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Abbreviations

LMA Leaf mass per area (g m?2)

RWC Relative water content (%) of a leaf

CIN Carbon-to-nitrogen content (C/N)

PSI, PSII Photosystem I, photosystem |1

Fo Minimum fluorescence of dark-acclimated leaf (umol photons m2 -s1)

Fo’ Minimum fluorescence of illuminated leaf (umol photons m2 -s%)

Fm Maximum fluorescence level of dark-acclimated leaf (umol photons m2 -st)

Fm’ Maximum fluorescence level of illuminated leaf (umol photons m2 -st)

Fv Variable fluorescence yield (Fv = Fm — Fo) (umol photons m2 -s1)

Ft Steady state fluorescence value (umol photons m=2 -s?)

Fv/Fm Maximum photochemical yield of PSII (ratio)

PAR Photosynthetically active radiation, 400 - 700 nm (umol photons m2 s1)

Y(I1) Effective photochemical quantum yield of PSII. (Often called @psi) (umol photons m2 -s1)
Y(NO) Quantum yield of non-regulated heat dissipation (umol photons m -s)

Y(NPQ) Quantum yield of light-induced non-photochemical quenching (umol photons m=2 -s1)
NPQ Non-photochemical quenching (umol photons m -s1)

ETR Electron transport rate (umol photons m2 -s1)

ETRwm Maximum ETR (umol photons m2 -s%)

NPQwm Maximum NPQ (umol photons m2 -s%)



Table of contents

AADSITACE ...ttt 1
INEEOAUCTION ...ttt 2
Polyploidy as a mechanism Of @VOIULION. ........coviiiiiiiiieiic s 2
A successful high-Arctic autopolyploid ........cccuviiiiiiiiiiiiiie i 3
Potential impacts of polyploidy on leaf structure and nutrient allocation............c.ccoccveervnenns 5
Effect of polyploidy on photoSyNthesiS........cuiuiiiiiiiiiiieiiii e 5
Polyploids can have improved Stress tOlerancCe.........ovvvviivieiiieiiiiiee e 6
Study aim, structure and hypothesis.........ccocveiiiiiiiiiiee e 7
Materials and MEthOAS .......c.uoiiiiiiiiei s 9
STUAY AICA ...ttt bbbttt r e 9
Overview of the three different measurement SEt-UPS .........cccerveririeiieiiiie e 12
Plant selection procedure from tranSeCtS.........ccviveiieiiriesieie e 14
Chlorophyll a fluorescence in situ to obtain Fyv/FM ...cccoooviiiiiiiiiiiiicc e 15
Measurements and calculations of leaf traits LMA, RWC and C/N ..........ccocceeiviiieeeiinnnn. 15
Calculations of light CUIrVe ParamEterS.........coceeiiiiiiieiie et 16
Light curve measurements on re-rooted cuttings grown in climate-controlled room.......... 17
Whole plant individual COllECtION ..........ccoiiiiiiiiiiiic e 18
Light curve measurements on whole individuals grown in climate-controlled room.......... 18
StatiStiIcal ANALYSIS ...veveiiiieiii e 18
RESULES .. e 20
Analysis of the leaf measurements LMA, RWC and C/N from 2020 and 2021 .................. 20
Light curve totals and low survival in climate-controlled room...........cccccoevviiiiiiiiiiennnn, 23
Curve fitting to get parameter estimates for ETRm and NPQM......cooovviviiiiiiiiiiiiiice, 24
Climate-controlled room from potted cuttings, over two measurement periods.................. 25

Climate-controlled room light curves from whole plants, over three measurement periods29

Comparison of stress levels between field and climate-controlled room individuals.......... 32
DASCUSSION ...ttt a et e bt e e bt e e e kbt e e bb e e e bb e e e abb e e enbe e e anbe e e nnteeeanbeeens 33
Nitrogen, carbon and relative water content of [€aves ..........ccocevvviiiiiiiiiiie e 33
LMA for diploids contradicts expectations set in hypothesis ..........cccoveiiiiiiiiiiiiiiiicnnen, 34
Weak evidence of more efficient photosystem II in tetraploids ............ccooviiiiiiiiiiiiiiennnn, 36
Tetraploids could deal better under high-light conditions............cccocviiiiiiiiiiciiiee, 37

Both re-rooted cuttings and whole plants endured sub-optimal conditions in climate-
CONEIOIIEA TOOMM ...ttt ettt e e e b e e nne e 38

Limitations and ShOTtCOMINGS ........coiiiiiiiiiiiiii i 39



Reducing knowledge gaps and future prospects

L0700 01 L1 1S3 10} o



Abstract

Polyploidization can be a rapid path to speciation and is considered an important evolutionary
mechanism. Some predict that all plants have undergone a polyploidization event during their
evolutionary history, and the frequency of polyploid species increases with latitude. The
Arctic-Alpine Saxifraga oppositifolia, an autopolyploid, has two polyploids that have
successfully established themselves in the high Arctic archipelago of Svalbard, Norway. It
can be found in a growth form gradient spanning from prostrate form to dense cushions. This
gradient, as well as differences in habitat preferences and reproductive strategy have later

been linked to its polyploid nature.

As the most likely route for polyploid long-term establishment is linked to niche
differentiation, I investigated several plant physiological traits both in in situ and in vivo
settings to gain an insight into its success story, but also provide insight into the effect of
autopolyploidization and the psychological effects of polyploidy. Two under-researched
aspects of polyploidization. In general, polyploids can be seen to have higher photosynthetic
rates and stress tolerance and previous studies on S. oppositifolia would suggest that its
polyploids have higher rate of growth and photosynthesis. I hypothesized that polyploids
displayed physiological characteristics related to this.

In this study I found polyploids to have higher leaf mass per area (LMA) than diploids.
Tetraploids showed weak evidence of higher efficiency of photosystem II (PSII) through the
proxy measurement of electron transfer rate, and higher stress tolerances through higher
efficiency of non-photochemical quenching (NPQ). Nitrogen-to-carbon content did not
change with polyploidy, but leaf relative water content could be influenced by polyploidy. As
higher PSII efficiency was only seen in measurements in tetraploid re-rooted cuttings of
S.oppositifolia, 1 suggest that this efficiency increase is an adaptation to quickly grow to
successfully establish themselves as a new individuals. The higher LMA seen in both
polyploids, and higher NPQ seen in the tetraploid, are linked to higher stress tolerances,
probably related to drought stress.



Introduction

Polyploidy refers to the state when an organism, tissue, organ, or single cell genome contains
more than one pair of homologous chromosomes (Jackson, 1976). This is especially common
in plants, where 70 to 100 % of angiosperm species have undergone polyploidization during
their evolutionary history (Albert et al., 2013; Averett, 1980; Lawlor, 2001; Masterson, 1994).
For polyploids to form, there needs to be a doubling of genetic material, which can occur via
different polyploidization mechanisms (Bretagnolle & Thompson, 1995; Bush, 2001;
Rieseberg & Willis, 2007). A common mechanism is the fusion of unreduced gametes
produced during meiosis, or genome doubling in new vegetative tissue that becomes a
reproductive organ (Bretagnolle & Thompson, 1995; Bush, 2001; Rieseberg & Willis, 2007).
Further doubling of the genome can create polyploids of even higher ploidy levels (Yang et
al., 2009).

Polyploids can be further classified as either being allopolyploids or autopolyploids.
Allopolyploids are formed from a hybridization event followed by a polyploidization event,
while autopolyploids result from polyploidization within a single species (Jackson, 1976;
Ramsey & Schemske, 1998). Research on polyploidy has largely focused on allopolyploid
species, and much less has been published on autopolyploid species (Spoelhof et al., 2017).
As allopolyploids are formed through hybridization and polyploidization (Bush, 2001), they
are often morphologically distinct from their progenitors. Autopolyploids, on the contrary, are
often identical to their progenitors, and their identification relies on genetic methods such as
flow cytometry (Grosso et al., 2012). This has led to autopolyploids being taxonomically
ignored, and their importance underestimated (Soltis et al., 2007; Spoelhof et al., 2017).

Polyploidy as a mechanism of evolution

Estimates of speciation events in angiosperms occurring due to polyploidization range from
two to four percent (Otto & Whitton, 2000) to 14 % (Wood et al., 2009). The prevalence of
polyploidization is considered an important driver of plant diversification, and an important
mechanism of evolution and speciation (Otto & Whitton, 2000; Soltis et al., 2009).
Polyploidization occurs more often without speciation as an outcome, and speciation attempts
often end in failure (Soltis et al., 2014). This high failure rate can be attributed to the
ecological constraints around the establishment of polyploids, as it would be in direct

competition with its progenitors (Fowler & Levin, 1984; Thompson & Lumaret, 1992).



Despite challenges in polyploid establishment, succeeding individuals perform well (Soltis et

al., 2014).

Simulations based on a modified version of the Lokta-Volterra competition model show that
establishment is most likely when the polyploid can coexist with its progenitor due to niche
separation (Fowler & Levin, 1984). This can be seen in Dactylis glomerate L., tetraploids
flower at different times than the diploids, and the tetraploids dominate in open habitats
whereas diploids in low-density forest floor areas (Lumaret et al., 1987). Similar spatial
patterns of habitat differentiation linked with polyploidy can be seen in many species (Dijk et
al., 1992; Eriksson et al., 2017; Feber-Girard et al., 1996; Hardy et al., 2000; Johnson et al.,
2003; Sabara et al., 2013; Tyler et al., 1978). One of them is the mixed-autopolyploid
Saxifraga oppositifolia L., an Arctic-Alpine angiosperm (Svalbardflora.no).

A successful high-Arctic autopolyploid

The population of S. oppositifolia found in the high Arctic archipelago Svalbard, Norway, can
be divided into two ecotypes (Crawford et al., 1995). In wet low laying riverbeds prostrate
plants dominate (Figure 1a), while on warm and dry ridges, cushion plants (Figure 1b) are
common (Crawford et al., 1995; Elven & Elvebakk, 1996). With this separation in mind,
some have considered dividing the Svalbard population into two subspecies (Brysting et al.,
1996). However, it was not until recently that this separation was linked to the plants’
polyploid nature (Eidesen et al., 2013). Three ploidy levels, di-, tri- and tetraploid, have been
reported for Svalbard (Miiller et al., 2012). The tetraploids and triploids of S. oppositifolia do
not form cushions and are almost absent from the exposed ridges (Eidesen et al., 2013;
Eidesen et al., (in prep)). Diploids, on the contrary, display the entire range of growth forms
(Figure 1a-b) and are represented on both ridges and in riverbed habitats (Eidesen et al.,

2013).


https://svalbardflora.no/

Figure 1. Two photographs that show the strong difference in growth form seen in Saxifraga oppositifolia. In the pictures, a

strong cushion (a) and a prostrate (b). The two forms exist on a spectrum, and in-between forms are common. Photos: Simen
S. Hjelle.

As S. oppositifolia is an autopolyploid, it is a good candidate for investigating the effects of
autopolyploidization without hybridization (Spoelhof et al., 2017). The polyploids of S.
oppositifolia have managed to overcome the challenge of establishing themselves and they
are found in great numbers all over Svalbard (Brozova et al., 2023; Eidesen et al., 2013;
Miiller et al., 2012). They could have quickly adapted to new a niche after polyploidization,
or it is possible that the population of polyploids was separated under the last glaciation and
evolved in refuges, until a secondary contact with its progenitors after deglaciation (Dijk et
al., 1992). The main lineages of diploids and tetraploids in Svalbard likely colonized the area
separately, but there is also some evidence of some recent polyploidization events in Svalbard
as well (Brozova et al., 2023; Miiller et al., 2012). The local triploids could have originated
from hybridization between diploids and tetraploids. (Brozova et al., 2023; Miiller et al.,
2012).

Recent findings have suggested that a main phenotypic difference between diploids and
tetraploids is their mode of reproduction (Eidesen et al., (in prep); Tjessem, 2021). Diploids
reproduce mainly sexually and produce significantly more flowers and seeds, while the
tetraploid utilizes asexual reproduction through vegetative propagation (Eidesen et al., (in
prep); Kume et al., 1999; Tjessem, 2021). On nunataks, which are mountain peaks protruding
through glacial or continental ice, tetraploids were found to be far more common than

diploids and triploids(Brozova et al., 2023). In these habitats tetraploids likely benefited from



its success with asexual reproduction and not relying on pollinators (Brozova et al., 2023).
These recent studies were the first to show niche differentiation between diploid and
tetraploid of S. oppositifolia, and with the principle that for polyploids to succeed, niche
differentiation is needed, one would expect there to be several unknown ploidy-induced

adaptations in the tetraploids of S. oppositifolia.

Potential impacts of polyploidy on leaf structure and nutrient allocation

A prominent niche differentiation in habitat utilization seen between S. oppositifolia diploids
and polyploids is that diploids can cope with the conditions present on exposed, dry, ridges,
and are commonly found in such habitats (Eidesen et al., 2013; Eidesen et al., (in prep). The
polyploids are more frequent in lower laying areas such as riverbeds, suggesting tetraploids
may have adaptations linked to survival in such habitats (Eidesen et al., (in prep)). A trait
often used in ecological studies is leaf mass per area (LMA), which correlates to several
functional traits in plants. It is a ratio of leaf dry mass per leaf unit area, where a high value of
LMA means thicker and/or denser leaves and lower values thinner and/or lighter leaves
(Witkowski & Lamont, 1991). LMA can for example be used as a proxy of photosynthetic
rates, where lower values of LMA are correlated with higher photosynthetic rates (A. V.
Perera-Castro & Flexas, 2023; Poorter et al., 2009; Wright et al., 2004). Higher LMA is
however associated with a longer leaf lifespan, nutrient retention, and gives protection from
desiccation (Schlesinger & Chabot, 1977; Sobrado & Medina, 1980). Leaf measurements
making up LMA can also be used to calculate relative water content (RWC). This is a
measure of the hydration status of a leaf and will indicate if the leaf is under drought and heat
stress (Mullan & Pietragalla, 2012). Further, leaf dry weight in combination of other
measurements can be used to evaluate the nutrient status of the leaf. A common parameter is
the carbon-to-nitrogen content (C/N) of a leaf. Enzymes involved with photosynthesis take up
most of the leaf nitrogen (about 75%) (Chapin & Eviner, 2007; Evans & Clarke, 2019), and
photosynthetic rate generally increases linearly with nitrogen content (Evans, 1989; Muraoka
et al., 2008). Therefore, C/N ratio can then be used as a proxy for photosynthetic rate, growth
rate, but also nutrient availability (J. P. Bryant et al., 1992; Xianchun et al., 1994).

Effect of polyploidy on photosynthesis
These leaf traits can be used as a proxy for the photosynthetic abilities of a plant. As
polyploid cells contain twice as much genetic material as its progenitors, they can also have

higher chlorophyll a/b contents in the cells, resulting in higher photosynthetic rates (Dong et



al., 2017; Ellis & Leech, 1985; Wang et al., 2021; Warner & Edwards, 1993). Though, this
increase can be negated depending on genetic factors, leaf structure and how the cells are
packed (Warner & Edwards, 1993).An example of negated effect was described in the
autopolyploid millet grass Pennisetum americanum (L.) Morrone, where tetraploid had
double the cell size and higher photosynthetic rates per cell, but half the cell number per leaf
unit area compared to diploids. This meant that photosynthetic rates per cell unit area were
the same for diploids and tetraploids (Warner & Edwards, 1988). However, using synthetic
autopolyploids of the angiosperm Phlox drummondii, Vyas et al., (2007) found that by the
11™ generation the tetraploids had higher photosynthetic rates than the diploids.

While comparisons of photosynthetic performance changes related to polyploidy in S.
oppositifolia have not been investigated, differences have been seen when comparing
between plants from different ecotypes (Crawford et al., 1995). When comparing plants
growing on beach ridges against plants in low-laying meadows around Ny-Alesund,
Svalbard, Crawford et al., (1995) found plants in the low-laying meadow had higher
photosynthetic rates. This is likely an adaptation to the shorter growing seasons in the
meadows, where snowmelt starts later than on the beach ridges. The meadow plants also
exhibited prostrate growth form (Crawford et al., 1995). As we now know prostrate growth
form and the habitats they are found in are linked to the polyploids of S. oppositifolia,
polyploidy could have been an unknown factor influencing the results in Crawford et al.,
(1995). However, in a study by Kume et al., (1999) where they compared the two growth
forms of S. oppositifolia (prostrate and cushion) which grew in the same riverbed habitat

around Ny-Alesund, Svalbard, they did not find differences in photosynthetic rates.

Polyploids can have improved stress tolerance

Polyploids are often seen to cope better with stressful conditions (Coate et al., 2013; Tossi et
al., 2022). S. oppositifolia and all other Arctic flora live in quite extreme, stressful
environments (Fernandez-Marin et al., 2020). For two months during the summer, the sun
does not set and exposes them to 24-hour long photoperiods. This excess light can produce
radicals (reactive oxygen species) which can lead to oxidative damage to the photosynthetic
apparatus (Bassi & Dall’Osto, 2021). This damaging effect can be mitigated or prevented
through non-photochemical quenching (NPQ), which is a process where the excess light

energy is dissipated as heat, instead of being used in photosynthesis (Demmig-Adams B et



al., 2014; Larkum, 2006; Lazar, 1999). An increase in NPQ is also linked to other stressors,
such as drought (Esteban et al., 2015; Latowski et al., 2011; A. V. Perera-Castro & Flexas,
2023). NPQ between Arctic plants can vary a lot (Y. Li et al., 2013), and a study on
Ranunculus auricomus L. reported that polyploids had more efficient NPQ (Ulum et al.,
2021). S. oppositifolia should in theory live under less extreme conditions than the ridge
delving diploids (Eidesen et al., 2013; Fernandez-Marin et al., 2020). However, as the
polyploids lack the protective benefit of a cushion growth form (Badano & Cavieres, 2006;
Cavieres et al., 2007), they may need to compensate with higher efficiency of NPQ.

Study aim, structure and hypothesis

When it comes to the impact of polyploidization, most research revolves around genetic
changes (Soltis et al., 2016). Far less research revolves around ecological and physiological
changes due to polyploidy, especially for autopolyploidy (Soltis et al., 2016; Spoelhof et al.,
2017). Additionally, with anthropogenic climate change, life in the Arctic is facing an
uncertain future (IPCC, 2023). As polyploids can swiftly adapt to new changes, investigations

into natural polyploid populations are of value (Van de Peer et al., 2021).

Here, I attempt to reduce this knowledge gap by investigating the potential effects of
autopolyploidy in the mix-ploidy angiosperm S. oppositifolia on several plant physiological
parameters. Further I theorize on the possible adaptative advantages of ploidy induced
adaptations and their potential meaning for the success of the S. oppositifolia polyploids in

the high Arctic archipelago of Svalbard.

The physiological parameters investigated were the leaf structural trait LMA, the RWC
content from leaves of S. oppositifolia, alongside leaf C/N content. I employed pulse-
amplitude-modulation (PAM) fluorometry, a non-invasive method of assessing the efficiency
of photosystem II (PSII) (Lazér, 1999), NPQ (Demmig-Adams B et al., 2014; Larkum, 2006;
Lazar, 1999) the quantum yield of PSII (Y (II)), maximum yield of PSII (Fv/Fum) (Baker,
2008) and other parameters obtained through chlorophyll a fluorescence by PAM fluorometry
(Lazér, 1999; Maxwell & Johnson, 2000; Schreiber, 2004). PSII efficiency can be assessed
based on calculation of relative electron transfer rate (ETR) (Baker, 2008), which also

positively correlates with carbon assimilation (A. V. Perera-Castro & Flexas, 2023).

I attempted a combination of field and climate-controlled room (lab) measurements. Plants in

the climate-controlled room were acclimated to its conditions before measurements. Data



from field and lab settings could potentially allow for separation of effect caused by

polyploidy, and effect caused by phenotypic plasticity.
Effort was divided into three measurement setups:

e Setup 1, Field: 1 collected leaves from individuals from riverbeds, slopes and ridges.
These leaves were used for LMA, RWC, and C/N. Additionally, I did fluorescence
measurements during summer of 2020 in the field.

e Setup 2, Re-rooted Cuttings: | measured the fluorescence on cuttings of S.
oppositifolia grown in a climate-controlled room.

e Setup 3, Whole plants: | measured the fluorescence similarly to the re-rooted
cuttings, but on whole individuals S. oppositifolia harvested from the field and grown

in a climate-controlled room.

Polyploidy can have higher photosynthetic rates and stress tolerance, and as prostrates of S.
oppositifolia are linked with higher rates mainly due to their shorter growing season, the
prostrate growth form is also linked later with polyploidy. Polyploids of S. oppositifolia are
also more successful at vegetative propagation, where higher photosynthetic rates and growth

rates can be beneficial. Based on this, I hypothesize the following:

Polyploids, when compared to diploids, show higher efficiency of PSII, through the proxy of
ETR. They have lower LMA, and higher C/N content in their leaves. They show higher stress
tolerance through more efficient NPQ. This has helped in polyploid establishment and niche
differentiation. I do not expect to see differences in leaf RWC, but as a parameter it will give

insight into potential water stress in the plants.

Ho: Polyploidy in S. oppositifolia does not significantly alter ETR, C/N, NPQ, or LMA

compared to diploid individuals.

H;i: Polyploidization, particularly autopolyploidization, induces changes in ETR, C/N, NPQ,
and LMA in S. oppositifolia.



Materials and methods

Study area

The high Arctic archipelago of Svalbard lies between the Greenland Sea and Barents Sea, and
is made up of several islands, with Spitsbergen being the largest. During the summer,
temperature ranges between 5 to 7 °C, and with the influence of the North Atlantic Current
winter temperatures are relatively mild, ranging from -13 to -20 °C (Hanssen-Bauer et al.,
2019). The mean annual precipitation is low, and ranges from 196 nm to 581 nm annually
(Svalbard Airport weather station) (Hanssen-Bauer et al., 2019). Wind speeds can get high
due to channeling effects in the valleys, and average wind speeds fluctuate during the season,
with highest speeds during the winter months (Petersson, 2007). The Arctic flora consists of
about 2200 species, with only 8 % of them a precent in Svalbard. The North Atlantic Current
brings warm water up the western side of Svalbard, leaving it with overall higher mean
temperatures causing western parts of Svalbard to host most of the vegetation (Elven &

Elvebakk, 1996; Hanssen-Bauer et al., 2019).

The individuals of S. oppositifolia used for this study came from five established transects
located in the proximity of Longyearbyen, Svalbard, Spitsbergen, Norway (78°13'N
15°38'E). The transects make up a gradient, starting from coastal marine influenced areas to
inland areas at locations within Adventdalen (Figure 2). Each transect contains 3 plots that
make up a ridge, slope and riverbed gradient. Within each plot, there are 48 marked plants of
S. oppositifolia with a known ploidy level. These transects were established by Eidesen et al.
between 2018 and 2019 (Eidesen et al., (in prep)).
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Figure 2. Map of the area around Longyearbyen showing the locations of the five transects used. The circle markers
represent the middle of each transect. Each transect contains three plots of different habitat classification (Ridge, Slope and
Riverbed). The smaller map in the top right corner shows the location of Longyearbyen (square) within the Svalbard
archipelago. The abbreviations right to left: Bjerndalen (Bj), Endalen (E), Todalen (T), Bolterdalen (Bo) and Foxdalen (F).
Figure created using QGIS (QGIS Development Team, 2023. QGIS Geographic Information System. Open Source
Geospatial Foundation Project. http://qgis.osgeo.org). Map layer © Norwegian Polar Institute.

The three habitats used can be characterized as follows:

¢ Ridge/transition to scree slope (called Ridge): Wind exposed, dry and with little to
no snow protection during winter, leading to longer growing seasons. They have
sparce vegetation, mainly solitary herbs. More temperature variations and longer
growing seasons. Scree slopes have unstable sediments.

o Vegetated slope (called Slope): Vegetated area usually situated between the ridges
and the river running through a valley. They are lightly sloped and can have dense
vegetation, such as heaths, meadows and moss carpets. More water is available, and
snow cover during the winter. Stable environment overall. Shorter growing seasons.

® Riverbed: Situated at the bottom of a valley, in areas of past river flow or close to
river flow. Can vary from sparse vegetation and unstable sediments in flooded areas,
to more stabilized vegetation and continuous biological crust. High snow cover during
winter, and high moisture content. Unstable periods with shifting river flow, and

changes in river strength due to seasonal melting. Shorter growing seasons.
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Box 1. Chlorophyll a fluorescence using PAM fluorometry

Chlorophyll a fluorescence can be measured with a fluorometer, such as a pulse-
amplitude-modulation (PAM) fluorometer (Lazar, 1999; Maxwell & Johnson, 2000;
Schreiber, 2004). Photons in light can be absorbed by chlorophyll to drive photosynthesis
(photochemical quenching), converted into heat (non-photochemical quenching), or
reflected as fluorescence. This fluorescence signal is measured by fluorometers (Maxwell
& Johnson, 2000). The fluorescence signal represents that of chlorophyll a (Duysens,
1951), of which there are two main pigments, P700 that sits in photosystem | (PSI), and
P680 that sits in photosystem Il (PSII) (Maxwell & Johnson, 2000). These pigments serve
as reaction centers that accept electrons. PSII gets electrons from water through photolysis,
where the photon separates the electron from the water molecule. In PSI the electron
comes from PSII. These reaction centers can have two states, (1) open state if they can
accept an electron, or (2) closed state if they contain an electron. Changes in states create
changes in fluorescence signal. Such changes in fluorescence will be due to PSII (as PSI
gets electrons from PSII), and PAM fluorescence is therefore a measurement of the
efficiency of PSII (Maxwell & Johnson, 2000).

To use a PAM fluorometer, the instrument’s fiber optic cable is aimed at a
photosynthetically capable sample. Certain parameters require the sample to be dark-
acclimated beforehand, such as Fv/Fm and NPQ (Table 1). The fiber optic cable sends out
a measuring light generated by the instrument. This is a pulsating low-intensity light, and
not strong enough to drive photosynthesis and will leave PSII reaction centers open.
Fluorescence signal reflected back through the fiber cable between pulses and is measured
by the fluorometer. This signal represents the fluorescence yield when none of the light is
being used by PSII (Box 1, Figure 1). If the sample is dark-acclimated, the fluorescence
value is recorded as Fo, otherwise Fo’. The next step is to expose the sample to a high-
intensity saturating pulse of light, which excites and fills all the reaction centers in PSII.
Fluorescence recorded at this point represents the maximum fluorescence yield of the
sample, Fwm if dark-acclimated, Fm’ if not (Box 1, Figure 1). Following saturating pulses
can be performed between periods of actinic light that keeps photosynthesis in an active
state (Box 1, Figure 1) to generate parameters such as ETR and NPQ (Table 1) (MINI-
PAM 11 Photosynthesis Yield Analyzer Manual, 2023).

11
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Box 1, Figure 1. lllustration explaining the principles of PAM fluorescence quenching analysis with a dark acclimated
sample and open photosystem 1 (PSII) reaction centers. First, a measuring light (ML) is activated, and the steady state
fluorescence is recorded (Fo). Second, a saturating pulse (SP) is sent out to fully activate PSII, and the maximum
fluorescence is recorded (FM). Third, actinic light (AL) is activated to drive photosynthesis, once stable fluorescence (Ft)
levels are reached, a second SP is sent out, which records maximum and minimum fluorescence of an illuminated sample
Fwm’ and Fo’. The illustration also shows what non-photochemical quenching (NPQ) and photochemical quenching is
based on. Figure based on (Maxwell & Johnson, 2000; (MINI-PAM II Photosynthesis Yield Analyzer Manual, 2023).

Overview of the three different measurement set-ups

Field measurements took place in the summer of 2020 and 2021 (Figure 3). During 2020 I
used a fluorometer to measure chlorophyll a fluorescence (Box 1) and calculated the
parameter Fv/Fu (Table 1). Additionally, I measured LMA and RWC in 2020 and 2021, and
C/N for 2020 (Figure 3).

The two other set-ups involved measurement of chlorophyll a fluorescence obtaining Fv/Fu,
but also creating light curves (Box 2), on re-rooted cuttings and whole plants (Figure 3).
Additional photosynthetic parameters were calculated from the light curves, such as ETR and

NPQ (Table 1). The maximum values of each were used for further statistical analysis.
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Figure 3. Graphical illustration of the different measuring efforts during 2020 to 2021. Squares represent the type of
measurement, with the main parameters measured below in rounded squares. The color of the square represents what
measurement set-up they are a part of. Y-axis divides them into being from field or climate room, X-axis is time of
measurement. ChlgF = Chlorophyll a fluorescence, LMA = Leaf mass per area, RWC = Relative water content, LC = Light

curve.

Box 2. Light curve measurement

Light curves or rapid light curves can be performed using a PAM fluorometer, and they
will give information of the saturation characteristics of electron transport in photosystem
I1 (PSII) (Ralph & Gademann, 2005). In the case of this study, the MINI-PAM II/R, by
Heinz Walz GmbH was used. It comes with a built-in program that preform the light curve
measurement. The light curve consists of several saturating pulses of light (Box 1), with a
timed delay between them, at increasing light intensities. With each interval of saturating
pulse, the effective quantum yield Y (II) (Table 1) will decrease, as more of the reaction
centers in PSII gets filled (Box 1). Using this curve, one can calculate the rate of which
electron travel through PSII (ETR) and heat dissipation through non-photochemical
quenching (NPQ) (Box 1, Table 1).
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Table 1. Description of main photosynthetic parameters obtained from PAM fluorescence and later used in statistical

analysis. ETR and NPQ are obtained from performing light curves using PAM fluorometry (Box 1).

Parameter  Unit Description
Y(I1) pmol m2 s Effective quantum yield of PSII and an estimate of the light absorbed by the
chlorophyll in PSII. It can be used as an indicator for overall photosynthesis.
(Eq. 4)
Fv/Fm Ratio Can only be calculated if the leaf is dark-acclimated, as reaction centers in PSII
Fv/Fm =1 =100 % of  need to be fully open. It represents the percentage of photons absorbed. It is
photos absorbed. employed as a physiological stress status indicator (Eq. 1).
ETR pmol m2 s Electron transfer rate is an estimate of how efficiently electrons are transferred
through the electron transport chain in PSII (Eq. 8).
NPQ pumol m2 st Measurement of non-photochemical quenching, which is a defense mechanism

against high light intensity. Instead of absorbing incoming light and using it for
photosynthesis (photochemical quenching), it is released as heat. As it is a
comparison between Fm and F’w, it can only be calculated if the leaf is dark-
acclimated in combination with light-acclimated measurements (Eq. 7).

Plant selection procedure from transects

Suitable plants were selected using the same procedure during fieldwork for both years (2020

and 2021) (Figure 3). For each plot visited, time was spent locating as many as possible of

the 48 marked individuals of S. oppositifolia. Once a plant was located, it was marked with a

flag and its plant identification (ID) number written down. The list of located IDs was then

randomly ordered into a new list (https://www.random.org/lists/), with sampling starting with

the first plant on that list. Plants were skipped if sampling had a risk of heavily reducing their

future survival, if it was dead or in poor condition. During summer of 2021, for leaf traits and

measurement of whole plants (Figure 3), the efforts were focused on diploid and tetraploid

individuals. As diploid and tetraploid distribution differ, with diploids more common on

ridges and tetraploid in riverbeds, fieldwork took place in riverbed and ridge habitats (Figure

4).
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Figure 4. The frequency (in %) of Saxifraga oppositifolia diploids and their polyploids (triploids and tetraploids) for each of
the plots. Rows are habitat types (Riverbed, Slope and Ridge) and columns are the five different transect locations (Endalen,
Todalen, Bolterdalen, Foxdalen and Bjerndalen). Each plot contains 48 plants. Data from Eidesen et al., (in prep)).
Chlorophyll a fluorescence in situ to obtain Fv/Fm

In total, 44 randomly selected plants from the established field set-up were used to measure
chlorophyll a fluorescence (Box 1, Figure 3) parameter Fyv/Fu (Table 1, Eq. 1) of S.
oppositifolia in situ using a portable pulse-amplitude-modulated (PAM) photosynthesis yield
analyzer, MINI-PAM II/R (Heinz Walz GmbH). Once the plants in a plot had been selected
for measurement, they were dark adapted by covering them in aluminum foil for a minimum
of 30 minutes. A suitable, healthy looking leaf rosette (Appendix 6) was chosen, and then the
leaf rosette was moved into the leaf clip (2035-B Leaf-Clip Holder, by Heinz Walz GmbH).
The fiber optics cable was then mounted into the holder on the leaf clip. This was done while
avoiding natural light hitting the plant and to keep the leaf clip leveled. The leaf rosette was
then hit with a saturating pulse of 6000 pmol m? s!, and the resulting value of Fv/Fum
calculated by the MINI-PAM II was written down. This procedure was repeated for all 44
plants. Fv/Fum was calculated by internal MINI-PAM 11 software based on Kitajima & Butler,

(1975) (See Box 1 for more information):
Fv/Fm=Fm—Fo/ Fwm @

Measurements and calculations of leaf traits LMA, RWC and C/N
To obtain the leaf parameters LMA, RWC and C/N, fresh leaves are needed. As S.

oppositifolia has small leaves that take time to harvest, branches with twelve or more leaves
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were cut off and brought back inside marked plastic bags. Before sealing the plastic bags, one
would breathe into them to create humidity inside, to get a saturated atmosphere and avoid

leaf desiccation.

To calculate LMA (Eq. 2) and RWC (Eq. 3), leaves were weighted to obtain their fresh
weight, turgid weight and dry weight, and photographed to determine their total leaf area.
Weighing of fresh weight was performed immediately after returning from the field. Twelve
leaves from each plant were picked off using tweezers, then weighed on a high precision
scale (Mettler Toledo XP204) to get their fresh weight. Next, to obtain leaf area, the leaves
from fresh weight were scanned on a photocopier (CANON C75651) next to a ruler
(Appendix 16). These images were later analyzed using Adobe Photoshop to get the area of
the leaves. After, to achieve the turgid weight, paper was wetted with distilled water, with the
leaves wrapped inside and stored in closed zip-lock bags in a fridge at ca. 4°C for 24 hours.
The fully turgid leaves were then weighed, and after, placed in paper bags and dried in an
oven set to 60 °C for 3 days up to constant weight and a final weighing to get the dry weight.
These values were used to calculate the needed parameters, starting with LMA, using the

following equation:
LMA = DW(LA/10,000) (2)

where LA is the area of the leaves and DW is the dry weight of the leaves. The LA is divided

by 10,000 to convert from cm? to m?. Then, RWC was calculated expressed as percentage:
RWC = ((FW-DW)/(TW-DW))100 3)
where FW is the fresh weight and TW the turgid weight.

To get the C/N ratio of the leaves, a combustion analyzer (Elementar Vario EL cube) was
used. The dry leaf samples were crushed manually using metal tweezer, weighed to at least
4.5 mg, then carefully packed in tin cups before determining the element composition in the
combustion analyzer. The standard used was Acetanilide (CsHoNO, N-Phenylacetamide). The
C/N ratio was calculated by dividing the percentage of carbon with the percentage nitrogen

contained in a sample.

Calculations of light curve parameters
Several parameters (Table 1) describing the photosynthetic performance of S. oppositifolia

were calculated based on the light curves (Box 2). These were calculated by the MINI-PAM
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IT itself or using the accompanying software, WinControl V3.3 by Heinz Walz GmbH. Since
leaves were dark adapted before initiation of light curves, values for Fv/Fum (Eq. 1) were

calculated at the start of every light curve.

The calculations for Y (II) were based on Genty B et al., (1996). With Y(NO) and Y(NPQ)
using equations transformed by Klughammer & Schreiber, (2008) from Kramer et al., (2004)

into the simpler equations from Genty B et al., (1996):

Y(I1) = Fm -Fd/Fu’ 4)
Y(NO) = Fy/Fum ®)
Y(NPQ) = (Fv/F 'm)-(Fd/Fw) (6)

Equation for NPQ is based on Bilger & Bjorkman, 1990 and Gilmore & Yamamoto, 1991:
NPQ = (Fw/F m)-1 (7

ETR (Krall & Edwards, 1992) is based on assumptions on absorbances and photon
partitioning between PSII/PSI, AY(II) and APAR:

ETR = PAR*A*B*Y(II) (8)

A 1s the average amount of photons absorbed by a normal green leaf which is 84%. (Baker,
2008). B is the assumption that 50% of the photons are being equally partitioned between
photosystem II and photosystem I (Baker, 2008).

Light curve measurements on re-rooted cuttings grown in climate-controlled room
Light curves were done on re-rooted cuttings grown in climate-controlled room (Appendix 7)
inherited from Tjessem, (2021). The maintenance procedure of plants described in Tjessem,
(2021). The health of the plants was first assessed and those which showed signs of growth
and green leaves were chosen for LC measurements (Appendix 18). The plants were
measured in December of 2020 (Period 1) and in June of 2021 (Period 2). All LC were done
after the plants had been dark adapted overnight (>12 hours). Measurements were performed
in a darkened room, with the fiber optics angled at 60 ° above a suitable leaf rosette. A
laboratory stand was used to aim the fiberoptics (Appendix 10). LC program was initiated

when a good signal strength could be reached (200 - 400 F¢). The LC program settings were a

17



saturating pulse of 800 ms. every 100 seconds, 11 times at increasing PAR intensities ~ (0,

65,91, 127, 193, 290, 427, 640, 837, 1170, 1528 pumol photons m? s).

Whole plant individual collection

Whole intact individuals were needed to grow in a climatic-controlled room for light curve
measurements. Plants were selected randomly by the same method as when selecting field
plants for leaf trait measurements. To collect selected plants in the field, I carefully dug
around the plant and extracted as much of the root system as possible. The plants were placed
in plastic bags during transportation. In the lab, the roots were washed to remove soil and
potted. The bottom of the pot was filled with gravel/sand, and the top part had an organic soil
mixture (Appendix 8). The plants were grown in a climate-controlled room with
approximately 15 °C, with 12-hour light cycles. The amount and frequency of watering was
based on subjective assessment of the dryness of the soil, warranting watering. This led to
watering not being equal between the plants, but moist soil was maintained throughout the

experiment.

Light curve measurements on whole individuals grown in climate-controlled room
Selected leaf rosettes from 36 whole plants successfully were measured on three points
between August and December 2021. A plant would be measured after spending one week
getting acclimated to the climate-room conditions (Period 1). Once a plant had spent one
month (+ acclimation week) in the climate-room, a second light curve was performed (Period
2). For the third light curve the plant had spent another month (+ acclimation week) in the
climate-room (Period 3). The light curve program was extended to saturating pulses every 90
seconds (compared to settings for cuttings) at 13 PAR intervals ~ (0, 23, 43, 63, 87, 121, 185,
277,408, 612, 800, 1119, 1461 pmol m2 s!). This was to see if a longer lasting light curve
would trigger photoinhibition in the plant, which is when ETR drops after having reached its

maximum value.

Statistical analysis
All statistical testing and generation of figures were done using Python 3.0 (Van Rossum &

Drake, 2009) alongside the libraries SciPy 1.0, Pandas, NumPy, Matplotlib and Statsmodels
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(Harris et al., 2020; Hunter, 2007; Pandas development team, 2020; Seabold & Perktold,
2010; Virtanen et al., 2020). Python 3.0 was also used to create a custom script to convert
and rearrange the raw data into more manageable comma-separated value files, inspired by

Darwin Core formatting (https://dwc.tdwg.org/). I also did several rounds of curve fitting to

estimate the maximum values of ETR (ETRwMm) and NPQ (NPQw).

Analysis of data from cuttings and whole plants were done separately as they are based on
different measurement setups. When checking for differences between two groups, such as
ETRwm and NPQwm from measurement from whole plants, student-t test was used. If there were
more than two groups, as for the cuttings that contained diploids, triploids and tetraploids,
one-way ANOVA was used. Additionally, one-way ANOVA was used to check for differences
for Fv/Fum between field and lab measurements, and to check for differences in LMA, RWC
and C/N between ploidy levels and between sampling location. If the one-way ANOVA gave
a significant result, I tested the data again using Tukey’s test to reveal the significant
differences. The main analysis was done using mixed linear regression models to utilize data
that comes from either several measurement periods on the same plants, or different years of
field measurement that happen to use the same plants in some cases. For mixed model used
on the leaf trait data, [ used LMA, RWC and C/N as the response variables, with the effects
of ploidy and habitat as categorical variables and plant identification as a random effect. For
the light curves I used a similar model. There ETRM or NPQwm were the response variables,
with the effects of ploidy and measurement period as categorical variables, with the addition
of Fv/Fwm as a fixed effect. Again, the plant identification was used as a random variable.

Models fit was evaluated using residual analysis.
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Results

Analysis of the leaf measurements LMA, RWC and C/N from 2020 and 2021

In total from 2020 and 2021 I ended up with leaf traits form 187 individuals (Table 2). The
distribution of measurements per habitat was not equal, and for the ridge the diploids were
overrepresented (Table 2).

Table 2. The habitat distribution individuals of Saxifraga oppositifolia sampled in 2020 and 2021, split into ploidy levels. A

“-“indicate no measurement was attempted, while “0” indicates measurements were attempted, but no plant was found or

selected.
Ridge Riverbed Slope
(2020 / 2021) (2020 / 2021) (2020)
Diploid 24130 2713 16
Triploid 6/- 6/- 15
Tetraploid 4/0 21/24 8
Total 34/30 54124 39

The percentage of RWC (Table 3) did not differ between the ploidy levels, for both years,
when tested through one-way ANOVA (Figure 5b, Table 3). However, testing the combined
effect of ploidy and habitat using a mixed linear model, showed that riverbed and slope
increased RWC for diploids (Appendix 1). In slope habitats the increase in RWC was 9.293
% =+ 2.432 standard error (SE), p = 0.002) and in riverbeds it increased by 6.375 % =+ 2.432
SE, p =0.009 (Appendix 1). There were some interactions between the polyploids and habitat
that reduced RWC compared to the reference level set by diploids in ridges (Appendix 1).

C/N ratio (Table 3) did also not differ between the ploidy levels (Figure 5c, Table 3).
Nitrogen leaf content across all individuals was 1 g of nitrogen per 36 g of carbon, and the
mean percentage of nitrogen and carbon leaf content was 1.301 % =+ 1.61 standard deviation
SD and 44.6 % + 1 SD, respectively. Mixed linear model regression gave no significant effect

of polyploidy and habitat upon C/N.
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Table 3. The mean values for each measurement year, for the leaf traits leaf mass per area (LMA), relative water content

(RWC) and the ratio of carbon-to-nitrogen content in the leaves, + the standard error. In parentheses, n = the number of

replicates.
2020 2021
Ploidy _
Lovel LMA (g m?) RWC (%) CIN ratio LMA (g m?) RWC (%)
eve
Dinloid 81817 69.6+15 379+1.3 86.8+2.8 65.6 +3.1
1plol
P (n=65) (n=65) (n=45) (n=230) (n=230)
L 994 +25 68.7+ 1.8 329+14
Triploid - -
(n=32) (n=27) (n=20)
] 98.7+£3.2 66.6 £2.1 37+£1.6 106 + 3.3 61.1+£1.6
Tetraploid
(n=33) (n=33) (n=19) (n=23) (n=24)
Al 89915 6861 36+0.9 95.3+£2.6 63.3+£1.7
(n=123) (n=123) (n=86) (n=53) (n=54)
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Figure 5. Boxplots of () leaf mass per area (LMA), (b) relative water content (RWC) and (c) carbon-to-nitrogen ratio (C/N)
measurements from field individuals of Saxifraga oppositifolia. The measurements are grouped by ploidy level and for
figures (a) and (b) split into the year of measurement.

LMA for diploids (Table 3) were significantly lower for measurements done in 2020 when
compared to triploids (adjusted-p < 0.000, Tukey's test) and tetraploids (adjusted-p < 0.000,
Tukey's test) (Figure 5a). For 2021, it was also significantly lower when compared to
tetraploids (p = 0.001, Student’s t-test) (Figure 5a). Results from the mixed linear regression
showed some significant relationships (Table 4). Tetraploidy increased LMA by 27.331 g m?
+7.929 SE, p = 0.001 (Table 4). Interaction between triploid and riverbed did have a positive
effect upon LMA (19.256 g m?2 £ 9.192 SE, p = 0.036) (Table 4) and the interaction of
tetraploid and slope had a negative effect upon LMA (-20.262 g m™ + 10.424 Se, p = 0.048)
(Table 4). While results from the one-way ANOVA showed both polyploids to have higher
LMA, the mixed linear regression showed that only riverbed triploid increased LMA (19.256
gm™+9.192 SE, p = 0.036) (Table 4).
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Table 4. Mixed linear model results for fixed effects of polyploidy (triploid and tetraploid) and habitat on leaf mass per area

(LMA) in field individuals of Saxifraga oppositifolia. Reference levels were diploid for ploidy and ridge for habitat. Units of

estimates are in g m~2. Estimates are given with 95% confidence intervals, standard errors (SE) and p-values.

LMA ~ Ploidy Level * Habitat, (Group: Plant Identification)

Fixed Effects Estimates Confidence interval SE p-value
(Intercept) 85.389 81.180 — 89.597 2.147
Triploid 7.918 1.201-0.230 6.592 0.23
Tetraploid 27.331 3.447 -0.001 7.929 0.001**
Riverbed (-5.179) (-1.473)-0.141 3.516 0.141
Slope (-2.567) (-0.557) — 0.578 4.611 0.578
Triploid:Riverbed 19.256 2.095 - 0.036 9.192 0.036*
Tetraploid:Riverbed (-4.179) (-0.479) — 0.632 8.722 0.632
Triploid:Slope 5.989 0.678 —0.498 8.833 0.498
Tetraploid:Slope (-20.262) (-1.978) — 0.048 10.424 0.048*
No. of groups: 177
No. of observations: 160
Marginal / Conditional R%  0.29/0.29

Looking into LMA variation in diploids between sampling locations, highest values of LMA

was seen on the Foxdalen ridge during 2021 (Figure 6), but testing the means with a one-way

ANOVA was not significant (p = 0.29).
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Figure 6. Boxplot of leaf mass per area (LMA) from diploid individuals of Saxifraga oppositifolia, split into the location the

measurements originate from and the habitat type. Orange boxplot are measurements done during summer of 2020 and pink

summer of 2021.
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For LMA values in tetraploids, there was significant variation between the sampling locations
(p = 0.038, one-way ANOVA). A Tukey’s test revealed tetraploid LMA from Todalen
riverbed 2021 (Figure 7) were significantly different to LMA from Bolterdalen, slope 2020 (p
=0.029). There were no differences in triploid LMA between the sampling locations (p =
0.19, one-way ANOVA, Appendix 17).
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Figure 7. Boxplot of leaf mass per area (LMA) from tetraploid individuals of Saxifraga oppositifolia, split into the location
the measurements originate from and the habitat type. Orange boxplot are measurements done during summer of 2020 and

pink summer of 2021.

Light curve totals and low survival in climate-controlled room

In total 100 light curve measurements were performed on S. oppositifolia for measurement
setting 2 and 3 (Table 4). For both measurements, individuals of S. oppositifolia were kept in
a climate-controlled room. The survival of the plants in this setting was poor, resulting in

smaller sample sizes per measurement period for the later periods (Table 5).

Table 5. Total individuals per measurement period from each ploidy level where light curves were measured.

) Cuttings Whole plants
Ploidy Level ) ) ) ) )
Period 1/ Period 2 Period 1/ Period 2 / Period 3
Diploid 9/6 18/71/5
Triploid 5/0 -
Tetraploid 12/5 18/9/4
Total 26/11 36/18/9
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Curve fitting to get parameter estimates for ETRm and NPQwm

The WinControl software performs two model equations called REG1 (Eq. 9) and REG2 (Eq.
10) once a LC is completed. Equation 9 is from Platt et al., (1980) and Equation 10 from
Jassby & Platt, (1976). These equations fit a curve to the measurement points of the ETR
curve (ETR plotted against PAR) and returning fitted parameters describing the curve such as
B exclusively from Equation 9, and a, ETRMm and Ik from both Eq. 9 and Eq. 10 (MINI-PAM 11
Photosynthesis Yield Analyzer Manual, 2023). ETRwm represents the peak for the fitted curve,
a the initial slope angle of the curve, Ik is the saturation points of the curve, and  represents
the downturn of the curve, which relates to photoinhibition. As photoinhibition was rarely
observed in our measurements, the WinControl software did not successfully fit Eq. 9 to most
of the light curves and did not return estimated values. Only Eq. 10 was successfully applied
to all the light curves. An alternative equation created by Eilers & Peeters, 1988 (Eq. 11)
could also be used in this case. Therefore, the light curves were also fitted to Eq. 11 and Eq. 9
to compare which one gave a better fit for the data. Estimates for a and b for Eq. 9, and a, b, ¢
for Eq. 12 were done using curve_fit() from SciPy 1.0 (Virtanen et al., 2020)(Appendix 5).
The result was that Eq. 12 gave an overall better fit to the data, compared to Eq. 10 (Table 6).
Parameter estimates for ETRwm were therefore based on Eq. 12, where ETRwm represents the

peak of the fitted curve.

ETR = a*(1_e-(a*PAR/a))*e-(PAR/a) (9)
ETR = a*tanh((b*PAR/a)) (10)
ETR = PAR/ a*PAR?*+b*PAR+c (11)

A different function (Eq. 12) was used to fit curves to the NPQ data and allows one to
calculate additional parameters form the NPQ curve, such as NPQuw, as this was not provided
by the MINI-PAM II software. This function which is based on the Hill equation and the
equation form Serddio & Lavaud, 2011, and parameters a, b and c fitted using curve_fit()

from SciPy 1.0 (Virtanen et al., 2020):
NPQ = a*(PAR/b°+PAR®) (12)

This equation provided a good it for the data (Table 6). NPQw represents the peak for the
fitted curve. In the end, the only parameters obtained from the fitted curve used for further

analysis were ETRm and NPQw.  were left out as light curves lacked photoinhibition, a as it
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did not show any sign of significance between the measurements, and Ik due to strong

multicollinearity with ETRm.

Table 6. Evaluation of the fit from the different equations used to calculate light curve parameters. It shows the mean +
standard error for R-Squared (R?) and the root-mean-square deviation (RMSE), for each equation. The datasets from whole
plants and cuttings were kept separate. Equation 12 is based on Serddio & Lavaud, (2011) and used to calculate the
maximum value of non-photochemical quenching (NPQwm). Both Equation 9 from Eilers & Peeters, 1988 and 11 from (Platt
et al., 1980) are used to calculate the maximum value of electron transport rate (ETRm). Equation 11 provided a better fit for
the data, with higher Rz values and lower values for RMSE, compared to Equation 9. For Equation 11, the last measurement
point for one individual during period 1 of the re-rooted cuttings, had to be removed as it gave an invalid fit. Equation 12
also gave some invalid fits, ten for cuttings Period 1, seven for whole plants period 1, and four for whole pants period 2.

These were dropped from further analysis.

ETRm NPQwm
Sample group Equation 9 Equation 11 Equation 12
Cuttings R? 0.9 +0.02 0.95 +0.01 0.96 +0.05
Period 1-2 RMSE 1.37+0.11 0.92 +0.06 0.07 +0.01
Whole plants R2 0.9 +0.01 0.94 +0.01 0.97+0
Period 1-3 RMSE 1.19 +0.07 1.01 +0.05 012+0.1

Climate-controlled room from potted cuttings, over two measurement periods

Light curves were measured on 26 plants for period 1, and eleven plants for period 2 (Table
5). With the low survival rate in the climate-controlled room, no triploids were measured for
period 2 (Table 5). I observed ETR to reach higher values in tetraploids for measurements in
periods 1 and 2 (Figure 8a-b). The other curves for NPQ and Y(II)/Y(NO)/Y (NPQ) curves

showed no signs of differences (Figure 8c-f).
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Figure 8. Light curve measurements over two periods of leaf rosettes from Saxifraga oppositifolia, of different ploidy levels.

The error bars represent one standard deviation and plotted values are the mean per PAR measurement. The first row (a, b) is

measurements of Electron Transport Rate (ETR) pmol m™ s™!, the second row (c, d) Non-Photochemical Quenching (NPQ)

umol m? s! and the third row (e, f) are the measurements of Y(II), Y(NO) and Y(NPQ).

For calculated parameters ETRm and NPQwm (Table 7), the only significance was for ETRm

between tetraploids and diploids for period 1 (p = 0.0127, Tukey’s test).

Table 7. Calculation results for maximum values of electron transport rate (ETRwm) and non-photochemical quenching

(NPQw), from measurement setting 2. Means + Standard deviation. For each measurement period and split into ploidy level.

ETRm pumol m2 st

NPQwm pumol m=2 st

Ploidy

L evel Period 1 Period 2 Period 1 Period 2
Diploid ~ 17+0.8(n=9) 20.4+2.6 (N =6) 2+02(n=7) 2.2+03(n=6)
Triploid 19.2+1.2 (n=5) - 21+£01(n=14) -

Tetraploid 237 +1.7 (n=12) 20.1+2.7(n=5) 2.1+0.1(n=5) 2.5+0.3 (n=5)
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I used a mixed linear model used to evaluate measurement period, ploidy level and stress
(Fv/Fm) upon ETRM and NPQw (Table 8), with plant ID as a random variable as the dataset
contains repeated measurements. The intercept represents diploids at measurement period 1.
The only effect that influenced ETRMm were that of tetraploids, which increased ETRwm by
3.941 umol m? s! + 1.974, p = 0.045) (Table 8). The confidence interval range is quite high
(Table 8), which is visually evident in a plot of the predicted values from ETRMm and NPQwm
using average Fv/Fm (Figure 9). Triploid efficiency of ETR was closer to diploids, while NPQ

efficiency were closer to tetraploid (Figure 9).
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Figure 9. Predicted (a) maximum electron transport rates (ETRwm) and (b) maximum non-photochemical quenching (NPQwm)
based on mixed linear regression models, based on measurements on the re-rooted cuttings of Saxifraga oppositifolia. The

predicted values are divided into ploidy level (diploid, triploids tetraploid) and plotted against measurement period. Shaded
areas and error bars for the triploid, represent 95% confidence intervals. For the prediction, Fv/Fm was set to the mean from

all measurements (WFv/Fm = 0.724). See Appendix 2 for raw ETRwm estimates.
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Table 8. Mixed linear model results for fixed effects of measurement period, polyploidy (triploid and tetraploid) and Fv/Fm
on maximum electron transfer rate (ETRwm) and maximum non-photochemical quenching (NPQw) in cuttings of Saxifraga
oppositifolia grown in a climate-controlled room. Value units for both models are pmol m? s°!. Estimates are given with 95%

confidence intervals, standard errors (SE) and p-values.

ETRwm (Eq. 11) ~ (Category: Period 2 + Ploidy) + Fv/Fm + (Group: Plant Identification)

Predictors Estimates 95% ClI SE p-value
(Intercept) 18.133 (-24.418) — 60.683 21.710
Period 2 (-0.402) (-4.433) — 3.630 2.057 0.845
Tetraploid 3.941 0.073 —7.809 1.974 0.045*
Triploid 0.369 (-5.125) — 5.862 0.132 0.369
Fv/Fm 0.962 (-57.032) — 58.956 0.033 0.895

Random Effects

Plant Identification 0 3.507

No. of Groups: 31

No. of Observations: 38

Marginal / Conditional
RZ:

0.12/0.12

NPQwm (EqQ. 12) ~ (Category: Period 2 + Ploidy) + Fv/iFm + (Group: Plant Identification)

(Intercept) (-1.791) (-9.104) - 5.522 3.731
Period 2 0.105 (-0.415) - 0.625 0.265 0.692
Tetraploid 0.226 (-0.2) - 0.651 0.217 0.299
Triploid 0.197 (-0.412) - 0.805 0.310 0.527
Fy/Fu 5.179 (-4.957) — 15.316 5.172 0.317

Random Effects

Plant Identification 0 0.327

No. of Groups: 22

No. of Observations: 28

Marginal / Conditional
RZ:

0.13/0.13
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Climate-controlled room light curves from whole plants, over three measurement

periods

In this round of light curve measurements, I again observed higher values of ETR in the

curves for tetraploids, with the exception for measurement period 2 (Figure 10a-c). The

difference is however not as prominent as seen in measurement setting 2 (Figure 8). For the

Y(II)/Y(NO)/Y(NPQ) curves there was no striking differences (Figure 10g-i). Unlike the

cuttings, the curves for NPQ distinguished themselves, where tetraploid curves reach higher

observable values for NPQ (Figure 10d-f).
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Figure 10. Light curves measurements over 3 periods of leaf rosettes from Saxifraga oppositifolia, of different ploidy levels.

The error bars represent the standard deviation and plotted values are the mean per PAR interval. The first row (a, b, ¢) is

measurements of Electron Transport Rate (ETR) pmol m? s™!, the second row (d, e, f) Non-Photochemical Quenching (NPQ)
pumol m2 s! and the third row (g, h, i) are the measurements of Y(II), Y(NO) and Y(NPQ).

For the calculated values of ETRm and NPQwm (Appendix 3), no significant difference was

found between the ploidy levels (Table 9).
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Table 9. Calculation results for maximum values of electron transport rate (ETRm) and non-photochemical quenching

(NPQw), from measurement setting 3. For each measurement period and split into ploidy level.

ETRm pmol m2 st

Ploidy Level Period 1 Period 2 Period 3
Diploid 18.4+1(n=18) 1624 (n=7) 143+2.2(n=5)
Tetraploid 215+1.7(n=17) 15.1+24(n=9) 17.1+24 (n=4)

NPQwm pmol m=2 st
Diploid 31+01(n=12) 27+02(n=6) 29+04 (n=5)
Tetraploid 3.6 £0.1 (n = 16) 3.2+01(n=6) 4+04(n=4)
[ utilized a mixed linear model with the same design as the one for the re-rooted cuttings.
Tetraploidy did not have a significant effect on ETRwm (2.63 £ 1.505, p = 0.078, Table 7), but
ETRwm did increased with Fy/Fy (40.218 umol m™ s £ 1.505, p = 0.081 , Table 7). I also
found tetraploidy to significantly increase NPQm pmol m? s (0.601 pmol m? s+ 0.141, p
<0.000, Table 7). NPQwm was lower for period 3 (-0.42 pmol m? s™'+ 0.088, p < 0.004, Table
7) and NPQu increased with Fy/Fy (3.604 pmol m™ s+ 1.65, p < 0.029, Table 7). As in the
model for re-rooted cuttings, there is also large variation and high uncertainties in the results
(Table 7, Figure 11). The modelling of NPQwm showed less variation than for ETRy (Figure
11). While not significant (p = 0.151, one-way ANOVA), ETMwm was highest for tetraploids
harvested from Todalen, riverbed (Appendix 4).
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Figure 11. Predicted (a) maximum electron transport rates (ETRm) and (b) maximum non-photochemical quenching (NPQwm)
based on mixed linear regression models, based on measurements on the whole plants of Saxifiaga oppositifolia. The
predicted values are divided into ploidy levels (diploid and tetraploid) and plotted against measurement periods. Shaded
areas represent 95% confidence intervals. For the prediction, Fv/Fm was set to the mean from all measurements (uFv/Fm =

0.729). See Appendix 3 for raw ETRwm estimates.
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Table 10. Mixed linear model results for fixed effects of measurement period, polyploidy (tetraploid) and Fv/Fm on
maximum electron transfer rate (ETRwm) and maximum non-photochemical quenching (NPQwm) in whole individuals of
Saxifiraga oppositifolia grown in a climate-controlled room. Value units for both models are pmol m s°'. Estimates are

given with 95% confidence intervals, standard errors (SE) and p-values.

ETRwm(EqQ. 11) ~ (Category: Measurement Period + Tetraploid) + Fv/Fm + (Group: Plant Identification)

Predictors Estimates 95% ClI SE p-value
(Intercept) (-11.008) (-34.302) — 12.286 11.885
Period 2 (-2.419) (-6.186) — 1.348 1.922 0.208
Period 3 (-3.787) (-8.005) — 0.431 2.125 0.078
Tetraploid 2.63 (-0.321) - 5.58 1.505 0.081
FviFm 40.218 9.154 - 71.281 14.546 0.011*

Random Effects

Plant Identification 0.017 1.351

No. of Groups: 36

No. of Observations 60

Marginal / Conditional
RZ

0.222/0.222

NPQwm (Eq. 12) ~ (Category: Measurement Period + Tetraploid) + Fv/Fm + (Group: Plant Identification)

(Intercept) 0.895 (-1.233) - 3.034 1.086
Period 2 -0.42 (-0.171) - 0.173 0.088 0.004**
Period 3 0.09 (-0.219) - 0.399 0.158 0.568
Tetraploid 0.601 0.324 - 0.879 0.141 0.000**
Fu/Fm 3.604 0.371-6.837 1.65 0.029*

Random Effects

Plant Identification 0.071 0.179

No. of Groups 32

No. of Observations 49

Marginal / Conditional
R?:

0.421/0.63
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Comparison of stress levels between field and climate-controlled room individuals

As the stress parameter Fv/Fm was measured both in field and for every light curve performed
in the climate-controlled room, it was possible to compare stress levels between in situ and ex
situ individuals. When comparing Fv/Fum between field and the five measurement periods
from cuttings and whole plants, I found individuals to be significantly less stressed in the
field (adjusted-p < 0.05 for field versus every measurement period, Tukey’s test) (Appendix
A) (Figure 12). Expanding the comparison between the ploidy levels, tetraploids during
whole plants period 2 had the lowest Fv/Fm (Appendix 13, Figure 12). Both whole plant
diploids and tetraploids had higher Fv/Fwm during period 2, than period 1 (Appendix 13,
Figure 12).
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Figure 12. The different sets of chlorophyll a fluorescence measurement on different ploidy levels of Saxifraga oppositifolia,
displaying calculated values for Fv/Fm. The first set are field measurements from August 2020, while the two others were
measured on individuals grown in a climate-controlled room. “Cuttings”, are re-rooted cuttings harvested in the field
(Tjessem, 2021), while “whole plants” are whole individuals of S. oppositifolia harvested in the field and grown under the
same conditions as the cuttings. The shaded area represents the optimal values for Fv/Fm for an average plant (Kitajima &

Butler, 1975).
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Discussion

I investigated several plant physiological parameters in the established autopolyploid
population of S. oppositifolia in Svalbard, Norway, to get a better understanding of the impact
of polyploidy on its success, likely a result of niche differentiation. I found strong evidence of
higher leaf LMA in polyploids of S. oppositifolia (Table 3), which contradicted expectations.
Tetraploid re-rooted cuttings did have some evidence suggesting higher PSII efficiency than
diploids (Figure 9a), but this was not seen in the whole individuals measured. In the

tetraploid whole individuals (Figure 11a), I instead saw higher NPQ efficiency compared to
diploids (Figure 11b), suggesting higher stress tolerance in the tetraploids. Stress likely
played a part in climate-controlled room measurements, where they showed sub-optimal
levels for Fv/Fum (Figure 12), in agreement with this reduced efficiency of PSII in whole

plants and re-rooted cuttings, and low survival rate form both in the climate-controlled room.

Nitrogen, carbon and relative water content of leaves

The variability in RWC was high, with the lowest measurement reaching around them being
highly desiccated at 40 % RWC and extremely turgid with RWC of around 95 %, with the
ploidy means ranging between 61 and 70 % RWC. This is slightly below the RWC ranges
from measurements on Arctic plants (Dawson & Bliss, 1989; Oberbauer & Miller, 1981). The
independent comparisons of RWC between ploidy levels did not return any significance.
However, habitat type did have an effect upon RWC. Diploids on both slope and riverbeds
had higher RWC, compared to those growing on the ridges. Although there were interactions
between polyploids and habitat, it is important to be cautious in interpreting these results due
to the limited presence of polyploids on ridges. (Table 2, Appendix 1, Figure 4). Lower RWC
on ridges could be explained by the fact that RWC correlates with soil moisture content
(Fischer, 1973), and that all ridge plots used in the study had lower measurements of soil

moisture content than both slope and riverbed plots (Eidesen et al., (in prep)).

When it came to the C/N content of the leaves, I found no support for my hypothesis
predicting higher levels of nitrogen in the polyploids. As most of the polyploids inhabit low-
laying site, with late snowmelt and a short window for growth, it was expected that they had
traits linked to higher photosynthetic rates (Crawford et al., 1993, 1995), and leaf nitrogen
content is positively associated with photosynthetic rate (Evans, 1989; Muraoka et al., 2008).
S. oppositifolia had a mean nitrogen leaf content of 1.3 % (Table 3), landing them in the low
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range of Arctic plants (Hudson et al., 2011; Kudo et al., 2001; Tolvanen & Henry, 2001), but
about the same nitrogen content was seen in S. oppositifolia in previous studies (Muraoka et
al., 2008). Kume et al., (1999) suggested that because prostate growth forms of S.
oppositifolia covers has a large surface area per mass, these plants might have an advantage
in nutrient foraging (Parkhurst & Loucks, 1972). Evidence of this could not be seen in this
case in the prostate restricted S. oppositifolia polyploids tested in the study, but there could be
nutritional allocation differences in other tissues, or differences are simply suppressed by the
general low availability of soil nitrogen in the Arctic (Anderson & Polis, 1999;
Gharajehdaghipour et al., 2016). Previous data on the soil C/N ratio around the same pool of

field plants I used, also did not show any difference between the ploidy levels (Eidesen et al.,

(in prep).

LMA for diploids contradicts expectations set in hypothesis

I could not find support for my hypothesis that predicted lower LMA in polyploids of S.
oppositifolia. An expected strategy for the polyploids was higher photosynthetic rates and a
growth as an adaptation to the shorter growth seasons they experience (Crawford et al., 1993,
1995) as they invest less resources into sexual reproduction (BroZova et al., 2023; Kume et
al., 1999; Tjessem, 2021). This would be reflected in lower LMA in polyploids, which is
correlated with higher photosynthetic rates and shorter leaf life span (Schlesinger & Chabot,
1977; Sobrado & Medina, 1980; Wright et al., 2004). However, on the contrary, diploids had
lower LMA than polyploids. This difference was present for both sampling years (2020 and
2021), and when modeling the data for both years, tetraploidy had a significant positive effect
upon LMA, increasing the average by 33% (Table 4). Triploids have similar mean LMA as
tetraploid, but their effect upon LMA was only significant with an interaction between
triploid and riverbed habitat (Table 4). Interaction between slope and tetraploid gave a small
significant negative effect on LMA, but sample size from slope was low (n = 8, Table 2). At
least, Bolterdalen tetraploids had the lowest LMA (Figure 7). While diploids came out with
lower LMA, this does not mean diploids LMA is low compared to flora of the same
functional group. LMA in herbs ranges from 25 to 130 g m™, and diploids in this study had an
average LMA of 81.8 (2020) to 86.8 (2021) g m™ (Table 3) would place them above 75 % of
forbs in the world, and slightly above the mean of 76 g m™ for tundra flora (Poorter et al.,
2009). For the tetraploids and triploids, they had an average LMA of 99.4 (2020) g m™ and
98.7 (2020) to 106 (2021) g m™ (Table 3) respectively. This places them close to being
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among the top 25% of tundra plants (Poorter et al., 2009). Diploids, therefore, while having a
lower LMA than polyploids, still have overall high values for LMA, and likely benefits from

the advantages of thicker, sturdier, long-lasting leaves (Poorter et al., 2009).

Higher LMA is considered to reduce leaf desiccation giving a plant higher drought tolerance
(Nardini, 2022; Schlesinger & Chabot, 1977; Sobrado & Medina, 1980). This was
exemplified in a study by W.-D. Li et al., (2009), where they exposed the diploids and
tetraploids of the autopolyploid honeysuckle Lonicera japonica Thumb. to water stress. They
report that the tetraploids tolerate water stress better than diploids, and with the tetraploids
leaf structure reflecting their ability to deal with drought, as they had higher LMA, thicker
epidermis and palisade tissue, and denser pubescence (W.-D. Li et al., 2009). Thus,
polyploids of S. oppositifolia likely means it possesses higher drought tolerance compared to
the diploids. This could be important for the polyploids. Svalbard is classified as an Arctic
desert, with little precipitation and dry winds (Hanssen-Bauer et al., 2019), where traits
improving drought tolerance could drive niche ecological differentiation compared to the
parentals. Tetraploids also do not form cushions (Eidesen et al., 2013). Having cushion
growth form can increase soil moisture directly under the cushion by reducing evaporation,
leaving more water available for the plant (Cavieres et al., 2007). The higher LMA in
polyploids could compensate for this by reducing water loss. This effect is likely increased as
prostrate form is low laying and less exposed to the dry Arctic winds (Peterson, 2014). One
could conclude by this that the polyploid probably deals better with water stress, and that this
has evolved post-polyploidization, something that matches findings on polyploidy and water
stress in Chamaenerion angustifolium (L.) Scop. (Maherali et al., 2009). The thicker leaves
on the polyploids could also benefit them from the cold temperatures and freezing, as it has

been reported that LMA increase with lower temperatures (Poorter et al., 2009).

A reason for using LMA was that it can correlates with photosynthetic rates (A. V. Perera-
Castro & Flexas, 2023; Poorter et al., 2009; Wright et al., 2004). I did see evidence of this
relationship in my dataset, instead the reverse was observed and LMA could not be used as a
proxy for photosynthetic rates as the diploids did not show signs of higher rates. Instead
found some weak evidence that the polyploids, specifically tetraploids, can have a more

efficient PSII.
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Weak evidence of more efficient photosystem II in tetraploids

I only found partial support of my hypothesis that the polyploids have higher photosynthetic
potential, where photosynthesis was approached based on the yield of PSII, and subsequently
the calculation of the ETR. The mean ETR values across measurements on cuttings and
whole plants, ranged from 14.3 to 23.7 umol m™ s™' (Table 7, Table 9). This range is rather
low, and similar ETR values are seen in Arctic-alpine plants under sub-optimal conditions
and these lower values are likely stress induced (Barték et al., 2012; Griffin et al., 2013; A. V.
Perera-Castro & Flexas, 2023) and is more in the range of a moss (A. V. Perera-Castro et al.,
2021; A. V. Perera-Castro & Flexas, 2023). A problem with ETR (Eq. 8) is the fact that it is
based on two assumptions, (1) that 84 % of photos are absorbed by the leaf and (2) that the
partitioning of light between PSII and PSI is 50 % (Baker, 2008). These estimates are based
on complex methods, and can deviate significantly (Ehleringer, 2000; Hodanova, 1985;
Jones, 1985; Laisk et al., 2006; Laisk & Loreto, 1996; Miyake et al., 2004). As these
estimates were not confirmed for the leaves of S. oppositifolia, (Baker, 2008) advises not to
use ETR for comparing differences, while others argue ETR can still be a useful
measurement despite its potential errors, which can be rooted out by combining ETR with gas
exchange measurements (A. V. Perera-Castro & Flexas, 2023). While one should still be
cautious of comparing ETR from S. oppositifolia with other species, assuming leaves
absorbance and PSII/PSI partitioning is similar across its ploidy levels, I would argue

intraspecific comparisons can be made.

When it came to the ETR measurements, triploids did not differ from the diploids, while
tetraploid did differ when measuring ETR on leaf rosettes from the re-rooted cuttings. There,
tetraploid had about 22 % higher efficiency of PSII, compared to the diploids (Table 8). The
re-rooted cuttings had been a part of an experiment on asexual reproduction through
vegetative propagation, something tetraploids did better (Tjessem, 2021). Polyploidy impact
on photosynthesis does vary and there is not clear pattern (Warner & Edwards, 1988, 1993).
The higher efficiency of PSII in tetraploid could be reflecting their ability to better cope with
the conditions surrounding establishment through vegetative propagation. As in the
measurements on whole plants, neither polyploid showed higher PSII efficiency, the
hypothesized idea that tetraploid has higher photosynthetic efficiency as an adaptation to
short growing seasons (Crawford et al., 1995), seem less likely to be the case. Instead,
tetraploids higher efficiency of PSII could be an adaptation to increase success through

vegetative propagation, and a reproductive adaptation. The higher estimates of PSII are then
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more a reflection of tetraploid being able to keep efficiency up during stress, like what is
reported by W.-D. Li et al., (2009). Future studies on the photosynthetic capabilities of S.
oppositifolia and polyploids should account for their response under different conditions. As
ETR can be wrongly estimated as its equation (Eq. 8) is based on several assumptions (Baker,
2008), A. V. Perera-Castro & Flexas, (2023) suggest a combination of ETR, gas exchange and

LMA measurements to validate ETR and discover potential errors.

Tetraploids could deal better under high-light conditions

Measurements of the whole plants from the tetraploids reached higher levels of NPQum during
two of the periods, and tetraploidy had a positive effect upon NPQwm. However, there were no
differences in the measurements from rosette cuttings. This only gives partial support to my
hypothesis that tetraploidy can increase efficiency of NPQ. Increase in efficiency of NPQ due
to polyploidy has been reported from several studies (Cao et al., 2018; Raki¢ et al., 2015;
Ulum et al., 2021). Those increases were mostly associated to a habitat differentiation with
the polyploid moving from a shaded habitat to an open habitat with more persistent solar
radiation (Ulum et al., 2021). In Svalbard, shading would only come from landscape
features, and with the ridge plant coming from mostly south-facing slopes, moving to
riverbed probably will not increase photo period to the plants. Again, growth form may be the
explanation of the potential benefits of polyploid increased NPQ efficiency. The strict Arctic
cushion plant Silene aculis (L.) Jacq., often called the “compass flower”, will start flowering
on its south facing side, as the cushion as a whole will get an uneven distribution of solar
radiation (Ween, 2022). One could argue from this, that with polyploid being prostrate, solar
radiation would impact the plant more evenly, and the whole plant at once. NPQ is also
linked with desiccation tolerance in plants (A. V. Perera-Castro et al., 2021). NPQ also plays
a part xanthophyll cycles, which a process in the chloroplast protecting the photosynthetic
apparatus against oxidative damage (Esteban et al., 2015; Latowski et al., 2011). Such
damage is caused by reactive oxygen species, highly reactive molecules capable of doing
cellular damage (Jakubczyk et al., 2020). As such, higher NPQ in tetraploid could mean they

have improved xanthophyll cycles and higher drought tolerance.

The results from the NPQ measurements suggest that at least the tetraploids are better
adapted to deal with various stressors, such as prolonged photoperiods and drought. As the

higher LMA in the polyploids also suggests better drought tolerance, this could be one
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important adaptation for the polyploids. As their habitats supports snow acculturation, they
will experience a higher levels of soil moisture come melting season, followed by drier
conditions for the remainder of the growing season (Migata et al., 2014). As such, having
fine-tuned mechanisms dealing which the stress around this can be beneficial. For further
ploidy induced effects upon NPQ in S. oppositifolia needs to be investigated more closely in
the future, such as in experimental setup where the plant is exposed to different photoperiods

and drought conditions (Ulum et al., 2021).

Both re-rooted cuttings and whole plants endured sub-optimal conditions in climate-
controlled room

The ability of re-rooted cuttings and potted whole plants of S. oppositifolia to transition from
the field to the climate-controlled room varied and it was a stressful experience. Several
plants died and were not available for repeated measurements (Table 5), the measurements of
Fv/Fm were below optimal values (Figure 12), lower ETR than expected (Table 7, Table 9,
Table 5), and subjective health assessment of re-rooted cuttings health showed a decline, but
also differences between the ploidy levels (Appendix 14-15). Their seemingly better survival
in the climate-controlled room matches the findings by Tjessem, (2021), where those same
polyploid plants had higher successes in vegetative propagation. Still, Fv/Fum did not show a
clear decline on consecutive measurements periods in both re-rooted cuttings and whole
plants (Figure 12). This lack of decline in Fv/Fm, while a clear decrease in number of
surviving plants, is likely due to survivorship bias. where only the healthy plants survived for
the next set of measurements, keeping Fv/Fum stable, or even increase which it did from period

1 to 2 in whole plants (Appendix 13, Figure 12).

Abiotic and biotic stressors are observed to decrease Fv/Fu, but the exact reasons are
complex (Baker, 2008). Stress cause oxidative damage and loss of PSII reaction centers
(photodamage), and sometimes an increase in NPQ as that can mitigate or prevent such
damage (Baker, 2008; Campbell & Tyystjarvi, 2012). This photodamage then impairs the
function of PSII (Melis, 1999), causing a decrease in Fyv/Fum. However, as the fluorescence is
also affected by the optical properties of the leaf (Baker, 2008), structural changes in the
thylakoid membrane such as through changes in leaf water status, can impact the
measurements of Fy/Fm. While the plant was watered frequently, the ventilation in the room
quickly removed humidity and had a suspected drying effect. This could have impacted the

leaves water status and the Fv/Fym measurements.
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Overall, while the plants in the climate-controlled room were exposed to unintended stress, it

does again hint to a higher stress tolerance in the polyploids. While this mainly relies on

subjective health assessment of the re-rooted cuttings, which is supported by Tjessem,

(2021), it is also reflected in the higher ETR efficiency seen in the tetraploid cuttings (Figure

9).

Limitations and shortcomings

During my study, I identified five major factors that likely influenced my results. 1) The

difficulty around measuring fluorescence on S. oppositifolia. 2) The conditions in the climate-

controlled room. 3) Limitations around PAM fluorescence. 4) High data variability. 5) Lack

of polyploids on ridges.

1)

2)

3)

4)

Saxifraga oppositifolia has small, needle-like leaves, often arranged in tight rosettes
(Appendix 6). Not a flat surface which is ideal for fluorescence, which likely
introduced some degree of measurement error (Kalaji et al., 2014; Maxwell &
Johnson, 2000). The MINI-PAM II design uses a leaf clip, that holds the leaf stable
during measurement (MINI-PAM II Photosynthesis Yield Analyzer Manual, 2023).
However, the leaves of S. oppositifolia never properly fit inside the leaf clip provided
with the instrument. The best solution was to use a laboratory stand and fix the angle
and distance to the leaf manually (Appendix 10). This was only possible in the lab,
which meant I could not do light curves in the field. As the angle was done manually,
it was likely not the same between measurements.

The climate-controlled room did also have certain flaws. The ventilation dried out the
air quickly, which seemed to result in increased desiccation stress on the plants. The
temperature control for the room was also faulty, and the temperature was often
several degrees Celsius warmer or colder than its programmed setting. This means
that the plants suffered unnecessary amounts of stress. The plants were also measured
outside of the climate-controlled room, which also seemed to stress the plants.

PAM fluorescence is only a proxy of photosynthesis, and the data only gives
information the first part in the light-dependent stage of photosynthesis in the
thylakoid membrane. It lacks insight into the other parts of photosynthesis, such was
COz uptake, O production, and how the energy is utilized within the plant (D. A.
Bryant & Frigaard, 2006).

My PAM fluorescence data also showed high variability, which is likely in part due to

the first two factors. This variance is evidence in the large spread in the raw
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measurements (Figure 8, Figure 10), high confidence intervals in models (Table 4,

Table 8, Table 10), which is also seen in the predicted values (Figure 9, Figure 11).
5) The fact that polyploids are almost absent from ridges made it difficult to investigate

the effect of polyploidy without influence of its habitat. This influence was hopefully

reduced by allowing for acclimation to the climate-controlled room.

Most of the core issues can be solved by ensuring better growth conditions in the climate-
controlled room, investigating possibilities of improved fixture of the PAM fiberoptic to
small, thick leaves, potentially allowing for light curve measurements in situ. The
combination of gas exchange measurements with fluorescence would also greatly improve

data quality (Baker, 2008; A. V. Perera-Castro & Flexas, 2023).

Reducing knowledge gaps and future prospects

The story of S. oppositifolia is an interesting one, and we may even be witnessing a
speciation process initiated by polyploidization. My results add to our collective knowledge
about polyploidy and its induced changes. Especially autopolyploidy and physiological
changes due to polyploidy has required additional research (Soltis et al., 2016; Spoelhof et
al., 2017). It also adds to the debate around the role of polyploidization in increasing trait

diversity (Meyers & Levin, 2006).

Overall, I found evidence of ploidy induced changes and that polyploidization can have led to
new beneficial adaptations for polyploids of S. oppositifolia. Adaptations that can have
played a role in polyploid niche expansion, a likely route for successful polyploid
establishment (Fowler & Levin, 1984). The polyploidy did have mixed effects upon the
measurement parameters, with the habitat it originated from also playing a part (Figure 13).
Certain relationships were stronger than others, such as polyploidy increasing LMA, while
others like leaf C/N remained unchanged by polyploidy and habitat of origin, and I can only
partially reject my Ho hypothesis (Figure 13).
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Figure 13. A visual simplification of the main results and proposed effects habitat and polyploidy had upon physiological
parameters in the mixed-polyploidy angiosperm Saxifraga oppositifolia. Arrow type represents my subjective opinion on
effect size and importance, rooted in the conclusions from the results and discussion. The dotted arrows show a weak effect,
solid arrow shows a medium effect and bold arrow shows a strong effect. The effect of polyploidy and habitat interacts if
arrows are of same color. A) Plants in the low laying habitats slope and riverbed had higher leaf relative water content
(RWC). B) Triploids weakly reduced RWC. C) Triploids in riverbeds have higher LMA and tetraploids in slopes have lower
LMA. D) Polyploids have higher leaf mass per area (LMA). E) Tetraploid can reach higher efficiency of photosystem II
(PSII). F) Tetraploids can reach higher efficiency of non-photochemical quenching (NPQ). Flowchart created using The

Mural® visual collaboration platform.

With the Arctic meeting a challenging future, mainly due to anthropomorphic climate change
(IPCC, 2023), research into polyploidy can be valuable, since an increase in polyploidization
events seems to be linked to historic periods of global change (Sessa, 2019). Polyploids
ability to rapidly adapt to new environments (Otto & Whitton, 2000; Soltis et al., 2014) and
their higher stress tolerance (Coate et al., 2013; Tossi et al., 2022), could be advantageous in
maintaining ecosystems and resisting climate change (Sessa, 2019). However, Crawford et
al., (1993) predicted prostrate forms of S. oppositifolia adapted to short growing seasons and
cold, wet soil, to be at a disadvantage at higher temperatures leading to earlier snowmelt and

less water availability. However, maybe polyploidy can help mitigate this.

For future investigations into S. oppositifolia and its polyploids, both experiment in vitro set-
ups and in situ measurements are needed. Photosynthetic performance measurements can be
enhanced by combination of PAM fluorescence and gas exchange, in combination with more
detailed measurement of leaf structure through for example electron microscopy. Biotic

advantages such as competitive ability was not touched upon in this study, the locations
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where S. oppositifolia polyploids live has higher specie richness than the diploid dominated
ridges (Eidesen et al.,(in prep)), and the polyploids could be better competitors, as seen in
tetraploids of Lolium perenne L. (Sugiyama, 1998). As desiccation tolerances seem to be a
theme with the polyploid in my results, experimental setup with water availability as a stress
factor, could strengthen or weaken my findings around that. Additionally, polyploidy should
be considered in studies dealing with intraspecific variation, especially in Arctic

environments as frequency of polyploids increase at higher latitudes (Love et al., 1949).

42



Conclusion

I investigated the effect of autopolyploidy on plant physiological parameters in the mixed-
ploidy angiosperm S. oppositifolia. Polyploids of S. oppositifolia have higher LMA, a likely
adaptation to desiccation tolerance from living in areas with fluctuating water availability and
lack of cushion growth form. The re-rooted cuttings of tetraploid showed some weak
evidence of higher PSII efficiency when under the early establishment phase of vegetative
propagation. As the plants were not growing in optimal conditions, tetraploid ability to
maintain higher levels of ETR can also be looked upon as higher stress tolerances.
Additionally, potted whole plants of tetraploids showed some signs of higher stress tolerance
driven by improved NPQ. However, PAM-fluorescence data had high variability, and one
should be cautious in drawing strong conclusions around them. I overall speculate that these
differences are caused by adaptations to compensate for the lack of cushion growth form in
the polyploids, faster growth and stress tolerance for successful establishment through
vegetative propagation. Still, more investigations into physiological changed due to

autopolyploidy in S. oppositifolia are needed.
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Appendix

Appendix 1. Raw output from mixed linear model from statsmodel . Model: RWC~ploidy*habitat, random effect: plant

ID. Reference level: Diploid (2x) and Ridge.

Mixed Linear Model Regression Results

Model:

No. Observations:
No. Groups:

Min. group size:
Max. group size:
Mean group size:

Dependent Variable:
Method:
Scale:
Log-Likelihood:
Converged:

REML
39.8904
-622.3178
Yes

Intercept

ploidy[T.3x]
ploidy[T.4x]
habitat[T.riverbed]
habitat[T.slope]
ploidy[T.3x]:habitat[T.
ploidy[T.4x]:habitat[T.
ploidy[T.3x]:habitat[T.
ploidy[T.4x]:habitat[T.
plant_id Var

MixedLM
174
159
1
2
1.1
Coef
63.475
8.037
3.956
6.375
9.293
riverbed] -12.386
riverbed] -10.320
slope] -12.268
slope] -14.072
60.163
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Appendix 2. Boxplot of maximum values for electron transport rate (ETRm) and non-photochemical quenching (NPQw),
for each measurement period done on cuttings of Saxifraga oppositifolia grown in a climate-controlled room.
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Appendix 3. Boxplot of maximum values for electron transport rate (ETRwm) and non-photochemical quenching (NPQw),
for each measurement period done on whole individuals of Saxifraga oppositifolia grown in a climate-controlled room.

Black line represents the median and white square the mean.
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Appendix 4. Boxplot of maximum values of electron transport rate (ETRw), by each habitat and location the measured
individual of Saxifraga oppositifolia originated from. Differences not significant, p = 0.151 one-way ANOVA.
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Appendix 5. Example of a curve fitted to electron transport rate (ETR).
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Appendix 6. Leaf rosette form Saxifraga oppositifolia used for light curve measurements. From a plant growing in

climate-controlled room. Credit: Simen S. Hjelle.

Appendix 7. Climate-controlled room layout with re-rooted cuttings of Saxifraga oppositifolia growing in pots. Credit:

Simen S. Hjelle.
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Appendix 8. Pots with whole individuals of Saxifraga oppositifolia collected in the field. Credit:

Simen S.

Hjelle.
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Appendix 9. Tukey Test output table to check if ETRm was influences of plant transect location origin. Data tested whole

plants period 1. No significance.

Multiple Comparison of Means - Tukey HSD, FWER=0.85

groupl group2 meandiff p-adj lower upper reject
11 13 -1.117 ©.9998 -13.6478 11.4137 False
2 -1.3203 ©.9993 -12.9366 10.2961 False
4 0.0218 1.0 -12.1111 12.1547 False
5 6.009 ©.638 -5.8314 17.8495 False
7 -1.5859 0.9986 -13.7188 10.547 False
2 -0.2032 1.6 -9.9851 9.5786 False
4 11.5288 False
5 17.173 False
13 7 -0.4689 1.0 -10.8588 9.9211 False
4
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10.6087 False
16.2097 False
-0.2656 1.6 -9.5322 9.001 False
5.9872 ©.4154 -3.5588 15.5333 False
-1.6077 ©.996 -11.5141 8.2988 False
-7.5949 ©.1808 -17.141 1.9512 False
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Appendix 10. Mini PAM Il measurement set-up. Fiberoptics connected to Mini-PAM Il (PAM), held up by a laboratory

stand. Fiber angle is a, d is distance between fiber optic and sample (leaf rosette), h is height of pot from table. Angle was

kept the same for each measurement. Height and distances adjusted for optimal signal strength.

62



Appendix 11. Cross-section of a leaf from Saxifraga oppositifolia. Unknown ploidy. Clearly visible higher densities of
chlorophyll on the light facing side of the leaf.

Appendix 12. Tukey test of comparison between field and lab measurements of Fv/Fm. Lab measurements are from re-

rooted cuttings and whole plants. Only significant differences are shown.

groupl group2 meandiff = p-adj lower upper

Cuttings Period 1 Cuttings Period 2 0.0197 0.7971 -0.0073 0.0468
Cuttings Period 1 Field 0.0517 0.0001 0.0325 0.0709
Cuttings Period 1 Whole Plant Period 1 0.019 0.5598 -0.001 0.0391
Cuttings Period 1 Whole Plant Period 2 -0.0355 0.1243 -0.0602 -0.0109
Cuttings Period 1 Whole Plant Period 3 0.0081 0.9969 -0.0219 0.0381
Cuttings Period 2 Field 0.032 0.2365 0.0067 0.0572
Cuttings Period 2 Whole Plant Period 1 -0.0007 1 -0.0266 0.0253
Cuttings Period 2 Whole Plant Period 2 -0.0552 0.0169 -0.0848 -0.0256
Cuttings Period 2 Whole Plant Period 3 -0.0116 0.9913 -0.0458 0.0226
Field Whole Plant Period 1 -0.0327 0.0175 -0.0502 -0.0151
Field Whole Plant Period 2 -0.0872 0 -0.1098 -0.0646
Field Whole Plant Period 3 -0.0436 0.084 -0.0719 -0.0152
Whole Plant Period 1 = Whole Plant Period 2 -0.0545 0.001 -0.0779 -0.0311
Whole Plant Period 1 =~ Whole Plant Period 3 -0.0109 0.9861 -0.0399 0.0181
Whole Plant Period 2 | Whole Plant Period 3 0.0436 0.1756 0.0113 0.076
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Appendix 13. Tukey test of comparison between field and lab measurements of Fv/Fwm, per ploidy level. Lab

measurements are from re-rooted cuttings and whole plants. Only significant differences are shown.

SCORE_Y1

Appendix 14. Subjective scoring of health of re-rooted cuttings growing in climate room. Summer 2020 / Year 1.

groupl group2 meandiff | p-adj lower upper
Cuttings Period 1 2x ‘Whole Plant Period 2 4x -0.0884 0.002 -0.1372 -0.0397
Cuttings Period 1 3x Field 2x 0.0746 0.037 0.0237 0.1254
Cuttings Period 1 3x Field 3x 0.0728 0.0831 0.0189 0.1267
Cuttings Period 1 4x Field 2x 0.0688 0.0011 0.0322 0.1053
Cuttings Period 1 4x Field 3x 0.067 0.0089 0.0263 0.1077
Cuttings Period 1 4x ‘Whole Plant Period 2 4x -0.0512 0.3026 -0.0968 -0.0056
Cuttings Period 2 2x ‘Whole Plant Period 2 4x -0.0803 0.0354 -0.1348 -0.0258
Cuttings Period 2 4x ‘Whole Plant Period 2 4x -0.0972 0.0064 -0.1549 -0.0395
Field 2x ‘Whole Plant Period 1 2x -0.0395 0.1789 -0.0717 -0.0073
Field 2x ‘Whole Plant Period 1 4x -0.0363 0.3255 -0.0691 -0.0035
Field 2x ‘Whole Plant Period 2 2x -0.0572 0.1247 -0.1016 -0.0127
Field 2x ‘Whole Plant Period 2 4x -0.1199 0 -0.1604 -0.0795
Field 2x ‘Whole Plant Period 3 4x -0.0594 0.392 -0.1153 -0.0036
Field 3x ‘Whole Plant Period 1 2x -0.0377 0.4589 -0.0746 -0.0009
Field 3x ‘Whole Plant Period 2 2x -0.0554 0.2562 -0.1033 -0.0075
Field 3x ‘Whole Plant Period 2 4x -0.1182 0 -0.1624 -0.074
Field 4x ‘Whole Plant Period 2 4x -0.0854 0.0173 -0.1399 -0.0309
Whole Plant Period 1 2x ‘Whole Plant Period 2 4x -0.0804 0.0008 -0.1227 -0.0382
Whole Plant Period 1 4x ‘Whole Plant Period 2 4x -0.0837 0.0005 -0.1263 -0.041
Whole Plant Period 2 2x ‘Whole Plant Period 2 4x -0.0628 0.2002 -0.1149 -0.0107
Whole Plant Period 2 4x ‘Whole Plant Period 3 2x 0.0796 0.0687 0.0219 0.1373
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Appendix 15 Subjective scoring of health of re-rooted cuttings growing in climate room. Summer 2021 / Year 2.
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Appendix 16. Scanned leaves from plant with ID SO19-H1-14-19. Leaves were kept inside the plastic bag, but spread out
to avoid overlap, and with the labeled part of the bag facing down. After, images were opened in Adobe Photoshop, were
pixels containing leaves were selected and counted by the software. Next to these bags of leaves were also a rules, so

pixels could be converted into cm?.
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Appendix 17. Triploid LMA per sampling location. Data from 2020 field campaign.

66



Appendix 18. Subjective rating sheet used to evaluate the health of re-rooted cuttings.

Saxifraga oppositifolia — Plant health rating scheme (Above ground)

Photo

Indicators

Score

Brown in overall
appearance.

Lacks leaves or...

...If leaves are present, they

are scorched.

0 — Dead

Leaves a pale yellow color
Leaves seem dry / arid
Wrinkles / signs of low
turgor pressure /

dehydration

1 = Dry

Leaves a pale green color
Hydrated leaves / normal
turgor

No indications of new

growth

2 — Pale

Majority of plant contains
elements of rank 0 to 2...
... But closer inspection
shows new fresh leaves /

new sprouts / new

branching

3 - Hope

Overall strong green color
on >95% of the plant
= or <2 new growth
elements (Sprouts, branch,

rosettes etc.)

4 - Lush
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Lush and green plant
Must have > 2 new growth
elements

(Sprouts, branch, rosettes

etc.)

5 — Growth
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