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a  b  s  t  r  a  c  t

Carex  aquatilis  could  be  a suitable  species  for  wetland  reclamation  in  mined  boreal  landscapes  as  those  of
the oil  sands  industry  (Northern  Alberta).  We  compared  the  performance  of C.  aquatilis  plants  established
in oil  sands  industrial  wetlands  (directly  affected  by processed  materials),  on-site  indirectly  affected
wetlands,  and  off-site  natural  wetlands.  We  studied  leaf  chemistry,  fluorescence,  gas  exchange  rates  (net
photosynthesis  and  transpiration  rates),  and  morphological  features  of  plants.  Despite  higher  photochem-
istry  efficiency  in oil sands  populations,  plants  did  not  channelize  surplus  energy  into  increased  carbon
assimilation  rates. Oil  sands  populations  registered  lower  culm  heights  and  leaf  lengths  than  natural  pop-
hlorophyll a fluorescence transients
and reclamation
ining
ater sedge

alinity

ulations.  Plants  growing  in  industrial  wetlands  were  shorter  and  accumulated  more  sodium  in leaves  than
plants  from  indirectly  affected  wetlands.  Evidence  indicated  that C. aquatilis  was  a promising  species  for
reclamation  as  it was  tolerant  to  pollution.  Though  it  survived,  C.  aquatilis,  showed  a  restricted  growth
in  the oil  sands  wetlands  thereby  possibly  limiting  carbon  assimilation  at the  stand  level. Oil  sands  wet-
lands  amended  with  freshwater  and  established  over  non-industrial  materials  provided  better  growing
conditions  for  C.  aquatilis  and  demonstrated  management  tools  for  local  reclamation  efforts.

© 2011 Elsevier B.V. All rights reserved.
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. Introduction

Bitumen mining in the oil sands region of north-eastern
lberta (Canada) requires the deep removal of all vegetation,
oil, and subsoil; consequently, the structure and function of pre-
xisting wetlands is entirely lost in the mined area. Petroleum
ompanies in the oil sands region are attempting to develop peat-
ccumulating wetlands in the disturbed landscape as required
y their specific mine closure policies (Price et al., 2010; Rooney
nd Bayley, 2011). While reports have demonstrated that peat-
and restoration is possible in both organic and mineral soils
Lucchese et al., 2010; Rochefort et al., 2003; Vitt et al., 2011),
eatland reclamation success in the oil sands landscapes is
oubtful (Purdy et al., 2005). In this regard, one of the main

oncerns is the self-sustainability of peat-forming wetlands as
he industrial landscape is characterized by chemical conditions
erived from processed waters and tailings that exceed the tol-
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rance limits of many peat-forming plant species indigenous to
he oil sands region (Harris, 2007; Trites and Bayley, 2009a,
009b).

Information about the effects of some recalcitrant organic
ollutants produced during mining (e.g. naphthenic acids, poly-
yclic aromatic hydrocarbons, and other residual hydrocarbons)
ndicates that they can negatively affect plant functions (Alkio
t al., 2005; Apostol et al., 2004; Kamaluddin and Zwiazek,
002; Liu et al., 2009); however, there is some broad consen-
us developing among environmental scientists that the most
roblematic pollution outcomes for peat-forming vegetation are
he high levels of salinity and alkalinity left after mine opera-
ion (Renault et al., 1998, 1999; Trites and Bayley, 2009a, 2009b).
n fact, on-site waters have salinity and alkalinity values that
xceed thresholds stated to be detrimental to peatlands mosses
nd levels fall within the range that can affect other peat-
orming macrophytes, hence, they would be the most important
egulators of community composition (Harris, 2007; Trites and
ayley, 2009a, 2009b).  The negative effects of sodium and other
ollutants on plant performance could be alleviated by the aug-

ented nitrogen available in oil sands effluents due to their

igh concentrations of ammonia (Bendell-Young et al., 2000).
he identification and propagation of peat-forming native plant
pecies capable of thriving in the chemical environment of the
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il sands wetlands is essential for developing self-sustaining
eatlands; one of the oil sands companies’ main reclamation
oals.

The wetlands of closure landscapes have high levels of salinity
nd alkalinity for three overriding reasons: First, shale overbur-
en and bitumen-impregnated sediments are of marine origin
nd contain residual oceanic sodium chloride (Hein and Cotterill,
006). Second, as part to the mandatory zero discharge policy, oil
ands companies must recycle the process-affected waters creating
il sands processed water (OSPW), further concentrating sodium,
hloride and sulfate ions and other pollutants in stored wastewa-
ers (Allen, 2008; Giesy et al., 2010). Third, tailings are additionally
nriched with salts during bitumen extraction by the addition of
ypsum to separate oil from sand and clay particles (Allen, 2008).
uspended sediments in tailings have to settle and consolidate
efore being used as reclamation material so tailings technolo-
ists created several different byproducts: sandy and bitumen-rich
ature fine tailings (MFT) and gypsum-impregnated consolidated

ailings (CT) (Kotylar et al., 1996). Substrates to be reclaimed
ust be capped with low salinity overburden, subsoil, or peat-
ineral substrates before attempting vegetation establishment in

eclaimed areas (Rowland et al., 2009).
Three major categories of wetlands currently occur in the

eclaimed landscape: barrensaline flats, marshes, and shallow
onds. Industrial wetlands are directly affected by salinity and
ollution as a result of their exposure, alone or in combination,
o the OSPW, MFT, or CT used as reclamation material; whereas
hemical conditions are expected to be less stressful to plants in
ndirectly affected wetlands as they are filled with freshwater.
ndirectly affected wetlands are also less exposed to pollution as
alts and other pollutants ultimately reach these wetlands through
ailings ponds’ dyke seepage, upward advective and diffusive trans-
ort from underlying shale overburden or tailings seepage from
djacent reclaimed uplands, and aerial deposition (Harris, 2007).
atural off-site wetlands in the area can only be exposed to oil

ands pollution by airborne deposition or groundwater influx.
Carbon accumulation and water storage are among the most

mportant wetland functions that petroleum mining companies
ttempt to recreate in the reclaimed landscape (Harris, 2007).
eat-forming wetlands are essential to maximize both of those pro-
esses; however, since peat-forming systems are not yet present
nside the closure landscapes, initial peat accumulation relies on

arshes and their associated vegetation. Carex aquatilis Wahlenb.
Water sedge) is a widespread peat-forming plant species found in
oth peatlands and marshes in the Boreal Plains of North Amer-

ca (Bayley and Mewhort, 2004; Trites and Bayley, 2009a; Vitt and
hee, 1990). Water sedge has also colonized oil sands-affected
arshes and ponds (Trites and Bayley, 2009a)  but with lower

over than in natural wetlands (MC  Roy, in preparation). Conse-
uently, plant performance evaluations of C. aquatilis populations
stablished in oil sands wetlands and subsequent comparison with
opulations growing in natural conditions will help explain dif-
erences in vegetation cover, productivity, competition, succession
nd other essential ecological contrasts. As plants convert sun-
ight energy into biomass, plant performance can largely determine
iomass accumulation rates at the stand level as well as plant com-
etitive abilities; hence, plant community assemblages (Bazzaz,
996; Lambers et al., 2008). In that way, plant physiological per-
ormance can provide insights into the success of reclamation
ttempts.

Our specific goals were to compare the physiological per-

ormance (leaf fluorescence and gas exchange rates) and

orphological features of C. aquatilis plants growing in industrial,
ndirectly affected, and natural wetlands. Our working hypotheses

ere based on the chemical differences among wetlands and their

p
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p
i
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egree of exposure to pollution: (1) C. aquatilis plants growing in
il sand wetlands have lower physiologic and morphologic per-
ormance than plants growing in natural wetlands, (2) C. aquatilis
lants growing in oil sands industrial wetlands have lower physio-

ogic and morphologic performance compared to plants growing
n indirectly affected wetlands and (3) performance parameters
ightly related to the carbon assimilation potential of plants are
egatively affected by the salinity and nitrogen availability in indi-
idual wetlands.

. Materials and methods

.1. Study area and plant description

This study was  conducted in the Fort McMurray region of north-
astern Alberta on Syncrude Canada Ltd. and Suncor Energy Inc.
eases as well as natural undisturbed wetlands in the proximity.
egetation in the area has been classified as Mid  Boreal Mixedwood
coregion (Strong and Leggat, 1992). The climate is sub-humid,
haracterized by long cold winters and short cool summers. Mean
ummer and winter daily temperatures of the region are 13.5
nd −13.2 ◦C, respectively (Strong and Leggat, 1992). Mean annual
recipitation in the area is around 450 mm  and potential evapo-
ranspiration is 519 mm  (Devito and Mendoza, 2007).

Carex aquatilis is a perennial obligate wetland sedge that can
hrive in both organic and mineral sediments and can be found
s a co-dominant component of the vegetation in the wetlands
here it occurs (Cooper et al., 2007). C. aquatilis is an early but slow

olonizer of disturbed areas. Studies indicate that it can perform
ell in short- and long-term revegetation endeavors after crude-oil

pills (Kershaw and Kershaw, 1986) and can also be reintroduced
n mined and disturbed fens (Cooper and MacDonald, 2000; Vitt
t al., 2011).

.2. Wetlands selection and chemical analysis

We incorporated the variability of wetlands found in the oil
ands leases and pristine natural areas in the region. A total of 18
etlands were selected among which six were natural (off-site)

nd 12 were on-site wetlands situated inside the oil sands mining
eases. On-site wetlands were classified as industrial (i.e. directly
ffected by OSPW, CT or MFT) or indirectly affected (i.e. wetlands
hich do not receive any direct input effluents) (Table 1). Selected
atural wetlands showed no evident signs of being impacted by oil
ands pollution. The number of wetlands of each type selected for
he physiological measurements was  five while those selected for

orphological measurements was six (Table 1).
The high levels of salinity, alkalinity, mineral concentration, and

ollutants in the oil sands wetlands have already been addressed
y other authors who studied the same as well as other wet-

ands inside the leases (Bendell-Young et al., 2000; Crowe et al.,
001; Purdy et al., 2005; Trites and Bayley, 2009a). In this work we

ncluded water chemistry data of samples taken during the same
eason and in the same wetlands in which measurements were
ade (Table 2). Electrical conductivity, salinity and dissolved oxy-

en (DO) measurements were taken using a handheld YSI Model
5 (YSI Inc., Yellow Springs, OH, USA); pH and oxidative reductive
otentials (ORP) were measured with a portable Hanna HI98121
Hanna Instruments, Mauritius). Water samples were collected,
rozen and immediately submitted to analysis for sodium, chloride,

otassium and total nitrogen. Mature leaves blades of two  plants
er wetland were analyzed for sodium, chloride, potassium, total
hosphorus (TP) and total Kjeldahl nitrogen (TKN). After harvest-

ng, leaf samples were quickly rinsed, blotted and frozen at −20 ◦C.
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Table 1
Characteristics, analysis done, and coordinates of the industrial, indirectly affected (IA), and natural wetlands studied in the oil sands region.

Name Type Sediment Water Analysis Latitude (N) Longitude (W)

4m-CT Industrial CT/peat OSPW P, M 56◦59′31.76′′ 111◦32′05.37′′

MFT-South Industrial MFT  OSPW P, M 56◦59′31.76′′ 111◦32′05.37′′

Test Pond 5 Industrial CT OSPW P, M 57◦05′03.99′′ 111◦41′39.12′′

Test Pond 8 Industrial CT OSPW P, M 57◦05′01.53′′ 111◦41′33.73′′

Test Pond 10 Industrial MFT OSPW P, M 57◦05′01.06′′ 111◦41′29.02′′

Mike’s Pond Industrial MFT/Clay OSPW M 57◦06′39.55′′ 111◦40′50.11′′

Natural S IA Mineral/peat Freshwater P, M 56◦58′50.30′′ 111◦30′37.67′′

Duck IA Mineral/peat Freshwater P, M 56◦59′15.70′′ 111◦32′21.74′′

Species IA Mineral Freshwater P, M 56◦59′37.39′′ 111◦32′08.42′′

Test Pond 1 IA Mineral Freshwater P, M 57◦05′06.69′′ 111◦41′35.15′′

Fireweed IA Mineral/peat Freshwater P, M 57◦04′57.36′′ 111◦41′36.25′′

North Beaver IA Mineral/peat Freshwater M 57◦06′44.62′′ 111◦41′24.60′′

N-20 Natural Mineral/peat Freshwater P, M 56◦44′41.48′′ 111◦29′55.16′′

Dam Natural Mineral/peat Freshwater P, M 56◦56′36.89′′ 111◦38′49.55′′

Beaver lodge Natural Mineral/peat Freshwater P, M 56◦30′53.40′′ 111◦16′15.84′′

Mosquito Natural Mineral/peat Freshwater P, M 56◦36′41.99′′ 111◦20′00.71′′

Jumping dog Natural Mineral/peat Freshwater P, M 56◦56′19.08′′ 111◦39′41.85′′

water ◦ ′ ′′ ◦ ′ ′′
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Broken wing Natural Mineral/peat Fresh

T: consolidated tailings; MFT: mature fine tailings; OSPW: oil sands processed wa

hemical analysis of water and leaf samples was done in the Natural
esources Analytical Laboratory of the University of Alberta.

.3. Performance indicators and sampling procedures

Physiological measurements of C. aquatilis plants were carried
ut during the first fortnight of June, 2010 near noon on clear
ays. During all the sampling period gas exchange parameters
ere measured when photosynthetic photon flux density (PPFD)
as above 1800 �mol  m−2 s−1 to ensure photosynthesis light sat-
ration. Leaf fluorescence was measured simultaneously with gas
xchange parameters. Morphological measurements were carried
ut during the first week of August, 2010. All the measurements
ere made in the emergent vegetation zone or in the boundaries

etween the wet meadow zone and open water in ponds where
he emergent zone was not present. In some of smallest indus-
rial wetlands we found less than seven C. aquatilis stands. Then,
aking into account that C. aquatilis plants have a vigorous vegeta-
ive growth through long rhizomes, we studied well-spaced plants
>1 m between plants) to increase the likelihood of choosing dif-
erent individuals.

Chlorophyll a fluorescence transients were studied in dark-
dapted leaves of ten C. aquatilis plants per population with a

ansatech Pocket PEA (Hansatech Instruments Ltd., King’s Lynn,
orfolk, UK). Measured leaves were dark-adapted with leaf clips

or 20 min. The transients were induced by a light pulse of
500 �mol  m−2 s−1 with a peak wavelength of 627 nm provided by

s
l
a
s

able 2
ater quality parameters, and results of the orthogonal contrasts for the industrial, indir

Industrial Indirectly affected 

Salinity (ppt) 1.66 ± 0.42 0.31 ± 0.09 

EC  (�s cm−1) 3435 ± 782 607 ± 166 

pH  8.8 ± 0.2 7.9 ± 0.2 

DO  (mg  L−1) 5.4 ± 0.7 5.4 ± 0.6 

ORP  (mV) 60 ± 12 100 ± 14 

Na  (mg  L−1) 271 ± 141 100 ± 65 

Cl  (mg  L−1) 111 ± 53 10.0 ± 4.4 

K  (mg  L−1) 5.1 ± 2.2 5.4 ± 3.0 

K/Na 0.091 ± 0.073 0.069 ± 0.005 

TDN  (ppm) 1.4 ± 0.3 1.9 ± 0.9 

alues are means ± S.E. from 6 of each wetland types. OS: oil sands wetlands; EC: electric
otal  dissolved nitrogen.
 M 56 58 10.14 111 41 13.26

 physiological measurements; M:  morphological measurements.

 high intensity LED. The fast polyphasic fluorescence rise (OJIP rise)
ntil FM was recorded from 10 �s to 1 s. The fluorescence intensity
t 50 �s was  considered as F0 (Strasser and Strasser, 1995).

The photosynthetic capacity of different plant samples can be
elated to the first steps of the sunlight energy transduction and the
ssociated fluorescence OJIP rise (Strasser et al., 2000). In this way,

 suite of key leaf fluorescence parameters were selected to cover
ll the main basic experimental signals, fluxes, quantum yields and
itality indices related to the structure and function of photosys-
em 2 (PSII) (Bussotti et al., 2007; Christen et al., 2007). The studied
arameters embraced the main energy fluxes addressed by the
heory of bio-membranes, i.e. photons absorbed by the antenna
ABS), trapped excitons (TR0), electron transport beyond QA (ET0),
nd dissipated energy (DI0) (Strasser et al., 2000). Table 3 summa-
izes the definitions and derivations of the fluorescence transient
arameters (for further details see Strasser et al., 2000).

Gas exchange rates (net CO2 exchange and transpiration) and
tomatal conductance were measured in young fully expanded and
ell-exposed leaf blades in a similar position on each C. aquatilis
lant (seven replications per population) using a infrared gas ana-

yzer provided with a narrow leaf chamber (LCi, ADC Bioscientific
td., Herts, UK).

Seven plants per population were chosen for culm height mea-

urement, i.e. the height of plants taken from the rooted sediment
evel to the apex of the inflorescence. Blade, sheath, leaf lengths,
nd blade widths were measured in fully expanded leaves on the
ame plants.

ectly affected, and natural (off-site) wetlands in the oil sands region.

Natural P-values a priori contrasts

OS vs. natural Industrial vs. affected

0.11 ± 0.03 0.0009 0.0011
204 ± 65 0.0011 0.0007
7.6 ± 0.3 0.0254 0.0388
4.1 ± 0.6 0.1614 0.9669

129 ± 8 0.0079 0.0542
15.7 ± 6.6 0.026 0.138
11.7 ± 5.6 0.034 0.007

0.9 ± 0.3 0.172 0.956
0.080 ± 0.019 0.625 0.546

2.7 ± 1.3 0.668 0.914

al conductivity; DO: dissolved oxygen; ORP: oxidative reductive potentials; TDN:
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Table 3
Derivation of the JIP-test parameters directly obtained from the recorded fluorescence transients.

Parameter Derivation

F0 (fluorescence at 50 �s; assumed to be initial) F0

FM (maximal fluorescence intensity) FM

Fv (variable fluorescence) Fv = FM − F0

M0 (slope at the origin of normalized fluorescence rise) dV/dt0 = (F300 �s − F0/(FM − F0)
ABS/RC (calculated absorption per reaction centre) (M0/Vj)/(1 − F0/FM)
FV/FM (maximum quantum yield of primary photochemistry) 1 − F0/FM

DI0/ABS (maximum quantum yield of non photochemical deexcitation) F0/FM

ET0/TR0 (probability that a trapped exciton moves an electron further than QA) 1 − Vj

ET0/ABS (probability that a absorbed photon moves an electron further than QA) (1 − F0/FM) (1 − Vj)
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fter Christen et al. (2007) and Strasser et al. (2000). Vj = (F2 ms − F0)/(FM − F0).

.4. Statistical analysis

All variables were analyzed through one-way ANOVA. Plant per-
ormance data were analyzed using orthogonal a priori contrasts to
ompare: (1) the performance of C. aquatilis plants growing in oil
ands wetlands with that of plants growing in natural populations
nd (2) the performance of C. aquatilis plants growing in indus-
rial wetlands with that of plants growing in indirectly affected
etlands. Differences in water quality parameters between wet-

ands were examined by using orthogonal contrasts with the
urpose of relating plant performance with wetland conditions.
he relationships between plant performance, sodium and nitro-
en availabilities in leaf blades, and water salinity in each of the
etlands were determined through regression analysis. Parame-

ers tightly related to the carbon assimilation potential of plants
Performance Index, net photosynthetic rates and blade lengths)
ere also analyzed. In the regression analysis, data of industrial

nd indirectly affected wetlands were pooled to obtain a single lin-
ar regression for the oil sands environments. All datasets were
hecked to ensure the normality and homogeneity of variances.
atasets for Performance Index, salinity, sodium, chloride, potas-

ium and total dissolved nitrogen (TDN) were natural logarithm
ransformed and those of conductivity, water and leaf K/Na ratios
ere square root transformed prior ANOVAs (Sokal and Rohlf,

003). All results are presented as non-transformed means ± S.E.

. Results

.1. Water chemistry

During the experimental period in which measurements on
. aquatilis plants were carried out, large and statistically signif-
cant water chemistry differences between oil sands and natural
etlands were detected (Table 2). Oil sands wetlands had higher

alinity, electrical conductivity, pH, sodium, and chloride than nat-
ral wetlands (P < 0.05 in all cases; Table 2). Oil sands wetlands also

g
b

able 4
arex aquatilis blade leaves nutrient and ion contents and results of the ANOVAs and ortho

n  the oil sands region.

Industrial Indirectly affected Natural 

TKN (ppm) 15.8 ± 1.7 14.7 ± 0.9 14.9 ± 0.6 

TP  (ppm) 1.28 ± 0.14 1.47 ± 0.15 1.35 ± 0.9 

K+ (wt  %) 1.29 ± 0.11 1.60 ± 0.05 1.21 ± 0.05 

Na+ (�mol  g−1 DW)  148.8 ± 86.7 13.7 ± 5.1 20.6 ± 10.7 

Cl− (�mol g−1 DW)  200.4 ± 32.5 137.2 ± 23.3 88.4 ± 20.1 

K+/Na+ 11.3 ± 4.1 58.1 ± 15.0 58.1 ± 11.7 

alues are means ± S.E. from 6 of each wetland types. df = 2, dferror = 15. OS: oil sands wetl
(Vj/M0) (Fv/FM) (Fv/F0) (ET0/(dQ−
A /dt0))

howed significantly lower oxidative reductive potentials (ORP)
han natural wetlands (P < 0.05) (Table 2).

Significant differences in water chemistry were also found
etween industrial and indirectly affected wetlands (Table 2).
ndustrial wetlands had higher salinity, electrical conductivity, and
H but lower chloride concentrations than indirectly affected wet-

ands (P < 0.05; Table 2).

.2. Leaves nutritional and ionic status

There were no significant differences found in nutritional sta-
us of C. aquatilis leaf blades with respect to total nitrogen and
hosphorus contents between plant populations exposed to oil
ands pollution and those established in natural wetlands (P > 0.05;
able 4). Potassium concentrations in leaf blades were slightly, and
ignificantly higher in the oil sands wetlands compared to values
f plants growing in natural populations (P < 0.05; Table 4). In spite
f the elevated sodium accumulated in leaf blades of plants estab-
ished in industrial wetlands (Table 4), the highly variable results
nly permitted the detection of marginal differences in sodium
ontents (0.05 < P < 0.010; Table 4), but significant differences in
hloride concentrations between plants established in oil sands and
atural wetlands (P < 0.05; Table 4). Leaf chemistry analysis of C.
quatilis leaf blades indicated deep differences between industrial
nd indirectly affected wetlands in sodium and potassium contents
Table 4). Sodium concentrations were one order of magnitude
igher in the industrial wetlands compared to indirectly affected
etlands (P < 0.05; Table 4). Potassium and K/Na ratios were sig-
ificantly lower in blades of plants from the industrial wetlands
ompared to plants from the indirectly affected wetlands (P < 0.05;
able 4).

.3. Physiological results
There were no significant differences among C. aquatilis plants
rowing in the different types of wetlands in some of the
asic fluorescence signals measured (Table 5; Fig. 1). Initial

gonal contrasts for the industrial, indirectly affected, and natural (off-site) wetlands

F-value P-value P-values a priori contrasts

OS vs. natural Industrial vs. affected

0.24 0.789 0.833 0.520
0.54 0.577 0.890 0.306
8.94 0.003 0.014 0.006
7.02 0.007 0.091 0.005
4.72 0.025 0.022 0.104
6.56 0.009 0.201 0.004

ands, TKN: total Kjeldahl nitrogen, TP: total phosphorous.
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Table 5
Results of one-way ANOVA for the analyzed physiological and morphological vari-
ables of Carex aquatilis plants growing in industrial, indirectly affected, and natural
wetlands in the oil sands region.

MS error F-value P-value

F0 1.9 × 105 0.80 0.4715
FM 6.5 × 106 1.28 0.3146
Fv 1.0 × 107 1.95 0.1844
M0 1.5 × 10−4 4.55 0.0339*

ABS/RC 0.01 0.73 0.5005
Fv/Fm 6.1 × 10−4 4.17 0.0422*

DI0/ABS 6.6 × 10−4 3.30 0.0720
ET0/TR0 2.5 × 10−3 5.69 0.0183*

ET0/ABS 2.2 × 10−3 6.69 0.0112*

Performance Index 0.12 8.29 0.0055**

Net photosynthesis rate 1.26 0.14 0.8476
Transpiration rate 1.00 0.11 0.8892
Stomatal conductance 4.6 × 10−3 0.33 0.7250
Culm height 128.69 13.91 0.0004***

Leaf sheath length 33.61 4.67 0.0266*

Leaf blade length 107.82 6.31 0.0103*

Leaf length 236.61 6.18 0.0110*

df = 2, dferror = 15 (morphological measurements) and 12 (physiological measure-
ments).
Significance levels are presented.
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Fig. 2. Derivate chlorophyll a fluorescence parameters measured on leaves of Carex
aquatilis plants growing in industrial, indirectly affected wetlands in the oil sands
leases, and natural off-site wetlands: (a) light absorption per reaction centre, (b)
maximum quantum yield of primary photochemistry, (c) maximum quantum yield
of  non-photochemical de-excitation, (d) probability that a trapped exciton moves an
P < 0.05.
** P < 0.01.

*** P < 0.001.

uorescence (F0), maximal fluorescence (FM) and variable fluores-
ence (FV) were, on average, statistically similar among wetlands
ypes (P > 0.05; Table 5; Fig. 1a–c). Significant differences were
ound in M0 (which represents the relative rate of QA reduction)
etween C. aquatilis plants growing in oil sands and in natural
etlands (P < 0.05; Fig. 1d).

In spite of the lack of differences in some of the basic fluo-
escence parameters, most of the derivate parameters related to

uxes, quantum yields and vitality indices showed significant dif-

erences (Table 5 and Fig. 2). Interestingly, results showed that the
verall photochemistry efficiency of C. aquatilis plants growing in
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atural populations was  lower than that of plants established in the
il sands wetlands (Fig. 2). Plants established in oil sand wetlands
ad higher maximum quantum yield of primary photochemistry of
SII (FV/FM) than plants growing in natural populations (P < 0.05;
ig. 2b) and a higher chance that the energy absorbed by the
SII moves an electron beyond QA (ET0/TR0, ET0/ABS; Fig. 2d and
). Accordingly, plants in the oil sands wetlands also had lower
ight energy dissipation (DI0/ABS: maximum quantum yield of
on-photochemical de-excitation) than plants from the natural
etlands (P < 0.05; Fig. 2c). Plants growing in the natural wetlands

howed a visibly apparent and significantly lower Performance
ndex than plants growing in the oil sands wetlands (P < 0.05;
ig. 2f). None of the orthogonal comparisons between the industrial
nd indirectly affected wetlands in terms of fluorescence showed
ny statistical differences (P > 0.05; Fig. 2).

The photosynthetic performance of C. aquatilis plants was  sim-
lar among wetland types (P > 0.05; Tables 5 and 6). Both stomatal
onductance and transpiration rates of C. aquatilis plants were also
elatively stable across different types of wetlands and did not show
ignificant statistical differences (P > 0.05; Tables 5 and 6).

.4. Morphological results
The morphological performance of C. aquatilis plants differed
cross types of wetlands (Table 5; Fig. 3). In particular, plants from
he oil sands wetlands were of shorter height than plants from
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Table 6
Values of the analyzed gas exchange variables and results of the orthogonal contrasts of Carex aquatilis plants growing at industrial, indirectly affected, and natural wetlands
in  the oil sands region.

Industrial Indirectly affected Natural P-values a priori contrasts

OS vs. natural Industrial vs. affected

Net photosynthesis rate (�mol  m−2 s−1) 3.19 ± 0.40 3.35 ± 0.58 3.56 ± 0.50 0.648 0.823
Transpiration rate (mmol m−2 s−1) 4.25 ± 0.28 4.30 ± 0.63 4.24 ± 0.33 0.760 0.738
Stomatal conductance (mol m−2 s−1) 0.18 ± 0.03 0.14 ± 0.02 0.16 ± 0.02 0.725 0.432
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Fig. 4b). Parameters were stable across the narrow sodium and
total nitrogen leaf concentration ranges of plants growing in nat-
ural wetlands (Fig. 5). In C. aquatilis plants growing in oil sand
wetlands, Performance Index values were weakly and marginally
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he natural populations (P < 0.05; Fig. 3a). Plants growing in the
il sands sites showed lower leaf sheath and blade length aver-
ges (P < 0.05; Table 5; Fig. 3b and c) and consequently, leaf lengths
P < 0.05; Table 5; Fig. 3d) as compared to their counterparts grow-
ng in the natural wetlands. Results of the orthogonal contrasts
etween plants growing in industrial and indirectly affected wet-

ands inside the oil sands showed statistical differences in culm
eight (P < 0.05; Table 5; Fig. 3a), where plants of indirectly affected
etlands have greater height than plants of industrial wetlands

Fig. 3a). Marginal statistical differences were detected for sheath
P = 0.057) and leaf lengths (P = 0.090) between plants growing in
he two types of oil sands wetlands (Table 5, Fig. 3b and d) indicating
lants of indirectly affected wetlands had larger leaves than plants
rowing in the industrial wetlands (Fig. 3d). Finally, there were no
tatistical differences in blade widths among habitats (P > 0.05; data
ot shown).

.5. Performance parameters vs. water and leaf chemical
onditions

Performance parameters related to the carbon assimilation
otential of C. aquatilis plants were affected by wetland salin-
ty (Fig. 4). The Performance Index showed a significant direct
elationship with salinity (r2 = 0.56; P = 0.01; Fig. 4a), but salinity
as detrimental for blade elongation (r2 = 0.69; P < 0.01; Fig. 4c)
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elated to sodium tissue concentrations (r2 = 0.34; P = 0.09; Fig. 5a).
onversely, Performance Index had a direct linear relationship with
otal nitrogen tissue concentrations in oil sands wetlands (r2 = 0.52;

 = 0.02; Fig. 5b); wetlands with higher N availability in leaves had
lso more photochemically efficient plants. A strong and signifi-
ant inverse relationship between blade length and sodium tissue
oncentrations was shown (r2 = 0.71; P < 0.01; Fig. 5e), highlighting
he negative effect of high sodium concentrations in C. aquatilis leaf
issues. Photosynthesis was stable across the wide range of sodium
nd total nitrogen tissue concentrations found in plants of the oil
ands wetlands (P > 0.01; Fig. 5c and d).

. Discussion

Our results indicate that C. aquatilis performs well in oil sands
ontaminated wetlands when compared to populations in unim-
acted natural wetlands. Results also point out that while plants

n the oil sands wetlands exhibited reduced morphological per-
ormance in terms of plant dimensions, they showed higher
hotochemical efficiency and similar net photosynthesis and tran-

piration rates as compared to plants in natural wetlands. These are
utstanding results, because they highlight C. aquatilis as a promis-
ng species for reclamation as it is clearly able to maintain its basic
hysiological functions when grown in polluted oil sands wetlands.

e
p
m
(

tosynthesis rate, and (e, f) blade length. Values are mean ± S.E. of ten (Performance
s.

Salinity can decrease pigment contents, photochemistry effi-
iencies and electron transport rates, and increase energy
issipative processes in glycophytes (Liu and Shi, 2010; Misra et al.,
001). Surprisingly, fluorescence data indicated that C. aquatilis
lants had higher photochemical efficiency, lost less light energy

n dissipation processes during the photo-absorbtion of sunlight
nergy, and transported the absorbed energy more efficiently when
rown in the oil sands wetlands than when grown in the natural
etlands. However, a priori contrasts indicated a lack of differences

n carbon assimilation rates among plants growing in different
etlands, suggesting that surplus photochemical energy was  not

llocated toward increased carbon fixation in the oil sand wetlands.
arbon assimilation is not always tightly coupled to photochem-

stry in stressed leaves or even in leaves of tolerant plants growing
n stressful habitats (Baker et al., 2007; Maricle et al., 2007). The
esult here is that plants growing in the oil sands wetlands had a
igher photochemical efficiency but the same net photosynthesis
ates as plants in natural habitats. The implication is that elec-
rons in the former were diverted to alternative sinks other than
arbon fixation (Maxwell and Johnson, 2000). These alternative

lectron sinks could help to dissipate excess sunlight energy (e.g.
hotorespiration), to sustain nitrogen or sulfur metabolism and
acromolecules biosynthesis, or even to produce oxidative stress

Baker et al., 2007; Maxwell and Johnson, 2000). Further studies
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imed to identify and isolate the specific sinks to which electrons
re diverted and the nature of the conservative use of sunlight
nergy by C. aquatilis during the carbon assimilation stage could
eveal if such redirection of electrons represents an advantage for
nduring unfavorable mineral conditions (see below) or stressful
abitats.

Mineral-rich oil sands waters may  free C. aquatilis plants from
he nutritional or ion deficiencies of the natural oligotrophic boreal
eatlands and marshes. Accordingly, a direct relationship between
erformance Index (an integrative indicator of photochemistry
fficiency) and salinity was found in the oil sands wetlands indi-
ating that salinity may  be positively affecting photochemistry
f C. aquatilis plants. Besides, regression analysis did not show a
elationship between carbon assimilation rates and salinity in oil
ands wetlands, yet indicated that carbon assimilation rates were
trongly and positively affected in the narrow range of salinity of
he natural wetlands. These results suggest a more complicated
elationship of C. aquatilis carbon assimilation rates vs. salinity
ith an optimum near the lowest values of salinity found in the

il sand wetlands. While mineral-rich oil sands effluents contain
igh concentrations of ammonia (Allen, 2008; Bendell-Young et al.,
000), nitrogen is the main limiting nutrient in boreal peatlands
nd marshes (Vitt et al., 2003). Augmented nitrogen availabili-
ies was proposed as the probable cause of the increased carbon
ssimilation rates of Typha latifolia plants exposed to oil sands efflu-
nts (Bendell-Young et al., 2000). We  did not find differences in
ean total N contents in C. aquatilis leaf blades between wetland

ypes. We  did find a significant and direct relationship between
erformance Index and leaf N contents on plants established in
he oil sands wetlands, suggesting that higher nitrogen availabil-
ty could be the reason for an enhanced photochemical efficiency
f oil sands plants with respect to plants established in natural
etlands.

Taken alone, physiological results suggested that C. aquatilis
lants were highly tolerant to oil sands pollution. Considered in a
ider context, however, morphological data complemented those

f physiology and pointed out a restricted growth in the oil sands
etlands that cannot be explained by the similar carbon assim-

lation found among the different wetland types. Shoot growth
s known to be one of the most sensitive parameters to salinity,
specially sensitive to the osmotic component of that stress fac-
or (Munns and Tester, 2008). Moreover, salinity negatively affects
ater relations and growth potential of wetland plants as they face
ifficulties in withdrawing water (Scholander et al., 1965; Pezeshki
t al., 1989). Leaves of C. aquatilis plants established in the indus-
rial wetlands were 38% shorter than leaves of plants growing in
atural sites (Fig. 3). Although threshold electrical conductivity

evels for C. aquatilis plants growth are unknown, conductivities
n the oil sands wetlands were well above 4 dS/m (equivalent
o 400 �s cm−1; Table 2), a value stated as the threshold level
hat can affect growth of most plants species (Munns and Tester,
008).

Chemical analysis of waters and C. aquatilis leaf blades indicated
oth the higher Na load in oil sands wetlands and the ability of
lants to select against it. Despite the accumulation of Na in plants,

eaves had higher leaf K/Na ratios than the water of wetlands in
hich they were grown and maintained high levels of selectivity of

 against Na (Tables 2 and 4); a key determinant of plant salt toler-
nce (Maathuis and Amtmann, 1999). In keeping with the elevated
l levels in the oil sands wetlands, C. aquatilis leaf blades showed
levated Cl contents, an ion that could be detrimental to photo-

ynthetic efficiency at high concentrations (Misra et al., 2001). The
mplementation of controlled experiments to determine C. aquatilis
olerance levels for the accumulation of Na and Cl deserve fur-
her research as it can provide insights about limiting conditions

t
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or reclamation success with C. aquatilis vegetation in oil sands
etlands.

In spite of the noticeably higher sodium concentrations and
ower K/Na ratios in blades of plants growing in industrial wetlands
ompared to those from indirectly affected sites, the hypothesized
ifferences in C. aquatilis performance between both types of oil
ands wetlands were not supported by physiological results. Mor-
hological differences supported the hypothesis by one statistically
ignificant result: greater culm height in the indirectly affected
etlands than in the industrial ones (Fig. 3). Two  marginally sig-
ificant results (larger sheath and leaf lengths in the indirectly
ffected wetlands) also suggested that plants actually responded to
he chemical differences between wetlands. The meaning of these
esults is that C. aquatilis plants were subjected to milder condi-
ions in the freshwater-filled, indirectly affected wetlands inside
he oil sand leases than in the OSPW, CT or MFT affected industrial
etlands.

To summarize, the contribution of the present work is that in
pite of similar or even enhanced C. aquatilis physiological perfor-
ance in wetlands affected by oil sands pollution, morphological

ata indicated that these plants were subjected to chemical con-
itions beyond the threshold limits where growth is reduced.
lant and leaf dimensions are important features as they could
ffect canopy structure, leaf area index and ultimately, both car-
on assimilation and productivity at the stand level (Lambers
t al., 2008). In effect, variations in growth and productivity are
losely related to the amount of intercepted radiation, mostly
etermined by the leaf area index (Ewert, 2004; Hirose et al., 1997;
onteith, 1977). One of the main goals of environmental research

f the oil sands scientists is to determine if peat accumulation
nd carbon sequestration can be matched to pre-mine levels. Our
esults suggest that C. aquatilis stands established in oil sands wet-
ands might have somewhat lower abilities to assimilate and to
equester carbon than do natural populations. Encouragingly how-
ver, wetlands amended with freshwater and substrates other than
he industrial ones provided less challenging conditions for the
rowth of C. aquatilis and present opportunities for reclamation
n matching oil sand wetland functions to those pre-disturbance
evels.

. Conclusions

Two important results could be highlighted from the com-
arisons of C. aquatilis morphophysiological performance among
etland types.

1) C. aquatilis plants had similar carbon assimilation rates but
lower heights and shorter leaves in oil sands than in the natural
wetlands.

2) Plants growing in industrial wetlands were shorter than plants
growing in indirectly affected wetlands inside the oil sands
leases.

This study presents novel evidence that indicates that C. aquatilis
s a promising species for oil sands wetlands reclamation as it main-
ains its basic physiological functions in wetlands polluted in ways
ypical of oil sands processing. On the other hand, plants had a
estricted growth that may potentially reduce carbon assimilation
t the stand level. Evidence also indicated that on-site freshwa-

er wetlands not directly exposed to oil sands materials provided
etter conditions for C. aquatilis growth suggesting that main wet-

and functions (e.g.: carbon sequestration) in reclaimed oil sands
etlands could be reestablished.
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