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Climate change directly affects arctic-alpine plants and acute responses to increased temperatures may be seen in their reproductive
fitness and germination ability. However, uncertainties prevail in predicting whether a future warmer climate favors or hampers
seed germination in high latitude and high altitude soils and seed germination research in such systems has not been able to provide
generalizable patterns of response. The available literature on this subject has been conducted at various locations contributing to
difficulties in predicting the response of arctic-alpine seeds to climate change. Here, we show that discrepancies in seed collection,
dormancy breaking treatments, and germination conditions found in the published literature are possible reasons for our inability
to draw large scale conclusions. We explore how these factors influence the results and highlight the fact that many of the previous
investigations have reported the effects of warmer temperature, rather than a warmer climate and all the associated complex
environmental interactions, on seed germination. We recommend that long-term monitoring of seed response to treatments that
mimic the present and future alpine climate is likely to produce more ecologically meaningful insights and suggest several practical

steps that researchers can take that would facilitate greater coherence between studies.

1. Introduction

Germination is one the most critical events in the life-cycle
of many plants around the world [1]. Germination usually
begins immediately in nondormant seeds after suitable tem-
perature and moisture are available [1, 2]. However, dormant
seeds delay germination and often use the unsuitable climatic
conditions to break dormancy and germinate during the
growing season [3]. By producing seeds that can synchronize
the timing of germination to the most favorable period of
the year, plants can bet-hedge against unpredictably variable
environments [4, 5]. Such a highly complex trait has been
acting as a selective evolutionary pressure resulting from cli-
matic variation over millions of years [5]. As a consequence,

some species find a particular habitat more suitable, whilst
other habitats become detrimental for seed germination and
continued plant growth. The suitable environment allows the
persistence of those adapted species to germinate, grow, and
reproduce, thus maintaining species abundance. However,
this adaptation has been undergoing a rapid transformation
in recent years, predominantly due to the effects of global
warming bringing significant changes to climatic conditions
[6, 7]. It has been estimated that the earth’s surface tem-
perature has risen by 0.6°C over the past 100 years and the
projections for future warming suggested an alarming 2°C
in this century [8, 9]. These discussions have stimulated a
plethora of studies focusing on the germination capacity of
seeds at ecosystem levels [10, 11] or of different life-forms [8].



It is becoming clear that the effects of global warming are
vegetation specific [12, 13]. For example, in the tropics and
fire-prone environments, the increased summer tempera-
tures are likely to result in long and high summer temperature
along with more frequent or high intensity fire, altering
the germination and persistence of many species [14, 15].
In contrast, the temperate regions might experience more
nonseasonal rainfall and prolonged drought, which may favor
only some of the present species to persist [16]. Consequently,
understanding and predicting how germination phenology
changes in warmer climatic conditions is of imperative
scientific and practical importance, because such information
is helpful in devising appropriate conservation actions.

Although our understanding of how seeds germinate
in the warmer world is not comprehensive across various
ecosystems, we focus on the results available on alpine and
arctic ecosystems. This by no means denotes that other
ecosystems are less important; however, the effects of global
warming have become more apparent in alpine regions
with upward migration of plants being witnessed already
[17-19], prompting a need to review the literature and use
these lessons learned to plan conservation protocols. In
addition, high altitude and high latitude regions are highly
fragile ecosystems that are extremely susceptible to even
a slight increase in temperature. Thus, these ecosystems
are regarded as a “reliable indicator” for predicting the
effects of climate change worldwide [19]. Secondly, unlike
other ecosystems, global warming results in extinctions of
arctic-alpine species, as these cold-adapted species migrate
to higher altitudes and latitudes in search of diminishing
suitable climate space [9, 17]. Thirdly, we know little about
the process of germination even under the current climate,
as it has been long thought that alpine plants typically select
vegetative reproduction, although there is growing consensus
that seeds represent key survival mechanisms of alpine
species [20].

Given that the appropriate conditions required to com-
plete germination are extremely narrow for arctic-alpine
species [21-23], many mechanisms have been evolved to syn-
chronize the timing of germination with the short-growing
season, so that the seedling establishment and plant growth
are maximized [21, 22, 24]. There are a small but increasing
number of studies addressing the possible effects of warming
on germination ecology of alpine species [25-32]. However,
the results of these studies have led to uncertainties in answer-
ing the important question: does a warmer alpine climate
favor or hamper the germination of seeds? If one attempts
to generalize seed germination response under warmer con-
ditions, a great deal of heterogeneity results from evaluating
data from different methods employed in each study. The
overarching aim of this contribution is to outline methods
used in studying the germination response of alpine/arctic
seeds to increasing temperatures and provide a crucial reeval-
uation of their merits. In particular, we attempt to show
that there are some inconsistencies in methods employed by
previous studies affecting our ability to predict the real-life
effects.
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2. Theoretical Predictions for Germination
Response to Climate Change

Climate change affects the seed germination and persistence
of many seed bearing species across various environments,
in an ecosystem-specific way [33-36]. This complex interface
of species with the prevailing climatic condition often guides
species to develop dormancy, which will be broken with
a particular set of conditions following seed dispersal but
before growing season [3, 5]. In particular, the changing
climate is affecting arctic-alpine species in numerous ways
[37] and this effect is the result of many complex interactions
between the different biological, hydrological, climatic, and
edaphic components of the surrounding ecosystems [38].
Consequently, it is useful to untangle the different mecha-
nisms affecting seeds in order to understand how climate
change might alter germination success and whether the
experimental investigations analysed later in this review
adequately address all the critical aspects of climate change.

The key component of climate change is an increase in
atmospheric temperature and changes of +3.3°C in alpine
regions have been predicted by the end of this century
[39], potentially affecting seed development, persistence, and
germination. This average masks a seasonal differential of
+2.7°C in the spring as opposed to +3.8°C in the summers by
2098 and the coincidence of peak temperatures with crucial
stages of dormancy breaking and germination has become
the focus of experimental manipulations, some of which are
reviewed later. Further, the increased temperatures have led
to greater variability and less predictability in arctic-alpine
weather patterns [38, 40], meaning that windows for suitable
germination may become more or less frequent and will
certainly become more irregular in their occurrence.

The indirect yet severe impacts of atmospheric warming
on seeds of arctic-alpines include loss of early snow cover
and late accumulation of snow in the autumn, fall of snow
as precipitation, thin snow, increased windiness and resultant
desiccation, high nocturnal temperature, and low diurnal
temperature range. The surface reservoirs of frozen water,
snow beds and ice sheets, are predicted to continue the
general trend of recession [41, 42] that has already been
recorded in arctic [38] and alpine [43] regions. Snow beds
are of particular importance to seeds due to their capacity
for ameliorating the harsh winter weather by insulating the
soil surface below [44]. Dense snow cover ensures seeds
overwinter in a “safe-repository” and the constant temper-
ature experienced under snow cover, which is close to 0°C,
provides the right conditions for cold-stratification, breaking
dormancy, and allowing seeds to germinate in the growing
season [24, 45, 46]. Variation in snow thickness and lesser
duration of snow cover may mean that the seeds maintain
dormancy during the growing season. Seeds maintaining
dormancy may be added to the “soil seed bank” and germi-
nate in the future year or lose viability during persistence,
thus affecting the dynamics of plant communities. Another
outcome of snow bed loss is that colder temperatures are
experienced by dispersed seeds and therefore elevated seed
death due to ice formation in the internal tissues results.
However, a third possible response is that earlier snow
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melt and later snow accumulation may also facilitate greater
seed production in species that are normally restricted in size
and, therefore, seed set due to a very short-growing season
[47].

The accentuated seasonal variation together with mark-
edly different temperatures is posing additional problems to
the alpine seeds. Overall, the whole life-cycle of reproductive
phase of plants from seed production to germination occurs
in a warmer temperature [48-51]. The variation in maternal
environment during seed maturation would have profound
effect in determining the continued existence of a particular
species [52]. Seeds mature with different levels of dormancy
based on the location in which they mature, a phenomenon
that could allow the seeds to judge duration required for
dormancy break [53-55]. For example, seeds maturing at
higher altitudes have deep PD and require longer duration
of cold-stratification [24]. This is an adaptation as at higher
altitudes snow cover is long and decrease in altitude correlates
with lesser snow cover duration. However, climate change
may alter both the temperature at which the seeds mature
and the conditions at which these seeds persist in soil,
as the length of snow cover will be greatly altered. The
interaction between these factors affecting seed germination
is less understood.

Soil temperatures of thawing permafrost regions are
predicted to warm by 2-4°C [38, 56] and this has particularly
significant implications for seeds because this effectively
deepens the soil horizon within which the seed may be
dispersed. This may lead to greater burial depths and more
infrequent exposure to conditions required for both dor-
mancy breaking and germination [24] possibly leading to
higher mortality of seeds over the long term.

Soil moisture has not been monitored in arctic regions
but the surface water balance (which is closely correlated
with soil moisture being the balance between precipitation
and PET) has been shown to be in decline indicating drying
of soils and this pattern is predicted to continue in alpine
regions [39]. Water cycle changes in high latitudes and
high altitudes also include increased groundwater infiltration
where permafrost has thawed and ceases to be a physical
barrier to water movement from the surface and surface flows
such as rivers and streams that are predicted to increase
with resultant greater erosion of soils particularly in the
winter when there are more likely to be ungerminated viable
seeds within these soils [57]. However, the general pattern
of river and stream flow is difficult to predict because the
aforementioned increase of water infiltration to underground
aquifers might represent a diversion from surface flows and
increased evapotranspiration may both result in reduced flow
rates.

It is not yet known to what extent these varying factors
will affect seed germination and it will undoubtedly be the
case that the interplay between different influences may shift
to favor net germination increase or decrease at very small
scales. For this reason, it is imperative that experimental
investigations simulate conditions without confounding their
own results and are meticulous about reporting the con-
ditions under which they germinate seeds or arctic-alpine
species.

3. Empirical Studies of Warming
Effects on Seed Germination

To identify any generalized trend of seed germination in
high altitudes during warmer climate, we searched the ISI
Web of Knowledge database for studies addressing the effect
of warming temperature on seed germination in alpine/arctic
ecosystem using key terms “alpine seed germination and
climate change” or “arctic seed germination and climate
change”. This search resulted in 48 papers. We screened
all the papers to identify the studies intended to deter-
mine the effects of warmer temperature on seed germi-
nation pattern. To be included in this work, seeds must
be germinated at a warmer temperature and information
should be presented about how these seeds were collected
and any dormancy breaking treatments applied. With these
as the criteria for selecting studies, we created a list by
entering the species name and other parameters reported
in Table 1 from 9 studies that met the criteria [25-31, 58,
59]. Briefly, each row contains information about how a
particular species used in the original study was treated and
multiple entries were made if the same species is treated
under two different conditions. In this way, we were able to
identify 191 cases belonging to 92 taxa with some overlap
amongst nine studies [25-31, 58, 59] which subjected seeds
collected from alpine/arctic areas to a warming treatment in
comparison to a control. In some cases, this control was a
result of seeds being stored outside and subjected to natural
conditions; in others, the control and warming treatments
were created in cultivation to simulate predicted climatic
warming.

We were able to include only five studies in their
entirety; all the combination of treatments applied to different
species listed in these five studies met our review require-
ments: 6 rows [27], 6 rows [31], 46 rows [28], 16 rows [26],
and 90 rows [25]. In some other studies, only part of the
investigation made it into our analysis as treatments were
omitted because they could not be satisfactorily compared to
the control. For example, Miiller et al. [58] subjected seeds
to four treatments of which only one is included in this
summary, due to the lack of control in other treatments.
Also, many species used in various treatments from this
study showed no germination and based on their final
germination percentages and comparison of species across
various treatments only six species were included in the
present work (6 rows). Shevtsova et al. [30] subjected their
warming treatments using a Free Air Temperature Increase
system to increase the soil temperature by 3°C over different
combinations of subsequent time periods. Only the results
from warming over the longest time period were included
in this analysis (11 rows). In Klady et al. [29], seeds collected
from five sites (5 rows) were tested, each having different soil
characteristics; we consider germination was altered if there
was a significant difference at least in one site. Hobbie and
Chapin [59] performed their experiments with five species,
but our analysis included only two species (2 rows) that
germinated more than 5%.



Journal of Botany

SMOY a PaqLI0sap 10N
smMoy 1 s1qeorjdde joN
SMoY 06 syjuow O]
SMOY 91 SYOIM 6¢
SMoY 9 SYOIM F¢ UOTJEIND UONEIYIIeNS-P[OD)
SMOY a SYIUOTU §/SMIIM 7¢
SMOY oF SYOIM (7
SMoY ¢ SYOIM 7T
SMOY S SYOIM F
SMOY S¥ PR o1[[212qqI8 snjd wonesynens-poD
SMOY 6 _28e103s ysaateisod Surmp paynens aq 0) pawmnssy
(SurrayurmIano juaunjear) Sunfealq LouewrIo
SMOY L€T 19)J PIJI3[[0D pUE SUOIIPUOD IUIM 0} pajenbas arnjeraduwa)
JUIIYIP PUE JOA0D MOUS JOPUN UIAIZ) UOTIEIYTIEIIS-P[OD)
SMOY 681 2qLIJSIP JON
smoy 0 pq M.:WQ a3e103s 3saarersod Surmp suonrpuod Jysry
SMOY ¥ PaqrIdsap JON
M”MM o% UUemM amjeroduwd) 98e103s 359ATRYISOJ
sMoy s arjeradurs) wooy
SMoY LT PaqrLIdsap JON
SMOY 06 SY29M 9
smoy 9 AMe-YT
smoy op SpoM 7 awr) 25e103S JSIATRYISO]
SMOY S Yoom |
SMoY Vid skep ¢
SMOY 553 PaqLIDSIp 10N
SMOY 9 (D.S " ye paurejurewr anjeradwdy) pjoD suonrpuod ae10)s 3saareyisod jo uonendruey
smoy 0S1 A1g
MMMM WOM SESQMMMWHMNNM (£yoey Tejuowrniodxa 0) ploy wody) Jrodsuelr,
SMOY L PaqLI0sap JON
SMOY ¢ paseyoind spasg
sMoy 06 UOTJBARIXD [I0S PO UORIIOY P3S
SMoY 97 jueld worg
BXE], 76 soadg
Sa1pMIS 6 ouaIJY
SMOY 161 SUOT)RUIQUIOD JUITIILIT}/BXe) /90UIJY
nun u asuodsaz Jo ad4£y/sarr03038) Iolowere

"SOOUBLIEA PUE SUBIW JO sasA[eue Sursn sjuawieas) SUTULIEM JO SIW00INO
a1} 310da1 03 3dweyye Jou pIp sIoyINE Jey) suedw 2ouedyrudis [Bd1ISTILIS JO dINseawr ou, pue (50'0 < d) asuodsar yueoyrudisuou e syussardar Jooge ou, ‘exe) £q [01U0d oY) 0) paredurod
uoneururdg ur 2ouaIdyIp Jo uondrosap oduwis e Sursn syusurjear; Surwirem jo joedur oy sasLrewuwns 1ajourered [euy ayT, *(S[IeIdp I0J SUOI)IS SPOYIAUL 93S) SUOITRUIqUIOD [6] SUl[ej0) MOI
JULISPIP © AqQ pajuasaIdol sem JUSIIBI} PUE “BXe] QOUIISJAI JO UONBUIqUIOD [DBd Jase)ep oY) U "sjuourjear) Sururrem o3 spass aurde Sunoalqns sarpnis jo sardojopoyjour jo Arewurwng ;] 414V],



Journal of Botany

sMoy 9 apred + 10§
(jros
smoy 6 [BIDIOWILIOD PASN pUE [0S [EINJBU PIAOWUAI) P[AY UI UMOS
SMoYy 4 PPy UI umos
SMOY i 1oded o1y WNIPIW UOT)RUTULIID)
SMOY 9 [10S [eI>IdWITIO))
sMoy 101 [10S pajeARdX
SMoy 91 1edy
sMoy [4 D.6/S1
smoy [4 O.7/01
sMoy [4 0.0/
smMoy € 0.8
SMoy 9 0.01-9
sMoy 101 2.7
smoy I D (D,) suonIpuod [013U05 03 paredwod asearour arnjeroduray,
sMoy € 0.C
smoy 9% D.5°¢
SMoy 8 O.7C
sMoy 7 I
Smoy S .61
SMOY 91 (uoneururidd pue Sunjeaiq Louewiop) yjog
smoy vl UOHEUIULRD pasoduwr sem asearour arnjeraduwa) Yorym je ageis
SMoYy 9% Sunyeaiq Loueurioq Al
smMoy S UoTjRINJRW PISS
smoy 4 s1qeoridde JoN
smod s PoqEsIp JON uoTjedYIIeIIS-p[od SULIMp suonIpuod Jysry
smMoy 06 SOPNITIE[PIW JE SUOTIIPUOD [RINJEN
smMoy $8 yreq
smMoy 4 PaqLIdSap 10N
smoy 1 aqeordde joN
sMoy 96 SUONIPUOD PIAT]
smoy S 0.0C—
MOy cz (D.5°0) S31m 0TI PUE (D,5-)
M 91-€T (D,01-) SAMTI-6 (D.5-) SAM 8-G (D.50) M1
0.¢C
smey 8 Je paI10)s uay} pue syoom 7 A[rewrxordde 10y mous yyesuag aameradway uoneaynens-poo
SMOY 1 UOTJEOYIIBIIS WIBM SYIOM 7T D7 I8 SYaM (7
smoy € D.5°0 38 M ze-71 D, S1/1T 18 sYM 711
smoy 91 0,00} L—
SMoy 9C 0.5°0
N u asuodsaz Jo ad£y/sar103238)) IojoweIe

‘Ponunjuo)) ] AIAV],



Journal of Botany

‘soseyd uoneurwiad pue uonesymens-pod yroq Surmp Jururrem parjdde sarpnis ma ‘a8e1s wonesynens-prod 1o aseyd uoneururiad Surmp Surwrem parrdde A[uo sarpmys awog,

*SPads Pajeal) PIoe JI[219qQI3 Ul U9AD UOHINp PUE W} UONEIYIIBIIS-P[Od Y} SIGLIOSIP (Smo1 Juanbasqns Ur) uoneInp pue W) UOHedyeL)s-p[od Suniodar ejep ‘uonesyness-plod juamiopun sdnoid ay3 yjoq
20Uls JBY]) 210U 3583 *(S9SEI Gf7) UOTROYNENs-P[0d auoFIapun Isnf pey spass ) Suruesur Jusuriesar) proe dI[21aqqrs ou SUIAIIAI SUO (7) £(S3Sed GF) P[oY 1) UT paynens-p[od A[qewnsaid qros ur syjuow (1 1oyye
Juauear) pIoe d1fPIaqqrs Suratesar suo (T) :sdnoid omy 0y ur way) Sumnyds £q spasas o) pajpuey £oYT, ‘pasiadsIp pey spass oY) I9)Je syIuou O] INOQe A[YSnoI spads Sururejuod 2109 110 PaJII0 [8S] Te 10 M,
“aJeururIag o) uonesyens 19y}ny Aue 21mbax Jou op spass 2y pawnsse LAY, ‘USAIS JOU SeM SPIIS ) JO JUSJUOD

aImjstow ay) Ing -jels A1p ut sdeq 1aded ur armyeradwa) wool e T vHULI VEVAfixDS puv T wWinivdiala WNUoSA104 ‘UqaRIn) pue oSy (‘we ) wnjeur] ‘dss T wnuldjp winiisvia)) Jo Spadspalols [£7] Te 19 deein) |
“UONBUIQUIOD BXE)-JUSUINEAI) JO 195 Te[nor)red € sa)edIpur Mo se UaAIS Jrun yoea sy, £10803ed yoes 0) puodsar10d SMOI AUBLI MOY $2JeITPUT MO SE UIAIS JIUN [DBF MOI JUO UBY[) 210U

£q payuasardar aq ued sa1ads e SN, *9PBIU 2ToM SALIUS [AN[NUI ‘SUONIPUOD JUSIIPIP YIIM PIJean) sardads awures Jo ased ) UJ "SUONIPUOD UONRUTULINS PUE ‘UONeINp UONEIYIIEIS-P[0d ‘SUOIIPUOD UOTedYTIenSs
-plod ‘3unyeaiq Louewriop ‘uonenp >3e1ols 3saareyisod ‘suonipuod dge1ols ysaateysod 9Ferors 1saaterisod rodsuen) UonI[[0d Pads FurpnpdUL S[TRIAP SI [[B YIM PIIIUD $3103dS B $IGLIISIP 212 PISN MOY,

SMOY 06 2oueOIUSIS [BO1)SIIL)S JO INSLIUW ON
SMOY 15 1999 ON
smoy p SSERDa Suneururrdg spass Jo roquunu/uontodord uo Jururrem jo 1099 [[eI2AQ
SMoY 1€ aseaIdu]
MWMM ww ! aouuwmmﬂowmwhﬂm 5159} £31[Iqe1A uoneurwIad)soq
SMoY C s1eaf
SMOY 6 Ieaf |
SMOY 06 SYoaM (¢
sMoy 9 SYooM 17
sMoy 8 SYoaMm 91 awn) urrojiuow ur[pass/uoneururiag Jo YISuaT
SMOY /S SYooM €T
SMOY 9 SYoaM 7T
SMOY 8 SYoaM §
sMoy S skep ¢¢
SMOY S8 SUOT)IPUOD P[oY paje[nuirg
smoy S e R e
smoy I [eanyeN uonjeururdg SuLmp suonIpuod JyYJIT
SMOY 06 I9)uIM SuLIp UoneUIWN([I SIY § [EUONIPPE + [EINJeN
jun u asuodsar Jo ad£y/sarr0303e)) IgjoweIed

"panunuoy) :J A14V],



Journal of Botany

4. Diversity of Methods Used in Warming
Studies Affecting Our Capacity to Draw
Generalized Conclusions

Across the studies, a great diversity of methods exists in the
way these seeds were handled from maturation to germina-
tion (Table 1). We discuss each of these in turn.

4.1. Seed Collection. The first factor to be considered is the
seed collection method. Seeds may be collected directly
from the plant, from the soil surface, or as part of a soil
sample using coring or digging out whole turfs. The choice
of collection technique has implications for the conclusions
that can be drawn, but even within one of these methods, the
potential for heterogeneity is great and prevents comparison
of results from different studies.

Most of the studies collected fresh seeds that matured
under current climatic conditions from soil or directly from
plants at the end of maturation drying [26-28, 30, 31]. Seeds of
most arctic and alpine species are shed during late summer or
autumn and due to the requirement for dormancy breaking,
which is satisfied during overwintering, these seeds do not
germinate until spring [24, 54]. After overwintering, these
seeds come out of dormancy and acquire the ability to
germinate at wide range of temperature ranging from as
low as 5 to 30°C [22, 24]. However, germination is not an
assured event every spring because of the unpredictability in
the climatic conditions. As a result, many species are known
to enter “soil seed banks” so that these seeds germinate
in a later year having favorable conditions. Thus, simple
collection of seeds from the plant or soil surface is expected
to provide more information about germinating seeds from
the “transient seed bank” (i.e., seeds live in soil for less than 5
years) but overlooks how seeds which entered the “persistent
seed bank” (i.e., seeds live in soil for more than 5 years)
are affected by global warming. Thus, an understanding of
germination from recently shed seeds and seeds present in
seed banks is necessary. To provide more information on
the latter situation, Hoyle et al. [25] dug out 10 cm deep soil
samples containing seeds and germinated them in glasshouse
conditions to understand the effects of a warming climate on
Australian alpine seeds persisted in soil. Therefore, this soil
core contained seeds from both “transient” and “persistent”
soil banks with the potential that recently shed seeds will
become part of the persistent seed bank.

Overall, these methods of collecting seeds from soil or
soil core matured under current environmental conditions
ignore the fact that maternal environmental conditions in
which the seeds mature will be warmer in the future climate.
There is clear evidence to show that seeds matured in one
microsite may have different physiology compared with other
microsites and year [60, 61]. Seeds of arctic-alpine species
maturing under warmer conditions are likely to have different
physiological characteristics including changes in dormancy
status and seed size, than seeds matured under current
conditions [50, 58, 62-64]. Interestingly, evidence of rapid
climate change affecting the flowering phenology and the
duration of seed maturation have been documented in other
ecosystems [65-67]. The only investigation that included

seeds matured in warmer climatic conditions from an alpine
environment is the work by Klady et al. [29]. However,
the postmaturation experiments included in their analysis
unfortunately do not reflect that of the real-world future
climatic conditions (see below).

4.2. Postharvest Storage. In many cases, seeds after collection
were used almost immediately in the experiment (Table 1).
Since the physiology of seeds might change during posthar-
vest storage, the immediate use of seeds in the experiments
provides some confidence that seeds have similar character-
istics if they had persisted in soil. However, Hoyle et al. [25]
air-dried and stored seeds for 6 weeks before incorporating
their specimen in subsequent analysis (Table 1). It is therefore
not known if the dormancy state of the seeds had altered by
this process. Other cases recorded from all the 9 studies that
reported to have stored seeds for a few weeks (see Table 1)
might also have similar limitations. We believe that this will
have been done to avoid seed decay but recommend that,
whenever possible, direct transfer to experimental conditions
is undertaken.

4.3. Dormancy Breaking. Other important factors that merit
discussion are the conditions in which dormancy breaking
was applied. Given the growing awareness that (1) seed
collection time and/or methods influences the dormancy
status of seeds and (2) methods used under ex situ conditions
may not represent prevailing in situ conditions, ecologists are
increasingly becoming conscious of employing ecologically
meaningful dormancy breaking treatments. In their natural
high latitude and high altitude environments, seeds are kept
under snow cover in a fully imbibed state with constant
temperature close to 0°C. Thus, amongst several dormancy
alleviation methods developed (e.g., cold-dry stratification
and GA; application), cold-wet stratification is regarded as
ecologically relevant [28, 68]. According to C. C. Baskin and
J. M. Baskin [22], dormancy breaking with cold-stratification
occurs only in imbibed seeds; if the seeds are completely dry
(physiologically <40% RH) the dormancy may not be broken.
Liu et al. [68] tested the best dormancy breaking treatments
in 489 Eastern Tibet Plateau alpine species and found cold-
wet conditions had resulted in better germination compared
with dry warm or dry cold conditions.

In certain situations, seeds were allowed to overwinter in
the field under current environmental conditions and subse-
quently germinated in glass house at a warmer temperature
inferred from earlier literature [25, 27]. Many compelling new
attempts have shown interest in studying the reverse, whereby
the effects of various possible cold-stratification conditions
that are predicted to result from a warming future climate
are compared with the current winter conditions [26, 28]. It
has been assumed that these methods would inform us about
the effects of a warmer climate on dormancy breaking. These
approaches might need some degree of caution because of
the variation in cold-stratification conditions applied in those
studies. Of particular note is the variation in temperatures
and duration of cold-stratification: from —20°C to 0.5°C and
12 weeks to 10 months (Table 1). In the latter case, this was
represented by the only soil excavation study [25]; soils were



collected in the summer prior to seed set to ensure that seeds
had been subjected to natural overwintering conditions. Of
course, the 10 months between seed set and soil collection
would constitute a time period longer than, and temperatures
warmer than, that conventionally thought of as describing
the cold-stratification period. On the other hand, Graae et al.
[27] assumed seeds stored dry did not require any further
stratification and thus did not specially apply any dormancy
breaking treatment.

The variation in cold-stratification conditions used in
these studies might be interpreted as an attempt by the study
authors to equate experimental conditions to the location-
specific temperature variation predicted to prevail in the
locations from which seeds were collected. However, this
seems not to be the case as it does not explain the use of one
constant temperature such as —20°C [29], which does not
reflect the real-world situation. There is a great deal of evi-
dence to show that seeds under snow cover experience a
constant and favorable temperature for dormancy break due
to the insulating effects [45, 69]. Although global warming
is predicted in some scenarios, to reduce the snow thickness
and also the snow cover duration [70], even under these situ-
ations, seeds are likely to be exposed to very low temperatures
only for a short period of time. Furthermore, predictions
for snow cover and duration are likely to very greatly. In
addition to these difficulties, it is extremely challenging, if
not impossible, to suggest whether optimal cold-stratification
conditions might be met, as the temperature experienced by
seeds in the soil is affected by not only the depth of the seeds
but also the location. For example, at lower elevations, the
seeds experience warmer soil temperatures than the same
species at higher elevations. One meaningful approach would
be to use data loggers to monitor the temperature and use
these temperatures in the glass house (see recommendation).

Another approach to break dormancy in the seed samples
collected from alpine/arctic locations is the use of gibberellic
acid (GA;) (Table 1). Hoyle et al. [25] applied GA; to the seed
samples that had undergone 10 months of cold-stratification
in soil (45 rows in Table 1). GA; treatment has important
effects on dormancy alleviation, especially if the seeds have
physiological dormancy (PD) [71]. GA; application in dor-
mancy breaking studies estimates the level of PD, that is, non-
deep, intermediate, and deep [22]. Hoyle et al. [25] showed
that 17 out of 45 species only germinated if the dormancy
is broken by applying between 5mgL™" and 1gL™" GA, to
their Australian alpine soil sample. This result indicates even
after cold-stratification many species remained still dormant,
which were broken with GA;. Although recurring studies are
showing PD is a more common form of dormancy found in
alpine species, it is not the only form of dormancy prevalent
in alpine seeds. Soil samples dug out from random plots
are also likely to contain seeds with physical, morphological,
morphophysiological, and combinational dormancy of vari-
ous level [22]. Thus, breaking dormancy with GA; following
cold-stratification in the field eventually underestimates the
prevalence of other forms of dormancy in their sample. For
example, species having an impermeable seed coat, that is,
physical dormancy (PY), are less likely to break dormancy
when treated with GA;. Further, they did not report any
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information about the nongerminated seeds at the time of
terminating experiment. Thus, it is not known whether a
proportion of seeds failed to overcome dormancy with GA,
treatment and remain nongerminated.

4.4. Germination. One of the fundamental problems with
germinating multiple species ex situ is selecting an optimal
temperature that is appropriate for all species. In general, the
effects of global warming were predicted based on one con-
stant temperature or, sometimes, an alternating temperature
regime to mimic diurnal fluctuations to promote germination
and compared with a warmer temperature inferred from liter-
ature [25]. Criticism of using one temperature to understand
the alpine seed behavior has a long history (see Korner [21]
for detailed discussion). It is often portrayed that freshly
matured alpine seeds germinate well at higher temperature
than at a lower temperature [22]. Consequently, many studies
have attempted to germinate seeds at various combinations of
higher temperature cycles, for example, 35°/25°C, 30°/20°C,
or 25°/15°C (e.g., [72]).

However, the situation in the natural environment is
entirely different from this simplistic “one” temperature
treatment. Temperature increases gradually following snow
melt bringing growing conditions for some of the early germi-
nating species [21, 23]. In contrast, late germinating or high-
temperature requiring species remain quiescent (sensu [73])
in the soil until the appropriate temperature for germination
is attained. These differential temperature requirements are
even apparent within genus; after stratification Carex remota
resulted in more than 80% germination between 12 and 33°C,
whereas C. pendula germinated to 80% only at a higher
temperature ranging between 24 and 33°C, although few C.
remota and C. pendula germinated at temperatures as low
as 6°C and 9°C, respectively [74]. Similarly, Marchand and
Roach [75] showed germination of Juncus trifidus occurs only
at relatively low temperatures between 12 and 23°C, in con-
trast to the higher temperature (15 and 28°C) requirement in
Potentilla tridentata. In species such as Arenaria groenlandica,
germination occurred at a range of temperatures between 12
and 28°C, although the percentage of germinated seeds differs
with temperature.

In a warmer alpine climate, the decreased snow cover
duration may not satisfy the stratification requirements
evolved in seeds adapted at current environmental condi-
tions. Similarly, late snow arrival could also shift seed germi-
nation time of some species, for example, Geum, Veronica,
and Oxyria, to autumn (i.e., immediately after dispersal),
instead of germinating after snow melt in spring as they do
currently, probably also due to the seeds maturing in warmer
conditions resulting in nondormant or conditionally dor-
mant seeds [26]. Longer snow-free growing seasons expected
from warmer climate in the future might increase the window
of opportunity for germination, but the success of seedling
establishment may be increased or decreased depending
largely upon the location and species 30, 31, 59, 76, 77].

In addition, further limitations are incurred by the great
range of temperature increases imposed after stratification
during germination ranging from 1°C to diurnal peaks 0f15°C
above the control (Table 1). This range of temperatures is not
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a problem per se; the response of species to various warming
treatments might be illuminating if the earlier treatment
of seeds was more consistent. However, the potential for
affecting the response of seeds prior to any experimentally
controlled treatment is great given the variety of conditions
applied during transport, postharvest storage, and pretreat-
ment phases (Table 1). The apparent control of a particular
temperature providing conditions for germination and the
impact of warmer temperature occurring during the whole
growing season affecting germination timing and emergence
are also documented in other environments [13, 78-80]. Thus,
we emphasize that the response of seed germination in the
future climate is more complex and increased research should
shed more light on this subject.

4.5. Postgermination Viability Testing. A major problem with
testing germination of many species at one temperature is
that species requiring temperatures outside the given con-
dition generally do not germinate. It is therefore apparently
incorrect to conclude seed germination failure as nonviability
[81, 82], but rather that the appropriate temperature for
germination has not been possibly provided. Evaluating
the nongerminated seeds after the germination tests by
“tetrazolium test” has alternatively been proved useful in
identifying viable but nongerminated seeds [83, 84]. Whilst
one cannot ignore the fact that it may not be possible to
test the viability when experiments are performed in natural
environment, we strongly emphasize whenever possible that
future studies must test the nongerminated seeds at the
end of germination experiments using tetrazolium test or
other viability tests, as this approach could potentially serve
as a reasonable way to identify the viable seeds that may
require additional dormancy breaking treatments before they
germinate. Thus, itis very surprising that 188 cases did not use
any postviability assessments (Table 1).

4.6. Variation in Germination Response across Species Incor-
porated in Different Studies. The final parameter in Table 1
reports the impact of warming treatments on the proportion
or number of seeds germinating. Thirty-one cases were iden-
tified where the impact of warming increased germination,
19 cases showed a decrease in germination after warming,
and 51 showed no statistically significant difference to the
control (Table 1). There are also inconsistencies in the time
of application of warming. Only five cases applied warming
treatment during seed maturation. But 46 cases were identi-
fied that applied the warming during stratification/dormancy
breaking whilst 124 applied warming during the germination
phase. The remaining 16 cases looked at warming during both
the stratification and the germination phases (Table 1).

It should be noted that many taxa were included in several
studies and only seven genera were represented by just one
case each in the dataset. This serves to highlight our point
that species response to warming appears to be inconsis-
tent, but this conclusion is confounded by the diversity of
methods employed and species response. For example, Dryas
octopetala is represented four times in our dataset, in all cases
germinated in soil; however, germination responds differ-
entially to warming; at low increased temperatures (2.5°C)

no effect could be discerned [28] whilst at 3°C the response
was negative (ie., less germination). When the warming
treatment varied 6-10°C above the control, the response was
positive with Dryas octopetala showing increased germina-
tion [30]. Besides the variation in temperature used in the
original studies possibly to determine the effects of different
warming temperature on seed germination, another possible
reason for the lack of consistent results in this species might
also be due to the variation in cold-stratification duration and
temperature applied to break dormancy, c.34 weeks in field
[58] compared to 24 months under snow cover [30] and 0.5°C
for 20 wks or 1-4 wks (0.5°C), 5-8 wks (-=5°C), 13-16 wks
(-10°C), and 17-20wks (0.5°C) [28]. Similarly, Vaccinium
uliginosum was reported to germinate higher [27], lower [28],
or at the same level [28, 30] at an increased temperature.
Although the difference in increased temperature range used
in their studies appears to be the reason for such variation
in germination response, the disparity of cold-stratification
treatments employed in those studies also plays an important
role contributing to the mixed results.

Similar conflicting patterns also exist in numerous other
species. Germinating Betula pubescens ssp. czerepanovii at
2.5°C above current temperature level did not have any effect
on germination [28], but when the temperature rose 3°C
above current level the final germination percentage was
significantly reduced [30]. However, accepting this result is
at least partly perplexed by the dormancy breaking duration
and conditions employed in those studies. Milbau et al.
[28] used sequential dormancy breaking conditions: 1-4 wks
(0.5°C), 5-8 wks (—5°C), 13-16 wks (—10°C), and 17-20 wks
(0.5°C), whereas Shevtsova et al. [30] stored seeds beneath
snow cover for approximately 24 weeks and then stored at
2°C (for an unknown period of time) before germinating
them. For Empetrum hermaphroditum, a 2.5°C increase in
temperature has no significant effect on germination [28], but
when temperature increases 10/4, 15/9, and 5/0°C (day/night)
compared to control the germination significantly improved
[27]. One is tempted to conjecture that breaking dormancy in
E. hermaphroditum by cold-stratification and incubating the
seeds at higher temperature may result in higher germination
percentage, but what effect global warming could have on
dormancy breaking phase was not addressed by Graae et
al. [27]. Seeds of Epilobium angustifolium germinated to a
lesser percentage both when kept under snow cover [30]
and after sequential dormancy breaking temperatures [28],
but applying cold-stratification at a constant temperature of
0.5°C improved germination when tested at 2.5°C higher than
current temperature, explicitly indicating the way by which
cold-stratification is applied determines the final germination
percentage. Similar inconsistent patterns were also found in
Vaccinium uliginosum, as more germination was reported
by Graae et al. [27], but lesser germination percentage was
reported by Milbau et al. [28].

Because of these conflicting patterns, we agree with the
summaries of various authors included here that response
to warming is a species-specific impact which cannot be
generalized across functional type or regional flora. The nine
studies included in this analysis used seeds maturing in
different locations: Alaska [59], Australia [25], Canada [58],
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Greenland [27], Sweden [28, 30], and Italy [26], thus possibly
having different initial dormancy and germination ability as
reviewed by Jaganathan et al. [24], leading to a difference
in the germination pattern. However, we also add that the
variable response we identified even using coarse measures of
increased or decreased germination within species shows that
the species response is highly dependent on the experimental
set-up. This fact undermines any attempt to extrapolate
experimental responses to the real world and makes predic-
tions difficult, if not impossible, using existing data. Thus, any
future attempts to make real predictions of alpine seed ger-
mination should consider the fact that, in the warmer world,
seeds will be exposed to higher temperatures from flowering
to germination. Indeed the whole life-cycle of arctic-alpine
plants will be happening at a higher temperature. Thus, using
season-specific temperature change (predicted in warmer
arctic and alpine soils) to break dormancy and germination
of seeds matured in a warmer conditions would provide more
realistic insights.

Some general recommendations can be made based on
the lessons learned from previous studies. These are common
guidelines, but it is evident that studies are increasing without
paying particular attention to these issues. Thus, we believe
that following these recommendations might help better
predict the effects of global warming on high latitude and
high altitude ecosystems.

(1) Efforts must be taken to grow plants in higher temper-
atures and collect the seeds that matured in a warmer
climate or establish permanent plots (see Elkin et
al. [9] for detailed information on how to establish
long-term plots) and monitor the process of seed
maturation and germination in field conditions. ITEX
has already taken steps to monitor the changes in
seed characteristics grown in a warmer temperature
by growing plants in warmer conditions; we suggest
this approach should also be extended to germination
and seedling phase.

(2) In case of planning experiments ex situ, seeds must
be collected from both plants and freshly shed seeds
from the uppermost soil surface (most likely mid-to-
late autumn). Although seeds of most alpine plants are
small and collecting them at the time of maturity is
complex, most of the studies reviewed here collected
seeds at the time of maturity indicating collection of
freshly matured seeds is possible. In addition, com-
plementary studies must be performed by collecting
the soil core and determining the depths to which
the targeted species has been buried. Replication
should aim to represent the spatial heterogeneity of
the system using the scale of plant community patches
as a guide. Researchers should be aware that an
appropriate system of randomly located plots (using
a stratified sampling procedure if necessary) with a
set number of cores from within each plot would
constitute proper replication.

(3) Transport seeds and soil samples containing seeds as
quickly as possible to conditions that mimic natural
environmental changes (i.e., the current conditions
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or control and the warming treatment(s), both with
appropriate photoperiods) in which seeds will be
allowed to experience the natural conditions; that is,
“temperature control” chambers capable of lowering
temperatures to subzero level. However, prior to
transporting the seeds, soil from cores should be
pooled and mixed by plot and kept moist at levels that
mimic natural conditions. Whenever possible, moist
soil must be used as germinating medium. This also
helps us to monitor the process of germination until
seedling stage.

(4) It is recommended to split the samples collected
both from plants and from soil core into various
subsamples that are treated to different temperature
regimes in parallel. That is to say, one chamber
must be designed to match with the temperature of
current alpine climate. Other(s) should replicate soil
temperature according to recent projections relevant
to the location of seed collection. It is well-known
that maternal effect may determine the physiological
state of seeds, thus affecting the level of dormancy
and germination temperature in the freshly collected
seeds [24, 85]. To avoid this problem, we suggest
using a data logger to measure the soil temperature
of seed collected site and follow this temperature in
the chamber. Thus, seeds experience field conditions
but in the chamber. If this is done over long time
periods, thatis, 1to 2 years, the pattern of germination
and dormancy breaking under the current environ-
mental conditions can be determined. Using the
other subsamples in additional chambers, warming
treatments can be applied, that is, current temperature
determined from data loggers + temperature repli-
cating the projections under warmer conditions, for
example, 2°C. In this way, seeds experience warmer
climate from dormancy breaking to germination.

(5) Seeds need to be monitored regularly to ensure that
germination does not go unnoticed. Seedlings should
be identified as soon as possible and removed or
grown in a different medium until identification is
possible.

(6) When the long-term experiment seems to be finished,
the remaining seeds should be sieved from the soil
and checked for viability, for example, using the tetra-
zolium test. Further, we suggest using tetrazolium test
in freshly collected seeds, after dormancy breaking
step (if applied separately) and possibly at the end of
germination to compare the number of seeds deemed
viable.
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