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Abstract So far very few experiments have
accounted for the combined effect of two phenomena
co-occurring in stress gradients: local adaptation to
stress and the increase in facilitation with increasing
stress (predicted by the stress-gradient hypothesis,
SGH). Mountain birch (Betula pubescens subsp.
czerepanovii) facilitates conspecific seedlings in
subarctic high stress sites and is capable of rapid
evolutionary adaptation, being therefore a good
model species for a study combining local ecotypes
and SGH. A within-species experiment was con-
ducted to test SGH in three stress gradients, detect
potential local adaptations between low and high
stress populations, and assess their effects on
seedling-seedling interactions. Although no evidence
for local adaptation was detected, high and low stress
populations showed some differentiation, possibly
explained by decreasing phenotypic plasticity in high
stress conditions and/or neutral evolutionary mecha-
nisms. Weak support for SGH was detected. While
facilitation was unaffected by seedling origin, low
stress populations showed better competitive ability.
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Introduction

The currently recognized importance of facilitation in
plant communities under abiotic stress has resulted in
the establishment of a wide array of field and
laboratory experiments exploring both interspecific
and intraspecific interactions (Bertness and Callaway
1994; Brooker et al. 2008; Callaway 2007 and
references therein). However, with the exception of
a study by Espeland and Rice (2007), these exper-
iments have not addressed variation associated with
evolutionary histories of populations inhabiting con-
trasting environments. Since Turesson’s pioneering
works (Turesson 1922, 1925), local adaptations to
stress have been documented in a wealth of studies
across taxa (Futuyma 2001; Linhart and Grant 1996;
Savolainen et al. 2007). However, the traits advanta-
geous in conditions of high stress are often
deleterious under low stress, resulting in a trade-off
of decreasing performance in non-local environ-
ments, thus facilitating the formation of locally
adapted ecotypes (Futuyma 2001; Kawecki and Ebert
2004). Evolutionary adaptations can have significant
effects on plant-plant interactions, of which the
decreasing competitive ability of stress adapted
genotypes is a common example (Erdnen 2008;
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Kawecki and Ebert 2004; Linhart and Grant 1996).
Recently, differences in stress tolerance (and related
optima in growth conditions) among species have
been shown to affect also positive interactions
(facilitation), with species susceptible to stress usu-
ally benefiting most from neighbouring plants
(Choler et al. 2001; Liancourt et al. 2005). Adopting
this field of thought to a within-species context, we
may expect weaker facilitative responses on ecotypes
adapted to stress (Espeland and Rice 2007).

The stress-gradient hypothesis (SGH), first phrased
by Bertness and Callaway (1994), suggests that the
relative importance of facilitation will increase with
increasing stress and decreasing productivity. This can
happen either via increasing facilitation (Bertness and
Callaway 1994; Callaway et al. 2002) or decreasing
competition in high stress habitats (Dormann and
Brooker 2002; Grime 1973). SGH has received support
from various environmental gradients (Brooker et al.
2008; Callaway 2007; Callaway et al. 2002; Gémez-
Aparicio et al. 2008). However, several studies have
failed to detect changes in plant-plant interactions as
predicted by SGH (Armas and Pugnaire 2005; Casper
1996; Donovan and Richards 2000), generating con-
siderable debate on the generality of the hypothesis
(Brooker et al. 2008; Callaway 2007; Lortie and
Callaway 2006; Maestre et al. 2005, 2006). Some part
of the variation in outcomes of earlier experiments was
recently demonstrated to result from the failure to
impose stress on experimental plants (Lortie and
Callaway 2006). We hypothesize that also among-
population differentiation may have contributed to
inconsistency in the results of earlier experiments.

Mountain birch (Betula pubescens subsp. czerep-
anovii (Orlova) Himet-Ahti) is a good candidate for
studying stress-related hypotheses. As a timberline
species it can survive in highly stressful study sites,
and is known to have evolved ecotypes in relation to
altitude (Weih and Karlsson 1999) and heavy metal
pollution (Erdnen 2008; Erédnen et al. unpublished).
In previous studies in the highly stressful subarctic
environments of the Kola Peninsula, NW Russia, we
have shown that adult mountain birches facilitate
conspecific seedlings and dwarf shrubs (Erdnen and
Kozlov 2007, 2008; Zvereva and Kozlov 2004).
However, earlier experiments did not address effects
of mountain birch ecotypes (originated from high vs.
low stress conditions) on intraspecific interactions in
contrasting environments.
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Here we report the results of a four-year experi-
ment performed in three different gradients of abiotic
stress, one anthropogenic and two natural, in the Kola
Peninsula, NW Russia. The effects of stress on
mountain birch were verified with analyses of
survival, growth and chlorophyll fluorescence in each
study gradient. The questions we aimed to answer
with this study were: (1) do birch seedlings planted at
a 10 cm distance interact with each other? (2) Do
these interactions (if any) differ between contrasting
(low vs. high stress) environments? The importance
of competition was expected to decrease and the role
on facilitation was expected to increase with increas-
ing stress, resulting in a stronger positive net effect.
The experiment was replicated in three different
gradients of abiotic stress to (3) check the generality
of the putative changes in plant-plant interactions.
Seedlings from both the high and low stress ends of
the study gradients were included to (4) find out if the
high stress populations are adapted to abiotic stress
and have these adaptations resulted in trade-offs of
reduced performance in pristine conditions. The
seedlings were planted either with seedlings from
their own growth environments, or seedlings from the
opposite end of the gradient. This was done to (5)
check whether the putative adaptations to stress affect
competitive and facilitative interactions between
mountain birch seedlings.

Materials and methods
Study sites

The potential adaptations to abiotic stress and the
effects of stress on seedling-seedling interactions
were studied in the high (H in codes of study sites)
and low (L) stress ends of three stress gradients: one
anthropogenic (pollution, P) gradient and two natural
(elevation, E and seashore, S) environmental gradi-
ents in the Kola Peninsula, NW Russia (Table 1).
There were a total of six study sites.

In the pollution gradient, the high stress site (PH)
was located 7 km S and the control site (PL) 40 km S
of the copper-nickel smelter in Monchegorsk
(67°55' N, 32°48' E), central Kola Peninsula. In the
vicinity of Monchegorsk 70 years of pollution impact
has resulted in nearly total elimination of plant life,
with sparsely growing stunted (1-2 m tall) mountain
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Table 1 Characteristics of the study sites. Data from 2003-2004. Relative wind speed = % of that of the high stress site. Foliar Ni
and Cu from leaves of mountain birch. Ni and Cu not measured in seashore gradient, assumed to be at the regional background level

Gradient Assumed Location of study site Environmental characteristics
stress
Latitude  Longitude (E) Altitude Relative wind Field layer vegetation Foliar Ni Foliar Cu
™) (mAS.L) speed (%) cover (%) (gg)  (nge)
Pollution High 67°50'54"  32°48'08" 225 100 4 1727 £232 439+ 74
Low 67°34'38"”  32°32'54" 140 13 29 16.7 £ 1.0 6.4+ 04
Elevation High 67°35'16"  33°45'47" 615 100 31 3.8+0.2 57+ 0.6
Low 67°34'01"  33°41'26" 305 6 32 44 £04 44+ 0.1
Seashore  High 66°28'22"  35°12'12" 4 100 65 - -
Low 67°28'26" 35°12'25" 5 22 42 - -

birches and willows (Salix spp.) dominating the
previously healthy subarctic forest, now transformed
into industrial barrens (Kozlov and Zvereva 2007;
Kryuchkov 1993). Also field layer vegetation
(Table 1) and uppermost soil layers in PH are all
but destroyed (Kryuchkov 1993). Due to forest
decline the barrens, along with pollution, suffer from
climatic stress, mainly greater wind speeds (Table 1)
and increased temperature fluctuations (Kozlov 2001;
Kozlov and Haukioja 1998).

The natural stress gradients were located in the
White Sea shore in southern Kola Peninsula near
Olenitsa (66°28' N, 35°12' E), and in the Khibiny
mountains in central Kola Peninsula in the south
facing hill of the Lovchorr mountain (67°35' N,
33°45' E). The elevation gradient high stress site
(EH) was located 100 m above the timberline, while
the low stress site (EL) was located well below the
timberline (Table 1). The seashore gradient high
stress site (SH) was located some 50 m from the
shoreline, while the low stress site (SL) was situated
some 300 m inland. Both high stress sites (EH and
SH) were open tundra-like habitats characterized by
sparsely growing low-stature (1-2 m tall) trees
(mainly mountain birch and willows). In contrast to
the PH site, field layer vegetation in both EH and SH
sites was abundant, not differing much from the
respective low stress sites (Table 1). Mean wind
speeds in the open high stress sites were up to 15
times higher than in the respective low stress sites
(Table 1). The low stress sites (PL, EL and SL) were
selected in healthy looking subarctic forests of high
stature (>5 m tall) mountain birch, Siberian spruce
(Picea abies subsp. obovata Ledeb.), and Scots pine
(Pinus sylvestris L.) (PL only). For a more detailed
description of study sites consult Erdnen (2008),

Erdnen and Kozlov (2008) and Ruotsalainen et al.
(2008).

Experimental design and measured variables

The study species, mountain birch, has been a
foundation species in northern Fennoscandia since
the last ice age (Aas and Faarlund 2001). Considering
the vulnerability of the subarctic regions to the
projected climate change (Anisimov et al. 2007),
knowledge of ecological factors affecting mountain
birch performance, e.g. competition, facilitation and
local adaptation, are crucial for predicting the future
of subarctic ecosystems (Wipf et al. 2006; Wolf et al.
2008).

Birch seeds were collected in October 2002 from
five mother trees in each study site, 30 mother trees in
total. The seeds were germinated in April 2003 and
grown for 14 months in identical conditions (out-
doors during summer and in a semi-enclosed space
during hibernation) to minimize potential maternal
effects. The seedlings were planted in early-mid June
2004, seedlings from each gradient in both sites of
their respective gradients. Planting height was mea-
sured to serve as a covariate in further analyses. The
amount of artificial soil inserted during planting was
kept at a minimum, and potentially suppressing
ground vegetation was cut up to 5 cm from the
seedlings. Care was taken to distribute seedlings from
different mother trees and of different sizes randomly
to different treatments.

Five blocks were created in each end (low and high
stress) of the pollution and seashore gradients, and
three blocks were created in each end of the elevation
gradient. Each block was subdivided into three sections
consisting of two single growing seedlings (‘single’
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from now on), a seedling pair (‘paired’ from now on)
and a circle of eight seedlings (‘grouped’ from now
on). The distance between seedlings in paired and
grouped treatments was circa 10 cm. The putative
competitive and facilitative interactions were expected
to be stronger in groups of increasing size (sin-
gle < paired < grouped; ‘group size’ from now on).
In the first section we planted only seedlings from the
high stress end of the respective study gradient, and in
the second section we planted seedlings from the low
stress end (‘stress at origin’ from now on). This was
done to study potential adaptations to local growth
environments. In the third section we used seedlings
from both ends of the respective stress gradients. The
pair included seedling from both origins, and the group
of eight included four seedlings from low and four from
high stress origins planted, so that each seedling was
located between seedlings from the other end of the
gradient. Single growing seedlings were not included
in this section, because it was designed to study
interactions. The different sections are from now on
referred to as ‘competitor origin, local or non-local’.
The aim was to study potential differences in compet-
itive and facilitative abilities with respect to stress and
stress at origin. Altogether there were 34 seedlings per
block, with 884 seedlings in the entire experiment.
Seedling survival was monitored five times during
the experiment: in August 2004, June and August
2005, August 2006 and June 2007. Seedlings were
monitored in June and August because they represent
roughly the beginning and end of the growth season
in the Kola Peninsula. In addition to survival,
performance indices were measured three times,
between August 8th and 15th 2004, July 29th and
August 5th 2005, and August 1st and 9th 2006. The
fitness-related variables measured were seedling
height (to the nearest 5 mm, up to the tip of the
uppermost bud), the lengths of two largest leaves (to
the nearest 1 mm, excluding the petiole) and chloro-
phyll fluorescence. Because leaf growth had already
started before planting in field conditions in 2004,
leaf length was not measured during that year.
Average leaf lengths were calculated for each
seedling at each time point for the statistical analyses.
Chlorophyll fluorescence was measured using a
portable plant stress meter (Biomonitor S.C.I. AB.,
Umead, Sweden). The indices measured were the ratio
of variable to maximum fluorescence (F,/F,,) yielded
under an artificial light treatment (200 umol photons
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m 2 s !) and the time needed for the leaf to reach
half of its F,, (T,). The leaves were dark adapted
with a lightweight cuvette for 15 min prior to
measuring to ensure maximum level of fluorescence.
Greater seedling survival, height, leaf length and F,/
F, and smaller T;, values were considered to
indicate less stress and higher fitness.

Quantitative estimates for phenotypic plasticity
were calculated for both relative growth rate (the
difference between height in 2006 and planting height
divided by planting height) and leaf length (data of
2006) in each gradient and stress at seedling origin by
using the relative distances plasticity index (RDPI),
ranging from 0 (no plasticity) to 1 (maximum plastic-
ity) (Valladares et al. 2006). Individual distances
between seedlings growing in contrasting environ-
ments were calculated within families (mother trees)
whenever possible (above 50% of cases), otherwise,
when no individuals from the same family were
available in the opposing environment, distances were
calculated between seedlings from different mothers.
Seedlings expressing abnormal growth (due to herbiv-
ory, human disturbance, etc.) and statistical outliers
were omitted from the calculations.

Statistical analyses

All the measured performance variables (seedling
height, leaf length, F,/F,,, and T, ;) were analysed with
repeated analyses of covariance (ANCOVA) with
measurement year as the repeated factor and planting
height as the covariate. Block (nested within study site)
and mother tree were used as random variables.

In the first analyses we aimed to find potential
local adaptations and changes in plant-plant interac-
tions in conditions of varying abiotic stress. Gradient,
stress (high vs. low), stress at seedling origin (high
vs. low) and group size (single vs. paired vs. grouped)
were used as fixed explanatory variables. Also all
their second level interactions were included.
Because single growing seedling obviously had no
within-species competitors, competitor origin was
omitted from these analyses.

In the second analyses all performance variables
were analysed with a repeated ANCOVA as above,
while adding an interaction between stress, stress at
origin and competitor origin (against local vs. non-
local seedlings). Only grouped seedlings were ana-
lysed here, because single seedlings faced no within-
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species competition, and many of paired seedlings
lost their potential competitors in the course of the
experiment. Pairwise comparisons were done with
least squares means in each analysis. At first all
gradients were included in the analyses, but since the
majority of variables showed no increase in stress in
the PH site (see below), the pollution gradient was
omitted from the final analyses.

One-way ANOVA was used to test population
differences in plasticity (quantified with the relative
distances plasticity index, RDPI) of each growth
variable, with stress at origin as the fixed explanatory
variable. The ANOVA was conducted separately for
each gradient. All ANOVAs and ANCOVAs were
performed with procedure MIXED in SAS Institute
9.1 (SAS Institute Inc., Cary, NC, USA) (Littell et al.
1996).

Survival analyses were conducted with a Cox
regression (Cox 1972). The gradients were analysed
separately to keep the amount of variables manage-
able. Stress, stress at origin, group size and their
interactions were used as explanatory variables. The
survival analyses were conducted with procedure
PHREG in SAS Institute 9.1 (Allison 1995).

Results
Verifying stress effects

In the PH site seedlings were taller (136.4 £ 7.4 vs.
82.8 = 7.4 mm, P < 0.0001), had longer leaves

Fig. 1 The effects of stress

253+ 1.3 vs. 152 £ 1.2 mm, P <0.0001) and
had higher survival (P < 0.0001; Fig. 3a) than in the
PL site; chlorophyll fluorescence indices did not differ
between these sites (results in text given as least
squares means £ SE). Seedling origin had no effect on
mountain birch performance in either study site (PH or
PL). Since three out of five variables showed effects
opposite to those expected in a potentially stressful
environment, the pollution gradient was discarded
from the analyses of plant-plant interactions. In the
other two gradients (elevation and seashore) the effects
were as expected (Figs. 1 and 2, Table 2): stress
adversely affected each performance variable except
seedling height (16% shorter leaves, 13% lower F,/F,
values and 50% higher T/, values). Also survival was
significantly lower in the high stress sites (3> = 39.6,
P < 0.0001, Hazard ratio = 0.666; Fig. 3b, ¢). With
the majority of variables showing lower performance
at higher levels of abiotic stress, both natural gradients
were included in further analyses.

Treatment effects and population differences

Stress at origin had a significant effect on seedling
height, but only in the elevation gradient (G x O in
Table 2): low stress origin seedlings were 13% taller
than high stress origin seedlings. Also, group size had
a significant effect on seedling height (Table 2), but
this effect was only significant in the elevation
gradient (G x GS in Table 2): grouped seedlings
(75.9 £ 1.7 mm) were shorter than seedlings planted
single (85.8 + 3.1 mm, P = 0.0012 vs. grouped) or
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Fig. 2 The effects of group size and stress on the leaf length of
mountain birch seedlings (LSMeans + 1 SE, °P <0.1,
*P < 0.05, n inside bars)

in pairs (82 £ 2.6 mm, P = 0.0180 vs. grouped). The
stress x stress at origin interaction was significant
for leaf length and marginally significant for seedling
height (Table 2). Low stress origin seedlings were
taller and had longer leaves than high stress origin
seedlings in the low stress sites (Fig. 1). Also the

stress x group size interaction was significant for
leaf length (Table 2); in low stress sites single
seedlings had the largest leaves, and in high stress
sites paired seedlings had the largest leaves (Fig. 2).

In the second analyses the competitor origin x
stress at origin X stress interaction was significant for
seedling height (P =0.0190) and leaf length
(P < 0.0001). Both variables showed superior perfor-
mance for low stress origin seedlings in low stress sites
when competing against high stress origin seedlings
(height: 88 & 2.8 vs. 79 + 2.2 mm, P = 0.0028, leaf
length: 19 £ 09 vs. 174 £ 0.8 mm, P = 0.0282,
respectively, against high and low stress origin seed-
lings). In the high stress sites seedlings had longer
leaves when competing against non-local seedlings,
irrespective of stress at origin. High stress origin
seedlings had longer leaves when competing against
low stress origin seedlings (15.5 £+ 1.2 vs. 11.5 = 0.9
mm, P =0.0004), and low stress origin seedlings
had longer leaves when competing against high
stress origin seedlings (11.9 £ 1 vs. 15.1 &+ 1.1 mm,
P = 0.0021).

Stress at origin had no effect on phenotypic
plasticity in the seashore gradient, but in the elevation
gradient leaf length showed 58% higher plasticity
(according to the relative distances plasticity index,
RDPI) for low stress origin seedlings than high stress
origin seedlings (0.262 £ 0.030 vs. 0.166 + 0.027,
P = 0.0207).

Table 2 Repeated ANCOVA results for factors affecting the measured performance characteristics in mountain birch seedlings

(Fiag), P-value)

Leaf length

F./Fn

T1/2

Factor Explanatory variable Response variable
Seedling height

Fixed Gradient (G) 1.00p1,17.3), P = 0.33
Stress (S) 1.56(1,17.6), P = 0.23
Stress at origin (O) 9.81(1.45.7;, P = 0.0030
Group size (GS) 4.23 (21074, P = 0.0148
G xS 6.00(1,11,1;, P =0.03
GxO0 7.191,10.7), P = 0.0145
G x GS 4.2902,1080;, P = 0.0139
SxO 3.83(1,10487, P = 0.05
S x GS 0.55(2,11317, P = 0.55
O x GS 0.892,1080, P = 0.41

Random  Block P =0.09

Mother tree

Covariate Planting height

Repeated Measurement year

P =0.37
2018.51[1’259], P < 0.0001
30.95[21]33], P < 0.0001

0.06(1.17.5;, P = 0.81
15.101.13.7, P = 0.0017
3.62(1.221 P = 0.07
0.912.5247, P = 0.40
0541113, P = 0.48
161116 P =022
217125165 P = 0.12
18.30;1.516), P < 0.0001
402,505, P = 0.0184
0942510, P = 0.39

P =004

P =0.08

91.7111.376)» P < 0.0001
11.58;1.576), P = 0.0007

483115, P = 0.0413
19.97,1.17.45 P = 0.0003
0.40;1 235, P = 0.54
1.7815.585), P = 0.17
1581141, P = 023
0.181.13.6) P = 0.68
172571, P = 0.18
0.191.4501, P = 0.67
0242603, P = 0.79
18512581, P = 0.16

P =003

P =030

11471132, P = 0.0009
37.9903325, P < 0.0001

03011505 P = 0.59
57.58(1.15.1, P < 0.0001
2161153 P = 0.16
1.8215.577, P = 0.16
3.10;1.13. P = 0.10
27311045 P = 0.13
083125521, P = 0.44
01211 471, P = 0.73
150126131, P = 0.22
0.1612.5621, P = 0.85

P =002

P=034

10.04(1.67.6), P = 0.0020
91.33(2357), P < 0.0001
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Fig. 3 Survival of mountain birch seedlings in different
conditions of abiotic stress in the (a) pollution, (b) elevation
and (c) seashore gradients with respect to stress at origin (note:
in Fig. 3a the high stress site seedlings from both stress origins
have similar overlapping survival curves)

In the survival analyses no effects (apart from
stress) were significant in the elevation gradient
(Fig. 3b). In the seashore gradient the interaction
between stress and stress at origin was significant
(Xz = 6.06, P = 0.0138, Hazard ratio = 0.83). In the
SH site stress at origin had no effect on survival
(4> = 0.69, P = 0.40, Hazard ratio = 1.078), but in
the SL site high stress origin seedlings were 35%
more likely to die between monitoring rounds than
low stress origin seedlings (3> = 6.17, P = 0.013,
Hazard ratio = 0.739; Fig. 3c).

Discussion
Stressful environments and biotic stress

Since both elevation and seashore gradients showed
decreasing performance of mountain birch seedlings
with increasing stress, they (in agreement with Lortie
and Callaway 2006) were considered suitable for
studies on the impact of stress on plant-plant
interactions.

Surprisingly, the harsh abiotic environment of the
industrial barrens near Monchegorsk did not impose
stress on mountain birch seedlings. This was surpris-
ing, especially as the barrens around the Severonikel
smelter are a focal study area for pollution ecology,
and have been a host to several stress-related studies
where plant mortality and performance have been as
expected (see for example papers by Erdnen and
Kozlov (2006, 2007), Kozlov and Zvereva (2007),
Zvereva and Kozlov (2004) and references therein).
The lack of a stress effect on birch seedlings in PH is
likely due to a combination of several factors. First,
pollution impact has destroyed practically all field
layer vegetation (Table 1), creating an allelopathy
free and competition free space in the high stress site
(PH), and likely resulting in a substantial increase in
seedling performance. Second, the emissions from
the Severonikel smelter have been in dramatic
decline during the past decade (from 232 600 t of
SO, in 1990 to 41 000 t in 2005: Berlyand 1991;
Milyaev and Yasenskij 2006), hinting that stress from
ambient SO, and heavy metals during the current
experiment (2004-2007) may have been much lower
than during the previous experiments (conducted
during the 1990 s and early 2000 s). Changes in
seedling survival support the conclusion; survival of
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unprotected seedlings in PH in experiments con-
ducted during 2000-2005 was circa 40-50% (Erédnen
and Kozlov 2006, 2007), whereas in the current
experiment survival was close to 100%. Lack of field
layer competition together with decreasing pollution
impact may explain the surprising switch in birch
performance in the pollution gradient. The perfor-
mance of heavy metal adapted seedlings (see Erdnen
2008) in the PH site was similar to that of control
seedlings, providing further evidence on the declining
effect of direct pollution around Monchegorsk. As the
studied pollution gradient clearly no longer shows
decreasing plant performance towards the high stress
end, we disregard the gradient as unsuitable for SGH
studies and concentrate on the two natural gradients.
The disparity between biotic and abiotic measure-
ments of stress support the argument that biotic
measurements are needed to verify the actual stress
experienced by plants (Lortie and Callaway 20006).
However, this does not negate the results of earlier
studies in the Severonikel pollution gradient, when
environmental conditions have been different.

Seedling-seedling interactions

The seedling-seedling interactions detected in this
study were weak and like in a previous study (Erdnen
and Kozlov, 2008), predominantly neutral or nega-
tive. Only leaf length data gave some support for
SGH, with paired seedlings outperforming the other
group sizes in high stress sites (Fig. 2). It may be that
seedling-seedling facilitation increases the perfor-
mance of paired seedlings compared to single
seedlings, but in groups of eight competition domi-
nates even in high stress sites, resulting in weaker
performance. In the low stress sites competition
dominated, with single growing seedling outperform-
ing paired and grouped seedlings (Fig. 2), in line with
the hypothesis that competition intensity decreases
with increasing stress (Bertness and Callaway 1994;
Dormann and Brooker 2002; Grime 1973). The
dominance of low over high stress origin seedlings
in low (but not high) stress sites also hints on greater
importance of competition in low stress environ-
ments, substantiating the results of a previous study
(Erdnen and Kozlov, 2008).

The dominance of competition in seedling-seed-
ling interactions can be explained by the similar size
and developmental status of the experimental plants.
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It is logical that individuals of similar size and same
species should share similar resource requirements,
resulting in competition for both light and nutrients.
The weak seedling-seedling facilitation is likely a
result of too large planting distance (Dickie et al.
2005; Erdnen and Kozlov 2007) relative to the size
attained by the seedlings by the end of the experi-
ment. Due to their small size, the shelter provided by
individual (or even groups of) mountain birch
seedlings may have been too minor (either in effect
or space) to mitigate the abiotic stress. In previous
studies the strongest positive net effect of adult
mountain birches was detected at a planting distance
of 25 cm, i.e. less than one-fourth of benefactor
height (Erdnen and Kozlov 2007). In the current
experiment planting distance and mean seedling
height at the end of the experiment were about the
same (10 cm). It may thus take several more years
before positive interactions between the seedlings
manifest as more visible differences in performance.

Population differentiation among
levels of abiotic stress

Both growth variables (height and leaf length)
showed a significant interaction between stress and
stress at origin (Fig. 1), indicating differentiation
between birch populations from different environ-
ments. Also survival showed a similar effect for
seashore gradient seedlings (Fig. 3c). However, the
stress X stress at origin interactions were, in each
case, result of selection against high stress origin
seedlings in low stress environments (Figs. 1 and 3).
This response is similar to trade-offs often detected in
relation to stress adaptations (Erdnen 2008; Futuyma
2001; Savolainen et al. 2007), but is in itself not
proof enough of local adaptation (Kawecki and Ebert
2004). The lack of a home-site advantage is in
contrast with a large body of experiments where
plants from different elevations have shown local
adaptations to their home environments (Byars et al.
2007; Ohsawa and Ide 2008; Savolainen et al. 2007
and references therein). The result to a certain extent
disagrees also with outcomes of previous experiments
by our group (partially involving seeds from the same
mother trees), which have shown that mountain birch
is capable of very rapidly adapting to heavy metal
stress (Erdnen 2008; Erdnen et al. unpublished).
Factors favouring generalization (as opposed to
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adaptation) in the studied natural gradients include
weak selection pressure (compared to the selection
history in the pollution gradient), strong pollen-
driven gene flow as well as possibly great year-to-
year variation in abiotic conditions. An important
thing to note, however, is the strong positive effect of
nurse trees on mountain birch seedlings, especially in
exposed habitats (Erdnen and Kozlov 2008). Refuges
created (on ‘niches constructed’) by adult conspecif-
ics might override the need to adapt to wind-induced
stress (Laland et al. 1999; Odling-Smee et al. 1996),
effectively opposing forces driving divergent selec-
tion, while nurse trees cannot create similar refuges
against pollution stress (with increasing pollution
loads often detected under canopies, see Lukina and
Nikonov (1999) and Ginocchio et al. (2004)). How-
ever, because selection pressure can vary with time
and between life-history stages (Geber and Griffen
2003), it is possible that the high stress origin
seedlings might be selected for in high stress sites
during other, more stressful, years or during later life-
history stages.

Also the possibility that high stress origin seed-
lings are indeed not selected for in the high stress
sites, and only selected against in the low stress sites,
needs to be considered. Intuitively, such a response
should be maladaptive, and disappear during the
course of evolution. However, there are some mech-
anisms that could cause such an unexpected result.
First, high phenotypic plasticity, which is the capac-
ity of a single genotype to produce different
phenotypes in different environments (Kingsolver
et al. 2002; Via et al. 1995), can be detrimental in
conditions of severe directional selection, when any
deviation from the optimal phenotype is selected
against (Emery et al. 1994; Heschel et al. 2004;
Taylor and Aarssen 1988). This can result in a
population of very low phenotypic variation, creating
a selective disadvantage in non-native environments.
RDPI showed lower plasticity for leaf length in
progenies of mountain birches from the high eleva-
tion site (EH). This could indicate that the putative
“trade-off” in the elevation gradient is due to the
elimination of plastic genotypes in the high stress
site. Finally, adaptively neutral mechanisms, i.e.
population bottlenecks and genetic drift, can change
the genetic composition of populations especially in
cases of high random mortality (Futuyma 2001;
Kawecki and Ebert 2004; Turelli et al. 2001). It is

possible that in the seashore gradient, with 80%
mortality during the experiment in the SH site,
neutral evolutionary mechanisms have resulted in
random mutations causing population differentiation
despite the possibly balancing effects of gene flow.

Effects of population differentiation
on seedling-seedling interactions

No interactions between group size and seedling
origin were detected. This finding indicates that
population differences do not affect the competitive
ability or facilitative response of mountain birch
seedlings as such, conflicting with the results by
Espeland and Rice (2007). That stress at origin had
no effect on the facilitative responses of the seedlings
is no surprise, considering the weak facilitative
effects detected in the current study. Though seed-
lings of different origin did not vary in their response
to competition level, competitor origin had some
effect. Low stress origin seedling in low stress
conditions were higher and had longer leaves when
interacting with high stress origin seedlings. This
might indicate a trade-off of decreased competitive
ability of high stress origin seedlings (Erdnen 2008;
Kawecki and Ebert 2004; Linhart and Grant 1996).
However, the high stress origin seedlings themselves
showed no differences in performance with respect to
competitors in the low stress sites. The result must
therefore be interpreted with caution. In high stress
sites both growth variables, height and leaf length,
indicated better performance for seedlings when
competing against non-local seedlings. However,
barring competitor origin, no differences were
detected between seedlings of different origin. This
could indicate that there are no population differences
in competitive ability as such in high stress sites, but
that there is some difference in resource acquisition,
resulting in lower levels of competition against non-
local seedlings.

Conclusions

In summary, interactions between mountain birch
seedlings yielded only weak support for the stress-
gradient hypothesis. That only marginal increase in
facilitation was detected with increasing stress can be
explained by the small size and related weak shelter

@ Springer



176

Plant Ecol (2009) 200:167-177

effect of the studied seedlings. Although no evidence
for local adaptation was detected, populations from
high and low stress environments showed some
degree of differentiation, possibly explained by
decreasing phenotypic plasticity in high stress con-
ditions and/or neutral evolutionary mechanisms, i.e.
population bottlenecks and genetic drift. These
populations also differed in competitive ability and
possibly resource acquisition, but facilitation
remained unaffected by seedling origin.

The results suggest that in spite of the capacity of
mountain birch for rapid evolution (Erdnen 2008;
Erdnen et al. unpublished), long lasting stress does not
necessarily result in adaptation. Also, even though
sheltering and facilitation by mountain birch may be
useful tools in reforestation (Erdnen and Kozlov 2006,
2007), it is important to properly select benefactor
size and planting distance; planting nurse trees that are
too small and/or distant may result in competitive net
effects, thus hampering restoration efforts.
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