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Abstract.
BACKGROUND: Interest in the wild berries of dwarf shrubs (wild berries) is increasing. Therefore, an update is important
regarding how these species react to and interact with different climatic factors, and on how the predicted climatic changes
will affect their distribution, growth and content of compounds affecting health.
OBJECTIVE: To systemize knowledge of the Ericaceae and Empetraceae wild berry species.
METHODS: A review of literature covering the above topics.
CONCLUSION: This review includes five wild berry species and their subspecies: Vaccinium myrtillus, Vaccinium vitis-
idaea, Vaccinium uliginosum, Vaccinium oxycoccos with ssp. microcarpon, and Empetrum nigrum with ssp. nigrum,
hermaphroditum and japonicum. They have been and still are collected in the wild, by local households and industry.
The berries have high content of biological compounds of interest for human health. Despite the increasing interest in and
demand for these wild berries, domestication attempts have been rare. The species often grow together and are competitors.
Which species dominate depends on soil conditions and is determined by small differences. The changing climate and various
disturbances will also influence the distribution patterns of wild berries and competing plant species. Semi-cultivation in the
natural habitat is probably the best solution for viable and sustainable commercial exploitation of these resources, at least if
they are sold with the label “wild berries”. However, these species are easily propagated by fresh cuttings, and they can grow
on arable land, adapting soil conditions to fit their growing preferences. Such cultivation, to our knowledge has not yet been
performed on a large economic scale.

Keywords: V. myrtillus, V. uliginosum, V. oxycoccos, V. vitis-idaea, E. nigrum, breeding, drought, freezing, UV-B, disturbance

1. Introduction

Interest in wild berries from dwarf shrubs (later termed wild berries) is strong and is increasing among
consumers and industry in the Nordic countries. Simultaneously, there is a discussion on how to improve the
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utilization of resources, which are low and require improvement in accessing forest fields, improving yield
and harvest conditions, given that every autumn 90–95% of the wild berry crop remains unpicked in Nordic
forests [1]. In Finland alone, 36 wild berry species yielded in 2009 more than 900 million kg. The major
contributors are crowberry (Empetrum nigrum plus E.n. hermaphroditum), lingonberry (Vaccinium vitis-idaea),
European blueberry (Vaccinium myrtillus), cranberry (Vaccinium oxycoccos plus V. oxycoccos ssp. microcarpum),
cloudberry (Rubus chamaemorus) and bog bilberry (Vaccinium uliginosum) [2].

Accumulating scientific evidence on the health benefits of berries has led to an interest in the investigation
of wild species for their therapeutic potential. In the Nordic countries, the development of wild berries depends
on the geographic site and climatic conditions. Normally, wild berries ripen in July, August and September.
In the Nordic countries, compared with lower latitudes, the growing season is short, the day lengths are much
longer, and the temperature is lower during summer, thus profoundly affecting the phytochemical composition
and content of the fruits [3]. Throughout history, wild berries have played an important role in the boreal, arctic
and alpine areas in the northern hemisphere. In European history, the use of wild berries by humans living in
northern Europe dates back about 750,000 years [4].

In Norway, the documentation of wild berries dates to 800 B.C. [5], when species such as wild raspberry
(Rubus idaeus L.) and wild European blueberry (V. myrtillus L.) were mentioned in old writings [6]. Some
species in the genus Vaccinium were domesticated in the 18th, 19th and 20th centuries [7]. Wild berries remain
important in several areas north of the Tropic of Cancer (23.5◦N), and distribution maps are presented in later
chapters addressing each species [8].

This review includes information on the botanical characterization, breeding, ethnobotany, growth factors and
health benefits of wild berries, and of how a changing climate may affect their ecological adaption now and in
the future.

1.1. Breeding of wild berries

In the wake of domestication, there has been interest in breeding and propagating selected clones of wild
berries in Scandinavia, mainly in Finland and Norway. In Finland, the highbush blueberry ‘Aron’ was selected
from the backcross ‘Rancocas’ (V. corymbosum) x (V. uliginosum x ‘Rancocas’). Vaccinium macrocarpon Ait.,
which is related to V. oxycoccos L., has been domesticated for less than 160 years, but native selections remain in
use, and cultivated cranberry has scarcely evolved from its wild relatives. Breeding of the commercial cranberry
(V. macrocarpon) has compromised plant defenses in high yielding cranberry cultivars, thus potentially leading to
greater herbivore damage, which in turn might require more intensive pesticide control measures. Attention should
be paid to avoiding similar mistakes in future breeding programs [9]. Wild Vaccinium vitis-idaea populations are
variable in nearly all important horticultural traits [10, 11], thus favoring the possibility of breeding and selecting
good clones. To select good clones of V. myrtillus, focus should be placed on the evaluation of qualitative and
quantities results on compounds beneficial to health. These and future studies on the effects of the environment
on berry quality should facilitate breeding specific clones for specific regions, and berries from the northern areas
would add value because of their sweetness and higher content of health beneficial phenols [12].

1.2. Biotic and edaphic conditions that may influence wild berries

Wild berries grow in soils that are relatively low in nutrients and have podzolic or humus character, such as
bogs. In arctic and sub-arctic areas, wild berries grow from sea level to above the treeline [13]. In the central and
southern parts of the northern hemisphere, they generally grow in alpine areas [8, 14–19].

1.2.1. Forest conditions and management
Wild berries that grow in forest areas depend on the forest condition and management, such as light conditions,

access to soil minerals and competition from trees. Timber felling, forest thinning or other interferences in growth
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conditions influence the development of wild berry species and their interactions. Semi-shade tolerant species
such as V. myrtillus, decrease strongly after regeneration cutting of trees and recover slowly, but increase after
intermediate cutting. Species adapted to semi-light conditions, such as V. vitis-idaea, strongly decrease after
regeneration cutting but recover relatively quickly and increase after intermediate cutting. In contrast, light-
demanding species, such as E. nigrum, increase after regeneration cutting and decrease after intermediate cutting
[20]. Species specific research has supplemented these findings, showing that in sites of a Betula pubescens forest
in Norway, V. myrtillus and V. uliginosum showed little change over 3 years, whereas Empetrum spp. increased in
number and frequency when the forest was cleared [21]. Another example in a northern taiga B. pubescens forest
in Arkhangelsk, Russia, has shown that yields varied between 117 and 946 kg ha–1 from 1984–1988, dependent
on the year. V. uliginosum and V. myrtillus showed little change over 3 years regardless of whether the sites were
cleared, whereas the number of R. chamaemorus plants increased when trees were felled [22]. Although several
studies have shown large variations among plant communities in their short-term responses to environmental
perturbations, Wardle et al. [23] have found different results. They have revealed that when perturbations apply
equally to highly contrasting environments, differences in resilience in the long term (14 years) are relatively
minor regardless of the severity of the disturbance.

1.2.2. Airborne pollution
Other conditions may influence growth and development and cause species interactions. In recent history,

airborne pollution is one such condition. Relatively large amounts of sulfur (S) and nitrogen (N) transported
through the air have influenced Nordic ecosystems by acidifying and adding N to the soil. Acidification can
retard the decomposition of cellulose rich litter. The importance of adsorption of minerals from rainfall by leaves
is probably minor, because uptake by plant roots appears to be the main source of nutrient elements as well as
some non-essential elements in V. myrtillus and V. uliginosum [24].

Although wild berries prefer acidic soil, acid rain causes leaching, which may lead to nutrient deficiency
and a release of toxic heavy metals, thereby affecting soil fertility and potentially decreasing plant growth [25].
However, heavy metals from wood ash or fertilizer application have not confirmed the potential negative effect
[26]. In addition, because litter is the source of the humus layer and is important for some wild berries, the
decreased decomposition of the humus layer as an effect of strong acidification may be important [24, 27].
Liming, used in forest management to decrease the effect of acid rain, has been found to result in distinct
decreases in NH4NO3-extractable manganese (Mn), zinc (Zn) and lead (Pb) in the humus layer 4 years after
liming and fertilization [28].

However, since 1997, N deposition has declined 25% across the southern half of Sweden, and S has declined
by more than half [29]. Despite a strong decrease in acid and nutrient polluted rain as a result of governmental
regulations [30], acid rainfall still remain an important environmental issue worldwide, lowering pH especially
in light soils [31].

1.2.3. Mineral nutrition
Mycorrhiza are important for Vaccinium species and Empetrum, because ericoid-mycorrhiza colonize the roots

of these species and support their uptake of mineral nutrients [32]. Ericaceous roots have been suggested to host
diverse fungal communities dominated by Helotiales; nevertheless, these fungal communities are unlikely to be
controlled by fungal host preferences alone.

Excess N from rainfall may be a problem. However, the effect on uptake of NO3
− in a pristine Norwegian

alpine catchment ecosystem, adding 7 kg N ha–1 year–1 as nitric acid, compared with the natural ambient input
of 2 kg N ha–1 year–1, revealed that the catchment retained 90% of the NO3

− inputs for 9 years, similarly to the
ambient input. The runoff contained high levels of nitrate only at high flow together with high concentrations
of nitrate in incoming water. The N deposition did not induce N saturation, and retarded decomposition and
higher total N concentration, thus indicating that part of the N may be stored in the ectoorganic layer. The N
content in foliage did not reveal differences ascribed to N addition [33]. However, a general trend of decreased N
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resorption efficiency occurred in response to increased N supply. Relatedly, a species interaction was observed,
thus showing that P resorption efficiency after N application did not change in E. nigrum ssp. hermaphroditum
and Rubus chamaemorus, but increased in V. uliginosum [34]. Despite greatly decreased S deposition, due to
emission controls, a long time lag has been suggested between emission abatement and changes in soil solution
acidity, thus underlining the importance of long-term monitoring in evaluating ecosystem responses to decreases
in deposition [35].

In 2015, in a fertilization experiment in subalpine tundra in northern Sweden initiated in 1989, Empetrum
originally dominated, but the faster growing Deschampsia flexuosa replaced it. Regardless of whether Empetrum
or Deschampsia were removed, few interactive effects appeared after fertilizer or plant removal treatment
aboveground or belowground. The effect of fertilizer on most community and ecosystem properties operated
independently of even large shifts in the plant community. This finding also suggests decoupling of aboveground
and belowground communities in tundra and therefore offers insight into the mechanistic basis through which
global change influences how soil nutrient availability may transform tundra ecosystems [36–39].

1.3. Effects of biological compounds in wild berries on human health

1.3.1. Health effects
Several studies support the health promoting benefits of berries, especially in managing aging and degenerative

conditions such as Alzheimer’s disease, cancer, heart disease, type II diabetes, kidney disorder, atherosclerosis,
high blood pressure, stroke, visual impairment and skin disorders. Oxidative stress and the accumulation of
advanced-glycation-end products are involved in the development of all these diseases [40]. Wild berry extracts
decrease the formation of advanced-glycation-end products in a concentration-dependent manner that positively
correlates with total phenolic content and, to a lesser degree, total anthocyanin content [41]. These processes are
not fully understood but seem to be mainly related to interactions between phenolic compounds and several key
enzymes; signaling cascades involving cytokines and regulatory transcription factors, and antioxidant systems
[42, 43].

Frequent consumption of dietary antioxidants (among them polyphenols), on the basis of epidemiological
studies on strawberries, have been found to provide protection against the occurrence of cancer, cardiovascular
diseases, diabetes, osteoporosis and exogenous ethanol-induced damage to rat gastric mucosa [44–48]. Such
effects probably also extend to the consumption of wild berries, although the profile of polyphenols varies
between species. Moreover, strawberry consumption protects against doxorubicin induced toxicity at the plasma,
liver and mitochondrial levels, owing to the high content of bioactive compounds. In addition, strawberries have
antioxidant properties, and studies have provided new insights into the beneficial roles of strawberry bioactive
compounds in protecting skin from oxidative stress and aging [47, 49]. A review article has summarized current
knowledge of the anti-platelet activity of numerous berry species (black chokeberry, aronia, European blueberry,
cranberry, sea buckthorn and grapes) as well as their juices, which make up an integral part of the human diet. The
effects of these berries depend on the concentration and class of phenolic compounds and the type of product
(e.g., fresh, juice or medicinal products). Studies have indicated that berries play a role in the prevention of
cardiovascular disorders [50].

1.3.2. Content of health-affecting biological compounds in wild berries
High amounts of different phenolic compounds (anthocyanins, flavonols, flavan-3-ols, phenolic acids, proan-

thocyanidins and ellagitannins) and abscisic acid derivatives have been identified and quantified in wild Canadian
V. vitis-idaea, V. uliginosum, E. nigrum and R. chamaemorus [51]. In Norway, the level of carbohydrates in wild
berries has been found to be 7.5, 7.0, 5.3 and 4.0 g 100 g–1 fresh weight (fw), in V. myrtillus, V. vitis-idaea,
E. nigrum and V. oxycoccos, respectively [52]. The level of carbohydrates in berries of V. myrtillus has been
found to be close to this level (7.7 ˚Brix), while total anthocyanins were 297.4 ± 50 mg 100 g–1 fw [53]. Another
study has revealed that the anthocyanin levels in extracts of V. uliginosum and V. vitis-idaea were slightly lower,
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at 220 ± 11.9 and 194.6 ± 6.4 mg 100 g–1 fw, respectively. The levels of total phenolics of V. myrtillus and V.
vitis-idaea were 504.5 ± 32.2 and 624.4 ± 34.2 mg 100 g–1 fw [54, 55], thus confirming the above high values of
anthocyanins and polyphenols in V. myrtillus vs V. vitis-idaea. These findings indicate the levels of anthocyanins
and total phenols in wild berries. However, values reported in different studies may not be directly comparable,
because they are biased by the time of harvest, cultivar and local and regional conditions.

The content of lipids in berries is low, but berry oils have become increasingly popular in health care because
of their high content of unsaturated fatty acids and antioxidants [56]. Other substances found in berry seed oils
are triterpenoids and sterols [57]. Both have anti-inflammatory, antiviral, wound-healing and anticarcinogenic
properties [58]. One hundred and eleven lipids have been described in V. myrtillus, V. uliginosum, V. vitis-idaea,
R. chamaemorus, E. nigrum, V. oxycoccos and V. corymbosum. The lipid fraction contains classes such as fatty
acids, sterols, triterpenoids, alkanes, phenolic and carboxylic acids, and carotenoids [59].

Could the preferences of the brown bear (Ursus arctos) for wild berries indicate which berries are more
important for humans concerning health effecst? A study by Stenset et al. (2016) has concluded that before
hibernation, bears prefer V. myrtillus before E. nigrum ssp. hermaphroditum, and prefer both before V. vitis-
idaea [60]. Another study has confirmed the ranking between V. myrtillus and V. vitis-idaea [61]. Similarly, some
European bird species show preferential feeding on berries with higher antioxidant contents [62, 63], a finding
that may have important implications for the palatability, and therefore seed dispersal, of these species.

1.4. Effects of climate change on phenotype and competition between species

Wild berries such as E. nigrum are vulnerable to disturbance and climate change and are locally extinct or
decreased in its habitats because of such effects. To cope with these effects, conservation measures are practiced
at the national and/or state level in some countries such as the USA, Canada, Korea and China [64]. In con-
trast, an investigation of clonal diversity, genetic size structure and genetic longevity in four arctic-alpine plants,
including V. uliginosum, has shown that the oldest genes of V. uliginosum are 1400 years old [65]. This result indi-
cates that individuals have survived pronounced climatic oscillations, thus demonstrating that long-lived clonal
plants in arctic-alpine ecosystems can persist, despite considerable climatic change, although changes in stands
occur.

1.4.1. Effects of temperature on flowering, fruiting, growth and spreading
Flowering, growth and spreading of wild berries will be affected by the predicted temperature increase due

to climate change. Several studies have indicated a scenario in which plants respond with physiological and/or
phenological changes. Medium-term warming studies in cold biomes (sub-arctic Sweden) have shown changes
in species composition and structure. These changes had much stronger defects than climate-change induced
phenotypic responses on plant-mediated nutrient and carbon cycling pathways and rates, regardless of the seasonal
timing of these climate changes [66]. These reactions were strengthened by findings of Tonteri et al. [20] indicating
only slight signals from the effects of climate warming in a few species in a regenerative or intermediate cut
forest. In the case of negative climatic effects, migration to new habitats may be a solution. A potential for
migration to altitudes above current populations for V. myrtillus, V. vitis-idaea and V. uliginosum species has
been described [67] in which V. myrtillus had the highest recruitment potential. A similar beneficial reaction
of V. myrtillus was observed in a boreal coniferous forest in southern Norway in 1931, 1961 and 1991, where
major changes occurred over that time. The long-term changes were a decreased frequency of species and of
joint occurrences of vascular species, including V. myrtillus, V. uliginosum and V. oxycoccos. These changes were
interpreted as being induced by internal processes, e.g., notably a long-term change from paludified to mesic
forest. A dominance of Picea abies and V. myrtillus rendered the conditions more unfavorable for other species
[68]. A strategy of these plants would be to move to habitats with a proper climate. This is possible, e.g., when
predicting long-term range shifts in the Arctic, where unlimited dispersal of plant species is assumed to occur
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through propagules carried by wind and drifting sea ice. However, establishment limits distribution more than
dispersal [69].

A study in Abisko, Sweden, has suggested that increasing temperature in combination with better availability
of N makes deciduous shrubs such as V. myrtillus and V. uliginosum compete more efficiently over evergreen
shrubs such as E. nigrum, which are outmatched [70]. Temperature increases generally promote shoot growth
and meristem activation in wild berries. In a fellfield 1150 MASL in northern Sweden, temperature enhancement
was found to explain more of the total experimental variance than fertilizer addition. However, at a heath 450
MASL in northern Sweden, shoot growth of dwarf shrubs was found to be largely unaffected by temperature
changes: only V. uliginosum responded by activating new meristems. Better nutrient availability may possibly
increase growth more than changes in temperature in climatically benign sites [71].

The year-to-year variations in wild berry yield can be dramatic in boreal forests. The variations have been
linked to weather events, and therefore determining which weather events are critical because of global warming
is important [72–74]. A Swedish study has concluded that natural levels of outcrossing are sufficiently high
for full seed production and that the availability of pollen is not limiting in natural habitats of V. myrtillus, V.
uliginosum, V. vitis-idaea and V. oxycoccos [75].

An increase in both soil and air temperature has been found to stimulate soil-N cycling and growth and
development of V. myrtillus in the short term (2–3 years) [76]. Net N mineralization rates doubled in warmed
soil in the second experimental year and contributed to a 62% increase in current year growth of V. myrtillus.
After 3 years, shoot production increased by more than 80% in the evergreen wild berries V. vitis-idaea and E.
nigrum hermaphroditum. In later years, there was no detectable effect of the treatment on plant growth or soil
N cycling, thus suggesting that long-term responses may be less dramatic than short-term responses. Another
study in a mid-latitude alpine ecosystem has revealed an increase in air temperature by 1.5–2.3◦C over 5 years,
which tended to increase the annual shoot growth and above ground mass accumulation of V. uliginosum, while
vegetative growth and total mass accumulation did not change. There were no changes detected in V. vitis-idaea
[77]. A later study has confirmed this trend, indicating that horizontal growth of clonal arctic/alpine plants would
not be strongly affected by a future warmer climate [78]. These findings suggest that the predicted future increase
in air temperature will enhance the growth of dwarf shrubs most strongly in climatically harsh environments,
but the growth of boreal species may also increase in climatically more benign areas. Under ambient conditions
in the Pyrenees and in the Alps, V. uliginosum shows higher assimilation rates and degrees of stomatal opening,
and uses recent assimilates as respiratory substrate more slowly than V. myrtillus. Carbon allocation dynamics
in current-year shoots differ between the species, showing a progressive decrease in V. uliginosum shoots but
a progressive increase in V. myrtillus shoots. Under drought conditions, a decrease in soil moisture causes a
predawn osmotic potential (�s) of below –1.2 MPa in the leaves of both species, an effect close to wilting.
However, the degree of stomatal opening (stomatal conductance) and the speed of transfer of newly assimilated
C to belowground organs has been found to decrease only in V. uliginosum [79].

It is not easy to predict how Vaccinium species will react on climate change, and they often react differently.
In a study, performed 1680 MASL in northern Japan the response to warming of circumpolar plants, growing
at their southern distribution margin was undertaken in open-top-chambers (OTCs), the OTCs increased mean-
temperature 1.7◦C. Number of flowers and fruit yield was enhanced in V. uliginosum with the increase in
temperature. In contrast, number of flowers decreased in the evergreens V. vitis-idaea and E. nigrum var. japonicum
[80]. Wild berries, including V. uliginosum and V. vitis-idaea, in alpine fellfields in northern Japan and sub-arctic
heathland in northern Sweden, have been found to show a positive correlation between flowering time and fruit
set in Japan but not in Sweden. The different behavior is probably because a steep increase in air temperature
from early to mid-summer occurred in the alpine fellfield [81].

1.4.2. Development of wild berries under conditions created by climate change
In Belarus, a climatic determination projection of the resources of major species of wild berries has suggested

that V. oxycoccos L. and V. myrtillus L. may increase while V. vitis-idaea L. and V. uliginosum L. may decrease
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toward the end of the forecast period in the year 2050. The cover of all included species is projected to increase
by 11% [82].

Vegetative and generative buds of wild berries burst early to cope with the short growing season, thus making
the flowers more vulnerable to spring frost, as illustrated in transitional bogs in Lithuanian forests. Buds of V.
uliginosum started to grow in early/mid May; flowering started in mid/late June, and the inflorescences contained
one or two, or occasionally up to seven, flowers; fruit set was 0–52% and spring frost was the main danger; and
the loss through pest and diseases was less than 1% [83]. Episodic frost during flowering is relatively frequent
in alpine dwarf shrub habitats. Supercooling of reproductive shoots in alpine, woody plant species (including E.
nigrum ssp. hermaphroditum) has been shown to be an effective mechanism that protects reproductive shoots
from potential frost damage resulting from episodic freezing events [84].

Climate change may influence drought conditions. Although both V. myrtillus and V. uliginosum are largely
tolerant to imposed drought, the results have indicated higher drought sensitivity of V. uliginosum than V. myrtillus,
with potential implications for community composition and ecosystem cycling in the future climate [80]. In a
study of an ecotone in the Pyrenean treeline, warming induced positive changes in the aboveground growth but
not in the belowground growth of V. myrtillus, whereas V. uliginosum did not respond to warming. Warming did
not induce shifts in the interaction between V. myrtillus and its neighboring species, in contrast with findings
from previous studies, in which they were removed from their natural habitat, and species interactions changed at
modified temperatures. These findings indicate that studies involving natural habitats are important in exploring
the effects of environmental changes on plant-to-plant interactions [85].

Previous hypotheses suggest that Empetrum is an early flowering species, flowering directly after snowmelt
and asynchronously along a snowmelt gradient. However, recent findings have shown that flowering of Empetrum
does not relate to the time of snowmelt across all habitats but instead relates to temperature conditions during
the last lag-phase between snowmelt and flowering. In addition, small-scale variation appears to matter less to
flowering than inter annual differences in snowmelt timing. The topography within arctic-alpine landscapes is
highly heterogeneous, thus resulting in diverse distribution patterns with different snowmelt timing in spring
[86].

Climate change affects snow and ice cover, and cover becomes more variable in sub-arctic and arctic ecosys-
tems. The snow cover may affect the physiological dehardening of V. vitis-idaea and V. uliginosum during the
onset of spring. Individuals growing at less than 0.5 m snow cover are hardier and show moderately higher
freezing tolerance than individuals covered with deep snow. Therefore, the freezing resistance of alpine plants
with respect to snow depth can be a relevant driver of plant responses to climate change [87]. These events may
become more frequent as ice encasement increases because of more unstable winters. The species V. uliginosum,
V. vitis-idaea and E. nigrum have moderate to high tolerance to ice encasement. Even longer exposure under
ice does not clearly increase damage [88]. In an Alpine dwarf-shrub community, freezing resistance has been
found to be strongly species dependent and not to differ along the elevation or snowmelt gradient. Microclimate
extrapolation suggests that potential lethal freezing events in May and June may have occurred for V. myrtillus,
and that V. uliginosum has higher freezing tolerance [89]. Although warming is likely to decrease soil moisture,
melt water from a deeper snow pack alleviates water stress in the early growing season. The study emphasizes the
ecological importance of change in winter precipitation in the Arctic, which can interact with climate-warming
effects. [90, 91].

In this perspective of climatic warming, the emission of biological volatile compounds (BVOC), such as
sesquiterpene, are expected to increase. BVOC play an important role in the chemistry of the planetary boundary
layer and contribute to the formation of ozone and to secondary organic aerosol formation through gas/particle
partitioning of their tropospheric reaction products [92]. In a study in the Arctic, increased snow depth, warming
and shading modified leaf anatomy, and the authors suggest links among leaf anatomy, CO2 exchange and
BVOC emissions. The BVOC emissions were not affected by elevated temperature or by shading. This aerosol
formation may be negative for human health in addition to having a direct effect on the Earth’s climate through
the scattering and absorption of solar radiation, and an indirect effect based on their role as cloud-condensation



522 R. Nestby et al. / Review of botanical characterization, growth preferences, climatic

nuclei [93]. On the positive side, BVOC are assumed to benefit plants through positive and negative interactions in
the environment, such as attracting pollinators and seed dispersers, and directly protecting plants from attacking
herbivores [94]. Wild berries contribute to BVOC, and in a sub-arctic mountain birch floor, a high abundance
of E. nigrum ssp. hermaphroditum has been found to increase sesquiterpene emissions. If the proportion of V.
myrtillus and V. uliginosum vs. E. nigrum increases because of climate change, the emissions would be decreased
because these species respond rapidly to the increased nutrient availability induced by a warmer climate [95].

1.4.3. Effects of atmospheric CO2 and ultraviolet light.
Elevated CO2 is a major issue concerning climate change, because it influences the temperature on Earth but also

is a major factor in photosynthesis; although the latter is not a focus in the discussion regarding climate, it is key
to plant growth. Elevated CO2 levels over 4 years have resulted in higher starch concentrations in V. myrtillus, V.
uliginosum and E. nigrum ssp. hermaphroditum, but no change in N concentration or root dehydrogenase activity.
In addition, root growth was not stimulated by higher levels, nor did altered root decomposition occur. The data
indicate that fine root growth is stimulated by elevated CO2 to a lesser extent in systems with late successional
elements than has been reported in ecosystems with a rapidly expanding plant community biomass [96]. A study
in the Swiss Alps over 9 years in a treeline ecosystem has shown that a species-specific CO2 response occurred
for abundant dwarf shrub species in the understory, wherein V. myrtillus showed a sustained shoot growth
enhancement that was not apparent for V. uliginosum ssp. gaultherioides or E. nigrum ssp. hermaphroditum.
These responses suggest a future shift in species composition with atmospheric change [97, 98].

The surface solar ultraviolet light B (UV-B) has increased during recent decades because of depletion of
the ozone layer due to increased release of chlorofluorocarbons and other gaseous emissions [99]. Both UV-
B (280–315 nm) and UV-C (200–280 nm) have sufficient energy to damage different chemical bonds causing
photochemical reactions, thus providing the main reason for the negative biological effects. The composition of
UV radiation is modified because of its absorption by the atmosphere. Usually, UV-C radiation is fully absorbed,
except in high mountain locations. UV-B radiation is absorbed only by the stratospheric ozone layer, and only a
small fraction reaches the Earth’s surface. A study over 7 years in northern Sweden has shown that enhanced UV-B
negatively influences the growth, flowering and fruit yield and increases the leaf thickness of V. myrtillus, whereas
V. uliginosum, V. vitis-idaea and E. nigrum ssp. hermaphroditum are generally tolerant. [100]. Another study in
the same area has shown markedly different strategies among V. myrtillus, V. vitis-idaea and V. uliginosum in terms
of localization and content of leaf phenolics and their response to UV-B enhancement, corresponding to a 15%
depletion of stratospheric ozone for approximately 10 years before the start of the study. V. myrtillus exposed to
elevated UV-B contained the highest concentration of methanol-extractable UV-B absorbing compounds, and the
compounds were present throughout the leaf and were particularly concentrated in chlorophyll containing cells.
In V. vitis-idaea, most phenolic compounds were cell wall-bound and concentrated in the walls of epidermis;
this pool increased in response to UV-B enhancement. These two species might possibly represent extreme
forms of two divergent strategies for UV-B screening, which may be related to leaf longevity. The response of
V. uliginosum was intermediate between those of the other two species. One explanation for this finding is that
the plant is deciduous, like V. myrtillus, but has leaves structurally similar to those of V. vitis-idaea [101]. Phenol
oxidase is a bioindicator of the decomposition process. There was no enhanced UV-B treatment effect on phenol
oxidase activity in litter from a field of E. nigrum ssp. hermaphroditum, V. vitis-idaea and V. myrtillus. However,
in a controlled environment, significant species-to-species effects were evident, with increased phenol oxidase
activity in V. vitis-idaea leachate [102].

1.4.4. Effects of disturbance
Disturbances may interact with climate and influence the development of wild berries. A study of effects in

the Swedish alpine region of increasing temperatures on long term grazing, between 1995 and 2011 has shown
that shrub expansion is occurring rapidly in the Scandes mountain range, both above and below the treeline. Tall,
deciduous shrubs benefitted from grazing exclosure, both in terms of cover and height, which in turn lowered
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summer soil temperatures. However, the overriding vegetation shift across the sites resulted in a striking increase
in evergreen dwarf shrubs (e.g., Empetrum), which was unaffected by grazing. This increase in evergreen dwarf
shrubs, and more recalcitrant plant litter, may partially counteract some of the effects of an increase in deciduous
tall shrubs. Herbivores’ influence on shrub interactions may be highly important in shaping arctic shrub expansion
and the associated ecosystem effects [103].

2. The family Ericaceae L

2.1. The genus Vaccinium L.

2.1.1. General botanical characterization, origin and ethnobotany
The genus Vaccinium consists of approximately 450 species, which are widely distributed in a range of areas

throughout the world including northern Europe [104]. Several species have been exploited as wild berries
or domesticated through clonal selection and breeding. Domestication has included lowbush- and highbush-
blueberry and cranberry, which are popular commercial berries. The European blueberry (V. myrtillus L.), and
several other non-domesticated Vaccinium species, have a potential for domestication and/or better utilization.
The most important species within Vaccinium L. that grow wild in northern and Central Europe are V. oxycoccos
L. (Oxycoccus palustris Pers.), V. oxycoccos ssp. microcarpum Hook (Oxycoccus microcarpus Turcz. ex Rupr.),
Vaccinium vitis-idaea L., V. myrtillus L. and V. uliginosum L. [13]. These species have complex polyploidy, thus
making them difficult to classify taxonomically [105]. Several studies have found that berries of these species are
good sources of polyphenols and exhibit a wide range of biological activities, including antioxidant, anticancer
and antimicrobial activities [50–58].

At least four species within the Vaccinium genus have a potential for better exploitation and/or domestication:
V. myrtillus L., V. vitis-idaea L., V. uliginosum L. and V. oxycoccos L.

2.1.2. General conditions that influence plant development in wild Vaccinium
The growth response as net primary production, of V. myrtillus and V. uliginosum in relation to soil nutrient

availability is species dependent. The net primary production of V. uliginosum has been found not to vary among
three subalpine communities in the northern Apennines (north Italy), whereas that of V. myrtillus has been found
to peak in the most fertile habitat. The growth of V. myrtillus is P-limited, whereas that of V. uliginosum is not
[106]. This result coincides with the finding that V. uliginosum is a character-species in oligotrophic communities,
whereas V. myrtillus occurs on less oligotrophic sites of more composited peat [107].

Liming of a podzolic heather area in Norway altered the vegetation slowly but was pronounced at 6 years. It
had a positive effect on V. uliginosum and V. vitis-idaea, but not on V. myrtillus. Adding P in addition to liming
tended to favor all Vaccinium except V. myrtillus. Adding Cu in addition to liming promoted V. uliginosum and
V. myrtillus [108].

2.2. Species of Vaccinium L.

2.2.1. Vaccinium myrtillus L.

2.2.1.a. Botanical characterization, origin and ethnobotany

V. myrtillus is typical and abundant in spruce-, pine- and birch dominated heath forests of medium fertility in
the northern hemisphere [109] and is widely distributed across Europe and northern Asia (Fig. 1) [8, 110, 111].
The species is diploid, but other ploidy levels have been described [104, 105].
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The highest V. myrtillus coverage in Finland has been found in mesic heath and fell forests [112]. The plant
grows axils from underground rhizomes, which form bushes that can range from 10 to 60 cm high and have
angular green stems whose older parts turn brown. The leaves are thin, light green, saw-tanned and deciduous.
The mug shaped petals can vary from green-white to red, and the fruit has a sweet aromatic taste and is generally
dark blue. Black-fruited types are common, and white-fruited types exist as well, but they are rare. The European
blueberry is very common in most of Scandinavia and grows to an altitude of 1700 MASL in the municipalities
Lom and Luster in southwest Norway [13, 113]. Vaccinium species are, in general, good seed dispersers and have
high fecundity but usually lack developed seed banks; moreover, survivorship is similar on non-wood substrate
and on decaying wood, but seedling growth is favored on the latter substrate [114].

In Norway, V. myrtillus seeds germinate when stored at ± 20◦C for 5 months, or largely without pretreatment,
such as fresh seeds, as observed in Italy [27, 115]. Seeds of V. myrtillus and V. vitis-idaea have been found to be
conditionally dormant at maturity, when tested before and after cold stratification [116].

2.2.1.b. Biotic, edaphic and nutritional conditions influencing V. myrtillus

The yield of European blueberry (V. myrtillus L.) varies annually in Finland from 90 to 310 million kg [117].
Variation depends on forest management, among other factors; moreover, the yield in managed forests is higher
than that in unmanaged stands, and the yield increases with stand age [117, 118]. These findings indicate that
light conditions may influence the development of V. myrtillus stands. This observation is supported by the
findings of Eckerter et al., who have revealed that the numbers of flowers, fruit and ovules; seed set; and other
quality traits of V. myrtillus fruits are improved by higher light availability [119]. An investigation of V. myrtillus
in pure and mixed stands with V. uliginosum and/or Rhododendron ferrugineum has shown that although V.
myrtillus competes for nutrients with its neighbors, neither this competition nor the lower water use efficiency
of V. myrtillus affects its aboveground performance. These results indicate that interaction with co-occurring
shrubs does not have a major effect on V. myrtillus structure and function at the treeline and consequently should
not be considered a key driver of the dynamics of this species in the encroachment of subalpine grasslands
[120, 85]. A Norwegian survey over 4 years has shown that location has a strong effect on canopy ground
cover and the tiller height of European blueberry, and the highest increase of canopy cover was observed in
spruce forests. Both cover and stem length tended to increase after NP fertilization at a relatively rich site
compared with a poor site (probably because the rhizomes developed better in the rich site); however, fruit yield
was highest without fertilization [27]. Pruning increased the thickness of the organic layer, but strong pruning
of V. myrtillus has been shown to decrease the canopy cover and the height of tillers on a short-term basis
[27, 121].

It is possible to grow V. myrtillus on cultivated land, as demonstrated in experiments mixing unfertilized peat
into the silt loam soil before planting, followed by top dressing with peat in later years. The spatial growth of
V. myrtillus seedlings has reacted positively to NP fertilization in trials. Additionally, mycorrhiza were estab-
lished without seeding, and cuttings of fresh shoots rooted nearly 100%, thus enabling reliable and inexpensive
propagation [122–125].

2.2.1.c. Variations in biological compounds in wild berries

Flowering peaks of V. myrtillus synchronize over large areas, thus indicating that flowering is triggered by
some large-scale environmental factors that act during key stages of the annual life cycle [126]. Factors linked
to critical plant processes and events such as the timing of flower initiation, winter hardening, avoidance of
frost injury during bloom and drought avoidance in summer are as follows: maximum temperature in June,
mean temperature in August to September the year before fruiting, maximum snow depth in April, minimum
temperature in May and hydrothermal ratio in June to July [127]. Regional environmental effects and annual
climate have the greatest effect on the quality of V. myrtillus fruits compared with other wild berries [128]. In line
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with this finding, plant species originating from northern areas are better adapted to low temperatures and long
days than clones originating from southern areas, and low temperatures increase the sugar content, acids and
total phenols in V. myrtillus. [12]. In studies under a controlled environment using northern and southern clones,
no differences in berry yields and quality have been detected between temperature treatments (12 and 18◦C) the
first year, but the second-year yield was highest at 18◦C. Berry ripening was faster in the most northern clones
at 12◦C. Northern clones also showed higher content of total anthocyanins, all measured anthocyanin derivates,
total phenolics, malic acid and sucrose. Metabolic profiling additionally revealed higher levels of flavanols,
hydroxycinnamic acids, quinic acid and carbohydrates at the low temperature treatment [129].

The surrounding light conditions strongly affect the flavonoid composition of fruits. Higher solar radiation tends
to increase flavonoid content in fruits, the spectral composition of light during berry development affects flavonoid
composition of ripe fruits of V. myrtillus, and the compounds are influenced by regional origin [130–132]. A
study in the Tuscan Apennines (Italy) using molecular clustering has shown no relationship with biochemical
diversity. The remarkable variability of biochemical parameters investigated over 2 years was probably caused
by variations in climatic conditions [128].

An examination of the effects of fertilization on fruit quality has shown that mineral NP fertilizers affected
nutritional quality, whereas organic fertilization showed no effect over a 4-year period [133].

2.2.1.c.2. Timing of harvest and influence of post-harvest on antioxidant activity

Mid- and late- season harvesting, compared with early harvesting, have been found to enhance nutritional
quality, owing to higher levels of phytochemicals beneficial to health and increased antioxidant activity [133].
Fruit potassium (K) was found to be especially high, but the amount was similar in open sites and in forest of
the Italian Alps [134]. In fruit from commercial blueberry sites, no distinct differences have been found in the
antioxidant activity of anthocyanin extracts among fresh, dried, and frozen fruits [135]. This effect might also
be similar for V. myrtillus fruit (author comment).

2.2.2. V. vitis-idaea L.

2.2.2.a. Botanical characterization, origin and ethnobotany

V. vitis-idaea is a perennial evergreen wild berry distributed in arctic, alpine and boreal areas. The plant height
is between 15 and 30 cm, and the ripe fruit is red and 6–10 mm in diameter. V. vitis-idaea is diploid (2n = 24)
and reproduces either vegetatively through rhizomes or sexually through seeds. The plants are extremely frost
tolerant and can tolerate temperatures –40◦C or lower. Plants grow poorly in areas with warm summers, and the
distribution is restricted to northern and mountainous areas in Europe and North Russia; south to the Pyrenees,
northern Italy, the Balkans and Caucasus, northeastern Canada and Alaska (Fig. 2) [8, 136]. It thrives in acidic
soils (pH 3.5–5) and is found in a range of habitats, from lowland to mountain areas.

V. vitis-idaea has a long history of harvesting from native stands, and the fruit are traditionally used in jams,
jellies and juices [1, 2].

2.2.2.b. Biotic, edaphic and nutritional conditions influencing V. vitis-idaea

Reactivation of inactive lateral meristems has been found to increase when N is added for shoot growth by
annual N fertilization in 2 years at levels of 0.5 or 10 g m–2 in three equal doses in early June, mid-July and
late August [137]. A Norwegian survey over 4 years has shown that the ground cover of V. vitis-idaea decreased
from the beginning to the end of the survey period, and the plants adapted better than V. myrtillus to poor sites.
Moreover, fertilization generally decreased the growth of V. vitis-idaea, thus suggesting that the species has a
lower nutrient demand than V. myrtillus. [121]. In a sandy soil, mulching using peat, pinewood, sawdust, chopped
straw or sand has been found to increase the number of rhizomes, phytomass, berry size and yield of V. vitis-idaea
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[138]. In addition, the flowers suffered less from frost. Reactions of biotic and edaphic factors among populations
may vary, because V. vitis-idaea populations are variable in nearly all important horticultural traits [10, 11].

2.2.2.c. Variations in health-affecting biological compounds, due to climate, latitude, mineral nutrition,
timing of harvest and post-harvest influences

Like other Vaccinium species, V. vitis-idaea has a wide spectrum of beneficial biological properties, and it may
be effective in lowering human blood pressure, because juice lowers blood pressure in spontaneously hypertensive
rats. [139]. It has also been found to prevent urinary tract infection [140]. Anthocyanins from V. vitis-idaea have
been found to decrease radiation-induced damage [141].

2.2.2.c.1. Climatic effects on growth and post-harvest qualities

An ecological study has revealed that snow cover protects V. vitis-idaea plants from adverse winter conditions
and the plant retains its photosynthetic capacity under snow cover. A down-regulation of photosynthesis occurs
with increased snow pressure. More irregular snow cover in the future may affect the carbon balance of plants
[142].

Fresh, good colored, visually mature and healthy berries can be stored at low temperatures (1–2◦C) for several
weeks. Even after 6 weeks of storage in unperforated polyethylene bags, the number of spoiled berries has been
found to remain below 10%. The bags improve preservation of V. vitis-idaea, but compositional variation might
affect fruit quality during storage, especially among wild clones. The reason for the good storage ability probably
was high levels of carbon dioxide and low levels of oxygen, and a lack of ethylene production in the unperforated
bags. Another reason for the slower spoilage of the berries may have been their naturally high level of benzoic
acid [143–146].

2.2.3. V. uliginosum L.

2.2.3.a. Botanical characterization, origin and ethnobotany

The species has a circumpolar distribution; it is widely distributed in North America, Europe and Asia (Fig. 3)
and has been a part of the diets of local populations. Seeds have been found at Svalbard, but they did not germinate
[1, 2, 8, 13, 147, 148].

The species grows on acidic, peaty soil and is found in bogs, muskegs and open alpine and arctic tundras. V.
uliginosum occurs as solitary shrubs or large clones and is spread by layering of aboveground shoots buried in
organic matter [149].

In an Alaskan black spruce forest, new growth of V. uliginosum comprises more than 50% of the aboveground
biomass, because the plants have a small support structure and rapid turnover of biomass and nutrients relative to
that of the trees [150]. Separating layered shoots of V. uliginosum from the parent plant, to mimic forest fire injury,
has been found to initiate some damage 8 weeks later; however, 1 year later, the treatment increased the weight
ratio of fine-roots/leaves and the surface area ratio [151], thus demonstrating good recovery. Plant regeneration
and a rapid propagation-system of V. uliginosum has been successfully established by in vitro culture [152].

2.2.3.b. Biotic, edaphic and nutritional conditions influencing V. uliginosum

Forests are important resources for timber and firewood, compared with early harvest and other wood-based
products, as well as other plants that grow on the forest floor, such as wild berries. How forests are cultivated
may substantially influence wild berries; for example, clearing has a major influence. In a principal component
analysis, the three principal components 1) available N, K, P, moisture and organic content in soil, 2) medium
sunlight, high sunlight and low sunlight, and 3) soil moisture and pH, have been found to contribute approximately
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80%. Available N, K, P, moisture and organic content in soil have the highest positive effect on fruit yield. The
strong effect of sunlight on fruit yield was greater than that of medium sunlight, and the third main factor
influencing fruit yield was soil acidity [153]. Because of the increased acidity of rivers and lakes in recent
decades, which is not beneficial for fauna, liming has decreased the problem. However, increasing the pH of the
soil may not benefit wild berries. Liming (2, 4 and 6 t ha–1) and fertilizing (600 kg NPK ha–1) of V. uliginosum
stands growing on a soligenous mire in southeast Norway in 1955 decreased the plant cover [154], an effect
probably caused by the increasing pH. A recent study has demonstrated that the amounts of phosphorous (P),
iron (Fe), magnesium (Mg) and copper (Cu) in leaves of V. uliginosum decrease with increasing pH [155]. In
addition, soil pH has a large effect on element content in roots. The number of shoots of V. uliginosum in a bog
site in Alaska increased with N fertilization when N was applied as urea annually for 2 years at 0, 5 or 10 g m–2,
in three equal doses in early June, mid-July and late August. Additionally, shoot length increased, and larger
shoots produced more daughter shoots than small ones [137]. Other positive effects of fertilizers (NPK 50 g m–2)
on the growth of V. uliginosum in a 5 year period on a ski-slope were greater shoot length, number of rammets
and leaf size, as compared with those of the untreated control [156]. In addition, bud break was earlier, and
the bud development in autumn was incomplete; both events increased the danger of frost injury. Other results
indicated that alpine graminoids received the greatest advantage from elevated nutrients, because V. uliginosum
had a high nutrient storage capacity and access to organic forms of N through its mycorrhizal association [157,
158], owing to the high nutrient storage capacity of V. uliginosum and the mycorrhizal association providing
access to organic forms of N. In sandy soil, mulching increased the number of shoots, leaf size, berry size and
yield [138].

Pollination is another factor important for fruit yield of V. uliginosum. Habitat fragmentation might not imme-
diately threaten the pollination of V. uliginosum, but a declining population may have negative effects for its
pollinators [159].

Natural protection against pathogens is important for the growth and development of V. uliginosum plants.
A strain of endophytic bacteria (Serratia marcescens) isolated from the roots of V. uliginosum has been found
to inhibit growth of the causal agents of blueberry leaf spot and that of ten more plant fungal pathogens [160,
161]. Higher winter temperatures might increase the mortality of V. uliginosum, owing to fungal attack on
ecotypes not adapted to mild winters [162]. The stenotopic Lepidoptera that feed on V. uliginosum are extensively
parasitized by the families Braconidae and Ichneumonidae [163], thus suggesting a potential for biological
pest control.

2.2.3.c. Variations in health-associated biological compounds in V. uliginosum, due to climate, mineral
nutrition and ripening stage

2.2.3.c.1. Effects on human health

Berries and/or extracts improve atopic dermatitis disease in mice [164, 87] and have anticancer effects on human
colon or colorectal cancers [165]. Anthocyanin-rich extracts from V. uliginosum showed more comprehensive
and beneficial effects than metformin in protecting �-cells against glucolipotoxicity [166].

2.2.3.c.2. Content of biological compounds

V. uliginosum is recognized as a valuable food and medical plant [167]. It has potent antioxidant activity, and
flavonoids have been isolated as the main active component [168]. The major soluble sugar identified in the fruit
is fructose, followed by glucose, and the main organic acid is citric acid followed by malic acid. Eleven phenolic
acids and 17 anthocyanin 3-glucosides have been identified and quantified. Caffeic acid in the free and glycoside
forms and syringic acid in the ester form are the major phenolic acids, and the major individual anthocyanin is
malvidin 3-glucoside [169]. Two new ortho-benzyloxyphenyl acetic acid derivates, vacciuligins A (1) and B (2),
along with five known compounds, quercetin 3-O-�-arabinopyranoside (3), syringetin 3-O-�-glucopyranoside
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(4), syringetin 3-O-�-galactopyranoside (5), protocatechuic acid (6) and syringic acid, have been isolated from
V. uliginosum. In addition, 12 different anthocyanins have been identified [170].

In the high mountain pastures in northeast Anatolia, Turkey, the highest phenolics and anthocyanin content are
from the anthocyanin fraction in conjunction with the highest antioxidant capacity, followed by the polyphenolic
and aqueous fractions [169].

During ripening, levels of anthocyanins increase, while proteins, amino acids and leucoanthocyanins decrease
[138]. Application of phosphate-potassium and NPK fertilizer equally promotes the activation of useful sub-
stances in V. uliginosum berries [171].

2.2.3.d. Climatic effects on plant development

A study of wetland habitats, bogs and fens (including V. uliginosum) in southern Germany has indicated
that these habitats in the past were more frequently present and were in better condition than they are today,
and they have now become rare habitat types [172]. V. uliginosum has been predicted to be more susceptible
to freeze-thaw-induced disturbance than evergreen plants such as E. nigrum ssp. hermaphroditum and V. vitis-
idaea. These results may predict the future composition and plant community structure of arctic species [173].
Warming in the Changbai mountain tundra, China, increased the soil N and P levels by 5.88% and 4.83%,
respectively, but decreased the C content by 13.19%. The P content in leaves of V. uliginosum in both OTCs and
in controls increased with warming by 10.34% and 12.87%, respectively, thus indicating that warming would
decrease the P limitation to plant growth [174]. A study on the recovery of tundra vegetation on the depth of
permafrost thaw on the Seward peninsula in Alaska has revealed that the cover of evergreen shrubs, bryophytes
and lichens remained drastically decreased 5 years after a fire and had not yet recovered even 10 years after the
fire. However, graminoids and V. uliginosum increased. The deeper thaw after the fire and the following favorable
growing conditions did not last long [175].

2.2.4. V. oxycoccos L.

2.2.4.a. Botanical characterization, origin and ethnobotany

V. oxycoccos is a species of flowering plant in the heath family that is widespread throughout the cool temperate
northern hemisphere (Fig. 4) [8, 13, 176]. The species is a small, prostrate shrub with vine-like stems, often a
meter long; it develops roots at the nodes and mainly reproduces vegetatively. The leaves are leathery and
lance-shaped, 8–10 mm long and 1–2.5 mm wide. Flowers, most often singular, arise on nodding stalks a few
centimeters long. The corolla is white or pink and flexed backward away from the center of the flower. The fruit is
red, with a juicy berry, which has spots when developing. It measures 8–12 mm long. The plant has underground
perennating structures well below the surface, which form associations with mycorrhizae. [13, 176]. The species
has been a part of the diet of local populations in areas where it grows naturally, similarly to other wild berries
[1, 2].

2.2.4.b. Biotic, edaphic, and nutritional conditions influencing V. oxycoccos

V. oxycoccos is an indicator of moist to wet soils, low N, a high water table and coniferous swamps. The
plant often grows on hummocks of Sphagnum mosses [13, 176]. The positive influence of mycorrhiza has
been demonstrated by growing the cranberry V. macrocarpon in containers in a nursery. ‘Pilgrim’ showed a
greater weight of plant shoots as well as higher content of N, P, K, calcium (Ca) and Mg when supplied with
a mycorrhizal inoculation. Slow-release fertilizers had a positive effect on plant weight and their chemical
composition, whereas plants fertigated developed a lower mass of shoots and contained less N, P, K, Ca and
Mg [177]. N and K fertilization of cranberry at 10 kg ha–1 did not affect the course of phenophases and plant
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morphology, but had more favorable effects on yield than combinations with higher amounts of K, particularly
for ‘Pilgrim’ and ‘Steven’ [178].

The soil in bogs is acidic and low in nutrients, but the plant’s mycorrhiza help to obtain nutrients in this
situation. Results from Latvia comparing the American cranberry (V. macrocarpon Ait.) with wild cranberry (V.
oxycoccos L.) suggest that only 50% of cranberry producing plantings in Latvia were optimally provided with
all nutrients. Insufficient levels of N, phosphorus, S, Cu and molybdenum (Mo), and high concentrations of Mn
are major problems. High bogs are characterized as particularly nutrient poor environments, but wild cranberries
show a high efficiency of obtaining Fe, Zn and Mn [179].

2.2.4.c. Variations in biological compounds in V. oxycoccos

2.2.4.c.1. Effects of biological compounds on human health

Cranberry contains high quantities of phenolic compounds, and extracts can prevent atherosclerosis, restore
blood vessel elasticity, eliminate eye fatigue and improve eyesight; moreover, there is considerable evidence that
they can prevent and treat cancer and strengthen the function of the heart. V. oxycoccos, like V. vitis-idaea, also
is effective in the treatment of urinary tract infections [180–183].

A Latvian study has revealed significant differences in the mineral composition of V. oxycoccos and V. macro-
carpon. Cultivated cranberry fruits have a higher content of P and Fe, whereas V. oxycoccos shows higher levels
of Ca, Mg, Mn, Zn, Cu and boron (B). Fruit of both species is a valuable source of microelements in the human
diet. Because V. oxycoccos has an especially high concentration of Mn, 100 g of fresh berries could supply more
than the daily requirement for adults [184].

2.2.4.c.2. Content of biological compounds

V. oxycoccos is a good source of vitamins. The content of vitamin C is very similar within cranberry cultivars,
and ‘Early black’ has the lowest content, comparable to that of wild cranberries [181, 184]. The vitamin content
of B1 and B2 in wild and cultivated cranberries is similar, and the highest vitamin E content is found in wild
cranberry and in ‘Ben Lear’ and ‘Pilgrim’. The highest content of essential amino acids is in wild berries,
‘Bergman’, ‘Pilgrim’ and ‘Early Black’ [185].

The highest content of benzoic acid is in ‘Early Black’, at levels 56% higher than those in V. oxycoccos
and ‘Steven’. The highest salicylic acid content in berries is in ‘Pilgrim’, at levels15% higher than those in V.
oxycoccos and 60% higher than those in ‘Bergman’. Polyphenols are highest in ‘Pilgrim’, Early Black’ and
‘Steven’, and lowest in ‘Bergman, whereas V. oxycoccos has intermediate levels. The color of V. oxycoccos is
darker than that of V. macrocarpon. [186], and proanthocyanidins constitute approximately 50% of polyphenols
in fruit extract [187].

2.2.4.c.3. Effect of post-harvest on fruit quality

Preserving fruits by drying influences the content of organic acids. Freeze-dried fruit contains distinctly more
organic acids but less flavonoids than fruit dried at 35–45◦C. The largest relative differences have been observed
in ascorbic acid, whose content in thermal dried fruit is 42% lower than that in freeze-dried fruit [188].

2.2.4.d. Climatic effects on growth

Several findings indicate that cranberry responds negatively to warming [189, 190]. Mycorrhizal cranberry
plants have higher tolerance to drought than non-mycorrhizal plants, as shown by enhanced production of
uprights, higher water potential in shoots and higher rates of gas exchange [191].
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3. The family Empetraceae L.

3.1. The genus Empetrum L.

3.1.1. Empetrum nigrum L. including ssp. nigrum, ssp. hermaphroditum and ssp. japonicum

3.1.1.a. Botanical characterization, origin and ethnobotany

Empetrum nigrum L. is a boreal species in the northern hemisphere (Fig. 5), including both arctic and alpine
environments as well as temperate and sub-arctic climates. It is an evergreen dwarf shrub with a narrow leaf and
curved edge. The flowers are dark red. The pistils reach out of the flower, and the species is wind pollinated.
The fruit is a black and juicy stone fruit with several seeds. Empetrum nigrum has several subspecies, including
ssp. nigrum, hermaphroditum and japonicum. Subspecies nigrum is 5–30 cm high and has long, creeping shoots
that root, and the flowers are dioecious. The subspecies hermaphroditum is slightly shorter and has creeping
shoots that do not root, and the flowers are monoecious. The species grow in nutrient-poor soils [8, 13, 192]. In
a study on a sand dune system in sub-arctic Québec, Canada, the population of E. nigrum ssp. hermaphroditum
continued to experience abundant recruitment, fast growth and low mortality, thus resulting in a 40% increase in
the population size and a large increase in cover. The ability of Empetrum to successfully establish seeds might
have been enhanced by the regional warming observed since the 1990s. This seems to be part of a dual strategy
allowing Empetrum to fill gaps through seed dispersal, while continuing to spread efficiently on the dune system
via clonal growth [193].

3.1.1.b. Biotic, edaphic and nutritional factors influencing E. nigrum

Empetrum nigrum ssp. nigrum grows in dry heather, peat forests and in bogs. The ssp. hermaphroditum grows
in heather forests and heathers, and on tufts in bogs, on ridges at hillsides and in the mountains [13]. In an ongoing
long-term fertilization experiment in northern Sweden initiated in 1989, fertilization caused replacement of the
dominant E. nigrum with Deschampsia flexuosa [39]. After fertilization of understory plants of a boreal forest,
(0.5 to 17.5 g N m–2) in Yukon, North America, E. nigrum generally had a positive effect with low N levels but
reacted negatively to high N levels [194]. Empetrum often grow together with Pleurocarpous feather mosses.
These mosses host di-nitrogen (N2) fixing cyanobacteria, and the associated N2-fixation can be important to
maintain a long-term N balance and should be accounted for when modeling N balance in N-limited managed
boreal forests [195].

Empetrum have allelopathic effects on both Pinus sylvestris and its ectomycorrhizal symbionts. In the harsh
physical conditions of a dune shore, Empetrum facilitated pine seedling (P. sylvestris) establishment in the early
and mid-stages of succession by providing mechanical and physical shelter. However, in late succession negative
interactions (competition and allelopathy) between the shrub and the pine are dominating [196]. However,
Empetrum has negative effects on the seeds and seedlings of Pinus sylvestris and Populus tremula, and more
so for E. nigrum ssp. hermaphroditum than for E. nigrum ssp. nigrum, owing to the different chemical profiles
of the two species. Interestingly, addition of activated carbon partially reversed this effect. [197]. Moreover,
humus of the dominant E. nigrum ssp. hermaphroditum releases allelopathic substances that accumulate in soil
over time, thus making the humus infertile for seedlings of local herbaceous plants. Herbivore defecation and
wildfires are likely to alleviate the effects of these allelopathic substances. Simulating such events on Empetrum
humus causes three to five-fold increases in growth of Avenella flexuosa and Solidago virgaurea, respectively.
Changes in soil chemistry caused by the disturbance (i.e., increased pH and nutrient availability) interfere with
allelopathic effects and improve conditions for growth, at the expense of Empetrum [198].

Mycorrhiza are a dominant factor supporting the roots with necessary plant building elements from the soil.
Dark septate endophytes (DSE) have been shown to be important when establishing seedlings of V. myrtillus
on cultivated land in Norway [122, 125]. The host effect on ericoid mycorrhizal (ErM) fungal communities



R. Nestby et al. / Review of botanical characterization, growth preferences, climatic 531

Fig. 1. Distribution of V. myrtillus L. in the northern hemisphere (Hultén and Fries 1986), with the kind permission of Per Koeltz.

is minor, and the distributions of host and fungal communities may be assessed on the basis of microhabitat
conditions [199]. Broader insight into how mycorrhiza influence plant growth has been achieved by studying
how root fungal colonization of Deschampsia flexuosa (wavy hair-grass) by arbuscular mycorrhizal (AM) fungi
and DSE changes along a postglacial primary successional land uplift gradient, or after removal of the dominant
neighbor E. nigrum spp. hermaphroditum. A shift appeared from an AM-dominated to a DSE-dominated root
fungal community after removal of the neighbor. This effect may have been related to different nutritional benefits
(induced by climate warming) gained through these root fungal groups [200].

3.1.1.c. Variations in health-affecting biological compounds of Empetrum, due to latitude, mineral
nutrition, ripening stage and post-harvest influences

3.1.1.c.1. Effects of biological compounds on human health

E. nigrum is associated with a decrease in the risk of developing chronic diseases, because of its strong
antioxidant activity and high content of biologically active substances, especially flavonoids, as generally found
in wild and cultivated berries [40]. It is also rich in different nutrients, some of which contribute to orosensory
properties. Empetrum extract has been demonstrated to protect cells against H2O2-induced cell damage via
antioxidant properties by scavenging reactive oxygen species and by enhancing antioxidant enzyme activities,
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Fig. 2. Distribution of V. vitis-idaea L. in the northern hemisphere (Hultén and Fries 1986), with the kind permission of Per Koeltz.

and it displays anti-inflammatory and anticancer activity, and has a positive effect on lipid metabolism [201,
202]. In addition, Empetrum nigrum ssp. japonicum might have potential value to prevent and treat angiogenesis-
dependent human diseases [203]. However, some phenols may be injurious to the environment. Release of the
dihydrostilbene batatsin-III from leaves and litter by rain and snowmelt may impose a lethal effect on the aquatic
fauna in small streams [204].

3.1.1.c.2. Content of biological compounds in Empetrum

Eight flavonol glycosides and two flavonol aglycones particularly contribute to bitterness and astringency
[205]. A study of the anthocyanin composition and antioxidant activity of Empetrum nigrum has identified 13
anthocyanins. The major anthocyanins are cyanidin-3-galactoside and delphinidin-3-galactoside, at 8.04 and
8.62 mg g–1 extract, respectively. The HPLC profile of the extract was comparable to that of V. myrtillus L. and
cultivated blueberry V. corymbosum. The total content of anthocyanins in E. nigrum was 41.8 mg g–1 extract, a
level higher than those in the other nine major berry species (2.5–38.8 mg g–1 extract), and the Empetrum extract
exerted the strongest antioxidant activity [206]. The phytochemical content of these fruit consisted mainly of
flavonoids. Fifteen soluble phenolic compounds were identified as anthocyanidins, and 14 were identified as
flavonols. Proanthocyanidins were the second most abundant component and comprised most of the other half
of the phenolic content of fruit [207].
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Fig. 3. Distribution of V. uliginosum L. in the northern hemisphere (Hultén and Fries 1986), with the kind permission of Per Koeltz.

3.1.1.c.3. Influence on post-harvest

Most of the sugars were in the juice, whereas the majority of phenolic compounds, the anthocyanins, were
located in the press residue. Ethanol extracts of the press residue contained nearly all the phenolic compounds,
which were the most bitter and astringent of the fractions [205]. Drying prolonged the storage of fruits of
E. nigrum grown 1050 MASL at Harghita in Romania. In addition, the total polyphenol content was 1.6 times
higher in extracts of dried fruit than fresh fruit. The flavonoid content (catechin equivalent; CE) in fresh and dried
fruit was 2.26 and 3.94 mg CE g–1 DW, respectively. These results showed that the drying process increased the
levels of both polyphenols and flavonoids [192].

3.1.1.d. Effects on growth of climate and disturbance

3.1.1.d.1. Effects of climate

Biotic interactions play an important role in arctic-alpine vegetation. A study including E. nigrum over 15 years
in Torneträsk, north Sweden has concluded that a long time series is essential to identify key biotic interactions
in ecosystems, because their presence is influenced by climatic conditions, and manipulative treatments are
needed to obtain the mechanistic understanding required for robust predictions of future ecosystem changes
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Fig. 4. Distribution of V. oxycoccos L. and ssp. macrocarpum in the northern hemisphere (Hultén and Fries 1986), with the kind permission
of Per Koeltz.

and their feedback effects [208]. Another, more limited, study in north Finland of 17 arctic-alpine species as a
function of Empetrum nigrum ssp. hermaphroditum has shown that the outcome of biotic interactions is frequently
dependent on two abiotic variables, reproduction effort and cover. Studies based on only one environmental factor
may cause misleading interpretations of the nature of biotic interactions in plant communities, where there are
multiple independent variables underlying the habitat severity gradient [209].

Warming has a strong effect on Empetrum, as shown by the growth responses of Empetrum nigrum ssp.
hermaphroditum to environmental manipulations in the Finnish sub-arctic: shoot growth increased in the second
and third seasons when temperature increased (+2◦C in a greenhouse). Elevated temperature also accelerated
the vegetative bud break and shifted the peak shoot growth to an earlier time. The growth tended to decrease
when plants were watered above the level of natural (50–70% more in the last 2 of 3 years) summer precipitation
[210]. In contrast, a study including Sardinia in the south to Denmark in the north over 7 years has shown
that Empetrum nigrum tends to grow less under a 1◦C warming treatment. The finding that one of the studied
shrub-lands presented negative aboveground net primary productivity as a response to the 2003 heat wave also
challenged the hypothesis that future climate warming will lead to an enhancement of plant growth and carbon
sequestration in temperate ecosystems [211].
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Fig. 5. Distribution of E. nigrum L., E. nigrum ssp. nigrum and E. nigrum ssp. japonicum (upper photo) and E. nigrum ssp. hermaphroditum
(lower photo) in the northern hemisphere (Hultén and Fries 1986), with the kind permission of Per Koeltz.
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Seeds from E. nigrum show increased germination as a response to warmer summers, whereas increased
winter temperature has no effect on germination. Additionally, longer summers might favor slow-germinating
species [162]. Marked effects of year have been observed in Yukon, North America (spring 2004 and 2005) for
some plant growth metrics and in berry production, thus emphasizing the role of climate but also providing clear
evidence that individual species such as E. nigrum, trade off somatic growth for reproduction [194].

The clonality of E. nigrum ssp. hermaphroditum differs between habitats in Norway and Sweden, with an
increase in clonal diversity with decreasing snow depth. The small-scale spatial genetic structure increases with
decreasing clonal diversity and increasing clone size. These findings demonstrate that snow cover and associated
habitat conditions play an important role in the mode of propagation [212]. Simulating global warming has
suggested a negative response of Empetrum to warming in the ‘south’ (the Netherlands) and a positive response
at the northern range margin (tundra of Svalbard). However, warming in the south was in fact beneficial for the
growth parameters and fruit size of Empetrum when the growing season was extended by 75 days. In the north,
Empetrum responded as expected, with increased shoot and biomass growth, enhanced fruit development and
ripening to warming. The direct ecological responses found at the northern range of Empetrum are in line with
the increased occurrences of this species on Svalbard [213]. A parallel effect was observed at three sites in the
forest-tundra ecotone in Finish Lapland, where the number of mature seeds and seedlings emerging from the
seed bank of E. nigrum ssp. hermaphroditum tended to be higher in the tundra heath than in the coniferous-
and mountain birch-forest. Disturbance marginally increased the seedling emergence, whereas sowing gener-
ally increased the seedling number. The seedling number was lower in the coniferous forest than the other
sites [214].

In a warmer climate, with higher CO2 levels (+200 ppm) and a constant likelihood of extreme weather events,
E. nigrum ssp. hermaphroditum may be more susceptible to freezing events, which may partially offset the
expected enhanced growth with global changes in climate. Hence, freezing damage should be accounted for when
predicting changes in growth of alpine plants or changes in community composition under future atmospheric
and climate conditions [215]. There are influences of snow depth, ice-formation and frozen ground induced
by climate change, as shown for Empetrum, which benefit from shallow fertilization (10 cm depth) but not
fertilization at the thaw-front at 45 cm depth [216].

The carbon stock in a plant society is important. Sampling soil C stocks, soil surface CO2 flux rates and fungal
growth rates along replicated natural transition from birch forest (Betula pubescens), through deciduous shrub
tundra (Betula nana) to tundra heaths (Empetrum nigrum) near Abisko in Swedish Lapland has demonstrated that
organic C in the organic horizon layer was lower in the shrub and forest than heath (Empetrum). Shrub vegetation
had the highest respiration rate, thus suggesting that despite higher rates of C assimilation, C turnover was also
very high, and there was less C sequestered in the ecosystem. Growth rates of fungal hyphae increased across
the transition from heath to shrub, thus suggesting that the action of mycorrhizal symbionts, in the scavenging
of originally bound nutrients, is an important pathway making soil C available to microbial degradation. The
expansion of deciduous shrubs onto potentially vulnerable arctic soils with large stores of C could therefore
represent a positive feedback to the climate system [217].

3.1.1.d.2. Influences of disturbance

The species is vulnerable to disturbance and climate change and is locally extinct or decreased in its habitats
because of such effects. To cope with these effects, conservation measures are taken at the national and/or state
levels in countries such as the USA, Canada and China [64].

Empetrum is a frequently grazed shrub [218]. Disturbance by grazing combined with warming may interact
with plant development. Under such conditions, different phenolic compound groups (in the leaves) may vary or
even show opposing responses to warming in the tundra. Even when plant phenol concentration does not directly
respond to grazing, grazers may have key control over plant responses to changes in the abiotic environment,
thus reflecting multiple adaptive purposes of plant phenolics and complex interactions between biotic and the
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abiotic factors [219]. Herbivores could influence plant nutrient uptake and decrease nutrient partitioning of
chemical N forms among plant species. Therefore, decreased niche complementarity among species (including
E. hermaphroditum) is potentially important for estimates of the effects of herbivory on plant nutrient availability
and species coexistence [220].

Other types of disturbance may lead to decreased cover and takeover by other species. Removing the vegetation
and soil organic layers in a coniferous forest, a mountain birch forest and in a tundra heath in Finland has reinforced
the proportion of deciduous (V. myrtillus) and graminoids at the expense of the evergreen Empetrum nigrum ssp.
hermaphroditum, similarly to N fertilization (40 kg N haa–1 year–1), thus suggesting that increasing N affects
the rate rather than the direction of recovery after disturbance [221]. The coverage of dwarf shrubs at 60-year-old
military sites in the subarctic mountain area in Finish Lapland, especially of E. nigrum ssp. hermaphroditum
(and V. myrtillus), was lower compared to the controls; instead, increased coverage of some graminoids was
observed. This confirms the observations of earlier studies indicating that, rather than ecological recovery, the
long-term development of vegetation in disturbance areas in high latitudes shows a shift to functionally different
plant communities [222]. This is parallel to events in Korea, where the subspecies E. nigrum ssp. japonicum is
locally extinct or reduced in its habitats due to direct impacts (frequent wildfire, increasing underground water
level, excessive growth of trees, damage from recreation activities, increasing invasive species and accumulation
of heavy metals) as well as direct impacts such as global warming [64].

The particularly slow recovery of E. nigrum ssp. hermaphroditum after disturbance in a 14-year period was
found in the forest understory on 30 islands in northern Sweden in 1998 [223]. Simulating the extreme winter
warming and the effect of N-addition of warmer summers showed that E. nigrum ssp. hermaphroditum failed to
recover only after 100% removal. At 50% removal, it recovered after seven years if no N was added; however,
when adding N, it recovered in four years [224].

After an outbreak of geometride moths in the birch-forest tundra ecotone, there was a shift in the understory
[208] and Empetrum declined to a similar extent to many other species. However, Empetrum differed in its
mechanism compared to the others with a rapid browning despite relatively modest feeding damage. The main
reason was an additional fungus parasitizing Empetrum, demonstrating the complexity of causes and reactions.
Simulated herbivory affected the relationship between deciduous and evergreen dwarf shrubs, most importantly E.
nigrum ssp. hermaphroditum, which led to a recent shift in the dominant vegetation from deciduous to evergreen.
Simulated herbivory caused no effect on GEP (Gross Ecosystem Production) or ER (Ecosystem Recovery), or
the total ecosystem C stocks, indicating that the vegetation shift counteracted the herbivore-induced C loss from
the system [225].

4. Conclusion

This review embraces five species including subspecies among the wild berries of the dwarf shrubs.
These species are Vaccinium myrtillus, Vaccinium vitis-idaea, Vaccinium uliginosum, Vacciniun oxycoccos and
Empetrum nigrum with ssp. nigrum, hermaphroditum and japonicum. They have been and still are collected in
the wild, both by local households and industry. The berries have high levels of biological compounds that can
improve human health. Despite an increasing interest and demand for these wild berries, domestication attempts
are few. These species often grow together and are competitors. Which species will dominate is dependent on
soil conditions and small differences. The changing climate and various disturbances will also interfere and may
change the distribution pattern of wild berry species and other competing plant species at the same location.
Semi-cultivation in the natural habitat could be one solution for a sustainable and commercially viable exploita-
tion of these resources, at least if they are advertised as being “wild”. However, they are easily propagated by
fresh cuttings and grow on arable land if soil conditions are suitable. This to our knowledge has not yet been
done on a large economical scale.
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[15] Purgar DD, Šindrak Z, Mihelj D, Voća S, Duralija B. Distribution of the genus Vaccinium in Croatia. Pomologia Croatia.
2007;13(4):219-28.

[16] Glowacki S. The basic raw material of forest fruits in natural stands and plantations in Poland. Norwegian Journal of Agricultural
Sciences. 1988;2:151-9.

[17] Pliszka K, Clayton-Greene KA. The blueberry industry and research in Eastern Europe: Review. Acta Horticulturae. 1993;346:41-3.

[18] Liu XT, Zhong Qiu T, Hua L, Qing Hua Z. Status and exploitation of the genetic resources of two species of blueberry. Forestry
Research. 1998;11(2):64-8.

[19] Bjedov I, Obratov-Petkovic D, Misik D, Siler B, Aleksic JM. Genetic patterns in range-edge populations of Vaccinium species from
the central Balkans: Implications on conservation prospects and sustainable usage. Silva Fennica. 2015;49(4): article id 1283.

http://www.bbc.co.uk/history/ancient/british_prehistory/overview_british_prehistory_01.shtml
http://historienet.no/sivilisasjoner/vikinger/hva-slags-mat-spiste-vikingene
http://historienet.no/sivilisasjoner/vikinger/hva-slags-mat-spiste-vikingene
www.arild hauge.com/familie.htm


R. Nestby et al. / Review of botanical characterization, growth preferences, climatic 539

[20] Tonteri T, Salemaa M, Rautio P, Hallikainen V, Korpela L, Merilä P. Forest management regulates temporal change in the cover of
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Dulay G, Llorens L, Pellizzaro G, Riis-Nielsen T, Schmidt IK, Sirca C, Sowerby A, Spano D, Tietema A. Response of plant species
richness and primary productivity in shrublands along a north-south gradient in Europe to seven years of experimental warming and
drought; reductions in primary productivity in the heat and drought of 2003. Global Change Biology. 2007;13(12):2563-81.

[212] Bienau MJ, Eckstein RL, Otte A, Durka W. Clonality increases with snow depth in the arctic dwarf shrub Empetrum hermaphroditum.
American Journal of Botany. 2016;193(12):2105-14.

[213] Buizer B, Weijers S, Bodegom PM van, Alsos IG, Eidesen PB, Breda J van, Korte M de, Rijckevorsel J van, Rozema J. Range
shifts and global warming: Ecological responses of Empetrum nigrum L. to experimental warming at its northern (high Arctic) and
southern (Atlantic) geographical range margin. Environmental Research Letters. 2012;7(2):9. DOI: 10.1088/1748-9326/7/2/025501

[214] Manninen OH, Tolvanen A. Sexual reproduction of clonal dwarf shrubs in a forest-tundra ecotone. Plant Ecology. 2017;218(6):635-
45.

[215] Rixen C, Dawes MA, Wipf S, Hagedorn F. Evidence of enhanced freezing damage in treeline plants during six years of CO2
enrichment and soil warming. Oikos. 2012;121(10):1532-43.

[216] Keuper F, Dorrepaal E, Bodegom PM van, Logtestijn R van, Venhuizen G, Hal J van, Aerts R. Experimentally increased nutrient
availability at the permafrost thaw front selectively enhances biomass production of deep-rooting subarctic peatland species. Global
Change Biology. 2017;23(10):4257-66.

[217] Parker TC, Subke JA, Wookey PA. Rapid carbon turnover beneath shrub and tree vegetation is associated with low soil carbon stocks
at a subarctic treeline. Global Change Biology. 2015;21(5):2070-81.
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