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Abstract

Anastrophyllum donnianum, a liverwort species associated with the mixed northern liverwort
heaths was recently (2023) found in Sweden for the first time. In order to conserve and manage
the species and its habitat, knowledge about A. donnianum’s current distribution and ecology is
necessary. Species distribution modelling (SDM) is a valuable tool to find suitable habitats and
understand the ecological requirements for the habitats to exist. The aim of this study was to
identify the environmental conditions for the suitable habitat of A. donnianum in the province of
Jamtland, Sweden and to evaluate whether the species is dispersal or habitat limited in Jimtland.
This was achieved by constructing a SDM with the Maxent model from Wallace, including both
Sweden and Norway’s occurrence points from GBIF and five non-correlated environmental
layers created by weather station data and digital elevation models. The results indicate that the
most important factor for suitable habitat is humidity and rain frequency, where the suitability of
habitat increases with higher moisture availability. It show that the suitable habitat for the species
exists in mountainous north-facing areas with wet conditions and low sun exposure. The results
also show that there are uninhabited highly suitable habitats (HSH) in Jimtland, with two
hotspots south of the current known locations of 4. donnianum. Additionally, the known Swedish
occurrences were mainly found in a suboptimal habitat rather than HSH. The most important
factors limiting the species is difficult to conclude only from the SDM, but the availability of
suitable habitats suggest that dispersal is likely an important limitation. If the hotspots were to be
visited in search of undiscovered populations, areas close to lake Anjan, Storrensjon or Storlien
are recommended. Overall, the findings improve understanding of the ecological requirements
and potential distribution of suitable habitat for 4. donnianum in Sweden.

Keywords: Mixed northern liverwort heaths, Species distribution model, Maxent, Jamtland,
suitable habitat, conservation.



1. Introduction

1.1 Bryophytes

Bryophytes evolved over 700 mya, making them one of the most primitive land plants (Hedges,
2002). Consisting of three different groups, mosses, liverworts and hornworts, they are a
fundamental component of the world’s terrestrial ecosystems, contributing disproportionately to
numerous ecosystem functions. Despite their small individual sizes (Eldridge et al, 2023), their
biomass can be more than 50% of the total above-ground biomass in some environments, such as
tundra (Huemmerich et al., 2010; Wielgolaski, 1972). Bryophytes have a major ecological
importance, being involved in biogeochemical cycling, soil climate, carbon and nitrogen cycling
due to their efficient low use of nitrogen and promotion of nitrogen fixation (Cornelissen et al.,
2007; Lett et al., 2021; Turetsky et al. 2010, 2012). The low use of nitrogen also seems to affect
the decomposition rate of bryophytes, which alter peat properties (Turetsky et al., 2012). Water
retention is likewise a major contribution to bryophytes’ ecological importance since water
absorption and retention are mechanisms that improve species richness and productivity (Rixen &
Mulder, 2005). Bryophytes are also ideal as indicators of environmental change as they have not
evolved vascular tissues, thus they directly absorb all the substances around them into their cells
(Crandal-Stotler & Stotler, 2000). This characteristic makes their reaction to air pollutants and
water contamination fast and absolute. As a result, they have been used as indicators of sulphur-
dioxide pollution (Gilbert, 1968; Wielgolaski, 1975) and of climate change over centuries
(Zechmeister et al., 2018). Although bryophytes share many physiological characteristics,
substantial variation exists among their major groups, particularly in morphology and
reproduction.

1.2 Liverworts

Liverworts have two subdivisions, leafy liverworts (Jungermannioids) and complex thalloid
liverworts (marchantioids). Almost 85% of all liverwort species are leafy liverworts, including
Anastrophyllum donnianum. Like other bryophytes, these groups have alternation of generations
with different life stages. The gametophyte stage is the most dominant in the life cycle, it’s where
photosynthesis occurs and the reproductive organs are created. Fertilization needs free water for
the sperm to reach the egg, after which a sporophyte is created. The sporophyte starts producing
spores that will be dispersed and give rise to new gametophytes (Crandal-Stotler & Stotler, 2000).
Unlike all other liverworts of the liverwort heath community, 4. donnianum is the only species
that have been recorded producing spores, on one instance in 1922 in Britain (Paton, 1999) it
proves that free water is necessary for spore creation. The spores then disperse long distances
with the help of wind connectivity or from endozoochory of transequatorial migrant birds (Lewis
et al., 2014; Muioz et al., 2004). Over short distances in places with low wind connectivity, the
spores can disperse through zoochory, where the spores get stuck in the fur or feathers of animals
(Heinken et al., 2001). Like all liverworts, 4. donnianum’s asexual reproduction can be from both
fragmentation and vegetative propagules, where both seem to be for local dispersal (Crandal-
Stotler & Stotler, 2000; Vanderpoort & Goffinet, 2009). However, some later studies have shown
that vegetative propagules can be linked to long distance dispersal. One European moss species,
Sphagnum subnitens, was found to have contributed 100% of the gene pool in northwest North
America, most likely from the event of a vegetative propagation (Karlin et al., 2011). However,
like the other dioecious British liverworts in liverwort heaths, A. donnianum has never been
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recorded to produce asexual propagules (Hill et al., 1991; Paton, 1999). This can indicate that the
species use fragmentation as a way of dispersal and therefore zoochory become even more
important in the northern environments (Flagmeier et al., 2013).

1.3 Distribution

Liverworts exist almost all over the world (Konrat et al., 2008) where the distribution pattern
depends on the latitude with a more concentrated distribution around mountains (Wang et al.,
2025). Even though it prefers mountainous areas, the distribution of A. donnianum is not as
extensive as it only coexists with a few liverworts, the liverworts of the liverwort heaths
(Flagmeier et al., 2013), also be called mixed northern hepatic mats (Hodd & Skeffington, 2011)
or oceanic montane liverwort-rich heath (Flagmeier et al., 2013). The distribution of the liverwort
heaths are more limited than other liverworts due to their restriction to the oceanic regions in
Europe (Hodd & Skeffington, 2011). In Europe, the distribution of liverwort heaths is mostly
restricted to the north/northwest in the countries of Scotland, Ireland, Norway and Faeroe Islands
(Damsholt, 2002; Ratcliffe, 1968). Outside of Europe some of the species found in liverwort
heaths can be found in the northwestern North America, Nepal and China (Damsholt,2002;
Flagmeier et al., 2020). Even though the northern liverwort heaths are species-poor in terms of
large leafy liverworts compared to the British Isles, they consist of the same vegetation, leafy
liverworts, mosses and dwarf shrubs where mosses and dwarf shrubs dominate. They are one of
the most vulnerable vegetation types, mostly because of their limited environmental
requirements. In Scotland the cover of graminoids, forbs and pteridophytes in the liverwort
heaths have increased in the last 50 years (Flagmeier et al., 2013; Hodd & Skeffington, 2011).

1.4 Ecology

The most important factors for liverwort heaths to thrive are foremost humidity, summer
precipitation frequency and low summer temperatures (Dahl, 1998; Damsholt, 2002; Ratcliffe,
1968). It 1s also believed that the frequency of precipitation is more important than the amount,
where liverworts need a more wet climate, thereby the importance of humidity and precipitation
frequency (Hodd & Skeffington, 2011; Ratcliffe, 1968). An example of this is in Lake District
and North Wales where it rains up to 100 inches annually, but the liverworts flourish more in
western Ireland and western Highlands where the accumulated rain only reaches 70—80 inches
annually. Due to it being more spread out during the whole year (Ratcliffe, 1968). Not only do
the climate conditions need to be fulfilled for the liverworts to grow, the topographic elements are
also important to create the microclimates needed for these communities to exist (Hodd &
Skeffington 2011). Since they want a humid environment, low sun exposure from the terrain
orientation is needed to keep the soil moist but they also prefer slopes where the water drains well
(Ratclifte, 1968). Elevation is also believed to be a major contribution to the survival of
liverworts, but primarily due to the effect of elevation on other climatic factors. Higher elevation
is associated with lower temperatures and increased humidity due to fog formation (Schemenauer
et al., 1995). Elevation may also contribute to prolonged snow cover which protects the species
from frost events during cold winters (Jordal & Hassel, 2010).

1.5 Ecology of Anastrophyllum donnianum

Since Anastrophyllum donnianum rarely exists as single plants and mostly exists in the liverwort
heath community, their ecology is very similar to the rest of the species of the liverwort heath
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community. However, there are some differences, it prefer moist acidic soil with minimum sun
exposure, therefore north or west facing slopes, on top of boulders or near the edge of flat rocks
(Damsholt, 2002). The elevation range for A. donnianum is moderate, it is rarely reported lower
than 300 m a.s.] and are most abundant around 610 m, but in some cases, it occurs over 1000 m
(Averis, 1994; Damsholt, 2002; Ratcliffe, 1968). One major difference is the number of rain days
(days with at least 1 mm of rain), where A. donnianum requires between 180-200 days. The same

as Anastrophyllum joergensenii and Scapania ornithopodioides, whereas the rarer S. nimbosa
needs over 200 rain days (Ratcliffe, 1968).

1.6 Conservation

The distribution of 4. donnianum is like that of the liverwort heaths, it is most dominant in
Ireland, Scotland and Norway but it has also been found in Sweden for the first time in 2023 with
five different localities (Ratcliffe, 1968; SLU Artdatabanken, 2026a; Figure 4). Due to the limited
distribution, A. donnianum was listed as vulnerable (VU) on the Swedish red list 2025 (SLU
Artdatabanken, 2026b). On Norway’s red list, the category for the species is also vulnerable (VU)
due to the small population size, even though Norway has over 1000 occurrences
(Artsdatabanken, 2016; Hoitomt et al., 2021). For the 2017 IUCN red list 4. donnianum is placed
in the near threatened category (NT) due to it being assessed as non-decreasing in population size
(Hallingbéck, 2019).

Action programs for bryophytes have been in action in Sweden for many years, including the
programs for three different leafy liverworts of the Scapania spp. or Dicranum viride, where
successful transplantation was used to increase the localities (Norkvist, 2020). Flagmeier et al.
(2014) also transplanted the leafy liverwort Herbertus hutchinsiae that is part of the liverwort
heath community, this was also successful where all sites showed an increase in biomass weight.
It has also been proven successful that A. donnianum can regenerate ex situ from fragments
which would benefit future action programs if needed (Flagmeier et al., 2013).

1.7 Threats

1.7.1 Anthropogenic threats
The threats to the liverwort heath community are mostly anthropogenic, even though there are

some natural causes as well. The most critical threat in Scotland and Ireland is overgrazing by
sheep (Hodd & Skeffington, 2011). Up until the early 1990s the destruction of habitat in the hills
by sheep was widespread, which affected the structure of the vegetation for the whole of Ireland
(McAdam, 2024). This caused bryophytes of the hepatic mat community to disappear from
previously known locations (Holyoak, 2006). The best known example of this is the Adelanthus
lindenbergianus in the mountains of the Twelve Bens of Connemara where it was first discovered
in 1962 in large heaths and in later times it was only found in a small patch after multiple visits
(Long, 2010). Overgrazing is also the reason for the increased grazing-tolerant graminoids that
are taking over the liverwort heaths (Flagmeier et al., 2014). The natural threats are mostly
erosion since liverwort heaths prefer well drained slopes (Hodd & Skeffington, 2011). Since the
population is small and concentrated in Sweden it has a higher risk for stochastic events that
could cause extinction (Menges, 1992). At the same time, it has been shown that 4. donnianum
has good regeneration capabilities from fragments (Flagmeier et al., 2014), therefore total
extinction is unlikely. Disturbance from humans can also be a threat where construction of road,
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water pipes and hydroelectrical projects is a potential threat for the Scapania nimbosa (Jordal &
Hassel 2010).

1.7.2 Climate change
It is to no surprise that the climate is changing where the locations for A. donnianum exist,

Scotland, Norway and Sweden (Barnett et al., 2006; Lind et al., 2023). For the Scandes the
precipitation will increase during the whole year, and the specific humidity will increase, making
the climate wetter and moister. Interestingly, the increased temperatures will be greater at higher
elevations, such as the Scandes (Lind et al., 2023). Also, the summer temperatures are the most
limiting factor in the south of Norway (Wangen et al., 2016). The warmer climate will not only
make the summers hotter, making the environment too dry for liverworts, it also minimizes the
snow cover during the winter which is essential for the species to not experience frost events
(Lind et al., 2023; Ratcliffe, 1968). It has been shown that the liverwort vegetation in Scotland
over the last 50 years has had a decrease in species needing more precipitation and an increase in
species needing warmer winter and summer temperatures (Flagmeier et al., 2013). Since the
required climate will move north, the liverwort heaths species need to move with the climate to
survive long term. Due to the limited dispersal possibilities for the liverworts, they will unlikely
reach their designated climate in time (Hodd et al., 2014).

1.8 Species distribution models

Species distribution modeling (SDM) is a popular process in species ecology and conservation
with an increase of over 4500 articles published since February 2019 when searching “species
distribution modeling MaxEnt” on Web of Science and comparing with Lissovsky & Dudov
(2021) search results. The distribution modeling is based on presence only data where the model
extract variable data from the known occurrence points from the environment layers to gather the
required conditions for the species. The model then projects these relationships onto areas with
similar environmental characteristics to estimate habitat suitability, either in absence or presence
or probability (Pearson, 2010). Because presence only models such as Maxent only uses
occurrence points to find possible habitats it should not be used to predict the fundamental or
realized niche since it only represents the niche that is represented by the observed points.
Limiting factors such as dispersal or competition are not taken into consideration. However,
SDMs remain valuable tools for identifying potential localities that meet the environmental
requirements of rare species. (Pearson, 2010).

1.9 Knowledge gap

There 1s much we don’t know about why Anastrophyllum donnianum exists in Sweden since it
has only been found in highly clustered occurrences in the northwest of Jimtland. This makes it
difficult to identify the full extent of the suitable habitat. Consequently, the fine-scale spatial
distribution of climatically and topographically suitable areas remains largely unknown.
Although the ecology of the species has been studied more thoroughly in Norway and the British
Isles (Damsholt, 2002; Ratcliffe, 1968), the importance of these climatic and topographic
variables has not been quantitatively assessed in relation to the Swedish occurrences. Although
there have been SDMs made for A. donnianum by Wangen et al. (2016) and Zanatta (2018), none
have been made for the province of Jimtland and even further, none have been made at high
resolution.



2. Aim

The aim of this study is to get a better understanding into why the red-listed Anastrophyllum
donnianum exists in Jimtland, Sweden and how it can exist here despite the lack of the oceanic
climate it is typically associated with. In particular I aim to better understand the environmental
conditions in which A. donnianum can occur, and to identify suitable habitats for the species in
the province of Jamtland. Specifically, I ask:

e What environmental conditions best predict the suitable habitats for 4. donnianum?

e Are there any more suitable habitats for this species in Jamtland?

e Does A. donnianum appear to be limited more by dispersal or by environmentally suitable
conditions within Sweden?

3. Method
3.1 Study area

The study area, Jamtland, is characterized by a mountainous environment with the Scandinavian
mountains in the west stretching over 1700m above the sea level. The mountain range divides
into valleys far-reaching to the Norwegian sea (Rafstedt, 1984). Due to a limited and clustered
number of occurrences in Sweden, Norway’s occurrences were included to provide sufficient
data for a confident SDM. The environmental variable layers extent was determined by
delineating a bounding box which contained most of the Norwegian occurrences and all of
Jamtland (Figure 1). The training extent for the model was acquired from a minimum convex
polygon of the occurrences. This included all the Norwegian occurrences within the
environmental layers and the only occurrences from Sweden (Figure 1). The study area for
Jamtland also included adjacent areas of Norway as the areas with high suitability were close to
the border (Figure 3).
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Figure 1. a) Map of the training extent used for the model. b) Map of the temperature raster used
for the final model. See Table 1 for description.



3.2 Environmental variables

Taking into consideration that Anastrophyllum donnianum thrive in wet mountainous climate
with high oceanity (Dahl, 1998; Jordal & Hassel, 2010) the variables that initially were going to
be tested in the model was three topographic and seven climatic variables: Elevation, slope
aspect, mean temperature during warmest quarter, total precipitation during warmest quarter, total
number of rain days during the year, number of days with zero snow cover during the year,
relative humidity during warmest quarter, rain fraction during warmest quarter and oceanity.

Firstly, the Swedish elevation data was downloaded from Lantmateriet (2025) in a resolution of
50x50m cells covering the entirety of Jamtland. Kartverket (2020) was used to obtain the digital
elevation model for Norway with the same resolution. The elevation layers was later used to
create the aspect and slope layers with the same resolution using the spatial analyst tool in
ArcGIS pro (Esri Inc, 2025). All topographic layers were transformed into the coordinate system
WGS84 (EPSG:4326), the standard coordinate system for Wallace (Kass et al., 2023). The aspect
layer was transformed to degrees 0°-360° while the slope was in degrees from 0.01°-90°. The
slope layer was altered to remove any body of water as a possible habitat. Removing all slope
cells with <0.01 degrees removed almost all bodies of water while keeping suitable land. The
slope layer was also used to mask all other layers to match spatial extent, resolution and
alignment across all environmental layers.

All environment layers were created by downloading weather station data from SMHI (2025a,
2025b, 2025¢) and The Norwegian meteorological institute (2025a, 2025b, 2025¢) through their
API using R (Team, R., 2025). Only data after 1980 was used as the World Meteorological
Organization (2007) states that the climatological standard normals range from 1980-2010 or
19902020 and the availability of data before 1980 was poor. Because some years were partially
missing data, to minimize missing data, only data during the warmest quarter were used. The
warmest quarter was calculated by proceeding with the 90-day period with the highest mean
temperature for Sweden during the entire year. This revealed to be from 1% of June to the 30™ of
august. This period was also applied to Norway. Acquiring a mean for every weather station was
achieved by filtering out any station that did not have a minimum ten years of daily data during
the warmest quarter for all the variables. Then calculating the mean for every warmest quarter for
every year, next, determining the mean for all the years for all the variables and station. Rain
fraction was calculated by dividing the number of days with >0mm precipitation by the number
of days in the warmest quarter, which in this case was 90. The oceanity was calculated using the
Kerner oceanity index:

100(Toct — Tapr)

KOI =
Tmax — Tmin

Where Toct and Tapr (°C) 1s the mean temperature of October and April, Tmax 1s the mean
temperature of the warmest month of the year and Twin 1s the mean temperature of the coldest
month of the year (Stonevicius et al., 2018). This created points with one mean for every variable
for both Sweden and Norway. The points were then imported into ArcGIS pro (Esri Inc, 2025)
where the class Bayesian kriging was used to interpolate the points into all environmental layers,
since it is more complex (Samanta et al., 2012). Elevation was used as an explanatory variable in
Bayesian kriging when interpolating mean temperature (Figure 1). However, elevation was not

8



used as an explanatory variable in any other variable because of high correlation to temperature
and the variables not being affected by elevation. The final output resolution for all the layers was
a cell size of 50x50m using the coordinate system WGS84 (EPSG:4326). When all layers were
completed a Pearson correlation check was performed to see which layers had <0.7 in correlation,
and only layers with less than the said number were used. This resulted in using the variables:
slope, aspect, mean temperature, total precipitation, rain fraction, relative humidity and oceanity.

After adjusting the model to minimize AIC and maximizing AUC, oceanity and total
precipitation were excluded from the model because of interpolation uncertainty and weak
kriging output. This made the model have significantly improved evaluation metrics. The model
was proceeded with the remaining five variables, two topographic and three climatic that can be
seen in Table 1.



Table 1. Description of the environmental layers used for the final model and the ecological importance. The year represent the time
frame used for the data to create the raster.

Variables Description Ecological importance ~ Resolution Range Year References
Humidity Mean relative High humidity reduces  50x50 m 69.63-85.07%  1980— (SMHI, 2025a; The
humidity in the desiccation risk 2025 Norwegian
warmest quarter (Ratcliffe 1968). Meteorological Institute,
2025a)
Rain fraction =~ Number of days with Frequent precipitation 50x50 m 0.46-0.75 1980 (SMHI, 2025b; The
>0mm precipitation ~ maintains humid 2025 Norwegian
in warmest quarter microclimatic Meteorological Institute,
divided by number conditions (Ratcliffe, 2025b)
of days during 1968).
warmest quarter
Temperature ~ Mean temperature Cool summer 50x50m 1.10-16.34°C  1980— (SMHI, 2025¢; The
during warmest temperatures reduce 2025 Norwegian
quarter drying and maintain Meteorological Institute,
suitable microclimatic 2025¢)
conditions (Ratcliffe,
1968).
Slope Steepness of the Steep slopes provide 50x50m 0.01-78.57° (2025, Developed from
terrain in degrees well-drained yet moist SWE; (Lantméteriet, 2025;
habitats (Damsholt, 2020, Kartverket (Norwegian
2002). NO) Mapping Authority),
2020)
Aspect Direction a slope North-facing slopes 50x50m  0-360° (2025, Developed from
faces in degrees reduce sun exposure SWE; (Lantméteriet, 2025;
and maintain cooler, 2020, Kartverket (Norwegian
moister conditions NO) Mapping Authority),
(Damsholt, 2002). 2020)
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3.3 Modeling algorithm

The species distribution modelling (SDM) was performed using a maximum entropy algorithm
(Maxent) which is implemented within the Wallace v2.2.0 package in R. Wallace promotes
reproducible and transparent modelling workflow by integrating different systems into one
structured framework, while the model itself is Maxent (Kass et al., 2023; Philips et al, 20006).
Although different alternatives such as the package maxnet are available in Wallace, the java
implementation of Maxent (maxent.jar) was used to build the model in this study. This is due to
its widespread use and strong performance of presence only modelling. Wallace includes all the
different configurations for a SDM (Kass et al., 2018, 2023). The configuration used in this study
can be seen below.

Maxent uses presence only data, thus the occurrences for Anastrophyllum donnianum for both
Sweden and Norway were imported from the global biodiversity information center, (GBIF,
2026) were only records having coordinates and uncertainty under 1.0 km were used. For the
time range, all records from 1950-2026 were included to maximize possible different habitats.
Older occurrences were removed since they might not remain, as a consequence of climate
change. The occurrences were inserted into Wallace which totaled 943 records after the
duplicates and records outside my environmental layers were removed. Due to the majority of the
Norwegian records occurring in cluster, spatial thinning in Wallace was used to minimize spatial
sample bias and ensuring the clusters did not over influence model predictions (Steen, 2021).
After thinning species 1.0 km from each other only 95 records were remaining.

Since the model needs to be trained on the total areas available for Anastrophyllum donnianum, a
study extent was chosen as a minimum convex polygon around the occurrence points with a
buffer of 0.2 degrees. Not including the 0.2 degrees buffer around the polygon created errors,
which is why it was used (Figure 1). The polygon is where the model will draw its background
points from. For the model fitting the default number of background points is 10 000, but
sometimes only 90% of the background points were sampled as some points fell within cells with
no data value. Therefore 11 000 background points were randomly sampled from the study extent
to ensure at least 10 000 background points were used. The occurrences were later spatially
partitioned with the “block” method using 4-fold for cross validation since it was proven to
improve accuracy (Koldasbayeva, 2025). The blocks method draws one latitudinal and one
longitudinal line to separate the area with the occurrences into four boxes with different
environments (Kass et al, 2023).

When creating the actual model in Wallace, the default settings were used except for the
following. The java implementation of maxent (maxent.jar) was used. Model tuning was
performed by testing multiple combinations of the settings. The tuning was performed on all
settings, testing all different feature classes, and the regularization multiplier was adjusted from
0.54.5. The final model used the feature class “LQH?”, linear, quadratic and hinge since this
provided the response curves with more flexibility while avoiding overly complex models. The
best regularization multiplier was 2.5, as this reduced overfitting and improved model
generalization. The selection for the final model was assessed on the combination of the model
with the lowest corrected Akaike Information Criterion (AICc) and highest area under the curve
(AUC) since they are acceptable as a way of selecting models (Elith et al., 2006; Katz & Zellmer,
2018). The evaluation metrics are calculated by Wallace when creating the model (Figure 5).
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After the final model was chosen, a model prediction map was generated by carrying out a
prediction for the training extent using a binary, suitable or unsuitable map. With a threshold
based on the 10" percentile of training presence values. This model prediction was required for
the model to be transferred to another extent. Therefore, after the model prediction, the model
was projected upon the target study extent, the province of Jimtland. The “cloglog”
transformation was used to convert the raw output from Maxent (relative occurrence rate) to a
logistic model of 0—1 which represents the approximately probability of presence for the species.
This created a continuous prediction map that can be seen in Figure 3.

3.4 Assessing dispersal or habitat limitation

To determine if the distribution of 4. donnianum is more strongly limited by habitat suitability or
dispersal, the predicted suitability of habitats was compared with the currently known
distribution. If suitable habitat was restricted to areas where the species is already known to
occur, this would suggest that habitat availability is the most limiting factor. Contrarily, if
suitable habitat was predicted beyond the known distribution, this would indicate that dispersal
limitation might contribute to the species' restricted range.

4. Results
4.1 Predicted habitat suitability

The Maxent model predicted habitat suitability for A. donnianum covering two areas, one for the
study area and one for the transferred area of Jimtland, which can be seen in Figure 2—4. The
Swedish suitable habitat showed spatially restricted distribution to the western Jamtland. The
predicted suitability of habitats > 0.6 (highly suitable habitats, HSH) was found close to the
Norwegian border in discontinued patches, on north-northeast facing slopes in mountainous
terrain with high humidity. On a regional scale the suitable habitat seem quite continuous, but on
a local scale the HSH are fragmented with no continuous corridors where the HSH are separated
by unsuitable terrain. Two larger hotspots of more concentrated suitable habitat were found
foremost around lake Anjan and to the west of Storlien, south of the known occurrences. Most of
the Norwegian occurrences overlap the HSH in Norway while the Swedish occurrences occur in
more moderate suitability, outside of the HSH.
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Figure 2. The predicted suitability of A. donnianum from the Maxent model with the filtered
occurences of A. donnianum for Norway and Sweden.
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Concentrated spot of suitable habitats for 4. donnianum west of the city Storlien. d) Another
concentrated spot of more suitable habitats for A. donnianum around lake Anjan.
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4.2 Environmental predictors of habitat suitability

The response curves (Figure 5) illustrate the relationship between each variable and the predicted
suitability of habitat (y-axis) and the range of the variable. The most influential variable is the
relative humidity, followed by rain fraction, aspect, mean temperature, and slope. Predicted
suitability sharply increased when relative humidity increased above 78%, peaking at
approximately 79% before declining slightly. The predicted suitability increased continuously
with increasing rain fraction, where the highest point of rain fractions shows the highest predicted
suitability. Aspect show that predicted suitability increased towards the northern degrees with the
lowest predicted suitability occurring at south-facing slopes. The range of mean summer
temperatures had the highest predicted suitability between 11-13°C, peaking around 12°C. Slope
showed the broadest range variable w predicted suitability sharply increases around 0° while
peaking around 20° and then decrease steadily towards 65°.

Response curves for Anastrophyllum donnianum
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Figure 5. Response curves from Maxent for Anastrophyllum donnianum for all the variables used
in the Maxent model. They show how the predicted suitability changes based on the value of the
variable. The response of a single variable is shown while all other variables are held at their
mean values.
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5. Discussion

The aim of the study was to better understand the environmental requirements of the liverwort
heath species, Anastrophyllum donnianum, as well as to identify additional suitable habitats in
Jamtland, Sweden. The model predicted that there should be more suitable habitats in Jimtland,
where the key predictors were the relative humidity and the rain fraction, which contribute to the
same key point, that the species need a wet climate.

5.1 Importance of environmental predictors

The climatic factors are the most important influence in determining the suitable habitats for A.
donnianum, as shown from the modeled response curves. Humidity and rain fraction were found
to contribute most to the prediction of suitable habitat, suggesting that the species needs a wet
climate to flourish. As these species lack vascular tissue and depend on atmospheric humidity to
not dry out, a wet climate is necessary for photosynthesis to be as effective as possible. Water
absorption and retention also increase the species richness, and since it has been recorded that A4.
donnianum can create sporophytes, free water is necessary. Therefore, humidity and rain fraction
is very important for both growth and reproduction. The rain fraction response curve showed a
unidirectional increase in habitat suitability with increasing rain fraction, suggesting that the more
often it rains the more suitable the habitat is, which mirrors what we already know about the
species. Surprisingly, aspect had a relatively large influence on the suitability of habitat, which
contradicts Wangen et al. (2016) results, where aspect had almost no impact on the model. The
reason behind this might be because Wangen et al. used aspect as a categorical variable where
this model had aspect as a continuous variable. This model found the species preferring north-
facing slopes, which also confirms the known ecology. Likely to achieve the right microclimate
needed to keep the sun exposure low and soil moisture high, which is why the HSH locations are
so fragmented, since it can only survive on one side of a mountain. The slope adds to this even
further where it makes the side shadier and the soil moister with more water retention, which the
results suggest as it favors slopes between 10—40°. One reason why the slope has such a small
impact on the model could be caused by an interaction between aspect and the elevation model in
the temperature variable. Since suitable habitats are concentrated in north-facing mountainous
terrain, steep slopes are already characteristic of these environments, thereby reducing the
independent contribution of slope to the model. The response curves also suggest that 4.
donnianum prefers low summer temperatures between 11-13°C, peaking at 12°C, suggesting that
it lowers the risk of desiccation during the summer. It also shows a high correlation with
elevation (Pearson correlation index of 0.98) likely due in part to cooler temperatures at higher
elevations. These results suggest that suitable habitat occurs at higher elevation both for the
summer, but also during the winter when the species will be covered by snow therefore being
protected from frost events. This increases the confidence that the model captures ecological
meaningful habitats because of the prediction and what is already known.

5.2 Suitable habitats in Jamtland

The HSH found by the model are foremost located close to the Norwegian border in north facing
slopes in mountainous terrain. This pattern matches the topography of the known occurrences of
A. donnianum, making the habitat a possibility if the species were to disperse. On a regional scale
the HSH are concentrated to the west of Jimtland, since this is the only part of Jimtland that has
a very wet climate with high elevation. On a local scale the HSH are very fragmented with many
small patches where the topography requirements are met. This fragmentation will reduce the
likelihood of colonization between patches.

The HSH do not contain any Swedish occurrences of the species. This could be due to lack of
detection: either due to under-sampling, since the terrain is quite hard to access, or because the
species is difficult to spot, since A. donnianum grows in heaths with other mosses and shrubs. In
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contrast, these could be true absences, if the species has not successfully dispersed and
established in these areas. The known occurrences in Norway mostly fall within the HSH
suggesting that the predicted suitable habitats are good enough for the species to live in. Even
though the known occurrences in Sweden live in a suboptimal suitable habitat outside the HSH,
this only indicates the potential of the species to thrive in Sweden as well. Alternatively, this
result could indicate that the model does not capture the full habitat, or that local characteristics
outside of the variables included in this study have a bigger influence on the species.

5.3 Dispersal or habitat limitations

The HSH identified in this study fall outside the currently known distribution of 4. donnianum in
Sweden. The presence of suitable but unoccupied habitats suggests that the species is dispersal
limited, although environmental conditions still limit where suitable habitats can occur in
Jamtland. Thus, environmental factors appear to determine the spatial extent of potential habitat,
while dispersal influences whether these habitats become occupied. Establishment can also
contribute to the low number of known occurrences in Sweden. Although A. donnianum has
demonstrated the ability to regenerate from fragments ex situ, this does not necessarily mean that
successful establishment will occur under natural conditions. Establishment is likely influenced
by additional ecological factors, including competition with other bryophytes within liverwort
heath communities and the availability of suitable microhabitats, such as rock and boulder
structures, which were not included in the present model. Furthermore, stochastic processes can
possibly affect establishment success, where survival is not guaranteed and annual variation in
precipitation could have an influence. The scattered distribution of HSH will also limit the
expansion of A. donnianum, as suitable habitats are isolated and separated by unsuitable terrain,
which likely will reduce connectivity between habitats and make it difficult for gradual
colonization. Since spores are extremely rare and vegetative propagules are not produced,
fragmentation represents the primary mode of dispersal, but because fragmentation is primarily
used for local expansion this can hinder colonization of distant HSH. Under these circumstances,
zoochory and endozoochory become particularly important for dispersal, as fragments could
potentially attach to animal fur or be transported by birds to otherwise isolated habitats. The
fragmented nature of suitable habitats should also result in isolated populations with reduced
gene flow, potentially increasing vulnerability to stochastic events and local extinction.
Consequently, while the results suggest that dispersal limitation contributes to the current
Swedish distribution of 4. donnianum, nothing can be concluded about the greatest limitation in
Sweden from the species distribution model alone. More models would be needed to further
evaluate the question, such as model evaluation- and MESS-maps. However, to get a final
answer, translocation of the species to the HSH would be needed.

5.4 Climate change

Because of the projected climate change and the vulnerability of the liverwort heaths, it is rather
predictable that they are at risk of disappearing, since they are already being reduced in Scotland.
However, since the precipitation and humidity seem to increase in future simulations, climate
change might benefit suitable habitats since the model prefer high rain frequency and more humid
conditions. Assuming that the increased temperature does not make it drier despite increased
precipitation. Even though Scotland has already seen a decrease in species in need of high
precipitation, it might not be the same for the northern liverwort heaths since the climatic
conditions differ substantially. In the future climate, the regional temperatures will increase
causing warmer summers, this also means warmer winters, which lead to less snow protecting the
species from frost events. The variables protecting the species from the hot summers, north-
facing slopes could therefore become even more important in the future to create the microhabitat
needed. The increased warmth might still be the most affecting element, because of the narrow
window of preferred temperatures for suitable habitat. If the oceanic climate slowly moves north,
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the species could move with it, but because of their low dispersal ability and the relative fast-
moving climate, it limits the species capacity to track shifting climate conditions.

5.5 Conservation

The results of this study help better understand the oceanic environment located in the western
Jamtland and manage the only known Swedish occurrences of 4. donnianum. Predicted
suitability maps are valuable to protect the areas of conservation interest and to prevent further
deterioration of the species red-list status. Knowledge of the ecological requirements are useful to
better know how the areas should be managed for conservation purposes. If the species’
conservation status were to worsen, an action program could be a viable option. The species
demonstrated ability to regenerate ex situ show that translocation of fragments or single plants
may be a conservation option, therefore a map of suitable habitats are necessary. Future field
studies should prioritize areas with HSH, recommendations such as, south of Anjan or southwest
of Storlien should be considered.

5.6 Study limitations

The biggest limitation for this study is that the predicted suitable habitat hasn’t been investigated
in field. Field validation could help assess the accuracy of the model predictions and identify
areas where the model may over- or underpredict habitat suitability. Furthermore, because the
species relies highly on microhabitat created by rocks, boulders and acidic soil. The lack of
raster’s of the microtopography and the soil of the terrain limits the model at a micro-scale.
Therefore, a combination of even smaller scale used for all raster’s with more vegetation and soil
variables would certainly improve the model, despite the enormous data sizes. Additionally, the
environmental layers could be improved with better knowledge about interpolation settings. For
example, different settings produced different looking climate layers which could have an effect
on the final model. Lastly, the warmest quarter period derived for Sweden was also applied to the
Norwegian data. While the difference in warmest quarter timing between regions was relatively
small (approximately two weeks), this still introduces a degree of temporal mismatch. A more
robust approach would estimate station-specific warmest quarter periods for calculating mean
temperature.

5.7 Conclusion

In conclusion, the strongest predictors for habitat suitability for the species Anastrophyllum
donnianum are humidity, rain frequency and aspect while mean summer temperatures and slope
showed lower contribution. The model predicted that fragmented patches exist of unoccupied
HSH south of the current known populations. This study cannot conclude that the species is
dispersal or habitat limited, since both environmental- and dispersal limitations likely explain the
distribution of the Swedish occurrences. The results can guide further field studies by mapping
unoccupied HSH that may contain undiscovered populations.

Acknowledgements

I would like to thank my supervisor Anne Bjorkman for taking on this project that is not really
her field of work but still helping me with the project. I would also like to thank Fredrik Larsson
from Skogsstyrelsen for inspiring me to write about this unique species. Additionally, I would
like to thank my classmate Johannes Lidbrink Ekman for having good conversations on the
method and the whole project, including endless hours of coding.

References

Artsdatabanken. (2016). Praktdraugmose Anastrophyllum donnianum (Hook.) Steph.
(Retrieved May 15, 2026, from https://artsdatabanken.no/arter/takson/183815)

19


https://artsdatabanken.no/arter/takson/183815

Averis, A. M. (1994). Ecology of an Atlantic liverwort community. University of Edinburgh.
http://hdl.handle.net/1842/10681

Barnett, C., Hossell, J., Perry, M., Procter, C., & Hughes, G. (2006). Patterns of climate
change across Scotland: Technical Report. In SNIFFER Project CC03, Scotland & Northern
Ireland Forum for Environmental Research, Edinburgh.

Cornelissen, J. H., Lang, S. 1., Soudzilovskaia, N. A., & During, H. J. (2007). Comparative
cryptogam ecology: a review of bryophyte and lichen traits that drive
biogeochemistry. Annals of botany, 99(5), 987-1001. https://doi.org/10.1093/a0b/mecm030

Crandal-Stotler, B. & Stotler, R. E. (2000) Morphology and classification of the
Marchantiophyta. In Shaw, A. J., & Goffinet, B. (Eds.). Bryophyte biology. (1% ed., pp. 21-
71). Cambridge University Press.

Dahl, E. (1998). The phytogeography of northern Europe. British Isles, Fennoscandia and
adjacent areas. Cambridge University Press.

Damsholt, K. (2002). Illustrated Flora of Nordic Liverworts and Hornworts Nord. Bryol.
Coc., Lund.

Eldridge, D. J., Guirado, E., Reich, P. B., Ochoa-Hueso, R., Berdugo, M., Sdez-Sandino, T.,
& Delgado-Baquerizo, M. (2023). The global contribution of soil mosses to ecosystem
services. Nature Geoscience, 16(5), 430-438. https://doi.org/10.1038/s41561-023-01170-x

Elith, J., H. Graham, C., P. Anderson, R., Dudik, M., Ferrier, S., Guisan, A. & E.
Zimmermann, N. (2006). Novel methods improve prediction of species’ distributions from
occurrence data. Ecography, 29(2), 129-151. https://doi.org/10.1111/§.2006.0906-
7590.04596.x

Esri Inc. (2025). ArcGIS Pro (Version 3.3.0) [Software]. https://www.esri.com/en-
us/arcgis/products/arcgis-pro/overview

Flagmeier, M., Long, D. G., Genney, D. R., Hollingsworth, P. M., & Woodin, S. J. (2013).
Regeneration capacity of oceanic-montane liverworts: implications for community
distribution and conservation. Journal of Bryology, 35(1), 12-19.
https://doi.org/10.1179/1743282012Y.0000000037

Flagmeier, M., Long, D. G., Genney, D. R., Hollingsworth, P. M., Ross, L. C., & Woodin, S.
J. (2014). Fifty years of vegetation change in oceanic-montane liverwort-rich heath in
Scotland. Plant Ecology & Diversity, 7(3), 457-470.
https://doi.org/10.1080/17550874.2013.817487

Flagmeier, M., Squirrell, J., Woodhead, M., Long, D. G., Bell, N. E., Russell, J. &
Hollingsworth, P. M. (2020). Globally rare oceanic-montane liverworts with disjunct
distributions: evidence for long-distance dispersal. Biodiversity and Conservation, 29(11),
3245-3264. https://doi.org/10.1007/s10531-020-02022-5

Gilbert, O. L. (1968). Bryophytes as indicators of air pollution in the Tyne Valley. New
phytologist, 67(1), 15-30. https://doi.org/10.1111/1.1469-8137.1968.tb05450.x

Global diversity information facility. (2026). GBIF Occurrence Download.
https://doi.org/10.15468/d1.fdg26x

Hallingbick, T. (2019). Anastrophyllum donnianum (Europe assessment). The [IUCN Red List
of Threatened Species 2019: . T87470477A87839907. Retrieved May 11, 2026,
from https://www.iucnredlist.org/species/87470477/87839907#assessment-information

20


http://hdl.handle.net/1842/10681
https://doi.org/10.1093/aob/mcm030
https://doi.org/10.1038/s41561-023-01170-x
https://doi.org/10.1111/j.2006.0906-7590.04596.x
https://doi.org/10.1111/j.2006.0906-7590.04596.x
https://www.esri.com/en-us/arcgis/products/arcgis-pro/overview
https://www.esri.com/en-us/arcgis/products/arcgis-pro/overview
https://doi.org/10.1179/1743282012Y.0000000037
https://doi.org/10.1080/17550874.2013.817487
https://doi.org/10.1007/s10531-020-02022-5
https://doi.org/10.1111/j.1469-8137.1968.tb05450.x
https://doi.org/10.15468/dl.fdq26x
https://www.iucnredlist.org/species/87470477/87839907#assessment-information

Hedges, S. (2002). The origin and evolution of model organisms. Nat Rev Genet 3, 838—849
https://doi.org/10.1038/nrg929

Heinken, T., Lees, R., Raudnitschka, D., & Runge, S. (2001). Epizoochorous dispersal of
bryophyte stem fragments by roe deer (Capreolus capreolus) and wild boar (Sus
scrofa). Journal of bryology, 23(4), 293-300. https://doi.org/10.1179/jbr.2001.23.4.293

Hill, M.O., Preston, C.D. & Smith, A.J. (1991). Atlas of the bryophytes of Britain and
Ireland. Volume 1. Liverworts. Colchester: Harley Books.

Hodd, R. L., & Sheehy Skeffington, M. J. (2011). Mixed northern hepatic mat: a threatened
and unique bryophyte community. Field Bryology, 104, 2-11.

Hodd, R. L., Bourke, D., & Skeffington, M. S. (2014). Projected range contractions of
European protected oceanic montane plant communities: focus on climate change impacts is
essential for their future conservation. PloS one, 9(4), €95147.
https://doi.org/10.1371/journal.pone.0095147

Heitomt T, Blom HH, Brynjulvsrud JG, Hassel K och Kyrkjeeide MO (2021). Mossa:
Bedomning av den magnifika mossan Anastrophyllum donnianum for Norge. Rodlista for art
2021. Artdatabank. https://lister.artsdatabanken.no/rodlisteforarter/2021/8146

Holyoak, D. T. (2006). Progress towards a species inventory for conservation of bryophytes
in Ireland. In Biology and Environment: Proceedings of the Royal Irish Academy (Vol. 106,
No. 3, pp. 225-236). Royal Irish Academy. 10.1353/bae.2006.0028

Huemmrich, K. F., Gamon, J. A., Tweedie, C. E., Oberbauer, S. F., Kinoshita, G., Houston,
S. & Oechel, W. C. (2010). Remote sensing of tundra gross ecosystem productivity and light

use efficiency under varying temperature and moisture conditions. Remote Sensing of
Environment, 114(3), 481-489. https://doi.org/10.1016/j.rse.2009.10.003

Jordal, J. B., & Hassel, K. (2010). The rare liverwort Scapania nimbosa—new knowledge
about distribution and ecology in Norway. Lindbergia, 81-91.
https://www.jstor.org/stable/23595415

Karlin, E. F., Andrus, R. E., Boles, S. B., & Shaw, A. J. (2011). One haploid parent
contributes 100% of the gene pool for a widespread species in northwest North
America. Molecular ecology, 20(4), 753-767. https://doi.org/10.1111/5.1365-
294X.2010.04982 x

Kartverket. (2020). DTM50. [N50]. (Retrieved February 25, 2026, from
https://kartkatalog.geonorge.no/metadata/dtm-50/e25d0104-0858-4d06-bbag-
d154514c11d2?search=dem%?20n50)

Kass JM, Pinilla-Buitrago GE, Paz A, Johnson BA, Grisales-Betancur V, Meenan SI, Attali
D, Broennimann O, Galante PJ, Maitner BS, Owens HL, Varela S, Aiello-Lammens ME,
Merow C, Blair ME, Anderson RP. (2023). wallace 2: a shiny app for modeling species
niches and distributions redesigned to facilitate expansion via module

contributions. Ecography, Volume 2023(3), e06547. https://doi.org/10.1111/ecog.06547

Kass JM, Vilela B, Aiello-Lammens ME, Muscarella R, Merow C, Anderson RP.

(2018). Wallace: A flexible platform for reproducible modeling of species niches and
distributions built for community expansion. Methods in Ecology and Evolution, 9, 1151—
1156. https://doi.org/10.1111/2041-210X.12945

Katz, T. S., & Zellmer, A. J. (2018). Comparison of model selection technique performance
in predicting the spread of newly invasive species: a case study with Batrachochytrium

21


https://doi.org/10.1038/nrg929
https://doi.org/10.1179/jbr.2001.23.4.293
https://doi.org/10.1371/journal.pone.0095147
https://lister.artsdatabanken.no/rodlisteforarter/2021/8146
https://doi.org/10.1353/bae.2006.0028
https://doi.org/10.1016/j.rse.2009.10.003
https://www.jstor.org/stable/23595415
https://doi.org/10.1111/j.1365-294X.2010.04982.x
https://doi.org/10.1111/j.1365-294X.2010.04982.x
https://kartkatalog.geonorge.no/metadata/dtm-50/e25d0104-0858-4d06-bba8-d154514c11d2?search=dem%20n50
https://kartkatalog.geonorge.no/metadata/dtm-50/e25d0104-0858-4d06-bba8-d154514c11d2?search=dem%20n50
https://doi.org/10.1111/ecog.06547
https://doi.org/10.1111/2041-210X.12945

salamandrivorans. Biological Invasions, 20(8), 2107-2119. https://doi.org/10.1007/s10530-
018-1690-7

Koldasbayeva, D., & Zaytsev, A. (2025). Foundation for unbiased cross-validation of spatio-
temporal models for species distribution modeling. Ecological Informatics, 103521.
https://doi.org/10.1016/j.ecoinf.2025.103521

Konrat, Matt & Hagborg, Anders & Soderstrom, Lars & Mutke, Jens & Renner, Matthew &
Gradstein, S. & Engel, J. & Zhu, Rui-Liang & Pickering, John. (2008). Early Land Plants
Today: Global Patterns of Liverwort Diversity, Distribution, and Floristic Knowledge.

Lantmateriet (2025). Markhojdmodell Nedladdning, grid 50+. [hojdatabanken, HDB].
(Retreived 30 january 2026, from https://www.lantmateriet.se/sv/geodata/vara-
produkter/produktlista/markhojdmodell-nedladdning-grid-50/)

Lett, S., Jonsdoéttir, 1. S., Becker-Scarpitta, A., Christiansen, C. T., During, H., Ekelund, F., ...
& Zuijlen, K. V. (2021). Can bryophyte groups increase functional resolution in tundra
ecosystems?. Arctic Science, 8(3), 609-637. https://doi.org/10.1139/as-2020-0057

Lewis, L. R., Behling, E., Gousse, H., Qian, E., Elphick, C. S., Lamarre, J. F. & Goffinet, B.
(2014). First evidence of bryophyte diaspores in the plumage of transequatorial migrant
birds. PeerJ, 2, e424. 10.7717/peerj.424

Lind, P., Belusi¢, D., Médus, E., Dobler, A., Pedersen, R. A., Wang, F., & Christensen, J. H.
(2023). Climate change information over Fenno-Scandinavia produced with a convection-

permitting climate model. Climate Dynamics, 61(1-2), 519-541.
https://doi.org/10.1007/s00382-022-06589-3

Lissovsky, A. A., & Dudov, S. V. (2021). Species-distribution modeling: advantages and
limitations of its application. 2. MaxEnt. Biology Bulletin Reviews, 11(3), 265-275.
https://doi.org/10.1134/S2079086421030087

Long, D. G. (2010). The tragedy of the Twelve Bens of Connemara: is there a future for
Adelanthus lindenbergianus?. Field Bryology.
https://www.britishbryologicalsociety.org.uk/wp-content/uploads/2020/12/FB100_The-
tragedy-of-the-Twelve-Bens-of-Connemara.pdf

McAdam, J. (2024). A literature Review for the Office for Environmental Protection.
https://www.theoep.org.uk/sites/default/files/investigations-
files/Changes%20in%20upland%20biodiverity%20in%20NI1.pdf

Menges, E. S. (1992). Stochastic modeling of extinction in plant populations. In Conservation
Biology: the theory and practice of nature conservation preservation and management (pp.
253-275). Boston, MA: Springer US. https://doi.org/10.1007/978-1-4684-6426-9_10

Muiioz, J., Felicisimo, A. M., Cabezas, F., Burgaz, A. R., & Martinez, 1. (2004). Wind as a
long-distance dispersal vehicle in the Southern Hemisphere. Science, 304(5674), 1144-1147.
DOI: 10.1126/science.1095210

Norkvist, K. (2020). Redovisning av dtgdrdsprogram for barkkvastmossa 2017-2019.
Léansstyrelsen Jonkoping.
https://www.naturvardsverket.se/496dc8/contentassets/b371122d08f142b3a3bd 1£5824¢c46118/
redovisning-barkkvastmossa-2017-2019.pdf

Norwegian Meteorological Institute (2025a). Mean relative humidity (month).
[mean(relative_humidity P1M)]. https.//frost.met.no/api.html

22


https://doi.org/10.1007/s10530-018-1690-7
https://doi.org/10.1007/s10530-018-1690-7
https://doi.org/10.1016/j.ecoinf.2025.103521
https://www.lantmateriet.se/sv/geodata/vara-produkter/produktlista/markhojdmodell-nedladdning-grid-50/
https://www.lantmateriet.se/sv/geodata/vara-produkter/produktlista/markhojdmodell-nedladdning-grid-50/
https://doi.org/10.1139/as-2020-0057
https://doi.org/10.7717/peerj.424
https://doi.org/10.1007/s00382-022-06589-3
https://doi.org/10.1134/S2079086421030087
https://www.britishbryologicalsociety.org.uk/wp-content/uploads/2020/12/FB100_The-tragedy-of-the-Twelve-Bens-of-Connemara.pdf
https://www.britishbryologicalsociety.org.uk/wp-content/uploads/2020/12/FB100_The-tragedy-of-the-Twelve-Bens-of-Connemara.pdf
https://www.theoep.org.uk/sites/default/files/investigations-files/Changes%20in%20upland%20biodiverity%20in%20NI.pdf
https://www.theoep.org.uk/sites/default/files/investigations-files/Changes%20in%20upland%20biodiverity%20in%20NI.pdf
https://doi.org/10.1007/978-1-4684-6426-9_10
https://doi.org/10.1126/science.1095210
https://www.naturvardsverket.se/496dc8/contentassets/b371122d08f142b3a3bd1f5824c461f8/redovisning-barkkvastmossa-2017-2019.pdf
https://www.naturvardsverket.se/496dc8/contentassets/b371122d08f142b3a3bd1f5824c461f8/redovisning-barkkvastmossa-2017-2019.pdf
https://frost.met.no/api.html

Norwegian Meteorological Institute (2025b). Precipitation (24 h). [sum(precipitation _amount
P1D)]. https.//frost. met.no/api.html

Norwegian Meteorological Institute (2025¢). Mean air temperature (24 h)
[mean(air_temperature P1D)]. https://frost.met.no/api. html

Paton J A (1999). The liverwort flora of the British Isles, Harley Books, Colchester, UK.

Pearson, R. G. (2010). Species’ distribution modeling for conservation educators and
practitioners. https://doi.org/10.5531/cbe.linc.3.1.3

Phillips, S. J., Anderson, R. P., & Schapire, R. E. (2006). Maximum entropy modeling of
species geographic distributions. Ecological modelling, 190(3-4), 231-259.
https://doi.org/10.1016/j.ecolmodel.2005.03.026

Rafstedt, T. (1984). FJALLENS VEGETATION Jimtlands lin: En oversikt av
Jdamtlandsfjdllens vegetation baserad pa vegetationskartering och naturvirdering.
Naturvardsverket.

Ratcliffe, D. A. (1968). An ecological account of Atlantic bryophytes in the British Isles. The
New Phytologist, 67(2), 365-439. https://www.]stor.org/stable/2430430

Rixen, C., & Mulder, C. P. (2005). Improved water retention links high species richness with
increased productivity in arctic tundra moss communities. Oecologia, 146(2), 287-299.
https://doi.org/10.1007/s00442-005-0196-z

Samanta, S., Pal, D. K., Lohar, D., & Pal, B. (2012). Interpolation of climate variables and
temperature modeling. Theoretical and Applied Climatology, 107(1), 35-45.
https://doi.org/10.1007/s00704-011-0455-3

Schemenauer, R. S., Banic, C. M., & Urquizo, N. (1995). High elevation fog and precipitation
chemistry in southern Quebec, Canada. Atmospheric Environment, 29(17), 2235-2252.
https://doi.org/10.1016/1352-2310(95)00153-P

SLU Artdatabanken (2026a). Artfakta: prakttrappmossa (Anastrophyllum donnianum).
(Retrieved May 11, 2026, from https://artfakta.se/taxa/6003745)

SLU Artdatabanken (2026b). Rodlistade arter i Sverige 2025. (SLU Artdatabanken
rapporterar 37). https://pub.epsilon.slu.se/39759/9/2026-05-06-
R%C3%B6dlistade%20arter%201%20Sverige%202025.pdf

SMHI. (2025a). SE.ACMF Meteorologiska observationer - Relativ lufifuktighet timvdrde.
Sveriges meteorologiska och hydrologiska institut. https://opendata-download-
metobs.smhi.se/api/version/latest/parameter/6.json

SMHI. (2025b). SE.ACMF Meteorologiska observationer - Nederbord, summa 1 dygn.
Sveriges meteorologiska och hydrologiska institut. https://opendata-download-
metobs.smhi.se/api/version/latest/parameter/S.json

SMHI. (2025c¢). SE.ACMF Meteorologiska observationer - Lufttemperatur, medelvirde 1
dygn. Sveriges meteorologiska och hydrologiska institut. https://opendata-download-
metobs.smhi.se/api/version/latest/parameter/2.json

Steen, V. A., Tingley, M. W., Paton, P. W., & Elphick, C. S. (2021). Spatial thinning and
class balancing: Key choices lead to variation in the performance of species distribution
models with citizen science data. Methods in Ecology and Evolution, 12(2), 216-226.
https://doi.org/10.1111/2041-210X.13525

Stonevicius, E., Stankunavicius, G., & Rimkus, E. (2018). Continentality and oceanity in the
mid and high latitudes of the northern hemisphere and their links to atmospheric
23



https://frost.met.no/api.html
https://frost.met.no/api.html
https://doi.org/10.5531/cbc.linc.3.1.3
https://doi.org/10.1016/j.ecolmodel.2005.03.026
https://www.jstor.org/stable/2430430
https://doi.org/10.1007/s00442-005-0196-z
https://doi.org/10.1007/s00704-011-0455-3
https://doi.org/10.1016/1352-2310(95)00153-P
https://artfakta.se/taxa/6003745
https://pub.epsilon.slu.se/39759/9/2026-05-06-R%C3%B6dlistade%20arter%20i%20Sverige%202025.pdf
https://pub.epsilon.slu.se/39759/9/2026-05-06-R%C3%B6dlistade%20arter%20i%20Sverige%202025.pdf
https://opendata-download-metobs.smhi.se/api/version/latest/parameter/6.json
https://opendata-download-metobs.smhi.se/api/version/latest/parameter/6.json
https://opendata-download-metobs.smhi.se/api/version/latest/parameter/5.json
https://opendata-download-metobs.smhi.se/api/version/latest/parameter/5.json
https://opendata-download-metobs.smhi.se/api/version/latest/parameter/2.json
https://opendata-download-metobs.smhi.se/api/version/latest/parameter/2.json
https://doi.org/10.1111/2041-210X.13525

circulation. Advances in Meteorology, 2018(1), 5746191.
https://doi.org/10.1155/2018/5746191

Team, R. (2025). R: A Language and Environment for Statistical Computing. RStudio, PBC,
Boston, MA. http://www.rstudio.com/

Turetsky, M. R., Bond-Lamberty, B., Euskirchen, E., Talbot, J., Frolking, S., McGuire, A. D.,
& Tuittila, E. S. (2012). The resilience and functional role of moss in boreal and arctic
ecosystems. New Phytologist, 196(1), 49-67. https://doi.org/10.1111/].1469-
8137.2012.04254 x

Turetsky, M. R., Mack, M. C., Hollingsworth, T. N., & Harden, J. W. (2010). The role of
mosses in ecosystem succession and function in Alaska’s boreal forest. Canadian Journal of
Forest Research, 40(7), 1237-1264. https://doi.org/10.1139/X10-072

Vanderpoorten, A. & Goffinet, B. (2009). Introduction to Bryophyte Biology. Cambridge
University Press. 10.1017/CB0O9780511626838.

Wang, J., Qian, H., Dai, Z., Zhang, J., & Kessler, M. (2025). Geographic and ecological
effects on species richness of liverworts worldwide. Ecography, 2025(2), e07277.
https://doi.org/10.1111/ecog.07277

Wangen, K., Speed, J. D., & Hassel, K. (2016). Hyper-oceanic liverwort species of
conservation concern: evidence for dispersal limitation and identification of suitable
uncolonised regions. Biodiversity and conservation, 25(6), 1053-1071.
https://doi.org/10.1007/s10531-016-1105-y

Wielgolaski, F. E. (1972). Vegetation types and plant biomass in tundra. Arctic and Alpine
Research, 4(4), 291-305. https://doi.org/10.1080/00040851.1972.12003650

Wielgolaski, F. E. (1975). Biological indicators on pollution. Urban Ecology, 1(1), 63-79.
https://doi.org/10.1016/0304-4009(75)90005-4

World Meteorological Organization. (2007). The Role of Climatological Normals in a
Changing Climate. WCDMP-No. 61, (WMO-TD/No. 1377), World Meteorological
Organization. https://library.wmo.int/idurl/4/52499

Zanatta, F. (2018). Combining ecological niche models and dispersal simulations to predict
bryophytes dynamic response to climate changes (Doctoral dissertation, Université de Licge).

Zechmeister, H. G., Kropik, M., Popovtschak, M., & Scharrer-Liska, G. (2019). Bryophytes
in a latrine as indicators of climate change in the 17th century. Vegetation History and
Archaeobotany, 28(5), 575-581. https://doi.org/10.1007/s00334-019-00717-6

24


https://doi.org/10.1155/2018/5746191
https://doi.org/10.1111/j.1469-8137.2012.04254.x
https://doi.org/10.1111/j.1469-8137.2012.04254.x
https://doi.org/10.1139/X10-072
https://doi.org/10.1111/ecog.07277
https://doi.org/10.1007/s10531-016-1105-y
https://doi.org/10.1080/00040851.1972.12003650
https://doi.org/10.1016/0304-4009(75)90005-4
https://library.wmo.int/idurl/4/52499
https://doi.org/10.1007/s00334-019-00717-6

