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Abstract
Oil sands mining destroyseatlandsy removing all vegetation on the ground and diggipg
to 75m deep to reach the oil.o investigate methods to return peatlands to themoshg
landscapga fen reclamation project was launched to build a new peatland using salvaged
peat according thydrological design angegetation reintroductiorHowever, salt
contamination is a concern for growth and physiology of plants besalisenmine waste
materials are transported into the fen through groundwater. A sdbieant plant
community wit Baltic rush Juncus balticusdominant was planted in 2013 but cover has
decreased over time. The response of the plant community to continued salinization under a
range of hydrologic conditions remains unclear. Thesisinvestigated the combined
influence of solil salinity and water availability dnbalticusgrowth and ecophysiology
under a controlled greenhouse experiment and in the Wdlidh can be used to predict

whether this species caonntinue tosurvive in the constructed fen in the future.

In the greenhouse experimeditbalticusseedlingsvere grownn afull factorial experiment
with seven salinity levels and two soil water table leveld fbweeks.Plant growth and

stress were assessed basetkahphotosynthic parameterlant keight, above and
belowground biomass, and leaf and root sodiunt)dad potassium (K concentrations.
Photosynthesis rates decreased whehddacentrations exceeded 2300 my while this
responsevas not observeith theaboveground obbelowground biomass. Noticeably, biomass
and photosynthesis rates were always lower in the wetter treatments, regardless of salinity.
Plant height did not have significant relationships with either salinity or water table levels.
Leaf and root Naconcentations increased with salinity but were similarootsbetween

2300 and 4600 mitreatmentsLeaf and root Kconcentrations decreased as salinity
increasedThis result indicates thdt balticusis relatively resilient to the Naoncentration
currently in the fen, and the salinitg nota stress to this species even in the future. However,
the salt stress id. balticuswould be more severe under the wet condition. Therefore, it is
necessary to maintain some dry microsites to support this salines|in the fen

construction project.

In the field, gas exchange, biomass, and eleaheahtent of]. balticuswasmeasured at
eleven sampling sitan the constructed fen from mitline to lateAugust. Water tablevas

measuredavith each gas exchange rseeement, while salinitgf the pore watewas



measured once after collecting the biomass at the end of the field season. An increasing water
table(wetter)could promote the root growth af balticusbetween the range 670 and-10

cm. However, the growth of shoots was inhibited when the water table was close to the
surface Correspondingly, GEP decreased under high water ¢atgecondition) In the

element content analysis, Na:K was lowest at thentable betwee®0 and-20 cm, which
indicatedJ. balticuscould have better performance to deal witht Matheir leaves at this

range of water tablé&Na* concentratiorbetween 113 and 238g L did not havenoticeable

effect onJuncusgrowth. In addion, ageof the plantis another independent varialiteathad

anegative impact on GEP per aboveground biomass.

Togetheryesuls from the greenhouse experiment and the field collection demonstrated that
salinity had limited impact od. balticusgrowth, while water table had closer relationship

with its performance. When the water table was lower th@rcm ¢70 ~-10 cm), this fator

had the positive relationship with growth parameters, while if the water table is higher than
10 cm, or inundated, would negatively impadl. balicusgrowth. Moreover, shallow water
table interacted with salinity causing additional stress undérNa concentration in wet
conditions. In the future, the impact of water table and salinity on the whole plant community
composition and function could be studied. Furthermore, sulphate could be another element

thatcould threaten the health of plantsdonstructed fens and should be studied further.
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Chapter 1 Introduction

1.1 Peatland ecosystems and their significance

Peatland ecosystesarespecial type of wetland ecosystenmbatplay an important role in

global terrestrial carbon accumulati@@orham, 1991). Although peatlands cover ordgw

3% ofterrestrialsurfaceon Earth theystorebetween 1/3 and 146 the totalsoil organic

carbonin the world(Yu et al., 2010 Xu et al., 2018). Especially in boreal regions, high water
table, low temperature, argbhagnunmoss species provide an anoxic and acidic condition

in which miciobes decompose organic matter slovlderigtssoret al., 2016Evans et aJ.

2016. When the productivity of plants is greater than the decomposition rate, peatlands start
to form (Vitt et al., 1996).

Most of these organic matter abundant wetlands astddat Asia and North America,
especially in the boreal regions of Russia and Canada (Xu et al., 2018). The peatland
definition is rather controversial, varying between regions and disciplines, and there is no
general agreement about how much organic mahtehould be contained in the peat soil.
Some researchers suggested peat soil should have at least 30% organidansteeid(

Clarke 2002), other suggest this number should be F4tdn& Hodgson 1987), and

some other researchers defined thatadd be 18% if the soil was saturated after 30 days
(Schad& Spaargaren2006). In Canada, if the peat accumulation is greater than 40 cm in a
wetland, this wetland is defined as a peatldtubgc 2018). Peatland classification also
varies among countrge and each country usually has their own classification systems, but
water sources and vegetation composition are regarded as the most important factors in the
classification Charman 2002). According to th€anadian Wetland Classification System
(Rubec,2018), peatlands can be categorized as bogs, fens, and sWwampsalways connect
with groundwater and surface flow, whihoften rich inminerals (Rubec, 2018Que to this

connection, fens are usually dominated by graminoid species and brown nviss26@6).

Peatland ecosystems are important to the local environment in terms of hydrologic regulation,
andvegetation successioN\aishiet al., 2015a). For hydrologic regulation, peatlands play a

more significant role than marsh wetlands in AOSR, because peatlands can supply water



back to uplands during drought periods, while most of water in marsh wetlands will be lost
through evaporatio (Petroneet al., 2008). This occurs because of the physical properties of
peatlandsBoelter, 1968). For example, during a wet season or year, the near surface peat
layer (largely made of partial decomposed plant litter) has high transmissivity andidan h
large mass of water due to the large soil pores and high porosity (Price, 2003), while during
drought periods this surface layer is a poor conductor of water under a dry state with low
unsaturated hydraulic conductivity that retards evaporaiettr{dge & Waddington 2014).
Meanwhile the deep peat layers of highly decomposed plant litter with small pore size limit
lateral seepage on account of low hydraulic conductifticé & Whittington, 2010).

Therefore, peatlands are able to regulate hydralogler various climate condition.

Besides the function of hydrologic regulation and carbon accumulation, peatlands are
important landscapes in the oil sand region. The services provided by this type of ecosystem
include, but are not limited to, water digation, flood retention, providing habitat to wild
animals, soil erosion prevention, and soil fertility maintenaBoafet al., 2016). The

negative impacts of peatland degradation in the oil sands mining area have revealed through
water contaminatiofAlexander& Chambers2016, caribouherd decline (Vasseret al.,

2011, dissolved organic carbon (DOC) releakbddkaet al., 2016), etc. Given the

importance of peatlands to landscape function, there is a need to include them in-the post

mining landscpe. Therefore, it is necessary to have a pilot site for peatland reconstruction.

1.2 Peatland disturbance in AOSR

Peat is the primary product in peatlands and it is also known as an early stage of coal

formation due to high organic carboantent Ryer& Langer, 1980). Across much of boreal

of Alberta, including areas with dense peatland coverage, there is a rich storage of oil sands,
the mixture of sand, water, and bitumen, whi
formation {igrass 1968). The collision between the Pacific Plate and the North American

Plate pushed the sedimentary rock layers in Alberta to deep depth and converted the organic
layers into light oil under high temperature and pressure condiNbgsaés 1968. Because

oil sands are usually buried tens to hundreds of meters below the ground, vegetation removal

is necessary for the oil sands detection and mirlieg & Boutin, 2006), which results in

many negative impacts to local ecosysteAtslf et al., 2019).



In westernCanada (AlbertaSaskatchewan, and ManitQbd8 petagrams (Pg = ¥@) of

carbon is stored in peatlands (Vitt et al., 2000), equal to 2.1% of global soil carbon. In
northern Alberta, half of the pmdisturbed landscape in the AOSR was peatlands, anel mor
than 90% of these peatlands were classified as fens (Vitt et al., 1996). Based on the
reclamation and disturbances data set provided by Alberta Environment (2017), about 953
km? of lands have been disturbed by mines and associated fatiétissen 200@nd 2016

in support of oil sands extraction in the region, while about one seventh of these lands were
reclaimed. Besides the surface mining activities, petroleum exploration also disturbs
peatlands by clearing surface vegetation, pressing with heavymaachnd creating seismic
lines over 1900 kiin peatlands over the past decades (Strack et al., 2019). Those
disturbances may have negative impacts on local animals, such as caainest( Stuart

Smith, 2000), ovenbirdsBayneet al., 2005) and martegigneret al., 2015). Furthermore,

if the disturbance exceeds the threshold of peatlaesiience, their functions could change
from carbon sink to carbon source and release a great amount of greenhouse gases into the
atmosphere, such as carbon di@xithethane, and nitrous oxi¢f&track et al., 201 Nwaishi

et al., 2016).

1.3 Peatland reclamation in AOSR

In the Environmental Protection and Enhancement Act issued by the Alberta government,
"equivalent land capability” is defined as the aim of land reclamation (Environment and
parks, 2000). It means that the reclaimed land should retain similar functiomeprby the

land prior to disturbance. Land reclamation to wetlands has been tested in AOSR since 1980s
(Daly, 2011) where oil companies built small marshes to treat wastewater and maintain
sustainable ecosystems. Field studies and ecological assessm#r@seclaimed marshes

and shallow open water at a small scale were not only focused on the contaminant reduction
(Bishay, 1998Videlaet al, 2009) and ecological influendes(inget al., 2003; Barr, 2009)

but improved essential understanding of wetleeadamation in terms of vegetatioGrowe

et al., 20017Trites & Bayley, 2009a), food webd/Naylandet al., 2008) and performance
indicators Rooney & Bayley2010). Then, more research focused on the reclaimed lands at a
larger scale, such as Pilot Enil Pakes (EPL), which considered surrounding watersheds

into their designaly, 2011).



Although those marsh reclamation projects achieved the goals in terms of wastewater
recycling andevegetation, they did not restore the landscapes back to theabpgiatland
ecosystemsAccording to Chee and Vitt's (1989) investigation on vegetation and chemistry

of surface water and peat, the Athabasca area was originally dominated by moderate

fens. Only reclaiming marsh and open water wetlands would canselemble loss of

peatlands in the region over time (Rooney et al., 204&)ost at the same time as marsh
reclamation trials were ongoing, a peatland reclamation theoretical model was put forward by
Price et al. (2010) to cut down the paludificationdifrom marsh wetlands to peatlands

(Noon, 1996Trites & Bayley, 2009b). Moreover, a natural wetland monitoring program was
conducted to describe the range of conditions present in natural wetlands and to better

improve wetland reclamation in AOSR4ly, 2011).

Based on this progress, tests of peatland reclamation in the AOSR were required as part of
the mine approvalsl(ites & Bayley, 2009b). Sandhill fen and Nikanotee fen are two
constructed peatlands built in AOSR as experimesitasby Syncrude an&uncor,

respectively Ketcheson et al., 2@). Climate was one of the significant factors considered in
the design. According teshtaet al. (2012) for climate in the past in AOSR, evaporation

rate is greater than precipitation rate in this region aadaimfall usually happens in a short
period with high intensity. They also predicted that there will be more precipitation,
evapotranspiration and longer growing seasons in the future. Because of this climate
condition, both constructed peatlands weragiesi to be selfustained systems with

suitable peat depth and revegetation, while they used different concepts for the construction
(Priceet al., 2010Wytrykushet al., 2012)

The Sandhill fen simulated the layout of natural fens aobtdined water from a nearby
reservoir to protect peatland plants from the high salinity water in surrounding watersheds in
the next 5 to 10 year®\ytrykushet al., 2012). Nikanotee fen used a subsurface and surface
hydrologic model to optimize the areatio between the upland and the fen, which helped to
test the system sensitivity to various combinations of layers with different hydraulic
conductivities (Figure 1.1) (Ketcheson et al., 2016). This design was modelled based on the
meteorologicatiata in he past decades to ensure that the peatland could maintain wetness
even in the driest period. To improve infiltration in the watershed, ridges and furrows were

excavated on the upland in 2013. Moreover, to create more dry habitats, new peats were
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placed athe northwest corner of the constructed fen in 2018 and planted in 2019. One of the

challenges in the Nikanotee fen is that contaminated water containing High Na

concentration, sourced from construction materials, might flow into the fen through

groundvater exchange&esselet al. (2018) found that the average*'dancentration
increased from 87 to 20@g L1in surface soil of the fen between 2013 to 2016 and that the

increase usually happened in summer between 2013 to 2016. This occurred as high intens

rainfall could bring a great deal of Nato the fen through the aquifer and evaporation could

transport salts from the lower layer to the surface of the fen during dry periods (Kessel,

2018).

[ Petroleum coke (0.5m)

B Geosynthetic clay liner (0.05 m) T 125

Engineered compacted fill (1.0 m)

Outflow pond
[] overburden dump
E] Reclamation soil (0.2 m)

2% slope

0% slope

Height (m)

<===Transition zone ===+<==Upland aquifer ==»

Fen peatland — Upland

100 150 200 250 300 350
Distance (m)

Figurel.1 Cross section design of the Nikanotee fen (from Ketcheson et al., 2016).

1.4 Salt tolerance & flooding tolerance of plants

High levels of salinity in soil may cause salt stress to plants. The response of plants could be

stamatal closure and cessation of root grotuins& Schachtmanl1993;Rajendraret al.,

2009). This reaction would impact the ability of plants to absotienieom the soil.

Basically, plants passilyeuptake water from soil using the Cohesitension (CGT)

mechanism$teudle 2001). Cohesion means tliaginteraction force between water

molecules is strong so that the water column can be continuouslgdreatswithin the plant

tissue, and the tension is caused by transpiration of the plant leaves that onedégs a
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pressure to pull from roots to leavédaElroneet al., 2013). Under salt stress, th@ C
mechanism would be inhibited due to stomatal dleswhich is caused by imbalanced ion
concentration within the plant tissue ; therefore, if the plants cannot restrict ion translocation
or adapt themselves to tolerate the condition, the cytotoxic ion might accumulate in the plant

and cause metabolic prieins, and even cell deatMnns& Tester 2008).

There are three different salt tolerance mechanisms employed by plants: 1) osmotic stress
tolerance, 2) sodium exclusion, and 3) tissue toleravicaris& Tester, 2008). The first
strategy means thatants would increase their leaf area and stomatal conductance to resist
osmotic stressAbebeet al., 2003). Plants with sodium exclusion functions can préNant
accumulation in leavefRpzemeet al., 1981). This process is controlled by transporters
within plants to excluddla” from xylem {Horie et al., 2005) and the function may consume
more energy (ATP) from plants during the growing seabtumfset al., 2020). This
mechanism could also prevent the decline of electron transportation from the g sal
water and maintain the ion concentration at a normal level within the plant thssaedt

al., 2017 Niewiadomska& Pilarskg 2021). Tissue tolerance means that plants could adjust
sodium or chloride accumulation in their tissues wafatively high concentratior-{owers

et al., 2015).

If plants are unable to cope with high salinity, the impact of osmotic stress could be a
reduction in stomatal conductance, leafoot growth rate and photosynthesis rate; however,
in some speciesf plants, the photosynthesis rate might be stable because leaf cells would
grow thicker and the number of chloroplasts incredaméset al., 2002)Facinga longterm
salt stress, sodium exclusion and tissue tolerance usuablgotw. Some plants can

sdectively absorb potassium into the tissue and ré&sto maintain a suitable sodium to
potassium (Na/K) ratio, and calcium can be used to alleviate damagdl&amthe tissue
(Chenet al., 2005Kopittke, 2012). Leaves are the most vulnerable plplants under a

salty environment because ions can accumulate in leaf blades during transputatos (
2002). Therefore, in addition to strategies that prevent ions entering the plant, the synthesis of
organic solutes to improve osmotic adjustmentitghiMunns 2008) and use of antioxidant
enzymes to protect enzyme systeRar{ganiet al., 2016) might happen inside of some

plants.However, high salinity environment could still have negative impact on the activity of



Rubisco enzyme, which would influes the carboxylation function within the photosynthesis

process $eeman& Sharkey1986;Galméset al., 2013).

In addition to high salinity, flooding is another threat to plants in wetlands, including
constructed fens. Anoxic conditionan cause oxygen deficiency in root systems, which
slows down the growth rate of roots and shoBse(v, 1983). Then, the movement of solutes
would be limited between membrandsqught& Drew, 1980). At last, leaf dehydration and
stomatal closure due toot damage may cause death to plaBtsdet al., 2001)To survive

in flooded areas, plants have developed seeelative features. Adventitious roots, also
called aboveground roots, are common under flooding stress, which can help roots access
oxygenin inundated area€olmer& Flowers 2008). Aerenchyma tissue is another feature
that can improve oxygen transmission to root regidmmétrong 1980). It is a spongy tissue
within plants formed under the hypoxic condition to transport gases from leancess.
JustinandArmstrong(1987) found that flooding did not have a negative influencghoot
weight and root length in various wetland species because aerenchyma increased the root
porosity and prevented oxygen deficiency. Another adaptive featsi@me marsh species is
having a shallow rooting strategy to avoid deeper saturated Bedsson & Havill 1988).
Furthermoreptherfactors, such as root diameter, stele volume, radial oxygeraiogs,

enzyme activitymay influence the diffusion of oggen within plantsColmer, 2003 Patelet

al., 2014.

There is little research focusing on the combined impact of waterlogging and salinity on
vegetation growth, especialiy peatland plants. In a greenhouse experiment designed by Vitt
et al. (2020), they measured the physiologZafex aquatiliswhich isawidespread,

common graminoid across wetlands in the AOSRe result indicated that biomass,
photosynthesis rate, and stomatal conductance of the plant obviously declined whenh the Na
concentration reached 2354 mg.lHowever, the experiment did not eéawater level into
account, which could significantly influence the plant growth in the natural environment as
well. In fact,Phillips et al. (2016) found that the evapotranspiration rate ¢ET)nctional

plansin a natural saline fewas affected by kb water level and salinity. High ET rates

were usually measured at the area with low water level and low leaf area index (LAI). It
means that plants in the saline fen may have smaller leaf area and prefer wetter soil. The

research also discovered that theh species]. balticus may have low transpiration rate
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under flooding and salt stress. Therefore, some types of plants may be more likely to suffer

salt stress under flooding.

1.5 A history of Juncus balticusresearch & current studies on the fen

J. balticus(family Juncacead} a type of mnocotyledonusgraminoidandusually exists in
naturaly salinewetlands includingsaline fensn the AOSR, but was not found to naturally
colonize industrial wetlands, including small test ponidggs & Bayley, 2009). This species
was first found in Britain by Adamson (1913) at a humid but not waterlogged coastal dune.
According to the distribution record dfbalticusand its hybrids between 1933 and 1978
summarized bysmith (1984), they were discoveredajuatic, semaquatic, weslackareas,

but most of them were recorded in ve#dick regions. Wet slack is usually used to describe an
area where the soil is loose and the water table level is neither high ndr balticuswas

first documented as a tibplant in Canada as welRpusseaul934). Then, in the next
decades, it was successivetgorded in Saskatchewaiofes & Petersqri970), British
Columbia Pojar, 1973), Alberta\(vhysong& Bailey, 1975), southern Ontari&Kérrow et al.,
1975), Northwest TerritoriesReynoldset al., 1978) and Nova Scotigdtriquin& Keddy,

1978). They were all found nearby saline waterbodies and growing in moist soil, while the
wide footprint indicated t heasldalteusdoddbéa st r ong
nurse plant for mosses in peatlands and improve oxygen transport to roots, it has been
included in plantings at the Nikanotee fen (Borkenhagen and Cooper 2019). To better
understand long term response of constructed fens BAER to changing salinity and
hydrological conditions, it is therefore important to understand vegetation environmental

tolerances, including. balticu® s r esponse to flooding and sal

In Nikanotee fen, existing studies are available on hydrolBggdet al., 2010Ketchesoret

al., 2017), salinity$imhayovet al., 2017Kesselet al., 2018, Yang, 2021), vegetation
composition Borkenhager& Cooper, 2019), and interaction between plants and hydrology
(Scarlett& Price, 2019;Sutton& Price, 2020) or salinity, hydrology and soil carbon
(Prystupa2020), but there is a lack of research on the combined influence of salinity and
water table on plants. It is significant to understand how salinity and water table work
together to impact plants' guth in order to better model vegetation succession under
changing conditions to inform future reclamation projects. Given its preference for growth in

partially saline conditions and inclusion in planting at Nikanotee fen as-@keatint species,

8



this gudy will focus on assessinlybalticusresponse to salinity and water table positioti

a greenhouse experiment and field measurements.

1.6 Objectives

(1) How is Juncusbhalticusgrowth and physiology affected lnycreasingNa®
concentratiog? (Chapter

(2) Does water table position interact with the salinity to influehagcusbalticus
growth and physiology? (Chapter 2, Chapter 3)

(3) Can growth patterns duncusbalticusin a field setting be explained byriation in

water table and salinity? (Chapter 3)



Chapter 2 The combined impact of salinity and watertable on Juncus

balticusgrowth: a greenhouse experiment

2.1 Introduction

Oil sandss one of the crude oil sources developed from marine sediments, which is
deposited upat 75 m below the surface in the mining regi@mghayovet al., 201). To

reach this depth, surface layers would be removed before the minging and high salinity
materials would be backfilled after the mining. This activity would disturb the function of
pedlands, such as carbon sequestration, hydrologic regulation, and nutrient cycling
(Smandych & Kueneman, 2013 herefore, it is important to reclaim the peatlans to improve
the resilience of the ecosystem. Nikanotee fen is one of the peadtdachation projects by
salvaging the peat from mining region and taking tailing sands as the aquifer layer for the
constructed watershed (Price et al., 2010). During the construction, salinity became to a
concern for maintaining fen plant communities aadbon accumulation function, but the
plant tolerance was not well studied due to limited information on natural saline systems,
thus, a mesocosm experiment was conducted the on the constructed fen by introducing
various species on the sit@grkenhagen &ooper, 2010 According to the past studies on
the element pool in this constructed landscapé,ndads decades to flush through the
watershed and its concentration would be elevated in the fen by evapotranspiration (Yang et
al., 2022). This study willnvestigate the response of used plants in the constructed fen,

especiallyJuncus balticusto Na concentration under different hydrologic conditions.

2.1.1Peatland reclamation &e need fogreenhouse experiment

The Nikanotee fen is a constructed fen in the oil sands region in Alberta where a peatland and
its watershed were designed using existing construction materials to ensure provision of
water to the fen to main wetness even under dry weather periods (Rrice26€10). The peat

layer was salvaged from the mining area and plant community was transplanted using moss
layer transfer or planted as seedlings, includimgcus balticusCarex aquatilis and other

peatland plants (Borkenhagen and Cooper, 2019rGig abundance in the pastning

landscape, tailings sand was used in the upland slope and aquifer construction; however, it
has led to the increase of N@ncentration from 87 to 200 mgtlin the fen between 2013

and 2016 (Kessel et al., 2018).
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To measure the plant response to various salinity lerelsdentify mechanismsvhich is

hard to obtain from the field, conducting a greenhouse experiment is necessary. For example,
Vitt et al. (2020) found thafarexaquatiliscould survive under various salinity levels, but

that plant performance decreased wheh ¢tamcentrations reached 120@ L.

Furthermore, water table, as an important component in plant growth, has higher relationship
with topology and precipitation ithe field. Research found that salinity was higher in the

wet region than dry region in Nikanotee fen (Yang et al., 2022), but it could not differentiate
the impact of salinity and water table on plant growth. Therefore, greenhouse experiments

have the adantageof controling environmental variables

2.1.2Impacts of the water table & salinity q@motosynthesis rate

Carbon sequestration is one of the significant functions in peatland ecosystems, which is
controlled bythe balance between GOptake from fant productivity {.e., photosynthesjs
and CQ release from respiration anécomposition rates-(anagar& Syed 2011). The
decomposition of plant litters is affected by temperature and oxygen content. Litter usually
decomposes most quickly in warm amgh oxygen environments where the microbes have
high activity Caiet al., 2010). The productivity of plantsasrrelatedwith latitude,

substrate, species, and other environmental fadkansdnsalcet al., 2017). To quantify the
productivity rate of plants in a greenhouse experiment, photosynthesis rate is a common
parameter to be measured and estimated from gas exchange paravteratss( Ismail,
2007).

COzdemand and C&supply are two main tdorsfor carbon sequestration in plants. £0
demand is determined by the photosynthesis process, which consists of the light reactions and
the dark reaction®8Bassham & Calvin, 1960The light reactions include light capture and
electron transport, antieé dark reactions include carbon fixati@assham & Calvin, 1960
These two reactions could be estimated from a physiological responséAGrygom the
measured photosynthesis rate (Anjercellular CQ concentration ({, leaftemperature
(Tleaf), and photosynthetically active radiation (PAREi curve is a stepwise function,
which consists ofhe function of the maximum rate of eletron transport ratg)(and the
maximum rate of carboxylation rate (Wg) normally (AppendixA). Whenthe CQ
concentration is low, the photosynthesis rate is limited by the carbon fixaten
(carboxylatiorratg, which is related to Rubisco enzynigaésham & Calvin, 19§0With
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the increase of C£xoncentration, the photosynthesis rate wodditnited by the
regeneration rate of RuB®hich is related to electron transpfassham & Calvin, 1960

COz supply

Considering the performance of photosynthesis rate is depended on the dark reactions and the
light reactions, the impact of salinity @hotosynthesis could also act on these two reactions.
In terms of the light reaction, the rate of electron transport decides the efficiency of light use
during the photosynthesis process. Studies found salt stress would degrade the content of
photosynthet pigment, break down the chlorophyll, and eventually influence the ability of
electron transport 3« within leaves $udhir& Murthy, 2004;Muhammacet al., 2021). For

the dark reaction, stomatal conductancg ¢gntrols the amount of usable €&hd VGnax

controls the conversion rate from the inorganic carbon to the organic cArbmrnewed

article suggests that gas reduced under the salt stresthe root zoneRazihizinaet al.,

2012), which could be controlled by phytohormone sigridisnhs& Tester 2008. The rate

of carboxylation was both controlled by the support and demand ofT®® support of C®

is related to g which regulate thdux of gas exchange between the plant tissue and the
atmosphere. The demand of £i6©depended on efficiency of carbon assimilation, which is
highly related to the activity of Rubisco enzynierfes 1998,Goudet al., 2019)Galméset

al. (2013) found theontent and the activity of this enzyme was reduced under the salt stress.
In summary, an increase of salinity would inhibit both light and dark reaction, which may

lead a poor performance of the photosynthesis rate.

Furthermore salinity is toxic tanon-halophytes (i.e., glycophytes) in terms of morphology
(stem diameter, height, leave thickness, cellular structure alteration), physiology (carbon
assimilation, electron transport, carboxylation), and molecules (protein abundance, Rubisco
activity, ionic imbalance}Wungramphaet al., 2018) Changes in any of these aspects could
indirectly reveal the impact of salt stress on photosynthesis rate. Most of studies found that
morphology Udovenkoet al., 1970Zhanget al., 2016), physiologyGdhaveset al.,2009;
Oukarroumet al., 2015), and molecular structuBe(nleinet al., 2014Golldacket al., 2014)

had poor performance under high salinity levels for glycophytes. On the contrary, halophytes
usually have better performance in salty environments. Tlohanéesm of saltolerance

could be either salt exclusion or inclusidfidwers& Colmer, 2008), but most of the

halophytes can retain potassium in their mesophyll cells better than the glyco@mftdar(
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et al., 2016). Even in low salt environments, stra®phytes still preserve high Na
concentration in their tissues to maintain shoot tur§babpala2013). Therefore, halophytes
would have better resilience of stomatal conductance, electron transport rate, and

photosynthesis rate under salt stréssdret al., 2017).

Water table position also plagn important role in plant growth. One the one hélodding
would havea negative effect on the photosynthesis rate through oxygen deficiency. This
shortage could be causedthglow diffusion rate of gs within liquid and the consumption

of carbohydratedMommer& Visser, 2003, which could influence thplantgrowth rate and
solute movement between membranE®ght & Drew, 1980Drew, 1983. The

consequence would be leaf dehydration stedhatal closure and then inhibition of the
photosynthesis processl§e et al., 2001 To be more specific, the photosynthesis process is
affected by the stomatal closurader the hypoxic and flooded conditions, whigsbeen
observedn at least 58 spes Sojkg 1992). FurthermorgsO: is the electron acceptor in

the mitochondrial electron transport chain, a reduction of oxygen content within the plant
tissue would rapidly impact the electron transport rBtléy-Serres& Voesenek 2008).

One theother hand, drought could reduce the stomatal conductance and ATP production by
limiting water uptakeKlexaset al., 2007), and then influence the carboxylation during the
photosynthesisTiezaraet al., 1999). Overall, both oxygen and water limitationldauhibit

the process of photosynthesis, but the resistance to flood and drought would be different
among the specieS¢jkg 1992).

Tissue chemistry of plantan alsdeused to asseskse combinedmpact ofsalinity and

water table Sodium(Na®) and potassiunK*) are two indispensable elements gs@assing
saltstresgesponses iplant tissueswhile other elements are also important, such as
phosphorus, anditrogen(Smith, 1962)Under salt stress, plant growtan beusually

inhibited by N& toxicity (Isayenkoy 2012). An increase of N@oncentration could
immediately restrict root growth due to osmotic stress and it would impact shoot biomass
over time Munns& Tester 2008). When the Naoncentration accumulated within leaves
reaches a tog level, the photosynthesis rate would be inhibited, or this could even cause
death of plantsMiunns& Tester, 2008). In additionincreaseK* concentration isisually

used byplants todilute the impact from Nabecause these two particles have similar size

(Shabala& Pottosin 2014). The deficiency of Kwould have a negative impact on protein
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synthesis, osmotic adjustment, and photosynthesisksteher 1968;Tsayet al., 2011).
Therefore, Na/K ratio is usexb an indicator to assess the impact of salt stress on plants. This
ratio measures theomparative concentration between™sd K" by grinding and analyzing

the plant tissue. Higher Na/K means more salt stress within plants because the cells tend to
exclude K" when Na assembles in cytoplasm when ttmgregated Nacauses membrane
potential lower than the resting potenti@efnidchiket al., 2014). Sodium exclusion and

tissue tolerance are two major mechanisms for plants to tolerate salt stress. Satiisiore
mechanism could preveN&" accumulation in leavefkpzemeet al., 1981). Tissue tolerance
could adjust sodium or chloride accumulation in their tissues with relatively high
concentrationKlowerset al., 2015). If Na/K ratio is high in both shoots and roots, it indicates
that the whole plant suffers the salt stress, which may apply the tissue tolerance strategy. If
Na/K ratio is only high in roots, it indicates that the roots suffer the salsstred it uses the

sodium exclusion strategy.

Phosphorus and nitrogen are tatherimportant elements for the plant growth. Phosphorus
is a fundamentatomponenof ATP, which provides energy for carboxylation in the dark
reactions Raghothama2005).A study found phosphorus shortage would damage mesophyll
and chloroplast and depress the photosynthesis rate in sogiesast @l., 2018). However,
phosphorus content in eutrophic water has negative relationship with the photosynthesis rate
(Quanet al., 2@9). Nitrogen content is highly related to chlorophyll content, which would
influence on the electron transport rate in the light reachi@cliiya& Noguchi, 2011). This
content could be measured through spectrometers, reflectometers, and i (
Huertaet al., 2013). Thus, these two elements are usually compared together in the tissue
chemistry analysis. If N:P is smaller than 14, the plant growth is limited by N. On the
contrary, if this ratio is greater than 16, the plant growth is limited §oRréelmart

Meuleman 1996.

2.1.3 Objectives

To observethe responsef J. balticusto Na" salt and water stress, seven salinities and two
water tables were tested in the greenhouse experiment. The objective of this experiment is to
study how Naconcentration impacts the growthbialticusand determine whether the

water table interacts wWitthe salinity to affect outcomes. The hypothesis was that the growth
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of J. balticuswould be inhibited to the greatest extent by the high salinity levels with high

water tables.

2.2 Methodology

2.2.1 Experimental design

The greenhouse experiment was amtdd in the University of Waterloo Greenhouse at the
Department of Biology. The greenhouse provided eight benches withf&8et length and

width in the room. The roof was transparent vatljustable shutters so that the irradiation of
natural sunlight could be regulated based on requirements. The temperature was stable in the
greenhouse, but it could be influenced by thaight in summer. To maintain the

temperature and humidity, a mist system was installed on theagadérating with a fan to

spray mist and create air flow within the room. Moreover, the greenhouse also provided

deionized (DI) water for experiments involg water sample tests.

Before setting up the experiment, chemistry of the incubation water was calculated based on
field data (Table 2.1) while the tested*Nancentrations were chosen based on previous
studiesVitt et al. (2020) measured the performancaraither dominant species in the
constructed fenCarex aquatilisunder six Naconcentrations (14, 108, 275, 522, 1079, 2354
mg L) and they found thispecies was inhibited at 2300 mg.IConsideringluncusspecies

had better salt tolerancAl(Hassaret al., 2016) and the goal of this experiment was to
determine the threshold df balticus the Na concentration gradient was set as 10, 100, 300,
600,1500, 2300, and 460fig L %. For other elements (EaMg?*, CI-, K*), concentration

dataof watercollected in 2015 could be an ideal choice¢ause the vegetation community
started to become stabilized in this year ditst beingintroduced in the fem 2013 Kessel

et al., 2018). It could be noticed that the sulfate concentration on the site was highly elevated,
thus, the chemicals used in the experiment were sodium sulpha&dNacalcium sulphate
(CaSQ), magnesium sulpha{®gSQs), potassium chloride (KCI), calcium chloride (CacCl

and fertilizers containing nitrogen. To calculate the required weight for each chemical based

on the elemental concentration, the following formula was used in the calculation:

. y 0
0] 0 =
)
Where0 is the concentration of the chemical, is the concentration of the
elementp) is the molar mass of the chemical, and is the molar mass of the
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element. The molar mass of elements and chemicals are listed in ApBeBgigause

nitrates occupy 11.8% in the fertilizer, (3/0.118) mg fertilizer was needed for 1 L of the
solution. The weight of N&Qs and other chemicals in 1 L of water were displayed in
AppendixB. The chemicals were dissolved in DI water provided by the greenhouse to make
solution for each treatment. The water table was chosen according to maximum and
minimum depth in the field in 2015, which wefeand-15 cm, respectively.

The final setup of the greenhouse experiment included seven totes to hold the solution, 84
pots to plantl. balticus and 42 small pots used as pot stands to elevate sampleedssig

the-15 cm water table treatment. In total there were four replicate pots for each water table
salinity treatment combination. The volume of the solution in each tote was tested based on
the volume of saturated peat soil, pots, and stands wheratke level reached t& and-15

cm for both pots with or without stands at the same time, which was 22ttetefére, the

total weight of chemicalsisal for each water changirig shownin AppendixB.

Seedlings of. balticuswere cultivated by Tree TienServices Inc., the same company who
helped produce the plants for the constructed fen in 2013. The seeds were collected from the
seed bank in central mixedood area by the company. The cultivatiorddbalticus

seedlings started in March, year and pbippto the greenhouse on June 7, 2021. Plants were
transplanted to pots filled with milled peat (Premier Tech). The peat soil was soaked before
planting and filled into each pot under the different water table after plaftingder to

assess whetherdhuse of milled peat would create acidic conditions, test pots were created
with milled peat and the water solutions and pH was tested over two weeks bg using
portable pH meter (HI 98129, Hanna instrumentsgll cases, pH remained between 6.5 and
7.5,a range similar to that observed in the constructed fen (Yang, 2021). All pots with the
same salinity treatment were placed in the same tote, with the deeper water table created by
elevating those pots on pot stan@ise crosssectional diagram for each tote in the

experiment is shown in Figure 2.1.

Table2.1 Mean elemental concentration in pore water on the constructed fen in 2015 at 50

cm below the peat surface.

Element | Na' ca* Mg?* Cl SO K* NOs

(mg/l) | 150 285 90 30 780 6 3
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Figure2.1 Thecrosssectiondiagram for each tote in the experiment. The dark brown color

in the diagram means saturated soil, while the light brown color represents the unsaturated

soil.

During the experimenthe ®lution with various N& concentrationg each binwaschanged
every two weeksDI| waterwas adde@very two daydetween the changes to maintain the
targeted water tabletie to the high evaporation in the greenholisées were spatially
rearranged every two weetesminimize potential effects of spatialnation inevaporation

rate and light availability in the greenhouse.

2.2.2Water chemistry

Water samplewerecollectedtwo times during the experiment from each to¥ater
samples were filtered with a 0.44n polypropylene filtetto removesuspendedolids. Cation
concentrations dNa’, K*, Ca&*, and M@* were determined byductively coupled plasma
optical emission spectrometffCP-OES Thermo Scientific ICAP 6300 apillary ion
chromatographyIC, Dionex ICS5000) was used for anions NGOy, POy, and Cl. Al

samples were analyzed by the Ecohydrology Research Group at the University of Waterloo

2.2.3 Leaf gas exchange
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Leaf gas exchange was measured during week 14 of the experiment, GHRSA3
portablephotosynthesis systerRPSystems, Amesbury, MAn three to four replicate plants

in fourteen treatments. Net photosynthesig @d stomatal conductance)(tates were
measured at a PAR of 150@nol m? s? and at 400 ppm C£oncentration, with a block
temperature of 25C. Maximum rates of carboxylation (M&) and electron transport{sk)

were estimated from A/Ci curves on the same replicate plants used to measure
photosynthesisT h elanfecophyd p gecOu@arsma2015) was used to fit A/Ci curves by
providing the data measured from the photosynthesis system. Photosynthesis rate (A), leaf
temperature (Tleaf), intercellular G@oncentration (Ci), and PAR were taken into
consideration for the curve fittig and t he met Thesdodel & alsoitdiled!l | ne ar
Farqguhatvon CaemmereBerry (FvCB) model and it is piecewise function, including
carboxylation rate (\Vc) function, electron transport rate (J) function and triose phosphate
utilization rate (TRJ) function (Farquhar et al., 1980; Wullschleger, 1993).

2.2.4 Plant morphology, biomass, and tissue chemistry

The height of thedngest shootvasmeasuredn each poevery two weeksAt the end of the
experiment, plants tissues (shoots, roots) were harvested and rinsed by DI water to remove
the attached soils and salt crystallization. Shoots and roots were separated, dri€ifat 60

48 hours, and weighed for biomass. For the gxaots, the shoot weight was set to zero and

the root weight was the real weight of dead root. Mortality was 33/38.

To analyze the elemental content of plant tissue, the dried shoot and root samples were

ground by a ball mill. The grinding jars were riddgy DI water and air dried between each
grinding. The ground samples were sent to the Natural Resources Analytical Laboratory at

the University of Alberta for analysis through the FOES method (iCAP 6300).

Concentration for 11 elements were providedh®yanalysis, including, Nand K. We

calculated rootand leafNa# ks a measure of salt tolerance,

to balance increasing Navith K* within tissues.

2.2.5 Data analysis
R (R Core Team2020) and RStudid}Studio Team2020) were used to analyze the data in
this experiment. The variation in biomass (total, above, and belowground), root/shoot, shoot

height, leaf gas exchangenA¥, Vcmax, Jnax), and tissue elemental content (leaf and root
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Na/K) in response to water table, salinity, and their interaction were tested using factorial

analysis of variance (ANOVA). Significance between the shoot height and date was also

tested in ANOVA. If a signiftant effect was observed, differences among treatments was
tested according to Tukeyds post hoc test me
package\(vickham 2016). In order to assess linear correlations between measured gariable
acorrelatim matri x was maabreploth a p a diMeadgSemkd)2021h e i

where the correl at i &ewrsomwa sc ocrarlecl ualta toend choaesfefd co

2.2.6Greenhouse experimesthedule

Table 2.2 presents the timeline of all greenhouse measurernmatiding water adtions,
evaporation levemnonitoring(water table within the tote), water chasgeater analysis,

shoot height, gas exchange, and biomass collection. This experiment was started off June 16
and ended on Septembef™8amples were dried and weighted in October. Samples were
groundin November and shipped for chemical analyzed in December. Thesefsihiée

tissue chemistry was obtained in January.
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Table2.2 Greenhousechedule. WD (watexddition), EL (evaporation level), WC (water

change), WA (water analysis), SH (shoot height), GE (gas exchange)

Wed Thu Fri Sat Sun Mon Tue
16 17 18 19 20 21 22
Start WD EL, WD
23 24 25 26 27 28 29
EL, WD EL, WD WC, WD
30 1 2 3 4 5 6
WA, WD WD EL, WD SH
7 8 9 10 11 12 13
EL, WD EL, WD EL, WD
14 15 16 17 18 19 20
WD wC WD WA SH, EL WD
21 22 23 24 25 26 27
EL WD EL EL, WD
28 29 30 31 1 2 3
WD EL EL, WD WD wWC
4 5 6 7 8 9 10
WD SH, EL EL, WD WD EL
11 12 13 14 15 16 17
WD EL, WD WD EL
18 19 20 21 22 23 24
WC, WD WD EL, WD
25 26 27 28 29 30 31
WD WD EL, WD
1 2 3 4 5 6 7
EL, WD EL SH, WD WD EL
8 9 10 11 12 13 14
WD EL WD SH, EL WD
15 16 17 18 19 20 21
EL, WD WD
22WD 23 24 GE 25GE | 26 Biomass | 27 Biomass | 28End
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2.3 Results

2.3.1Treatment impaston water chemistry

From the water samples collected in both July and August, the average concentration of K
andNOs were slightly higher than the target concentration in some treatments), while the
averageconcentration of Ca, Mg, and Cl were lower than the target concentration (Téble 2.
compared to Table 2. For the concentration of Nahe difference between the measured
concentration and target concentration increased with salinity in 2300 andwa0d
treatments, the measured™ancentration only reached half of the target concentration. The

measured S£roncentration was greater than the target concentration.

For the dry treatmentslc cm), the range of the average water table was bet&B&ncm
and-16.4 cm. For the wet treatment5 ¢m), the average water table was betwé&e® cm

and-6.4 cm (Table 2). pH was also measured three times before the water change as shown
in Table 25. The average pH increased in first two measurements3réno 4.3, and then

remained stable at 4.2 throughout the experiment.
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Table2.3 Concentration of cations and anions from the water samples-fing L

Mont | Salinity Treatment Na' C&* |Mg? |CIF | SQ? | K* NO3
h (Target N& *
concentration)

July 10 14.08 |173.7 |162.9 |18.3 |632.71|5.56 |4.12
3 3 4

July 100 63.67 |168.3 585|185 |713.44|459 |3.81
2 3 9

July | 300 167.79 | 154.0 | 60.8 | 19.5 | 1002.3 | 5.67 | 3.33
1 7 2 0

July 600 310.54 | 150.5|49.1 | 20.1 | 1360.1| 3.88 |5.16
1 1 5 5

July 1500 915.34 | 180.7 | 62.9 | 18.3 | 2428.8| 6.34 | 4.00
0 4 8 6

July 2300 1260.1|148.6 | 50.6 | 18.8 | 3154.2|4.81 | 3.84

2 6 7 2 2
July | 4600 2769.0|182.0 | 58.6 | 17.1 | 6042.8|6.41 | 4.06
0 9 4 7 1

Augus| 10 1255 |159.4 | 60.0 | 18.8 | 595.84|4.65 |4.33

t 4 4 9

Augus| 100 63.27 | 155.5|57.9 |16.9 | 652.14| 3.41 | 2.90

t 6 3 6

Augus| 300 192.45|169.1 | 66.2 | 17.8 | 936.06 | 4.56 | 3.77

t 5 3 0

Augus| 600 385.64 | 179.6 | 61.3 | 20.0 | 1391.7| 5.65 | 5.43

t 4 8 2 5

Augus| 1500 929.38| 175.1 | 62.9 | 18.5 | 2429.3|4.25 | 4.86

t 5 0 7 1

Augus| 2300 1355.1|181.2 | 70.2 | 19.0 | 3344.7| 3.69 |4.34

t 8 8 2 7 3

Augus| 4600 2723.8|186.3 | 68.1 | 17.8 | 6248.4| <MD | 3.39

t 0 2 5 5 2 L
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Table2.4 Average (standard deviation) water table depth across salinity treatments from July
6 to September 13, 2021

cmmg/L | 10 100 300 600 1500 | 2300 | 4600

-15 159 |-16.1 |-16.2 |-164 |-16.0 |-163 |-16.1
(0.7) (0.6) (0.8) (0.9) (0.7) (0.9) (0.8)

5 -5.9 (0.7)| -6.1 (0.6)| -6.2 (0.8)| -6.4 (0.9)| -6.0 (0.7)| -6.3 (0.9)| -6.1 (0.8)
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Table2.5 The measured values of pH and EC in the water samples between the water

changes
Date 20212806 | 2021:07-13 | 2021-07-26
Salnity pH pH pH
10 3.71 4 4.07
100 3.78 4.62 4.14
300 3.94 4.07 4.13
600 3.75 4.36 4.63
1500 3.99 4.27 4.24
2300 3.93 4.56 4.34
4600 3.87 4.4 4.35
Average | 3.8 4.3 4.2

2.3.2Treatment impaston biomass&nd shoot height

The aboveground biomass was between 0.26 g to 4.14 g, while the belowground biomass was
about two times larger than thboveground biomass and varied from 0.43 g to 8.24 g across
all water table and salinity levels (Figure 2.2). High water table had a significant negative
impact on both aboveground biomass and belowground biomass (TaldtegRre 2.2).

There was no sighcant difference in the aboveground biomass or the belowground biomass
with salinity (Table %). Yet, both aboveground and belowground biomass was higher at 100
mg L-tunder the dry condition, and was lower, but similar, in the rest of salinity lewels an
similar for all salinity levels in the wetter condition (Figure 2.2). However, the interaction
between salinity and water table was not significant for aboveground or belowground
biomass (Table B). Total biomass followed the same tendency as the abmwed) and
belowground biomass (Figure 2.2). Noticeably, the influeneseadér tableon belowabove

ratio was significant in an ANOVA analysis (Tabl&R .Comparing with Figure 2.2 (D),
belowabove ratiovas higher at wet condition in most tinTdhere wanly one data point at

4600 mg/L because the B_A ratio was infinite wiadoveground biomass is zero.

Shoot length increased throughout the experiment (Figure 2.3) and there was a significant
effect of the date, but variation was sanificantly explained by salinity, water table, or the
interaction of salinity and water table (Tabl&)2.
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Table2.6 Results of awo-way analysis of variancBANOVA) showing the effects of
salinity, wate table and their interaon onbiomass: Aboveground biomass, belowground

biomass, total biomass, and Below/AboveJaoncusbalticusseedlings grown in a

greenhouse.
Measurements Treatments F1,24 P
Aboveground Salinity 2.132 0.15%
biomass WT 10.194 0.00 **
Salinity*WT 0.125 0.7255
Belowground Salinity 0.665 0.4203
biomass WT 6.474 0.0157*
Salinity*WT 0.334 0.5673
Total biomass Salinity 1.095 0.3028
WT 7.880 0.0082*
Salinity*WT 0.263 0.6113
Below:Above Salinity 3.039 0.0919
WT 6.492 0.0164*
Salinity*WT 1.239 0.2747

Table2.7 Results of dhreeway analysis of variancBANOVA) showing the effects of

salinity, watertable day of yearand their intera@n onthe shoot height fauncusbalticus

seedlings grown in a greenhouse.

Measurements Treatments F1176 P

Shoot height Salinity 2.953 0.08
WT 4.746 0.03L *
DOY 239.365 <0.001 ***
Salinity*WT 0.017 0.895
Salinity*DOY 0.868 0.353
WT*DOY 4.568 0.034*
Salinity*WT*DOY | 0.065 0.79
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Figure2.2 Variation in biomass in responsedalinity andwater tabldgreatments(A)
aboveground biomass \&linity, (B) belowground biomass.\&linity, (C) total biomass vs
salinity, (D)root:shootvs. salinity. Wet and dry correspond t6 cm and-15 cm water table,
respectivelyLetters on the top rightand corner of each box plot indicate differenafethe
measurement under the wet condit{tower-case letters) anithe dry conditionuppercase
letters) respectively, along the Naoncentration gradient s i ng T ukreayménssare e st .

significantly different if they do not share a letter.
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Figure 2.3 Variation in shoot height in responsestlinity andwater tableéreatments along
the dateDashed lines were the average shoot height for each salinity level in the wet
condition (water table =5 cm), and the solid lines were the average shoot height for each

salinity level in the dry condition (water table 5 cm).

2.3.2Treatment impaston photosynthetic parameters

To assess leaf physiological responses to the combined impacts of watantabéinity,
photosynthesis rate (j stomatal conductancesfgthe maximum rate of carboxylation

(Vcmax), and the maximum rate of electron transparkddvere measured. Variation imA

was related to salinity and water table (Tab&),2vith lowerAn in the wet treatments overall
and in the highest salinity treatment (Tabl®, Figure 2.4A).Variation in salinity and water
table position did not have a significant effect on the other photosynthetic parameters (Table
2.8),althoughVcmax, andJmaxwere reduced under the highest salinity treatments, especially in
the wet treatments (Figure 2.4%), while gswas not affected by variation in water table or
salinity (Table 28, Figure 2.4B). Moreover, the interaction between salinity and water table
posiion did explain a significant amount of the variation in An, Vcmax, Jrrayu(e2.4),
although it was not presented in the ANOVA test (Tal®. 2.
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Table2.8 Results of awo-way analysis of variancBANOVA) showing the effects of
salinity, watertable and their intera@n onleaf photosynthetic parameters: net
photosynthesis rate (A stomatal conductances{gmaximum rate of carboxylation (Me),
and maximum rate of electidransport (dax) for Juncusbalticusseedlings grown in a

greenhouse. Data are from individual measurements at PERGuUMol m? s,

Measurements Treatments F1,42 P

An Salinity 5.839 0.020*
WT 9.671 0.003**
Salinity*WT 0.766 0.386

GS Salinity 0.016 0.901
WT 0.025 0.875
Salinity*WT 1.300 0.261

V Cmax Salinity 3.449 0.070
WT 2.440 0.1%
Salinity*WT 0.778 0.383

Jmax Salinity 3.292 0.077
WT 2.524 0.120
Salinity*WT 1.159 0.28
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Figure2.4 Variation in leaf gas exchange in responssdaimity andwater tabldreatments
(A) net photosynthesis rate {(A\(B) stomatal conductandgs), (C) maximum rate of
carboxylation(Vcmay),, (D) maximum rate of electron trgpmtation(Jmax). Letters on the top
right-hand corner of each box plot indicate differenaiethe measurement under the wet
condition(lower-case letters) anithe dry conditio(uppercase lettersyespectively, along
the Nd& concentration gradientsing T u k e yWr@amentseasetsignificantly different if
they do not share a letter.
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2.3.4Treatment impaston tissueelement content

Sodium to potassium ratios (Na:K) in shoots varied from 0.04 to 1.1, while this ratio varied
from 0.13 to 6.08 imoot tissue (Figure 2.5). Shoot and root Na:K varied by salinity, water
table, and their interaction (TableR.The difference indicated that roots generally had a
higher Na:K ratio than shoots. While the ratio tends to increase under higher salmity, th
change was much greater in the wet condition, particularly whéedeentration was 1500

mg L or higher (Figure 2.5). Leaf phosphorus (P) content in shoots varied with water table,

but not salinity, or the interaction between the salinity and walée (Table ).

Table2.9 Results of awo-way analysis of variancBANOVA) showing the effects of
salinity, watertable and their intera@n ontissue chemistry: Na:K in shoots, Na:K in roots,

and P inshoots forduncusbalticusseedlings grown in a greenhouse.

Measurements Treatments F1,25 P

Na:K in shoots Salinity 59.73 <0.001 ***
WT 13.98 <0.001 ***
Salinity*WT 17.28 <0.001 ***

Na:K in roots Salinity 18.434 <0.001 ***
WT 14.763 <0.001 ***
Salinity*WT 8.872 0.006**

P in shoots Salinity 0.002 0.965
WT 27.154 <0.001 ***
Salinity*WT 1.034 0.319
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significantly different if they do not share a letter.
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2.3.5Correlatiors between the dependent vdiies

Across all treatments, water table negatively correlated with aboveground, belowground, and
total biomass, Vigax, and dax. Water table positively correlated with leaf P content. Salinity
positively correlated with below:above biomass ratio and Naoots and shoots (Figure
2.6).Leaf and root Na:K negatively correlated with photosynthetic parameters Wthax,

and Jax but not stomatal conductance)(dsee AppendixX for a full correlation matrix with

all possible combinations of variables.
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Figure2.6 Selected geenhouse parameters correlation ma8tatistically significant
relationships (P value < 0.05) are shown in each cell by means of a correlation coefficient in
various colors andizes of circle. The darker and larger circles represent the higher

correlations. Blue and red represent positive and negative correlations, respettively.
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photosynthesis rate; Vcmax: maximum rate of carboxylation; Jmax: maximum rate of
electron transpw; Aug_5: shoot height on August'5Above: aboveground biomass;
T_BioMass: total biomass; Below: belowground biomass; GS: stomatal conductance;

B_A_ Biomass: the ratio between belowground biomass and aboveground biomass; Salinity:
Na* concentration; Na_KA: Na:K in shoots; Na_K_B: Na:K in roots; WT: water table; P_A:

phosphorus concentration in shoots.

2.4 Discussion

The aim of this greenhouse experiment was to assess the combined impacts of salinity and
water table oduncus balticusn terms of biomasdeaf gas exchange, and tissue chemistry.
Juncus balticusvas originally planted in a constructed fen after oil sands mining because it
was thought to be a sdtilerant species that would grow well under increasing saline
conditions over time. Howevel, balticusresponses to variation in water table depth in
combination with salinity were not necessarily considered in the planting design. The results
from this greenhouse experiment suggestdhbalticusis relatively salt tolerant but is

sensitive tdhigh water tables. There are 332 acceptattusspecies (Kirschner, 2002), and
responses to flooding and salinity are various among species (Al Hassan et al., 2016). For
instance,J. maritimus J. acutus andJ. kraussiiare well studied in coastal areas under

various salinities). maritimuscan tolerate Naconcentrations up to sea water concentrations
(3.5% NacCl) (Partridge & Wilson, 1987). Similarly, kraussiican survive up to 70 % sea
water concentrations (Naid@Kift, 2006).The salt tolerant ability of J. acutus is closd.to
maritimusin terms of shoot height and osmolyte content (Al Hassan et al., 2#&ugh

the impact of salinity and water table duncusspecies has been studied in the above
researchthe influence of salinity and water table &rbalticusin peat soils is not well

studied. Furthermore, it is significant to conduct this experiment to provide valuable

information for peatland reclamation projects in the oil sands region.

2.4.1The effets of salinity

In terms of biomass, salinity inhibited the aboveground and belowground groth of
balticuswhen the Naconcentration increased, but this trend stopafest 600mg L.
Comparing with the total biomass in this greenhouse experiment, Janousek et al. (2020)
found the biomass df. balticusdecreased between 0 and 30 ppt NaCl solution (around

11910 NamgL?). Furthermore, the biomass was higher in 0 ppt and similaaad 3 ppt
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(794 and 1985 Namg L™1). Their findings are consistent with the results from this

greenhouse experiment.

The rootto-shoot ratio slightly increased at 150@ L in this experiment and varied less in
the rest of salinity levels. On the caanty, Janousek et al. (2020) found a negative
relationship between the reti-shoot ratio and salinity, but this ratio was similar between
794 and 1985 Nlamg L. Although the range of Naconcentration is different in these two
experiments, the result smilar in that 600ng Lt could be the first stage of inhibition far
balticusgrowth. Both biomass (aboveground, belowground, and total) andorsbbot ratio

present this trend.

However, shoot height did not vary depending ori &ancentration. The reason may relate
to sodium exclusion mechanism in these monocotyledonou®kaikint plants.
Monocotyledonous halophytes usually exclude toxic ions, suchagrbia the shoots,
instead of transporting and storing them in leaves dikme dicotyledonous planE&dwers

et al. 1986Rozema199]). Therefore, this might limit the effect of salinity on shoot height.

The impact of salinity on the photosynthesis parameters in this experiment was minimal
under low Na concentration, but started to be apparent at 2300 anddgQ6. Although

the Tukey test did not find differences between the groups, there was a noticeable decrease at
Na* concentration of 230fhg L-*and higher under different water tables for phottisgsis

rate (An), maximum rate of carboxylation (Vcmax), and maximum rate of electron transport
(Jmax). Stomatal conductivity (GS) did not appear to respond to salinity and water table
variation. Previous studies for photosynthesis parametarshaltious could not be found,

while few studies focused on the physiological features of dtherusspeciesNaidooand

Kift (2006) performed a greenhouse experiment. &naussiiby controlling the salinity (20,
1025, 3075, 5125, 71#8g L) and water tablédrained, flooded). They found stomatal
conductance and G@xchange were reduced with salinity rise, while the charageslight

under high concentration§ouchetteet al. (2009) also found thatroemerianushad lower
stomatal conductance under satgatments. According thasamaandS6ber(2011)

stomatal conductance was usually limited by hydraulic factors (air humidity, water potential)
and photosynthetic factors (G@oncentration, light intensity). For this experiment, hydraulic

factors and phatsynthetic factors were maintained under the same levels in the greenhouse
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(GS was chosen under 400 ppmA&0Oncentration as maintained in the photosynthesis

system during measurement), therefore, that the GS did not change much is understandable if
the tissue of stomaas not affected by NaThe fact that photosynthesis rate declined under

the higher salinityreatments despite similar GS indicates a decoupling between these

processes. See Section 2.4.4 for discussion of possible mechanisms.

Both the boxplots (Figure 2.5) and correlation matrix (Figure 2.6) demonstrate that salinity
had a positive relationghwith Na:K ratio in both roots and shoots. The boxplots also
demonstrated that Na:K ratio increased with thé ¢¢encentration rise. Moreover, roots had
much higher Na:K ratio than shoots. SimilaMontemayoret al. (2010) found thak

balticushad hgher Nd concentration in roots (2.72) than shoots (0.98) at a saline and
inundated peatland. This mechanism could protect leaves from the harm of salt, also called
salt exclusion mechanism. Not only fbrbalticus but forJ. geradii, the Na:K ratio recaled

in shoots of was 0.56 near a saline lake, which was considered a relative low Na:K ratio
(Albert, 1975).Comparing with the previous studies, the Na:K ratio in shoots and roots were
in the same level, around 0.1, under low Nancentration (10éhg L™1). With Na'

concentration rise, the difference of Na:K between roots and shoots increased, but the ratio
was always below than 0.6 until the N@ncentration reached at 230@ L. It could be
ensured that there was sufficient potassium in the saildtake by the plants. Based on the
element analysis table (Appendt), the potassium concentration for all treatments in soil is
stable (200 500 mg/kg), while it is over 20000 mg/kg within plant tissue. Therefore, one of
the possible reasons could battthe absorption rate was higher for sodium than potassium
during the nutrient uptake process. High'dancentration within the plant tissue would be
toxic to plants in terms of nutrient uptake, enzyme reaction, protein synthesis and then impact
on the ptake of potassiunRains& Epstein 1965;Munnsé& Tester,2008. In the molecular
scal e, salinity may have an 1 mpact on prolin
concentration that are used to adjust osmotic stress and retain lower Na:KG#t{osiz et

al., 201). Al Hassaret al. (2016) also found that proline increased significantly with salinity
increase, which impacted the biomasd.oharitimusandJ. acutus Therefore, Na:K is

important to maintaifNa* homeostasis afuncusspecies.

2.4.2The effed of water tabledepth
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In this experiment, water table hagteongimpact on the biomass. In each treatment,
biomass (above, below, total) under the wet condition was always lower than the dry
condition.Montemayoret al. (2008) also found that balticushad lower survival rate in wet
locations with high water table®n thecontrary, Christopher et al. (2020) suggested that a
short duration flooding could stimulate the productivity of this spebiesan and
Gurntenspergerf2015) also found this phenomenon in other marsh species. This response
implies flooding tolerance for these marsh plants. ComparingJwtihlticus Kaczmarek
Derdaet al. (2019) found that the aboveground and belowground biomassfiafsisandJ.
conglomeratuslecreased with water tables increadd (-14,-8 cm).Sala and Nowak

(1997) set up a greenhouse experiment and studied how photosynthesis and biomads chang
under two water tablpositions They found that different water tablesly had limited

impacts on the biomass and photosynthesis raielmdlticuswhen it had one mature leaf,

while there was no difference when it had three or more mature leaves. Sala and Nowak
(1997) suggested thatincusspecies would alter their rootgth according to the water

table depth, which could be the impact of water table on the aboveground biomass and the
belowground biomass. Although the root length was not measured in the greenhouse
experiment this time, the belowground biomass (FiguréB)@was always lower in the wet
condition than the dry condition, except at 4600 blancentration where the comparison was

limited due to low replicates resulting from death of several plants at this high concentration.

The root to shoot ratio ithis experiment was not consistent under the two water tables.
However, Janousek et al. (2020) found this ratio decreased along the water table gradient.
The increase of water table would decrease the available oxygen concentration, while it could
improvethe accessibility of nutrienE¢ancoet al., 2011). Therefore, it is hard to describe the

influence of water table on root to shoot ratio based on the existing data.

For photosynthesis parameters, An, Jmax, and Vcmax were always lower in the wet
treatmets (high water table), while the variation of GS was not related to the water table
conditions. SimilarlyMannandWetzel(1999)found the GS o§. effususvas not impacted

by the sediment saturation, but transpiration did show seasonal changes. H8wejear,
andRiegel(1998)suggested the reason could be thdtalticushas high proportion of root

length per leaf area and it has high efficiency in water conductance, which could improve the

water conduction. Furthermgr&omatal conduction was usyalimited by air humidity,
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water potential, C@&concentration, and light intensithdsamaandSdber 2011). Inthis
greenhouse experiment, air humidi@Q: concentration, and light intensity wefieed

variables. Water potential was not measured inekseriment, but it would be similar

between two water table depth because they are both relatively shallow and not inundated.
Therefore, that the stomatal conductance was not related to the water table is not unexpected.
An, Jmax and Vcmax, showed simifzatterns in response to the water table treatments.
Although there are few studies considering the relationship between the photosynthesis rate
and the water table position duncusspeciesMirjat (1994) found that the photosynthesis

rate was highest aB0 cm anddescended with both wetter and drier conditions in other
graminoid species. In addition, the preferred water table for sugarcane gd&sriswhere

it had the highest photosynthesiteréGlazet al., 2004, while this study also found that a
shortterm exposure to high water table could enhance the yield for the sugarcane. These two
studies indicate that the preferred water table may vary among graminoid plant species.
Based on this genhouse experiment, the optimal water tabld fbalticusappears to bel5

cm or deeper.

If the soil is not saturated, the ion transport ability would be higher in the wet condition than
the dry condition because more nutrients and ions would be eckpwshe roots when the

water table is below to the soil surfages Figure 2.5 illustrates, Na:K was always higher in
the wet treatments than in the dry conditions. In contrast to this experMagbo andKift

(2006) foundl. kraussiihad higher Na:Kn dry conditions than in wet, but the higher water
table in their experiment was 5 cm above the soil surfamedrained soilsAl Hassaret al.

(2016) found that there was no difference irf Blancentration for three speciesJoincus

2.4.3The comled effect of salinity and water tabldepth

There was no obvious combined impact of salinity and water table on biomass production for
J. balticus It can be noticed from Figure 2.2 that the variation of biomass (aboveground,
belowground, total) was related to water table position but did not depend on the combined
treatments. For example, the aboveground biomass ah@Qd under the wet conditiowas

equal to the biomass at 466@ L1 under the wet condition and the biomass between these
two treatments varied irregularlyhis result may be attributed to the salt tolerant mechanism

of theJ. balticusin which N& was excluded from the shoots $itprage in roots so that the

biomass of the plants along the salinity gradient was not influenced. Further, as the
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experiment lasted 14 weeks, biomass effects from salinity may have been less pronounced
than a more prolonged exposure. But, it could becadtthat the plants growing at 469@

L-Thad more deaths than other‘Nancentrations.

As shown in Figure 2.4, An decreased at 2300 and 460@dwaentration in the wet
condition, but in the first three salinity levels, An was stable. In the dryiteamdAn was

lowest at the highest N@oncentration, while in the rest of treatments, this value fluctuated.
Moreover, An was always lower in the wet condition than in the dry condition. This result
revealed that high water table would inhibit An undher $ame salinity level. The difference

in An between the two water tables increased at 2390, and decreased at 466@ L*
again. This suggests that 230@ L * could be the critical value fak. balticusgrowth, as
influenced by the combined factotdnder this Naconcentration,. balticuscould tolerate

the salt stress under the dry condition, thetadditional flooding stress broke this balance.
Furthermore, the threshold of salt tolerance under the dry condition is arounchg &0
where An dropped dramatically compared to the previous salinity levels, while flooding
stress did not havierther suppression at this salinity level. Comparing with the combined
impact of salinity and water table on biomass, the threshold of An wasesldwa2300ng

L. For other photosynthesis parameters, Vcmax and Jmax had similar pattern with An,
indicating these as likely drivers of the drop in photosynthesis rate. On the contrary, GS does
not have any relationship with the combined factors. Thepmenon will be explained in

thedecoupling between the photosynthesis rate and the stomatal condissatioe.

Na:K ratio in shoots and roots directly presents the changes of ionic concentration within the
plant tissue influenced by the combined dastof salinity and water table level. It could be
noticed that Na:K ratio increased with the*Nancentration in both shoots and roots. For

Na:K in shoots, the difference of this ratio between two water tables was lowa{Q@2mg

L-1), but this dispaty increased rapidly with the rise of salinity and reached 0.48 at #§00

L 1. Moreover, the Na:K ratio at 4600g L' under the wet condition (1.11) was about two

times higher than this value at 16@ L under the dry condition (0.4). High Na:K ratio

could be interpreted as more salt stress suffered by the plants. Therefore, in this experiment,
the highest salt stress occurred at the highest salinity level and high water table condition.

Na:K in rootshad similar trends in shoots, but the ratio intsomas much higher. One of the
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reasons could be that higher water table expanded the contact area between the roots and

ions.

Montemayor et al(2010)did a field mesocosm on a owerbog and measured tlde
balticusdistribution under three water tables and the salinity accumulation in plant tissue in
2008 and 2010, respectivelyhey found]. balticuscannot survive in wetter regions with

high water tables, and Naoncentration was much higher in roots than shdatsousek et

al. (2020) had a greenhouse experiment to test the effect of salinityoaticusin brackish
marsh sediment. They also had a field mesocosm to observe the influence of flooding and
salinity onJ. balticus In these two experiments, theyuftd the biomass & balticus

decreased with increasing Neoncentration, while a shergrm flooding could stimulate the

growth of this species.

2.4.4 Decoupling between photosynthesis rate and stomatal conductance

Stomatal conductancesfgs a measte ofthe rate of leaf water loss from the leaf, controlled
by thedegree of stomatal opening.a general sensgs strongly influences the exchange of
COz and water between the plant and the atmosphere because these gases enter and exit
through the stomtal pores on the leaves in vascular plants. Therefore, carbon fixation rates
are often coupled withsgln this experiment, Figure 2.4 presents that An decreased with the
increase of salinity only under the wet condition, while the variatiag whs notrelated to

the treatments. This result may imply that the photosynthesis rate decoupled with the
stomatal conductance. Althoughis an important component of the net photosynthesis rate,
biochemical reactions that are independent of gs, such as Rabisgty and carboxylation,

are also essential to this proce3snes 1998,Goudet al., 2019).

Net photosynthesis rates are ultimately driverCid supply andCOz demand in the leaf

level. CO2 supply is influenced by stomatal conductance while CO2 demand is influenced by
metabolism Goudet al., 2019)CO; supply andCOz2 demand could be represented through

the intercellulalCOz concentration in leaves {Gnd theexternalCOz concentration in air

(Ca). One of the ways to study this relationship is plottingcA¢urves, which demonstrate

the change of carbon assimilation along thgr@dient (Appendid). The maximum rate of
carboxylation (Vcmax), and maximum ratkelectron transportation (Jmax) were calculated

from CO2 response curves.It could be noticed that An was limited by the carboxylation rate
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when G was between 400 and 500 ppm, which is similar to the amBi@ntoncentration in
the atmosphere. There&rit may indicate that photosynthesis rate is more driveddy
demand (carboxylation rate) th@®: supply (stomatal conductanc&oheideggeet al.,
2000;Roden& Farquhar 2012;Goudet al., 2019).

2.4.5 The potential effects of sulphateJobalticusgrowth

Sulphate concentration is another concern, which may impact the biondagmtifcusin

this greenhouse experiment. Although sulphur is an essential element for normal plant
growth, high sulpbir concentration can be harmful or even toRerinenbergl984.
According to previous field data, the sulfate concentration was very high in the constructed
fen field site where the average sulfate concentration wam@&0'. Therefore, to best
mimic the field environment, most chemicals used were sulfate salts. The sulfate
concentration varied between 600 and 60@fL ' depending on the N@&oncentration.
Lamerset al. (1998) found thatulphate concentration (192, 38w L) had noticeable
suppresgin on the regrowtbf J. acutiflorusin week 21 and week 32 in a greenhouse
experimentConsequentlyJuncusbiomass production could be inhibited after prolonged

exposure to a high sulphate environment.

In addition, sulphate could influence the photosynthesis parameters in terms of leaf content,
including chlorophyll, soluble protein, and nitrogen contXutet al. (1996) found that the
increase of sulfate from 0.1 mM to 20 mM (9.6920mg L") could increase chlorophyll

content and nitrogen content in tomato leaves. The similar tendency was found on rice
species as welResurreccioret al, 2001). HoweveFergusorandLee (1979) found sulphate

had negative impacts on GOptake inSphagnunspecies. Tis phenomenon also occurred in
lichen speciesHill, 1974). The evidence from these studies suggests thetféioe of

sulphate varies among plant species, including between vascular plants aradcwar

plants. More research should be completed iergreuse and field settings to better

understand sulphate impacts on growth and photosynthesis.

Moreover, sulphate could be reduced to sulphide under the anaerobic condition, such as
hydrogen sulphide (#$). HS can regulate metabolism, improve root défgiation, and
promote proliferationGuoet al., 2016). Numerous studies have shown th&tisla

signalling molecule, which could strengthen the abiotic stress in roots, including growth
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regulation Liu et al., 2021), ion homeostaslksayaet al., 2020), preventing root tip death
(Chenget al., 2013). To be more specific;Fcould increase the actings of BS related
enzymesJianget al., 2019L.i et al., 2020), and rebuild redox balantei(et al., 2014) to
alleviate the stress fronal and floodingln general, sulphate as afement that cannot be
ignored in the field whose impact dnbalticusgrowth is not clear yet, and which needs

further research in the future.

This experiment indicates thatbalticushas salt tolerant aloy, but it is not flood tolerant.
Specifically,high water table position is likely to inhibit the growthJobalticus and this
inhibition would beamplified with an increase of Naoncentration. Therefore, it is
necessary to create some drier microsites to support the growtbaificusin the further

peatland reclamation projects.

2.5 Conclusion

This greenhouse experiment tested the growth respoldsdalticusunder sevenadinity
levels and two water table positions, including biomass, photosynthesis parameters, and

element content in plant tissue.

The impact of salinity was not obvious in biomass, but it is noticeable in the photosynthesis
process and the element contéttotosynthesis rate (An), maximum rate of carboxylation
(Vcmax), and maximum rate of electron transport (Jmax) decreased dramatically at 2300 and
4600 Nd mg L™, while the variation of GS was not related to the treatments. Na:K both in
shoots and rootsald a positive relationship with the Neoncentration. Furthermore, Na:K in
roots was much higher than in shoots, which could be the mechanism of salt toletance in
balticus These results present that the threshold of salt tolerandelfalticusis between

2300 and 4600 Nang L% In addition, loss of activity of Rubisco enzyme by salt stress was
considered as the reason of decoupling between An and GS in this experiment. This result
could be explained by measured Vcmax and Jmax, which had ther $nemid with An. In

future studies, the activity and concentration of Rubisco enzyme could be used to proof this

assumption.

Comparing with the impact of salinity, water table had influence on all variables, except GS.

Biomass (aboveground, belowground, total) and photosynthesis parameters (An, Vcmax,
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Jmax) were always lower in the high water table position (wet condition)e WhailK in
shoots and roots was always higher in the high water table position (wet condition). These

results suggest that high water table position has the negative imphdiaticusgrowth.

Although the combined impact of salinity and water table ne®bserved in biomass and

GS, this combined factor had apparent influence on the rest of the dependent variables. An,
Vcmax, and Jmax decreased at 2300 and 4600rg4d - under the high water table (wet
condition), but these values only decreased @046z mg L under the low water table (dry
condition). Furthermore, Na:K increased more rapidly in response to increasing Na
concentrations in the high water table position (wet condition) than the low water table
position (dry condition). These resuiltsply that high water table position would amplify the

salt stress along the salinity gradient.

Moreover, sulphate could be another factor to influence the growthbalticusin this
experiment. The toxicity of the sulphate and the function of siépivias not well studied in

this experiment or for wetland plant growth in general. Considering the concentration of
sulphate in the field was very high, it is necessary to have future research on this element in

the oil sands reclamation projects.

In summary, considering the increase of salinity in the constructed fen and the global climate
change, it is important to understand the respongeludlticusto various salinity levels and

the water table changes. Not only does this species spread widatysartounding natural

saline peatlands, but also it is an ideal nurse plant for bryophytes according to the study of
BorkenhagemndCooper(2019).
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Chapter 3 The combined impact of salinity and water accessibility of

Juncus balticusgrowth: a field collection

3.1 Introduction

A fen isa widespreatlype ofpeatland in the Athabasca oil sands region (AOC&R)berta,
CanadgVitt et al., 1996. In areas of oil sands mining, the oil sand is buried up to 75 m
below the surfacés theresult oil sandsmining needs to dig downward teach tls layer,
removing vegetation, soil and near surface geologic laipening this process, th@iginal
landscapés destroyedand high salinity materialgill be used tdackfill the excavation

(Lee & Boutin,2006, potentiallycausng seriousconsequencgo the local ecosystem, such
as land degradation, water contamination, and habitat$ssar(dych& Kueneman 2013.
Thus, the reclamation of landscapes in this region is ess&wuiadral mineral wetlands were
reclaimed inthe past decades te-establishwetlandplant communies (Daly, 2011), but the
considerable loss of organic wetlands cannot be ignored in thenposy period Rooney et
al., 2012. Nikanotee fen is one of the peatland reclamation projects established in AOSR,
which wasaimedto achievahe water tablself-sustairedthroughits hydrological design
(Price et al., 2010 One of the concerns in tlenstructed fen igcreasingNa*

concentration over timeecause tailing sands were used as the aquifer during the
construction Price et al., 2010 Therefore, aariety of plant reintroduction strategesre
testedn 2013to introduce various freshwatand sailtolerant species into the fen
(Borkenhagen & Cooper, 20L9uncus balticuss a native salt tolerant plant, which could be
found in natural saline peatlanisthe AOSR(Phillips et al., 2016)Borkenhagerand
Cooper(2019)also suggested that this species was an ideal nurse plant for mosses. However,
the proportion ofl. balticusin Nikanotee ferhas been decreasisgce 2014Messner,

2019 and this may limit the ability of the plant community to tolerate incredsaig
concentrationsGiventhatthe wet region of the fen was dominateddgrexaquatilisand
Typhalatifolia (Borkenhagen & Cooper, 20}, 9vater table was assumedaio important

factor that could influencé. balticusgrowth. This study investigates environmental controls

onJ. balticusgrowth in a constructed fen.

3.1.1Peatland disturbance & reclamation in AOSR
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In the AOSR about 50%of disturbed lands were peatlands, and most of the disturbed
peatlands were fen (Viet al. 1996). In 2017, Alberta Environment reported that around 953
km? of land area was disturbed between 2009 and 2016, while reclaimed land only occupied
one seventh of the total disturbed lands. In the early stage wettendreclamation, small
marshes and shallow open water were the target to treat contaminated water. Even though
these reclaimed landscapes had good performance in water purification and maintained basic
ecosystem functions, they could nadtoge the functions belong to the origipeatland
ecosystems, such as carbon sequestratidrpeat accumulatiqidaly, 2011). @nsidering

that the AOSR was dominated by moderath fen (Chee & Vitt, 1989), a considerable loss

of peatlands wouldccurif only marsh and open water wetlands evezturred postmining
(Rooney et al., 2012). Therefore, several peatland reclamation projects were started to test
methods that aimed to cut down the transformation time from marsh wetlands to peatlands
(Noon, 1996 Trites & Bayley, 2009b).

Therewere two constructed fens built in the AOSR named as Sandhill fen and Nikanotee fen
(Ketcheson et al., 2@). Because the rainfall seasorsi®rtwith predominantly high

intensity events in this region and annual evaporation is greater than annuatgirecipi

(Keshtaet al., 2012), both constructed fens needed to maintain wetness in the fen during dry
periods. Further, since the pasining landscape will need to be constructed with materials
available, including tailings sand that has high sodidNaf) concentration, the development

of saline conditions atypical of most fens in the region was also a cofber&andhill fen

built an external reservoir as the water supply to the fen, which could provide water and was
also aimed to dilute the salinity lel¢ Wytrykushet al., 2012). Nikanotee fen designed the
hydrology based on a system geometry to optimize the area ratio between the upland and the
fen and the hydraulic conductivity of a combination of layers constructed from available
materials Priceetal., 2010). It was aimed to build a selistained system and ensure the fen
could maintain enough wetness during the driest period observed in past decades according to
the meteorological data. However, N&s been accumulating in the fen during theewat
exchange process, since the tailing sands were used in the upland and as part of the aquifer
under the fen (Kessel et al., 2018). Kessel et al. (2018) also found thstbiNal in the

aquifer could bérarsported to the top layer of the fen peat bypeianspiration. Although

rainfall couldflush some Na out of the system through runoff, thN&* pool in the

constructed fen would increase in at least next three decades (Yang et al., 2022). High
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concentrations of Nan the fen will affect plant growthnd hence carbon storage, one of the

main goals of fen reclamation.

3.1.2Gas exchange terminologies

Gas exchange directly reveals the status of carbon storage in the field, which is one of the
most important functions in the peatland ecosystem. Moreover, it is also a good medsure of
balticusproductivity used to understand the environment controlssarowth. Net

ecosystem exchange (NEE), ecosystem respiration (ER), and gross ecosystem productivity
(GEP) are the basic components of thee €kzhange within the ecosystem. NEE is defined

as the net C&exchange between the surface and the atmosphetesIstudy we use the
convention that if the value is negative, it means §i@agein the ecosystem, while if the

value is positive, it means G@ released into the atmosphere. This parameter could be
measured directly in the field through the chamdreeddy covariance technique to estimate
the CQ exchange, but it was not used alone in most of cases because the respiration might
differ between the dark and light conditiddaldocchj 2003). The value of ER is always
positive because it is a procedgeleaseof COz into the atmosphere. The respiration from
plants is called autotrophic respiration (AR) and the respiration from the soil produced by
animals and microbes is heterotrophic respiration (HR). ER is the combination of AR and
HR. The boundarpetween the AR and HR is not clear for root respiration because fungi and
microbes may assemble at this atdawarth& Michaels 2000). GEP is the total carbon
fixation by plants and bacteria per unit area and time, which includes photosynthesis and
chenoautotrophy. Chemoautotrophy bacteria could produce carbohydrate by consuming
COz. Nevertheless, some researchétswarth& Teal, 1980;Howarth 1984)arguethat
chemoautotrophy should be classified as secondary production, instead of GEP. Therefore,
assuing GEP is considered as the carbon fixation by photosynthesis, it should be calculated
by the subtraction between NEE and ER (NER). Considering GEP is defined as €0

uptake by plants, GEP should always be negative. In other words, even thoughultEBeco
positive during the measuring, GEP should be negative as long as the plants are fixing carbon

through the photosynthesis.

3.1.3The impact of salinity & water table on gas exchange
Salinity is an important driver of structure and function in wetlands. Suitable salinity could

provide essential elements to plants, while high salinity may impact the stomatal conductance
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on leaves, which is related to the gas exchange of pRRajer(dra et al., 2009). Under salt
stress, ion transport might be uncontrolled because of the concentration diffezemeen

soil and root tissueNith Na" accumulating in stomatal guard cells, water moves into the
cells and the stoma will close due to the deaaf the guard cell siz&unns& Tester,

2008). As stomata control the gas exchange in plants, if the plant cannot tolerate the salt

stress, the poor performance of gas exchange could be measured in plants.

Osmotic stress tolerance, tissue toleranod,sdium exclusion are three mechanisms for
plants to tolerate salMunns& Tester 2008).Plants with osmotic tolerance mechanisam
reduce stomatal if sufficient water is availabMoébeet al., 2003). The mechanism of tissue
tolerance is to comparentalize Nafrom the cytoplasm to avoid reaching a toxic level
(Munns& Tester 2008). Na exclusion from roots protesthe plant from suffering higha"
concentration in the leaves, thus limiting effects on gas exchdhgeé& Tester 2008).

For JuncusspeciesJuncus kraussitould maintain half the rate of G@ssimilation
measured in nesaline conditions at 3000 mgHla" concentrationNaidoo& Kift, 2006).
The tissueNa" concentration was about threefold in roots than in sho@uiocus maritimus
andJuncus acutuat 2300 mg/L of Na(Al Hassaret al., 2018. It can be concluded that the
salt tolerant mechanism used yncusspecies idNa" exclusion.

For water table, both drought and flood conditions could have negative impacts on gas
exchange of plants. Lack of water would cause dehydration of cells byingwieehydraulic
conductancevithin leaves (axaet al., 2019 Similarly, inundation could reduce available

oxygen content within the root system to inhibit the water transport from the roots to shoot
through transpirationSauteret al., 2013 The conequence of both drought and flood would

be stomatal closure. Aerenchyma tissue is a common feature developed by wetland species to
avoid the oxygen deficiency associated with saturated gotisstrong 1980). This spongy

tissue helps plants transport oeygfrom the leaves to roots. However, this structure does not
develop in all plants. According to the researchMaigatsumaet al. (1990), wet sensitive

plants were not able to develop the aerenchyma tissue, and gas exchange was performed well
in the speas that had wellleveloped aerenchyma structure in the wet condition.
FurthermorePearsorandHavill (1988) found that assembling the roots close to the soll

surface could ease the oxygen deficiency under inundated condition without the aerenchyma

structue. VisserandBdgemanrn(2006) suggested thatincus effususad aerenchyma
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formation. Based on this findirend their general growth in wet argass assumed that

Juncusspecies hee basic flood tolerant ability.

The response of gas exchange todbmbined impact from waterlogging and salinity has not
been well studied in peatland plants. Most studies only focus on one of the factors. For
example, instead of focusing on the impact of water levels, in a greenhouse study with six
salinity levels exteding up to 2354 mg 1, Vitt et al. (2020) found that the gas exchange of
Carex aquatilishadanegative relationship with salinity. It might be hard to separate the
impact of salinity and the water table in the field, because these two factors migét not
independentn Nikanotee fenyang et al. (2022) suggested that salinity was higher in high
water table regions, while low salinity was usually distributed in the low water table regions.
In a natural saline fen, Phillips et al. (2016) found that evapspiration rate was higher at
low water table regions and low leaf area index (LAIl), which indicated gas exchange was
adive in dry and neediéke led plantdominated regionsit the same saline fen system,
Volik et al. (2020) also found that G&xchange hada strong negative relationship with

water depth, while they did not observe changes in gas exchange along the salinity gradient.

3.1.4 Current knowledge of Nikanotee fen and study objectives

Studieson hydrology Priceet al., 2010Ketchesoret al., 2017), salinitySimhayovet al.,
2017;Kesselet al., 2018, Yang et al., 2022), vegetation composiankenhager&

Cooper 2019), and interaction between plants and hydrolSggarlett& Price, 2019;Sutton

& Price, 2020 or salinity, hydrology and soil carboRrfystupa2020) have previously been
completedn the Nikanotee fen, but there is a lack of research on the combined influence of
salinity and water table on plants. Given the system design and hydrologic moskeidires,
salinity is expected to rise in Nikanotee fen over time. Knowing this from the outset, both
freshwater and salif@lerant plant communities were introduced to the fen during planting
in 2013 (Borkenhagen & Cooper, 2019); however, the domin&tiepin the salir®lerant
plantings,Juncusbalticus has been declining over time (Messi2819. This could put the
plant community as risk of severe stress as salinity rises in the future. Thetafore, i
important to understand how salinity andt@raable work together to impact plants' growth
for modelling vegetation succession under changing conditions and to inform future

reclamation projects. Given its preference for growth in partially saline conditions and
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inclusion in planting at Nikanotdeen to as a salblerant species, this study will focus on

assessinguncusbhalticusresponse to salinity and water table position in field collections.

3.2 Methodology

3.2.1Study site

The Nikanotee fen is a reclaimed peatland nearMoMurray, Alberta 6 A5 5. 9 4 4 NjN
111 A2 5). Th&dedju¥ the constructed fen is 2.9 ha, which is the low area situated in a
whole reclaimed watershed whose entire area is 32.Kdtahesoret al., 2017)Tailing

sands were used to build the upland slapé in the aquifer between the upland and the fen
and a numerical model was used to optimize the watershed geometry so that the fen could
maintain adequate wetness to support wetland function during drought pévimes{ al.,

2010). In the fen, thelis a 2 m thick peat layer above the 50 cm thick layer of petroleum
coke, which is set between the peat layer and the tailing sands to diminish the salt discharge
in the fen Ketchesoret al., 2017). Besides the hydrological design, a planting experiment
was conducted in the fen in 2013 with a variety of plant introduction techniques tested,
including planing of both freshwater and sdttlerant plant communitieSuncus balticus

Carex aquatilis andTypha latifoliawere three dominant plants in the cousted fen by

2017 (Borkenhage& Cooper, 2019).Among themJ. balticusandC. aquatilisare the
transplanted species, while latifolia is an invasive specigbatcolonized naturallyd.

balticusis a saltolerant species, which is usually found in natural saline fens, but it is
sensitive to flooding (Phillips et al., 201&). aquatiliscan be found in various hydrological
conditions with high litter production and spread raf#t (et al., 2016ndT. latifoliais an
invasive species with long distance dispersal, high germination, and strong competitiveness
(Shih& Finkelstein 2008).Borkenhager& Cooper(2019) found that areas with balticus

had the highest bryophytes richneSsaquatilishad high carbon sequestration rate, but the
dense litter inhibited the growth of bryophytes. Fotatifolia, although it had been removed
mechanically once, this species was still dominant in the inundated regions in thaddn.

the increasing domimae ofC. aquatilisin the fen, and continued inundation in some

sectiors, additional peat was placed in the northwest cover of the fen in winter 2017 and
planted withJuncus balticusBetulapumila, andLarix laricina (David Cooper, personal
communication)n summer 2018Figure 3.1) This created drier conditions and allowed an

investigation of the effect of water table on growth.
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The goal of the fieldworkvasto collectJ. balticusgrowth data through in situ methods,
including C flux meastements anthiomasscollection There are six collars installdxy
former researcheifer J. balticusplanted in 2013except J2r, which igeplace in this year
because the original J2 was totally replace@hyex(Figure 3.1) Five collars were installed
in 2021 at the new peat area forbalticusplanted in 2018Figure 3.1) To be noticed, the

collar was named by the surrounding plants in the new peat area.

Nikanotee Fen ol
~R
JN2
* J3
*
J1
* J2r
*
JN3 *
JN4
Legend
* Collars
BoardWalk
l:l NewPeatArea
D Boundary Meters
0 50 100 200

Figure3.1 Layout of the Nikanotee Fen with collars farbalticus JC isJuncusby Carex JJ
is Juncusby Juncus JS isJuncusby shrub. JTy iguncusby Typha JTr isJuncusby Tree.

3.2.2Carbon flux
Gas exchang@asmeasuredising a portablinfrared Gas Analyzer (IRGAEGM-4,
PPSystemsin a chamber (68 603 60 cm) in which the air was mixed by a batteperated
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fan. During theCOz concentratioomeasuremenphotosynthesis active radiation (PAR),
chamber temperature and chamivemidity wererecorded every 15 seconfids up to 2
minutes. The dataasonly valid when PAR changdess than 10%luring the measurement
Next, the chamber was vented and the measurement repeatedankdsonditions to
determine ER while the light cottidns representedet ecosystem exchange (NEE), which
togethemwereused to calculate the gross ecosystem production (BEE.andER (g CQ
m2 d') were calculated from the linear chang€i@. concentration in the chamber overtime
using the following formula:

Yaear@ip, wéE a6 aQ

C@&pT ™ Y,
v 00 0T PetTmT

Where Slope is the change of &€ncentration with time; 44.01 is the molar mass 05,CO

22.414 is the standard volume of 1 mofan ideal gast 1 atmosphere and®Q; Volume is

the chamber volume, which was calculated by using collar height, collar width, and chamber
temperature; 0.58 is the width and length of the chaifmgmwvhich is slightly smaller than

the width and lengpt of the collar .6 m); 86400 is the seconds Inday, andp Ttis the

outcome of the unit conversion. GERscalculatedasNEE minusER. Height above the

ground surface of the colleaind temperature inside the chamber were measured to correct
the volumeof the chamberTo make the data comparalalenong plots with different

biomass, particularly in the more recently planted 2018 &E& was divided bthe

aboveground biomass, belowground biomass, and total biomass, respectively.

3.2.3 Biomass collection andsueanalysis

In the end of the field seas@august 25 2021) biomass samplegerecollected. A 2G 20

cm quadrawasusedfor plant samplingplaced in the centre of the gas flux measurement
plot. All the plants within the quadratereharvested with a clipper and preserved in a paper
bag. Soil samples and root samplesetaken with a 50 crtong soil corer (a PVC tube
equipped witha sawbladeunderneath). Each soil conesseparated ito three pieces (A0

cm, 1630 cm, 3050 cm) and stored iplastic zippebags. All soil samplewerefrozen after
sampling and plant tissuegeredried in an oven before shipping back to ¥etland Soils

and Greenhouse Gas Exchange Lab at thiedusity of Waterloo At thelab, root tissues
wererinsed from the soil coremnd put into paper bags. Shoots and soil were put into paper
bags accordintp collar name. All samples wedeied48 hoursat60 °C in an overand

weighed to determine biomagdement content within shoot, root, and soil samples were
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analyzed at Nataf Resources Analytical Laboratory in University of Alberta. {OES was
used ad followed EPA method 6010D.

3.24 Environmental conditions

During each C@flux measuremenrgoil temperature at 2, 5, 10, 15, 20, 25cB0was
measured adjacent to the collar with a tfpthermocouple probe. Water table was
determined in a stangipe adjacent to each pldduring soil core collectiorEC andpH were
measuredisinga multiparameteprobe(Orion Star A325) in the porewater that filled the
hole once the soil core was collectdldi concentratiowasmeasured using a salinity probe
(ROSS 8611BNWPIN water samples collected from the hole at the field residénce
multiparameter meter (Orion Star, A324) argbdium electrode (Thermo Scientific Orion,
8611BNWPRoss) were used to measure the salinity of the water sahm@esalinity prove
was calibrated witid0, 100, and 1000 ppm standards before the measuraentsedlO
mL samples for analysis and mixed kvit mL lonic Strength Adjuster (ISA) to adjust pH

and strengthen the activity of Na

3.2.43atistical analysis

All the data for this experiment was analyzed irRRGore Team2020) and RStudio
(RStudio Team2020). Tweway ANOVA was used to test the effect of water table and
salinity on biomas<; exchangeand tissue elemental content. Furthermore, figures were
pl ott edgplatd® i p g cVlicklam 20(L6). In addition, nefinear regression and
linear rggression wasisedto determinethe impact of water table and salinity on the
depemlentvariables(biomass, GEP per biomass, tissue element conieslts were

considered statistically significant when p < 0.05.

3.3 Results

3.31 Differenceshetween collars

There were eleven sampling sites Jobalticuson the fen and distributed in northwest,

middle, and southeast (Figure 3.1). Table 3.1 summarize the differences between collars in
terms of plant composition, water table, salinity, and average GEP. Collars were dominated
by Juncusbalticus Carexaquatiis, and shrubgmainly Salixspp.) The aboveground

biomass was classified into three species, but the belowground biomass could not be

distinguished betweeduncusbhalticusandother speciesTherefore, the belowground
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biomasgeported in this studgnay contain the roots frorather species, particularyarex
aquatilisdue to its abundance at the study.sitiee originalspecies plantefibr thesell

collars wasluncusbalticus while other plants also grewtathe collar through seed or

rhizome. The lowst biomass proportion duncusbalticuswas occur at collar J3 (43%), but

this proportion is greater than 60% in other collars. Especially in the new peat area, the
percentagef total biomass that wak balticuswas over 90%, except JTr. Moreover, water
table position was different between the regions that sort from shallowest to deepest
middle, southeast, and northwest. In addition, salinity did not have great difference between
the collars. For the average GEP, heplaced collars (JC, JJ, JS, JI¥r) was much lower

than the collars that have been placed for several years.

Table3.1 A summary table for each collar. Biomass is total aboveground biomass in each
collar. Juncus% is the percentagelohcus balticugboveground biomass to the total
aboveground biomas8ve_WT is the average water table for each collar. Salinity is thes por

water Na concentration after collecting the biomass. O_species is other plant species

included in the aboveground collection, which is separateddatex(C) andshrubg(S).

Ave_ GEPis the average GEP for each collar during the summer.

Collar# | Biomas |Juncus% | Ave WT | Salinity | O_species | Ave_GEP
J1 35.73 65% -16.7 238 C S -18.5
J2r 25.9 70% -38.0 199 C,S -7.4
JN3 37.61 88% -31.4 194 S -203
JN4 38.69 81% -40.0 221 C S -118
JN2 28.69 61% -13.9 113 C -17.7
J3 37.93 43% -10.1 356 C S -241
JC 23.87 100% -238 178 NONE -84
JJ 32.73 100% -433 186 NONE -8.4
JS 32.03 90% -41 200 C,S -9.0
JTy 35.3 92% -34.0 186 C -8.5
JTr 26.74 70% -51.7 221 CS -7.8

3.3.2 Effect of water table and salinity on Jundwadticusbiomass

The salinity measured at the end of the field season was 113 to 238 ppm, and the range of

water table was51.7 to -10.1 cm. The aboveground biomass varied fagiato 830g/m?,
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and the weight of belowground was betwéérand589 g/n¥. Salinity was not significant for
explaining variation in belowground and aboveground biomass, but water table had a
significant réationship with the belowground biomass (TaB®). Furthermore, neither
salinity or water table had a significant impact on total biomass or dbloslew ratio (Table
3.2). Moreover, there was no significant interaction between salinity and watefdabley

of the tested dependent biomass variables as shown inJ2bResides the water table and
salinity, age ofluncusbalticus(2013 vs. 2018 planting) as another independent variable
that wasot significant to explain variation in biomass accogdio the onavay ANOVA
(Above: R9=0.942 P =0.357 Below: R,9=3.857 P =0.081% Total: R9=0.356 P =

0.565 Above:Below: k9= 3.318 P =0.102. Across all plots, belowground biomass was
significantly greater when WT was closer to the surface. Although not significant,
aboveground biomass tended to decrease at shallower WT. The combined effect of WT and
age for total biomass was a slight increaskiomass as shallower WT, with above:below

ratio declining at wetter sites (Figuse?).

Table3.2 Results of awo-way analysis of variancBANOVA) showing the effects of
salinity, watertable andtheir interation onthe biomass foduncusbalticusgrown in the

Nikanotee fen.

Measurements Treatmend Fi7 P
Aboveground Salinity 0.686 0.435
WT 1.422 0.272
Salinity*WT 1.410 0.274
Belowground Salinity 0.108 0.7521
WT 12.687 0.0092**
Salinity*WT 0.190 0.6757
Total biomass Salinity 0.131 0.728
WT 1.045 0.341
Salinity*WT 0.944 0.364
Above:Below Salinity 0.028 0.873
WT 2.911 0.132
Salinity*WT 0.013 0.913
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Figure3.2 Variation in biomass in responseage andvater tabldreatments(A):

Aboveground biomass vater table. (B): Belowground biomass water table. (C): Total
biomass vswater table. (D): aboveground: belowground biomesssvater table A

regression line is only shown when the relationship was statistically signifident.
aboveground biomass is only fauncusbalticusand the belowground biomass might include

the roots from botlduncusbalticusandother species

3.3.3 Effect of water table and salinity on JundwadticusGEP

GEP per aboveground biomass (GEP_A) varied f@ifto 63 10°g CO: m?d?, and GEP
per belowground biomass (GEP_B) changed frérhto 0.0007g CQ: m? d1. Water table

had asignificant negative relationship with GEP_A and positive relationship with GEP_B ,
while age was only significagtrelatedwith GEP_A {[Table 3.3 with the older sites having
greater productivity (i.e., more negative GEP). GEP per total biomass (GERi€D) fvam-
1.12 t05.553 10°g CO: m2 d*! and it was significantly explained by both water table and
age Table 3.3. The interaction between the impact of water table and age was significant to
all variables Table 3.3. The pattern observed wasatGEP per unit biomadsr youngJ.
balticusincreasd as the WT became shallowemile it decreased for the ol balticusin

the field(AppendixD). Moreover, GERor mostold J. balticusis smaller than young.

balticus whichindicates that old. balticushas stronger carbon assimilation ability because
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theabsolutevalue of GEP has thaositiverelationship with carbon assimilatio@onsidering
water table positiosould be alssubstantially different between the young and old area, and
possiby the interactionmpliesthat the relationship wittvater tablevas nonlinear across

the range of conditions tested. Therefore, we fit alm@ar regression (Figui@3), which
demonstratethatthe ability of carbon assimilation f@EP_A and GEP_T wagsinimum

when water tablevasbetween40 and-25 cm, whilethis ability for GEP_B wadowestwhen

water talbe was shallower than approximateB5 cm.

As salinity was only measured once over the growing season, we investigategtitereff

GEP using the average GEr aboveground biomaaseach plotThe average GEper
aboveground biomager each collar across the summer varied fram7to -0.26g CQ> m?

d?, which had a significant relationship with the water table and théioa impact of

water table and agevhile it did not have significant relationship with the salinity, or the
interactionof salinity and water tablélr'éble 34). Considering salinity nght be influenced

by precipitation during the growing season, it cannot reveal the change pattern of GEP in this

analysis.

Table3.3 Results of awo-way analysis of varianceANOVA) showing the effects @ge,
watertable and their interaiton onthe GEP per biomas®r Juncusbalticusgrown in the

Nikanotee fen.

Measurements Treatments Fie62 P
GEP/Above WT 29.92 <0.001 ***
Age 48.05 <0.001 ***
WT*Age 31.77 <0.001 ***
GEP/Below WT 4.8 0.0312*
Age 6.3 0.01%6 *
WT*Age 10.94 0.001 **
GEP/Total WT 5.492 0.0223*
Age 21.344 <0.001 ***
WT*Age 26.076 <0.001 ***
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Table3.4 Results of dhreeway analysis of variancANOVA) showing the effects aige

watertable salinity, and their interaton onthe average GEper above ground biomaks

Juncusbalticusgrown in the Nikanotee fen.

Measurements Treatments Fi62 P

Avg_GEP above WT 61.48 0.004**
Age 5.143 0.108
Salinity 9.765 0.0
WT & Age 12.501 0.4 *
WT & Salinity 0.010 0.927
Age & Salinity 1.550 0.301
WT & Age & Salinity 0.695 0.46

Figure3.3 Variation in GEP per unit biomass in responsageandwater tabldreatments.

(A) GEP per aboveground biomass wsiter table, (B) GEP per belowground biomass vs

water table, (C) GEP per total biomasswater table The spline regression was used to fit

the scatter points by dividing the dataset irgot®ns and applying separate models to fit

these sectiong.he aboveground biomass is only famcusbalticusand the belowground

biomass might include the roots from bdttbalticusandother species
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