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SUMMARY

Facilitation is an important process in plant communities. Because low nitrogen (N) supply
limits plant growth in most terrestrial ecosystems, N-fixing legumes have a great potential as
facilitators, as they increase soil N levels (e.g. Thomas & Bowman 1998, Pugnaire & Luque
2001, Halvorson & Smith 2009). Previous studies have shown that the presence of legumes
may increase growth and reproduction of adjacent plants (e.g. Morris & Wood 1989, Franco-
Pizafa et al. 1996, Thomas & Bowman 1998) and affect species composition and other
properties of plant communities (e.g. Thomas & Bowman 1998, Rodriguez-Echeverria &
Pérez-Fernandes 2003, Perroni-Ventura et al. 2006).

According to the stress-gradient hypothesis, the outcome of plant-plant interactions shifts
from competition to facilitation with increasing abiotic stress (Bertness & Callaway 1994,
Brooker & Callaghan 1998, Callaway et al. 2002). This implies that facilitation is the
dominant interaction in alpine habitats, which are considered climatically stressful (e.g.
Billings and Mooney 1968). Even though legumes are rare in alpine ecosystems (Kdrner
2003), they have a great potential as facilitators in these habitats where low biomass
production and slow decomposition limit the supply of nutrients, including N (e.g. Bliss

1971). However, few studies have examined the role of alpine legumes as facilitators.

In this master thesis | examine how two N-fixing legume species, Astragalus alpinus L. and
Oxytropis lapponica (Wahlenb.) Gay, affect different aspects of an alpine ecosystem in two
sites situated along a gradient in abiotic stress at Finse, Norway. The thesis consists of three

parts:

In Part 1 | examine whether soil nutrient levels differ below and outside legumes. My results
show that loss on ignition, total C and N content and NH4*-N and NO3™-N levels were higher
below than outside O. lapponica plants, most likely due to N-fixing by the legumes. There
was no difference in soil nutrient levels below and outside A. alpinus. The results for O.
lapponica are in accordance with the majority of literature reporting increased soil N levels
below legumes and suggest that O. lapponica may positively influence adjacent plants. The
percent increase in soil nutrient levels increased with abiotic stress, implying that legume

facilitation may also increase with abiotic stress.



In Part 2 | examine whether leaf density, size, growth rate, reproduction or N content of the
alpine herb Thalictrum alpinum L. differ with and without the presence of legumes. | found
that the leaf density of T. alpinum increased with both O. lapponica and A. alpinus, most
likely due to increased clonal growth caused by elevated soil N levels (Part 1). The increase
was greatest where abiotic stress was highest, supporting the stress-gradient theory. The lack
of response in T. alpinum plant size, growth rate and reproduction, as well as a reduction in N
content, may be due to increased resource allocation to clonal growth. As the two legume
species can facilitate the density of a single target species, they may have the ability to

influence the plant community as a whole.

In Part 3 | examine whether species composition, species richness, species diversity or
species evenness differ with and without the presence of legumes. | found that species
composition differed and species richness increased with O. lapponica, most likely due to
increased N availability below the legumes (Part 1). There was no difference in community
properties with and without A. alpinus. The facilitative effect of O. lapponica was found only
in the site of highest abiotic stress, supporting the theory that facilitation may increase species
richness under stressful environmental conditions (e.g. Hacker & Gaines 1997). Graminoid
species richness and cover also increased with O. lapponica, but the increase in graminoids
was not great enough to exclude herb species, resulting in an increase in total species richness.

Altogether, Part 1-3 clearly show that O. lapponica has the ability to influence the alpine
ecosystem at Finse. The legumes facilitate other species by increasing soil N levels, which not
only increases the leaf density of a single target species, but cascades into community-wide
effects altering species composition and increasing species richness. Despite no significant
difference in soil N levels, the presence of A. alpinus also increased leaf density of T.
alpinum, but had no community-level effects. Moreover, my study supports the stress-
gradient hypothesis, as the facilitative effects were greatest in the most severe end of the

stress-gradient.

Thomas & Bowman (1998), who studied Trifolium dasyphyllum in the Rocky Mountains,
conclude that legumes “represent an important biotic factor contributing to spatial
heterogeneity in species composition (...) of alpine tundra”. I believe that this is true also for
the legumes at Finse, at least O. lapponica, which | found to alter species composition in the

study area. As this only happens on a very local scale, namely in close vicinity of the



legumes, the spatial heterogeneity increases, which may again increase total species richness

of the ecosystem (Tilman 1982).

A weakness of this study is that I have not conducted any experiments and hence cannot
conclude definitely on cause and effect. | have just observed the variation already present.
However, based on my findings I can point out interesting trends and make suggestions as to
what may have caused them. It would have been interesting to experimentally transplant or
sow legumes and study the effects on soil and surrounding vegetation, but this was not within

the scope of a master thesis.

Brooker et al. (2008) point out several aspects of facilitation that needs further investigation,
including working on several levels of abiotic stress. In this study | examined only two sites
(i.e. two stress-levels) for each legume species, but in Northern Norway both A. alpinus and
O. lapponica are distributed from sea level to the middle alpine zone (Lid & Lid 2005),
allowing for studies along a much more extensive gradient. A future study could also examine
whether other species than T. alpinum respond to legume presence with changes in density.
Using the data in Part 3, one could select a number of species, some positively and some
negatively associated with legumes, and examine how different species and functional groups
respond to elevated soil N levels, as well as determine the mechanisms behind any changes in
density. This would also increase our understanding of the community-level effects of

legumes.

It is important to assess the role of legumes in alpine ecosystems. My study shows that they
may enhance spatial heterogeneity and increase species richness, an important quality in
itself, but especially in light of the ongoing climatic change. Alpine areas have been predicted
to be especially sensitive to global warming (e.g. Guisan et al. 1995), which may lead to
homogenization of the alpine vegetation (e.g. Odland et al. 2010). Under such circumstances

legumes may play a role in maintaining biodiversity.
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PART 1. NITROGEN-FIXING LEGUMES DIFFERENTIALLY AFFECT SOIL
NUTRIENT LEVELS IN AN ALPINE ECOSYSTEM

ABSTRACT

Low nitrogen (N) supply is a limiting factor for plant growth in most terrestrial ecosystems.
N-fixing legumes therefore have the potential to facilitate the growth of surrounding
vegetation as they increase soil N levels. This fertilizing effect should be greatest in low-
productivity habitats where initial soil N levels are low, for instance in alpine areas. In this
study | examined how soil nutrient levels differed below and outside two alpine legumes,
Astragalus alpinus L. and Oxytropis lapponica (Wahlenb.) Gay, in two sites situated along a
gradient in abiotic stress at Finse, Norway. | found that loss on ignition, total C and N
content, as well as NH;"-N and NOs™-N levels, were higher below than outside O. lapponica
plants, most likely due to N-fixing by the legumes. The percent increase in soil nutrient levels
was greatest in the site of highest abiotic stress. There was no difference in soil nutrient levels
below and outside A. alpinus, indicating that O. lapponica, but not A. alpinus, has the

potential to facilitate surrounding vegetation in the study area.

INTRODUCTION

Facilitation, as opposed to competition, is a positive interaction in which the fitness of one or
more species is increased without negatively affecting any of the other species in the
interaction (Hacker & Gaines 1997). The positive effect of facilitation may be either a direct
amelioration of harsh environmental conditions or an indirect effect through interacting
species (Callaway 1995). This includes modification of microhabitats, physical support,
negative effects on herbivores, pathogens and competitors, positive effects on microbes and

pollinators, transfer of nutrients and soil enrichment (Hunter & Aarssen 1988).

Low soil nitrogen (N) levels limit plant growth in most terrestrial ecosystems. However, some
plant taxa, such as the legumes (Fabaceae), compensate for this by living in symbiosis with
N-fixing bacteria, particularly within the Rhizobium. This gives the legumes a competitive
advantage when soil N levels are low (e.g. Vitousek & Field 1999) and may also facilitate the
surrounding vegetation, as the presence of N-fixers can increase soil N levels through leaf

leaking, root exudates, decomposition of N rich litter (Hggh-Jensen 2006 and references



therein) and reduced competition for N (Temperton et al. 2007). N can also be directly

transferred between plants through mycorrhiza (e.g. Frey & Schiiepp 1992).

The positive effect of legumes on soil N levels has been thoroughly studied in agricultural
systems, but has also been found in different types of natural ecosystems, such as deserts
(Tiedemann & Klemmedson 1973, Rundel et al. 1982, Rossi & Villagra 2003), alpine areas
(Kenny & Cuany 1990, Thomas & Bowman 1998), forests (Myrold & Huss-Danell 2003),
volcanic sites (Halvorson & Smith 2009), grasslands (Maron & Connors 1996, Maron &
Jefferies 1999, Carino & Daehler 2002), shrublands (Pugnaire & Luque 2001, Rodriguez-
Echeverria & Pérez-Fernandes 2003, Perroni-Ventura et al. 2006) and savannas (Belsky et al.
1993, Hagos & Smit 2005, Fornara & Tilman 2008).

The fertilizing effect of legumes should be greatest where initial N levels are low, for instance
during primary succession (Halvorson et al. 1991, Bellingham et al. 2001), in disturbed sites
(Dancer et al. 1977, Palaniappan et al. 1979) and in other low-productivity habitats. Belsky et
al. (1993) note that the difference in “several soil-fertility indices” below and outside the
canopy of the leguminous tree Acacia tortilis was greater in arid than in more humid sites, and
Pugnaire & Luqgue (2001) found a greater difference in soil N content below and outside the
canopy of the leguminous shrub Retama sphaerocarpa under low-productivity compared to
high-productivity conditions. Their results suggest that biologically fixed N contributes more
to the total soil N content in marginal habitats than in more nutrient-rich areas, resulting in a

greater difference in soil N content below and outside legumes.

The findings of Belsky et al. (1993) and Pugnaire & Luque (2001) show that the fertilizing
effects of legumes is greater in low-productivity sites, implying that lequmes may affect soil
N levels in alpine areas, where low biomass production and low decomposition rates limit the
supply of nutrients, including N (e.g. Bliss 1971, Nadelhoffer et al. 1992). However, to my
knowledge only two studies (Kenny & Cuany 1990, Thomas & Bowman 1998) have

examined the effect of alpine legumes on soil N levels.

In this study I examine how soil N levels differ below and outside two alpine legumes,
Astragalus alpinus L. and Oxytropis lapponica (Wahlenb.) Gay, in two sites situated along a
gradient in abiotic stress at Finse, Norway. If the positive effect of legumes on soil N levels

increases with decreasing productivity, as shown by Pugnaire & Luque (2001), the difference



in soil N content below and outside legumes should be especially pronounced in alpine areas
and increase with increasing abiotic stress. | also examine how other soil variables - dry
matter content, loss on ignition, total carbon (C) content, phosphorus (P) levels and pH -
differ below and outside legumes and whether the soil variables are related to properties of
individual legume plants that may affect soil nutrient levels, such as plant size and the number

of root nodules.

Specifically I ask the following questions:
- Do soil N levels (total N, NH;"-N and NO3™-N) or other soil variables differ below and
outside legumes?
- Does the difference in N levels or other soil variables below and outside legumes
increase with increasing abiotic stress?
- Aresoil N levels or other soil variables correlated to legume size or root nodule

number?

MATERIALS AND METHODS

Study area and study species

Field work was conducted during the summer 2008 at Finse, southwest Norway
(60°36°59°°N, 07°31°23"’E). Finse has a slightly oceanic climate characterized by high
precipitation and cool summers (Moen 1998). Mean annual rainfall and temperature are 1030
mm and -2.1 °C, respectively (The Norwegian Meteorological Institute 2010). The study area
was located in the middle alpine zone on the southwest slope of Mt. Sanddalsnuten (1554
m.a.s.l.). The bedrock here consists of phyllite with strains of marble (Askvik 2008), which
produces soil rich in plant nutrients and lime (Feegri 1967). Dryas heath, dominated by the
dwarf-shrub Dryas octopetala, is the main vegetation type in the study area.

The study was conducted in three sites (10 x 10 m) situated along the slope of Mt.
Sanddalsnuten: a low-elevation site (1460 m.a.s.l.), mid-elevation site (1510 m.a.s.l.) and
high-elevation site (1554 m.a.s.l.) with a difference in altitude of about 50 m between each
site. From the low-elevation site to the top of Mt. Sanddalsnuten the vegetation gradually
changes from a continuous, species-rich meadow to an exposed ridge community where

patches of open soil and bare rock are frequent. The study species Astragalus alpinus was



present in the low and high-elevation sites, while Oxytropis lapponica was present in the mid

and high-elevation sites.

A. alpinus and O. lapponica are both perennial, herbaceous legumes. A. alpinus grows in
many types of alpine plant communities, while O. lapponica is restricted to rich, but barren
ridges and slopes, as well as Dryas heaths (Lunde 1962). In the study area A. alpinus is
generally found in more favourable microhabitats than O. lapponica (pers.obs.). Both A.
alpinus and several species of Oxytropis have been reported to fix nitrogen in arctic and
alpine areas (Granhall & Lid-Torsvik 1975, Karagatzides et al. 1985, Johnson & Rumbaugh
1986, Schulman et al. 1988) and should therefore have the potential to increase soil nitrogen
levels at Finse.

Study design and chemical analyses

To examine how soil nutrient levels differ below and outside legumes, I collected 40 pairs of
soil samples (80 all together). Each pair consisted of one sample from below a legume and
one control sample 30-100 cm away from the first sample in the pair and at least 30 cm away
from all other legumes. In the low-elevation site | collected 10 soil sample pairs associated
with Astragalus alpinus, in the mid-elevation site 10 pairs associated with Oxytropis
lapponica and in the high-elevation site 10 pairs associated with O. lapponica and 10 pairs

with A. alpinus. Soil was collected within a quadrat of 15 x 15 cm to a depth of 15 cm.

| collected the legume plant in each pair by carefully removing legume roots and aboveground
biomass from the soil, which was thoroughly mixed and then frozen. | washed the roots and
counted the number of nodules and leaves of each legume. Plant material was dried at 60 °C

for 24 hours and weighed.

Subsamples of 5 g moist soil were dried over night at 105 °C, and | weighed the dry samples
and calculated the amount of dry matter (%). The dry samples were then combusted at 660 °C
for 6 hours, and | weighed the ashes and calculated the loss on ignition (%). The remaining
soil was dried at 40 °C over night and sieved (2 mm). | analyzed soil NH;"-N (mg/kg) content
according to the Norwegian Standard 4746 (Appendix 1) and soil P content using the P-Al
method (Appendix 2). Soil NO3z-N (mg/kg) and total C (%) and N (%) content were analyzed
by the Soil and Water Chemistry laboratory of the Department of Plant and Environmental

Sciences at the Norwegian University of Life Sciences in As. Finally | measured soil pH



(InoLab pH 720 pH meter, WTW, Weilheim, Germany) from a suspension of 10 ml dry soil
in 25 ml deionized water that had been shaken and left over night.

Primary data is found in Appendix 3.

Statistical analyses

| used analysis of variance (ANOVA) to test whether soil dry matter content (%), loss on
ignition (%), total C content (%), total N content (%), NH,"-N levels (mg/kg), NOs-N levels
(mg/kg), P-levels (mg/kg) or pH differed below and outside legumes and if the relationship
differed between sites. Data for the two legume species was analyzed separately, as initial
tests suggested that they produce contrasting results. All tests were two-way ANOVAs with
site and legume presence as fixed main factors and pair as a random nested factor under site
where this was significant (Table 1). If the interaction between site and legume presence was
significant, | used a paired t-test to compare soil parameters below and outside legumes within
each site. Data on NH,;"-N and NOs™-N content for A. alpinus were In transformed to fulfill
the ANOVA assumptions of normality and equal variances. Analyses were performed using

the General Linear Model and Paired t-test procedures in Minitab 15.1.1.0 for Windows.

| used regression analysis to test whether there was a relationship between the different soil
parameters and the size (number of leaves and biomass) or the number of nodules of the
associated legume plants. First | did a stepwise (forward and backward) selection to see if any
of the legume variables were significantly related to each of the soil parameters. | then used
the selected models in the regression analyses, with number of leaves, total biomass and/or
number of nodules as independent variables and each of the soil parameters as a dependent
variable. Separate analyses were conducted for each species and site. All analyses were

performed using the Regression procedure in Minitab 15.1.1.0 for Windows.

RESULTS

Astragalus alpinus

The ANOVA showed no significant difference in any soil variable below and outside
Astragalus alpinus plants (Table 1), although there was a tendency of slightly higher nutrient
levels below the legumes (Table 2). All soil parameters were significantly higher in the low-

elevation site, except for dry matter content, which was higher in the high-elevation site.



The regression analyses showed a significant positive relationship between the total biomass
of A. alpinus and soil dry matter content (p = 0.006, R” = 63.8 %) and between the number of
nodules and soil P content (p = 0.047, R? = 40.8 %) in the high elevation site. Otherwise there
were no relationships between the size of A. alpinus and any of the soil parameters in either
site (p > 0.05 for all tests).

Oxytropis lapponica

The ANOVA showed that both loss on ignition, total C and N content, as well as NH,"-N and
NOg3-N levels, were significantly higher in soil below Oxytropis lapponica plants, while there
were no differences between sites (Table 1). However, there was a tendency of slightly lower
background nutrient levels in the high-elevation site, and the percent increase in soil nutrient
levels below legumes was always greater in this site (Table 2). P levels and soil pH did not
differ outside and below O. lapponica, but were significantly higher in the mid-elevation site
compared to the high-elevation site. For dry matter content there was a significant interaction
between legume presence and site, and the t-tests showed that dry matter content was
significantly higher outside O. lapponica in the high-elevation site (T = 4.05, p = 0.003),
while there was no difference in dry matter content below and outside legumes in the mid-
elevation site (T = 0.34, p = 0.74).

The regression analyses showed that there was a significant negative relationship between the
total biomass of O. lapponica and dry matter content in the mid elevation site (p = 0.049, R? =
40.2 %). Otherwise there were no significant relationships between the size of O. lapponica
and any of the soil parameters (p > 0.05 for all tests).
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Table 2. Amount of dry matter (%), loss on ignition (%), total C content (%), total N content
(%), NH4"-N (mg/kg), NO3-N (mg/kg), P (mg/kg) and pH in soil samples from below and
outside the legumes Astragalus alpinus and Oxytropis lapponica in the low, mid and high-
elevation study sites at Mt. Sanddalsnuten, Finse, Norway summer 2008. All values are mean
+ 1 SE. Where there was a significant difference between nutrient levels below and outside

legumes, the percent difference (A%) is given.

Dry matter (%) Loss on ignition (%) Total C (%) Total N (%)
A. alpinus
Low-elevation
legumes 42.8+5.2 40.2+8.3 179+39 1.5+0.3
control 48.0+7.2 34.5+7.2 19.8+3.5 1.4+0.3
A (%) - - = -
High-elevation
legumes 740+£13 9.2+006 36103 0.3zx0.02
control 76.2+1.2 8.2+06 38+04 0.3+0.03
A (%) - — — —
0. lapponica
Mid-elevation
legumes 79.9+08 7.4+05 27102 031001
control 805116 6.8+0.6 24104 0.2+0.03
A (%) - 7.9 11.1 9.1
High-elevation
legumes 74.0+£1.2 9.5+0.8 39107 031004
control 79.2+0.8 6.8+0.3 2.2+01 0.2 +0.009
A (%) 7.0 39.4 76.3 54.0
NH4-N (mg/kg) NOs-N (mg/kg) P (mg/kg) pH
A. alpinus
Low-elevation
legumes 2.2+0.6 17.8+4.5 451+2.4 6.9 +0.08
control 1.7+0.5 17.0+6.2 42.2+1.6 6.9+0.1
A (%) - - o =
High-elevation
legumes 09+0.1 3.8+09 375205 6.5+0.2
control 0.8+01 29+07 371202 6.2+0.2
A (%) — - —
0. lapponica
Mid-elevation
legumes 0.7 £0.06 J.0x1.2 381x05 7.3x01
control 0.6+0.1 5.1+0.6 38.1+04 7.4+01
A (%) 20.0 36.5 -
High-elevation
legumes 0.8 +0.06 6.6+0.7 37.1+03 7.0+0.08
control 05+01 0.3+0.7 36.5+0.1 7.2+01
A (%) 56.3 52.8 o =




DISCUSSION

Differences in soil nutrient levels

Loss on ignition, total C and N content and NH;-N and NO3™-N levels were higher below
than outside Oxytropis lapponica plants, while there was no significant difference in any of
the soil parameters below and outside Astragalus alpinus.

The increase in soil NH4"-N, NO3™-N and total N levels below O. lapponica at Finse (and the
similar, although far from significant, trend for A. alpinus) is in line with previous findings of
increased soil N levels below alpine legumes: Kenny & Cuany (1990) found increased N
levels in soil below Lupinus spp. in alpine Colorado, and Thomas & Bowman (1998) found
that Trifolium dasyphyllum increased soil N levels in the Rocky Mountains. The percent
increase in soil N levels below O. lapponica was greatest in the high-elevation site, where
abiotic stress is highest. This is in accordance with Pugnaire & Luque (2001), who found that
the positive effect of the leguminous shrub Retama sphaerocarpa on soil N levels increased
with abiotic stress in a semi-arid environment in Spain. The greater increase in soil N in the
high-elevation site may be due to the tendency of slightly lower background N levels in this
site, causing additional N from N-fixing legumes to result in a greater percent increase in total

soil N levels.

| did not experimentally examine whether the increased soil N levels below O. lapponica
actually comes from biological N-fixation. The legumes may simply prefer microhabitats with
higher soil N levels. However, Maron & Connors (1996), who studied Lupinus arboreus on
the Californian coastal prairie, conclude that ’high levels of nitrogen in soil under either dead
or live lupines did not result simply from lupines selectively colonizing (or surviving in)
nutrient-rich patches”. They found that soil N levels below young legumes were identical to
surrounding areas, whereas N levels below adult legumes were higher, indicating that L.
arboreus improve soil N conditions. Geesing et al. (2000) made the same conclusion based on
studies of Prosopis glandulosa in semi-arid Texas. In light of the findings of Maron &
Connors (1996) and Geesing et al. (2000) I find it likely that the increased soil N levels below
O. lapponica at Finse is due to biological N-fixation by the legumes.

Loss on ignition and total C content also increased with O. lapponica in the study area. There

was a tendency of increased loss on ignition below A. alpinus, but this was not significant.



The results for O. lapponica are in accordance with Maron & Jefferies (1999) and Halvorson
& Smith (2009), who found a higher organic matter content in soil below Lupinus arboreus
and Lupinus lepidus, respectively. Fornara & Tilman (2008) conclude that legumes may
increase soil C levels by providing N for increased growth of below-ground (and possibly
above-ground) biomass. The increase in soil C content | found at Finse could be caused by a
similar mechanism, where additional N from legumes increases the biomass of adjacent
plants, thereby indirectly increasing C inputs to the soil. The percent increase in loss on
ignition and total C content was greatest in the high-elevation site, indicating an increase in

facilitation with increasing abiotic stress.

| found no difference in soil P or pH below and outside either legume species. Several studies
have shown increased soil P levels below legumes (Rossi & Villagra 2003, Geesing et al.
2000, Gosling 2005), while Thomas & Bowman (1998) found reduced soil P levels below
Trifoilum dasyphyllum in the Rocky Mountains. Geesing et al. (2000) suggest that the
increase in P was due to pumping of nutrients from deeper layers, possibly coupled with the
fact that legumes are better at acquiring P from insoluble sources, while Gosling (2005) points
to increased litter input. He uses the same explanation for his findings of increased pH. Quite
contradictory, Thomas & Bowman (1998) conclude that their reduced P levels are due to the
legumes’ high P demand. My results contrast all of the above, and further studies are needed

to determine how the presence of legumes affects soil P content and pH.

| found few significant relationships between soil nutrient levels and the size or nodule
number of O. lapponica and A. alpinus at Finse. This contrasts the results of Geesing et al.
(2000), who found that the increase in N levels below P. glandulosa canopies was
significantly correlated with trunk diameter. However, it could be that the age of the legume is
more important than the size. Pugnaire et al. (1996) found that soil nutrient levels below
Retama sphaerocarpa increased with shrub age. Both O. lapponica and A. alpinus are
perennial, and it is not unlikely that over several years nutrients may accumulate in the soil
below the plants. As for the study of Geesing et al. (2000), trunk diameter could be correlated
with the age of the tree and therefore related to soil nutrient levels. However, further studies
are needed to determine whether there is a relationship between legume age and soil nutrient

levels.
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Differences between legume species

While N and C levels increased with the presence of O. lapponica, there were no significant
differences in soil nutrient levels below and outside A. alpinus, despite the fact that A. alpinus
was nodulated in the study area (pers.obs.) and has been reported to fix N in alpine habitats
(Granhall & Lid-Torsvik 1975, Johnson & Rumbaugh 1986). In a previous study | found that
the two legume species had the same mean number of nodules, but that O. lapponica had a
greater biomass (Olsen 2008). In theory a greater biomass could mean more litter, adding
more N to the soil, which could explain the differing effect of the two species. However, |

found no relationship between legume size and soil nutrient levels, so this seems unlikely.

Another possible explanation is that A. alpinus fixes less N than O. lapponica, thereby adding
less N to the soil. In the relatively favourable microhabitats of A. alpinus it may be more
beneficial for the plants to acquire N by root-uptake from the soil, as N acquisition through
biological fixation is quite costly (Gutschick 1981). Moreover, A. alpinus plants may able to
acquire a greater portion of their N from the soil because they are better adapted the
conditions in the study area than O. lapponica. A. alpinus is a widespread species in artic and
alpine habitats, and the plants at Finse grow nowhere near their altitudinal limit (Lid & Lid
2005). O. lapponica, on the other hand, has its altitudinal limit in Norway at 1550 m.a.s.l.
(Lid & Lid 2005), meaning that the plants at Mt. Sanddalsnuten are growing in a marginal
habitat where biological N-fixation may be an important source of N. I did not measure the
rate of N-fixation of the two legume species. However, previous studies indicate that A.
alpinus has an equal or greater rate of N-fixation than Oxytropis spp. (Karagatzides et al.
1985, Schulman et al. 1988), making a difference in N-fixation seem unlikely.

Rather than differences in fixation rates per se, the contrasting results for the two legume
species may be due to a less pronounced impact of N-fixation on soil N levels in the relatively
favourable microhabitats of A. alpinus. The low-elevation site, where only A. alpinus is
found, had much higher soil nutrient levels than the two other sites, and when comparing
background soil nutrient contents of O. lapponica and A. alpinus in the high-elevation site,
there was a tendency for slightly higher levels of both loss on ignition, total C and N content,
NH,4"-N and P in the A. alpinus samples. This is in line with Schulman et al. (1988), who
found higher soil nutrient levels in the habitat of A. alpinus compared to two species of
Oxytropis. In microhabitats with relatively high soil nutrient levels, such as those of A.

alpinus, the contribution of biologically fixed N may make up too small a part of the total soil

11



N content to produce a significant difference in soil N below and outside the legume. Thus,

the legumes’ differing effects on soil N levels may be due to their differing microhabitats.

CONCLUSION

Soil nutrient levels, both N and C, where higher below than outside Oxytropis lapponica
plants, most likely caused by biological N-fixation by the legumes. The percent increase was
greatest in the site of highest abiotic stress, probably due to slightly lower background soil
nutrient levels. However, there were few relationships between soil nutrient levels and legume
size or nodule number. | found no difference in soil nutrient levels below and outside
Astragalus alpinus, most likely due to this species’ preference for more favourable
microhabitats. This means that O. lapponica, but not A. alpinus, has the potential to influence

N budgets in the study area, thereby facilitating other species.
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APPENDIX 1. Determining NH4 -N using the Norwegian Standard for Water Samples (NS
4746) modified for analyses of soil extracts

Chemicals
- 1M KCI
- Sodium citrate buffer
- Reagent A
- Reagent B
- NH," standard solution (200 mg/l)

Preparation of chemicals

Sodium citrate buffer: To 600 ml deionized water, 80 g trisodium citrate dihydrate
(Na3g(COH(CH,C00),C00)x2H,0) was added, and the resulting solution was diluted to
1000 ml with deionized water.

Reagent A: To 1000 ml sodium citrate buffer, 10.0 g salicylic acid and 1.0 g sodium
nitroprusside (Nax(Fe(CN)sNO) x2H,0) were added, and the resulting solution was kept in a
dark glass bottle.

Reagent B: 20 g sodium hypochlorite was diluted to 1000 ml with deionized water and kept in
a dark glass bottle.

Procedure

To 20 ml 1M KClI solution in a 100 ml glass bottle, 5 g of dry soil was added, and the
suspension was left to shake for 1 hour at 150 rpm using a horizontal shaker (KS501 digital,
IKA Werke GmbH & Co. KG, Staufen, Germany). Extracts were filtered (Whatman 42),
poured into two glass tubes and frozen. In addition, a reference sample without soil was
prepared. Half of the extracts were analyzed for NO3™-N by the Soil and Water Chemistry
laboratory of the Department of Plant and Environmental Sciences at the Norwegian

University of Life Sciences in As. The rest was analyzed for NH4"-N as described below.

Each sample was diluted 5 times with 1M KCI. To 3 ml extract, 0.5 ml reagent A and 0.5 ml
reagent B were added. Samples were incubated at room temperature, in the dark, for 2 hours,

and absorption was measured spectrophotometrically at 655 nm (UV-2101PC



spectrophotometer, Shimadzu Scientific Instruments, Columbia, USA). The reference sample

was used to zero the instrument.

Standards with a known concentration of NH,;" (0 mg/l, 0.1 mg/l, 0.5 mg/l, 1.0 mg/l, 1.25
mg/l and 1.60 mg/l) were prepared and measured in the same way. The resulting standard
curve was used to calculate the amount of NH,4" (in mg/I) in the samples. The amount of
NH,4"-N in mg/kg could then be calculated.



APPENDIX 2. The ammonium-lactate (P-Al) method for determining plant-available
phosphorus (P)

Chemicals
- Al-solution: 0.1M NH,4"-lactate + 0.4M acetic acid, adjusted to pH 3.75
- 5% ascorbic acid
- Molybdat reagent
- P standard solution (1 ppm)

Preparation of chemicals
Al-solution: The concentrated Al-solution was diluted 10 times with deionized water to

produce Al-solution for extraction (Alg) and 100 times to produce Al-solution for washing
(Alw).

5 % ascorbic acid: To 100 ml deionized water, 5 g of ascorbic acid was added, and the

resulting solution was kept in a dark glass bottle.

Molybdat reagent: To 34 ml of deionized water, 24 ml concentrated H,SO, was added. To 20
ml deionized water, 2.6 g ammonium heptamolybdate tetrahydrate ((NH4)sM07024%4H,0)
was added. To 20 ml deionized water, 0.07 g potassium antimony (I11) oxide tartrate
(K(SbO)C4H4Csx¥2H,0) was added. The molybdat solution and the antimon solution were
then added to the sulphuric acid while stirring. The resulting solution was diluted to 500 ml

with deionized water and kept in a dark glass bottle.

Procedure
All glass equipment was placed in 0.5M HCI over night and rinsed with deionized water

before use.

To 40 ml Al solution in a 100 ml glass bottle, 2 g of dry soil was added, and the suspension
was left to shake for 1.5 hours at 150 rpm using a horizontal shaker (KS501 digital, IKA
Werke GmbH & Co. KG, Staufen, Germany). Filters (Whatman blue ribbon 589/3) were
washed two times with Al,-solution, and the soil suspension was then filtered into a glass

tube and placed in the refrigerator. In addition, a reference sample without soil was prepared.



The filtered samples were diluted 5 times with deionized water. To 10 ml diluted sample, 0.4
ml ascorbic acid and 0.4 ml molybdat reagent were added. Samples were incubated at room
temperature for 1.5 hours and absorption was measured spectrophotometrically at 880 nm
(UV-2101PC spectrophotometer, Shimadzu Scientific Instruments, Columbia, USA). The
reference sample was used to zero the instrument. According to the P-Al standard procedure,
the samples should be diluted 10 times and incubated for 15 minutes. However, initial
analyses suggested that 5 times dilution and 1.5 hours incubation time was appropriate for

extracts of alpine soil with a low P content.

Standards with a known concentration of P (0.3 ppm, 0.4 ppm, 0.5 ppm, 0.6 ppm, 0.7 ppm,
0.8 ppm, 0.9 ppm and 1.0 ppm) were prepared and measured in the same way. The resulting
standard curve was used to calculate the amount of P (in ppm) in the samples. The amount of

P in mg/kg was then calculated according to the following formula:

(ppm x ml extract x dilution x 1000 g) / (g soil x 1000 ml) = mg/kg P



APPENDIX 3. Amount of dry matter (%), loss on ignition (LOI) (%), total C content (%), total N
content (%), NH;"-N (mg/kg), NOz-N (mg/kg), P (mg/kg) and pH in soil samples from below (+)

and outside (-) the legume species Astragalus alpinus and Oxytropis lapponica, as well as the

number of leaves, number of nodules and biomass (g) of the legumes, in the low (L), mid (M) and

high (H)-elevation study sites at Mt. Sanddalsnuten, Finse, Norway, summer 2008. * denotes

missing values.

Site  A.alp O.lap drymatter LOI C N NH,;-N NO;-N P pH leaves nodules biomass
L + 70.4 10.0 4.09 0.37 0.26 0.87 3692 7.0 24 0 0.33
L - 729 6.9 2.44  0.25 0.26 1.49 3653 6.9
L + 63.1 143 6.77 053 1.24 2.45 3772 6.9 52 27 0.90
L - 59.5 148 854 0.61 1.05 5.08 3820 6.7
L + 52.5 241 3446 2.46 4.25 22.76 59.59 6.8 25 9 0.15
L - 72.8 7.8 298 0.26 0.30 0.62 3692 7.0
L + 174 949 1898 1.36 1.77 9.83 4292 6.7 12 8 0.12
L - 27.1 59.4 30.93 2.33 2.63 21.41 4777 6.7
L + 40.8 317 1425 1.16 0.95 14.03 4014 7.3 23 13 0.43
L - 30.0 51.0 26.38 2.08 3.11 24.16 4513 7.2
L + 39.3 376 2216 1.80 1.84 22.23 46.74 7.2 73 81 1.10
L - 313 486 2855 221 4.68 27.30 4997 7.2
L + 26.2 68.0 36.82 2.96 7.03 4868 5492 7.0 40 35 0.50
L - 259 63.3 3195 2.63 1.94 65.47 4708 7.1
L + 28.1 590 29.88 212 2.56 30.46 4856 6.7 31 5 0.51
L - * 429 2233 171 1.13 12.55 4105 6.9
L + 45.9 298 1499 1.06 1.19 10.47 4384 7.2 7 3 0.20
L - 75.3 6.8 1.95 0.21 0.30 2.56 3590 7.6
L + 44.1 323 1521 1.30 0.99 1659 3934 6.5 66 2 1.11
L - 37.1 432 2252 187 1.67 9.00 4324 6.1
M + 79.4 9.9 359 0.28 0.84 2.79 40.13 6.9 11 11 0.30
M - 70.9 103 413 0.33 0.91 1.40 36.80 7.0
M + 85.3 5.3 188 0.20 0.53 4.19 3726 7.5 17 2 0.39
M - 83.2 5.7 188 0.23 0.35 4.79 36.96 7.7
M + 80.6 9.7 3.33 0.30 1.01 4.19 3776 7.3 21 0 0.73
M - 79.5 6.2 159 0.17 0.25 6.87 36.62 7.6
M + 81.6 5.3 1.78 0.20 0.51 5.48 36.82 7.1 14 12 0.17
M - 82.6 5.6 155 0.17 0.34 4.15 4090 7.1
M + 79.3 5.9 233 024 0.54 4.39 3698 7.1 52 28 1.01
M - 73.8 9.6 468 0.45 1.23 7.20 3932 7.0
M + 80.0 7.2 3.39 031 0.75 8.55 3741 7.2 21 8 0.44
M - 82.7 4.8 122 0.13 0.27 4.84 3745 75
M + 78.9 7.3 2.64 0.26 0.78 6.32 3773 7.3 50 14 0.84
M - 78.5 6.1 198 0.22 0.70 4.56 3792 75
M + 75.6 1.7 247 0.27 0.73 6.43 3701 74 21 2 1.33
M - 83.1 5.9 1.77 0.19 0.38 5.59 3767 7.8
M + 79.8 8.1 326 0.34 0.97 1443 4197 74 40 6 1.22
M - 83.7 7.3 3.40 0.30 0.69 7.40 3900 7.6
M + 79.0 7.1 227 0.23 0.72 12.80 3775 7.6 37 18 0.68
M - 87.3 6.6 205 0.22 1.04 4.20 3880 7.8
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76.0
77.5
79.5
73.8
78.3
73.6
78.7
77.4
78.6
74.7
78.4
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85.4
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78.8
74.4
79.5
65.1
78.8
78.6
78.3
741
75.0
75.0
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79.6
78.8
68.2
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78.6
68.3
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74.8
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9.1
6.8
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6.0
8.5
6.8
9.2
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8.4
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6.6
53
111
8.0
9.4
9.0
155
6.1
6.0
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7.5
6.4
7.0
6.9
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9.0
6.9
111
9.4
9.6
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9.9
6.6
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6.9

3.47
1.94
3.52
2.40
3.04
2.21
3.57
1.93
2.49
2.04
3.20
2.50
2.16
1.61
4.79
2.53
3.59
3.00
9.43
2.10
1.60
2.49
3.43
3.54
242
2.69
2.65
2.17
4.76
5.83
4.07
2.89
4.58
4.70
3.79
5.21
4.24
2.50
4.63
2.76

0.33
0.20
0.31
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1.03
0.94
0.89
1.73
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PART 2. NITROGEN-FIXING LEGUMES POSITIVELY AFFECT DENSITY, BUT
NOT PERFORMANCE, OF AN ALPINE HERB

ABSTRACT

Facilitation is common among plants. According to the stress-gradient hypothesis, plant-plant
interactions shift from competition to facilitation with increasing abiotic stress, implying that
facilitation is an important process in climatically stressful alpine areas. In these low-
productivity habitats, nitrogen (N)-fixing legumes may facilitate neighbouring species by
increasing soil N levels. In this study | examined how leaf density, size, growth rate,
reproduction and N content of the herb Thalictrum alpinum L. differed with and without two
alpine legumes, Astragalus alpinus L. and Oxytropis lapponica (Wahlenb.) Gay, in two sites
situated along a gradient in abiotic stress at Finse, Norway. | found that leaf density of T.
alpinum increased with the presence of both legumes species, most likely due to increased
clonal growth caused by elevated soil N levels. The increase was greatest where abiotic stress
was highest, supporting the stress-gradient theory. The lack of response in T. alpinum plant
size, growth rate and reproduction, as well as a reduction in N content, may be due to
increased allocation of resources to clonal growth. This study shows that the presence of two
legume species can increase the density of a single target species, implying that they might

have the ability to influence the plant community as a whole.

INTRODUCTION

Facilitation is a fundamental process in plant communities (Callaway 1995). Positive
interactions among plants have been observed in a wide variety of habitats; from deserts,
savannas and grasslands to shrublands, forests, wetlands and tundra (Callaway 1995 and
references therein). According to the stress-gradient hypothesis, the net outcome of plant-
plant interactions shifts from competition to facilitation with increasing abiotic stress
(Bertness & Callaway 1994, Brooker & Callaghan 1998, Callaway et al. 2002 - but see
Maestre et al. 2005, Bowker et al. 2010). Under harsh environmental conditions any stress
reduction due to neighbouring plants should be favourable and may outweigh the negative
impact of competition (Callaway 1995, Callaway & Walker 1997). However, recent studies
indicate that under extreme abiotic conditions, the positive effect of facilitation may decrease
as biotic interactions collapse (Michalet et al. 2006, Forey et al. 2010).



Nitrogen (N)-fixing legumes have a great potential as facilitators, since N is a limiting factor
for plant growth in most terrestrial ecosystems. Both greenhouse experiments and field studies
have shown positive effects of legumes on neighbouring species, both in terms of survival
(Espigares et al. 2004), plant biomass (Jefferies et al. 1981, Belsky et al. 1993, Franco-Pizafa
et al. 1996, Maron & Connors 1996, Pugnaire et al. 1996, Quinos et al. 1998, Maron &
Jefferies 1999, Bellingham et al. 2001, Pugnaire & Luque 2001, Rodriguez-Echeverria &
Pérez-Fernandes 2003, Espigares et al. 2004, Gosling 2005), plant N content (Pugnaire et al.
1996, Quinos et al. 1998, Thomas & Bowman 1998, Maron & Jefferies 1999, Bellingham et
al. 2001, Lee et al. 2003, Rodriguez-Echeverria & Pérez-Fernandes 2003, Temperton et al.
2007) and flowering (Morris & Wood 1989, Pugnaire et al. 1996).

If the effect of positive interactions increases with increasing abiotic stress, facilitation should
be an important process in alpine areas, which are considered climatically stressful
environments characterized by low temperatures, strong winds and unstable soils (e.g.
Billings and Mooney 1968). In a global study Callaway et al. (2002) found that biomass,
growth and reproduction of alpine plants increased when growing close to other plants.
Competition was the dominating interaction at intermediate altitude, where the environment is
less stressful, while at high altitudes, where conditions are harsher, positive interactions
dominated. Choler et al. (2001) found the same pattern in the Alps, and Wang et al. (2008)
concluded that facilitation was the dominant interaction in alpine Tibet (but see Moen 1993,
Olofsson et al. 1999). The effect also seemed to vary between habitats at the same altitude,
with the greatest effect in the most exposed areas (Choler et al. 2001, Callaway et al. 2002,
Kikvidze et al. 2005).

As low biomass production and litter decomposition rates limit the nutrient supply in alpine
soils (e.g. Bliss 1971, Nadelhoffer et al. 1992), N from N-fixing legumes should have a
positive effect on neighbouring plants. To my knowledge only one study have examined how
the presence of legumes affects the growth of adjacent plants in alpine areas: Thomas &
Bowman (1998), who studied Trifolium dasyphyllum in the Rocky Mountains, found higher
graminoid and forb leaf N concentrations in legume patches. Biomass of non-legumes did,
however, not increase where legumes were present. They concluded that the legumes may

have both positive and negative effects on neighbouring plants.



In this study I examine how leaf density, size, growth rate, reproduction and N content of the
alpine herb Thalictrum alpinum L. differ with and without the presence of two alpine
legumes, Astragalus alpinus L. and Oxytropis lapponica (Wahlenb.) Gay, in two sites situated
along a gradient in abiotic stress at Finse, Norway. Klanderud (2005) and Klanderud &
Totland (2005) found that addition of nutrients increased growth of T. alpinum in the study
area, indicating that this species is nutrient limited. In Part 1 | showed that the presence of

O. lapponica increased soil N levels at Finse and that the increase was greatest in the most
stressful end of the gradient. If T. alpinum in the study area is indeed nutrient limited, the
presence of legumes, at least O. lapponica, should have a facilitative effect, and the effect
should increase with increasing abiotic stress. | also examine whether growth of T. alpinum is

related to legume size.

Specifically I ask the following questions:
e Do leaf density, size, growth rate, reproduction or N content of Thalictrum
alpinum differ with and without the presence of legumes?
e Does the difference in leaf density, size, growth rate, reproduction or N content of
T. alpinum with and without legumes increase with increasing abiotic stress?
e Are leaf density, size, growth rate, reproduction or N content of T. alpinum related

to the size of the legumes?

MATERIALS AND METHODS

Study area and study species

Field work was conducted during the summer 2008 at Finse, southwest Norway
(60°36°59°N, 07°31°23"’E). Finse has a slightly oceanic climate (Moen 1998) with a mean
monthly temperature and rainfall during the growing season (May-September) of 4.4 °C and
89 mm, respectively (The Norwegian Meteorological Institute 2010). The study area was
located on the southwest-facing slope of Mt. Sanddalsnuten (1554 m.a.s.l.) in the middle
alpine zone. The bedrock consists of phyllite with strains of marble (Askvik 2008), and Dryas
heath, dominated by the dwarf-shrub Dryas octopetala, is the main vegetation type in the

study area.

The study was conducted in three sites (10 x 10 m) situated along the slope of Mt.

Sanddalsnuten: a low-elevation (1460 m.a.s.l.), mid-elevation (1510 m.a.s.l.) and high-



elevation site (1554 m.a.s.l.), with a difference in altitude of about 50 m between each site.
The low and mid-elevation sites were fenced to prevent sheep grazing. The study species
Astragalus alpinus was present in the low and high-elevation sites, while Oxytropis lapponica

was present in the mid and high-elevation sites.

Thalictrum alpinum was chosen as the target species for this study as it is widespread in the
study area and was found in sufficient numbers in all three sites. T. alpinum is a small
perennial herb of circumpolar distribution (Lid & Lid 2005), in alpine areas typically
occurring in rich heaths and meadows. This is a clonal species producing ramets from below-
ground rhizomes (e.g. Steven & Waller 2004). However, individual plants and ramets are hard
to distinguish, and | hereafter refer to both as plants.

To document differences in abiotic conditions along the slope of Mt. Sanddalsnuten, |
measured temperature at ground level (+ 0 cm) and air temperature (+ 100 cm) in each site
from July 12" to August 9™ 2009 using data loggers (Tinytag Plus, Gemini Data Loggers
Ltd., Chichester, UK). In each site | also estimated total vegetation cover (%), measured soil
moisture (%) (Moisture Meter HH2, Delta-T Devices Ltd., Cambridge, UK) and collected soil
samples (see Part 1). Both temperature, vegetation cover, soil moisture and soil nutrient
contents were higher in the low-elevation site than in the mid and high-elevation sites (Table
1). The low-elevation site was also less exposed to wind (pers.obs.). Between the mid and
high-elevation sites | found only minor differences in vegetation cover and abiotic conditions.
However, the difference in soil nutrient levels below and outside O. lapponica was greater in
the high-elevation site than the mid-elevation site (Part 1).



Table 1. Temperature, vegetation cover and soil properties of the three study sites at Mt.
Sanddalsnuten, Finse, Norway. Data on soil variables and vegetation cover were collected in
2008, temperature and soil moisture data in 2009. Both vegetation cover and all soil
characteristics were measured outside legumes. Vegetation cover and soil moisture were
measured in 15 x 15 cm sampling quadrats. Temperature is given as daily means at ground
level (+ 0 cm) and as air temperature (+ 100 cm) based on 29 days of measurements. All

values are mean = 1 SE.

Low-elevation site Mid-elevation site High-elevation site

Temperature (°C)

ground level 8.7 +0.1 7.7+01 7.4+01

air temperature 7.7 £0.1 6.7+0.1 6.5+0.1
Vegetation cover (%) 97.6+1.0 49.7+5.2 492 +3.4
Soil moisture (%) 424+13 16.3 £0.7 279+09
Dry matter (%) 48.0+7.2 805+1.6 777 +0.8
Loss on ignition (%) 345+7.2 6.8+0.6 7504
Total C (%) 17.9+39 24+04 29+03
Total N (%) 1.4+03 0.2+0.0 0.3+0.0
NH,*-N (mg/kg) 1.7+0.5 0.6+0.1 0.7+0.1
NOs-N (mg/kg) 17.0+6.2 51+0.6 3.6+0.5
P (mg/kg) 422116 38.1+0.4 36.8+0.1
pH 6.9+0.1 7.4+0.1 6.710.2

Study design

To examine whether leaf density, size, growth rate, reproduction or N content of Thalictrum
alpinum differ with and without the presence of legumes, | selected 120 pairs of T. alpinum
plants. Each pair consisted of one plant growing in close vicinity (<5 cm) of a legume and one
growing at least 30 cm away from any legume, but no more than 100 cm away from the other
T. alpinum in the pair. In the low-elevation site | had 30 T. alpinum pairs associated with
Astragalus alpinus, in the mid-elevation site 30 pairs associated with Oxytropis lapponica and

in the high-elevation site 30 pairs associated with O. lapponica and 30 with A. alpinus.

Leaf density: | placed a 15 x 15 cm sampling quadrat around each T. alpinum plant and

counted all T. alpinum leaves within the quadrat, as well as the total number of legume leaves.

Growth: I measured the size of each T. alpinum plant, first in the end of July and then again in
the end of August, by counting the leaves and measuring maximum length (including petiole)
and width of every leaf using a digital caliper. I also counted the number of leaves of each

legume associated with a T. alpinum plant.



Reproduction: I counted the number of flowers and/or fruits of each T. alpinum plant in the
end of July and then again in the end of August. In August | also measured the height of the
inflorescence, the number of flowers having produced fruits and the number of fruits per
flower on all fertile plants. Fruits were dried at 60 °C for 24 hours and weighed. Only 17 out
of 240 plants produced fruits this year, which made it difficult to compare fruit number or
weight between plants. Instead | categorized each T. alpinum plant as either fertile or infertile,
depending on whether it had produced an inflorescence, and analyzed for differences in

fertility.

N content: | harvested all T. alpinum plants at the end of the growing season, and the plant
material was dried at 60 °C for 24 hours. Plant CHN-N content was analyzed by the
Department of Animal and Aquacultural Sciences at the Norwegian University of Life
Sciences in As using gas chromatography. Individual T. alpinum plants were too small to be

analyzed separately, so in the final analysis 3 plants were analyzed together.

Primary data is found in Appendix 1 and 2.

Statistical analyses

For each Thalictrum alpinum plant I calculated plant size in July (W;) and August (W,) as
(number of leaves x width x length) and mean plant size as (W1 + W] / 2). | also calculated
the relative growth rate as ([In W2 - In W1] / [t; - t1]) (Hunt 1982) where [t - t;] is the number

of days between the two measurements.

| used analysis of variance (ANOVA) to test whether leaf density, mean size, growth rate or N
content of T. alpinum differed with the presence of legumes and/or between sites. All tests
were two-way ANOVAs with site and legume presence as fixed main factors. Except for the
analysis of N content, | used pair as a random nested factor under site when significant (Table
2). If the interaction between site and legume presence was significant, | used a paired t-test —
except for N content, for which I used a two-sample t-test — to compare T. alpinum parameters
with and without legume presence within each site. The data on T. alpinum density was In
transformed and plant size data was square root transformed to fulfill the ANOVA
assumptions of normality and equal variances. All figures are shown with untransformed data.
Analyses were performed using the General Linear Model, Paired t-test and 2-Sample t-test

procedures in Minitab 15.1.1.0 for Windows.



| used simple regression to test whether there was a relationship between the leaf density of T.
alpinum and legume leaf density or between mean T. alpinum size, growth rate and N content
and the size (number of leaves) of the associated legumes. Only quadrats with legumes were
included in the analyses, and separate tests were performed for each site as | expected to see
differences between sites of differing abiotic stress. Analyses were performed using the

Regression procedure in Minitab 15.1.1.0 for Windows.

| used Pearson’s chi-quadrat test to test whether there was a difference in fertility between T.
alpinum plants growing with and without legumes. First | tested for differences in fertility
between sites, then for differences with and without legumes within each site. | also used
logistic regression to test whether there was a relationship between fertility and the size of T.
alpinum or legume size within each site. In this analysis I only included the T. alpinum plants
growing with legumes and used T. alpinum size and legume leaf number as predictors.
Analyses were performed using the Cross Tabulation and Binary Logistic Regression
procedures in Minitab 15.1.1.0 for Windows.

In all tests data for the two legume species was analyzed separately, as analyses in Part 1
suggested that they differ in their effect on soil N levels and hence their potential facilitative

ability.

RESULTS

Astragalus alpinus

Leaf density: The ANOVA showed a significant interaction between site and legume presence
for Thalictrum alpinum leaf density (Fig. 1A, Table 2). The t-tests revealed that leaf density
was almost significantly higher in quadrats with Astragalus alpinus in the high-elevation site
(T =2.00, p =0.055), while there was no difference in leaf density between quadrats with and
without Astragalus alpinus in the low-elevation site (T = 1.28, p = 0.21). The regression
analyses showed no significant relationship between the leaf density of T. alpinum and
legume leaf density (p = 0.55, R?= 1.3 % for the low-elevation site; p = 0.43, R*= 2.3 % for

the high-elevation site).

Growth: The ANOVA showed that T. alpinum was significantly larger (Fig. 1B) in the low-
elevation site compared to the high-elevation site, while there was no difference in growth

rate (Fig. 1C) between sites (Table 2). Moreover, there was no significant difference in size or



growth rate between plants growing with and without legumes. The regression analyses
showed no significant relationship between the size (p = 0.47, R?= 1.9 % for the low
elevation site; p = 0.36, R*= 3.0 % for the high elevation site) or growth rate (p = 0.78, R?=
0.3 % for the low-elevation site; p = 0.74, R*= 0.4 % for the high-elevation site) of T.

alpinum and legume size.

Reproduction: The chi-quadrat test showed no difference in fertility of T. alpinum growing
with and without A. alpinus in neither the low-elevation site (x*= 0.61, p = 0.44) nor the high-
elevation site (x*= 0.88, p = 0.35) (Fig. 2). However, the low-elevation site had a significantly
higher number of fertile T. alpinum plants than the high-elevation site (y* = 14.1, p < 0.001).
The logistic regression showed no relationship between fertility and T. alpinum size (p = 0.71,
OR =1.00 for the low-elevation site; p = 0.08, OR = 1.00 for the high-elevation site) or
legume size (p = 0.75, OR = 0.99 for the low-elevation site; p = 0.49, OR = 0.96 for the high-
elevation site).

N content: The ANOVA showed an almost significant interaction between site and legume
presence for T. alpinum N levels (Table 2), but the t-tests detected no significant differences
in N levels in T. alpinum plants growing with and without A. alpinus in neither the low-
elevation site (T = 1.64, p = 0.12) nor the high-elevation site (T = 1.31, p = 0.21) (Fig. 1D).
The regression analyses showed no significant relationship between T. alpinum N content and
legume size (p = 0.22, R®= 18.1 % for the low-elevation site; p = 0.63, R?= 3.5 % for the
high-elevation site).

Oxytropis lapponica

Leaf density: The ANOVA showed that the leaf density of Thalictrum alpinum was
significantly higher in quadrats where Oxytropis lapponica was present (Fig. 1A, Table 2).
The increase in leaf density with O. lapponica was greater in the high-elevation site (75.2 %)
than the mid-elevation site (61.0 %). However, leaf density was significantly higher in the
mid-elevation site compared to the high-elevation site. The regression analyses showed no
relationship between T. alpinum leaf density and legume leaf density (p = 0.54, R?= 1.3 % for

the mid-elevation site; p = 0.55, R*= 1.3 % for the high-elevation site).

Growth: The ANOVA showed that T. alpinum was significantly larger (Fig. 1B) in the mid-

elevation site compared to the high-elevation site, while there was no difference in growth



rate (Fig. 1C) between sites (Table 2). Moreover, there was no difference in size or growth

rate between plants growing with and without O. lapponica. The regression analyses showed
no relationship between the size (p = 0.12, R? = 8.3 % for the mid-elevation site; p = 0.32, R?
= 3.6 % for the high-elevation site) or growth rate (p = 0.87, R?= 0.1 % for the mid-elevation

site; p = 0.69, R*= 0.6 % for the high-elevation site) of T. alpinum and legume size.

Reproduction: The chi-quadrat test showed no difference in T. alpinum fertility with and
without legumes in neither the mid-elevation site (x* < 0.001, p = 1.00) nor the high-elevation
site (x*= 0.1, p = 0.79), and there was no difference in fertility between the two sites (x*=
0.98, p = 0.32) (Fig. 2). The logistic regression showed an almost significant negative
relationship between T. alpinum fertility and legume size in the mid-elevation site (p = 0.056,
OR = 0.87), but not the high-elevation site (p = 0.36, OR = 0.99, and there was no relationship
between fertility and T. alpinum size in either site (p = 0.83, OR = 1.00 for the mid-elevation
site; p =0.46, OR = 1.00 for the high-elevation site).

N content: The ANOVA showed a significant interaction between site and legume presence
for T. alpinum N levels (Fig. 1D, Table 2). The t-tests revealed that the N content of T.
alpinum was lower in quadrats with O. lapponica in the mid-elevation site (T =2.21, p =
0.041), while there was no difference in N content with and without O. lapponica in the high-
elevation site (T = 1.28, p = 0.22) (Fig. 1). The regression analyses showed no relationship
between T. alpinum N content and legume size (p = 0.78, R?= 1.1 % for the low elevation
site; p = 0.21, R*=19.0 % for the high elevation site).



Astragalus alpinus Oxytropis lapponica
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Fig. 1. Leaf density (the number of leaves in each sampling quadrat) (A), mean plant size
(number of leaves x width x length) (B), relative growth rate (C) and CHN-N content (D) of
Thalictrum alpinum growing with (+) and without (-) the legumes Astragalus alpinus (left)
and Oxytropis lapponica (right) in the low, mid and high-elevation study sites at Mt.
Sanddalsnuten, Finse, Norway, summer 2008. All figures show mean values with 95 % CI.
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Astragalus alpinus Oxytropis lapponica
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Fig. 2. The total number of fertile Thalictrum alpinum plants growing with (+) and without (-)
the legumes Astragalus alpinus (left) and Oxytropis lapponica (right) in the low, mid and

high-elevation study sites at Mt. Sanddalsnuten, Finse, Norway, summer 2008.

Table 2. F4; and p-values for ANOVA analyses of leaf density, mean plant size, relative
growth rate and CHN-N (g/kg) content of Thalictrum alpinum growing with and without the
legumes Astragalus alpinus and Oxytropis lapponica in three study sites at Mt.
Sanddalsnuten, Finse, Norway summer 2008. Bold letters indicate p-values significant at the
0.05 level.

Source of Leaf density Size Growth rate CHN-N (g/kg)
variation Fif P Fyz P Fuf P Far P
A. alpinus

site 33.47 55 <0.001  26.65;ss <0.001 0.18; 136 0.670 2515 0.122
A.alp 0.89; 5 0.349 3.21, 5 0.078 1.781 116 0.185 0.05; 36 0.824
site < A. alp 5.64155 0.021 2.54, 55 0.117 <0.01,146 0.999 3.95, 3 0.054
pair 2.235558 0.001 221 0.001 — — — —
0. lapponica

site 4.79158 0.033 4.451 118 0.037 0.811115 0.370 14.85.,36 <0.001
0. lap 13.48, 0.001 0.49, 146 0.486 0.61; 115 0.436 0.00, 3¢ 0.985

site x O. lap 0.09; ¢ 0.762 112 146 0.291 1.39; 145 0.241 4.92, 3 0.033
pair 1.51c555 0.058 — — —
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DISCUSSION

Leaf density of Thalictrum alpinum plants increased with the presence of both Astragalus
alpinus and Oxytropis lapponica at Finse. Plant size, growth rate or reproduction of T.
alpinum did, however, not change with the presence of either legume species, while N content
decreased with the presence of O. lapponica in one of the study sites.

The increase in T. alpinum leaf density with the presence of O. lapponica is most likely due to
increased N availability, as in Part 1 | found increased soil N levels below O. lapponica plants
at Finse. This anticipation is supported by the findings of Klanderud (2005) and Klanderud &
Totland (2005) that T. alpinum respond positively to nutrient addition in the study area. The
percent increase in T. alpinum leaf density was greatest in the high-elevation site, indicating
that facilitation was strongest where abiotic stress is highest, supporting the stress-gradient
hypothesis. In Part 1 | found a greater difference in soil nutrient levels below and outside

O. lapponica in the high-elevation than the mid-elevation site, indicating that the increased
facilitation in the site of highest abiotic stress may be due to a proportionally greater

improvement of soil conditions, as suggested by Pugnaire & Luque (2001).

While the increase in T. alpinum leaf density with O. lapponica is probably due to an increase
in soil N levels below the legumes (Part 1), the almost significant increase in T. alpinum leaf
density with A. alpinus is more difficult to explain. In Part 1 | found no significant difference
in soil nutrient levels below and outside A. alpinus, although there was a tendency for
increased nutrient content in soil below the legumes. It could be that this tendency was great
enough for A. alpinus to cause an increase in the leaf density of T. alpinum in the high-
elevation site, where abiotic stress is relatively high. A sheltering effect of A. alpinus seems
unlikely, as previous studies have shown that the number of leaves of T. alpinum is reduced
by the presence of neighbouring plants in the study area (Klanderud 2005, Klanderud &
Totland 2005). However, further studies are needed to determine whether the tendency for
increased soil nutrient levels below A. alpinus is enough to cause the observed increase in leaf

density.

| did not find any relationship between T. alpinum leaf density, size, growth rate or N content

and legume size. In Part 1 | found few significant relationships between legume size and soil

12



nutrient levels, and if legume size is not related to soil nutrient levels, it is not likely to be

related to the growth of T. alpinum either.

The increase in leaf density of T. alpinum could be due to increased clonal growth. As a
clonal species T. alpinum may respond to increased soil N levels below legumes by producing
more clones, thereby increasing leaf density. The increase in leaf density could also be due to
increased establishment. However, Morris & Wood (1989) found that Lupinus lepidus
decreased seedling survival of adjacent plants at Mount St. Helens, and according to
Klanderud (2005) and Klanderud & Totland (2005) seedlings of T. alpinum are “rarely found”
in the study area. Therefore, it seems more likely that the increase in leaf density is due to
increased clonal growth, although I did not examine this directly.

The N content of T. alpinum did not change with the presence of either legume species except
for in the mid-elevation site, where it decreased with the presence of O. lapponica. This is in
line with Atkin & Collier (1992), who found that plant N content did not change following
nutrient addition. Korner (2003) interprets this as an allocation of N to increased growth
rather than increasing tissue N content, resulting in constant tissue N levels. The constant N
content of T. alpinum in the high-elevation site, as well as the reduced N content with O.
lapponica in the mid-elevation site, could be due to allocation of resources to increased clonal
growth, which may “dilute” additional N, as suggested by Kérner (2003). This is, however,
not in accordance with most studies of N content in species growing near legumes, reporting
an increase in both N content and biomass (Pugnaire et al. 1996, Quinos et al. 1998,
Bellingham et al. 2001, Rodriguez-Echeverria & Pérez-Fernandes 2003).

| found no difference in T. alpinum fertility with and without the presence of either legume
species. According to Steven & Waller (2004), T. alpinum in general allocates resources to
clonal growth rather than reproduction. The observed increase in leaf density, but not fertility,
of T. alpinum in this study could be due to such an allocation to increased clonal growth. This
is also supported by Klanderud (2005), who found that ”nutrient addition (...) had only minor
effects on the sexual reproduction of Thalictrum”. Increased clonal growth may, however, be
seen as an indirect investment in future reproduction, as an increased number of clones can

produce more inflorescences (Sandvik & Totland 2000).
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If the increased leaf density of T. alpinum is indeed due to allocation of resources to clonal
growth, this may explain the lack of response in T. alpinum size or growth rate. Another
possible explanation may be that growing near a legume inhibits T. alpinum growth. T.
alpinum is a small and delicate herb and may be susceptible to competition. Levine (2000)
and Franks (2003) found that the presence of a facilitator plant increased survival of target
species, but that growth of the same species was significantly reduced by competition with the
facilitator. This is also in accordance with Klanderud (2005) and Klanderud & Totland
(2005), who found that the removal of neighbours increased the number of leaves of T.
alpinum in the study area, indicating competitive inhibition of growth. The negative
relationship between the fertility of T. alpinum and the size of the associated O. lapponica
plants in the mid-elevation site may also indicate competition. If the growth and fertility of T.
alpinum is indeed inhibited by competing A. alpinus and O. lapponica plants, my results
support the conclusion of Thomas & Bowman (1998) that legumes have both positive and

negative effects on neighbouring species.

The lack of size and growth rate responses of T. alpinum may also be due to the timing of the
fieldwork. My second measurement was done rather late in the growing season, possibly after
the peak in T. alpinum growth when the plants had started to die back. This is supported by
my findings of very low or negative growth rates. The study was done in an exceptionally
warm and dry summer, which may have sped up the dieback. If this is the case, bad timing of
measurements could camouflage differences in size and/or growth rates with and without

legumes.

CONCLUSION

Leaf density of Thalictrum alpinum increased with the presence of Astragalus alpinus and
Oxytropis lapponica at Finse, most likely due to increased clonal growth caused by elevated
soil N levels below the legumes. Accordingly, allocation of resources to clonal growth may
have caused of the lack of response in T. alpinum plant size, growth rate and reproduction, as
well as the reduction in N content. However, there were few relationships between T. alpinum
parameters and legume size. The increase in leaf density was greatest in the high-elevation
site, supporting the stress-gradient hypothesis. In this study I have shown that the presence of

two alpine legume species can affect the density of single target species. Changes in density
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of individual species level may in turn lead to community-level changes, implying that the

legumes may have the ability to influence the plant community as a whole.
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APPENDIX 1: Leaf density of Thalictrum alpinum within 15 x 15 cm sampling quadrats and number
of leaves, mean leaf length (mm), mean leaf width (mm) and fertility (0 = infertile, 1 = fertile) of
individual T. alpinum plants measured in July (1) and August (2) growing with (+) and without (-) the
legumes Astragalus alpinus and Oxytropis lapponica in the low (L), mid (M) and high (H)-elevation
study sites at Mt. Sanddalsnuten, Finse, Norway, summer 2008. The table also shows legume leaf

density and the number of leaves of individual legume plants measured in July (;) and August (2).

Thalictrum alpinum legumes
leaf no. no. leaf no. no.
site A. alp O.lap  density leaves, length,  width, leaves, length,  width, fertility density leaves, leaves,

L + 61 4 20.3 7.0 3 24.2 7.8 1 8 2 3
L 52 3 22.2 8.3 5 16.6 47 1
L + 41 4 234 10.9 4 21.8 10.8 0 52 22 21
L 116 3 23.6 9.2 2 23.8 94 0
L + 89 3 30.6 10.5 3 38.8 79 0 104 95 76
L 72 3 39.5 12.8 3 36.0 12.6 0
L + 113 2 40.8 18.3 2 414 20.2 0 27 15 23
L 68 3 17.6 6.1 5 26.7 8.9 1
L + 28 5 28.9 9.6 4 27.9 8.2 1 17 11 11
L 54 5 148 6.4 4 16.9 5.9 1
L + 21 2 40.5 12.8 2 36.3 11.4 0 30 25 17
L 34 3 23.9 6.5 2 40.5 12.8 0
L + 18 3 395 15.9 3 35.8 17.3 0 19 15 12
L 13 3 37.9 10.7 3 32.2 10.5 1
L + 66 6 19.4 11.2 8 18.7 79 1 27 12 15
L 30 4 26.2 8.3 4 24.9 6.7 1
L + 37 4 24.8 9.4 4 23.3 10.3 1 37 10 14
L 63 5 18.8 8.5 4 18.2 59 1
L + 26 2 24.0 12.0 2 20.7 13.5 1 105 103 110
L 49 5 15.7 7.7 3 14.9 7.9 1
L + 10 5 125 6.8 5 114 6.6 1 34 17 15
L 27 4 121 7.2 4 15.0 6.9 1
L + 58 5 16.2 7.4 4 17.0 85 1 19 14 12
L 27 4 20.2 8.1 4 20.7 8.8 1
L + 26 7 215 10.9 7 22.8 10.7 1 27 16 8
L 58 4 19.3 9.5 4 26.5 10.0 0
L + 23 2 21.7 10.4 2 24.0 95 0 40 40 23
L 75 7 14.0 7.7 7 15.0 8.1 1
L + 48 4 345 11.9 8 27.0 8.8 1 29 7 19
L 86 5 21.8 8.0 4 20.5 8.0 1
L + 45 6 10.7 6.2 7 10.0 6.0 1 16 11 4
L 38 7 8.9 5.0 7 9.3 51 1
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APPENDIX 2. CHN-N content (g/kg) of Thalictrum alpinum growing with (+) and without (-)
the legumes Astragalus alpinus and Oxytropis lapponica in the low (L), mid (M) and high (H)-

elevation study sites at Mt. Sanddalsnuten, Finse, Norway, summer 2008.

Site d.alp O.lap CHN-N Site Ad.alp O.lap CHN-N
L + 21.1 H + 18.9
L + 15.9 H + 17.7
L + 17.3 H + 20.8
L + 18.0 H + 15.7
L + 15.7 H + 18.4
L + 18.1 H + 15.4
L + 17.4 H + 15.3
L + 17.6 H + 16.6
L + 18.0 H + 18.5
L + 18.8 H + 17.2
L - 16.4 H - 20.1
L - 19.5 H - 16.8
L - 16.1 H - 13.4
L - 14.8 H - 14.1
L - 18.4 H - 16.9
L - 15.2 H - 15.9
L - 16.7 H - 15.4
L - 14.5 H - 17.6
L - 17.3 H - 18.9
L - 17.6 H - 14.1
M + 154 H + 17.4
M + 144 H + 16.4
M + 13.8 H + 15.7
M + 14.7 H + 15.2
M + 13.0 H + 15.6
M + 16.7 H + 14.2
M + 15.7 H + 15.5
M + 12.7 H + 12.3
M + 14.0 H + 19.3
M + 12.9 H + 13.2
M - 14.8 H - 19.0
M - 15.8 H - 17.2
M - 14.3 H - 17.7
M - 15.9 H - 17.2
M - 13.8 H - 13.1
M - 16.9 H - 17.8
M - 16.8 H - 21.9
M - 15.3 H - 11.9
M - 15.5 H - 16.8
M - 15.7 H - 16.5







PART 3. NITROGEN-FIXING LEGUMES DIFFERENTIALLY AFFECT SPECIES
COMPOSITION, RICHNESS AND EVENNESS, BUT NOT DIVERSITY, OF AN
ALPINE PLANT COMMUNITY

ABSTRACT

Facilitation may increase species richness in plant communities, particularly in habitats with
high levels of abiotic stress, such as alpine areas. In these low-productivity habitats legumes
are potential facilitators, as they increase soil nitrogen (N) levels through biological N-
fixation. In this study | examined how species composition, richness, diversity and evenness
differed with and without two alpine legumes, Astragalus alpinus L. and Oxytropis lapponica
(Wahlenb.) Gay, in two sites situated along a gradient in abiotic stress at Finse, Norway. |
found that species composition differed and species richness increased with O. lapponica,
most likely due to increased N availability below the legumes, while there was no difference
in community properties with and without A. alpinus. The facilitative effect of O. lapponica
was found only in the site of highest abiotic stress, supporting the theory that facilitation can
increase species richness under stressful environmental conditions. Graminoid species
richness and cover also increased with O. lapponica, but the increase in graminoids was not
great enough to exclude herb species, resulting in a total increase in species richness. My
study shows that O. lapponica, but not A. alpinus, may contribute to increasing the

biodiversity of the alpine ecosystem at Finse.

INTRODUCTION

Facilitative interactions between plants of different species can cascade into community-wide
effects. Hacker & Gaines (1997), Michalet et al. (2006) and Gross (2008) suggest that positive
interactions may produce more species-rich communities by facilitating species that might not
normally survive and that the importance of facilitation, relative to competition, increases
with increasing abiotic stress. This has been confirmed in studies of cushion nurse plants in
northern Sweden (Antonsson et al. 2009) and the high-alpine Andes (Cavieres et al. 2002,
Arroyo et al. 2003, Cavieres & Badano 2009), shrubs in a Mediterranean shrubland

(Holzapfel et al. 2006), the nurse tree Olneya tesota in the Sonoran desert (Tewksbury &
Lloyd 2001), salt marsh vegetation in New England (Brewer et al. 1997, Hacker & Bertness
1999) and subalpine and alpine meadow ecosystems throughout the northern hemisphere



(Kikvidze et al. 2005). However, Michalet et al. (2006) point out that under extreme
conditions the positive effect of facilitation on species richness declines, as shown by
Cavieres & Badano (2009) and Xiao et al. (2009).

Nitrogen (N)-fixing legumes have the potential to affect plant community diversity, structure
and composition by fertilizing the soil in their immediate vicinity (Jacot et al. 2005). Several
studies show how the presence of legumes affect the course of succession and the properties
of the resulting plant community (Halvorson et al. 1991, Bellingham et al. 2001, del Moral &
Rozzell 2005, Li et al. 2010), others how legumes facilitate alien plant species, thereby
indirectly changing the native community composition (Maron & Connors 1996, Maron &
Jefferies 1999, Carino & Daehler 2002). A few studies also examine how legumes influence
the distribution of plants in non-successional native plant communities, with results ranging
from positive (Perroni-Ventura et al. 2006) and neutral (Thomas & Bowman 1998, Rossi &
Villagra 2003) to negative (Rodriguez-Echeverria & Pérez-Fernandes 2003) effects on plant
species richness, diversity and evenness.

Kammer & M0hl (2002) conclude that “species richness in most of the alpine plant
communities is stress limited”. This implies that a reduction in stress, for instance due to
facilitation by legumes, may increase species richness in alpine areas, which is consistent with
the theory of Hacker & Gaines (1997). To my knowledge, only two previous studies have
examined how the presence of legumes affects plant community structure in alpine areas:
Thomas & Bowman (1998) found that the presence of the legume Trifolium dasyphyllum
affected the abundance of plant species in the Rocky Mountains, although species richness did
not differ between legume and non-legume plots, and Jacot et al. (2005) found that certain
species were associated with legumes in the Alps. Clearly, our knowledge of the effect of

alpine legumes on community structure is limited.

Fertilization experiments reveal that different plant functional groups respond differently to

nutrient addition, with an increase in graminoids as the most common response (e.g. Tilman
1984). However, Rossi & Villagra (2003) found a decrease in graminoids below the canopy
of the leguminous tree Prosopis flexuosa in a desert habitat in Argentina. To my knowledge,
no study has examined the effects of alpine legumes on different plant functional groups.



In this study | examine how species composition, richness, diversity and evenness differ with
and without the presence of two alpine legumes, Astragalus alpinus L. and Oxytropis
lapponica (Wahlenb.) Gay, in two sites situated along a gradient in abiotic stress at Finse,
Norway. In Part 1 | found increased soil N levels below O. lapponica at Finse, and in Part 2 |
showed that both A. alpinus and O. lapponica facilitate the density of a single target species,
indicating that the legumes may have the potential to affect plant communities in the study
area. | also found that the increase in N, as well as the facilitative effect, was greatest in the
most stressful end of the gradient, so if legumes do facilitate species richness at Finse, the
effect should increase with increasing abiotic stress, as hypothesized by Hacker & Gaines
(1997). Moreover, | examine whether different functional groups respond differently to N

addition by legumes.

Specifically I ask the following questions:
- Do species composition, species richness, species diversity or species evenness differ
with and without the presence of legumes?
- Does the difference in species composition, richness, diversity or evenness with and
without legumes increase with increasing abiotic stress?

- Do different functional groups respond differently to legume facilitation?

MATERIALS AND METHODS

Study area and study species

Field work was conducted during the summer 2009 at Finse, southwest Norway
(60°36°59°N, 07°31°23”’E). Finse has a slightly oceanic climate (Moen 1998) with a mean
monthly temperature and rainfall during the growing season (May-September) of 4.4 °C and
89 mm, respectively (The Norwegian Meteorological Institute 2010). The study area was
located in the middle alpine zone on the southwest-facing slope of Mt. Sanddalsnuten (1554
m.a.s.l.). The bedrock consists of phyllite with strains of marble (Askvik 2008), and Dryas
heath, dominated by the dwarf-shrub Dryas octopetala, is the main vegetation type in the
study area. Other common vascular plant species are Astragalus alpinus, Bartsia alpina,
Bistorta vivipara, Carex rupestris, Carex vaginata, Festuca ovina, Festuca vivipara,
Oxytropis lapponica, Potentilla crantzii, Salix herbacea, Salix reticulata, Saussurea alpina,

Silene acaulis and Thalictrum alpinum. Nomenclature follows Lid & Lid (2005).



The study was conducted in three sites (10 x 10 m) situated along the slope of Mt.
Sanddalsnuten: a low-elevation (1460 m.a.s.l.), mid-elevation (1510 m.a.s.l.) and high-
elevation site (1554 m.a.s.l.), with a difference in altitude of about 50 m between each site.
The low and mid-elevation sites were fenced to prevent sheep grazing. The study species
Astragalus alpinus was present in the low and high-elevation sites, while Oxytropis lapponica

was present in the mid and high-elevation sites.

To document differences in abiotic conditions along the slope of Mt. Sanddalsnuten, |
measured temperature, soil moisture and collected soil samples in each of the three sites. |
also estimated total vegetation cover. Methods for soil sampling and analyses are described in
Part 1, while other measurements are described in Part 2. The low-elevation site was warmer,
moister and had higher soil nutrient contents and vegetation cover than the two other sites
(Part 2). Between the mid and high-elevation sites | found only minor differences. However,
the difference in soil nutrient levels below and outside the legume O. lapponica was greater in
the high-elevation site than the mid-elevation site (Part 1).

Study design and statistical analyses

| used the same 15 x 15 cm sampling quadrats as described in Part 2 to examine whether
species composition, richness, diversity or evenness differ with and without the presence of
legumes. In each quadrat (240 all together) I identified all vascular plant species and
estimated their cover (%) (Appendix 1). | then used the Excel add-in module Diversity to
calculate species richness, species diversity (the Shannon-Weaver diversity index: H’ = - p;
(In pi) where p;j is the relative abundance of each species; Ludwig & Reynolds 1988) and
species evenness (Shannon’s evenness index: I =H’ / In (S) where S is the number of
species; Ludwig & Reynolds 1988) in each quadrat. In all calculations | removed the legume
data from the dataset, as they would automatically bias the results in the legume quadrats (see
del Moral & Rozzell 2005).

| used multivariate ordination analysis to test whether species composition differed between
quadrats with and without legumes. Preliminary analyses using species cover (%) proved
inconclusive, and in the final analyses | categorized each species as present or absent.

First I used detrended correspondence analysis (DCA) with default settings to examine the
gradient lengths for the species composition data. The longest gradients were between 1.7 and
2.5 SD units. Lep$ & Smilauer (2003) conclude that redundancy analysis (RDA) is



appropriate when the longest gradient is shorter than 3.0 SD units, so | used RDA to test for
differences in species composition. Separate analyses were conducted for each site, as |
expected to find differences between sites due to differences in abiotic stress. | used legume
presence as an environmental variable and pair as a covariable in Monte Carlo permutation
tests with 999 permutations where the covariable defined the blocks within which to permute.
Otherwise default settings were used. Analyses were performed using CANOCO 4.5 for
Windows. In all analyses | removed the legume data from the dataset, as they would

automatically bias the results in the legume quadrats (see del Moral & Rozzell 2005).

| used analysis of variance (ANOVA) to test whether species richness, diversity or evenness
differed between quadrats with and without legumes and/or between sites. | also tested
whether species richness and total cover (%) of graminoids and herbs differed with legume
presence or between sites. Woody species and pteridophytes were not frequent enough to be
included in the analyses. All tests were two-way ANOVAs. In initial analyses | used site and
legume presence as fixed main factors and pair as a random nested factor under site. Pair
was, however, not significant and was therefore removed in order to save degrees of freedom.
If the interaction between site and legume presence was significant, | used paired t-tests to
compare the different parameters with and without legumes within each site. Data on
evenness was arcsin transformed and total cover of graminoids and herbs was square root
transformed to fulfill the ANOVA assumptions of normality and equal variances. All figures
are shown with untransformed data. Analyses were performed using the General Linear
Model and Paired t-test procedures in Minitab 15.1.1.0 for Windows.

In all tests data for the two legume species was analyzed separately, as analyses in Part 1 and

2 suggest that they differ in their facilitative ability.

RESULTS

Astragalus alpinus

The RDA showed no difference in species composition in quadrats with and without
Astragalus alpinus in neither the low-elevation site (F = 0.76, p = 0.81, % variance in species
data explained by the 1% axis = 2.7) nor the high-elevation site (F = 1.28, p = 0.22, % variance
in species data explained by the 1% axis = 4.2), and no species seemed to be strongly

associated with A. alpinus (Appendix 2).



The ANOVA showed no difference in species richness (Fig. 1A), diversity (Fig. 1B) or
evenness (Fig. 1C) between quadrats with and without A. alpinus (Table 1). The low-
elevation site had a significantly higher species richness and diversity than the high-elevation

site, while species evenness was the same in both sites.

The ANOVA showed no difference in graminoid or herb species richness (Fig. 2A) between
quadrats with and without A. alpinus, while richness of both functional groups was higher in
the low-elevation site compared to the high-elevation site (Table 2). The total cover of

graminoids and herbs (Fig. 2B) followed the same patterns.

Oxytropis lapponica

The RDA showed that species composition differed in quadrats with and without Oxytropis
lapponica in the high-elevation site (F = 2.19, p = 0.01, % variance in species data explained
by the 1* axis = 7.0), but not the mid-elevation site (F = 0.85, p = 0.63, % variance in species
data explained by the 1% axis = 2.9). The species most commonly associated with O.
lapponica were Carex rupestris, Festuca vivipara, Salix herbacea, Silene acaulis and

Thalictrum alpinum (Appendix 2).

The ANOVA showed no difference in species diversity (Fig. 1B) in quadrats with and without
O. lapponica or between sites (Table 1). Evenness (Fig. 1C) was significantly lower in
quadrats with legumes, but there was no difference between sites. For species richness (Fig.
1A) there was a significant interaction between site and legume presence. The t-tests revealed
that in the high-elevation site species richness was significantly higher in quadrats where O.
lapponica was present (T = 3.56, p = 0.001), while in the mid-elevation site there was no

difference in species richness in quadrats with and without O. lapponica (T =0.62, p = 0.54).

The ANOVA showed that graminoid species richness (Fig. 2A) was significantly higher
where O. lapponica was present and greater in the mid-elevation site than the high-elevation
site (Table 2). There was no difference in herb species richness between quadrats with and
without O. lapponica or between sites. The total cover of both graminoids and herbs (Fig. 2B)
was significantly higher in quadrats with O. lapponica, but the percent increase was always
greater for graminoids (54.6 % vs. 38.9 % in the mid-elevation site and 158.4 % vs. 110.0 %
in the high-elevation site). Graminoid cover was higher in the mid than the high-elevation

site, while herb cover was the same in both sites.



Astragalus alpinus Oxytropis lapponica
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Fig. 1. Species richness (A), diversity (B) and evenness (C) in 15 x 15 cm sampling quadrats
with (+) and without (-) the legumes Astragalus alpinus (left) and Oxytropis lapponica (right)
in the low, mid and high-elevation study sites at Mt. Sanddalsnuten, Finse, Norway, summer

2009. All figures show mean values with 95 % CI.



Table 1. F4; and p-values for ANOVA analyses of species richness (number of species),
diversity (the Shannon-Weaver diversity index) and evenness (Shannon’s evenness index) in
15 x 15 cm sampling quadrats with and without the legumes Astragalus alpinus and
Oxytropis lapponica in three different study sites at Mt. Sanddalsnuten, Finse, Norway,

summer 2009. Bold letters indicate p-values significant at the 0.05 level.

Source of Richness Diversity Evenness
variation Far P Fyf P Fyf P

A. alpinus

site 307.20;555 <0.001 108.62; ;5 <0.001 0.371115 0.542
A. alp 0.02;,55 0.899 0.29,135 0.592 0.251115 0.621
site ¥ A. alp 0.631,15 0.427 1.92, ;5 0.169 2.08; 135 0.152
O. lapponica

site 0.04; 156 0.841 0.00, 55 0.985 0.25; 116 0.618
0. lap 8.52; 115 0.004 1.04,115 0.309 6.931 115 0.010
site < O. lap 4.05; 135 0.046 0.02 115 0.880 3.34; 155 0.070

Table 2. F4; and p-values for ANOVA analyses of species richness (number of species) and
total cover (%) of graminoids and herbs in 15 x 15 cm sampling quadrats with and without
the legumes Astragalus alpinus and Oxytropis lapponica in three different study sites at Mt.
Sanddalsnuten, Finse, Norway, summer 2009. Bold letters indicate p-values significant at the
0.05 level.

Source of Graminoids Herbs

variation Species richness Total cover (%) Species richness Total cover (%)
Faf P Fag p Faf P Faf P

A. alpinus

site 233.96,,;5 <0.001 74.25,5s <0.001 68.41, 1,5 <0.001 56.41,,5 <0.001

A. alp <0.01; 415 0.976 0.72y57 0.401 0.104 415 0.758 0.531115 0.468

site < A. alp 0.18; 115 0.673 1.49, 57 0.228 0.104 415 0.758 0.18, 115 0.674

pair — — 1.71s55; 0.022 — — — —

0. lapponica

site 407,s  0.048 1.16,,, 0.284 328, 0073 1273, 0.001

0. lap 14.73,55 <0.001 292,45, 0.090 13.96,.;65 <0.001 20.57,55 <0.001

site < O. lap 0.92, 5 0.341 116,145 0.284 1.08,116 0.300 0.98, 55 0.326

pair 2.04:55; 0.004 — — — — 2.28s35s 0.001




Astragalus alpinus Oxytropis lapponica
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Fig. 2. Species richness (number of species) (A) and total cover (B) of graminoids and herbs
in 15 x 15 cm sampling quadrats with (+) and without (-) the legumes Astragalus alpinus and
Oxytropis lapponica in the low, mid and high-elevation study sites sites at Mt. Sanddalsnuten,

Finse, Norway, summer 2009. All figures show mean values with 95 % CI.

DISCUSSION

Species composition differed with and without the presence of Oxytropis lapponica, and total
species richness, graminoid species richness and total cover of graminoids and herbs were
higher where O. lapponica was present, while species evenness was lower. None of the

measured community properties differed with and without Astragalus alpinus.

Species composition differed with and without the presence of O. lapponica in the high-
elevation study site at Finse, while there was no difference with and without A. alpinus. In

Part 1 | found increased soil N levels below O. lapponica plants in the study area, and in Part



2 | found that the herb Thalictrum alpinum responded to legume presence with increasing leaf
density, suggesting that the change in species composition may be caused by a change in plant
density due to increased soil N availability. Tilman (1982) describes how some species
respond quickly to fertilization, while others respond more slowly (or not at all), resulting in a
change in plant community composition following nutrient addition. Such individualistic
responses to nutrient addition have previously been found in arctic and alpine habitats by
Shaver & Chapin (1980, 1986), Gough et al. (2002), Madan et al. (2007) and Klanderud
(2008), and species-specific density responses to increased soil N levels below legumes may

explain the differing species composition with and without O. lapponica.

Species richness increased with the presence of O. lapponica in the high-elevation site, while
there was no difference in richness with and without A. alpinus. The results for O. lapponica
are consistent with Perroni-Ventura et al. (2006), who found an increased species richness
below the canopy of two leguminous trees, Cercidium praecox and Prosopis laevigata, in
semi-arid Mexico. Their results showed that species richness was positively related to soil
nutrient levels, which were higher below than outside the legume canopies (but see Thomas &
Bowman 1998, Rodriguez-Echeverria & Pérez-Fernandes 2003, Rossi & Villagra 2003), and |
believe that the increase in soil N below O. lapponica (Part 1) caused the increase in species

richness in my study.

Grime (1973, 1979) and Tilman (1982) propose a “hump-backed” relationship between
productivity and species richness. According to this model, species richness increases with
soil nutrient levels up to a certain point as more species are able to survive, and then decreases
as some species become dominant and exclude others. Several fertilization experiments have
demonstrated such a decrease in species richness following nutrient addition in arctic and
alpine areas (Chapin et al. 1995, Gough et al. 2000, Shaver et al. 2001, Gough et al. 2002,

Ren et al. 2010, Wang et al. 2010 - but see Fox 1992). In my study the increase in soil fertility
below O. lapponica was probably so small that more species could establish without any
being competitively excluded. Thus, it appears that the presence of legumes facilitated species

richness.

The difference in species composition and the increase in species richness with O. lapponica
was found only in the high-elevation site, indicating that the facilitative effect increased with

environmental stress, supporting the theory of Hacker & Gaines (1997), Michalet et al. (2006)

10



and Gross (2008). This is also in line with my findings in Part 2, where the effect of
facilitation on a single target species was greatest in the high-elevation site. In Part 1 | found a
greater difference between soil nutrient levels below and outside O. lapponica in the high-
elevation than the mid-elevation site, indicating that the potential facilitative effect of the
legume may be stronger in this site due to a proportionally greater improvement of soil

conditions, as suggested by Pugnaire & Luque (2001).

Even though species richness increased with the presence of O. lapponica, species diversity
did not change, most likely due to the decrease in species evenness. This is in accordance with
Thomas & Bowman (1998), who suggest that their observed reduction in species diversity
was due to a decrease in evenness (but see Rossi & Villagra 2003). According to Tilman
(1982), the increased growth of some species following nutrient addition may result in
decreased species evenness. In my study, a reduction in evenness due to the presence of one
or more dominant species associated with the legumes may have “cancelled out” the positive

effect of increased species richness on species diversity.

The dominant species reducing species evenness are most likely graminoids. | found an
increased total cover of both graminoids and herbs where O. lapponica was present. However,
graminoids seemed to have a greater response to increased soil nutrient levels, as it was the
only functional group where species richness increased, and the percent increase in total cover
was greater for graminoids than for herbs. This is in accordance with fertilization experiments
in arctic and alpine habitats, which often result in a strong increase in graminoids (Fox 1992,
Bowman et al. 1993, Theodose & Bowman 1997, Gough et al. 2002, Grellmann 2002, Heer &
Kdrner 2002, Baer et al. 2004, van Wijk et al. 2004, Klanderud & Totland 2005, Klanderud
2008, Wang et al. 2010). However, contrasting the results of Bowman et al. (1993), the
increase in graminoids in my study was apparently not great enough to negatively affect the
richness of herbs, resulting in an overall increase in species richness where O. lapponica was

present.

While O. lapponica appeared to influence species composition, species richness and species
evenness at Finse, A. alpinus did not. According to Callaway (1998), positive interactions are
species-specific, and not all legumes have been found to be facilitators, as demonstrated by
studies showing neutral (Thomas & Bowman 1998, Rossi & Villagra 2003) or negative

(Rodriguez-Echeverria & Pérez-Fernandes 2003) effects of legumes on species richness.

11



Rodriguez-Echeverria & Pérez-Fernandes (2003) suggest that the level of abiotic stress may
determine whether or not a legume becomes a facilitator. In Part 1 | found increased soil N
levels below O. lapponica, but not A. alpinus, suggesting that A. alpinus may be a poor
facilitator. This is most likely because A. alpinus grows in less stressful microhabitats with a
higher soil nutrient content than O. lapponica (see discussion Part 1). Although I did find
increased densities of T. alpinum where A. alpinus was present (Part 2), A. alpinus does not

seem to influence community properties in the study area.

CONCLUSION

Species composition differed and species richness increased with the presence of Oxytropis
lapponica at Finse, most likely due to increased soil N availability below the legumes, while
none of the measured community properties differed with and without Astragalus alpinus.
The difference in species composition and the increase in species richness with O. lapponica
were found only in the site of highest abiotic stress, supporting the theory that facilitation
increases species richness under stressful environmental conditions. Species evenness was
lower where O. lapponica was present, while species diversity did not change, most likely due
to an increase in graminoid cover. However, the increase in graminoids was not great enough
to exclude herb species, resulting in an overall increase in species richness. My study shows
that O. lapponica, but not A. alpinus, contributes to increasing the biodiversity of the alpine

ecosystem at Finse.
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APPENDIX 1. Percent cover of all vascular plant species in 15 x 15 cm sampling squares with (+) and without (-) the legumes Astragalus
alpinus and Oxytropis lapponica in the low (L), mid (M) and high (H)-elevation study sites at Mt. Sanddalsnuten, Finse, Norway, summer 2009.

* denotes missing values.
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