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Abstract Seed weight is a prominent life history

trait of plants affecting dispersal, establishment, and

survival. In alpine environments, the few studies

investigating the effect of elevation on seed weight

within species have mainly detected a decrease in seed

weight with increasing elevation. This relationship is

generally attributed to the adverse climate at high

elevations. In order to test this hypothesis, we

analyzed seed weight variation across altitudes

(2,435–3,055 m a.s.l.) in two consecutive years that

differed in weather conditions in the high-alpine

cushion plant Eritrichium nanum. We found a signif-

icant reduction in seed weight with increasing eleva-

tion in both years, but in the growing season with

more adverse weather conditions, the reduction was

more substantial than in the more favorable year. We

conclude that alpine plants may be able to produce

well-developed seeds at low elevations in almost all

years, independent of weather conditions, whereas

reproduction through seeds is potentially limited to

years of favorable weather at high elevation.

Keywords Seed mass � Seed size �
Elevation � Weather variation � Alps

Introduction

When comparing lowland with alpine plant species,

an obvious adaptation to the adverse alpine environ-

ment is the reduced size of alpine plants (Jenny-Lips

1948; Körner 2003). In contrast, it has been observed

that seed weight or seed size is often increased in

alpine species as compared with taxonomically

related lowland species (Blionis and Vokou 2005;

Pluess et al. 2005; but see Baker 1972). Seed size is

of special interest, because it is a prominent life

history trait of plants that affects dispersal, establish-

ment, and seedling survival (Leishman et al. 2000).

Multiple comparisons of species pairs from the Swiss

Alps showed heavier seeds in alpine than in lowland

species (Landolt 1967; Pluess et al. 2005). The same

relationship was observed along an altitudinal gradi-

ent at Mt. Olympos in Greece (Blionis and Vokou

2002, 2005). A possible explanation for these find-

ings is that embryos from heavier seeds are better

provisioned than those from lighter seeds. Under the

increasingly adverse ecological conditions along

altitudinal gradients, such as shorter growing seasons

and lower mean temperatures (Landolt 1967; Körner

2003), seedlings from heavy seeds might be more

successful in establishing and surviving (Leishman

et al. 2000; Moles and Westoby 2004) This fitness

advantage of heavy seeds could have led to the

evolution of heavy-seeded species at high elevations.

In contrast to the above mentioned species-pair

comparisons, the few studies investigating variation
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in seed weight within single alpine species have

mostly reported a reduction in seed weight with

increasing elevation. For instance, Eritrichium

nanum, Saxifraga oppositifolia, Scabiosa lucida,

and Ranunculus acris produced lighter seeds with

increasing elevation, while Epilobium fleischeri

showed no directional change in seed weight (Totland

and Birks 1996; Totland 1997a; Pluess et al. 2005;

Zoller et al. 2005). These results have been attributed

to low temperatures and short growing seasons at

high elevations, the two most important factors

affecting seed maturation and, thus, seed weight

(Totland and Birks 1996; Totland 1997a, b; Wagner

and Reichegger 1997; Baskin and Baskin 1998;

Blionis and Vokou 2005).

If seed weight of alpine plants is mostly influenced

by environmental constraints, we should not only find

decreasing seed weight with increasing elevation, but

also find variation in seed weights owing to annual

variation in weather conditions. Annual variation in

seed germinability and seed production has been

found in long-term investigations of alpine and arctic

plant species (Laine et al. 1995; Zoller et al. 2005).

To our knowledge, however, no investigation has

addressed seed weight variation in a high-alpine plant

species along an altitudinal range, and in seasons with

different weather conditions.

Here, we report on variation in seed weight across

altitudes from 2,435 to 3,055 m a.s.l. in the high-

alpine cushion plant E. nanum in two consecutive, but

climatically different growing seasons in the Swiss

Alps. We addressed the following two questions: (1)

Does seed weight in E. nanum decrease with

increasing altitude? (2) Is annual climatic variation

affecting seed weight across altitudes?

Materials and methods

Eritrichium nanum (L.) Gaud. (Boraginaceae) is a

showy, blue-flowered alpine cushion plant. This

perennial multi-flowered herb grows in high-alpine

habitats of Central Europe, mostly between 2,500 and

3,000 m a.s.l. (Schröter, 1926). The flowering season

starts in June at low elevations and continues until the

end of July at high elevations. Flowers are pollinated

by various generalist insects, mostly Diptera (Zoller

et al. 2002). Zoller et al. (2002) reported the flowers

to be self-compatible, but predominantly outcrossed.

Fruits contain four nutlets, each with a single seed

(Gams 1975).

We selected 15 study sites at different elevations

in the Upper Engadine and adjacent valleys of

southeastern Switzerland (Table 1). The sites were

situated between 2,435 and 3,055 m a.s.l. and sepa-

rated from one another by at least 1 km. All the sites

consisted of large, preferably flat scree areas with

naturally sparse vegetation on windswept crests,

where vegetation becomes snow-free early in the

season.

All the 15 sites were sampled twice, once in 2005

and once in 2006. The growing seasons in these

2 years differed in their weather, especially in July

(Table 2), the main period of seed maturation. July

2005 was cold and partly snowy, whereas July 2006

was substantially warmer. In contrast, the weather in

spring and late summer was more favorable in 2005

than in 2006.

From July to August, fully developed ripe seeds

from 10 randomly selected cushions were sampled

per site, just before they would have been dispersed

(Table 1). After drying at room temperature, seeds

were stored at 2�C for five months. Ten filled seeds

(i.e., nutlets without coat) were randomly chosen per

cushion and weighed on an electronic analytical

Table 1 Characteristics, locations, and sampling dates in 2005

and 2006 for 15 E. nanum sites in southeastern Switzerland,

where seeds were collected

Site Elevation

(m a.s.l.)

Longitude/latitude

(E/N)

Sampling date

2005 2006

1 2,435 10�0203800/46�2305600 12/08 25/07

2 2,460 9�3901700/46�2502000 13/08 27/07

3 2,600 9�4702000/46�2405700 16/08 29/07

4 2,655 9�3905300/46�2405600 18/08 27/07

5 2,700 9�4703300/46�2404100 16/08 29/07

6 2,735 9�3604500/46�2502300 24/08 27/07

7 2,790 9�4402600/46�2502000 24/08 27/07

8 2,820 9�4401000/46�2904000 27/08 30/07

9 2,840 9�3501500/46�2705500 25/08 31/07

10 2,875 9�4405600/46�3009000 27/08 09/08

11 2,905 9�4405700/46�2905900 27/08 09/08

12 2,925 9�4603800/46�3001900 29/08 14/08

13 2,960 9�4201700/46�3001800 27/08 09/08

14 3,020 9�4309000/46�3001400 27/08 09/08

15 3,055 9�4707900/46�3005000 29/08 14/08
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balance (Mettler Toledo MX5, Greifensee). We then

calculated mean seed weight per site per year, as well

as the standard errors.

The effect of elevation on mean seed weight was

tested using ordinary least squares (OLS) regressions

with permutation testing (N = 10,000) implemented

in the software BLOSSOM (Cade and Richards

2005). By analyzing two single regressions (sepa-

rately for each year), we explored the effect of

elevation on mean seed weight. In order to assess

whether the effect of elevation differed between the

two study years, we investigated the difference in

slope of the above regressions by testing for a

year 9 elevation interaction.

Results and discussion

Average seed weight in E. nanum was 0.327 mg, with

a wide range from 0.092 mg to 0.854 mg. In both

years, seed weight significantly decreased with

increasing elevation (2005: P = 0.001, R2 = 0.573;

2006: P = 0.023, R2 = 0.340; Fig. 1). However, the

slopes of the two regression lines were significantly

different, i.e., the effect of elevation was more

pronounced in 2005 than in 2006 (P = 0.045;

Fig. 1). Seeds from the lowest site (2,435 m a.s.l.)

were four times heavier than seeds from the highest

site (3,055 m a.s.l.) in 2005, whereas this difference

was only twofold in 2006. In some of the populations

at middle elevations, no difference in seed weight

was detected between years.

Mean seed weight of E. nanum generally decreased

with increasing elevation along an altitudinal gradient

of 620 m, representing most of the altitudinal range of

the species. Our findings are in accordance with most

of the other studies assessing the relationship between

seed weight and elevation in single alpine plant

species. Zoller et al. (2005) investigated seed weight

of E. nanum populations along an altitudinal gradient

of 300 m. They found about half of the reduction we

observed (i.e., mean over both years). Similarly, an

investigation on S. oppositifolia and S. lucida across

an altitudinal gradient of 1,000 m showed a half

reduction in seed weight (Pluess et al. 2005). How-

ever, seed weight data from different years were

pooled in these two studies. Totland (1997a) and

Totland and Birks (1996) found a more than one and a

half time reduction in seed weight in a one-year study

on R. acris along a 300-m increase in elevation.

Frequently changing weather conditions, low temper-

atures, and short growing seasons, i.e., unfavorable

conditions for seed maturation at high elevations,

have been proposed to cause the observed decrease in

seed weight with increasing elevation (Galen 1985;

Table 2 Weather conditions (thawing degree days i.e., sum of degrees over 0�C per day, mean temperature, and days with snowfall

in July and August) during the growing seasons of E. nanum of 2005 and 2006

Thawing degree daysa Mean temperature (�C)a Number of days with snowfallb

2005 2006 2005 2006 2005 2006

May 21.9 2 -3.1 -3.6 – –

June 73.5 77.9 1 0.3 – –

July 79.1 154.5 2 5 7 0

August 36.8 13.8 0.3 -1.4 7 6

a Data from MeteoSwiss station Piz Corvatsch (3,315 m a.s.l; Engadine, Switzerland)
b Personal observations at study sites
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Fig. 1 Relationship between seed weight in E. nanum (mean per

site and year ± S.E.) and elevation. Black circles and black line
indicate values and linear regression (y = -0.0002x ? 1.0174),

respectively, for 2005, and grey squares and grey line indicate

those for 2006 (y = -0.0006x ? 1.9701)
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Corbet 1990; Totland and Birks 1996; Totland 1997b;

Wagner and Reichegger 1997; Pluess et al. 2005).

It has been hypothesized that seed development in

alpine plants is substantially or even mostly influ-

enced by climatic factors (Billings and Mooney

1968). Especially, histogenesis (i.e., formation of cell

number and tissue volume) appears to be more

sensitive to temperature than seed filling and matu-

ration (Wagner and Reichegger 1997). Our findings

support this statement. Seed weight in E. nanum

declined significantly with altitude and, thus, with

increasing climatically adverse conditions in both

study years, and the effect of elevation on seed weight

was much more pronounced in 2005, i.e., the climat-

ically less favorable year. A fourfold difference in

mean seed weight across altitudes was found in 2005

as compared with a less-pronounced difference in

2006, the more favorable year. Nevertheless, seeds at

low altitudinal sites were heavier in 2005 than in

2006. This was most likely caused by an interplay

among weather conditions and phenology in E. nanum.

Weather conditions in spring, when histogenesis at

low study sites took place, were more favorable in

2005 than in 2006 (Table 2). It is reasonable to

assume that plants at low altitudinal sites could profit

from good spring weather in 2005, but less so in 2006.

Other studies investigating seed weight of alpine

plants in climatically contrasting environments

showed that seed maturation in alpine plants is

highly temperature dependent (Totland 1997b; Wag-

ner and Reichegger 1997). While comparing plants of

Leontodon autumnalis var. taraxaci growing in open-

top chambers (OTCs), experiencing a 2.3�C increase

in air temperature, with those in control plots,

Totland (1997b) found heavier seeds in OTCs than

in control plots. Similarly, the alpine sedge Carex

firma produced heavier seeds at sunny sites than at

north-facing sites (Wagner and Reichegger 1997). In

our study, the particularly low seed weight at the site

at 2,655 m a.s.l. (Fig. 1) may also indicate this

exposure effect, as this site had the most northern

exposure of all our study sites.

During the warm and favorable July of 2006,

E. nanum plants at the highest elevations produced

seeds with a similar weight as the plants from sites at

middle elevations. This resulted in a much weaker

relationship between seed weight and elevation in

2006. During a favorable alpine summer, high-alpine

plants were thus able to produce heavy seeds (Billings

and Mooney 1968). For perennial alpine plant species

such as E. nanum, successful sexual reproduction

through seed may be limited to years of favorable

summer weather at high elevations, if successful

establishment of seedlings depends on seed weight

(Leishman et al. 2000; Moles and Westoby 2004). In

contrast, seed weight of alpine plants growing at lower

elevations may be less affected by weather conditions.

Seen over the whole life time of a perennial alpine

plant, even episodic seed production may be sufficient

for population maintenance in high-alpine habitats.

Our study suggests that conducting studies across

multiple years is important for uncovering such

variation in effective reproductive success.
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Increasing population density and seed production with

altitude in Eritrichium nanum (Boraginaceae)—an arctic

alpine obligatory seeder. Arct Antarct Alp Res 37:41–48

Plant Ecol (2010) 207:227–231 231

123

http://dx.doi.org/10.1007/s00442-005-0047-y

	Between-year variation in seed weights across altitudes in the high-alpine plant Eritrichium nanum
	Abstract
	Introduction
	Materials and methods
	Results and discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /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
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /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
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


