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Peatlands characteristically accumulate organic matter due to low decomposition rates, but
peatland disturbance alters local physicochemical conditions often resulting in loss of soil
organic matter and emission of CO,. Restoration may reduce peat oxidation, but traditional
measurements of decomposition are time-consuming. The Tea Bag Index (TBI) is a simple,
standardized method to measure decomposition rates in soils. We used the TBI to measure
decomposition rate at four restored peatland sites across Canada that were used for peat
extraction or disturbed by oil extraction (former well-sites), comparing to undisturbed and
unrestored sites. We measured environmental conditions including soil temperature, water
table position and peat pH from May to August 2016. Litter bags were buried for one year
alongside tea bags at one site for a direct comparison of decomposition rates between the
methods. There were no significant differences for TBI decay constant (k. ) between treat-
ments of restored, unrestored or undisturbed sites across the whole data set, but some dif-
ferences were found among treatments within the same peatland site for sections restored
at different times in the past. Soil temperature, pH, and water table were not significantly
related to k ,, but were negatively correlated with the stabilization factor (S). The &
and litter bag k were significantly different but positively correlated. The TBI is not easily
comparable to traditional litter bags, but is less costly in both time and money, and may be
used in conjunction with additional parameters to determine decomposition patterns with
potential for use as a metric for evaluating restoration outcomes.

Introduction ity of saprotrophic organisms that may release

decomposition products as gases, such as CO,,
Decomposition is the breakdown of organic or as dissolved organic matter into soil solution
material completed through the metabolic activ-  (Laiho 2006). Decomposition is important for
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the storage and recirculation of nutrients within
ecosystems (Didion et al. 2016), and is strongly
regulated by environmental conditions such as
temperature, substrate and moisture availability
(Laiho 2006). Peatlands have waterlogged con-
ditions that often inhibit microbial activity and
reduce the rate of decomposition, leading to the
accumulation of organic matter (Belyea 1996,
Freeman et al. 1996). Local conditions including
water content, temperature, and pH play large
roles in determining decomposition rates (Pres-
ton et al. 2012), which can be altered by land-
scape disturbance such as peatland extraction.

Peatlands represent important soil carbon
stocks, but many peatlands around the world
have been disturbed by resource exploration and
extraction (Strack et al. 2016). Disturbances to
peatlands can alter hydrological and physio-
chemical conditions, usually accelerating the rate
of organic matter decomposition and increasing
the release of carbon dioxide (CO,) to the atmos-
phere (Lucchese et al. 2010). Ecological restora-
tion is the process of assisting the recovery of
a disturbed ecosystem (Clewell and Aronson
2007), and by comparing biogeochemical func-
tioning of natural, restored, and unrestored peat-
land sites, restoration has been demonstrated to
ameliorate some of the negative effects of distur-
bance (Nwaishi et al. 2015, Strack et al. 2016).
As decomposition of plant material is a key
process for the release of CO, in terrestrial soils
(Davidson and Janssens 2006), assessing rates
of decomposition post-restoration can provide
information on the return of peatland function.
Generally, natural peatlands act as a source of
methane (CH,) but a sink for CO,, both of which
are potent greenhouse gases. Methanogenesis,
the bacterial production of CH,, proceeds under
anaerobic conditions typical of peatlands, though
the total amount and radiative forcing of CH,
is often outweighed by net carbon sequestra-
tion (Bridgham et al. 2013, Page and Baird
2016). Decomposition processes in peatlands are
expected to include release of CH, and marginal
amounts of CO,, though we do not include direct
measurements of these gas fluxes.

A common method for estimating decom-
position rates is to use litter bags, which are
mesh bags filled with plant material that are
buried, retrieved, and weighed to determine the
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residual mass loss over a specific time, often two
years or more (Moore 1984, Moore and Basi-
liko 2006). Litter bags are typically filled with
local vegetation, which can hinder comparison
between study sites due to the ambiguity of
environmental conditions versus litter character-
istics (Keuskamp et al. 2013), since vegetation
characteristics affect measured rates of decom-
position comparable to shifting environmental
factors (Strakova et al. 2012, Péli et al. 2016,
Wiedermann et al. 2017). Additional character-
istics such as the amount of litter used, length of
burial and litter bag construction can vary greatly
between studies, further complicating cross-site
comparisons. Furthermore, litter bag construc-
tion is time-consuming and difficult to scale up
to larger studies, so Keuskamp et al. (2013) have
proposed the Tea Bag Index (TBI) as a method
to solve these issues by using a widely available,
standardized and pre-constructed tea bags.

The TBI allows for the compilation of
decomposition rates that are directly comparable
across sites by using commercially produced tea
bags as a substitute for litter bags (Keuskamp et
al. 2013). The TBI uses green tea, a more labile
material that decomposes at a faster rate, as
well as rooibos tea, a more recalcitrant material
(Keuskamp et al. 2013). The difference in decay
between the two tea types allows the TBI to esti-
mate the decomposition rate constant (k) from
a single burial time interval of approximately 90
days, which is a much shorter time period com-
pared to the two or more years recommended
for traditional litter bags (Moore 1984, Moore
and Basiliko 2006, Keuskamp et al. 2013). An
additional parameter, the stabilization factor (S),
is included to account for any deviation from the
actual decomposition rate that may occur when
labile material stabilizes into more recalcitrant
material (Keuskamp et al. 2013). Measuring &,
and S will provide insight into decomposition
rates at post-restoration peatlands and may act as
a simple metric of restoration outcome that could
be easily deployed by land managers.

The objectives of this study are to: (1) esti-
mate the decomposition rates of restored peat-
lands using the TBI while also contributing to
the global map of &k and S values, (2) evalu-
ate potential environmental controls (water table
position, soil temperature, peatland type, peat
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pH) on TBI estimated parameters, (3) compare
the k,, results with decomposition rates deter-
mined by the traditional litter bag method, and
(4) determine if the TBI can identify differ-
ences between peatland restoration treatments
that may be used to evaluate restoration success.
We hypothesized that decomposition rates would
be lowest at natural sites due to functioning peat
accumulation, intermediate at restored sites due
to wetter conditions, and highest at the unre-
stored sites due to dry and disturbed conditions.
We also hypothesized that patterns of TBI esti-
mated decomposition rates would be similar to
those measured with traditional litter bags.

Materials and methods
Study sites

This study includes four disturbed peatlands
across Canada, with two peatlands in the province
of Alberta, one in Manitoba, and one in Quebec.
Three of the four peatlands had peat extracted
for horticultural purposes, while one peatland
in Alberta had a mineral soil pad installed to
support oil extraction. All four peatlands were
restored following disturbance and are described
in greater detail below. The ecosystem-scale res-
toration process generally involves levelling the
peatland, then filling or blocking the drainage
ditches to allow accumulation of precipitation
to raise the water level. A common re-vegetation
method is to transfer donor material from the
top 10 cm of a nearby natural (i.e., undisturbed)
peatland, following the moss layer transfer tech-
nique (Rochefort et al. 2003, Graf et al. 2012).
Sites were assessed for pre-disturbance status as
either ombrotrophic bog or minerotrophic fen by
using aerial photographs that predate peat extrac-
tion land clearing, where available. A space-
for-time analog was used where photos were
not available, by using adjacent natural areas
to examine peat characteristics. Both methods
followed the classification guidelines for peat
with high contents of graminoid litter judged
to be derived from a fen, while peat dominated
by Sphagnum-derived material indicated a bog.
The differences between bogs and fens is evident
in environmental characteristics such that bogs
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are disconnected from local groundwater, have
lower pH and lower available nutrients than fens
(Bourbonniere 2009), where fens receive at least
some nutrient-rich groundwater and support more
vascular plants (Chimner et al. 2017).

The Bois-des-Bel (BDB) peatland
(47.9671°N, 69.4285°W) is a forested bog
located in the Bas-Saint-Laurent region of
Quebec. An 11.5 ha section of the peatland was
drained in 1972, extracted for horticulture from
1973 to 1980, then abandoned until 1999. Res-
toration was started in fall 1999 and completed
in fall 2000 for approximately 7.5 hectares of
the peatland. A 1.8 ha section was left unrestored
(BDBU) and was separated from the restored
area (BDBR) by a buffer strip. The natural (i.e.
undisturbed) (BDBN) portion of the Bois-des-
Bel peatland was located approximately 2 km
away from the restored site.

The Seba Beach (SB) peatland (53.458°N,
114.884°W) is a bog/fen complex located near
Seba Beach, Alberta. The peatland complex had
approximately 30 ha that were restored in 1991
(SB1991), 2009 (SB2009), and 2012 (SB2012)
following extraction. For restoration, the ditches
were filled with peat (or simply blocked, as at
SB1991) and donor material was added from
a nearby treed ombrotrophic bog for re-vege-
tation. Extraction, but not restoration beyond
blocked ditches, was completed at the unrestored
site (SBU); some spontaneous re-vegetation has
occurred in the form of scattered Eriophorum
vaginatum individuals growing on bare peat and
invasion of the site at the edges by young birch
(Betula papyrifera). A natural (i.e. undisturbed)
forested bog nearby was used as the natural site
(SBN). All sites at Seba Beach were considered
bogs pre-disturbance based on the use of Sphag-
num peat for horticultural peat extraction.

The Peace River (PR) peatland (56.397°N,
116.890°W) is a forested, moderately-rich fen
located near Peace River, Alberta. A mineral
well-pad was placed on top of the peatland for oil
extraction, but drilling never occurred. Approx-
imately 1.4 ha of the peatland was restored
in 2012 (PRR) by removing the well-pad and
inverting the underlying peat, then donor mate-
rial collected from nearby fens was added on top.
As the entire well-pad was restored, there was no
unrestored treatment at this site, but nearby natu-
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ral (i.e. undisturbed) bogs and fens were used as
the natural sites (PRN).

The South Julius (SJ) peatland (49.931°N,
96.238°W) is a shrubby, rich fen located near
Elma, Manitoba. The peatland was drained and
the surface was levelled, removing the previ-
ous vegetation, but commercial extraction never
occurred. Approximately 8 ha of the peatland was
re-wetted by filling and blocking the drainage
ditches in 2006 (SJR). A disturbed, but unrestored
site (SJU) was included, a site that resembles the
unrestored site at Seba Beach and consists mainly
of bare peat, as well as a natural (i.e. undisturbed)
sedge-dominated rich fen (SJN).

Tea Bag Index

The TBI uses Lipton green tea (EAN: 87 22700
05552 5) and rooibos tea (EAN: 87 22700 18843
8) in tetrahedron synthetic bags, with a side length
of 5 cm and a mesh size of 0.25 mm (Keuskamp
et al. 2013). The tea bags were labelled and the
initial weight was recorded to 0.001 g using an
analytical balance. Tea bags were not dried before
weighing. Pairs of tea bags (one green and one
red bag constitute a replicate) were shipped to
the study sites and buried at a depth of approxi-
mately 8 cm below peat surface. Determining the
height of the ground surface in a peatland can be
difficult, thus tea bags were placed 8 cm below
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the apparent line of transition from green living
material to brown, probably non-living material.
There were 17 replicates buried in BDB, 20 in
PR, 29 in SB, and 20 in SJ (Table 1). The tea
bags were buried in late May or early June 2016,
and then retrieved after approximately 90 (67 to
100) days in August or September 2016. The tea
bags were removed and stored frozen at —20 °C
until they were shipped back to the University of
Waterloo for analysis, except at BDB where bags
were dried in the on-site facility using the same
procedure. Following the procedure described in
Keuskamp et al. (2013), thawed tea bags were
dried in an oven at 60 °C for 48 hours, and any
remaining soil or other foreign particles were
removed. The bags were re-weighed and the mass
loss was calculated based on the initial weight.
Stabilization factor (S) and decomposition rate
constant (k) were calculated using the program
provided by TBI research team (available from
http://www.teatime4science.org).

While the decomposition rate calculated by
the TBI is based on the mass lost from the tea
bags during their time in the ground (Keuskamp
et al. 2013), the stabilization factor may not
be as easily understood. Briefly, S accounts for
the transformation of some components of the
tea bags from fast-decomposing molecules into
slow-decomposing molecules; these compo-
nents are said to be stabilized (Prescott 2010,
Keuskamp ef al. 2013). High values of S indicate

Table 1. Sites and their mean (SE) soil temperature, water table depth, and peat pH. n.m. = not measured. BDB pH
data from (Strack et al. 2015) and SB Natural from Murray et al. 2017.

Site and pre-disturbance Site (n) Soil temperature Water table Mean
peatland type (°C) depth (cm)
BDB Natural (6) 18.5 (0.08) -18.7 (1.0) 4.13 (0.39)
Bog Unrestored (5) n.m. n.m. 6.06 (0.22)
Restored (6) 19.2 (0.08) —48.1 (1.7) 5.86 (0.52)
SB Natural (6) 14.8 (0.42) —-32.4(2.8) 4.34
Bog Unrestored (5) 17.5(0.48) —35.6 (4.3) n.m.
1991 (3) 17.0 (0.52) —6.4 (1.5) n.m.
2009 (4) 15.8 (0.33) -14.3 (2.4) 5.25
2012 Wet (6) 14.6 (0.28) -11.7 (1.4) 5.02 (0.07)
2012 Dry (5) 16.9 (0.76) —45.3 (2.4) 4.53 (0.32)
PR Natural (8) 13.1 (1.0) -1.3(2.0) 5.63 (0.16)
Fen Restored (12) 17.8 (0.59) -9.6(1.2) 5.62 (0.06)
SJ Natural (10) 19.2 (0.47) 8.6 (0.94) 6.74 (0.11)
Fen Unrestored (4) 18.3 (0.44) -11.6 (1.2) 6.29 (1.07)
Restored (6) 18.1 (0.62) 20.2 (1.2) 6.37 (0.20)
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inhibition of decomposition, typically attributed
to factors such as low pH or anoxia that are
expected to slow decomposition of the tea.

Environmental conditions

The soil temperature was measured biweekly from
May to August 2016 using an Omega HH200A
temperature probe at depths of 5 and 10 cm below
the soil surface at individual burial sites in PR,
SB, and SJ. These soil depths were measured as
part of the measurements of greenhouse gas fluxes
also undertaken at these sites; the mean of the two
measurements was used to estimate soil tempera-
ture at the position of the tea bags. At BDBR and
BDBN, thermocouple wires were installed at a
depth of 5 cm below the soil surface to measure
soil temperature hourly in combination with an
automatic data logger (CR1000, Campbell Sci-
entific, Edmonton, Canada). The water table was
measured biweekly from May to August 2016 at
individual burial sites in PVC wells in all treat-
ments from PR, SB, and SJ, but only from the
restored and natural sites at BDB. Peat was col-
lected from SB2009, SB2012, PR, and SJ at posi-
tions within a few metres of the buried tea bags
then prepared for pH analysis by adding 5 g of
field-wet peat to 10 ml of deionized water, shak-
ing for 1 minute and allowing the mixture to settle
for 1 hour. The pH was measured using a Pocket
Pro+ Multi 2 Tester (Hach, Loveland, CO, USA)
that was calibrated following the manufacturer’s
instructions before it was inserted into the peat
solution. Estimates of pH at BDB and SBN were
taken from Strack ef al. (2015) and Murray et al.
(2017), respectively.

Litter bags as comparison

At SB2012, traditional litter bags were buried
alongside the tea bags to compare methods. The
litter bags were prepared using nylon screen with
a nominal mesh size of 1 mm, side length of
approximately 9 cm, filled with 46 g of plant
material collected from the site and dried in an
oven at 60 °C for at least 24 hours. The litter
bags were filled with one of four plant species
that were common at SB2012: Agrostis scabra,
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Calamagrostis canadensis, Carex canescens, and
Eriophorum vaginatum. The initial weight of the
bag with the plant material was recorded. Trip-
licate bags for each plant species were buried at
two sample sites that were previously estimated
to be either wet or dry (Brummell et al. 2017),
for a total of 24 litter bags. The litter bags were
buried at a depth of 5—8 cm below the soil surface
and were retrieved after one year on 22 August
2016. The litter bags were then shipped to the
University of Waterloo and stored at —20 °C until
analysis. The litter bags were dried in an oven at
60 °C for 48 hours and any remaining soil or for-
eign particles were removed. The final weight of
the litter bags was recorded and the mass loss was
calculated based on the initial weight of the plant
material. The annual decomposition rate constant
k (Olson 1963) for the litter bags was calculated
using a single exponential decay function k, =
In(M/M), where £ is the estimated decomposition
rate, M. is the initial mass of the plant material, M,
is the mass of the plant material remaining after
burial, and ¢ is the time (in years) (Olson 1963,
Moore 1984, Hagemann and Moroni 2015, Péli
et al. 2016). The mean decomposition rate for the
litter bags was calculated for each plant type in
both the wet and dry section, and then expressed
as a rate of mass loss per day to compare to the
decomposition rate estimated from the TBIL.

Statistical analysis

All statistical analysis considers type I errors
and F values from the ANOVA command com-
pleted using R version 3.2.2 (R Development
Core Team 2013). A difference (correlation) was
considered significant at p < 0.05. In order to
account for repeated measures within each peat-
land site, we evaluated the effect of restoration
treatment and peatland type (i.e., bog vs. fen)
on TBI derived £ and S using a linear mixed
effect model in the package n/me (Pinheiro et al.
2016) with site as a random factor. Differences
between groups were evaluated using the pack-
age Ismeans (Lenth 2016) with Tukey correction
for pairwise comparison. Differences between
sites or restoration treatments within a site were
evaluated using one-way ANOVA with post-
hoc Tukey’s HSD pairwise comparisons. The
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assumptions for parametric tests were assessed
using a Shapiro-Wilk test to determine normality
and a Bartlett test for homogeneity of variances.
A Welch two-sample ¢-test was used to evaluate
differences in water table depth between the wet
and dry areas at SB2012.

A linear regression model was used to evalu-
ate controls on mean k_, and S including the
environmental conditions of mean soil tempera-
ture, pH, water table depth, as well as pre-
disturbance peatland type (i.e. ombrotrophic bog
or minerotrophic fen), with treatment as an addi-
tional categorical variable in addition to interac-
tion effects between the environmental condi-
tions and the treatment. As environmental condi-
tions were not always available for each teabag
burial location, we used an average value for
each treatment within each site. Therefore, there
were no repeated measures within each treatment
and so simple linear regression was used.

Litter bag and tea bag decomposition rates
were compared using linear regression following
assessment of assumptions using the same tests
as applied to the tea bag analyses. ANOVA was
used to determine any interactive effect between
the water table depth and the plant species with
the decomposition rate.

Results
Tea bags

The mass lost from the green tea bags ranged

MacDonald et al. -+ BOREAL ENV. RES. Vol. 23

from 46.5% to 84.0%, with the mean (SE) of
69.1% (0.8%) for all sites (Table 2). As expected,
there were lower losses from the rooibos tea
bags, which ranged from 18.3% to 40.8%, with
a mean of 29.5% (0.5%) for all sites. SJ had the
highest mean mass loss for both green and rooi-
bos tea, despite being buried for an average of 75
days instead of the full 90 days. Mean mass loss
from green tea and rooibos tea was lowest in PR
and in BDB, respectively.

The TBI decomposition rate constant (k)
ranged from 0.003 to 0.02 d!, with the mean
(SE) of 0.01 (0.003) d! for all sites and treat-
ments. The TBI stabilization factor (S) ranged
from —0.075 to 0.435 with a mean of 0.138
(0.012) for all sites and treatments (Fig. 1).

The mean k_, was not significantly differ-

ent among restZ)Brlation treatments (GLM: F)
= 0.473, p = 0.62) across the whole data set or
among treatments at most sites (BDB: F, =
0.18, p = 0.83; PR: F, = 0.17, p = 0.67; SI:
F,,=3.14,p=0.00). There was a significantly
higher k_ at SJ than all other sites. At SB, the
year restoration was completed was significant
for explaining differences in k. SB2009 &k
was significantly higher than SB natural, SB
unrestored, and SB2012 (F,,, = 11.13, p <
0.001; Fig. 2A), but was not significantly differ-
ent from SB1991. The peatlands SB, BDB and
sections of PR were classified as bogs and &,
was lower, but not significantly different than at
fen sites PR and SJ (£, = 1.50, p = 0.224).

The mean S was significantly higher at unre-

stored sites than both restored and natural at all

Table 2. Mean (SE) values (n = 3) of mass lost from litter bags and calculated decomposition rate (k) from the two
sample areas of wet (mean water table depth —18 cm) and dry (mean water table depth —33 cm) at SB2012.

Plant material Wet area

Mass loss (%) k(d™)
Litter bags
Agrostis scabra 42.65(2.93) 0.0015 (0.0001)
Calamagrostis canadensis ~ 53.26 (3.38)  0.002 (0.0002)
Carex canescens 61.44 (1.86)  0.0026 (0.0001)
Eriophorum vaginatum 47.12(3.38) 0.0017 (0.0002)
Mean (SE) 51.12 (2.47)  0.002 (0.0001)
TBI
Green tea 62.61 (2.52) n.a.
Rooibos tea 2243 (2.2) n.a.
Mean (SE) 4252 (9.10)  0.007 (0.001)

Dry area Total

Mass loss (%) k(d™) Mass loss (%) k(d™)
48.53 (3.09) 0.0018 (0.0002) 45.59 (2.3) 0.0016 (0.0001)
53.13(4.10)  0.002 (0.0003)  53.19(2.3)  0.002 (0.0001)
44.51(3.52) 0.0016 (0.0002) 52.98 (4.1)  0.0021 (0.0002)
37.66 (7.97) 0.0013 (0.0004) 42.39 (4.4) 0.0015 (0.0002)
45.96 (2.75)  0.0017 (0.0001) 48.5(1.88)  0.0018 (0.0001)
63.72 (3.25) n.a. 63.17 (1.85)  (see mean)
20.64 (2.56) n.a. 21.53 (1.56) (see mean)
4218 (9.80)  0.006 (0.001) 42.35(6.38)  0.006 (0.0008)
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ecosystems would fall outside of the axes of this figure.

sites (F) , = 5.34, p = 0.007; Fig. 2B). § was sig-
nificantly different between sites (F,, = 17.07,
p <0.001), where SJ was lower than all other
sites. S was also significantly lower at fen sites

compared to bogs (F,,, = 8.95, p = 0.004).

.81

Environmental conditions

There were no significant differences found in
the mean soil temperature between the treat-
ments of natural, restored or unrestored (GLM:
F,,=0.30, p = 0.74). The mean soil temperature
was significantly higher at BDB and SJ than PR
and SB (F,, = 4.24, p = 0.04; Table 1). There
was no significant difference in mean soil tem-
perature between bog and fen sites (£, = 0.01,
p = 0.89), and no significant relationship found
between the mean £, and the mean soil tem-
perature (F, = 0.07, p = 0.79). However, there
was a significant negative relationship between
S and the mean soil temperature (r = —-0.59, p =
0.02; Fig. 3).

There were no significant differences in the
mean water table depth between the natural,
restored or unrestored treatments across all sites
(F,, = 0.39, p = 0.68; Table 1 and Fig. 3). The
mean water table depth was significantly differ-

ent between sites (F, , = 4.11, p = 0.048), with the
dry area at SB2012 experiencing the lowest water
levels and SB1991 frequently experiencing flood-
ing over much of the study area. The mean water
table depth was significantly closer to the surface
at the fen sites than the bogs (F | = 12.66, p =
0.004). The restored sites tended to have a highly
fluctuating water table during the study period
with ranges of around 70 cm, and reaching up to
111 cm at SB2012, compared to ranges of 38 to 79
cm at unrestored and 25 to 75 c¢cm at natural sites.
There was no significant relationship between
mean k., and the mean water table depth (£, =
2.93, p = 0.11), as well as the water table range
(F,, = 2.01, p = 0.18). However, there were sig-
nificant negative relationships between the mean
S and the mean water table depth (r =—0.68, p =
0.007; Fig. 3) and with the mean water table range
(r=-0.58, p = 0.02). Linear mixed effects models
indicated a significant effect of variation in water
table (p = 0.035), soil temperature (p = 0.004),
restoration state (p = 0.0016), and the interactions
between water table and temperature (p = 0.0041)
and temperature and restoration treatment (p <
0.001) for S but no significant relationships for
k, and any tested parameter.

In addition to differences in mean water
table, treatments at each site experienced mostly
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Fig. 2. (A) Distributions of the decomposition rate (k.

) and (B) stabilization factor (S) in treatments at four sites.
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S between unrestored and other treatments.

consistent differences in water table depth, with
unrestored sites almost always having deeper
water tables than either restored or natural sites
within a given site such as at SJ. Some of the
restored treatments at SB, such as the dry part of
SB2012, often had water tables at similar depths
as the SB unrestored site, and others such as
SB2012 wet and SB1991 had higher water tables
than the natural site for most or all of the study
period (Fig. 4). SB1991 had the highest water
table depth at Seba Beach, with tea bags there
almost always below the water table, yet SB1991

did not show an exceptionally high nor low &,
(Fig. 2). Peat pH ranged from 4.13 at BDBN
to 6.74 at SJN (Table 1), and variation between
treatments within a site itself varied across our
four study sites. A linear regression found no sig-
nificant effect (p > 0.05) of pH on either k. or S

when all sites were considered together.

Litter bags

The mass lost from the litter bags ranged from
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Fig. 3. The mean k

TBI

and S against water table depth (A, D), soil temperature (B, E), and pH (C, F) across the

sites and treatments. The linear regression line represents a slope significantly different from zero (p < 0.05). S =
—0.0036(water table) + 0.0847 (» = 0.47, p = 0.007). S = —0.0302(soil temperature) + 0.6514 (r? = 0.35, p = 0.02).

27.5% to 65.1%, with a mean (SE) of 48.5%
(1.9%) during one year. The litter bag annual
decomposition rate constant (k) ranged from
0.32 to 1.05 yr'!, with the mean (SE) of 0.67
(0.03) yr', depending on species. The annual
rate was converted to a daily rate for comparison
to the £ and ranged from 0.0008 to 0.002d",
with a mean of 0.0018 (0.0001) d™' (Table 2).
There were no significant differences between k
for the different plant species (F,, = 2.48, p =
0.09). The litter bags were buried in a wet area
and a dry area, with mean summer water table
depths of —18 and —33 cm, respectively. A Welch
two-sample -test confirmed a significant differ-

ence in the water table depths between the two
areas (t,,, = 2.53, p = 0.01), but there was not a
significant difference in k& between wet and dry
areas (F,,, = 1.95, p=0.17). However, there was
a significant interaction between the litter bag
plant species and water table depth (F, ; = 4.26,
p = 0.043). Only Carex canescens had signifi-
cantly higher £ in the wet area.

The tea bags buried near the litter bags had
mass loss ranging from 58.0% to 69.3%, with
the mean (SE) of 63.1% (1.8%) in green tea, and
15.8% to 25.0% with the mean of 21.5% (1.6%)
in rooibos tea. The &, ranged from 0.003 to
0.008 d' with a mean of 0.006 (0.0008) d', and
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Fig. 4. Water table depth relative to the peat surface as measured by water table wells. Negative values indicate
below ground readings. Points are means on the dates of measurement, error bars are +1SE. The dashed line rep-

resents —8 cm, the depth at which tea bags were buried.
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was significantly different from the litter bag
estimated k (F ,, = 110, p < 0.001). Similar to

the litter bags, k., did not have a significant rela-

tionship with the mean water table depth (£ |, =

2.93, p = 0.12). The mean litter bag k including
all plant species was significantly related to the
kg (r = 0.83, p = 0.02, ) but litter bag & was

always lower than k_ (Fig. 5).

Discussion
Effect of restoration on k., and S

The mass lost from the green tea bags was
greater than from the rooibos tea bags, consistent
with the expected results due to the more labile
material in the green tea (Keuskamp et al. 2013).
Our results were similar to previously published
peatland TBI values from Ireland and the Neth-
erlands (Keuskamp et al. 2013), providing con-
fidence for the TBI results in the present study.
Decomposition is a key process for the
release of CO, from soils (Davidson and Jans-
sens 2006). Peat drainage and extraction can
convert peatlands to CO, sources, largely due
to mineralization of the peat deposit under dry
conditions (e.g. Waddington ef al. 2002, Stra-
kova et al. 2012). We hypothetized that &
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would be lower in natural than disturbed sites
and that rewetting would result in decreased &
in restored sites relative to the disturbed sites.
While the general trend for the mean k. was
lower for natural and higher for unrestored sites,
overall we observed no significant differences
between treatments.

One possible reason why differences between
restoration treatments were not statistically sig-
nificant is because the peatlands studied span a
broad geographical range and have considerable
variation in environmental conditions, resulting
in microorganisms present in each site with dif-
ferent requirements (Preston et al. 2012). The k_,
and S were significantly different between sites,
where SJ exhibited some of the highest decompo-
sition rates and was different from all other sites
(Fig. 2). It is possible that the differences in the
environment of each site overwhelmed any dif-
ferences in decomposition rates due to the treat-
ment (natural, restored, unrestored) alone. The
k., between treatments were not significantly
different within each site except at SB, where
the treatments restored at different dates showed
differences in k. In addition, there was no clear
direction in k_, value differences associated with
time since restoration at SB (Fig. 2).

Tea bags and other litter bags may lose mass
through both biotic processes, primarily decom-
position, and abiotic processes such as leaching.
When inundated, soluble material may be trans-
ported away from buried litter bags or tea bags,
resulting in mass loss that may be erroneously
attributed to biologically-mediated decomposition
within the bag (Cotrufo et al. 2010). This may
be a contributing factor for the lack of apparent
pattern among treatments at sites, particularly at
SB where some temporally discrete treatments
had similar k. values (Fig. 2) but experienced
different conditions, particularly water table
(Fig. 4). High water tables that inundated tea bags
at SB1991 may have led to considerable mass loss
to leaching, increasing the estimated &, and con-
cealing lower decomposition rates due to greater
periods of limited oxygen availability.

Alternatively, differences between restora-
tion treatments may not have been detected due
to little effect of restoration on decomposition
rates, or because the response to restoration

varies between sites. Watts et al. (2007) meas-
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ured decomposition rates using traditional litter
bags in restored peatlands post-extraction and
found that the decomposition rates were lower
in restored peatlands compared to the natural
sites. The reduced rates were attributed to the
removal of active microbial communities during
the extraction of peat, which were unable to
rebound to natural rates one year after restora-
tion (Watts et al. 2007). Graf and Rochefort
(2009) used litter bags to measure decomposi-
tion rate in extracted, spontaneously revegetated
and undisturbed fens and also observed slightly
higher values at the undisturbed sites.

Perhaps the most surprising finding for us
was the lack of large differences in measured
decomposition rates (k) between natural and
unrestored sites. The three unrestored sites, at
BDB, SB, and SJ are broadly similar to each
other, with large areas of bare peat and sparse
colonisation by plants such as Eriophorum vagi-
natum and Betula papyrifera, but these apparent
visual features conceal considerable variation.
Water table, for example, has a mean depth
below the surface of 35.6 cm at the unrestored
treatment at SB but is shallower, with a mean of
11.6 cm deep, at SJ. The three sites with unre-
stored sites, BDB in Quebec, SJ in Manitoba,
and SB in Alberta, span most of the full longi-
tudinal width of Canada and are separated by
thousands of kilometres. We propose that differ-
ences in local climate are the primary drivers of
the observed variation in decomposition rates as
measured by the TBI.

In contrast, we did observe significantly
higher S at unrestored areas compared to both
restored and natural. S represents the inhibiting
effects from the environment that may cause a
deviation from the actual decomposition rate
due to labile compounds being stabilized into
recalcitrant material (Keuskamp et al. 2013). We
would have expected S to increase with restora-
tion as anoxic conditions were reinstated, but
instead observed a reduction. It is likely that
enhanced decomposition of labile compounds
at unrestored sites results in their conversion to
more recalcitrant material leading to higher S.
The similarity in S between restored and natural
sites suggests that this may be a good parameter
for evaluating the effectiveness of restoration in
relation to litter decomposition.
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Environmental controls on TBI

The mean soil temperature and mean water table
depth were not significantly different between
treatments, but were different between sites, con-
sistent with the pattern observed for k. SJ had
the highest mean summer water table depth that
was, on average, inundated, i.c. water table was
above peat surface at two of three SJ treatments
(Table 1), and a high mean summer soil tempera-
ture and high & rates. However, across all sites
there was no significant relationship between the
mean soil temperature or water table depth with
the k. Laiho (2006) found that when the water
table is at least as deep as —20 cm for most of the
summer, such as in SB and BDB, further lower-
ing the water table may not measurably affect the
decomposition rate. The quality of the peat may
be a more important factor than soil temperature
for controlling decomposition rates (Preston et
al. 2012), and dry conditions or anoxia may
reduce the influence of soil temperature on the
rate of decomposition (Laiho 2006).

In contrast, there were significant negative
relationships found for mean soil temperature,
water table depth, and water table range with S.
We expected that rewetting of the peat deposit
during restoration activities would increase S
and decrease k,, as anoxic conditions result
in slower decomposition and stabilization of
organic matter in recalcitrant forms. We observed
the opposite trend for S. Greater water content
may have removed inhibitory effects on decom-
posing organisms associated with dry conditions,
but low S was observed for fen sites that were
more often wet, complicating the ability to tease
apart these two effects on S.

The k., and S were higher and significantly
lower, respectively, at the fen sites compared
to the bog sites. Preston et al. (2012) observed
greater microbial activity in fens compared to
bogs, related to higher nutrient concentrations
that can enhance decomposition. Peat pH, which
is typically lower for bogs than for fens (Thor-
mann ef al. 1999, Locky et al. 2005), did not
vary in a consistent fashion across the study
areas, though the two bogs BDB and SB had
lower pH in the natural areas than in their respec-
tive restored areas. Furthermore, the restored and
unrestored areas at all sites had higher, near-
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neutral pH (Table 1). The parameters calculated
from the tea bags, k., and S, did not significantly
vary with pH, though we had expected pH to
influence decomposition in these soils. Low pH,
associated with bogs due to the organic acids
released by living and dead Sphagnum spp. (Szu-
migalski and Bayley 1996, Halsey et al. 1997),
is associated with reduced decomposition rates
that drive the accumulation of organic matter in
these wetlands (Thormann ez al. 1999). That we
did not detect such a difference suggests a mis-
match between the locally-adapted decomposer
community and the organic matter available for
decomposition in the tea bags, with peatland
decomposer organisms metabolizing the tea at
similar rates across the pH range of our study
sites.

Litter bags

The mass loss and annual decomposition rate
constant (k) from the litter bags were comparable
to peatland values in the literature (Moore et
al. 2005, Moore et al. 2007). The k_,, was sig-
nificantly greater than the litter bag £, suggesting
that the TBI is not an easily comparable method
to traditional litter bags for estimating decompo-
sition rates in restored peatlands. Differences are
likely associated with strong control of litter type
on rate, as observed across the various graminoid
species used in the litter bags (Table 2). How-
ever, k., and the mean litter bag & (including all
four plant species) were both higher in the wet
area than the dry, suggesting that the TBI reflects
spatial patterns in decomposition trends. Didion
et al. (2016) also compared TBI to litter bags and
found a significant difference in decomposition
rates but observed similar responses and trends
between the two methods, which aligns with our
results.

Potential consequences of
decomposition on CO, fluxes post-
restoration

Ecosystem CO, balance can be considered
as one measure of restoration success. While
decomposition rates do not directly translate
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to CO, flux, organic matter decomposition is
an important contributor to ecosystem respira-
tion. Just as we observed several patterns of
kg, variation between treatments at each site,
Basiliko et al. (2007) found contrasting patterns
of CO, production from restored peatlands: one
site had reduced CO, production, while another
site had increased CO, production in the restored
areas compared to the natural areas. Strack et
al. (2016) measured CO, flux from BDB, SB,
and PR peatlands that were used in this study,
and found a significant difference in photosyn-
thesis and ecosystem respiration between treat-
ment sites. Those results found that on average,
the restored sites were acting as net CO, sinks,
while the natural sites acted as CO, sources
(Strack et al. 2016), but that these differences
were largely driven by increased CO, uptake by
plant productivity following restoration. In fact,
this increase in vascular plant production may
enhance decomposition initially following resto-
ration due to priming (Walker et al. 2016), linked
to the release of root exudates into the remnant
peat deposition (e.g. Trinder et al. 2008). Peat-
land restoration aims to return carbon accumu-
lation function to peatlands that should reduce
litter decomposition rates, but the effect varies
between sites and with time since restoration.
This is further hampered by additional factors
such as the development of a post-restoration
community, dominated by either vascular plants
or bryophytes, which continue to shape the envi-
ronmental characteristics that drive local decom-
position rates.

Limitations and recommendations

Peatlands are formed by the accumulation of
partially decomposed material that is achieved
by a lower rate of decomposition than produc-
tion, suggesting that a low rate of decomposition
relative to production is an intrinsic and inte-
gral component of a functioning peatland. The
success of ecological restoration is evaluated
by comparing aspects of ecosystem function to
reference ecosystems (McDonald ef al. 2016).
Measuring the decomposition rate as the pri-
mary proxy to infer restoration success depends
on on the maximum rate of decomposition that
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supports accumulation of material and thus, a
functioning peatland. While quantifying decom-
position rate has a reliable theoretical basis, we
sought to determine whether this proxy could be
applied using a simple method such as the Tea
Bag Index to gauge restoration success.

There are limitations to the use of litter bags,
whether it is the traditional construction or a tea
bag substitute, to estimate decomposition rates
of an ecosystem. Some of the main concerns
that have been highlighted are the creation of
a micro-climate within the litter bag that could
alter decomposition rates, and either the inclu-
sion or exclusion of particles within the enclosed
area (Moore 1984). The tea bags in this study
were buried at an approximate depth of 8 cm
that is thought to be a suitable depth within the
soil (Keuskamp et al. 2013), but decomposition
rates may change throughout the soil profile
(Rezanezhad et al. 2016). The most appropriate
depth for evaluating the effect of restoration on
decomposition is unknown, and requires further
investigation in a range of soil types and terres-
trial ecosystems.

A goal of this study was to evaluate effective-
ness of the TBI for potential application by land
managers to monitor restoration outcome, it is
worth noting some limitations that were encoun-
tered to provide advice for future projects. Extra
care should be taken when retrieving the tea bags
so as not to remove the tea label and additional
tags or markers should be used to ensure proper
identification, as vegetation growth during the
summer had completely obscured some surface
tags. The TBI was developed to measure decom-
position rates across a wide range of ecosystem
types, but burial period and depth may not be
optimized for peatland ecosystems. Differences
in decomposition rates between restoration treat-
ments appear too minor to detect and experimen-
tation with more replicates, longer burial periods
and both shallower and deeper depths should
be evaluated. Based on our results, S appears to
be more sensitive to restoration than &, while
large differences between peatlands illustrates
the importance for comparison of restored sites
with local unrestored and natural reference sites.
We also recommend that the TBI be used in con-
junction with other parameters such as soil tem-
perature, water table depth, precipitation, pH,
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nutrient analysis, or carbon flux. Researchers and
other workers involved in ecological restoration
may not have access to all of the techniques and
equipment necessary for such a comprehensive
research program, but we do urge other research-
ers interested in evaluating the TBI in their stud-
ies to include additional parameters such as these
when possible to assist in interpretation of unex-
pected patterns and other observations.

Conclusions

No significant differences in decomposition rates
between unrestored, restored and natural peat-
land treatments were identified using the Tea
Bag Index (TBI) except within one site where
some areas had been restored decades earlier.
There were significant differences in S and sig-
nificant negative relationships for this parameter
with both depth to water table and peat tem-
perature at all study sites. The &, and the litter
bag k were different but varied in a consistent
manner across wet and dry areas. These results
suggest that the TBI is not easily comparable to
traditional litter bags and may not be sufficient
as an individual method to identify restoration
success in peatlands. The TBI does reduce effort
and time, and may still be effective to estimate
broad decomposition patterns, but should be
used in conjunction with other measurements
before firm conclusions can be drawn.
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