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ABSTRACT 

Tundra ecosystems are changing environments that are greatly affected by plant-herbivore 

relationships. Many herbivores of different sizes eat, trample or clip plants. However they can 

also act as support through nutrient addition by faeces. In this study I look at the impact of 

three sizes of herbivores (large, medium and small) on ten functional groups of plants 

(nitrogen-fixing forbs, erect willows, birch bushes, evergreen ericoids, nitrogen-non-fixing 

forbs, grasses, sedges, deciduous shrubs, semi-evergreen shrubs and toxic plants) in three 

habitats of differing productivity and importance for herbivores on the Yamal Peninsula in 

Russia. My research question is: “is the impact of herbivores cumulative on palatable plants 

and complementary on less palatable plants?”. To answer this question, I investigated the first 

year data from an exclosure experiment that was set up in 2014. There were tendencies 

suggesting that herbivores do not always have a cumulative impact on palatable plants and 

that the impact on less palatable plants is not always complementary. However, based on 

plant traits, herbivores’ preferences and previous studies I conclude that the fastest growing 

plants usually show responses already after a very short time of herbivore exclusion. Further 

research during the next years will shed light on persistence of these results.  

 

Key words: herbivores, cumulative, complementary, palatability, exclosure experiment, 

functional groups, point intercept method, Yamal. 
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The herbivore eats the plant. That is the simplest fact one could ever state on plant-

herbivore interactions. This means that animals influence the biomass of plants based on 

factors like palatability or availability. By consuming plants selectively, they can change the 

species composition through apparent competition and let some species, which were in 

minority, become abundant (Holt 1977, Bardgett and Wardle 2003). Inversely, species 

composition change can make species that were abundant a minority (Crête and Doucet 1998, 

Den Herder et al. 2004). A good example of herbivore-induced change of state is the 

regulation of shrubification (Ravolainen et al. 2014), a climate-driven process (Tape et al 

2010, Myers-Smith et al 2015). Herbivory impacts can be categorized as negative and 

positive. The most obvious negative effect is consumption (Ravolainen et al. 2010; Green and 

Pickering 2013). This could lead to large shifts in the ecosystem like a reduction in 

aboveground biomass and a slow recovery (Hansen et al. 2006; Olofsson et al. 2014). The 

grubbing of geese is one of the most damaging type of foraging as they grub on young sprouts 

and, in some cases, leave the grounds dry with an increasing salinity from enhanced erosion 

and evaporation (Audet et al. 2007, Humphries 2012). Along these negative influences on 

plant biomass, herbivores can have positive effects. Grazing can stimulate plant growth as 

seen for grasses and shrubs (Ydenberg and Prins 1981, McNaughton 1984, Danell et al. 1994, 

Bardgett and Wardle 2003). A last, but not least, positive impact is that, through the process 

of decomposition, their urine and faeces become a rich source of nutrient for plants 

(McNaughton et al. 1997, Frank and Groffman 1998, Van der Wal 2006; Zamin and Grogan 

2013). Thus, animals have been shown to increase nutrient availability through multiple ways 

(Bazely and Jefferies 1985, Olofsson et al. 2001, Stark and Grellmann 2002). This increased 

nutrient availability is important for nutrient-poor ecosystems like tundra (Lindwall et al. 

2013).   

 

Tundra is a term that describes almost all of the dominating vegetation and ecosystem north 

of the tree line. This very broad region, incorporating the north of Canada, Alaska, Russia, 

Greenland and Scandinavia can be subdivided in five different subzones extending from the 

warm and lush subzone E to the cold and barren subzone A (Map 1). Due to a low 

productivity, the turnover of the ecosystem is slow (Nadelhoffer et al. 1997). The tundra 

vegetation is, for the most part, slow-growing (Doak and Morris 2010) meaning that any 

disturbance may have a strong impact and that recovery may take a long time. For this reason 

plant-herbivore relationships are a significant driver of change (Oksanen and Oksanen 2000) 

and having different size herbivores should add another level of complexity. 
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In tundra, the main herbivores are mammals along with birds and insects. The vertebrates 

can be divided into three groups of different sizes in order to look at their impact on plants: 

the large ones are the ungulates, for instance reindeer (Rangifer tarandus) or muskox (Ovibos 

moschatus). The medium ones comprise birds such as ptarmigan (Lagopus lagopus) and 

goose (Anser spp), as well as mammals including hares (Lepus timidus) or ground squirrel 

(Citellus parryi); and the small ones are the rodents (lemmings (Dicrostonyx spp), voles 

(Microtus spp)). They differ, of course, in body size but also in feeding method (grubbing, 

grazing, browsing), morphology, digestive system, capacity to detoxify a plant and ability to 

migrate (Davidson 1993, Du Toit and Owen-Smith 1989, Hofmann 1989). Their population 

characteristics can also be different. For example, reindeer are often semi-domesticated, 

which make their management important for the health of the ecosystem (Muga 1986, Ektova 

and Morozova 2015). Lemming exhibits population cycles with peaks and lows that have an 

effect on the herbivory potential of this category of animals (Johnson et al. 2011). Most 

previous studies have shown a complementary impact of herbivores. An example of 

complementary impact in time is that small and medium herbivores eat shrubs during winter, 

and reindeer graze them during summer (Bryant 1987, Ravolainen et al. 2014). In addition, 

because of their different body size, these animals are not supposed to occupy the same 

ecological niche (Bell 1970 in Belovsky 1997, Illius and Gordon 1992, Belovsky 1997). For 

example, in winter, small herbivores dig burrows in the snow and feed easily on available 

plants covered by snow like forbs or grasses (Kalela 1957 in Olofsson et al. 2004). These 

plants are also accessible to larger herbivores, like reindeer, moose or snowshoe hares but to a 

higher cost so they prefer to eat plants above the snow layer as mentioned by Olofsson et al. 

2004. However, in summer, they do share the same plants and their impact can become 

cumulative. Moreover large herbivores could be expected to be generalists, also eating 

unpalatable plants, but smaller ones might be more selective supporting the growth of 

palatable plants (Davidson 1993). The impact of small herbivores may be similar to/or greater 

than the impact of the large ones (Edwards and Crawley 1999, Knapp et al. 1999, 

Kryazhimskii and Danilov 2000, Howe and Brown 2000). However if different animals can 

have different impact then different types of plant can also have different responses to 

herbivory.  

 

Plants are preferred by herbivores for different underlying reasons. Preference could be 

based on palatability: how good a plant taste. It could be depending on habit: if a shrub is 
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erect (tall) or prostrate (short). It could be based on growth form or functional group (forb, 

graminoid, cyperaceae, shrub) (Diaz et al. 2007). Indirectly, regarding palatability, other 

factors become important such as nutrient content and cycling. Indeed it has been shown that 

palatability can affect the nutrient content of the soil (Cornelissen et al. 2004) and so perhaps 

determine which species are going to be able to grow next season. The last functional trait is 

the defence of the plant against herbivory (Cornelissen et al. 2004). This includes the 

production of more or less toxic secondary compounds. In the Arctic many functional groups 

of plants are found. Erect dwarf shrubs is the most abundant group in the low Arctic. It 

includes two functional groups: deciduous shrubs and evergreen shrubs. Deciduous shrubs 

have a high leaf quality. They include Salix spp, Vaccinium uliginosum, and Betula nana and 

are mostly favoured by hares (Larter 1999), ptarmigans (Thomas 1984) and voles (Soininen et 

al 2013). Evergreen shrubs (e.g. Empetrum nigrum, Ledum decumbens) are less palatable but 

are better at using organic nitrogen from the soil (Chapin et al. 1996). Another group liked by 

herbivores are forbs. They can be separated into two categories, nitrogen fixing forbs (e.g. 

Astragalus subpolaris, Hedysarum arcticum, Oxytropis sordida) and nitrogen non-fixing 

forbs (e.g. Bistorta vivipara, Angelica archangelica, Rubus arcticus). The diet of hares in the 

summer is mainly composed of the nitrogen-fixing kind (Larter 1999). These species are also 

found in the diet of reindeer along with some Salix (Kazmin et al. 2011). However voles even 

eat ericoids such as Vaccinium species (Soininen et al. 2013). Grasses and sedges are two 

fast-growing functional groups of plants appreciated by herbivores. They include Carex spp, 

Luzula spp and Eriphorum spp. Grasses are more palatable than sedges and have a short 

turnover (Chapin et al. 1996). They include Poa spp and Festuca spp. All these characteristics 

or functional traits are important factors in plant-herbivore relationships since they can predict 

how plants will react to a disturbance in the system, such as herbivory (Bråthen et al. 2007, 

Christie et al. 2015). 

 

Shrubification or the increase in biomass, cover and abundance of erect shrubs is a much-

discussed response to climate change in the Arctic (Myers-Smith et al. 2011). Herbivores can 

influence the impact of climate change on shrubs and other vegetation (Post and Pedersen 

2008, Olofsson et al. 2009, Christie et al. 2015, Ylänne et al. 2015). This creates a need for 

studies about plants such as shrubs but also plant-herbivore relationships in general. As for 

now, shrubs, forbs and grasses are perhaps the most studied groups of plants in the context of 

herbivory in the Arctic, meaning that there could be a need for studies about other groups 

such as sedges or ericoids. Here, the impact of different sizes of vertebrate herbivores on 
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several functional groups of plants is examined using an exclosure experiment in low Arctic. 

Studies taking numerous groups of plants in account are quite rare. Similar studies about 

different size herbivores have been done in many ecosystems. In South Africa, exclosures 

were used to separate the impact of elephants and nyala from those of small-size herbivores 

(Lagendijk et al. 2012). In Norway and Sweden, an exclosure experiment has been performed 

to show the impact of reindeer and of voles and lemmings (Olofsson et al. 2014). Many of 

theses studies have focused on one or two groups of herbivores like reindeer and rodents 

(Ektova and Morozova 2015, Ravolainen et al. 2014). The attention given to reindeer is 

mostly due to the existence of reindeer husbandry and to its well-known important impact on 

the ecosystem. My study shall introduce another level of separation by including medium-size 

herbivores (ptarmigan and hares). It will add to the literature about these animals, and 

especially the medium-sized, in the tundra.  

 

In this study, the simultaneous impact of three size categories of herbivore on ten functional 

groups of plants is studied in three habitats with different importance to focal herbivores. For 

this purpose, an exclosure experiment was set up. My main question is to investigate if the 

impact of different size herbivores is cumulative or complementary. Having a cumulative 

impact, also called additive effect, means impacts of different herbivores feeding sequentially 

on a functional group of plants are additive (i.e. it amounts to the sum of the separate effects). 

Having a complementary impact means that their impacts do not overlap and they are not 

added to each other (see Fig 1. for more explanations). My main prediction is that most 

palatable plants are expected to show a cumulative impact as they are favoured by most 

herbivores. In the same way, herbivores are expected to have a complementary impact on less 

palatable plants, as they might only eat some plants in each group. Another prediction is that 

in productive habitats, total biomass should respond more rapidly to herbivore exclusion than 

in less productive habitats. In addition, I expect the results in reproductive plant parts to be 

cumulative, due to their high palatability. Moreover, knowing the anatomical differences 

between large and small herbivores, I expect my results to show signs that large herbivores 

feed on many different plants and that small herbivores eat only a selection of plants.  
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Figure 1: Predicted responses for a cumulative and a complementary impact of three herbivore groups on 
functional groups of plants in my experimental setup, where an increasing number of herbivores was excluded 
from the plots. 1a) Predictions of a cumulative impact. C stands for control, R stands for reindeer-excluded plot, 
H stands for reindeer, ptarmigan and hare-excluded plot, V stands for all-excluded plot, including rodents. In a 
cumulative impact, rodents, hares and reindeer are feeding on the same group of plant (here, sedges serve as an 
example). Therefore, in the reindeer-excluded plot, the impact of reindeer on the biomass of sedges will be 
found. In the reindeer and hare excluded plot, the impact of reindeer plus the impact of hares is shown. In the all-
excluded plot, the impact of reindeer, plus the impact of hares plus the impact of rodents is presented. As 
impacts can be added to one another, this is called a cumulative impact. 
1b: Predictions of a complementary impact (treatments are designated as above). In the case of a complementary 
impact all three herbivores eat a different source of food. As an example, reindeer eat grasses, hares eat sedges 
and rodents eat ericoids. This means that in the grass graph, only the impact of reindeer exclusion will show as 
only reindeer eat grasses and not the two other herbivores. In the sedge plot, since only hare eat sedges and not 
the two other herbivores, an impact will start to show from the reindeer-hare excluded plot. In the ericoid plot, 
the impact only shows from the all-excluded plot, as rodents are the only one eating ericoids.   

Grass 

Sedge 

Ericoid 

Sedge 

(a) 

(b) 

Grass 
Forb 
Ericoid 
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METHODS 

 

Study area 

This study was carried out in the southern part of the Yamal Peninsula in Russia (68.2°N, 

69.2° E). This peninsula encompasses four of the five bioclimatic subzones of the Arctic as 

described in the Circum-Arctic Vegetation Map (CAVM: Walker et al. 2005). It is 

characterized by gas development, important climate changes and a strong presence of 

indigenous Nenets (Map 1; Walker et al. 2009, Walker et al. 2010). My study zone is located 

in subzone E, the warmest and most vegetated one (Walker et al. 2005). In the study area, 

dominating vegetation types, according to CAVM, are erect dwarf shrub and low shrub tundra 

(Sokolova 2014). The landscape is mainly composed of continuous shrubland, with shrubs 

from 50 cm to 2m high. These shrubs can be deciduous or evergreen and be surrounded by 

graminoids, forbs, true mosses and lichens (Kaplan 2003). The data collection was centred on 

the Erkuta Tundra Monitoring site, situated close to Payutayakha and Erkutayakha rivers 

(Sokolov et al. 2014). It is defined by flat areas surrounded by sandy hills rising to up to 40 

meters (Ehrich et al. 2011, Sokolov et al. 2012). Many herbivorous animals are present in the 

area and I am studying the impact of six of them. Large herbivores are represented by 

reindeer; medium herbivores are willow ptarmigans and mountain hares; small herbivores are 

Middendorf's voles (Microtus middendorffii), narrow-headed voles (Microtus gregalis) and 

collared lemmings (Dicrostonyx torquatus) (Sokolov et al. 2016). 
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Map 1: Map of the Yamalo-Nenetsky Autonomous District in Northwest Siberia (Russia). The Yamal 

peninsula is the one in the circle. The five bioclimatic subzones from Walker 2005 (A-E) are represented with 
different shades of green. My study area is presented in red.  

 

The first two habitat types are willow meadows (WM) and forb tundra (FT). They were 

chosen because they are expected to be focal habitats for all studied herbivores. Willow 

meadows refer to meadows close to willow thickets. Like any meadow, the soil is mainly 

moist and the vegetation is quite dense.  However chosen WM plots were situated in places 

that are not flooded in spring, such as slopes. The main characteristic is the presence of tall 

willow shrubs and the primary category of plants is herbaceous. It is home to narrow-sculled 

voles (Sokolova et al 2014). The terrain of this habitat is concave and often has a slope less 

than 30 degree. Both habitats described are patchy, meaning that vegetation occurs in 

productive patches, with less productive parts between each patch. Forb tundra is dominated 

by Fabaceae plants. This habitat is also composed of a large number of graminoids, 

Caryophyllaceae or Asteraceae, with true mosses and lichens. The vegetation is mostly 

herbaceous and grows on a sandy substrate. The terrain in this habitat is associated with dry 

parts of the landscape. It is also often convex and is constituted of patches abundant in plants 

and patches of lesser abundance of plants. Situated in upper parts of slopes and hills, the snow 
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cover is usually thin and the vegetation remains relatively accessible to herbivores during 

winter. Hares are active users of this habitat in winter as shown by the large number of hare 

pellets present in spring. The last habitat is the most common habitat type in this biome called 

mesic tundra (MT). Mesic tundra is characterized by a slight slope and a diverse vegetation. It 

is mostly dominated by dwarf shrubs, such as Betula nana and Vaccinium species. Forbs and 

graminoids are also found is high numbers (Muc and Bliss 1977, Duclos 2002).  

 

Study design 

 
Figure 2: Study design. L, K and R are replicated study units. In each unit are three habitat types: Willow 

Meadow (WM), Forb Tundra (FT), Mesic Tundra (MT). In each habitat type of each unit are two blocks (1 and 
2). Each block has 2 control plots (C), 2 reindeer plots (R), 2 hare plots (H), 2 all-excluded plots (V). The plots 
are described in the text below. 
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Picture 1: Photography of an exclosure. The reindeer fence surrounds the small plots. The large mesh 

exclosures are hare exclosures. The fine mesh exclosures are all-excluded exclosures. Reindeer plots are not 
marked but are situated between hare plots and all-excluded plots. (Picture from D. Ehrich) 

 

The selection of study plots was done in the field, following a random procedure. Because 

no vegetation maps or similar information was available over the study area, the whole area 

encompassed by the study was surveyed during the first field days in 2014. During this 

survey, GPS coordinates were taken whenever suitable sites for the three categories were 

found. After having made an initial list of sites (roughly the initial list was 2-3 times larger 

than the number of final replicated habitats), the ones where exclosures were erected were 

selected by a random draw. This way selection of study units was guided by terrain form as 

well as presence of roughly the type of vegetation wanted for the study, but not by the specific 

characteristics or possible differences between sites. This procedure was chosen based on 

previous studies that have found the step of selecting study areas for ecological studies 

possibly influencing the results (Mörsdorf et al. 2015; Albert et al. 2010). 

The general study area at Erkuta is divided into units, termed K, L and R, which are 

separated by 5 km. For this study, focal habitats were found in all units. Units are similar in 

topography, having sandy hills with flatter areas and numerous rivers, lakes and peatlands. As 
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explained above, two study sites of at least 5 x 5 m were chosen for each habitat in each unit 

(Block 1 and Block 2). Each block consisted of an exclosure of 2.5 x 2.5m, built to keep 

reindeer out. The area within each exclosure was separated into six 0.36m2 plots: 2 for 

reindeer exclusion (reindeer plot); 2 for ptarmigan, hare and reindeer exclusion (hare plot); 2 

for exclusion of all herbivores (all-excluded plot). Then two control plots (C) were chosen 

randomly outside of the exclosure by throwing a roll of measuring tape over the shoulder of a 

person without looking. For each hare and all-excluded plots, a small exclosure was built 

around the plot, keeping designated animals out (Fig. 2). Hare exclosures had a mesh size of 5 

cm, whereas all-excluded exclosures had a mesh size of 1 cm to also keep rodents out. These 

exclosures were dug 10 cm deep into the soil, to prevent voles from entering under the mesh. 

In order to treat all plots similarly, a shovel was stuck into the ground to a depth of 10 cm to 

similarly cut roots around plots of all treatments and controls. Exclosures were built in the 

summer of 2014.   

For each plot the abundance of plants was measured using the point intercept method 

(Bråthen and Hagberg 2004). A 50 x 50 cm frame with 15 pins was used to record the total 

number of hits. For erect shrubs (erect Salix and Betula nana), hits from woody parts were 

separated from those on vegetative parts. The same principle was also applied to reproductive 

parts (flowers or seeds) of all plants. For plants that were present in the plot but not touching 

any pins, a record of 0.1 was written. Then each plot was subdivided into 4 subplots (or 

quadrats). The presence of shrubs and reproductive parts was recorded in each subplot and 

recorded as a number between 0 (no reproductive part) and 4 (flowers, fruits or seed in all 

quadrats). For shrubs, erect Salix were separated from Betula. For each shrub species, the 

maximum height was measured. These measurements were done in the summer of 2014, 

before the exclosures were set up and in the summer (July/ August) of 2015. A total of 90 

species of vascular plants were identified during the data collection. 

 

Conversion into biomass 

For the conversion into biomass, species were separated into biomass groups. The different 

groups were narrow-leaved grasses, broad-leaved grasses, cyperaceae, large forbs, medium 

forbs, small forbs, narrow-leaved ericoids, broad-leaved ericoids, Betula, Salix, Veratrum and 

Vaccinium vitis-ideae. This separation is based on the partition done in Ravolainen et al. 

(2010). Species that were not included in the paper by Ravolainen et al. (2010) have been 

placed in different biomass groups based subjectively on their appearance. The complete list 
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of species, following the Panarctic Flora nomenclature, in their corresponding biomass group 

can be found in Appendix A. 

The conversion into biomass is based on the equation presented in Bråthen and Hagberg 

(2004). First the average number of touches per plot (total number of pins per plot /15) called 

intercept frequency was calculated. Then it was multiplied by the regression coefficient (b). 

The regression coefficient for each functional group can be found in Ravolainen et al. (2010).  

For Betula nana, erect Salix bushes and Veratrum lobelianum, b was calculated from 

calibrations done in Yamal during the data collection in the summer of 2015. For each 

species, 30 plots of 50 x 50 cm were chosen based on criteria to get the best widespread 

distribution: 10 plots with high plants, 10 plots with medium plants, 10 plots with low plants. 

High, medium and low are subjective size categories. In each category, plots represented the 

species cover in the plot (0.1, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90% and 100%). 

To count the touches, a 50 x 50 cm frame with 50 pins was used. Counts were separated for 

wood, leaves and reproductive parts. After counting, the plants were cut to the ground level 

and conserved in paper bags until drying. Before drying, leaves and reproductive parts of each 

sample were separated from woody parts. Samples were then dried for 24h at 60°C and 

weighed. Based on the results found, and following the equations in Bråthen and Hagberg 

(2004), the regression coefficient b was calculated. In addition, the coefficient of variation 

(CV) and the variance (SD2) were calculated. A table with calibration results can be found in 

Appendix B. 

The calculation of b for Vaccinium vitis-ideae was done in collaboration with another 

project (http://herbivory.biology.ualberta.ca/protocol/invertebrate-herbivory-protocol/). 

Touches were recorded using a 50 x 50 cm frame with 10 pins in 15 plots. The plants were 

cut, dried in an oven at 70°C during 72h and weighed. CV, b and SD2 were calculated 

following the equations in Bråthen and Hagberg (2004). 

 

Analysis 

For the analysis, the plant species were separated into ten functional groups: nitrogen-fixing 

forbs/hemiparasites (N-fix), Betula, Salix, evergreen ericoids (ericoids), nitrogen-non-fixing 

forbs (forbs), grasses, sedges, deciduous shrubs, semi-evergreen forbs (evergreen forbs) 

(Chapin et al. 1996) and toxic plants. This last group was created based on the secondary 

compounds of the plant. If the secondary compound was expected to be harmful enough to 

make the plant unpalatable then the plant was put in this group (references for secondary 
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compounds found in Appendix A). The list of plant species with their associated functional 

group can be found in Appendix A.  

Functional groups, which were absent in more than 20% of plots, were excluded from the 

analysis. A list showing which habitats were analysed for each functional group is presented 

in Appendix C. Both Salix and semi-evergreen forbs groups were absent in more than 20% of 

plots in all habitats. Therefore semi-evergreen forbs were not analysed in this study. However 

since Salix is an important species for herbivores I analysed it in willow meadows, where it 

was the most abundant.  

The results were analysed using one of the three following linear mixed models performed 

with the function lmer from the lme4 package (R software, Bates 2014). The response 

variable was log +1 of plant biomass, and explanatory variables were treatment and year (as 

factor, i.e. 2014: before; 2015: after the construction of exclosures). I used the log of the 

biomass in order to homogenize the residual variance. I focussed specifically on the 

interaction of these two variables, as it reflects the effect of the treatment. For plant groups, 

which could be analysed in several habitats, this first model (no/one habitat model) was 

compared to a model with an additive effect of habitat (additive model) and a model with a 

three-way interaction of the two first explanatory variables with habitats (interaction model). 

Random factors for all models were individual plots and individual blocks. The choice of 

model was done based on an ANOVA performing a Chi-square test. In addition, diagnostic 

plots were created. I checked the presence of outliers, the homogeneity of the variance, the 

normal distribution of the data and the goodness of fit.  

Shrub height and presence of reproductive parts was also analysed. Shrub height for Betula 

and Salix was analysed the same way as for the biomass. For reproductive parts, a cumulative 

link model with binomial error was performed with the clm function from the ordinal package 

(R software, Christensen 2015). Predictors were treatment and year and the response variable 

was the number of quadrats where reproductive parts are present. Random factors for the 

models were individual plots and individual blocks. The different models were the same as 

for the biomass analysis. Results were expressed as odd ratios with confidence intervals 

A list of each functional group with their chosen model is shown in Appendix C. 

Estimates for each group, for both shrub height and presence of reproductive parts were 

plotted along with their confidence intervals. For total biomass, all three habitats were plotted.  
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RESULTS 

In 2015, the snowmelt happened about a month earlier than in 2014 and the ice on Erkuta 

river broke 3 weeks earlier than in 2014, which made the growth and blooming season start 

earlier (Sokolov and Ehrich, personal communication). Since we did the data collection at the 

end of July each year, this difference in general growth conditions caused an overall 

difference in response variables between years. Effect sizes presented in this section are not 

log transformed as they represent a qualitative difference between treatments and control. 

 

Total biomass 

 

        
Figure 3: Average biomass (in log(g).plot-1 ) for each plant functional group in each habitat in 2015. Green bars 
are for willow meadow, red bars stand for forb tundra and blue bars represent mesic tundra.  
 

In willow meadows, the three largest groups were willows, forbs and toxic plants (Fig. 3). 

In forb tundra, the two largest groups were deciduous and evergreen shrubs. In mesic tundra, 

the two largest groups were ericoids and birches. 
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Figure 4: Total Biomass for Willow Meadow habitat (a), Forb Tundra habitat (b) and Mesic Tundra habitat 

(c) in 2015 from an interaction model. 4d represents the Total Biomass from a no-habitat model. The treatment 
Reindeer, Hare and All-excluded (All) are represented on the X-axis and the change from the 2015 control 
(interaction effects treatment x year) is represented on the Y-axis. The black line is the control of 2015 and the 
green line is the control of 2014. For each value, the confidence interval (95%) is depicted. The confidence 
interval for the control of 2015 is represented by the grey area. 

Picture 2:  Photographic examples of willow meadow vegetation (A), forb tundra vegetation (B) and mesic 
tundra vegetation (C). (Pictures from D. Ehrich) 

 

For total biomass, the model without habitat effect received most support from ANOVA 

(Appendix C). However to show the different habitats, I also plotted the three habitats with 

estimates from an interaction model. In the no-habitat model, reindeer and all excluded 

treatments showed a significant positive interaction between year and treatment, (Fig. 4d) 

showing that plants grew more in the exclosures than in the control (respective effect sizes: 

0.24 and 0.32; p-values: 0.003 and 0.228; a list of effect estimates, with confidence intervals, 

can be found in Appendix E). The effect was nearly significant for hare exclosures as well.  

Figures 4a, 4b and 4c show the results from total biomass analysis using an interaction 

model to have habitat specific results. First of all, willow meadow habitat (Fig. 4a) had the 

largest increase from the control compared to other habitats. It also had the most biomass and, 

when looking at the functional group level (Fig. 3), fast-growing plants, like forbs and 

grasses, were the most commonly found. In addition, this habitat has the most diversity with 

nine out of ten functional groups present. The three largest groups are, in decreasing order, 

toxic plants, Salix and forbs. In 2015, only the reindeer treatment led to a significant increase 

in biomass (effect size (log scale): 0.38; p-value: 0.028). However, the increase in the all-

excluded plot was almost significant.  

The Forb Tundra habitat results showed the second largest increase of all habitats in control 

and treatments (Fig. 4b). At the functional group level, FT displayed a high biomass of 

deciduous shrubs and evergreen ericoids, but quite low biomass for other groups (Fig. 3). In 
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2015, without large changes, all treatments were increasing from the reindeer excluded to the 

all excluded. The latter, however, showed a significant increase (effect size: 0.36 p-value: 

0.040). 

The MT habitat is the least diverse with only 7 functional groups out of 10 represented 

(Fig.  3). It had also the least biomass of all three habitats (Fig. 4c). Reindeer and hare 

exclosures had almost the same value and increased as much as the control between 2014 and 

2015. However the all excluded plot showed a larger increasing trend from the control.  

 

Biomass per functional group 

Nitrogen-non-fixing Forbs 

  
Figure 5: Biomass change (in log(g).plot-1 ) for the nitrogen-non-fixing forbs from Forb Tundra habitat and 

Willow Meadow habitat in 2015. The treatment Reindeer, Hare and All-excluded (All) are represented on the X-
axis and the changes, estimated from an interaction model, from the 2015 control is represented on the Y-axis. 
The black line is the control of 2015 and the green line is the control of 2014. For each value, the confidence 
interval (95%) is depicted. The confidence interval for the control of 2015 is represented by the grey area. 

 

In WM, reindeer and all-excluded treatments had very similar significant effects (effect size 

of 0.51 and 0.54 respectively, p-values of 0.027 and 0.018 respectively) as shown in Fig. 5a. 

However the two treatments were not significantly different. Surprisingly, the hare exclosure 

treatment had nearly no effect. 

In FT, no treatment had an effect on the biomass of forbs (Fig. 5b).  
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Nitrogen-fixing forbs   

 
Figure 6: Biomass change (in log(g).plot-1) for the nitrogen-fixing forbs in 2015 in Forb Tundra. The treatment 
Reindeer, Hare and All-excluded (All) are represented on the X-axis and the changes, estimated from a one 
habitat model, from the 2015 control is represented on the Y-axis. The black line is the control of 2015 and the 
green line is the control of 2014. For each value, the confidence interval (95%) is depicted. The confidence 
interval for the control of 2015 is represented by the grey area. 
 

No treatment had any effect on the biomass of nitrogen fixing forbs in FT (Fig. 6). There 

was a tendentious overall increase between 2014 and 2015, but it was not significant (Fig. D7 

in Appendix D).   

 

Grasses 

 

 
Figure 7: Biomass change (in log(g).plot-1) for the grasses from Willow Meadow habitat, Forb Tundra habitat 

and Mesic Tundra habitat in 2015. The treatment Reindeer, Hare and All-excluded (All) are represented on the 
X-axis and the changes, estimated from an interaction model, from the 2015 control is represented on the Y-axis. 
The black line is the control of 2015 and the green line is the control of 2014. For each value, the confidence 
interval (95%) is depicted. The confidence interval for the control of 2015 is represented by the grey area. 
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For grasses in willow meadows, reindeer and all-excluded treatments had similar effect 

(Fig. 7a). However the two treatments were not significantly different. They had a higher 

value than the hare exclosure. They were also close to significance (respective effect sizes: 

0.48 and 0.50; p-values: 0.064 and 0.055). For the hare exclosure, there was almost no effect. 

In FT, changes from the control were small but the all-excluded plot showed an increase 

that was almost significant (effect size: 0.46; p-value: 0.076) (Fig. 7b). The reindeer treatment 

did not have any effect. However the two treatments were not significantly different. A small 

increase was seen in the hare exclosure and when all herbivores were excluded, there was a 

tendentious increase.  

In MT, all treatments had less effect than in other habitats (Fig. 7c). Both reindeer and all-

excluded treatments did not have any effect. Only the hare exclosure showed a small 

decrease. 

 

Sedges 

 
Figure 8: Biomass change (in log(g).plot-1) for the sedges in 2015 in Mesic Tundra. The treatment Reindeer, 

Hare and All-excluded (All) are represented on the X-axis and the changes, estimated from a no habitat model, 
from the 2015 control is represented on the Y-axis. The black line is the control of 2015 and the green line is the 
control of 2014. For each value, the confidence interval (95%) is depicted. The confidence interval for the 
control of 2015 is represented by the grey area. 

 

The all-excluded exclosure had a slight non-significant increase. However, in overall, 

treatments did not have an effect on the biomass of sedges (Fig. 8).  
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Erect willows 

 
Figure 9a (left): Biomass change (in log(g).plot-1) for the Salix bushes in 2015 in Willow Meadows. The 

treatment Reindeer, Hare and All-excluded (All) are represented on the X-axis and the changes, estimated from a 
one habitat model, from the 2015 control is represented on the Y-axis. The black line is the control of 2015 and 
the green line is the control of 2014. For each value, the confidence interval (95%) is depicted. The confidence 
interval for the control of 2015 is represented by the grey area. 

Figure 9b (right): Maximum shrub height change (in cm.plot-1) for the Salix bushes in 2015 in Willow 
Meadows. The treatment Reindeer, Hare and All-excluded (All) are represented on the X-axis and the changes, 
estimated from a one habitat model, from the 2015 control is represented on the Y-axis. The black line is the 
control of 2015 and the green line is the control of 2014. For each value, the confidence interval (95%) is 
depicted. The confidence interval for the control of 2015 is represented by the grey area. 

 

Reindeer and hare treatments had the same effect and revealed a slight but clearly not 

significant increase (Fig. 9a) (respective effect sizes: 0.197 and 0.204). Contrary to that, there 

was nearly no effect of the all-excluded treatment.  

Regarding shrub height, all treatments were above the control but none of them were 

significant (Fig. 9b). The reindeer treatment led to the largest increase but the hare and the all-

excluded treatments had similar effects.  
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Deciduous shrubs 

 
Figure 10: Biomass change (in log(g).plot-1) for the deciduous shrubs in 2015 in Forb Tundra. The treatment 

Reindeer, Hare and All-excluded (All) are represented on the X-axis and the change, estimated from a no-habitat 
model, from the 2015 control is represented on the Y-axis. The black line is the control of 2015 and the green 
line is the control of 2014. For each value, the confidence interval (95%) is depicted. The confidence interval for 
the control of 2015 is represented by the grey area. 

 

The reindeer and the hare exclosure had a slight non-significant increase. Nevertheless, all 

treatments did not have an interpretable effect on the biomass of deciduous shrubs (Fig. 10).  

 

Birch (Betula nana) 

 
 Figure 11a: Biomass change (in log(g).plot-1) for Betula nana in 2015 in Mesic Tundra. The treatment Reindeer, 
Hare and All-excluded (All) are represented on the X-axis and the change, estimated from a one habitat model, 
from the 2015 control is represented on the Y-axis. The black line is the control of 2015 and the green line is the 
control of 2014. For each value, the confidence interval (95%) is depicted. The confidence interval for the 
control of 2015 is represented by the grey area. 

Figure 11b: Maximum shrub height change (in cm.plot-1) for Betula nana in 2015 in Mesic Tundra. The 
treatment Reindeer, Hare and All-excluded (All) are represented on the X-axis and the change, estimated from a 
one habitat model, from the 2015 control is represented on the Y-axis. The black line is the control of 2015 and 
the green line is the control of 2014. For each value, the confidence interval (95%) is depicted. The confidence 
interval for the control of 2015 is represented by the grey area. 
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Both reindeer and all-excluded treatments resulted in a non-significant increasing trend in 

biomass (Fig. 11a) (respective effect sizes: 0.29 and 0.61). This increase was larger in the all-

excluded plot. However these two treatments were not significantly different. When hares and 

reindeer were excluded there is a decrease in biomass (effect size: -0.49). Confidence 

intervals for this group are large, which could impact the clarity of this interpretation. 

Concerning maximum shrub height, all treatments had a non-significant effect (Fig. 11b). 

The largest increase in biomass was seen when only reindeer were excluded. Hare and all-

excluded treatments had almost no effect.  

 

Evergreen ericoids 

 
Figure 12: Biomass change (in log(g).plot-1) for the evergreen ericoid in 2015 from Forb Tundra. The 

treatment Reindeer, Hare and All-excluded (All) are represented on the X-axis and the changes, estimated from a 
no-habitat model, from the 2015 control is represented on the Y-axis. The black line is the control of 2015 and 
the green line is the control of 2014. For each value, the confidence interval (95%) is depicted. The confidence 
interval for the control of 2015 is represented by the grey area. 
 

All treatments had a weak positive effect, but none was significant (Fig. 12). Reindeer and 

hare treatments had similar effects (respective effect size: 0.33 and 0.27). However these two 

treatments were not significantly different. The all-excluded exclosure presented a somewhat 

larger increase in biomass (effect size: 0.53). 
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Toxic plants 

 
Figure 13: Biomass change (in log(g).plot-1) for the toxic plants in 2015 in Willow Meadows. The treatment 

Reindeer, Hare and All-excluded (All) are represented on the X-axis and the changes, estimated from a no 
habitat model, from the 2015 control is represented on the Y-axis. The black line is the control of 2015 and the 
green line is the control of 2014. For each value, the confidence interval (95%) is depicted. The confidence 
interval for the control of 2015 is represented by the grey area. 
 

All-excluded and reindeer treatments displayed similar tendencies for increased biomass 

(respective effect sizes: 0.60 and 0.54; p-values: 0.10 and 0.14) (Fig. 13). However these two 

treatments were not significantly different. The hare treatment had a smaller effect than other 

treatments. 

 

Reproductive parts 

 
Figure 14: Reproductive parts count change for all species in 2015 in Forb Tundra. The treatment Reindeer, Hare 
and All-excluded (All) are represented on the X-axis and the changes, estimated from an additive model, from 
the 2015 control is represented on the Y-axis. The control is not quantitative and serves as a qualitative mark. It 
is represented by a black line. The blue dots stand for Willow Meadows, the black dots represent Forb Tundra 
and the blue dots are for Mesic Tundra. 
 

The selected model by ANOVA for this group was the model with habitat as an additive 

factor. This means that the effect was similar in all habitats. The habitat shown for 
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reproductive plant parts is forb tundra because it had the largest number of quadrats with 

reproductive parts (see Picture 2B). All treatments had the same effect on reproductive parts 

counts (Fig. 14). The odd ratio between FT/WM was higher than the one between FT and MT 

(ratio: 0.031 // CI up: 0.006 // CI down: 0.162). The odd ratio FT/MT was quite low (ratio: 

0.013// CI up: 0.002 // CI down: 0.075). 

 

DISCUSSION 

Cumulative or complementary? 

Large herbivores show a generalist type of effect as they dispatch their impact on multiple 

species. Indeed my results show that they have a more or less significant effect on forbs, 

grasses, willows, birches, reproductive parts, ericoids and toxic plants. The first five groups 

are palatable plants and it has been shown that high reindeer densities decrease the biomass of 

palatable plants (Bråthen et al. 2007). The next two groups could have mostly been trampled 

by reindeer. Reindeer density is quite high in the studied area (2 reindeers.km-2), which 

corroborates our results (Ehrich, personal communication). Because of this generalist 

behaviour, I could not see any complementary effect. The impact of medium-sized herbivores 

has been shown to occasionally be lower than that of reindeer. This surprising result could be 

due to either the "hungry-rodents hypothesis" or an unplanned effect of the experiment (see 

below). This result is even more curious when considering that, according to faeces counts, 

hares are abundant in Yamal compared to other places in the low Arctic (Ehrich et al. 2012). 

Indeed in birches and willows, a cumulative impact to the large and medium herbivores was 

expected but it was muffled by an experimental effect. In forbs, grasses, ericoids and toxic 

plants, small herbivores had a weak cumulative impact to the reindeer. The low abundance of 

rodents measured in the study area could be an explanation to such small effects. Indeed it is 

lower than other arctic places, like Varanger, and has been declining during the last decade 

(Appendix F) (Sokolova et al. unpublished, Sokolova et al. 2014).  

 

In the following paragraphs, I will go into a detailed interpretation of the results. The plants 

are subjectively ranked based on their palatability from the most palatable to the least: 

nitrogen-non-fixing forbs, nitrogen-fixing forbs, grasses, sedges, erect willows, deciduous 

shrubs, birch, evergreen ericoids, toxic plants. 
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Cumulative impact 

There are five groups that show indications for a cumulative impact for at least two types of 

herbivores. The first one is forbs in willow meadows. As fast growing plants, forbs are 

expected to respond quickly to a release from herbivory (Bråthen et al. 2007). Indeed in other 

exclosure experiments, a fast increase in forb biomass has often been seen (Shaver and 

Chapin 1991, Ravolainen et al. 2011). When reindeer were excluded there was a significant 

increase in forb biomass (Fig. 5a). This is congruent with the fact that reindeer are known for 

eating plenty of forbs (Skogland 1980, White and Trudell 1980) and reducing their cover 

(Myllymäki 1959 in Hansson 1977, Olofsson 2001). When large, medium and small 

herbivores were excluded this increase was larger and also significant. Therefore rodents had 

a small cumulative impact to the impact of reindeer on forb biomass but hares and ptarmigans 

did not have a noticeable impact on the biomass of forbs.  

On one hand, for grasses in willow meadows, all treatments had an almost-significant effect 

(Fig. 7a). When reindeer were excluded, the biomass of grasses increased. When all 

herbivores were excluded, the increase in biomass was somewhat larger than in the reindeer 

exclosure. This means that both large and small herbivores had an impact and the all-excluded 

plot showed the cumulative impact of both animals. This is corroborated by the fact that 

reindeer are known to consume grasses (White et al. 1975, Skogland 1980, White 1983, Klein 

1990) and that rodents also prefer grasses (Soininen et al. 2013). On the other hand, in forb 

tundra, the exclusion of reindeer did not have any effect (Fig. 7b). The other two treatments, 

though, showed the same increases as in willow meadows. This can be explained by the fact 

that FT has a lower grass biomass than WM (Fig. 3), due to a lower productivity. In a less 

productive habitat, the effect of reindeer should be attenuated, as they would graze less.  

For birches, I did not expect many changes since it can take decades for these plants to 

recover after a disturbance (Crête and Doucet 1998, Olofsson et al. 2009). It is known that 

reindeer can consume large amounts of birch bushes, supporting the non-significant increase 

found in my results (Fig. 11a) (Bråthen and Oksanen 2001, Eskelinen and Oksanen 2006, 

Bergerud 1972, Manseau et al. 1996). In the contrary, rodents are not large consumers of 

Betula nana (Soininen et al. 2013). Therefore the reindeer plot showed the tendentious 

increase of reindeer and the all-excluded plot presented the impact of reindeer plus the weak 

impact of rodents. It is logical to conclude that the impact of rodents is cumulative to those of 

reindeer. However, if the biomass is impacted by small herbivores, these animals and their 

small size did not affect the maximum shrub height of birch (Fig. 11b). Reindeer, per contra, 

are tall animals that are able to reduce the size of Betula by cutting buds, breaking new 
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branches and removing the bark (Ihl and Klein 2001, Tape et al. 2010). This would explain 

the slight increase in height when reindeers are excluded.  

The small increase in biomass of ericoids in the reindeer plot (Fig. 12) was expected since 

large herbivores eat ericoids in small amounts (Warenberg et al. 1997). The increase was 

smaller in the hare treatment than in the reindeer treatment. However since medium-size 

herbivores are not primarily consumers of ericoids (Willson 1986 in Norment and Fuller 

1997), this leads me to believe that the increase in the hare plot reflects the impact of reindeer. 

In the all-excluded plot, there was a larger non-significant increase than in the other two 

treatments. It represents the cumulative impact of reindeer, hares and ptarmigans and rodents. 

For the latter, ericoids are an important part of their diets (Soininen et al. 2013). Indeed even 

though ericoids contain numerous defensive secondary compounds, they have palatable 

berries, which makes them attractive for rodents (Pajunen et al. 2008, Iversen et al. 2009, 

Dahlgren et al. 2009).  

The last group is toxic plants. The toxic plant group was the most surprising functional 

group. It was created to categorize plants that had toxic compounds that could make them 

unpalatable. Therefore the main prediction was that their biomass would remain the same as 

the control, showing that herbivores are not eating them. The non-significant increase in the 

reindeer plot went against my predictions (Fig. 13). Veratrum lobelianum is part of the toxic 

plants and is present in large numbers in willow meadows. Therefore they make up for a large 

part of the biomass of toxic plants. This plant is quite sensitive to trampling and so when the 

reindeer is excluded, the absence of trampling may have lead to an increase in biomass. This 

was seen is all three plots with a weak cumulative impact of small herbivores. In conclusion, 

absence of trampling by reindeer may be the main reason for the increase in biomass of toxic 

plants. 

 

Erect willows 

Willows show that only reindeer had a non-significant impact on the biomass. Contrary to 

my expectations for these palatable plants, which are preferred by many herbivores, the 

exclosure treatments had little effect on the biomass of erect willows (Fig. 9a). This could be 

explained by the fact that willows can take a few years to respond to changes (den Herder et 

al. 2004). Reindeer eat large amounts of Salix in summer (Manseau et al. 1996, Kazmin et al. 

2011). Hares, however, consume Salix only in small quantities during summer (Pulliainen and 

Tunkkari 1987) and in average quantities during winter (Larter 1999).  In addition, 

ptarmigans are primarily consumers of Salix during winter, focusing mostly on buds and less 
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on leaves (Thomas 1984). Since my data collection method is based on leaves count and does 

not take in account feeding on buds, the impact of medium-size herbivores is small. Therefore 

the increase in reindeer plots corresponds to the impact of reindeer and the similar increase in 

the hare plot shows the impact of reindeer plus the absence of impact of medium herbivores. 

This effect within the functional group is supported by the results of maximum shrub height 

(Fig. 9b). Indeed all three results had the same value meaning that only reindeer influence the 

size of Salix bushes (Bryant 1987, den Herder et al. 2004, Tape et al. 2010) (Fig. 1b). Once 

again ptarmigans and hares were expected to influence the size by eating buds and young 

shoots but that lack of results here might be explained by them mainly eating Salix as part of 

their winter diet. 

 

Unexpected results 

There are many unexpected results. The first one is that even though literature supports 

hares feeding on forbs (Soininen et al. 2013) and on grasses (Bakker et al. 2009), results 

showed a weak effect  (Fig. 5a and 7a). This could be due to the "hungry-rodents hypothesis". 

The basis for this hypothesis is that willow meadows are the main habitat for Microtus 

gregalis; therefore they are present in large numbers (Sokolova et al. 2014). Rodents might 

prefer to eat in hare cages since there is no competition with hares. Therefore plants that are 

liberated by the release from hare/ptarmigan herbivory are eaten by rodents leading to a large 

decrease in biomass. This theory is congruent with the fact that in another study rodents 

preferred to eat in exclosures that have not been grazed (Bakker et al. 2009). Indeed with a 

lack of competition, these plots are more attractive to rodents. In addition, according to my 

results, an absence of reindeer does not attract them; only an absence of hares and ptarmigans 

can make them graze more.  

The second special case is the tendencies for decreasing biomass observed in hare treatment 

(for Betula, Fig.11a) and in all-excluded treatment (in Salix, Fig. 9a and in deciduous shrubs, 

Fig. 10). They could be resulting from an experimental effect. When exclosures were set up in 

2014, some bushes had to be cut, branches and roots included. Bushes where this effect is 

encountered (willows, birches and deciduous) are relatively slow-growing and they take more 

than a year to recover from these cuts (Aerts and Chapin 2000). Thus our results could be due 

to the non-recovery of these bushes. This theory also applies in term of height as it can 

explain the decrease seen in hare and all-excluded plots in the results of the Betula shrub 

height (Fig. 11b). For willows, these plants react faster to changes (Ravolainen et al. 2011) in 

terms of height. To a lesser extend, this is the case for my study as there is decrease in Salix 
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shrub height (Fig. 9b). Another experimental effect could be that hares do not enter the cages. 

If hares are absent in reindeer exclosures then their effect is, of course, null. This could 

contribute to explaining the decreases in the hare and the all-excluded plot previously 

described.  

 

Absence of effect 

There are five groups, where treatments did not have any effect on biomass. The first group 

is nitrogen-fixing forbs. The absence of effect (Fig. 6) in these forbs is curious as I was 

expecting strong results. Indeed nitrogen-fixing forbs should be preferred by herbivores since 

they are an important source of nitrogen (Quested et al. 2003). Nitrogen-fixing forbs 

encompass both nitrogen-fixers and hemiparasitic plants, as their value for herbivores is 

equivalent. These plants gather nitrogen in their leaves, (Marvier 1998) which could have lead 

to herbivores consuming them. However, several Fabaceae (e.g. Astragalus spp., Hedysarum 

spp.) can concentrate toxic compounds (Coburn Williams and Gomez-Sosa 1986), but for 

species present in my study system I was not able to find evidence of such toxic content in the 

literature. The presence of these compounds could explain these weak effects. In conclusion, 

it is not clear why nitrogen-fixing forbs do not show any effect. 

The second group is sedges (Fig. 8). All exclosure treatments did not have any effect on the 

biomass of sedges, which corroborates the fact that herbivores do not eat sedges that much 

even though they are quite palatable (Bakker et al. 2009, Soininen et al. 2013, Kazmin et al. 

2011).  

The third group is deciduous shrubs. Deciduous shrubs are not the first choice for any of 

the animals but they are still a food source for all herbivores (Pulliainen and Tunkkari 1987, 

Dahlgren et al. 2009, Soininen et al. 2013). Therefore, I was expecting larger results. Their 

absence (Fig. 10) could be due to the fact that I am looking at the first year of results, and that 

dwarf shrubs are slow-growing plants (Crête and Doucet 1998, Olofsson et al. 2009).  

The fourth group is grasses in mesic tundra. All exclosure treatments did not have any 

impact (Fig. 7c). In this habitat, grasses are scarce while ericoids are common (Fig. 3). Since 

ericoids are important for rodents (Soininen et al. 2013), these results might indicate that 

ericoids are better competitors than grasses and they keep them from growing. Another 

explanation could be that since mesic tundra is supposedly not a focal habitat for these 

herbivores, they will graze less in this habitat. This would perhaps lead to a weaker effect of 

the herbivores' exclusion. 



	 30	

The last group is forbs in forb tundra. All exclosure treatments did not have an impact in 

forb tundra (Fig. 5b). The difference between WM and FT could be explained by the fact that 

the humidity of these places is different: WM is a moist place while FT is a dry area (Kaplan 

et al. 2003, Framstad and Stenseth 1993). More water in the soil means a more productive 

spot and a more rapid response (Johnson et al. 2011). The effect of the difference in moisture 

is seen in fast-growing plants such as forbs or grasses. The biomass of these plants is expected 

to be lower in less productive sites, like FT.  

 

Presence of reproductive parts 

The results regarding frequency of reproductive plant parts in the experimental plots were 

expected to be increasing through the treatments (Control < Reindeer < Hare < All-excluded). 

Reproductive parts are preferred by all herbivores (Klein 1990, den Herder et al. 2004) due to 

their high nutrient content and low fibre content (Demment and Van Soest 1985, Audet et al. 

2007). My results do not match these predictions as the same value was found for all 

treatments (Fig. 14). This could mean that either only reindeer have an impact on flowers, 

fruits and seeds or that hares and ptarmigans did not enter and graze the reindeer exclosure.  

 

Total Biomass 

Total biomass was analysed in order to see if the experiment worked and to look at 

differences between habitats. On one hand, I chose two focal habitats (willow meadows and 

forb tundra) that are expected to be attractive to herbivores and so to yield a higher biomass 

when herbivores are excluded. On the other hand, a common and less preferred by herbivores 

habitat (mesic tundra) should generate a lower biomass when herbivores are excluded than the 

other two habitats. 

The large increase of biomass found in willow meadow (Fig. 4a) was following my 

predictions. This habitat, moist during summer, is mostly composed of fast-growing plants, 

such as grasses or forbs. It also has a relatively faster nutrient turnover than other habitats. In 

this habitat there was a significant effect of the reindeer exclusion, which can be explained by 

the fact that the most dominant functional groups of this habitat are Salix and forbs (Fig. 3). 

These groups are liked by reindeer (White and Trudell 1980) and therefore excluding the 

reindeer could be expected to increase their biomass (Pajunen et al. 2008, Ravolainen et al. 

2011). This is corroborated by the fact that the reindeer exclusion generates also a significant 

increase in forbs.  
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In forb tundra, there is an increase of biomass as shown by trends in Fig. 4b. The increase 

found in this habitat is less large than in the meadows as expected by the fact that forb tundra 

is a drier habitat (Kaplan et al. 2003), which makes it less productive. This is also supported 

by the strong presence of fast growing deciduous shrubs and slow-growing evergreen shrubs 

(Chapin et al. 1996). There is, in this habitat, a significant increase when all herbivores are 

excluded. This can be explained by the fact that Dryas octopetala, an evergreen shrub, has a 

few strong increases of biomass in the all-excluded plot. Finally, as mentioned in the 

methods, evergreen shrubs are absent in most plots, making it hard to allow a clear 

interpretation of the results.  

Mesic tundra shows a weak increase in biomass (Fig. 4c). This is in accordance to my 

predictions as it is not a focal habitat for herbivores.  

The model with no habitat effect, fitting the data better, shows that reindeer have an impact 

on total biomass, hares and ptarmigans have no impact and that rodents have a small impact. 

Indeed the increase, where reindeer only are excluded, is congruent with this conclusion (Fig. 

4d). Since this increase is the same when both medium and large herbivores are excluded, 

hares and ptarmigans have no effect on total biomass. When all herbivores are excluded, the 

increase is larger, meaning that the small impact of rodents is added to the large impact of 

reindeer. However I can say that release from herbivory during only one year had a great 

impact on the biomass (true increase of biomass of 0.47 for reindeer plot, 0.44 for hare plot 

and 0.51 for the -excluded plot).  

 

Signs of generalist or specialist grazing? 

From the results generated by the analysis, it seems that there is no clear relation between 

size and feeding style. It seems as if large herbivores have a generalist feeding behaviour as 

they have an impact on seven out of ten groups of plant presented (forbs, grasses, willows, 

birches, ericoids, toxic, reproductive parts). Indeed with a high metabolic rate and a large 

mouth, they may favour the quantity and not the quality of food. They can eat plants with low 

nutrient content and a high amount of fibres. However they would need to eat large amounts 

(Hofmann 1989, Olff and Ritchie 1998). Because the results from exclosures did no show a 

significant effect on any group of plant, I think that medium herbivores are either selective or 

they are not present in the exclosure, as previously explained. However it was suggested that 

they do not have the capacity of larger herbivores to tolerate secondary compounds but can 

handle high amounts of fibres due to microbial fermentation in their caecum (Davidson 1993, 

Olofsson et al. 2004). In addition, they eat a variety of winter foods, which should 
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characterize them as quite generalist herbivores (Rodgers and Sinclair 1997). Finally it looks 

like small herbivores are selective feeders since they have an impact on five of the presented 

groups (forbs, grasses, birches, ericoids, toxic plants). Such diversity of plants has been also 

seen in Soininen et al. (2013). However, in theory, plants chosen by rodents have a high 

nutrient content, a low amount of secondary compounds and a low fibre content making it 

easy to digest (Davidson 1993, Liu et al. 2015). In addition, with such high-quality plants 

they should eat less (Demment and Van Soest 1985).  

 

In conclusion, this first year of results partly fit with my predictions. A cumulative impact has 

been found in forbs, grasses and Salix, which are palatable plants but also in Betula, ericoids 

and toxic plants, which are less palatable plants. In addition, nitrogen-fixing forbs, sedges and 

deciduous shrubs ranking at different places on my palatability scale did not show any effect. 

Lastly, reindeer seem to have a generalist impact on the rest of functional groups. Therefore 

palatability does not seem to be the main reason for the emergence of cumulative or 

complementary impact of herbivores. The type of impact may also depend on the functional 

traits of plants and the associated preferences of the animals. Moreover, several studied 

herbivores impact the biomass of bushes that are involved in climate-driven shrubification, 

leading me to the assumption that they could regulate this ecosystem shift, as suggested in 

several previous studies. Another note is that considering the diversity of plant eaten by 

reindeer, semi-domesticated reindeer management is quite important for the ecosystem. 

Continuing with results, the total biomass results show that the experimental design seems to 

be working and that chosen habitats experience different impacts of herbivory. An important 

habitat for herbivores (willow meadow or forb tundra) yields more biomass than a habitat less 

important for them (mesic tundra). In addition a productive habitat (willow meadow) will 

generate more biomass than a less productive habitat (forb tundra). However the presence of 

an experimental effect hypothetically impeding the results of shrubs and medium herbivores 

could hint that the experiment design needs improvements. As for the type of grazing, both 

large and small herbivores show signs of generalist grazing while hares and ptarmigans show 

signs of selective grazing. However one should not forget that I am looking at the first year of 

results. Indeed, most palatable plants are also fast-growing, meaning that they are expected to 

show results from the first year. Less palatable plants often had results that were not easily 

interpretable. These are slow-growing and may take more than a year to show a response. 

Therefore, the next years of the experiment should give more accurate results on the impact of 

different size herbivores in the tundra.  
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Species Biomass group Functional group 
Betula_nana Betula Betula 
Salix_arctica Broad leaved ericoids Deciduous shrubs 
Salix_nummularia Broad leaved ericoids Deciduous shrubs 
Salix_reticulata Broad leaved ericoids Deciduous shrubs 
Vaccinium_uliginosum Broad leaved ericoids Deciduous shrubs 
Arctous_alpina Broad leaved ericoids Evergeen ericoids 
Empetrum_nigrum Narrow leaved ericoids Evergeen ericoids 
Rhododendron_subarticum Broad leaved ericoids Evergeen ericoids 
Vaccinium_vitis_idaea Vaccinium vitis-ideae Evergeen ericoids 
Adoxa_moschatellina * Narrow leaved grasses Forbs 
Angelica_archangelica Large forbs Forbs 
Antennaria_villifera Small forbs Forbs 
Armeria_maritima * Narrow leaved grasses Forbs 
Artemisia_telesii Small forbs Forbs 
Bistorta_officinalis Small forbs Forbs 
Bistorta_vivipara Small forbs Forbs 
Campanula_rotundifolia Small forbs Forbs 
Caryophyllaceae Small forbs Forbs 
Cerastium_sp Small forbs Forbs 
Comarum_palustre Small forbs Forbs 
Equisetum_arvense * Narrow leaved grasses Forbs 
Silene_involucrata Small forbs Forbs 
Huperzia_arctica * Narrow leaved ericoids Forbs 
Lagotis_minor Medium forms Forbs 
Lycopodium_dubium * Narrow leaved ericoids Forbs 
Minuartia_verna Small forbs Forbs 
Myosotis_asiatica Small forbs Forbs 
Pachypleurum_alpinum Small forbs Forbs 
Parnassia_palustris Small forbs Forbs 
Petasites_frigidus Small forbs Forbs 
Polemonium_acutiflorum Small forbs Forbs 
Polemonium_boreale Small forbs Forbs 
Rubus_arcticus Small forbs Forbs 
Rubus_chamaemorus Small forbs Forbs 
Stellaria_longifolia Small forbs Forbs 
Stellaria_peduncularis Small forbs Forbs 
Tanacetum_bipinnatum Small forbs Forbs 
Viola_biflora Small forbs Forbs 
Viola_epipsiloides Small forbs Forbs 
Viola_sp Small forbs Forbs 
Alopecurus_alpinus Narrow leaved grasses Grasses 

APPENDIX A 
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Arctagrostis_latifolia Narrow leaved grasses Grasses 
Calamagrostis_purpurea Broad leaved grasses Grasses 
Calamagrostis_neglecta Broad leaved grasses Grasses 
Deschampsia_borealis Broad leaved grasses Grasses 
Festuca_ovina Narrow leaved grasses Grasses 
Festuca_richardsonii Broad leaved grasses Grasses 
Festuca_rubra Broad leaved grasses Grasses 
Grass_1 Narrow leaved grasses Grasses 
Hierochloe_alpina Broad leaved grasses Grasses 
Poa_alpigena Broad leaved grasses Grasses 
Poa_alpina Broad leaved grasses Grasses 
Poa_arctica Broad leaved grasses Grasses 
Poaceae Broad leaved grasses Grasses 
Tripleurosperum_maritimus Narrow leaved grasses Grasses 
Trisetum_spicatum Narrow leaved grasses Grasses 
Astragalus_alpinus Medium forbs Nitrogen-fixing forbs 
Castilleja_arctica Medium forbs Nitrogen-fixing forbs 
Euphrasia_frigida Medium forbs Nitrogen-fixing forbs 
Hedysarum_hedysaroides Medium forbs Nitrogen-fixing forbs 
Oxytropis_sordida Medium forbs Nitrogen-fixing forbs 
Pedicularis_antemipholia Medium forbs Nitrogen-fixing forbs 
Pedicularis_labradorica Medium forbs Nitrogen-fixing forbs 
Pedicularis_oederi Medium forbs Nitrogen-fixing forbs 
Pedicularis_sp Medium forbs Nitrogen-fixing forbs 
Veronica_longifolia Medium forbs Nitrogen-fixing forbs 
Corallorhiza trifida Small forbs Toxic plants 
Gagea_serotina Small forbs Toxic plants 
Ranunculus_borealis Small forbs Toxic plants 
Tofieldia_coccinea Small forbs Toxic plants 
Trollius_asiaticus Large forbs Toxic plants 
Valeriana_capitata Narrow leaved grasses Toxic plants 
Veratrum_lobelianum Veratrum Toxic plants 
Salix_glauca Salix Erect Salix 
Salix_hastata Salix Erect Salix 
Salix_lanata Salix Erect Salix 
Salix_phylicifolia Salix Erect Salix 
Carex_bigelowii Cyperaceae Sedges 
Carex_chordorrhiza Cyperaceae Sedges 
Carex_rariflora Cyperaceae Sedges 
Carex_small Cyperaceae Sedges 
Carex_stans Cyperaceae Sedges 
Eriophorum_scheuchzeri Cyperaceae Sedges 
Eriophorum_vaginatum Cyperaceae Sedges 
Luzula_confusa Cyperaceae Sedges 
Luzula_multiflora Cyperaceae Sedges 
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Luzula_parviflora Cyperaceae Sedges 
Luzula_sp_1 Cyperaceae Sedges 
Dryas_octopetala Narrow leaved ericoids Semi_evergreen shrubs 
Pyrola_minor Medium forbs Semi_evergreen shrubs 
 
Table A1: Species list following the Panarctic Flora nomenclature. In a few cases plants could 

not be identified to the species level, for instance because they were not flowering. They were 

designated with the smallest certain taxonomic unit. The biomass group is the group that was 

used for the biomass conversion. The separation was done based on the groups made in 

Ravolainen et al (2010). If the species was not included in the paper, it was place in a group 

subjectively based on its appearance. The functional group is the group used for analyses. For 

most species the biomass group and the functional group are the same. For species marked by 

* , their appearance placed them in either grasses or ericoids. The functional group is based on 

key characteristics such as woodiness, ability to survive a disturbance, secondary metabolites 

(Chapin et al. 1996). The toxic plant group is based on the presence of possibly harmful 

secondary metabolites. Information about secondary metabolites was retrieved from in the 

following references: Jung et al. 1979, Salasoo 1987, Jensen and Doncaster 1999, Aerts and 

Chapin 2000, Dinan et al. 2001, Van de Staaij et al. 2002, Albach et al. 2003, Mamedov et al. 

2005, Crozier et al. ed. 2006, Hukkanen et al 2008, Ivanova et al. 2011, Markovskaya and 

Sergienko 2013, Vysochina and Voronkova 2013, European Commission CORDIS 2014, 

Jankovic et al. 2014, Zitterl-Eglseer et al. 2015.  
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Type Betula 
Wood 

Betula 
Leaves 

Salix 
Wood 

Salix 
Leaves 

Veratrum 
Leaves 

b 126.9828 15.11911 216.9286 25.3898 52.93476 
SD2 0.0975667 0.03169931 0.02865975 0.08007821 0.06943706 
CV 0.07982967 0.08890306 0.1265725 0.07745029 0.1176982 
n 32 32 32 30 33 
 
Table B1: Table of results from the calibration for Betula nana, Veratrum lobelianum and 

erect Salix. SD2 is the variance, b is the regression coefficient, CV is the coefficient of 

variation and n is the number of plot for each category. 

The regression coefficient represents the relation between the intercept frequency, or the 

number of touches per plot divided by the total number of pins (in this study, 15 pins), and the 

weighed biomass (in log(g).plot-1 ), gathered from the dried cuts in each plot. Using this 

coefficient, one can determine the weighed biomass of any number of touches. Leaves and 

woody parts have been separated in this correlation since the biomass of wood and of leaves 

is different. A touch of wood will represent more biomass than a touch of leaf.  
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Functional Group Habitat analysed Model chosen 
Nitrogen-fixing forbs FT One habitat model (M1) 
Betula MT One habitat model (M1) 
Erect Salix WM (exception) One habitat model (M1) 
Evergreen ericoids MT One habitat model (M1) 
Forbs FT / WM Interaction model (M3) 
Grasses FT / MT / WM Interaction model (M3) 
Sedges  MT One habitat model (M1) 
Deciduous shrubs FT One habitat model (M1) 
Semi-evergreen shrubs Excluded from analysis Non Applicable 
Toxic plants WM No habitat model (M1) 
Total biomass FT / MT / WM No habitat model (M1) 
Shrub height Betula MT One habitat model (M1) 
Shrub height Salix WM One habitat model (M1) 
Reproductive parts FT Additive model (M2) 
 
Table C1: Table of the functional groups with the habitat(s) analysed and model that fitted 

best to each of them.  
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Page 1  Page 2  Page 3 
D1 D2 D7 D8 D13 D14 
D3 D4 D9 D10 D15 D16 
D5 D6 D11 D12 D17 D18 

 
Figures D1, D2, D3, D4, D5, D6, D7, D8, D9, D10, D11, D13, D15, D16, D17, D18: Biomass change (in 

log(g).plot-1 ) for the designated functional group in 2015. The treatments Reindeer, Hare and All-excluded 
(All) are represented on the X-axis and the change from the 2014 control on the left and from the control of 2015 
on the right is represented on the Y-axis. The black line on the left side is the control of 2014 and the black line 
on the right side is the control of 2015. For each value, the confidence interval (95%) is depicted. The confidence 
interval for the control of 2015 is represented by the grey area. 

Figures D12, D14: Maximum shrub height change (in cm.plot-1) for the designated functional group in 2015. 
The treatment Reindeer, Hare and All-excluded (All) are represented on the X-axis and the change from the 
2014 control on the left and from the control of 2015 on the right is represented on the Y-axis. The black line on 
the left side is the control of 2014 and the black line on the right side is the control of 2015. For each value, the 
confidence interval (95%) is depicted. The confidence interval for the control of 2015 is represented by the grey 
area 
 
 
There was no significant difference between treatments in 2014 as they were assigned at 

random, except in the total biomass of forb tundra and in the evergreen ericoids group.  
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Total Biomass WM Estimate Std Error T value P value 2.5 % 97.5 % 
Control 2014 3.73 0.22 16.88 0.000 3.32 4.14 
Hare/Ptarmigan -0.16 0.16 -1.05 0.290 -0.46 0.13 
Reindeer -0.02 0.16 -0.10 0.920 -0.31 0.28 
All-excluded 0.00 0.16 0.00 1.000 -0.30 0.30 
Control 2015 0.34 0.12 2.77 0.010 0.11 0.58 
Hare/Ptarmigan : 2015 0.17 0.18 0.95 0.340 -0.16 0.50 
Reindeer : 2015 0.38 0.18 2.19 0.030 0.05 0.72 
All-excluded : 2015 0.32 0.18 1.83 0.070 -0.01 0.65 

Plot var: 0.054; Block ID var: 0.219 
Total Biomass FT Estimate Std Error T value P value 2.5 % 97.5 % 
Control 2014 4.44 0.22 20.1 0.000      4.03 4.86 
Hare/Ptarmigan -0.19 0.16 -1.20 0.230 -0.48 0.11 
Reindeer -0.22 0.16 -1.41 0.160 -0.52 0.08 
All-excluded -0.38 0.16 -2.45 0.010 -0.68 -0.09 
Control 2015 0.08 0.12 0.64 0.520 -0.16 0.31 
Hare/Ptarmigan : 2015 0.27 0.18 1.54 0.120 -0.06 0.6 
Reindeer : 2015 0.19 0.18 1.10 0.270 -0.14 0.53 
All-excluded : 2015 0.36 0.18 2.05 0.040 0.03 0.69 

Plot var: 0.054; BlockID var: 0.219 
Total Biomass MT Estimate Std Error T value P value 2.5 % 97.5 % 
Control 2014 4.54 0.22 20.56 0.000 4.03 4.86 
Hare/Ptarmigan -0.11 0.16 -0.68 0.500 -0.48 0.11 
Reindeer -0.05 0.16 -0.31 0.750 -0.52 0.08 
All-excluded -0.13 0.16 -0.84 0.400 -0.68 -0.09 
Control 2015 0.13 0.12 1.06 0.290 -0.16 0.31 
Hare/Ptarmigan : 2015 0.11 0.18 0.65 0.510 -0.06 0.6 
Reindeer : 2015 0.14 0.18 0.77 0.440 -0.14 0.53 
All-excluded : 2015 0.27 0.18 1.51 0.130 0.03 0.69 

Plot var: 0.054; BlockID var: 0.219 
 

Total Biomass M1 Estimate Std Error T value P value 2.5 % 97.5 % 
Control 2014 4.24 0.14 30.76 0.00 3.97 4.51 
Hare/Ptarmigan -0.15 0.09 -1.67 0.10 -0.33 0.03 
Reindeer -0.10 0.09 -1.04 0.30 -0.27 0.08 
All-excluded -0.17 0.09 -1.88 0.06 -0.35 0.01 
Control 2015 0.18 0.07 2.50 0.01 0.04 0.33 
Hare/Ptarmigan : 2015 0.18 0.10 1.76 0.08 -0.02 0.39 
Reindeer : 2015 0.24 0.10 2.28 0.02 0.03 0.44 
All-excluded : 2015 0.32 0.10 3.02 0.00 0.11 0.52 

Plot var: 0.052; BlockID var: 0.267 
 

N-non-fixing forbs WM Estimate Std Error T value P value 2.5 % 97.5 % 
Control 2014 2.47 0.28 8.80 0.000 1.94 3.01 
Hare/Ptarmigan 0.11 0.17 0.64 0.520 -0.21 0.44 

APPENDIX E 



	 44	

Reindeer -0.15 0.17 -0.85 0.397 -0.47 0.18 
All-excluded -0.02 0.17 -0.12 0.906 -0.35 0.30 
Control 2015 0.22 0.16 1.39 0.166 -0.08 0.53 
Hare/Ptarmigan : 2015 0.004 0.23 0.02 0.985 -0.43 0.44 
Reindeer : 2015 0.51 0.23 2.21 0.027 0.07 0.94 
All-excluded : 2015 0.54 0.23 2.36 0.018 0.11 0.97 

Plot var: 0.019; BlockID var: 0.386 
N-non-fixing forbs FT Estimate Std Error T value P value 2.5 % 97.5 % 
Control 2014 0.91 0.28 3.23 0.000 0.37 1.45 
Hare/Ptarmigan 0.10 0.17 0.59 0.560 -0.22 0.43 
Reindeer 0.22 0.17 1.31 0.190 -0.10 0.55 
All-excluded 0.11 0.17 0.64 0.520 -0.21 0.44 
Control 2015 0.13 0.16 0.83 0.400 -0.17 0.44 
Hare/Ptarmigan : 2015 0.04 0.23 0.19 0.850 -0.39 0.48 
Reindeer : 2015 0.09 0.23 0.41 0.680 -0.34 0.53 
All-excluded : 2015 -0.01 0.23 -0.03 0.970 -0.44 0.43 

Plot var: 0.019; BlockID var: 0.386 
 

N-fixing forbs  Estimate Std Error T value P value 2.50% 97.50% 
Control 2014 2.26 0.20 11.39 0.000 1.88 2.64 
Hare/Ptarmigan -0.03 0.23 -0.12 0.904 -0.46 0.41 
Reindeer -0.02 0.23 -0.09 0.928 -0.46 0.42 
All-excluded -0.19 0.23 -0.84 0.398 -0.63 0.24 
Control 2015 0.24 0.17 1.38 0.169 -0.09 0.57 
Hare/Ptarmigan : 2015 -0.06 0.24 -0.24 0.813 -0.53 0.41 
Reindeer : 2015 0.07 0.24 0.28 0.782 -0.40 0.54 
All-excluded : 2015 0.12 0.24 0.51 0.611 -0.34 0.59 

Plot var: 0.133; BlockID: 0.079 
 

Grasses WM  Estimate Std Error T value P value 2.5 % 97.5 % 
Control 2014 1.63 0.25 6.58 0.000 1.16 2.09 
Hare/Ptarmigan -0.05 0.23 -0.22 0.825 -0.49 0.38 
Reindeer 0.01 0.23 0.03 0.976 -0.43 0.44 
All-excluded 0.05 0.23 0.23 0.820 -0.38 0.49 
Control 2015 0.70 0.18 3.83 0.000 0.35 1.04 
Hare/Ptarmigan : 2015 0.20 0.26 0.77 0.444 -0.29 0.68 
Reindeer : 2015 0.48 0.26 1.85 0.064 -0.01 0.96 
All-excluded : 2015 0.50 0.26 1.92 0.055 0.01 0.98 

Plot var: 0.118; BlockID var: 0.208 
Grasses FT Estimate Std Error T value P value 2.5 % 97.5 % 
Control 2014 1.80 0.25 7.29 0.000 1.34 2.26 
Hare/Ptarmigan 0.21 0.23 0.93 0.353 -0.22 0.65 
Reindeer 0.04 0.23 0.16 0.872 -0.40 0.47 
All-excluded -0.12 0.23 -0.50 0.615 -0.55 0.32 
Control 2015 -0.04 0.18 -0.20 0.841 -0.38 0.31 
Hare/Ptarmigan : 2015 0.17 0.26 0.64 0.522 -0.32 0.65 
Reindeer : 2015 -0.01 0.26 -0.04 0.969 -0.50 0.48 
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All-excluded : 2015 0.46 0.26 1.78 0.076 -0.03 0.95 
Plot var: 0.118; BlockID var: 0.208 

Grasses MT Estimate Std Error T value P value 2.5 % 97.5 % 
Control 2014 0.75 0.25 3.02 0.003 0.28 1.21 
Hare/Ptarmigan 0.22 0.23 0.97 0.334 -0.21 0.66 
Reindeer -0.05 0.23 -0.21 0.834 -0.48 0.39 
All-excluded 0.07 0.23 0.30 0.767 -0.37 0.50 
Control 2015 0.13 0.18 0.69 0.492 -0.22 0.47 
Hare/Ptarmigan : 2015 -0.22 0.26 -0.84 0.402 -0.70 0.27 
Reindeer : 2015 0.01 0.26 0.04 0.970 -0.48 0.50 
All-excluded : 2015 -0.05 0.26 -0.20 0.841 -0.54 0.44 

Plot var: 0.118; BlockID var: 0.208 
 

Sedges  Estimate Std Error T value P value 2.50% 97.50% 
Control 2014 1.32 0.25 5.25 0.000 0.84 1.81 
Hare/Ptarmigan 0.29 0.28 1.02 0.306 -0.25 0.84 
Reindeer 0.29 0.28 1.04 0.300 -0.25 0.84 
All-excluded 0.27 0.28 0.95 0.343 -0.28 0.81 
Control 2015 0.12 0.15 0.75 0.454 -0.18 0.41 
Hare/Ptarmigan : 2015 0.01 0.22 0.07 0.947 -0.40 0.43 
Reindeer : 2015 0.02 0.22 0.07 0.941 -0.40 0.44 
All-excluded : 2015 0.10 0.22 0.46 0.647 -0.32 0.52 

Plot var: 0.339; BlockID var: 0.140 
 

Salix  Estimate Std Error T value P value 2.50% 97.50% 
Control 2014 1.65 0.75 2.21 0.027 0.13 3.18 
Hare/Ptarmigan -0.48 0.53 -0.92 0.359 -1.50 0.53 
Reindeer 0.02 0.53 0.04 0.971 -0.99 1.03 
All-excluded -0.03 0.53 -0.06 0.952 -1.05 0.98 
Control 2015 -0.25 0.26 -0.97 0.332 -0.75 0.25 
Hare/Ptarmigan : 2015 0.20 0.37 0.53 0.593 -0.51 0.90 
Reindeer : 2015 0.20 0.37 0.55 0.580 -0.50 0.91 
All-excluded : 2015 -0.03 0.37 -0.07 0.945 -0.73 0.68 

Plot var: 1.263; BlockID var: 2.529 
Salix max shrub height Estimate Std Error T value P value 2.50% 97.50% 
Control 2014 2.13 0.51 4.18 0.000 1.16 3.11 
Hare/Ptarmigan -1.13 0.61 -1.86 0.063 -2.29 0.03 
Reindeer -0.75 0.61 -1.24 0.215 -1.91 0.41 
All-excluded -0.70 0.61 -1.16 0.247 -1.86 0.46 
Control 2015 -0.68 0.40 -1.69 0.091 -1.46 0.09 
Hare/Ptarmigan : 2015 0.39 0.57 0.69 0.489 -0.70 1.49 
Reindeer : 2015 0.77 0.57 1.35 0.176 -0.32 1.87 
All-excluded : 2015 0.51 0.57 0.88 0.376 -0.59 1.60 

Plot var: 1.226; BlockID: 0.466 
 

Deciduous shrubs Estimate Std Error T value P value 2.50% 97.50% 
Control 2014 3.00 0.44 6.89 0.000 2.12 3.88 
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Hare/Ptarmigan -0.16 0.33 -0.48 0.630 -0.79 0.47 
Reindeer -0.21 0.33 -0.63 0.530 -0.84 0.42 
All-excluded -0.34 0.33 -1.03 0.305 -0.97 0.29 
Control 2015 0.12 0.24 0.50 0.618 -0.34 0.58 
Hare/Ptarmigan : 2015 0.16 0.34 0.49 0.627 -0.48 0.81 
Reindeer : 2015 0.21 0.34 0.62 0.534 -0.44 0.86 
All-excluded : 2015 -0.07 0.34 -0.22 0.829 -0.72 0.57 

Plot var: 0.312; BlockID var: 0.814 
 

Betula  Estimate Std Error T value P value 2.50% 97.50% 
Control 2014 2.91 0.43 6.80 0.000 2.08 3.75 
Hare/Ptarmigan -0.14 0.45 -0.31 0.755 -1.00 0.72 
Reindeer -0.34 0.45 -0.75 0.455 -1.20 0.52 
All-excluded 0.21 0.45 0.47 0.640 -0.65 1.07 
Control 2015 -0.13 0.34 -0.39 0.700 -0.77 0.51 
Hare/Ptarmigan : 2015 -0.49 0.48 -1.03 0.301 -1.40 0.42 
Reindeer : 2015 0.29 0.48 0.61 0.544 -0.62 1.20 
All-excluded : 2015 0.61 0.48 1.27 0.203 -0.31 1.52 

Plot var: 0.537; BlockID var: 0.493 
Betula max shrub height Estimate Std Error T value P value 2.50% 97.50% 
Control 2014 2.00 0.30 6.62 0.000 1.41 2.58 
Hare/Ptarmigan -0.43 0.33 -1.29 0.195 -1.06 0.20 
Reindeer -0.49 0.33 -1.48 0.140 -1.11 0.14 
All-excluded -0.07 0.33 -0.21 0.830 -0.70 0.56 
Control 2015 0.08 0.25 0.33 0.743 -0.40 0.57 
Hare/Ptarmigan : 2015 0.19 0.36 0.52 0.601 -0.50 0.87 
Reindeer : 2015 0.34 0.36 0.96 0.339 -0.34 1.03 
All-excluded : 2015 0.13 0.36 0.36 0.717 -0.56 0.82 

Plot var: 0.265; BlockID var: 0.222 
 

Evergreen ericoids Estimate Std Error T value P value 2.5 % 97.5 % 
Control 2014 3.85 0.33 11.64 0.000 3.20 4.51 
Hare/Ptarmigan -0.21 0.29 -0.72 0.469 -0.77 0.35 
Reindeer -0.17 0.29 -0.59 0.556 -0.73 0.39 
All-excluded -0.58 0.29 -1.95 0.051 -1.14 -0.01 
Control 2015 0.19 0.23 0.80 0.425 -0.26 0.64 
Hare/Ptarmigan : 2015 0.27 0.33 0.82 0.412 -0.36 0.91 
Reindeer : 2015 0.33 0.33 0.99 0.322 -0.31 0.96 
All-excluded : 2015 0.53 0.33 1.59 0.112 -0.11 1.16 

Plot var: 0.190; BlockID var: 0.397 
 

Toxic plants  Estimate Std Error T value P value 2.5 % 97.5 % 
Control 2014 2.91 0.45 6.51 0.000 2.00 3.82 
Hare/Ptarmigan 0.40 0.28 1.43 0.151 -0.13 0.92 
Reindeer 0.14 0.28 0.50 0.614 -0.39 0.66 
All-excluded -0.01 0.28 -0.04 0.965 -0.54 0.51 
Control 2015 -0.35 0.26 -1.35 0.178 -0.85 0.15 
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Hare/Ptarmigan : 2015 0.33 0.37 0.89 0.371 -0.37 1.03 
Reindeer : 2015 0.54 0.37 1.47 0.142 -0.16 1.24 
All-excluded : 2015 0.60 0.37 1.63 0.102 -0.10 1.30 

Plot var: 0.051; BlockID var: 0.970 
 

Flowers FT  Estimate 2.5 % 97.5 % 
Control 2015 -0.54 -1.51 0.44 
Hare/Ptarmigan -0.39 -1.38 0.60 
Reindeer -0.48 -1.47 0.51 
All-excluded -0.15 -1.13 0.84 

Plot var: 0.2381; Block ID var: 1.0974 
 

Table E: Table of the estimates, the standard error, the t-value, the p-value, the confidence 

intervals and the random effect variances (plot var and blockID var) from the chosen model of 

each functional group 
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APPENDIX F 
 
 

 
Figure F1: Mean number of voles and lemmings trapped per session and trapping plot (24 
trapping nights) at the Erkuta Tundra Monitoring Site. The error bars represent the standard 
error of the mean. Figure and trapping methods can be found in Sokolova et al. 2014.  



	 49	

REFERENCES 
 
Aerts, R., & Chapin, F. S. (2000). The mineral nutrition of wild plants revisited: a re-
evaluation of processes and patterns. In A. H. Fitter & D. G. Raffaelli (Eds.), Advances in 
Ecological research (1st ed., Vol. 30). 
 
Albach, D. C., Grayer, R. J., Jensen, S. R., Özgökce, F., & Veitch, N. C. (2003). Acylated 
flavone glycosides from Veronica. Phytochemistry, 64, 1295–1301. 
 
Albert, C. H., Yoccoz, N. G., Edwards, T. C., Jr, Graham, C. H., Zimmermann, N. E., & 
Thuiller, W. (2010). Sampling in ecology and evolution - bridging the gap between theory 
and practice. Ecography, 33(6), 1028–1037. http://doi.org/10.1111/j.1600-0587.2010.06421.x 
 
Bakker, E. S., Olff, H., & Gleichman, J. M. (2009). Contrasting effects of large herbivore 
grazing on smaller herbivores. Basic and Applied Ecology, 10, 141–150. 
 
Bardgett, R. D., & Wardle, D. A. (2003). Herbivore-mediated linkages between aboveground 
and belowground communities. Ecology, 84(9), 2258–2268. 
 
Bates, D., Mächler, M., Bolker, B. M., & Walker, S. C. (2014). Fitting Linear Mixed-Effects 
Models using lme4. Journal of Statistical Software, 1–51. 
 
Bazely, D. R., & Jefferies, R. L. (1985). Goose Faeces: A Source of Nitrogen for Plant 
Growth in a Grazed Salt Marsh. Journal of Applied Ecology, 22(3), 693–703. 
 
Belovsky, G. E. (1997). Optimal foraging and community structure: The allometry of 
herbivore food selection and competition. Evolutionary Ecology, 11(6), 641–672. 
http://doi.org/10.1023/A:1018430201230 
 
Bergerud, A. T. (1972). Food Habits of Newfoundland Caribou. The Journal of Wildlife 
Management, 36(3), 913–923. http://doi.org/10.2307/3799448 
 
Bigelow, N. H., Brubaker, L. B., Edwards, M. E., Harrison, S. P., Prentice, C., Anderson, P. 
M., et al. (2003). Climate change and arctic ecosystems: 1. vegetation changes north of 55°N 
between the last glacial maximum, mid-Holocene, and present. Journal of Geophysical 
Research, 18(19), 1–25. 
 
Bråthen, K. A., & Hagberg, O. (2004). Efficient estimation of plant biomass. Journal of 
Vegetation Science, 15(5), 653–660. 
 
Bråthen, K. A., & Oksanen, J. (2001). Reindeer reduce biomass of preferred plant species. 
Journal of Vegetation Science, 12, 473–480. 
 
Bråthen, K. A., Ims, R. A., Yoccoz, N. G., Fauchald, P., Tveraa, T., & Hausner, V. H. (2007). 
Induced shift in ecosystem productivity? extensive scale effects of abundant large herbivores. 
Ecosystems, 10, 773–789. 
 
Bryant, J. P. (1987). Feltleaf Willow-Snowshoe Hare Interactions: Plant Carbon/Nutrient 
Balance and Floodplain Succession. Ecology, 68(5), 1319–1327. 



	 50	

http://doi.org/10.2307/1939216  
 
Chapin, F. S., Hobbie, S. E., Zhong, H., & Bret-Harte, M. S. (1996). Plant functional types as 
predictors of transient responses of arctic vegetation to global change. Journal of Vegetation 
Science, 7(3), 347–358. 
 
Christensen, R. H. B. (2015). A Tutorial on fitting Cumulative Link Models with the ordinal 
Package, 1–18. 
 
Christie, K. S., Bryant, J. P., Gough, L., Ravolainen, V. T., Ruess, R. W., & Tape, K. D. 
(2015). The role of vertebrate herbivores in regulating shrub expansion 
in the arctic: a synthesis. BioScience, 65(12), 1123–1133. 
 
Coburn Williams, M., & Gomez-Sosa, E. (1986). Toxic nitro compounds in species of 
Astragalus (Fabaceae) in Argentina. Journal of Range Management, 39(4), 341–343. 
 
CORDIS, E. C. (2014). TERPMED (Plant Terpenoids for Human Health: a chemical and 
genomic approach to identify and produce bioactive compounds) (No. 4). 
 
Cornelissen, J. H. C., Quested, H. M., Gwynn-Jones, D., Van Logstestijn, R. S. P., De Beus, 
M., Kondratchuk, A., et al. (2004). Leaf digestibility and litter decomposability are related in 
a wide range of subarctic plant species and types. Functional Ecology, 18, 779–786. 
 
Crête, M., & Doucet, G. J. (1998). Persistent Suppression in Dwarf Birch after Release from 
Heavy Summer Browsing by Caribou. Arctic and Alpine Research, 30(2), 126–132. 
 
Crozier, A., Clifford, M. N., & Ashihara, H. (Eds.). (2006). Plant secondary metabolites. 
Blackwell Publishing. 
 
Dahlgren, J., Oksanen, L., Oksanen, T., Olofsson, J., Hamback, P. A., & Lindgren, A. (2009). 
Plant defences to no avail? Responses of plants of varying edibility to food web 
manipulations in a low arctic scrubland. Evolutionary Ecology Research, 11, 1189–1203. 
 
Danell, K., Bergström, R., & Edenius, L. (1994). Effects of large mammalian browsers on 
architecture, biomass, and nutrients of woody plants. Journal of Mammalogy, 75(4), 833–844. 
 
Davidson, D. W. (1993). The effects of herbivory and granivory on terrestrial plant 
succession. Oikos, 68(1), 23–35. 
 
Demment, M. W., & Van Soest, P. J. (1985). A Nutritional Explanation for Body-Size 
Patterns of Ruminant and Nonruminant Herbivores. The American Naturalist, 125(5), 641–
672. http://doi.org/10.2307/2461476 
 
Den Herder, M., Virtanen, R., & Roininen, H. (2004). Effects of reindeer browsing on tundra 
willow and its associated insect herbivores. Journal of Applied Ecology, 41, 870–879. 
 
Diaz, S., Lavorel, S., McIntyre, S., Falczuk, V., Casanoves, F., Milchunas, D. G., et al. 
(2007). Plant trait responses to grazing – a global synthesis. Global Change Biology, 13, 313–
341. 
 



	 51	

Dinan, L., Whiting, P., & Savchenko, T. (2001). Phytoecdysteroids in seeds of Lloydia 
serotina (Liliaceae). Biochemical Systematics and Ecology, 29, 923–928. 
 
Doak, D. F., & Morris, W. F. (2010). Demographic compensation and tipping points in 
climate-induced range shifts. Nature, 467(7318), 959–962. 
http://doi.org/10.1038/nature09439 
 
Du Toit, J. T., & Owen-Smith, N. (1989). Body Size, Population Metabolism, and Habitat 
Specialization Among Large African Herbivores. The American Naturalist, 133(5), 736–740. 
http://doi.org/10.2307/2462079 
 
Duclos, I. (2002, June). Milieux mésiques et secs de l'île Bylot, Nunavut (Canada): 
caractérisation et utilisation par la grande oie des neiges. 
 
Edwards, R. G., & Crawley, J. M. (1999). Rodent seed predation and seedling recruitment in 
mesic grassland. Oecologia, 118(3), 288–296. http://doi.org/10.1007/s004420050729 
 
Ehrich, D., Henden, J.-A., Ims, R. A., Doronina, L. O., Killengren, S. T., Lecomte, N., et al. 
(2011). The importance of willow thickets for ptarmigan and hares in shrub tundra: the more 
the better? Oecologia, 168(1), 141–151. http://doi.org/10.1007/s00442-011-2059-0 
 
Ektova, S. N., & Morozova, L. M. (2015). Rate of recovery of lichen-dominated tundra 
vegetation after overgrazing at the Yamal Peninsula. Czech Polar Reports, 5(1), 27–32. 
 
Eskelinen, A., & Oksanen, J. (2006). Changes in the abundance, composition and species 
richness of mountain vegetation in relation to summer grazing by reindeer. Journal of 
Vegetation Science, 17, 245–254. 
 
Frank, D. A., & Groffman, P. M. (1998). Ungulate vs. Landscape Control of Soil C and N 
Processes in Grasslands of Yellowstone National Park. Ecology, 79(7), 2229–2241. 
http://doi.org/10.2307/176818 
 
Green, K., & Pickering, C. (2013). Limited effect of hare grazing and short-term climatic 
variations on the most common alpine vegetation community in the Snowy Mountains, 
Australia. Plant Ecology Diversity, 6(3-4), 511–522. 
 
Hansen, B. B., Henriksen, S., Aanes, R., & Sæther, B.-E. (2006). Ungulate impact on 
vegetation in a two-level trophic system. Polar Biology, 30(5), 549–558. 
http://doi.org/10.1007/s00300-006-0212-8 
 
Hansson, L. (1977). Spatial Dynamics of Field Voles Microtus agrestis in Heterogeneous 
Landscapes. Oikos, 29(3), 539–544. http://doi.org/10.2307/3543592 
 
Hofmann, R. R. (1989). Evolutionary steps of ecophysiological adaptation and diversification 
of ruminants: a comparative view of their digestive system. Oecologia, 78(4), 443–457. 
http://doi.org/10.1007/BF00378733 
 
Holt, R. D. (1977). Predation, apparent competition and the structure of prey communities. 
Theoretical Population Biology, 12(2), 197–229. 
 



	 52	

Howe, H. F., & Brown, J. S. (2000). Early Effects of Rodent Granivory on Experimental Forb 
Communities. Ecological Applications, 10(3), 917–924. 
 
Hukkanen, A., Kostamo, K., Kärenlampi, S., & Kokko, H. (2008). Impact of agrochemicals 
on Peronospora sparsa and phenolic profiles in three Rubus arcticus cultivars. Journal of 
Agricultural Food Chemistry, 56, 1008–1016. 
 
Humphries, M. (2012). Snow Geese and Allochthonous Inputs12 summary. Natural History 
of the Vertebrates (WILD 207). McGill University. 
 
Ihl, C., & Klein, D. R. (2001). Habitat and Diet Selection by Muskoxen and Reindeer in 
Western Alaska. The Journal of Wildlife Management, 65(4), 964–972. 
 
Illius, A. W., & Gordon, I. J. (1992). Modelling the nutritional ecology of ungulate 
herbivores: evolution of body size and competitive interactions. Oecologia, 89, 428–434. 
 
Ivanova, A., Serly, J., Christov, V., Stamboliyska, B., & Molnar, J. (2011). Alkaloids derived 
from genus Veratrum and Peganum of Mongolian origin as multidrug resistance inhibitors of 
cancer cells. Fitoterapia, 82, 570–575. 
 
Iversen, M., Bråthen, K. A., Yoccoz, N. G., & Ims, R. A. (2009). Predictors of plant 
phenology in a diverse high-latitude alpine landscape: growth forms and topography. Journal 
of Vegetation Science, 20, 903–915. 
 
Jankovic, I. B., Drobac, M. M., & Lakusic, D. V. (2014). Compounds of the methanolic leaf 
extract as chemotaxonomic markers for the Campanula pyramidalis complex 
(Campanulaceae). Acta Botanica Croatia, 73(2), 481–490. 
 
Jensen, S. P., & Doncaster, C. P. (1999). Lethal Toxins in Non-preferred Foods: How Plant 
Chemical Defences Can Drive Microtine Cycles. Journal of Theoretical Biology, 199(1), 63–
85. http://doi.org/10.1006/jtbi.1999.0941 
 
Johnson, D. R., Lara, M. J., Shaver, G. R., Batzli, G. O., Shaw, J. D., & Tweedie, C. E. 
(2011). Exclusion of brown lemmings reduces vascular plant cover and biomass in Arctic 
coastal tundra: resampling of a 50 + year herbivore exclosure experiment near Barrow, 
Alaska. Environmental Research Letters, 6, 1–9. 
 
Jung, H.-J. G., Batzli, G. O., & Seigler, D. S. (1979). Patterns in the phytochemistry of arctic 
plants. Biochemical Systematics and Ecology, 7, 203–209. 
 
Kaplan, J. O., Bigelow, N. H., Prentice, C., Harrison, S. P., Bartlein, P. J., Christensen, T. R., 
et al. (2003). Climate change and Arctic ecosystems: 
2. Modeling, paleodata-model comparisons, and future projections. Journal of Geophysical 
Research, 108(D19), 8171. 
 
Kazmin, V. D., Kholod, S. S., Rozenfeld, S. B., & Abaturov, B. D. (2011). Current state of 
forage resources and feeding of reindeer  
(Rangifer tarandus) and musk oxen (Ovibos moschatus)  
in the arctic tundras of Wrangel Island. Biological Bulletin, 38(7), 747–753. 
 



	 53	

Klein, D. R. (1990). Variation in quality of caribou and reindeer forage plants associated with 
season, plant part and phenology. Rangifer, (Special Issue 3), 123–130. 
 
Knapp, A. K., Blair, J. M., Briggs, J. M., Collins, S. L., Hartnett, D. C., Johnson, L. C., & 
Towne, E. G. (1999). The Keystone Role of Bison in North American Tallgrass Prairie. 
BioScience, 49(1), 39–50. http://doi.org/10.1525/bisi.1999.49.1.39 
 
Kryazhimskii, F. V., & Danilov, A. N. (2000). Reindeer in tundra ecosystems: the challenges 
of understanding system complexity. Polar Research, 19(1), 107–110. 
 
Lagendijk, G., Page, B. R., & Slotow, R. (2012). Short‐term effects of single species 
browsing release by different‐sized herbivores on sand forest vegetation community, South 
Africa. Biotropica, 44(1), 63–72. 
 
Larter, N. C. (1999). Seasonal changes in arctic hare, Lepus arcticus, diet composition and 
differential digestibility. The Canadian Field-Naturalist, 113, 481–486. 
 
Lindwall, F., Vowles, T., Ekblad, A., & Björk, R. G. (2013). Reindeer grazing has contrasting 
effect on species traits in Vaccinium  
vitis-ideae L. and Bistorta vivipara (L.) Gray. Acta Oecologica, 53, 33–37. 
 
Liu, J., Feng, C., Wang, D., Wang, L., Wilsey, B. J., & Zhong, Z. (2015). Impacts of grazing 
by different large herbivores in grassland depend on plant species diversity. Journal of 
Applied Ecology, 52, 1053–1062. 
 
Mamedov, N., Gardner, Z., & Craker, L. E. (2005). Medicinal Plants Used in Russia and 
Central Asia for the Treatment of Selected Skin Conditions. Journal of Herbs, Spices and 
Medicinal Plants, 11(1/2), 191–222. 
 
Manseau, M., Huot, J., & Crête, M. (1996). Effects of Summer Grazing by Caribou on 
Composition and Productivity of Vegetation: Community and Landscape Level. Journal of 
Ecology, 84(4), 503–513. 
 
Markovskaya, E., & Sergienko, L. (2013). Plants' adaptation to the coastal environment of 
Barents Sea: flavonoids content. Annals of Valahia University of Targoviste Geographical 
Series, 13(1), 25–29. 
 
Marvier, M. (1998). A Mixed Diet Improves Performance and Herbivore Resistance of a 
Parasitic Plant. Ecology, 79(4), 1272–1280. 
 
McNaughton, S. J. (1984). Grazing Lawns: Animals in Herds, Plant Form, and Coevolution. 
The American Naturalist, 124(6), 863–886. http://doi.org/10.1086/284321 
 
McNaughton, S. J., Zuniga, G., McNaughton, M. M., & Banyikwa, F. F. (1997). Ecosystem 
Catalysis: Soil Urease Activity and Grazing in the Serengeti Ecosystem. Oikos, 80(3), 467–
469. 
 
Muga, D. A. (1986). A commentary on the historical transformation of the Sami communal 
mode of production. The Journal of Ethnic Studies, 14(1), 1–11. 
 



	 54	

Myers-Smith, I. H., Forbes, B. C., Wilmking, M., Hallinger, M., Lantz, T., Blok, D., et al. 
(2011). Shrub expansion in tundra ecosystems: dynamics, impacts and research priorities. 
Environmental Research Letters, 6(4), 045509. 
 
Mörsdorf, M. A., Ravolainen, V. T., Støvern, L. E., Yoccoz, N. G., Jonsdottir, I. S., & 
Bråthen, K. A. (2015). Definition of sampling units begets conclusions in ecology: the case of 
habitats for plant communities. PeerJ. http://doi.org/10.7717 
 
Nadelhoffer, K. J., Shaver, G. R., Giblin, A., & Rastetter, E. B. (1997). Potential Impacts of 
Climate Change on Nutrient Cycling, Decomposition, and Productivity in Arctic Ecosystems. 
Global Change and Arctic Terrestrial Ecosystems, 349–364. http://doi.org/10.1007/978-1-
4612-2240-8_19 
 
Norment, C. J., & Fuller, M. E. (1997). Breeding-season frugivory by Harris sparrows 
(Zonotrichia querula) and white-crowned sparrows (Zonotrichia leucophrys) in a low-arctic 
ecosystem. Canadian Journal of Zoology, 75, 670–679. 
 
Oksanen, L., & Oksanen, T. (2000). The Logic and Realism of the Hypothesis of Exploitation 
Ecosystems. The American Naturalist, 155(6), 703–723. 
 
Olff, H., & Ritchie, M. E. (1998). Effects of herbivores on grassland plant diversity. Trends in 
Ecology & Evolution, 13(7), 261–265. http://doi.org/10.1016/S0169-5347(98)01364-0 
 
Olofsson, J. (2001). Influence of herbivory and abiotic factors on the distribution of tall forbs 
along a productivity gradient: a transplantation experiment. Oikos, 94, 351–357. 
 
Olofsson, J., Hulme, P. E., Oksanen, L., & Suominen, O. (2004). Importance of Large and 
Small Mammalian Herbivores for the Plant Community Structure in the Forest Tundra 
Ecotone. Oikos, 106(2), 324–334. 
 
Olofsson, J., Kitti, H., Rautiainen, P., Stark, S., & Oksanen, L. (2001). Effects of summer 
grazing by reindeer on composition of vegetation, productivity and nitrogen cycling. 
Ecography, 24, 13–24. 
 
Olofsson, J., Oksanen, L., Callaghan, T. V., Hulme, P. E., Oksanen, T., & Suominen, O. 
(2009). Herbivores inhibit climate-driven shrub expansion on the tundra. Global Change 
Biology, 15, 2681–2693. 
 
Olofsson, J., Oksanen, L., Oksanen, T., Tuomi, M., Hoset, K. S., Virtanen, R., & Kyrö, K. 
(2014). Long-term experiments reveal strong interactions between lemmings and plants in the 
fennoscandian highland tundra. Ecosystems, 17, 606–615. 
 
Pajunen, A., Virtanen, R., & Roininen, H. (2008). The effects of reindeer grazing on the 
composition and species richness of vegetation in forest–tundra ecotone. Polar Biology, 
31(10), 1233–1244. http://doi.org/10.1007/s00300-008-0462-8 
 
Post, E. S., & Pedersen, C. (2008). Opposing plant community responses to warming with and 
without herbivores. Pnas, 105(34), 12353–12358. 
 



	 55	

Proulx, M., & Mazumder, A. (1998). Reversal of Grazing Impact on Plant Species Richness 
in Nutrient-Poor vs. Nutrient-Rich Ecosystems. Ecology, 79(8), 2581–2592. 
http://doi.org/10.2307/176502 
 
Pulliainen, E., & Tunkkari, P. S. (1987). Winter diet, habitat selection and fluctuation of a 
mountain hare Lepus timidus population in Finnish forest Lapland. Holarctic Ecology, 10(4), 
261–267. 
 
Quested, H. M., Cornelissen, J. H. C., Press, M. C., Callaghan, T. V., Aerts, R., Trosien, F., et 
al. (2003). Decomposition of sub-arctic plants with differing nitrogen economies: a functional 
role for hemiparasites. Ecology, 84(12), 3209–3221. 
 
Ravolainen, V. T., Bråthen, K. A., Ims, R. A., Yoccoz, N. G., Henden, J.-A., & Killengren, S. 
T. (2011). Rapid, landscape scale responses in riparian tundra vegetation to exclusion of small 
and large mammalian herbivores. Basic and Applied Ecology, 12, 643–653. 
 
Ravolainen, V. T., Bråthen, K. A., Yoccoz, N. G., Nguyen, J. K., & Ims, R. A. (2014). 
Complementary impacts of small rodents and semi-domesticated ungulates limit tall shrub 
expansion in the tundra. Journal of Applied Ecology, 51, 234–241. 
 
Ravolainen, V. T., Yoccoz, N. G., Bråthen, K. A., Ims, R. A., Iversen, M., & Gonzales, V. T. 
(2010). Additive partitioning of diversity reveals no scale-dependent impacts of large 
ungulates on the structure of tundra plant communities. Ecosystems, 13(1), 157–170. 
 
Rodgers, A. R., & Sinclair, A. R. E. (1997). Diet choice and nutrition of captive snowshoe 
hares (Lepus americanus): Interactions of energy, protein, and plant secondary compounds. 
Ecoscience, 4(2), 163–169. http://doi.org/10.1080/11956860.1997.11682391 
 
Saetnan, E. R., Gjershaug, J. O., & Batzli, G. O. (2009). Habitat use and diet composition of 
Norwegian lemmings and field voles in central Norway. Journal of Mammalogy, 90(1), 183–
188. 
 
Salasoo, I. (1987). Alkane distribution in epicuticular wax of some heath plants in Norway. 
Biochemical Systematics and Ecology, 15(6), 663–665. 
 
Shaver, G. R., & Chapin, F. S. (1991). Production: biomass relationships and element cycling 
in contrasting arctic vegetation. Ecological Monographs, 61(1), 1–31. 
 
Skogland, T. (1980). Comparative Summer Feeding Strategies of Arctic and Alpine Rangifer. 
The Journal of Animal Ecology, 49(1), 81–98. http://doi.org/10.2307/4278 
 
Soininen, E. M., Ravolainen, V. T., Bråthen, K. A., Yoccoz, N. G., Gielly, L., & Ims, R. A. 
(2013). Arctic small rodents have diverse diets and flexible food selection. PLoS ONE, 8(6), 
1–13. 
 
Sokolov, A. A., Sokolova, N. A., Ims, R. A., Brucker, L., & Ehrich, D. (2016). Emergent 
rainy winter warm spells may promote boreal predator expansion into the Arctic. Arctic, 
69(2), XXX–XXX. http://doi.org/10.14430/arctic4559 
 



	 56	

Sokolov, V. A., Ehrich, D., Yoccoz, N. G., Sokolov, A. A., & Lecomte, N. (2012). Bird 
Communities of the Arctic Shrub Tundra of Yamal: Habitat Specialists and Generalists. PLoS 
ONE, 7(12), e50335. http://doi.org/10.1371/journal.pone.0050335 
 
Sokolov, V. A., Lecomte, N., Sokolov, A. A., Rahman, M. L., & Dixon, A. (2014). Site 
fidelity and home range variation during the breeding season of peregrine falcons (Falco 
peregrinus) in Yamal, Russia. Polar Biology, 37, 1621–1631. 
 
Sokolova, N. A., Sokolov, A. A., Sokolov, V. A., Ims, R. A., Skogstad, G., Lecomte, N., et al. 
(2014). Small rodents in the shrub tundra of Yamal (Russia): Density dependence in habitat 
use? Mammalian Biology. 
 
Stark, S., & Grellmann, D. (2002). Soil Microbial Responses to Herbivory in an Arctic 
Tundra Heath at Two Levels of Nutrient Availability. Ecology, 83(10), 2736–2744. 
 
Tape, K. D., Sturm, M., & Racine, C. (2006). The evidence for shrub expansion in Northern 
Alaska and the Pan-Arctic. Global Change Biology, 12(4), 686–702. 
http://doi.org/10.1111/j.1365-2486.2006.01128.x 
 
Thomas, V. G. (1984). Winter diet and intestinal proportions of rock and willow ptarmigan 
and sharp-tailed grouse in Ontario. Canadian Journal of Zoology, 62, 2258–2263. 
 
Van de Staaij, J., De Bakker, N. V. J., Oosthoek, A., Broekman, R., Van Beem, A., 
Stroetenga, M., et al. (2002). Flavonoid concentrations in three grass species and a sedge 
grown in the field and under controlled environment conditions in response to enhanced UV-
B radiation. Journal of Photochemistry and Photobiology, 66, 21–29. 
 
Van der Wal, R. (2006). Do herbivores cause habitat degradation or vegetation state 
transition? Evidence from the tundra, 1–10. 
 
Vysochina, G. I., & Voronkova, M. S. (2013). Flavonoids of Bistorta vivipara (l.) delarbre in 
relation to their ecological role. Contemporary Problems of Ecology, 6(4), 426–433. 
 
Walker, D. A., Forbes, B. C., Leibman, M. O., Epstein, H. E., Bhatt, U. S., Comiso, J. C., et 
al. (2010). Cumulative Effects of Rapid Land-Cover and Land-Use Changes on the Yamal 
Peninsula, Russia. Eurasian Arctic Land Cover and Land Use in a Changing Climate, 207–
236. http://doi.org/10.1007/978-90-481-9118-5_9 
 
Walker, D. A., Leibman, M. O., Epstein, H. E., Forbes, B. C., Bhatt, U. S., Raynolds, M. K., 
et al. (2009). Spatial and temporal patterns of greenness on the Yamal Peninsula, Russia: 
interactions of ecological and social factors affecting the Arctic normalized difference 
vegetation index. Environmental Research Letters, 4(4), 045004–17. 
http://doi.org/10.1088/1748-9326/4/4/045004 
 
Walker, D. A., Raynolds, M. K., Daniëls, F. J. A., Einarsson, E., Elvebakk, A., Gould, W. A., 
et al. (2005). The Circumpolar Arctic vegetation map. Journal of Vegetation Science, 16(3), 
267–282. 
 
Walker, J. F., Johnson, L. C., Simpson, N. B., Bill, M., & Jumpponen, A. (2010). Application 
of fungistatics in soil reduces N uptake by an arctic ericoid shrub (Vaccinium vitis-ideae), 



	 57	

102(4), 822–834. 
 
White, R. G. (1983). Foraging patterns and their multiplier effects on productivity of northern 
ungulates. Oikos, 40(3), 377–384. 
 
White, R. G., & Trudell, J. (1980). Habitat Preference and Forage Consumption by Reindeer 
and Caribou near Atkasook, Alaska. Arctic and Alpine Research, 12(4), 511–529. 
http://doi.org/10.2307/1550498 
 
White, R. G., Thomson, B. R., Skogland, T., Person, S. J., Russel, D. E., Holleman, D. F., & 
Luick, J. R. (1975). White et al 1975 Ecology of caribou at Prudhoe Bay, Alaska. Biological 
Papers of the University of Alaska, 150–200. 
 
Ydenberg, R. C., & Prins, H. H. T. (1981). Spring Grazing and the Manipulation of Food 
Quality by Barnacle Geese. Journal of Applied Ecology, 18(2), 443–453. 
 
Ylänne, H., Stark, S., & Tolvanen, A. (2015). Vegetation shift from deciduous to evergreen 
dwarf shrubs in response to selective herbivory offsets carbon losses: evidence from 19 years 
of warming and simulated herbivory in the subarctic tundra. Global Change Biology, 21, 
3696–3711. 
 
Zamin, T. J., & Grogan, P. (2013). Caribou exclusion during a population low increases 
deciduous and evergreen shrub species biomass and nitrogen pools in low Arctic tundra. 
Journal of Ecology, 101, 671–683. 
 
Zitterl-Eglseer, K., Nell, M., Lamien-Meda, A., Steinkellner, S., Wawrosch, C., Kopp, B., et 
al. (2015). Effects of root colonization by symbiotic arbuscular mycorrhizal fungi on the yield 
of pharmacologically active compounds in Angelica archangelica L.. Acta Physiol Plant, 37–
21. 
 


