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Abstract Carex aquatilis is a widespread boreal

species that is abundant in open fens and marshes. The

species has broad natural tolerances to differing water

levels and ion concentrations including occurrences in

brackish marshes but not sodic wetlands. Sandhill

Wetland, constructed on Syncrude Canada Ltd. min-

eral surface lease in the Athabasca Oil Sands Region,

is a research site that was engineered to support a self-

sustaining wetland. The site is currently in its eighth

year post wet-up and is partially dominated by C.

aquatilis. Increasing Na? concentrations in the pore-

waters at Sandhill Wetland are an on-going concern

for the performance of the existing plant communities.

Here we examine the responses of C. aquatilis to an

increasing regime of sodium carried out in a green-

house experiment. We posed three questions for this

experiment: (1) is there a threshold response for

performance of C. aquatilis to increasing sodium, (2)

if so, does it occur in the range of sodium that is

present at current reclamation programs, and (3) is C.

aquatilis resistant to high concentrations of sodium?

Carex aquatilis survived all treatment concentrations

of sodium including the highest treatment of 2354 mg

L- 1. In general, both structural and functional

attributes of C. aquatilis did not differ between the

17 and 1079 mg L- 1 treatments; however, perfor-

mances of all attributes were reduced in the 2354 mg

L- 1 treatment. Belowground biomass had greater

decreases compared to aboveground components,

including both biomass and photosynthesis. The

aboveground decreases in performance were associ-

ated with exclusion of sodium from the aboveground

components by the belowground components. Reduc-

tion in photosynthesis was strongly correlated with

reduced stomatal conductance and lower transpiration.

Although C. aquatilis demonstrated a wide tolerance

to sodium concentrations, a clear threshold was

present between 1079 and 2354 mg L- 1. These

decreases in performance in our greenhouse trials

were at levels currently present at Sandhill Wetland,

and careful assessment of sodium concentrations in

the near future needs to be continued.

Keywords Alberta � Boreal � Carex aquatilis � Oil

sands reclamation � Salinity trial � Sandhill � Wetland �
Sodium � Wetland

Introduction

Water sedge (Carex aquatilis Wahlenb., Cyperaceae)

has a circumboreal distribution with extensions
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southward in the Western Cordillera of North America

and the Kamchatka Peninsula, and is abundant in

boreal peatlands (Hultén 1968; Gignac et al. 2004). It

has a wide range of tolerance for pH (3.0–8.5),

electrical conductivity (0–8820 lS cm-1) and Ca? 2

concentrations (0.2–146.6 mg L-1) and is common in

all fen types as well as some marshes and shallow open

waters (Koropchak et al. 2012). The species is also

highly tolerant of differing water levels and can be

abundant at levels between - 80 and ? 36 cm from

the soil surface (Koropchak et al. 2012). Carex

aquatilis occurs in brackish marshes (Hartsock 2020)

and may be a dominant species in reclaimed mine pits

(Purdy et al. 2005), often colonizing disturbed areas

(Bliss and Grulke 1988). The species also occurs on

wet sandy or clay soils (Chapin and Chapin 1981) and

is one of the first colonizers of disturbed roadsides on

both organic and mineral soils. Carex aquatilis is an

aggressive colonizer producing rhizomatous shoots

twice a year (Bernard and Gorham 1978), with flow-

ering in May to June and seed maturity in August to

September (Gorham and Somers 1973). Seeds are

abundant and readily germinate (Koropchak et al.

2012). These attributes make C. aquatilis a candidate

as an effective species for establishing wetland plant

communities on post-mined substrates (Vitt et al.

2011); however, few data describing limitations to

survival from extreme pH, salinity, and Na? concen-

trations are available.

The impact of tailings water oil sands processing

has been studied for a number of upland species

(Renault et al. 1998; Khasa et al. 2002) with species

exposed to high sodicity having difficulty maintaining

turgor pressure, appearing stressed, and with morpho-

logical changes. Wetland species have also been

subjected to increasing sodium concentrations with

reduced growth and eventual death at highest concen-

trations (Koropchak and Vitt 2013—Typha latifolia

and Glaeser et al. 2016—Beckmannia syzigachne).

Choo et al. 2001 examined Na? tolerance using

European species of Carex; however, no studies have

quantified Na? tolerance in any North American

species (Montemayor et al. 2008).

Wetlands are dominant landscape features across

the Athabasca Oil Sands Region (AOSR) of Alberta,

Canada occupying approximately 62% of the area

(Raine et al. 2002; Rooney et al. 2012), with fens

covering 21–53% of the Oil Sands Area (Wieder et al.

2016). As a consequence of intensive oil sands mining

activities, approximately 800 km2 of boreal forest and

wetlands have been disturbed in some capacity across

the region (Government of Alberta 2015). Because

many future wetland reclamation sites will be con-

structed above previously mined open-pits that con-

tain high salinity or sodic substrates (Kessler et al.

2010; Vessey et al. 2019), managing for potential salt

intrusion is a major concern. Salinity management is

particularly important for future wetland reclamations

because most wetland plants exhibit low tolerances to

saline conditions (Renault et al. 1999; Mollard et al.

2012; Glaeser et al. 2016). Wetlands with high

concentrations of sodium, although rare, do occur in

northern Alberta and may provide good proxies for a

reclaimed landscape; however, they have a unique

flora that eliminates many common species (Purdy

et al. 2005; Trites and Bayley 2009; Raab and Bayley

2013).

Oil sands open pit mining creates large areas of

extreme and novel environmental conditions. Espe-

cially concerning are potentially high concentrations

of Na? in the substrate of the reclaimed sites. Regional

deep ground water that is high in Na? (Adams et al.

2004) as well as the process of extracting oil from the

intact oil sand result in post-mining landscapes with

high Na? (Renault et al. 1998). Returning a portion of

the mined areas to wetlands with some similarity to

those present before mining is a significant challenge.

Among the key ingredients for successful reclamation

to wetland communities are (1) site engineering that

provides appropriate chemical and hydrological con-

ditions for wetland plants, (2) selection of foundation

species that can tolerate the initial conditions present

from the engineered design, (3) successful species

establishment and consequent community develop-

ment of the introduced species, and (4) interactions

between a suite of species that provide the structural

and functional framework for the future ecosystem

(Vitt and Bhatti 2012). However, as conditions evolve

during early site development, species tolerances may

not be appropriate for the developing site. This is

especially true of sites placed on former open-pit

mines that have the potential to have changing

chemical and hydrological conditions.

In this study, we used a variable and increasing

sodium regime set around water chemistry resembling

that at Sandhill Wetland and similar to many natural

wetlands of the region. Our primary objective was to

determine the responses of Carex aquatilis to
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increasing Na? concentrations using a set of structural

(biomass, chlorophyll, plant tissue concentrations) and

functional (photosynthesis, stomatal conductance,

transpiration) attributes. We formulated three ques-

tions centered around responses ofCarex aquatilis: (1)

is there a threshold response of performance to

increasing sodium, (2) if so, does it occur in the range

of sodium that is present at current reclamation

programs, and (3) is Carex aquatilis resistant to high

concentrations of sodium?

Materials and methods

Study site

The 52 ha Sandhill Watershed was constructed on

infill of a formerly mined out open pit located on

Syncrude Canada Ltd. Oil sands lease at 57.040 �N;

111.596 �W at 310 m elevation (Wytrykush et al.

2012). The 60–100 m deep open pit was infilled with

composite tailings and pure sand tailings between

1999 and 2008. Ten meters of sand were placed

mechanically and form the present-day topography of

the watershed. Site construction of the 17 ha central

wetland was completed by adding a 0.5 m of clay

sediments designed to reduce hydraulic conductivity

and covered by 0.5–1.0 m of salvaged fresh peat

obtained from a nearby peatland with a variety of

peatland site-types. The wetland was seeded in winter

2011 with a seed mix composed largely of Carex

aquatilis (Vitt et al. 2016). Water was introduced to

the wetland in late summer 2012. Currently, the

wetland is completely vegetated. Three years after

wet-up, Vitt et al. (2016) recognized three plant

species assemblages, arranged as zones across a

wetness gradient; Zone 1: Typha latifolia-dominated

community; Zone 2: Carex aquatilis-dominated com-

munity; Zone 3: Calamagrostis canadensis-domi-

nated community, (a Zone 4 was also present,

however, comprised of a small number of survey

plots). The Zone 2 area contained water table position

and plant species assemblages most representative of

moderate-rich fens.

In 2019, mean sodium concentrations measured

from the water in the top 0–20 cm of the substrate

across Sandhill wetland were 578 mg L-1 in early

season to 431 mg L-1 in late season (n = 28)—a 1.3-

fold difference between spring and fall. Additionally,

mean seasonal variation in Na? varied 1.7-fold for

those areas with highest Na? concentrations (July –

971 mg L-1 to September – 571 mg L-1, n = 09,

ANOVA p = 0.0001). Sodium concentrations have

also increased 1.3 times over the past four years

averaging 389 (± 21.7 SE) mg L-1 in 2016, 489

(± 20.4 SE) mg L-1 in 2017, and 573 (± 22.8 SE) mg

L-1 in 2018 and 513(± 17.6 SE ) in 2019. In 2019,

sodium concentrations at Sandhill Wetland were

spatially quite variable, ranging from 70 mg L-1 to

as high as 1,646 mg L-1 (Vitt et al. 2020). In 2019,

photosynthetic rates of C. aquatilis growing in areas

with high sodium did not differ from plants from soils

with low sodium. Net primary production of the

species compared well with those from natural sites

(Vitt et al. 2020).

Experimental design

To determine responses of Carex aquatilis to levels of

sodium that occur presently or are expected to occur at

Sandhill Wetland and other reclamation sites in the

future, we conducted a greenhouse experiment from

December 13, 2018 to April 3, 2019 (112 days) using

germinated C. aquatilis seeds collected from Sandhill

Wetland. We exposed fully grown plants of C.

aquatilis to solutions initially containing one of six

sodium concentrations: 5, 75, 150, 300, 600, and

1200 mg L-1 Na?. The 5 mg L-1 Na? was used as a

control, matching natural rich fen waters (Vitt and

Chee 1990).

Carex aquatilis seeds were collected in July

2018 at SHW from six locations with differing levels

of sodium, ranging from 0.56 to 5.99 mg g-1 of

extracted soil sodium. From dried soil samples,

sodium was extracted using a 1:10 ratio of soil to

0.5 m ammonium acetate ? 0.02 m EDTA, shaken

for 16 h at 200 rpm, and filtered through Whatman 1

filter paper, then Whatman 40 filter paper, and lastly

0.22 lm filter paper. The filtered sample was then

acidified and analyzed through atomic absorption

spectroscopy for Na? concentration (AAS spec-

troscopy model Varian SpectrAA 220 FS). Seeds

were wet stratified at 2 �C on moist paper towels

enclosed in plastic bags for 30 days and germinated on

moist peat at 20 �C. Seedlings (2–4 cm high) were

transplanted to 10 cm square pots with a mixture of

2/3 perlite - 1/3 vermiculite. To maintain soil mois-

ture, each pot was placed in individual 18.4 cm round
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polypropylene containers that were consistently filled

to 400 mL of distilled water containing Jack’s

Professional� Water-Soluble Fertilizer (20-3-19

Petunia Feed PlusMg, Allentown, PA;140.3125 ppm

N). Plants were left to adjust to their transplant for one

month prior to the start of the experiment.

The experiment was performed in the Southern

Illinois University Carbondale (37� 420 51.900 N;

89� 130 21.700 W) phytotron facility with natural,

ambient sunlight and ambient daytime temperatures

ranging from 23 to 36 �C in full sunlight Seventy-two

C. aquatilis plants were randomly assigned to one of

six sodium treatments each with 12 replicates. Plants

were randomly rearranged within the phytotron every

2 weeks. In order to emulate natural seasonal variation

at Sandhill Wetland, during each two-week period,

consistent water levels were maintained in each

container by replacing evaporated water with that

from the original stock solutions and at 2-week

intervals water was completely replaced in each

container. Stock water solutions were prepared for

each sodium treatment and contained 7 mg L-1

magnesium, 4 mg L-1 potassium, and 10 mg L-1

calcium to mimic natural fen water conditions (Vitt

and Chee 1990). Cations were added to the stock

solutions using magnesium sulfate (MgSO4), potas-

sium bicarbonate (KHCO3), calcium oxide (CaO), and

sodium sulfate (Na2SO4) as well as 1/8 teaspoon of the

20-3-19 fertilizer (140.313 ppm N). Due to calcium

oxide’s water-insoluble nature, we added hydrochloric

acid and MES buffer to the CaO solution in order to

bring pH of the stock solution to neutral (average:

7.38 ± 0.03 SE). We added the sodium to the

treatment solutions using sulfate as the anion owing

to its the dominance at Sandhill Wetland (Hartsock

et al. 2019). Water samples from the round polypropy-

lene containers were collected every two weeks,

filtered, acidified, and concentration determined

through AAS for Na?, K?, Mg2?, and Ca2?. Water

samples were also analyzed for electrical conductivity

(EC) and pH.

For each C. aquatilis plant within each treatment,

we quantified: (1) longest leaf length of original plant

plus longest leaf of all ramets, (2) chlorophyll content,

(3) stomatal conductance (defined as overall water loss

of the leaf, determined using transpiration rate and leaf

surface temperature), (4) transpiration rate (defined as

rate at which water vapor accumulates on a leaf over

time), (5) photosynthesis rate (defined as rate at which

a known area of leaf assimilates CO2 over time), (6)

dry aboveground and belowground biomass, and (7)

sodium tissue concentrations (aboveground and

belowground). Chlorophyll content was determined

with a Minolta SPAD 502 chlorophyll meter (Konica

Minolta Sensing, Inc., Osaka) every 2 weeks. A CI-

340 handheld photosynthesis system (CID Bio-

Science, Inc., Camas, WA) was used at 46, 82, and

104 days post-start date to quantify stomatal conduc-

tance, transpiration rate, and photosynthesis rate, with

three measurements taken for each plant at each of the

three time periods. After the breakdown of the

experiment, plants were rinsed with DI water and

dried at 60 �C for at least 72 h to quantify above-

ground and belowground biomass. Sodium uptake

levels in C. aquatilis roots and shoots were determined

using a plant sodium extraction protocol described by

Iseki et al. (2017). Roots and shoots were air dried,

then ground, and 15–25 mg of sample was weighed.

Samples were collected in 2-mL tubes and 500 ll of

DI water and dry metal beads were added before

shaking samples for 2 h. at 200 rpm. Samples were

centrifuged for 5 min and 200 ll of the supernatant

was measured using a Na? ion meter (Horiba).

Statistical analyses

We characterized the responses to sodium concentra-

tions using analysis of variance. For analysis, the six

Na? treatment concentrations were 14 mg L-1,

108 mg L-1, 274 mg L-1, 522 mg L-1, 1079 mg

L-1, and 2354 mg L-1, derived as the mean values at

the start and end of each 2-week watering regime. All

statistical analyses were performed in SigmaPlot

(2008). Outliers were removed from physiological

data sets if one of the three measurements was

irregular using the Quartile method (Benhadi-Marı́n

2018). Leaf length (longest leaf length of original

plant and longest leaf of any ramets at the end of the

experiment), aboveground and belowground biomass,

and sodium tissue concentrations were tested against

sodium treatment levels using a one-way analysis of

variance (ANOVA) and Tukey’s pairwise post-hoc

comparisons when data passed the Shapiro-Wilks test

for normality (p\ 0.05 failure and visual inspection

of residuals). If tests for normality and/or equal

variance failed, data were square-root transformed or

log transformed. If neither transformation improved

normality or equal variance, the untransformed data
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were analyzed using Kruskal-Wallis one way analysis

of variance on ranks followed by Dunn’s pairwise

post-hoc comparison.

Results

Water chemistry

Electrical conductivities within each two-week period

increased between 1.3 and 2.2 times (Supplementary

Table 1). This increase was manifested in sodium

concentrations increasing between 2.1 and 3.2 times,

calcium concentrations increasing by 1.7–2.3 times,

magnesium 4.2–14.8 times, and potassium by 2.8–4.4

times. Mean concentrations for the two highest Na?

treatments during the 2-week intervals were 1100 mg

L-1, similar to the higher values where C. aquatilis

currently is abundant at Sandhill Wetland and

2400 mg L-1, similar to those from sodic fens in the

area (Hartsock et al. 2019). Seasonal variation in

sodium concentrations at Sandhill Wetland in 2019 for

areas with high sodium varied 1.70-fold, while when

all areas are considered together, seasonal variation

was somewhat less (1.34-fold).

Biomass (Table 1)

Aboveground biomass (Fig. 1a) ranged from 1.94 to

2.38 g with only slight changes over the 14 to

1079 mg L-1 treatments. Likewise, belowground

biomass (Fig. 1b) ranged from 1.88 to 2.51 g for

these five treatments with only small decreases.

Comparatively, both aboveground (1.30 g) and

belowground biomass (0.84 g) were significantly less

in the 2354 mg L-1 treatment. The ratio of above-

ground to belowground biomass decreased from 1.06

to 0.65, with 1079 and 2354 mg L-1 treatments

different from the 14–522 mg L-1 treatments

(Fig. 1c). This effect of increasing sodium was more

pronounced in belowground biomass compared to

aboveground biomass, with aboveground biomass

decreasing 45% between the end points of treatments,

while belowground biomass decreased 68%. Over the

spectrum of treatments, there was a gradual decline in

aboveground/belowground biomass ratios, with the

ratio of aboveground to belowground biomass

decreasing 38% overall.

Table 1 Mean (± SE) for plant responses over the six treatments. Treatment are mg L-1 sodium

Treatment 14 108 275 522 1079 2354

Aboveground

biomass (g)

2.38 ± 0.14 1.94 ± 0.07 2.37 ± 0.08 2.19 ± 0.09 2.27 ± 0.12 1.30 ± 0.08

Belowground

biomass (g)

2.51 ± 0.19 2.34 ± 0.15 2.34 ± 0.18 2.00 ± 0.19 1.88 ± 0.10 0.84 ± 0.09

Below:above-ground

biomass ratio

1.06 ± 0.05 1.22 ± 0.08 1.01 ± 0.09 0.91 ± 0.08 0.83 ± 0.02 0.65 ± 0.06

Longest Leaf (cm) 330.63 ± 19.07 297.15 ± 12.15 342.27 ± 20.40 308.68 ± 21.46 313.20 ± 18.89 183.09 ± 12.61

Photosynthesis (lmol

m- 2 s-1)

4.93 ± 0.56 5.58 ± 0.56 5.96 ± 0.30 5.59 ± 0.63 4.73 ± 0.39 2.73 ± 0.47

Transpiration (mmol

m- 2 s-1)

1.36 ± 0.12 1.44 ± 0.21 1.20 ± 0.15 1.62 ± 0.16 1.14 ± 0.07 0.71 ± 0.06

Stomatal

Conductance

(mmol m- 2 s-1)

43.03 ± 3.69 35.96 ± 5.31 38.18 ± 4.08 42.87 ± 4.66 30.91 ± 1.94 19.47 ± 1.65

Na Aboveground

tissue (mg g-1)

0.86 ± 0.03 2.16 ± 0.19 2.34 ± 0.12 2.37 ± 0.14 2.81 ± 0.14 3.60 ± 0.19

Na belowground

tissue (mg g-1)

1.48 ± 0.10 4.11 ± 0.29 6.08 ± 0.30 7.29 ± 0.33 8.51 ± 0.42 9.49 ± 0.38

Na below:above-

ground tissue ratio

1.75 ± 0.14 2.07 ± 0.24 2.68 ± 0.21 3.14 ± 0.15 3.06 ± 0.10 2.73 ± 0.20

123

Wetlands Ecol Manage (2020) 28:753–763 757



Longest leaf length (Table 1)

Longest leaf lengths for plants in the 14 mg L-1

treatment averaged 330.63 cm (± 19.07 SE), decreas-

ing to 183.09 cm (± 12.61 SE) for the highest Na?

treatment. Over the six treatments the longest leaf

lengths decreased 45% (Fig. 1d) with the treatment of

2354 mg L-1 different from the remaining five

treatments.

Chlorophyll content

Chlorophyll content did not differ among the six

treatments (H = 2.85, p = 0.723).

Photosynthetic rate (Table 1)

Collectively, photosynthetic rates for C. aquatilis

were higher, on average, on day 46 than on days 82

(1.4 times higher) and 104 (1.3 times higher). On day

104 (at the end of the experiment), there was a decline

in photosynthetic rate, decreasing by 41% among the

six treatments, but particularly noticeable in the

2354 mg L-1 treatment compared to the lower

treatments (Fig. 2a).

Transpiration rate (Table 1)

The mean transpiration rate decreased 47% from

1.35 mmol m- 2 s-1 (± 0.12 SE) in the 14 mg L-1

Fig. 1 Responses (as mean (± SE) of Carex aquatilis to six

concentrations of sodium. a Aboveground biomass (F = 17.26,

p\ 0.001). b Belowground biomass (F = 15.41, p\ 0.001).

c Ratio of belowground biomass to aboveground biomass

(H = 28.93, p\ 0.001). d Longest leaf length (F = 10.43,

p\ 0.001). Different letters indicate significantly different

values between treatments (F = Tukey’s pairwise post-hoc test

at p=/\ 0.05 or H = Dunn’s pairwise post-hoc comparison at

p = 0.05). All data taken at end of experiment

123

758 Wetlands Ecol Manage (2020) 28:753–763



Fig. 2 Responses (as mean (± SE) of Carex aquatilis to six

concentrations of sodium. a Photosynthetic rate (F = 6.08,

p\ 0.001). b Transpiration rate (H = 22.61, p\ 0.001).

c Stomatal conductance (H = 24.08, p\ 0.001). d Above

round tissue concentration of sodium (F = 52.09, p\ 0.001).

e Belowground tissue concentration of sodium (F = 179.38,

p = 0.001). f Ratio of belowground to aboveground tissue

concentration of sodium (F = 10.24, p\ 0.001). Different

letters indicate significantly different values between treatments

(F = Tukey’s pairwise post-hoc test at p =\ 0.05 or H =

Dunn’s pairwise post-hoc comparison at p = 0.05). All data

taken at end of experiment
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treatment to 0.71 mmol m- 2 s-1 (± 0.06 SE) in the

2354 mg L-1 treatment (Fig. 2b).

Stomatal conductance (Table 1)

Stomatal conductance decreased substantially from a

mean of 43 mmol m- 2 s-1 (± 3.69 SE) in the control

to 19 mmol m- 2 s-1 (± 1.65 SE) at the highest Na?

treatment, a decrease of 55% (Fig. 2c). Stomatal

conductance was correlated to transpiration rate

(p = 1.047E-052, R2 = 0.908) and photosynthesis rate

(p = 2.106E-018, R2 = 0.566—Pearson Product

Moment Correlation).

Sodium concentrations in above- and belowground

biomass (Table 1)

The concentration of sodium present in plant tissues

increased in both aboveground (Fig. 2d) and below-

ground (Fig. 2e) biomass of Carex aquatilis. In

aboveground tissues, sodium increased from 0.9 to

3.6 mg g-1, whereas in belowground tissues the

increase was more dramatic, from 1.5 to 9.5 mg

g-1. This large increase in sodium in belowground

tissues contributed to the ratio of sodium (below-

ground/aboveground) increasing from 1.75 to 3.14,

3.06, and 2.73 in the highest treatments. (Fig. 2f). The

total amount of sodium in belowground biomass

increased two-fold from lowest to highest treatment

(4.00 mg to 7.97 mg; belowground biomass mean x

Na concentration mean) compared to total sodium in

aboveground tissue that increased from 2.04 to

4.68 mg. Sodium concentrations in the belowground

biomass increase in a curvi-linear pattern as below-

ground biomass decreases (regression r2 = 0.430,

Supplmentary Fig. 1).

Discussion

Sandhill Wetland was designed to serve as a predictor

of how wetlands on infilled open pit mines could be

engineered and how the water chemistry and plant

communities would develop as the site changed in its

first decade or so (Wytrykush et al. 2012). After three

years, plant communities were largely influenced by

water levels (Vitt et al. 2016); however, increasing

cation concentrations, especially sodium, have

become more important over the past several years

(years 5–8; Biagi et al. 2019).

We addressed our first two questions of whether

there is a threshold response of C. aquatilis to

increasing concentrations of sodium and if so, is it in

the range of current site conditions through a set of six

treatments ranging from 14 to 2354 mg L-1 sodium.

All components of biomass and rates of photosynthe-

sis, stomatal conductance, and transpiration showed

significant decreases in performance above 1079 mg

L-1. Biomass components decreased between 45 and

68%, with belowground biomass more strongly

affected by higher concentrations of sodium. The

ratio of below- to aboveground biomass increased

from about one in the treatment with lowest sodium

concentration to more than 2.5 in higher treatments.

Comparably, functional attributes of photosynthesis,

transpiration, and stomatal conductance decreased

between 41 and 55%. The nearly identical slopes and

correlative decrease (R2 = 0.566) in stomatal conduc-

tance and photosynthetic rates provide a clear indica-

tion that the latter is strongly affected by the former.

Likewise, the rate of transpiration is highly correlated

with stomatal conductance (R2 = 0.908). These results

demonstrate that increased sodium concentrations

affect photosynthetic rates by reduction in stomatal

conductance and consequent restriction of availability

of CO2.

In 2019, sodium concentrations were variable over

the Sandhill Wetland. Overall mean values were near

500 mg L-1; however, some sites had values as high

as 1646 mg L-1. These high sodium concentrations

are unlike those of natural rich fens of the region (Vitt

and Chee 1990) and resemble values found in brackish

marshes (Hartsock 2020). Carex aquatilis is abundant

in fens and marshes of Alberta, but does not occur in

sodic fens with sodium concentration above 1900 mg

L-1 (Hartsock 2020). Performance of C. aquatilis at

1079 mg L-1 is similar to that at lower concentrations

and also similar to conditions presently at Sandhill

Wetland; however, the strong decrease in performance

at 2354 mg L-1 suggests a threshold that may be in the

realm of conditions at reclamation sites in the future.

Currently, it is not known whether cation concentra-

tions will continue to rise at Sandhill Wetland, but if

they do, they could reach a point affecting the growth

and occurrences of C. aquatilis, the dominant species

on the wetland at the present time.
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Our third question explored the possible mecha-

nism of how C. aquatilis can tolerate such a broad

range of sodium concentrations. Many non-halophytes

maintain salt tolerance by exclusion of sodium by the

roots from the shoots (Greenway and Munns 1980;

Munns and Tester 2008) and this appears to be the case

for C. aquatilis. Belowground/aboveground ratios of

sodium tissue concentrations increased dramatically

(from 1:75 to around or just below 3.0 for the higher

concentrations). Aboveground ratios increased some

4-fold while belowground ratios increased just over

six times. These increases in belowground to above-

ground tissue concentrations as sodium treatments

increased may be, at least in part, the reason for the

high tolerance of C. aquatilis to increasing sodium

concentrations. Additionally, the total quantity of

sodium in the aboveground tissue increased from

approximately 2.0 mg to 4.7 mg over the course of

treatments, compared to much higher quantities in the

belowground tissue, varying from 4.0 mg in the lowest

treatment to almost 8.0 mg in the highest, again

suggesting that the belowground biomass is retaining

sodium. However, at the higher sodium treatment

concentrations the ratios of sodium tissue concentra-

tions (belowground/aboveground) level off and

decrease at the highest treatment suggesting saturation

of the belowground biomass.

Conclusions

Carex aquatilis is highly tolerant of sodium concen-

trations up to 1079 mg L-1. At concentrations above

this level, performance is reduced by about 50%. Both

structural and functional attributes are affected in a

similar fashion. Reduction in photosynthesis is

strongly correlated with reduced stomatal conduc-

tance and lower transpiration. At the higher concen-

trations of sodium, belowground tissue concentrations

of sodium are considerably higher than those of

aboveground tissues and increase along with increases

in sodium, suggesting the sodium is being excluded

from the aboveground tissue by the belowground

tissues. Sandhill Wetland currently exhibits sodium

concentrations that have consistently increased over

the past 4 years and are as high as 1646 mg L-1 in

some sites. These decreases in performance in our

greenhouse trials occur at sodium concentrations that

are just above those present at Sandhill Wetland and

careful assessment of sodium concentrations in the

near future needs to be continued.
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