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Abstract Alpine plant communities are particularly
amenable to experimentally test the stress-gradient
hypothesis (SGH), which predicts that competitive inter-
actions will be more frequent in relatively productive
environments, whereas facilitation will be more common in
severe systems. Experimental testing of the SGH along
latitudinal and elevation gradients within and across con-
tinents indicated that particular climatic variables act as
drivers of plant—plant interactions and community struc-
ture. However, the SGH in its current form remains a
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general framework that does not link explicitly climate
variables such as temperature and precipitation to plant
interactions or diversity. Here, we re-analyse our published
data in order to explore whether climate can regulate biotic
interactions and species diversity in alpine communities.
We applied PCA to meteorological data, introduced lati-
tude as a variable, and also used specially developed
composite variables that combine temperature and precip-
itation during the growing season. The intensity of
competitive interactions at low elevations decreased with
increasing latitude, whereas the intensity of facilitative
interactions at higher elevations did not vary with latitude.
Micro-scale spatial patterns followed the same trend indi-
cating that plant—plant interactions could generate these
patterns. These findings specify the role of temperature in
shifting the balance of plant interactions and can be readily
incorporated in the SGH. We also found that species
richness correlated positively with a composite climate
variable, which is the product of maximum temperature
and precipitation. Inclusion of this finding into the SGH will,
however, need further studies focusing on the importance of
water—energy relations for the dynamic balance of facilitation
and competition.

Keywords Biodiversity drivers - Competition -
Facilitation - Latitudinal biodiversity gradient -
Stress-gradient hypothesis -

Water—energy balance hypothesis

Introduction
Studies of plants in alpine systems have made many con-

tributions to general ecological theory (see Bowman and
Seastedt 2001; Korner 2003 for extensive reviews). Alpine
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systems have easily discernable ecological gradients and
similar gradients occur across global biogeographic scales,
providing opportunities for coordinated macroecological
approaches (e.g. Swihart et al. 2002). One of the highly cited
global plant ecological experiments supports existing theo-
retical models of a dynamic balance between positive
(facilitative) and negative (competitive) interactions in plant
communities (collectively known as the stress-gradient
hypothesis or SGH), demonstrating that the impact of
facilitation increases relative to competition with increasing
abiotic stress (e.g. Callaway et al. 2002). Some studies have
documented facilitation as an important and widespread
type of plant—plant interaction at higher elevations in alpine
systems (Callaway 2007; Brooker et al. 2008) including the
Caucasus (Kikvidze 1993, 1996; Kikvidze and Nakhuts-
rishvili 1998; Kikvidze et al. 2006), the Alps (Choler et al.
2001), and the Chilean Andes (Cavieres et al. 2002, 2006).
Others have analysed larger scale regional patterns in Eur-
ope (e.g. Dullinger et al. 2007) and mountain systems of
Eurasia and North America (Callaway et al. 2002; Kikvidze
et al. 2005). These studies have not only provided experi-
mental tests of the SGH, but have also suggested specific
climate drivers behind the nature of plant—plant interactions,
ecosystem productivity, local spatial patterns, and species
richness in communities. For example, the best predictor of
plant—plant interactions and productivity in this global-scale
data set was temperature during the growing season, while
species richness increased dramatically with precipitation
(Callaway et al. 2002; Kikvidze et al. 2005). Although
these findings suggest the potential for moving away from
vague concepts of “productivity” or “severity”, and instead
including specific climate variables into the SGH, recent
attempts to develop the SGH have not made strong explicit
links to particular climate parameters. For example, studies
integrating the SGH with the humped-back diversity model
of Grime (1973) by suggesting that facilitation increases
species richness at moderate stress (Hacker and Gaines
1997; Michalet et al. 2006) have again focused on the
concepts of “productivity” and “severity”. Furthermore,
although a recent attempt to refine the SGH suggested that
different types of environmental stress may have different
effects on plant interactions (Maestre et al. 2009), the SGH
in its current form remains a general framework that does not
link explicitly climate variables such as temperature and
precipitation to plant interactions or diversity. Establishing
such links is important for better understanding the specific
mechanisms behind the SGH, which ultimately have to be
driven by climate at some level. It is also important for
linking the SGH with other gradient-based concepts such as
the abovementioned humped-back relationship between
productivity and diversity, or the latitudinal gradient of
biodiversity (see e.g. Moya-Larafio 2010 for a recent
review).
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Therefore, our general goal was to re-analyse the data
collected across ten mountain systems representing two
continents (Callaway et al. 2002; Kikvidze et al. 2005). As
mentioned above, these data showed certain effects of
simple climate variables such as temperature and precipi-
tation on plant—plant interactions and species richness. We
hypothesized that there were, however, other important links
between climate and both plant interactions and species
richness. To detect these factors, we used Principal Com-
ponent Analysis (PCA) to reduce statistical noise and
combine climate variables into a reduced number of prin-
cipal components that can then be used for assessment of
correlations with plant interactions or species richness. We
also introduced latitude, which can be considered a complex
climatic variable, as a factor into our analyses. Finally, we
tried combining temperature and precipitation in various
ways to quantify “water—energy” balance, since an exten-
sive analysis of literature on the latitudinal gradient of
biological diversity undertaken by a large group of ecolo-
gists (Hawkins et al. 2003) and a recent meta-analysis (Field
etal. 2009) suggest that measures of energy, water, or water—
energy balance explain spatial variation in richness better
than other climatic and non-climatic variables. Here, we
present two such composite variables: Utilizable Energy
(hereafter UE), an index constructed herein, and for com-
parison, the classic Effective Precipitation (EP) measure (de
Martonne 1927).

Methods

This study represents a re-analysis of data collected in 2001.
Field methods are described in several previous publications
(Choler et al. 2001; Callaway et al. 2002; Kikvidze et al.
2005). Here, we briefly highlight the most relevant details of
these methods. We used data collected at the following ten
locations in West Eurasian and North American mountain
systems: the Abisko mountains in Sweden, the Absaroka
mountains of Montana, USA, the Alps of Eastern France, the
Banff mountains in Alberta, Canada, the Brooks Range of
Alaska, USA, the Cairngorms of Scotland, UK, the central
Caucasus mountains in Georgia, the central Rocky moun-
tains of Colorado, USA, the Kluane mountains in the
Western Yukon, Canada, and the Sierra Nevada in Spain.
Nine of these sites are located within the continuum of arctic to
temperate climates, but one—Sierra Nevada—notably stands
out from this continuum, as it represents one of the driest
Mediterranean mountain regions. Two study sites were used
in each of these ten locations (Table 1). At each location one
site was placed in subalpine herbaceous vegetation (below the
natural treeline), and the other was placed from 300 m
(Cairngorms) to 900 m (the Caucasus) higher in alpine veg-
etation (above the natural treeline). Therefore, all our sites
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Table 1 Study sites: geographical location, topography, some climate variables and vegetation cover values (77,,,, July maximum temperature,

Pr precipitation during growing season)

Site Plot and elevation (m asl)  Aspect  Slope (°) T7n,.x (°C)  Pr (mm) Cover (%) Height (cm)
Abisko, N68.20, E18.45 ABI-H, 1100 NW 20 12.5 159 90 5
ABI-L, 580 N 10 15.0 124 60 50
Brooks, N68.1, E211.00 BRO-H, 1400 E 15 12.5 245 60
BRO-L, 800 0 15.5 152 95
Kluane, N60.53, E221.88 KLU-H, 1750 S-SE 40 13.5 275 75 20
KLU-L, 900 SE 25 17.5 152 30 35
Cairngorms, N57.12, E3.50 CAI-H, 740 N 12.5 337 95 10
CAI-L, 400 NW 5 15.5 306 70 30
Banff, N51.3, E244.0 BAN-H, 2300 E 25 16.0 199 70 10
BAN-L, 1400 S 30 20.5 163 100 50
Absaroka, N45.10, E250.80 ABS-H, 3000 w 5 18.5 262 70 10
ABS-L, 2350 w 25 22.0 190 90 30
Alps, N44.54, E6.39 ALP-H, 2900 SW 30 16.0 224 40 10
ALP-L, 2100 17.0 483 100 30
Caucasus, N42.48, E44.39 CAU-H, 3000 NW 3 23.0 332 40 20
CAU-L, 2100 NW 26.0 316 100 100
Central Rockies, N40.20, E254.60 CRO-H, 3500 E 10 18.0 155 80 10
CRO-L, 2930 NE 10 22.0 152 90 60
Sierra Nevada, N37.13, E3.41 SNE-H, 3100 SW 30 18.5 70 10 5
SNE-L, 2400 SW 15 22.0 68 100 10

represented typical herbaceous communities (Table 1) with
shrub species mixed with herbaceous plants at some locations
(especially Sierra Nevada). We assessed standing mass by
cover (percent cover) and height (in centimetres).

Environmental conditions at these sites were character-
ized by data collected from nearby meteorological stations.
Temperature data were corrected for elevation (Appendix 1,
see also details in electronic supplement 2 of Callaway et al.
2002; Kikvidze et al. 2005). For PCA, we used the following
meteorological data: January daily minimum temperature
(T1in, °C), June daily maximum temperature (T6,,,, °C),
July daily minimum temperature (T7.;, °C), July daily
maximum temperature (T7,.x, °C), and mean precipitation
from May to August (Pr, mm). Due to strong continentality,
maximum July temperatures at high and low sites of the Alps
were similar.

We calculated two composite variables combining tem-
perature and precipitation. The first is UE which we
calculated as a product of July maximum temperature and
precipitation during the growing season:

UE = T7ax Pr
(see above for definitions for Pr and T7,,,,). This index was

compared to the classic EP which we calculated using a
formulation modified from de Martonne (1927):

EP = Pr(T7pmax + 10).

We re-analysed data on plant—plant interactions derived
from the neighbour-removal experiments conducted from
1996 through 1999 at the 20 sites (Callaway et al. 2002;
Kikvidze et al. 2005). At each site, three to nine target
species were chosen (see Callaway et al. 2002 supplement
for species names). Target individuals were selected using
the following criteria: small relative to nearby conspecifics,
distinct individuals or ramets could be identified, and
generally not clonal species. In these experiments, the
aboveground mass of all neighbouring species was clipped
within 10 cm of the target individuals at the beginning of the
growing season. For each species, 8—12 pairs were chosen
and one of each was randomly selected for neighbour
removal. The performance of target plants with neighbours
removed was then compared to that of control target plants
with neighbours intact. To confirm that in the few instances
when clonal target species were selected the results were
robust, a separate analysis of non-clonal species at the
experimental sites in the Alps yielded virtually the same
results as the analysis for all species combined. However,
there were three common species in total for which discrete
individuals were difficult to find (Nardus stricta, Carex
sempervirens, Sesleria coerulea), and these species were not
included in the experiments. Plants were harvested at the end
of the following (second) growing season with the exception
of the Cairngorms and the Banff locations, where the

@ Springer



66

Alp Botany (2011) 121:63-70

experiment lasted only one growing season. At the start of
experiment, the number of leaves for each target and control
individual were counted. Plots were not weeded during the
first growing season since re-growth was very slow and
weeding would only disturb the sites. For experiments lasting
two seasons, plots were weeded in spring of year 2. At the end
of the experimental period, the numbers of leaves were re-
counted, flowers and fruits counted, and survival recorded.
Finally, all aboveground parts of targets and controls were
harvested. Samples were oven dried for 3 days at 70°C and
mass was recorded. These biomass accumulation data were
used as a measure of plant performance. At the Caucasus high
site, only leaf number was available, but relative changes in
this measure corresponded to biomass differences.

Plant interactions were calibrated using the “relative
interaction index” (RII, Armas et al. 2004). This index
represents neighbour effects as a continuum from competi-
tive to facilitative, and is calculated as

RIl = (C—T)/(C+T),

where T and C correspond to the biomass accumulated,
respectively, by isolated (without neighbours) and control
(with neighbours) individuals. The values between 0 and 1
indicate positive neighbour interactions (facilitation) and
values between 0 and —1 indicate negative neighbour
interactions (competition). We calculated mean values of
several plant species’ RII per plot from the means obtained
for each species to characterize plant—plant interaction on
the given plot.

Community structure data were derived from the pres-
ence/absence of all vascular species recorded in 300
randomly placed, 10 cm x 10 cm quadrats, at each of our
sites except Banff. The size of small quadrats was selected
for analyses of micro-scale spatial patterns (Kikvidze et al.
2005, see also below). The total area sampled varied in size
(25-50 mz) covering the same communities as the experi-
mental plots. Diversity indices such as Inverse of Simpson’s
dominance index and Evenness (based on Simpson’s index)
were also calculated:

s
D= Zp?
i=1

where p; is the proportion of a given ith species (based on
the frequency of occurrence in 10 cm x 10 cm quadrats),
and S is species richness (Magurran 2004). Evenness was
calculated as

E = (1/D)/S.

In addition, we calculated Shannon’s index (Magurran
2004). However, the behaviour of species richness was not
distinguishable from those of the reciprocal of Simpson’s
dominance or Shannon’s index. We found that Evenness
declined gradually with increase of species richness, which
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is not an unexpected result (not shown). We picked species
richness as the diversity measure to present our results,
since it is simple and biologically meaningful, and most
commonly used in large-scale studies (e.g. Kluth and
Bruelheide 2004).

To quantify spatial relationships among species, the
observed variance in species number per small (10 cm x
10 cm in our case) quadrat can be compared to the variance
expected from a random distribution of species (Schluter
1984; Palmer 1987; Gotelli 2000), using either the ratio or
the difference of variances. The variance ratio (RV) has been
used to describe spatial relationships in many different types
of communities (Schluter 1984; Palmer 1987; Gotelli 2000;
Wilson et al. 2000). The difference between variances,
however, is more explicitly related to covariance because

Vobs = Z var + 2 Z cov,

where Y var is the sum of variances of each species fre-
quencies, and ) cov is net covariance, or the sum of
covariance values obtained for all possible pairs of species in
a given matrix. When net covariance is zero according to the
null model, then the expected variance becomes merely
the sum of variance of each species’ frequencies (Palmer
1987); hence, the difference between the observed and
expected variances actually measures net covariance:
> cov = (Vops — Vexp)/2. Covariance was selected for
measurements of spatial pattern because it is symmetric
around zero (unlike RV, which is constrained to values of zero
and above), and because the interpretation of covariance is
more straightforward (Wagner 2003). We calculated the
observed and expected variances from the community
matrices and used the equation above to calculate net spatial
covariance. The values of net covariance close to zero indicate
random dispersion of species over space. Positive net
covariance values show clumping (since species absences and
presences co-vary—often this aggregated spatial pattern
results in patchy vegetation). Negative net covariance values
point to over-dispersed pattern (since a species presence
coincides with absence of other species and vice versa).

We analysed links between predictors (climate variables,
latitude, principal components and composite variables) and
response variables (RII, net spatial covariance, species rich-
ness) with regression analyses. For these and other statistical
analyses (descriptive statistics, ¢ test, PCA, correlation), we
used the package Statistix 9 (Analytical Software, Tallahas-
see, FL, USA).

Results

Our earlier publications showed that simple climate vari-
ables such as temperature and precipitation could predict
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Table 2 Pearson’s coefficients of correlation between PCA principal
components and geographical/climatic variables

Variables PC1 PC2 PC3

T1min 0.714%*%%  —(.483* 0.383
T6max 0.8597%#* 0.410 —0.155

T7 max 0.9197%#* 0.219 —0.251

T7 min 0.260 —0.916%**  —0.066

Pr 0.114 0.258 0.9427%%*
Latitude, °N —0.766%**  —0.114 0.008
UE = Pr X T7pax 0.497%* 0.386 0.721%%*
EP = Pr/(T7nax + 10)° —0.149 0.140 0.957%%*
RII 0.510* 0.139 0.050
Net spatial covariance —0.183 —0.027 —0.124
Species richness, S 0.3551 0.273 0.523%*

T1,,;, January minimum temperature (°C), 76,,,, June maximum
temperature (°C), 77,,., July maximum temperature (°C), 77,,;, July
minimum temperature (°C), Pr precipitation during growing season
(mm), EP Effective Precipitation, UE Utilizable Energy, RII Relative
Interaction Index

* P < 0.05, ¥** P < 0.001

RII, productivity, spatial patterns and diversity (Callaway
et al. 2002; Kikvidze et al. 2005). The present re-analysis
extracted additional information. Three principal compo-
nents (PC) accounted for 93.1% of between-site variance in
climate. The first, second and third components were
responsible for 43.5, 27.1 and 22.5% of variance, respec-
tively. PC1 was most strongly related to the January
minimum, June and July maximum temperatures, and to
latitude; PC1 correlated also significantly with UE and RII
(Table 2). PC2 correlated strongly with July minimum
temperature, and weakly but still significantly with January
minimum temperature. PC3 correlated with precipitation
during the growing season, the composite variables (EP,
UE), and species richness (Table 2). Net spatial covariance
did not correlate with any of these variables except PC4 that
explained only 5.3% of variation (R = 0.610, P < 0.01).
PC4 also correlated with latitude (R = 0.532, P < 0.05).
Plant responses to neighbour removal behaved remark-
ably differently at low versus high sites along the latitudinal
gradient. The RII index measured at low sites showed a clear
trend of decreasing intensity of competitive interactions
with increasing latitude, whilst RII index measured at high
sites was more constant and did not correlate with latitude
(Fig. 1a). Similarly, net spatial covariance of species at low
sites showed a declining trend with increasing latitude,
whilst latitude could not predict change in spatial pattern of
high sites (Fig. 1b). One site, however, behaved as a clear
outlier—the Sierra Nevada of Spain, where competitive
effects were not detected at all. Although we included it in
Fig. 1, this site was excluded from the trend analysis along
the latitudinal gradient. The peculiarity of Sierra Nevada is
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Fig. 1 Trends along the latitudinal gradient of a RII and b net spatial
covariance of species at low (empty squares) and high altitudes (filled
diamonds). RII (Relative Interaction Index) was used to quantify the
response of target plants to neighbour removal; each point represents
a mean of 5-10 species with 10 replicates. Net spatial covariance was
used to quantify patterns of species distribution at a localized spatial
scale (neighbour species within 10 x 10 cm?). See Table 1 for plot
location abbreviations

that it represents a very arid zone within the Mediterranean
region, and it is not surprising that net plant interactions
shifted to facilitation at both low and high sites (see also
Callaway et al. 2002).

Previous research identified significant links between
plant—plant interactions and spatial patterns at micro-scale
(nearest neighbours within 10 x 10 cm?): competition at
low sites coincided with over-dispersed patterns, whilst
facilitation at high sites coincided with aggregated patterns
(Kikvidze et al. 2005). This re-analysis now shows that
latitude is a predictor for both competition and spatial over-
dispersion of plant species (Fig. 2) particularly since the
former probably generates the latter. We could not detect
any significant correlation between the composite variables
EP and UE with RII or net spatial covariance.

Generally, low sites were more species-rich than high
sites, yet the difference was not significant (P = 0.148 by
one-tailed paired ¢ test). Richness at both high and low sites
decreased with increasing latitude, yet the trends were not
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Fig. 2 Dependence of net spatial covariance on neighbour effects
quantified by RII (Relative Interaction Index); see Table 1 for plot
location abbreviations

statistically significant (not shown). However, species
richness increased strongly with increasing UE (Fig. 3),
whilst EP did not show a significant trend with richness.
Three sites visibly deviate and thus drive the observed trend
(Fig. 3). High variability is not unusual in ecological data,
especially from such a wide geographical range, where
unknown factors may contribute to variability. However,
although quantitatively these data may lack precision,
qualitatively they appear reasonably exact since it is
improbable that 3 out of 18 points were outliers, especially
when two of the most extreme data indicating to the same
direction are from two different sites (low sites from the
Alps and the Caucasus).

Discussion

PCA produced a split pattern of relations between meteo-
rological data, plant interactions, and species richness. PC1
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Fig. 3 Dependence of species richness in plant communities on
Utilizable Energy. Utilizable Energy was quantified as a product of
July maximum temperature (T7,,,) and precipitation during the
growing season (Pr). See Table 1 for plot location abbreviations
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representing primarily maximum temperatures of June and
July correlated with RII, whilst PC3 representing primarily
precipitation correlated with species richness. Introduction
of latitude and UE clarified further these findings. First, our
results clearly show that the intensity of competitive inter-
actions prevailing at low, relatively benign sites decreased
with latitude. Conversely, at stressful high sites, the intensity
of facilitative interactions did not depend on latitude. The
tight correlation of latitude with PC1 shows that latitude as a
complex variable primarily represents a gradient in tem-
perature, which therefore ultimately can be interpreted as a
gradient of energy (e.g. Moles et al. 2009). At benign sites
decreasing energy probably translates into less intense
competition, possibly because of decreasing soil weathering
and thus community productivity (Michalet et al. 2002). In
contrast, high sites may consistently suffer from abiotic
stress derived from energy imbalances caused by direct
strong irradiation, mechanical movements of soil, wind, and
frequent unpredictable frost. These consistent high levels of
stress may differ little in the way they are ameliorated by
benefactor (nurse) species and hence facilitation intensity
does not depend on latitudinal decrease of energy. The
finding that competition decreases with latitude may have
implications for the hypotheses that incorporate biotic
interactions as important variables. For example, the “Spe-
ciation rate hypothesis” postulates that stronger biotic
interactions increase the opportunity for evolutionary
diversification in some regions (Currie et al. 2004; Moya-
Larafio 2010). This corresponds with the slight decrease in
species richness along latitudinal gradient observed in our
study.

We selected at each site the most common species for the
experiments, irrespective of their life form. In theory, some
information on species-specific responses to neighbour
removal could be obtained from a posteriori comparison of
the observed responses to the species characteristics. For
instance, one might predict that less tolerant species such as
forbs were facilitated more often than tolerant species such
as graminoids (see also Choler et al. 2001; Brooker et al.
2008). However, since the life forms, altitudinal distribution
and tolerance ranges of species co-varied, we were not yet
able to analyse this trend properly. Importantly, however,
within sites, between-species variation did not mask the
between-site trend described above.

Another important finding of our re-analysis is that spe-
cies richness but not plant interactions correlated strongly
with a composite variable that combines precipitation and
maximum temperature in summer—UE. Probably, UE also
reflects the “water—energy balance” (sensu Hawkins et al.
2003; Field et al. 2009), particularly in alpine systems across
climate types and continents. High levels of available water
and energy can be interpreted as a proxy of plant primary
productivity. Therefore, our results show that plant species



Alp Botany (2011) 121:63-70

69

richness increases monotonically with productivity at a
cross-continental scale. This finding agrees also with the
results of an earlier meta-analysis on the productivity—
diversity relationships (Mittelbach et al. 2001), which found
monotonically increasing richness along productivity gra-
dients typically at large spatial scales across climates, whilst
at smaller scales within the same climate zone the rela-
tionship is known to be mostly unimodal (Michalet et al.
2002, 2006). At the same time, we found no evidence for the
hypothesis that the intensity of facilitative interactions
wanes at the most extreme levels of abiotic stress (Michalet
et al. 2006). However, this may be due to not having sites
sufficiently close to the edge of the severity gradient. In
contrast, in a study carried out in extremely arid conditions
at high elevations in the Chilean Andes, where cushion
plants dominate the vegetation and facilitate many other
non-cushion species, Cavieres and Badano (2009) found a
humped-back pattern of species richness along a wide lati-
tudinal gradient.

Overall, our finding that competition intensity in alpine
communities declines with increasing latitude can be con-
sidered a novel contribution to the SGH indicating specific
effects of temperature. Importantly, micro-scale spatial pat-
terns followed the same trend, indicating that plant—plant
interactions generate these spatial patterns (see also Kikvidze
et al. 2005). However, inclusion of the dependence of species
richness on water—energy balance into the SGH does not seem
as straightforward since we could not detect relationships
between plant interactions and composite water—energy
indices. Yet these processes can be still related indirectly, via
other consequences of plant interactions such as non-random
spatial distribution of species at the micro-scale: e.g. compe-
tition can generate over-dispersed patterns, in which strongly
competing species are spatially segregated, thus helping to
avoid competitive exclusion at the community scale (Ki-
kvidze et al. 2005). These effects of local spatial patterns may
decouple the link between plant interactions and diversity. To
clarify these possibilities, further studies of the SGH might
focus on the importance of water—energy relations for the
dynamic balance of facilitation and competition. Such
developments can evidently benefit from cross-scale studies
conducted in alpine environments.

Acknowledgments The Andrew W. Mellon Foundation, the
National Science Foundation (USA), National Center for Ecological
Analysis and Synthesis (USA), and the National Geographic Society
(USA) supported this work. We are grateful to Christian Rixen for his
valuable comments.

Appendix 1: Calculations of temperature data

Temperature values were corrected for altitudinal differ-
ences among sites by applying a linear lapse rate of

—0.6°C/100 m, a typical value used at regional-to-conti-
nental scale when no real weather station data are available
(Cramer and Leemans 1993; Woodward 1987). We used
the formula below: T = Toar — [(altge — altg,)/100] X
0.6, where Ty is maximum June temperature of the
experimental site, T, is maximum June temperature of the
local weather station and alt,. and alty,, are elevations of
the experimental site and local weather station, respec-
tively. Weather stations were chosen from local climatic
databases in order to be in the direct geographical vicinity
of experimental sites, and to have at least 20 years of
records between 1960 and 1990.

References

Armas C, Ordiales R, Pugnaire FI (2004) Measuring plant interac-
tions: a new comparative index. Ecology 85:2682-2686

Bowman WD, Seastedt TR (eds) (2001) Structure and function of an
alpine ecosystem: Niwot Ridge, Colorado. Oxford University
Press, Oxford

Brooker RW, Maestre F, Callaway RM, Lortie CL, Cavieres LA,
Kunstler G, Liancourt P, Tielborger K, Travis JMJ, Anthelme F,
Armas C, Coll L, Corcket E, Delzon S, Forey E, Kikvidze Z,
Oloffson J, Pugnaire F, Quiroz CL, Saccone P, Schiffers K,
Seifan M, Touzard B, Michalet R (2008) Facilitation in plant
communities: the past, the present and the future. J Ecol 96:
18-34

Callaway RG (2007) Positive interactions and interdependence in
plant communities. Springer, Dordrecht

Callaway RM, Brooker RW, Choler P, Kikvidze Z, Lortie CJ,
Michalet R, Paolini L, Pugnaire FI, Cook BJ, Aschehoug ET,
Armas C, Newingham B (2002) Positive interactions among
alpine plants increases with stress: a global experiment. Nature
417:844-848

Cavieres LA, Badano EI (2009) Do facilitative interactions increase
species richness at the entire community level? J Ecol
97:1181-1191

Cavieres LA, Arroyo MTK, Molina-Montenegro M, Torres C,
Pefialoza A (2002) Nurse effect of Bolax gummifera (Apiaceae)
cushion plants in the alpine vegetation of the Chilean Patagonian
Andes. J Veg Sci 13:547-554

Cavieres LA, Badano EI, Sierra-Almeida A, Gomez-Gonzalez S,
Molina-Montenegro MA (2006) Positive interactions between
alpine plant species and the nurse cushion plant Laretia acaulis
do not increase with elevation in the Andes of central Chile. New
Phytol 136:59-69

Choler P, Michalet R, Callaway RM (2001) Facilitation and
competition on gradients in alpine plant communities. Ecology
82:3295-3308

Cramer WP, Leemans R (1993) Assessing impacts of climate change
on vegetation using climate classification systems. In: Solomons
AM, Shugart HH (eds) Vegetation dynamics and global change.
Chapman and Hall, New York, pp 190-219

Currie DJ, Mittelbach GG, Cornell HV, Field R, Guégan J-F,
Hawkins BA, Kaufman DM, Kerr JT, Oberdorff T, O’Brien E,
Turner JRG (2004) Predictions and tests of climate-based
hypotheses of broad-scale variation in taxonomic richness. Ecol
Lett 7:1121-1134

de Martonne E (1927) Regions of interior basin drainage. Geograph
Rev 17:397-414

@ Springer



70

Alp Botany (2011) 121:63-70

Dullinger S, Kleinbauer I, Pauli H, Gottfried M, Brooker R, Nagy L,
Theurillat J-P, Holten JI, Abdaladze O, Benito J-L, Borel J-L,
Coldea G, Ghosn D, Kanka R, Merzouki A, Klettner C, Moiseev
P, Molau U, Reiter K, Rossi G, Stanisci A, Tomaselli M,
Unterlugauer P, Vittoz P, Grabherr G (2007) Weak and variable
relationships between environmental severity and small-scale co-
occurrence in alpine plant communities. J Ecol 95:1284-1295

Field R, Hawkins BA, Cornell HV, Currie DJ, Diniz-Filho JAF,
Guégan J-F, Kaufman DM, Kerr JT, Mittelbach GG, Oberdorff
T, O’Brien EM, Turner JRG (2009) Spatial species-richness
gradients across scales: a meta-analysis. J Biogeogr 36:132-147

Gotelli NJ (2000) Null model analysis of species co-occurrence
patterns. Ecology 81:2606-2621

Grime JP (1973) Competitive exclusion in herbaceous vegetation.
Nature 242:344-347

Hacker SD, Gaines SD (1997) Some implications of direct positive
interactions for community species diversity. Ecology 78:
1990-2003

Hawkins BA, Field R, Cornell HV, Currie DJ, Guégan J-F, Kaufman
DM, Kerr JT, Mittelbach GG, Oberdorff T, O’Brien EM, Porter
EE, Turner JRG (2003) Energy, water, and broad-scale geo-
graphic patterns of species richness. Ecology 84:3105-3117

Kikvidze Z (1993) Plant species associations in alpine-subnival
vegetation patches in the Central Caucasus. J Veg Sci 4:297-302

Kikvidze Z (1996) Neighbour interactions and stability in subalpine
meadow communities. J Veg Sci 7:41-44

Kikvidze Z, Nakhutsrishvili G (1998) Facilitation in subnival
vegetation patches. J Veg Sci 9:261-264

Kikvidze Z, Pugnaire FI, Choler P, Lortie CJ, Michalet R, Callaway
RM (2005) Linking patterns and processes in alpine plant
communities: a global study. Ecology 86:1395-1400

Kikvidze Z, Khetsuriani L, Kikodze D, Callaway RM (2006)
Seasonal shifts in competition and facilitation in subalpine plant
communities of the central Caucasus. J Veg Sci 17:77-82

Kluth C, Bruelheide H (2004) Using standardized sampling designs
from population ecology to assess biodiversity patterns of
therophyte vegetation across scales. J Biogeograph 3:363-377

Korner C (2003) Alpine plant life—functional plant ecology of high
mountain ecosystems. Springer, Heidelberg

@ Springer

Maestre FT, Callaway RM, Valladares F, Lortie CJ (2009) Refining
the stress-gradient hypothesis for competition and facilitation in
plant communities. J Ecol 97:199-205

Magurran AE (2004) Measuring biological diversity. Blackwell,
Oxford

Michalet R, Gandoy C, Joud D, Pages JP, Choler Ph (2002) Plant
community composition and biomass on calcareous and siliceous
substrates in the northern French Alps: comparative effects of
soil chemistry and water status. Arct Antarct Alp Res 34:
102-113

Michalet R, Brooker RW, Cavieres LA, Kikvidze Z, Lortie CJ,
Pugnaire FI, Valiente-Banuet A, Callaway RM (2006) Do biotic
interactions shape both sides of the humped-back model of
species richness in plant communities? Ecol Lett 9:767-773

Mittelbach GG, Steiner CF, Scheiner SM, Gross KL, Reynolds HL,
Waide RB, Willig MR, Dodson SI, Gough L (2001) What is the
observed relationship between species richness and productivity?
Ecology 82:2381-2396

Moles AT, Wright 1J, Pitman AJ, Murray BR, Westoby M (2009) Is
there a latitudinal gradient in seed production? Ecography
32:78-82

Moya-Larafio J (2010) Can temperature and water availability
contribute to the maintenance of latitudinal diversity by
increasing the rate of biotic interactions? Open Ecol J 3:1-13

Palmer MW (1987) Variability in species richness within Minnesota
oldfields: a use of the variance test. Vegetatio 70:61-64

Schluter D (1984) A variance test for detecting species associations,
with some example applications. Ecology 65:998-1005

Swihart RK, Dunning JB Jr, Waser PM (2002) Gray matters in
ecology: dynamics of pattern, process, and scientific progress.
Bull Ecol Soc Am 83:149-155

Wagner HH (2003) Spatial covariance in plant communities:
integrating ordination, geostatistics, and variance testing. Ecol-
ogy 84:1045-1057

Wilson JB, Steel JB, Newman JE, King WMcG (2000) Quantitative
aspects of community structure examined in a semi-arid
grassland. J Ecol 88:749-756

Woodward FI (1987) Climate and plant distribution. Cambridge
University Press, Cambridge



	Climatic drivers of plant--plant interactions and diversity in alpine communities
	Abstract
	Introduction
	Methods
	Results
	Discussion
	Acknowledgments
	Appendix 1: Calculations of temperature data
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


