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Abstract

Climate change is expected to hatree largest impact on northern ecosystems tagh latitudes.
Models predictthat temperature increasein these areawill be twofold greater compared to the
rest of the world.

The geothermalconditions insouthernicelandoffer an exceptional opportunity to study the impact

of warmingon northern highlatitude ecosystemsHot springs ad fumaroles induce temperature
gradients in differentvalleys These temperature gradients are excellent natural manipulation
experiments that allow studying the response of these northern grassland ecosystems to
temperature increasedn one ofthe two studied valleys, these natural temperature gradiehts/e
been present for centuries, but an earthquake in 2008 resulted in new geothermal activity and
associated temperature gradients in an adjacent valleys difference inthe warmingtime frame
makes itpossible to studylifferences irshort term and long termvarmingon similar vegetation.

The main research question was whether soil warming would induce a chamignt community
structure or would resultin adapiations of plant traits For the latteraim, three target species

(Agrostis capillaris?oa pratensignd Ranunculus acrisvere studied.

Our results indicate thasoil warming induces a decrease in overall biodiversity favdurs plant
speciespreferring a nitrogerricher environment.Total plant coverage and thelpnt heightfor the
three target species solelyexperiencea positive temperature effecin the centurylong warmed
valley. These resuliadicate that the twostrategies to adapt to warmingannot be seen as separate
conseqguences offarming. Moreoverour results suggedtifferent main drivers for adaptatioim the
two studied grasslandsWVe speculate thesarivers to be temperature stress in the short term
warmed grassland anthe temperatureinduced nitrogeAncreasethe driver in the centurylong
warmed grasslandSpecies adaptation to higher temperaturasthe long termcould explain this

difference.



Samenvatting

Men verwacht datklimaatveranderinghet meest uitgesprokereal zijn op de noordelijke hoge
breedtegraden. Modellenaorspellen dat de temperatuurstijging in deze gebiedegen het einde

van deze eeuvinet dubbelezalzijn in vergelijking met de rest van de wereld.

De omstandigheden in de buurt vatveragerdi, een dorpn het zuiden vanJslang bieden een
uitgelezen kaa om de impact vaklimaatveranderingop noordelijke ecosystemen te bestuderen.
Warmwaterbronnen en fumarolen induceren temperatuurgradiénten in verschillende valleien. Deze
temperatuurgradiénten zijn uitstekende natuurlijke manipulagieperimenten die telaten om de
respons van noordelijke graslandecosystemen op temperatuurstijging te bestudarégn van de
twee bestudeerde valleien zijn al eeuwen zulke gradiénten aanwezig, maar een aardbeving in 2008
veroorzaakte nieuwe geothermische activiteit dnjbehorende temperatuurgradiénten in een
naburige vallei. Het verschit duur van debodenppwarming tussen de twee valleiemaakt het
mogelijk omde effectenop zowelkorte alsop lange termijn te bestuderen.

We onderzochtenof bodemopwarming een verandegnveroorzakt in soortensamenstelling of
eerder adaptatiesteweegbrengtin geselecteerdeplanteneigenschappenvoor dit laatste werden

drie doelsoorten Agrostis capillarisPoa pratenign Ranunculus acridestudeerd.

Onze resultaten tonen aan ddiodenopwarming een afname van de algemene biodiversiteit
veroorzaakt en een soortensamenstelling bevoordeelt die een stikstofrijkere omgestikigst Een
toename van totale plantenbedekking en planthoogte voor alle drie de doelsoorten wordt enkel
aangetoondn de eeuwenlang verwarmde vall&eze resultaten geven aan dat de twee strategieén
om te reageren op opwarming niet als twee aparte gevolgen van bodemopwarming mogen gezien
worden. Bovendien suggereren deze resultaten een andere drijfveer voor adaptieste en op

lange termijn. We vermoeden dat temperatuurstress de drijfvisaroor verandering in het recent
verwarmde grasland en temperatugeinduceerde stikstoftoenamee drijfveervoor adaptaties in

het eeuwenlang verwarmde graslandldaptatie aan hogere bodemtemperaturep lange termijn

zou dit verschil kunnen verklaren.
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Abstractfor laymen

Across the wad, a general temperature increase has bearserved Thisincreasewill cause more
extreme weather conditionsuch adonger periods of droughand stronger hurricaned his is called
& Bbal changé. In northern regionsvarming will be pronounced anithis will cause the melting of
ice and frozen soilgffectingnot only local ecosystembut alsothe rest of the world This makes it
interesting to study the effect ofncreasedtemperatures in northern regions on the present plant
species.

Iceland is anorthern island situated on the edge between the continental plates of Ameainé
EurasiaVolcanas frequently occur o suchborders and, therefore, appear all over Iceland. Volcanic
activity may also heat water, creating hot springs and steam himldacingtemperature gradients in
the soil. Thesesoil temperature gradients are studied agrediction ofthe effectof Globalwarming
on the preent vegetation.Two grasslands are examinebhe soil of the firsgrasslandhas been
warmed byhot springs and steam holes for centuriasd the secondgrasslandhas been warmed
since an earthquake in 2008his makes it possible for us to study whetheere is a difference

betweenshortterm andlongterm soil warming.

Soil warmingcausesa decrease ithe number of species in both grasslands, but only in the century
long warmed grasslands plangse forced to grow taller andplant coverageis increased These
results indicate that vegetatioim generalis affected bythe increase ofoil temperatureand by the
different length ofwarming In the grasslandwarmed since 2008, plants suffer from the changed
temperature. Thiscauses lesstress resistantplants to disappear, whilespecies seem to have
adapted to higher temperatures the centurylong warmedgrassland There some speciegow

taller in warmer areasforcingsmaller specie® disappear
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1. Introduction

1.1 Climate change in the arctand subarctic region

The global climate system has been changing since the industrial revolution, mainly due to
anthropogenic activitiegVitousek et al., 1997)n the twelve years between 1995 and 2006, eleven
were ranked in the twelve warmest years since the beginning of the measurements in(IP&S0,

2007) Global cover of mountain glaciers and snow caps is declining and more extreme weather
conditions are but a few indications for global change. Climate models predict an average global
temperature increase between 1.4 and 5.8(fRCC, 2007)The impact of climate change is hard to
predict and depends on many direct and indirect effects, from the increase of greenhouse gases until
changes in nutrient cycles and sea level rise. The largest impact is expected in the northern high
latitudes (Figure 1). During the last decades, temperature increases in the northern regions were
twice those of the rest of the worldACIA, 2004)Averaged over all global climate models
participating in the IPCC Fifth Assessment report (IPCC, 2013) and the RCP 8.5 trajectory of
atmospheric CQconcentrate y 8> ¢ KA OK | dadzySa O2yGAydzSR AyONBI
odzaAySaa la dzadzf aO0SYIFINR2éX GSYLISNI (GdzNB F GSNI 38
more than 8°C towards the end of the centuRigurel)(Riahi et al., 2011; Meehl et al., 2012; IPCC,
2013)

Figurel: Surface air temperature differences for the end of th& @&intury, calculated in relation to
temperature date of the period 1988005 according to the RCP 8.5 scenario (solvieehl et al.,
2012)



A lot of research, using remote sensing and Earth System models, has been done to predict the
temperature rises acrosthe globe and especially in the High North. The decrease of the sea ice
extent in late summer and autumn reduces the albedo effect in the arctic sea and increases the heat
transferred to the seawater and long wave radiation by its suri@ereze et al., 2009; Screen &
Simmonds, 2010)Warmer seawater changes the vertical temperature structure of the atmosphere
by heating the air layers close to the surfgGraversen et al., 2008nd increasing the amount of
atmospheric watewvapourand cloud formation, important factors in the greenhouse effédu et

al., 2008) These effects are most likely the cause of the northern warming amplification and are

incorporated in clihate modelgdKoenigk et al., 2012)

Changes in the northern high latitudes will affect ecosystems on a global scale. The melt water from
sea and land ice will increasige evaporation rate of seawater and decrease its den$tyerland &
Wang, 2010)Less dense seawater is lighter, more likely to float and less capable of pulling warmer
water towards the arctic seas. This northward movement of seawater drives thenocerents.

When this process slows dowit, will affect the climates of all the regions depending on these
currents. More interesting for this thesis is the warming of the permafrost layer and the soil in
general. The thawed organic matter in the pernuesfr layer will start to decompose, releasing
nutrients and increasing the amount of greenhouse gases in the atmosphere, which both initiate a
cascade of secondary ecosystem respon@dsliA, 2004; Kaplan & New, 200B8) order to obtain

more grip on the global scale, it is important to @mstand the impact of climate change on a more

local scale.
1.2 Warming experiments in northern high latitudes ecosystems

Since the awareness of climate change has grown, numerous papers have been published on the
effects of temperature increase on a widariety of taxonomic groups from across the globe
(Parmesan, 2006)This thesidocuses on the impact of climate change on grasslands on northern
high latitudes. Experiments on the impact of temperature on nitrogen availability and decomposition
rates of soil organic carbon, both limited in envinoents with colder temperatures, are especially
interesting in northern environment§Giblin & Nadelhoffer, 1991; Mack et al., 2004; Sistla et al.,
2012) Nitrogen is anmportant building brick for proteins and consequently for essential emzym
which makes that limitatiorof this elementhas a nonnegligible effect on the plant metabolism
(Aerts & Chapin, 2000The availability of nitrogen in the soil determirtegir productivityas well as

which plant species ancbommunities can thrive on a certain locati¢@rdoiiez et al., 2009])f plant



productivity alters by de@asing the present nitrogen limitation, this could have crucial effects on
the global carbon balance.

Temperature increase is expected to increase the decomposition rate by microbes, increasing the C
release in the atmosphere through respiratigdenkinson et al., 199Davidson & Janssens, G&)

Hartley et al., 2007; McGuire & Anderson, 208&tla et al., 2012)The hypothesis that this increase

in C release can be compensated by a greater plant productivity, aatélig the C storage capacity,

has been discussed intensively but is considered less (idglbnen et al., 2007 However, models

using theinternational goal of 2°C of warming, predict a forest expaneiodb% or a northward shift

of the tree line of 400kmat the expense of tundra vegetation. This would increase the C storage,
though it is unlikely that this effect is direct and can outweigh the additional C release from the sail

(Kaplan & New, 2006)

Climate change experiments on tundra vegetation noticed an increased nitrogemlkstitgiland
nutrient accumulation, suggesting this might be an important indirect effect of wari@mgpin et

al., 1995) Increased availability of nitrogen would lead to a shift in nutrient limitation to more-light
limiting conditions,favouringmore conpetitive species at the expense of more rare understory or
stresstolerant speciegYoung et al., 2011)

Another experiment was done in a boreal forest in southern Norway. In this case the soil was heated
using a raster of electric heating cables in underneath the litter layer. This getus rise to one
heated temperature step varying between +3°C and +5°C without warming the overlaying air layer
(Lukewille & Wright, 1997)From this experiment it appeared that the soil warming led to higher
concentrations of both Ngand NH in the runoff. This confirms the increased availability of nitrogen,
but the plants are unable to fix the largean of thisextra available nitrogen componentsreating

an outflow of nitrogen (alsdvicHale et al., 1996)Other soil warming experiments focusing on
individual trees, noticed a direct effect of warming on physiologicatgsses and plant traits like

stomatal conductance, growth rate and nutrient translocat{@®ang & Cheng, 2004)

Research on temperature effecits plant communitie{Chapin et al., 1995hcorporate only one or

two additional temperature treatments besides a cont(Bergh & Linder, 1999; IHkey et al., 2007;

Day et al., 2008; Lavoie et al., 201%jelding no information on the shape of the temperature
response functionEven the method used to achieve warming can influence the outc(heets,
2006) Some experiments using transparent, ogiep chambers, warming the surface air
temperatures, even reported a negative response of the soil temperature attributed to an increase in
leaf area index and a subsequerdgadease of solar radiation reaching the soil surfalmnsdottir et

al., 2005) These warming experiments varied in length from short term to longer term, but are rarely

3



longer than a decade (see Dieleman et al. 2012 for a review).-&hortimpacts of warming are not

fool proofin predicting longterm effects(Hobbie et al., 2002)

Many of these experiments pointed out that some temperature effects, like changes in litter quality
and in species domance relations, appear gradually, stressing the importance of long term field
experiments(Chapin et al., 1995Arft et al., 1999. Aside from the passive warming techniqueitth

uses screens to bloatocturnalinfrared emissions and typically achieve a warming of less than 1°C,
temperature manipulation experiments are extremely expensive, explaining why warming
experiments are typically shoterm. Erroneous conclusions arisifgom analysing transient
responses in shotterm experiments differences can be overcome by studying ecosystems from
locations with different temperaturesacross spatial climate gradients (latitudinal or altitudinal
gradients). These analyses do incorpertne long term effect, but have the disadvantage that there

is hardly standardization of species, soil composition, stress factors and many other environmental

variableqAetts, 2006) Spatial gradients are therefore not perfect either.

1.3 Natural smakscale temperature gradients in Iceland as predictors for

temperature impact

Soil conditions in th@eighbourhoodof the small town ofHveragerdi, situated in southericeland,

offer a third possibility of studying the impact of the predicted temperattaise countering the
disadvantages of the previous two methods. Iceland is an island formed due to its position on the
Mid-Atlantic ridge, the divergence zone between the Amammicand Eurasian continental plates.
Magma from the asthenosphere emerges along this ridge, pushing the two continental plates apart
and creating an elongated mountain range on the ocean floor. Iceland is one of the submerging parts
of this range, explainitn the large geothermal activity on the islafidalldérsson & ig§bjornsson,

2009) The area aroun#iiveragerdi is extremely geothermal active, because it is situated in the direct
surroundings of the Hengill volcano systd@akharova & Spielk, 2012) illustrated by the over
100,000 micreearthquakes reported in the region between 1994 and 2QDakobsdéttir, 2008)The
geothermal activity manifests itself as hot springs and fumardiesbler et al., 2008) These
phenomena act as hot spots that warm the surroingdsoil layers, creating a temporally constant,

yet spatially decreasing soil temperature gradient when moving further away. As a result, these
NI G KSNJ NI N GKSNXIf FSFddz2NBa 2FFSNI GKS 2 LI NI dzy .

warming exgriment with as many different temperature levels as required.



In this thesis two grassland ecosystewith such geothermal temperature gradients are compared.
¢CKS FANRG 3INraatlryR A& aAddzaz SR Ay | ftBBEREf 8KSC
major tourist attraction of Hveragerdi. Both valleys are known to have housed fumaroles and hot
rivers for centuries. The first written reference to this valley comes from the Icelandic farm register
dating back from 1708 (Magnusson, 1708); marmecise land registers are available from the
1980ties and these confirm the current location of the hot spots. If one assumes that the current
thermal sites were constant during the last century or at least during the last decades, the grasslands
in this valley can be considered a case study for the effects of long time exposure to increased
temperatures, because most soil processes as well as grassland plant species communities can be
considered to be near equilibrium after many centuries of warming. @neark has to be made, up

to the year before we conducted our study, this valley was extensively grazed by sheep, which can
have profound effects in shaping the plant community structure in grassland ecosyd@eouker &

van der Wal, 2003; vatter Wal et al, 2004; Olofsson, 200&vju & Austrheim, 2009)

¢tKS a4SO2yR 3INraaflryR S02aeaidSy GKFG ¢S adddzRASR
grttSeé¢ FYyR A& S@OSy Y2NB LISOdzZ AN Ly alé& wnny
epicentres between the towns of Selfoss and Hveragerdi and a strength of 6.3 on the Richter
magnitude scale. The earthquake did not cause severe structural damage, but changed the course of
underwater systems. New fumaroles appeared and the general therrtigitgincreased around the

university campus of Hverager@igbjornsson et al., 200Blalldérsson & §bjérnsson, 2000 As in

the adjacent valley that was probably warmed for centuries, new soil temperature gradients arose on

the slopes around the campus. This sequence of eyamnagides the perfect opportunity to consider

these sites as short term {Gyears), natural heating experiments. The grassland ecosystem that has
0SSy 6 N¥YSR aAyOS |4 tSrad wmtnyI Aada FNRY y2g 2
AN} aatlryRa Ay (GKS ySgfte F2N¥SR GSYLISNI G§dzZNBE 3INI R
(GN). To avoid confusion, the assumption is that both grassland ecosystems have the same age, only

the length of geothermal heating differs greatly.

The temperature gradients in this part of Iceland have a lot of advantages in comparison with human
induced warming experiments. Numerous temperature steps or treatments are possible between a
control plot and a chosen maximal temperature, the warming costs are zero, no problems exist with
standardizing the soil characteristics, plant species and environrhentalitions, to name a few.
However, one must bear in mind that these study sites are not a means to simulate the impact of
climate change as a whole. This is because global warming is associated with an increase in

atmospheric CO2 concentrations, whiclsaaffect ecosystems directly and interacts strongly with
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warming (Dieleman et al. 2012). Moreover, the I@@elels as well as weather observations suggest
that greenhouse gases are not only heating the atmosphere, but also increase the prevalence of
extreme events. Nonetheless, the natural temperature gradients in Iceland offer an excellent
opportunity to study the impact of temperature on many ecosystem processes;siades and to

discover important knowledge to be implemented in Earth System models.

Two perspectives regarding the impact of soil warming and an expected change in nitrogen
availability on the present grassland vegetation, are studied in this thesis. This impact can be
translated into an alteration in species composition or biodiversitgam manifest itself by driving

the present species in modifying their plant traits.

A change in temperature can change the plant species composition direddydnyringspecies with
higher temperature optima, but also indirectly by its positive effestruutrient cycling, yielding an
advantage for competitive species at the expense of more stmegant species(Chapin et al.,
1995; Yung et al., 2011; Soudzilovskaia et al., 20I8)reasing nutrient concentrations therefore
usually lead to lower diversit{Barot & Gignoux, 2004Yhis change in plant species diversity is the
starting point for the first perspective. Estimating the totadver of all present species allows to
examine the shift in dominance of one species to anofdest, 2006)From this data the biodiveitg
can be evaluated for each vegetation plot. Used parameters are the Shalierer index and its

two determining factors, the absolute diversity and the evenrdsst, 2006Heip et al., 1998

Ellenberg indicator values are a useful tool to estimate the ecological preferences of species within
the temperature gradien(Hill et al., 1999)These indicator values are estimated as the mean of a
given variable across the ecosystem where the species gbest Highest growth values can be
consideredat the optimal environmental conditions for a speci@éiolle et al., 2007)A shift in
species composition is generally the result of a change in the present environmental conditions.
Therefore,the communityweighted Ellenberg values make it possible to assign this change fairly
accurately, to the appropriate environmental parameter. In this study, we used Ellenberg values for
four different environmental conditions; temperature, moisture, aggidind soil nitrogen availability.

A change in the communiyeighted Ellenberg value of a certain plot can be caused by introduction

and disappearance of species as well as by shifts in the abundance of present species.

In addition tothe effect of the evironment on speés, species in turn can also affect ecosystem
properties as a reaction to temperature chanf{éhapin, 2003)A typical example is the relation

between nutrient cycling and litter composition. Plants adapted to stress driemi-limited
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conditions strengthen these conditions by producing nutripobr and recalcitrant litter. The

reverse is true for plant species adapted to nutrieich soilgDiaz et al., 20Q40rdofiez et al., 2009

These feedbacks towards the environment are determined byd@racteristics of the occurring

species, which introduces the second perspective: assessing the impact of warming on the ecosystem
functionality by measuring wetlhosen plant trait{Chapin, 2003 ! G UGN} A ¢ Aa Ay A

definition a surrogate for the condition of an organism (Darwin, 1859).

The usage of traits in plant ecology evolved towards evaluating the functionality but also the
community structure of ecosystem&avorel & Garnier, 200ZEviner & Chapin, 2003Violle and
colleagueg2007)i KSNBTF2NB RSFAYSR | LJX I yi G Ni¥phénoldgidal a y &
feature measurable at the individual level, from the cell to the wkmiganism level, without
NEFSNByOS (2 (GKS Sy@ANBYYSY(l 2N lye 2GKSNJ f S@St
a function or the function itself, likphotosynthesis. In this way, a plant trait has an indirect effect on

the fitness of an individual by its effect on biomass accumulation, survival and reprod(\Mitie et

al., 2007) Four plant traits were selected to examine the &up of soil warming on the target
species; plant height, leaf stoichiometry, specific leaf area and stomatal conductance. We compared
the variation of these traits in three target species that occurred in all study plots. The selected
plants included two ass speciesAgrostis capillarid.. andPoa pratensis }.and one herbaceous

dicot (Ranunculus acris.). These three common grassland species provided a good representation of
the occurring vegetation and its feedbacks with major ecosystem processesulitient cycling

(Grime, 1998Diaz et al., 2004

The first studied plant trait, plant height can be directly measured in the field and its relative
appearance for a certain species is seen as a strong indication fapgied growth strategy and
environmental conditiongWestoby, 1998)Temperature experiments have demonstrated that there

is a plasticity in growth regmse with temperature. Increased soil temperature brings along an
increased mineralization of soil organic matter, which results in an increase of nutrients available for
plants. Nutrients become less important as a limiting factor for plant growth ardrasult plants in

mesic environments such as Icelamde expected to start competing for light, making individual
plants grow taller to compete against themeighbours(Arft et al., 1999 Aerts & Chapin, 2000;
Mokany et al., 2006

Leaf stachiometry or the concentration and ratios of different chemical elements are highly
informative regarding present limitations of these elements in the soil and therefore stualie

second plant trait. The leaf N:P ratio is the most widely used proxy ifaygen or phosphorus
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limitation in the soilKoerselman & Meuleman, 1996) is a general accepted rule of thumb that N:P
ratios lower than 14 indicate nitrogen limitation anaktios above 16 suggest a phosphorus limitation
(Aerts & Chapin, 2000Dn a global scale, the N:P ratio increases from the poles towards the equator,
which is associated with younger soils (more P and less N in young minerals), warmer temperatures
(more N -fixation in warmer climates), and lower atsppheric N deposition at higher latitud€s

Reich & Oleksyn, 2004; Gallay et al., 2004He et al., 2008 Northern ecosystems are characterized

by stresstolerant species, adapted to nutriemtoor conditionsand havinglow leaf nitrogen and
phosphorus concentration&rime, 1997; Reich et al., 1998; Reich et al., 20089essing the impact

of recent and long term temperature gradients in the soil on liegf stoichiometry of speciesocild

give greater insight in nutrient availability and acquisiti@iisewell, 2004)

The leafchemicalelementsanalysedin the context of this thesis are the biologically most relevant
ones: carbon (C), nitrogen (N), calcium (Ca), magnesium (Mg), potassium (K), sodium (Na), phosphor
(P), sulphur (S), iron (Fe), manganese (Mn), copper (Cwian(Zn). Beides N and P, K has a big
influence on plant physiology and appearance when this element is limited. Hagiméentrationin

the cytosol of plant cells preventn excessive uptake of NaNa is toxic for cytosolic enzymes when
entering the cytosol indo high concentrations and therefore internal iK essential for maintaining
cellular metabolism(Zhu, 2003) Previous esearch, however, did not find a significant predictive
strength of leaf K concentration for other plant traifg/right et al., 2004)Plants limit excessive
uptake of N and P which makes their leaf concentrations only useful in determining whether or not
they ae limiting. Uptake of Ca, Mg and K is far less down regulated, uptake of Ca is for most species

even directly related to its concentration in the external environm@riecht & Géransson, 2004)

The Specific Leaf Area (SLA) is the third plant trait examined in this thesis. SLA is the ratio between
the leaf area and its mas$hicker leaves with a higher storage of carbohydrates lead to smaller SLA
values and mostly indicate a bigger investment against herbiv(@esnelissen et al.,, 20Q3The
amount of energy and nutrients invested in a leaf is proportional to the leaf mass and the amount of
light captured is correlated with the & area. These two relations make SLA a useful index for the
potential return upon investmen{Cunningham, 1999)which makes SLA a good benchmark in
predicting other plant traits and deducing plant strateg{€az et al., 2004; Reich et al., 2001R)
general there is a declining trend in SLA with decreasing nutrient availability, precipitation and light
availaility (Cunningham, 199%0rdofiez et al., 200%1odgson et al., 20)1In other words, plants
seem to invest more units dry weight peafearea when under stress condition. These leaves have a
higher cost than high SHéaves and therefore need to remain functional during a longer time
interval (Reich et al., 1997)n an earlier warming experiment in pineeés, SLA was found to vary

GAGK GSYLISNI GdzNB= ¢AGK GKS KA 3IK@ang& Cherg, 2008) § K S
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Both SLA and N condeation in the leaf influence photosynthesis. Photosynthetic activity is
improved when one of these two factors increases and the other factor remains constant or
improves as wel(Wright et al., 2004)Enzymes like Rubisco, essential for the conversion ofifigght
energy, need N as one of their building stones. Therefore, a higher concentration of N is typically
indicative for a higher concentration of photosynthetic proteins and higher photosynthesis rates
(Evans, 1989). However, also structural proteinsusheIN. Their function is to strengthen the leaf,
resulting in thicker leaves (lower SLA) and reducing the photosynthetic efficiency by hampering CO
influx towards internal cell@Parkhurst, 1994, Epron et al. 199%he combination of both plant traits

results in a good prediction of the maximal photosynthetic capacity.

As the main controllable resistance between tlmernal environmentof the leaf and the

surrounding atmosphere, stomatal conductance is a measur€€@ruptake of and loss of & by

diffusion. This makes stomatal conductanke ¢+ & 2F SEFYAYyAy3I GKS LX Iy
metabolism, giving @reater insght in its adaptation to altered environmental conditions, such as
increased temperatur¢Parkhurst, 1994; Way & OrePQ10)and therefore, measured as a last plant

trait in this thesis! y A Y ONBIF A4S Ay yYdzZiNASyd | @FrAflroAtAGE SAf
a higher demand for GOThis would induce an increase in stomatal conductahimevever, when

the temperature increase induces drought streggants will lower their stomatal conductance to

prevent excessive water losspuntering the positive effect of increased nutrient availability on

photosynthesis and plant growifibang & Cheng, 2004; Sellers et al., 1997)
1.4 Hypotheses

The basic assumption in this thesis is that soil warming waileha positive effect on soil nutrient

cycling, thereby increasing the availability of N for the plants. N is the most gitowiting element

in northern ecosystems and is therefore expected to have a strong influence on the present

vegetation. The quesin remains if this impact will express itself as a change in the community

structure or will lead to adaptations in the present species. Based on the known processes and

impacts of temperature, the following hypotheses were formulated:

1. Total plant cover wi increaseand leadto a shift from Nlimitation towards light limitation.
Species will increase their aboveground biomass to make optimal use of the available space and

to outcompete theimeighbours



Increass in soil fertility regularly gdand in handwith lower biodiversity through competitive
species that outcompete small and more stréslerant species. We therefore hypothesize a
loss of species in the warmer temperature plots.

Rising temperature brings along species preferring relatively warmeroemeents This shift in
species takeime and therefore, we hypothesize that thiemmunity composition shiftvill be
more pronouncedin GO than in GNBecause of the@bundant rainfall in the region, moisture
preferenceis not expected to changemong tre present speciedncreasedN-availability in turn
would lead to species preferring a more fertile area.

Increasing competition for light will force the plants to grow taller to compete with their
neighbours Since temperature indirectly controls this coetition, plant height is expected to
increase along the temperature gradient.

LeafN and P concentrations reflect their availably in the soil, and we therefore hypothesize a
positive trend with increasing temperature. The N:P ratio is hypothesized tcaiserieecausé\
becomes less limiting.

The SLA is expected to be maximal at the optimal tentpezafor the considered species as a
consequence of the increased availability of nutrients and subsequent increase of leaf area.
Despite the higher evapotranspiion at higher soil temperature, wassumethat the stomatal
conductance will nobe altered by water depletionpecause the ampleainfall prevents soil
drying. Therefore we hypothesizean increase of stomatal through a higher demand o$,CO

resulting fom the higher nutrient availability and increased plant metabolism.
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2. Material and Methods

2.1 Description of study area

2.1.1Situation

Iceland is a volcanic island situated on the conjuncture of the Atlantic and Arctic ocean close to the
Arctic Cire S 0SiG6SSy (GKS tF0i0AGdzRSa cHcHoQb YR cccoH
Because of its high latitude, the sokangleis neverhighand there is dargedifference in day length

between summer and winter. The climate $buth Wesiceland is maritne with cool summers and

mild winters influenced by the cold East Greenland Current and the warm North Atlantic Current
(Einarsson, 1984)he island itself is a dome uplift of the MAdantic ridge with mountain peaks of

up to more than 2000n. Glaciers cover aboutly:’> 2 F L OSf | (ZaRa@dva & Bgichak, | NB |
2012) Its position on thévlid-Atlantic ridgemakes it a very activeolcanicarea which played a major

role in shaping the iand together with the erosive power of the past and present glacial cover
(Oskarsson et al., 2012)

2.1.2 Study sites

The two grasslands studied in this thesis are situated inSbeth Westpart of Iceland, near the
town of Hveragerdi Tre mean annual temperature is 4.1°C, with a meanlof°C in the coldest
month (January) and 10.8°C in the warmest (Jalydl an annual precipitation of 1372mm (Icelandic
Met Office, 2014). The soil typeddrown andosol with a volcanic origin. Thiaigeely drained soil
type, rich in allophane clay minerals and ferrihydrates, evolved feotian and tephra materials
originatingfrom neighbouringactive volcanogArnalds, 1999; Arnalds, 2004)he geothermal activity
occurring inthis area, mainly in the form of hot springs and fumaroles, originates from the Hengill
volcanic system. This system is situated onittiersectof three volcanic zoneghe Hengill system,

the Hrdmundartindur system and the Hveragerdi sys{&@eptner et al., 2006; Zakharova & Spichak,
2012)

The GO ecosystem is situated in a valley sevekdbmetres north of Hveragerdi, known for its
geothermal activity for centueis (Magnusson, 1708). The transects in this area will be studied as a
proxy for long term effects of soil warming. The otlsérdy site, GN has only been warmed since an
earthquakein May 2008modified the underground hot watesystems(Halldérsson & Sigtirnsson,

2009) The transects of this grassland are situated near the university campus of Hveragerdi and will

be examined as an indicator for short term effects of soil warming on vegetation.
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In general, each transect consists out of 5 soil temperatevels, indicated by its deviation of the
normal soil temperature. The temperature levels were as follows: 1 control plot with a normal soll
temperature and 4 plots with averages of 1°C, 3°C, 5°C and 10°C above the normal average soll
temperature. With a rean average soil temperature of 5°C, the warmest plots are more or less three
times higher than the normal temperaturdccording to the RCP 8.5 estimates, a warming of 10°C is

not exaggerated and ecologically relevant to be studied (IPCC, 2013).

2.1.3Defining plots

Before the onset of this study, it had been decided to establish five replicate transects along the
temperature gradientghat occurredin each of the two studied systenasd therefore were evenly
distributed amongst vegetation that has beeroging on heated soil for a long time and vegetation
with a short exposure to geothermal heatingach temperature gradientplicate consisted out of

five different soil temperature levels.

Todeterminethe location of thefive transects, the soil tempeture was measured throughout the
two study areas to make a soil temperature nsap series of variables was taken into account to
avoid bias of the results through other factors than the difference in temperatBezausethis
project takes place in a hil setting, we tried to keep the orientation of the slopes as similar as
possible for all transects. That way, sunshiheuldbe evenly distributed over the vegetation in all
the plots. The same applies to soil moisture ofer important condition was tht the three target
species for the mrasurements of the plant traitfthe most common species across all the plots:
Agrostis capillarisPoa pratensisand Ranunculus achiscould be found in the transect plots or in
their direct vicinity.Moreover, the stected studyareas had to be undisturbed and free from erosion
for a long time so that the vegetation was not limited in its growth by physical condsaiSince
extensive grazing with sheep occurs in tid grasslandtudy site, it meant that the trarests in this

study area needed to be fenced to avoid influence of grazing or trampling, no matter how small.

The temperature levels were represented by vegetation plots of 2x2m in which the average
temperature corresponds with one of the five temperatulevels that were discussed above. In
these plots nondestructive measurements and repetitive observatiomsre done, such aplant
height and stomatal conductanc€lose tothese large plots, smaller plots of ®.x 0.5 m were
indicated for destructive meagsements such as harvesting of biomass and sampling for the leaf
stoichiometry of the three target species (Appendix Thesesubplots are assumed to be a good
representation of the large plots with the same characteristics. An overgieitie measuremerg

can be found imablel.
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Table 1: An overview of the measuremendsid on which part of the plotsthey were conducted,
whether the measurements were done on timain plots (2x2m) or subplots (0.2x0.5m) and the
number of replicatesRemarks: (1) All temperature levels h&vweplicates (or plots)in both grassland
ecosystemslf there was more than 1 measurement within one plot, this number is put between
brackets. (2) flese measurements are discussed in detail in the thesis of Katherine Vande Velde. (3)
Due to technical restrictions the stomatal conductivity of Poa pratensis was not measured in all the

temperature plots.

Measurement Main plot  Subplot Plotlevel — Species level - q)
measuremet measurement
Vegetation coverage and diversity X X 5
Biomas¥’ X X 5
Stoichiometry X X 5
Soil sampled X X 5(2)
Specific Leaf Area X X 5(3)
Plant height X X 5(5)
Stomatal conductivity’ X X 5

2.2 Sampling peod

Samples were taken miguly, close to the moment of maximum standing biomass, according to NDVI
(Normalized Difference Vegetation Indexjeasurements.lt was ensured thatll measurements
alternated between the G-transects and the Gtransects as muchs the circumstances allowed it.
Simultaneously, the time lapse between the sampling of the first transect and the last was kept as
short as possible to avoid too much influence of the different timimghe growing seasonf the

data collection.
2.3 Vegtation coverage and species diversity

A frame of 0.2x0.5 m was used to define the borders of the vegetation inside the plots in which the
vegetation and species diversity was determingdkllel). Thereforg all the species presa within

this framewere determined and theitotal coveragewasestimated.Six vegetation categories were
recognized: (1) monocots, (2) dicots, (3) ferns and equiseta, (4) mosses, (5) lichen, (6) litter. The first
three categories were determined up tpexcies levelDue to different vegetation layers, the sum of

the species specific coverage percentages can differ from 100%.

The data for the total covewere used to calculate the Shanndiiener diversity index (H) and the

evenness (E) of each individyddt using equation 1 and @eip et al., 1998; Jost, 2006)
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ShannorAWiener index: H =BZ P DE (eq. 1)

: = (
Evenness index: IZ—]TpT 3 (eq. 2)

With pi the coverage proportion of a spesieand S the total number of species in a plot.
Besides these indices, the Ellenbandicator values of the occurring species fbermal optimum,
nitrogen content of the soil, moisture and acidity preference were looked up in databases. Thereafter
the weighted averages of the four indicator values (i) were calculated for each plot taking into
account the coverage of the concerning spedfedl et al., 1999; Okologische Zeigerwertén
example is given by equation 3.

BR s v Lus nF o SNBD §

N s vl TaNE 5 (eq.3)

2.4 Plant traits

2.41 Plant height

For each of the three target species, five individual plants were chosen imeaiohplot (n=5x5 per
treatment per area) from which the height was measured with a folding riileblel). The height b
Ranunculus acri;dividuals was measured until the flower, if absent until the higHeaf. The
height of the grass speci¢®a pratensiand Agrostis capillarisvas obtained by measuring until its

maximum height, i.e. a leaf tip or, if present, thevier tip.

2.4.2Stoichiometry

As stated before, the presence Afjrostis capillarisPoa pratensisind Ranunculus acriwas one of

the conditions to create a vegetation plot on a certain location. These three target species were used
to analysetheir chemcal compositionBesides the leaf element concentration, there was looked at
the element:N ratig also referred to as leaf stoichiomethe N:P ratio is an important ratio in the
ecology through being a good proxy for N or P limitation for a studiedieseso it is worth to focus

in particular on this ratio.

After the determination of the surface cover and total cover, leaves of each of the three target
species were harvested in the 0.2x0.5soiplot so as to obtain 2 g dry weighkgblel). Adult, non
discoloured leaves were selected to prevent divergent results due to other factors than soail
temperature. In cases that theubplotdid not contain sufficient leave biomass for the analysis, the
harvest was completed with additial leaves from the direct surroundings of the plot, so as to

prevent too much deviationrém the aimed soil temperature.
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The samples were dried at a standard temperature of 50°C during 48 hours.

The totalCand N were analysedby using dry combustion witan NC2100 C/dnalyser(Carlo Erba
Instruments, Italy). The remaining elements (Ca, Mg, K, Na, P, S, Fe, Mn, Cu en Zmalysesl
using a different method. The dry matter of the sampless weighed before and after they were
dried for a couple of hourat 105°COf each sampld).1 g wasdissolved in boiling nitric acid for 20
hours. Subsequently the samplegere diluted with water and measured in Inductively Coupled

Plasma (ICP) equipment.

2.4.3 Specific Leaf Area

Leafs of the three target species wagellected for SLA determinatiogblel). Three leafs of each
species were gathered in eachain plot (n = 3x5 per treatment pestudied syster In the field,
each individual leaf was placed on a white sheet of paper withexeate black square of 3x3 cm. A
picture was taken of the leaf together with the reference square. Afterwards the leafs were dried for

48 hours on a temperature of 40°C and weighed to obtain the dry weight.

The computer program Adobe Photoshop CS6 wasl tisacquirethe amount of pixels of both
reference square and the lealVith theknown surface of the reference squarthe leafsurfacewas

obtainedusing equation 5

Are8ea = ( #piXelgar/ #piXelSererence) X Ar€@rerence (eq. 5)
The speific leaf area was obtained by dividing the calculated leaf area by its corresponding leaf dry
weight.

SLA = Areas/ MaSSeqs (eq. 6)

2.4.4Stomatal conductivity

The stomatal conductivity was measured on the three target species. These meastgenen

done in themain plots or in their direct vicinity if the target species did not occur inside the plot
(Table 1). The measurements wer@erformed on two separate daysinder the right weather
conditions (dry and clear sky)

The stomatal conductance was measured using an AP4 Leaf Porometer. In each plot one healthy leaf
of each target species was measured=(b per treatment per area)There wasnade sure that he

leaf filled the complete sensor chambém orderto obtain @rrect valueslarge veins were avoided,

in particular concernindRanunculus acrisFor each measurement, the stomatal conductivity was
noted as well as the temperature in the sensor chamber, the difference with the air temperature and

the relative humidiy.
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2.5 Statisticalanalyses

All statistical analyss were started from the complete statistical model containing the response
variable (or variables when dealing with multivariate analysggssland typgesoil temperature
elevationand species (for thelant traits) as fixed explanatory variables. The five transects in both
grasslandsvere assumed to be replicates and therefore not incorporated as (random) explanatory
variables Grassland typés a discrete variable, batdded soitemperaturecan beconsdered both as

a continuous andas a discrete variable. In most studies, temperaturan be regarded as a
continuous variable whereby the relative magnitude of the values is important. As an illustration; 3°C
of added temperature in comparison with the dowl, represents three times more warming than
1°C of added temperature. However due to the characteristics of the permanent field setup for this
thesis, temperature can also be incorporated as a discrete varidhleplots represent a certain
temperature level without random intermediate values (Appendixl). Consequently, the five
temperature levels can also be seenfiag different treatments. Instead of choosing one of the two

manners of looking at the temperature, there was decided to use both witoper argumentation.

For the statistical analysis of the leaf stoichiometry, the concentration data for the different chemical
elements was standardized and normalized to be able to compare them.

sX = X/ (Ma¥men) (eq. 4)
Using equation 4 relzf 1 a Ay &dl yRINRAT SR @I fdSa wa-Q F2N |
value by the highest value for this element. The element:N ratios were standardized using the same

procedure

Most responsevariables were tested with temperatudevel as a catinuouscausalvariable which
results in the use of ANCOVAil temperature elevation was regarded as continuous variable
because most plotted data showed limear trend with rising temperatureIn case the dataset
showed little or no trend, the analisswas redone regarding soil temperatugkevationas discrete
variable which allows to detect any difference between any set of two or more temperature levels
Normal distribution of the datasets was tested with the Shaplfitk test (W>0.9)If this cordition

was met, a tweway ANCOVA or ANOVA was perform&tien a tweway interaction appeared to be
significant, the dataset was split and considered as different datasets for the rest of the analysis.
Thereforethe two study area®r the targetspecies wes analysedseparatelyin some casedf the
interactions were not statistically significant, the model could be simpllfiedemoving explanatory
variables until only those remaindtat explained significant differences for tlamalysedresponse

variable This is called model reductiomAfterwards pairwise comparisons were done when
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applicable, by using the Tukey test for the simplified ANOVA moDats. that were ot normally

distributed, were analysedusing the norLJr NI YS G NR O { LISt NXltestOfagr thedd y1 O
correlation betweensoil temperature elevationand the corresponding factor within the individual

study areagHollander & Wolfe, 1973).

For the analyses with more than one response variabldtivariate tests wereapplied. This was the

csefori 2t O2@0SNI3IAS 2F AYRAQDGARIzZ f &aLISOASaEXT I+ LI NI
and leaf stoichiometry. For #sethree datasets it waappropriateto do the statistical analysis with

two different methods A standard multivariateanalysis (MANOVA) could be applied for the

9fft SYyoSNHQa AYRAOIFIG2N) @I fdsSa RIFEGFraSG FyR GKS &
individual species per plot however, requires a different analysis. This dataset consists of
percentagesmany of whictwere zero values by reason of species not being present in certain plots.

This results in a high chance ohan-normally distributed dataset. A permutational MANOVA using
Bray-Curtis measure is best suited to gain insight in the this kind of datasetarskquently is able

to describe ecological differences between plant communitisArdle & Anderson, 2001)

Further, threedifferent methods forgraphical representatiowere used to visualize the multivariate
analysesaccording to the type of daté&or each test, therewas chosen for the most relevant and

revealing method. The data for thtal coverage of the different species required Nmwtric
Multidimensional scaling (NMDS), an unconstrained correlation analsis.method is commonly

regarded aghe most robust unconstrained ordination method in community ecology and shows best

all the present variance ahg the newly created NMDB&«es.

A constrained correspondence analy6BCA¥ I & LISNF2NX SR FT2NJ GKS 9ff Syo
which makes it padAo6f S Sd tempygradiredziRVationdt | ¢résslagd |4 O2y a i NI A
parameters for the explanation of variance. Consequently, CCA does not explain all the variation in

the data but only the variation explained by the constraints, which are is tlase, the most

interesting paameters.

At last aPrincipal Component Analysis (P@#)s applied on the data for leaf stoichiometry. This

analysis makes it possible to study the relevance of the different chemical elements and their mutual
relation by their position towards the principal components and each other.

R version 3.0.2 was used as statistical processing software together with Rstudio version 0.98.501.
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3. Results

This section gives a clear overview of the data obtained from the field andtttistical analysis

performed on these data. It is important to notice that the results can be subdivided in two major
GKSYSa | OO2NRAYy3 (2 ( KiBes Warngng N thBoil SauseOaK chapgizha G A 2 y
species composition or adaptations oépent specie€? ¢ KS FANRG aSOlAz2y aKz2ga
effects ofsoil heating on parameters for species composition and community strucfilme second

part shows the outcomes for the effect of the soil temperatigeelson the selected plant trés of

the three selected species. According to the statistical relevance, some parts will be displayed in

more detail than others (Appendix 3).
3.1 Effects of soil warming on species composition and community structure

An overview of all the significant fetts of temperature on species composition and community

structure can be found in Appendix 3 (Table 3A(1)).

3.1.1Effectof soil warmingon vascular plant species total coverage

The average total cover per vascular plant species is illustrated by twehbgs, one for botrstudy
systems(Appendix 2). This graphs also give an overview of which species can be found in the two
grassland types and their average contribution to the total plant coverage. In general 13 species were
found in the GNplots and 19n the GGplots.

Looking at the average total coverage of vascular plats per temperature level wsera distinct
difference in response between the old grassland and the new grassland (p<0.001). Increasing soil
warminghada positive effet on the plant total coverage in G@&hich results in a positive trend, but

no trendcould be found in G(figure2).
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Figure 2: Scatter plot ofsoil tmperatureelevationas continuous variable and total coverage of
vascular species. GO and GN differ significantly (p<0.001). The trend line for GO is significdnt (p<0.0

total coverage in GN did not show a trend (p=0.9).

Thetotal coverage of individual species per temperature level adldvo investigate differencein
community structure. Theravasa highly significant differenc®r grassland type (p<0.001) and also
a significant effect ofoil temperature (p<0.05) in both grasslands. féhevas nodifference insoil

temperature effect betweerGN and G@=0.2).

Figure3A illustrates the significant difference between the two grasslanesyp<0.001), illustrated

by the two polygonsThe position of the species represents their relative importance to certain plots
and therefore also to GNrd>O.Festuca viviparagAgrostis capillarisnd Poa pratensisre associated

with both grasslands, thougWiola palustrisand the Gallium species for example are more associated
with the old grassland anBtanunculus acrignd Equisetum pratenswith the new grasslandFigure

3B is generated with the same statistical model from the same dataset to show the effect of added
soil temperature on the vascular plant species coverage. A slight shift to the right with increasing soil

temperature can be noticed. The warmest and coldest piftboth graslands are the furthest apart.
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Figure3: NMDSgraphical representation of the total cover per individual vascular plant species per
individual plot. Both figurebave the same properties and represent the same dataset, but focus on a
different aspect. Stress of this model0id9, which is acceptable for an NMD#®del Clarke &
Warwick, 2001) . (A) The numbers correspond to the plots, plot number 1 until 25 aatesitin the
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new grassland and 26 until 50 in the old grassland. The two polygons connect the outermost plots of
the two grassland types representing the significant difference between the two (p<0.001). All plant
species are automatically added as weighteg@rages. The exact position in the figure is marked by a
Yisign. (B) The polygons connect the outermost plots of the saihemperature level within the

same grassland type. GO and GN have their avlourrange with changing temperature as is shown

by the legend, illustrating the significant effect of temperature a@gpecies composition (p<0.05).

The two axe of the plot cannot be judged individually, but only the configuration of them together
makes sense. That is wiye quality of fit of an NMBmodel is expressed by a stress factor and not

by an explanation of variance by the different axis. One can interpret this stress as a percentage of
variation not explained by the used dimensions. The stress for this modelL9s which is not
optimal, hut according to the rules of thumb o€larke & Warwick (2001), an acceptable

representation of the dataset.

3.1.2Effect on vascular plant species diversity

Soil warming has a distinct influence on species diversity according to the results for the Shannon
Wiener index FFigure4A). Both for GN as for GQ the soil temperature gradient has a significant
negative effect with rising temperature on the diversity index (p<0.01). The magnitude of this effect
is the same for both grasslagdbut on average, the Shanndiiener index is significantly higher in

the plots ofGOthan in plots 0fGN(p<0.001).

The ShannoiWiener index givea combinedvalue based on the absolute number of species and the
evenness or relative abundance of the geat speciesThis valueallows to calculate trendsin
diversity, butdue to the combined nature of the valiteis not obviougo draw conclusions about the
cause of changes in diversifiherefore,the same analysiwas performedwith species abundance
(the absolute number of specigand speciesevenness This made it possibleo find out which

aspectof the ShannorAViener index that cawe this negative trend.

The statistical analysis for the absolute number of species per pigure4B) results in a similar
output as for the ShanneMVienerindex Both grassland types have a significant decreasing trend
(slope =0.275) in number of species per plot along the soil temperature gradient (p<0Ba1iN

this means thaton aveage 37% of the speciesvere lost by adding 10°Go the normal soil
temperature. In GB1% of the species were logihe number of species per pletas significantly

higher in theGO than in GKp<0.001).
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The second aspect of the ShanAdhener index, theevenness of the vegetation plotshowsfar less
impressiveresults The only significant outcome is once again a difference between the two
grassland types (p<0.01) (Appendix 4, Figure 4A)eTéenesf the different species is not altered

by soil temgrature.

A 20
x
]
E 2.0 y =-0.04x + 1.8
> R2=0.25& p<0.01A
D
R s s
D D e v SR L LTS -
S 1,0 g o o T ? OGN
= > y=-004x+13 ¢ AGO
205 - R2=0.1% p<0.01O
n
0,0 T T T T 1
0 2 4 6 8 10
Soil temperature elevation?C)
B. 14
S0
g 10 y =-0.29x + 9.2
8 R2=0.2& p < 0.001
2
(]
2 &
2 6 OGN
S & & O TS T
S 44 TS T AGO
O
1S > y =-0.26x + 6,7
> R2=0.3% p < 0.001
0 T T T T 1

0 2 4 6 8 10
Soil temperature elevation?C)

Figure4: (A) Shows the outcome of the ANCOVA on the Shantemer diversity index. Both trend

lines are significant and have an equal slope. The average Sh#vieoerindex of GO is significantly
higher than the indx of GN (p<0.001). (B) The graphical output of the ANCOVA for the absolute
number of species. The temperature effect on the number of species is significant and similar in both
grasslands. The trend lines have the same slope and the average numberie$ spaognificantly

higher in the old grassland than in the new grassland (p<0.001).

3.1.3 Effect on the ecological state according to Ellenberg indicator values

Combining the dataset with total coverage per vascular plant species with two datasetsnaamta
the four chosen Ellenbergndicator values (Moisture, Thermal optimum, Acidity and Nitrogen

content) (Appendix 5, Table 5A) and applying equation 3, results in a new dataset with weighted
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indicator values per temperature plofnalysinghe obtainedweighted Ellenberg value dataset with
multivariate statistics clarifies the general trendaN and GQvere significantly different from each
other but the temperature gradienhad a similar effect in both grassland€he nature and the

indicator most resposible for this effect will become clear hereafter.
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Figure 5. The constrained correspondence analysis output of the multivariate analysis for the
GSAIKGSR 9ffSYyoSNEHQa AYRAOIG2N) O f debfthe 8ol and K S NI | €
acidity preference. This type of representing multivariate data displays only the variation for the used
O2yaiNIXAyar ¢6KAOK FFNB Ay GKAa OFasS a¢SYLISNI G dzN.
significant effect within the MANOVA (hperature treatment: p<0.01 and Grassland: p<0.05). This
constrained model explained 13.6% of the variance compared to the unconstrained model, 10.6% of

this variance is expined by CCA1 and 2.8% by COAg.dots represent the different plots. The two
colourranges are explained in the legend and represent the different temperature levels in the two

grasslands.

The constrained model explained 13.6% of the variance that could have been explained when it was
transformed to an unconstrained moddFigure5). The explained variance is rather small, but the
constraints have both a statistically significant effect in the dataset which justifies their choice as

constrained factors.
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Since the graphical output of a constrained corresporadeanalyses is in general not very clear on
the significant differences, the different indicator values warelysedseparately with ANCOVAs.
Plotting the different indicator values in different graphs allows us to interpret this dataset in more
detail (Figure6). Nitrogen content of the soil appeared to be the most influencing ecological indicator
value for this study. There was no significant difference between the two grasslands (p=0.2), but the
effect of temperature on this ndicator value was highly significant (p<0.001, R2=0.27). The

interaction between grassland type and added soil temperature was a borderline (p=0.055).

Aciditypreferencehad no significant effect, and, contrary to the hypothesis, both indicator values fo
Thermal optimum and Moisture reveal no effect, but differ significantly between GO and GN (p<0.05
and p<0.05). The species occurring in GO prefer on average warmer and dryer conditions than

species in GN.
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(C) Optimal temperature preference, and bar charts for the indices for Moisture (D) and Optimal
temperature (E). Theoil temperature effect on the environmental &xi for nitrogen content is
significant, but the scatter plots for moisture and thermal optimum showaildemperature effect.
However the difference between the two grassland types is significant for both environmental indices

(moisture: p<0.05 and Temaeure: p<0.05) indicated Y1 Q | YR W6 Q
3.2 Effect of soil warming on plant traits of target species

An overview of all the significant effects sbil temperature onthe discusselant traits can be

found in Appendix 3 (Table 3A(2) and followings).

3.2.1 Effect on plant height

The plant heightof Agrostis capillaris showed an increase with rising added soil temperature.
Consequently there was chosen to add temperature as a continuous variable. This trend appeared to

be highly significant (p<0.001, R?=®). IFigure7A). There wasno difference between the grasslands

ForPoa pratensishe datawere subdivided per grassland tygmcause othe significant interaction
between grassland type ansbil temperature level (p<0.001)Only a minor significant difference
between two temperature levelswas shown for (Appendix 6, Figure A6(1)). In Glere was a

significantpositivetrend along the temperature gradient (p<0.001, R?=0.Ex){re7B).

The plant height datasdbr Ranunculus acriglso required to split the data in a GN and-G&@aset.
The GNshowed some highly significant effects between temperature levels (p<0.001, R?=0.15), but
no trend (Appendix 6, Figure A6(2)). ContranyGi@ which did suggest a trend<p.05) but without

much explanation of variance (R2=0.0Bigure7C).
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Overall, plant height did not give consequent results for all three species. The grass species suggested
an effect of increasing temperature on abovegroundwgih, Agrostis capillarigor both grasslands,

Poa pratensigand Ranunculus acrsnly far GO (Appendix 3, Table 3A(2)).
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Figure7: Graphical representation of the relevant plant height measurements of Agrostis capillaris
(A), Poa pratensis (B) and Ranunculus acris (C). (A) Plant height of Agrostis capitiesesl a

significantpositivetrend with increasingoiltemperature (p<0.001) for both grasslands together. (B)
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Pant heightof Poa pratensis showed a significant positicendfor GObut not for GN(p=0.3). (C)
Plant height oRanunculus acrishowed a positive trendith increasing soil temperaturier GO but
not for GN(p=0.4).

3.2.2 Effect on leaf stoichiometry

Statistics were performed on all 12 individual elemenh@entrations and all 11 elemeM NI G A 2 Q&
dzaAy3 !'b/h+xta FyR {LISFENYIEyQa NIyl O2NNBfldA2Y

To keep the overview, only the data that showsignificant soitemperature effect are shown in

Table2.

Table 2: Overview of the statistical outputs for the effects of soil warming on leanhese
concentrations and elementNJ GA2a® {AIYAFAOIYOS y20l:p02yT

Y L¥ n ®avalue B giveK r thvedinal ANCOVA modBhta not showing a normal
distribution,wereanalyseddza A y 3 { LISI NX I yQa NIyl O2NNBfl GAZ2Y

u <

0S:

hyté G(GKS AAIYATFAOFLY(d GSYLISNI Gdz2NB ST é&diy,dhe 2 NJ O2 N

temperature effect is the same in both grasslands.

Element Species Grassland p-value R?%°~  Test
C Agrostis capillaris GN 0.46 Spearman
Mg Agrostis capillaris GO 0.2 Ancova
Poa pratensis 0.4 Ancova
Ranunculus acris 0.2 Ancova
K Agrostis capillaris GO 0.3 Ancova
Na Poa pratensis GN -0.44 Spearman
P Ranunculus acris GO 0.5 Ancova
S Poa pratensis GN -0.41 Spearman
Ranunculus acris GO -0.47 Spearman
Zn Poa pratensis GN -0.72 Spearman
Cu Poa pratensis GN 0.3 Ancova
Mg/N Agrostis capillaris GO 0.2 Ancova
Ranunculus acris 0.2 Ancova
K/N Poa pratensis 0.4 Ancova
P/N Agrostis capillaris GO 0.1 Ancova
Ranunculus acris GO 0.4 Ancova
S/IN Ranunculus acris 0.3 Ancova
Mn/N Ranunculusicris  GN -0.53 Spearman
Zn/N Poa pratensis 0.1 Ancova

Therewasno chemical element concentration or ratio that experiedt¢ee same temperature effect
for all three species. In fact thesgasonly one chemical element, Mg, that shedia temperatue
effect for all three specieBoweverthe temperature effect forAgrostis capillarigs only significant in

GO, while the other two species experience a temperature effect in both grassi@ndshe other

28



hand, all species show multiple significant terrgiare effects regarding their leaf stoichiometry.
Looking at the grassland type, six temperature effects are founéGhh seven inGO and six
temperature effects arefound for elements and ratios without distinction between the two
grasslands Therefore,there is no consistencin the effect of soiltemperature gradientson leaf

stoichiometryin one of the two grassland types.

Leafelement concentration is besides the leaf stoichiometry, the only plant &laib analysedwith
multivariate analysiskachdata point is represented by 12 chemical elements or response variables.
Using multivariate analysis for this dataset can reveal patterns that are not visible when
concentrating on each individual element or ratio. Preforming a MANOVA on the stoichiometry
dataset with all the species included, resdtn distinct interaction effects of species with grassland

type (p<0.001) andoiltemperature (p€9.01) (Table A3(3), Appendix3).

The dataare graphically shown with the help of a redundancy analysis or optip principal
component analysisHjgure8). The first principal component accounts for 64.4% of the variance in
the model and the second principal component explains 14.2%, the third, not shown on the figure,
explains 5%. Themasa clear separation betweeRanunculus acrignd the grass species along PC1.
PC2 on the other handallowed to distinguish the two grassland types for all three species and
separatel the grass specieBoa pratensisand Agrostis capillarisThis figue gives some suggestions

for the relative importance of the chemical elements for the differentiation of the species and
grassland types. In Appendix3, Table A3(4), the scores for the different chemical elements can be
found. Thesescoresexpress the impdance of each element with the correspondiRg. e leaf
concentrations ofCa, Na and Mavere the most important parameters for PC1, bwere rather

trivial for PC2. For this principal component leaf concentrationdmfCu, S, Kvere more important.

Thesequel of the multivariate analysigasdone separately for the three species.

The multivariate analysis fakgrostis capillariseveakd a significant interaction between grassland
type and temperature (p<0.05) leading to a further subdivision of thta @d@aGN and GO. For GO this
resulted in a significant effect of temperature on the leaf stoichiometry (p<0.05). The dataset for GN

gaveno additional information.

The statistical output oPoa pratensiggave a highly significant interaction between GNdaGO
(p<0.001)as well,indicating adifferent effect of temperature on the chemical element composition
in the two grasslands. A separated analysis gtbtliat therewasa significant effect of the present

soil temperature gradienin both grasslandéGN p<0.01, GO: p<0.05).
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Ranunculus acrishowed roughly similarresults as Agrostis capillaris A significant interaction
(p<0.05) led to a separated analysis for both grasslands and W&sa soil temperature effect on

the leaf stoichiometry itcO(p<001), whichwas not reflected irGN

Ga
MNa

PC2

GN GO
Agrostis capillaris :I :I
Ranunculus acris I:I I:I
Mn Poa pratensis |:] -
| I I
0.0 05 1.0

PC1
Figure8: A Principal Component Analysis (PCA) for the leaf elemental concentratensvo axis or
the two first principal components in this case, explain 51.0% and 11.8% of the vafinacgots
represent the individual plots and the polygons connect the outermost plots of the corresponding
species and grassland type as given in the legend. The chemical eleveemtslded as weighted
averages and can be interpreted as follows: The furdtveay from the dotted intersection, the more
important for explaining the shown variation. The imaginary line between an element and the
intersection, gives the direction of its importance. Ranunculus acris and the two grass sgeeies
clearly separatecby PC1, consequently the elements Ca and Na explain the most variance. Poa
pratensis and Agrostis capillaris are more or less distinguishable by PC2. For all species PC2 has the
most influence on the separation of both grassland types. Element$/iikeés and K were more

important for PC2.
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Besides the scores of the chemical elements and significances, the scores of the measuring points are
another useful output of the multivariate analysis. In principle, the scores ofR@éare the
coordinates of eachata point on the principal component axes. Preforming ANCOVAs on the scores
of the three first principal components (PC1, PC2 and PC3) of the mutual analysis in relatswilwith
temperature, allows to answer the question which principal component deteesiimost the
temperature effect(Appendix 3, TableA3(4)Comparing these statistical results with the scores of

the chemical elements, one can determine which chemical element concentrations are most affected
by temperature. Thse analyses were done becatihe significantsoil temperature effecs are not

visible onFigure8.

Table A3(5) (Appendix 3)ivesan overview of the ANCOVAs performed on the scores of the
multivariate analysis. In general they confeththe visual assumjins. PC1 shoad significant
differences betweenRanunculus acrigind the two grass species (p<0.001). PC2 sepdrtte
different grassland types resulting from the significant differences between the two grassland types
for the different species (p<0.0D1Further,PC2 separatkthe grass species from each other and
from Ranunculus acrisReturning to the question in which principal component the temperature
effect was incorporated, the answer is clear. PC1 is the only component that eth@nsignificant
temperature effect, though its significance is much lower than the significahtke interspecies
difference. Looking at the loadings of the same analysis as these scores, Na, Ca areteMige

three element concentrations most affected by temperature.

An analogous multivariate analysis for the elemeittogen ratios was performed as for the leaf
element concentrations(Appendix 3, Table A3(6)). The MANOVA oneleenent:nitrogenratios of

the three target species also resulted in the expected sigmifieffects of the interactions between
WALISOASEAQ YR WANraaflyR G(G8LISQ 6LkF ndn nFigiredl y R
gives a graphical expression of the relation between the different species and grasglasdased

on the leaf stoichiometry. This figure is very similarFigure8 and the same distinctions can be
made. The first axis explains 56.0% of the variance, the second 13.3% and the third axis, not shown in
the figure, exphins 10.2%. Theatio scoresconfirm what can be concluded froRigure9; CaN, NaN

and MgN are most important for PC1 and M¥ SN, KN and CiN for PC2 (Table A3(7), Appendix

3). These ratios contain the elements that wereoalmportant in thePCAmodel for theelement

concentrations.

The leafelementN ratios for Agrostis capillarishow only a significant effect between the two

grasslands (p<0.001he same analysis fétoa pratensi®n the other hand, resu#d in a sigriicant
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effect for the interaction (p<0.01) and soil temperature effect in both grasslands (GN p<0.01; GO
p<0.01) was found The element:nitrogen ratios of Ranunculus acrishowed a significantsoll
temperature effect in GO but not in Ghh comparison wh the raw element concentration analysis,
the soil temperature effect forAgrostiscapillariswaslost by working withelementnitrogen ratios,

the other significances are the same.
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Agrostis capillaris |:| |:|
Ranunculus acris |:| I:l
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I | I I
05 0.0 05 10
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Figure9: Graphical output othe principal omponent analysis (PCAh the elemennitrogen ratio
dataset. The figure can be interpreted Bigure8. The grass species are separated from Ranunculus
acris along principal component 1 (PC1) and the grasslgresbtghow a shift from GN to GO along
principal component 2 (PC2). The ratios Ca:N and\MNae tre most important for PC1 and Mvhfor

PC2 with less importance for S:N\ Knd CuN.

For the same reason as for the stoichiometry, ANCOVAs on the scorbe efementnitrogen
multivariate analysis were performed (Appendix A3, Table A3(8)). The statistical outpus binglw
similarities with the results of thelement concentrationsPC1 splitiRanunculus acriisom the grass
species and PC2 distinguishes trassland types of the three species. Huod temperature effect
however, is no longer shown on the first axis, but on the second axis and ordamonculus acris
PC3 shows a species effect for this analysis, with significant differences beReagmatensisand

the two other target species.
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In Table2 can be found that M ratio is the only ratio that shows some consistency. There is a
temperature effect on this ratio in th&Ofor both Agrostis capillariand Ranunculus ad. The
ANOVA orN:Pratio led to the same effects.

Figure 10 show the N:P ratios of the three speciesand the soil temperature trend found for
Ranunculus acriand Agrostis capillarisThe temperature effect is positive f&anunculusacrisand
Agrostiscapillaris The Rasalue forAgrostiscapllarisis very low, probably through thievo outliers

and +1°C and +3°C.
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Figure 10: Graphical representation of the:Mratio for the three species in the oldagsland.
Ranunculus acris and Agrostis capillaris both show a significant efféntrefisingtemperature
(Agrostiscapillaris dotted trend line Ranunculusacris full trend lin@. The limits for nitrogen and

phosphorus limitation at respectively 14cah6 are indicated with two dashed lines.

3.2.3 Effect on Specific Leaf Area

The SLAvasfor Agrostis capillarisn all the vegetation plots very similar astiowedno statistical
differences.Poa pratensisand Ranunculus acridiffered onlysignificanty in SLA between the two
grasslandypes (p<0.001and p<0.05 respectivelyAppendix 6, Figure 6A(3)) both casesGOhad

the highest SLA&alues. The Skéata of Ranunculus acrishowedan additional difference between
the control plot and the +10*@mperature level (Appendix 6, Figure 6A(5)), with higher values for
+10°C.
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3.2.4 Effect on Stomatal conductivity

For all three target species a similar significant effect was obtaimede specificallya significant
difference between the two grassland typd&Sontrary to the two other species, the conductivity of
Ranunculusacriswas the lowest in the old grasslanthere were no differences founbetweenthe
different soil temperature levels neither with soil temperature level as continuous or discrete
varialle (Appendix 3, Table A3(6)). Figure A6(5) (Appendix 6) gives a graphical representation of the

data. The standard errors fétoa pratensisvere relatively large.
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4. Discussion

4.1 Effects of soil warming on community structuesd biodiversity

4.1.1 Eféct on vascular plant species total coverage

The increasing trend in total plant coverageith soil temperaturein GO, confirng the first
hypothesis which statedthat higher soil temperatures would induce an increase of total plant cover
(Figure2). We assume that this increase was caused by a positive effect of warmingcyelihy, as
was shown byChapin et al(1995) whichresulted in a shift from belowground competition via roots,
to aboveground competition vikeaf coveraggYoung et al., 2011)f a shift in limitation is the only
process involved, thigould have led to a increase of plant coverage in both grasslartdsvever,

the plant heightresults for GNcontradict our hypothesisin GN there is no proof for an increase

plant coverage with rising soil temperature

This deviation from what was hypothesizecan beexplainedby the occurrence of ofetting
mechanismsand the difference in soil warminduration between the two grassland@Arft et al.,
1999; Chapin et al., 1995%0il temperature itseltould be a stress factor for the species in GN,
reducing their ability to profit from the changed conditiofis is supported by a drastic decrease in
root biomass with increasing temperature in GMS9cThesis Katherine Vande Velde, 2014). Such a
large decrease in root surface, might limit N uptake and prevent the shift from N limitation to light
limitation. A combination of adaptation and directional selection in GO could have Iptats that

are used to warmer soil temperatures and higher N avaitgpihnd are able to benefit from this
conditions In contrast to GO, lants in GN might be lesslapted to warmer soils and lesapableof
immobilizing the temperaturéenduced surplus of N in the soil and converting it into aboveground
biomass, which wdd result in N leachingr volatilization(McHale et al., 1998 tukewille & Wright,
1997). Anyway, this explanation remains purely speculative and future research is definitely needed

to understand this apparent difference between GN and GO.

The increased coverage in th@armer plots of GOis mainly due to the continued presence of
Agrostis capillariand the strong emergence d¢foa pratensisand Potentilla anseringFigure A2,
Appendix 2).Grasses likeAgrostis capillariand Poa pratensisare known to respond quickly to
increased soitemperature (Brooker & van der Wal, 20Q3prasses increase their totaldi biomass
especially by increasing the shoot size rather than the shoot number, resulting in an augmented total
coverage. The increased coverage Rdtentilla anserinacontradicts earlier findings, where the

biomass of this species declined withcreasedtemperature (Shi et al., 2010)This reponse
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however, was ascribed to drought stremssociated withwarmingin opentop chambergJonsdottir
et al., 2005 Aerts, 2006; Shi et al., 20LMrought stress ishowever,absent or rarein this region
due to the abundant rainfathnd pint measurements in spring and sumnmer2013 did not reveal
any changes in soil moisture with temperature (Leblalils, personal communication)Potentilla
anserinacould have an advantage through its reprative strategy It can reproduce asexually by
stolons or runnersmaking it possible for this species to colonize its direct vicivitgn fully adapted
to the environmental conditionsThis strategy waseften observed in theiéld, although in general,
an increase in competition indusemore investnent in sexual than in clonal reproduction

(Rautiainen et al., 2004)

Looking at theindividual species coveragerhich isa measure for species shifts and community
structure, there are two interesting features that require more attentidrirsty, the species
composition taking into account their individual coveragdiffers significantlybetween the two
grasslandgFigure3A). This ould be a confirmation that species selection has occurt@dughout
the centuries in G.

A second point of interest is shown byigure 3B, which illustrates the similar impact of soil
temperature on thevascular plancommunity structure.ln addition tothe clear positiveeffect of
rising soil temperatureon total coverage in GO, it is obvioukat temperature also dfected the
individual species coveragdowever, despite the fact that temperature did not influence total cover
in GN,Figure3B does suggest some effect sifil warmingon GNcommunity structure Therefore,
there must be anotheexplanation for the impact of soil temperatumn species compositioim GN
besides an increase in leaf coveragehis could bethe inability to adapt to increased soil
temperature at short notice.

Worth noticing is, that thee is a clear difference in species coverage betweerctimtrol plots of GN
and GO(Figure3B), stressing that these plots cannot be regarded as ten replicates of the same
temperature level but aseparatecontrol plots within the temperature gradients of GN and GO

respectively.

4.1.2 Effect on vascular plant species diversity

The secondhypothesis, statinghat soil warmingwould decreaseplant species diversifywas well
substantiated.Thedecline inthe ShannoAWiener index with increased heating of the soil, confirm
this hypothesis Kigure 4A). The increase in lightompetition, related to theassumed warming
inducedincreasein N availability(Chapin et al., 1995would bethe main regon for the loss of
species diversityBarot & Gignoux, 2004 ompetitive species, making optimal use of the increased

availability of soil nutrientsputcompete the more stres®lerant species in their search for light.
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This has been shown taesult in a deser cover(Chapin et al., 1995Young et al., 2011
Soudzilovskaia et al., 20L3From our own total coverage estimations we can codeldhat this
statement is only true for one grassland, GO. The total coverage of GN did not shewpteed
positive trendwith rising soil temperatureRigure2) and therefore, increased competition for light

cannot be the mechnism, driving the loss ofwrsity at higher temperatures in GN.

The explanation for the declining biodiversity in GN might be found in the duration of the warming,
in other words: the age of the temperature gradients. One knows for sure that the teahper
gradients in GN exisa bit over five years (at the time of fieldwork), making them good
representatives for short time warmin@dalldérsson & Sigbjoérnsson, 20080 meanwhile, has been
warmed for centuries and maybe even longer (Magnusson, 1708). This time span is long enough for
plants to adapstructurallyand physiologically to this higher soil temperatukgveyears of warming

in GN ignay have beemoo short to produce such adaptations. This allows usyipothesizethat the

present speciefoss withtemperature increasgis not the result ofncrease nutrient availability as

most likelyis the casén GO, but resultof temperature stress for the unadapted plants.

To examine which aspect of the biodiversity index causes the decline in biodiveositygvenness
and species number were testeBvenness was not altered by soil temperatufgata not showi,
revealingthat speciedossis themainfactor drivingthe negativetemperature effectonthe Shannon
Wiener indexFigure4B).

Kaplan et al. (2006) founthat warming inthe arctic wasassociatedwith increasel nutrient
availabilities anded to a successiolhe extensivergzing occurring in GO could give an explanation
for the absence of successiimthis study The presence ajrazingin arctic regions with dwarf shiu
vegetation, usually leads to a transition towards grassland vegetdiiddaz et al., 2007)Grazing
favoursthe presence of gratend species over mosses and the grazitself removes seedlings of
dwarf shrubs(Van der Wal et al., 2004Previous research pointed out that after removing the
grazing presse, it takesdecackes before the grazing effectimdoneand a dwarf shrub ecosystem is
establishedOlofsson, 2006)Sq despite tle fact that the plots in GO were fenced at the beginning of
the growing season of 2018, will take years before a real equilibrium is established if the grazing

pressure was big enough to have a sigaifit impact on the vegetation.

4.1.3 Effect of soiwarming2 y G KS SO2ft 23A0Ft aidldS | O0O2NRAY

Ellenberg indicatorvalues arescoresto quantify the ecologyof a species. One could say that the

Ellenberg values of a species illustrate the environmental conditionahich a fecies is best
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adapted. Thesscoresapply to all individuals within a species and, as a consequence, caansied

as an indication foran adaptationto specific conditionsTherefore these valuescannot prove
whether directional selection within a spexs has taken place after centuries of soil warming in GO.
Theydo, however,suggestwhich environmental parametensiay have been the main drivers of an
observed species shift, as they reveal tpimal environmentalconditions forthe present species in
the different studied treatmentgViolle et al., 2007)

The multivariate analysis for the differemommunity weightedEllenberg indicators seemed to
supportthe general hypothesishat rising temperatures wilfavour species with a prference for
warmer temperatures and a-Ncher environmentand having anigher droughtresistanceg(Figureb).

A general difference intommunityweighted Ellenberg values betwedne two grasslands ithen a
conseqguence of the ddfence in species composition in GN and. @@ likely thatthe significant
temperature effecton both species composition and Ellenberg indicator values was caused by the
same drivey sincethe communityweighted Ellenberg values per pletere based onthe total

coverage per specieandtherefore both datasetsarerelated.

The analysis performed on the-pMeference indicator value of the present species, resiiin a
common trend for GN and GO, indicating that on average mapeefierring speciesccured in the
warmer plots indirectly proving that Mavailability was most likely enhanced (at least when
integrating over long periodg}igure6A). However, theabsence of gositive trend in total coverage
with rising temperatue in GN, makes it harder to explain the increase of mogrdferring species
in GN.Thetotal coveragedata suggestedhat temperaturewasa stress factofor plantsinstead of
improving ther chance in gathering .N'he combination of Figure A2 and Table(Appendix 2 and
5), offersa logical explanation for the apparent increase gbrdferringspeciesn GN It appears that
therewasno increase in Nreferringspecieswith increasing soil temperaturébut a disappearance
of indicator species for 4door conditions, likeGalium borealeCarex bigelowiand Pilosella aurantia.
This species loded to the establishment of a very specipsor community(only 4 species remain)
without large difference in dominance structure. The remaining specigsre assaiated with
moderate Navailability,and wereapparentlynot able use the additional soil No produce more
aboveground biomass, resulting in a status quo in total coverage across the entire studied soll
temperature gradient in GN.

In GO he same trend ofosing indicator species for-INniting conditions was found for G(@alium
boreale, Festuca viviparaln the warmes temperature plotsof the GO gradientthere was an
additional trend.The coverage share ¢foa pratensisnd Potentilla anserinancreasel sharply. Both

species have a relativehygh Ellenberg value for soil-preference and thereforecontributed to the
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increased communityveighted Npreference indicator scoréOne carnthus conclude that thecause
of the elevatedcommunityweightedpreferencein more Nrich environmentds twofold. On the one
handa loss of Nimiting indicator specigswvhich occurred in both GN and Gandon the other hand

an increased dominana® N-preferringspeciesn GO

The weighted Ellenberg values for the thetmaptimum and moisture preference reveal
something unexpectedFigure 6B-E) We hypothesizedhat an increase othe soil temperature
would attract species with a higher temperature preference in both grassjaatteit more
pronounced in GQ because species establishment is a slow procEssvever, therewas no
statistical evidence for a trend in thermal optimum with rising temperatifigre6B). We expected

a positiveeffect of soiltemperature for moisture preferencehrough a higher demand of CO2 as a
conseqguence of increased nutrient availabili§oundant rainfall in the region would prevent water
stress caused by increased evapotranspiration. This hypothesjedsed the moisture preferencesi
constant in both grasslands but differs significantly between GN an(F{g@re6C) However, there

is an inversed statistical differendetween thermal optimum and moisture preference in the two
grasslandgFigure6D-E) The highest weighted averages for thermal optimum appear in GO as well
as the lowest values for moisture preference. One can concludeithgéneral, the vegetation in GO
prefers warmer temperatures andals a higher drought resistamcEarlier research proved that
species preferring warmer temperatures, in general are more resistant to drought $tf2ssg &
Cheng, 2004 Easterling & Apps, 20D5This suggests a temperature induced species selection
throughout the whole valley of GO in comparison with.®Nhe old temperature gradients in GO
gave certairspecieghe ability to adapto higher soil temperatureghis wouldgivethese speciean
advantage towards uadapted speciesincreasing their relative abundance in the vall&his
reasoning is not applicable for species in GN, becansgdaptation needs time to establish itself
throughout a populatiorby natural selectior{Byarset al, 2007) As stated before, Ellenberg values
are not a proof for adaptationwithin a speciesbutthey do not exclude adaptatioreither. Species
that are able to persist in the warmer aredlsrough being better adaptedhave a higher chance of
developing additional adaptationsvhich willfurther improwe their survival. This is what could have
occured in GOAgain, this is pure speculation, but an interesting research question to be developed

in the coming years.
Concerning the communityweighted indicator value of soil pH, no effect of soil temperature was

found. Further, no difference in commuypiweighted pH Ellenberg value was observed between the

studied grasslands.
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4.2 Effect of soil warming on plant traits

In the previous part, it was shown thadiswarming inducecchanges on the community level, both
in GO asn GN.Herethe questionarises whethertemperatureeffectsare also seen in the plant traits
of individual speciesThe next sections will discuss the impact of soil warromglant height, leaf
stoichiometry, SLA and stomatal conductance of three plant species, occurring in belagds and

across the entire soil temperature gradients.

4.2.1 Effecbf soil warmingon plant height

Only one target species configd hypothesisnumber four, which stated that ineased light
competitionat higher temperaturesvould force plants to growaller to compete for sunlightVore
specifically Agrostis capillarishowed an increasing trend with soil temperatyran both GN and GO
(Figure7A). The explanatiofior the different responses among the three target specias ldeelybe
found inthe differences of theidominance statusAgrostis capillariss the only species that could be
called dominant imearly all the vegetation plots doth grasslandg¢Figure A2, Appendix .2)grostis
capillarisis the only species thds able to profit from the increased availability of soil nutrients,
induced through soil warmingn both the short andthe long term This makes him a good light
competitor anda dominant speciesconfirming previous research and our hypotheg¢Mokany et al,
2006; Arft et al., 1999)

Ranunculus acriand Poa pratensisvere able to increase their maximal height with increasing
temperature in GObut failedto do so in GNRigure7B-C). FoiRanunculus acrishis trend is unlikely

to be ecologically relevangiven its low coefficient of determination (R¢alue) contrary to Poa
pratensis The latterspeciesis rather rare throughout the whole valley of GN, but has a more
prominent presence in G@nd its coveincreasel with risingsoil temperature (Figure A2, Appendix
2). The following is pure speculation about the underlying mechani®woa.pratensisnay have been
able to adjust its physiology to the increased soil temperature in the long runsabdequently
became morecommonin these areasTherefore this species is able to explain the increase of total
cover in GO with soil temperature, while this trend is absent in IGNe assume thathe starting
situation of both grasslarewasthe same, the soil temperatureffect for Poapratensisis not (yet)
visible after the firsfive years ofnatural soil warmingn GN Since the plant height in the cold&O
plots is still relatively low and similar to GN, this adaptation cdnade triggeredthe plasticity of
plant heightto adjustmore properly to soil temperature changes andaiilability (Byars et al.,
2007)
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Ranunculus acribas a reversed statusf dominancein comparison withPoa pratensigFigure A2,
Appendix2) Ranunculus acrisan be called common in GN, buat GQ the species seems to suffer
from the large coverage oAgrostis capillarisPoa pratensisind Potentilla anserinan the warmest
plots, and the overall large species diversity in the colder pléigure A2 Thisis expressed aa
generallower plant height in GO compared GN.

Consideringolant heightof Ranunculus acri;mi GNas an indicator fothe optimal temperaturefor
growth, it appears that the optimum temperature iground +3°C (Figure AB( Appendix 6)
However, this conclusion should besubstantiated with results from other growth-related
measuements (Dang & Cheng, 20Q4Poa pratensisshowed a similar albeit less pronounced

pattern with a maximal height around +3°C (Figure A6(1), Appendix 6).

4.2.2 Effect on leaf stoichiometry

Leaf stoichiometry, both individudeaf element concentrations andeaf element:N ratios, give
insight inpotential nutrient limitations (Aerts & Chapin, 2000; Koerselman & Meuleman, 199#ice
Northern high latitude ecosystems are characterized by nutrlgniting conditions through lower
temperatures (Pefiuelas et al., 2013jve hypothesizedthat the leaf concentrations of essential
elements such adN and P would increasand N:P ratios wouldincrease,indicating lessN-limiting
conditions with increasing soil temperaturdhe individual analysis for the different elements
however, did not confirm this hypothesigTable 2). Nonetheless eight out of twelve tested leaf
element concentrations showetbr at least one of the three target speciassignificantpositive
trend with rising soil temperaturédn the other had, no clearpattern was detectedor the absolute
concentrations and element:N ratiaos neither of the two grasslanddike increasd concentrations
across all three target species or in baftasslandsOur resultsfor absolute leaf concentratignot
only contradict our hypothesis but also the results ofZhang et al. (2012vho concluded that
temperature wa one of the key varides determiing leaf element concentrationsSardansand
colleagues (Submitted)n the other handtonfirmed our results for element:N ratidn their study an
leaf stoichiometryin tree species acros&urope they concludedthat leaf stoichiometry is an
evolutionarydetermined characteristic of a specjewith only minor flexibility according to the

present climate and applied strategy.

The mulivariate analysis on the wholeaf elemenfal concentratiors and the same analysis for the
leaf element:Nratios resulted ina clear distinction between the three target speci@sgure8 and
Figure9). Thiswas pectedsince these species are noglated species with their own accumulation
and allocation strategie€Sardans & Pefiuelas, 2012)major differencein elemental compositiois

shown betwen Ranunculus acriand the two grass speciesong the first axisof the principal
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component analysislhe two grass speciesere separated on the second axis (Figure 8 and\Bp
the two grasslandsvere separated along the second compondoit each ofthe three species. The
latter could suggest that the species apply slightly different strateigi€dN and GQbr may indicate
differences in soil mineral concentratiofetween both grasslandsThere are indications fahe
latter (Niki Leblans, personabmmunication) Nonethelessthe divergence between species on the
first two axes of the principal component analysis wggar larger than the divergence between the
two grasslands within each speci€ghis is the result of the different acquisition amatlocation
strategies of the three species, whiblavea larger effect on leaélemental concentration than the
possibledifference in soil composition arelement availability between GN and GO.

The scores of both multivariate analysesvealed whichelements were causing thebserved
differences.Ca, Na, Mg, Zn and @ere mainly responsible for the difference betwedRanunculus
acrisand the two grass species, while Mn and MmBre mostdifferent betweenAgrostis capillaris

andPoa pratenis

Both leafelement concentrations and leaf element:N ratios revealed a temperature effégtire8

and Figure9). A multivariate analysis on the separate species, resulted in trends with temperature
for all speciedn GO and foPoa pratensislso in GNNonetheless, e analysis of the individual
scores revealedhat the temperature effect was bubf minor significance comparetb the species
effect and the effect of thawo grasslands (Appendix 3, TaBlend 8) This agrees withhie lack of
consisten effects oftemperature on the individual elementsand element:N ratiogTable2). We
assume thatthe few temperature effectsobserved aredue to the plasticity in leaf element
concentratiors and the rather small range of variability ispeciesspecific stoichiometry as was

found by(Sardans et al., submitted)

Since N:Patios and their ecological relevance arell documented in literature, it is interesting to
take a look at the N:P ratio of the three target species across the temperature gradient.\Waeae
positive trend for bothAgrostis capillariend Ranunculus ats with increasing soil temperature in
GQ However, this trend wasabsent forPoa pratensigTable2, Figure10). All ratios but one for
Agrostis capillarigire lower than 14suggesting thathe envirorment isN-limiting for the growth of
these speciestatios above 16would haveindicated phosphor shortagg¢Koerselman & Muleman,
1996 Aerts & Chapin, 20000ur results confirm that orthern ecosystems are characterized Ky
limitation (Aerts & Chapin, 2000)his limitationreduceswith rising soil temperature foAgrostis

capillarisand Ranunculus acrjdut remains present, even in the warmest plots.
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4.2.3 Effect o SLA

The SLA was hypothesized to increase with rising soil temperature as a result of thiEavoorable
nutrient conditions (Cunningham, 19990rdofiez et al., 2009 Our resultsdo not confirm this
hypothesis. The Slgk Agrostis capillariglid not show any significartitend. The SLA ¢toa pratensis
and Ranunculus acriglid not change with temperature, buliffered between the two grasslands
(Figure 6A (3 and 4), Appendix B) both cases, the Shwas higher for plants in GO than in GN
suggesting better conditions in GBearing in mind previous resulthjs could be another indication
of the occurrence of adaptations in GO to the altered soil temperature, which ig/edtachieved in
GN.

Our findings do nohecessarilycontradict previous researctereviouspaperson SLAmainly discuss

the global patern of SLA linked to climate conditions and applied plant strategies. This usually
involves a shift in species with different average -8alies, rather than an adaptation or plasticity
within a speciegReich et al., 1997Cunningham, 1999%eich et al., 2007Qrdofiez et al., 2009;
Soudzilovskaia et al., 2013

4.2 .4 Effect on stomatal conductance

As was stated in hypothesis number sevaane of thethree target speciesshowed a decreasing
stomatal conductance with rising soil temperatuiere was a significant difference between GN
and GCfor all three specieshut thisdifference wasot consistentacrosshe three speciesStomatal
conductance was higher in GO than GNAgrostis capiaris and Poa pratensisbut the reverse was
seen forRanunculus acrigigure A6 (5), Appendix 6).

If stomatal conductance is a measure of water stréSsllers et al., 199Mang & Cheng, 2004
Agrostis capillarind Poa pratensiexperienced less water availability in Ghhile the stomatal
conductance oRanunculus acrisuggested more water stress @0O.It is, however, unlikelyhat any

of the measuredplants wassuffering from water deficit, due to the abundant rainfialthe area
Stomatal conductance also depends of internab-€ahcentration. When the plant metabolism is
elevated as a consequemof increased nutrient availability, the internal £€ncentration will drop,
inducing a higher stomatal conductivitp improve the uptake of CQO(Sellers et al., 1997)This
makes stomatal conductivity a measure for genstedss with higher values for plants well adapted
to their environment. Consequrtly, these data confirm the measurements of plant height and the
dominance status oPoa pratensisind Ranunculus acri®oa pratensiss more abundant in GO with
higher plant heights, while the opposite is true f®anunculus acrisuggesting thaPoa patensisis

better adapted tharRanunculus acris GO compared to GN.
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5. Conclusion

Our resultsshow that soil warminghas adistinct impacton the presentgrasslandvegetation Soil
warming induced changes imwablessuch aspeciegichness andliversity, communityweightedN-
preference and plant heighOther variablessuch as leaf stoichiometry and SLA, howeware not

affected bysoil temperature,

Coming backo the main research question whether soil warming induces a change in species
compodtion or rather an adaptation of present species, we can conclude that our results indicate
that thesetwo strategiescannot be seen as separate possible consequertiss.however, essential

to separate between the consequencesstibrt term and long tam soil warming, represented by GN
and GO respectively. An adaptatjavhich is beneficial for a species under the prevailing conditions,
takes time tospread through a population. This is illustrated by the large differences often found
between GN and GGOndicating that plants in GN lacked the time needed to devdlwurable

adaptations.

Adaptatiors on species levelvere absent in GN, but our resultshowed that the community
structure of both grasslandwas affected by increased soil temperaturkr bah GN and GO, soill
warming caused the plant biodiversity to decline as a consequence of a decrease in species richness.
Nonetheless, it is shodighted to extrapolate community changes observed in short term
experiments to long term experiments, for it agars that ths decline in biodiversity wasduced by

two different driversin the different time scalesf warming In the short term, soil warmingvas
experienced as a stress factaliminating all species thatwere not able to persist thehigher
temperatures. When speciewere given the time to adapt to the higher temperaturess was the

casein GO,plantswere ableto utilize the increased availability of nutrientwhich causeda shift

from soitnutrient competition to light competition. This compgbn shift causd the decline in

species richnesdut an increase of total plant coverage warmed soiln the long term.

A welcome extension to our results, would be a characterization of GN and GO in the field of soll
composition incorporating nutrig availability. Attempts have been made to obtain direct evidence
that warmer plotsare associated with higher-&lailability, but this has not been proven yet, only
indirectly by our resultslt would be very interesting for future research to examineetter our
assumptionthat adaptations occurred on species leielalid The results oPoa pratensisevealed

it asa good target species testthe new research questions that were posicthis thesis.
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Appendix

Appendix 1: Field setup
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Figure A1Shows a schematic overview of the field setup near the university cambugrafgerdi or
the new grassland (GN) and the valley of Reykjadalur or the old grassland (GO). The figure shows the
five different temperature levelwithin all ten transects, five transects belonging to GN and five to

GO. The large squares represent tti@n plots and the smaller squares refer to the subplots.



Appendix 2: Average species coverage
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Figure A2:Average species coverage js@il temperature level for both new grassland (a) and old
grassland(b). The whole bar shard gives the average tetacular plantcover persoiltemperature

level. The legend underneath both bar chards galethe species occurring in the corresponding
grassand.



Appendix 3: Overview of statistical outputs

Table A3(1):Overview of the statistical outputs for the effects of soil warming on community

A0 NHZOGd2NE yR aLISOASa O2YLRAAGAZ2Y® {ATYATFTAOIYOS
p<0.001.Only the relevant comparisons with avalue smaller than 0.1 are included in the tafilee

Rzvalue is given for the final ANCOVA model.

Response variable Explanatory variable p-value R?2 Test

Total coverage Grassland: Temperature ANCOVA
Grassland typ
GN Temperature NS
GO Temperature 0.30
Coveragendividual Grassland:Temperature NS MANOVA
species Grassland type
Temperature
ShannonWiener index  Grassland: Temperature NS ANCOVA
Grassland type
Temperature 0.51
Species number per plot Grassland:Temperature NS ANCOVA
Grassland type
Temperature 0.54
Evenness Grassland: Temperature NS ANCOVA
Grassland type
Temperature NS 0.16
2 SAIKGSR 9f Grassland:Temperature NS MANOVA
indicator values Grassland type
Temperature
Weighted Moisture Grassland:Temperature NS ANCOVA
preference indicator Grassland type
value Temperature 0.10
Weighted Thermal Grassland:Temperature NS ANOVA
optimum preference Grassland type
indicator value Temperature NS 0.11
Weighted Acidity Grassland: Temperature NS ANCOVA
preferenceindicator Grassland type NS
value Temperature NS 0.01
Weighted Nitrogen Grassland:Temperature ) ANCOVA
content preference Grassland type NS
indicator value Temperature 0.27




Table A3(2):Overview of the statistical outputs for the effects of soil warming on plant height.
{AIYATFTAOIYOS y2altGA2yT ~ Y nomnf LF n-vlugiggivenyor LIF n 5 |
the final ANOVA or ANCOVA model. Only the relevant comparisons witlalaepsmaller than 0.1

are included in the table. C indicates the control plots without added soil temperature.

Species Comparison Explanatory variable p-value R?2 Test
Agrostis capillaris Grassland:Temperature NS ANCOVA
Grassland NS
Temperature 0.17
Poa pratensis Grassland:Temperatur ANOVA
Grassland
GN Temperature NS 0.01 ANCOVA
GN Temperature 0.08 ANOVA
C-+3°C Temperature
GO Temperature 0.22 ANCOVA
Ranunculus acris Grassland:Temperatur ANOVA
Grassland
GN Temperature NS 0.004 ANCOVA
GN Temperature 0.15 ANOVA
C-+5°C Temperature
C-+3°C Temperature

+1°G +3°C  Temperature
+3°C +10°C Temperature
GO Temperature 0.05 ANCOVA

Table A3(3):Overview of tke multivariate outputs for the effects of soil warming on leaf
A02A0KA2YSUGNE & {AIGYATAOIYyOSLIWROAMI2Y.T Y YLINOWmA \

Species Explanatory variable p-value Test

All Grassland:Species MANOVA
Species:Temperature

Agrostis capillaris Grassland:Temperature MANOVA
Grassland
GN Temperature NS
GO Temperature

Poa pratensis Grassland:Temperature MANOVA
Grassland
GN Temperature
GO Temperature

Ranunculus acris Grassland:Temperature MANOVA
Grassland
GN Temperature NS
GO Temperature

Table A3(4h: Table with thescoreoutputs of the PCAon the leafelement concentrationThe values
are the of the elements on the correspondiR§Cof Figure8 expressing the relative importance of

each element for thiBC



Element PC1 PC2 PC3

N 0.30082 -0.13247 0.35912
C -0.01284 0.01111 0.01775
Ca 1.17342 0.10916 -0.17500
Mg 0.73421 -0.05611 0.06060
K 0.28898 -0.21119 0.14027
Na 1.21969 0.064% -0.21119
P 0.46594 -0.05322 0.01502
S 0.50202 -0.28513 0.10833
Fe 0.20894 -0.10825 -0.01081
Mn -0.08111 0.92001 -0.09350
Zn 0.58104 -0.08172 -0.00176
Cu 0.59551 0.16470 0.34999

Table A3(5)Overview of the output of the ANCOVAs performed ond¢bees of the three firdeCof
the multivariate analysis for leaflement concentratio® { A Ay AFAOF yOS y2aF A2y T

LF¥F ndomplEndnm Y -valde is divem for ¢he findl ANOWA or ANCOVA model. Only
relevant comparisons withrvalue smaller than 0.1 are included in the table.
PC  Species Comparison Explanatory variable p-value R2 Test
PC1 Al Grassland:Species NS ANCOVA
Species:Temperature NS
Grassland: Temperatur: NS
Temperature
Grassland
Speies 0.92
RanAgr Species ANOVA
RanPoa Species
PC2 Al Grassland:Species ANCOVA
Species:Temperature NS
AgrPoa Species ANOVA
AgrRan Species
PoaRan Species
Agrostis capillaris Grassland: Tempature NS ANCOVA
Grassland
Temperature NS 0.54
Poa pratensis Grassland: Temperatur: NS ANCOVA
Grassland
Temperature NS 0.44
Ranunculus acris Grassland: Temperatur NS ANCOVA
Grassland
Temperature NS 0.43
PC3 Al Grassland:Species NS ANCOVA
Species:Temperature NS
Grassland: Temperatur: NS
Temperature NS
Grassland NS

Species NS




Table A3(6)Overview of the multivariate output for the effects of soil warming on the leaf chémica
elementNNI GA24® {AIYATFAOI YOS y2iilFMm2dausE Y n dYm i Ldrdmnan

Species Explanatory variable p-value Test

All Grassland:Species MANOVA
Species:Temperature

Agrostis capillaris Grassland:Temperature " MANOVA
Grassland
Temperature NS

Poa pratensis Grassland:Temperature MANOVA
Grassland

GN Temperature
GO Temperature

Ranunculus acris Grassland:Temperature MANOVA
Grassland
GN Temperature NS
GO Temperature

Table A3(7)Table with theloading output of thePCAon the leaf elemeniN concentration. The
values are the coordinates of the elements on the correspoitilofj Figure9 expressing the relative

importanceof each element for thiBC

Rato PC1 PC2 PC3

CN -0.18845 -0.088319 0.46163
CaN 1.07035 0.009552 0.03192
Mg:N 0.60810 -0.091723 0.02875
KN 0.05381 -0.279306 0.26126
NaN 1.24217 0.018865 -0.27523
PN 0.30550 -0.164225 0.47433
SN 0.36731 -0.312361 0.04641
FeN 0.18001 -0.131305 0.03824
Mn:N -0.19277 -0.785631 -0.19698
ZnN 0.54808 -0.101277 0.06462
CuN 0.44062 0.256711 0.27449

Vi



Table A3(8):Overview of the output of the ANCOVAs performed on the scores of the three first
principal components (PC) of the multivéeianalysis for leaf elemem ratios. Significance notation;
Y nomnf LIF ndnpz Y L¥F n ®np-Ealue is dikemfdr ihm Enal ANOVX orLJF n @ n

ANCOVA model. Only the relevant comparisons withvalye smaller than 0.1 are included in the

table.
PC  Species Comparison Explanatoy variable p-value R2 Test
PC1 Al Grassland:Species NS ANCOVA
Species:Temperature NS
Grassland:Temperatur NS
Temperature NS
Grassland NS
Species 0.85
RanAgr Species ANOVA
RanPoa Species
PC2 Al Grassland:Species ANCOVA
Species:Temperature NS
AgrPoa Species ANOVA
AgrRan Species
Agrostis capillaris Grassland: Temperatur: NS ANCOVA
Grassland
Temperature NS 0.39
Poa pratensis Grassland: Temperatur: NS ANCOVA
Grassland
Temperature NS 0.23
Ranunculus acris Grassland: Temperatur: NS ANCOVA
Grassland
Temperature 0.43
PC3 Al Grassland:Species NS ANCOVA
Species:Temperature NS
Grassland: Temperatur: NS
Tempeature NS
Grassland NS
Species 0.35
PoaAgr Species ANOVA
PoaRan Species

Vil



Table A3(9)Overview of the statistical outputs for the effects of soil warming on SLA. Significance
Y20l GA2yT ° Y n owmnprlir dudnd = YY Lihmeddgpaividr the f8l  wu
ANOVA model. Only the relevant comparisons withvalpe smaller than 0.1 are included in the

table. C indicates the control plots without added soil temperature.

Species Comparison Explanatory vamble p-value R?2 Test
Agrostis capillaris Grassland:Temperatur NS ANOVA
Grassland NS
Temperature NS 0.02
Poa pratensis Grassland:Temperatur NS ANOVA
Grassland
Temperature NS 0.08
Ranunculus acf3 Grassland: Temperatur, i ANOVA
Grassland
Temperature 0.13
C-+3°C Temperature )

C-+10°C Temperature

(1) Datasetvastransformedby taking the logarithm of all Sh/alues which resulted in a normal distribution.

Table A3(10):Overview of the statisticabutputs for the effects of soil warming cstomatal
O2yRAzOGAQGAGED® {AIYATFTAOFIYOS yAGARY T " OMY thmedmm® i n
relevant comparisons with aymlue smaller than 0.1 are included in the tafllae R#alue is given

for the final ANOVA model.

Species Comparison Explanatory variable p-value R?2 Test
Agrostis capillaris Grassland:Temperatur: NS ANOVA
Grassland
Temperature T 0.26
Poa pratensis Grassland:Temperatur: NS ANOVA
Grassland
Temperature NS 0.10
Ranunculus acris Grassland:Temperatur: NS ANOVA
Grassland
Temperature NS 0.27
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Appendix 4: Extra figures species composition and community structure
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Figure 4AAverage genness for the data of the two grassland types, GO andE®dt bars indicate
the standard deviation with n = 2betters show statistical significant differencesb(g<0.01)









