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Abstract

Arctic regions are expected to experience substantial changes in climate in

the coming decades. In order to predict potential changes of Arctic vegetation,

it is important to understand the distinct role of life forms of plants and of

individual species in relation to plant co-existence patterns. Our aim is to

investigate if three common Arctic plant patch types dominated by contrasting

life forms (by the dwarf shrubs Salix arctica or Dryas octopetala�intermedia or

by mosses) are related (a) to the co-existence of vascular plants and species

richness at patch scale and (b) to the floristic composition in three distinct

plant communities (Salix snowbed, Dryas heath and fell-field) associated with

contrasting abiotic regimes. The study was conducted at Zackenberg, in north-

east Greenland. Dryas patches showed a clear negative effect on small-

scale plant richness and co-existence in the fell-field. Salix and moss patches

showed a similar pattern in all the plant communities, although the number of

individuals growing in Salix patches was lower than in moss patches. Salix and

mosses in the fell-fields hosted a high number of species in spite of the much

less vegetated aspect of this harsh, upper zone. The floristic composition varied

between plant communities, but it did not change substantially between patch

types within each community. This study provides novel background knowl-

edge of plant co-existence patterns at patch scale and of the structure of

contrasting Arctic plant communities, which will help to better assess the

potential effects of varying abiotic stress regimes on Arctic vegetation.

To access the supplementary material for this article, please see the

supplementary files under Article Tools online.

Arctic regions are expected to continue to experience

substantial changes in climate in the coming decades

according to most recent models and assessments (Symon

et al. 2005; Solomon et al. 2007; AMAP 2011). There is

growing confidence that there will be a marked increase

in mean annual temperatures and changes in precipita-

tion regimes, particularly snow (Brown & Mote 2009).

The regional models project much larger local tempera-

ture increases in winter, compared with other seasons,

particularly along Greenland’s east coast. This is related

to the retreat of sea ice and increased precipitation in

northern Greenland (Stendel et al. 2008). The marked

effect of climate change on organisms (e.g., Post et al.

2009; Callaghan, Tweedie et al. 2011) and on ecosystem

functioning (e.g., Euskirchen et al. 2006; Lara et al.

2012; Myers-Smith et al. 2011) in the Arctic and the

consequences of these effects at a larger scale have led

to an increasing importance of understanding climate�
ecosystem interactions in northern latitudes, particu-

larly as not all ecosystems have responded as expected

to climate change (Callaghan, Tweedie et al. 2011;

Van Bogaert et al. 2011).
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Snow cover and length of the growing season are

crucial factors determining the characteristics and func-

tioning of plant communities occurring in deglaciated

areas in the Arctic (Evans et al. 1989; Elberling et al.

2008; Callaghan, Johansson et al. 2011). For instance,

substantial phenological changes have already been

detected recently in plants in response to advanced

snowmelt in north-eastern Greenland (Høye et al.

2007; Schmidt et al. 2012) and to manipulated and

natural extreme thaw events in the sub-Arctic in winter

(Bokhorst et al. 2009). Variations of snow cover regimes

lead to marked changes of abiotic soil parameters, such

as water content, temperature or depth of the active

layer; snow acts both as a resource for vegetation (e.g.,

moisture store) and as an abiotic stressor (e.g., constrain-

ing the length of the growing season). The dynamic

balance between variations in the resource and abiotic

stresses on plants is important because this balance is

expected to determine the nature of plant�plant interac-

tions (Lortie et al. 2004) and thus control the plant

co-existence patterns. The distinct role of contrasting

life forms of plants and of individual species in relation

to co-existence patterns in Arctic environments remains

poorly explored (Pajunen et al. 2011), although this issue

is crucial to understand potential changes of vegetation

under varying abiotic stress regimes.

Dwarf shrubs are a dominant life form in cold regions

and have expanded during the last decades in northern

latitudes (Hallinger & Wilmking 2011; Myers-Smith et al.

2011; Rundqvist et al. 2011). They have been described

as potential facilitators or as drivers of plant co-existence

and plant community composition in cold environments,

such as in alpine, sub-Arctic and Arctic ecosystems

(Klanderud & Totland 2004; Graae et al. 2011; Grau

et al. 2012). On the other hand, in cold regions, mosses

are also very abundant and expected to decrease under

a warmer climate (Wijk et al. 2003; Walker et al. 2006)

or with increasing snow cover (Wahren et al. 2005);

mosses have been described as crucial drivers of vas-

cular plant recruitment and plant composition in the

sub-Arctic (Soudzilovskaia et al. 2011). Nevertheless,

it remains unknown if and how shrubs or mosses affect

the plant co-existence patterns at patch scale and the

plant community composition under contrasting abiotic

regimes in High-Arctic ecosystems.

Our aim is to investigate if distinct common Arctic

plant patch types dominated by dwarf shrubs and mosses

are related to the co-existence of vascular plants and

species richness at patch scale and the floristic similarity

in three distinct plant communities. The plant com-

munities are Salix snowbed, Dryas heath and fell-field,

which are associated with contrasting abiotic regimes,

with regard to snow cover, soil water saturation, active

layer depth or soil temperature (see Table 1). The patch

types selected within these three plant communities were

patches with high dominance of Salix arctica Pall., Dryas

octopetala L.�intermedia Vahl.*hereafter Salix and Dryas,

respectively*and patches without any dominating dwarf

Table 1 Attributes of the communities sampled and mean values (9standard deviation) of some relevant biotic and abiotic variables.

Fell-field Dryas heath Salix snowbed

Altitude (m a.s.l.)a 300�600 150�300 B150 m

Slope angle (8) 13 11 0

Cover of main patch types (%) Dryas 14.0797.38 40.2995.03 11.5999.78

Salix 7.8593.42 25.1797.25 50.0998.76

Mosses 6.4494.09 19.27917.57 24.17914.13

Leaf dry weight per area (g/m2) at patch scale Dryas 92919 71919 98913

Salix 83921 74910 7094

Leaf N*(%)b Dryas 1.4690.25 1.6290.32 1.6590.36

Salix 1.9590.27 2.3890.16 2.3390.28

Leaf C/N Dryas 30.5794.20 26.5694.36 28.1899.23

Salix 22.1592.48 18.1191.24 18.6892.11

Average snow depthc No snow or irregular snow cover 61 cm 95 cm

% Water saturation (per vol., at 0�5 cm)c B40 40�60 65�90

Soil T8C at 5 cmc,d Not determined 9.193.8 7.693.8

Soil parametersc Increasing soil water content from fell-field to snowbed

Increasing soil element stocks from fell-field to snowbed

Decreasing active layer depth from fell-field to snowbed

aAccording to Bay (1998).
b % N is significantly lower in the fell-field in both Salix and in Dryas patches, compared to the heath and to the snowbed. Dryas patches also show significantly lower values of

% N compared to those in Salix patches. See Supplementary Fig. S4.
cData from Elberling et al. 2008.
dAverage of hourly readings in July and August.
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shrub but covered with a thin layer of mosses. These

three patch types show obvious structural differences

between them (for instance, the density of the covering

canopy, litter accumulation, biomass dry weight/fresh

weight; see patch type descriptions below and Table 1),

which may result in different plant co-existence patterns.

We hypothesize that the structural differences between

the distinct patch types (i.e., Salix, Dryas and mosses) will

lead to varying species co-existence and richness patterns

at patch scale independently of the community type in

which they occur.

Material and methods

Study area

The study was conducted in July 2011 along the south-

western slope of Mount Aucellabjerg, in the Zackenberg

valley, near the Zackenberg Research Station (74830?N,

20830?W), on the north-eastern coast of Greenland.

This area was deglaciated about 10 000 years ago and

currently its High-Arctic climate is strongly affected by the

wide and dense belt of polar pack ice on the coast, which

makes the climate more continental, with very cold

winters, little precipitation and sunny summers (Meltofte

& Rasch 2008). During the polar night, monthly mean air

temperatures are below �208C, with dominating north-

erly winds. In the snow-free summer period, the mean

monthly air temperatures vary between 38C and 78C in

July and August and daily temperatures rarely get below

zero during this warmest part of the summer season

(Hansen et al. 2008). The growing season at Zackenberg

starts in late May in early snow-free areas, while ex-

tensive snow cover may prevail into early summer in

snowdrift areas (Meltofte & Rasch 2008). The average

annual accumulated precipitation at Zackenberg was 261

mm for the years 1996�2005, of which 10% was rain and

7% was mixed precipitation. For the period 1958�2005,

there has been an increase of 1.9 mm/year in the annual

precipitation and a significant annual warming of 2.258C
for the period 1991�2005 (Hansen et al. 2008).

Plant communities

We selected three main plant communities occurring

along the altitudinal gradient (35 m to 450 m a.s.l.) in

Aucellabjerg. These were representative of the vegetation

commonly found at low, medium and high elevation,

respectively. The communities were the Salix snowbed,

occurring mainly at the bottom of the valley, with

high vegetation cover; the Dryas heath, which is found

at intermediate altitudes, still with substantial plant

cover; and the fell-field, dominated also by Dryas but with

sparse vegetation (Bay 1998; Table 1). These three plant

communities are also associated with decreasing snow

thickness from Salix snowbeds in the valley bottom to the

fell-fields at higher altitude; wind-blown snow accumu-

lates on valley bottoms, where snowdrifts persist until

early summer (Hinkler et al. 2008). At higher altitudes

the effect of wind becomes progressively stronger, and

snow is frequently blown away throughout the winter

season. Therefore, there is intermediate snow accumu-

lation in the Dryas heath and less accumulation in the

fell-fields. Soil water content and storage of organic

matter increases from the fell-field to the Salix snowbed,

whereas the active layer depth shows the opposite trend

(Table 1); the maximum active layer depth (as deter-

mined by the 08C isotherm; Christiansen et al. 2008) is

reached by the end of August. It is about 80 cm deep

at the Dryas heath and about 45 cm in Salix snowbeds

(Elberling et al. 2008; Meltofte & Rasch 2008).

Patch types and study species

In each plant community, we searched for three distinct

patch types, each dominated (�80% cover) by (1) Salix,

(2) Dryas or (3) mosses, as described below.

Salix is a dominating dwarf shrub in the Zackenberg

valley (Bay 1998) which thrives in a wide niche range,

from sand and almost barren moraine tills, to snowbeds*
where it is dominant*and open fell-fields. It shows

wide morphological plasticity, forming diffuse mats with

long twigs and large leaves in disturbed spots or under

low competitive conditions, and smaller structures in

fell-fields or in denser tundra. Salix comprises a larger

component of musk oxen (Ovibos moschatus) and collared

lemming (Dicrostonyx groenlandicus) diet than Dryas (Klein

& Bay 1994; Berg et al. 2008).

Dryas is also a dominating dwarf shrub in the study area

and is an Arctic�alpine species, which has a circumpolar

distribution in the Northern Hemisphere. It has also a

wide niche, although it is less opportunistic and also less

adapted to long lasting snow cover than Salix (Bay 1998).

In the Zackenberg region, it forms dense cushion-shaped

mats which protrude from the bare soil in the fell-fields,

or from flat ground or small convexities in moister tundra

and snowbeds. Dryas mats have this compact, dense

structure as they retain a great amount of dead leaves

attached to the stem. It shows higher dry weight/area

(Table 1) and higher dry weight/fresh weight ratios than

Salix (Supplementary Fig. S1a). Dryas dominates in the

heaths but also occurs sparsely in the snowbed and in

the fell-fields.
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The third patch type is comprised of mosses without any

dominant co-occurring shrub; the distinct moss species

forming this patch type could not be identified, partly

because of their early stage of seasonal development

during the sampling period. The mosses showed a rather

homogeneous structural aspect and stage of development;

this patch type was dominated by poorly developed moss

carpets or tiny layers of prothalli, although some small

spots with cushion-shaped acrocarpic mosses (such as

Polytrichum sp.) and sparse macrolichens (such as Cetraria

ricetroum Opiz, Peltigera rufescens (Weiss) Humb. and

Stereocaulon gr. alpinum Laurer ex Funck) were present.

In this patch type there was very little biomass production

and litter accumulation compared to Salix and Dryas

patches. The plants growing in the mosses were therefore

not generally affected by shade from a covering canopy

as occurred in the shrub patches.

Data collection

We selected three study plots at similar altitudes within

each plant community (i.e., Salix snowbed, 35�43 m a.s.l.;

Dryas heath, 182�240 m a.s.l; and fell-field, 415�450 m

a.s.l; Fig. 1), separated by a few hundred metres from each

other, but with similar orientation (mainly south-west). In

a radius of approximately 10 m (Fig. 1) within each plot,

we searched for the three distinct patch types. To clearly

elucidate the effects of each patch type, mixed patches

were rejected. Thus only those where Dryas or Salix or

mosses clearly dominated (�80%) were considered. For

instance, we avoided those Dryas or Salix patches which

contained high cover of mosses. Within each patch type

we sampled four 25�25 cm quadrats, which were treated

as subsamples (n�4 subsamples�3 patch types�3

plots�3 plant communities�108 quadrats in total; see

Fig. 1). Each quadrat was surveyed with a rigid frame

divided into 100 2.5�2.5 cm squares. The quadrats were

separated by only a few metres (generally 2�8 m), and

they were always put on patches which were bigger than

25�25 cm. In each quadrat we recorded species present

and estimated the number of individuals. Clonal species

growing in adjacent 2.5 cm squares within the frame were

considered as one single individual when counting the

total number of individuals, unless they could be clearly

identified as separate individuals (i.e., if visibly recently

germinated). However, it is acknowledged that determin-

ing an individual of a clonal plant is difficult in practice

(Callaghan et al. 1999).

In order to describe the patch types in terms of above-

ground biomass and availability of nitrogen in leaves, we

sampled leaves of Salix and Dryas. We clipped a surface of

10�10 cm for Salix and 7�7 cm for Dryas (the latter

showed a more uniform canopy and this amount was

considered sufficient). The fresh leaves were kept moist

in small, sealed plastic bags and promptly taken to the

laboratory. There green leaves were removed and fresh

weights obtained. Leaves were then dried at 708C for 24 h

and the dry weight measured. Leaf dry matter content

(dry weight/fresh weight) and the ratio of leaf dry weight

to area covered were calculated (Supplementary Fig. S1).

Nitrogen and carbon concentrations were determined

with an elemental analyser (EA1108, Series 1; Carlo

Erba Instrumentazione, Milan, Italy). To evaluate the%

cover of each patch type in each plant community, we

recorded the occurrence of the distinct patch types every

5 cm along five parallel lines of 5 m length in each study

plot (see Table 1).

Data analyses

The data were analysed using R software (R Develop-

ment Core Team 2012). To investigate whether the total

number of species and individuals varied, we used a

linear mixed model with Poisson error structure, using

the lme4 package (Bates & Maechler 2010). The number

Fig. 1 Scheme of the experimental design: in each of the three plant

communities*fell-field, Dryas heath and Salix snowbed*three plots were

chosen, which were separated by a few hundred metres from each other;

within a radius of ca. 10 m in each plot, three patch types were analysed:

M�mosses; D�Dryas; and S�Salix. Four 25�25 cm quadrats (sub-

samples) of each of these three patch types were chosen randomly within

each plot.

Plant communities in north-east Greenland O. Grau et al.

4
(page number not for citation purpose)

Citation: Polar Research 2014, 33, 19235, http://dx.doi.org/10.3402/polar.v33.19235

http://www.polarresearch.net/index.php/polar/rt/suppFiles/19235/0
http://www.polarresearch.net/index.php/polar/article/view/19235
http://dx.doi.org/10.3402/polar.v33.19235


of species or the number of individuals was the response

variable; ‘‘plant community’’ and ‘‘patch type’’ were fixed

factors and ‘‘patch type’’ was nested within ‘‘plot’’ as a

random factor in the model.

Other parameters were analysed to investigate the

specific composition and structure of the patch types and

plant communities studied.

We used species accumulation curves to calculate the b-

diversity values, which are a degree measure of uniformity

of the species pool if interpreted together with the species

fidelity values. To estimate species richness at the patch

scale in each community, species accumulation curves

were obtained by counting the number of species found

when increasing the area sampled for each patch type in

each community; all of the quadrats of a given patch

type�plant community combination were taken as a

whole and were added in a random order for 100 times to

obtain the final accumulation curves with the Vegan

package (Oksanen et al. 2009). From these curves we

calculated the b-diversity (Whittaker 1972), defined here

as the ratio relating the final species richness in the

accumulation curve (n�12 quadrats) to the mean initial

richness value in the accumulation curve (n�1 quadrat).

Species fidelity was calculated as implemented in Ginkgo

(a vegetation data analyser developed by de Cáceres 2012)

for all species in each patch type�plant community

combination. The fidelity measures the degree to which

a species is confined to a given group (Legendre &

Legendre 2003). We used the phi fidelity statistic (f)

as defined by Chytrý et al. (2002):

/ ¼ N � np� n � Np
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n � Np � N � nð Þ � N �Npð Þ

p

This equation takes into account the number of quadrats

in the data set (N); the number of relevés in the parti-

cular vegetation unit (Np); the number of occurrences

of the species in the data set (n); and the number of

occurrences of the species in the particular vegetation

unit (np). The value 1 indicates that the species and

the vegetation units are completely faithful to each

other; only the more faithful (f�0.3) and the less faithful

(fB�0.3) species are shown.

To assess the floristic similarity between each patch

type�plant community combination, we performed a prin-

cipal components analysis (PCA) by using the FactoMineR

package (Husson et al. 2011). Abundance data was trans-

formed by the Hellinger transformation (Legendre &

Gallagher 2001) with the Ginkgo multivariate data ana-

lyser (de Cáceres 2012). The Hellinger distance more

strongly reduces the highest abundance values compared

to low values and avoids the similarities derived from

sharing absent species (Legendre & Legendre 2003;

Borcard et al. 2011). The results are identical to PCA based

on a symmetrical matrix of Hellinger distances between

objects.

Results

Plant species richness and co-existence patterns

The total number of individual vascular plants counted

was 974 in the snowbed community, 994 in the heath

and only 556 in the fell-field. Forty eight species were

recorded. The number of individuals in Salix patches

was lower than in moss patches (Fig. 2a; Supplementary

Table S1). Species number did not differ between the

distinct patch types in snowbed and heath communities,

but these numbers were significantly lower in Dryas

patches in the fell-field community (Fig. 2b; Supplemen-

tary Table S1).

Species accumulation curves for the distinct patch

type�plant community combinations (Fig. 3) indicated

that Dryas patches generally accumulate (assuming that

associations among species are directly caused by the

presence of the dominant species) the lowest absolute

number of species when considering all the sampled

quadrats, irrespective of the plant community. In the

fell-field, Dryas patches promoted a clearly lower final

accumulation of species with increasing sampling area

compared to Salix and moss patches in this community.

Dryas patches also showed rather lower species accumu-

lation in the heath, but this difference became less

evident in the snowbed community. Species accumula-

tion was especially high in moss patches in all plant

communities. The effect of Dryas on the b-diversity

was highest in the fell-field and lowest in the other

communities (Supplementary Table S2).

Plant communities

The PCA in Fig. 4 shows the ecological distances (i.e.,

differences in species similarity based on the Hellinger

distance) between the distinct patch type�plant commu-

nity combinations and indicates that the three plant

communities studied may be clearly distinguished from

each other by their flora. However, there was no clear

difference between patch types if plant communities were

analysed separately (results not shown), suggesting that

the plots sampled within the plant communities were less

variable than plots of the same patch in different commu-

nities. When analysing only presence/absence of species in

a PCA ordination, therefore irrespective of their local

abundance (Supplementary Fig. S3), we observed a very
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similar pattern and we did not detect a clear segregation

related to patch types either.

Species fidelity

In agreement with the species ordination shown in Fig. 4,

the pool of species showing high or low fidelity to the

distinct patch type�plant community combinations

(Table 2) varied more between communities than it did

between patch types within each plant community. The

highest fidelities were reached in moss patches in the fell-

field and the lowest in this same community but in Salix

and Dryas patches. No species showed high fidelity to Dryas

patches in the fell-field. When the fidelity was analysed for

the whole species pool, irrespective of the patch type,

several species showed high fidelity to each plant com-

munity. In the Salix snowbeds the species with highest

fidelity (f value higher than 0.3) were Hierochloe alpina,

Arctagrostis latifolia, Luzula confusa and Alopecurus borealis;

in the heath the high fidelity species were Poa arctica,

Kobresia myosuroides and Festuca brachyphylla; in the

fell-field the species showing high fidelity were mostly

of the genus Saxifraga (S. cernua, S. integrifolia, S. nivalis,

S. oppositifolia and S. platysepala) but also the grass Poa

glauca.

Discussion

Dominant species most likely determine the species

associations at a site. In our study, Dryas patches had a

Fig. 2 (a) Number of individuals and (b) number of species found in the Salix snowbed, the Dryas heath and the fell-field in each patch type

(moss, Salix, Dryas).

Fig. 3 Species accumulation curves for all the distinct patch type�
plant community combinations. FD�fell-field Dryas patches, FM�moss

patches; FS�Salix patches; HD�Dryas heath Dryas patches; HM�moss

patches; HS�Salix patches; SD�Salix snowbed Dryas patches;

SM�moss patches; and SS�Salix patches.
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clear negative effect on small-scale plant richness and

co-existence in the fell-field. We found that the nega-

tive impact of Dryas on plant co-existence can occur in

High-Arctic ecosystems depending on the environmental

constraints, even though it has been commonly described

as a facilitator low shrub in northern latitudes (Chapin

et al. 1994; Cooper et al. 2004). Klanderud & Totland

(2004) predicted Dryas would have a negative impact

on alpine, but not on High-Arctic, community diver-

sity. Salix and moss patches supported a high number

of species in the less vegetated upper zone. In fact,

Salix and mosses showed a similar pattern across all the

plant communities analysed.

Plant co-existence and eventual establishment within

the dominant vegetation are governed by many factors,

including both external factors*e.g., availability of

airborne seeds (Klanderud & Totland 2007)*and factors

modulated by the species already present (Pajunen et al.

2011), which may also affect microhabitat characteristics*
e.g., the accumulation of allelopathic substances or the

structure of the canopy of the dominant species, which

has important effects on the availability of light to plants

growing below (Shevtsova et al. 1995; Totland & Esaete

2002), or on the provision of moisture, shelter and

nutrients. Viable seed rain would be expected to decrease

with increasing altitude (Thompson 1978). However,

the equally high number of individuals and species

observed in Salix and in moss patches in the fell-field

compared to the other two communities suggests that

the differing pattern of plant co-existence (and expected

eventual establishment) observed in Dryas patches is

not primarily limited by seed availability. Structural

differences between mosses and Salix may explain the

lower number of individuals occurring in Salix patches;

however, rather similar growth forms like the dwarf

shrubs Salix and Dryas did not promote a similar pattern

of plant co-existence. Our results therefore suggest that

structural differences between patch types did not clearly

explain the co-existence patterns observed between

patches in terms of number of individuals and species.

Alternative explanations should be considered instead.

A possible explanation for the pattern observed in

Dryas compared to the other patch types, irrespective

of the physical structure of the dominant species, could

be that Dryas lacks energy-demanding N-fixing nodula-

tion at higher elevations, whereas at lower elevations

it becomes nodulated (Kohls et al. 1994). Therefore, we

speculate that Dryas growing under the severe conditions

Fig. 4 Principal component analysis based on the floristic similarity of

the distinct patch type�plant community combinations. FD�fell-field

Dryas patches; FM�moss patches; FS�Salix patches; HD�Dryas

heath Dryas patches; HM�moss patches; HS�Salix patches; SD�Salix

snowbed Dryas patches; SM�moss patches; and SS�Salix patches.

Table 2 List of species with highest (positive values) and lowest (negative values) fidelity to the distinct patch type�plant community combinations;

�1 indicates no fidelity to a plant community, whereas �1 indicates maximum fidelity. Only the species with values of fidelity equal to or higher than

0.3 and those with values equal to or lower than �0.3 are shown.

Dryas Mosses Salix

Fell-field Luzula confusa �0.41 Saxifraga platysepala 0.62

Poa glauca 0.49 Poa glauca 0.41

Saxifraga cernua 0.45

Sagina intermedia 0.43 Sagina intermedia 0.32

Festuca rubra ssp. richardsonii 0.39 Luzula confusa �0.35

Saxifraga nivalis 0.39

Dryas heath Kobresia myosuroides 0.52 Poa arctica 0.41 Poa arctica 0.34

Festuca brachyphylla 0.43 Potentilla hyparctica 0.3 Carex bigelowii 0.3

Salix snowbed Hierochloe alpina 0.52 Alopecurus borealis 0.44 Hierochloe alpina 0.52

Arctagrostis latifolia 0.41 Salix arctica 0.34 Arctagrostis latifolia 0.33

Salix arctica 0.34 Arctagrostis latifolia 0.33 Luzula confusa 0.3

Stellaria longipes s.l. 0.3
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found in the fell-fields may act as a stronger competitor

for soil N and may thus reduce its recruiting capacity

for potential neighbour competitors (Tilman et al. 2001).

This would contrast with the theory that predicts that

species richness is higher in relatively harsh environ-

mental conditions compared to more favourable sites

due to the relatively minor role of competition in these

systems (e.g., Grime 1979). Our study suggests that

this would not apply to such very extreme conditions

in the High-Arctic as those found in the fell-field. On

the other hand, Dryas at the fell-field might actively

inhibit recruitment to a higher degree than Salix and

mosses by producing allelopathic substances, as plants

may respond to varying stress factors by changing their

content of secondary plant metabolites (Berg et al. 2008).

In any case, further research is needed in relation to

possible N-fixation and allelopathy to better understand

the observed patterns of plant co-existence in these

poorly studied Arctic plant communities.

The high b-diversity observed in Dryas patches in

the fell-field (Supplementary Table S2) seems to be

related to the low fidelity of the few species occurring

at the patch scale (Figs. 2b, 3; Supplementary Table S3),

which favours a high species turnover between the

distinct sampled quadrats. The species found in Dryas

patches in the fell-field differed greatly between quadrats

but generally co-occurred with Polygonum viviparum,

which was highly abundant in all quadrats (Supplemen-

tary Table S3). All the other patch type�plant commu-

nity combinations showed higher species richness and

higher fidelity values, but lower b-diversity, as the species

pool was more uniform between quadrats and more

similar to the species pool at the community scale.

Floristic similarity based on the Hellinger distance

(Fig. 4) varied between plant communities, but it did

not change substantially between patch types within

each community. Even though plant co-existence pat-

terns and species richness varied at patch scale, the

floristic similarity was determined at community scale,

as indicated by the similarity between patch types within

each community and by the marked differences between

communities (Fig. 4; Supplementary Fig. S3).

The fell-field is the most environmentally harsh

community, as low plant cover, aboveground primary

production and foliar N content are all low (Table 1).

Moss and the Salix patches act as small biodiversity ‘‘hot

spots’’ in this highly stressed plant community.

The floristic similarity of Dryas heath is intermediate

between the fell-field and the snowbed (Fig. 4). However,

the similar species richness and co-existence patterns of

Dryas heath and the Salix snowbed indicate that these two

plant communities may be influenced by a similar overall

stress regime despite the differences in the characteris-

tics of the abiotic stress occurring in each community

(Table 1). These two communities have a lower overall

stress balance than that found at the fell-field.

Our results suggest that the richness and the plant

co-existence patterns vary between patch types if influ-

enced by strong abiotic stress. It is predicted that the

study area will undergo changes in precipitation and

snow cover in the future (Stendel et al. 2008; Brown &

Mote 2009; AMAP 2011); altering the abiotic stress

regimes will affect the nature of plant�plant interactions

(Lortie et al. 2004) and eventually the plant co-existence

patterns. If these predicted changes promote stronger

abiotic stress, the Arctic plant communities dominated

by Dryas may decrease and this will show a decrease in

species richness through increased negative interactions

of this dwarf shrub on the co-occurring plant species.

Further, any changes on the stress regimes altering moss

and Salix cover occurring in the fell-fields may promote

changes in species richness and diversity at the commu-

nity scale.

Conclusions

Under a strong abiotic stress regime such as that found

at the fell-field, the distinct dominant patch types (i.e.,

mosses, Salix and Dryas) did not show uniform plant

species richness and co-existence patterns; in the com-

paratively more benign communities (i.e., Salix snowbed

and Dryas heath) the distinct patch types showed similar

patterns. We therefore predict that any future environ-

mental changes altering the occurrence of the dominant

patch types in fell-fields in the High-Arctic may greatly

alter plant species richness and co-existence patterns.

Further, the contrasting abiotic conditions in the three

plant communities strongly determined the floristic

composition based on ecological distances at community

scale.

This study provides novel insight on plant co-existence

patterns and on the structure of contrasting Arctic

plant communities in this remote region in north-east

Greenland. Our research will help to better assess the

potential effects of varying abiotic stress regimes on

Arctic vegetation.
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Bergstedt J., Butler M.G., Christensen T.R., Cooley D.,

Dahlberg U., Danby R.K., Daniëls F.J., de Molenaar J.G.,
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