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Abstract
Within-species and among-species differences in growth responses to a changing climate have been well documented, yet the relative magnitude of within-species vs. among-species variation has remained largely unexplored.
This missing comparison impedes our ability to make general predictions of biodiversity change and to project future
species distributions using models. We present a direct comparison of among- versus within-species variation in
response to three of the main stresses anticipated with climate change: drought, warming, and frost. Two earlier
experiments had experimentally induced (i) summer drought and (ii) spring frost for four common European grass
species and their ecotypes from across Europe. To supplement existing data, a third experiment was carried out, to
compare variation among species from different functional groups to within-species variation. Here, we simulated
(iii) winter warming plus frost for four grasses, two nonleguminous, and two leguminous forbs, in addition to eleven
European ecotypes of the widespread grass Arrhenatherum elatius. For each experiment, we measured: (i) C/N ratio
and biomass, (ii) chlorophyll content and biomass, and (iii) plant greenness, root 15N uptake, and live and dead tissue
mass. Using coefficients of variation (CVs) for each experiment and response parameter, a total of 156 within- vs.
among-species comparisons were conducted, comparing within-species variation in each of four species with amongspecies variation for each seed origin (five countries). Of the six significant differences, within-species CVs were
higher than among-species CVs in four cases. Partitioning of variance within each treatment in two of the three experiments showed that within-species variability (ecotypes) could explain an additional 9% of response variation after
accounting for the among-species variation. Our observation that within-species variation was generally as high as
among-species variation emphasizes the importance of including both within- and among-species variability in ecological theory (e.g., the insurance hypothesis) and for practical applications (e.g., biodiversity conservation).
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Introduction
Ecological theory concerning biodiversity and species
coexistence has been based largely on the species concept and has treated species as single, uniform entities
across their distribution ranges (Valladares et al., 2014).
For example, efforts to describe, preserve and enhance
biodiversity are often based on the insurance hypothesis (Walker et al., 1995; Naeem & Li, 1997; Yachi & Loreau, 1999), which is defined as ‘any long-term effects of
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biodiversity that contribute to maintain or enhance
ecosystem function in the face of environmental fluctuation’ (Yachi & Loreau, 1999). Biodiversity insures
ecosystem functioning in the context of environmental
change or fluctuations; because of differences among
species in disturbance tolerance and environmental
adaptations, species that are less important or even
redundant for ecosystem functioning in one environment might replace others and become key drivers of
stability with environmental change (Walker et al.,
1999; Fig. 1a, b). The insurance hypothesis is often put
forward as an argument for conserving species-rich systems (Yachi & Loreau, 1999). However, within-species
449

450 A . V . M A L Y S H E V et al.
genetic and phenotypic variation may be high as well,
and at times equal to among-species variation (Hughes
et al., 2008; Poirier et al., 2012), potentially being as
strong of a buffer for maintaining community stability
in the face of environmental change. In support of this
statement, higher within-species genetic diversity has
been shown to enhance the overall species diversity of
a community (Whitlock et al., 2007).
There is a disproportionately low amount of information regarding variation in traits within species relative
to among species. There is evidence, however, that variation both within populations (Booth & Grime, 2003)
and between populations (Beierkuhnlein et al., 2011;
Kreyling et al., 2012) can be important for biodiversity
conservation and ecosystem function (Jung et al., 2010).

Fig. 1 The insurance hypothesis suggests that in species-poor
communities (a) functioning is more likely to get lost when
compared to species-rich communities (b). In species-rich communities, ecosystem functioning can be maintained despite
environmental change, because species that are currently functionally redundant and poorly adapted may become important
with environmental change (i.e., they might replace other species and take over their role in the system). However, if withinspecies variability of stress tolerance is as high as among-species
variability, negative effects of environmental change may be
buffered by (active, human induced or passive natural) introduction or the natural presence of better-adapted ecotypes. The
latter is particularly important in species-poor communities (c)
and less important in species-rich communities, where other
species may maintain ecosystem functioning (d). Colors represent different species, symbols different functions, and the size
of the symbol the quality of that function within the ecosystem
under a particular environment. Asterisks represent newly
introduced ecotypes.

Thus, if within-species differences are as great as
among-species differences, the insurance hypothesis
could be extended to differentiation within species, and
the functional resilience of a community to environmental stress could be ensured through high ecotypic
diversity (Fig. 1c, d); ecotypes here mean populations
distinguished by morphological and physiological
characters, and those that exhibit characters determined
by genes restricted to the geographic regions in which
they occur (Turrill, 1946). However, high genetic variation within a species is most likely for ecotypes exhibiting high spatial separation. Therefore, assisted gene
flow (i.e., the translocation of locally adapted ecotypes)
may be required to significantly increase the stability of
an ecosystem in the context of current climate change
(Kreyling et al., 2011; Aitken & Whitlock, 2013). A number of strategies (e.g., predictive and composite provenancing) have been developed to optimize vegetation
performance using seed sources of different provenances, ranging from simply increasing the genetic
diversity within mixtures to determining ecotypes
likely to be best adapted to projected climate changes
(Breed et al., 2012). As an example of predictive provenancing, using seed sources from the environmental
optima of a species in the expanding range limit has
been suggested to maximize survival (Atkins & Travis,
2010).
Adaptation to a local environment in plant species is
common, yet the factors that make some species more
apt to develop local adaptation are not known (Leimu
& Fischer, 2008). Variation in local adaptation could
also have important implications for species distribution modeling in response to climate change. Predicting
range shifts in response to rapid climate change has
become an important topic in ecology, and it commonly
results in grim projections with respect to predicted
range contractions (Thomas et al., 2004; Thuiller et al.,
2005). Most approaches, however, fail to address
genetic and phenotypic variation within species. Models of species range limits based on habitat suitability
have indicated that incorporation of ecotype-specific
responses (i.e., those of locally adapted populations
within species - Hufford & Mazer, 2003) can result in
different projections of species range changes as compared with species being treated as uniformly responding units (Oney et al., 2013; Valladares et al., 2014).
An ‘extreme climatic event’ is an episode or occurrence in which a period of statistical climate extremity
alters ecosystem structure and/or function outside the
bounds of what is considered typical or normal variability (Smith, 2011). Despite the emerging importance
of extreme climatic events as a key component of climate change impacts (Jentsch et al., 2007), empirical
data comparing within-species variation in responses
© 2015 John Wiley & Sons Ltd, Global Change Biology, 22, 449–464
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to these events to variation among species are lacking.
An overview of key recent studies exploring both
within- and among-species variation in various measured traits shows that very few studies have explored
the relative sizes of both variation types under stress in
the same paper (Appendix S1). Rather, numerous studies have focused on either exploring within-species
variation (e.g., Garamszegi & Moller, 2010) and its
genetic causes (Ogura & Busch, 2015) or among-species
variation (e.g., Grime et al., 1997), which shows that
both can vary greatly and need to be incorporated in
documenting and generalizing plant traits and growth
patterns. Increasing climatic variability is expected to
increase the frequency of severe heat waves and the frequency and intensity of drought in many regions (Sch€ar
et al., 2004; IPCC, 2013), and drought sensitivity is predicted to both change the competitive abilities of plant
species and have important impacts at the ecosystem
level (Jentsch et al., 2011; Abeli et al., 2014). In addition,
an earlier onset of the growing season due to climate
change may increase the risk of late frost damage in
spring, despite a general air warming trend; this
increased risk is expected to occur because the timing
of late frost is expected to remain relatively stable
(Augspurger, 2013), and the intensity and duration of
frost events may not decrease within this century
(Kodra et al., 2011). Furthermore, in winter, warm
spells can trigger de-acclimation of cold-acclimated
plants within hours of warming, leaving plants susceptible to frost damage when freezing temperatures
return (Kalberer et al., 2006; Bokhorst et al., 2009). Similar to drought, frost stress can play an important role in
influencing plant community composition (Joseph &
Henry, 2008), species distributions (Sakai & Weiser,
1973) and overall species diversity (Hettwer et al.,
2012). Comparisons of within- vs. among-species variation in responses to warming, drought and frost (the
latter in either winter or early spring) are therefore relevant in the context of both community and individual
plant stress responses to climate change, and they
encompass most temperature-related stresses faced by
plants.
Whether due to plastic responses, evolutionary
change, or both, there is mounting evidence for local
adaptation in plants (Franks et al., 2014). These local
adaptations may even be preserved in the presence of
high within-species gene flow (Fitzpatrick et al., 2015).
Common European grass species express local adaptations to their climates of origin (Kreyling et al., 2012).
Genetic differences among populations within a species
have been detected for Arrhenatherum elatius, which is a
wide-spread and abundant grass species in Europe
(Michalski et al., 2010). Here, we compared variation in
stress tolerance among and within species by analyzing
© 2015 John Wiley & Sons Ltd, Global Change Biology, 22, 449–464

data from two previous experiments which had
exposed ecotypes of four common European grass species stemming from five European countries to simulated summer drought as well as spring frost. We then
conducted a winter warming plus frost experiment on
four grasses, two nonleguminous forbs, two leguminous forbs, and 11 ecotypes of the grass Arrhenatherum
elatius from different European countries (Ireland,
Spain, Germany and Poland) to analyze how variation
in responses among species from different functional
groups sharing a common origin compare to withinspecies variation across Europe. We combined data
from different experiments (across several years) and
multiple stresses (drought, spring frost, winter warming plus frost), several species and also several
response parameters in order to obtain results that are
as general as possible rather than specific to single settings and species. Based on evidence for occurrences of
both high among- and within-species variation to stress
in different studies (Appendix S1), we hypothesized
that among-species variation does not generally exceed
within-species variation for the studied species under a
range of stresses.

Materials and methods
Among- and within-species variation in stress responses were
directly compared in three different experiments which all
quantified plant growth performance under stressful conditions. In order to obtain results that were as general as possible, these three experiments focused on different stresses
(drought, spring frost, winter warming plus frost) were carried out using different methodologies (field vs. laboratory
experiments), and different parameters were measured (biomass, C/N ratio, chlorophyll, plant greenness, 15N uptake,
etc.) in different species and ecotypes. Taken together, the
results of the different experiments covered a broad range of
conditions which all caused stress and allowed for a direct
comparison of among- and within-species variation in stress
responses. The drought experiment was carried out in 2009
and 2010, and the spring frost experiment was carried out in
2010; both were part of the EVENT common-garden experiments (Figure S1) (Jentsch & Beierkuhnlein, 2010). The location was in Bayreuth, Germany, on the property of the
Ecological-Botanical Gardens of the University of Bayreuth, in
proximity to EVENT 1 and EVENT 2 (49°550 19″N, 11°340 55″E).
The long-term mean annual temperature for the site was
8.2 °C, and the long-term mean annual precipitation was
724 mm. The winter warming plus frost experiment was carried out in 2011 as a supplement to the other experiments. It
broadened the range of the among-species group (including
additional plant functional types) and added another stress.
For all experiments, plants were obtained as seeds and grown
under standardized conditions. All plant species used in the
experiments are common grassland species with wide distributions across Europe. All species experience similar management intensity and strong temperature gradients along their
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semi-natural stands. The seedlings were then transported to
Bayreuth and individually planted into 4-L plastic pots filled
with local forest topsoil. The soil substrate was sandy silt (pH
– 7.27, total C – 1.89%, total N – 0.15%, plant-available NH4+ –
1.79 mg L1, plant-available NO3 – 22.50 mg L1). For the
first two weeks after planting, the seedlings were watered
generously with tap water to ensure growth. All individuals
were then cut to a height of 7 cm in order to create comparable starting conditions and exposed to ambient precipitation
until the start of the experimental treatments on May 25, 2009.
The experiment ended in September 2010. The climate manipulations were performed twice, with the drought lasting
16–19 days in 2009, depending on the species-specific tolerance (drought ended when two-thirds of the individuals from
one species showed severe senescence; see below for details),
and 30 days for all species in 2010. Twenty-one replicates per
treatment were used in 2009 and 15 from the 21 were used in
2010 (Figure S1).
Drought was induced by rain-out shelters constructed of a
steel frame (GlasMetall Riemer GmbH, RahdenSielhorst, Germany) and covered with a transparent polyethylene sheet
(0.2 mm, SPR5; Hermann Meyer KG, Rellingen, Germany).
The lower edges of the rain-out shelters were at a height of
80 cm, and the shelters permitted nearly 90% penetration of
photosynthetically active radiation. The control precipitation
regime simulated the local daily 30-year average precipitation.
The application was done under the shelters twice a week
with collected rain water. The extreme drought treatment consisted of a period without precipitation. The drought treatment resulted in a dropping of soil moisture below the
permanent wilting point of the soil approximately one week
after the start of the treatment in both years. Experimental
treatments were continued until a significant number of plants
reached a defined state of senescence in 2009. The definition
was based on a four-stage visual damage quantification key
(0–3, where 0 stands for ‘completely undamaged’ and 3 stands
for ‘totally dried out and brittle’). By the time, two-thirds of
the individuals of one species had reached stages 2 or 3, or by
the time one-third of the individuals had reached stage 3, the

distribution ranges, which does not place bias on within-species variation for any particular species. Mean climate parameters and the distributions of all species used in all experiments
are provided in Table 1 and Figure S2, respectively. Mean climate values and standard deviations were calculated using
bioclimatic variables downloaded from Worldclim (Hijmans
et al., 2005), using a resolution of 10 arc-s. Adaptation to local
climate was assumed, and regional climates were inferred
from Worldclim data (Hijmans et al., 2005).

Drought experiment
Four grasses from Central European managed grasslands
were used (Arrhenatherum elatius (L.) P. Beauv. ex J. Presl & C.
Presl, Alopecurus pratensis L., Festuca pratensis H., Holcus lanatus
L.) (details on experimental design in Beierkuhnlein et al.,
2011). Besides local ecotypes of these four species from Germany (DE), we selected other European ecotypes of these
grasses from environmentally distinct regions (Italy, IT; Hungary, HU; Bulgaria, BG; Sweden, SE; Table 2). For A. elatius
and F. pratensis, ecotypes from all five target regions were
available, while for A. pratensis and H. lanatus, there were only
four. Therefore, within-species variation included five ecotypes for Arrhenatherum elatius and Festuca pratensis and four
ecotypes for Alopecurus pratensis and Holcus lanatus.
Among-species variation included four grass species for
Bulgaria, Germany and Hungary and three grass species for
Italy and Sweden (Table 2). Four treatments were created in a
split-plot design from a replicated factorial combination of
temperature (warming and control) and precipitation
(drought and control). Twenty-one plants per ecotype were
used in each treatment.
All seeds of the ecotypes were collected in the wild. Seeds
from at least five mother plants per origin were combined to
form a mixed sample for each ecotype. The target ecotypes
were cultivated from seed simultaneously at the branch office
of the Leibniz Institute of Plant Genetics and Crop Plant
Research (IPK) in Poel, Germany, from February 2009 to April
2009. Collections took place at supposedly autochthonous,

Table 1 Biological information (Source: http://www2.ufz.de/biolflor) and mean climate parameter values and their respective
standard deviation values from the distribution ranges of all species used in the experiments. Arrhenatherum elatius, Festuca pratensis,
Holcus lanatus, and Alopecurus pratensis were used in the drought and warming experiment and the spring frost experiment, while
the other species and Arrhenatherum elatius were used in the winter warming plus frost experiment

Species

Pollination
type

Selfing

Annual mean
temperature (°C)

Alopecurus pratensis
Arrhenatherum elatius
Dactylis glomerata
Festuca pratensis
Geranium pratense
Holcus lanatus
Lotus corniculatus
Plantago lanceolata
Trifolium pratense

Wind
Wind
Wind
Wind
Insect
Wind
Insect
Wind
Insect

Self-incompatible
 self-incompatible
 self-incompatible
 self-incompatible
Self-compatible
 self-incompatible
Self-compatible
 self-incompatible
Self-incompatible

4.0
8.3
5.8
3.8
3.0
8.0
7.1
6.0
4.3











4.6
3.5
4.8
4.1
3.9
4.0
4.4
4.1
4.7

Mean maximum
temperature (°C)
22.6
23.9
24.2
23.1
23.1
23.7
24.0
24.4
23.4











3.6
3.8
4.2
2.8
2.4
4.4
4.4
4.0
3.7

Mean minimum
temperature (°C)

Annual
precipitation
(mm)

13.0
5.4
11.0
14.1
15.7
5.8
8.2
10.9
13.3

639
684
614
612
579
698
661
600
608











8.1
5.3
7.9
8.1
7.9
5.6
6.7
7.5
8.4











219
206
219
209
154
256
244
246
209
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Table 2 Geography and climate of seed sources of species and ecotypes used in the drought and warming, spring frost, and winter warming plus frost experiments. In the winter warming plus frost experiment, the shading indicates distinct genetic groupings,
as documented by Michalski et al. (2010), using pairwise genetic distance scores. Genetic diversity of ecotypes was measured by the
proportion of polymorphic loci and by the mean pairwise Jaccard dissimilarity among individuals within ecotypes (J), based on
amplified length polymorphism (AFLP). Responses of the local A. elatius ecotype (marked in bold) originating closest to the other
local plant species were treated as part of among-species variation

Species

Origin

Mean maximum
temperature of
warmest month
(°C)

Latitude

Longitude

Elevation
(m a.s.l.)

Species and ecotypes used in drought and warming experiment and in spring frost experiment
1008
Arrhenatherum elatius
Bulgaria
24.0
42°000 N 24°500 E
440
Hungary
24.7
47°120 N 17°520 E
20
Sweden
20.9
59°510 N 17°380 E
Germany
22.6
49°170 N 09°580 E
460
110
Italy
30.0
44°550 N 09°440 E
810
Alopecurus pratensis
Bulgaria
24.0
42°260 N 23°350 E
Hungary
24.7
47°120 N 17°520 E
440
350
Sweden
20.9
60°000 N 15°000 E
460
Germany
22.6
49°170 N 09°580 E
Festuca pratensis
Bulgaria
25.5
42°190 N 23°450 E
710
270
Hungary
25.7
47°270 N 18°280 E
350
Sweden
20.9
60°000 N 15°000 E
460
Germany
22.6
49°170 N 09°580 E
Italy
20.7
44°330 N 09°270 E
1600
330
Holcus lanatus
Bulgaria
27.7
42°310 N 24°480 E
200
Hungary
26.7
46°100 N 17°550 E
Germany
22.6
49°170 N 09°580 E
460
160
Italy
28.8
44°530 N 09°410 E
Species and ecotypes used in
winter warming plus
frost experiment
Arrhenatherum elatius
Ireland 1
(within-species diversity Ireland 2
category)
Ireland 3
Germany 1
Germany 2
Germany 3
Poland 1
Germany 4
Germany 5
Spain 1
Spain 2
Spain 3
A elatius, H. lanatus,
Germany
A pratensis,
G. pratense P. lanceolata
L. corniculatus, T. pratense,
(among-species
diversity category)

19.5
18.6
18.9
21.5
20.2
23.4
23.8
20.1
21.6
23.4
24.2
23.2
17.7

52°380 N
52°300 N
52°030 N
50°360 N
51°440 N
51°530 N
50°340 N
51°380 N
50°320 N
43°150 N
42°370 N
43°140 N
49°100 N

drought was stopped. The drought treatment lasted 16 days
for H. lanatus, 18 days for A. pratensis and F. pratensis and
19 days for A. elatius. However, a 30-day-long drought treatment was used for all species in 2010. The warming treatment
was performed continuously throughout the whole experi© 2015 John Wiley & Sons Ltd, Global Change Biology, 22, 449–464

8°570 W
8°510 W
8°300 W
10°410 E
10°450 E
12°010 E
21°400 E
10°550 E
10°470 E
07°170 W
08°070 W
08°000 W
9°340 E

12
42
25
455
470
60
490
490
450
600
545
280
460

Mean minimum
temperature of
coldest month (°C)

Annual
precipitation
(mm)

5.5
5.4
7.5
3.7
1.8
5.8
5.4
9.8
3.7
4.9
4.7
9.8
3.7
3.2
4.5
4.3
3.7
2.0

658
621
551
732
739
593
621
738
732
585
571
738
732
981
581
675
732
758

2.9
1.6
3.1
5.2
4.2
2.2
7.3
4.1
5.0
2.8
3.2
4.1
2.5

1011
1069
1300
673
820
493
564
791
672
1050
1321
1175
676

ment. Warming was done passively via wind shelters and
black floor covers, which increased the average temperature
by 1.5 K compared with the temperature control treatment.
All treatments were administered below identical shelters;
therefore, the relative temperature and water addition differ-
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ences were quantified for a single sheltered environment. The
fourth treatment was a combination of extreme drought and
warming. The additional warming increased the drought
treatment effect by additionally reducing the soil moisture by
approximately 1.5% on average.

Measured parameters for the drought experiment
Above-ground biomass was harvested at the end of June and
the end of September in 2009 and 2010. Leaf C and N concentrations were measured in 2009 after the first drought. Nine
replicates per ecotype per treatment were randomly selected
(out of 21) for the C/N analysis. A sample for each replicate
was taken from the above-ground dry biomass, including
leaves and shoots, because N concentration varies among different plant parts. Selected samples were fine-milled and
mixed well for C and N analysis. Samples (3 mg approx.)
were analyzed using an elemental analyzer (EA 3000; Euro
Vector, Italy). Relative plant C and N concentrations (%) were
provided by this analysis.

while frozen. The chlorophyll was dissolved in 1 mL cold
methanol for 30 min and shaken every 10 min. Extracts were
centrifuged for 5 min at 4 °C and 14 000 rpm. The supernatant was stored in a freezer and warmed for 15 min at room
temperature before the absorbance was measured at 645 and
663 nm using a spectrophotometer (DU-50, BECKMANN).
The chlorophyll content per g fresh weight was calculated
according to Porra et al. (1989) as:

½chlfwt


mg
ð8:02  E663nm þ 20:2  E645nm Þ
¼
g
1000
VðMeOH þ watercontentÞ½mL
 

freshweight g

A linear regression between SPAD and chlorophyll content
yielded significant correlations for all four species with r² values of 0.88 for H. lanatus, 0. 70 for A. pratensis, 0.72 for F.
pratensis and 0.68 for A. elatius. Above-ground biomass was
harvested on July 6, 2010 as in the drought and warming
experiment, dried for 48 h at 70 °C and weighed.

Winter warming plus frost experiment
Spring frost experiment
Some of the plants that had been used in the 2009 drought
experiment (same ecotype stocks and same individuals) were
overwintered outside in a sand-bed and under ambient conditions and used the next year in the spring frost experiment
(details on experimental design in Kreyling et al., 2012). As the
mean response of all plants within an ecotype (with and without drought history) was used, no ecotypes had biased
responses (prior treatment of each plant was used as a random
factor to account for the variation in the statistical analyses).
Three plants were used from each pretreatment (four treatments from 2009), resulting in 12 replicates per ecotype per
treatment in 2010 for the spring frost experiments. From 26 to
27 May 2010, the plants were exposed to a simulated late frost
event (based on local climate data) of 5 °C (air temperature)
for three hours by gradual cooling them inside a cooler truck.
The control (nonfrozen) plants remained under ambient conditions.

Measured parameters for the spring frost experiment
The temporal pattern of chlorophyll content was monitored
weekly over five weeks after the late frost manipulation using
a SPAD-502 chlorophyll meter (Konica Minolta Sensing). Measurements were taken on six replicates per ecotype per treatment (three stemming from the drought pretreatment and
three from the control of the 2009 drought experiment). Four
leaves per plant and date were chosen randomly for the SPAD
measurements, and an average was taken for the analyses.
SPAD readings were calibrated to foliar chlorophyll content
for 20 leaves per species. SPAD readings were conducted for
these samples, and the leaves were then removed and kept at
low temperature without freezing for the immediate determination of the fresh weight. Afterward, samples were frozen
and kept at 29 °C until chlorophyll extraction. For the latter,
leaves were cooled in liquid nitrogen and ground in a ball mill

Ecotypes of Arrhenatherum elatius used in the winter warming
plus frost experiment were chosen as genetically distinct seed
lines (acquired from the seed bank at the Leibniz Institute of
Plant Genetics and Crop Plant Research) based on previous
genetic analyses which had been carried out on the same seed
sources (Michalski et al., 2010). Within-species variation was
represented by 11 genetically distinct ecotypes of A. elatius
selected from four European countries (Table 2). For this species, there is evidence of local adaptation in biomass production after spring frost at the continental scale, whereby
ecotypes stemming from regions with a higher incidence of
spring frost events were more resilient to spring frost damage
(Kreyling et al., 2012). Among-species variation was represented by four grasses (Festuca pratensis, Holcus lanatus,
Alopecurus pratensis, Arrhenatherum elatius), two nonleguminous forbs (Geranium pratense L., Plantago lanceolata L.) and
two leguminous forbs (Lotus corniculatus L., Trifolium pratense
L.), all sharing the same seed origin (see Table 2).
Plants were cultivated from seed from the end of September
to the end of November 2011 at the Leibniz Institute of Plant
Genetics and Crop Plant Research. Seedlings were then transplanted into plastic pots (5 cm diameter 9 7 cm), using seed
compost soil (Einheitserde Classic, Germany). NPK (Mg) liquid fertilizer (15+10+15 (+2)) was applied once at a concentration of 1 g L1 (Hakaphos Blau, COMPO EXPERT, Germany).
During October and November, the plants were grown in a
glasshouse, where night- and daytime temperatures averaged
6.4 and 20.0 °C, respectively. Light was provided with 400-W
lamps (approximately 600 lmol m2 s1), with a 10-h photoperiod. Plants were transferred to climate chambers at the
end of November, and for two weeks, the day and night time
temperatures were lowered to 10 and 6 °C, respectively, photoperiod was decreased to 9 h, and PAR light intensity was
200 lmol m2 s1. To complete plant cold acclimation, the
photoperiod was lowered to 8 h for one month, with soil surface temperature averaging 0.0 °C (minimum  6.2 °C; maxi© 2015 John Wiley & Sons Ltd, Global Change Biology, 22, 449–464
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mum +5.8 °C). Plants were kept at 1.5 °C prior to thaw treatments, which took place 12–23 February 2012.
On 12 February, all plants (six plants per ecotype and species per treatment) were assigned to one of three thaw treatments: 12 h at 4 °C (mild thaw), 2 days at 9 °C (moderate
thaw) or 6 days at 9 °C (extended thaw). Here, we focused on
the length of thaw on frost tolerance and not on the effect of
frost itself (as compared to the other two experiments, where
simply the presence or absence of drought and spring frost
were the main stress factors). Freeze–thaw events are known
for their ecological importance, and the control therefore
included the same number of freeze–thaw events as the
manipulations, while they differed in length. Regardless, the
gradient of thaw durations was sufficient to generate significant differences in within- and among-species growth
responses, which was the main objective. Potential changes in
frost tolerance due to the respective thaw periods were
assessed by quantifying the responses of the plants to a severe
frost event. Frost was administered for 24 h right after the
warm spell manipulations. Minimum chamber temperatures
in the mild, moderate, and extended thaw treatments reached
11.9, 8.1, and 8.7 °C, respectively, while the respective
mean temperatures were 7.2, 5.4, and 6.7 °C. The only
appreciably lower minimum temperature was reached in the
mild thaw treatment (i.e., the control) compared with the
other two treatments (mean temperature was 1.5–2 °C lower
and absolute minimum temperature was 3.2–3.7 °C lower
than in the other treatments). Even though the mild thaw
treatment reached lower minimum temperatures, it still
resulted in plants having more than double the growth performance than plants which had experienced milder frost, but
after the prolonged thaw/warming. After thawing, all plants
were repotted (8 cm 9 8 cm 9 20 cm deep pots) and transferred to a glasshouse. Temperature was increased by 2 °C
every 10 d to simulate spring, reaching ~14 °C on 14 March.

Measured parameters for the winter warming plus frost
experiment
Above-ground biomass was harvested one month after the
frost for a subset of plants (n = 6 per ecotype/species and
warm spell treatment), with brown tissue assigned as dead tissue. Material was dried to a constant biomass at 60 °C and
weighed. Percent greenness was quantified from digital pictures under standardized light conditions (a portable lighttight box - 20 cm 9 20 cm 9 60 cm, and artificial lighting) two
weeks prior to the destructive harvest. Greenness calculations
(Marchand et al., 2004) used a transformation from the RGBphotos to the HSL color space. Threshold values of the HSL
bands for ‘greenness were determined with the remote sensing software ENVI 4.7 (Exelis Visual Information Solutions,
Boulder, CL, USA) and ARCGIS 10 (Esri, Redlands, CA, USA).
Processing and calculation of greenness percentage were performed with IMAGEMAGICK version 6.7.6-5 (ImageMagick Studio
LLC, Landeberg, PA, USA).
A second set of plants was used for destructive analysis of
root integrity. Root functional integrity was assessed immediately after thawing by measuring 15N uptake (n = 4 per ecotype
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and species). Plants and soil were first transferred into plastic
cups (5 cm diameter 9 10 cm deep). Twelve milliliters of
100 lM 15NH315NO3 solution was injected 1.5 cm deep into the
soil in three aliquots, equidistant from the center. After 22 h of
incubation at 20 °C, the plants were rinsed free of soil, washed
with 50 mL of 5 mM KCl and 0.5 mM CaCl2, then rinsed with
200 mL of deionized water to remove ammonium passively
adsorbed in the root cell walls via cation exchange (Epstein
et al., 1963). Roots were excised, and roots and shoots were oven
dried separately at 60 °C for 48 h and fine-milled and analyzed
using an elemental analyzer (see above). Leaf N uptake was
quantified only for the mild and extended thaw treatments.

Parameters measured for all three experiments
Biomass was chosen as the central measured parameter
because it encompasses the total sum of multiple parameter
changes, such as nutrient uptake, height, growth rate, changes
in physiology, etc., to show a net treatment effect on plant
growth performance. Subordinate parameters were selected
based on their suitability to assess the specific stress
responses: C/N ratio is representative of plant nutrition differences and has been shown to change after drought stress (An
et al., 2005; Sardans et al., 2008). Chlorophyll content and
greenness are parameters that show abrupt change due to a
sudden stress such as frost. Post-frost N uptake ability was
used as an indication of root integrity.

Statistics
Overall treatment effects. Linear mixed effects models were
used to test treatment effects on all plant species and ecotypes
with respect to the measured parameters (C/N ratio, biomass,
chlorophyll content, percent greenness, green leaf biomass,
dead tissue biomass, 15N uptake). For the drought experiment,
the model was ‘response~species*drought*warming +
origin*drought*warming’, using total yearly accumulated biomass, experimental unit (each treatment was replicated in
three randomly assigned shelters), replication, and year (for
biomass only) as random effects. For the spring frost experiment, the model was ‘response ~ species*frost + origin*frost’,
with experimental unit, pretreatment (the previous year
drought experiment), replication, and date of sampling
(chlorophyll measurement only) as random effects.
For the winter warming plus frost experiment, one model
was used for the species*treatment interaction and another for
the ecotype*treatment interaction to show that both species
and ecotypes had similar interactions with treatments. To
investigate the effect of treatment independent of both ecotype
and species, an additional model was implemented, where
treatment levels comprised the fixed factor while species and
ecotype identities were inserted as random effects.
Homoscedasticity was checked with residual plots, and normality of residuals was tested with normal probability plots
(Faraway, 2005). In the winter warming plus frost experiment,
all data were square-root-transformed, while coefficients of
variation (see below) were log-transformed to satisfy the normality assumption.
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Within- vs. among-species variation. We compared variation
in stress responses within and among species using coefficients of variations (CVs) (Valladares et al., 2006). This method
was comparable across the three experiments. Mean response
values of every single ecotype within every treatment were
used to calculate within-species coefficients of variation, and
mean response values of every single species within every
treatment were used to calculate among-species CV, for every
parameter. The CV among individual plants within an ecotype yielded a single value. The mean of these values (one for
each ecotype) was statistically compared against the mean of
similarly calculated species CVs. In experiments that had
more than one species for within-species variation (the
drought and spring frost experiments), separate analyses were
run for each species, comparing the variation within that one
species with variation among other species (in each of the
countries of seed origin). The analyses were run separately to
compare variation within each species against among-species
variation in each of the countries of seed origin and for each
measured parameter for every treatment (e.g., spring frost
experiment: 4 Species*5 countries*2 parameters*treatments = 80 t-tests). In each origin-specific within- vs. amongspecies comparison, the local ecotype of each species was
included in among-species variation to preserve independence of samples. For example, ecotype ‘Germany 1’ of A. elatius (Table 2) was included in the among-species group (from
Germany) for the winter warming plus frost experiment,
because its seed source was closest to the seed sources of the
among-species groups. This ensured that the variation in
responses specific to A. elatius was also accounted for in the
analysis of among-species variation and that independence of
samples was maintained in among- vs. within-species variation analyses. Due to there being no warming effects on biomass and minimal warming effects on C/N ratio compared
with drought (Appendix S2 and Figure S3), CV analyses were
done for pooled control (C & W) and polled drought (D &
DW) treatments in the drought experiment. Here, temperature
manipulation was used as a random factor in the CV analyses.
For the drought as well as spring frost experiments, variance partitioning was applied to disentangle the explanatory
power of treatment from that of within- and among-species
variability on the respective measured parameters. Explanatory power is quantified using adjusted R2 as the goodness-offit measure. Joint and independent contributions are estimated
by conducting multiple linear regressions with all possible
sets of explanatory variables (explained in Legendre, 2008). In
our experiments, variance partitioning was used to assess the
independent contribution of ecotypes to variability of the
respective measured parameters that goes beyond variability
explained by species. Both species and ecotypes (their origin)
were used as factors. Because ecotypes are nested in species,
species cannot explain additional variability independently
from ecotypes. In the midwinter warming plus frost experiment, partitioning of variation was not possible due to ecotypes being present only within one species. The analysis was
conducted using R-package vegan version 2.0-10.
All statistical analyses were performed using R version 3.0.1
(R Core Team 2013) and additional packages LMERTEST version

2.0-3 for fitting mixed models, MULTCOMP version 1.3-1 for post
hoc comparisons, and SCIPLOT version 1.1-0 for graphical illustrations. Species distribution maps (Figure S2) were created
from map scans (Meusel & Br€
autigam, 1992) using
ARCGIS version 10.2.2.

Results

Overall treatment effects on measured parameter values
All three extreme event simulations – ‘spring frost’,
‘drought’, and ‘winter warming plus frost’ – affected
most measured parameters related to plant performance negatively (Figs 2a, 3a and 4a). Species- and
ecotype-specific responses were inferred from interactions between species and treatments as well as from
interactions between ecotypes (Appendix S2) and treatments. The mean differences among origins and their
interactions with treatments represent the influence of
ecotypic variation in shaping different species to
respond similarly under specific climatic conditions. As
both ‘species’ and ‘ecotype’ factors and their interactions with treatments were significant for biomass,
chlorophyll content, dead tissue biomass and root N
uptake (Appendix S2), responses were both speciesand ecotype-specific.

Within- vs. among-species variation: differences in
coefficients of variation
Within-species variation under different extreme events
(summer drought and spring frost) matched and at
times exceeded among-species variation in four common grass species across five European countries for all
tested parameters (biomass, C/N ratio, chlorophyll
content in the summer drought experiment as well as
in the spring frost experiment, Table 3; Figs 2b and 3b).
Similar results were obtained when among-species
variation in response to winter warming plus frost was
expanded to include multiple plant functional groups
and additional response parameters (greenness, dead
tissue biomass, 15N uptake in the winter warming plus
frost experiment, Table 3; Fig. 4b). In total, 156 comparisons of within- vs. among-species variation were
made, each one representing the within-species variation for a specific species vs. among-species variation in
a specific location (origin) for each response parameter
and treatment. In six of these comparisons, within-species CVs significantly exceeded among-species CVs
four times and was 32% higher on average (see relative
effect sizes in Table 3). For the other two significant differences, among-species CVs were on average 40%
higher than within-species CVs. For the drought and
spring frost experiments, partitioning of variance
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(a)

(b)

Fig. 2 Drought experiment. (a): Overall treatment effects on biomass and carbon to nitrogen ratio using pooled data from all species
and ecotypes of the four grass species (see Table 2). Interactions between countries of origin/ecotypes, species, and treatments are
presented in Appendix S2a. (b): Mean coefficients of variation for each species (4–5 ecotypes per species) represent within-species variation (Ae – Arrhenatherum elatius, Ap – Alopecurus pratensis, Fp – Festuca pratensis, HI – Holcus lanatus), while mean coefficients of variation for each origin (3–4 species stemming from each country) represent among-species variation (BG – Bulgaria, DE – Germany, HU –
Hungary, IT – Italy, DE – Sweden) for each treatment. Error bars denote standard errors. Different letters indicate significant treatment
differences in (a). Dashed lines indicate mean within- and among-species CVs in (b).

showed similar among- and within-species explanations of total variation, with a mean of 13% of variation
explained by species (and thus ecotypes, which are
nested in species), with an additional 9% of variation
explained by ecotypes alone, having accounted for species-specific differences (Fig. 5).

Discussion
In our experiments, variation in within-species
responses was generally as high as variation in
among-species responses under a variety of environmental stressors, and across several species and functional groups. Previous studies comparing within- vs.
among-species growth responses have focused primarily on functional trait values along environmental
gradients under low or no stress, and in these studies,
among-species variation has typically been high
© 2015 John Wiley & Sons Ltd, Global Change Biology, 22, 449–464

relative to within-species variation (Albert et al., 2010;
Kichenin et al., 2013). Only a few other studies have
explored variation in stress responses (e.g., for frost
stress, Annicchiarico & Iannucci, 2007; and for
drought stress, Poirier et al., 2012), and while they
were in agreement with our findings, none of these
studies included variation across functional groups to
represent among-species variation. Therefore, our
study is the first to demonstrate that, at least within
common grasses, within-species variation at the continental scale results in ecotypes that react to climate
extremes as differently as widely distributed common
species (Figure S2) from a common origin. This strong
influence of within-species variation has immediate
theoretical implications within the scope of the insurance hypothesis and practical implications for species
distribution modeling and the conservation of
biodiversity.
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Fig. 3 Spring frost experiment. (a): Overall treatment effects on biomass and chlorophyll content using pooled data from all species
and ecotypes of the four grass species (see Table 2). Interactions between countries of origin/ecotypes, species, and treatments are
presented in Appendix S2b. (b): Mean coefficients of variation for each species (4–5 ecotypes per species) represent within-species variation (Ae – Arrhenatherum elatius, Ap – Alopecurus pratensis, Fp – Festuca pratensis, HI – Holcus lanatus), while mean coefficients of variation for each origin (3–4 species stemming from each country) represent among-species variation (BG – Bulgaria, DE – Germany, HU –
Hungary, IT – Italy, DE – Sweden) for each treatment. Error bars denote standard errors. Different letters indicate significant treatment
differences in (a). Dashed lines indicate mean within- and among-species CVs in (b).

Implications for the insurance hypothesis
Biodiversity encompasses more than species richness,
and our results imply that diversity within species
may be as important in insuring ecosystem integrity
in times of increasing climatic perturbation as species richness. The mechanism behind within-species
diversity (presence of diverse ecotypes) enhancing
ecosystem integrity is likely to be higher genetic
diversity. This may occur via an increase in population fitness, which in turn reduces the risk of species extinction. Higher genetic diversity has been
shown to increase the fitness of individual populations by complementary resource use and niche differentiation (Reusch et al., 2005), and via the creation
of a stress-resilient portfolio effect, analogous to species-rich communities (Schindler et al., 2010). Genetic
differences were found within the A. elatius ecotypes

used in the winter warming plus frost experiment
in an earlier study (Michalski et al., 2010); however,
a definite link between genetic differences among
ecotypes and differences in responses was not established in the current study. Phenotypic plasticity is
the capacity of a single genotype to produce different phenotypes in response to varying environmental conditions (Whitman & Agrawal, 2009), and it
can also be responsible for among- and within-species variation. It was not explicitly quantified in this
paper, but it is useful for projecting the ability of
ecotypes and species to rapidly adapt to climate
change. Most responses to climate change result
from phenotypic plasticity and not new adaptations,
according to one meta-analysis (Gienapp et al., 2008).
Adaptive plasticity can improve survival with environmental change (Chevin & Lande, 2010), thereby
compensating for a lack of species and ecotypic
© 2015 John Wiley & Sons Ltd, Global Change Biology, 22, 449–464

W I T H I N - V S . A M O N G - S P E C I E S R E S P O N S E S T O E X T R E M E S 459

Fig. 4 Winter warming plus frost experiment. (a): Overall treatment effects on healthy and dead tissue biomass, greenness, and root
15
N uptake following a 12-h thaw at 4 °C (Control), a 2-day thaw at 9 °C (2 day thaw treatment), or a 6 day at 9 °C (6 day thaw treatment) using pooled data from all species and ecotypes (see Table 2). Interactions between ecotypes, species, and treatments are presented in Appendix S2c. (b): Mean coefficients of variation for ecotypes vs. species (within- vs. among-species variation) for each
parameter in each treatment (11 ecotypes vs. 8 species). Error bars denote standard errors. Different letters indicate significant treatment differences in (a).

diversity, facilitating survival in the context of climate change. High genetic variation within a species
is most likely for ecotypes exhibiting high spatial
separation, and therefore, the dispersal of ecotypes
within a species range must also be considered. As
mentioned previously, assisted migration of ecotypes
may be required to significantly increase the stability
of an ecosystem (Kreyling et al., 2011). One can
either increase the genetic diversity to enhance overall stress tolerance, or if one can accurately forecast
the anticipated stress type and magnitude, predictive
provenancing may help in selecting provenances
© 2015 John Wiley & Sons Ltd, Global Change Biology, 22, 449–464

which vary less (with lower stress damage compared to present growth values). For a more
detailed discussion of this topic, we suggest considering the debate on costs and limits of phenotypic
plasticity (e.g., Murren et al., 2015). The existing
potential for maladapted hybrids and outbreeding
depression, which can arise after genotypic mixing,
can be overcome by following existing guidelines on
the population selection process (Frankham et al.,
2011; Whitlock et al., 2013). Furthermore, the chance
of maladapted hybrids will likely be small in comparison with the negative consequences accompanying

460 A . V . M A L Y S H E V et al.
Table 3 Relative effect size (% difference) for within- vs. among-species coefficients for each treatment in each experiment.
Within-species variation in each species (3–4 ecotypes, see Table 2) is compared with among-species variation in each origin (3–4
species, see Table 2) for the drought experiment and the spring frost experiment. For each within- vs. among-species comparison,
the local ecotype of each species was used as part of the among-species variation. CV = Coefficient of variation. Positive values (%
difference) indicate that ecotypic variation is higher than among-species variation, negative values the reverse situation; NA: analysis not done due to unavailable local ecotypes for these species. In (a), treatments were pooled due to the nonsignificant/low effect
size of warming on all plants in comparison with the drought effect. Control and warming treatments were pooled as control (C &
W); drought and drought plus warming treatments were pooled as drought (D & DW). In ‘C’, additional species from different
plant functional groups were added to among-species variation and additional ecotypes were added to within-species variation
(see Table 2). Significant values (adjusted P < 0.01; according to Bonferroni correction, 4 or 5 multiple comparisons for each
response parameter per species per treatment, therefore adjusted P is <0.05/4 = 0.013 or 0.05/5 = 0.01) are marked in bold
Among species

Parameter
(a) Drought
experiment

CV of biomass

CV of C/N ratio

CV of biomass

CV of C/N ratio

(b) Spring
frost
experiment

CV of biomass

CV of chlorophyll

CV of biomass

CV of chlorophyll

(c) Winter
warming
plus frost

CV of biomass
CV of greenness
CV of dead tissue

Within species
Control (C & W)
Arrhenatherum elatius (n = 4)
Alopecurus pratensis (n = 3)
Festuca pratensis (n = 4)
Holcus lanatus (n = 3)
Arrhenatherum elatius (n = 4)
Alopecurus pratensis (n = 3)
Festuca pratensis (n = 4)
Holcus lanatus (n = 3)
Drought (D & DW)
Arrhenatherum elatius (n = 4)
Alopecurus pratensis (n = 3)
Festuca pratensis (n = 4)
Holcus lanatus (n = 3)
Arrhenatherum elatius (n = 4)
Alopecurus pratensis (n = 3)
Festuca pratensis (n = 4)
Holcus lanatus (n = 3)
Control
Arrhenatherum elatius (n = 4)
Alopecurus pratensis (n = 3)
Festuca pratensis (n = 4)
Holcus lanatus (n = 3)
Arrhenatherum elatius (n = 4)
Alopecurus pratensis (n = 3)
Festuca pratensis (n = 4)
Holcus lanatus (n = 3)
Spring frost
Arrhenatherum elatius (n = 4)
Alopecurus pratensis (n = 3)
Festuca pratensis (n = 4)
Holcus lanatus (n = 3)
Arrhenatherum elatius (n = 4)
Alopecurus pratensis (n = 3)
Festuca pratensis (n = 4)
Holcus lanatus (n = 3)
Control
Arrhenatherum elatius (n = 10)
Arrhenatherum elatius (n = 10)
Arrhenatherum elatius (n = 10)

Bulgaria
(n = 4)

Germany
(n = 4)

Hungary
(n = 4)

Italy
(n = 3)

Sweden
(n = 3)

22
3
3
24
44
9
14
0.4

17
11
1
21
33
12
13
13

15
14
4
13
23
31
18
12

18
NA
37
19
7
NA
11
34

26
7
1
NA
22
40
44
NA

19
16
2
2
12
18
56
10

7
3
19
30
32
12
19
28

10
19
4
11
23
9
43
14

13
NA
18
27
6
NA
50
7

37
53
14
NA
36
19
12
NA

19
8
16
25
2
37
9
8

18
10
23
20
14
25
1
19

16
46
13
0.1
16
25
1
9

13
NA
8
1
14
NA
12
2

33
83
21
NA
21
17
21
NA

15
18
19
13
41
0
9
24

7
49
8
2
29
21
16
2
Germany (n = 7)
43
23
46

0.1
37
1
18
26
81
61
70

15
NA
18
20
29
NA
1
2

13
51
8
NA
36
5
6
NA

NA
NA
NA

NA
NA
NA

NA
NA
NA

NA
NA
NA
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Table 3 (continued)

Among species

Parameter

Within species

CV of root 15N

Arrhenatherum elatius (n
2 day thaw
Arrhenatherum elatius (n
Arrhenatherum elatius (n
Arrhenatherum elatius (n
Arrhenatherum elatius (n
6 day thaw
Arrhenatherum elatius (n
Arrhenatherum elatius (n
Arrhenatherum elatius (n
Arrhenatherum elatius (n

CV of biomass
CV of greenness
CV of dead tissue
CV of root 15N
CV of biomass
CV of greenness
CV of dead tissue
CV of root 15N

Bulgaria
(n = 4)

Germany
(n = 4)

Hungary
(n = 4)

Italy
(n = 3)

Sweden
(n = 3)

= 10)

NA

16

NA

NA

NA

=
=
=
=

10)
10)
10)
10)

NA
NA
NA
NA

19
1
10
43

NA
NA
NA
NA

NA
NA
NA
NA

NA
NA
NA
NA

=
=
=
=

10)
10)
10)
10)

NA
NA
NA
NA

1
9
12
10

NA
NA
NA
NA

NA
NA
NA
NA

NA
NA
NA
NA

Fig. 5 Variation partitioning of drought as well as spring frost
experiments, with respect to each measured parameter and
treatment. Both species and ecotypes (their origin) are factors,
with ecotypes nested in species (one species has several ecotypes). Within-species differences explained an additional mean
of 9% of total variation, after accounting for among-species differences. No additional variation could be explained by species
after accounting for the within-species factor as ecotypes are
nested within species.

species translocations, such as the threat of invasions
(Aitken & Whitlock, 2013).

Local adaptation
All grass ecotypes had stemmed from multiple mother
plants and were grown in a common environment
before being exposed to the different stresses.
© 2015 John Wiley & Sons Ltd, Global Change Biology, 22, 449–464

Therefore, a genetic component to the observed phenotypic variation is likely. The genetic differences among
ecotypes were probably due to local adaptation, as
shown by the correlations between the climate parameters at the ecotype origins and their treatment
responses (Appendix S3). Due to the presence of only
four or five ecotypes for two of the three experiments,
such correlations are difficult to detect. In the winter
warming plus frost experiment, stronger correlations
were present, although even here it would be more logical to correlate the ecotype responses with the frequency of frosts which occur after warm spells, and
those data are not available. As tools to quantify local
adaptation, we propose (i) establishment of multiple
common gardens along latitudinal/altitudinal gradients, (ii) in situ additional climate manipulations, and
(iii) manipulations in climate chambers. Detailed methods on these procedures in the context of frost adaptation can be found in Malyshev et al. (2014). Overall, the
speed of evolution of local adaptation should always be
evaluated to the same degree as species-specific adaptations for theoretical considerations in ecology, such as
coexistence theories.

Implications for predicting changes in species
distributions
Our result of within-species variation in drought and
frost tolerance being as high as among-species variation
in different functional groups emphasizes the importance of incorporating within-species variation into projections of climate change responses (Valladares et al.,
2014). However, the speed at which ecotypes that are ill
adapted for future climate might be replaced by betteradapted ecotypes is an important, yet hardly known,
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piece of information required for sound projections of
species’ responses to climate change. Decision-makers
responsible for plant transplantations (e.g., foresters,
urban landscape planners) and ecotypic seed mixing
(e.g farmers) thus need to acquire the necessary information on ecotype performance to make informed decisions.
Micro-evolutionary adaptation to drought can occur
within short geographic distances in forest tree species,
and such adaptations can easily spread via gene flow
(Pluess & Weber, 2012). Alternatively, the assisted colonization of pre-adapted ecotypes of key species within
their current range may contribute to the functional
integrity of ecosystems, without the need to introduce
exotic species with unknown risks (Kreyling et al.,
2011). The level of ecotypic variation and ability to
evolve new ecotypes within a species are therefore
important characteristics to consider when evaluating
range shifts of species driven by environmental stressors. Local adaptation has been detected in only 71% of
transplant studies (Leimu & Fischer, 2008; Hereford,
2009), which could be explained by species-specific differences in the extent of within-species variation under
stress. Therefore, our results highlight the importance
of identifying factors and species traits responsible for
evolving new ecotypes, both of which might play a crucial role in determining the most vulnerable species
under climate change.

Ecological implications of drought and frost responses
Drought, spring frost damage, and winter warm spells
are likely to increase in the future (IPCC, 2012).
Drought duration and spring frost magnitude in our
experiments were selected based on local climate patterns and projections (see Beierkuhnlein et al., 2011
and Kreyling et al., 2012) and therefore represent realistic scenarios. Likewise, our winter warming plus
frost simulation resembles natural winter warming
events lasting 5 days or more with temperatures
reaching over 5 °C, which have occurred approximately once every seven years between 1913 and
2000, even at locations much colder than our sampled
sites (Bokhorst et al., 2008). The latter implies that
warm spells of this magnitude and duration are also
likely to occur at lower latitudes as well. Field experiments have shown comparable growth reduction after
extreme winter warming, as observed in our study,
with week-long temperatures in winter of around
7 °C reducing summer growth by 87% in dwarf
shrubs (Bokhorst et al., 2009). In this respect, the testing of frost responses after winter warm spells lasting
two and six days at 9 °C was realistic in the context
of winter climate change.

Considerations regarding interpretation of results
We compared among- and within-species variation
only in species from extensively used grasslands which
are widespread across Europe, species rich (commonly
>20 species per m²), characterized by low management
intensity (not plowed, not sown, unfertilized or subject
to low, mainly organic, fertilization), and used as meadows for hay or silage or as pastures (Beierkuhnlein
et al., 2011). Still, these grasslands depend on human
use (if missing, succession toward forests takes place in
a few decades). This specific disturbance regime might
have selected for rather similar species. Phenology has
been shown as a key predictive factor in explaining tree
species distributions (Chuine & Beaubien, 2001; Morin
et al., 2007). Among- and within-species differences in
phenology with respect to temperature changes were
not tested here and are suggested to be compared in
future studies. Nonetheless, for a defined set of growth
response parameters, we have shown that for each of
the four common grassland species, within-species
variation was not lower than among-species variation.
One promising future research direction is thus to
quantify the effect of within-species variability for different plant functional groups.
Species interactions can influence the evolutionary
paths of different plant traits (Tilman & Snell-Rood,
2014). Greater trait differentiation develops in species
grown in more diverse communities, which promotes
stronger selection pressure compared with species
grown in isolation (Zuppinger-Dingley et al., 2014) or
under anthropogenic influence such as fertilization
(Hautier et al., 2014). In this respect, species mixtures
may still be more influential in leading to trait diversity of a community compared with ecotype mixtures. Experiments studying evolutionary processes
in different ecotype and species mixtures are therefore currently of high importance. Overall, we suggest five research questions to spur further research
to explain and make use of our finding of potentially
equal variation in growth within- and among-species
after stress: (i) What is the speed of evolution of
local adaptations and plant ecotypes? (ii) What happens, with respect to performance and response variability, if geographically isolated ecotypes are mixed
by humans (Fig. 5)? (iii) How does within-species
variability in stress responses vary among species
and what drives this variability (species, functional
groups, generation length, range size etc.)? (iv) Are
certain factors more influential in the development of
within-species variability (adaptation to climate, environmental opportunity, space, genetic isolation by
geographic isolation)? (v) Are certain environmental
thresholds (e.g., minimum temperature) harder to
© 2015 John Wiley & Sons Ltd, Global Change Biology, 22, 449–464
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cross by within-species variability in stress tolerance
than among species?
In summary, our study explored the relative importance of within- vs. among-species variation in
response to multiple stress factors and disturbance
interactions – drought, warming, frost, and their combinations. In addition, we explored within-species variation in four grass species and among-species variation
in multiple functional groups and quantified several
response traits. Taken together, we present general evidence that response variation within single species
across their ranges can match the response variation
encompassing different plant functional groups at single sites under stress. This contrasts previous reports,
conducted under nonstressful conditions, where
among-species trait variation dominates. Within-species variation should therefore be included in the
refinement and testing of general ecological theories
and ecological applications such as species distribution
modeling and biodiversity conservation.
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