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Abstract. Winter warming and its accompanying predicted decrease in snow pack for northern temperate
regions may increase frost damage to plants induced by an increase in freeze-thaw cycles (FTCs) due to reduced
insulation. FTC frequency, minimum temperature during freezing and pre-existing local adaptations potentially all
influence site-specific plant responses to future climatic changes. Within a chamber experiment, frost sensitivity
towards recurrent FTCs was determined in 12 Dactylis glomerata populations from various European sampling sites
differing in temperature and precipitation. After winter hardening, plants were frozen at —4 and -8 °C at frequencies
of one, three and seven FTCs within a 1-week treatment phase. The control was kept at 4.5 °C. Plant survival, leaf
elongation, chlorophyll content and above-ground net primary productivity (ANPP) decreased with lower minimum
temperatures and higher FTC frequencies, while lower freezing temperatures generally proved more influential than
increased freezing frequencies. Plant survival rates correlated with the amount of annual precipitation at seed origin,
as individuals from comparably drier sites exhibited higher survival rates. This response, however, was limited in its
effect to low freezing temperatures (-8 °C) and low and medium freezing frequencies (1 and 3 FTCs). In the set of
surviving plants, water availability at seed origin best explained the plants’ growth responses to FTC treatment. The
observed intraspecific variation emphasizes the ecological importance of potential local adaptations within a more
variable future winter climate.

Keywords: Above-ground net primary productivity (ANPP); central Europe; climate change; cocksfoot; Dactylis glom-
erata; freeze-thaw cycles; freezing-thawing; winter ecology.

Introduction As strong changes in seasonality and precipitation pat-
Climate change scenarios suggest an increase in the fre- terns accompany global warming, air frosF (=30 to —45
quency of soil freeze-thaw cycles (FTCs) in many north- %) and snow cover days (30 to —40 %) will be strongly
ern temperate regions, currently insulated and thermally reduced across northern Europe (Jylhd et al. 2008). With
stabilized by snow cover (Henry 2008; Pauli et al. 2013). ~50.5 % of the northern hemisphere’s total land area
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seasonally frozen (averaged for 1950-96; Zhang et al.
2003) a rapidly changing winter climate leaves low-stat-
ure ecosystems exposed to frost events, as the typically
occurring and insulating snow cover decreases (Jylhd
et al. 2008). Therefore, ecological processes related to
snow cover and soil frost regimes are becoming increas-
ingly important drivers of ecosystem functioning and
composition within a warming and increasingly variable
climate (Kreyling 2010; Pauli et al. 2013).

Freeze-thaw cycles can disrupt soil microorgan-
ism and soil aggregate dynamics, affecting below-
and above-ground ecological processes (Oztas and
Fayetorbay 2003; Schadt et al. 2003; Six et al. 2004;
Sjursen et al. 2005; Vankoughnett and Henry 2013).
Their effect on local plant populations however dif-
fers significantly depending on their timing, duration,
severity and frequency. Short-term warming during
winter may deharden acclimatized plant tissue within
several days (Strimbeck et al. 1995; Kalberer et al.
2006) or even hours (Rapacz et al. 2000) increasing
soil frost-related root injury upon (re-)freezing and in
turn negatively affecting fine-root dynamics, primary
productivity and nutrient cycling on-site (Fitzhugh
et al. 2001; Tierney et al. 2001, 2003; Kreyling et al.
2008, 2010).

Within Europe’s temperate zone, perennial grass
species are geographically widely distributed and grow
under diverse climatic conditions (Beierkuhnlein et al.
2011). For several grass species, local adaptations to, e.g.,
precipitation patterns, climatic extremes and winter air
temperatures have already been reported (Jentsch and
Beierkuhnlein 2010; Kreyling et al. 2010, 2011; Malyshev
et al. 2016), whereas local adaptations to FTCs have not
yet been extensively studied. While winter seasonality
typically evokes long-term physiological adaptations
(Kreyling et al. 2010, 2011), short-term climatic events
yield the potential to decimate entire populations (e.g.
Jentsch et al. 2007). Thus, inherent local adaptation
becomes a valuable strategy against increasing climatic
variability (Kreyling et al. 2011).

Here, we tested for local preadaptation of 12 ecotypes
to FTCs in cold-acclimated individuals of the temperate
grass species Dactylis glomerata, spanning a pan-Euro-
pean climatic gradient within a climate chamber experi-
ment. We hypothesized that (i) plant survival, chlorophyll
content, leaf elongation and above-ground net primary
productivity (ANPP) decrease with increasing magni-
tude and frequency of FTC manipulations, while plant
injury increases. Furthermore, we also expected (ii) frost
adaptation to vary among ecotypes with inherited local
adaptation in frost tolerance being related to climatic
conditions at seed origin, such as temperature, altitude
and/or precipitation.

Methods

Plant material

In June 2013 (July for Swedish seeds), D. glomerata
seeds were collected from European grasslands along a
broad climatic gradient, where, to expert knowledge, the
target species was autochthonous (Fig. 1). At least 20
individuals were sampled per site, with minimum sam-
pling distances between sampled plants being >1 m.
Corresponding climate data for each seed source were
extracted from the WorldClim data sets (Hijmans et al.
2005; Table 1).

Spanish and Ukrainian seeds originated from two
locations, Swedish seeds from four different locations
within their respective country of origin. The maximal
distance separating these locations averaged 18 km for
the Swedish, 19.5 km for the Spanish and 200 km for the
Ukrainian seeds. The remaining nine ecotypes were rep-
resented by one location exclusively. Swedish, Spanish
and Ukrainian climate parameters were averaged across
their respective locations due to their close geographical
proximity and/or comparative climate on site. The cli-
matic data sets varied by a maximum of 0.4 °C mean an-
nual temperature and 4 mm in annual precipitation for
both the Swedish and Spanish locations. Ukrainian sam-
pling sites exhibited a difference of 0.3 °C and 43 mm,
respectively.

Plant growth and cold acclimation

Individuals from all populations were grown under
standardized conditions at the University of Bayreuth,
Germany. Following germination in February 2014,
plants were grown in seedling trays outside (protected
from frost by glass frames) before being transplanted
into pots measuring 5 cm in diameter and 7 cm in depth,
filled with homogenized ED 73 substrate (Einheitserde
Werkverband e.V.). Plants were watered at a rate that
kept the soil constantly moist.

Six weeks after transplantation plants were cut to a
height of 2 cm and placed into seven identical plant
seed trays, later randomly partitioned to represent the
control and the six treatment groups with five individu-
als per ecotype each (60 plants per tray). Tray positions
were rearranged every other day. Plant arrangement
within each tray was systematic, in order to control
for edge and neighbouring effects between ecotypes.
Plant cold acclimation commenced with a 10-h photo-
period, initiating cold acclimation in separate climate
chambers (Adaptis by Conviron, model number: A1000)
for all trays. The temperature was set to 6 °C during the
night and 12 °C during the day. Plants were watered
weekly and light intensity ranged between 70 and
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Figure 1. Map displaying the 12 seed origins of Dactylis glomerata used in the experiment. Colouring indicates the lowest temperature (°C) in
January above European landmasses, as extracted from the WorldClim data set (Hijmans et al. 2005). Multiple sites of seed origin for single
countries are displayed (see UA) but overlay for SE and ES.

Table 1. Geographic and climatic characteristics at the 12 seed sampling sites, as extracted from WorldClim data sets (Hijmans et al. 2005).
Shown are latitude (°, LAT, Northern direction), longitude (°, LON, Eastern direction), precipitation variability (PV), mean annual precipitation
(mm, MAP), temperature of the warmest month (°C, TWM), temperature of the coldest month (°C, TCM), temperature of the warmest quarter
(°C, TWQ), temperature of the coldest quarter (°C, TCQ), mean annual temperature (°C, MAT), altitude (m, ALT), temperature range (TR)
and mean precipitation during the warmest quarter (mm, PWQ) and coldest quarter (mm, PCQ) for each site. Ukrainian and Spanish seeds
originated from two, Swedish seeds from four locations with maximal distances between sampling sites of 200, 19.5 and 18 km, respectively.

LAT LON PV MAP
Austria 47.07 11.18 28 1142
Belgium 51.15 4.40 12 778
Switzerland 46.44 8.94 25 1417
Germany 49.92 11.58 20 674
Spain 42.77 -3.29 20 798
42.76 -3.29 20 798
France 45.38 2.44 18 806
Hungary 46.46 19.58 25 552
Ttaly 43.10 13.05 18 881
Ukraine 48.44 30.13 31 590
50.28 30.27 29 633
Sweden 62.94 17.79 24 656
62.88 18.11 24 659
62.87 18.11 24 659
62.85 18.09 24 659
Turkey 38.56 27.39 73 769
UK 51.07 -2.16 19 804

TCM T™wQ TCQ MAT ALT TR PWQ
-10 83 -6.2 11 2041 7 406
-0.2 17.1 3 10.2 9 7.7 198
-53 133 -1.8 5.7 1290 6.9 468
-3.7 16.3 -0.3 8 426 8.4 221
1 17.5 4.6 10.8 753 8.8 151

1 17.5 4.6 10.8 753 8.8 151
-1.4 16.9 2.8 9.9 596 10.3 218
-8.3 20.2 0.5 10.8 123 9.6 176
0.5 20.5 4 12 649 7.5 194
-8 18.7 -3.8 7.7 195 8.2 214
-8.4 18.8 -4.1 7.7 175 8.1 228
-13 14.1 -7.9 3 105 8.5 191
-12.8 14.4 -7.8 3.2 81 8.3 188
-12.8 14.4 -7.8 3.2 81 8.3 188
-12.8 14.4 -7.8 3.2 81 8.3 188
11 26.3 5.8 14.4 503 11.4 35
0.3 153 3.5 9.1 145 7.5 169

101
83
87
74
75
75
75

157
90
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120 pmol m? st. After 2 weeks, to enhance cold accli-
mation, the light duration was reduced to 8 h and the
temperature to 4 °C during both day and night. Cold ac-
climation continued for 1 month, with 10 plants dying
during this period.

FTC manipulation

The FTC manipulations were administered in a three-
factorial design, manipulating: (i) FTC frequency (zero
for control plants and one, three and seven cycles
each for the respective treatment trays), (ii) different
minimum temperatures (4.5 °C for the control and -4
and -8 °C for each freezing treatment) and (iii) plant
ecotypes (12 ecotypes). Each factorial combination
was replicated five times, adding up to 420 plants
in total.

Freeze-thaw cycle manipulations lasted a total
of 7 days (Fig. 2). In order to simulate natural con-
ditions, plants experienced thawing at 4.5 °C during
the day and night-time freezing down to -4 or -8 °C
in separate climate chambers (Fig. 2). For treatment,
plants were moved from the control chamber (4.5 °C)
to one of two treatment chambers set at either -4
or =8 °C. The temperature inside the chambers was
measured using temperature loggers (HOBO Pro v2,
Onset Computer Corporation, MA, USA). The last freez-
ing cycle overlapped with the last day of treatment to
affect all plants equally. Following the freezing treat-
ments, plants were transferred into the greenhouse
for a growth period of 2 weeks at an average mean
air temperature of 20 °C and 43 % mean relative hu-
midity during the day in order to simulate natural
spring conditions.

Response parameters

Initial plant survival was determined at the end of the
2-week post-frost growing phase in the greenhouse and
transformed into relative survival rates for each fac-
torial combination. Among the surviving plants, ANPP
was quantified as the complete, dried harvest of above-
ground biomass. In order to accurately estimate plant
injury as a response to FTC manipulations, plant tissue
was separated into categories of ‘living’ (green tis-
sue) and ‘dead’ (brown tissue) based on visual inspec-
tion. It was subsequently dried for 48 h at 75 °C and
weighed separately. Plant injury itself was later deter-
mined as percent dry mass of ‘dead’ tissue relative to
overall ANPP.

Leaf lengths of predominantly green leaves were
measured at the end of the treatment phase and at
the end of the growth phase in the greenhouse. Both
measurements were averaged for three different
leaves of each plant. Leaf elongation was calculated by

Control

-4°C FTCs

Temperature (°C)

-8°C FTCs

12 3 4 56 7
Time (d)

Figure 2. Running mean (n = 12) of the chamber temperatures
measured hourly for control plants and plants experiencing freez-
ing at —4 and —8 °C. Shown are all seven treatment days. Freezing
periods are shaded grey.

subtracting the mean leaf length at the end of the treat-
ment phase from the average leaf length at the end of
the greenhouse growing period to clearly distinguish
treatment effects from pre-existing morphologies.

Leaf chlorophyll content was estimated using a
SPAD 502 Plus Chlorophyll Meter (Konica Minolta).
Measurements were repeated once at three different
leaves at 1 (t = 1) and 2 weeks (t = 2) upon treatment
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completion and averaged, after we found no significant
differences between the two sampling dates.

Data analysis

In order to test for the effects of FTC frequency (freq),
magnitude (magn) and seed origin (orig) on plant sur-
vival rates and within the set of surviving plants on
ANPP, plant injury, leaf elongation and chlorophyll
content three-factorial analyses of variance (ANOVAs)
relating survival to freq, magn and orig were applied,
with the latter being treated as a categorical factor.
These analyses also tested for statistical interactions
between all three factors and estimated their relative
effect sizes (npz; Cohen 1988) within the three-factorial
ANOVA. Separate analyses to subsets of plants frozen
at either =4 or —8 °C were applied in order to check for
frequency or origin effects potentially masked in the
three-factorial analyses.

To further identify the impact of inherited local
adaptation on plant survival and plant parameter
variation, the categorical factor of seed origin was
transformed into numeric parameters of ecological im-
portance, as fixed effects in interaction with freq and
magn. Readily available factors used herein were: alti-
tude, temperature of the coldest and warmest months,
temperature of the coldest and warmest quarters,

annual precipitation and its variability, mean annual
temperature, annual temperature range (max. tem-
perature of the warmest month — min. temperature of
the coldest month) and the average precipitation val-
ues of the coldest and warmest quarters as extracted
from the WorldClim data sets (Hijmans et al. 2005). The
colinearity of these factors prohibited a direct com-
parison among them, but allowed for an independent
identification of the variable(s) best explaining plant
treatment responses.

In order to control for a possibly inflated type I error
as a result of multiple comparisons, we applied false dis-
covery rate testing (Storey et al. 2004). Subsequently,
results with a P-value of a < 0.05 and a corresponding
g-value of a > 0.05 were disregarded as non-significant,
as were results with a P-value of a > 0.05.

All response parameters were checked for their
normal distribution using the Shapiro-Wilk test, visual in-
spection of frequency histograms and normal g-q plots.
Both ANPP and leaf elongation values were consequently
square-root transformed for the ANOVA analyses (non-
transformed values are shown in the figures). All analy-
ses were performed using R 3.4.3 (R Core Team 2017),
installing additional ‘raster’ (Hijmans 2017), ‘heplots’
(Fox et al. 2017), ‘qvalue’ (Dabney and Storey 2017) and
‘rgdal’ packages (Bivand et al. 2017).

Table 2. Absolute number of plant deaths following the treatment phase in response to both treatment type (FTC frequency and magnitude)
and country of seed origin (n =5 per factorial combination). Treatment combinations are sorted by temperature (4.5, -4 and -8 °C) and
freezing frequency: low (one FTC), medium (med, three FTCs) and high (seven FTCs). The respective countries are ranked by the amount of
annual precipitation received, ranging from lowest (Hungary) to highest (Switzerland), as extracted from the WorldClim data sets (Hijmans
et al. 2005). The amount of annual precipitation on-site proved to be most influential on survival patterns and mortality following freezing

treatment. In total, 72 out of 410 individuals died during treatment.

Hungary 1 1

Ukraine

Sweden

Germany

Turkey 1
Belgium

Spain

UK

France

Italy 1
Austria

Switzerland 1

=72 2 1 2

-8°C 3=72
High Low Med High

2 1 5

2 1 3

3 4 7

1 2 2 5

1 3 3 8

1 3 1 5

2 2 4

2 1 2 5

2 1 4 7
1 1 2 2 7
1 3 2 6
3 3 3 10

4 9 27 27 72
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Results

Post-frost plant survival—FTC magnitude vs.
frequency

The control plants exhibited the highest survival rate
(96.7 %), followed by plants undergoing freezing at —4 °C
(96.1 %) and —8 °C (62.5 %; Table 2). Survival rates among
plants experiencing freezing at —4 °C decreased with
increasing freezing frequency from 98.3 to 96.7 and 93.2 %.
This effect was only partly observed in the -8 °C category:
following the addition of two additional freezing cycles
(one FTC vs. three FTCs) survival rates decreased by two-
thirds, but did not further decrease upon the addition of
four additional freezing cycles (three FTCs vs. seven FTCs).

Post-frost plant survival—climatic influence at
seed origin

Mean annual precipitation at seed origin was the most in-
fluential climatic parameter explaining survival patterns
across ecotypes (Fig. 3). Annual precipitation at the site of
seed origin (P < 0.01, v,? = 0.08) and freezing magnitude
(P=0.001, n? = 0.27) proved to have the strongest effect
on survival rates. Freezing frequency X severity interactions
(P<0.001,n,?=0.36) were significant. Typically, higher pre-
cipitation values at seed origin coincided with a decreased
survival rate, as seen, for example, in the comparison of
Hungary, exhibiting fairly low annual precipitation values
with Switzerland representing the site with the highest
amount of annual precipitation and the lowest survival
rate overall (Table 2; Fig. 3). The effect of precipitation at
seed origin on plant survival was most pronounced at low

8 o0 @
- r’=017
§
1))
©
©
>
>
=
w
O T T T .I
50 1000 1500

MAP (mm) at seed origin

Figure 3. Survival rates for individuals frozen at —8 °C in depend-
ence of mean annual precipitation values at the site of seed origin.
Overall, plant survival decreases with an increase in mean annual
precipitation values at the site of seed origin (P < 0.01, r? = 0.17,
for individuals frozen at —8 °C independent of freezing frequency).
Individuals adapted to a lower amount of annual precipitation at
seed origin tended to be more resilient to freezing manipulations.

freezing temperatures (-8 °C) and low and medium freez-
ing frequencies (three FTCs). Hence, ecotypes with a lower
amount of annual precipitation at seed origin tended to be
more resilient at lower freezing temperatures (see Table 2:
Hungary, Ukraine, Sweden, Germany).

Post-frost plant responses—FTC magnitude vs.
frequency

Within the set of surviving plants (n = 338) all meas-
ured response parameters (ANPP, plant injury, leaf

Table 3. Statistical effects (P, F, n,?) of the three-factorial ANOVA for ANPP, plant injury, leaf elongation and chlorophyll content in dependence
of the categorical factors seed origin (orig), freezing magnitude (magn) and frequency (freq) and any factorial combination thereof (orig x
magn, orig X freq, magn X freq, orig X freq X mag). Bold face characters connote statistically significant responses. The significance level is

set to P =0.05.
ANPP (g) Plant injury (%) Leaf elongation (cm) Chlorophyll content
P F npz P F 'r]p2 P F npz P F npz
orig 0.166 1.4 0.05 0.196 1.4 0.06 <0.001 7.3 0.26 0.078 1.7 0.06
magn <0.001 73.8 0.15 <0.001 97.2 0.19 <0.001 57.7 0.16 <0.001 22.4 0.03
freq 0.090 2.9 0.01 <0.05 5.6 0.02 0.126 2.4 0.01 <0.01 9.0 0.03
orig X 0.921 0.5 0.01 0.982 0.3 0.01 0.388 1.1 0.04 0.900 0.5 0.02
magn
orig X freq 0.622 0.8 0.03 0.541 0.9 0.03 0.324 1.1 0.05 0.321 1.2 0.04
magn X <0.001 31.2 0.10 <0.001 49.6 0.14 <0.001 38.7 0.13 <0.001 27.5 0.09
freq
orig X freq 0.424 1.0 0.04 0.778 0.7 0.02 0.459 1.0 0.04 0.813 0.6 0.02
X magn
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elongation, chlorophyll content) were significantly
influenced by freezing magnitude and magnitude X fre-
quency interactions (Table 3). In addition, chlorophyll
content and plant injury were significantly affected by
freezing frequency as a stand-alone factor.

Above-ground net primary productivity responded
negatively to an increase in freezing magnitude, as
it exhibited its lowest values at —8 °C. The effect of
freezing frequency on ANPP resulted in a significantly
increasing loss of primary productivity of 29.9, 41.2
and 50.0 % with increasing freezing frequency levels
at low freezing temperatures (-8 °C; Fig. 4). Plant in-
jury increased with increasing FTC magnitude and fre-
quency. Compared to freezing frequency, the effect
sizes of freezing magnitude proved to be higher for
both ANPP (n? = 0.15 vs. . = 0.01) and plant injury
(np2 =0.19 vs. npz =0.02).

Plants frozen at —8 °C exhibited significant leaf elong-
ation losses of 50.5, 95.2 and 92.9 %, after one, three
and seven FTCs, respectively. Increasing the FTC fre-
quency from one to three cycles proved to have a more
pronounced effect on leaf elongation variation than the
further increase to seven cycles. The effect of freezing
temperature (v ? = 0.16) outweighed that of freezing fre-
quency (7],,2 =0.01).

Mean chlorophyll content decreased with increas-
ing freezing frequencies for both plants frozen at —4°
and -8 °C in comparison to untreated individuals, with
the latter exhibiting a lower chlorophyll content (Fig. 4).
Chlorophyll content positively correlated with ANPP
under freezing conditions. Here, freezing magnitude
exhibited similar effect sizes (n> = 0.03) as freezing fre-
quency (np2 =0.03).

Post-frost plant responses—climatic influence at
seed origin

Following the FTC manipulations, ecotypes from com-
paratively colder climates grew faster than their coun-
terparts (Fig. 5). Leaf elongation correlated negatively
with the temperature of the warmest month, the
warmest quarter and the annual mean temperature,
as well as the temperature and precipitation of the
coldest quarter at seed origin. Significant interactions
between freezing treatment and climate conditions at
seed origin were found for mean annual precipitation
and precipitation of the warmest quarter with freezing
frequency (Table 4).

Plant injury positively correlated with the amount
of mean annual precipitation at seed origin (P < 0.05,
n,? = 0.02). Ecotypes experiencing a comparatively low
amount of annual precipitation tended to be less sen-
sitive to injury at =4 °C.

@8 p < 0.001
2 o |
3 <
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o
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= 819
_;E, © ]
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o &
o
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o)
C
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Figure 4. FTC manipulations affecting plant injury (%), above-ground
primary productivity (ANPP; g) and indexed chlorophyll development
in dependence of treatment temperature (4.5 °C = white, —4 °C = grey,
-8 °C = black) and freezing frequency (x-axes). Displayed are mean
values and their corresponding SEs over all ecotypes. P-values de-
note significance for parameter variation in dependence of freezing
frequency for plants frozen at —4 °C (grey) and -8 °C (black).

Discussion

Survival of D. glomerata individuals across populations
of different geographic origin was negatively affected
by lower freezing temperatures and increasing freezing
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Figure 5. Leaf elongation data after 2 weeks of post-frost growth in the greenhouse for each of the six treatments (top row: =4 °C (grey),
bottom row: -8 °C (black), from left to right: one, three and seven FTCs) in dependence of mean annual temperature values (°C) at the re-
spective sites of seed origin. R? values indicate the fit of the linear regression lines.

frequencies, most likely due to frost-induced tissue dam-
age and dieback (Bokhorst et al. 2009; Wipf et al. 2009).
Notably, increasing freezing frequencies from three to
seven FTCs did not further decrease survival chances for
plants frozen at —8 °C, which suggests that freezing fre-
quency is limited in its effect, with additional FTCs not
being more detrimental following three FTCs. This sup-
posed limitation of freezing frequency was mirrored in
subsequent response analyses of chlorophyll content,
leaf elongation, plant injury and ANPP among the sur-
viving individuals, as freezing magnitude outweighed
freezing frequency in its respective effect size.

Overall, survival rates, primary production, leaf elong-
ation and chlorophyll content decreased with freezing
magnitude, while plant injury increased. This increase
of frost damage at temperatures likely to occur within
a snow-free environment stresses the importance of
diminishing soil insulation. Without snow, the lack
of insulation leaves above- and below-ground biota
exposed to freezing temperatures (Fitzhugh et al. 2001,
Hardy et al. 2001; Maljanen et al. 2007). This may result
in an increase of fine-root necromass and an over-
all decrease of root biomass within the organic layer
(Groffman et al. 2001; Gaul et al. 2008). A plant’s abil-
ity to take up nutrients is in turn reduced (Campbell

et al. 2014). In agreement with our findings, recent
field experiments in temperate grasslands indicate that
this loss of insulation and an exposure to cyclic freez-
ing result in a decrease in ANPP for at least one growing
season (Schuerings et al. 2014).

Out of the 11 climatic parameters used to character-
ize the locations of seed origin, the amount of annual
precipitation correlated best with a population’s survival
chances. Plants from comparably drier sites exhibited
higher survival rates. While this effect was prominent at
-8 °C and low and medium freezing frequencies, inde-
pendent treatment effects increased at high freezing
frequencies. This indicates that, while certain plants
are better equipped to survive a short amount of time
(here 12 h) under frost stress, conditions of recurrent
freezing at —8 °C exceed ecotype-specific tolerances.
Previous experiments with shrubs (Boorse et al. 1998)
and woody plants (Nardini et al. 2000; Nilsson 2001,
Rehfeldt et al. 2002) have revealed patterns of intra-
specific variation in the cold sensitivity of plants corre-
sponding to the environmental conditions of their origin.
In addition, Poirier et al. (2012) showed that following
a growing season under conditions of restricted water
supply, temperate D. glomerata populations exhibited
lower amounts of induced frost damage the following
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winter than Mediterranean populations. Physiological
plant responses to drought and frost stress are similar
at cellular levels (Beck et al. 2007), implying cross-stress
tolerance (Walter et al. 2013), i.e. drought-adapted
plants being more frost-tolerant. Detecting species and
ecotypes which show superior cross-stress tolerance and
stress memory might therefore be a potential adaptation
strategy in agriculture against the projected increase in
climate-driven extreme weather events (IPCC 2012).

Furthermore, our results imply that while tempera-
ture might be an influential factor in determining overall
plant growth patterns, a populations’ reaction to freez-
ing is much more likely to be dependent on precipitation
patterns at seed origin, as interactions between freezing
manipulations and all precipitation-related parameters
(MAP, PWQ, PCQ) proved significant. Northern ecotypes
grew faster following freezing, likely due to a higher frost
tolerance accumulated prior to treatment. Recently,
Malyshev et al. (2014) have shown that following expos-
ure to colder temperatures southern grass ecotypes cold
acclimate at a slower rate, maintaining growth longer
than their northern counterparts. This potentially bene-
ficial growth advantage however increases the plants’
vulnerability, as subsequent frost events threaten to
injure lesser cold-acclimated tissue. This is of special
importance, as FTCs are likely to increase especially in
regions where the current mean winter temperature is
close to the freezing point (Henry 2008).

Conclusions

Herein we show that FTCs, which will become more com-
mon in vast regions where winter snow cover is decreas-
ing, negatively affect plant performance. Freezing
magnitude proved more detrimental than freezing fre-
quency. Our results also suggest that a populations’ sur-
vival chances are likely to be dependent on precipitation
patterns at seed origin, as individuals from drier origins
exhibited higher survival rates. Among surviving plants,
leaf elongation patterns were linked to water availability
year-round, as well as during the warmest and the cold-
est quarters. For plant injury, ANPP and chlorophyll con-
tent, treatment responses were similar across ecotypes.
Local adaptations and within-species variation therefore
might only provide a certain degree of buffering against
adverse effects of (winter) climate change.

Sources of Funding

This work is part of the project SIGNAL which is funded
by the ERA-Net BiodivERsSA (http://www.biodiversa.org;
funding ID 01LC1201).

Contributions by the Authors

AJ. and J.K. conceived the project; A.V.M,, JK. and
C.C.D. designed and set up the manipulation experiment;
C.C.D. sampled and analysed the data; C.C.D. wrote the
paper with substantial input from A.V.M. and contribu-
tions from all authors.

Conflict of Interest

None declared.

Acknowledgements

We thank Y. Altan (TR), M. Bahn (AT), S. Bartha (HU),
L. Biurrun (ES), R. Hein (DE), A. Kuzemko (UA), N. Page
(UK), A. Wittern (SE), K. Cianfaglione (IT), G. Campetella
(IT), S. Schulz and A. Stampfli (CH) for collecting seeds
of Dactylis glomerata agg. in their countries. We express
our gratitude to the technicians and students who
helped during the course of this experiment.

Literature Cited

Beck EH, Fettig S, Knake C, Hartig K, Bhattarai T. 2007. Specific
and unspecific responses of plants to cold and drought stress.
Journal of Biosciences 32:501-510.

Beierkuhnlein C, Thiel D, Jentsch A, Willner E, Kreyling J. 2011.
Ecotypes of European grass species respond differently to
warming and extreme drought. Journal of Ecology 99:703-713.

Bivand R, Keitt T, Rowlingson B. 2017. rgdal: Bindings for the
‘Geospatial’ Data Abstraction Library. R package version 1.2-16.
https://CRAN.R-project.org/package=rgdal (6 December 2017).

Bokhorst SF, Bjerke JW, Temmervik H, Callaghan TV, Phoenix GK.
2009. Winter warming events damage sub-Arctic vegetation:
consistent evidence from an experimental manipulation and a
natural event. Journal of Ecology 97:1408-1415.

Boorse GC, Ewers FW, Davis SD. 1998. Response of chaparral shrubs
to below-freezing temperatures: acclimation, ecotypes, seed-
lings vs. adults. American Journal of Botany 85:1224-1230.

Campbell JL, Socci AM, Templer PH. 2014. Increased nitro-
gen leaching following soil freezing is due to decreased root
uptake in a northern hardwood forest. Global Change Biology
20:2663-2673.

Cohen J. 1988. Statistical power analysis for the behavioral sciences,
2nd edn. Hillsdale, NJ: Lawrence Earlbaum Associates.

Dabney A, Storey JD. 2017. qvalue: g-value estimation for false discov-
ery rate control. R package version 1.43.0. https://bioconductor.
org/packages/release/bioc/html/qvalue.html (6 December 2017).

Fitzhugh RD, Driscoll CT, Groffman PM, Tierney GL, Fahey TJ, Hardy
JP. 2001. Effects of soil freezing disturbance on soil solution
nitrogen, phosphorous, and carbon chemistry in a northern
hardwood ecosystem. Biogeochemistry 56:215-238.

Fox J, Friendly M, Monette G. 2017. heplots: Visualizing Tests in
Multivariate Linear Models. R package version 1.3-4. https://
CRAN.R-project.org/package=heplots (6 December 2017).

AoB PLANTS https://academic.oup.com/aobpla

© The Author(s) 2017

11

Downl oaded from https://academn c. oup. conmf aobpl a/arti cl e-abstract/ 10/ 1/ pl x068/ 4675270
by Uni versitaetsbibliothek Bayreuth user
on 11 July 2018


http://www.biodiversa.org
https://bioconductor.org/packages/release/bioc/html/qvalue.html
https://bioconductor.org/packages/release/bioc/html/qvalue.html
https://CRAN.R-project.org/package=heplots
https://CRAN.R-project.org/package=heplots

12

Downl oaded from https://academn c. oup. conmf aobpl a/arti cl e-abstract/ 10/ 1/ pl x068/ 4675270

Dietrich et al. - Responses to freeze-thaw cycles in Dactylis glomerata

Gaul D, Hertel D, Leuschner C. 2008. Effects of experimental soil
frost on the fine-root system of mature Norway spruce. Journal
of Plant Nutrition and Soil Science 171:690-698.

Groffman PM, Driscoll CT, Fahey TJ, Hardy JP, Fitzhugh RD, Tierney
GL. 2001. Colder soils in a warmer world: a snow manipu-
lation study in a northern hardwood forest ecosystem.
Biogeochemistry 56:135-150.

Hardy JP, Groffman PM, Fitzhugh RD, Henry KS, Welman AT, Demers
JD, Fahey TJ, Driscoll CT, Tierney GL, Nolan S. 2001. Snow
depth manipulation and its influence on soil frost and water
dynamics in a northern hardwood forest. Biogeochemistry
56:151-174.

Henry HAL. 2008. Climate change and soil freezing dynam-
ics: historical trends and projected changes. Climatic Change
87:421-434.

Hijmans RJ, Cameron SE, Parra JL, Jones PG, Jarvis A. 2005. Very
high resolution interpolated climate surfaces for global land
areas. International Journal of Climatology 25:1965-1978.

Hijmans RJ. 2017. raster: Geographic Data Analysis and Modeling.
R  package version 2.6-7. https://CRAN.R-project.org/
package=raster (6 December 2017).

IPCC. 2012. Summary for policymakers. In: Field CB, Barros V,
Stocker TF, Quin D, Dokken DJ, Ebi KL, Mastrandrea MD, Mach
KJ, Plattner G-K, Allen SK, Tignor M, Midgley PM, eds. Managing
the risks of extreme events and disasters to advance climate
change adaptation. A special report of working groups I and II of
the Intergovernmental Panel on Climate Change. Cambridge, UK:
Cambridge University Press, 1-19.

Jentsch A, Beierkuhnlein C. 2010. Simulating the future - responses
of ecosystems, key species, and European provenances to
expected climatic trends and events. Nova Acta Leopoldina
112:89-98.

Jentsch A, Kreyling J, Beierkuhnlein C. 2007. A new generation of
climate change experiments: events, not trends. Frontiers in
Ecology and the Environment 5:365-374.

Jylhd K, Fronzek S, Tuomenvirta H, Carter TR, Ruosteenoja K. 2008.
Changes in frost, snow and Baltic sea ice by the end of the
twenty-first century based on climate model projections for
Europe. Climatic Change 86:441-462.

Kalberer SR, Wiesniewski M, Arora R. 2006. Deacclimation and
reacclimation of cold-hardy plants: current understanding and
emerging concepts. Plant Science 171:3-16.

Kreyling J. 2010. Winter climate change: a critical factor for tem-
perate vegetation performance. Ecology 91:1939-1948.

Kreyling J, Beierkuhnlein C, Jentsch A. 2010. Effects of soil freeze-
thaw cycles differ between experimental plant communities.
Basic and Applied Ecology 11:65-75.

Kreyling J, Beierkuhnlein C, Pritsch K, Schloter M, Jentsch A. 2008.
Recurrent soil freeze-thaw cycles enhance grassland productiv-
ity. New Phytologist 177:938-945.

Kreyling J, Thiel D, Simmnacher K, Willner E, Jentsch A, Beierkuhnlein
C. 2011. Geographic origin and past climatic experience influ-
ence the response to late spring frost in four common grass
species of Central Europe. Ecography 34:1-8.

Maljanen M, Kohonen AR, Virkajdrvi P, Martikainen PJ. 2007. Fluxes
and production of N20, CO2 and CH4 in boreal agricultural
soil during winter as affected by snow cover. Tellus, Series B:
Chemical and Physical Meteorology 59:853-859.

Malyshev AV, Arfin Khan MAS, Beierkuhnlein C, Steinbauer MJ,
Henry HA, Jentsch A, Dengler J, Willner E, Kreyling J. 2016. Plant
responses to climatic extremes: within-species variation equals
among-species variation. Global Change Biology 22:449-464.

Malyshev AV, Henry HAL, Kreyling J. 2014. Relative effects of tem-
perature vs. photoperiod on growth and cold acclimation of
northern and southern ecotypes of the grass Arrhenatherum
elatius. Environmental and Experimental Botany 106:189-196.

Nardini A, Salleo S, Lo Gullo MA, Pitt F. 2000. Different responses to
drought and freeze stress of Quercus ilex L. growing along a lati-
tudinal gradient. Plant Ecology 148:139-147.

Nilsson JE. 2001. Seasonal changes in phonological traits and cold
hardiness of F1-populations from plus-trees of Pinus sylvestris
and Pinus contorta of various geographical origins. Scandinavian
Journal for Forest Research 16:7-20.

Oztas T, Fayetorbay F. 2003. Effect of freezing and thawing pro-
cesses on soil aggregate stability. Catena 52:1-8.

Pauli JN, Zuckerberg B, Whiteman JP, Porter W. 2013. The sub-
nivium: a deteriorating seasonal refugium. Frontiers in Ecology
and the Environment 11:260-267.

Poirier M, Durand J-L, Volaire F. 2012. Persistence and production of
perennial grasses under water deficits and extreme tempera-
tures: importance of intraspecific vs. interspecific variability.
Global Change Biology 18:3632-3646.

R Core Team. 2017. R: A language and environment for statis-
tical computing. Vienna, Austria: R Foundation for Statistical
Computing. https://www.R-project.org/ (6 December 2017).

Rapacz M, Ptazek A, Niemczyk E. 2000. Frost de-acclimation of bar-
ley (Hordeum vulgare L.) and meadow fescue (Festuca pratensis
Huds.). Relationship between soluble carbohydrate content and
resistance to frost and the fungal pathogen Bipolaris sorokini-
ana (Sacc.) Shoem. Annals of Botany 86:539-545.

Rehfeldt GE, Tchebakova NM, Parfenova YI, Wykoff WR, Kuzmina
NA, Milyutin LI. 2002. Intraspecific responses to climate in Pinus
sylvestris. Global Change Biology 8:912-929.

Schadt CW, Martin AP, Lipson DA, Schmidt SK. 2003. Seasonal
dynamics of previously unknown fungal linages in tundra soils.
Science 301:1359-1361.

Schuerings J, Jentsch A, Walter J, Kreyling J. 2014. Winter warming
pulses differently affect plant performance in temperate heath-
land and grassland communities. Ecological Research 29:561-570.

Six J, Bossuyt H, Degryze S, Denef K. 2004. A history of research on
the link between (micro)aggregates, soil biota, and soil organic
matter dynamics. Soil and Tillage Research 79:7-31.

Sjursen H, Michelsen A, Holmstrup M. 2005. Effects of freeze-thaw
cycles on microarthropods and nutrient availability in a sub-
Arctic soil. Applied Soil Ecology 28:79-93.

Storey JD, Taylor JE, Siegmund D. 2004. Strong control, conservative
point estimation, and simultaneous conservative consistency of
false discovery rates: a unified approach. Journal of the Royal
Statistical Society, Series B 66:187-205.

Strimbeck GR, Schaberg PG, DeHayes DH, Shane JB, Hawley GJ. 1995.
Midwinter dehardening of montane red spruce during a natural
thaw. Canadian Journal of Forest Research-Revue Canadienne De
Recherche Forestiere 25:2040-2044.

Tierney GL, Fahey TJ, Groffman PM, Hardy JP, Fitzhugh RD, Driscoll
CT. 2001. Soil freezing alters fine root dynamics in a northern
hardwood forest. Biogeochemistry 56:175-190.

AoB PLANTS https://academic.oup.com/aobpla

by Uni versitaetsbibliothek Bayreuth user
on 11 July 2018

© The Author(s) 2017


https://CRAN.R-project.org/package=raster
https://CRAN.R-project.org/package=raster
https://www.R-project.org/

Dietrich et al. - Responses to freeze-thaw cycles in Dactylis glomerata

Tierney GL, Fahey TJ, Groffman PM, Hardy JP, Fitzhugh RD, Driscoll
CT, Yavitt JB. 2003. Environmental control of fine root dynam-
ics in a northern hardwood forest. Global Change Biology
9:670-679.

Vankoughnett MR, Henry HAL. 2013. Combined effects of soil freez-
ing and N addition on losses and interception of N over winter
and summer. Ecosystem 16:694-703.

Walter J, Jentsch A, Beierkuhnlein C, Kreyling J. 2013. Ecological
stress memory and cross stress tolerance in plants in the face

of climate extremes. Environmental and Experimental Botany
94:3-8.

Wipf S, Stoeckli V, Bebi P. 2009. Winter climate change in alpine
tundra: plant responses to changes in snow depth and snow-
melt timing. Climatic Change 94:105-121.

Zhang T, Barry RG, Knowles K, Ling F, Armstrong RL. 2003.
Distribution of seasonally and perenially frozen ground in the
Northern Hemisphere. In: Phillips M, Springman SM, Arenson LU,
eds. Permafrost. Lisse: Swets & Zeitlinger, 1289-1294.

AoB PLANTS https://academic.oup.com/aobpla

© The Author(s) 2017

13

Downl oaded from https://academn c. oup. conmf aobpl a/arti cl e-abstract/ 10/ 1/ pl x068/ 4675270
by Uni versitaetsbibliothek Bayreuth user
on 11 July 2018



