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CLIMATE, GRAZING AND PLANT INTERACTIONS 
Does climate and grazing shape plant interactions in alpine 

environments? 

 

ABSTRACT 
Increased knowledge of plant interactions is important for our understanding of how 
ecosystems will respond to climate changes. Using four common low-herb and three tall- 
herb species as phytometers I measured the net outcome of plant interactions in an alpine 
environment by a neighbour removal experiment. Grazing and climate were tested as 
explanatory factors for differences in the outcome of plant interactions, with two altitudes 
representing different climates. The most important finding in this experiment is that 
competition is the dominating interaction among plants in this habitat, regardless of plant 
size, climate and grazing. Climatic exposure and grazing only influenced tall-herb species 
while low-herbs were mainly limited by competition, presumably for light. These results are 
important since facilitative interactions and net facilitation in plant communities are often 
reported to become more common in severe climates.  
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1 INTRODUCTION 
 
 
1.1 Background 

 
How interactions within plant communities relate to environmental conditions is important 
to our understanding of how the worlds ecosystems will react to the currently changing 
climate (Brooker 2006). There is evidence of directional changes in plant communities 
related to recent climate change. One example is a study of plant species colonization on five 
alpine peaks surrounding Mt Clarke in south-eastern Australia which revealed that since 
2004, mean species richness per summit had increased by 12 % from 45 to 50 species (Venn 
et al. 2012). This resulted in a rate of species richness increase that is almost one new species 
per year, with up to 15 new species at one summit. Similar re-surveys of the plant 
communities at mountain summits within the European alps have revealed upward shifts of 
alpine plant distributions and an associated increase in species richness related to recent 
(late twentieth century) climate warming (see Venn et al. 2012 for a review). Other evidence 
of changes in vegetation following a shifting climate comes from environmental 
manipulation experiments in the tundra or treeline limit, which generally show increased 
shrub growth in response to warming (Grau et al. 2012). Establishment of shrub vegetation 
is important for the treeline limit in boreal areas, since an increased shrub cover can increase 
tree (Betula sp.) seedling survival (Grau et al. 2012). At present, the mechanisms that 
determine tree seedling recruitment and the response of the forest–tundra ecotone to 
environmental changes remain poorly understood (Grau et al. 2012).  
 
The mechanisms shaping the structure of plant communities and in turn ecosystems 
functioning have been discussed in the ecological literature since the individualistic concept 
was put forwards by Gleason in 1926. He proposed that plant species are independent of 
interactions with other plant species and that community compositions are formed by 
random events in seed dispersal and establishment (Gleason 1926). Following this concept, 
the fact that the distributions of species very rarely overlap completely in nature has been 
interpreted as a lack of interdependence among species (Callaway et al. 2002). The view that 
plant species are completely individualistic and therefore interchangeable has since been 
used to advocate active management towards shaping and synthesizing new ecosystems, 
even in the natural environment (Callaway et al. 2002).  
 
Present theories and models are revealing more dynamic relationships in species interactions 
but have yet to arrive at one coherent theory (Lortie et al. 2004). One very important 
conceptual frame is the stress-gradient hypothesis. This links environmental severity levels 
to plant-plant interactions. It predicts facilitation from surrounding vegetation in stressful 
habitats due to an amelioration of environmental severity by stress-tolerant benefactor 
species, and competition between a plant and the surrounding vegetation under more 
favourable growth conditions (Callaway 2002, Schöb et al. 2010). The very broad and general 
predictions that this hypothesis makes result in a number of questions concerning the 
specifics of how it translates to the interactions in different plant communities. Many of 
these aspects remain unexplained and different results are found depending on, for example, 
how plant fitness is measured, which plant species is considered or in which climatic 
conditions the plant is growing compared to its normal distribution. Therefore, as 
summarized by Kikvidze et al. (2011), the stress gradient hypothesis in its current form 
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remains a general framework that does not fully link climate variables such as temperature 
and precipitation to plant interactions or diversity. 
 
Research is made to investigate such mechanisms involved in shaping plant interactions. 
Plant growth is often limited under natural conditions (Gross et al. 2010), in alpine areas the 
distribution of species (Venn et al. 2012) as well as the growth of individual plants (Gross et 
al 2010) is often strongly controlled by low temperatures and gradients in the local climate. 
But plants are able to modify the surrounding physical environment and in doing so change 
their own performances and those of coexisting species (Bonamoni et al. 2011). Surrounding 
vegetation may for example maintain warmer temperatures by insulating the substrate, 
decreasing local albedo, or by increasing the whole-community boundary layer (Choler et al. 
2001). In this way positive interactions, or facilitation, is suggested to occur when one plant 
provides a more favourable environment to a neighbouring plant (Olofsson et al. 1999). 
 
At present though, the relative importances of facilitative and competitive interactions 
remains a debated field (Brooker 2006, Eskelinen 2008), with results varying between 
studies, species and experimental sites. Several studies have shown net outcome of 
interactions to vary along environmental gradients (Choler et al. 2001, Callaway et al. 2002, 
Olofsson et al. 2004) with facilitative interactions becoming more important in severe 
climatic conditions, such as in alpine, desert, salt-marshes and sub-alpine heathland habitats 
(Choler et al. 2001, Callaway et al. 2002, le Roux and McGeoch 2008, Wang et al. 2008, Chu 
et al. 2009, Madrigal-Gonzalez et al. 2012). Other studies have reported net neutral or 
negative responses to neighbouring vegetation, thus demonstrating higher importance of 
competition for plant performance in abiotically severe habitats (Olofsson et al. 1999, Bret-
Harte et al. 2004, Eskelinen 2008, Onipchenko et al. 2009, Klanderud 2010, Schöb et al. 
2010). It appears likely, and was concluded by Pugnaire and Luhune (2001), that “A 
combination of competition and facilitation effects operating simultaineously among plant 
species appear to be the rule in nature”. It also appears likely that in some instances the 
current balance between competition and facilitation can be altered depending on the effects 
that present vegetation has on the factor currently limiting plant growth. 
 
The performance of plants are also affected by predation. Most directly by the removal of 
tissue, but herbivores may also indirectly alter the competitive environment experienced by a 
plant by reducing the amount of the biomass of neighbouring vegetation. This can lead to 
increased plant growth if neighbouring plants compete for shared resources (Eskelinen 
2008). It was therefore hypothesisied by Olofsson et al. (2002) that the importances of 
competition and herbivory are likely to interact. The same study found that differences in 
grazing appeared to account for a positive relationship between productivity and intensity of 
competition (Olofsson et al. 2002). The suggested mechanism for this is that small plant 
species are indirectly favoured by the tendency of large grazers to remove tall neighbouring 
plants and thereby to increase light availability and thereby reduce competition intensity 
(Olofsson et al. 2002). 
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Weeding experiments can be used to measure the net outcome of plant-plant interactions as 
accumulated biomass of the plant species (Pugnaire and Luque 2001, Onipchenko et al. 
2009, Schöb et al. 2010, Olofsson personal communication). If competition is more 
important, the abundance of a species should increase after removal of its neigbours, if 
facilitation dominates, the abundance of the target species should decrease (Onipchenko et 
al. 2009). 
To provide information on how the mechanisms of plant interactions relate to climate, 
vegetation experiments can be made along altitudinal gradients. This is possible since 
altitudal gradients correspond typically to a complex climatic gradient where temperature, 
precipitation and vegetation effects on light co-vary with plant stress levels (Choler et al. 
2001, Gross et al. 2010). 
 
This thesis presents such an experiment, investigating the effects of climate, neighbouring 
vegetation and grazing by large mammals as well as possible interactions between these 
factors on the performance of seven common alpine forbs. To achieve this, a factorial 
experimental design was used, in which the effect of removing neighbouring vegetation was 
tested at two different altitudes, each with fenced replicates that exclude large mammalian 
grazers. Descriptive measurements of soil properties and the surrounding vegetation cover 
were also made. 
 
The plant species that were used in this experiment were selected because they occur 
naturally in the surrounding alpine area. Four of the species are low-stature forbs, well 
adapted to the environment at higher altitudes while three species are tall-herbs and 
pressumably stronger competitors in the environment at lower altitudes. The plant species 
also represent slightly different levels of adaptation to alpine environmental conditions as the 
limits in their natural altitudinal distribution differs. 
 

1.2 Hypothesis 

 
Following the results of Choler et al. (2001), Bret-Harte et al. (2004), Eskelinen (2008), 
Wang et al. (2008), Chu et al. (2009) and Gross et al. (2010) I expected the alpine forbs to 
respond in a species specific way, according to each species tolerances and competitive 
abilities in this habitat. By using accumulated biomass as a measurement of each plant 
species performance I aim to evaluate the following hypotheses: 
 
1 The outcome of the interactions between the experimental forbs and their neighbouring 
plants is affected by altitude, which represents a severity gradient in local climate. 
 

2 The effects of grazing interacts with local climate (altitude) and neighbouring vegetation in 
shaping the performances of these alpine forbs. 
 
3 There is a difference in how climate, grazing and neighbouring vegetation effects an alpine 
plant depending on its size. 



 

4  

2 MATERIALS AND METHODS 

 

 

2.1 Location 

 
This experiment was carried out close to Abisko scientific research station (68°21’N, 
18°49’E) in the Scandes mountain range, about 200 km north of the arctic circle in Sweden. 
In this alpine environment five sites were chosen at high altitudes (900-1000 meters above 
sea level) and five at low altitudes (about 600 meters above sea level) (Table 1). All sites were 
stratified to patches dominated by herbaceous vegetation, to ensure that the abiotic 
conditions at the sites were within the fundamental nish of the seven experimental species. 
This subjective selection of sites was used because randomly allocated sites in an alpine 
environment is bound to be to of very varying climatic characteristics, in turn rendering too 
low survival rates in any planted seedlings.  
 

 
Table 1. Site locations and altitude class. Coordinates are in system WGS 84 grid. Accuracy is ± < 10 m for 
coordinates and altitude. Recording was made in the summer of 2008 with a handheld GPS unit. 

Site WGS 84 coordinates Altitude m a.s.l Altitude class 

1 N 68.41945 E 18.36404 609 low 

2 N 68.41673 E 18.37371 746 low 

3 N 68.42007 E 18.47849 631 low 

4 N 68.42431 E 18.55257 588 low 

5 N 68.42304 E 18.53654 631 low 

6 N 68.41000 E 18.39716 900 high 

7 N 68.41446 E 18.40091 944 high 

8 N 68.41588 E 18.52269 919 high 

9 N 68.41223 E 18.54805 926 High 

10 N 68.41254 E 18.51753 958 High 

 

 

2.2 Timeframe  

 

The experiment was started in 2008 with choosing experimental sites, building of fences, 
planting of seedlings and start of the weeding treatment. The following year, in the summer 
of 2009, the weeding treatment was continued on all plots. Soil moisture and soil 
temperature were measured on the 8th of August 2009 and repeated on the 1st of July 2010. 
The latter date the planted seedlings from the experimental species were harvested and 
collected for biomass measurement. Also in the summer of 2010, two 25 cm × 25 cm samples 
of the surrounding vegetation layer were clipped at ground level in each experimental site 
close to the experimental plots to estimate plant species composition and productivity. 
During the winter of 2012, in January, my work on this thesis started with the laboratory 
procedures of drying, sorting and weighing the collected samples. 
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2.3 Experimental design 
 
The sites for this experiment were chosen from two altitude classes (Table 1) with the 
purpose to cover climatic differences associated with increased elevation. At each of the ten 
sites, two experimental plots were placed. One randomly chosen of the two plots at each site 
was fenced with 1.2 m high plastic electric fence posts linked by 5 layers of nylon string to 

exclude large herbivores (reindeer, Rangifer tarandus is the only large herbivore common in 
these habitats). The other plot at each site was left as control without fence. Each 
experimental plot was randomly divided in two, one half was left as a control and one half 
was weeded to remove all competition above ground. Each half of the plots were planted with 
two rows of seedings. Each row contained one seedling of each of the seven plant species 
used in the experiment. The seedlings and rows were planted with 20 cm separation to 
minimize competition for abiotic factors among the planted seedlings (Kaarlejärvi 2012, 
personal communication).  
 
This experimental design makes it possible to test the effects of multiple factors 
simultaneously. This is possible because the weeding treatment is applied within fenced and 
unfenced plots. Fencing in turn is applied at both altitude levels. In this way, each 
experimental plot, when considered together with the other plots, carries information 
regarding the effects of all three explanatory factors. 
 
2.4 Sampling 

 
After two years, in the summer of 2010, the seedlings planted at each site were clipped at 
ground level and collected in marked paper bags. At the same time two samples per site were 
taken from the vegetation layer surrounding the experimental plots. Each vegetation layer 
sample consisted of a 25 cm × 25 cm square, clipped at ground level. These vegetation 
samples were collected in marked plastic bags and were used to classify site characteristics 
and describe the plant community surrounding the experimental sites. All samples were 
deep-frozen and stored for laboratory work. 
 
Soil moisture content was measured in the top soil (5 cm depth) on six occasions in June, 
July and August by using a surface capacitance insertion probe (Delta T). This instrument 
measures the soil dielectric constant, which is closely related to soil moisture content 
(Robinson and Dean 1993). The measurements were performed within each treatment level 
on each of the six occasions. 
 
2.5 Laboratory procedure 

 
The paperbags containing the samples were thawed in laboratory and the samples were 
sorted with a pair of tweesers to only contain plant tissues active in the last seasons growth 
period. The sorted samples were dried to a constant weight (60 °C for 48 hours). Dried 
samples were then weighed on laboratory scales to the accuracy of 1 mg.  
 
The recorded dryweight represents biomass accumulation during the growth period of 2009 
and 2010 (hereafter refered to as a samples biomass). The vegetation layer samples were 
thawed and sorted per experimental plot to their contents of the following classes: herbs, 
graminoids, evergreen shrubs, decidous shrubs, lichens, bryophytes, pteridophytes and 
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litter. The sorted vegetation samples were then dried to constant weight (60 °C for 48 hours) 
to remove all water content and weighed to the accuracy of 10 mg. Individual species in each 
sample were identified where possible and recorded.  
 

2.6 Species description  

 

The species used (Table 2) were selected because they occur naturally in the region. The 
seven species also represent different plant sizes (tall herbs and low herbs) which could be of 
importance to the effects of climate, neighbouring vegetation and grazing. Even though all 
species have distributional limits well above the high altitude sites (Table 1) their differing 
tolerances to climatic harshness i.e. altitude is relevant to the interpretation of the treatment 
effects. 
 
 
Table 2. The experimental plant species common heights, occurrence by alpine regions and examples of elevation 
limits in the Scandes mountain range. Data from Nordisk fjällflora (Nilsson 1991). Upper region and altitudes 
should be viewed as estimates since distributions depend on local climate, and this varies throughout the alpine 
areas.  

species common plant height  upper region elevation limits a.s.l  

Gnaphalium supinum 3 - 10 cm mid-alpine 1670 m 

Sibbaldia procumbens  5 - 10 cm  mid-alpine 2130 m 

Potentilla crantzii  5 - 25 cm high-alpine 2100 m 

Viscaria alpina 10 - 15 cm low-alpine 1900 m 

Rumex acetosa  

ssp. lapponicus 35 - 80 cm  mid-alpine 1880 m 

Solidago virgaurea 10 - 60 cm  mid-alpine 1496 m 

Angelica archangelica 60 - 150 cm low-alpine 1600 m 

 
 
2.7 Statistical analysis 

 
All statistical calculation and data handling were made with R version 2.14.0 (R Development 
core team 2011). All figures presented were made with the same program but with the 
addition of the gplots package (Warnes et al. 2011). Other data handling and sorting were 
made with Programmer’s file editor version 1.01.000, 32bit edition by Alan Phillips (1999) 
and with Microsoft Office Excel 2003 by Microsoft Corporation. 
 
Plant responses were then tested separately for each species with factorial ANOVA to 
simultaneously test for treatment responses as well as possible interactions between 
treatments. I used hierarchical ANOVA in which neighbour removal, herbivore exclusion and 
altitude class were treated as fixed factors, and neighbour removal treatment (subplots) was 
nested within plots (herbivore-exclusions or grazed) that were nested within altitude classes 
(high or low). The dryweight measurements of the experimental plants were square root 
transformed to meet the assumptions of normality and homoscedasticity. 
 
 
For testing the differences in biomass in the vegetation surrounding the plots, separate 
ANOVA were made for each of the following vegetation classes: evergreen shrubs, deciduous 



 

7  

shrubs, herbs, graminoids, pteridophytes, bryophytes, lichens and litter. Only altitude was 
tested as an explanatory variable since there were no treatments. The biomasses either 
square-root or log+1 transformed depending on which transformation method best met the 
assumptions of normality and homoscedasticity. 
 
Soil moisture and soil temperature measurements were averaged for each treatment class per 
plot and year prior to statistical tests. Separate ANOVA were made for soil moisture and soil 
temperature averages in 2009 and 2010 respectively. Only altitude, weeding and an 
interaction term were tested as explanatory factors since effects of grazing was considered 
neglible.
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3 RESULTS 

 

 

3.1 Soil moisture and temperature 

 

There were no significant differences between the two altitudes and no significant effects of 
weeding on soil moisture or soil temperature in any of the two years considered (Table 3). 
 

 
Table 3. ANOVA table of P-values for tests of altitude (a), weeding(w) and interaction(a:w) explaining differences 
in soil moisture and soil temperature between treatments. Orange figures show P-values above α level 0.05 but 
below 0.10, indicating possible trends. Subscript numvers after factors show degrees of freedom. 

  a1:14 w1:14 a:w1:14 

soil moisture 2009 0.092 0.936 0.983 

soil moisture 2010 0.762 0.908 0.952 

soil temperature 2009 0.622 0.664 0.662 

soil temperature 2010 0.475 0.544 0.653 

 

 

3.2 Surrounding vegetation layer 

 

The samples of biomass from the vegetation surrounding the experimental plots are not 
significally different between the two altitudes when all vegetation is considered (ANOVA, 
result not shown). There are however several differences related to altitude found when 
considering the types of vegetation separately. Herbs is the only vegetation group with higher 
biomass in lower altitudes while graminoids and bryophytes both have higher biomass at the 
high altitude sites (Table 4). Lichens were only present at some high altitude plots and did 
not reach significant results because of few samples (data not shown). The deciduous and 
evergreen shrubs were found at both altitudes (Table 4) but showed large variation between 
plots in both altitude classes (data not shown). Litter had significantly higher biomass at the 
high altitude sites (Table 4).  
 
 
Table 4. ANOVA table with P-values for tests of altitude (high or low altitude, d.f. 1:17) as explaining factor for 
differences in biomass within each vegetation group. Red figures indicate significant P-values below α level of 
0.05. Orange p-values are above 0.05 but below 0.10, indicating possible trends.  

        

 average biomass (g/m
2
)   

vegetation group high altitude  low altitude P 

evergreen shrubs 52,0 1,4 0.117 

deciduous shrubs 34,1 29,0 0.906 

herbs 55,2 167,3 0.009 

graminoids 98,8 52,2 0.007 

pteridophytes 0,5 3,8 0.069 

bryophytes 350,5 77,9 0.026 

lichens 19,8 0 0.712 
litter 240,7 129,1 0.002 
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3.3 Responses to experimental treatmens 

 
The low-herb species Gnaphalium supinum, Sibbaldia procumbens and Potentilla crantzii 

grew better in weeding treatment while altitude and exclosures had no statistically significant 
effect (Table 5, Figures 2,3). The low-herb species Sibbaldia procumbens showed an 
interaction between altitude and weeding (Table 5), where control plots at low altitude had 
lower biomass than controls at high altitude, but neighbour removal plots had higher 
biomass at the low altitude than high altitude (Figure 2). The species Viscaria alpina did not 
respond to any main treatment factors, but there were statistically significant interactions 
between herbivore exclusion and neighbour removal (Table 5). Neighbour removal increased 
growth in grazer-exclosures but was neutral or slightly negative in this species when grazing 
was present (Figure 3). This species also showed an interaction trend where neighbour 
removal increased growth at high altitude plots but was neutral or slightly negative for 
growth at low altitude (Table 5, Figure 3). 
Positive responses to the weeding treatment were also found in the tall-herbs Solidago 

virgaurea and Rumex acetosa ssp. lapponicus while the third tall-herb Angelica 

archangelica also showed a similar trend, but was not significant (Table 5). Two tall- herbs, 
Solidago virgaurea and Angelica archangelica grew better at the lower altitude sites (Table 
5, Figures 4,5). Herbivore exclusion also influenced two tall-herbs positively, Angelica 

archangelica and Rumex acetosa ssp. lapponicus (Table 5, Figures 4,5): these species also 
showed trends towards an interaction between altitude and grazing where grazer exclusion 
appeared to increase growth in high altitude plots but was neutral or slightly negative at low 
altitude (Figures 4,5). The tall-herb Angelica archangelica responded to an interaction 
between weeding treatment and altitude where neighbour removal was slightly negative at 
high altitude plots but increased growth significantly at low altitude (Table 5, Figure 5).  
 
 
Table 5. ANOVA table of P-values for tests of altitude (a), fencing(f), weeding(w) and interactions 
(a:f),(a:w),(f:w),(a:f:w) between these factors as explaining differences in each species biomass accumulation. Red 
figures indicate significant effects with P-value below α level of 0.05. Orange figures show P-values above 0.05 but 
below 0.10, indicating possible trends. Subscript figures after each factor show d.f. 

species a1:8 f1:8 w1:56 a:f1:8 a:w1:56 f:w1:56 a:f:w1:56 

Gnaphalium supinum 0.494 0.753 2.00e-16 0.483 0.693 0.237 0.196  

Sibbaldia procumbens 0.482 0.917 2.00e-16 0.798 0.009 0.209 0.292 

Potentilla crantzii 0.953 0.777 1.55 e-4 0.286 0.757 0.904 0.424 

Viscaria alpina 0.973 0.473 0.303 0.340 0.057 0.028 0.697 

Rumex acetosa  
ssp. lapponicus 0.830 0.032 1.33 e-4 0.0857 0.550 0.025 0.211 

Solidago virgaurea 0.020 0.351 8.99 e-4 0.869 0.614 0.115 0.799 

Angelica archangelica 2.30 e-4 0.019 0.084 0.096 0.003 0.918 0.638 
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Figure 2. Biomass of Gnaphalium supinum and Sibbaldia procumbens plants subjected to different altitudes, 
herbivore exclosure and weeding treatments at high and low altitudes, in exclosures and grazed plots with weeding 
treatment (w.t.) or intact neighbouring vegetation (c). Error bars indicate ± 1 SE.  
 
 
 
 

0
1
0
0

3
0
0

5
0
0

7
0
0

Potentilla crantzii

b
io
m
a
s
s
(m

g
)

c w.t. c w.t. c w.t. c w.t.

exclosure grazed exclosure grazed

high low

0
1
0
0

2
0
0

3
0
0

4
0
0

Viscaria alpina

b
io
m
a
s
s
(m

g
)

c w.t. c w.t. c w.t. c w.t.

exclosure grazed exclosure grazed

high low  
 
Figure 3. Biomass of Potentilla crantzii and Viscaria alpina plants subjected to different altitudes, herbivore 
exclosure and weeding treatments at high and low altitudes, in exclosures and grazed plots with weeding 
treatment (w.t.) or intact neighbouring vegetation (c). Error bars indicate ± 1 SE. 
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Figure 4. Biomass of Rumex acetosa ssp. lapponicus and Solidago virgaurea plants subjected to different 
altitudes, herbivore exclosure and weeding treatments at high and low altitudes, in exclosures and grazed plots 
with weeding treatment (w.t.) or intact neighbouring vegetation (c). Error bars indicate ± 1 SE. 
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Figure 5.  Biomass of Angelica archangelica plants subjected to different altitudes, herbivore exclosure and 
weeding treatments at high and low altitudes, in exclosures and grazed plots with weeding treatment (w.t.) or 
intact neighbouring vegetation (c). Error bars indicate ± 1 SE. 
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4 DISCUSSION 
 

 

4.1 Main findings 

 

In opposite to what I hypothesized, climate did not effect the outcome of interactions 
between neighbouring vegetation and most of the species in this experiment (Table 5). Two 
forbs, Sibbaldia procumbens and Angelica archangelica showed interactions between 
altitude and weeding treatments (Table 5) but in the case of Sibbaldia procumbens the 
outcome of interactions with neighbouring vegetation was always reduced growth (Table 5, 
Figure 2). Instead the interaction found in this species is likely caused by increased 
competition for light among the taller neighbouring vegetation in low altitudes, since control 
plots showed less growth at low altitude while neighbour removal plots at low altitude had 
the highest average biomass (Figure 2). The tall-herb Angelica archangelica also showed an 
interaction between climate and neighbouring vegetation, but this species was growth 
limited at high altitudes (Table 5, Figure 5), and even more so in weeding treatments. At low 
altitudes on the other hand, Angelica archangelica grew better without neighbouring 
vegetation (Figure 5). I reject my first hypothesis because only the result in Angelica 

archangelica of the seven plant species in this experiment support it. 
 
Similarily, my second hypothesis is only supported by the results in one plant species in this 
experiment. The effects of herbivore exclusion only interacted with that of neighbouring 
vegetation in Viscaria alpina (Table 5), and this result is weakened because neither weeding 
or fencing treatments alone had significant effects on growth in this species (Table 5). Two 
tall-herb species showed trends of interactions between the effects of climate and grazing, 
Rumex acetosa ssp. lapponicus and Angelica archangelica (Table 5). In both these species, 
grazer-exclusion increased growth at high altitude while appearing negative or close to 
neutral at low altitudes (Figures 4,5). Both these species showed increased growth when 
grazers were excluded, but only Angelica archangelica responded to climate (Table 5).  
Although interesting, the trends in these two species together with the somewhat puzzling 
results found in Viscaria alpina is not enough to accept my second hypothesis. 
 
The results in this experiment support my last hypothesis in several ways. The low-herbs 
were not affected by climate or grazing while two out of three tall herbs were growth-limited 
at high altitude and/or by grazing (Table 5, Figures 4,5). Removal of neighbouring vegetation 
increased the growth in three out of four low-herbs (Table 5), and while the same effect was 
found in two tall-herb species (Rumex acetosa ssp. laponicus and Solidago virgaurea), the 
third tall-herb Angelica archangelica was negatively affected by neighbour removal at high 
altitudes (Table 5, Figure 5). I find that these responses indicate that size is important to how 
climate, grazing and neighbouring vegetation effects growth in alpine plants. 
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4.2 Soil moisture and temperature 

 

Soil moisture was not significantly influenced by treatments or altitude in this experiment 
(Table 3). Soil water content can sometimes be a limiting factor in alpine ecosystems, 
especially in areas with coarse grained or skeletal soils (Bonamoni et al. 2011). In such places 
indirect facilitation is likely common through the accumulation of organic matter in the soil 
from surrounding vegetation, in turn increaseing the soils water capacity (Bonamoni et al. 
2011). 
 
In alpine areas where water is limiting it follows that competition for water is likely. A higher 
cover of neighbouring vegetation has been found to increase soil moisture during the 
growing season in arctic and alpine environments (Choler et al. 2001, Wang et al. 2008, Chu 
et al. 2009). This is not intuitive as a higher cover of vegetation increases water uptake 
(Michalet 2006, Wang et al. 2008). However, the positive effect on soil water levels that 
neighbouring plants have is suggested by several studies (Choler et al. 2001, Wang et al. 
2008, Chu et al. 2009) to originate in decreased dessication from the shading that a 
vegetation cover provides. Again there are contradicting results found in studies from other 
locations and Bonamoni et al. (2011) states that surprisingly few cases of facilitation in 
semiarid environments have been attributed to an increase in soil water content even though 
water is often a limiting factor in these environments. It is possible that a longer 
experimental period could reveal effects of vegetation removal on soil water here to. Also, 
more frequent or continuous measurements of soil moisture might reveal changes that could 
go unnoticed in this experiment where two measurements were taken per growth period. The 
lower average soil moisture in this experiment was found at high altitude plots (data not 
shown) but the difference was not significant. It can be expected that if water is limiting, 
neighbouring vegetation might alleviate the experienced water stress through shading and 
decreased evaporation (Chu et al. 2009) in turn making facilitative interactions between 
plants more important. 
  
Soil temperature did not differ between altitudes or treatments in any of the two years when 
measurements were made (Table 3). There is no obvious reason to expect the exclusion of 
large grazers to influence soil temperature. It is likely though that more intensive sampling 
would have revealed effects on soil temperature following the removal of the vegetation 
cover. I can not speculate on any net change in soil temperature over seasons, and even on 
shorter timescales when comparing results from other studies, the effects of neighbour 
removal on soil temperature varies. Results from other experiments indicate that even if 
average daily soil temperatures does not vary dramatically following vegetation removal 
(Bret-Harte et al. 2004), soil temperatures may fluctuate more after vegetation removal 
between days and nights (Choler et al. 2001, Chu et al. 2009).  
 
The temperature leveling effects that a canopy of vegetation provides can also protect from 
frost events during cold nights (Hulber et al. 2011), which may facilitate small seedlings 
through increased survival (Onipchenko et al. 2009). Importantly, the vegetation effects on 
temperature can be dependent on the characteristics and properties of the vegetation, as was 
proven by Virtanen et al. (2008). In their study in the north western Finland, a thin moss 
layer was found to result in warmer and wetter soil compared to a thick moss layer which 
kept the soil cold and moist. This thicker moss layer also prevented grasses and other 
vascular plants to grow (Virtanen et al. 2008). 
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4.3 Surrounding vegetation 

 
The vegetation that surrounded the experimental plots in this study was different between 
the two altitude levels in several ways. The first obvious difference is that the amount of 
bryophytes at the lower altitude was on average less than one fourth of the amount found at 
the high altitudes (Table 4). A thick moss layer have been found to reduce nitrogen cycling 
(Bret-Harte et al. 2004) and keeps the soil cold and moist, and thereby preventing vascular 
plant growth (Virtanen et al. 2008). However, since no difference in soil temperature could 
be found in this experiment there is no evidence of this effect. 
 
Other important differences in the vegetation found at the two altitudes are the biomass of 
herbs, which were three times higher at the lower altitudes (Table 4). This indicates that 
herbs can be expected to grow better at the relatively protected sites at lower altitude, but 
this was only the case in two of the seven experimental species (Table 5).  
 
The graminoids on the other hand made up twice the biomass at high altitude sites compared 
to sites at lower altitudes (Table 4) which together with the lower biomass of herbs found at 
high altitudes indicates lower nutrient availability (Gross et al. 2009) at the high altitude 
sites. Another indication of relatively lower nutrient availability is the large amount of litter 
found at the high altitude sites, almost twice the amount found at the low altitude sites 
(Table 4). Accumulation of litter indicates slower decomposition and nutrient turnover at 
high altitude sites since the vegetation is mostly made up of bryophytes and graminoids with 
low nutrient content in the litter (Olofsson 2006). 
 
It is important to notice that even at the high altitude plots in this experiment, the vegetation 
cover contains taller plants than the low-stature forbs used as experimental species. This 
means that removal of neighbouring vegetation possibly removes competition for light in 
these species even at high altitude.  
 

4.4 Interpreting the plant responses 
 
Two of the seven experimental plants that were used responded to the difference in climate 
between the high and low altitude sites, Solidago virgaurea and Angelica archangelica 
(Table 5). Both species are tall-herbs and these two species have the lowest upper limits in 
their distribution (Table 2). Although the elevation limits (Table 2) should be viewed as 
examples since actual distribution boundaries depend on local conditions, which vary greatly 
between sites. Both species that responded to climate in this experiment did so by reduced 
growth (Table 5, Figures 4, 5) following the harsher climate at the high altitude sites. 
Interestingly, Solidago virgaurea also responded with significantly increased growth to 
removal of neighbouring vegetation (Table 5, Figure 4) even when climate was limiting 
growth. This proves that under the situation in this experiment, this species was not 
facilitated by the neighbouring vegetation in any important way. 
 
The result in the tall-herb Angelica archangelica on the other hand, showed a shift from net 
competition to facilitation from neighbouring vegetation between high and low altitude. This 
species grew better in neighbour removal treatment at low altitude sites but was limited in its 
growth following neighbour removal at high altitude (Table 5, Figure 5). An increase in 
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facilitative interactions in harsher climate is expected according to the stress-gradient 
hypothesis, and is found in several studies of plant interactions along climatic gradients 
(Choler et al. 2001, Callaway et al. 2002, Olofsson et al. 2004, le Roux and McGeoch 2008, 
Wang et al. 2008, Chu et al. 2009, Madrigal-Gonzalez et al. 2012). In this experiment only 
Angelica archangelica showed this result, while five out of seven species showed net 
competition regardless of climate, since they grew better without neighbouring vegetation at 
both altitudes (Table 5). There are many experiments from different areas and plant species 
that also show competition to be the more important interaction in plant communities, 
regardless of climate (Olofsson et al. 1999, Bret-Harte et al. 2004, Eskelinen 2008, 
Onipchenko et al. 2009, Klanderud 2010, Schöb et al. 2010). It is also possible that the high 
altitude sites did not provide a severe enough climate to limit the growth of the other plants 
in this experiment, since only two of the species grew better at low altitude (Table 5). 
 
The results in the species Solidago virgaurea (increased growth in weeding and low altitude 
treatments, Table 5, Figure 4) contradicts a similar experiment by Eskelinen (2008) which 
found no effect of neighbouring vegetation on the growth of the same species. That result was 
suggested by Eskelinen (2008) to be attributable to the generalist properties of Solidago 

virgaurea, which allows it to grow in sites of various productivity and climate and therefore 
could make this species less influenced by the effects of neighbouring plants (Eskelinen 
2008). Eskelinens experiment also showed, again different to the results in this experiment, 
negative effects of grazing in Solidago virgaurea which became more pronounced in 
favourable growth conditions (Eskelinen 2008). Grazing did not influence the growth of 
Solidago virgaurea but affected two other tall-herb species in this experiment. Considering 
these contradicting results it seems that both herbivory and competition from neighbouring 
plants can change the performance of this species, but the importance of these effects 
depends on local factors that could differ between the two experiments. Examples of such 
factors are the intensity of grazing and characteristics of the neighbouring plant community. 
 
Removal of neighbouring vegetation affected the growth of five species in this experiment 
(Table 5). Apart from the two tall-herbs Rumex acetosa ssp. lapponicus and Solidago 

virgaruea, the low-herbs Gnaphalium supinum, Sibbaldia procumbens and Potentilla 

crantzii increased their growth in neighbour removal treatment (Table 5, Figures 2, 3). These 
small forbs are well adapted to alpine conditions and showed no increased growth at the 
lower altitude sites (Table 5, Figure 2, 3). Looking at the results of other experiments 
(Olofsson et al. 1999, Olofsson et al. 2002, Chu et al. 2009, Evju et al. 2010, Gross et al. 2010, 
Madrigal-Gonzalez et al. 2012, ) the strong negative impact from neighbouring plants 
indicate that these low-stature species are likely sensitive to competition for light, especially 
since the neighbouring vegetation, even at high altitude sites in this experiment, was taller 
than these low-herbs. 
 
Grazing by large mammals had negative effects in two tall-herb species in this experiment, 
Rumex acetosa ssp. lapponicus and Angelica archangelica. Experiments from other areas 
have shown that grazers can not only effect the biomass of alpine plants, but also indirectly 
favour low-herbs since large grazers tend to remove taller species and thereby remove 
competition for light (Olofsson et al. 2002, Eskelinen 2008, Virtanen et al. 2008 and Evju et 
al. 2010). Exclusion of grazers did not effect any low-herbs in this experiment (Table 5). 
More intensive grazing could possibly have had such effects here too, in turn making 
competition less important for low-herbs in control plots. Also, more intensive grazing could 
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have increased facilitation from neighbouring vegetation since protection against herbivory 
has been found in another experiment by Schöb et al. (2010). The result in Viscaria alpina 
indicate this effect by a significant interaction between grazer-exclusion and neighbour 
removal (Table 5). Neighbour removal increased growth in combination with grazer-
exclusion in this species but was neutral or slightly negative in grazed plots (Figure 3), but 
this result is to be taken with caution since neither removal of neighbouring vegetation or 
grazer-exclusion as separate factors affected the growth in this species (Table 5). 
 
4.4 Conclusions 

 
Weeding experiments are useful to measure the net outcome of plant interactions (Schöb et 
al. 2010). However, since the effect of removing neighbouring vegetation only reveals the net 
outcome of interactions (Schöb et al. 2010) during an often limited period, care has to be 
taken in making conclusions about the complex subject of plant interactions in natural 
circumstances. Especially since neighbour removal experiments measure the intensity of 
current plant interactions, while the importance of such interactions can only be seen in 
retrospect (Mitchell et al. 2009). It should also be kept in mind that rare events such as 
unusual snowfalls, frosts or warm temperatures could be very influential in a system with 
short growing season and strong seasonality (Mitchell et al. 2009). It is also possible that if 
the whole life-cycle of the experimental plants were considered, other ontogenetic stages 
would reveal strong facilitative dependencies on for example cover of seedlings, shared 
mykhorrizal associations, seed-trapping or attraction of shared pollinators. Short term 
experiments like this highlights the need for longer time series to increase our understanding 
of the processes in natural ecosystems. 
 
Still, I belive that these results provide support that competition is a very important plant 
interaction in this environment, and a harsher climate will not always change plant 
interactions towards higher facilitation. The results also indicate that tall-herb species are 
more limited by alpine climates than smaller species since only two tall herbs were affected 
by climate in this experiment. Low-herb species are more likely to be limited by competition 
for light than other climatic factors, and therefore were not likely facilitated by the 
surrounding vegetation in this alpine environment. More intensive grazing could possibly  
change this situation by removing competition for light and thereby making facilitative 
interactions more important in the form of protection from grazers. 
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