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Abstract

Herbivore grazing is an important determinant of plant community assemblages. We used data from a multi-year experimental

study in Northern Fennoscandia to analyze the effect of reindeer (Rangifer tarandus) grazing on plant community diversity

including its phylogenetic structure. Similar to previous studies on low productivity ecosystems in this region, we found no

effect of grazing on plant biodiversity and a transition from dwarf shrubs to graminoids with pulse (i.e. grazed every other

year) and press (i.e. grazed every year) grazing. Interestingly, communities with pulse grazing were more phylogenetically

dispersed than communities with press grazing and lightly grazed communities. We argue that the indirect effects of reindeer

grazing (e.g. interspecific competition and soil nutrient availability) may work in opposition of the direct effects (i.e. physical

removal of species) and that the phylogenetic structure of the resulting community will depend upon the relative strengths of

the direct and indirect effects. This interpretation suggests that the indirect effects of reindeer grazing in our study region are

more important than the direct effects in driving community assembly for plant communities that are exposed to pulse grazing.

Our results have important implications for the management of reindeer in Fennoscandia if pulses of grazing can increase the

phylogenetic diversity of plant communities.
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Abstract

Herbivore grazing is an important determinant of plant community assemblages. We used data from a
multi-year experimental study in Northern Fennoscandia to analyze the effect of reindeer (Rangifer tarandus
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. ) grazing on plant community diversity including its phylogenetic structure. Similar to previous studies
on low productivity ecosystems in this region, we found no effect of grazing on plant biodiversity and a
transition from dwarf shrubs to graminoids with pulse (i.e. grazed every other year) and press (i.e. grazed
every year) grazing. Interestingly, communities with pulse grazing were more phylogenetically dispersed than
communities with press grazing and lightly grazed communities. We argue that the indirect effects of reindeer
grazing (e.g. interspecific competition and soil nutrient availability) may work in opposition of the direct
effects (i.e. physical removal of species) and that the phylogenetic structure of the resulting community will
depend upon the relative strengths of the direct and indirect effects. This interpretation suggests that the
indirect effects of reindeer grazing in our study region are more important than the direct effects in driving
community assembly for plant communities that are exposed to pulse grazing. Our results have important
implications for the management of reindeer in Fennoscandia if pulses of grazing can increase the phylogenetic
diversity of plant communities.

Keywords: biodiversity; community structure; grazing; herbivore; phylogenetic diversity

Introduction

Herbivory is an important factor influencing plant community assemblages directly through the physical
removal of plant species (Lubchenco 1978), and indirectly by altering patterns of ecosystem productivity
(McNaughton et al. 1988) and nutrient availability (Mazumder et al. 1988). As a result, herbivores may
alter species composition (Augustine and McNaughton 1998), measures of richness (Olff and Ritchie 1998),
and the phylogenetic structure (Cavender-Bares et al. 2009) of plant communities. Plant species richness
and evenness (Tilman et al. 1997) and phylogenetic diversity (Faith 1992) are both important for ecosystem
function and productivity (Liu et al. 2018). Thus, understanding the impact of reindeer grazing on plant
communities is essential for directing conservation efforts in regions where reindeer are managed (Olofsson
et al. 2004).

Herbivore activity can both increase and decrease the diversity of plant species (Olff and Ritchie 1998,
Proulx and Mazumder 1998). According to the Intermediate Disturbance Hypothesis plant communities
will increase or decrease their biodiversity as a function of the level of disturbance (Grime 1973, Connell
1978). Low disturbance levels (e.g., grazing) may increase plant species richness by removing dominant and
competitive species, increasing light exposure to soil and increasing nutrient availability (Olff and Ritchie
1998, Proulx and Mazumder 1998, Bakker et al. 2003). High levels of disturbance/grazing, however, may
decrease species richness due to insufficient recovery periods, trampling and erosion (Olff and Ritchie 1998).
The nutrient availability of an ecosystem may play a role in determining the grazing intensity that results in
the greatest biodiversity overall (Proulx and Mazumder 1998). If nutrient-rich ecosystems are more likely to
have a few dominant species that respond quickly to disturbance (Rosenzweig 1971, Huston 1979), nutrient-
rich communities may experience peak levels of biodiversity at greater grazing intensities. Nutrient-poor
ecosystems, however, which are common in the North, are limited by their regrowth ability and thus are
expected to achieve the greatest species richness at lower grazing intensities (Proulx and Mazumder 1998,
Sundqvist et al 2019). Thus, experimentally increased grazing is more likely to result in increased species
richness in nutrient-rich ecosystems but have no effect or result in decreased diversity in nutrient-poor
ecosystems.

Herbivores may also alter the phylogenetic structure of communities, though predictions are complex
(Cavender-Bares et al. 2009). If anti-herbivore defense traits have a significant phylogenetic signal (Loio-
la et al. 2012, Yessoufou et al. 2013, but see Kursar et al. 2009), then generalist herbivores may act as a
biological filter (Begley-Miller et al. 2014), resulting in a community that is more phylogenetically clum-
ped i.e. communities including more closely-related species than drawn from the regional pool. However, if
anti-herbivore defense traits are evolutionarily convergent, a generalist herbivore may increase the phyloge-
netic dispersion (communities including more distantly related species) of a community. In contrast, when
multiple specialist herbivores are present and defense traits are highly conserved within plant clades, the
community may become phylogenetically clumped. However, if defense traits are evolutionarily convergent
then seemingly random patterns of species relatedness may result (Cavender-Bares et al. 2009). Alterna-
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. tively, if herbivores both (1) decrease competition via removal of dominant plant species from a community
and (2) increase nutrient availability via changes in nutrient cycling, herbivory may result in phylogenetic
dispersion as intense competition between distantly related taxa (Mayfield and Levine 2010) and limited
nutrient availability (Hurteau et al. 2016) both drive phylogenetic clumping.

The most extensive form of human land use in the northern Fennoscandian tundra is grazing by reindeer
(Rangifer tarandus ), and the major populations of reindeer across different regions have increased, decreased
or remained stable over recent decades (Uboni et al. 2016). As the tundra is considered a low productivity
environment with low nutrient availability, we expect low levels of reindeer grazing to have no effect or a
negative effect on plant species diversity. The effects of reindeer grazing on tundra plant communities are
significant (Suominen and Olofsson 2000, Austrheim and Eriksson 2001), as demonstrated by the pronounced
replacement of dwarf shrubs by graminoids in grazed areas (Olofsson et al. 2001, Sundqvist et al 2019).
However, the direction and size of the effect on other measures of biodiversity varies (Bernes et al. 2015,
Sundqvist et al 2019): plant species richness generally increases with reindeer grazing in areas dominated
by moss-like lichens, i.e. Cladonia species (Suominen and Olofsson 2000, Austrheim and Eriksson 2001),
while communities lacking lichen mats experience no effects (Olofsson and Oksanen 2005), weak effects
(Suominen and Olofsson 2000), or mixed effects that vary among regions (Olofsson et al. 2001). Additionally,
a Scandinavia-wide study found that reindeer grazing decreased species richness in sites with low productivity,
but increased species richness in productive sites (Sundqvist et al. 2019). Although many of the effects of
reindeer grazing on biodiversity are well-studied, they are still not well-understood, and we have no data on
the impact of reindeer grazing on phylogenetic community structure. Understanding the impact of reindeer
on phylogenetic structure may provide insight into mechanisms driving community assembly (Webb et al.
2002) in this region and help inform good management practise.

Here we study the effects of reindeer grazing on plant community structure using data from a multi-year
experiment including varying intensities of grazing: light (almost never grazed), acute i.e. pulse (grazed every
other year), and chronic i.e. press (grazed every year), in the region of Raisduoddar in northern Norway.
First, we analyzed the effect of grazing on the diversity of vascular plant species. Based on previous work
in Fennoscandia, we predicted that in the nutrient-poor tundra, both pulse and press grazing would have
no effect or negative effects on species richness and evenness. Second, we analyzed the effect of grazing on
plant species composition with the prediction that the pulse and press grazed areas would be composed of
different species from the lightly grazed areas, specifically with the replacement of dwarf shrubs by graminoids
(Olofsson et al. 2001). Finally, we analyzed the effect of grazing on the phylogenetic structure of the vascular
plant communities. As reindeer are generalist herbivores (Baskin and Danell 2003) and anti-herbivore traits
are generally evolutionarily conserved (Loiola et al. 2012, Yessoufou et al. 2013, but see Kursar et al. 2009),
we predicted that grazing would result in appreciable phylogenetic clustering such that species in areas with
pulse and press grazing would be more closely related to one another than those in lightly grazed areas.

Materials and Methods

Study site

Our study was conducted in Raisduoddar, a sub-oceanic area in Troms fylke, northern Norway (69@30’N,
27@20’E) approximately 600-700m above sea level with pre-dominating Empetrum-Dicranum-Lichen vege-
tation (Oksanen and Virtanen 1995). In northern Norway, reindeer are managed and migrate from winter
grazing areas in inner Finnmark to summer grazing areas near the coast (Suominen and Olofsson 2000).
During the 1960’s a permanent fence was constructed in Raisduoddar to prevent reindeer from entering
migration areas or winter ranges during the summer. The fence is made from wire and wooden stakes ap-
proximately one meter above the ground and spans several kilometers over the tundra. While the side of
the fence in the summer range is heavily grazed, the side in the spring and autumn ranges is only lightly
grazed due to deep snow during the spring migration and the rapid movement of reindeer towards winter
ranges in the autumn (Olofsson et al. 2001). Hereafter this fence will be referred to as the permanent fence.
While the alpine regions in Scandinavia are generally considered to be low productivity, our study site has
calcareous rock, which facilitates the growth of more plant species and thus increases the productivity of the
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. region to intermediate (relative to the surrounding low productivity areas).

Experimental design

In 2004 five temporary fences were constructed along the permanent fence, extending approximately 6 m
into the summer (heavily) grazed side of the fence, before reindeer entered the area in the autumn. Each
of the temporary fences is between 85 and 185 meters in length and built in areas that allowed for the
capturing of terrain and elevational differences. The temporary fences were taken down every other year to
allow for grazing in the area closest to the permanent fence every second year (Figure 1a). The area on the
inside of the temporary fence was thus exposed to acute (i.e. pulse grazing) after more than forty years of
chronic (i.e. press grazing), while the areas outside of the temporary fence continued to experience press
grazing. We placed permanent plots in the sites along the permanent fence where the temporary fences
were constructed (n = 5 sites). Each site contained two sets of triplets (n = 6 plots) except for the fourth
fence, which contained four sets of triplets (n = 12 plots), for a total of 36 permanent plots (Figure 1b).
At each site, one set of triplets was placed in a drier area (18 plots in total) and the other in a moist/wet
area (18 plots in total); we refer to this covariate as wet/dry. Within each triplet, each of the three plots
was exposed to a different grazing intensity: the plot on the side of the permanent fence in the spring and
autumn ranges was lightly grazed (12 plots in total), the plot inside the temporary fence was grazed every
other year (pulse grazing; 12 plots in total), and the plot on the side of the permanent fence in the summer
grazed area was grazed every year (press grazing; 12 plots in total). All plots were placed no more than 12m
from the permanent fence, but plots on the lightly grazed side of the fence were placed 3m away from the
fence due to the man-made disturbance in this area from herders walking next to the fence. Each plot was
3m x 3m (9m2) and was evenly split into nine 1m x 1m (1m2) sub-plots.

Vegetation data collection

We sampled the vascular plant vegetation from all the permanent plots in mid-late July (when most plants
were flowering) for each of the years from 2004-2007. All plots were sampled every year, except for one plot
in 2006 and three plots in 2007 due to inadvertent human disturbance, for a total of 140 plot-level samples.
Sampling was done at the sub-plot level: the nine sub-plots of each permanent plot were fully sampled
for species presence/absence data. Species were identified based onDen nya nordiska floran (Stenberg and
Mossberg 2003); if an individual plant could not be identified based on what remained it was not recorded;
some plants could only be identified to the genus level (e.g. Taraxacum sp.) and were recorded as such.
In the centre sub-plot of each permanent plot we sampled relative species abundance based on plant cover.
We used a 50cm x 50cm transparent plexi-glass table with 100 randomly distributed 4mm-diameter holes: a
pin of the same diameter was lowered through each hole and the number of contacts the pin had with each
species was recorded (see also Olofsson et al. 2001).

Diversity metrics

Species diversity

We measured community richness using: (1) species richness (SR), (2) the Shannon-Wiener diversity index
(H’) (Shannon and Weaver 1949), and (3) Smith and Wilson’s (1996) index of evenness (Evar). Species
presence/absence data was collected for all sub-plots, so to avoid pseudo-replication we calculated a single
species richness measure for each plot by averaging the species richness of the nine sub-plots. In addition to
calculating the overall species richness of each plot, we calculated the species richness of shrubs (25 species
total), herbs (102 species total), and graminoids (52 species total) separately. Our other two measures of
community richness required species abundance data, which was only collected for one sub-plot in each plot,
so H’ and Evar measurements at the plot-level were taken from a single sub-plot.

Phylogenetic diversity

Phylogeny construction

To study the effect of reindeer grazing on phylogenetic diversity, we constructed a regional vascular plant
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. phylogeny. After reducing all taxonomy assignments to the species-level, which involved re-assigning sub-
species, hybrids, and synonymous species, we identified 145 unique species from our samples to include in
the regional phylogeny. DNA sequences for these species for the genes matK and rbcL were collected from
GenBank (Supplementary material Appendix 1, Table A1). If sequence information was not available for
one or both of matK and rbcL for a species, we used the closest-relative within the same genus with available
matK and/or rbcL sequence information. Sequences for the identified species or close relative were available
for 138/145 species for rbcL and 140/145 for matK (Supplementary material Appendix 1, Table A1). Two
species did not have available sequence information for either gene and did not have a close relative that
could be substituted:Cerastium cerastoides and Carex parallela . C. cerastoides was manually inserted at
the base of the Cerastiumclade (Scheen et al. 2004) and C. parallela was manually inserted into a clade with
Carex dioica (Lipnerová et al. 2013).

To ensure the correct reading frame prior to sequence alignment, all sequences were translated to amino
acids in ExPASy (Gasteiger et al. 2003). Alignments were completed in MEGA7 (Kumar et al. 2016) using
MUSCLE with the nucleotides for the coding regions of plant plastids and default settings. Non-informative
gaps were manually removed from the matK alignments and excess lengths were trimmed from the ends of
both genes. We identified GTR+G+I as the best model for rbcL and GTR+G as the best model for matK
using the Model Selection tool in MEGA7.

Bayesian inference of trees was performed using MrBayes (Huelsenbeck and Ronquist 2001) with two par-
titions: one for matK and one for rbcL. We ran our model for 100 000 000 generations with 4 chains at a
temperature of 0.2 and a stop value of 0.01 for convergence. The sample frequency was set to every 1000 ge-
nerations with a burn-in fraction of 0.25 and the trees were dated by constraining seven nodes (Table 1; Bell
et al. 2010). The analysis converged at 10 304 000 generations. We illustrate the posterior with the majority
rule consensus tree, created by collapsing clades with posterior probabilities less than 50% to polytomies
(Supplementary material Appendix 1, Figure A1).

Phylogenetic structure

We used mean pairwise distance (MPD) as our measure of phylogenetic structure. MPD is more sensitive
to changes in distantly related taxa than is the mean nearest taxon distance (Webb et al. 2002). To prevent
bias resulting from calculations due to distantly related species (e.g.Lycopodium species), we used only the
angiosperms (133/145 sampled species) to calculate MPD. We calculated a standardized measure of MPD
with the aid of the function ses.mpd , in the R package “picante” by comparing the observed phylogenetic
community structure to a specified null model with a randomized community structure (Kembel et al.
2010, R Core Team 2019). Using taxa that were identified to the species-level, we calculated both (1) a
presence/absence-based measure of MPD (calculated at the sub-plot level and then averaged within each
plot) and (2) an abundance-based measure (calculated for a single sub-plot in each plot), by weighting the
pairwise distances by the product of the relative abundance of each species in each pair. Both MPD metrics
were calculated for every tree in the posterior sample (created by merging the two runs and removing the 25%
burn-in: final n = 15,458 trees) and averaged to produce a single measure for each plot. For our null model
we used the independentswap algorithm (with 1000 iterations per run and 999 runs), which randomizes
the community data matrix while maintaining species occurrence frequency and sample species richness
(Gotelli 2000). We used the p-value, or quantile, of observed MPD vs. the MPD of null communities as our
standardized response variable, as this metric is less biased than the more common Net-Relatedness Index
(Vamosi et al. 2014). Our measure describes the rank of the observed phylogenetic dispersion relative to the
distribution produced by the null model. A value of 0 corresponds to a community that is more clumped than
any of the null communities, a value of 0.5 corresponds to a community that has a median dispersion relative
to the null communities, and a value of 1 corresponds to a community that is more dispersed than any of the
null communities. We refer to these metrics as phylogenetic dispersion (from the species presence/absence
data) and abundance-weighted phylogenetic dispersion (from the relative species abundance data).

Statistical analysis
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. Species & phylogenetic diversity

We analyzed the effect of grazing intensity on SR (overall and for the shrubs, herbs, and graminoids), H’,
Evar, phylogenetic dispersion and abundance-weighted phylogenetic dispersion using linear mixed effects
models with site as a random effect (following Begley-Miller et al. 2014) and grazing, year, a grazing:year
interaction, and wet/dry as fixed effects. First, we tested the grazing:year interaction using a likelihood ratio
test. If the interaction was not significant (p > 0.05), then we removed it from the model and tested the
remaining fixed effects. If a significant effect of grazing or year was found (p < 0.05), then a post-hoc analysis
was performed with Tukey pair-wise comparisons. To control for the possibility that changes in phylogenetic
dispersion may result from the transition of communities from dwarf shrubs to graminoids, we also tested
the effect of grazing on phylogenetic dispersion and abundance-weighted phylogenetic dispersion with the
same procedure described above, while controlling for the proportion of species that are graminoids (for
phylogenetic dispersion) and the proportion of the relative abundance that are graminoids (for abundance-
weighted phylogenetic dispersion). All analyses were performed in R version 3.6.0 (R Core Team 2019).

Community structure

To compare the community structure of plots we used the Bray-Curtis dissimilarity index, calculated using
vegdist from the R package “vegan” (Oksanen et al. 2016), as a measurement of the distance between plant
communities based on our relative species abundance data. To partition variance within the distance matrix,
we used a non-parametric permutational multivariate analysis of variance (PERMANOVA), as implemented
in the vegan function adonis . Significance values and pseudo F-statistics were obtained from permutations (n
= 1000) restricted within each site due to our nested experimental design. Given that this technique allowed
us to perform a multivariate analysis, we include grazing, year, a grazing:year interaction, and wet/dry
as covariates. When significant values (p < 0.05) were obtained, we performed a post-hoc analysis with
Bonferroni corrections to correct for multiple comparisons in the PERMANOVA.

To visualize and corroborate the results of the PERMANOVA, we used a non-metric multi-dimensional sca-
ling (NMDS) from the functionmetaMDS in vegan. NMDS is an ordination technique that represents highly
dimensional data by maximizing the correlation of ranked-distances between the original highly dimensional
data and a two dimensional representation (Faith et al. 1987, Minchin 1987). A stress score is calculated as
a measure of how accurately the two dimensional ordination represents the distances in the original data;
stress scores < 0.2 are generally considered acceptable (Clarke 1993). Communities grouped closely together
in the ordination space are interpreted as being more similar than those placed farther away.

Results

Biodiversity across grazing regimes

All three of our plant richness metrics, species richness (mean ± SD (range): 20.75 ± 7.26 (6.22 – 41.11)
species), the Shannon-Wiener diversity index i.e. H’ (1.79 ± 0.56 (0.33 – 2.88)), and the index of evenness,
i.e. Evar (0.41 ± 0.11 (0.16 – 0.98)), varied markedly among plots. However, analyses using linear mixed
effect models revealed that grazing intensity does not explain a significant amount of this variation. Species
richness varied with year (F3,128 = 5.58, P = 0.001), as the average species richness/plot was greater in 2004
(lsmean ± SE: 24.7 ± 1.4 species) than 2005 (20.4 ± 1.4 species; P = 0.04), 2006 (19.2 ± 1.4 species; P =
0.005), and 2007 (19.2 ± 1.4 species; P = 0.002), but was independent of wet/dry (F1,128 = 0.001, P = 0.97),
grazing (F2,128 = 0.35, P = 0.70), and the grazing:year interaction (F6,122 = 0.13, P = 0.99). Similarly, H’
varied with year (F3,128 = 13.34, P < 0.0001) as plots from 2004 (lsmean ± SE: 2.13 ± 0.09) were more
diverse than plots from 2006 (1.59 ± 0.09; P < 0.0001) and 2007 (1.49 ± 0.09; P < 0.0001), and plots from
2005 (1.93 ± 0.09) were more diverse than plots from 2006 (P = 0.02) and 2007 (P = 0.001). H’ was also
independent of grazing (F2,128 = 2.00, P = 0.13) and the grazing:year interaction (F6,122 = 0.32, P = 0.92),
but, contrary to SR, did vary with wet/dry (F1,128 = 5.51, P = 0.02; lsmean ± SE dry plots: 1.89 ± 0.08,
wet plots: 1.68 ± 0.08). Finally, Evar did not vary with wet/dry (F1,128 = 0.68, P = 0.41), year (F3,128 =
0.35, P = 0.78), grazing (F2,128 = 0.91, P = 0.40), or their interaction (F6,122 = 0.57, P = 0.76).
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. Community structure across grazing regimes

Wet/dry, grazing intensity, and year were all able to explain a significant amount of the variation in overall
vascular plant community structure in the PERMANOVA (P <= 0.002 for each; Table 2; Figure 2). Post-hoc
analysis revealed that the effect of grazing intensity on community structure was significant between plots
with light and pulse grazing (Bonferroni adjusted p = 0.003) and between plots with light and press grazing
(Bonferroni adjusted p = 0.003), but not between plots with press and pulse grazing (Bonferroni adjusted
p = 0.27; Figure 2b). The effect of year on community structure was only significant between plots in years
2004 and plots 2007 (Bonferroni adjusted p = 0.006; Figure 2c).

In addition to the variation in each of the above metrics of overall plant richness, there was also substantial
variation among plots in the mean species richness of shrubs (mean ± SD (range): 3.55 ± 1.84 (0.11 – 9.00)
species), herbs (11.05 ± 5.22 (1.56 – 22.56) species), and graminoids (6.15 ± 2.63 (1.44 – 12.56) species). The
number of shrub species was independent of year (F3,128 = 1.87, P = 0.14) and the grazing:year interaction
(F6,122 = 0.11, P = 0.99), but varied with grazing intensity (F2,128 = 30.27 P < 0.0001) and wet/dry (F1,128

= 44.63, P < 0.0001); lightly grazed plots had more shrub species than plots with pulse (P < 0.0001) and
press grazing (P < 0.0001; Figure 3a), and dry plots (lsmean ± SE: 4.23 ± 0.33 species) had more shrub
species than wet plots (2.77 ± 0.33 species). The number of graminoid species varied with year (F3,128 =
13.11 P < 0.0001), as plots from 2004 (lsmean ± SE: 7.84 ± 0.54 species) had more species of graminoids
than plots from 2005 (6.00 ± 0.54 species; P = 0.0005), 2006 (5.74 ± 0.54 species; P = 0.0001) and 2007 (5.08
± 0.55 species; P < 0.0001), but was independent of wet/dry (F1,128 = 0.05, P = 0.82) and the grazing:year
interaction (F6,122 = 0.30, P = 0.93). Complementing the effect of grazing intensity on shrub species richness,
the species richness of graminoids also varied with grazing intensity (F2,128 = 23.24, P < 0.0001) as lightly
grazed plots had fewer graminoid species compared to plots with pulse (P < 0.0001) and press grazing (P
< 0.0001; Figure 3b). In contrast, the species richness of herbs did not vary with wet/dry (F1,128 = 2.70,
P = 0.10), year (F3,128= 2.30, P = 0.08), grazing (F2,128 = 0.15 P = 0.86; Figure 3c) or the grazing:year
interaction (F6,122 = 0.07, P = 0.99).

Phylogenetic structure across grazing regimes

Phylogenetic dispersion (mean ± SD (range): 0.44 ± 0.08 (0.24 – 0.60)) varied with year (F3,128 = 3.18 P
= 0.03) [plots from 2005 (lsmean ± SE: 0.46 ± 0.01) were more phylogenetically dispersed than plots from
2004 (0.41 ± 0.01)], but was independent of wet/dry (F1,128 = 0.32, P = 0.57), grazing intensity (F2,128 =
0.16, P = 0.85; Figure 4a) and the grazing:year interaction (F6,122 = 1.52, P = 0.18). Controlling for the
proportion of species that are graminoids in each plot, the effect of year remained (F2,127 = 3.06, P = 0.03).
In contrast to the patterns of unweighted phylogenetic dispersion, the abundance-weighted measure (mean ±
SD (range): 0.41 ± 0.26 (0.03 – 0.95)) varied with grazing intensity (F2,128 = 5.72, P = 0.004), and wet/dry
(F1,128 = 14.25, P = 0.0002) [wet plots (lsmean ± SE: 0.33 ± 0.04) were more clumped than dry plots (lsmean
± SE: 0.48 ± 0.04)], though not with year (F3,128 = 0.91, P = 0.44) or the grazing:year interaction (F6,122

= 0.32, P = 0.93). After controlling for the proportion of the relative abundance of graminoids, the effect
of grazing intensity on abundance-weighted phylogenetic dispersion remained (F2,127 = 9.92, P < 0.0001).
Importantly, plots with pulse grazing were more phylogenetically dispersed than plots with both light (P =
0.007) and press grazing (P = 0.02), while there was no difference in dispersion between plots with light and
press grazing (P = 0.91; Figure 4b).

Discussion

We report for the first time that frequency of grazing has effects on the phylogenetic community structure
that are not captured by standard diversity indexes. Plant communities grazed every other year (i.e. pulse
grazing), but not communities grazed every year (i.e. press grazing) were more phylogenetically dispersed
than lightly grazed communities, while there was no effect of grazing on species richness, the Shannon-Wiener
index (H’) and community evenness (Evar). This does not support our predictions that grazing would act as
a biotic filter, resulting in communities that are more phylogenetically clustered, but rather suggests that
pulses of grazing release biological control and allow more phylogenetically diverse communities.
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. We observed no effect of grazing on species richness, the Shannon-Wiener index (H’) and community evenness
(Evar). Since the productivity of our study site is intermediate, these results are in agreement with previous
studies, which show that excluding reindeer decreases species richness in sites with low productivity, but
increases species richness in productive sites (Proulx and Mazumder 1998, Bernes et al. 2015, Sundqvist et
al. 2019). A neutral effect of reindeer grazing on species diversity is expected for sites that have intermediate
productivity in this region (Sundqvist et al. 2019).

While we do not observe a change in the overall richness and evenness of vascular plants across grazing
regimes, we do detect an effect of grazing on the species composition of communities. Plots with pulse
and press grazing both differed in community structure from lightly grazed plots (Figure 2a) as there was a
transition from shrubs to graminoids that occurred with grazing (Figure 3). These results are fully consistent
with previous studies in Fennoscandia that report the replacement of dwarf shrubs by graminoids in grazed
areas (Olofsson et al. 2001). Similar effects of grazing on vegetation composition have also been observed in
other systems (McKendrick et al. 1980, Clarke et al. 1995, Rooney 2009, Begley-Miller et al. 2014, Ferreira
et al. 2020). For example, grazing by sheep in Great Britain has resulted in the replacement of heather
moorlands with graminoids (Clarke et al. 1995), and grazing by mammalian herbivores in northern Alaska
also resulted in the replacement of tundra heaths by graminoids (McKendrick et al. 1980). Potential reasons
for this shift in vegetation composition include increased soil nutrient concentrations that favour graminoids
(McKendrick et al. 1980) and an increased ability of graminoids to outcompete shrubs and ferns in heavily
grazed environments due to their short stature, high shoot densities, and capacity for compensatory growth
(Coughenour 1985). This combination of traits allows graminoids to be the first plants to colonize following
disturbances (Chapin and Shaver 1981). Interestingly, the shift from shrubs to graminoids was also observed
in plots with several years of pulse grazing (Figure 2a; Figure 3). This may be explained by the decades of
chronic grazing these plots were exposed to before the temporary fences were established.

Our novel analysis of the effect of reindeer grazing on the phylogenetic structure of vascular plant communities
revealed that communities with pulse, but not press grazing seem more phylogenetically dispersed than
lightly grazed communities (Figure 4). This is in contrast to our prediction that, assuming anti-herbivore
traits are evolutionarily conserved (Loiola et al. 2012, Yessoufou et al. 2013, but see Kursar et al. 2009) and
reindeer are generalist herbivores (Baskin and Danell 2003), reindeer grazing would result in communities
that are more phylogenetically clustered compared to lightly-grazed communities (Cavender-Bares et al.
2009). Other studies examining the effect of grazing on phylogenetic structure have found conflicting results.
Grazing by white-tailed deer (Odocoileus virginianus ) resulted in phylogenetic clumping (Begley-Miller et al.
2014), but grazing by large herbivores in the African savanna resulted in changes in phylogenetic community
structure dependent on the initial community structure: communities that were initially clumped became
more dispersed while communities that were initially dispersed became more clumped (Yessoufou et al.
2013). In contrast, grazing by livestock had no effect on the phylogenetic dispersion of plant communities
in Chile (Salgado-Luarte et al. 2019). One potential explanation for our result is that anti-herbivore defense
traits are actually evolutionarily convergent in our study region, a situation where grazing by a generalist
herbivore would result in phylogenetic clumping (Cavender-Bares et al. 2009). However, it should be noted
that this predicted effect of grazing on the phylogenetic structure of plant communities by Cavender-Bares
et al. (2009) is based only on the direct effects of herbivory (i.e. the physical removal of species) and does
not account for the indirect effects on e.g. productivity, nutrient availability, trampling disturbance and
competitive interactions between species. For example, if herbivory increases soil nutrient availability and
decreases competition between plant species, this might lead to phylogenetic clumping, given that both
competition between distantly related taxa (Mayfield and Levine 2010) and limited nutrient availability
(Hurteau et al. 2016) may drive phylogenetic clumping. In this case, the indirect effects of grazing by
herbivores on phylogenetic structure may act in the opposite direction of direct effects of grazing, and the
resulting phylogenetic structure may depend on the relative strength of the direct and indirect effects. Given
that we found that pulse, but not press, grazing results in increased phylogenetic dispersion, it is possible
that in our study system, the indirect effects of reindeer grazing are more important than the direct effects
in driving community assembly for plant communities that are exposed to acute periods of grazing after
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. decades of chronic grazing.

The results of this study may be relevant to management decisions involving reindeer in Fennoscandia. While
we do not observe any richness effects of reindeer grazing, we do observe a significant effect of grazing on
vegetation composition and phylogenetic structure. More specifically, several years of pulse grazing (followi-
ng over forty years of chronic grazing) increased the phylogenetic dispersion of vascular plant communities
compared to plots with almost no grazing and plots with continued press grazing. Changes to the phylo-
genetic structure of communities may have important consequences for community function if phylogenetic
diversity captures genetic and functional diversity related to ecosystem productivity (see, e.g. Cadotte et al.
2009, Flynn et al. 2011). Given the numerous studies that have analyzed the impact of reindeer herbivory
on vegetation composition, there is a potential to re-analyze existing datasets using the framework of phy-
logenetic community ecology as done here. Additionally, future studies considering variation in productivity
and grazing intensity will reveal if general relationship between grazing and phylogenetic diversity exist in
the same way they do for common diversity measures, or whether the responses depend on other factors
such as the evolutionary history of plants and herbivores. Direct measurement of ecosystem function in such
experimental communities are also needed to help understand the mechanisms driving plant community
assembly in support of future management decisions.

Declarations

Ackowledgements: We thank Lauri Oksanen for knowledge of the study area and design and Oleg Dmytren-
ko, Jonas Gustafsson, Pirjo Isotupa, Marisano James, Maciek Koperwas, Nicolai Krichevsky, Anne Muola,
Karin Nilsson, Antti Oksanen, Lotta Ström and Gunnar Öhlund for help in the field. We also thank James
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Node Minimum Mean SD Fixed

Root 407.60 430.82 10.20 NA
Monilophytes 346.70 364.93 8.01 NA
Euphyllophytes NA NA NA 380.00
Angiosperms 113.00 133.27 8.90 NA
Ranunculales 112.00 132.81 9.14 NA
Saxifragales 89.30 101.73 5.46 NA
Caryophyllales 83.50 99.11 6.86 NA

Table 1. Node constraints (in million years) from Bell et al. (2010) input to MrBayes for dating the regional
vascular plant phylogeny from Fennoscandia.

Variable df SS MS Pseudo-F P

wet/dry 1 3.15 3.15 9.66 0.001
grazing 2 3.64 1.82 5.58 0.001
year 3 1.67 0.56 1.71 0.002
grazing*year 6 0.78 0.13 0.40 1
residual 127 41.45 0.33
total 139 50.69

Table 2. Results from the permutational multivariate analysis (PERMANOVA) of the Bray-Curtis dissim-
ilarities for vascular plant community structure in relation to wet/dry, grazing, year, and the grazing*year
interaction, df = degrees of freedom; SS = sum of squares; MS = mean sum of squares; Pseudo-F = F value
from permutations. P-values are based on 1000 permutations.

Figure captions
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. Figure 1. Study design. a) Design of one temporary fence. The temporary fence allows the most heavily
grazed area of the permanent fence to only be grazed every other year. b) Plot setup at five temporary
fences. Each temporary fence has one pair of triplicate plots, except for fence 4, which has two pairs of
triplicates. Each triplicate has one plot that was grazed every year (i.e. press grazing), one plot that was
grazed every 2nd year (i.e. pulse razing) and one plot that was lightly grazed. One triplicate in each pair
was placed in a drier area (D), while the other triplicate was placed in a wetter area (W).

Figure 2. Plant community structure is altered by pulse and press reindeer grazing and in wet
vs. dry plots. Non-metric multidimensional scaling (NMDS) of a Bray-Curtis distance matrix describing
vascular plant communities in Fennoscandia. NMDS is an ordination technique that creates a 2-dimensional
representation of highly dimensional data. Each point symbolizes a plant community from an individual plot
(n = 140) and colours display the characteristics of each plot: a) plots with light, pulse, or press reindeer
grazing, b) plots in wet or dry areas and c) the year the plot was sampled in. The stress value, a measure
of the disagreement between the rank order in the data set and the 2-dimensional NMDS, is 0.18.

Figure 3. Shrub species are replaced by grass species in plots with pulse and press grazing. The
effect of reindeer grazing on a) shrubs species richness, b) herbs species richness, and c) graminoid species
richness in Fennoscandia. Different numbers indicate statistical significance between groups at the P < 0.05
level, tested using an ANOVA in a linear mixed effects model.

Figure 4. The phylogenetic dispersion of plant communities increases in plots with pulse but
not press grazing. The effect of reindeer grazing on a) phylogenetic dispersion (calculated from species
presence/absence data) and b) abundance-weighted phylogenetic dispersion (calculated from relative species
abundance data) of vascular plant communities in Fennoscandia. Values of phylogenetic dispersion close
to 0 represent phylogenetically clumped communities, while values close to 1 represent phylogenetically
dispersed communities. Different numbers indicate statistical significance between groups at the P < 0.05
level, tested using an ANOVA in a linear mixed effects model, controlling for a) the proportion of species
that are graminoids and b) the proportion of the relative abundance that are graminoids.
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