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ARTICLE INFO ABSTRACT

Keywords: A water and vegetation sampling program including peat coring was carried out within the McClelland Wetland,

Stable isotopes a boreal peatland complex situated within the rapidly developing oil sands mining region of northeastern

1(3[xygen-18 Alberta, Canada. This study investigated both the current and past hydrology of the site to improve under-
oss

standing of the spatiotemporal evolution of water sources, pathways, and vegetation succession prior to
impending oil sands development in the western half of the watershed. The study used vegetation surveys and
isotopic tracers (80, 2H) for contemporary characterization of water sources and evaporation gradients, whereas
flark orientation was used to identify general flow directions. Use of 80 preserved in a-cellulose within moss
macrofossils and wood, combined with evidence from vegetation successions in several cores, provided detailed
information on historical changes in the peatland as far back as 11,300 cal. years BP. Reliability of %0 archives
from moss cellulose to reconstruct 80 in source water was confirmed in a sub-survey conducted at 227 sites
where water and moss were both sampled and analyzed to quantify isotopic fractionation in dominant moss
species. Overall, the study established existence of long-term groundwater source areas around the margins of the
peatland, as well as contemporary permafrost thaw zones within the peatland itself. Both contemporary (spatial)
and historical (temporal) 80 gradients reflect precipitation-derived origins for shallow groundwater sources
with strong evaporative enrichment along the direction of flow. Historical reconstruction suggests persistence of
open wet areas at the site amid several episodes of regional climatic and associated hydrologic changes.

Peat cellulose
Water balance
Wetlands

1. Introduction complex wetland landscapes (Ala-aho et al., 2018, Graham et al., 2016).

Previous studies have utilized isotopes in conjunction with solute tracers

Stable isotopes of water (:30 and 2H) have been applied in numerous
studies as a basis for characterizing spatiotemporal variations in wetland
water balance (e.g. Gibson et al., 2000, 2021, 2022, Clay et al., 2004, St.
Amour et al., 2005, Hayashi et al., 2005, Whitfield et al., 2010, Graham
et al.,, 2016, Ala-aho et al., 2018, Bam and Ireson, 2019). In such
contemporary investigations, isotopes have been used for identification
of groundwater or surface water sources, for partitioning source-water
mixing and storage dynamics, as well as quantifying evaporation,
infiltration, and influence of permafrost thaw. As progressive heavy
isotopic enrichment often occurs due to evaporation during residency in
surface storage, 180, 2H, or d-excess (Dansgaard, 1964), have proven
useful for mapping flowpaths and for estimating relative connectivity of

to examine complex flow distributions, surface-groundwater interac-
tion, and evapotranspiration (Dincer et al., 1978), or in combination
with remote sensing techniques to examine connectivity to streams
(Brooks et al., 2018).

In addition to the advantages that isotopes may offer in contempo-
rary investigations for site-specific and regional characterization of
water balance, the preservation of isotopic signals within archival de-
posits has in some cases provided novel insight into past hydrological
conditions. Archival records with demonstrated potential for paleo-
climate or paleohydrology reconstructions include tree rings (McCarroll
and Loader, 2006), aquatic sediments (Leng et al., 2006) and peat de-
posits (Brenninkmeijer et al., 1982; Pendall et al., 2001; Ménot-Combes

* Corresponding author at: InnoTech Alberta, 3-4476 Markham Street, Victoria, BC V8Z 7X8, Canada.

E-mail address: jjgibson@uvic.ca (J.J. Gibson).

https://doi.org/10.1016/j.catena.2022.106116

Received 17 October 2021; Received in revised form 14 January 2022; Accepted 5 February 2022

0341-8162/Crown Copyright

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

© 2022 Published by Elsevier

B.V. This is

an open access article under the CC BY-NC-ND license


mailto:jjgibson@uvic.ca
www.sciencedirect.com/science/journal/03418162
https://www.elsevier.com/locate/catena
https://doi.org/10.1016/j.catena.2022.106116
https://doi.org/10.1016/j.catena.2022.106116
https://doi.org/10.1016/j.catena.2022.106116
http://crossmark.crossref.org/dialog/?doi=10.1016/j.catena.2022.106116&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

J.J. Gibson et al.

et al., 2002, Zanazzi and Mora, 2005, Moschen et al., 2009, Jones et al.,
2019, Xia and Yu, 2020). While systematic isotopic fractionation be-
tween 180 in water and archival materials is the basis of this study, and
for the majority of isotope-based paleoclimate investigations, 2H in peat
cellulose has also recently been shown to compliment past re-
constructions based on %0, although requiring more complicated lab-
oratory processing (Zanazzi and Mora, 2017). Based on our review of the
published literature, moss cellulose records have not previously been
used to reconstruct water balance of peatlands in western Canada
including Alberta’s boreal forest region.

This study was motivated by the need to develop understanding of
both contemporary and past water balance for a 101 km? fen complex
within a 202 km? watershed in northeastern Alberta, that is situated
partially within the footprint of a planned oil sands surface mine. Due to
low-relief, large extent of the wetland, and complexity of the wetland
mosaic, the use of stable isotopes was initially evaluated and then
adopted as a complimentary tool, along with physical and hydro-
chemical approaches, to understand water sources, water flow, and
water balance across the site. Several objectives of this work were to
develop a spatial perspective of contemporary water balance across the
watershed, to develop a historical record of past water balance changes
of the wetland based on 180, and to link the historical and contemporary
perspectives to evaluate water balance stability and evolution, espe-
cially highlighting changes associated with vegetation succession, and if
possible, fen patterning. Initially, we hoped to test the robustness of the
moss-water isotopic fractionation including species effects to ensure that
quantitative reconstructions were reliable and robust.

2. Mechanistic cellulose '¥0 model

Biosynthesis of cellulose occurs by vascular plants, but also by algae,
mosses, bacteria, cellular slime mold and tunicates (Saxena and Brown,
2005). Isotopic signatures in plant cellulose have been shown to depend
mainly on the isotopic composition of environmental source waters used
by the plant, offset by a biochemical enrichment factor reflecting the
effect of exchange during hydration of carbonyl groups in cellulose
formation, and physiological effects, reflecting processes such as root
uptake, leaf enrichment, and evapotranspiration regulation. 180 values
in plant cellulose, .y, and source water, 5s, have been shown to be
mechanistically related by:

Ocett = s+ €+ €3 (€9)

where ¢,, ep are the physiological and biochemical enrichment effects,
respectively. A comprehensive description of the plant cellulose syn-
thesis model can be found elsewhere (Roden et al., 2000; Shi et al.,
2019). Given that mosses (i.e., bryophytes) lack stomata in photosyn-
thetic leaves and have poorly developed vascular tissue, and therefore
employ a different water use strategy, the physiological enrichment ef-
fect, &, has been shown to be insignificant for these plants (Zanazzi and
Mora, 2005). Importantly, experimental and observational studies have
suggested near-constant values for the biochemical fractionation, ¢g, of
27 + 3%o (DeNiro and Epstein, 1981; Wolfe et al., 2002), although more
recent compilations have argued for a weak temperature dependence
(Sternberg and Ellsworth, 2011; Xia and Yu, 2020). Mosses have no
roots; they do not have the ability of vascular plants to access water at
depth, and so passively utilize shallow water from the acrotelm. As a
result, moss is expected to utilize water in the shallow acrotelm in the
immediate vicinity of the plant. While most isotopic studies of mosses
seem to have focused on Sphagnum, an important peat-forming genus,
dominant wetland species at the McClelland Wetland site also include
the true mosses, Hamatocaulis vernicosus, Tomentypnum nitens, and
Scorpidium scorpioides.
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3. Study site

The study was conducted within the McClelland Wetland, a large
boreal wetland dominated by peatlands and located near the northern
extent of surface mineable bitumen adjacent to McClelland Lake
(57.4871° N, 111.3197° W) (Fig. 1). Climate of the region is cool and
moist, with short cool summers and long cold winters. Monthly tem-
peratures at Fort McMurray, located 83 km to the south, range from
—17.4°CinJanuary to 17.1 °C in July, with a mean annual temperature
of 1 °C (ECCC, 2022). Annual precipitation is 419 mmm (ECCC, 2022),
but is known to be annually variable (Vitt et al., 2022). Hydrology of the
region is strongly influenced by low-relief and a wetland-dominated
landscape dominated by bogs, fens and shallow open water bodies.
Topographic highs, including regional upland plateaus, and glacial
moraines, including the Fort Hills Upland, which is situated adjacent to
the southern boundary of McClelland Fen, are influential surface and
groundwater runoff drivers. Incised river channels connected to the
lower Athabasca River, as well as an extensive network of buried pale-
ochannels, serve as major conduits for runoff and groundwater ex-
change. Vertical groundwater flow is significantly inhibited in the
western portion of the wetland by occurrence of shallowly emplaced
bitumen deposits within poorly lithified sandstone. Present day
McClelland Wetland drains eastward through a well-developed
patterned fen to McClelland Lake, which is a shallow, evaporation-
dominated lake with minor groundwater exchange (Zabel et al.,
2022), although potential is recognized for seasonal surface water
outflow during spring melt in some years, similar to other local lakes
(Gibson et al., 2019a). Degrading permafrost is widespread within bogs
on regional uplands but is also encountered as isolated islands within
fens including within the McClelland watershed.

Insight into the developmental history of the site was recently pro-
vided by Vitt et al. (2022). The site contains a diversity of landscape
features, including fens, bogs, and swamps that can be shrubby, wooded,
forested, graminoid-moss-dominated areas. These various site-types
surround a patterned rich fen characterized by wet moss-dominated
areas (flarks) associated with horizontal-oriented ridges (strings),
known to generally form perpendicular to water flow (Eppinga et al.,
2009). Over 114 species of bryophytes have been identified at the site,
including 91 mosses and 23 hepatics (Vitt et al., 2003). The paleohy-
drologic setting of McClelland Lake, located downgradient of McClel-
land Wetland, was also recently described by Zabel et al. (2022).
Notably, this study included application of 120 in organic sediments and
carbonate to reconstruct hydrology and temperature changes over the
past 350 years.

4. Methodology
4.1. Water and moss sampling on wetland surfaces

Alpha (a-) cellulose was extracted from moss tip samples from
various species at 227 sites across the surface of the wetland during
2017, 2018 and 2019, targeting collection of the two dominant species
present at each site as well as paired surface water samples at each site.
Water samples were considered to be representative of the acrotelm
water utilized by the mosses to grow. In total, 227 near-surface moss
samples were collected from 12 moss species present across the various
wetland types within the McClelland Wetland, however, the majority of
samples taken were Hamatocaulis vernicosis (characteristic of wet, lawn
habitats) and Tomentypnum nitens, (characteristic of dry, hummocky
habitats), two species that were often dominant. Less frequently, species
of the genera Sphagnum (species of hummocks) and Scorpidium scor-
pioides (characteristic of very wet carpets and pools), were found to be
dominant.

Approximately 100 g of the two dominant moss species at each site
were collected and stored in paper bags for later extraction and analysis
of 80 in a-cellulose. The moss was air dried, photographed, and
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Fig. 1. Map of McClelland Wetland showing contours of 5'80 in water at 0.1 m depth within peat (as sampled in summer/fall 2018). Insets show (a) Province of
Alberta, Canada; and (b) location of the Alberta Oil Sands Region and study site within the boreal forest region of Alberta. Selected geological features are also shown.

identified. Marl, which occurred as a residue on some samples, was
noted where it occurred. The top 2 cm of the moss tips were then sub-
sampled, placed in plastic trays, and sent to GEOTOP-UQAM for o-cel-
lulose extraction followed by isotopic analysis.

Water samples were collected at moss collection locations for anal-
ysis of 8'80 and 5H of water, as well as at a broader network of surface
water and groundwater monitoring stations located across the entire
wetland (Fig. 1). Water samples were also tested for routine parameters
including pH, temperature, electrical conductivity, and dissolved
oxygen.

4.2. Peat coring and moss identification

In September 2017, a first peat core was obtained from the McClel-
land Wetland (Core 5) using a MacCaulay corer, a method selected to
allow for collection of a continuous core from the peat while minimizing
peat compression. Prior to coring, the upper 50 cm of the profile, con-
sisting of mosses, was cut with a knife and placed in a plastic-wrapped
length of PVC pipe. The corer was then inserted and advanced to
extract a 50 cm interval of underlying peat. This core segment was then
removed, the extracted core placed in plastic-wrapped PVC pipe, the
borehole was re-entered, and the process repeated until refusal at 5.6 m
depth. The cores were carefully wrapped and shipped to Southern Illi-
nois University where preserved moss fragments were identified and
sampled. Subsamples were then shipped to GEOTOP-UQAM for a-cel-
lulose extraction and isotopic analysis. A wide variety of other charac-
teristics were also recorded as part of concurrent study of vegetation
communities at the site. During 2018-19, several additional cores were
extracted using a 15-cm sonic corer (including Cores 6,7, 9,10). Addi-
tional cores were also sampled in 2019 targeting the main patterned fen.
In general, peat cores were subsampled at 10 cm intervals and selected

samples were submitted for isotopic analysis. Samples of bryophytes or
wood were extracted for AMS radiocarbon dates and calibrated for
calendar years BP (cal yr BP); see details in Vitt & House (2021).

4.3. Cellulose extraction and isotope analysis

Water samples were analyzed for §'80 and 52H by isotope ratio mass
spectrometry using a Thermo Scientific Delta V Advantage located at
InnoTech, Victoria. Oxygen was prepared using a Gasbench II by
equilibrating water and CO and then introducing CO; into the dual inlet
using an autosampler (Paul and Skrzypek, 2006). Hydrogen was
analyzed by auto-injecting water into a chromium reactor heated to
875 °C in the HDevice to produce Hy, which was streamed to the dual
inlet for analysis (Brand et al., 1996). Results are reported in “8” nota-
tion in per mil (%o) relative to Vienna Standard Mean Ocean Water
(VSMOW) and normalized to the SMOW-SLAP scale, where SLAP is
Standard Light Arctic Precipitation (Nelson, 2000). Laboratory analyt-
ical uncertainty estimated based on 2-c of repeats is better than + 0.15
for 8'%0 and + 0.50 for §°H (n = 450).

Dried moss tips (from the fen survey) or stems/fragments (in cores)
were freeze-dried for 48 h and then placed into a fiberglass filter bag,
heat sealed, and labelled. Based on the method of Zanazzi and Mora
(2005) and Wolfe et al. (2002), a-cellulose was extracted to remove
lipids, lignin, and hemicellulose. The procedure was carried out over a 6-
day period in an array of Soxhlet extractors in batches of 20 samples.
Briefly, lipids were removed by boiling filter bags in a toluene/ethanol
mixture, dried for 24 h, rinsed, boiled in ethanol for 24 h, dried for 1 h,
then boiled in deionized water for 6 h. To remove lignin, the bags were
subsequently treated several times over a 2-day period with sodium
chlorite and acetic acid at 70 °C. The samples were then rinsed in
deionized water, rinsed with 10% NaOH solution at 60 °C, and repeated.
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NaOH was then neutralized by adding 1% HCI solution until the pH was
neutral. To remove hemicellulose, the bags were boiled in deionized
water, placed in a bath shaker for 45 min adding NaCl and acetic acid
(99%), washed multiple times in deionized water, soaked in 17% NaOH,
washed again several times in deionized water, soaked in 10% acetic
acid, washed again several times with deionized water, and then freeze
dried. To prepare for isotope analysis, 10-15 g aliquots were placed in
silver foil capsules and loaded into a PyroCube oven interfaced to an
isotope ratio mass spectrometer for conversion to CO via pyrolysis at
1500 °C (see Saurer and Siegwolf, 2004).

4.4. Cellulose-water isotopic separations

5180 in a-cellulose and water were compared to evaluate cellulose/
water isotopic separations (e'%0), initially to characterize the ‘so-called’
moss-water transfer function by species; secondly, to confirm whether
preserved mosses could be used reliably for reconstructing past 520
history at the site; and thirdly, to find a practical approach for routine
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application of the method at the McClelland Wetland and elsewhere in
the region. Calculation of the biochemical enrichment was based on the
apparent isotopic separation between moss and water, ¢'®o:

e80 = 604 cettuiose — 0" Orater (%0 VSMOW) 2)
where 680, _cquose is the isotopic composition measured in cellulose
from individual living plants or moss macrofossils in peat, and 5'0yqr
is the isotopic composition measured in source water, as collected in late
summer (August/September) at the surface where the moss was
growing. For peat core reconstructions, 580, aer Was inferred from Eq.
(2) from the other known components. No attempt was made to infer
temperature effects on isotopic fractionation, as noted by Sternberg and
Ellsworth (2011) and Xia and Yu (2020), as we considered site-to-site
temperature gradients to be inconsequential, and because the domi-
nant moss species often co-existed at the same sites, suggesting that they
were not differentially sensitive to local temperature, even considering
that habitat and moss growth rates have been shown to be inherently
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sensitive to differences in climate (Asada et al., 2003).

Statistical comparisons between 5180a_ce11u105e and SISOwater (Fig. 2,
Table 1) highlight the overall fractionations apparent between moss and
water based on all moss samples as well as individual dominant species.
Results revealed very systematic moss- water isotopic separations
overall. On average, moss was found to be enriched by 30.10 + 2.45%o
(n = 227) for all species, with slight differences noted for individual
species. For the two dominant species Hamatocaulis vernicosus and
Tomentypnum nitens, isotopic separations were found to be very similar,
29.76 + 2.33%o (n = 113) versus 30.52 + 2.28%o (n = 74), respectively.
Considering measured variability ranges, results are consistent with
values that have been previously determined experimentally (27 + 3%o),
and most often applied in cellulose archive studies (DeNiro and Epstein,
1981; Wolfe et al., 2002; Zanazzi and Mora, 2005). Although based on
fewer trials, we did note apparent isotope separations falling marginally
outside this range for less common mosses, including Sphagnum and
Scorpidium scorpioides, which had apparent isotopic separations of 31.36
+ 1.92%0 (n = 15) and 26.40 + 1.49 (n = 11), respectively. It is inter-
esting to note that species preferring drier sites, including Sphagnum and
Tomentypnum nitens showed higher offset from source water than Scor-
pidium scorpioides and Hamatocaulis vernicosus, which prefer wetter sites.
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Due to negligible differences between our dominant species, we opted to
carry out the reconstructionss using constant values for £!80. In doing so
we anticipated the potential for a slight compression of the isotopic scale
between dry-wet transitions, although this effect appeared to be unim-
portant in the reconstructions carried out, which clearly revealed the
expected responses to wet and dry transitions. Overall, the systematic
nature of 80 signatures during water uptake into the a-cellulose was
confirmed by our moss-water analysis and established a robust basis for
use of moss cellulose for hydrologic reconstruction at the site.

5. Results and discussion
5.1. Contemporary water isotope systematics

Variations in stable isotope composition (*80 and 2H) of water, both
spatially and depth-wise within the wetland complex, reveal systematic
patterns related to isotopic signatures in water sources overprinted by
heavy isotopic enrichment due to evaporation. As shown for water
sampled near surface (Fig. 1), 5!%0 is found to range from less than
—18%o near the western, northern and southern margins of the wetland
complex, to greater than —13% within the main patterned fen area

Table 1

Summary of moss and water isotopic compositions.
2H water (%o VSMOW) n Average Median stdev max min Range
all 227 —127.49 —127.43 8.94 —104.88 —147.82 42.93
Hamatocaulis vernicosus 113 —126.00 —-125.41 7.75 —108.05 —141.94 33.89
Tomentypnum nitens 74 —126.86 —126.66 7.10 -112.83 —139.28 26.45
Sphagnum* 15 —142.84 —145.11 5.80 —128.56 —147.82 19.25
Scorpidium scorpioides 11 —116.73 —118.30 7.70 —104.88 -127.57 22.68
Pleurozium schreberi 4 —138.39 —138.29 2.86 —135.05 —141.94 6.88
Aulocomnium palustre 6 —137.05 —138.87 7.91 -121.73 —145.11 23.38
Plagiomnium ellipticum 1 —127.68 —127.68 - - - -
Brachythecium acutum 1 —119.05 —119.05 - - - -
Drepanocladus aduncus 1 —131.33 -131.33 - - - -
180 water (% VSMOW)
all 227 —15.60 —15.84 1.71 -11.35 -19.35 8.00
Hamatocaulis vernicosus 113 —15.34 —15.48 1.49 —11.98 —18.35 6.37
Tomentypnum nitens 74 —15.43 —15.85 1.46 —-12.63 —18.02 5.39
Sphagnum* 15 —18.40 —18.84 1.19 —14.95 -19.35 4.39
Scorpidium scorpioides 11 —13.90 —14.09 1.77 —11.35 —16.62 5.27
Pleurozium schreberi 4 -17.75 —17.80 0.55 —17.02 —18.35 1.34
Aulocomnium palustre 6 -17.28 -17.53 1.34 -14.77 -18.84 4.07
Plagiomnium ellipticum 1 —15.96 —15.96 - - - -
Brachythecium acutum 1 —14.20 —14.20 - - - -
Drepanocladus aduncus 1 -16.24 -16.24 - - - -
180 moss alpha cellulose (%0 VSMOW)
all 227 14.50 14.42 1.75 18.21 9.35 8.87
Hamatocaulis vernicosus 113 14.42 14.38 1.72 18.13 9.35 8.79
Tomentypnum nitens 74 15.10 15.18 1.58 18.21 11.92 6.30
Sphagnum* 15 12.97 12.92 1.04 15.00 11.46 3.54
Scorpidium scorpioides 11 12.49 12.62 1.53 14.86 9.97 4.89
Pleurogium schreberi 4 15.09 14.94 0.64 15.95 14.51 1.44
Aulocomnium palustre 6 15.06 14.97 1.54 17.58 13.22 4.36
Plagiomnium ellipticum 1 13.05 13.05 - - - -
Brachythecium acutum 1 16.12 16.12 - - - -
Drepanocladus aduncus 1 13.52 13.52 - - - -
Apparent £'20 (%0 VSMOW)
all 227 30.10 30.23 2.45 35.53 23.86 11.67
Hamatocaulis vernicosus 113 29.76 29.70 2.33 34.62 23.86 10.76
Tomentypnum nitens 74 30.52 30.67 2.28 35.53 25.12 10.41
Sphagnum* 15 31.36 32.04 1.92 33.79 26.91 6.87
Scorpidium scorpioides 11 26.40 26.30 1.49 29.24 24.23 5.01
Pleurogium schreberi 4 32.83 32.75 1.15 34.31 31.53 2.78
Aulocomnium palustre 6 32.34 32.68 1.02 33.28 30.75 2.53
Plagiomnium ellipticum 1 29.01 29.01 - - - -
Brachythecium acutum 1 30.32 30.32 - - - -
Drepanocladus aduncus 1 29.76 29.76 - - - -
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situated in the central, eastern portion of the complex. Given that heavy
isotopic enrichment is generally progressive along wetland flowpaths in
proportion to cumulative evaporation losses, isotopic gradients are
interpreted as being indicative of water flow directions, similar to the
observations of Graham et al. (2016). Isotope-inferred flow directions,
which are in general agreement with flow directions deduced from hy-
draulic head measurements, topographic gradients, and fen patterning,
suggest that flow from the southern margin and from the southern
patterned fen is generally towards the eastern margin of the wetland,
originating from primary inflow sources near the base of Fort Hills, an
ice-thrusted morainic upland situated on the southern margin of the
wetland, as well as from sandy fluvial-aeolian deposits to the north of
the fen, with inflows into the northern basin (Vitt et al., 2022). Addi-
tionally, thawing permafrost within peat, detected within the north-
eastern and southern marginal areas of the wetland complex is present.
Three main permafrost zones are noted in Fig. 1.

The isotopic signatures of wetland waters, their offset from source
water signatures, and the role of evaporation become clear when the
background isotope data are shown in 5'%0-5?H dual isotope space
(Fig. 3). As illustrated, water isotope signatures in the wetland generally
plot on or below the meteoric water line (MWL) defined for Canada by
Gibson et al. (2005), for the Athabasca region by Baer et al. (2016) and
subsequently refined by Chad et al. (2022) (Table 2).

Falling close to this MWL bundle, winter precipitation in the region
typically ranges between —22 and -32%o in 880 (—170 and —250% in
82H), whereas rainfall typically ranges between —10 and —20%o in 5'%0
(—80 and —170%o in 62H) (Gibson et al., 2015; Baer et al., 2016; Chad
et al., 2022). Shallow groundwaters in Quaternary aquifers within the
Athabasca region typically range between —15 and —21% in 580
(—160 and —130%o in 5°H) (see Gibson et al., 2015; Birks et al., 2019),
and generally plot close to the MWL reflecting that they originate from
various mixtures of snow and rainfall recharge. We note a similar lower
limit for isotope values in wetland waters from McClelland Wetland
compared to these shallow groundwaters, but also observe that isotope
values in the wetland reach upper limits as high as —12%. for %0
(—105%o for 82H), with significant offset from the MWL. For comparison,
isotopic enrichment in McClelland Lake was found to reach values close
to —9%o for 8'%0 (—95%. for 52H).

While shallow groundwaters (and also formation waters) typically
plot close to the MWL, often varying along regression lines with slopes
approaching 7 or 8 (see Meteoric Waters, Table 2), wetland waters are
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Fig. 3. Dual isotope plot showing sub-parallel isotopic enrichment patterns of
fen porewaters at various depths in relation to the local meteoric water line
bundle defined in previous studies (see Table 2). Fen waters fall along slopes
close to 5 indicating evaporative modification as compared to 8 for the MWL (i.
e., precipitation). McClelland Lake and examples of bedrock formation water
sampled within the McClelland Watershed are shown. (See above-mentioned
references for further information.)

Catena 213 (2022) 106116

found to plot along evaporation lines with slope approaching 5 (see
McClelland Wetland waters, Table 2). We note that offset from the MWL
arises as a direct result of higher evaporation/inflow, and this offset has
been widely used to estimate water balance of lakes and wetlands in the
region and elsewhere (see Gibson et al., 2015, 2016a, 2022). In partic-
ular, the highest enrichment observed in the McClelland Wetland occurs
in areas with standing water that are primarily associated with string-
flark patterning.

For McClelland Wetland waters, isotopic enrichment is shown to
define distinct, subparallel evaporation trajectories for three stratified
depth classes (Fig. 3), as follows: (i) peat surface waters sampled within
the acrotelm (<0.1-m depth), (ii) peat pore waters sampled from pie-
zometers installed within the shallow catotelm (1-m depth), and (iii)
peat pore waters sampled from piezometers installed within the deep
catotelm (1 to 8-m depth). Because evaporation is a surface process
restricted to the acrotelm, we postulate that occurrence of evaporated
water signatures at depth within the shallow and deep catotelm
(anaerobic zone) implies widespread net downward advec-
tion—-dispersion of porewater from surface across the acrotelm/catotelm
interface. While there is little distinction evident between the slope of
surface waters (4.80), upper catotelm pore waters (4.70) and deep
catotelm porewaters (4.78), a systematic depth-wise shift to lower
180,%H intercept is evident, and is found to be statistically significant
(Table 2).

Several possible mechanisms were initially contemplated to explain
the depth-wise depletion in 180 and 2H. Firstly, depleted signatures were
thought to potentially indicate mixing with heavy-isotope depleted
groundwater sources including: (i) upwelling surficial aquifer water (ii)
formation water, or (iii) preferential recharge of freshet snowmelt via
depressions or macropores. While these hypotheses were considered
possible, the low hydraulic conductivity of highly-compacted catotelm
peat would likely limit the degree and extent of this process. Whereas
fens are generally understood to be minerotrophic, i.e., groundwater-
fed, inflows can be expected to decline exponentially with depth,
implying only potential for shallow-seated groundwater inputs. This did
not appear to explain the observations.

Another factor potentially contributing to systematic depth-wise
decline in 80 is selective water use by mosses compared to vascular
plants; mosses being preferentially reliant on shallow capillary fringe or
unsaturated zone water, whereas vascular plants have a propensity to
exploit saturated acrotelm water sources, with water use distributions
being determined by rooting depth, as noted in previous studies (Ras-
mussen and Kulmatiski, 2021). Vascular plants were not expected to tap
into the catotelm, it being anoxic. From studies conducted in boreal
peatlands in the region, rooting depth has been shown to be positively
correlated with water table depth for Picea and Larix laricina but may
also respond to occurrence of frost (Lieffers and Rothwell, 1987). Slight
elevation increases and deeper water tables are often characteristic of
hummocks and strings in patterned fens. While untested, a selective
water use scenario we considered is that mosses efficiently evaporate
water from saturated or standing water on flark surfaces, whereas by a
combination of evaporation and transpiration, mosses and vascular
plants may together be more efficient at removing water from strings.
The fraction removed via transpiration of vascular plants from strings is
expected to occur without isotopic fractionation, if drawn from the
saturated acrotelm, or fractionated if drawn from adjacent flark pools,
which makes the overall selective water supply effect difficult to predict
without direct experimental evidence.

A third mechanism, and one that is likely a contributing factor to
depth-wise depletions in 0 and ?H under both of the above scenarios,
is that deep catotelm porewaters are ancient, being recharged under
colder climate conditions. At nearby Mariana Lakes, a recent survey of
porewater sampled in piezometers installed to depths ranging from 1 to
8 m depth at bog and fen sites, found that tritium was absent below 4 m,
suggesting these waters predated the 1950's tritium peak, and at 8-m
depth, may have been recharged between 1200 and 2400 cal. years
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Table 2
Summary of regional meteoric water lines and fen water lines.
Description Reference Equation N r p
Meteoric Waters
1 Canadian Meteoric Water Line (Monthly weighted) . 52H = SAO(iO.OSO)-rSlSO + 8.5(+1.04) 289 0.990 <0.001
Gibson et al., 2005
2 Mildred Lake Water Line (Amount weighted) 5?H = 7.20-6'*0-10.3 106 0.983 <0.001
Baer et al., 2016
3 Mildred Lake Water Line (revised, Amount weighted) 52H = 7.07-880-14.4 435 0.994 <0.001
Chad et al., 2022
McClelland Wetland waters
0.1 m depth Fen surface water This study 5%H = (4.80 + 0(095).5130 —(49.821 £ 1.45) 104 0.965 <0.001
1 m depth Shallow piezo-meters in peat 5°H = (4.70 +0.18)-5'80 —(57.27 + 3.00) 37 0.951 <0.001
1-8 m depth Deep piezo- meters in peat 5°H = (4.78 £0.15)-6'0 —(57.61 + 2.65) 57 0.947 <0.001

*refers to labels in Fig. 3; n = no.samples; r> = correlation coefficient; p= =significance.

BP based on apparent rates of water movement (Gibson et al., 2021).

Variations in wetland §'%0 during the growing season are also ex-
pected based on the described seasonality inherent in the isotopic sig-
natures of snow and rain that are propagated to varying degrees through
the recharge process and via mixing with insitu water storage. While the
full range of growing season variability was not captured during the
limited water-moss pairs sampling program at McClelland Wetland,
longer 5'%0 monitoring records for wetlands, lakes, rivers, and
groundwater are available for the Athabasca region which provide some
background on expected variations (Fig. 4).

We note that typical variations in fens at a selection of sites ranges
from 6 to 12%o in §'%0, with larger ranges observed for wetlands asso-
ciated with evaporation-controlled hydrologic settings, or in the case of
groundwater, snowmelt-driven recharge.

Comparison with the range of 5'80 values reconstructed from the
current moss-water survey at McClelland Fen is also shown, and is
informative for interpretation of our cellulose results described below.

range observed in|
peat cores

5.2. Core 180 reconstruction

Historical reconstruction of source water (6180W3ter) over time was
carried out for 5 peat cores based on analysis of a-cellulose extracted
from moss stem/leaf fragments preserved within sequential layers of the
peat cores. Such peat chronologies are generally ideal for historical
reconstruction as living plants, including mosses, die on the wetland, are
partially decomposed, and become deposited within the anoxic cato-
telm, where plant fragments are preserved for thousands of years. Wood
from vascular plants is also frequently preserved, and so can be used to
characterize co-existing woody vascular plants in wetlands or to delimit
depositional periods characterized by forest aggradation or forest fire.

A constant cellulose-water isotopic separation (¢'20) of 30.1%o was
used for the McClelland reconstructions (Fig. 5) as justified previously.
We acknowledge that species-specific reconstructions may be a worth-
while refinement of our approach under some circumstances, especially
in cases where the dominant moss species at a site may change signifi-
cantly over time. This was not the case for the McClelland Wetland, but

<
range observed in

le———=| moss-water pairs

Precipitation (Chad et al., 2022)
SAOS Groundwater (Birks et al., 2019)
McClelland Groundwater

Rivers (Gibson et al., 2016b)
Upland (Gibson et al., 2021)

Bog (Gibson et al., 2021)

Wet Fen (Gibson et al., 2021)

Dry Fen (Gibson et al., 2021)
Edge Fen (Gibson et al., 2021)
NE7 Fen (Tattrie, 2011)

SMB8 Fen (Tattrie, 2011)

SAOS Fens (Gibson et al., 2019b)
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Fig. 4. Natural range of '®0 in selected waters based on previous studies, from peat core reconstruction, and contemporary water sampling conducted in the
McClelland Wetland complex. Boxes indicate median, 25th and 75th percentiles; whiskers indicate 10th and 90th percentiles; individual outliers are shown. SAOS-
South Athabasca Oil Sands region. (See above-mentioned references for further information.)
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Fig. 5. Age-dated peat core species chronologies aligned with §'®0water as reconstructed a-cellulose in preserved mosses, McClelland Fen. Inferred conditions and
water balance changes are noted. Inset shows core locations used in this analysis. Species chronologies are modified from Vitt and House (2021). L = Larix laricina.

may be important for reconstructions at other sites in the region. In some
circumstances, it may be practical to target a single species of moss in a
core to simplify application of the method. As for cellulose 80 archives
in general, we note that use of constant values of £'%0 has been the most
commonly applied strategy in previous wetland paleohydrology in-
vestigations (Ménot-Combes et al., 2002, Zanazzi and Mora, 2005,
Moschen et al., 2009, Kaislahti Tillman et al., 2010, Daley et al., 2010,
Jones et al., 2019). A similar a-cellulose approach was recently used to
reconstruct lakewater 5'°0 over the past 350 years in adjacent
McClelland Lake, based on both aquatic cellulose and authigenic car-
bonate in lake sediments (Zabel et al., 2022). Use of dual archives
permitted estimation of lake temperature, which revealed gradual
warming of the lake since 1900 (Zabel et al., 2022).

5.3. Wetland water balance variations

Depth-wise variations in slsowater in the peat cores are shown in
combination with species chronologies in Fig. 5. Comments are provided
at various intervals throughout each peat core to broadly identify our
interpretation of wetland status based on vegetation observations and
isotopic changes. A detailed description of species and vegetation suc-
cession throughout the cores was conducted as part of a separate
investigation (Vitt and House, 2021), however, selected features of the
vegetation record are described here to assist in constraining the isotopic
interpretations.

Median ages (cal. years BP) based on radiocarbon dating of wood or
moss are shown for each peat core (in red) (Fig. 5). Core 5, which is a
560 cm core extracted from the northern edge of the southern patterned
area of the fen, reveals earlier and thicker peat accumulation than the
marginal cores (Cores 6,7,9,10, which recovered from 250 to 410 cm of
core). Peat accumulation appears to have originated in the central basin
following glacial drainage by 11,310 years BP, with paludification
leading to peat accumulation and expansion to marginal areas over the
next 1,000 to 6000 years (Vitt and House, 2021). Peat deposition along

the southern margin of the wetland adjacent to Fort Hills appears to
significantly precede deposition along on the northern and western
margins. Shallow groundwater and runoff from Fort Hills is inferred to
be a primary source of water supply to the wetland early on in fen
development, a role it continues to fulfill based on evidence of modern
580 gradients across the wetland (Fig. 1). Both modern gradients and
architecture of the basin suggest that source water originates mainly
from the southern margins of the fen, and flows through the central and
eastern areas of the fen to McClelland Lake. Degrading permafrost is
present in both the northeastern and southern marginal bogs and peat
plateaus, but was not found in the central wetland corridor.

The reconstructed 5'80yater from the cores was found to range from
—25%0 to —13%o, which spans a similar range to meteoric waters and
groundwaters observed across the Athabasca region (Fig. 4), and spe-
cifically aligns with contemporary fen isotope results (Fig. 3). This
agreement appears to confirm that the approach used for reconstructing
580y ater is in reasonable agreement with known variations at the site
and across the region. From modern observations across the wetland, we
note that water balance appears to be the primary driver of variations in
6180water, and so is inferred to be useful as an indicator of historical
conditions. A general interpretation of 880y, variations in each core
is provided prior to presenting an integrated interpretation and
perspective on the overall evolution of wetland water balance.

5.3.1. Southern patterned fen

With a basal radiocarbon date of 11,310 cal. Years BP, Core 5 is
located at the northern edge of the southern patterned fen (Fig. 5). Peat
formation above the mineral soil contact was initially Tomentypnum
nitens dominant, with abundant evidence of larch (Larix laricina) in the
form of wood debris and charcoal (reflecting episodes of forest fire). This
interval is consistent with a hummocky paludifying forested swamp.
5'80yater values during this interval are found to range from —20 to
—18%o, close to values expected for meteoric water, i.e., precipitation or
shallow groundwater, with negligible evaporation. A likely wetting
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trend, marked by transition from Scorpidium scorpioides to Sphagnum by
7,978 cal. years BP and then to Meesia triquetra, a species indicative of
open wet conditions, captures a significant historical change in the
system, that is accurately captured by 5'80yater values, which shift
dramatically to values representative of modern wet lawn areas
(—13%o), indicating significant open-water and bryophyte-mediated
evaporation losses. By slightly earlier than 6,785 cal. years BP, Hama-
tocaulis vernicosis becomes dominant, another moss species commonly
associated with rich fen lawns, and this species substantially dominates
from its appearance until the present day, apart from a brief interval
beginning around 1 m depth when graminoids and Scorpidium, which are
associated with wet carpets in rich fens, emerge dominant. Despite open
conditions for much of the period from ~8,000 years to present,
SISOwater values are remarkably variable, suggesting that water balance
continued to systematically cycle between wet and dry conditions.
Shortly after the appearance of Hamatocaulis vernicosis there is a brief
episode of larch (Larix laricina) increase which aligns directly with a
local minimum in slsowater at ~6,000 cal. years BP, which reaches
—20%o, inferred to reflect drier conditions and reduced evaporation
losses. Immediately following this interval, a second wetting cycle
without significant vegetation changes begins, characterized by increase
in Slsowater from —20%o to —14%o, which remains until after ~1,800 cal.
years BP. The second shift appears to occur during what has been termed
the Mid-Holocene warm period (Bartlein et al., 2010). Based on the shift
to more enriched 8'80yqter, and considering the resilient water supply
feeding the southern fen, we infer that this interval may reflect higher
evaporation losses at the site during this period, perhaps with slightly
reduced source water supply, similar to the interval following initial
formation of open conditions at ~ 8,000 cal. years BP. A return to higher
throughflow and reduced evaporation losses is suggested by the subse-
quent major shift in slsowate, from —14%o to —18%o., which appears to
suggest a cooler than modern phase, most probably the Little Ice Age
(~900-1300 years BP). The remaining core, extending from ~ 50 cm to
surface, likely represents the entire Anthropocene period (i.e., several
hundred years BP), but shows little apparent change, in contrast to the
nearby McClelland Lake sediment core which recorded significant
warming during this period (Zabel et al., 2022). Overall, given the sig-
nificant hydrologic and climatic changes implied by the isotopic record
at the site, and notwithstanding a few forested incursions, it appears that
vegetation was fairly stable at the site and reflective of graminoid-moss-
dominated lawn habitats since about ~ 8,000 cal. years BP.

5.3.2. Northern wooded areas

Located on the northern fringe of the wetland in degrading perma-
frost terrain (Fig. 5), Cores 9 and 10 represent similar time intervals
although deposition rates appear to be higher for core 10. Basal dates
reveal that paludification did not reach the sites until approximately
5,500 cal. years BP. The earliest dominant species were Tomentypnum
nitens (Core 9) and Hamatocaulis vernicosis (Core 10). Both sites con-
tained basal woody material, although more so for Core 10, which ap-
pears to have been forested and likely corresponds closely to the larch
interval in Core 5 above 300 cm. slsowater in both cores, ranging from
—18 to —22%o, appears similar albeit variable up to about 200 cm in each
core, and shifts to peak values close to —12%o (Core 9) and —14%o (Core
10) near the top of each core. As in core 5, shifts to more enriched
5'80water are inferred to reflect a more evaporative status and presum-
ably warmer climate conditions. Vegetation changes at the sites are
mostly indicative of shifts in dominance of Hamatocaulis vernicosis and
Tomentypnum nitens, both indicators of open conditions, although
Hamatocaulis vernicosis occurs in emergent lawn habitats whereas
Tomentypnum nitens favors drier hummocky conditions associated
wooded or forested conditions including strings (Vitt, 2014). We note
that shifts to more evaporative conditions also appear to ultimately
favour Tomentypnum nitens in both cores, although Sphagnum also as-
cends near the top of each core. Dominance of Sphagnum near the top of
Core 9 is accompanied by a small decrease in 5'80yater, which may be
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reflective of less evaporative conditions associated with hummocks and
a deeper acrotelm which are typical for Sphagnum. While age dates are
limited near the top of these cores, and significant non-recovery in-
tervals were encountered, it is likely that shifts to more evaporative
conditions coincide with the Mid-Holocene warm period, as noted for
Core 5.

5.3.3. Southern and western site-types

Peat cores extracted along the southern and western site-types that
border on the patterned area of McClelland Fen including Cores 6 and 7,
are distinguished from the cores previously described by lack of evi-
dence of any significant evaporative episodes based on 5'80water, which
generally ranged between —18 and -23%. (excepting 1 sample that
attained —16%o), reflecting meteoric water or shallow groundwater
sources. Core 6 was extracted from along the drainage divide between
eastern flowing water into the patterned area and western flowing water
to the graminoid-moss fen to the west, along the edge of the southern
patterned fen, and Core 7 was extracted near a likely secondary water
source.

Cores 6 and 7, as with the previous cores, were found to be domi-
nated by macrofossils of Hamatocaulis vernicosis, but in this case Core 6
also contained intervening intervals of Scorpidium scorpioides, the latter
occurrences corresponding to local minima in 5'80waters ranging from
—22 to —25%o, that may reflect wetter, cooler conditions than present. A
brief evaporative interval is also noted for Core 7, which could be con-
current with the initial evaporative episode noted for Core 5. Cores 6 and
7 appear to be very stable over time, since these areas appear to be fairly
unchanging with respect to source signatures and water balance over the
past 7,000 to 10,000 years, despite significant climate changes occurring
during the Holocene. Combined, the vegetation and 5'80ater provide
valuable evidence of ecosystem stability and resilience in the fen system
in the areas monitored despite apparent hydroclimatological
perturbations.

6. Concluding remarks

Modern §'80 variations measured across the McClelland Wetland,
including a moss-water sampling program, and a peat coring program,
provide the basis for reconstructing historical water balance trends at
the site, and assist in establishing important water source areas and
water balance differences associated with the observed vegetation suc-
cession at the site. A controlled experiment confirmed the magnitude
and systematic nature of isotopic fractionation associated with source
water uptake in mosses, including species effects, and provides addi-
tional confidence in use of preserved moss material from peat cores for
paleohydrology reconstructions. Accounting for moss-water biochem-
ical fractionations, historical isotope variations measured in mosses
from five peat cores were used to reconstruct 5'80 water, and were found
to be consistent with modern 5'0 values measured in representative
wetland zones, indicating temporal changes in water balance in various
zones across the wetland. Notably, open conditions and high evapora-
tion losses were found at ~ 8,000 cal. years BP and again after 5,000 cal.
years BP, the latter likely in response to the mid-Holocene warm period.

Throughout all five of the investigated cores, considerable variation
in climate-driven water balance is present. In comparison, the lack of
associated vegetation change present in the five cores suggests that
vegetation has strong resilience to climatically induced variation in
water balance, given long-term stable sources of groundwater and sur-
face water inputs.

We have described natural variations in stable water isotopes across
a major wetland complex in the Athabasca Oil Sands region, and in
doing so have established a basic framework for extending contempo-
rary application of isotopes into a study of the past. Wetland monitoring
programs operated by the Alberta Biodiversity Monitoring Institute
(ABMI) and Alberta’s Oil Sands Monitoring (OSM) program are pres-
ently evaluating and implementing new approaches for regional
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monitoring of wetlands, including similar isotope-based methods for
determining site-specific water balance and for classification of impor-
tant environmental controls such as groundwater reliance status or role
of wetlands in regulating streamflow during floods and droughts. A
recent study, isoABMI, determined water balance from isotope surveys
in over 1022 open-water wetlands across Alberta (see Gibson et al.,
2022) and demonstrated potential inflow and outflow partitioning
methods capable of improving regional water balance assessment. While
much interest to date has been on contemporary characterization, it is
interesting to note that the study of historical water balance based on
isotopes and vegetation succession in peat cores, as we have shown, may
serve as a complementary tools for expanding understanding of the
natural range of variability in wetland water balance monitoring, and
thereby expediently develop a retroactive baseline without the prereq-
uisite for decades of water sampling prior to meaningful results being
obtained. Such records, based on short peat cores, could be accurately
age dated using 21°Pb so that cores could be extracted that represent
deposition over the entire Antropocene, thereby capturing a baseline
history that predates and spans the era of development in the region. In
addition to water isotopes, vegetation succession, nutrients, nutrient
isotopes, geochemical indicators, and other important wetland health
indicators could also be included. There is also great potential for wider
application of the peat cellulose approach to study the holistic evolution
and hydrologic interaction between wetlands, lakes, groundwaters and
rivers over the course of the Holocene under changing climate and under
changing permafrost conditions.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

We thank Neal Tanna, Tatiana Sirbu, Don Jones, and Emily Taylor
for contributions to field work, study coordination, and study design.
Lilyan Glaeser (SIU) and Alexandra Tsalickis (SIU) assisted in recovering
moss samples from the 5 cores. Suncor staff also provided additional
support for extended sampling and logistics. Thanks to Paul Eby and J.F.
Helie for isotopic analysis and support. This study was supported by Fort
Hills Energy LP via service contracts to InnoTech Alberta, Southern II-
linois University, USA, and Université du Québec a Montréal, Canada.

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.catena.2022.106116.

References

Ala-aho, P., Soulsby, C., Pokrovsky, O.S., Kirpotin, S.N., Karlsson, J., Serikova, S.,
Manasypov, R., Lim, A., Krickov, 1., Kolesnichenko, L.G., Laudon, H., Tetzlaff, D.,
2018. Permafrost and lakes control river isotope composition across a boreal Arctic
transect in the Western Siberian lowlands. Environ. Res. Lett. 13 (3), 034028.
https://doi.org/10.1088/1748-9326/aaa4fe.

Asada, T., Warner, B.G., Banner, A., 2003. Growth of mosses in relation to climate factors
in a hypermartime coastal peatland in British Columbia, Canada. Bryologist 106,
516-527.

Baer, T., Barbour, S.L., Gibson, J.J., 2016. The stable isotopes of site wide waters at an oil
sands mine in northern Alberta, Canada. J. Hydrol. 541B, 1155-1164. https://doi.
0rg/10.1016/j.jhydrol.2016.08.017.

Bam, E.K.P., Ireson, A.M., 2019. Quantifying the wetland water balance: a new isotope-
based approach that includes precipitation and infiltration. J. Hydrol. 570, 185-200.
https://doi.org/10.1016/j.jhydrol.2018.12.032.

Birks, S.J., Fennell, J.W., Gibson, J.J., Yi, Y., Moncur, M.C., Brewster, M., 2019. Using
regional datasets of groundwater isotope geochemistry to evaluate conceptual
models of groundwater flow in the Athabasca Region. Appl. Geochem. 101,
140-159. https://doi.org/10.1016/j.apgeochem.2018.12.013.

10

Catena 213 (2022) 106116

Bartlein, P.J., Harrison, S.P., Brewer, S., Connor, S., Davis, B.A.S., Gajewski, K., Guiot, J.,
Harrison-Prentice, T.I., Henderson, A., Peyron, O., Prentice, I.C., Scholze, M.,
Seppa, H., Shuman, B., Sugita, S., Thompson, R.S., Viau, A.E., Williams, J., Wu, H.,
2010. Pollen-based continental climate reconstructions at 6 and 21 ka: a global
synthesis. Clim. Dyn. https://doi.org/10.1007/500382-010-0904-1.

Brand, W.A., Avak, H., Seedorf, R., Hofmann, D., Conradi, T.h., 1996. New methods for
fully automated isotope ratio determination from hydrogen at the natural abundance
level. Isotopes Environ. Health Stud. 32 (2-3), 263-273.

Brenninkmeijer, C.A.M., van Geel, B., Mook, W.G., 1982. Variations in the D/H and
180,160 ratios in cellulose extracted from a peat bog core. Earth Planet. Sci. Lett. 61
(2), 283-290. https://doi.org/10.1016/0012-821X(82)90059-0.

Brooks, J.R., Mushet, D.M., Vanderhoof, M.K., Leibowitz, S.G., Christensen, J.R., Neff, B.
P., Rosenberry, D.O., Rugh, W.D., Alexander, L.C., 2018. Estimating wetland
connectivity to streams in the prairie pothole region: An isotopic and remote sensing
approach. Water Resour. Res. 54 (2), 955-977. https://doi.org/10.1002/
2017WR021016.

Chad, S.J., Barbour, S.L., McDonnell, J.J., Gibson, J.J., 2022. Isotopic tracing of an oil
sands mine water cycle, Alberta, Canada. J. Hydrol.: Reg. Stud. 40 (101032) https://
doi.org/10.1016/j.jrh.2022.101032.

Clay, A., Bradley, C., Gerrard, A.J., Leng, M.J., 2004. Using stable isotopes of water to
infer wetland hydrological dynamics. Hydrol. Earth Syst. Sci. 8 (6), 1164-1173.
Daley, T.J., Barber, K.E., Street-Perrott, F.A., Loader, N.J., Marshall, J.D., Crowley, S.F.,
Fisher, E.H., 2010. Holocene climate variability revealed by oxygen isotope analysis
of Sphagnum cellulose from Walton Moss, northern England. Quat. Sci. Rev. 29 (13-

14), 1590-1601. https://doi.org/10.1016/j.quascirev.2009.09.017.

Dansgaard, W., 1964. Stable isotopes in precipitation. Tellus 16 (4), 436-468.

DeNiro, M.J., Epstein, S., 1981. Isotopic composition of cellulose from aquatic
organisms. Geochim. Cosmochim. Acta 45 (10), 1885-1894. https://doi.org/
10.1016/0016-7037(81)90018-1.

Dincer, T., Hutton, L.G., Rupee, B.B.J., 1978. Study, using stable isotopes, of flow
distribution, surface-groundwater relations and évapotranspiration in the Okavango
Swamp, Botswana. Isotope Hydrology 1978, International Atomic Energy Agency,
IAEA-SM-228/52, pp. 3-26.

ECCC (Environment and Climate Change Canada), 2022. Canadian Climate Normals,
1981-2010, Fort McMurray AB, accessed 13 February 2022, https://climate.
weather.gc.ca/climate_normals/index_e.html.

Eppinga, M., de Ruiter, P., Wassen, M., Rietkerk, M., 2009. Nutrients and hydrology
indicate the driving mechanisms of peatland surface patterning. Am. Nat. 173 (6),
803-818.

Gibson, J.J., Price, J.S., Aravena, R., Fitzgerald, D., Maloney, D., 2000. Runoff generation
in a hypermaritime bog-forest upland. Hydrol. Process. 14, 2711-2730. https://doi.
org/10.1002/1099-1085(20001030.

Gibson, J.J., Edwards, T.W.D., Birks, S.J., St Amour, N.A., Buhay, W.M., McEachern, P.,
Wolfe, B.B., Peters, D.L., 2005. Progress in Isotope Tracer Hydrology in Canada.
Hydrol. Process. 19 (1), 303-327. https://doi.org/10.1002/hyp.5766.

Gibson, J.J., Birks, S.J., Yi, Y., Vitt, D., 2015. Runoff to boreal lakes linked to land cover,
watershed morphology and permafrost melt: a 9-year isotope mass balance
assessment. Hydrol. Process. 29, 3848-3861. https://doi.org/10.1002/hyp.10502.

Gibson, J.J., Birks, S.J., Yi, Y., 2016a. Stable isotope mass balance of lakes: a
contemporary perspective. Quat. Sci. Rev. 131B, 316-328. https://doi.org/10.1016/
j-quascirev.2015.04.013.

Gibson, J.J., Yi, Y., Birks, S.J., 2016b. Isotope-based partitioning of streamflow in the oil
sands region, northern Alberta: towards a monitoring strategy for assessing flow
sources and water quality controls. J. Hydrol. Reg. Stud. 5, 131-148. https://doi.
0rg/10.1016/j.ejrh.2015.12.062.

Gibson, J.J., Yi, Y., Birks, S.J., 2019a. Isotopic tracing of hydrologic drivers including
permafrost thaw status for lakes across northeastern Alberta, Canada: a 16-year, 50-
lake perspective. J. Hydrol. Reg. Stud. 26, 100643 https://doi.org/10.1016/j.
€jrh.2019.100643.

Gibson, J.J., Birks, S.J., Moncur, M.C., 2019b. Mapping water yield distribution across
the southern Athabasca Oil Sands area: baseline surveys applying isotope mass
balance of lakes. J. Hydrol. Reg. Stud. 21, 1-13. https://doi.org/10.1016/j.
ejrh.2018.11.001.

Gibson, J.J., Birks, S.J., Moncur, M.C., Vallarino, A., Kusel, C., Cherry, M., 2021.
Hydrology and geochemistry studies in the oil sands region to investigate the role of
terrain conductivity in nitrogen critical loads. Water 13 (16), 2204. https://doi.org/
10.3390/w13162204.

Gibson, J.J., Eby, P., Birks, S.J., Twitchell, C., Gray, C., Kariyeva, J., 2022. Isotope-based
water balance assessment of open water wetlands across Alberta: Regional trends
with emphasis on the oil sands region. J. Hydrol.: Reg. Stud. 40 (101036) https://
doi.org/10.1016/j.ejrh.2022.101036.

Graham, J.A., Hartsock, J.A., Vitt, D.H., Wieder, R.K., Gibson, J.J., 2016. Linkages
between spatio-temporal patterns of environmental factors and distribution of plant
assemblages across a boreal peatland complex. Boreas 45 (2), 207-219. https://doi.
org/10.1111/bor.12151.

Hayashi, M., Quinton, W.L., Pietroniro, A., Gibson, J.J., 2005. Hydrologic functions of
interconnected wetlands in a discontinuous permafrost basin indicated by isotopic
and chemical signatures. J. Hydrol. 296, 81-97. https://doi.org/10.1016/j.
jhydrol.2004.03.020.

Jones, M.C., Anderson, L., Keller, K., Nash, B., Littell, V., Wooller, M., Jolley, C.A., 2019.
An Assessment of Plant Species Differences on Cellulose Oxygen Isotopes From Two
Kenai Peninsula, Alaska Peatlands: Implications for Hydroclimatic Reconstructions.
Front. Earth Sci. 7 https://doi.org/10.3389/feart.2019.00025.

Kaislahti Tillman, P., Holzkamper, S., Kuhry, P., Sannel, A.B.K., Loader, N.J.,
Robertson, I., 2010. Stable carbon and oxygen isotopes in Sphagnum fuscum peat



https://doi.org/10.1016/j.catena.2022.106116
https://doi.org/10.1016/j.catena.2022.106116
https://doi.org/10.1088/1748-9326/aaa4fe
http://refhub.elsevier.com/S0341-8162(22)00102-3/h0010
http://refhub.elsevier.com/S0341-8162(22)00102-3/h0010
http://refhub.elsevier.com/S0341-8162(22)00102-3/h0010
https://doi.org/10.1016/j.jhydrol.2016.08.017
https://doi.org/10.1016/j.jhydrol.2016.08.017
https://doi.org/10.1016/j.jhydrol.2018.12.032
https://doi.org/10.1016/j.apgeochem.2018.12.013
https://doi.org/10.1007/s00382-010-0904-1
http://refhub.elsevier.com/S0341-8162(22)00102-3/h0035
http://refhub.elsevier.com/S0341-8162(22)00102-3/h0035
http://refhub.elsevier.com/S0341-8162(22)00102-3/h0035
https://doi.org/10.1016/0012-821X(82)90059-0
https://doi.org/10.1002/2017WR021016
https://doi.org/10.1002/2017WR021016
https://doi.org/10.1016/j.ejrh.2022.101032
https://doi.org/10.1016/j.ejrh.2022.101032
http://refhub.elsevier.com/S0341-8162(22)00102-3/h0055
http://refhub.elsevier.com/S0341-8162(22)00102-3/h0055
https://doi.org/10.1016/j.quascirev.2009.09.017
http://refhub.elsevier.com/S0341-8162(22)00102-3/h0065
https://doi.org/10.1016/0016-7037(81)90018-1
https://doi.org/10.1016/0016-7037(81)90018-1
https://climate.weather.gc.ca/climate_normals/index_e.html
https://climate.weather.gc.ca/climate_normals/index_e.html
http://refhub.elsevier.com/S0341-8162(22)00102-3/h0085
http://refhub.elsevier.com/S0341-8162(22)00102-3/h0085
http://refhub.elsevier.com/S0341-8162(22)00102-3/h0085
https://doi.org/10.1002/1099-1085(20001030
https://doi.org/10.1002/1099-1085(20001030
https://doi.org/10.1002/hyp.5766
https://doi.org/10.1002/hyp.10502
https://doi.org/10.1016/j.quascirev.2015.04.013
https://doi.org/10.1016/j.quascirev.2015.04.013
https://doi.org/10.1016/j.ejrh.2015.12.062
https://doi.org/10.1016/j.ejrh.2015.12.062
https://doi.org/10.1016/j.ejrh.2019.100643
https://doi.org/10.1016/j.ejrh.2019.100643
https://doi.org/10.1016/j.ejrh.2018.11.001
https://doi.org/10.1016/j.ejrh.2018.11.001
https://doi.org/10.3390/w13162204
https://doi.org/10.3390/w13162204
https://doi.org/10.1016/j.ejrh.2022.101036
https://doi.org/10.1016/j.ejrh.2022.101036
https://doi.org/10.1111/bor.12151
https://doi.org/10.1111/bor.12151
https://doi.org/10.1016/j.jhydrol.2004.03.020
https://doi.org/10.1016/j.jhydrol.2004.03.020
https://doi.org/10.3389/feart.2019.00025

J.J. Gibson et al.

from subarctic Canada: Implications for palaeoclimate studies. Chem. Geol. 270 (1-
4), 216-226. https://doi.org/10.1016/j.chemgeo.2009.12.001.

Lieffers, V.J., Rothwell, R.L., 1987. Effects of drainage on substrate temperature and
phenology of some trees and shrubs in an Alberta peatland. Can. J. For. Res. 17 (2),
97-104.

Leng, M.J., Lamb, A.L., Heaton, T.H.E., Marshall, J.D., Wolfe, B., Jones, M., Holmes, J.,
Arrowsmith, C., 2006. Isotopes in lake sediments. In: Leng, M.J. (Ed.), Isotopes in
Palaeoenvironmental Research. Developments in Paleoenvironmental Research, vol.
10. Springer, Dordrecht, pp. 1847-2184. https://doi.org/10.1007/1-4020-2504-1_
04.

McCarroll, D., Loader, N.J., 2006. In: Developments in Paleoenvironmental
ResearchlIsotopes in Palaeoenvironmental Research. Kluwer Academic Publishers,
Dordrecht, pp. 67-116.

Ménot-Combes, G., Burns, S.J., Leuenberger, M., 2002. Variations of 180,190 in plants
from temperate peat bogs (Switzerland): implications for paleoclimatic studies.
Earth Planet. Sci. Lett. 202 (2), 419-434. https://doi.org/10.1016/50012-821X(02)
00794-X.

Moschen, R., Kiihl, N., Rehberger, 1., Liicke, A., 2009. Stable carbon and oxygen isotopes
in sub-fossil Sphagnum: assessment of their applicability for palaeoclimatology.
Chem. Geol. 259 (3-4), 262-272. https://doi.org/10.1016/j.chemgeo.2008.11.009.

Nelson, S.T., 2000. A simple, practical methodology for routine VSMOW/SLAP
normalization of water samples analyzed by continuous flow methods. Rapid
Commun. Mass Spectrom. 14 (12), 1044-1046.

Pendall, E., Markgraf, V., White, J.W.C., Dreier, M., Kenny, R., 2001. Multiproxy record
of late Pleistocene-Holocene climate and vegetation changes from a peat bog in
Patagonia. Quat. Res. 55 (2), 168-178.

Paul, D., Skrzypek, G., 2006. Flushing time and storage effects on the accuracy and
precision of carbon and oxygen isotope ratios of sample using the Gasbench II
technique. Rapid Commun. Mass Spectrom. 20 (13), 2033-2040. https://doi.org/
10.1002/rcm.2559.

Rasmussen, C.R., Kulmatiski, A., 2021. Improving inferences from hydrological isotope
techniques. Trends Plant Sci. 26 (3), 206-209.

Roden, J.S., Lin, G.H., Ehleringer, J.R., 2000. A mechanistic model for interpretation of
hydrogen and oxygen ratios in tree-ring of cellulose. Geochim. Cosmochim. Acta 64,
21-35.

Saurer, M., Siegwolf, R., 2004. Pyrolysis techniques for oxygen isotope analysis of
cellulose. In: de Groot, P.A. (Ed.), Handbook of stable isotope analytical techniques,
vol. 1. Elsevier, New York, pp. 497-508.

Savage, C.A.M., Remmer, C.R., Telford, J.V., Kay, M.L., Mehler, E., Wolfe, B.B., Hall, R.L.,
2021. Field testing cellulose-water oxygen isotope relations in periphyton for
paleohydrological reconstructions. J. Paleolimnol. 66 (3), 297-312.

Saxena, .M., Malcolm Brown Jr., R., 2005. Cellulose biosynthesis: current views and
evolving concepts. Ann. Bot. 96, 9-21.

11

Catena 213 (2022) 106116

Shi, F.X., et al., 2019a. Meltwater is the dominant water source controlling a-cellulose
8180 in a vascular-plant-dominated alpine peatland in the Altai Mountains, Central
Asia. J. Hydrol. 572, 192-205.

St. Amour, N.A., Gibson, J.J., Edwards, T.W.D., Prowse, T.D., Pietroniro, A., 2005.
Isotopic time-series partitioning of streamflow components in wetland-dominated
catchments, lower Liard River Basin, Northwest Territories, Canada. Hydrol. Process.
19, 3357-3381. https://doi.org/10.1002/hyp.5975.

Sternberg, L., Ellsworth, P.F.V., 2011. Divergent biochemical fractionation, not
convergent temperature, explains cellulose oxygen isotope enrichment across
latitudes. Plos One 6, €28040. https://doi.org/10.1371/journal.pone.0028040.

Tattrie, K., 2011. Groundwater surface water interactions in a wetland rich, low relief
boreal environment. University of Victoria, M.Sc.Thesis, p. 155.

Vitt, D.H., 2014. A key and review of bryophytes common in North American peatlands.
Evansia 31 (4), 121-158.

Vitt, D.H., Halsey, L.A., Bray, J., Kinser, A., 2003. Patterns of bryophyte richness in a
complex boreal landscape: Identifying key habitats at McClelland Lake wetland.
Bryologist 106 (3), 372-382.

Vitt, D.H., House, M., 2021. Paleobotanical reconstruction indicates 11,000 years of
plant community stability in a patterned rich fen in northeastern Alberta, Canada.
Holocene in review.

Vitt, D.H., House, M., Glaeser, L., 2022. The response of vegetation to chemical and
hydrological gradients at a patterned rich fen in northern Alberta. J. Hydrol. Reg.
Stud. 40, 101038 https://doi.org/10.1016/j.ejrh.2022.101038.

Whitfield, C.J., Aherne, J., Gibson, J.J., Seabert, T.A., Watmough, S.A., 2010. The spatial
and temporal geochemical analysis of three boreal peatland complexes. Hydrol.
Process. 24, 2143-2155. https://doi.org/10.1002/hyp.7637.tp10.1111/bor.12151.

Wolfe, B.B., Edwards, T.W.D., Elgood, R.J., Beuning, K.R.M., 2002. In: Developments in
Paleoenvironmental ResearchTracking Environmental Change Using Lake
Sediments. Kluwer Academic Publishers, Dordrecht, pp. 373-400. https://doi.org/
10.1007/0-306-47670-3_14.

Xia, Z., Yu, Z., 2020. Temperature-Dependent Oxygen Isotope Fractionation in Plant
Cellulose Biosynthesis Revealed by a Global Dataset of Peat Mosses. Front. Earth Sci.
8, 307. https://doi.org/10.3389/feart.2020.00307.

Zabel, N.A., Soliguin, A.M., Wiklund, J.A., Birks, S.J., Gibson, J.J., Fan, X., Wolfe, B.B.,
Hall, R.I., 2022. Paleolimnological assessment of past hydro-ecological variation at a
shallow hardwater lake in the Athabasca Oil Sands Region before potential onset of
industrial development. Journal of Hydrology. Reg. Stud. 39, 100977. https://doi.
org/10.1016/j.¢jrh.2021.100977.

Zanazzi, A., Mora, G., 2005. Paleoclimatic implications of the relationship between
oxygen isotope ratios of moss cellulose and source water in wetlands of Lake
Superior. Chem. Geol. 222 (3-4), 281-291. https://doi.org/10.1016/j.
chemgeo.2005.08.006.

Zanazzi, A., Mora, G., 2017. Hydrogen isotope ratios of moss cellulose and source water
in wetlands of Lake Superior, United States reveal their potential for quantitative
paleoclimatic reconstructions. Chem. Geol. 468, 75-83.


https://doi.org/10.1016/j.chemgeo.2009.12.001
http://refhub.elsevier.com/S0341-8162(22)00102-3/h0155
http://refhub.elsevier.com/S0341-8162(22)00102-3/h0155
http://refhub.elsevier.com/S0341-8162(22)00102-3/h0155
https://doi.org/10.1007/1-4020-2504-1_04
https://doi.org/10.1007/1-4020-2504-1_04
http://refhub.elsevier.com/S0341-8162(22)00102-3/h0165
http://refhub.elsevier.com/S0341-8162(22)00102-3/h0165
http://refhub.elsevier.com/S0341-8162(22)00102-3/h0165
https://doi.org/10.1016/S0012-821X(02)00794-X
https://doi.org/10.1016/S0012-821X(02)00794-X
https://doi.org/10.1016/j.chemgeo.2008.11.009
http://refhub.elsevier.com/S0341-8162(22)00102-3/h0180
http://refhub.elsevier.com/S0341-8162(22)00102-3/h0180
http://refhub.elsevier.com/S0341-8162(22)00102-3/h0180
http://refhub.elsevier.com/S0341-8162(22)00102-3/h0185
http://refhub.elsevier.com/S0341-8162(22)00102-3/h0185
http://refhub.elsevier.com/S0341-8162(22)00102-3/h0185
https://doi.org/10.1002/rcm.2559
https://doi.org/10.1002/rcm.2559
http://refhub.elsevier.com/S0341-8162(22)00102-3/h0195
http://refhub.elsevier.com/S0341-8162(22)00102-3/h0195
http://refhub.elsevier.com/S0341-8162(22)00102-3/optBKAeTiGEwG
http://refhub.elsevier.com/S0341-8162(22)00102-3/optBKAeTiGEwG
http://refhub.elsevier.com/S0341-8162(22)00102-3/optBKAeTiGEwG
http://refhub.elsevier.com/S0341-8162(22)00102-3/h0200
http://refhub.elsevier.com/S0341-8162(22)00102-3/h0200
http://refhub.elsevier.com/S0341-8162(22)00102-3/h0200
http://refhub.elsevier.com/S0341-8162(22)00102-3/h0205
http://refhub.elsevier.com/S0341-8162(22)00102-3/h0205
http://refhub.elsevier.com/S0341-8162(22)00102-3/h0205
http://refhub.elsevier.com/S0341-8162(22)00102-3/h0210
http://refhub.elsevier.com/S0341-8162(22)00102-3/h0210
http://refhub.elsevier.com/S0341-8162(22)00102-3/opteSD5a2AGjW
http://refhub.elsevier.com/S0341-8162(22)00102-3/opteSD5a2AGjW
http://refhub.elsevier.com/S0341-8162(22)00102-3/opteSD5a2AGjW
https://doi.org/10.1002/hyp.5975
https://doi.org/10.1371/journal.pone.0028040
http://refhub.elsevier.com/S0341-8162(22)00102-3/h0220
http://refhub.elsevier.com/S0341-8162(22)00102-3/h0220
http://refhub.elsevier.com/S0341-8162(22)00102-3/h0225
http://refhub.elsevier.com/S0341-8162(22)00102-3/h0225
http://refhub.elsevier.com/S0341-8162(22)00102-3/h0230
http://refhub.elsevier.com/S0341-8162(22)00102-3/h0230
http://refhub.elsevier.com/S0341-8162(22)00102-3/h0230
http://refhub.elsevier.com/S0341-8162(22)00102-3/h0235
http://refhub.elsevier.com/S0341-8162(22)00102-3/h0235
http://refhub.elsevier.com/S0341-8162(22)00102-3/h0235
https://doi.org/10.1016/j.ejrh.2022.101038
https://doi.org/10.1002/hyp.7637.tp10.1111/bor.12151
https://doi.org/10.1007/0-306-47670-3_14
https://doi.org/10.1007/0-306-47670-3_14
https://doi.org/10.3389/feart.2020.00307
https://doi.org/10.1016/j.ejrh.2021.100977
https://doi.org/10.1016/j.ejrh.2021.100977
https://doi.org/10.1016/j.chemgeo.2005.08.006
https://doi.org/10.1016/j.chemgeo.2005.08.006
http://refhub.elsevier.com/S0341-8162(22)00102-3/h0270
http://refhub.elsevier.com/S0341-8162(22)00102-3/h0270
http://refhub.elsevier.com/S0341-8162(22)00102-3/h0270

	Moss cellulose 18O applied to reconstruct past changes in water balance of a boreal wetland complex, northeastern Alberta
	1 Introduction
	2 Mechanistic cellulose 18O model
	3 Study site
	4 Methodology
	4.1 Water and moss sampling on wetland surfaces
	4.2 Peat coring and moss identification
	4.3 Cellulose extraction and isotope analysis
	4.4 Cellulose-water isotopic separations

	5 Results and discussion
	5.1 Contemporary water isotope systematics
	5.2 Core 18O reconstruction
	5.3 Wetland water balance variations
	5.3.1 Southern patterned fen
	5.3.2 Northern wooded areas
	5.3.3 Southern and western site-types


	6 Concluding remarks
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary material
	References


