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ABSTRACT

Peatl ands on the Western Boreal Plain have been di
including those associated widtihs ttuhralricemicleesbh hd pgds i
whianmteonstructed to pooVi ddrdialglaisrag | &n b asxt faotrhieon
province of WwWweéblkr pads Carneattudrimneegda Isltyatlee of déequi val e
after decommhibsswehingads egqmustvral ethd d |liiany dphaadthlza e e
defined as includingstftetairrmiesg abhdspemantaodumulsat i

One met hod proposed to reintroduce peatland veget e

wel | pads involves the partial removal of the min
Removal bekchei gpproach aligns the reprofiled surf
table in the surrounding peatl and. Peatl and veget

mineral usulmgt matmodi fied version of t heHewéew@abil | s he
consielenrcaelrit ai nty has remai nedt escuhrrmiooquumedf ogmt be peé

restaqratsi on had nohe yseda lbseiemé!| degp pgilaideld at t

Accor difniggeyaar aecohydr ol ogi cal study wasaluemdert
i mpl ementation of thenPar wi dBhudRjaaio tvwaave [Tleiocghaasl eqtleen
compdme xt he West enrerahBo rt ®anwinv Bifa ke, Al dernritas fanfaidal
were undertaken to assesnsi ntehrea |l ewstuebnstt istaop gwohritc he ntvhier
condirteguissi t ehe initiation and establi Speriecht of
objectives addressed included characterization of
and their effect on hydrol oggmeale scsoneme c toif v iwthye t iietr
connectivity was suburcéiaeet whopmanoalise eimr aadvaaild ab
mosses across the entire site. The ros$erfodcaddat e
tables and water availability was also assessed,

exchangeapodanmdcand®midn dati momil § grtheng devel opment of bi o
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processes in thearftiirslwaemev,d/ladknecd upld mtg quanti fice

of nutrient cycling and supply. The effects of mi
phosphate fertilizer onemdisot wrsesearskednutrient dyn

Results indicate that hydrological connectivit
was | imited by the |l ow hydraulic conductivity of

Combined with rapid drainage f rforhltohwd nngitrreasraahlt &fidil | |
in the water table being poorly regulated across
tables observwearassod¢ihatsedpawietald moon st uoe s(eis.aei.l,abi
exceedance of l|literatpartidegi aclhayiiom tihe elsdtod dgrn ov
were i nComgiured . wi t wWathe rg hl ogegaegsthtradaligthpappmaol t hat
of the padds surface area is |likely to be favoura
desiccati.onTelteober asbment of a vegetati omaycanmnmuwni t
occaiver the ilmoregast ebrfndt olaogi cal Fyomi s lend&emekdss,
hydrol ogi cal connectivity with the adjacemtofenhe
suriacareas lappatoxd maittehiyntZhlep yoa@8DemEhpedweatfilgest a

depth was associated withfoptsmmasi wal eAasn dstugcghd, wt fat

establ i aferagrdtandf ctormureu inmd &9 tkee | syu papoorrotsesd j u st under
padébés suSrHawmelatr emay al so have provided a | arge s
additional study is required to determine the exteé

flow. Surface runoff fromtear exhersdr akbatult bk poodtu

parti al removal process did not constitute an app
Nutrient cycling and availability demonstratedc
pad. Owing to the high cation content of the <cal

sufficiently high toofupeherandcreasemobe éskabli ht

substrate moikdweaweragvalidwbridtids .of nitrogen produ

viii



phosphorus supply rates indicate that productivit

nitrogenhi § mnagdchange over time, as a |l ayer of o1
surface of the residual well pad during the study.
and thus also of nutrient mineralization over tim

Combined, the results of this thesis indicate
connectivity with adjacent peatlands inThusumeyi mj
i mprove the availability of moisture across a gre
whil e al so etnesrum idnegv etlhoep mheomntg of an aeAdodbiitci obni aol g ewoocrh

al so requiwaetdert o orsesdebcoet h vbet foam dfmdrmalgst f abesr
and evapotr atnisguirrfeatcieersf do@hvewal |l , patdse Parti al R e
appears to have promise as a strategy to create f

establi shment of peatland mosses on decommi ssi one
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The different | andscape units that comprise Cae

rient and moi sture regi me(sBdomkian gshyasnt eamm do fA r éehd c
er this system, ecosites are defined as | ocati
d to support simi(Barckvagdhtmt iaonnd AdAdmmsiu wiagisideesml 9 9
t he prmmics &pd dee ntuhtarti e n't availability determine

syG€Creamisne and Dybagi hbky, a6 18hef umadra maebrdtressls t difa t

pl aln@mwapin et lal turaaQltt)he physical vegetation str

1



contr ol over energy, water, and nutrient cycling

dynamics and ec(OGlaspgiem estucales,sidh11l; Odum, 1969)

Ecosite classification has recently Dbeen wused
restored and const(rai.cg.e,d Pbaorrreddn e cdEBdF;h ehtpii fsf awlntt
can be used to predict the successional trajector

processes of ecologi ¢Audeéestebration26d5reGkamanigo

2015alhis is important, because novel ecosystems
in terms of their physical structure an(dDaAst ;LD S Y
et al ., 201 3; Nwai s hi et al. , C2md&drai, s 02n0 1bdt; wePeonp
classifications of novel and natur al ecosystems ¢
|l i kely to suptpeornm boavsebrd ntdhaemélogrddiwa i s hi et al ., 201¢
al . ,. 2DHi79 may be especially advantageous for the

t hat peatlands can take hun(dHael dsse yt oett haol us,a nld9s9 8o;f K

Ruppel et al ., 2013, Rydin and Jeglum, 2006a)

1. 2. Peatl and Formation and Development on the We

Peat formation first began on the WBP approxi mate
(Brandt et al ., 2t Ohlr 3o; u gtha Itsheey perto ¢abls.s,h 01f9s9p8a)l ad df Vit
Ruppel et BRaluydiDil8ation is defined as the satur a
supported terrestrial vegetati ogmBaarert heat ahHav,e 2u0n0d3

Turunen, 2006; Ryd®an esndfJegladum,and0dea)ti ati on t he

and 7,400 years ago in response to theHolnsrdneof
(Bauer et al ., 2003; Rupp.elTheetsealc.ond2i0tli3onsZowetrae c
in regional summer insolation (i.e., decreases in



amount of moi st air transported over the WBP fro

(Hal sey et al ., 1998)

Paludi fication continues to occur on the WBP
bet ween peatl ands and upl andwaftoerreWTasblleel a(t itdreswei ta
peatlands can result in floodingBadeteetreasltr, a206!
al . ,. 2DHIi39, in turn, enables the | ater al expansio
fi-nextured soils that hafgkKulrhighdwaddreunemet e2®0 & n
1989) ncreases in soil water content result in pea
rate of decomposition to the point théaBaueristenat

2003; Vitt ¢&i maltati 089pn decomposition occur bec

in anoxic environments due to microbial use of al
( Nwai shi et Balcaus20it@daeps of primary production ex
materials build up ov(eWi ttti neet, aflor,mi2n0g0 90)r gani ¢ soi

The conditions supporting paludification are
saturat-l ghngf arews as a result of increaéBdusuourf ac
et al. ,H2W®OBgr, it may also have occurred at | east
t o -l pyiwng( Mo Gaarst er ,efgi alen, t2@23) ow amounts of surfe
on the WBP i n( Déewei tpa eestend!l .d,ay2005; ARe c;cdiicthg dnd i Be
WT and soil moi sture dynamics in recently paludi
regi-socnaalle groundwater systems, which dictate grou
WBR EIl mes and Price, 201 ComHokhadsonthesr alktcgil @046
recently paludified sites being more (KHuhraypl et dal
1992; Zol t ait haannd tVhiotste, 01b9s9elr)v e d i(nWadadti enlgltiomnh eed pad &
Thick peat soils in established peatlands can reg

i ncilnugg ducti ons i na rsslurbfsaucrell iaelee dadtpiommrse t o decr ease.



(Howi e and Hebda, 201BhedMaddd¢ aogrt omms ed rmesyl 20dfB)co

given that decreases in pore water press(@UPei capse
2003)
During the earl i est stages of succession tow

communities are common and are piTymparai laypCdd mk nmn at e
sppKuhry etThaels.e, elax92) communi ti es hav(eSthriagchk reat eas
2006; Szumi gal ski Thhand IBeaegrneeyrhlsydrdlesdi ng pri mary suc
variety of ¢ééOdemsbéemédypepl ants with high growth
competition for ngCraentsandabDgbheabdcti gAASBY r emn
species are particularly common at the base of pa

wethe ghdrwyi abl e for the est@uhshymentadbft pe@9laing un

regul atsad f amea WTs t(oKestucshteasionn garnodwtbFhr i ce, 20 1 4; Mc
contrast, the rooting systems of sedges (Lhlapwnt he
and Chapin, 1981; Strack et al ., 2006)

Event taestyabl i shment of peatl and meas eés edparns
gigantDeemanoc!| adusaamdpynilciusm ( Kwdlrlyateutm awhi, chlo9®r2¢

characteri gtViia tgf Rileddli 6esspported by increases i

water retention capacity of paludified mineral SO0
incregdwaisshi et al ., 2015a; Rawl.s lentcraela.s,es2 0 0n3 ;o rRy
content also result in increased availability of

amounts of nut (iNevat smi n en aldailnzba tni2din 5 da )hter peesatt d balnids h

mosses is supported by increases in the availabil
f or(méwai shi et al ., 20106waer Vit meandoRktieei, ol®9907)t e
with the ground [ ayer shifting t700nmendgogmpmamdtnyi tden

Aul acomni ymapadwabsadagmusm wafimisd @omd nfikluuhsrcyunet &Bhese 19 ¢



| ater opttagesandf devel opment al so include a greate
Rhododendr on agnBled mlpgandi omhmch ar e everlLtaudlxl yi afrdlclic

(Bauer et al ., 2003; Kuhry.et al ., 1992; Ni chol so

The O6true mossesd characteristic of early peat!
to the class Bryopsida, which are often termed Obr
(Vitt., TRrOwsdomosated ground | ayers are a derfiicnh ng ¢
fef€hee and. VMbter 4980 hold BEBhsemee minerogenous,
characterized by hydr ol o(gklcrad s caoma eRTthHiioss ,tgy2diuabdgvrad
a considerable effect on fen biogeochemistry, as i
water and results in higher piR2,0905)0%) tamdokesecye
bodg#Al berta Environment, 20lZonChastandagoVirt tfenk9 &%
by ground | ay$®phbkagmuumigttetd BWdd)are typically th
| aseccessional form of peatl and, as they develop

water at the surface of t hEeRydkian | amd JeaftmusiingpliQ GB6

water i npugrsi meme htosgisctagd t o precipitati 06l aset het f
al .,. 19®7addition to aciBdhf gmoashsi eosn, otfh itsh ec opnetartil baunt
pore water cation concentrations and | Ywemno mplrEed -
to those i n mordieodhytAdebesrd ae xEtnrvée meonment, 2015; Vitt
1. 3. Di sturbance of Peatlands on the Western Bore
Prediction of the successional trajectories of no\
increasingly important in Canadab6s western boreal

taken place i n dgewe raaldg &diewckaedne selhe apast 2019 Nwai s h

al ., 201 3; Rooney et al ., 2015;, $SohnédiedemasanofDype!



of this disturbance is related to the oil and gac
formations that comn®@rabacl, T2 @l gsas daielpoand sgas r
about 70 m of th@idgr omumdngunfeada, quepen are empl oye
removal of peatlands and upland forests from the |
pits to extirchdtRamidteymen t al s, aBO0Lediptatoed tshaantd so prein

result in the | oss of upwaRodosn eoyf e29 aafl 6.0, 0 h2B0ylo?) b b &

this peatland area is |likely to be re(lcBarskerulca ggaln
et al ., 2024; Nwaishi etSath,reétladamat Roonne¥ffettalt
on the reconstruction of functi onal wat er sheds, W
areas,yilngw const r u-pi & d(l Gilndgsr,lalsa ed e d , 2018; Popov
et al ., 2010; AMamegl odt tdles,e ZTOhs)t ructed | andscape

autogenic devel opment of dédopportunistic wetlandsé
areas ($awwklkees et al .-Devio2é&,e2020,, L20 R2eeWendleasn dgytn
these watersheds have included confining | ayers &
promote the transmission of (waettecrh etsoo nd cewtn salo.p,e 20a
2024)Surface ruhypiffgteystheme hasv al so beenBiocabgsier v e

and Carey, 2020; Ket cheson and Price, 2016)

I n contrast, when oil and gas reserves are | o
sur f asciet,u idhri Il ling is (Oedbatb, abhdbsalytnvaoillveanad ogas
platforms (termed 6éwell pads6é or o6well sitesd) on

jacks, and( IyNBPag2022ank¥o!l Gikv eent tahle ,| o2w 2tOr)af fi cab
construction of well pads involves the removal of
thick | ayer of sand or <cl ay ( t(elremende r6,mi2n0e2r2a;l Miitltl €
Thi s resul ts i n ¢ omp(alcet mnoenr oeft, tahllke.i ,cphe2alt Z2@)urcoefsi | iet ¢

conduc(tElvretsy et al ., a2@2 Icba;n Hiilsanu,pt2 GGluS)sur face f|



peat(l@senko et al ., 2018; VEayabiwvatli eewornk. ha20B8&bih

of well pads on biogeochemical dynamics and veget
it is possible their impact may be simirluat edootula
mi ner@Br dwndr and Tessier, 196.9; Ducks Unlimited

The impacts of roads on peatland ecohydrol ogic

upon road orientation relative to t h(eSadriarsewattiioneto
2020b; -Wbubhbsamset Specgi f2i0Q2dl)l y, when roads are or.i
to the direction of subsurface flow, a O6dammingéd

i's nearer to the surface thBERInmasheetWTalo.n, tzh®e2 2d;0 wd

Saraswati .etWhealn. ,t hA202 Gobc)cur s, the moisture regi me
supports increases in canpohplyl ceveet aad. vagoubarSa
Willier et Thls, ak6d2)yesultayyeirn comamuge s yt cognpos i d

shifts tadwaptdesd druymmock and feather mosses occur
availability, which also dmMivdsrowdr alll. ,deddlibg s d
the upgradient side of roads constructed perpendi

rooting zone tend tdardowlkti nign ettr ead . gn @ 0slvr; u IS ad iaes

et al., 2022)
The hydrol ogical i mpacts of roads can al so r es
(and thus | ikely also decompagiatsiwan )i. @&Cio nebhieni,erd?2 dndi g

increased methane emissions from flooded areas on
carbon emissions that can be(8apaeswatdi i andhled vacdl
i mpacts of roads on peatland nutrient cycling are
nutrient mineralization rates would occur on thei
20 ¢Devito and Dillon, .19N%3;abPlyach het i mpact 2017

ecohydrol ogi cal function appears to be muted in a



fl ow paths, as this redquWwlatrsasiwatmi reitmall sdih @iRPOtbi) b n
wel | pads wi | | have at | east some i mpact on hydr ol

are either squar € Osk or ed.t alhhgwsl ,2 Oglri8oyu nschvaapteer f | ow p

by at | east one side of a well pad regardless of
Within the direct footprint of oil and gas wel
|l ost given that the surface of the peatland is co

abandoned, they arreevoefgteetna tleedf ¢wintmu rpglrtaacreesnagnydp i c al |
by ogr(asesnenser et al .HowxW22, 2020)e is a | egal requi
that these sites be recl ai me(dPotwt ear settaBEaplu.ioM a20@eigau)i l
capability is defined in Atberahi hstya&fnghactand
| and uses after conservation and reclamation is s
conduct edo(oAl btehret al aBhndv i r on.mefrt o ainmc iPalr krsec 12®dm&t)i on
assess whether or not a site hatGPowtehedt dasitt hte20
case of peatlands, these criteria require that a
regime for the initiaftdéromi mg dv &g e tedAoliptmeer ntd 0 rofhnu vaii rtpoer
and Par.ksgf f2drlt79 must al so be made to reduce the ¢
open wavteget aamtoedd ar eas, or upland ecosite types,

(Al berta Environment and Parks, 2017)

1.4. Well Pad Restoration Techniques for Use in P«

Given the recency ofspgeéeei fried eraesscel aonha ttihoen pceraittlearnida
been certified as having been reclaimed to a peat|
restoration technisgiuoense df oori |lu saen do ng adse cwoemmi spads i s

al ., 2017 ; Vol i k et al ., 2020) . Nonet hel es s, seve.l



establish peat forming vegetation communities on
of the mineral fild/l used to construct a well pad
be transsporet efdoroé6ddosnppd seale (Rehmeoval Techniqued) or
once sat on top of (thé¢BoOBdriaad NMonderkOR6Oat ETgehmin
et al ., 2021; Shuni na lent baolt.h, c2a0sle6s;, Xaue eqirogagrdi,@ r2phe:
brought up to the surface of the site. These sub:
peatl ands after the extr(aRotciherf ooft mpdaatal f gr .20dret i c
Thus, they are typically actively revegetated by
Technique (MLTT) originally developed for(Bdsed on

and Xu, 2021a; M. E. Gaut hier et. al ., 2018; Poul i

The original MLTT is a form of assisted succes:
species and mosses are spread across the surface
harvested from the acrottdlamdqgf oei tahepreaan auwmmd itshtau
extracted (iQuitnheg feut uarle. , 2020aT,heRo cahreef otrht e ne tt raaln.
restoration site, where manure spreaders or other
surface in a( Quilndt yaeerti aall .r,at2020bhe Rdohef optopagal
fertilized with phoaptdatkeentcaveaetd wfithGaAnkPlidal o

and Rochefort, 2014; Groeneveld et al . Theoagp! Quat

of organic or rock phosphate fertilizer has been
Polytrichg@Greemévcelud et al ., . 200¢&@; ePoalhi iossthrradentta im
stabilizes the exposed peat substrates and reduce

di sconnection between the( GonzdldazeandmoReselse facmdt t
et al ., 2007; . PSutawtmektchl has2béaén foul®ricer edu
al . ,, 1®®iB89h is i mportant given that cutover peat

drying events than is(KbsehesedniandhaPuiraé, p2atifar



Whitehead Al 20®%) taH sve mat ¢ ys uadert aken when applyi

substrates that are r gsBurrfda caendd fXruog m 20e2nleag t 2 Ov2ell) |

Moss establishment following the i mplementatio
techniques has been variabl e. Limited moss establ
has been observéBodubrongesoamk. t r,R2a®hti;l & htumd neas tea b [
a promi sSplygagampypmofand truePmlogtsreisc fTamme tutdyi mmpum ni t
anfAul acomni ymalpead usabeer ved Xduetnagl diph e®Ryw,) sedge
exceeded the cover of peatland moXaest wh kanl, tthhceu2gehe
this may not be of concerni mawvleynwoptbagdhangdh ¢ewvploop
Howevenuyut tihenonr épiemes exposean wemit(aPs ueb s ot ateds al
Shunina etandl as 2Q0t®&) they may support establishm
charact 8phagmousimye s and minerotrophic commXmui teites ¢

al . ,.2022)

1. 5. Parti al Removal Techniqgue

Gi veant tuhpwards of 63% of peat !l an(dki tan etth ea hVER Re 2aDr8e0
need to develop tephihimheaeasvepgkéehyi o mpoomdbetrinasi
to the Complete Removal and PBatra mtli dJnadtegi sPtepp b tt e ct
base cat i ohnasavbae el nd Bpialroteysteadgen and Cooper. TPRBWiI1H;
met hod involves recontouring the surface of a dec
mo st | ayers of mi ner alBifridl 1& uXsui, nTgR OhPedadv yt hma cohP anretri
Techniqued, this strraitelgymirearvals fai ll(lMyienkE . pliGawet thd t@
al ., 2018; Lemmer et.Tlhe .rei0@2al Vwelkl epacds .creatad

subsequently be planted wi(¢(Wi wvtaseul abvepedbaepdi ns

10



MLTTBorkenhagen and Cooper, 20b6; IMftEt oGaetvieigert ¢
through natur al ingress of (vLeegrenteart ieotn aflr.ldonwzsOuzs2r, o u.
for reliable esdamilnasthenc nt¢ ommu i tmo,ssit has been s

MLTT on -wekéedpadtEeXuiast rr&lqu,j r2022)

The Partial Removal Technique was (Boeopkeridadbegn
and Cooper, 2016 ; Koropchak,aetd dls. ,a ZX0Ir2n oMi tas seit
That said, the technique could be considered physi
given that the term O6paludificationd is typically
undergone pedogenic processes dmMBaukRavetswappagor t2d 3

Turunen, 2006 ; Ry dd sn mrheyveé doeugsli bmd. 2P0 6anary peat f

process, wherein undevel oped mi ner al soil s eXPpos
sufficiently wet for the establishment of wetl and
tetreal Raeppege et al ., 2013;THRgdminnamal Jfeigll lumys &d Ot

is often collected fronf Grheee ns ielis tarlat,y nl®wdf@ ; b dvaecaylme
not have previously undergone any form of pedogen

Remo¥alhni que may be more similar to primary peat

process of peatl and devel opment foll owing satur a
undevel oped mineral soil sng stisnmemickha e ssashdnJdeghsimde

Various residual mi ner Ak sdsuardifnagc ei nep | eevnaet N toantsi ohna
Removal Techniqgue. True moss establishment has bee
pads is closely aligned with the average el evati ol
af ew cen{ Mmetter Glaut hi er et al.. ,l t20i1s8;alLseanmemri teitc a

vegetation community be harvested from a fen with
as the residwmMal Emi nGaruatlhifeiHoleée v eard , r aREEm@odelvsi ower e

conducted only al ongr salbecrg tiiamrsdw & madedcd npdaudst e d

11
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of

dec

al
t he
( Be

(Ze

The

i mp

| odat eaodijbaycent t o the surrounding peatl ands. I
nectivity was saudrffiade nwatter nmad mnlteas nwhhermrt he r e

gned with the water tablueni suppertdgatente mea

ablidhmentGaut hi er et al ., 201.8; Lemmer et al . |,
As the techni gauteudhiaesd nienv ead o mbesemidaud hweloint pad, t
siderable uncertainty regarding tshe fpctee wiait &Ir f
o0ss an entire residual we | | pad. Restrictions
dwecty of mi(mERanmndnisawd sa mrdatrBaswtalrd zcom@P®Bt)ed peat
structed &t mek mianrad all o vRdOrR litbh)an t(hEBdelithem,at g @
s could presumably result in |Iimited water inp
ch could in turn result in deep water tabl es.

mosses introdwketdr dtoe c uwhemmtdgeg@mawa k e mat ablie2bDat
suKdtaclreeson and Price, 2Q014T;hi Palicceas uaintd iWhihied
omposition and nutrient mi Qélmabataehtonetanés, w
al ,, whorhaxould in turn inhibit the accumul ati
rients in oxidized,ayrlatyheert tahan r2e0dousc; e dBrfi odrgniisa r
,. 18i9%¢gn that such conditions would result in
y would also |ikely supporpeahkeardtabféesamean

ckingham and Archi balpdos sliob9 6y, ilnecninuedri negt uanld.e,s i 2

dl er and. Kercher, 2004)

Thesis Objectives

work described herei-scalas roidkdoadadd dwde Irfl otl p adwf i

|l ementation of the Partial Removal Tecrhindgue.
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fen complex near the town of Sl ave Lake, Al bert
hydrol ogical and biogeochemical suitability of re:

true mosses, the objopétowses of this thesis are as

1. Assess whether groundwater connectivity betw

sufficient tsourniaaicnetraaignd| aaventetlarwat er t abl e,

2.Characterize the hydrological suitability of
availability to an introduced moss community
3.Characterize the biogeochemical suitability
availability to an introduced moss communi:t
production and cycling in sustaining that av
4 Assess differences in the relative Iimportance

to the maintenance of saturated (anoxic) sub:«

the growing season.

17. Structure of t he Thesi s

The contents of this thesis have been divided int

introductory <chapter provides context regarding

ecohydrol ogi cal functiomaohantiei WBPj atihen pawomdesdes
paludi ficati on, and the state of knowledge regard
The restoration techniques examined include the
paliudati on to set introduced vegetation communit.i
ecosystem function. The introductory chapter also
thesis. The subsequent dooruirptcsh a(plh eesed aare d mpii rvii ddaul:

one of the four objectives of this thesis.

13



Specifically, Chapter two addresses the first
hydrol ogi cal connectivity a#sdzwatpartiablyg regobael
Chapter three expands semaredt hen rChsag@dreah tfwiondiyn gne a
of soil moisture dynamics (including substrate wat
compari sons againbasedt mbbbsiwatdelri aemnattabpltesgnt b
results from a field assessment of bi ogeochemi ca
decomposition, nutrient c¢cycling, and nutrient sup
Chapter three sB0opakbditctjebtetosycoesthe introduce:ct
compari son between ecosite classifications on the
recommendati ons of Chacpltoesrise gt rweos i dwlaatle ew eblaln dpndcde u ro v
gr owi ng. sletaspmevi des insight into the relative ma
from, the pad. This is used to suppartReanlbbealr ec o

Technique that may shift the ecosite classificati

types.

Chapter six provides a summary of the researct
with specific emphasis on synthesizing the main
literature. Four appensdixc e seaacrhe oifn cwhui dcehd parfetseern t Gh

of the research findings and conclusions of Chapt

1.8. Weather CohTehietsiiosnsStDuudryi nPger i od

Thempirical studies detailed in Section 1.7 were ¢
2020 andhede4seasons demonstrated considanabl e |
opportunity to compare the devel optmeaste rodg ee,c othypir

and wehtatmeerr age gr owiarbd .&spetacsilg@ilsagltley,s 2 and 3 i nvo

14
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hydrol ogi cal

and substrate mo

L aRBe alhdg iodn -yrheacr e3iIERINY c | i mat

nor ga b wi n g asiefaMadi®le pt e, mbreers)p(eTcatbil vEehldy. d ) owi ng season:

and 2021 al

col |l ect

was undertaken

seasons

cli mate

average

dy nami

during

y e & 4 9719210 2d01)i mat e

i on

, th

nor

s o hatdh-amyeprimegaahi ra ntde mpeerrmerur es, Datapect.i

in support

dur i

ng

of

Chapter

5

was isrifouaeled b

he suRO@ByentDurwaomggtt hhwismreg

e Lesser6® 426 200K  ”2ddBi)ymdt AIEDBiI28dd

mal f(dabl.BestlaiP02a2

amd n2@23 wetrlrearc har ac

growi ng Ase ds oge ochaelmie al. pPr.ocesses on t he

i n

al |

t hepaetar bl

yemogalpostdat a

coll ectia&enin

fisveTdgi owilO@R dsdaga bayn nwgh iescelslisd@ndof -t he 30

1..A) cl i mavtiosguraanm izt migy

mean sand

respas8dtdare cl i matt aespr mal ded

Tabl eSumnar y

of growing

season

t sf at

noarnmda | whriaci hn fthdbdadm ewaargnee rai  Taémper at

tempéer amwga gt rain

n Section 4.3. 1.

abhlinsaluldyapaer meds ancl t

values ar e -xoanp arreegli dmal30cl i mateifa6R2fal Addt ai b o ayl e aire mpeagii osndanl
climate nor mal dav®d llormnreherpenided20®81ghewi2®@0seasons to en
Chapter 2 of the thesis.
Rainfall Air Temperature
Season total  Percentage of Season mean Percentage of Season
Year (mm) 30-year mean (°C) 30-year mean Classification Manuscripts
91 (1981- 2010) 99 (1981- 2010) .
2020 286 98 (1901 2020) 131 101 (1901- 2020) Typical Chapters 2, 3, 4
2021 244 77(1981- 2010) 14.3 108 1991-2020) Dry & warm  Chapters 2, 3,4
84 (1991- 2020) 110(1991- 2020)
2022 182 62 (1991- 2020) 14.1 109 (1991- 2020) Dry & warm Chapters 4, 5
2023 320 110(1991- 2020) 14.9 115(1991- 2020) Wet & warm  Chapters 4,5
2024 388 133(1991- 2020) 13.9 107 (1991- 2020) Wet & warm  Chapter 4
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Of note to readers €Ghapheées Zmodnbsuwdii ttthedifsor
prior to thei2eReacli mateherotmlls dataset by Envir
As such, weadtehteari |ceodn drent eCohcaspnipearlr 2882 6 10 hel i mat e noli
dat Eavironment and CIl i mAktodgd h@ha mpen uGacmra dpa,s 20 2 4ea ),
5drew compari s@nualtSadg?2d n0s tc Itihmat e( BEovimabemdat aapd |
Change Candda& g edmk2aghbgwi ng( Maeyaesptnembéienf al | di ffereoc
t he TR28V1MmM) and2 AZ@W@AME | i mat @ an @alkhoadésvhdtrs di d not af
the classificati odmtyyfpi gweetiveit mve ene(becammpste eatshat t he s

terminology used variesebyewkapfeedbackeésponse to

Al so of note tombiereasi $ ofs fthies fact t hat Cha
compari sons -peamweelhi motee 30or mal dataset and regio
temperature data obtained fromotheéeéh8l moa@at hakef aiM
Septemilénri s was done thetmweiemt yiemrésendi ppemgy buc kel
rainfall wasn mdtl idmsgsad & uendisn @@ P2 1, aAddkevrd siitre
tempedat arwas av aifl dathloes e€C aymevaeriss dley, Chapter 5 dr av
they@&®dr cl i datt @ sddlrsahddd armai mfial It empasamefteer daha
mont hs of May t hrloaygedl Augmpsdri dbdnm swas tgossi bl e bec
with a tipping bucket and air temperat uamadlls2e3nsor

growing seasons.
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2 HYDROLOGI CAL DYNAMI CS FOLLOWI NG PARTI AL REI
WELL PAD UNDERGOI NG RESTORATI ON TO A BOREAL

2.Antroducti on

Peatl ands provide a variety of ec ossycsatleem hsyedrrvoil coegs
connedtvoVvVi kyeandl seqrae&dj)ati on of gl ob(@aYu,y.2s0 1g2n)i f
They cover much of Canadads boreal region, i nclu
exploration and extraction have resulted in the ¢
(Vol i k et Aasl .peat020nNds awsercharacwtaerirzedbby sndé ATs)
pads are constructed to-sprtawviodd admr idlldwat eadh db aesxe |
these environments. Well fpdds (zdaycomstsrawmaf e dvhwicth
of one to four metres thick either did4 enptelryneamt @

geotext(iMe H.i nGawt hier et al ., 2018)

The peat underl ying features constructed out
undergoes (dcemmeat ieatn al ., ,20r22ducXiungethyadlr.a,ul 2 2 2c)or
relative to dcEjlaeesntetpeadBtelcanas®®2 1tbhe mi ner al fildl
uppermost | ayer odurtfhac epemaydr rporponfyisliec,calneparroperti es
increased bulk density and reduced hydraawic cor
(Saraswati. efThiad .di 2r0Rmtbi)ocno htyod rfd |oonq i\GGadntMdfauumrsscet pit o n
et aland26024pult in increases in peat bul k density
peat s(tElumdauret. aNot,ab202lh)he ecohydrol ogical eff e
peatl and environments asBovcariinegd eats abl o r,e a2l0 1b7c g sE | amec
et al .,, b2@2kM} Kdwhnsii tctk, 20Hd6Mount a(@hbmgsesr aed &lkn;
von SengbusthitkP6lwprk has been done to specifice

well pads (which affect boreal peatl(&ontsk, el ahouc
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In I'ight of the potential negative i mpacts of
of their impact on (Woteée&l epeil aniRORHYIgpetoglyl y cr
fact that approximately 36,000 ha of well pads ha

(UNEP, ,w2Q@2h2)an estimated 650 ha of additional pads

(Drever et Falrthhe202D) | and gas producers in the ¢
l aw to return well pads to a state of fdd®Pwiwtealrent
et al. ,TRi0Od2pProcess was r-leevalt | guidaedliinreas i fnormpr Divt
t heesrteabl i shment of peatland ecosystem function wi

the establishment of a(pAkebhefrbaadEneigebahboone veerdmB a
wel | pads in peatlands have often been recl ai med

restoration techniques targeted for use on these

Receretvley,als novel techniques to reestablish pea
we l | pads have been tested. These include the wus
TechniMLuel) originally devel d Rod hfedroru®medomdpub 0D
to using the MLTT on former well pads involves th
substrates exposed through the c¢pl et e.atMagitoaz2dliRy2 9 |
this approach has been shown to i mprove subsurfac
increassaurifmacaeaydr a(lukli me sc ontd ua&H a wei vRe@r2, 1 bddomp |l et e
burying of the fild/l appears to be best optimized
characteristic of ombrotrophic peapbaevdsorghunéen 6l
(Xu et . &l ven20B2a) 63% of peatl ands i(nViwestegdr mICan
an alternative restoration techniqgue has been proao
| ower its surface to the average el evation of the
or sand substratdiwinticomtkeingh i mi temdlacta with mos:

using thwei tMLTdt al ., 2011)
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The

mi ner
al ., .
resid
moi st
| evel
pores
Mc Car
prope

and t

al SOi

28p8Y i

parti al removal approach is based on the n

|l s become saturated enough {Ruppbk ettt

fically, the technigue aims to establ

ual pad and adjacent pseuatflaacned s\WTh tatnrda tneecama u b &

ur e co

nditions formaiost e rtadi aixrfprt eedd s bsd a ad

s is critical for fen moss initiation, as pe

and t

he spaces formed bet wgeGoeitrzdiamidd uParli cnec

ter and Phecstreogdgh of this capillary conn

rties

he phy

of the eéfTablLisbinGambhsecommualty 201

andalwapepbppeont ent dfGrtafe amndd Rrolcyhied o r gy

and Whitehead, 2001)

I nitial trials of fen vegetation initiation ol
mesocos(mMmamlet al ., 2005; Baskeehagas a mnedisoGroebdd e p g
experiment al sections al onp tEhe Gaadugehsi eaf edevadr.al
2022; Vitt ©On akctidO%1lpf pads where the | owered
average peatland WT, hydrol ogi cal co-npgatavetdy we
surface WTs and high (LémmenateriBaHi gmoRBRMEAJ ret ed ntt hee
fen vegetation communities similar in composition
higher reprofiled surface elevatitenam (pradndanidb saur
(M. E. Gauthier et al .Re2t0ll8nd Lmomanerestta@lishm®R22)
the creation of microtopographic variability on r
mi crosites alon@Barkenbagee gmadCeoper, TH@E@®; tlkém
demonstrate the feasibility of fen vegetation ini
scal e.
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However, it has remained unclear whether hydr
would be sufficient to maintain opti mal ssiwckad ter at e
well pad. I n particul amru,cht hvearteeri s nunecrerotra iamteya sa bomt
receive as a result of subsurface connectivity w
subsurface fl ow through the mineral faicltl olfefweliln pj
on the hydrology in the peatland ecosystems where

study are to:

1) characterize the hydrophysical properties o

pad and peat from the adjacent peatland; and

2) assess the relationship between substrate h

through the surrounding peatland and across th

22Met hods
22. 1. Study Site

The study was conducted on a 0.8 ha d&daacdmriiemns il e
to the northeast of Slave Lake, Al berta, Canada ('
byPi cea m8alam@aRPl,eurozi umSmlhcahgrebmr ianbhetdofiehduomn
gr oenl aRulb ucsu nt h @ mag&adoerxu saq U dtei Iriegi onal climate i s
annual precipitation (rainfal!l + snowfall) of 46
growi s@n s &&Eapy ember ) (Wab&9d@®@n witmromnmeant 188d Cl i ma
Canada, Z0hzd4anean daily air temperatur ey edaurr ipnegr itohde
was 13.3AC, while the meafEamhuahmant Bemp€t amat e

2024a)
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O Monitoring points EB Monitoring points (logged) + Tipping bucket —=—= Flow faces Cross-section . Well head

Figut®ag of thiensltwdliyngibheundaries of the residual p

hydrol ogi cal mo Rksietcotriionng | poocianttiso,n,craonsds fl ow faces use:
subsur face fcliow |(eas) .d ethooltleow ocati ons with manual WT n
WT | oggers were installed. Location of the study sirt
i mage of thedresendturnlctpadl i dge three months foll owi.]

The pad was constructed in 1991 through the pl.

a geotextile liner. I't was | eft (iAdtbaectt af cElnlearvgiyn gR e
2024npd was partially removed i n Mar c h 2020 by I
(Suppl ementlam yd d-iilmgy efo ,Jo)fa mi neral fill approxi mate
was reprofiled into an extension of a natur al upl

need B0t eoftHisgpdrgéahle (t arget el evation of the reprof
bel ow the elevation of the seasonal ground ice o

operations. The el evation of the semsopoal bgcausnd |
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assumed to be representsataiswer avfatteme t@add iet ipon oof tto
cm bel ow etahseonl antaet er tabl e was selected with the

would remain satasadeéedioondertdlameaiagedryiear s. As t
ground ice was observed to be 10 c¢cm above the bot

el evation corresponded with a depth of 10 c¢cm belo

Foll owing partial removal, surface microtopog
surface using the teeth of a bucket excavator. Thi
coll ected from a near biyomiefh ¢ ®Beop MIsé@ megn taa rmpo diifgd =.d
Donor mosses were collected and applied at an aer
t hat was slightly higher than(Rboahetgpicadis| plan g e B
a related study, the residual pad was subsequent]|
covered with a Fiagklrpe oSfu psptl reanve hrvumlreyhu o gr t Aof3 t he a
site hydrological dynamics, the thickness of the
with a ruled tape in three smal/l hol es augured ad
(n=F6gartke. The depth to the top of t he basal mi r
determined using a graduated steel rod at al | m ¢
mi crosites on the residual pad nanmd giurs ta Rjaas2ddeeauts i ey

ki nematic GPS (RTK) (0.005 m mean vertical accur a

222Hydrophysical Characterizati on

The Bouyoucos hffBooyetewsasmmel®@®2) to determine the

samples of the residual mineral fill (n=12) and t
2020Addsamphak of the residual mi ner al 3£dilll rwiem gs
with a Iength of 5 ¢cm (n=12). These were al so use

22



north (n=3), and downgradient (n=3) peatlands. An
particle density and bulk density), and drainabl e
met h(oklrseeze and.P@hédircye HENHSE) ty was determined us
outl i Bedkdyand Hapretcgief i(clad 8 6y), HO i ds anmpleedrsa | bls ugh\s ¢ |
sampl es-dof edwepreeatpl aced in a 100 mL Hlodsukmet werce
subsequently filled with 50 mL of deionized water
then cooled and topped up with deaired deionized
water) and wei ghter Wwaglassedther memsure the tempe
tempesatoi €i ¢ vol uneclceordreencstiitone.s Pwmerr e t hen cal cul
empt yf i(ladierd) -ffillalskd fwlad £k, flask contai ni-higl loend vy
fl d8k ake and . Mearttigeea,l 1s%86u)r at edy) hwas adiet €er miome d cft ¢
using a constant head per meameter for peat cores
mi ner al cores (n=12) (KSAT, Met er Group, Pul | man,
dried for 2C (hmoiuresr adt s180b5s(apnepalte ss)u bosra nBd e s) prior
organic matter -odmgtnd nticOnh qawbg@He hloadiusrsse;t. aAddi t2 dhh)
horizomi @ihityeyd cores of the same volume as vertioc
saturated hydraulugi copnidhueti ali tiynd Khead per meamet

mi neral fill nwi#sorcaelaccunl aptaeidr aosf Kcores (n=12).

Thenwkis al so dsitteu mahedach monitoring point u
piezometers (2.5 cm i.d.) with 20 cm intake scree
surface. Screens were coverweadai)t hamidl peezomek e Ni
prior to mMB8asurdgmenttThal .hy d? &5 ameitch otdi nmeas used
(Hvorslevand9o9thié¢ geomeéeesiec meawductedl At Ka given d
(the upgradient, north, anBi dblmwe gwaasd iteankte np efaotrl acnodn

bail tests with recovery <90% were ewxchtwdéadffidomas
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Me t

223 .

Ma n

Au

Wh

w h

Ch

t h

t h

g

e

e

e were completed on the reprofiled pad (n=12)

er Group, Pul | man, USA) during dry conditions

Hydr ol ogi cal Connectivity
ual measurements of depth to water table (DWT)
ust 14) and 2021 (May 16 to September 14) stud:

a depth of 1 m bel oorm ignmg uprdio stulr f A& MT awa se arcénc amnc
ssure transducers (HOBO U20L, Onset, Bourne, U
pad and one Ried2lr)d. n Daach opdatglgeend i(nstall ati on
eeding7bé6f@edm (depending on the well) were not

e converted to absolute WT elevations wusing th

(0.006 M mean verdngcaweraneccuwsaady)o Il ebleataed il
to develop maps of hydraulic head using inver
ius = 50 m) in ArcMap (ESRI, version 1h0l.y8. 1) .
ng head values in al/l pi ezometers.

Subsurface flow was quantified across the east

es extending through the east and wesgtRIrheal ves

n manual WT measurements were availabl e, speci
n L — (21)

re dh/ dl is the average horizontal (Fyeeael iaa dc¢

rry., Tl 789c)count for heterogeneity in the vertic

soi(lQupmofinl etamlequi20®dIBgnt hori zont al hydr aul

soi l profile at eaczh:lf |l ow face each day for u
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O B — 22)

whed eis the height of the saturated soil profile
substrate underjiysi ntgh et hhey dpreaautlliacn dc)ondkucti vity of
profiliies tamel WkKei ght of that depth interval, excl u

the (Whreeze and. Chxerayfonlnm786j weighted averaging,

proportion of the saturated profile made up of ea
by thiobé& Khat | aher oal ¢wnltaetrivamhs across flow faces
Krmeasured using bail tests in piezometers <entred

40 atvy®d 4£0n depth interwnwnelas,urreas p erc tpii weloynetTelres K ent
peatl and was applied to the interval bet ween 75 ¢
calcul ations across flow faces | ogoat etdh ewinti hnienr aa n of
the8 &m depth wadOapm iedetr oat he Tl e aisnet eorfv atlh ef rpoam
assigneadf tthlee Kmi ner al fill me a s u foefd puesa tn gmebaas U r etde
piezometers centred at the 50 and 100 cm depths w
pad and 75 c¢m, and between 75 c¢cm and the basal n
hydraulic cherdaucitli vprtof iolfe twithin the pad footpri.
it was |l ower than that within ahtlraohimnigether maxmn d

flow across any given pad edge.

Vol umetric flow rates (Q) were calculated for

pad:

0 nto (23)
wher e A issectthieoncarlosasr ea (dfr e zgi werrd afClhewrfyascda 829 ) ¢

di schargeTi{&qoutlgr bounds of each fl ow f a&deuweer e d

21), while the height of the saturated profile wa:
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2. 2. 4. Rainf all

Tot al hourly rainfall was measured using -BO0Q,i ppin
Decagon, Pul | man, USA)l.evDeule rtaoi nifoaglgle rd aftaai |warse , u nsa
days in the 2020 sssidgnpmbted. eNabhi deadaPOgygdebet w
data and data from the Slave Lake airport (~20 ki

regresgsi on9Q0QR was used to gap fill mi ssing rainfa

2.2.5. Data Analysis

Parametesites tor analysis of variance (ANOVA) were u
when data met the normality-WWd Kumpetsiten ,anals gaapdhs <
resi dual di stributiomms wWergeardppmlmied twhers ftolrineatd s s
transformati ons -pvaearaeneit m eNafl Katsisvkea,strsonveo e aomnaldys ¢ €
were conducted using either TFpakreaynet rHiSD) s(edpagwenest A li

completed using R (v4.B.=110akRes86omre Thamt h2@23hp| Wi

2. 3. Resul ts
2.3.1. Rainf all

The Lesser Slave Lake region received 286 and 244
2020 and 2021, respectivedparrepgeveanmatli age? apeanda
period (S| avEnvlakoen m&tnat iaonnd; CIl i ma.t eReCfhlaencgtei nQa ntahdia:
regional mean daily rainfall was signif i-Waalnltilsy, | o
p < 0.001), and 2020 and 202tly piacala@doy diyngdrys rerf

Despite the differing total rainfall amount s, mo s
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both years, with 70% and 64% received before this
2021 study permeoasuriedlivaidufadl Isiewvents were gener

mm), short duration t(emmesditayn (=me2d') harnsH)e,w Qa/rdd nino v frir re g

rainfall events dellowe rseedv emoarle dtantaens 1dOu rnminm gd abyot h s
2.3. 2. Resi dual Pad Surface El evation

As targeted, partial removal r esoufl tleodw inmiO calk onseilt aetsi
with the mean | ow mMiaoldb sidotmee re Itehvaant itchmatf aolfl ihmog | ows

Vertical datum: CGVD2013

Surface elevation (ma. s. 1.)

- 588.7 - 588.1 *  Measurement point

0 125 25 50 1
L 1 | L | | Il 1 | . — i
Tiaters - 587.9 Residual pad boundary
[:] 588.3 —— 5 cm contour interval
Figu2g#nferse distance weighted interpolfeotliloorwi magp pafr t
above sea |l evel; measured at | ow microsites) and peat
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h peatl afdgpR2)eesNetcablve,l yhqdqwever, the average
downgradient peatland (588.23 m above sea | ev
e in the upgradient (588. 55 mAs. asrelsu)ltand h
ation of | ow mi3cttongheestbanthbepmdawasurface

gradi eRt gpZ)a,t | ammidch( falls consi detr-eabdyorhi Wher

. 3.

ition in that area. Surface roughlidngcmNesabt gd

mi crosite amplitude was observed to have decr
to settling of the fild]l
Substrate Hydrophysical Properties

3.1. General Characterization

mean thickness of the residual pad was 37.5 ¢
m. The underlying peat had a mean thickness o
cm. The mean deptllDd4of 100e peodt 1ABofcim & nwashe
gradient peatlands, respectively. The basal mi
lay | oam, while the residual minerraglanfiicl Imawatse
ent (2.)1%;PoTraobsliet y of the upper 5 c¢cm of the mi
eat from adjacent peatlands -over)thandaime had
icle dedsompanedlswbobgillgcFab) e Similarly, the mi
iderably higher bulid.08rgidyd (llower chmpiam &l
aredo0.t409 ;02Tpdbrel ati ve to the peat substrate.
ificanblgmhigheheado@ngradient peatl and than
8 and 0.01, respectively), whHdwewuére, oiptpoisg tiel
ote that the magnitudes@dablidese di fferences
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Tab2leSummary of the hydrophysical psaoapératticepeatt wthéleesiedudl
adjacent peatlands, and tAeithdetiging basamketmicesahbhnsabsdt dat

foll owing arithmetic and geometric means, respectively.
Organic
Bulk Particle matter Infiltration ~ Anisotropic
Location/ Depth density density Total Drainable content Kh Ky rate ratio Sand Silt Clay
substrate (cm) (gcm® (gcm®) porosity  porosity (%) (msh* (msh* (msh* (Kn/Ky) (%) (%) (%)
Residual mineral 05 1.57 2.54 0.38 0.22 21 520x 16 4.77x1¢ 7.35x1¢ 1.43 81.3 157 3.0
fill (0.10)  (0.04)  (0.04)  (0.04) (0.7) (1.91) (1.59) (2.41) (1.24) (39) (3.8) 1.7
Upgradient 05 0.05 1.45 0.97 0.46 95.3 ) 241 x 16
peatland (0.01) (0.07) (0.01)  (0.08) (0.9) (1.09)
0.07 1.55 0.97 0.44 93.7 3.05x 16
Northpeatland  0-5 50y (0.05) (0.01) (0.06)  (0.8) ; (1.18)
Downgradient 05 0.08 1.65 0.95 0.49 90.6 i 2.35x 16°
peatland (0.03) (0.14) (0.01) 0.12) (3.9) (1.10)
Basal mineral 150 i i i i i i i i ) 40.6 317 278
substrate (14.5) (9.8) (5.5

*Geometric means and standard deviations (all others are arithmetic means and standard deviations)

2.3.3.2. Hydraulic Conductivity and I nfiltration

I n all peatéeandasedawit K deFpitghitIhpeel dWi shewasuml aoe o
the residual pad and under hgfi ngheemt nebwadtnn fwadhde @
significantly | ower-35 hatme stth,a tp imge2e89a0rOeids @ewegoefcl = d,

the mineral35id¢m deptrhtwas 1Sivigmidlilcamaedtyl dmdverov éna
( Kr vWklalli s, p < 0.001), while it did n60 omrgeptiln
téh h&Kf t he peat underlying the pad and in the downg
Wallis, p > 0.05), but thegyverrthbtotdhept gniiditcaetu
peatlands (p < 0.001) pwaNo b gerivied & aany vdi 41 &0 @m cteh
cm dept hWa IKlriuss,k &gi g3 . Shpp( emhh)t.arMotTabl ¢, the i n:
(geometric mamathp =anp@g&dmat 1i0c memats oomé. padxdid not

signifiieasnt!l p Et 0. 15) .
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Saturated Hydraulic Conductivity (m S_W)
Figu3e@metrinbymel&@pthK bel ow Hgprrdwmod tsadr fbaacres i1 |l ustr at

bounds defined by minimum an8 maxdi 2bmcwalhbwgs $ hRak pe @
while values at 50 apntl 166 aomdbrgysngreppréesent K

2.3. 4. Peatl and Hydrol ogi cal Dynami cs
2.3.4.1. Peatland Hydraulic Gradients and Subsurf

Hori zont al hydraulic gradients in thFei g2drde) | adfthewe
seasonal mean horizont al gradient through -the wupc
0.001, which corresponded with medn rsepsepcEicfgiucw ediys c
251 , m) . I n the downgradient peatl and that year, a
0.002 was unexpectedly associated withTidgoewer me
25i , m). Patterns were similar in the drier 2021 sce
-0.002 in both the wupgradient and north peatl ands

6.7 mWm daeyspE&Ecgid¥le] g) . ( Notably, smal | reversal s i
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gradi esowngr atdeent peatland | at eFitgierke) seasaht éfir br

directed specific dischargel, omegatvieFa gtadeyes

I nterestingly, despite | arger

-0. 0050 .a0n1d4) than through -0heO0 B0o aOn0d5 )p ecant laal nld nfebaestuw
(Fi g54de) , specific di scBabgemhd dmvemss atl waty sed geve(r1l .t h
north pedt2l. ®n dnin) Bd e3y2.5 #p ) . Al so of
hydrol ogically connected to groundwater-dinethedba

vertical hydraulic gradients wer-@®. Ws)luadnd rdbdrstelr v

horizontal gradi

not e, t he

00 04) peatl ands, potentially indicating some

downgeatd of the pad-dwvereet @d udimewnsuwr fOa clel ) ,

groundwater discharge.

a)

Elevation {m.a.s.l.) Elevation (m.a.s.l.)

Elevation (m.a.s.l.)

Direction of regional flow

Upgradient peatland
589.0 Residual pad P8 P
Downgradient peatland

-90 -40 0 40 90
Distance from pad centre (m)

mm= \Nater table === Conceptual flow lines Residual mineral fill [ Peat profile MM Basal mineral substrate

- e 10 August 2021
.
@ : .

o 25 Meﬁlgls 100 ’NX

B sss7m [ |ss7.om [ S87.1m

— Residual pad  ® Wells — 10 cm contours

Figud4 €r @ssescti onal di agrams (vertical exagger aal omg =t-A

under representative wet (18 June 2020),

intermedi aalk

el evation and conceptual (qualitative) f 1l ows urifnaecse )( af

including coquaaepti adak i ¢eemifl ow | ines (b).
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2.3.4.2. Peatl and Water Tabl e Dynamics

The WT in the -rpequll athald wdwrpisneda lstohne (fBivBssto,n@l 04 m a
|l ogged well s; SARpP p | efnmeen tlaorwe sTta bWTe was consi stent|
peat Fag24)e, where it remained just below the surfe
t he slkiag bine) . Comparatively, peatl and WT dynamics
second, drier gr a®Wig>s®addn m( saB a g ddngaglegd . weDlulr s )n g (
season, DWT was again greatest inOthBhe thofvogr adbeint
i n AuFgiug2tsrge) . Conversely, the WT in the upgradient
reached a maxi®9udaFdeRirbe) of Combyned with the differl
bet ween the wupgradient and downgradient peatl ands
WT el evation of bet ween 0.45 and 0.61 m between

measurements Wegadlm)viai | abl e (

2.3.5. Resi dual Pad Hydrol ogical Dynami cs

2.3.5.1. Resi dual Pad Subsurface Fluxes: We t Cond

Under early season conditions in both years, the |
its upgradient (east) and north sides and | ost va
(Fi g4 be). Specifically, combined volumetric fl ow i

underlying peat) from the wupgr addidehan aenadc hn oaft hl & e
and 13 July iFngthe) fiwhitl ey elngt Wekatyw@®ds 3Loandadr dg
downgradiFegRm)dgeAt( t he same time, the mean vol ume
footprint (through both the mineral fill and wunde
pad f | ofw gffadgee svas rel atively smalOBdaurdwmeg thishees

magni t udepaodf hwirtihziomnt al Fhy@44reul i c gradients (
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gradi-enhtshéiizont al sspeci dnd Wosichangel (qdl ¢met rrixepdgd
by growing season and | ocation (adjacent peatl ands o
directed along regional flow paths (east to wesq ;anpdea
flow either in the direction of regional flow (east t
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Similar patterns were initially observed towar

footprint receivi ng?3dalycroombitnreed U ppruadiodnt0.aBMd Mo r |

(Fi g&gre) . However, the |l oss to the downgr addalyent pe
as a result of the | ower WT in the inFieghSore) .of ¢t}
Following a 7 mm rainfall event on 18 aMayy,ntwapteeart ||

nearly tri’ulagads tao rOe.s3u2l tm of a rapid imicgkiads & )i.n W
Conversely, i nputs across the upgradient and nort

rai efvakhit g25re) .

2.3.5.2. Resi dual Pad Subsurface Fluxes: I nter med
I n contrase¢awom hcemdiltyi ons, the residual pad f oot
from all si des usnedaesro ns |ciognhdtiltyi derrgy Bebree) ltanteen putr st a gre

downgradient (west) edge were associated with flo
which occurred when the WT within the pad footpri:H
(Fi g4 a) . On 10 August of the first season, for ex
edgrei g@4)e resul ted in an i npidtalftroom hteh ep addo W nogort apdrii enr
(positiviei gabigg)es Hinghl i ghtingathei nmpadt Agdeobbgr e
increase in WT elevation in the interior of the p
of the flow rever3dal(Fif gaie,0f.,1g0) .t oWiG.h05 mhe pad f
slightly drier conditions, the difference in WT e
in inteFioh4)arreeassul(t ed in considerably higher subs
pad flow face towaridg!) thbapadncehereaf(bDy2%emson.
wetteseaapbphyconditions, much of this flow occurre

and not in the fil!/ i tsel f.
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2.3.5.3. Resi dual Pad Subsurface Fluxes: Dry Cond

The driest conditions observed wittho nd @dhso np aidn ftoh
second year. Under these conditions, flow rever se
i mportant role in the examplref aae fWwatwe rr etveelrasmd e .wa
downgradient pad edge under Hirg2adendirteisaudst inmg 4 M

O. 12" ahirom the downgradient peatlandiiglFre) Ohet pbeat

same date, input acro’dayt wasupgwadi ehanettbat (6bgéi
but was comparable to that observed wunder i nterm
observations made under intgpsmed$tangeg cehditvehyg I

flow rates were observ-pddatlrowsf abe updenddewntcwn
a result of the | arge differencdninerWpoelt éeovasi o

footprint and resulted in suvdthaacfase fhewupfrhdi @

Notably, the | argest i Adayt sarfd omoitdtal (@EGkR.gx B dm é s
were measured during the driest conditions obseryv
pad footprintFiwaB4d)st aintds hloawezsotnt(al hydraulic gr at
north edges werFe g&tedr diThgl gubaugéace fl ow associ

al most exclusively between the adjacent peatl and:

mi ni mal flow into theFmgaeae)a.l THhildt rvaass eiwi tdct threr
observed during wet and intermediate conditions,
entirel yFisglthae) at €dncurrently, a flow reversal acr
resulted in an input from the downgradi eddayeatl a

1 and contributed to the | ar geidtalyhiegaqire)putl nokoentv
the | ow WT on the pad aldi gde)atr etdou ctehde vuopl gurnaedtirei nct

upgradi emtd wWiltohwi f ac’dayoabhl pf Owh®cm was through t
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2.3.5.4. Resi dual Pad Water Tabl e Dynamics

I n line with the consistent subsurface i nputs r ece
and north peatiypbBdabon, thbef Wisal ong those edges
surface (and within the residual mi neral -0f.iol2 ) f o
and +0.09 m fRirg25degy g&SdppelemBht @Aty Thbbse | ocati ons,
regul at edDWEeasOna@a8 and 0.07 m) andsponmseaott aemain
unt il | at eFi gA5tfd)e. sCGoansvoenr s(el vy, WTs in the downgr a
footprint were consisten®@l 3 dmedpdm(Serasloongde dewaeal
more poorly regulated f or GDA d-u rOa tli7o;RaingdRs@e)hled s e ¢
Not abl vy, the WT in these interior areas did not

mi neral fill and the uRdgldag)i.ng peat in the first

Similar patterns were observed for downgradien
season. However, DWT was greater oOwiln9gOakod trhef orr i
l ogged well s), with the WTalr efgiullardnyd fiandflidgnigheb el o
24 a) . For exampl e, DWT at th-68.7nmens| eggreigguael Il at
25h) . Although the WT in upgradient and north are
sdrace (season®l 1ROamM@DWTI for Fli gf4ed, wielt | at so beca

regul ated by | ate June f &1 paiwhe)n.g Mo tpaelrliyo,d iwi tahl sno

interface between the mineral fi IRi gRdrde)t he under |
Further, responses of DWT to rainfaldl were of
pad footprint under drier conditions, with the gr

wells | ate in the secomacreassdn.bywher (& io@hh .kl .anv aatf it
Downw@dirdected vertical h-0doaed.alo7d)g rvaedri ee na Iss d bel sveer
conditions in both seasons between the 25tken dept

underlying peat. This indicates that some degree
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un

(Fi

i s

derlying peat contributed to poor WT regul ation
g dree) .
. 4. Discussion

.4.1. Substrate Hydrophysical Properties

e megoafn tkhe residual mineral fill leftmitm wdsace f

much as an order of magnitu8® ¢tomwdepthannthate

rrounding pedtikR8nm ¥1.®. Botxablloy, an eveoaowgla@aber
pected between the residual mi ner al fill and ac
ere npahtte& greatmriat & anomma®n(xgl Indeesp oarntde dPr i ce, 20
al ., 200 8; WaTdhde nign ome feestte hagél nmiKn2e0rlad) f i | | wi t h o
sult of mixing between deeper fill and the wunde
s used or may hawe flwmegemn saetrtddwlgt odf trmEeddpkeealtl yand
d Pichargi th®r3)way, the hydrol ogical i mplicati or
mited, given that even the | gtwkean |talyeradjodcdntl |

me dept h.

Similar to the resefdubhét meatrahdéiroPi cgnhelledt ha

terval®m(®®. &8s xsil@ni ficainn ltyhd owpegr armhidanatnhde4nkbrdt
. 76mx¥s 1@Peatl ands over that interval, indicating
is is not unexpected, as peat compaction has be
neral fill for thleemmaestetucal oh ad@®2 A &lbhematkda la.l,

21b7he fact that naoawasgobsecaad bef weeentctleei mn &e
atl andksl@&@tcmhee®@PtOh suggests compaction was pri me

|l i kely because peat at dept h i ssurefsasaé¢p odwa st  al
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advanced state of decomposition and nat urPali coeqgmp a

2003)

Peat bul k and particle densities were slight]l
upgradient peatl and holl ows, whereas porosity dem
def ormati on downgradi endw oWT tden piagdt egretsluy ta bhhge rf v e
have resulted in desaturation and col [(Ppseeqf 290di3
Waddi ngton. eNoabhb|ly20h6Wwever, 3t ,hepaomnutlikcIlde nben i t(\0
and porosity (0.95) values obtained in the down:
undi sturbed fen$®. 08 3¢ hlnbsld gijgo GONPW6.,0 5r eRpkditn gy e& vy ;
Devito., AR0c6t)ent i al explanation forayt hlailg eiagyt thatve
functioning as a peatland margin swamp prior to p
and -eavettdbl i shed tree canopypdaphedr fedathemmosisteise s
adjacent tmwl arhce miadgea a(lveag ¢t gr)en Eaatal amd mdogvinn
naturally charactsepnpryedehggtdener appgen high densi
| otciaon al ong the transition (fErl ame sdreyt. wWdn. adndohOg2al are,t
term shifts in the vegetation cemmuyi aynwdc hmgdeirt ip
of feathermosses might have occurred since constr L
of this nature hgvedbern obseogdd |deiwhteti ral peat2l0d
al . ,. 2Bi22her way, the high proportion of feather mc
a woody lattice structure) in the downgradient pe.

peat deformation than rnthapge atblsenm & eidnMamhreeh e tal eabmtg r s
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2.4. 2. Peatl and Hydrol ogical Connectivity

Preferenti al fl ow around the northeast corner of
evidenced by |l arger specific -iRse@hatingeddaghr acglossl
upgradient (e8s 6) mia doang daglel (mMealsur ement dat es. Th
observed horizontal hydraulic gr a0diOeOnsD saOnhdd y os sl & h
to the north -@.e@Waad®d5() bei welénrwsati ngcpr eoefs ttehbet ilaolw
Khof the residual mi ner al fill and undemb¥yi hhecom
resi dual mi ner al fill l'i kely |imitedy, sabdut haset
magnitude of subsurface fl ow, i s HiQuhenstonnear atlhe
I nterestingly, the observed preferential flow sup
peatl and, dei sruel cttiendg hionr ipzaodnt a l gradients and subs.
al |l measur enent niiteéasyh(06, 1 preferenti al fl ow ar ot
contribut esdurtfoacteheNTseaorbserved al ong the north edg
the magnitude of preferenti al fl ow arownd diglee troes
the south, which prevented flow around the sout he.
flow towards the north peatl and FobgRbame Aecxctoerndi negv
the degree of preferential flow may be more | imit
Limited flow through the pad and underlying peat

downgradient edkcatbdbamdhacompar adi ent of bedre mpamgor t!

downgradient of roads built perpendicular to fl ow
fill and underl(Borgi agmpactaeéed ,pRAUN7; Saraswat. et
The | ow WT in the downgradi endv ere aét® ecnddO dael pstoh

there ¥m 1, xwhlioch did not significantly differ fro
is again |ikely due to the deformation of the po

whi ch r edw(cPersi cpee alNDOGKRD) y, wae d udcetpitohn shaivne Kal so bee
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peatl and downgr ad(iEelnme sofeta alle.f,me2ndazrlioba)dl of t he por
apparent through the | owered surface elevation of
| ower than that in other peatland arealBi g2a@9g@i t e t
| mportant! yi,n tthhree | dowerrgrkadi ent peatl and often rest
t hat peatland relative to the other peatl and are
(Fi gad)ee This aut ogdédmsiuc flaicrai tf dtoiwomwoanh ds have | i mite
the downgr a@dkElemés pamad!| Bnidce, 20,19i;n Waddn ngtbobinn@gt as;
on fluxes out of the pad byirestridctgirmgi elme¢ smagqgmi
downgradient pad edge. Further, this negative fee

flow relvearsadd @ocross the downgradient pad wedge

downgradient peatland was higher than that in the
i n smaaginli tude water inputs to tbepdiofivind ( thd emty p c
Notabl vy, similar gradient and flow reversals have
constructed dotaraswatmneral afil,l 2020b)

The | ow downgradient peatland WT may al so have

possible groundwater di-gdicthactged dveé nvteinc dly @gmadil e rstu

under most condi®Oi OB3 . i htnecigineeatead (@n8l1 | ow WT |

groundwater pressures within the peat profile dr
surfdacected( BHlimedhangd. PHoweyerR01®nly | imited con
groundwater can be expected in peRhéedamesamcddbe Viat
Reeve et, aand R22000may therefore be of i mited i mp
gradients may be a result of | ocalized gradient r e

can occur under dry conditiwintsy ewietnh i me gtihoen aad b soel
groundwater (Deowt eyetdmsst,all@a®7pon of piezometers

mi ner al substrate woul d be required to estimate
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confidently, and thus, no conclusions can be dr aw

flow at present .

2.4. 3. Resi dual Pad Hydrol ogi cal Connectivity

The -wedglul ated hydrological conditions observed al c
mo st met eor ol ogi cal conditions can be attributed
Combined volumetric flow acrossdeuemgderedggeos cmds wke
season conditions and gener alddwyuinmdcerre atsheed dtro ebset w
observed. This was in response to the steepenini
reductions in WT elevation on the pad. This feed!]
approxi nfla0t ethyof20t he upgradient and north pad edge
el evation, as -sur flaoceernddry tdlbla mwetart he driest coni
5)TThe high WT in the upgradient peatland (resultin
pad) and north peatland (resulting fromoprtéefieren
buffering effect by edharcipead hbei maghatutdgdobhubphi

that of | ateral subsurface inputs.

By the end of -rbeagtul assmaedsfoartsea ilesl lon t he pad wer
pad edges, and were genprdeOr am loyf otnhley uopbgsreardvieedn twi atnhdi
(Fi g24)e. Low WTs in interior areas and along the d
l ow fluxes through the pad observed on nean |l y al/l
Poor WT regulation in these areas was a result of
(generall y) <welr0e nmorhmal |y Jaonwde ri ntfhiant rtante omeamtk o
mm Br which had a | ow water r et emtaiim bd.apFuairtdy ir(t d

consi st entdiyr edcotwendwavredr t i c al hydraul i ¢ gr asdeiaesnotns an
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rainfall i ndi cate that drainage to the underl yin
geotextile | iner was present on this site to inh
i mprove WT regul ati on dwirti mign drre/s ipckeudlo dmsi-31eGicsndbni maed
WTs observed in interior and downgradient areas o
the greater frequency of rainfall duri roq nteltitsd vp eryi

with adjacent peatl ands.

Al so, during the drier second season, the WT
resi dual mi ner al fill and underlying peat.- Howeve
term average rainfall) ,edt hcel olsoeweys tmawTc heelde vtahtei oenlse
(Fi ga4 @) . This suggests that t he (IBblwees sgnred i Priicc ey,
relative to the sandy mineral fill was an i mporta
good predsebspnobDWlIate interior and downgradient
el evation in interitoh theasumwlaaceoel eavatginemd pvr of i
seasomufrae). Thus, reprofiled surface el evation may
thickness, at | east on pads compreéersald dbswamfdac aenii
the pad and underlying peat was generally greater

and 0d#¥®, mexcept under very wet early season cond
may be due d4dermainhcreashkeoerin-tseorimt dweactleirnisntgo rtargeen,d ¢
content (data not showni)kelnydiacnatiempeovratpaonttr atnesrpm riarn
which is expected given theitrtagionak eoblendmiadl cl
(Brown et &Wvapo20da@ppiration accordingly plays an
nat gPatr one aentd aclo. n(sS2r@udclteetdtp eeatt laan.ds 2i0nl 7t)he r egi on
net subsurface inputs to tkseapad wboeablrygoooatr ed

rates are g(evoelriak leyt hailg.h,es2021)
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2.4. 4. Hydrological | mplications for Fen Moss Est

Combined, it apperaggulldtkeed ya n dsadrofriasdes tWasH Olw ipe Iniem s 2 0
of the wupgradient and north edges wil/l make an
hydrologically suitabtdecédrféehemessadbl i $Shmenwoolf d
studies conducted at an experimental scal e on sme
pads wheegulwatséudr,f amearWTs and associated desirab
obessr ved within IM. mEof Gapad hedgeet al ., 2018; Lemm
Notabl vy, however, peatl and mosses are highly sens
(Graf and Rochefort, 2010an8chydpelggscahddRgdionn
introduced using the MLTT and their underlying su

boundar(yGoeeftfzecand Pri ce, 201.5; ThMcsCareawan ainmd aPrrd a&se

webpti mzed WT dynamics, further det ai |l etderamssess
vegetation establishment outcomes will be require
devel opmentrabl a pmpeat!|l and moss community in these
regul ated WT within the interior of the residual

optimized for survival and eceadbti vemegrhep ddfi gthhe e
sensitivity of peatl and mosse(sKdatoc hehssomr eggrud aRri iome ,
and Whitehe#®Adea00h) partially removed well pads
regularly more than a few centimetres below the s
domi nated vegetation communitiesl badkeaoagsy¥ieenr §/ o]

E. Gaut hier et al ., 2018; Lemmer et al ., 2022)
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2.4.5

Gi ven

resid

remoyv

modi f

Study Limitations and Directions for Future

the poor hydrol ogical regul ation consistent
ual pad through the mid to | ate season, it
al technique drdlietvelampllil c dtei o qaiti rtelde dauir i n

i cations might include shal |l ow.tg.enchiitntg eatc re

and more uniform distriobrutiimsnt aolfl awaitoenr oaf € esoughss utrhfe

Gu®r i
redi s
regul
mai nt
peat|
i Bl op
downg
DWT i
sur f a
study
to be
gi ven

setti

Al

n,to202)r ove groundwater connectivity. These
tribution across residual mi ner al fill mat e
ation of the WT in innernandedowpgradneat of
aining WT | evel s. Further, given the | arge d

and and that along the downgradient edge of
ihmg surface el evation of residual pads al ong
radi ent pad surface elevation with that of ¢

n downgradient areasepnsrepiadgaktophdsal slowe

ce inundation and f Il ooeiurdg aicre tWiese odrsley vedas
in interior and downgradient areas feoetl |l owi ni
tter define the optimal target reprofiled su
the high degree of variability in water tab
ngs.

so, a major | imitation of the present study

o the high cost of replication. This pad wa

haracterized by Ipiogpgh wapeeirf irectiemegti bmedmpat ed
and Hobbobboh, o2O®BHBh would have contributed t
owngradient areas. However, many well- pads o

red sgudh amttelme adlsay | d¥mbi Eomihbekienf 2B 80 imadgy ik
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may suppbegulbstecer WIT dynamics than sandy miner al
characteristics dddrliowad dpeHoinweivee2@ibdladne r f i | | m
may al so pose additional ' i mitations on subsurfac

values than co¢&reezei aBhdm&heratygh eslleBs7s9,) future tri

removal should strive to incorporate numerous wel
a range of textures to better understand the | mg
regul ati on. Furthermore, the present study was <co
upland ridge. Further study on well pads surrounc

understand the i mpeaatt | afndwehlyldrmd dsggyal one on p

2. 5. Concl usi on

This study presents the results of a hydrological

firsstcalud Itrial of peatland restorati o eornm a nppaarctti
of the well padl omr speart ihegysdraampdh ylsy adraol ogi cal dyna
was evident, and similar in nature to that repor
peatl ands. However, further r esearfcfhecitss roefq uti hree dw
itself and the adjacent natur al upl and ridge, whi

hydrophysical properties and WT position and regul
study htlgédl pgpassing need for further research to
ecohydrol ogical processes. Further, hydrological
we-f egul ated for the reliabl moeseabl hshmemtsofwi t ha
upgradient and north pad edges, while areas withi
characterized by poorly regulated and flashy WT d
t hee mptoit a l to support hydrol ogical f-fumrcmii m@ sv & getua

communities characterized by fen mosses, further
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undertaken. Speci fically, modi fications to the te
better redistribute water across partially remove

interior areas awayefsrom upgradient pad
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3

Pea

par

HYDROLOGI C ASSESSMENT OF MI NERAL SUBSTRATE
TRUE MOSS I NI'TI ATI ON I' N A BOREAL PEATLAND
RESTORATI ON

Il ntroducti on

tlands are a prominent type of ecosystem on tF

t of an interconnected surface and groundwat el

downstream w@aHEleme g easmdirRreisc e, 2019; Ferone .and De:

Pea

i nc

pea

an

et

tlands also store (iYmmemsOel?d mpuovsdef hhakairbain f
luding the cultural(lHy Idi geni falcan O0ldidadirevwdri ecami
tlands in this region -heariahgogedtegi eanfder imat in
establishedwiotih a@aomdsigder abhldespotyent i al( Mod idki sr u

al., 2020)

Extraction of oil and gas on the Wesgtigr mi Bomaga
n deposits are near t he -ssiutrd awel,| sort @ haowuaghs t
hnei der an®pPBPpepjt2tm0@6) ng results in the excayv
m the imRachey arebh. col@2ODMnasgti,t uthvel lseresul n:

centrated di sturbance, wherein miner al feat ur e

il ling(@egko pmmentaWel, | 2@wddByg are typically one or

nected to one another by access roads. Bot h pe:
eral fill either onto a ge¢Paxtilhgt lb.innfest saufc.hd,i
I pads and r-oadtpl eesul bssnofheaheaer peatl and v
mmer et WdIl.l, pRaORs2)and roads also often result i

adj ace(nRi pkeaan leatndasl ., 2019; Miller et al,., 201"

ich can occur due to reductions (Mo Ksmalohowtsab s
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Saraswati .etThel cumu022Ghb)»e i mpact of this disrupti
(Ficken et al ., 20d9peiodli ky e¢gi mén ,t ROR2QOQYWEP, 36, 0

202&2nNd over 100, 000PRmhef eatavebt deredm@d&®)Nstructed i

Canadadés boreal regions during the past several d
Due to the direct and indirect impacts that we
there is a | egal requirement in the Canadian Provi

capabi I-detcyodbmnpi osgsPioomtierrg et Téli.s, hZalkl 2r)ecently been d
reestabl i shment of hydrol ogi cal cHdodmi hgnsvegei B:

communities including (fPolubnedratta obEnavi rpoenan e kbbnsda englo sésiees

the primary drivers of natural bd¢Baalrpedatladnd €O
al .,. 20®199gbly, however-vapeal handpmogkséoshgdei cowor ga
their internal water content( Prsodtnore gatiAlsa Ils.u,ic n2n0 it
have a relatively | i mit(eRlr idcees iacncda tWhoint eahveoa dd,a n2cOe0 Ic;
l ndeed, the maintesantacef waotesi sabheby hmasabeen i
drivers of successful moss r e(s@Gomrza8lieozn aomud cRoels e f

Ketcheson and Price, @ndidnePApdcert $ecatm daslt. ,a12.0,032016
2015)and in congKetutchedopeeat!|l ahds ROl 7¢uttover pe¢at
speci fatcad lyupwly to meet the physiological requi |
optimized when @hinl twat subpotrranti #ils apdmiwleleinbappr ©
(Graf & RochMfoGrnaf 20dé@r sormalr am@gmemumiadat isompsoci at
soil s. Beyond this range, growth rates decline, r
(Graf & Roc h&fpdiratgsnppu@®il®dy, favourable establ i shment
dr emai ns belOMe emmb ,0 vaintdh desi ccatddompgemed @alwl mppec o«

-100 (Mbi ce and Whitehead, 2001)
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One technique with the potenti al to create suf
decommi ssioned well pads and roads (iElvnoesv eest tahle. ,c ¢
Lemmer et, adr. ,i t2s02l2Uyr i al béRent hot het uadey | 288G ; p
either case, the mineral fill itself is removed f
ne-aour face gr oubldnveag eat. f dFew,t 1220n2dl1 bNosses can subsec
ont o -etexhpeo sreed organi c substrates that remain, often
Layer Transfer ROoebkehiogteefMeT MLT200B8Y0l ves col |l ecH

from an undisturbed peatland and their subsequent

|l ayer. The introduction of donor mosses iand ntend
succession given the I ong time periods required fc¢
si{eemmer et al., 2022HowRecveefocompltetée.remd008) o

promote t hepihmigddurmitn atned fmoss communities due to
cat-nioomh mi(nPeorualli ofti lelt al ..~ Acdc2olr;d iXnug leyt, atlh.e r2a0t2e2s)
true mosses (i .e., vyohpossiedab)e |cohnagriancgt etroi stthiec cd fa snsi nBer
Boral( Wiltati,n 2014 ; Vhiatyt ban dnolr et H,i m2 Q kd), as these s|

base ¢&%ttonand. Chee, 1990)

Because 63% of peatl ands on( Mihd Wets taele.g.e tB2ol 0ela]

communities dominated by true mosses are a desir

restorati(®Oskpr @jt e catl s 2018 ccvoldiikngdty, alan, a2@20)Nna
compl ete removal or buri al of the miner al filldl h a
removal of a wel/l pad or road t hrroiugh miumdeaeatet 4 ww

t he gr ou(nwi tstureftadaei.t, i 200ildn of true mosses can t hei
substrate, eithen Lemmeugle omatayrpd 2 @iarR g(radBrisrsadf atnide XML

2021bJhe conceptualization of this method was i nf
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occurs when satwuration of formerly terrestrial r

successifomani ngme ayte get(aBd wenr ceotmmaln.i,t y200 3 ; Ruppel e

The first trial of partial well pad removal | o
cm above the water table in the surrounding peat/
mi neral substrates wé¢ma gguf feisdiadr ti Isyh meentt tod sau pp @l

commuf Mty E. Gaut hier et al AddoiLBpalVi wor lkt atal £t he
demonstrated the feasibility of establishing true

i mportance of providing micr ofsBotrekse nthoa giemp raonvde Owoos

Subsequescactl i ¢erdals were conducted on small, | o we
pads and on a short section of a road. These tri a
mosses when the ter gdtevaepoaof iolfedt hseurniianer al fill

di fference) to that of the(Wat®ei nt alkRlD2i n.Lelhmesue
these caatesranedrconditions were sustained as a r e

for most of t(hlee mmerwi entg asle.a,s oh02 2)

However, when the parti al removal t ec hsniizgeu e wa
wel | pad in a study associsaurefda o twvha tt ehre tpa belseesn twear:
observed in area-40o0fMmetthes mald awietnh i n Pp0Ka chineomt ep e aa
2024)Hydr ol ogi cal connectivity through the residuc
l'imted as a result of the | 6McKydnaunl.etAsaobar drue2sD2l
the water table became poorly regulated in interi
mi-d o -4 ad¢wi ng season, and thus substrate moisture
establi shmentseofarvboadsiseson nettlhml ant i2di2pggti on of t hi
trials had incorporated the application of straw
from miner(@Borskueorshacpemesand Cooper, .20Ho6we vMe.r ,E.t hGa L

of this treat ment remains uncl ear, assc asl ofi Mt rweaatl e r
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Gauthier .etOmluns a2tOulr8at ed r esi dual mi ner al Ssubstr e
moi sture conditisons$alkby tedpei ad usmuerafr aacned( N anucar Kei aesyi n

al ., 2000 a; Price et. al ., 1998; Scarl ettt et al .,

Given the poor water tabl e regul atsicoaad eo kpsae rt\v eac

removed well pad, it has remainedzenwkéar padest Weu
adequate water avai ltalbilliisthynefndar. geaattlheenmrd mdaxeg eed s
efficacy of straw mulch in regulating soil moi st ul
pads. Accordingly, the objectives of this study a
l1)Eval uate the degree to which interactions am
table position, and hydrologic regulation co
conditions for the establishment of true mos.

2)Assess the degree to which microtopographic -

resi dual mi ner al Ssubstrate moisture dynamics
3)Understand the potenti al i mplications of 0b s
|l ohg@grm true moss establishment on residual m

3. 2. Met hods
3.2.1. Study Site

The study was undertaken on a decommi ssioned oi l
of Sl ave Lake, Al bert a, CanFaidgaB.Jr(ae55ATh9' 01BO hHct &l
originally constructed adj-nicemtf ¢nm @pHupl and, reéldeg
= 110 H0Simtml991 through the placement of <calcareo
mg %k gexcavated fr om Alnb arptl aa nEn eébrog yr dRveegusltuartrooru, n d2i On2g:

fen was ch®izetae mMiarediondaeyndr on Ruben |l amaShalsimpr ys,
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Ca

an

S u

rex aQuepanocl,adubSulhdouaommiSprh agaluuwms taraedp & 8 g N U iMi

gust.iThel ipud was included in a related study of
rrounding t(MeKpadnohoetphahbt s2@@¢W )f ound that sha
rough the peatland was directed towards the nor

puts across its €EagBkic Kdi md omoretthkBanlmi,re gedfe2s40)d e n

nditions in March 2020, the well pad was parti é
permost |l ayers of mineral fill, withitglBrbeg xcept |
e target el evation of the | ower ed-spad onu mfaad ca W
the surrounding peatland, which in turn was 1in
peatl and hol l(ewst9dn st Beglfbg)t.adlihgesd t(arget el eva
maxi mize the Ilikelihood -4éas opm dc omoduil tdi ornesmaa md
ssible rebound of the pad surface elevation as

'l owi ngdudti on in mineral fill weight.

The excess fill was reprofiled into an extensi
si dual mi ner al f il I( MecEKg rmanoinmaewtaed ayll .8f7t. 250 Zedmp It @ ¢ e |
mai ning 75% oFi ¢ lee)p advifca oott porpiorgtr a(phi ¢ variabili

cvMc Ki nnon wasalhegn202épted by roughing the sur
cavaBiord(&exfuo( 20d@tud&i)l ed met hodol ogy). | mmedi at e
ss propagules were collected from the upper 10
09 ommthin 1 Fkmabdk) thei sgtan(excavator. The dor
the residual pad (pH = 6)7useéelhgctaritcal | @eon dawndt
rface using a ski dBistege& Xiioi@a2detraialeaed ame trhaa d ool a

sSs community was comprised ma iArull yac omnitunu e p amous

Tomentypnbemai 6 eas!| i, s drearond icuons Jubsiwa rt dsopvkiaigsapuent i e s

(i

nclSphiamgghuBphagesm waspdhaagniuuimi magelhanwagsmsi mi |l ¢
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observed in the ich fen surrounding the pad. Fol
subdivided infte@ach6 aptpudxipnadted y 20 m by 20 m), ei
mul ch in an aFtg8lnkw)t.i nlgh e amuleam wWas applied by ha
thickness permitted | ight penetration to the unde
from the pad surface and( secatianbtlyi sertifnogrl .ngous 2d0ezt G )m ra s
desirable mulch thickness and coverage foll owing |
114°28'25"W 114°28'20"W
3 " .
a) ?: \ﬂ Nunvav‘v_ut_/v ?
Yukon } 4 By 7*\»;“:.
X Northwest Territories &
: \\\ing il A_,f'\“;f-//

v
\ L
4

oy : il
|

b Alberta

British
Columbia

55°19'10"N

Downgradient

Upgradient
peatland kg

[ELET T

1 1 1
Meters

Natural upland ridge
Datum: WGS 1984 Projection: UTM Zone 11

114°28'25"W

114°28'20"W

() Water table wells

@ Water table wells (logged)

= Tipping bucket
X Soil sensor stations

Straw mulch covering

I \Wellhead (left intact)

114°28'55"W

55°19'5"N

114°28'55"W

114°28'20"W

55°19'5"N

[

Kilometers

Donor site

Datum: WGS 1984 Projection: UTM Zone 11

114°28'20"W

Figuko8ation of the study site(iah Bhed deteaal edegi O6e
of the constructed ridge and residual well pad, tileata
(b). Bl ue arrows indicat e tuhned vaaptperro xfilnmaw et hdri oruegcht MohiKei ¢
et al .., A0 2a%ka) al photograph of the-praggiicadalr ewolvlal pdad
|l ocation of the moss propagule donor site (d) are prc
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been identified in previous trials as essenti al t
si{®Psice et easlpeciladd98) as these sites may have mol

than natu(®tri peatetantls, 2003; Waddington et al .,

32. 2. Substrate Moisture Dynamics
The relationships between the hydrophysical propet
characteristics were described using soil water

| aboratory data obctoariense dc oflrloenc tfeidv ef r205n0 tchne upper 5
on the wel/l pad using stainless steel rings (8 cm
HYPROP 2 device (Meter Group, Pul | manr,tai W$A)me t wmhoidc
(Schindl er. eModeell. ,fi2010n)g was pErTosmedwarse ngMethe
version 4.2.2.0), and the final mo d e | was selecte
using the Corrected Aikai ke | nf ourrneattihoen nordietle rsieolne
not overparameterized by excluding al I( Peddcaglss awidt

Durner. DR&OslarnDi ptions of al IPemedesl 2 tDasthned & r26é 1ibr) o v

Spati al vasriitaubisluibtsyt riant ei nwat er st orage was asse¢
volumetric water content (VWC) in the upper 6 c¢cm
14 August 2020, and 16 iMay & ohdddBSelpd dmibelvd 2@IRAIL 3
Bur wel | | UK) at | ow, i nter medi at e, and high micro

pad (n=48 for-spachfheight) br8oibns were dewvel oped

(DeTtRevicas,i ng0saAmpl es of the mineral fild]l col |l e
calculates VWC based on soil permittivity (which
the soil solution), calibratriénosmamhkeesi wer eosans
conductivi-t gprwassenftiael de. During t he second St uc

measurements were paired with addj)nade ad v eBre dishuea e On.

54



~

cm depth wusing portable tensiometers (QuickDraw 2
VWC ahnde asurements were made under complete mul ch
temporal wvariabilityssuldwarcleyQuwsaesn unbedree nutssi nogf sneenasro
2.5 c¢cm below ground surface (b.g.s.) at inter medi
mul ched plots on the pad during the second study |
USAFKFiIi g3r)e. To further support the assessment of su
of surface water inundation (i.e., ponding) was e
and the depth of each poandy cmwlvetri wgs mes i mataend 1

measur ements.

32. 3. Water Tabl e Dynamics

To relate substrate moisture dynamics to hydrolc
measurements of depth to water table (DWT) were
periods. These were made dcdh dluddg tsHetfteldl wled n gt K
acrylonitrile butadiene styrene pipe (F5.gBIrleem. i nte
To prevent sedimentati emo,vewelflid tveer e occkv g rNad ewi,t hE
to installation. A subset of four wells were inst
Bourne, USA) to enabl e -hmeuwrsluy ebreesnits otf h rDONMIFg hgouurtee th atl
31b). During the second study period, | ogger inst a
precluthedr hgl imeasur ement of DVWT/.vbh7eBm dim (edxecpeeenddei dn

the well).
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32. 4. Precipitation

A tipping HWODKketDe(cB@RM, Pul |l man, USA) installed r
was used to measuPe duwruirdiy Ipatelci Pptivddhamae genni{(ods et Aa
(2024) , a | inea%= r0e Pr0es swaosni Lnboeddell Ad(tRg b p & ®its a h g, 19
weat her data from the Slave Lake Airport on 24 of

was necessary due to tipping bucket instrument f a

32. 5. Data Analysis

The significance of the effects of DWT, mul ching,
were assessed by specifying thenmfaestfsi xmrod eéd fsf acetvs
VWC &nTdr eat ment pl ot aedt meoatd ¢t measaswuwaedo-m i nter

i ndependence of measurements Tmadepaeviitthiiomalcloynmass @

temporal variability in soil mrdif tcurse mord eWWGe wea ke,
an@f or each year with plot hydrological classific
as fixed effects. Treat ment pl ot andHymdu lod lign ¢ a w
classifications were assigned to individual treat
DWT against a threshold DWT value. The threshol

correspofqedimahgewi ehuarldawoed htehrl a & lrea ladauf eorr awaii lmead i |

10 m@baf and Rochehorcth, wa@l@etermined using a | in
measured OWT uamrsdcol l ected during the second study
were the average of those manvually imeasupldt in we

Li near-efmieetds model s were fit using the restri
(Bates etAsalumptPOhbS) were checked through graphica

l ogarithmic transformations were apiloicedntad ytstees rw
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conducted on estimated mar-gahabk mdpost meiotggewilTu k e

approximations f @Luklie gursgensg7 pfmefrrTeesdomisi gni fi cance

effekumsnet sova )etoral emmezahls7 (signlidntchahc@ ONbZn col

transformations-hover aenalppddsdwerposgonsidorc med o©aontbra

statistical analyses ReCer peflTéammpazhthiuze) od R .((0W4 .wh

t o

33.

assess the significance of model outputs.

Resul t s

33 .Hrecipitation

Based -yoenar30cl i mate nor mal data for20R209 , Lenesaer adlr
precipitation is 422 mm, 292 mm of which is typic
May to 30 ESeptreombmern;t and Climgte COmpragatCarddga, ¢
growing season rainfal/l in the region during the
respe¢CEnverpnment and Cl i matre pCheasregnd i Giagn adap,r o0 21a
of t-heaBOmean. Regi onal growing season cumul ati ve
than in 20WA0I| EKPQpuMKEiIEnnon et Aasl .s5;,uczh0,242020 is ref
having been c¢hatpacetcdrpiizead iboyn ag rhoiwghnegr season, whi l
a | owerci pitation -geowli ngleasasemdnttd te@i rmaltwdi nqdg «
early growing season trhreecel ateed gmoowi mtqai adas dn tihmn
i ndividual rai nf-ailtte ewemd sofmelacswr magmmint ude, wi th
of | arger (i.e., Fi>pg820e. mnOf sntootrem -Eirvteanitgse ¢(@and . onl cwaeal
was characterized by extended dry periods between
was generally greapeecdpiiagi Bhegdd)eedygt pehi ghlde(
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2020 (higher-precipitation) 2021 (lower-precipitation)

¥ NI

T
01-06-2020 01-07-2020  01-08-2020  01-09-2020 01-06-2021  01-07-2021  01-08-2021  01-09-2021

Figu2BPaBly pr&cifpont athen2@20 (15 June to 14 August.paa

lines indicate the start and enbHevétltHatsat wdg petiedty
period).

33. 2. Mi ner al substrate water retention character:i
The soil wat er retention characteristics of t he

constrained vanhDwremea/x hwiethh® dinptdredt es a sharp decl i ne
| et ween 60 Famgdx)@O0OMonde l(l ed VWAQ]vraal nugee si nfdoirc aat eg itvhe:
moswat er avai(agppirloixtiywhd(tie@lega f,> & Roc hef omtl,y 20 keE) vy t
when VWC i%®(&00.0%%, mgreen shikRdgdI)eegNowtnabliny, this
predicted VWC at sat uBlat,i owh i(cShu pipnl dei nteantteasr yt hTaatb | cep t
occur under condatiuri eotnisor.f Icro mpd rep aer i€ls ean0@bBr r tek of
& Whit eheiasd, pr2e0ddilogt ed t os uorcfcaucre whVWeh dtrhoep sn ebaerl ow a |
mm3 although this pre@i@@m)mnwivad Iméns mpmeainse maxi
values of Om320r anpgEi©giBve By p(p | e nBRIn)t.a rFyi tTtacdbd emodel p

are summarized i mB2Suppl ementary Tabl e
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Threshold ranges
0.4+ I:l Optimal
- I:’ Non-optimal
I:’ Desiccation
5 0.3
?
S
©
E
=2
(&) 0.2
>
0.14
0.0
! 1 L L ! I !
1 10 100 1000 10000

-W (mb)

Fi gu3soBl water retention datapoint(si mecdoanfsittrtad ch edo ivliar
Vertical solid lIlines denoQ)endppabai-indhdeddb &thd tva@erd RO
Price and Whitwhenddaapadai nts fall to the right of a
Shading denotes ranges bet ween twhaet etrh raevsahiolladbsi 0 a shdygogpi ga
avail abi l-1a yt0Oy enbl)gw;and ri sk dfoO0denbi)ccation (red; bel

33. 3. Environment al and treat ment effects on subst

On the residual pad, both DWT and microsite posit
VWC in both therkeicglpet aandnl gwar s (rainfall over

than -yda&r 30l i mat e ngheral armd elao penrt ahieo i y €ainns , res
the pboweipitation year only; no 3de)a s uSpeenceinftisc anelrye,
analyses indicated that greater DWT viaolnuse si nwegreen ear
(l ower VWC and)wbrkeenkbpgghéewemicrosites were assoc
| ower ones. The interaction between DWT and micro
parameters in 31he dmiy hy epaorst( Thaobcl eanal yses i ndicati
on soil moisture was greater at higher microsites.
to have a direct sidorfngaeitt béfaddthowodpg hpywhieod nt er
mul ching and microsite did have a 3li)gniSfpiecdrfti cefl fl

hoc analyses indicated that a slight positive eff
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TablleRe3sul t s summary for |linear mixed effects models used to
effects and their interactions on vol@Q)metreaciwasStntgepeenbty
significant @reGrtosvi(ded in bold text.

2020 2021
Fixed Effe (hiehercipitat (l oweecipitati
Fval ue pval Fval ue pval
Vol umetric wat
DWT 53.694s < 0. 39. 0151201 < 0. C
Mul ching 0. 45516 0.69¢ 0. 79617y 0.397
Mi crosite 41. (634 < 0. ¢C 71. 82 1les4a < 0. C

DWT x mulchingO. 0@837 0. 931 0. 85%2668) 0. 35¢
DWT x microsit O. 82540 0. 43¢ 10. 4221654 < 0. (
Mul ching x micO. L438440 0. 841 5. 022654) 0. 007

DWT x mulching 2. 8440 0. 11F¢ 2. 865654) 0. 05¢

Soil water pot

DWT - - 135.(3837 < 0. ¢
Mul ching - - 0.01521)y 0.90¢
Mi crosite - - 124.6145 < 0. ¢
DWT x mul ching - - 0. 670609) 0. 41¢
DWT x microsit - - 23. 8277651 < 0. (
Mul ching x mic - - 0. 225651) 0. 79¢
DWT x mul ching - - 0. 443 651) 0. 867
* Logarithmic transformation applied to s

t han at hi gher mi crosites. Oof not e, t he mulch cov

mi crosites by the wind during the first study per
than that at | ow rmsitc rotsi dye spdraited i aandt hfeorf-it he diu
precipitation, st udvyalpueer ifoodr. tAhles o notfe rnaocttei,o n hoef FDW
and mulching was relatively high forntihal ViWgGp onrotd &

of this interaction), although it31lyas not found t

Linear regressions bet we@inn diWTa taen dt hraatn unad sl sy wree
was generally @ni@gbgptaitmil newvd m(icret opographic posi

approxbmetheltyhe Fs§ g8fa)c.e @Gf not e, however, opti mal
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Threshold ranges

|:| Optimal |:| Non-optimal I:l Desiccation

Figu4ki Bear regressions between dept h G)foorwaltew (ta)b,l ei
high (c).Smadrpngi tHematges talssoci ated with elplt inmha!| gmagies
moi sture dValtm&bmbitye(l ow), and A0k mbf desi)ccaerod
predict eldu edBsWTc ovrar e § p 61In0d i ahr§d wmb hwhen applicabl e. Al
edd evation of | ow microtopographic positions. Negati v

values denote a WT above the ground surface (i.e., s

occasionally observed duri n@gb5ple.mgFoisgsB7faehen | nhe oWTr
opti mal moi sture conditions for moss establishme
observed whelnyiadg aareends |wevr e i n@n &t esdu rviiatcle avpprea:

val ues to talxkd HiegfBtAbed f tOlpe i ynal moi sture conditions
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mi

vV a

t h

33 .

B a

Su

crosites, and again this ge#hgrnalgl aremlsy wec eu i mne
l ues t o talke $liaflircedf Chbhbmpgrati vel®0 mhcdednanocatb
reshold is predicted to oc/c86y dmd&E.mphe. Wioextaéae
termediat e, and high positions, respectively (C

si Fi gB%a) .

4. Water table dynamics

sed on the relationship KeTI@sSten aFbUgB4den d t ma a b ale n
ots that had a-neassuaral Wie ard oma&ér wianolat lge veuwnr yxae
assified as bedmtgi miyded | (oWO)c afldry twredd moss est at

s a highgQvaket&® hmbdatofl ow mi crosites in those pl

i rst-pribgigthetri on study period, sevenasofbetihneg 1IWO p(ls

ppl emenBarfyorTavnd @asonal mean DWT values). Of not e

adj acent to the surrounding peatland along the u

oundwat er i nputisglbrabbcnkitnhneo np eeatt Hadrntdh 2 0nd4)e, t he s
an mameuvaaslulryed DWT in these plots was reflected i
e north and upgradiethtdmhgast) fedgbet wemai 9d& al
ri od Fhg8dagearAl(so of note, the surface of the |
ea surrounding the upgradient east |l ogged wel |
r iFo @,8.6 &) . As such, this wasastlae homglhy |akedi wbed

nditions would be optimal for true moss establi
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M CHS I N A W N N |

O Well optimized (WO) plots @ Water table wells (logged) Straw mulch covering

A Non-optimized (NO) plots X Soil sensor stations mmm \Wellhead (left intact)
Figubel 8t hydrol ogi cal classi-meaauireds dbpshdrnt onlwene 2
precipitation ye-preciapi taamtdi o2n0 2yle a(rl;owe)r study peri od
seasonal memamasmaedawlayer table closer to-otphé msQzme dal o
seasonal meaasmaedalwlayer table position deeper than
of shaldwat gmr ofulhnow t hrough the sMcKionmmaomnngt palat] a2d?2

Conversely, i nprtehcei psietcactndo,n Isotwedry peri od, only

WO f or

of t he

on t he

t he es

i n fac

true moss establiBi3ghmdmt s( Puppl| evamesntl arcyat Bab
residual pad adjacent FEbgabe)h, twhhei luep garlald i cet
pad were classified asB3b)ei nTghiNO wahsatp ryienaarr i
pecially | ow Wi$ adkesgmrwevd ntghseagtome h WT mded s

t, remain near the surface al oFniggBfftideg . upgr ad

During theprfecrispi,t ahtiigohnery ear , nine pl &t ssmhad a

b.g. s.
for tr
t hose
downgr

edges,

( SuppBl3e me mtnadr ya sTashulceh wer e cl acptif mededs( WO
ue moss establishmenvéal uéed, mbharte | wavs ma ch i
pl ots on any given date). dfheslee NWagp|l and @
adiFéptB5eydgel § contragul awi ed Wheawehd$gy t he up

the WT in NO plots in the interioFigoreion
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2020 (higher-precipitation) 2021 (lower-precipitation)

Exceedance duration

—— Upgradient edge (north)

- Upgradient edge (east)

—— Inner pad (west)

= Inner pad (south)

Optimal availability thresholds

— Low (-0.06m)
— = Intermediate (+0.02 m)

DWT (m b.g.s.)

Desiccation thresholds

—— Low(-0.78m)
= = Intermediate (-0.67 m)
0.8 ‘ : . 038 . ; ; * High(-0.54m)
0 25 50 75 100 0 25 50 75 100
% time DWT equalled or exceeded % time DWT equalled or exceeded

FiguekeBth to water table (DWT) duration. cRretes iflolu:
of the study period that DWT exarededNoOofelthbel bwg h

not equal . For the 2021 study period, mhplggtte DWFBEt d!
Hori zont al das hkaexd sl ivnad su erse pcroersreenstpoyndi ng wi th the mo:
3. 3.

35) was poorly regul ated o&@mg.cbreguemnt i glffiré) padl lye¢
Reflecting this high degree of variability, the W
pad remaiébneagdnraboonMe 7% and 53% of t Riegdieiae)s.t Dsetsupdiyt e
this, the WT 84dxc.mp.ts.dreotp eietttbewr t he i nterior or d

(Fi g3&ae) .

Refl ecting the high proportion of -pie®d¢ispictl atsisa
season, t he6Wbrmwa h ewisturifrmce for only 34% and 39%
the early season) at the e&$ gl@be)d. nhtr tthh d odgagverdg rwaed
well, the WT6 dbmgped betowmul tiple periods of seve
while it remained permanent!| ¥i &%t d)w. thsats ucehv,elt hset
only &i whhi nt he surface at the downgradient l ogged
remai nead dmedgosv. for the entire sFEFudyobp)e.r i Foudr tahte rtnho

the WT at the inner and dbwnlpg.mp.dd .enftorl o@4g% da nvk | 3 1S9
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seagserspechiigdglley , ( whil e BWT zénxtctdedaedner well for
per iFod 8.6 k) . Unfortunately, mi ssing | ogger data pi
exceedances of WT threshol dsFiagtBélerhe Hpgeadrir enDWa
considerably greater at those wells for most of t

per iFo dafd) .

2020 (higher-precipitation) 2021 (lower-precipitation)

b)

Threshold ranges
-20 [ optimal

-40-| B3 Estimated optimal (SWCC)
60 [ non-optimal No data
[ Desiceation '
-80- - _ ]
B estimated desiccation (SWCC) f) i
-100- : ‘ ‘ ‘ : ; : : :
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Date Date

Figuft@o®pari sonmefisdaieldypsiecépitation (P) (a, c¢), derg
heights (b, d), and soil volumetri €)wls emeaonrtecdtat( V
heights on the repgidaiapi tpatdi dmr2ahle dtoumkey peri od. Oor
predicted VWC val ues ansastoecri aatvead |3maibtin ao gt it(tdzl3@mans pr &
(0. 2n?) mPhrmkled areas represent 95% con(pildoetn c eh oirnitzeornvte
saturation (0 mbjaaed ahb0bmb) mabgh®ddsimbgat inadnc@tor
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33. 5. Mi neral substrate moisture dynamics and i nut

As the second study period recyeardclsimat ifé¢c caaamh vy
3.1), the following analyses for both study perio
WO vs. NO) assigWéeddhtasefdr smbteleg i fpinrt &tt ,i ohfiigghuaredy p e
35a). As such, the spati al comparisons detailed h

|l ocated adjacent to the upgradi anch(basth) recei vedt

groundwater inputs from the surrounding peatland,
per iFo d);85 &) and those within the interior of the
connection to the surrounding peatl and, and which
Fi gabee) .

Owing to a shall ow, spraediep iWTa tiind it )n8&s t&UORy0e qreiriyg
season VWC did not vary significantly at any gi vel
the pad edges (WO areas) and those | ocated in its
datFrisg8@d) . Low microsites were significantly wet!:H
on thosd gBa@tkgs Accordingly, medi an VWC values at
mean predicted desiccation threshmidriosidesefewhe
the predicteldi gpgBtad) malBertavegeen (t he June and July me
became significantly drier (with the exception of

values at | ow positions closer to Pirgd@dd)ow the pr

Il n contrast, wetter conditions were oOoObserved a
second study period cFong®B&eed tTditsh ase uilnt etdh & rfoinr &
or above the surface in the early season (mean pon
before the site became substanti alFli g3@dd)i.erThuws t hlec
mi crosites along the pad edges wer e asriegansi fafc atnhtd vy

(where mean ponding coverage and depth were 25%
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measur emeFnitg 88 &et)es VWC values at | ow microsites ge
predicted opti mal range along the edges, while VW

the mean desi Eicaa8idm)n. t hhe sshaorhaed fattern wasasalrea ob

Qearly in the second study period, whe@eli msevatteo
zero) at | ow microsites than at highg mhd@ridgsuireees a
384 ). Duri ng tdwiad uteisme,t rmheodv am crosi tes across the

with opti mal avalld amb) @uvarlhitdoe nmeots steisgh >mi cr-loGi tes |

mb, but -Bb®vmb tdhesholFdtg®@®&d4e)t hr es

By the August measurement date in the first st
areas of the pad were significantly driefFighame cor
38¢c) . Somewhat unexpectedl vy, this was due to sig
mi crosites along the east and north edges betweer
significant change i n VWC iwtaiso ro bisre r Fviredd&8rdet Jo re i Tt hheetr s
wetting of the east and north edgeassam nadiicf alals eew

occurred a few days g@freepr to measurement (

Si mil artleyr,m ldornygi ng of the residual mi ne-r al fil
precipitation st udyhopearliyodne alsarr ea@ednetnmsd mosft W& da mad
decreasing patterrilg@&irdeé en Noaiabf ghd uhdplved mutess, (rheaclofr d
at the sensor stations | ocated adjacent to the ea:¢
range for true rmMds shbegBifaeh |I-hdlamEpgt VIWE val ues there
opti mal range predicted based on soil water char e
predicted desiccat FogBtdyeslRohdemnselay,l 4d4t meke sen
interior of tkaea padtheongGt)hl| dcead fiveequentdoptf embl wi
range (-b@taM®d@dn mb) during periods Féilyanrfert ewhsked by

hourly VWC values there frequently fEI g8be)l.ow t he
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Figu8Bo8plots dfatvwWOwamdhd high microsites in plots .
within interior areas (cl assOnf iVeWC apsl oONG ,i nh 020 20)n t afl
VWC Gval ueddD aordb (opwatmal avoaisl abi Im)y -Bbdembho(dpsDc8E
mm3) . BDhrmakled areas represent the 95%]pcloontfsi,demarei zionntt
saturati on ofpot imbajl aamods stalvé@ 0| enb) | Bny -1@ds imbgatiinadn c(@t or
|l etters denote -ebfatts mbédéi seaommpidwiedd ylpet woenb i miad n

Uppercase | etttserosf dlei-enbefaerc rmeisxaebdd el s comparing beplwet
combination. Statistically signif-sqaatedi mMéanenoésgr
l etters.
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Considering the manual dataset, significant dr
and July during tFhiegB3&edcand hdtsudyuperdi ankd(i an VWC v
|l ow microsite positions in the interior of the pa
thresholFd gB8&fage I(n contrast, VWC generally remai
threshold range al ongFitg&fegastDeamedaserst h np &MCe bg e ¢
occurred simultaneousl!l y winmeha ss@egend bfatcha nhti gdhe carneda sleo
in interior areas, and at highFipg@88lk)li ofsl bwingg t
decl fnelsl, bleOt vdadh mb across most of the pad, with

the edges where it -10e nibrgdlkey . r emai ned above

The interior of the residual pad continued to
with VWC values falling below the | owdri glagm)t of
an@falling0Ob®embwi n Fngédle)or @GoGenadrudeesl yr,ecorded at |

high microsites along the east a-h 80 nmbt h hedghsl @
(Fi ga&le) . Fol |l owi nmga can istetsdkee sloantfe d iamfgaine aswWwW@tds V ma
in interior amMexs ocfs the padi aedpad had signific
measurement date withiing3B8hee FThtcoenwastadgompanbdd |

in bobhbuhbyf VWG lared in interFiigteneaswaldfhoulgd @ad

measurements remainedFbhgB®w. t heir opti mal ranges
34 . Di scussi on

34. 1. Substrate water retention characteristics
The residual mi ner al substrate had a poor water r
VWC obsejvvad du east -b@® t #®® nAribg83)e. This can | ikely be &
that the residual substrate had a | odoii saond ¢& xal
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2024rpagseined substrates have a higH Saxeopar teitom
19869d the water retention capacity of sandy soill
(Rawl s etCoarb.i,nedOOd)t h the evi de@tto relspmogeass viemetsise
of t hFei ¢v&ilir)g, it appears that retention of water wi

to maintain opti mal condt & érbsy fdaurr i mags p eea s toadks! iwshhe

| ow. Notabl vy, many wel | padsnsdmr utch e dWeosult © o 0 B d taeya
al . ,. 201 8yel | pads contséxtucrt ed matewnifaltbheseef éemeiro
may be a more i mportant control over water avail

capacity cormpargd athnad Hamdon, 2004a)

34. 2. Substrate water availability assessment | i mi
Some inconsistency Warsd o\bWE r dveetda D ett svemine it hegapéabi
t hr eshiod &ifsed8 ) . This can occur as a result of fiel

which control the shape ofki¥WEJr ewaatted foSneshheilgrse | @
201BQwever, as tensi omefremps easreevt@drn ereali lny mmaree afl i &
of assessing water availabilityDugassumi&@n@may 2805 a
be a more accufriadled i malti eMa taasvuar ielideber® teyi. so made ove
i3 cm depth, which may further cont rwabtuetre atvoa itl haebm
t han VWC, which wa$ menadfemeheowmer et hewh0 |l e the hyd
Price & Whi(Sehea adleusm2cOcd@lt}d @b )atand t hat baGread o& t h
Rochefortopt2®mh0) true mMbpbskmb}tabki sbmént andicator

fully accurate in the present context.

Specifically, hydrol ogi c aSp hdaigancddonmeenctty popnsl ebse t we

and underlying cutover peat substrat es( Goaest zb eaennd r
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Price, 2015, Mc CarfTbe ertdePti te, wADt&) this might

mi neral substrates, and thus the eGarcd watteurr es wgpl
mosses, remaseas Gukmidwmr t2h0e2r2mjor e, whil e many true
rhizoids on theirtr st ems, whi c h eThoanbel net yepxntaimel cneil t1 eunl

Aul acomni uwi tpta)l usttréeey | ack the hya$Spmhagmesifles char
whi c Rl OtOh emb d e ssihcocladt i wans( Rdnei veeel oapnedd Wh iHyeahl ei ande, c2e0 0O 1s)
Sphagmousns es to maintain high water contents for a
condi(tH®jnesk and VicAdusey8§ mo280®1l4)rue mosses have |
capaci SpaaginpueagnVe st et ahd, ma2aYPldhegedloves delsoscemtt
t haldd0O mb. That sai d, mia.n ynatrndbunesp @ 0 shsaevsee (siinntilluadri ndge
tol erances aSp hsapggeum@\si titn etthe&li ven2® hal desiccatic
indicator of the ability of a(mMoestoon suralve @6
20234)t he rates of true moss mortality following t

Sphagsnpuent i e s. SApsh asgdneubnm ctcaree smol d dEgsdn0i@bpdpraboivedets

a reasonable (although potentially | iberal) refer
availability of water t o-stpreucei frmocs stehsr eisnh otlhdes .ab s en
34. 3. Substrate water availability and implicati ol
34. 3.1. Well optimized areas

I n general, substrate moisture conditions were op

the residual pad when theodVTt wasswitace apefexemat
el evati on atFilgogw)emi dmhes iWTesr;emai ned above this th
adjacent to the east and north edges of the pad (c

season (May and RiugBé)e.i Thbet lcapwedrs atgtri buted to
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hydrol ogical connectivity between the adjacent pe:
study conducted on t he s afmoeu nde ltlh apta dg reoxuannd waetde ri nf [t
sustained across the north and ea6McKiadnedget ahd:¢
These subsurface inputs were sufficient to buffer
earl ygrowining season i(nNMdbKitmn @0 20t Tamils ,2002WPr4r)ed bec
WTs within the pad cdusedtéetdehmdgautudegonéadpadt s,

water inpuf(McKiononceeaak., 2024)

Owi ng t os urhfeacneeaWT i n WO argeraoswiinng tsheeaseoar, | W WC
mi crosites in the months of May and June tended t

value %% . 2&8eme and frequently overlapped % th the

Fi g38&)e. Direct Medsuboememntsosftes in those areas a
rangelQOmbp within the same measurement period in
suggest that subsurface hydrological connectivity
season conditions for true moss establishment at

upgradient (east) and recrtt hygrpadc demag ees, i whpiuda s rf & coar

Moi sture conditions generally remained suitabl
mi crosites in WO areas through to the end of Dboth

|l ocati ons over ti me was seciom-gnecliopuatratiicaid aykewar .i

measur ement sQaotf |IVOWMC maincdr osi tes had both fallen be
the | atter half of the growing season in both yea
mean predicted desiccati onmetahsrégnsendod els ratngal, | at it me

above the desiccatlio®n mbrdiacdat @ew tmhrce Dotk s( al ong
of theFisgdgean Whil e these conditions indicate that
|l ate season relative to the early season, the con

are |ikely suitable for estedlleirs hcrnoenndiist adotnusd iuesr Bwva
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He

20

es

ported establisbmepanod!| sPeycadstowd mapasrddot ri
l odi um obnl amidmenri d | substrates wiBtohr keinrhialgaem maids t
16; Gu®rin, 202.2;AtLetnhnee rs aente atli.me ,20p2e2r)i ods of <co
tablishment relative to conditions just below s

mitatipedinfsf wsni €O or contamination of mo(sBugpthy si c
d Whitfield, 1978;. GTlhds eanme gRotcihved oe ft f, e c2t0sL 03 r e
siccachiomperges ,anldovweywde rn,t 1%98)i kely preferabl e
nditions rather than drier conditions. Also of r
the early season) wil/| li kedblyerastulithr d ewngges @
eas thHeaemat ¢eagl i 5. vmRirtnéeBovsesnuss,hor t periods of ini

ecies to outcompet@d.| paBRudsstkrenlaadges perdaCGucme h,o

ith calcareous waoempfeh = gmlrsica Bloetayde nthoa gneenarand Coo

ggesting that veISyhlaigmiushseads eisdg albil k eslhynmeinnt tolfos e ¢

I n contrast to | ow microsites, VWC values at |

ith the predicted desiccation range f@mremdienadr a

0¢t®0 mb (but -1Ws umabl)l ya th etidhoi wsi npgpatidtai q iotweetri on seco
mbi ned, this suggests that surface roughing in
pport the initiation of true mosses asilapa®edwelol
those species whi ch may be outcompeted i n i
t abl i §.h meanrtAt mdp ad wesrt re@ wi de range of moisture co
cludi ng (iBnordkreinehra gaerne aasnd Cooper, 2016; Gr.af and
net hel es s, consideration could be given to red:
ials, particularly as optimal water availabilit

ite when adjacemtunldaw edi ovri d Rii ig@4)évmelkere ewiaitneirna(ry v

rveys suggest the favourable hydrological condi
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true mosses in WO areas (tddatm Stowdy hiosvny) eq @il t énad utg

community composition and development patterns.

34. 3. 2o.ptNomi zed areas

I nterior and downgradient portions of the pad ( N
mosses with a highVdesi edagbigowvetrOldrmnanedocSeear eas

hydrol ogi cal connecti ¢MeKi widrh eatdThaksntr2aerh) édnd:

variable WT, which in turn resulted in highly wvar
VWC doeti mal availability indicator thresdaodnrdsatwe
al | mi cphoitoo ppa@siati ons in these areas, and VWC al

indicator range&al Bior edatolpyp-érfeddbsnbroedde s hecati on i ndi
NO areas under the driest cohRidgwBB8g.nsProdwiedgws dsti ind
suggested that true moss species adapted To dri el
ni t,Anspalustre, B o Imyatyr ibeeh i d esatl r icathnlmdat es f or min
ar easor kenhagen and Cooper, 2016; Gasxaft hmenyd HMHRaowe e ff
desiccati 6 Manakenaov&mnet caln. su2@i4)e rapi(dH8dekl i ne
and Vicher o%i8mi 120rl 49t udi es Shpavagenautins | ii dlemantf i ied
resi dual mi  Su®F i sub0R22t ed e amme h o @ gahdaahpat neyd 2 dhiugn)mo ¢

Sphagapuenci eSphHegmum warmrmgtuaomrfeiia hardening period

t ol er anc(eH 8jeevke | @rpds  V.i cThBeprboavg8npuen D &84 ) woul d | i kel y be
establishment in NO areas of the present site, W
Additionally, surface inundation observed during

furrt H&pniagensutm bl i stBltenkehhagen aansd iCso olpiekre | y2 0ilm ) WO
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Not abl-gpt innminz e d hydrol ogi cal dynamics may i nh
regardless of desiccation tolerance. This is beca
upon rewetting usually indrogmBsecwor hEl eormadgfegr @, 0 W Ipi
i ntroduced odegiamdatmosms propagules may be capabl e
areas of the residual pad, growth and community ¢
season when téoerWIces asaprohenged dry periods bet
wi || Il i mi tFigghiwe.hstreaedaacd,s NO areas of the residual
establi shment Géarasndidjgegpe<iinecsl.aidélseghaavepea hi gh tol e
tabl e fIl(Botriketnihamgen et al ., 20214 haker dpema ki oaitn da

unsaturat ed niCrherpdlIn sawnhds tCrhaatpd ;., 1981; Vitt et al

Further more, it is -piéelpithaaton hgr swicngds e &4 ® o
representative of future climatic conepirteicdams tarm ito
year. Specificallybeitani 9§ nicrlealsedt pattveaheneewibF ]|

regions under a (fRurtiucree ,etwaarlme,r 2cQ 1i 3mha it Sechh maaiyd dore etx a

in peatlands by their high rates of( KMealalpiod reatn sgli.r,e
Thus, it is possishulref atcheatWTnsa iomt aiersii dgu arl e awre | | pads
in the future, and a greater proportion of the sur
to that observedesenNO sdmuaays oivrert e me. As such, [
wi || be better suited for the initia@trimon of gr ami
34 . 4. Effect of straw mul ch

Given the importance of atmospheric wat(EeVollioks seets
al . ,afgd@2fiput ure c(lHenmatieg sectemdruica LOBRB) i n evaporatio
pads may be an i mportant restoration consideratio
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study was not found to have a(dlumietd eiitgmerf i ctamdy e
31). Notably, this finding is in alignment with th
areas of a constructed peatland wher emwslodHednop Isd tu:
(Scarl ett. elovwadv.er ,20flo’/r) a consi derable portion of

across extensive areas on the r esi daupapll ipcaadt iwoans oufn ¢

typically improves substrate wa(Rri conetenal by I @9.
al .,. 2DHé& )l ack of a significant effect of straw m
ne-aurface moisture dynamics on the well pad were g

of the coarse minerdtafMaeliwbncét paltmietrgd0bhami & v ¢
drying. For example, the VWC measured i ROpMnmts in
5%f or much of the | ate season, which ammgmisy wod¢ hut $
in | oamyLeshamachsn esu@h .as 20L& ) one t he Aado rwdisn gdon

evaporative demand wasnalgink @luydes wmmpliilddaronlfy obw alna

of t h(eDitnigmean, Ih0t®a)t rast, a greater effect of str
finextured residual c¢clay pads which would retain v
mai ntain capillaryDihgmwmahydmOtd&amer tWTss i ncreasec
sustain greater evaporation rates, which might be
34. 5. Site hydrological trajectory and directions
Regul ation of hydrol ogical dynamics in interior a
water retention capacity of the residual fild]l may

form ofgrbehdwr oot rdiacmaslsi tared sawsssoci aCadamwdi t h tF
Scirspeudsge speci es, which supports the =early sta
pal udi fRyeya&itmoand .Jexhouurd,d 2t0hle3)density of the moss

i mproved capillary flow through a | ayer of partia
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a

r

et

ru

nd

es

wth forms may al(s@oaetmpraowve REsimad,arZ®@te)anhanced
dense community growth forms mi(gMtctCairner eana d

4)

Given the high Ilikelihood of observing only ||
, further consideration should be given to th
hni gue designed t o opaiitnmi Z2d ns ubesdt rsautbes umnadf iascteu rhey
adjacent peatlands. Treatments might include t
| ected during the construction of new weilss pad:
ht i mprove the water retention capacity of r es
rological connection between (iMt rEod uCaaeud hmoesrs est
ron et &bnsidediajyion should also be given to et
ween residual wel | pads and adjacent peatl ands
W cOGUW®i it s, 2022;, Yirtthyetslalping2®@h®) surface o
vation of interior and downgradient areas | owe
ition of the | ate season wat(evwc Kti anlnloen ienT had 8.8 e 2¢
roaches are |ikely to be more i mpolritkaemlteyat ean
trol of the mineral fill hydrophysical proper

strate moisture dynamics than that of evaporat

.e.,qQrvaheesatoalrkespondi ng with true moss desiccati

those alreaplya ghgpuea(liR@gecde faord WhiBadheddon 2p0¢&) i
ervations of the establishing moss community o
e mosses -amtni mall edcocant ki thiomns t o at | east some e x
avoevdanhcet QuantkPdbildati on of these | imits wol

toration assessments on residual mi nerCptlo wel |

predict moss establishment outcomes. Further stud:
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mul ch earexftiumed resi dual wel | pads is also recom

commonly used foOoOskhadettoaktjyu2zdl®d®hn

35. Concl usi on

This study assessed whether the parttdxatlurmrednomiarn e rod
woul d result in the maintenance of requi site moi

introduced onto it fudihreg MLTHModiOpitedateW3Ii oegal ati

conditions were regularly observed in areas al ong
adjacent peatl and. The creation of mi crgotoofp otgha pt
substrate surface resulted in the availability of
t hat these areas are I|ikely to support the estab
However, unfavouumnbl eosdlsi<oGmbe @Amde ¥WCm¥ @®eZ2Z? m
observed |l ate in the growing season in areas away
connected to the adjacent peatland. As esurcihsk mofss
desiccation | atepriencitphe aseoandag,tubdgwereri od, espec
positions. The application of a straw mulch was

highlighting the i mgtr taammrdc est @afb| ea swipa belirin gthashdl leh ywir a

connectivity with the adjacent peatland. Overall,
to enhance subsurface hydrol ogical Cc o ndnueccet | WT t vy
variability in interior areas away from pad edges
have promise as a potential strategy to restore t|
in boreal peatl ands to date.
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4 DEVELOPMENT OF BI OGEOCHEMI CAL PROCESSES ON
WELL PAD UNDERGOI NG RESTORATI ON TO A BOREAL

41. I ntroduction
The North American Western Boreal Pl ain (WBP) is
each of which supports a unique cofmBiec&i inghamf an
Archi bal dSpao6ba) di fferences in moisture and nut
heterogeneity in vegeCraaiimea amdmDdyWhiiyokskirmuc ud &) h
control over ecosystem functional( Warnggc eess ead .i,n 2l0ul
et al, ,c&2&0KH6é6n ¢elquestsr gtiamm. praoRk§) on (dRfethadlei taantd
Messier, A22080¢% h, a system of classification has b
wherein | andscape units with comparable moisture
common OeRBReockitregbam and AEAcobkibal d] as8996) cati on ha:
forest mahammeimegd et al ., 20drMd Vmemor Renseanthyhplin
of restoragtfFamnaoban,com@233; .Thinf ftahuel tc aeste aof. ,t h2e0 1173t
drawn between ecosite classificationscuprmardaest erntat
2019; Nwai shi @oéonsilder a2tOiloSna)of abiotic factors (°
addition to vegetation establishment outcomes can
trajectory a s(iltwepamrad/u  eetf odll.owi 2n@l 9T, h iPsi nennoa balneds Ha
prediction of whet her the site is on a trajector
functional processes as reference ecosites over t
Given that peatl and successional trajectories
(Hal sey et al ., 1998 0mPRappebnedf ahutri2®didt3) and mc
restoration sites may prove t o bPeeaat lvaan du arbd set a roaotl i
to occur on a |l arge scale in the futua,t a3 |p esatnlc
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mi niil Roponey eandlthe 20dm9tructi on-soft uower A6,d0 @A sh
associated with( UMNEP,e n2drgg2y) aiwn d tesatcrhy we l | pad must
6equi valent | and capabilityo,eswhaibclhi sihanea ¢ f iorf e de cfo

conditions suffi-aceomultat isnugs t\ae diAtladtegretast Eommu rointmy

Par ks, MO wWeéyver, t he surfaces of we |l | pads can be
peatl ands, l eading to |imited substratélLemmast ur e
2022)

In the absence of ecological restoration, t he:

|l egumes, and ruderal speci(else mmard eatl sdod wienvhdrhd 2i) np e«
bor eal Bphtbaenodthst,r ue mosses (i.e., those belonging
of ecosystem function and are (tBauermientargl con2003
2009)Accordingly, peatl and restorati on( Bonr kCeannhaadgae nt
and Cooper, 2016; Gontzigd te 4 antden drdiBoceldde t or ta, s2Q@ k4 )usi
Transfer(MeThini Qaehef.orQr iegti naall.l,y 2d0eOv3e)l oped f or us.
Canada, the MLTT involves spreading donor moss p
(Rochefort. eMaianlt.e,naznc3)of a near surface water t
(Gonz8l ez and, Rog hteHiog tper2miltdg adequat g Kweatcehre ssounp p

and Priard 20pmadirntsenance of anaerobic substrate ¢

To ensure the maintenance of a shallow water t
(i .e., | covempeadc taendd) .deCompl et e removal of the mine
establ i Shima gdbourmfnat ed peatl and vegetation communi't
and poor fens) and is also associated wWilemnerhi gh
et al ., 202 2; PouliotHencael .t h20partXKaletrembval 201

as an a( Yietrtnadgti veehi.s mOUNKAYPd i nvolves removing the

whi | st |l eaving a residual mi ner al( \&iutbts terta t &b sisn 2p0
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propagul es can then be spread directly onto the r
(Borkenhagen and Cooper, 2016; aMpKiomcbncan é&l. co2
anal ogous to the natur al process of pri mary peat

graminoids and bryoRbhypels eotn ali .neradl3)il s

Initial trials of the partial well pad removal
| owered to | evels between 15 cm above the water
surrounding peatl ands.r aAt stutbstt ratebe,t hatesiweual crn
surrounding water table supported sufficient wat el
and br yydhhytedgGlaut hi er et al ., 2018 ;whliaermmevraseti nala.g
with earlier tridBor&tenthlag eme @ dadohsen ogessail,deuzad 1 6ni ner
al so had pH and el ectrical conductivity values an
for minerotroph(M. fEENnsGawt hihedrnWRIP mtlr.a s t2,0 1v8h)en t h.
removal technique was sxiade dwallpl amad a(ppd.i & dh eoont aar
associated with this one, the | ow hydraulic conduc
acr oss (tMceKipnandon .etThils ,r €90Rl4t)ed i n variable hydrol
table fluctuations observed across more than half
periodgq MecfKithinmen .etThils ,c @2Wl2b)potentially inhibit
bi ogeochemi(cthdr tpgoaxck sestesal ., 2020 ,AcZx0lred;i nNgwayi, s ltih e

considerable uncertainty surrounding the potentia

requi site biogeochemical esaursd iati ind msg ftaru ee srntoasksl icsom

There is also uncertainty surrounding the effe
parti al removal, including fertilization with roc
The for mer i's applie@rdpreiang andst 6t oateincrouofageutas
Polytrichu@orsz§liez uaand Rochefort, 2MIi4;e Pdhdtotsph@rrru
typically a | imiting nfwWitteret Bhspedd®lO@&:ags nomet he
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moss and graminoid establishment on poorly develo
from the (Gukesethr eettum@lrt hd9®@@n e, straw mulch surfac
on both reé6Ppored eauntda ceorn(sBerauscjteetdtp eeatt lad nd s 2t0ol 7i)mpr
moi sture conditions. |t has al(sBmrhkeenrh atgeesnt eadh do nC oro
M. E. Gaut hier et al .,, a20tlh8o;u gvc Ktihnen olni teetr aatlu.r,e 2i0s2

its effect on biogeoche@omrmai deryinnagni tclse i wmn ctehritsaicna

potential of the partial well pad removal techni gl

processes, the objectives of this study are to:
l1.Characterize the physicochemical properties of
removal-sbteawéell | pad;

2.Compare the biogeochemical processes occurring
reference fen to assess the |ikely successiona
3. Assess the impact of restoration treatments ( a
on biogeochemical processes on the residual we

42 . Met hods
42 .9t udy Site

The study was conducted on a 0.8 ha residual pad
19" 1106 N, Fl4Are8. DRe® aMj acent DFreenp awmaosc | cahdaursa catdeu
Aul acomnium palustre, Sphagnum @arest arifuiduisl S h
chamae®atsppp . Rhachadendron.gMoerel| aodelRiuamaaas maT imema |
pad was originally constructed. olun Mdr clan2@2q.,e xth
partially removed under frozen conditions by wusin

(s®MeKinnon et Milcr,ot200p24g)r aphic variability with a
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T |

FigutdMap of the study site including the Il ocation of
pl dtag . Provided for context are the location of theoct
propagul e donor site (c), and aeri al photos of {fhe 3
the fimMtiKngsonooaf et al the2@2mss2024ption of plots on
opti MVQedr ( hydr od potgii &l d tlyo fn ofnen moss establishment we

scraping the surface of 't hecofnitlali nuisnign gmoasns efxrcaagvnaet n

and r hweroanesol | ect ed frhingddrcel e amldy s¢poreard fdémegCt !l y
mi neral substrate using a skid steer. Basmeadsson pr
donwese introduced at an aeri al ratio of 1:7 (don

into 16 &t g4dlyee)p,l ohtesl f( of which were cove(r@ui rbtyy hart

et al .., GZ@X@b)ar rock -Phoshpdiht wabempplirpdr byNhand
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pl ots on the weFsitgeuirae) hat f a of &itnh eaocpcaotlr5d)a rkcge hwai t h cu

restorati oQuignti yeéi nals., 2020b)
42 .Rhysi cochemical Characterization
Measurements of groundwater pH, electrical conduc

chemi stry nbelt,erHanHla 8I1Mstr ument s, USA)wiitnh pldOl ycvm n
intake screens centred at a depth of 25 cm. Piezo
installed within the paFd gldde¥r. 1Mpnahdy pmadasandmér
during the study péndi ddgubshn) 28816l 42 @SZelpd (efmb eMagy Ad
measurements were made within the donor site in A
(14 28y Asg). A third set of measurements was made
Mayll September) to determine whether there was a
establishment. All EC meauapmthecbed wrhomcHt andgr diis:
met hod o&f{Pr seMelaBspuOr)e ment s of VWC were made appr o:
study period inclicgdi SgptembBe’2d ((&EBnharaT mbéevitce g, m

UK). Three measur emehtcmwdee et maate lowve raptldodh ilbgnh thi ec

pad (n = 36 per microsite), and at each peatl and
Sospecific VWC cali bamdnomat wemsudewmehopedf soil
using a small p onr t2a0212e atnhde r2mMa@2n3et e r

Anal yses for substrate total mi cro and macr ol

University of Al berta Natur al fRoersosuamelsesAnafl yt h € a
coll ected in Marachy s20620 o(rn tot7@)l. carbon (TC) and
using dry combustion (Fl ashBmarmo OFigsamerc &tieemeni

Anal yses for additional mi cro and macronutrients
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undertaken by anal yziinndgu cdiigveesl tye dc osuapnipelde sp luassirmag o p t
(I ©OES) (i CAPM®Bh3eOrOmoDukoi, sher Sci entMeftihcod FEINIS0ah EPA ac
2014%4)51 organic matter (OM) -oa@mgtnanti owmas Sepsetciinha tcead |
of substrate were collected across the pad in Jur
driedCatpri®@ to c€mbost f(ohgiarhio GbBx ahang8PBllé cat i
K, Ca, Mn, Fe, Mg, and Al) and total cation exchar
acetate met hod, with isopropanol and 1 M KCI us
(Hendershot Anhabysesl®@8B8¢ performed by NRAL on 10
each pad monitoring point in 2020 (n = 12). Leach
and exchangeabl e cati 0oc-OES wer €A RG220l imDu ed stheirngScl

Finland) i n Mecchoordd(@uacisd DvERA, 201 4)

42 .Butrient Dynamics

Rel ative substrate decomposition (rKketuesk awnpr eetc arhpa
Briefly, paired green (EAN 8722700055525, Lipton,
Li pton, Net her | amedisg h & ce asdbrady sb uwwreireed pirre 8 ¢cm hol es f
12 August 2021 and 79 days BeR®eehn2202Gnethnde9p
buried at an average microsite height at each mon
l ow and high microsites Ritgd4drgec h Atnomnihteo reinmg sof o ieratc h
were collecte € &nd dPBrikeid uat .-Ardyd weieghht s wer e used
stabilizaiandfdetompog¢$iki i ovia Bwaatree a@dosnesdt atnot sc o(lmpar e
of stabilization of the | abile or&kwere Gsadtioncdi
relative | abil e or gan(ike unsaktatmepr ebe eaolmp,0 92 QcilBEmM grea ti ¢

manufacturing, teabags bur-wedemnp@lOR2Adr ovey lee nceo,mpwf
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buried in 2023 wewsveompod ¢d acft i & taicghlt Imesh (Lipt

As such,kan8learees mdt directly comparabl e between ye

Paired samploams tdhfe medgtm@miceart dIf esnu hvddereptaceo | | ect ed
determi nat i on -aovfaid xatbrl aedtQanh It & A(keindHEM t (eerxd p hosphat
P@), and net mineralization rateBnq,quladstinpili ed wei
coll ected adjacent t o -100n ec na nboetl hoewr tohvee rs uarnf aicnet earnvda |
bags-inPubati on sampCepriwenr et stamaldy ads 4wi t hin 24 F
buried for between 21 and 30 days (depending on t
were performed by shaking samples at-PQ)O0 orrpm.f0orM
KCI ( FNoOy a redk-Ned®t a't a gravimetric ratio ofeml: 5. E X
cellulose filter paper (What man 42, Cytiva, UK)
Beermaster Autoanalyzer; Ther-mondF-ipslse b a uSicd neenntti f |
concentrations were nor ma(l Redcdy beis ebdeé to,nmdd dyi8 3slai ngpal t
were calculated as tdamrd dintdbroénoaea ketwaehabbet nu

di vided by the incubation | ength.

Pore water was <collected from thiegdipperuslihgcr
samplers constructed out of perforat edC pporliyovri ntyd
filtration withinem24 ihoers ptalpeoughWhat Bnan 42, C\
Concentrations of sI,ustNONHr & maetrCdv ed eR e(rSRM;e dPQ si ng
met hods by NRAL (Gallery Plus Beermaster Autoanal

supply r artteisf iweed eu giummg Pl ant Root Si mulator (PRS)

mi crosites at each monitoring point in 2020 and
buri al l ength of 72 hours waoMHsagltewomtckd ehba sadnds uof n2 Ot:
nutrient concentrations would be close to equilib
water and shipped to Western Ag I nnovations where
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were usedntoNBAO++ Analyzer, Skal ar, 4Nethaer | MgndsK,
Fe, Mn , and Al we tOE Sc d rBplectt e d Gu iemg An@Pyzer , Spec
USA). Based oPil atchhe eme tdhRS (@2Af®@beE) supply rates were

in 2023 that were used to inform potenti al nutri e

42 .3t atistical Analyses

Statistical anal yseER @&ere Twatbhu=2W@Ju.sailng obser vat
a given variable exceeded the anal stgiuaalesl! irmigtr eas
(OReg) was used to assess the significance of env
mul chi ng,atainan) eirtigriedi cting nutrient variables
when required to meet statistical assumptions. Whe
(< LOQ), <censorReedg)r engordeeslssi obnaisfe@é nomo andf eeshtsimnh d, t i 200n1 :
were employed. Censored regression accounts for t|
on an ac(tHedlseval ReOREg @ROOE&N)s wemenéiitewpbbs ke

(R Core TeaReng2m@del s weeracBiumedd idmMd gthakhagéguel i an
and Hel sMoldel20f2i4) was assessed through viQswpdlotisnsp
(Zuur et. a&larj adee@e9) nflation factors (VIF) were co
viffuncti carmapadc¢ k(aFRgoex and WeAEber gr vRdd 8o Celns , parti e
tests were condonctadchewiitomi n ot tceomput evaNad eldsf &r sda a
predicto(rHevlasreil8b k201 200n t hAent fwien diemg s( LWHBI)st i cal t

performed when > 40 % of observations in a datase

For datasets without censored observattiessnss, sp
or analysis of variance (TukeybesdEDemaat kiadye oa m|

t henofancti omapafc kvwipeen t he normality assumption wa
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transformation). When transfofmatiest swiaslrliikse Gtédesatl:
(Dunnds post hoc compar iwd d rcoixk weskt lemdtt i© dysetsla tasfs | iy
package. For censored datasets -Pweittoh t<es4 & -Wi t &n Be
Hochberg post hoc coMpalrs slopss d@edhfweyptl dARAD f

Spatial comparisons between the surrounding peat]|
of a rel(aMicKd nitommdyet TRat ,s2@0&@&% )f ound that plots | ¢
north pad edges frequently had higher VWC than th
the wupgradient and north edges-opwer eW@leedd mgd ntoxs sb
establi shment based on moistur e, whi | e -otphtei niinzteedr i
(NQO( Mc Ki nnon et al. ,Si2mi2l5ar Fd patrieald .pgat)t er ns wer e i
Section 3.4), and spatial compaOpbkoths Onwaadktdsgtu(ln @s me
41 a) . Data wegeplpWox kramwFdbhlead)ensored datasets wi
observations, plots were drawn by imputing values

(Hel seWwi t BcOetinBbgofxupr cotti N Dp\A c k(hLgeee ,. 202 0)

43 . Resul t s

43 . 1. We at her

Mean growing season (1 May to 30 Sept(edmber )f raoinr ttl
Slave Lakrcaedpgedhmecl3iOmat€) nonmall (g8abs, rangin
°C F(i g4 e; Suppl emgdnt arAs Exlplecet ed on t he WBP, t emp
the peak growing season (June to August), with ¢«
summieirg42e) . Totial trhadidridaadi lIdm om t hee Staeedeylaakiee aB 0
climate normal in the nRoingdxbe)f My si padltleryneamontst

of the growing season in 2020, 2023, and -y2elazr4g , w h
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Figu2@owmpari son of monthly mean air temperature (a20c:
and compar eyeaargadInismat30 nor mal dat a (2002n&)hll yd anteaa nwa
Environment and Climate Change Canada at the Slave L

growing season climate nor Ralgdaze;i nSappl € @ARt. aormy) , T
Nonet heless, there were stild]l drier than average
particularly duFi gg2)h.e llmatco nsturmarsetr, (t he 2021 and

drier than aveBlgeand eacxi%icmfy whdé Made nor mal rai

(Fi g42be) .

43. 2. Substrate Physicochemical Characterization

The OM content of the mineralpaitliawasemeVvali¢megs
% i n JuMcecKi2rORdn ptaad.di a02dt significantlgairscr ea
(Wil coxounm,r amk= 0. 1; mean = 3.1 N 2.8 % in June 2

(0.91 % w/w) was relatively high compared to othe
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TablleMelan residual mi ner al fildl tot al mi cro anduamatibnedrfen

samples collected in 2020 (n = 7). Standard devi atitoontsalare pr
carbon, as opposed to substrate organic cardomyt hiasntbherat irep.
Macronutrients (mg kg™) Micronutrients (mg kg ™) Nutrient ratios
C N K Ca Mg P S Fe Mn Zn Cu Ni C:N CP N:P Fe:P
Mean 91219 270.9 914.3 13184.7 3021.3 270.6 63.4 8085.5 162.2 24.0 6.2 9.2 35:1 34:1 11 30:1
St. Dev.  (1629.0) (49.6) (106.5) (4562.5) (592.6) (18.0) (13.2) (807.1) (26.0) (2.2) (0.5) (0.5) 9.7) (5.6) (0.2) (3.3)

includes i nedrigarniad |(aib.lee.), crmaormbonates. The total <co
amoagher nut4li)entAss (sTuacbhhh,e Ca and Mg were the predo
(Tad2)e. Notably, exchangeabl 42 )Fe swagsg eusntei xnpge cttheadt| yF ¢
undergoing complexation with other ions. Exchange
42) al though this result was not 4lpexpactedtipgri ve:
P, and S were the macronutrientdlYou@ambinneéd ewi DIwe
TC content, this resulted i n4lh)i.ghThea btsitghaatltedCaIN R
resulted in a high substrate Fe:P ratio, while the

41) . Tot al (116 .am dN eIlxOc.hda nngge akbd e Na were also | ow

(Tad2)e. Tot al Al was not quantified for the residu
mi neral fill collected from a nearby gcauaapubrdaasd el
data). Combined, this suggests ftlkeattAlonmiwghth alt de
Tab42Resi dual mi ner al fildl tot al cation exchangeartaipfaiced yf d r
samples collected in 2020 (n = 12). Standard deviations are

Exchangeable cations (cmol kd)

Total CEC*
1
K Ca Mg Fe Mn Na Al (cmol kg)
Mean 0.167 12.064 1.285 0.003 0.038 0.156 0.037 6.618
St.Dev. (0.018) (3.078) (0.509) (0.001)  (0.023)  (0.037)  (0.016) (1.435)

*Total CEC is reported as the measured concentration of the index ion (ammonium acetate) as op
the sum of exchangeable cations.
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43 . 3. Groundwater Chemistry

Medi an porcenwamheér a€li ons did not generally differ
6. 6 MogSulpp! eme ndlar.y Noingeurheel ess, the mean EC of sh:
(616 to y7wadSscognificantly high®r ithnhdmtihn 20R® f( @
and 2021 (p < 0.001) (the $&igdydper Ondshwi phdf ehh
were aligned wi-rtihchr efgd mn,al wreextgaeameval ues i n the s
mode-r at &( Yietnts and. Clhre egont9r9®d9t , the EC in the moss
fens, ranging fli({®mppd ementdat yOFabme BoRabNVNyttE& &
the pad did not change significantly between 202(
significantly higher downghadi enti o6 upgrpdd2@0266

(p = FO.guxgee), although no signifi cafmitgdadie)f er ences

Similarly, mean shallow groundwater pH was sig
surrounding peatland &i gaX¥e)(.6.Howdwmer2,02mMe dmp p<H 0d i0c
di ffer between the pad (6.9) ahkidg4a3hde) .d oGronrgrreasdpi oenndti
mean pH in the downgradient peatland was signific
north (6.5; p < OFIiO@®43)ddnp ecaotnltarnadsst twhiattht yiahaep a&(d a brind a
pH there declined significantly Figtweepn RORADI(Y.,. O
both the pad and f erni oMerfeensy piinc atlh eo fr emppideerr,ataes wa s
which ranged (Supml 8mé&ntar . Babl eShCal2l;0wi g rt o u&n dCahaete

al so significantly warmer within the pad than in 1

Fi ga3e) .
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upgradient (6Up peatd), north (O6Nor tMe apaatedme,ntandved e

areas in 2023. Groups not sharing common | etters 80DE

or KrWeaslklails (all wvariables in 2021) tests.

43 . 4. Substrate Moisture and Temperature

On the residual pad, l ow micrositawawens d$ihami fi

hydr ol dl@irceads yin the | ate season (July to Septembe
y e alRisg4lr eand43Na.blot ably, this difference was not o
in those years, or at any time dur d3)g. tlhew wmitdrea s
i n WOamNiOar eas on the pad were generallyyreéfilecttimag
| ower t ot al porosity of the mineral Mwakisntman eet( Oal

202@9nversely, VWC at high micr odMOb aNOaa relays sing rt ihfei
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Tabl3eMetdi an vol umetr?m® waheergoateintke (mange in parentheses)
substrate in the early seas o.nMediaisSgr eaahnlacatidn aate egroupesl ey miarosite L S) e
(hollow/hummock for the fen, low/high for the pad). When measurements were not available for a given location or season they

are denedt esdy nbbyola 6Superscript | eMaliseestscondparingniediang beteeen lecations fors o f K
a given microsite antime of season in a given year. Median values not sharing any common letters significantly differ from one

another.
2020 (n# m) 2021 (n# m) 2022 (né m) 2023 (n m) 2024 (¥ m)
Microsite Location
ES LS ES LS ES LS ES LS ES LS
Peat(up)  0.91(0.013  0.91(0.01) 0.88(0.16)  0.31(0.24) - - 051(003)  0.87 (0.08)
Peat (north) 076 (0.013  0.74 (0.04° 0.75(0.18°  0.35 (0.10) - - 045027  0.93(0.06)
H?CIJ\?VW/ Peat (down) 0.71(0.01®  0.52 (0.07 0.66 (029  0.18 (0.08) - - 0.40 (0200  0.85 (0.32°
Pad (WO)  033(0.01)  0.32 (0.05¢ 0.40 (0.07  0.28 (0.02) 037(00%  0.38 (0.03) 0.40 (0.06  0.53 (0.06) 0.46 (0.05)
Pad (NO)  033(0.01y  0.27 (0.03) 0.34(0.06)  0.17 (0.08) 0.36(0.03)  0.29 (0.05) 031(008) 043 (0.11 0.47 (0.05)
Peat(up)  0.07(0.02°  0.07(0.04) 0.09(0.04)  0.09 (0.02¢ - - 0.05(0.02  0.08 (0.05)
Peat (north) 010 (0.17°  0.07 (0.04) 0.06 (0.05)  0.03 (0.03 - - 0.03(0.03)  0.06(0.04)
Hum;”hmk/ Peat (down) 0.05(0.01)  0.04 (0.04) 0.05(0.05)  0.04 (0.01% - . 0.01(0.03  0.06 (0.04)
Pad (WO)  028(0.01)  0.27 (0.05) 0.31(005  0.25 (0.05) 031(003)  0.31(0.02) 028(007  0.41(0.07 0.46 (0.05)
Pad (NO)  027(0.02  0.22(0.05 0.28(003  0.13(0.07 030 (003  0.24 (0.08) 0.26(008)  0.36(0.10) 0.34 (0.03)
pad in the driest and wettest seasons studied (20

observed in years r eecyeeavri ncgl irnaai tnd3an.or Adald ms(el fatboh @tt ree
high microsites on the pad was al ways either hig

peatl amM®@)( Tabl e

The temperature of the mineral WYWOodomrsMOGiatasdiat n
any microsite position in either year for which t
Tabdde . Accordingly, medi an temper &@ufr eesa cbhe toneheenr t
ti mes 44Yabll@a contrast, the temperature of the min
t hat of peatland hollows | ate in the 2023 seasor
avail abddg; MRabltedat ti me, the median temperatures
in the peatland dAG Tadd)d. bSome griugrhi faisc@®nté di ffer e
also observed between | ow microsites on and off
di fferences were of AC|I ddédfemRagni ¢enne YOr & $iomi2l. 8
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in the early season (medianS®@bneaot ofhethe whidl é
di fferences in temperature were observed between

seasond44()Tabl e

43. 5. Cation Supply

Cation supply on the residual pad Wwag4a4)et WBhecomp
pl ots tended to have NMOpdhers adatiadbh smupplopgitat o st
bet ween plot types wémgei bf gade.s {@atiisan calvpyl ymoal s
significantly higher at l ow mi crFaogiddtes Ref besti he
high total Ca, Mg, and Fe contents of the residua
rates ofri glAe)e.padngqurprisingly, substrate temperat
effecatioomn supply (Suppl ementary Table C. 3). Howe

with Fe and Mn supplt= r3ptle®. 0 4 A2pdi; 9t 02Q020a0BeJun

TabldeMeddi an t edperianttuerregsua(rti l e range in parentheses) for peat
season (ES) and | aMediars éoneaah tocaijoh &¢ groaped Hy migresiger(hollow/hummock for the fen,

|l ow/ high for the pad). When measurements wé&rsesymbolav Niol alelme ef
measurements were made in 2020, 2021, or.2B@derscript letters denote the results of Kruskallis tests comparing media

between locations for a given microsite and time of season in a given year. Median values not sharing any common letters

significantly differ from one another.

2022 (C) 2023 ¢C)
Microsite Location
ES LS ES LS
Peat (up) - - 17.4 (1.7  10.0 (2.4
Peat (north) - - 16.4 (3.0 10.6 (2.7Y
H?HOWI Peat (down) - - 16.1 (1.9) 10.9 (2.9)
ow
Pad (WO) 20.0 (0.5} 25.0 (1.5% 18.3 (1.3  16.6 (1.2}
Pad (NO) 19.3 (0.6} 25.9 (1.2} 18.9 (0.73 16.4 (1.2}
Peat (up) - - 17.6 (0.8) 19.5 (2.4}
Peat (north) - - 16.5 (2.5) 19.5 (2.7}
Hurr?ig}:)ck/ Peat (down) - - 16.9 (L8  17.5(L2}
Pad (WO) 21.1(1.2) 25.5 (2.1} 18.8 (1.2 176 (2.3)
Pad (NO) 20.5 (1.03 25.7 (1.7} 19.8 (0.73 17.5 (2.8}
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(Fte=: 5p<8,0. O0t%; 3pMA ;0. 003), and with Cte& dupEpl.yo orla)t.es
Unexpectedly, the supply of ot her cations was n

di fferences in VWC in 20430 .and 2023 were |imited

Significant negative relationshitpst. Ber®@. @bd3)er v
andtA2 .= 0.031) supply in August 2020. That mo nt
i mmedi atfelry ipogtat i on. Fertilization was not obser
of any other cations inamnmhe phisti $ti veearmkalRundehdph
0.013)t=amp=4K0.(024) supply in June 2m2pbps Ber20d2dsen
bet ween cation supply andCBe&rt iMuil z&ti ngn h@8u @mp Isd nye
relationship withtX ZpeEPp,0.y 1i7n Ahutrde 2@h20.2004281) (and
significant negative rel ati onfseritpi IWwi2aah@5Foed ; DWOBPI.y
Similar to fertilizati on, mul ching did not have
(Suppl emenG3a)r,y blyabWwki ch time the mulcéedofeir s uwals

observation).

43 . 6. Decomposition

Substrate VWC had a si gnkvfailwwent ome g #red vits dd 3 9 @ipa2t1]
and 2t&243. p( 0. 001), indicating that wetter condi t
significant rel ationshv@lsuenser @andobfkser tvieldi zbaettiwoene, n
temperature in eitheC4)y.eaNo (sSSpugptpikalenedit faftgredimdd e biel
the peaMOpll anMQpl @t s at i nter medFiiagtéé& seini c Hodvikdeesl, | n 2
to be sl igWpllytilsoweirani rel BiegvdnGea)e. tFRieaftl eycethiwmg( t hi s

significaWwOphol oaweOpaowmhsnor the fen aFti glddte) mi tnosi
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or KrWaslklkila @021) tests. Due to differences in tea |

bet ween 2021 and 2023.

contkwassti,gni fi cantly | ower for peatl andOphommodhatt

&Fri gwske) . Combi rkea, thel pasd owfere either | ower tha

<
(9]

from those in the fen, withkwae ekcepthiboghef &nght
fen hummockk) . VWG Idikdke Hfotr have a <$sSognihecaatd. eHD®&
fertilization was Sieg2tei2igXy 0ad®8¢i anddpwowsbhively
in 2t622p=6,0. 019). Substrate temper atSime 2t&®28 24| so r
p= 0. 039)ISt,&Spched at o be higher on the pad than in

vary bwW@awmdd®©ml ot s on t he Fpagdudmn .ei t her year (
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43 . 7. Nitrogen Dynamics

Medi an conce-NQr(at.ilont so'didfy 5esxbtg-Np* (@Dnd extd2y6 sOgl y i
the pad were often significantly | ower than in th
Figsb. &baya They di d Wo@anMNdarféaes bdrtwrenpad i&n 7any vy
d) . Interestingly, there was a-NQmms itcdcer ghbalde biyn clruer
(12.3 t3ddny .F8og@gprey. This was unexpected, as that n
than -yéda&r 3@ean, and s-NHiolra-RQitveerr easesbsar eaxd (Fi g
Further more, | atganséodr magaoinve aN@s wer eFioguree ved

46 h) . GivewpthduchebnNiwas &b gaihe)e,d dits ginmitdl udctit on@yn( N

to s,Nthy have been occurring. Ho wewearo,d ulcd d aoins ewvatsh e
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optimized (oOWQ@) nmirmedce dnadmMO)( seree &d gair et e .paNdb dat a was

illustrate medhnd pvedricueenst iN etshe 025 each group (means
the presence of censored observations in some group:¢
significantlysHd®Whflers)baweRicroxodkreBRoetkoe st s .
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than the nettrmaegdorwat NOn r at e, it i s asdwaos possi
occurring. Pri or-NQ@,o ctohnec einntcrraetaNsehvee noef e gittmi d md eoxnt t

whereas concdNmidttreantd eodh st co fb el Gtii g htelre tfhdam&-efxdt gs . 6 a

RatessofamN#$if ormati on on the pad were Eiogsriaer a
47e ) . Nieptr oMHIict i on was observed in the fen in the
negatikveaNBf ormati on rates weri ggdidelds e rCoendv easns etl ye pr
transformation rates did not di ffer bet we'en t he
transformati on was NOadrseasy eals i o nmyfhzer afdleundt \\oD somhee tai sTN H
(Fi g4atfe) . Il d 2023 JjJ/amatnsfidr mati on rates remained |
across the pad, although they Wegé&htdgnegaCompali at 20
net stNrOansf ormati on rates on the pad wer e Fingaatei ve
46 én ) . Lo®veattues precluded calculation of transfor
the years with fen measur emesntrsan stfloe mmd g oint udd easn
bet weem & hdFipgald ¢() . On the pad, there was a signif
VWC andshe3=NO pand@N6&d23, p < 0.001) transformat.i
a similar effect was not s€8n. i Altloeghyeatr sN( Biume

could not be quantified on the pad in a\WwQarmnwear (d

exNH*'observations exceeding 40%), this suggests th
mi crobial effici emayw iiad trheemofviarls.t |ynetaerr epsotsitngl vy, V
wi t h NKQe oeamdtte of t he miner al fildl (z = 2.5, p = 0.

C6) . Conversely, VWC was-Npioesn ttilve |l yad dsyp Qi#8h e d 2 2

0.021) .

Despite t-N&cloowemtexin the pad than in the fen
wat escdNfOcentrations were observed betwWeg&8bhem in

Similarly, few diffeoranerisr atni s ew @a ndbQaNeravsed b
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(Fi g48kk). The 2020 growing season wascancenceati or
that year werde, <pLOQI ¢dBndgstatistical analsyses or
supply rates were “7l2sohpu 78O Q@6 (02f (Gghel Ot iccme acr oss
precluded statistical analyses or dada@ornwderutarl dtziadr
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Suppl emenC7A)y.y Malb¢Rri ng was assockbtadswotmatriedmct i
2.4, p = 0.045) in JuNMH (z2Z20220p,6 ,Dn d 1D hcramasgepsorien w
concentrations i n June 2021. Substrate VMNC was
concentratioaf2sB83 n0.20280) (=aBdRB20@3013) , whereas it

associat £dupp It yh MNaHt=e fp.=i6 n0 . 2003263) . (

43. 8. Phosphorus Cycling and Supply

Concentr atfiGomesr eo f< elxQdf ¢ 18t g Li qui d extract) 83%
precluding statistical anafiyg49sa )o.r Nadtsaially ,p rtehsee nme
of -RFmMmeasurements on the pad t hlotf werye s»ill 0OQ Cwany
exR@Pl evels in the fen wer ot odsHidgeudiag)!.( Thhieg H eorw, | aef
of -RG®on the pad were also reflected in?the7 fdacaf t
the timegthlede (n the peatl and, medi an pore water
LY, although the median in Jul®dy 2021 waBiogdhigni.tiac a!
Nonet hel ess, median P supply rates on the pad ten
hi gher than) those in the fen in both 20Z0 gaunmrd 202
494 ). Owing to theP®vghupsopotLOiQonnet &xmineraliz

pad could not be reliablFyi ggt@eéant. i fline dt hteh esruer rionu nrda

mi neralization was observed t hreoausgohno uiRm g @teR Js.e(a s on
Conversely, net P immobilizatikBing#ddes) .observed in
Unexpectedly, application of rock phosphate fe

P supply rates-1i = AW.gluls4) ,2 0210t Hough it did not hayv
P supply in subsequenC€3)y.ealrrs JWbrug pd EG2nke,ntfaary ehadrmel
to have a significant ( ptos #dp<v We )0O0rlel. atHowres/teirp Wi ts
not differ siWoanNiOQrlamttd ya thietd ivgte nt 0 vmien  etl mtti vel y co
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VWC values observed acr4d@83s Nobe epadrohmenyalar vaima,
directly affect P supplyC3hrteandnn@02i3giriiSuippd mime ai

rates between plot types Famg4kep. pad were observed

Reflecting the smal.|l size of the bioavail abl e
probe supply rates there inC8ineNDO2BIwasthi s ¢&uUp

hi gher than that calcul ated usilg .s uShuspghlsye e@r diltod? a l
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in the hydrologicall yopmteil mi oed i (mNQ@)e da r(essege ok dt uhreenrle)s.i
in the surrounding fen in 2023 Jfn20Webr. c Bratrisl éd | fusr
standard errors could not be computed due to the pre

given year not sharing any c¢ommoaVall ¢ til txeorxdtinS uRyanni kbF ect Boe
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could not be cal cul at ed psainodr s sHp pJluyn er a2t0e2s3 odnu et hteo
and 2021 (Figs. 6 -Bag2epd Al Phooghheupehyraanged fror
2023 (Suppl edBignt anyeTablte-bgbegd FleePsuppip obat ehe
91: 1 and 195: 1 between 2020 and 2023, which was ¢
using substrate t4d) alandalthas ©BOpEkatiTaime mthaer yf eTna b(
c8) . The -bapptyAraPeratio on the pad was compar af

bet ween 2020 and 2023.

44 . Discussion
44 . 1. Physicochemical Characterization

The fact that the residudll) mianserlalk efliyl la waess ucd al codr
from the substratum o(fGraene nu pelta nadvi.tniogeleSethd )¢ ar ecst s s o
t he hfei I pH and EC values of shall ow groundwater ac
moderate andhexftememen t hFei gWBRe. Peewe otuisvedalry al s of
removal have identified the i mportance of ensuri ng
similar pH, EC, and Ca contents(M8Ms EheGrnashdeal ep.
Thus, these reselst sduatgpast sthioad dt pe ovi de sui tabl
true mosses, at | east in areas( MheEe Gassthivarn eet
Lemmer et. aHowewelr2,2)t he f act t hat cation supply
frequently higher on t heripcahd ftehna ns uigng et shtes atdh aatc etnhte
for developmentcbffan eegeetmei on community, rat he
peatl(¥ntds and. CNeeablly90)he EC of shallow ground\
present study was aligned with poor fé&nmngdbem) t he W
highlighting the need for detailed physicochemica

moss donor sites.
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The calcareous nature of the mineral fill may

grou
si de
resi
hydr
al

t he
samp
t he

i ncr

44 . 2.

The

t hat

natu

poss

| ow

Even

mi ne

carb

| owe

avai

i n h

t han

ndwater in the fen downgradient of the pad.

s of the pad i ditconetarayhao gi2ddddt)if i inedd nge Hif gn
dual pads on pH and EC in a surrounding bog.
ol ogi cal connectivity between theMpHKdanandeth

(2@24pte that the residual pad examined here
downgradient fen frequen(tMgKirnenceen vetdWlaia.tee ri2 divih
l e sizes precluded detailed comparison of <cat
pad could presumably have resulted in export

easing the RQCeaf( Vhtealelaow. cCthewendw 990)

Organic Matter and Decomposition
fact tkoatt hal pad wére either comparable to, o
the miner al substrate was sufficiently wet t

ral fensviaon the AWERBP Nn2989) ve assolksiuvaptp oornt sb etthwi
i bility, although it is also possible that mi
OM content on the pad (2.1% tMcBi.AR) N ast calmp,a
though the ratios of substrate TC to total N
ral substrates is not fully representative o
onat®i pavaidtaihdbm.) Lfeavael s of dissolved organic
rron residual pads( Ltehnamme ri ne ts warhri. ocuhn2d &y) f pueratthl ea
lability of organic carbon. Such | imitations

i ghekasv avlase @keiesckt eemdp ,etd easlp.i,t e20tlh3e) pad bei ng s

the adjacent fen.
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Either way, tkhoen |tohwe vpaaldu eassr eofan i ndicator tha
expected, at | east in the short term, which woul d
mi ner al Ssubstrates to be ngar tciaall) breemaiewnmkls 2628ht LE
et al.Cona20a0)y Kk o vwawadwmesssodygfeneral ly higher on the |
(Fi gd5)e. This could again have been a result of p
al though further study of microbial activity woul
of stabilization r esusloti i NOM nb eiinncgr e ansaecdc efsrsai cbtlieo nf oc
(Keuskamp ,ett a&v. &l @ésl 3gn t he pad may further cont
over ti me. Notabl vy, however, decompositi okarreat es ¢

in fact | imited by the present availability of OM

44. 3. N and P Dynamics

Lower concenN@ahdoddHzxitmft Rxtresi dual pad compared
bi-oovai |l abl e N pool on the pad was small compared t
of the | imited OM content of the filld,haswetlhiemi toaev
degree to which N mineralization c oNIQdb yh alvwen eo c2cOu2rsr

suggests that there must have beanm samfexther sdludgou

vegetation surveys across t heMVediitle tfucu mach fadn siadaea ré

N from the at mosphere (data not shown) . Combi ne
decomposition of an increasingly thick sedge | itte
that increasesNi ovehetawmei cambmi biet explected. This i

in s,MHIpply rates observedhbwWHNAZINOpEd iyor att @ st lwatr ec
Nonet hel es s, the facNQ waat as heciiantcerde awiet hi nl aerxgte
transformation rates  Jtbhatnsrhotr maai gen matt egposistuigyge s

t hat time was rapidly immobilized by the microbi
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community was N | imited, which -basddrN:hRrr stuipe oa & |

the miner al fill in June 2023 (5:1). Productivity
l'imited whénNwBdiBhs ®&%5: al ., .2022; Wang et al ., 201

The | ow sbuapspeldy Nr:aPt er ati o was also due in part
residual pad were either comparable to, or higher

were unexpectedP@ andtphperé owaterxBRP concentratio
compared t d itkhed yf ean rweesruel t of P fi xation within th
readily in mineral subst r abtieosa,v aw hlearbelien tihnroéreaggahn icco ni
and(Bunne and Reddy, 2005NoLabbdy, akRhd DRawsi bj kebegl)
fixation, given the high Fe:P ratios calcul ated
supply rates (between 91:1 and 195:1). Combined
m ner alHizgdSideo)n ;on t he pad, t hi s 4A&ya nadc cpoournet viaotre rt
concentrations observed on the pad as compared to

| evel(sPloafc hP et al ., .2016; Vitt et al ., 1995)

I ndeed, the solubility of-FBP, coampl eaesequaentdl ¢t
condi(tReoddndsy et &lcros80mM8xh of the residual pad, I
(McKinnon eésalted2i024)api d changes (iMc KfW oinn erte sa
2025)As such, rapid changes in redox conditions Ww
temporarily mobilized P and elevated P supply rat
pad (including in the ewesdbBaggédde)|l s ugagasdn tamd dirli
redox conditions may not have been the dominant ¢

fact that formation of compl exes bet wee(nReCdd ya nedt f

al . ,, 2paB8di cularly in calcareous substrates such
solubilized thréeglpreicspoltatiesn dofti Pg dri er cond
i mmobilized again through complexation with Ca.
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I nterestingly, there is some evidence to sugge
in high level s(Rnwdinmtamal ) epphymhae@06b)n the diss
phosphates thbtobghtichieahdt i @ahi bi199%&) subsequent f
(Ge et .alGi,ve2n02tOhat the residual pad received shal
upgradient (ea(sMc)Kiannndo nn gertti ha le.d g gsdLsAi)bl e t hat at |
acid input may have occurred. Visual observations

years also support this hypothesis (dataat inoont, sthhoew

| ow-alviad | abl e pool of P on the pad, when combined
mi crobi al i mmobilization or plant uptake of any s
44 . 4 . | mpact of Fertilizati on

Application of r olchRK porb®p hnat ea frearttd ldfast Sih ek eh & ¢
associated with an i mmediate reduction in the suj
fertilization was also associated with i mmediate |
inorganic R &déded!| ibabiigav dielcalmee noasn a result of

and(Bunne and Reddy, 20®BY%; 20Rdags naondi@avifd,calhna6 X)el
bet ween fertilization and P, Fe, or Al supply rate
l'imited to the first growing season. MGoanerkKedyppf
rates, increasedceponteatwab&salN@asl bWeyc2@a2akedThe incr
NQin fertilized plots was I|ikely a result of the
increase implMg raamtde K maly have been related to char

ferti(Baatownet Tahe ,nega2t2i)ve associ &magn haetwderen

caused by a temporary increase in microbial bi oma
mi crobi al (RClleivneiltaantdi ocents al .., HoOwWe2v;e rF i sbké&weatu saeln.w,ta | 2u
significantly affected by fertilization and becau:
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in the stabilization of substrate OM could instea

mi neral (Spohacasad Schlhda ws sc,an20lc)ur when inorgani
organic compounds, making those compounds | ess st
for deco(nBppooshint ieotn al ., 2022)

Conversely, fertilized pbHwdalsueverley atslseoc2 @2 2 dg m
This contrasting result may indicate that fertil]
orgamnoer al complexgegermverlThitéecodbowhdgermave occurre
decomposi tmoosns ocafndneswdge | itter inputs and any or
surfaces following initial fertilizati on. Speci fi

(as ud tr eosf mi crobi al fues pifr aN ieommd R nrdi cthh emibecurid bdi a

enrichment of s¢Xlu @M .ailt ipc MeDABdIs Pin the N and P

found to increase its affinity to adsorb to soil
functional groups associated with organic N and
decmpas i(tSpmnhn, POWR24g) fertilization may have sl ighi
capacity of the miner al fill. As such, t here i s &
residual well pads, gmeenatbd @retamp omiindroal imd atrioc
nutrient availability and organic matter stabilit

Nonet hel es s, it appears that fertilization of

for improvement of P avail abi I(iNwa. slhn @=he aconb@dtl
peatl and(Mestil dreatri @n al . | 2022P; feotttidcarmanoloam détasa
an essential step t(oGreonehmenvceel dnolesbsw eplreord, uZc@ @ mvyi toyf t h
|l ow available P rel at WivktdlIltdoe rr eaf nedr e\dicteth, a ¢200s0p0s)g & m N :
( Nwai shi et Wal-Pe&@wagtld)ndeed | ower on the residual
peatland in the present study, the fact that P su

in the fen suggests that P addition may not be ne
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44 . 5. | mpact of Straw Mul ch

Application of straw mulch onto the surface of thi
positively associated with K supply rates early i
|l i kely a direct restud aw ormuwdhe lecoimtphoessli ftbiecem fh otwine t o
K in a range QdAkahgrircelktt atal . 20O si m@lni ecdt iadns @f0
may be | imited, however, as K is not (uWaunagl let aall.i
2015)Mul ched plots were also associated with decre

of productizandeNHbAduheNOO21.

The decrease in Fe supply was observed at the
application, although | ow sample sizes precluded :
variables. Nonet hel eassse,d muhlec hg unagn tmatyy hoafv ei nisnoclrueb | e

can occur due to the formation of stable compl exe:
mul chi et al ., 2023;ncxXwraasetd alat,ea2@I'NEHyodlsDi him v e
been the result of decomposition of the straw mul
mi cromeidalated m{ 8ehall entaod. Jdewgeasenno208nhi fic
with N dynamics were observed after the second gr
potenti al bi ogeochemicakrefiachatof emulCombngear ai
strawhmuh i mproving moisture dynami ¢8MMcEhnhber 68 ma
2025) his suggests that the application of straw
coatreetured (i.e., sandy) resi dual wel | pads. Ho
i mproving moi stexetutedd{dMsldnmnabnpaegtadditi MO&ZI5)st u

bi ogeochemical effects on clay pads is recommende
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44 . 6. Spatial Variability on the Pad and Potenti al

While significant differences in the physicochemi
observed between the residual pad and the fen, ma
WOanMOareas on the pad itself. This is surprising,
table remained near the suriW@areedor ( onwismg otf o tdehic

hydrol ogi cal connectivity with thEHOf e@aMcKiunndmegt

al . ,. 20Rd3e spati al di fferences in hydrological r
availabili WOpkot snosh@d dqitMetKiinnnon etAsalsyci®,02i5t) apr
bi ogeochemical dynamics on the residual pad may h
moss water availability was, thus creat-awngi laall ei
N and Wepeos$mmal l across the pad, the high supply

verych nutr(Becki mgdhiame and Archibald, 1996)

The consistency of the nutrient regime suggest
communitiestevmy ahehbogh differences in moisture
di vergence. SpecificHdOanWWOat basmohaatbeetr bgi thesctrin
sulbygric to -hydric aondhy@dBecki ngbpmcandeAychi bal d,
et al. ,NeORkidntcosites in -hyhegriborteal hy gt @ tesassii It $
on the pad ar e c¢ o@mromu sy,Rheorsi ootideam td ¢ @ n wRyir lsepaRiudprmudi c um
SpEQguUi sseptpuonp uslpupsi cea ,glaamwc & a(rB eocuksi fgeranms and Amchi b
compari sorni,chhuacadsemytdsi wi tbh bBybric VOairlesa sl iokne tthheo s
are typically <characteriz-egpibyala sgpecRanteedro dm unuchl eund
groenl awad cciutmm um, Ty yh@o d Ga s efpodh.d,iarsppudd.i ,c ea plaarriiaxn a
| ari,ciama br dBreckongdam and AscBiulcal, d.,i t WBEipeeaasr s |
on the pad will support -tay pgirceaalt eblfacece teash |tidheaknme he o f

nutrient regi me between the two. Nonet helteesrsm f ur
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vegetation establishment outcomes and to capture

properties of the mineral substrate over time. Su
P, can have a considemabl e riajnpzector nastbkt bareak:
rest o(rhautdieotn et al ., 2015; Pinno and Hawkes, 2015)
45. Concl usi on

The similarity between the pH, EC, and cation su

moder at e -rtioc he xfternesmeon t he WBP suggests that the e
should be supported where water availability to mi
N and P suggest that veget dteiasn pmod et iewairtl y md ya gl
may change over time as the establ i sharmgarmnieqg ematttie
for mincedoibaitadd decomposition. Nutrient regi mes wer
any differences in veWeOdrdCGaoeasshaanbllishekntt bebaec
in moisture regi me. Speci fi dMlalry,ast tag ewanlolr er ¢ g klead
succession towards a peatland vegetati cNfDacemsmuni t
where succession towards a vegaeltiatgi anefceanmmuwrei tfye nd
Application of rock phosphate fertilizer mhadnd ne

di scernabl e effecteom @wbopgpty Deaothemioah-reactdi

rich mibsérakt esuThus, application of rock phospha
necessary. Application of straw mulch had a si mil
its Ilimited efficacy in-tiempredi mgs imduaslt upads eviehis:
be an unnecessary treatment, atlttexawghe df uretsh edrua b
recommended. Combined, this study contributes to
thear pi al removal of we | | pads has potenti al as a
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constructed in boreal peatl ands to date on a succ

functi on.
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5 A COMPARI SODNDB®OEGL OGI C HLNJXAEFARTI ALLY REMOVEI
WELL PAD UNDERGOI NG FENONRETSHEORMWHS TONRN BOREA
PLAI N, CANADA

5. 1. I ntroducti on

The Western Borexadlst Bl ainn a( VeBUFD) b umihar at i emat eednidy
hydrologically conne+dtye c gu pleBaetwli aafod seets t &1 .a,n d2 d 5w,
2015; Volik €®healattenNn28&ne characterized by a gr ol
amount s offHacai Bonetandl .r,ega@aDatéeg vari ous hydrol og

evapotr anBrpawmtedtondbwev2b61l0) he region hosts numero

oi l and gas, which has <con(sHidcekreanb leyt aallt.e,r e2d0l 189c; 0 sWo
totalpi topoeeinl sands mining is |likely tORoe@msay teti nal
2023 2)whil e well p asglist wc odrsitIrluicn g da d toirviitni es have r

36, 000 ha of(pydEPRP,|.AZZ@2IN0gkabetenti on has been gi v

of peatl anpdist | gBoirtkee nhmpegren et al ., 2024; Ketchesol
Popovil et calmparaddaely |little work has been don
ecosystems on decof@mi maseonetd wéell| pga&ads)

One met hod that appears to have promise as a
involves the partial removal of the mineral fill
of heavy machinery to ft hkfhiavlie 6b a chke, ulpepaewimogs ta |raeyseirda
in place 4dBitrlkde asndr Xa¢maRdi2flibeed version of the Mos
(MLTT) i s (tReanhafpprt. editn alr.i,ef20a3Hh)e MLTT invol ves
mosses and fragments of wvascular peatland species
transported to the restoration site. dhteo esprae and nt

donor materi al over the reeBdualamdnXual 282ba) r at
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As |l ong as the wateat awmtbulesidf Wa)sr wenhbagpadithi
approximately 6 c¢cm of the surface, opti mal water

(McKinnon etlmadleed,20@2i4yerse communities of true m

devel op over the eight to ten years following par
( M. E. Gauthier et al ., 201.8 ;Hovweenwneerr, ettheall.o w 2h002r2i
conductpi votyr ¢ Ki dual mi ner al substrates restricts

(McKinnon .etThails. ,ca&@2m2l4edad t o poor | yopteigndla tseodi IWTmo

availability to mosses, or e(xMcekeidnannocne .eotf amo.s,s 2d0e2sEt
I n natur al -spueraftalcaen dVT,s naeraer mai nt ai ned by i nter
evapotr a(n\bapni rHtiizoenn et al .,, g2 ®20,;d waatll enré sfelaunxadel P r, i @ €

Ferone and ,Deavnid of, e 2dob0adc)k s t hat (rHeoswtirei catn dt hHe bdep t
Waddi ngton. eWataeér ,c@®dé&nvati on andredpe @igal iy pr@mad
due t o tshueb rwengii d ncdlsi mat e, meaning that potential e
(Brown et daIn. pea®@l@ndstextderd¢adi ni by, comaosedwat er
wat(eBl mes and, Pwhiclege n2f0eOda bac & peat permits rapid
wat er when (WVasd dairneg thoing heCto navle.r ,sedadilubelso vaegr dke pt h ser
water | osses wWhQun nWhbsn erte allaw 2008 ;WhWad dWTrsg tdoon del
capillary flow is often maintained by surface el e

structure upon desaturation resulHewip dadr.elabda, |

The | iving moss | ayer can also regulate evaporat.i
moss growth for ms in response to dry conditions
respe¢Browhyet al., 2010; McCarter and Price, 201

Resi dual wel | pads | ack many of the controls <
For instance, the rigid pore structure of mineral

stati c. This all owlsow hteheaVTs urof dcad |t (febherKiiihmenronnd teautr a &
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2024) i kely resulting in more frequent disconnect.
stage |l |l Diengmanat Mboss | ayers on the surface of
di scontinuous, particularly duri(mMg tEhe Gaarlhy egt &d
Lemmer et. allhus,20c22n)tr ol s over available energy al

wi || not be consi stent across the surfaces of t he

Notably, any |l imitations on soil moi sture avai
havéadgmpact on the initiation and est ablbiosthhment
vasculraorotd mgg( Brycssctear .etAsals.u,ch20Ghere is concern t
be better suited for the establishment of peatl an
Sections 3 and 4), wh(iChha pc ann aancdc eCshsa pw ant, e rl1. 9a8Als; d eKpotr
mosses are the foundati on( Vift t p eeattalradn.dohoesEbisd/t)set de m
communities have beerci adadanat(gAdinear tass En Wierso m,médnite an
there is an evident cmoemd ntecmwbe wifetehleadeesbvoandes hd
particul ar, there is a need to maximize water ing
mai ntain the WT WWiMCKinnboheetppélth, 82mdidtl mp@&R#wdnc e
for moss establ i shngenvtenon hree sitnocrreeda sveedl If rppagduse ncy ¢

WBP as a resul {Pofcel emaak. chafgs8; Thompson et al

Onpeat!| and srtesattcergayt i moommonl y employed to incr
pl acement of straWwGonmuid &lhe oz nandc eRaoahldfacretMu |2cOhl 4c;, a nP
create favaoaulfakbleemhneanc!| wmat ecatendredansng avail
i ncomi ng( Nadalktetonal ., 2000b, 2000a.; TPred reofnfee cett aafl
during peatland restoration appears to be greatest
water | imited). Specréscdbyummsmemst ercées a ced f tleerkts
obseuwaar sat ur(aN.e dE.c o@au tt oioenrs ne td rayl .r,e s20du8)l mi ner

evaporative demand was I(iMceKkiyn nsonp peltiHeadv e ly e r2y0a2pb@ u wo
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date has tested the effect of straw mulch on evap

unknown to what extent mul céhv amagl esosnet & ifbruane tthoe sree

Previous assessments of hydrol ogical dynamics
i mportance of snownuerlftacien WTws teairniyng nnetahre gr owi n
guanti fy sndicnkeIntnoinnpdust ssluch, 2024y e is a need to ©b
snowmelt and ground frost in regulatingAspthaeg ec
consideration is that the mineral fill removed d

features on a portion Dofoztdlmevs &i.i gitmiadl .miatd Of2adxget sp r d

of fsite and resul t-sonmnat raudcjtaecde nu plraensd dsiyad t epnasd. Ho
whet het wayhsetseems wi | | be hydfra¢de®gicadbliy Tooml edt uiS
peatlands tends to be | imited on the WBP due to
bor eal mi(nDeerva It os ceitl sal . |, 2005,; &Rletdda ngh atnide yDewd nt o
tr ough ground&Eames falhdxePsNionet hébDéaess, constructed

frequent|l y isnccallued ewda tienr slhaerdg er e c o ns tpriutc toiioln sparnod se cnt

in part because they can be specifically engineer
(Ketcheson et al . ,. Z®l1datz2agbdlowetveal . jt2824Mmaé ns
upl ands may play in supporting water availability
engi neered ddmrfoizrdionwg kliaydar sal ., 2020)

Given the how Hedgtr®lkogfi cal connectivity within
the high degree of sensitivity of establishing pe
t o modRafr fRetmlb&fead hni que t o maxi mi ze substrate water
of this study were to cloynpraagileopguhtee amaebl ra toriseseitdaaansi w e
pad, and to use those comparisons to inflkarrmmipadt en
Re movVead jmie t hat could be used to maximize the wat

Specific consideration was given to direct rainfa
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upl and feature, horizontal and vemOwiecalangr é b mavwd tr
adjacent fen was not considered in detail due to

topographic relief.

5. 2. Met hods
5.2.1. Study Site

The study was undertaken in the Les&8BA $Pavélbake
28" 220 BdAsg30ar cl i mate nor mal data, the region ty
annuall vy, 338 mm of whicHEnNhyitrymimeak!| yande e ii ymad e
2024bpf this, approximately 254 mm of rainfall i s
to August 31). Snowmelt in the region typically oc
and ABrapi and Carey, 202WheKemelhasomonamd yPricelte

to rise (aEmovvier onmeit and Cli mate Change Canada, 20

The study examined a residual well padritdhlmt wa
fen (pH & 6.5; electrYi ctaHatcomalucath ari aBit cde alZ2®da rOiBy nca
and a shr8alsipay eRrflamdb dendr on . grToheen | taenrdbh c Lemy er i n
predomiCmaa rix| yaagnudautbiulsi sc h g maweliroerepuasn ocl adus aduncus,
pal ustre, S p h aagnr8wprh awya ums taocwgduisat ;icfhoalriaucmt er i sti c of
Partial trhemowdl!ll @fad was undertaken using heavy ma
was frozen. The residual mineral substrate had a

%) and was roughened to cregt®MckKiunhamceemi alrot o202 :

Donor mosses collected from a fen within 2 km

mi ner al substrate at an aeri al ratio of 1:7 (dono
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Legend
A Micrometeorology stations @ Hydrological nests d d plana Ridge
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e RuNOff collectors -] Mulched plots
[ Runoff collector catchments [l Intact wellhead area
®  Snow survey points Elevation (m)
’ Snow pits . 5917
0 15 30 60 Meters
¥V Snow cameras L 5868 I R W S N J
Figut#map of the study site including the surface el
surroundi.ngHypderaall cagnidc a | nests included wells and pi ¢
l oggers. Hydoptiomizad | yWeldreas ar e euwpttliimmedd f NO)u:
in orange.clHyslsioffiogatciabns (WO and NO) are based on t
measutemwrre available for the forested natural upl a
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then applied by hand over top of Filg@lIl)ntThbduerde:

mineral fild]l removed during partial removal was U
of the site, whi ch was | ocaFieghblaa.j alcoe nrte dtuoc ea ermr aots!
exposed sandy substrate, the sl opes of the constr

swal es oriented perpendi EugBtertoThdxre swope dsSuipepn
the risk that mosses introduced onto the pad wou
separated by narrow 6bermsd that also MaKiperopend
et al . (b,20a2 5p,0r2t0i204n) of the pad was -opltd ard izfeide d WOy
peatl and vegetation establishment, whifoetampaedi o
(NO) for Fviegdudrjeat l nont he WO area, the WT was report e
throughout multiple growing seasons, whereas the
Thus, occasi onal exceedances ofnmd@sadeass cclaut omo t
(McKinnon .@heakesi d02b) pad was covered with a den:
offarex agn®lai isippps by the time of this study, which

growing directly on the residual mi neral substrat

5.2. 2. Rai nf al |

Tot al da{Plwa sr amenafsaulrled during the 2022 and 2023 ¢
(ECRNO, Decagon, Pul l man, USA) installed at a hei
t he Fpagdulrje. Due to datal oggersfifldieldurfen,r rsdixn fdalyls da
in 202f3i.1 [Ganpg was compl et ed (uAslilnegn aedleivadd. agrp dr®e9gddr9d sws
avail anelaes usrietde data and data reported by Environme

Sl ave Lak% Ai.r3p% rftn (RROR12 ;i R 2023) .
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5.2. 3. Snow and Ground | ce

Snow depth (cm)® awer eemsasyr dd) a&lmong transects ext
t he Fpiagdbirfflanual surveys were undertaken in 2023 (M
and Aprni It hée) .f en, depth was measured every 5 m, wl
pad, depth and density were measured every 10 a

measurements were also made al onrg offi vteh et rcaomsset crtusc t

to i tki chlldest A( t es mraed memgt sneal ong sl ope transects we
hi gh berms separating them. Snow depth was measur
density was measured using a snow tube (iEgSHCEd, Ge

wi t h a ha(nAgyd aangs sacnad. 8Bieorwr ,d elpd@7/h4)and density were us

water equivalent ( VIE;ngcma)n,o f2 0tlhseb)snowpack

I n addition to manual surveys, daily snow dept
constructed wupland, one |l ocati on gdiffr)et h&npwddephnh
manually transcribed from dai(lKi ntarmea nadp skes imemgpogge, s 2

combinati ogratier €PEAODONhh Reconyx, 4dolamden,( OUSA) tard

Cabel ads, Sidney, USA) wildlife camer as. Due to |
grade cameras, dailayashawl|l @emathawvdsl meati ons on a
on | awn microtopographic features in the fen to a

bi ased towards high snow depth) odepobhhumBopowspi(t
compl eted i n Maglhe eac hc hyaraarct(eri ze snowpack physi
to validate snow tuUAdéame namnd.y B@neagaes uttleemésnntoswp ac k  wae
t hin, measurements of depth to gr ound Wocoe awedr eXinaa

19906n an approxi mately monthly basis until no gr ovu
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. 4. Surface Runoff

Surface runoff from the constructed upland was qu

2022 and 2023 growing seasonsBiuasging& r Qaro@g | l(cedd t2 @&r)c:

we

pr e
Tr e

The

wh e

Val

r

ad,]j

r

e constructed out of metallic angle flashing i
vented infiltration into the bottomi gbdedowns]|
nches extended slightly upslope forFiLgBlr)m fr om
collectors were cemented to a concrete bl ock
o a buc&ethwweéeihra Fressure transducers (HOBO Uz:
each bucket, anaatwes ef ipll laecde dwiitnh | eattheyxl esnhe gl vy«

nsducer s.

The water in each bucket was continuously aer a
cksburg, USAYWapg dwesroddarb yMaat ¢1 OiGnivetr a8 eBOONnN an ef
ezing. The contributi RggBh)e cwwameent e satriemast eod beaasc
er of surface elevation created using ArcGIl S F
ng inverse distance weighted interpol-atiimen apj;y
eématGPS (RTK) with wvertical accuracy of 0.005 1
i ng runotCfi)ervef fei cciad ctud at ed f or each fl ume cat

h year as:

8 51)

re runoff volumes were Y akenoadethduronagl t hleume
ues of catchment SWE were the mean of manual :
acent to aFigghbhirgen ad attchtemearmptpr(oxi mate ti me of ma:

e mul tiplied b)yTot hseu pcpactrcth mehnet aasrseeas s(rment of r un
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t en 2E®drem of mi ner al fildl from the constructed

( KSAT, Met er Group, Pul | man, USA) to yetermine the

5.2.5. Groundwater Fluxes
Manual measurements of depth to water table (DWT)
depth of 1 m on the pad (n = 14) and in the fen

2022 and 2023 FgrgaWw)engTheabWhswés-halugd yme ans war esdai bls &l
within theFirghdrledwali nmagre@ssure transducers (HOBO
to water table was converted to absolutengvattlee t a
el evation of well tops measured using the RTK in
edges of the pad footprint (i .e., into or out of
calcul at eveugihn @ dddgtyidz @autl i ¢ cipnsdakctesi dogt ¢ Kmi ned
profile as pafnteef MaKiaeahane@dtstaldy (20B4) ef oy, deb
measurements of absolute WT elevation were& ssed t

across pad edges according to Darcybés Law:

n 0 — 52)
where dh/ dl is the mean hori zont(aHr eheyzder aaun di cC hgerrard
Hori zontal volQ@;meést)r iaccrfolsosw eraacthespa(d edge were subs

0 nto (53)

where A represenhtenahearceasef the f(IFowezacanadl €hg
1979)Value’ wérA @mfined byanttedépnigt of Adhdeaatpae @ d g p
weroenl y avail abl e on, amsamg@iwd| mwemsicel aliededoeawst h man

WT measuirmmangsvenwasst undwl tpieprliioedd byt hshtteu dnyu npbeerri oodf

123



esti masteca st allu @swvweafe subsequently normalized over

pad~60%tB8o mpermit direct comparison to other hydrol

Vertical hydraul i c grnmaadndeand rsa wleire tad d uhad dr al
nested piezometer sonats eaviedr anto ndi(&togrEilrnega cphd iesizetcesseotne r s
cm intake screens centred at 25, 50, or 100 cm be
screens were centred within the miner al fill, whi |l
peat benleatAt tahe ufbislet of nine monitoring points,
screens centred at 150 c¢cm below the surface (in t
Vertical gradients were amldcaptah £ datb edlwle eme gthe, 2!

gradients were calculated between the 50 and 150

Nedhanges in grafwdwhtertBeofagepdvern toHe tdwer at

of each swe uvedsyt ipeesrti eodd

(5. 4)

'~<<| e

Y “vi

wheSieshsepeci fafc tyh ee dsdgiiigsit sr dti led @ rmerame vdaati d nb & tavbd een

the first angisvady (gFattegedofandT Chedsny Y, R2BYTBE mi ner .

fiol2azwunder | y0 ngM¢Epkeiantno(n et al ., 2024h)e awadhseas SMdd i n
fluctuat eas eb estuvbtsstrtaki e st ot al number of dates for
measurwemeatavail abdret iwasl |1dm Qedwetver ast imase@dsi di

obther ttlkee mpad nwhoer ebah almy erdgga rprean ggidng Equati on 5

YY 0 0 0 07y (5.5)

whe@.an@r epr e shhgrdtr ol eotg@ive rff Udleeas i on of e aPamBEIT4udy pe
represmntragiinvfavdpatndan srpeisrpaicitamwe leggaclimestdudy epefro

Scanl on e®bveadl.an®0f0l2gw was excluded from the wat el
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wer

wer

Bec

e available and only | imited Egurodrmges ffl@mw evacsh
e esti maleed orpsadigeied!| v etf arl .si(mi0l0a’7r) wat er bal

ause t hse fQnfalgmx edsuudesti mated wusing t hweerlveantee ba

compared to the magnityopes eofti att hegr rreywdd o;li osga & nf la

Wi n

ens

dai
202
ef f
me a
(bu

wer

tencompéadwe saelmdoawn @gai csl ated ufgiongebahac g&aslba
ure t hat Qtchael cculveptreeqant ¢ yent ati ve of the full ra
site, they twmareanpercfran mad (RGO @ukt mobggpadgie@nt
0ss t heomaal If oroa rpu d In tancerdBGuarheio @A <dwdhle,s t hese va
thought of as representing é6saveragead@Qclahedi it t pr
tical hydr(@afil ioé¢ ¢ &edund tniematlsy fwialsl u(s4.d7 # olr e
cwhationwas |.oWwert htehamdtehd ykmE , p eaantd (th.uk8 wo ul

strained the maximum rate of flow (Freeze & Ch

. 6. Evapotranspiration (physical measur ement s)

es of actByalmnelivdadpyoomt o pen (water surfaces on th
l'y using pan |l ysimeters (n = 4) during field v
3 gr owiThhge syesarsnodéntse.r s wer e constructed out of t

ecBisSuwpp | emiegde.y The positioning of the pans

surement periods to ensure that their tops wer e
t never overtopped). RRat esn)dH yaoot woli | e vaanplo tvregres
e manually measured using weighing |l ysimeters

Fi gbl)e. Lysi meters were Hodilferd,édtanal wee2dEdH)ngh r

of
pl a

veg

nested white plastic buckets (7.5 L, 23 cm di a
ced into each upper bucket. Care was taken to

etatngni mgrlowsi meters was represent aRiigbkedeof t he

125



The bottoms of the upper buckets were perforated t
wei ghed separately usZOn0g, aKiHaongicrmhg daalhe neéKHEan
l ysi meters were cl osely alnidg mead ewi twha st hpeerg roaducca | 4

VWC was within 5 % of the VWC adjacent to each |y

Total evapotranspirati ennufnrdoant ebEoTtshu rmofpedcheama a(t e r

calculated for each treatment plot on the pad for
oY 0 to p U to"yY (56)

wheP,ending the proportion of surface waRelweroever ag
estimated visually for each plot on a monthly bas
oETowetdhwai ghted based on the suwf &devaalr eas offoreaed
datwe t h manual . Treasuppment s nterpret atEiTeouum mdnusagat i

measur ememltlsmedfri ¢ WaMJewer e o mtaedret -6o(vem deéaet 0O at a\

mi crotopographic positions at three | ocati-bns per
Devices, Burwell, UK).
5.2. 7. Evapotranspiration (energy balance)

Components of the pad energy balance were measur e
stations in 2022 and 2023 (&Fhnghoi)e. aBoMOh agteat, i amg
in areas with mini mal mul ch cover (at the WO st at
growing seasons) and t hemef @he divMegrbet des e [Brod she nuteartei v
|l ocated in areas that were not permanently fl oode
surrounded by a pond that peFisglt)e d NfedrQrimul hart d fo nt
) was measured at a height of 1 m (NRLite, Kipp

measured at depths *mf HydrZaP5obaend S22veEnsm (Prmrtl a
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temperature was measured at depths of 2.5, 5, 7.
construct eld tohuer noofc otuypplee wi re (Omega EnQ@i neWC,i ng,
and substrate tempetrsatcuorned wenrteervead ar duesd ngt CRA 00 0
Scientific, Logan, WSAutand ndeenvadas@s GWdOmwao beat
calcul ated using (ththael Iciaweolrli mentd i Ro ursee ,h 01d9Bu7b; s t S aaut eer
bul k heat capacities were calculated using the he
Oke (498 7dewmtfh |l e VWC measur ement s. Rel ative humid
measured at a height-lofggilngn suesrn sn@r amo uisnetderinra |l & y 1

mi crometeorological station (HOBO U23 Pro v2, Ons

Measurements of energy balance components wer ¢
evapotr aREJEi rmntlideeoyn (a continuous basis each growir
Pri ebdayleyr (eRruiaddtolney andvhTayl ofs,a ak@7adde tat o dnt hat

PEda s :

boyY (57)

wheaies sl ope of t he staampeartatonr eMa@iosiw ¢ lpekeBastuA@adi a
Qi s the gr owind threeatdddauid),gi oft watleat € ktg meat of v
', a@nsd the psychrometriclatorRftSaArCtL .( 0D iOn0genBagre, & P2a@ 1/5
equilibrium conditions (i .e., EGanHTowenr e art allr att eedd ts

another by calTaylati ogePfrorciseadcly $tudy period usi:

¢ — (58)

wh eE anRIEslar e measured over the same péProéesofevi m

Tayl or., Va9 fueysr eoft hus taken as the sl ope EAantdhe re
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ETpopbtained during ®iEdfjen va sgitwsen Adtludyl persi od wer e

8value to yield continuous daiElTyntemsmidmayt es of act

5.2. 8. Data Analysis

The effects of | ocation or time of measurement on
effects (LME) model s. Rel ati onships bet ween wvari
regression (LR) model s. e@amp awvreir 0 ndsr alwent wuesei nn gg raonue
( ANOVA) with Tukeyodés HSD post hoc tests. The assu
L ME, LR, and ANOVA model s -Qhplddtosr vies.uadl.li ns@&disit

anal yses werd&dsebntac6e5wniCohrien TR a(hy, 4 .240.224;)

5. 3. Resul ts
5. 3. 1. We at her

The site received 227 and 354 mm of rainf,alflrodmuurir
May 1 to (Awguwsitf rdIm t he t-fiiplpliimgRiP®2ekett hivist wagampd1l1

3 ear climatic normal for the r egsiiothne or¥ékcréddtvheed e a m
rainfall -ttéram dvmerZddgdedgi r onment and Cli mMeanChange
temperatures during the 2022 (14.4 AC) and-2023 (
year growing season climate normal (13.8 AC). As s
been drier and wdremdrhet ROMR 3a wearoavg en,g wleiason was we
Average air temperatures in the months of March a

they@&®r climate AG)mal® ATC23 @Out sl igthedm avegrhage t
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2022 AC) a@6d62Aey. (Thus, the 2088amndedORdc adna b wimk |

be described as having been slightly colder and s

5.3.2. Snowpack

Patterns of snow accumulation dif-28radaR®cdBifif@Bder ab
52&) . Specifically, col der air temper atlur’@s fr om
permitted a greater accumul ation of-24dmiégm2aec)r,oss t
which was characterized by .@9ar med sg-@vetaempmedt ueeg

(Fi gh2be) . vAi mtiier melt event did -p8cas wel liindg artdhtle o wg

(@]
o
L

— ECCC (Slave Lake) March 10 April 6 a)

= Pad
Upland (Midslope)

S
o
L

—— Fen (Open)
Fen (Treed)

Snow Depth (cm)
3
|

1
1
1
T T & T L] L] L Ll
2022-10-01 2022-11-01 2022-12-01 2023-01-01 2023-02-01 2023-03-01 2023-04-01

March 91 April 6 1 b)

FN
o
L

Snow Depth (cm)
N
o

O. A i
2023-10-01 2023-11-01 2023-12-01 2024-01-01 2024-02-01 2024-03-01 2024-04-01
Date

Figu2zbably snow depth acquired from Environment and
depths transcribed from timelapse camei2@8s (ian s-BadldC &ppe
were added to the fen |l ocations on March 10, 2023. |

dat es. Vertical dashed | ines denote the dates of man
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result in complete | oss of +£LKHe berawpaclfl itkhe igm e
depths Fhghbhdag)earCombined, the depth of the snowpa:

2023 (29 cm on tyhewapsadc oonns i Mlaerrcahb | ly3 gr eater t han t

Mar ch eB2@&3$ .

Similarly, the average depth of the snowpack o
was significantly | ower on the pad (35.7 c¢cm in 20
and 14.5 cm inFAIQ@Q&&de)in Destph tyeedarhs s( average snow

bet ween the pad and fen o7fAi ml20 23 asmiidnediethid gra@ @ s

March 2023 April 2023 March 2024
100+ ) 1001 ¢)

oD

754 75

~
a
.

o

504

= - I

50

N
&
.
.
N
o

Snow depth (cm)
I i
g
Q
(e}
Q
I -2
[}

0 0- 0
04{ d) 041 e) ] 04 f)
.a * a
. a
— a a a
£ 03 0.3+ 0.3 a
9 a
) a & a a
> H a 1 a a a =51
g 0.2 $ * * * + 0.21 0.2
© H .
g .
UC) 0.1 0.1+ 0.1 .
. .
0.0 0.0+ 0.0
125 125 1257

ab ab a ab a
1004 ¢ abe 10.04 . ab  ab D 10.0
€ 1 $ £e =
g 7.5 759 75 a
~ b a
w . - 3 . L . a a 4
50 5.04 i a

25 2.54 25

i : :

0.0 0.0+ 0.0
> > > > Q Q Q > > > > > N Q NS
Q? F o Lo Fo G C Cn < g & e\ <& ) ‘<°<\\ <<® D ' Fo o Fao < P Cn
R e\QQ QQAA,Z}@ N @fof’ \(\oi\ @z% \)Q QQ \§Q IR (6‘ @/» \‘0 & R 6\09 g‘i@ﬁ’» N @fzf’ \(\Oi\ \q@%
N 3 © & & N @ ©
Location Locatlon Location

Figu3€oBmparison of manual ky , mesasouwf dide nsamalw sdhedpmt hw a(t & ¢
the residual pad,s!|cogpnrest rsumatl eeds ,u palnadn b e(rtnose , and in t}
was present by the April 6, 2024 measurement date. a6

on analysis of 8$Brpastehwcthe3tukey H
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53 ). Similarities in density were also observed
snow within the pad footprint meant that the pad
2023 and 1.6 cm in cXx024). 1t lcam itnh € OfF8ng aSno) VBp S no |
depth, density, and SWE rarely differed significa
t he FMiagdd3 (e, despite differing degrees bifghtrge.e cov
Al so, the average snowpack depth on the construct
in 2023 and 16.9 cnkFiigm32e0)2 4)S otnheawnh aotn utnheex ppeacdt e(d | vy,
depth between t heslsoywad emi cdreasm,t easndont otehe wupl and |
di fferences in de¥dsi t202@meaaaidn02@A4Yy amdmMSWE ( mean
2023 aoam 3n42024) bet ween tho$ségéder owhems si gniaf
di fferences were observed, the swale microsites h

separat Fngh3)b.em (

Owing to the colder air temperatures observed
snowmelt was | ater that) ytehaarn (ianp p2rOo2x4i n{aad pei oy xMeanm act he
52) . Due to the higher air temperatures in 2024,
the pad that)yeas Cbme@wbmtdagy eater than. tAkBltabbeme
rates on the pad were slightly highear 2t0lR&Bn atnldo L 2
both years but were comparaibn e20t203 tahndds el .260 2ctrh ed afye
given year. Notabl vy, snowmel td aryosr nhaaltleyr bieng atnh ea pfpe
footprintFiogfa2dehe Thadcoembi nati on of an earlier st a
| ower snowpack depth in 2024 me-rnete tbhyatMairdden ylkelsn ,d
although a | arge sprilfg29rRdwfralslul ¢eaenti nom Mektomd?2
evemhitgd2he) . Nomenaasnuuraelthe pt &, o l e nwseideyl, | @act SANEdur i ng t
Conversely, the snowpack per situreidngvitthhe nc alhdee rp a0

period (al mostFiogme)emo ©®Owh nlgobhget he deeper snowpack
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not observed tthhner20i2epud(@E) . Apni bo®h vyear s, swal es
becamef senomwa few days | ater than the pad, with <co
Aprit!) 2023 and M&aR ¢0x)d 3
5.3.3. Ground I ce Dynamics
The depth of the frost table within the footprint
the depth of seasonal ground ice in the fen ear]l )
rates of ground thaw wdre pHlditdhtan3yi cmitghtey benwé &n 2
Apridnd Mdtyhalt6 year-b] Fi GoneefGudatly, the average f
oy = 0 0 0+
T | (e
E c « P a oy
O 25 b | 25 a 25 25+
8 ‘
5 50 a [ 50 50 50+
< No Data No Data
%75 75 75 754
o]
E=
o
8100 100 100 100-

L) April 6, 2023 | sl D) May 16,2023 | 125+

UFT c c c 0 *— 0 0
= k=] *
525 b bic b ‘ 25 b i % 25 9 25- **
3 ‘ g 5 b .
g60 | 50 E 50 b 50 : B
2 a 2 b b
= | a
(o]
o 75 75 75 754
el .
5 a a
%100 100 100 100+
D |

sl ®) April6,2024 | | f) May 16,2024 | g) June 11,2024 | 'h) July 3, 2024

beb Q@(\b N Q\z‘(\t&)\ Q\é\b S ((zi}\ Qw‘{\@ szf;\\ beé <(cz§;\\ Qe‘;\\\ ((ef;\\ Qfeé Qe:\\ Q@:@ Qe/\\ » me Qz:\\ ((ef‘ W Y e};\\

\; e,’°\0Q \3\% ;\'b\ \)@é@ \@'o @0 6‘% \?jp (\\0 @z @m @0 @?; @'o @0 \Q@
) Location Location Location Location

Figu4 €ompari son of the depth to the frost otnabtlhee (rpeas
constructed upland (toesl ope, swal es, and ber ms), a
ground ice was observed by June 27, 2023 or eJduluyplla3n,

April of each year. Groups within a plot not sharin:

Tukey HS® pestsho
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deeper on the pad (11.7 c¢cm b.g.s.) 'thhawheinn ctomd isw

ground ice was still observed across the entire si
in |l ate May or early June, '"hoThgirouinndiic®t evast lmats e
occurred prior to the peak growing season in 2023.

t he JmdayswBrement date in 2024 (theowpaak wdédmt lco)n.s i

The average rate of ground t'hawweearnfApORRsBdda
Jul'y 262 ¢gn4d). The average rates of t)h,awadrnt ht h(e0 .f3
daly, and wesy gi0dds conf dtalye pad were sbBimgewhdalt. | ower
As a theulftrost table was significantly deeper Wi
measurement dates, reaching an average of 55 c¢cm be
(Fi ghdrde) . Comparatively, the maxi mum average depth

was only 34 cmFbheghéow) t he surface (

I nterestingly, the high 6bermsé separating t he
greater depth than the swales themselves or the r
yeadFisghde, e). This may have been fareesadrntl iodr tthieam
swal es or the pad. Although this was not captured
to befrsemeowear!| i er than alnlageetsherakleonc aotni ommase tiam gtsil not
Fi gDb)e which would have permitted ground thaw to
frost table depth on the constructed upland were

constraints.

5.3.4. Surface Runoff from the Constructed Upland

Despite continuous aeration of coll ected runof f,

spring freshet in both years. However, none of th

133



field visits (i.e., theryothad weitr f.i | Tws tor amef fb o
by removing the ice and melting Gungrdnc uiloasteepdhireat e
constructed upland were < 1 % during the DAring f
&D2). Scaling runoff wvolumes measur-feaciusg ngl o hes f ¢
constructed upland, (appyoViddealdt @DMmMAaAdmd t o have
during the spring freshet in 2023 aotl 2Bh24minespk
comprising the constlyuwaedcoampsiaderdiinbhgi Biugnme i nH ar

observed 9. domsnuthfrace runoff was observed at any

5.3. 6. Evapotranspiration

During the growing seasons of »982@. 2h tp=21002 300232 & int
2023) nor mplchi. 2 7(pEMBD;2D22; i n 2023) had signi fi
meas Erfadcr oss the pad. This was al €di nefloe qit eyde air
Speci Eifemal y ydi ffered significantly between WO and
hi gher in WO ploths (mamani 8 NO6p Imot) gFa@mBaan =Owli.n0g m
to the higher posi tFii g@aebaf, tVAMC WTasi ns IWQ hptlloyt s( b(ut n
in WO plot diaghatphatSiEhkotheh y(l dj ffered signifieantly
mul ched plots in July of 2022, when mulched plots
dayt hanmwloomhed plots (YmeiagpbS=é 1. Noment lalyess,- daily
bal ancEToidweged consi stently higher in WO pEBths t han
of 55 mm bopfAuhast y&@hr at the WO micrometeorology
the NO st afa)o.n JfFimgouttd.Maemluleasi vdan total cumul a
31t hat year (188 mm), Hlas:pi bet hh®wOf aocd NBDapl oases:
rainfall in the7agarly sempani EBhgqur e EEsf.oefamlayi nf a

all of the wetter 2023EZ3eraesaocnh e dd ulrli8n gmnwhaitc ht hceu nwiQ
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Figub®l bts of ®&&i(by BIHtbe)s, oniean percent afgle, sauande aogdavt e
volumetric at mossiplBER+HE) wWay¥eaelru EDascEhwer e recorded ever-
week period each mont h. No surface ponding was pres:
|l etters denote the results of statilet waén cmooptalms s oln
the results of statistical comparisons of observatic

|l etters significantly differ based on analysis of va
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