be tested by inspecting
specific effects or interactions in the full model (e.g., P1 predicts a significant population
effect for germination percentage, whereas P2 predicts a significant population*lab drought
interaction). We will use post-hoc tests to further explore significant interactions between

predictor variables, according to the specific predictions below.

13
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Questions and their predictions will be investigated as follows:

1. Does population, successional stage and the parental generation’s exposure to

drought affect the germination strategy?

For question one we specifically predict: P1) The Northern population will have a higher
germination percentage. P2) The Southern population will have a broader germination
niche. P3) Mature successional stages will have a lower germination percentage and smaller
germination niche when interacting with field drought treatment and lab drought treatment.
P4) Drought exposed parental generation will have an increased germination percentage and
germination niche. To test the effect of the lab drought treatment on germination
percentage and niche for population, successional stage, and drought exposed parents, we
will model the linear effect of the lab drought treatment interacting with population,
successional stage, and field drought treatment on a given germination metric (germination

percentage, T, (time to 50% germinated), maximal germination).

2. Do these factors affect seed mass, and does larger seed mass affect germination

success and root:shoot ratio?

For question two we predict: P5) The Northern population will have a higher seed mass. P6)
The mature successional stage will have lower seed mass. P7) Drought exposed parental
generation will have greater seed mass. P8) A larger seed mass across all factors will increase
germination percentage and increase root:shoot ratio. For P8 we will add seed mass as a

predictor variable for germination percentage and root:shoot ratio.

3. Are population, successional stage and parental generation’s exposure to drought

effects evident after germination, in seedling traits?

For the last question: P9) The Southern population will have a higher root:shoot ratio, lower
SLA and higher SRL in response to drought. P10) Mature successional stages will have lower

root:shoot ratio, higher SLA and lower SRL. P11) Drought exposed parental generation will

14
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have a higher root:shoot ratio, lower SLA and higher SRL. P12) Across all factors there will be

an increase in root:shoot and SRL, and decrease in SLA, as a response to drought.

Data availability

Data will be available at the Open Science Framework, and the script for data management

and analysis will be made available at GitHub.

Ref:

Anderson, David R., and Kenneth P. Burnham. 2002. “Avoiding Pitfalls When Using
Information-Theoretic Methods.” The Journal of Wildlife Management.

Bargmann, Tessa, Inger E. Maren, and Vigdis Vandvik. 2014. “Life after Fire: Smoke and
Ash as Germination Cues in Ericads, Herbs and Graminoids of Northern
Heathlands.” Applied Vegetation Science 17(4): 670-79.

Bates, K et al. 2020. “Ime4.” Package Ime4’.

Beijerinck, W. 1940. “Calluna. A Monograph on the Scotch Heather.” Verhandelingen
Akad. Wet., Amst. 38: 1-180.

Berdowski, J. .M., and H. Siepel. 1988. “Vegetative Regeneration of Calluna Vulgaris at
Different Ages and Fertilizer Levels.” Biological Conservation 46(2): 85-93.

Birks, Hilary H., H.J.B. Birks, Peter Emil Kaland, and Dagfinn Moe. 1988. “Quantitative
Estimation of Human Impact on Cultural Landscape Development.” In The Cultural
Landscape: Past, Present and Future, Cambridge University Press, 229-40.

Bjerke, Jarle W. et al. 2014. “Record-Low Primary Productivity and High Plant Damage in
the Nordic Arctic Region in 2012 Caused by Multiple Weather Events and Pest
Outbreaks.” Environmental Research Letters.

———. 2017. “Understanding the Drivers of Extensive Plant Damage in Boreal and
Arctic Ecosystems: Insights from Field Surveys in the Aftermath of Damage.”
Science of the Total Environment.

15



31

399
400
401

402
403

404
405

406
407
408

409
410
411

412
413

414
415
416

417
418
419

420
421

422
423
424

425
426
427

428
429
430
431

32

Britton, Andrea J., Robin J. Pakeman, Pete D. Carey, and Rob H. Marrs. 2001. “Impacts
of Climate, Management and Nitrogen Deposition on the Dynamics of Lowland
Heathland.” Journal of Vegetation Science 12(6): 797-806.

Bullock, J. M., and R. T. Clarke. 2000. “Long Distance Seed Dispersal by Wind: Measuring
and Modelling the Tail of the Curve.” Oecologia 124(4): 506-21.

Clapham, A.R., T. G. Tutin, and E. F. Warburg. 1981. Excursion Flora of the British Isles.
3rd ed. Cambridge University Press.

de Hullu, E., and C. H. Gimingham. 1984. “Germination and Establishment of Seedlings
in Different Phases of the Calluna Life Cycle in a Scottish Heathland.” Vegetatio
58(2): 115-21.

Donohue, Kathleen, and Johanna Schmitt. 1998. “Maternal Environmental Effects in
Plants: Adaptive Plasticity?” In Maternal Effect as Adaptations, eds. Timothy A.
Mousseau and Charles W. Fox. New York: Oxford University Press, 400.

Durka, Walter et al. 2019. “Calluna Vulgaris - Helmholtz-Centre for Environmental
Research.” https://www.ufz.de/index.php?en=43305 (February 11, 2021).

European Commission. 2008. Natura 2000: Protecting Europe’s Biodiversity. eds. Nadine
Mézard, Kerstin Sundseth, and Susanne Wegefelt. Oxford, United Kingdom:
Information Press.

Gianoli, Ernesto, and Marcia Gonzalez-Teuber. 2005. “Environmental Heterogeneity and
Population Differentiation in Plasticity to Drought in Convolvulus Chilensis
(Convolvulaceae).” Evolutionary Ecology 19(6): 603-13.

Gimingham, C. H. 1988. “A Reappraisal of Cyclical Processes in Calluna Heath.”
Vegetatio 77(1-3): 61-64.

Gonzalez, Patrick, Ronald P. Neilson, James M. Lenihan, and Raymond J. Drapek. 2010.
“Global Patterns in the Vulnerability of Ecosystems to Vegetation Shifts Due to
Climate Change.” Global Ecology and Biogeography 19(6): 755-68.

Grimstad, S.0. 1985. “Effects of Gibberellic Acid, Temperature and Storage on Seed
Germination of Heather (Calluna Vulgaris (L.) Hull).” Scientific Reports of the
Agricultural University of Norway 4(2): 11.

Gya, Ragnhild et al. 2020. “A Test of Local Adaptation to Drought in Germination and
Seedling Traits in Populations of Two Alpine Forbs across a 2000 Mm/Year
Precipitation Gradient.” Ecology and Evolution. https://osf.io/h7gau/ (February 5,
2021).

16



33

432
433
434

435
436

437
438
439

440
441
442

443
444
445

446
447
448
449
450

451
452

453
454
455
456

457
458
459

460
461
462

463

34

Halvorsen, R. 2016. NiN - Typeinndeling Og Beskrivelsessystem for Natursystemnivaet. -
Natur i Norge, Artikkel 3 (Versjon 2.1.0). Trondheim.
http://www.artsdatabanken.no.

Haugum, Siri Vatsg et al. 2020. “Land-Use and Climate Impacts on Drought Resistance
and Resilience in Coastal Heathland Ecosystems.” University of Bergen.

Haugum, Siri Vatsg, Pal Thorvaldsen, Liv Guri Velle, and Vigdis Vandvik. 2021. “Coastal
Heathland Vegetation Is Surprisingly Resistant to Experimental Drought across
Post-Fire Succession Time and Latitude.” OIKOS.

Hovstad, K. A. et al. 2018. “Kystlynghei, Semi-Naturlig. Norsk Radliste for Naturtyper
2018.” Artsdatabanken, Trondheim. https://artsdatabanken.no/RLN2018/74
(October 16, 2020).

Ibe, Karin et al. 2020. “Provenance- and Life-History Stage-Specific Responses of the
Dwarf Shrub Calluna Vulgaris to Elevated Vapour Pressure Deficit.” Plant Ecology
221(12): 1219-32.

IPBES. 2018. The IPBES Regional Assessment Report on Biodiversity and Ecosystem
Services for Europe and Central Asia. eds. M. Rounsevell, M. Fischer, A. Torre-
Marin Rando, and A. Mader. Bonn, Germany: Secretariat of the Intergovernmental
Science-Policy Platform on Biodiversity and Ecosystem Services. www.ipbes.net
(February 1, 2021).

IPCC. 2014. Climate Change 2014: Impacts, Adaptation, and Vulnerability. ed. C.B. Field.
Cambridge Univ. Press.

IPCC. 2019. Summary for Policymakers. In: Climate Change and Land: An IPCC Special
Report on Climate Change, Desertification, Land Degradation, Sustainable Land
Management, Food Security, and Greenhouse Gas Fluxes in Terrestrial Ecosystems.
eds. P.R. Shukla et al. In Press.

Kaland, Peter Emil. 1986. “The Origin and Management of Norwegian Coastal Heaths as
Reflected by Pollen Analysis.” In Anthropogenic Indicators in Pollen Diagrams., ed.
K.E. Behre. Balkema, Rotterdam, 19-36.

Karcher, Douglas E., Michael D. Richardson, Kenneth Hignight, and Debra Rush. 2008.
“Drought Tolerance of Tall Fescue Populations Selected for High Root/Shoot Ratios
and Summer Survival.” Crop Science 48(2): 771-77.

Katabuchi, Masatoshi. 2019. “LeafArea 0.1.8.”

17



35

464
465
466

467
468
469

470
471

472
473

474
475
476

477
478
479

480
481
482

483
484
485

486
487

488
489
490

491
492
493

494
495

36

Kuznetsova, Alexandra, Per Bruun Brockhoff, and Rune Haubo Bojesen Christensen.
2020. “Package ‘LmerTest'’: Tests in Linear Mixed Effects Models.” CRAN
Repository.

Legg, C. J.,, E. Maltby, and M. C. F. Proctor. 1992. “The Ecology of Severe Moorland Fire
on the North York Moors: Seed Distribution and Seedling Establishment of Calluna
Vulgaris.” The Journal of Ecology. 80(4), 737. https://doi.org/10.2307/2260863

Lid, Johannes, and Dagny Tande Lid. 2017. Norsk Flora. 7th ed. ed. R. Elven. Det Norske
Samlaget.

Lindgaard, A., and Se Henriksen. 2011. Norsk Radliste for Naturtyper 2011.
Artsdatabanken. Trondheim.

Liu, F., and H. Stiitzel. 2004. “Biomass Partitioning, Specific Leaf Area, and Water Use
Efficiency of Vegetable Amaranth (Amaranthus Spp.) in Response to Drought
Stress.” Scientia Horticulturae. 102(2): 15-27.

Lloret, F., C. Casanovas, and J. Pefiuelas. 1999. “Seedling Survival of Mediterranean
Shrubland Species in Relation to Root:Shoot Ratio, Seed Size and Water and
Nitrogen Use.” Functional Ecology 13(2): 210-16.

Log, Torgrim et al. 2017. “Unmanaged Heathland - A Fire Risk in Subzero
Temperatures?” Fire Safety Journal 90(August 2016): 62-71.
http://dx.doi.org/10.1016/].firesaf.2017.04.017.

Mallik, A. U., R. J. Hobbs, and C. J. Legg. 1984. “Seed Dynamics in Calluna-
Arctostaphylos Heath in North-Eastern Scotland.” The Journal of Ecology 72(3):
855.

Mann, Michael E. et al. 2017. “Influence of Anthropogenic Climate Change on Planetary
Wave Resonance and Extreme Weather Events.” Scientific Reports 7.

Maren, Inger E., and Vigdis Vandvik. 2009. “Fire and Regeneration: The Role of Seed
Banks in the Dynamics of Northern Heathlands.” Journal of Vegetation Science
20(5): 871-88.

Mayer, A., & Poljakoff-Mayber, A. (1982). The Germination of Seeds: Pergamon
International Library of Science, Technology, Engineering and Social Studies (3rd
ed.). Pergamon Press.

Metcalfe, Daniel B. et al. 2008. “The Effects of Water Availability on Root Growth and
Morphology in an Amazon Rainforest.” Plant and Soil. 311(1-2) 189-199

18



37

496
497

498
499
500

501
502
503

504
505
506

507
508
509

510
511

512
513

514
515

516
517
518

519
520

521
522

523
524

525
526

38

Meteorologisk Institutt. 2021. “Klima Fra 1900 Til i Dag.” https://www.met.no/vaer-og-
klima/klima-siste-150-ar (February 13, 2021).

Meyer-Griinefeldt, Maren et al. 2015. “Impacts of Drought and Nitrogen Addition on
Calluna Heathlands Differ with Plant Life-History Stage.” Journal of Ecology 103(5):
1141-52.

Meyer-Griinefeldt, Maren et al. 2016. “Marginal Calluna Populations Are More
Resistant to Climate Change, but Not under High-Nitrogen Loads.” Plant Ecology.
217: 111-122

Miller, G. R., and John Miles. 1970. “Regeneration of Heather (Calluna Vulgaris (L.) Hull)
at Different Ages and Seasons in North-East Scotland.” The Journal of Applied
Ecology 7(1): 51.

Nilsen, Liv S., Line Johansen, and Liv G. Velle. 2005. “Early Stages of Calluna Vulgaris
Regeneration after Burning of Coastal Heath in Central Norway.” Applied
Vegetation Science 8(1): 57-64.

Phoenix, Gareth K., and Jarle W. Bjerke. 2016. “Arctic Browning: Extreme Events and
Trends Reversing Arctic Greening.” Global Change Biology. 22(9): 2960-2962.

R Core Team. 2019. “R: A Language and Environment for Statistical Computing.” R
Foundation for Statistical Computing.

Skaland, Reidun Gangstg et al. 2019. Tarkesommeren 2018. Meteorologisk Institutt.
Oslo.

Spindelbdck, Joachim P. et al. 2013. “Conditional Cold Avoidance Drives Between-
Population Variation in Germination Behaviour in Calluna Vulgaris.” Annals of
Botany. 112(5): 801-810.

Stott, P. 2016. “How Climate Change Affects Extreme Weather Events.” Science
352(6293): 1517-18.

Treharne, Rachael et al. 2019. “Arctic Browning: Impacts of Extreme Climatic Events on
Heathland Ecosystem CO , Fluxes.” Global Change Biology 25(2): 489-503.

Tutin, T. G. et al. 1973. “Flora Europaea. Volume 3 Diapensiaceae to Myoporaceae.”
Taxon.

Vandvik, Vigdis et al. 2014. “Management-Driven Evolution in a Domesticated
Ecosystem.” Biology Letters 10(2): 1-6.

19



39

527
528
529

530
531

532
533

534
535

536
537
538

539
540

40

Velle, Liv Guri, Liv Sigrid Nilsen, Ann Norderhaug, and Vigdis Vandvik. 2014. “Does
Prescribed Burning Result in Biotic Homogenization of Coastal Heathlands?” Global
Change Biology 20(5): 1429-40.

Vera, M. L. 1997. “Effects of Altitude and Seed Size on Germination and Seedling
Survival of Heathland Plants in North Spain.” Plant Ecology 133(1): 101-6.

Wang, Jonathan A., and Mark A. Friedl. 2019. “The Role of Land Cover Change in Arctic-
Boreal Greening and Browning Trends.” Environmental Research Letters. 14

Wilson, B. et al. 2019. EUROPEAN RED LIST OF SELECTED ENDEMIC SHRUBS. Brussels
and Cambridge: IUCN. Available at: https://portals.iucn.org/library/node/48438

Xu, Wei et al. 2015. “Drought Stress Condition Increases Root to Shoot Ratio via
Alteration of Carbohydrate Partitioning and Enzymatic Activity in Rice Seedlings.”
Acta Physiologiae Plantarum 37(2).

Yahdjian, Laura, and Osvaldo E. Sala. 2002. “A Rainout Shelter Design for Intercepting
Different Amounts of Rainfall.” Oecologia 133(2): 95-101.

20



