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Abstract Specific leaf area (SLA) is an important plant
functional trait as it is an indicator of ecophysiological
characteristics like relative growth rate, stress tolerance and
leaf longevity. Substantial intraspecific variation in SLA is
common and usually correlates with environmental condi-
tions. For instance, SLA decreases with increasing altitude,
which is understood as adjustment to temperature. It is gen-
erally assumed that intraspecific variation is mostly the
result of environmentally induced phenotypic plasticity, but
genetic effects may also be present, due to local adaptation
or genetic drift. In this study, genotypic and environmental
effects on SLA were experimentally separated for the wide-
spread Alpine bell flower Campanula thyrsoides by trans-
planting plants to three common gardens at contrasting
altitudes (600, 1,235 and 1,850 m a.s.l.). Seeds were sam-
pled from 18 populations in four phylogeographic regions
within the European Alps. A strong plastic response was
observed: SLA decreased with increasing altitude of the
common gardens (22.0% of variation). The phylogeo-
graphic regions were differentiated in SLA in the common
gardens (10.1% of variation), indicating that SLA is at least
partly genetically determined. Plants from the six eastern-
most populations experienced a submediterranean climate
and showed decreased SLA values in the three common
gardens compared to populations to the west, which may be
explained as adaptation to drought. Within these submedi-
terranean populations, SLA decreased with altitude of
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origin in two out of three common gardens. Concluding,
SLA shows strong phenotypic plasticity as well as substan-
tial genetic effects, the latter probably being the result of
adaptation to local conditions rather than genetic drift.
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Introduction

The study of functional plant traits is a useful approach
when searching for answers to a broad range of research
questions. At the interspecific level, functional traits can be
used to explain community composition and structure
(Weiher and Keddy 1999; Lavorel and Garnier 2002; Diaz
et al. 2004). Functional traits can also be used to classify
plant species according to strategies sensu Grime (1977) or
to explain the occurrence and distribution of species (Diaz
et al. 1998). At the intraspecific level, functional traits often
show considerable variability that is usually assumed to be
of adaptive significance.

One of the most informative functional traits is specific
leaf area (SLA) (Lavorel and Garnier 2002; Wright et al.
2004; Westoby and Wright 2006; Poorter et al. 2009) as it
is an indicator of ecophysiological characteristics such as
relative growth rate, stress tolerance and leaf longevity
(Weiher et al. 1999; Wright and Westoby 2002). It is calcu-
lated as one-sided leaf surface area per unit dry weight. A
higher SLA indicates decreased leaf thickness, decreased
leaf density, or a combination of both. Poorter et al. (2009)
report SLA to range interspecifically from 5 to
>3,333 cm? g1, but within-species variation can be large
as well. For example, Cordell et al. (1998) report SLA for
the Hawaiian endemic Metrosideros polymorpha to range
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from 24.6 to 93.5 cm® g~ ! across an altitudinal gradient—
an almost fourfold difference. SLA correlates strongly with
temperature, irradiance and water availability (Poorter et al.
2009). Among as well as within species, SLA generally
decreases with increasing altitude (Morecroft and Woodward
1996; Korner 2003, p 212; Milla et al. 2009), which is most
likely a response to decreasing temperature rather than
increasing radiation (Korner 2003) or to changes in water
availability (Poorter et al. 2009).

It is generally assumed that functional traits are highly
plastic. However, whether and, if so, to what extent intra-
specific variation in functional traits is due to strict genetic
control, environmentally induced phenotypic plasticity or a
combination of both remain open questions. Although there
have been reports of genetic effects on SLA (e.g. Morecroft
and Woodward 1996), most studies focus on phenotypic
plasticity alone (Poorter et al. 2009). Phenotypic plasticity
allows a genotype to adjust its trait values to a range of
environmental conditions (Bradshaw 1965; Schlichting
1986; Sultan 2000). In the case of SLA, values may change
as new leaves develop, thereby conferring continuous adap-
tation to the environment during plant growth (Sims and
Pearcy 1992). In contrast, any genetic effects influencing
SLA may hamper such a rapid adjustment; in that case,
changes in SLA come about by natural selection of those
individuals possessing trait values that are well adapted to
the current environment—a process taking place on a time
scale of generations (Jump and Pefiuelas 2005). Thus, phe-
notypic plasticity allows for a more rapid and flexible
adjustment to environmental change than genetically fixed
adaptations (Sultan 2000). It follows that the extent to
which SLA is phenotypically plastic or genetically fixed
has important implications for the survival probability of
populations under changing environmental conditions.

By growing plants from different populations in a com-
mon environment, ie. common garden experiments,
researchers can determine genetic differentiation in traits
among those populations (Turesson 1922; Clausen et al.
1940). When multiple common gardens situated in con-
trasting environments are used, phenotypic plasticity can be
shown by means of different trait values among the gardens.
However, common garden experiments do not suffice when
local adaptation is the focus of the study; in such cases,
reciprocal transplantation experiments are necessary
(Kawecki and Ebert 2004). However, the case for local
adaptation can be strengthened by other sources of evi-
dence. For example, local adaptation is likely if a trait mea-
sured in a common garden correlates with an environmental
variable at the locations of origin (Linhart and Grant 1996;
Ennos 2001). In addition, the case for local adaptation is
strengthened if drift can be excluded by showing the
absence of isolation-by-distance and by demonstrating a
significantly stronger or weaker quantitative differentiation
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in the studied traits compared to neutral molecular differen-
tiation (Qgp vs. Fgr comparisons; Rogers 1986; Spitze
1993; McKay and Latta 2002).

In the study reported here, genotypic and environmental
variation in SLA were experimentally separated for Cam-
panula thyrsoides L. (Campanulaceae), a monocarpic spe-
cies distributed widely across the European Alps. Seeds
were collected from 18 populations from four major Alpine
biogeographic regions and across a large altitudinal range,
and derived plants were grown in three common gardens at
contrasting altitudes. The biogeographic regions probably
reflect Quaternary postglacial recolonization patterns
(Merxmiiller 1952, 1953, 1954; Ozenda 1988). Intraspecific
differentiation of neutral genetic markers of several plant
species has been shown to correlate with these four biogeo-
graphic regions (Schonswetter et al. 2005) and has likewise
been described for C. thyrsoides (Kuss et al. unpublished).
In our study, a response of SLA to the altitude treatment
after 10 weeks of growth in the common garden experiment
would indicate phenotypic plasticity, whereas differentia-
tion among regions or populations would indicate genetic
effects (Bradshaw 1965, 1984; Galen etal. 1991; Sultan
2000). Significant interactions between the altitude treat-
ment and regions or populations would indicate genetic
variation in phenotypic plasticity. In order to investigate
whether any genetic effects were due to local adaptation or
genetic drift (Linhart and Grant 1996), SLA was correlated
with the altitude of population origin, while climatic differ-
ences between the Eastern Alps and the higher populations
to the west were also taken into account. The altitude of ori-
gin functioned as a substitute for a score of environmental
variables changing with altitude, most notably temperature
(Monty and Mahy 2009). Additionally, isolation-by-dis-
tance in SLA was determined, and a Qg versus Fgp com-
parison was performed to check for past natural selection
on this trait.

In summary, the aim of our study was to investigate the
following three research questions: (1) does the functional
trait of SLA show phenotypic plasticity in Campanula
thyrsoides? Specifically, does SLA respond to transplanta-
tion to different altitudes? (2) Are there any genetic effects
at the regional or population level? (3) Is there any evidence
suggesting local adaptation of SLA?

Methods

Campanula thyrsoides L. is a monocarpic bell flower
occurring in subalpine and alpine calcareous grasslands. Its
main distribution is across the Jura and the European Alps.
The altitudinal range is typically from 1,600 to 2,200 m
a.s.l. (Kuss et al. 2007), although it can reach much higher
altitudes (2,900 m a.s.l., Val Mora, Switzerland; Brunies
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1906 in Kuss et al. 2007) as well as much lower altitudes,
especially in the Dinaric Alps, where the lowest population
has been found at 217 m a.s.l. (Gracnica, Slovenia; J.
Stocklin, personal observation). The species occurs in iso-
lated populations, yet can be locally abundant. Initiation of
flowering is dependent on the rosette size, and flowering
age ranges from 3 to 16 years, with an average of about
10 years (Kuss et al. 2007, 2008).

Campanula thyrsoides is taken as the model species in
this study because it rapidly replaces its leaves after trans-
plantation to different altitudes, which allows changes in
SLA to be investigated within a short time frame. C. thyrso-
ides seeds were sampled from several mother plants from
18 populations over a broad altitudinal range (283-2,266 m
a.s.l.) across four biogeographic regions spanning the Jura
and the Alps (Ozenda 1988; Table 1). The biogeographic
regions are denoted from west to east as Western Alps,
Central Swiss Alps, Central Austrian Alps and Eastern
Alps, respectively. Starting in September 2007, seeds were
germinated on moist filter paper in petri dishes and kept
under controlled light and moisture conditions in a green-
house located in Basel, Switzerland (276 m a.s.l.). After

germination, seedlings were planted into 4-cm diameter
pots filled with low-nutrient soil (Anzuchterde; Okohum,
Herrenhof, Switzerland). After 10-18 weeks, the plants
were repotted into 10 x 10 x 10-cm pots containing pot-
ting soil (Topferde; Okohum). The plants were sprayed sev-
eral times with insecticide during growth to control
Aphidoidea and Sciaridae outbreaks. Fertilizer was added
once during growth in the greenhouse. In the spring, the
plants were transferred to an outside garden to acclimatize
before the final transplantation.

On 24 June 2008, the rosette diameter of each plant was
measured to the nearest 0.5 cm, and the plants were trans-
planted to common gardens in three fenced sites at different
altitudes (600, 1,235 and 1,850 m a.s.l.) on the southeast-
facing slope of Mt. Calanda, near Chur, Switzerland. Plants
were planted into the local soil which was topped with
sterilized soil to limit weed germination. The distances
between the three sites did not exceed 2,500 m based on the
longitudinal and latitudinal positions. It should be noted
that the plants were observed to replace their leaves
immediately after transplantation. On 2 September 2008
(10 weeks after transplantation), the rosette diameter of

Table 1 Locations of sampled Campanula thyrsoides populations and the experimental sites (region, latitude, longitude, altitude, annual precip-
itation and yearly minimum, mean and maximum temperatures based on monthly averages; Hijmans et al. 2005)

Locations of sites Code Region Latitude Longitude Altitude  Precipitation Ty, (°C)  Tpean (°C) Tax (°C)
(mas.l.) (mm)

Sampling site
Les Amburnez JUA WA 46°32'27.52"N  6°13'58.57"E 1,340 1,539 —6.5 5.1 18.8
Col du Marchairuz JUM WA 46°33'06.27"N  6°15'13.46"E 1,440 1,695 -7.5 39 17.2
Trient, Les Tseppes TRI WA 46°02'53.93"N  6°58'47.05"E 2,020 1,672 —-9.3 1.9 14.8
Lac du Fully FUL WA 46°10'09.96"N  7°06'09.51"E 2,100 1,780 -9.8 1.0 13.3
Lac du Moiry MOI WA 46°08'12.78'N  7°34'02.87"E 2,266 1,827 —10.3 —0.1 11.6
Stockhorn STO CSA 46°41'37.05"N  7°32'16.72"E 1,980 1,700 —83 2.3 14.4
Schynige Platte, pop4  SP4  CSA 46°39'17.31"N  7°54'16.67"E 1,911 1,716 —8.5 2.0 13.8
Schynige Platte, pop 18 SP18 CSA 46°39'33.73"N  7°55'14.41"E 1,930 1,716 -85 2.0 13.8
Churwalden, Joch CHJ] CAA 46°47'51.41"N  9°33'53.65"E 1,890 1,520 -9.6 0.2 10.8
Langwies, Holzbiiel LAH CAA 46°49'41.97"N  9°44'00.53"E 1,700 1,095 =77 3.6 16.1
Langwies, Listboden LAL CAA 46°51'07.02"N  9°45'32.22"E 2,000 1,326 -9.1 1.1 12.3
Ftan Prui FTA CAA 46°48'32.68"N  10°13'20.37"E 2,101 1,383 —10.6 -1.1 9.3
Sella Nevea SEL EA 46°23'35.00'N  13°27'46.00"E 932 1,253 —8.7 4.0 18.1
Loibelpass LOI EA 46°25'51.80"N  14°15'38.10"E 1,068 1,242 —-7.7 6.0 214
Sklendrovice SKL EA 46°06'22.60"'N  14°59'56.10"E 339 1,219 -5.0 8.8 24.8
Nemski Rovt NEM EA 46°16'23.50"N  15°00'53.85"E 663 1,180 —6.6 7.3 23.1
Brodnice BRO EA 46°06'24.30"'N  15°16'53.10"E 283 1,132 —4.6 9.5 25.6
Vitanje VIT EA 46°22'27.80'N  15°17'16.90"E 422 1,086 —5.6 8.9 25.0

Experimental sites
Lowest site 46°52'18.34"N  9°31'05.45"E 600
Intermediate site 46°53'11.29"N  9°29'42.76"E 1,235
Highest site 46°52'48.69"N  9°30'36.10"E 1,850

WA Western Alps, CSA Central Swiss Alps, CAA Central Austrian Alps, EA Eastern Alps
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each plant was measured again, and a total of 594 plants
were sampled for SLA: 204 individuals at the lowest site
(600 m), 183 at the intermediate site (1,235 m) and 207 at
the highest site (1,850 m). Each altitudinal site contained on
average 49.5 (range 34-64) plants per region and 11 (4-19)
plants per population. For the SLA measurements, five
circular leaf corings were taken from newly grown, mature
leaves. The diameter of the corings was either 5.5 or 9 mm
depending on the size of the leaf. The main leaf vein was
avoided during coring. Leaf corings were stored in small
parchment bags and transported to the laboratory within
24 h, dried for 48 h at 60°C and subsequently stored in a
desiccator with silica gel. All leaf corings of one individual
were weighed together to a precision of 0.0001 g. The aver-
age weight of five corings 5.5 and 9 mm in diameter,
respectively, was 0.0079 % 0.0022 (standard deviation, SD)
and 0.0220 £ 0.0041 g, respectively. The SLA was calcu-
lated as the total one-sided fresh leaf area divided by the
dry weight. On 24 May 2009, rosette diameter was mea-
sured again, and the leaf thickness of one leaf per plant was
measured on all transplanted plants to a precision of
0.01 mm using a Teclock SM-112 dial thickness gauge
(Okaya, Japan).

Data analysis

To separate genetic and environmental effects on SLA, we
performed a hierarchical mixed-model analysis of covari-
ance (ANCOVA) using type-III sum of squares, employing
a restricted maximum-likelihood approach, which is robust
to unbalanced sampling designs. The following factors
were tested: rosette diameter (fixed covariable), altitude
treatment (fixed factor), region (fixed factor), population
(random factor, nested in region) and the two-way interac-
tions of altitude treatment with region and population.
Rosette diameter at the time of transplantation was incorpo-
rated as a fixed covariable in order to remove a possible
effect of plant age on SLA. The type-1II sums of squares
were calculated using JMP ver. 5.0.1.2 (SAS Institute
2003), whereas degrees of freedom, mean squares, F ratios
and P values were calculated by hand. Tukey HSD post-
hoc tests (o =0.05) were performed in JMP to locate any
significant differences for altitude treatment and region.
Variance components were calculated by hand using
weighted number of replicates per level.

All sampling sites in the Eastern Alps region are located
at lower elevations compared to the regions to the west
(Eastern Alps: 283-1,068 m a.s.l.; Western Alps, Central
Swiss Alps and Central Austrian Alps: 1,340-2,266 m
a.s.l.; Table 1), which probably affects climate. Climatic
data for each sampled population were obtained from
WorldClim (http://www.worldclim.org), which offers inter-
polated climate surfaces on a 2.5-arc-min scale based on
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measurements from 1950 to 2000 (Hijmans et al. 2005).
From the four possible WorldClim datapoints surrounding
a population location, the one with the least altitudinal
difference to the population location was chosen. Tempera-
ture data for any altitudinal difference was corrected for by
subtracting or adding 0.0055°C per meter increase or
decrease in altitude, respectively (Ozenda 1988). Based on
yearly precipitation and yearly minimum, mean and maxi-
mum temperature (based on monthly averages), the cli-
matic data indicates that populations in the Eastern Alps
region experience a submediterranean climate that is char-
acterized by higher temperatures and lower precipitation
compared to the populations in the other three regions
(Table 1). K-means clustering analysis of a dataset includ-
ing climatic data and altitude of origin also showed that the
Eastern Alps were clearly separated from the other three
regions (data not shown). To account for these differences,
we performed Pearson correlations between population-
level SLA and altitude of origin on populations of the East-
ern Alps and of the other regions separately. The coefficient
of variation of population-level SLA across the three alti-
tude sites was also correlated with altitude of origin for
these two groups.

A Mantel test (Mantel 1967) was performed on pairwise
population-level differences in SLA in relation with pairwise
geographic population distances using 10,000 permutations
to investigate isolation-by-distance. The k-means clustering
analysis, the correlation analyses and the Mantel test
described above were performed using the R statistical
package ver. 2.9.2, with packages “cluster”” and “ade4” (http:/
www.r-project.org; R Development Core Team 2009).

To investigate the presence of natural selection on SLA,
we compared quantitative trait differentiation in SLA (Qgr)
with the neutral molecular differentiation index G'gr. The
latter was calculated using previously obtained microsatel-
lite data of the populations involved (ZEgisdottir et al. 2009,
Kauss et al. unpublished). As a first step, narrow-sense herit-
abilities (h%) of SLA were calculated for each population to
investigate the presence of additive genetic differences
among individuals (Petit et al. 2001). A reduced dataset
was used containing at least two replicates per seed family
per altitude and at least two seed families per altitude. Due
to this restriction, six out of 18 populations had to be
excluded from the dataset because of a lack of replicates
(BRO, CHJ, JUA, LAH, LAL, MOI; Table 1). Narrow-
sense heritabilities were calculated as h> = 4V/(4Vg + Vi)
where Vp is the seed family variance and Vg is the residual
variance. These two variance components were obtained
from type-III SS random models which included rosette
diameter, altitude treatment and seed family. The Qg of
SLA was estimated among all populations based on
the same dataset. Using a half-sib design, Qgr equals
Vp/(8 x Vi + Vp), where Vp is the population variance.


http://www.worldclim.org
http://www.r-project.org
http://www.r-project.org

Oecologia (2010) 164:141-150

145

200
W Western Alps
& B Central Swiss Alps
_I_ _} O Central Austrian Alps
k.2 {_ [ Eastern Alps
150 — _I— I
- E3 T
IU".\ £
)
§ 100
<
-
w
50 —
0
600 1235 1850
Altitude (m)

Fig. 1 Specific leaf area (SLA) of Campanula thyrsoides leaves from
four biogeographic regions, measured 10 weeks after transplantation
to common gardens at three different altitudes. Values are population
means =+ standard error (SE)

A similar model was used to obtain the variance components
Vp and Vg, except that population was added as a random
factor and seed family became nested in the population. In
both models for 4* and Qgr, region was left out of the anal-
ysis because this would remove genetic variability which
should be attributed solely to the population and seed fam-
ily levels in order to properly calculate V}, and Vp. Interac-
tions of altitude treatment with population and seed family
were omitted due to insufficient replicates. Additional Qg
values were calculated separately for the five populations
from the Eastern Alps and for the seven populations from
the other three regions. All models were performed using
the R statistical package ver. 2.9.2, package “lme4” (R
Development Core Team 2009). Based on the same
restricted set of populations, the neutral genetic differentia-
tion index G'gp (Hedrick 2005) was calculated among all
populations and among the Eastern Alps and the other
regions separately using SMOGD 1.2.5 (Crawford 2010).
The two populations from Schynige Platte (SP18 and SP4)
were not genotyped in the mentioned studies; instead,

genetic data from two other populations nearby were used
(SPO and SPU in Agisdéttir et al. 2009). Variances of both
indices were obtained using the Jackknife procedure over
populations, and the difference between Qg and G'g was
tested by comparing their 95% confidence intervals.

Results
Phenotypic plasticity and genetic effects

Specific leaf area decreased with increasing altitude of the
transplantation site (Fig. 1; P <0.0001; Table 2), and alti-
tude treatment explained 22.0% of the variance in the data
(Table 2). Mean SLA values of individuals from the low,
intermediate and high sites were 164.9 &= 2.2 (mean +
standard error, SE), 161.6 +2.0 and 132.4 £ 1.3 cm* g,
respectively. A Tukey HSD post-hoc test on the altitude
treatment revealed that the SLA at the highest site was sig-
nificantly different from those at the low and intermediate
sites, whereas the SLA at the two lower sites did not signifi-
cantly differ from each other (Fig. 1). The difference
amounts to a reduction of 18.1% in SLA across a 615-m
altitudinal difference between the intermediate and highest
site. However, compared with SLA values of a set of
untransplanted plants which had the remarkably higher
average SLA of 268.5 cm” g, all transplanted individuals
had strongly decreased SLA values (one-way ANCOVA
with rosette diameter as covariable, F 551 = 950.8, P < 0.0001;
data not shown).

Region was highly significant (P < 0.0001; Table 2) and
accounted for 10.1% of the variation. A Tukey HSD post-
hoc test on region showed that the Western Alps, Central
Swiss Alps and Central Austrian Alps were significantly
different from the Eastern Alps. Population and the interac-
tions of altitude treatment with region and population were
not significant (Table 2) and explained only small amounts
of the variance. Unexplained variance amounted to 63.8%.
The highly variable rosette diameter (range 3-36.5; mean
+ SE 14.16 £ 0.26) covaried significantly with SLA but

Table 2 Summary of results

. . a

from the ANCOV A of environ- Environmental/genetic effects  df SS MS F P Vv Percentage

mental (three common gardens) — p oo diameter 110222 10222 2057 <0000 1637  2.10

and genetic effects (region and ]

population) on specific leaf area  Altitude treatment 2 68594 34297 69.01  <0.0001 17096  21.97
Region 3 36,545 12,182  19.29 <0.0001 78.87 10.14

ANCOVA Analysis of Population (region)” 14 8839 631 127 02214 410 053

covariance Altitude treatment x region 6 6,195 1,033 2.08 0.0542 10.86 1.40

 Percentage is the proportion of Alt treatment x population 28 5,229 187  0.38 0.9986 0.00 0.00

the variance component (region)®

® Population is treated as a Residuals 539 267,879 497 496.99  63.87

random factor and is nested Total 593 403,504 778.15  100.00

in region
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explained only 2.1% of the variance (Table 2). Within
altitudinal sites, leaf thickness decreased with increasing
SLA (Pearson correlations, 600 m: rj4, = —0.23, P = 0.0046;
1,235 m: rgg = —0.43, P =0.00016; 1,850 m: r,,, = —0.42,
P <0.0001); across altitudinal sites, leaf thickness
decreased (mean =+ SE, 600 m: 0.36 + 0.01 mm; 1,235 m:
0.31 £ 0.01 mm; 1,850 m: 0.30 & 0.00 mm; F, 545 = 58.9,
P <0.0001) between the low and the intermediate site
(Tukey HSD post-hoc test, o = 0.05).

Adaptation versus genetic drift

Pearson correlations of population means of SLA with alti-
tude of origin yielded significant negative relationships
only for the populations from the Eastern Alps at the low
and intermediate site (r = —0.82, P =0.046 and r = —0.88,
P =0.019, respectively; Fig. 2a, b). The coefficient of vari-
ation across altitudinal sites showed a negative relationship
with altitude of origin for the Eastern Alps (r= —0.83,
P =0.041) but not for the other three regions (Fig. 3).

The Mantel test indicated that pairwise population differ-
ences in SLA did not correlate with pairwise geographic
distances (r= —0.047, P =0.74). The range in narrow-
sense heritabilities in the 12 investigated populations was
large (0.00-0.72; mean + SE 0.17 £ 0.07), and the mean
differed significantly from zero (one-sample ¢ test: ¢, = 2.3,
P =0.042). The among-population Qg was 0.53 [95% con-
fidence interval (CI) 0.47-0.59], whereas G’y was 0.73
(95% C10.70-0.77), and the 95% ClIs of Qg did not over-
lap with those of G'gr, indicating stabilizing selection. Qgy
was 0.22 (95% CI —0.17 to 0.61) and 0.23 (95% CI 0.02—
0.44) for the Eastern Alps and the other three regions,
respectively, which were both lower than their respective
G’ 47 values of 0.65 (95% CI 0.58-0.73) and 0.55 (95% CI
0.48-0.62), indicating comparatively strong stabilizing
selection within these regions. However, the confidence

0.20
r=-0.83 r=-0.26
o P =0.041 P=0.41
[ ]
..
<< 015 < .
@ T
5 . . oS~ .
> .
O 0.10 1 ° .o
L]
L
[ ]
0.05 7 T T \ T
500 1000 1500 2000

Altitude of population origin

Fig. 3 Coefficient of variation (CV) of population-level SLA among
the altitudinal sites (i.e. the experimental sites at 600 m a.s.l., 1,235 m
a.s.l. and 1,850 m a.s.l.) as a function of altitude of population origin
(n =3 for each population). Pearson’s correlation coefficient r and P
value were determined separately for Eastern Alpine populations (/eff)
and populations from the other three regions (right)

intervals of the Qqr and G'gp values for the Eastern Alps
overlapped, likely due to the small sample size.

Discussion
Phenotypic plasticity

Specific leaf area showed a substantial phenotypic plastic-
ity, as indicated by the significant decrease in SLA with
increasing altitude across the altitude sites 10 weeks after
transplantation of the plants (Table 1; Fig. 1). The Tukey
HSD post-hoc tests showed that this difference was due to
lower SLA values at the highest site compared to those at
the low and intermediate sites. This result indicates that the
low and intermediate sites exerted equal pressure on the
plants after transplantation, resulting in similar SLA values,

200 . .
a 600m b 1235m | c 1850m ‘
180 , - f i 1 |
~ -~ s L e e === !
T e ! :

o2 160 . B B
(E) r=-0.35 . : .

~ P =026 . . r=010 i

<< 1401 - 4 . P =075 g r=-0.47 L _dter-T
%) : P=0.35 :
120 B r=-0.88 L ) r=0.23!
P =0.019 P =048,
100 — . . . . — . . . . . :

500 1000 1500 2000 500 1000 1500 2000 500 1000 1500 2000

Altitude of population origin (m a.s.l.)

Fig. 2 Correlations between SLA and altitude of population origin
at each of the three experimental altitudinal sites: a 600 m a.s.l.,
b 1,235 m a.s.l.,, ¢ 1,850 m a.s.l. Data points mean population SLA for
each altitudinal site. Pearson’s correlation coefficient r and P values are
given for each correlation. Separate correlations were calculated for

@ Springer

populations from the Eastern Alps (leff) and the other regions (right).
Solid and dashed regression lines significant and non-significant cor-
relations, respectively. The vertical dashed lines indicate the altitude of
the experimental site
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whereas the highest site exerted stronger pressure on the
plants. This effect could be caused by similar environmental
conditions at the low and intermediate sites or by the
exceeding of an environmental threshold value (e.g. in tem-
perature) between the intermediate and high site to which
SLA reacts sharply.

All SLA values decreased in comparison to plants which
remained in the greenhouse. The higher SLA values for
these control plants were likely to be due to other factors
besides altitude, such as decreased light influx in the green-
house (Poorter et al. 2009) and increased shading due to the
higher density positioning of the plants. These data can
therefore not be quantitatively compared to the SLA of the
transplanted plants. However, it is clear that all plants
showed a reaction to the transplantation, thereby allowing
for the conclusion to be drawn that SLA is highly pheno-
typically plastic and is able to react immediately and rap-
idly to changing environmental conditions, such as those at
contrasting altitudes.

The decrease in SLA with increasing altitude can be
realized through increases in leaf density and leaf thickness
(Korner 2003; Atkin et al. 2006; Poorter et al. 2009). Both
increased density and increased thickness are often
observed in deciduous herbs; the former through limited
cell expansion leading to smaller cells and more cells per
unit leaf volume, the latter through increases in the number
of palisade parenchyma layers (Korner 2003; Poorter et al.
2009). These changes are explained as an investment in
photosynthetically active tissue to promote efficiency in
light capture (Korner 2003) and, according to Woodward
(1983), this behaviour optimizes competition ability in
colder climates. Leaf thickness measurements from 24 May
2009 unexpectedly showed that mean leaf thickness
decreased with increasing altitude. Using the relationship
SLA™! = leaf density x leaf thickness, it can be deduced
that leaf density must have increased substantially with alti-
tude to yield the observed SLA values; this result may
therefore be due to limited cell expansion.

Genetic effects

The effect of region was significant and amounted to nearly
half the variance due to plasticity (Table 2), indicating that
SLA is partly constrained by genetic effects. This region
effect is in line with phylogeographic studies that report a
genetic patterning across biogeographic regions (e.g.
Schonswetter et al. 2005) which has been explained as a
result of genetic drift. The present results indicate that only
plants in the Eastern Alps were genetically differentiated
from those of the other regions, which is in agreement with
microsatellite data showing that neutral genetic differentia-
tion was highest between plants of the Eastern Alps versus
those of the other three regions (AMOVA of Eastern Alps

vs. other three regions: 7.8%; Kuss et al. unpublished).
Conversely, a cluster analysis separated these two groups
based on climate and altitude of origin (see Methods).
Therefore, this regional differentiation is more likely to be
due to local adaptation to the submediterranean climate in
the Eastern Alps and to the alpine conditions in the other
three regions rather than to genetic drift.

Maternal effects offer an alternative explanation to the
region effect. However, maternal effects have been shown
to be most prominent in the seedling phase and diminish
over time (Roach and Wulff 1987). Thus, given the age of
the plants (all plants were about 9 months old at the time of
transplantation), it is likely that maternal effects can be
rejected as explanation of the results.

Populations are expected to differ in trait values
observed in common garden experiments, since natural
populations occur in different environments to which they
are likely to be locally adapted (Jump and Pefiuelas 2005).
In our study, the population factor was not significant, indi-
cating that genetic differentiation was absent among popu-
lations within regions. This finding suggests that either
environmental conditions are similar among the popula-
tions, thereby removing the need for local adaptations, or,
more likely, that phenotypic plasticity is strong enough to
adjust SLA to a broad range of environmental conditions.
The latter can be an evolutionary answer to strong temporal
variation as well as to strong spatial variation in environ-
mental conditions (Pigliucci et al. 2003) experienced by the
species through pollen and seed dispersal in the heteroge-
neous Alpine landscape.

Rosette diameter at the time of transplantation correlated
significantly with SLA in the model, implying that age differ-
ences could have influenced SLA. The inclusion of rosette
diameter in the model helped to correct for this experimental
error. However, since plants from the Eastern Alps are gener-
ally larger in diameter than plants from the other regions
(mean & SE: 19.4 4+ 0.52 and 14.2 £ 0.26 cm, respectively;
data not shown), rosette diameter could reduce the explana-
tory power from the region factor. Nevertheless, rosette
diameter accounted only for a small part of the variance com-
pared to the region effect, and region remained highly signifi-
cant. The interactions of altitude treatment with region and
population were not significant, which indicates that plastic-
ity in SLA at the region and population levels were always in
the same direction across the altitudinal gardens, ie. a
decrease in SLA with increasing altitude.

The variance components (Table 2) show substantial
environmental as well as genotypic effects on SLA (22.0%
vs. a sum of 12.0%). However, this result is due in part to
the practicalities of the experiment; an even larger range in
altitudinal sites would likely also have increased the envi-
ronmental effect, given that SLA reached much higher val-
ues in the greenhouse.
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The question can be raised as to whether 10 weeks is
enough time for the newly formed leaves to reach stable
SLA levels. In deciduous tree species, SLA starts off low
after bud burst, increases during leaf expansion and then
decreases again to stable levels within 30 days (Jurik
1986). A similar pattern has been observed in wheat
(Rawson et al. 1987). There was no significant difference
between the average rosette diameter of the highest site at
the date of sampling (2 September 2008) and that of the
subsequent year (24 May 2009) (one-sided ¢ test with
unequal variances, t35, = 1.06, P = 0.15; data not shown).
This result suggests that at the time of sampling, leaves of
plants at the highest site, although small in size, were fully
mature and not delayed in their development relative to
those at the low and intermediate sites. These observa-
tions suggest that time allotted in our study between trans-
plantation and measurement was long enough for SLA to
reach stable levels.

Adaptation versus genetic drift

Any differentiation in SLA by region and population
(Table 2) could theoretically be either the result of selection
leading to adaptation or the result of neutral genetic drift
(Linhart and Grant 1996; Waldmann and Andersson 1998;
Petit et al. 2001). The observed differentiation between the
Eastern Alps and the other regions is most likely the result
of adaptation to opposing climates rather than to drift. The
Eastern Alpine populations are subject to a submediterra-
nean climate, with a higher probability of summer
droughts. In fact, drought (due to dry summers as well as to
high mean temperatures increasing evapotranspiration) has
been found to correlate with lower SLA interspecifically
(Niinemets 2001) as well as intraspecifically (Ferndndez
et al. 2002; Poorter et al. 2009). This can also be observed
from Fig. 2, where the six Eastern Alpine populations to the
left of each graph show decreased SLA values compared to
the other populations. The heavier leaves (i.e. lower SLA)
in the Eastern Alpine populations could be an adaptation to
local climatic conditions, possibly through more densely
cutinized epidermal walls and a thicker wax layer (Larcher
2003, p 410; Galmés et al. 2005).

To investigate the presence of genetic adaptation to alti-
tude, we performed correlations on SLA against altitude of
population origin for the two groups of populations sepa-
rately (Eastern Alps and the other regions). Adaptation to
altitude of origin may be expected based on the well-docu-
mented negative relationship between SLA and altitude
(Cordell etal. 1998; Korner 2003). The significantly
decreasing SLA with altitude of origin for the Eastern
Alpine populations at the low and intermediate sites corrob-
orate this pattern. Since the population factor was not sig-
nificant in the ANCOVA, absence of any differentiation in
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SLA is the best explanation for the absence of correlations
in the other three regions.

The coefficient of variation of SLA (Fig. 3) showed a
significant negative relationship for the Eastern Alps, indi-
cating that the populations from lower altitudes exhibited a
larger range in plasticity than those from higher altitudes
within the Eastern Alps. Whether this is because the higher
altitude populations were not able to respond as strongly as
the lower altitude counterparts or because they did not need
to adjust SLA values at the three altitudinal sites remains an
open question.

The non-significant result of the Mantel test indicates
that isolation-by-distance is not a good predictor of SLA.
Hence, drift cannot explain the geographic distribution of
the mean SLA values of the populations. The significant
heritability of SLA indicated evolutionary potential, and the
Qg vs. G'gp comparison showed that Qg was high but sig-
nificantly lower than G’gy, indicating stabilizing selection
on SLA. Since the population factor was not significant in
the model, the high Qg of 0.53 should not be taken as evi-
dence for strong population differentiation, but rather as
strong regional differentiation between the Eastern Alps
and the other regions. Indeed, analysis of the populations
from the Eastern Alps and the other regions separately
resulted in substantially reduced Qg values of 0.22 and
0.23, respectively. Since these were much lower than the
respective G’ ¢p values, this is an indication for strong stabi-
lizing selection. It can be concluded that stabilizing selec-
tion acted as a weak conservative force in the strongly
divergent evolution of the Eastern Alps versus the other
three regions, and as a strong conservative force within the
regions.

A strong plastic response of transplanted plants to their
respective altitude is well-known from the literature and
has been interpreted as an adjustment to temperature
(Korner 2003). The present results suggest that populations
of C. thyrsoides would be able to survive under current
climate changes by adjusting their SLA plastically. This
adjustment by means of phenotypic plasticity may allow
populations in the long run to adapt genetically to the
environmental changes via genetic assimilation (Price et al.
2003).

Conclusions

Phenotypic plasticity in SLA is a rapid and strong process
in Campanula thyrsoides, but a substantial genetic compo-
nent of SLA is also present. This genetic component was
shown to be due to genetic adaptation rather than to drift
and appeared at two levels. First, populations in the Eastern
Alps showed lower SLA values than populations from the
other regions, which is likely to be an adaptation to the sub-
mediterranean climate. Second, within the Eastern Alps,
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populations showed decreasing SLA and decreasing varia-
tion in SLA with increasing altitude. Additionally, the
absence of isolation-by-distance suggests that genetic drift
cannot explain the geographic pattern observed for SLA.
Finally, the Qg versus G'gr comparisons indicated that sta-
bilizing selection for SLA was stronger within the regions
than between them, reflecting the adaptive differentiation in
SLA between the Eastern Alps and the other regions.
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