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Abstract

Vacuum harvested peatlands typically do not spontaneously regenerate peatland species
and more importantly the pefirming Sphagnummosses. Thus hasgted and abandoned
peatlands require restoration to return the {i@ahing Sphagnummoss to the ecosystem.
Restoration can <create a hydrological envir
regeneration and ressiin substantiaBphagnummoss growh. BoisdesBel was restored in the
winter of 1999 and studied in the following three years (2ZB00R2), then again after 10 years
(this study). Immediately following restoration the conditions were deemedurible for
Sphagnunregeneration (i.e. soil ater pressures and water tables;190 cm and-40 cm
respectively) (~ 120 cm in 10 years), while evaporation from the surface was reduced due to
the straw mulch that was applied as part of the restoration measures. Although the hydrological
conditions vere suitable for peat revegetation, BdesBel was still a net exporter of carbon
during first three years. The purpose of this thesis is to understand the hydrological evolution of
Bois-desBel since the initial assessments and document the hydrophysigerties that could
limit netcarbon sequestration. This is done with a combination of field and laboratory (monolith)
experiments through comparison of its hydrology and hydraulic parameters to that of a natural
reference site.

Since the initial assement a water table rise of ~18® cm has occurred at the Restored
site with an averageater tableof -27.3 (+ 14.9) with respect to the cutover pgmerestoration
surface)and ~-42.3 (x 20.9) cm with respect to the regener&@ptlagnunsurface. Thisvater
table is still much further from the capitula and more variable than at the Natural site (33.2 + 9.0
cm). Both evapotranspiration (242 mm) and runoff (7 mm) from the Restored site maintained the
same relationships in 2010 as during the initial assests, compared to the Unrestored site
(290mm and 37 mm, respectively). Although lower evapotranspiration equated to less water lost
from the system, evapotranspiration at the Restored site was not indicative of the Natural site
(329 mm), chiefly due tornited surfaceSphagnummoisture at the Restored site. After ten years
following restoration, the large scale hydrological processes are still controlled by the cutover
peat and not the regenerat8gdhagnummoss; thus the Restored site is still divergeammitthe

Natural site.



Wells paired with the soil moisture measurements resulted in average water tables of
53.7 £ 17.8 cm at the Restored site aB#l.9 + 8.3 cm at the Natural site. In addition to much
lower water tables, the upper layers of regendr@mhagnunidz s cmi 0.12 andd7 5 cmi 0.11) on
average were far drier than the same species at the Naturabsitg( 0.23 andd; 5 cmi 0.32)
under onlySphagnumFurthermore the Restored site was very dry just above the cutover peat
(di75cmi 0.19), compaed to the same probe depth at the Natural site (0.57). At the Natural site
under ericaceous arfdphagnunthe soil moisture contents were generally double that of the
Sphagnunonly site. In addition to poor soil water retention at the Restored site, heglifisp
yield was observed in the Restored site (0.44) monoliths while the water table fluctuated within
the Sphagnumcompared to both the Natural (0.10) and Unrestored (0.05) monoliths. These
retention characteristics at the Restored site are due tonfar faaction of water filled pores for
a given pore diameter than the same spec&srybellum at the Natural site. The high
abundance of large pores do not generate the necessary capillary force to draw water from the
relatively wet cutover peat intogtsphagnunmoss, resulting in a capillabyarrier.

Although after ten years the Restored section of -HesBel had somewhat
representative bog peatland ecology, the hydrological conditions neededetfazarbon
sequestration were not present. The lackwater transmission from the cutover peat to the
regenerate@phagnummoss due to large pores and the inability of$pdagnummoss to retain
water are both retarding the restoration. For Ri@sBel to becomea netcarbon sequestering
further lateral ifilling of the Sphagnuneaves and branches along with decomposition of the
basal layer will be need. In addition to these two processes, planting of ericaceous shrubs could
lower the water loss through evaporation, thus increasing the capitula moistueatcand
creating healthier mosses. If BalesBel continues on its current ecohydrological trajectory it is
likely that it will selfregulate and make the necessary structural changes to beceteeon

sequestering system.
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1.0 Introduction

Canadian peatlands occupy 113 million ha, which is appraximd y 12 % o f Can

landmasgDaigle and GautreaDaigle, 200} and sequesters ~ 70 million tonnes of carbon per
year (Gorham, 1991 Daigle and GautreaDaigle, 200). Carbon sequestration in peatlands
depends on high water tabig$éayward and Clymo, 198%Ftracket al, 2004 Stracket al, 2006
Strack and Waddington, 200Dimitrov et al, 201Q Dimitrov et al, 2017, high soil moisture
contentgWaddingtonet al., 200% McNeil and Waddington, 20Q®etroneet al, 2003 Lafleur
et al, 2005 Strack and Price, 200®imitrov et al, 2019 Waddingtonret al., 2019 Dimitrov et
al., 201) and decay resistant plant material (5phagnum(Clymo, 1984 Clymo, 1987 Clymo
et al, 1998 Belyea and Clgno, 200). The water table (and associated capillary fringe) create
oxygen reduced conditiorfRydin and Jeglum, 2009which limits microbial activity and plant
material is left in a relatively undegraded state, resulting in lower carbon emifRigtia and
Jeglum, 200% Besides sequestering carbon, peatlandsheae a regionally important economic
impact (e.g. St. Lawrence Lowlands, Quebec) through horticultural peat har@sigde arml
GautreatDaigle, 200). As of 2001, an estimated one million tons of peat was harvested
throughout Canada annually, which corresponds @02% of the total peatlands in Canada
(Daigle and GautreaDaigle, 200). Harvesting peatlands for horticultural peat is a $CDN 170
million business in Canad®aigle and GautreaDaigle, 200}, especially important in Eastern
Quebec. In this region, the vacuum peat harvesting method has been the primary harvesting
method since 196QLavoie and Rochefort, 199@5irard, 2000 Girard et al, 2002, which
increased thaize andrate ofextraction operations compared to the block cut me(Ruite et
al., 2003. Gorham (1991 estimated that 0.0085 Pg of g¢@nd 0.046 Pg of CHare released
from drained and harvested peatlands in Canada annually.

The vacuum harvesting method requires ditches to be dug ~ 30 m apart and connected to
a main draiage channel, which is used to export the water off site; resulting in low water tables
and a dry peat surface. The extraction process removes the existing vegetation (including the
peat formingSphagnunmmoss), acrotelm and catotelm peat, resulting in ivelgt dense (deep)
catotelm peat at the surfa¢eavoie and Rochefort, 199&irard, 2000 Girard et al, 2002
Lavoie et al, 2003. Spontaneous revegetation of post vacuum harvested peatland is often
limited to vascular and nepeatland specie&Girard et al, 2002 Lavoie et al,, 2003 Poulin et

al., in pres3; wheras blockcut peatlands have a larger viable seed bank and more suitable



micro-habitats resulting in a higher diversity of peatland specific spé¢Pise et al, 2003.
Vacuum harvesting is more damaging to the ecosystem as nearly all the plant matethal and
seed bank are removed and thus requires extensive restoration méaetinas and Rochefort,
2003 Priceet al, 2003 Rochefortet al, 2003.

1.1 Post Vacuum Harvesting Conditions

The vegetation that returrspontaneously after harvesting ceases is a reflection of the
hydrological conditions caused by draining and drying a peaflaanebie and Rochefort, 1996
LaRoseet al, 1997 Lavoie et al, 2003. The exposed peat hasmuch higher bulk density
(Price, 1996 Schlotzhauer and Price, 199%nd water retentiofPrice, 1997 Schlotzhauer and
Price, 1999 McNeil and Waddington, 2003Vaddingtonet al., 201J), lower sgcific yield
(Price, 1996 Price, 1997 Schlotzhauer andriee, 1999 Price, 2003 Waddingtonet al, 2011,
hydraulic conductivity(Price, 1996 LaRoseet al, 1997 Price, 2003 and smaller pore sizes
(Schlotzhauer and Price, 199%rice, 2003 than the typical surface pe&@ghagnumin an un
harvested peatlan@Price, 2003 Furthermore, harvesd peatlands will irrevocably oxidize
(Price, 2003 and partially compresgSchothorst, 1977Schouwenaars and Vink, 199as the
peat dries resulting in a further decrease in theagespore sizéHobbs, 1985 Low water
tables (<-50 cm) are typical in harvested and abandoned peatlands due to the drainage network
installed for harvestingwhich are generally still actiygost harvestingHobbs, 1986LaRoseet
al., 1997 Van Seters and Price, 200The low water tables in conjunction with hydrophysical
properties of the post harvested peat results in low soil water pressures, which is the primary
deterrent toSphagnumregeneration and thuseat formation(Price and Whitehead, 2001
Schouwenaars and Gosen, 2P0W@nlike natural peatlands, which typically sequester carbon
(Gorham, 199; Gorham, 2008 harvested peatlands emit carbon due to the altered hydrological
conditions(Waddington ad Roulet, 1996Waddingtoret al, 2001, Petroneet al, 2003 Petrone
et al, 2004a Petroneet al, 2004 Waddington, 2008Waddingtonet al., 2010Q. It is unlikely
that peatlands Wispontaneously regenerate the necessary hydrological condition post harvesting
to support natural peatland vegetation and sequester carbon; thus restoration measures are critical
to restore these peatland functigihisvoie and Rochefort, 199&sirard, 2000 Girard et al,
2002 Gorham and Rochefort, 200Rochefortet al, 2003 Lavoieet al, 2005.



1.2 North American Peatland Restoration

Rochefort et al. (2003 proposed a pecific set of restoration measures for North
American bog peatlands. Té®measures include ditch blocking and constructing bunds along
elevation contour line to retain and direct water flow over the(Rieehefortet al, 2003; and
creating microtopography variation to give the reidtrced vegetation localized habitat for
regeneratior(Rochefortet al, 2003. Depending on the size of the restoration site, the donor
material is either grown in a greenhouse (smaller restoration sites) or the top ~ 10 cm are
harvested from one or several peatlands (larger restordsh(&orham and Rochefort, 2003
Rochefortet al, 2003. The donor material is spread over the @Rechefortet al, 2003. Lastly
straw mulch and phosphorus fertilizer are added on top of the donor material to reduce
evapotranspiration from the restoration surf@@eceet al, 1998 and to increase the nutrient
availability in the peatlanfCampeau and Rochefort, 19%%chefortet al, 2003.

Blocking the ditches and the creation of bunds raises the water(taiit@seet al., 1997
Shantz and Price, 2006and sibsequently the soil water pressu(Bsice and Whitehead, 2001
creating conditions which can support typical peatland veget@iorham ad Rochefort, 2003
Rochefortet al, 2003 Waddingtonet al., 2003. Price and Whitehead (20p#letermired that
water tables >-40 cm and soil water pressures-$00 mb are required for successful
establishment oSphagnumon a cutover peat surface. Initially, soil moisture increases and
evapotranspiration decreases due to the straw mulch @@e®onect al., 2004). However, CQ
emissions remain high because the decomposition of the straw mulch increases the total soil
respiration (Petrone et al, 2003 Petroneet al, 2004f). A peatland can be considered
successfully restored when there is a dombeaof peatland species and a net sequestration of

carbon(Poulinet al, in pres3.

1.3 Study Site: The BoisdesBel Peatland and Restoration

The BoisdesBel (BdB) peatland is located ~ 10 km northwest ofi&®&du-Loup,
Quebec in the BaSaintLaurent region of the St. Lawrence Lowlands. BdBoisatedon a
narrow agricultural plain underlain by sand, silt and clay marine dedésit®n, 199%. These
deposits originated from the Goldthwait Sea which covered the region until ~95(Did3fe,
1977. The marine clay underlies the majority of BdBavoie et al, 200). The peatland is ~

189 ha with a mean elevation 28 m above sea level. Mean annual precipitation is 962.9 mm



(29% snowdll) (Environment Canada, 20Lland the average temperature is 3.2°C with a
minimum average temperature in February1#.9°C and a maximum average temperature in
August of 16.5°QEnvironment Canada, 2012

BdB is the last and largest peatland in HasntLaurentregionthat has not yet been
extensively harvesteflLavoie et al, 200]). Peat harvesting occurred within an 11 ha area in the
northeast area of BdB and ceased in 1971. The harvested area was left abandoned and vascular
vegetation often found in forests or ruderal ecosystnsinated the site preestoration(Poulin
et al, in presg. The residual peat depth at the post harvested site was ~1.8 m where high
concentrations of woody debris prohibited further peat extraftiamoie et al, 200). A domed
section of the bog is located ~2 km away within BdB and has an average peat depth of ~2.2 m
with a maxmum peat depth ~3.2 rfLavoie et al, 200J). In the winter of 1999 restoration
measures were implemented on 8.1 ha of the Iahaested site, with 1.9 ha left unrestored as a
comparison and a 30 m buffer strip was created between the restored and unrestored sections. It
was originally estimated it would take between3Dyears for complete restoratiame( carbon
sequesteringpased on ecological successiRodefort et al, 2003, while Luccheseet al.

(2010 predicted complete restoration would occur in ~17 years based on peat decomposition
rates, net primary productivity and accumulation of organic matter.

As a result of the restoration measures, the watde increased ~30 cm to an average
water table 0f32.5 cm during the growing seasons of 2002 (Shantz and Price, 2006da he
resulting soil water pressures were well above the limild® mb(Price and Whitehead, 2001
and had an average df3 mb over the first three yeafShantz and Price, 2006&urface soil
moisture {5 cm below surface) also increased to eerage of 0.74 as a result of the restoration,
which is an increase of ~0.4 compared to the unrestore@Psitmnect al, 2004a Petroneet al,
2004h Shantz and Price, 2006al' hese hydraulic properties created conditions suitable for the
successful reintroduction of peatland vegetation at Baliantz and Price, 2006@oulin et al,
in pres3y. The addition ®bunds and blocking ditchesddgo an~38 % decrease in total runoff
from the Restored sit€Shantz and Price, 20068hantz and Price, 2006kEvapotranspiration
decreasedy 25 % (Petroneet al, 2004k Shantz and Price, 2006and these changes were
attributed to the presence of straw mulch decreasing the net radiation on the restoration surface
(Petrane et al, 2004a Petroneet al, 2004b. BdB remained a net exporter of carbon during the

first three years due to high levels of total soil respiration caused by straw mulch decomposition



(Petroneet al, 2003 Petroneet al, 2004a Petroneet al, 2004h. Seven years post restoration
(2007)Waddingtoret al.(2011) systematically sampled the upper4@m) and lower (&2 cm)

of the ~15 cm regeneraté&gphagnunctarpet. Compared to a natural site locatedBd, the
rest or e dSpagnanthadolawér sbulk density,esidual water contentgoorer water
retention properties and higher specific yields; particularly in the lower saWtddingtonet

al., 201). As of 20D the restored section of BdB was dominated by peatland species; however
had a much higher biodiversity than the natural site due to the presencepsatiamd wetlands
specieqPoulinet al, in presg. Futhermore the site remained a net carbon exporter, indicating
the restoration is yet to be successg&track,unpublished data

1.4 Objectives
Although the majority of the vegetation is peatland vegetation, including a complete layer
of Sphagnunmoss, the site dsnot sequester carbon and the ecohydrologicatitions of BdB
are poorly understood. It is unclear which hydrophysical processes are retarding carbon
sequestration and how the ecohydrology of 8mhagnumfunctions. Furthermore, it is also
unknown how the site hydrology has evolved since the lirdiBaessments &hantz and Price
(20063 and how divergenthe Restored site is from the Natural site. Therefore the objectives
are:
1. Determine the current hydrological state of the Bi#sBel restoration and how it has
evolved since the initial assessments.
2. Determine the hydrological progression of BdesBel toward a natural system.
3. Characterize the ecohydrological properties of the regeneghdgnummoss and
compare to natur&phagnunmoss.
4. Define the limiting ecohydrological process preventing carbon sequestration.
5. Speculate on the hydrological trajexy and the implications for the outcome of the

restoration of BoislesBel.

1.5 General Methods
This thesis comprises two distinct yet related manuscripts regarding the ecohydrology of
the BoisdesBel bog peatland restoration. | was primarily responsibteimplementing and

carrying out the field work; designing, implementing and running the laboratory experiments;



and the writing of the manuscripts. The first manuscript (The hydrology of thedBsBel bog
peatland restoration: 10 years post restontdetails the changes in the large scale processes
(water table fluctuations, evapotranspiration, runoff, soil water pressure and soil moisture
content) since the initial assessmentSbéntz and Price (2006andShantz and Price (2006b
Furthermore the first manuscript questions the connégctbetween the cutover peat and the
regeneratedSphagnummoss, which is the focus of the second manuscript. The second
manuscript (The hydrology of the BedgesBel peatland restoration: Hydrophysical properties
retarding restoration) further expands uplo@ limited connectivity theory of the first manuscript

and systematically evaluates the hydrophysical properties (specific yield, soil water retention,
saturated and unsaturated hydraulic conductivity, bulk density, porosity and pore size
distribution) of the cutover peat an&phagnummoss and determines the ecohydrological
controls effecting the restoration. This thesis gives the first complete ecohydrological assessment
of a bog peatland restored using the North American peatland restoration appraauth tihey
studies identifying the initial hydrological changes due to the restoration measures.



2.0 The hydrology of the BoisdesBel bog peatland restoration: 10 years post
restoration

2.1 Overview

Restoration measures (ditch blocking, bund construction, wérg applied tdhe Bois-
desBel (BdB) peatlandin autumn 1999; since then a complete coveGplagnum rubellum
(~15 cm) has developed over the old cutover peat, along with a suite of bog vegetation. This
research assesses t heogBa cnhdbianeaifter 18 igrovang seasprRE S )
(May 15" August 18", 2010) through comparison with an Unrestored site (UNR) and a Natural
site (NAT) located elsewhere in the peatland. Evapotranspiration (ET) from RE®n(@4Bas
not noticeably changed sintke firstthreeyears postestoration (200@2002) still maintaining
lower ET rates than UNR (290 mm). The highest ET occurred at NAT (329 mm), dissimilar to
RES despite similar vegetation cover. UNR generates more runoff (37 mm) than RES (7 mm),
similar to the initial assessments. However, since the initial assessments the average water table
has continued to rise, from5.3 (£ 6.2) cm (200@002) t0-27.3 (= 14.9) cm (2010) below the
cutover peat surface but still fluctuates predominantly within theveutpeat and not the
regeneratedsphagnumThe regenerate8phagnumat RES has increased the surface elevation
by ~ 1520 cm, and with respect to its surface the average water table wad2a8 {+ 20.9) cm.
However, its water table was still lower (an@re variable) than at NAT (33.2 £ 9.0 cm), with
respect to the moss surface. Average soil water pressures in 2010 were similar to the early post
restoration condition at depths of 10 c3.0 + 12.2 and44.1 + 13.1 mb) and 20 crid(L.4 +
13.0 and40.6+ 10.5 mb) below the cutover surface at RES and UNR, respectively. Volumetric
soil moisture contentd) at 2.5, 7.5 and 17.5 cm depths were higher inSihleagnunmoss at
NAT (0.23, 0.31, 0.71) compared to RES (0.12, 0.11, and 0.23), where the underlying cutover
peat had a relatively higdiof 0.74. The low moisture in the new moss overlying the relativel
moist cutover peat indicates there was restricted connectivity between the two layers. Ten years
following the implementation of restoration measures and the development of somiese
complete 15 cm thiclSphagnummoss layer, further time is requirddr the moss layer to
develop and more consistently host the water table, so that the average water content more

closely mimics NAT.



2.2 Introduction

Peatlands depend on a combination of large scale (water table, evapotranspiration, runoff,
etc.) and smallscale (capillary flow, soil water retention, etc.) processes to function and
sequester carbofWaddingtonet al, 200X Waddington, 2008 The removal oSphagnunand
peat through peat harvesting disrupts the hydrol¢Byice, 199% that supports carbon
sequestration; turning a carbon sink into a so@vwaddingtonet al, 200]). Spontaneous fe
vegetation can occur; however, this is often relegated to vascular plants and not the more
important peat forminggphagnummossegGirard et al, 2002 Lavoie et al, 2003. Successful
peatland restoration is defined by not only the successtutrref target species (generally
identified through the use of a natural reference site), but also the net sequestration of carbon
within a peatlandPoulinet al, in pres3. Both of these restoration milesies depend on specific
hydrological conditions. Target peatland plants @phagnunmoss) require raised water tables
to suitably raise the soil water pressures foicamnization. Price and Whitehead (20p1
suggeted il water pressures greater thekD0 mb are needed for successfghagnunre-
colonization. To achieve this, ditch blocking, bund construction and straw mulch application
(Rochefortet al, 2003 has been used to raise the water table and soil water pressures to enable
SphagnuntegenerationWilliams and Flanagan, 199&orham and Rochefort, 200Bochefort
et al, 2003 Price and Whitehead, 2008hantz and Price, 2006&tracket al, 2006. Lucchese
et al. (2010 andWaddingtonet al. (2011 suggest that a critical stage in the restoration process
will occur when the water table fluctuates primarily within the newly regene@péagam
moss layer, during which the conditions will be suitable for net carbon sequestration.

Restoration measuréRochefortet al, 2003 applied to the previously harvested Bois
desBel (BdB) bog in autumn 1999 included blocking ditches, constructing bunds along
elevation contour lines drreintroducing bog vegetation (sBechefortet al. (2003 for a more
detailed description). Hence, we consider the first year-rgatamation (i.e. first growing
season) to be 2000. The donor material use¢bdenestoration contagd approximately the same
amount ofS. uiscumandS. rubellum however,S. rubellumdominates the sitéPoulinet al, in
pres3. The high water tablethat occurrednitially after restoration created suitable conditions
for S. rubellumto outcompee otherSphagnunspecies (i.eS. fuscury) which resulted in the
current species compositigRoulinet al,, in pressg. Poulinet al. (in pres3 bdieve thatS. fuscum

will become more prevalent as larger hummocks develop at the site, due to conditions becoming



better suited t&. fuscunthanS. rubellum Currently BdB is dominated by peatland species (see
Poulinet al. (in pres$ for a complete description) with some wetland species resulting in higher
a biodiversity than the natural reference site.

A detailed description of the hydrology during the first three years following restoration
(2000:2002) is provided byphantz and Price (2006d he castruction of bunds and blocking of
ditches led to a decrease in runbjf25% compared to the unrestored section during the post
snowmelt period(Shantz and Price, 2006bAlthough runoff decreased pesstoration, the
discharge peaks were greater daewetter antecedent conditions compared to the unrestored
section(Shantz and Price, 2006 otal growing season runoff from the restored and unrestored
sites maintained an average ratio of ~1:2.6 mm during the first 3 years following restoration
(Shantzand Price, 200gbwhere the average growing season water tables 488t6 cm and
42.5 cm, respectivelfShantz and Price, 2006&vapotranspiration decreased at the restored site
by ~25% compared to the unrestored site, initially due to the straw mulch application covering
the plant materialPetroneet al, 2004h Shantz and Price, 2006a0th the soil water pressure
(greater than100 mb) and soil moisture content (0.73 £ 0.05) 5 cm below the peat surface were
significantly higher in the restored section of the peatlé®dantz and Price, 2006athus
providing greater water availability for the newly regenerated vegetation. Although only a few
cm of patchySphagnum had regenerated during the initial assessment, the conditions were
suitable for it to regenerate across the site in the ensuing(fRearknet al, in press.

Notwithstanding the successful reintrodoatiof bog vegetation, the site remained a net
exporter of carbon in 2000 and 20(Retroneet al, 2003 Petroneet al, 20040 and 6 years
(2006) after restoratio(Waddingtonet al, 201Q. Strack (unpublished data, 2012) found the
restored site was still a net carbon source in 2010, but so was the natural site in this relatively dry
summer. Rewetting has causeadher surface soil moisture during the growing season which has
resulted in enhanced photosynthesis; however, in the earlygsistation period this was offset
by high soil respiration due to low water tables and high carbon export from mulch
decomposibn (Petroneet al, 2003 Petroneet al, 2004a Petroneet al., 2004k Waddingtonet
al., 2010.

It remains uncertain, therefore, whether the ecohydrological conditions in the moss have
recovered the potential foretcarbon accumulation, and how the hgldgy of BoisdesBel has

evolved since the initial assessment in 22002 byShantz and Price (2006aNith respect to



this last point, this study aims to determine 1) the current hydrological state of théeB8isl

restoration; 2) identify how it has evolved since the initial assessments; and 3) deteamine th

hydrological progression toward a natural bog peatland.

2.3 Study Site
BdB is located 10 km northwest of RiviegderL o u p, Quebec

(47A570647

28 masl), with an average temperature and precipitation of 14.6°C and 366 mm, respectively,
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1.8 m in the cutover section (Restored (RES) and Unrestored (UNR)(k&®oieet al, 2001)).

The Unrestored (1.9 ha) and Restored (8.1 ha) sites are located adjacent to each other with a
buffer of ~30 m between them, whereas NAT is ~2 km away in the same pedtignce@-1).

Since restoration a complete ~26 cm of Sphagnunmoss, chieflyS. rubellum has covered

RES; NAT is also dominated Hy. rubellun (Poulinet al, in pres3. The interface depth (i.e.

where the regenerated Sphagnum and cutover peat meet) is variable over the site with small
hummocks being ~ 20 cm, while other areas ~ 15 cm below thef tiye Sphagnummoss. In
contrast to NAT, where the dominant vascul ar

vascular species are a mix of peatland and wetland {Rotdinet al, in press.

2.4 Methods

Field monitoring at BdB occurred from dayyear (D) 145- 245 in 2010.
Meteorological data, water table depth and volumetric soil moisti)revére averaged every
thirty minutes (60 minutes for volumetric soil moisture) between D -1285. Manual wadr
table measurements were made twice weekly. For the comparison to earhepsporsition
results (2002002) reported byShantz and Price (2006aonly twiceweekly manual well
measurements were used to determine average water table. Samples (4) of the cutover peat and
Sphagnunmoss were taken from each site2i®s cm depth increments starting 1 cm below the
surface to determine bulk density. The top 1 cm was taken individually to determine the
evaporative surface (capitula) bulk density.

Micrometeorological stations were installed and instrumented at RES andwviiA net
radiometers, tipping bucket rain gauges, temperature/relative humidity probes, and twe copper
constantine thermocouples measuring soil temperature at 1 and 5 cm. Ground h€g) fivas(
determined usinglFourierds Law (Eq.

4 4 !
Eq. 2-1

f e
WhereQq (W m* ™) is the ground heat flusks (W m™* K™?) is the thermal conductivityT (K)
temperature, and (cm) is the depthd content reported from the 2.5 cm TDR prokewas
determined hourly based on the 2.5 cm TDR probe and an assumed thermal diffusivity of 0.12
m? st x 10° (Oke, 1987.
The Priestley Taylor combination model (EqR-2) (Priestley and Taylor, 1972vas

used in conjunction with soil lysimete(Brice and Maloney, 19940 calibrate the coefficient of
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evaporability (); (Unrestoredi 1.72, Restored 1.44, Naturali 1.63) to obtain unique
evapotranspiration (ET) values for all three sites;
v Fh Eq. 2-2

Jd
W'I' Ay e

whereQ’ is net radiations is the slope of saturation vapour pressieraperature curve (Pa °C

), q is the physchrometric constant (0.0662 kpa'°& 20 °C),L is the latent heat of
vaporization (J kg), } is the density of water (kg ). Four 30 cm diameter, 40 cm deep
lysimeters were installed at both NAT and RES; while two 12.5 cm diameter, 20 cm deep
lysimeters were installed at UNR (due to the high volume of roots and woody debris in the peat
that limited tle practical size of the lysimeter). Lysimeters were weighed twice weekly.

Soil water pressurey] was measured using tensiometers at both RES and UNR twice
weekly. Due to the poor contact surface in the upper porti@pbégnunmoss, the tensiometers
were unable to provide measurements at NAT or in the regen8ptedjnunmoss at RES. A
total of 12 tensiometers (6 at each site) were installed 10 and 20 cm below the level of the
cutover peat. The tensiometers were installed in 20 cBpbédgnummoss at RES.

Two perpendicular ~200 m transects of 10 wells (70 m transects of 5 wells at UNR) (100
cm dotted intake, 2.54 cm |.D. PVC pipes) were measured twice weekly at RES and NAT.
Averages of all manual well measurements were used to comp8tatdz and Price (2006a
One logging pressure transducer was installed per site for a continuous record of water table
from D 145245. Weirs were installed on culveetsboth RES and UNR; a bucket and stopwatch
were used to derive a stagischarge relationship for each site. Due to weir malfunction UNR
was unable to be measured until D 180.

d content was measured using time domain reflectometry (TDR) with uniquelede
calibrations for each peat type following the calibration metho@ogp et al. (1980. Two pits
per micrometeorological station (RES and NAT) were dug in $iplhagnummoss (the
approximate cutover peat/Sphagnum interface was 20 cm below the surface at RES) and four
TDR probes per pit were installed horizontally at deptiew theSphagnunsurface of 2.5, 7.5,

17.5, and 27.5 cm. The pits were backfilled with peat and covered with the $mhagnum
mosSs.

The differences in water table, soil water pressuredamdre assessed between sites and
the differences in average water table ditween this study (2010) and the initial assessment
(2000:2002) were determined using Gway ANOVA.

12



2.5 Results

The spring and summer of 2010 were unusually dry with 201 nmairdall compared to
the 30 year average of 366 mm; however, precipitation in 2010 was similar to the initial
assessment in 20002 {Table2-1) which was also relatively dry. Most of the precipitation fell
during large storm events >30 mm, with few smaller eventsetween. ET was largest at NAT
(329 mm) followed by UNR (290 mm) and lastly RES (242 mm). Runoff at RES was less than
the UNR {Table2-1 & Figure2-2) as was also reported Bphantz and Price (2006dor the early
postrestoration periodd in the cutover peat (i.e. 27.5 cm probe) at RE not statisticdly
different (p > 0.05) than thimitial study(Table2-1), while d in the regenetedSphagnunii.e.
probes 2.5, 7.5 and 17.5 cm) at RES8rastatisticallylower (p < 0.001)than same probes at
NAT (Table2-1 & Figure2-3).  measured 10 and 20 cm belde level of the cutover peat
werenot statistically different (p > 0.0%% RES and UNRTable2-1). The water tables from the
manual measurements (D 14245) at NAT ¢33.2 + 9.0 cm) were higher than both RE&2(3
+ 14.9 cm) and UNR-42.3 £ 20.9 cm)Furthermore, both NAT and UNR had significantly
different average water tables than RES (p < 0.001) during the study péokadthat the depth
at RES is referenced to the new moss layer surface which is ~Bbave the interface of the
cutover peat. Thus, with respect to the old cutover peat surface the water table depths at RES and
UNR were-27.3 £ 14.9 and42.3 + 20.9 cm, respectively. The water table at RES fluctuated
almost entirely within the cutover peatd not within the regenerated moss layégire2-4).

The water table at all sites generally decreased throughout the summer with the final
water table (D 245) at NAT-%0.3 cm) being the highest followed by 8E60.9 cm) and lastly
the UNR €86.3 cm) Figure2-4). Generally, NAT had a higher water table than RES and UNR
(Figure 2-4), and less variabilityRigure 2-5). RES was most responsive to precipitation events
(Figure2-4).

y at both 10 and 20 cm below the cutover peat show similar distribugiotiswere
statistically not differenait RES and UNRKigure2-6). There are no soil water pressure data for
NAT, however, averagd within the moss layer at NAT wasignificantly higher (p < 0.001)
than in the moss layer at RES at all dep#igyre2-3). Only the probes within the cutover peat
(27.5 cm) at RES retada a significant amount of moistutbroughout the summeyet were still

statistically different (p < 0.001) than the same probe depth at NAT
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The regenerate8phagnunmoss (upper 12.5 cm) at RES rsightly lower average bulk
densities than the mosses at NAdigure 2-7). Although similar(p > 0.05)capitula bulk density
(NAT 0.027, RES 0.026 g/chhwere observed, the regenerated mosses underneath the capitula
show statisticallysignificant (except at 2.5 cmpwer bulk densities until 12.5 cnfrigure 2-7).
Around 1520 cm (depending on microtopographyyas where the average cutover
peatSphagnumnterface resides andasapparent through the larger standard deviations in the
15 cm layer at RESWithin ard below this region the bulk density of RES is statistically
different than NAT (p < 0.001), while not statistically different than UNR (p > 0.05)

Table 2-1 Comparison of 2010 data to first three years post restoratiorAll measurements referenced to the interface
between the new Sphagnum moss and cutover peat at the restored site, ~15 cm asggowth has occurred on the
cutover surface. Water table n= 476, 201, and 248 for RES, UNR, and NAT, respectively. Measurements were taken f
D 147245 (runoff D182 4 5) . RES 6, YNR= 608N @ 6 6, K NRE7G-42.3 cm from
Sphagnumsurface. .° Indicates sigrificantly different than RES at p= 0.05." Indicates significantly different than RES at

p= 0.001.2Indicates data from Shantz and Price, 2006a,b

Year 2000° 2001° 2002° 2010
Site RES UNR RES UNR RES UNR RES ‘ UNR | NAT
Precipitation (mm) 220 254 210 201
ET (mm) 248 334 374 501 253 257 242 290 329
Runoff (mm) 15 18 13 43 2 17 7 37 -
Average ¥s.. | -6.8= | 418+ | -87+ | -290.8= | 248+ | 399+
(mb) 8.3 17.3 9.7 19.7 15.9 16.8 ) ) )
Average ¥Yioom ) i ) ) ) i -43.0 -44.1 )
(mb) +122 | £13.1
Average Y. _ i ) ) ) i -41.4 -40.6 i
(mb) +=13.0 | £10.5
Average Water |°-30.0= | -455= |°-304= | -404= |7-372+ | -443= | -273 |'-423 |'-332
Table (cm) 9.5 6.0 10.5 6.0 143 6.6 +£149% | £209 | £9.0
Average 0.12= 0.23=
Sphagnum 65, B ) B i B ) 0.01 B 0.01
Average Cutover 0.80= | 041= 0.72 0.37= 0.69 = 041+ | 0.74=
Peat 05 ,, 0.03 0.02 0.03 0.02 0.09 0.04 0.04 ) )
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Figure 2-6 Histograms of soil water pressures at 10 and 20 cm below the cutover peat surface (~30 and 40 cm below
regeneratedSphagnumsurface). RES and UNR had similar averge soil water pressures at both depth§.he cutover
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2.6 Discussion

Although being a drier than normal spring and summer, raiafalET were not distinct
from the first 3 years posestoration Table 2-1), which were also relatively dry. However,
these data show that ET from RES (242 mm) is 87 mm lower than from NAT (329 mm) and 48
mm lowerthan from UNR (290 mm). The difference in ET between RES and NAT occurred
despite both sites having a dominant vegetation cov8r afbellum The lower averagd in the
upper 5 cm oSphagnumat RES (0.12 + 0.01) compared to NAT (0.23 + 0.(Hre2-3) was
probably limiting ET compared to NATGiven the relative close proximity of the sites (~ 2 km)
the incoming radiation, temperature and relative humidity were similar between sites (data not
shown) thus diffeences in ground heat flux and outgoing radiation waaldse thalifferences
in ET between site@ellner, 200). The low moisture contents observed at RES decreased the
water available for ET, thus lower BEfas observed@ompare to NAT. The low ET andd at
RES signifies a limited connectivity between the wetter cutover peat (0.74 + 0.04) and

Sphagnumcapitula (evaporating surface). Given the lower bulk density of moss at RES

18



compared to NAT Kigure 2-7), the former likelyhad much poorer capillarity, hence limited
ability to retain and deliver water to the surface.

The flashy water table at RE&igure 2-4) indicates it responds to precipitatiements
more quickly and to a larger magnitude than both NAT and WNR to wetter antecedent
conditions of the cutover pealThe rapid response and the persistently drained state of the
regenerate@phagnunsignify most of the precipitatiowasnot retaind in the loosely structured
moss, but infiltratd and saturatk the cutover peat or potentially fles along the cutover
peatSphagnuninterface to generate runoffigure2-2). The new moss ladittle water reterion
capacity Figure2-3) and imparts a low hydraulic resistance, which explains the persistence of
flashy runoff hydrographs for REFigure2-2) as was also noted [8hantz and Price (2006b
We note, however, that the ratio of runoff between RES and UNR in 2010 was 1:5.2, compared
to 1:2.6 before the moss layer developed, signifying some water detention caused by the moss
layer. The water table at RES watatistically higher than at UNR, and since the initial
assessments increased by a furthedl6®m {[able2-1). This may in part be explained by this
detention of runoff. Despite the higher water table, there wasvidence that ET increased in
2010 compared to 2000 2002 {Table 2-1), as the wetter cutover peat still had limited
connectivity with the regenerat&phagnum

The inability of the regenerate8phagnummoss toretain water compared to NAT
signifies thatthe water table and runoff dynamics are still controlled by the cutover peat and not
the regenerate8phagnunmoss layer. Until the regenerated moss layer develops greater water
retention (i.e. through decay, tapse at the base, and lateral branch infil(Wwéaddingtonret al,
20110)), it is unlikely that the water table will behave similarly to a natural peat forming system.
This includes its carbon sequestration functidthcaigh measurements for the dry 2010 season
were inconclusive since both RES and NAT experienced a net carbon loss (Strack, unpublished
data).Luccheseet al. (2010 postulated that a 19 cm thick regenereédpthagnuntayer would be
needed at BdB to provideufficient water storage to maintain the water table above the old
cutover peat, requiring 17 years based on their measured moss accumulation rates.

The vertical growth o8. rubellum(~15 cm) was greater than the rise in water table (~5
10 cm) since restation leading to the current low average water table428 cm. Althougls.
rubellumis a hummock species it may not be as well suited to the low water tables observed at

RES as other hummoc&phagnumspecies(Rydin and McDonald, 1985 For example,S.
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fuscumcan thrive with average water tables similar to those observed at-BRES ¢m), due to

its™ greater transport abili§Rydin, 1985 Clymo, 1987 Rydin, 1993, while S. rubellumis most
productivewith higher water tables, typically between-20 cm below the capituléClymo,

1987. This indicates that the water table at RES still needs to rise by ~20 cm for the regenerated
S. rubellumto be in its optimal growth habitat. However, this assumes that the moss structure
(i.e. bulk density, water retention capacity, capillary conductivity etc.) is similar. Over time, we
anticipate that the base of the new moss layer will become partially decomposed and collapse to
result in a medium with a smaller pesze distribution and diter water retention properties.

Once the water table has risen further (i.e. primarily fluctuating within the regenerated
Sphagnunmoss), it seems likely that it should be able to retain enough moisture to promote a

carbon accumulating system.

2.7 Conclusion

Although the restoration measures implemented in 1999 had a large and immediate effect
on the site hydrology of BdEShantz and Price, 2006aafter ten years of poséstoration
development the system is still primarily controlled by water relations in the cutover peat
beneath the regenerat&bhagnunmoss. Although theresia 1520 cm layer of regenerated
Sphagnunmoss at BdB, its properties are still distinct from a natural system and must evolve
further for the hydrological variables to converge. The average water table depth is still outside
the optimal range fos. rubdum, which covers the site. As the system evolved and the moss
layer developed, the vertical growth outpaced the rise in water table, resulting in less favorable
conditions forS. rubellum and may result in a shift t8. fuscumThe low water tables and
hydraulic properties of the moss has led to poor hydraulic connection with the (generally wetter)
cutover peat, hence the regeneradptiagnunbeing ~50% drier than the same species at NAT.
The inability for the regeneraté&tphagnunto transmit water fronthe wetter cutover peat to the
top of theSphagnunis potentially limiting the available moisture for tBphagnunitself, thus
possibly retarding the progress of the restoration (@tdarbon sequestration). Assuming the
mosses can adapt or toleratestim the short term, more favourable conditions will develop in
time as the water retention capacity of the mosses, particularly at the base of the profile,
increases with decomposition and compaction or a shift in speciesSfrarbellunto S. fuscum

Only then will the water table fluctuate primarily within the regener&@pblagnunmoss layer
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and be more effectively transmitted up the profile to the capitula to faciltetecarbon
sequestration.
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3.0 The hydrology of the BoisdesBel peatland restoraton: Hydrophysical
properties retarding restoration

3.1 Overview

The BoisdesBel peatland was restored in the winter of 1999; since then a20 Thn
Sphagnummoss carpet has regenerated over the site but it is currently unknown how the
hydrophysical prop#ies of the regeneratégphagnunmoss and cutover over peat influence the
restoration of BoixlesBel. This study evaluates the hydrophysical properties of-8esBel,
based on a combination of field and monolith experiments, at a Restored (RES)| (WaAdna
and Unrestored site (UNR). The lowest field soil moisture at RES was 0.09 $phtagnum
moss, while 0.20 at NAT. These results were similar in both the monolith experiments and
monolith parameterization. The low soil moisture and relatively latysndance of pores > 397
em i n tSphagnuRiEsSlted in low unsaturated hydraulic conductivity (0.23 cni‘dey
= -35 cm), which limits the connectivity between the cutover peat and regen&gtagnum
moss, and high specific yield (0.45), whichil§ to retain precipitation, compared to NAT
Sphagnun{1.2 cm day and 0.10, respectively). Lateral infilling of the leaves and branches and
further basal decomposition is needed to create a larger abundance of small pores (< 397) to
increase soil wateretention and generate stronger capillary forces to better store and transmit
water. To negate the difference in hydrophysical properties between the cutover peat and
regeneratedSphagnum the water table might need to fluctuate almost entirely within the
Sphagnunand combined with a decrease in average pore size and growth of ericaceous shrubs

would create conditions suitable foetcarbon sequestration.

3.2 Introduction

In bog peatlandsSphagnummoss is the keystone and dominant ggReschefort, 200D
and is the primary peat forming pla¢€lymo et al, 1998. Peatland harvesting removes the
living Sphagnumn addition to the acrotelm and much of catotélravoie et al, 2003 Quinty
and Rochefort, 2003resulting in dense decomposed peat at the suffrae, 2003 Catotelm
peat typically has a relatively small pore s{gzareyet al, 2007, low hydraulic conductivity
(Boelter, 1965Priceet al,, 2003 and high soil water retentiqi®€lymo, 1984 Schouwenaars and
Vink, 1992 due to a greater degree of decompositi@ymo, 1984 Clymo et al, 1998§.
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Natural regeneration of bog peatlands after harvesting is often limited to vascular vegetation and
non-peatland specie§irard et al, 2002 Lavoie et al, 2003 Poulinet al, in pres3. Rochefort

et al. (2003 proposed restoration measures for North American bog peatlands, which were
implemented on the BodesBel peatland (BdB) in the autumn and winter of 1999. Ten years
after restoration it is unknown what hydrological coiatis present in the vadose zone of BdB

are and how they impact the restoration.

In natural bog peatlands, the surficial peat comprises undecomposed and living
Sphagnunmoss(Rydin, 1985 with an abundance of large por@sayward and Clymo, 1982
Quintonet al, 2008, that gives it a high hydraulic conductivi{Baird, 1997 Quintonet al,

2008 and low soil water retentiofHayward and Clymo, 198Zareyet al, 2007. Furthermore,
peat harvesting typically results in water tables far below that of an undisturbelyow,
1984 LaRoseet al, 1997 Priceet al, 2003 Ketcheson and Price, 2011IThe combination of
low water tables (belv -40 cm) (Price and Whitehead, 200Ketcheson and Price, 201and
decreased pores size generates soil water pressures below the 8ptitaghumegeneration of
-100 mb(Price and Whitehead, 20P1Harvested sites typically require restoration measures to
restored the necessary hydrological conditions (water table a#0v@an and soil water pressure
above-100 mb) for successfildphagnunvegetation and theetsubsequent carbon sequestration
(Campeau and Rochefort, 19%8addingtonret al, 2010.

The restoration measures applied to BdBlude ditch blocking, constructing bunds
along elevation contour lines, milling to refresh the surface (it had been abandoned for ~20
years) and reintroducing bog peatland vegetatiRochefortet al, 2003. Restoration measures
raised both the water table {#0 cm) and soil water presgs (>-100 mb) creating conditions
suitable forSphagnunrecolonization(Shantz and Price, 200Barl he restoration measures were
implemented over the existing catotelm peat (the-pastested surfac€Rochefortet al, 2003
that is structurally unlike the acrotelm peat whighhagnunmoss naturally grows ofPrice,

2003; however, few longerm studies on the hydrological effect of restoi@mhagnummoss on

catotelm peat and its effect on the outcome of restoration have been completed.

The restoration measures applied to BdB created hydrological condiStastz and
Price, 2006psuitable for the reintroduction bog peatland vegetatibaccheseet al. (2010

projected that the system would havenet carbon accumulation function restored within 17
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years of the initial restoration measures, based on rate of organic matter accumulation, net
primary productivity and decomposition rates. Carbmstumulation in peatlands requires
relatively high water tableStrack and Price, 200®imitrov et al, 20109, high soil moisture
contents(Lafleur et al, 2005 Waddingtonet al, 2010 and decay resistant plant material (i.e.
Sphagnum(Clymo et al, 1998 Belyea and Clymo, 2001 Once these ecohydrological
conditions ae met the restored peatland will be suitablenfetrcarbon sequestration.

In the three years following the implementation of restoration measures-220Q) at
the restored section at BdB the water table increased by ~ 30 cm to an average of 320%vcm bel
the surface (Shantz and Price, 2006awell above the threshold foruscessfulSphagnum
regeneration (>40 cm) proposed byrice and Whitehead (20Dpkt the nearby Cacouna
peatland. This led to an increase in soil water pressure 5 cm below the surface by ~ 55 mb to ~
13 mb compared tprerestoration (1999) and 24 mb compared to an adjacentréistored site
(UNR) (Shantz and Price, 2006aThis soiwater pressure is well above thE00 mb limit
suggested bifPrice and Whitehead (2001Volumetric soil moisture at RES increased by ~ 0.22
(0.51 in 1999) and was typicgl~ 0.40 above UNRPetroneet al, 2004 Shantz and Price,
20063. This increase was due to the rise in water table along with the layer of straw mulch that
was added during the restoration procéBsice et al, 1999. Although the hydrological
conditions were suitable for revegetation, the Restored site (RES) was still a net exporter of
carbon in 2001Petroneet al,, 2003.

Six years post restoration (2006) a ~ 15 cm thick carpet of regen&plt@gdnummoss
covered BdB(Luccheseet al, 2010 and by 200AVaddingtonet al. (2011 reported lowebulk
density, residual soil water content and higher specific yield at RES compared to a Natural site
(NAT) within the BdB peatland. These results indicated that although there is a near complete
cover of Sphagnummoss at the restored site, the structlallk density) and hydrological
(water retention) properties were dissimilar to nat&@thagnun{Waddingtonet al, 2011, and
the restoration could not yet be deemed complete.

Ten years post restoration (2010) R#z&s dominated by peatland species with some
nonpeatland wetland species, resulting in a higher net biodiversity than(Rédlin et al, in
pres3. In addition at RES a 180 cm carpet oSphagnunhad regeneted, but the hydrology
was different from NAT with lower water table§phagnumsoil moisture contents and

evapotranspiration at RE®IcCarter and Pricen review and is still a net exporter of carbon
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(Strack, unpublished data).~ 510 cm water table rise has occurred since the initial assessment
by Shantz and Price (2006a&however, by 2010 average nearface (2.5 cm depttgphagnum
moisture cotents observed at the Restored site (0.12) were much lower than at NAT (0.22)
(McCarter andPrice, in review. This trend was exaggerated at 17.5 cm (just above the
regeneratedsphagnurtutover peat interface at RES) with average water contents of 0.22 and
0.71 at the RES and NAT, respectivélcCarter and Prican review. McCarter and Priceir{
review concluded that the hydrology of BdB is still controlled by the cutover peat and inferred
through soil moisture data that there was limited connectiatyween the regenerat&ghagnum

and cutover peat.

For restoration to be successful (netcarbon sequestering) the regener&getiagnum
needs to maintain suitable soil moisture contents by accessing the stored water in the cutover
peat and transfer ib the capitula. Currently it is unknown what hydrophysical processes are the
limiting the restoration at BdB and how the system needs to evolve in order to beebme
carbon sequestering. Therefore the overall objective of this study is to determinéhaevhy
hydrology of RES does not function similarly to NAT through a combination of field
measurements andsphagnurpeat monolith laboratory experiments; while the specific
objectives are 1) characterization the hydrophysical properties of RES, UNR and HAZ) an

evaluating the limited connectivity theory proposednyCarter and Pricén review.

3.3 Study Site

BdB is located 10 km northwest of Riviéde-L o u p , Quebec (47A570647
28 masl) and contains three sites: UNR, RES and NAT. Since restoration measures were
implemented in fall 1999 a complete ~28 cm ofSphagnummoss, chieflyS. rubellum has
covered RES within 10 years. NAT is also dominatedSbyubellum(Poulinet al, in pres3
with an average peat depth of ~ 2.Zlmvoieet al, 200). The harvested section of BdB (RES
and UNR) has a residual peat depth of 1.8Lawvoie et al, 200). The interface between the
regenerate@phagnunand the cutover peat is variable over the site with small hummocks being
~ 20 cm, while other areas are ~ 15 cm below the surfattee &phagnummoss as of 2010. In
contrast to NAT, where the dominant vascular vegetation are specific peatland plants (e.g.
Chamaedaphne calyculgt&hododendron groenlandicuyratc), RES6s vascul ar

mix of peatland and wetland plants, butshprominentlyEriophorum vaginatunfPoulinet al,
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in pres3. UNR is dominated by vascular plants typically associated with forests or ruderal
ecosystemgPoulinet al., in pres$ and bare (formerly) catotelm peat.

3.4 Methods

3.4.1Field Methods

Volumetric soil moistured) was recorded every 60 minutes from adyyear (DOY)
145290 at 2.5, 7.5, 17.5 and 27.5 cm below $iphagnunsurface at two locations in NAT and
RES. Nod was recorded at UNR due to equipment malfunction. At RES the 27.5 cm probe was
completely in thecutover peat, while the 17.5 cm probe was at the interface regie20(tHh
below Sphagnunsurface). This region is comprised of a mix of new yet decomposing moss and
old cutover peat. Both the 2.5 and 7.5 cm probes were completelySphiagnummoss aRES.

The probes were installed where tBphagnummosses presented a flat surface to ensure
accurate depth placement. At NAT probes were installed in bS8ghagnunhummock with no
vascular vegetation and a hummock with ericaceous vegeta@oncdlyculah & R.
groenlandicum)in close proximity to each other (< 3 m) and at the same elevation above the
water table thus limiting the potential for dramatically different moss structures. At RES the
probes were installed i8phagnunmhummocks with onl\E. vagiratumdue to its dominance at

the site and the paucity of the typical ericaceous species. The probes were calibrated following
the method ofTopp et al. (1980 for each soil type (i.e. naturé@phagnum regenerated
Sphagnumcutover peat).

Pressure transducers were used to measure water tabled every 30 min in locations near
the TDR sites. Care was taken to ensure the wells were installed in similar de@hisaghum
moss to determine the water table depth below Spbagnumsurface. The height of the
regenerate@phagnunat RES where the wells were installed was ~ 20 cm.

Field Samplingi Three moss/peat monoliths were sampled on DOY 291 & 292 per site
(RESn, NAT, and UNR,). The monoliths were ~35 cm deep (=25 cm at UNR due to high
concentration of woody debris ~ 25 cm below surface) and 28 cm in diameter. The samples were
takenusing a circular guide the same diameter, using a saw to cut around the guide to the
appropriate depth. The monoliths were placed ih®ater filled buckets to prevent compression
of the sample during transport drologytldb@atotyni ver ¢

for further analysis. The monoliths were drained and frozen upon arrival at the laboratory. Once
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frozen, the bottoms of the samples were cut to produce a monolith of the appropriate height (35
cm) and to ensure a flat bottom contact &tef and placed back in a 23 | bucket modified as
described below.

Three additional profiles at each site were taken in 5 cm depth increments by cutting,
with scissors, and gently sliding a 5 cm long section of 10 cm diameter PVC pipe into the moss.
The sanpling follows a modified method outlined bjycCarter and Pricer{ pres3. The sample
depths wee centered at 2.5, 7.5, 12.5, 17.5, 22.5 and 27.5 cm at RES and NAT and to 22.5 cm at
UNR. When the 5 cm long tube was flush with the exposed moss the sample was cut along the
bottom of the PVC pipe and withdrawn to produce an undisturbed 5 cm corensé@tigocores
were frozen for transport to University of Wa
were cut in half making 2.5 cm high samples for bulk density and porosity measuredrents.
way ANOVA was performed between the RES and NAT/UNR.

3.4.2 Monolith Experiment

Before the monoliths were placed in the buckets, the bottom was filled with ~2 cm of
course sand to distribute water pressures eV
Nytex screen was placed over the sand and covered with a ~2 cr706 56 € ns lager af s
beads following a modified tension table method outlined®aguetet al. (1993. This allowed
us to mimic a water tableO cm below the base of the monolittO(cm for UNRy). At the base
of the buckets an outlet spigot was installed and attached to a Magstéim that supplied
constant water supply and water table for the course of the experiment. A discharge valve was
installed between the bucket and Marriott system to allow collection and measurements of the
water drained from the sample when the waablet was dropped. Once the monoliths were in
place, TDR probes were installed 7.5, 15.0 and 27.5 cm below the surface to rigasiwe
monoliths per site. The TDR probes recorded every 20 minutes and individual calibrations for
each soil type were derd following the method ofopp et al. (1980. A 2.5 cm probe was
planned (to complement field measurements) but was not installed due to the high
compressibility of the upper 5 cm of the monoliths which would have torn the moss layer as it
dried. To estimaté in capitula at the top of the samplei(Q cm) the peatboard methodtline
by Strack and Price (2009vas used. Briefly, three (1 x 2 cm) tabs made from calendared peat

board were placed equal distance apart aloagcémtre of the monolith and left for 4 hours to
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reach equilibrium with the surrounding capitula water content. The tabs were then weighed and
calibrated using the method 8frack and Price (200% convert the measured weightdo

After the monoliths were set up they were filled from below with deionized water for 48
hours to saturate them. The water table was then progressively lowered (15,30aB0 45 cm
below the surface) and raised in revarsstages (45, 35, 30, 20 and 15 cm). The specific yield
was determined for a given water table drop by collecting the discharge from the monoliths
during each water table change. The monoliths wedftetd equilibrate (typically 2 days) at
each water table which was determined wtievas stable in a monolith for at least 24 hours. An
average of 6 hours af measurements were used to determine the final avefagea given
water table.

3.4.3 Monolith Parameterization

Based on the limited variability of the monoliftdata, only one manoiith was chosen for
parameterization. The monolith was frozen after the monolith experiment (to facilitate
sectioning) and cut into 5 cm high (centered every 2.5 cm), 10 cm diameter pucks to a depth of
30 cm (25 cm for UNR) and when thawednserted intosections of PVC pipe of equivalent
size. Each sample was placed on a tension(@igkeet al, 2009 connected to an Erlenmeyer
flask whose position was used tontrol the soil water pressurg)( which was set a5, -10, -
15,-25 and-35 cm (then reversed to measure hysteresasitred at the midpoint of each sample.
This ensured the average across the samples was consistent with the pressure tested. The
sampes were covered to minimize water loss from evaporation and left to equilibrate (a net
weight loss of < 1 g8 for ~ 7 days.

Oncey was equilibratedKynsat Was determined based on the methodPdte et al.
(2008, withy of -5,-10,-15,-25and35 c¢cm. Two di sks with 25 &em si¢
below the sample were used. The Erlenmeyer flask was lowered by half the sample height before
placing the upper disk on to thus ensuring the entire core was at the desired tension. Before
testing they of-3 5 ¢ m, 15 em screens were placed on th
of the 25 em screens i s gr e amMereagain réptaced Bitb25c m o f
eEem screens once t R cmsoa the hystereticacsrve.blrbecldwer aisk was
connected to an Erlenmeyer flask with a constant head connected to an overflow measured
discharge @), while the upper disk was connectid a constant helareservoir to ensure a

constant supply of water. This disk arrangement allowed for the sample to have an equally
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distributed pressure across the sample for testing. The samples were run for at least an hour
before measurement §f began.OnceQ was at a constant rate it recorded every 5 min for a
minimum of 30 min to determine an averagevalegwas used i n DarkKgwds | aw
then the samples were weighed so thebuld be determined.

Saturated hydraulic conductivitiX{;) was measured using a Darcy parmeameter under
steady state flow conditions. Due to the porous naturSpbfagnuma modified wax method
(Hoag and Price, 199Was used. Each sample was wrapped in two layers of plaster of paris to
prevent the melted wax from entering the porous sample. Once the plaster paris was dry, a coat
of paraffin wax wadrushed on the plaster of paris to ensure a wajkt seal. This was then
installed in a Darcy parmeameter and sealed with a layer of paraffin wax to ensure no leakage
between the sample and the permeameter wall.

The theoretical pore size distributiopofe opening radiug,) was determined with the
capillary rise equatio(Bear, 1972 based on a given pressure head &s

¢ATO

where is the surface tension of wateb js the contact angle (40° for moderately hydrophobic
soils (Careyet al, 2007), J is the density of water, angl is gravitational acceleration. The
calculated pore opening radius is the largest pore filled with water for a given pressure head. The

total fraction of water filled pores ) was determined by

/¢
16 x -

Eg. 3-2
wheret is the porosity andi, is the volumetric soil moisture content for a givgenHigher
fractions of water filled poresdicate more water is contained within the sample for a given
pressure head§ (McCarter and Prican pres3. The relationship between the pore diameter and
fraction of water filled pores illustrates both the pore size distribution and the relative abundance
of smaller pores. Although based on ti{g) relationship, this analysis gives good insight into
the structure and distribution of the pores within the samples.

The cores were cut in half (2.5 cm high cores) and then the bulk density and porosity of
the samples was determined, for comparisdh thieir respective field samples, using a-oray

ANOVA and added to the field samples to determine the site averages.
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3.5 Results

3.5.1Field Measurements

Soil moisture and water tablieRES had an average water table depth of 53.7 + 17.8 cm,
while at NAT was 38 £ 8.3 cm (below th&Sphagnunsurface near the TDR probes). The
regeneratedphagnumat RES remained much drier than N&Sphagnun{Figure 3-1). d in the
Sphagnumat both NAT (except with ericaceous) and RES remained relatively consistent
throughout most of the study period, only varying substantially after DOY Rg0rg 3-1). In
contrastd under the edaceous vegetation was higher and more variable during the study period
(Figure3-1). d 5 cnanddy s cmin the regenerate8phagnunat RES were nearly identical (~0.15),
while at NAT d7 5 cmwas about 0.10 higheéhand; s cm(Figure3-1). Furthermoregh7s cmat RES
was far drier than at the equivalent depth at NAT. Only brief increasis dnmwere observed
(DOY 273 & 281) at RES and quickly decreased as precmpitateased. In comparison, at NAT
the moss retained water rather than shedding it once precipitation cEmged3-1). NAT di75
ericaceous was completely saturated during the entire study period, unlike tHetN\&T site
without ericaceousHigure 3-1). Additionally, bothd; s ¢mand d7 5 .m ericaceous were ~ 0.20
higher than their counterparts under oflghagnumat NAT, and showed greater response to
precipitation eents (especially after DOY 270yigure3-1).

Bulk Density and Porosifly Bulk density increased with depth at NAT and was relatively
uniform with depth in the regenerat8ghagnunat RES Figure3-2). Only the 5.0, 7.5 and 10.0
cm depthswere significantly different than RES (p < 0.01, 0.001 and 0.001, respectively).
However, 15 cm belo@phagnunsurface at RES the bulk density increased substantially in two
samples (thewerage of the two denoted By and to a lesser extent in two samples (the average
of the two denoted by) (Figure 3-2). Between the dashed grey lines Rigure 3-2 is the
transition zone between regeneratephagnumand cutover peat, where the bulk densities
became more similar to UNR (~0.15 g/rtp > 0.05)than NAT (~ 0.053 g/cf) (p < 0.001)

All NAT samples at or below 17.5 cm had much lower bulk density than boghdd UNR
(Figure3-2).

The porosity data exhibited the same general trends between the sites and depths (not
shown). From @.2.5 cm below the surface, RES (0.97 + 0.01) had slightly higher porosity than
NAT (0.94+ 0.02) although only significantly different at 7.5, 10.0 and 12.5 cm (p< 0.01, 0.05
and 0.05, respectivelyNAT porosity linearly decreased to 0.91 at 27.5 cm, while at RES
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porosity sharply declined 15 cm below the surface (0.87) near the transitienand decreased
further to 0.82 at 27.5 cm (average2h5 cm 0.85 + 0.03). All UNR samples were sim(lar>
0.05)and showed no trend in porosity, maintaining an average of 0.83 £ 0.05.
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Figure 3-1 Time-series from in-situ measurements at 4 sites (2 RES and 2 NAT) from DOY 14%90. RES (bottom) sho

limited variability between the 2.5 and 7.5 cm probes and overall low above the cutover peabphagnuminterface. NAT

probes were placed under a puré&phagnum hummock and an ericaceous covered hummock and show large difference
the of the upper 3 probes.
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