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ABSTRACT
In the Prairie Pothole Region (PPR) of Canada wd#dance utilized for
agricultural purposes are being restored to threirgxisting hydrological state.
The overall objective of this research was to asddferences in microbial
community structure and soil organic matter betweaive (reference) and
restored riparian soils of varying times sinceagesion. Samples (0-6 cm) were
taken from a total of 43 reference and restoredands. The soil microbial
community was described using phospholipid fatig analysis and soil organic
matter was characterized by isolating carbon posiisg acid hydrolysis and
physical separation techniques. Differences betweenger restored (1-3 yrs, 4-
6 yrs) and reference soils were observed in tefmsaobial biomass and
composition, and carbon concentration and distidbiaimong pools. Although
the carbon distribution in the older restored (7)) and reference soils differed,
similarities in other measured variables indicaadcovery within this time

period.
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l. INTRODUCTION

1.1 Prairie Pothole Wetlands

The Prairie Pothole Region (PPR), formed by glaatdéilon more than
10,000 years ago (Mitsch and Gosselink, 1993) nelst¢hroughout the Canadian
provinces of Alberta, Saskatchewan and Manitob&hseard to the United States,
including North and South Dakota, Minnesota, andld@Richardson et al.,
1994). Wetlands in the PPR cover 11.4% of thisdande (Patterson, 1999). The
potholes are kettle type depressions formed omfacgiwhich has not yet
developed an integrated surface drainage systemi®ihe large quantity of
shallow lakes and marshes, the fertile soils angnasummers, the wetlands
within the PPR are considered one of the most itapbrvetland areas in the
world (Mitsch and Gosselink, 1993). The pre-agtiuatal prairie landscape
benefited from these wetlands as they providedtatatar numerous plants and
animals, local water storage capacity, and impravatér quality through
removal of sediments and nutrients (Galatowitsah\an der Valk, 1994).

In pothole wetlands, concentric zones of vegetaticour because plants
with similar water depth or flooding tolerance grtagether (Galatowitsch and
van der Valk, 1994; Stewart and Kantrud, 1971)lassification of prairie
potholes was developed by Stewart and Kantrud (18a4ed on diagnostic
vegetation found in the central or deepest zoneediand basins, reflecting
differences in water permanence. The zones, oanesl classes, in order of
increasing permanence are ephemeral pond (Clesg prairie), temporary pond
(Class I, wet meadow), seasonal pond (ClasshH|lsw emergent marsh),
semipermanent pond (Class IV, deep emergent manstjpermanent pond
(Class V, open water). This study focused on thesttands classified as either
Class Il or Class IV, where the ponding duratioler normal conditions is 1-3

months to 5 months respectively.



1.2. Agriculture and wetland restoration

Eighty-percent of the agricultural land in Canaslaontained within the
PPR along with more than 4.5 million hectares (1llian acres) of wetlands
(DUC, 2003). This land use pressure has led totantal drainage of wetlands
and their associated riparian areas for agricdlheaefit, with estimates of 71-
75% of wetlands being converted throughout the GianaPPR (Anonymous,
1986; Patterson, 1999). Of those wetlands remajmiag0% are impacted by
cultivation, brushing or burning (Neraasen and bie|4.999).

The loss of wetlands was first recognized on tresbaf habitat loss for
nesting waterfowl populations which motivated nasido cooperate and protect
wetlands (Patterson, 1999). In 1986 the North AcaeriwWaterfowl Management
Plan (NAWMP) agreement was established in CanaddtenUnited States, with
Mexico joining in 1994 (Gray et al., 1999). The pose of this plan was to
achieve continental waterfowl population goals. Tdrgest program under the
NAWMP, the Prairie Habitat Joint Venture (PHJV) ject, was then established
to specifically address the habitat loss issudkarprairie region of Canada. This
project placed an emphasis on habitat conservatiorts in degraded
landscapes. In 1989 Ducks Unlimited Canada (DUCaire the principal habitat
delivery organization for the PHJV and has beepaesible for the majority of
the restoration efforts to date. Between 1989 &8¥ DUC restored over 900
wetlands within the PPR of Alberta, SaskatchewahManitoba, which accounts
for over 1700 ha of restored wetland area (Gral.e.999).

Restoration designs are dependent on the modditatiecessary to create
the desired hydrology in the wetland. These desdigriade excavating the basin,
building dykes, removing tiles or plugging ditci{&alatowitsch and van der
Valk, 1994). All of the wetlands included in thisidy were restored by installing
a ditch plug. In this study restoration is defirasdthe reestablishment of a
wetland through cessation of artificial drainage. @dverview of the locations of
sampling sites in the PPR and the sites samplisgdean be found in Figures
1.1 and 1.2.



There has been much debate in regards to how teureethe success of
wetland restoration (Ehrenfeld, 2000; Galatowitanld van der Valk, 1996;
Malakoff, 1998; Mitsch and Wilson, 1996). In PPRtlaeds in Canada the
primary goal of restoration is to provide habitat breeding populations of
waterfowl (Gray et al., 1999). Therefore, wetlardtoration success is measured
through such parameters as plant lists, percerdtagge cover and animal
observations and this is done over relatively stioré periods, generally from 3-
5 years (Mitsch and Wilson, 1996). These measuresvar used to judge
whether or not the restored wetlands are functipregjuivalent to the natural
ecosystem in terms of providing wildlife habitatit lnisregards the numerous
other important functions of wetlands such as flatidnuation, groundwater
recharge, and processing of nutrients.

Historically, the majority of studies conductedrestored and natural
PPR wetlands has occurred in the United State®asndocused on avian and
plant communities (Knutsen and Euliss Jr., 2001Qrérecent studies have
focused on the complexities of the water cyclesiwithese systems, the array of
microorganisms found in PPR wetlands (Keith-Roadhl.e2002) and the ability
they have to both emit and sequester greenhouss (@teason et al., 2009;
Patterson, 1999; Wang et al., 1996). However, coatpa studies conducted on
soil biological and chemical characteristics of R&lands are still scarce
(Knutsen and Euliss Jr., 2001).

1.3. Riparian Soils

This study focused on soils occurring in what eg@ts may refer to as
the wet meadow zone (Stewart and Kantrud, 1971 )adrad soil scientists may
refer to as the riparian area (Pennock et al., p6flthe Prairie Pothole wetlands.
The dominant soils in the PPR of Canada includelg8lBark Brown and Brown
Chernozems (Udic, Typic and Aridic Borolls) whicte aifferentiated from other
soil great groups based on the primary pedogeicass of organic matter
accumulation. In this study gleyed variants of @eernozemic soils occurred in
the riparian zone as evidenced by the appearamt@bfgray colors and mottling



which indicate the influence of periodic or sustimeducing conditions during
their genesis (Soil Classification Working Group98).

Riparian zones are characterized by hydrophytietation and the
presence of hydric soils, which are formed wherddamns of flooding,
saturation or ponding occur long enough so tha¢miéc conditions develop in
the upper portions of the soil (Mausbach and Pag@h1). Riparian soils occur
in the transition zones between uplands and estaeding water (lentic) systems,
such as marshes and bogs, or running water (ktgtems, such as rivers and
streams (Lewis et al., 2003). Riparian areas artthnas are considered more
dynamic portions of the landscape as comparedlendp (Gregory et al., 1991;
Lewis et al., 2003). These areas can change dreatigtover short time periods
due to flooding, deposition of sediment, particiy@an streambanks and
floodplains, and accumulation of organic materialareas such as wet meadows,
swamps and bogs. These areas also undergo laggnae#uctuations and sharp
gradients in environmental factors, such as temperand soil moisture. The
specific functions that riparian-wetland soils pd®vare to act as a catchment
area to infiltrate water for gradual release, regbaquifers, filter pollutants, and
to initiate carbon sequestration, store nutriesatsl act as a medium for nutrient
cycling between plants and microorganisms (Lewi.e2003).

Soil moisture level is acknowledged as the prinfacgor controlling
carbon and nitrogen fluxes in riparian soils (Fraaret al., 1997). When the soll
undergoes periods of waterlogging the organic mdteomposition rate
becomes less than the rate of production, resultitige accumulation of carbon.
Hence, the rate of carbon accumulation is contidde low decomposition rates,
rather than high rates of primary productivity (&esnd Toet, 1997). With the
reduction of waterlogging the soils in riparianasenay begin to exhibit
characteristics similar to upland soils in that Imagie, nitrous oxide, and dissolved
organic carbon release are suppressed while caibgide fluxes increase
(Freeman et al., 1997). Similarly, the hydrologyaofetland, and therefore the
periodic waterlogging of the riparian soils is ardoant factor which also

controls microbial processes (Balasooriya et 808 Gutknecht et al., 2006;



Mentzer et al., 2006). Microbial community struewhanges with resulting
aerobic or anaerobic conditions. More specificghgm positive bacteria are
associated with anaerobic conditions (Sundh el1887) while gram negative
tend to dominate in more aerated conditions (PoaddrTadros, 2002).

The majority of studies on riparian zones has aeclin agriculture and
forested lotic environments (Groffman et al., 2008wrance et al., 1997). The
focus of these studies has been on water qualttyreore specifically on the
ability of riparian soils to function as sinks fgroundwater pollutants, in
particular (NQ). Studies of PPR soils in Canada have focuseti®@mipact of
agriculture on greenhouse gas emissions along tapbi gradients (Bedard-
Haughn et al., 2006; Izaurralde et al., 2004; Pekn2003), but few have
specifically addressed the riparian component. dte do study has examined the
soil microbial community and processes of decontfmosin riparian soils of

Prairie Pothole wetlands in Canada.

1.4. Carbon and Microbial Communities

Historically, studies assessing wetland restoragictess have been based
on broad vegetation and wildlife parameters (Knutsed Euliss Jr., 2001).
Recognition that less apparent wetland functiorh s1$ flood attenuation and
carbon storage need to be included in these assetssmombined with the
development of more advanced measurement techniigaeallow the study ah
situ conditions, has resulted in a shift in focus tecsfic characteristics of the soil
environment and to the changes which occur theee@uvestoration efforts
(Bossio et al., 2006; D’Angelo et al., 2005; Eulisset al., 2006; Gleason et al.,
2009) Determination of soil quality, measured tlytothe utilization of
techniques such as soil fractionation and exananaif soil carbon composition
through nuclear magnetic resonance (NMR), and neasnts of the soill
microbial community composition using techniquestsas phospholipid fatty
acid analysis (PLFA) have altered the way in whighnow can determine the

effects of restoration efforts.



Phospholipids, essential membrane componentsioglsells, are not
found in storage products and degrade rapidly¥otg cell death, thereby
making their presence representative of the aativeobial community (Bardgett
et al., 1999; Zelles, 1999). Furthermore, the m&mbranes of different
organisms are made up of different types of fatigss the major constituents of
the membranes of living cells, allowing for themdification of specific subsets
of the microbial community, such as fungi, actin@etgs and gram (-) and gram
(+) bacteria (Bardgett et al., 1999; Leckie, 200%j)erefore, the biochemical
method of phospholipid fatty acid analysis allovgsta examine the soil microbial
community by measuring this active biomass andiges/us with valuable
information regarding the structure of the soil conmity (Bossio et al., 1998;
Vestal and White, 1989).

The soil microbial community biomass and compositieflect the
physical and chemical limitations of the soil ecisyn and respond to
disturbance, thereby making the community a godeator of soil quality
(Peacock et al., 2001). PLFA analysis has beenrzedito examine the soil
microbial community characteristics in agricultusalls (Zelles et al., 1992nd
mineral soils of forest@rostegard et al., 1993; Hackl et al., 2005)akt hlso
been used to determine the impacts of restoratidor@sted wetlands (D'Angelo
et al., 2005), prairie soils impacted by agricudtiactivity (Bossio et al., 1998;
McKinley et al., 2005), and permanently flooded lesetls (Bossio et al., 2006).

Soil organic matter imparts numerous beneficialdgizal, chemical and
physical properties to the soil. It provides enei@gupport a diverse microbial
community, increases the cation exchange capatttyecsoil, and improves soil
structure and aggregation (Wolf and Wagner, 2006jnerous soil organic
matter models and fractionation schemes have bexslaped to attempt to
capture the heterogeneity of soil organic mattedistinguishing among several
pools which vary in terms of decomposition rate$agtors controlling
decomposition (Christensen, 1992; Six et al., 20D2composition is a
sequential process in which complex organic sulestgare continuously

degraded into simpler substances. Mechanisms reggeifior the retention of



these substances in soils include chemical recahciée, stabilization by
adsorption on mineral surfaces and physical bartheat protect substrates from
decomposers (Christensen, 2001; Yadov and Mala2€87,). Recently, Six et
al. (2002) proposed a fractionation scheme whiclatss three soil organic
matter pools based on these retention mechanibmsmiprotected carbon pool,
which contains root exudates and rapidly decompoeetbonents of plant litter;
the biochemically protected pool, which consisteaah-hydrolyzable carbon and
is considered the passive pool; and the physigati{ected pool, or slow pool,
which is divided into microaggregate associateticabon and silt and clay
associated soil carbon. For the purposes of thiysh combination of density and
particle-size separation techniques was used latéstour fractions (Figure 1.3)
to mimic the ones described by Six et al. (2002 Tight fraction (2mm-53m,
<1 g cnm?) is enriched in carbon and nitrogen and servestaghly
decomposable substrate for microorganisms (Gregand Ellert, 1993). It is
highly sensitive to management practices and higtilyenced by the cultivation
history of the soil and may provide early indicasaf the consequences of
different management practices (Six et al., 2008g sand-sized fraction (2mm-
53um) contains unprotected carbon and is also reaffiécted by management
practices. The clay and silt sized fraction (g5 is the physically protected
carbon and is considered the slow pool. Finallg,dlochemically protected
carbon (<5@m), or unhydrolyzable fraction comprised of ligrind cellulose
component, requires acid digestion or hydrolysisriter to extract components
and is considered the passive pool (Six et al.22bolid staté>C nuclear
magnetic resonance spectroscopy was used to ohidzadhe chemical structure
of the organic matter found in the light fractidgiigure 1.4). This process allows
for quantification of the various types of carbarthe soil organic matter by
identifying different chemical structures basedcbemical shift values of the
magnetic field of the spectrometer (Baldock etE97) and has become a vital
tool for examining decomposition processes (Baldetcil., 1997; Golchin et al.,
1995; Preston, 1996). Variations'fic abundance were also examined which

may offer insight into the underlying organic mageocesses in terrestrial



ecosystems (Hannam et al., 2005; Quideau et &3)2ty providing information
about the extent of the microbial degradation &ghbil organic matter.

A number of studies have been conducted focusing@ihanges to soil
organic matter after changes in management regipaegcularly in an
agricultural setting (Golchin et al., 1994; Lopes@erenyu et al., 2008;
McKinley, 2001; McKinley et al., 2005; Schnitzeradt, 2006). However, few
have been conducted to study the effects of wetlasidration on soil organic
matter (Aldous et al., 2005; D'Angelo et al., 20G%jatowitsch and van der Valk,
1996).

1.5. Objectives of the Thesis

While this study is not intended to determine thectess” of restoration
the main objective of this research is to provitferimation regarding the return
of key soil characteristics, specifically linkeddmyanic matter decomposition and
microbial activity, in restored wetland riparianilsavith varying years since
restoration (3-11 years). We compared these soiearby undisturbed wetland
riparian soils, which we refer to as reference areds, which have never been
utilized for agricultural purposes and are intenttedpproximate a target
ecosystem.

Following this first introductory chapter, this gigis comprised of a total
of three other chapters. The second chapter wdliess the changes in the soll
carbon guantity and quality with time since restiora Chapter three specifically
looks at the changes in the soil microbial commymteasured by phospholipid
fatty-acid analysis (PLFA) with time since restarat Finally, the fourth chapter
will provide a synthesis of the findings presentede as well as

recommendations for future research.
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Figure 1. 1Soil zone for each study site was determined lgreefcing the Canada Soil Inventory Maps (AgricetGanada, 1988abc)
and therefore differs slightly from the designatiaiepicted in this Zonal soil map (Ecological Sfiction Working Group, 1995). A black star
represents the Black soil zone, a gray star th& Baay soil zone, and a white star the Brown sofiez



Figure 1. 2.Detailed map of a site, showing the reference wdtknd two restored wetlands of
the same age, the transects established acrossvetlahd and the possible sampling points (as
shown at the reference wetland). All wetlands siteoccur on one quarter section of land (160
acres or 2.59 km2), with the average size of ttenisagenerally < 2 ha.
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Figure 1. 4.Example of RAMP-CP 13C NMR spectral divisions apliggl to restored and

reference wetland riparian soil material.

13



Literature Cited

Aerts, R., and S. Toet. 1997. Nutritional contrmhscarbon dioxide and methane
emissions frontarex-dominated peat soils. Soil Biology and
Biochemistry 29:1683-1690.

Agriculture Canada. 1988a. Soil landscapes of Cawsstkatchewan. Land
Resource Research Centre Contribution Number 8Ag#culture
Canada Publication 5234/B. Minister of Supply aedvites Canada,
1988.

Agriculture Canada. 1988b. Soil landscapes of Ca#derta. Land Resource
Research Centre Contribution Number 87-02. AgniceliCanada
Publication 5237/B, Minister of Supply and Servi€anada 1988.

Agriculture Canada. 1988c. Soil landscapes of CatManitoba. Land Resource
Research Centre Contribution Number 87-16. AgniceliCanada
Publication 5242/B. Minister of Supply and Servi€anada, 1988.

Aldous, A., P. McCormick, C. Ferguson, S. Grahang, @. Craft. 2005.
Hydrologic regime controls soil phosphorus fluxeseastoration and
undisturbed wetlands. Restoration ecology 13:341.-34

Anonymous. 1986. Wetlands in Canada: a valuablteures. Fact Sheet 86-4.
Lands Directorate, Environment Canada, Ottawa, @nta

Balasooriya, W.K., K. Denet, J. Peters, E.C. Veghoand P. Boeckx. 2008.
Vegetation composition and soil microbial commursityuctural changes
along a wetland hydrological gradient. Hydrology &arth System
Sciences 12:277-291.

Baldock, J.A., J.M. Oades, P.N. Nelson, T.M. Skéne&5olchin, and P. Clarke.
1997. Assessing the extent of decomposition ofrahtirganic materials
using solid-staté®*C NMR spectroscopy. Australian Journal of Soil
Research 35:1061-1083.

Bardgett, R.D., R.D. Lovell, P.J. Hobbs, and S&vi3. 1999. Seasonal changes
in soil microbial communities along a fertility ghant of temperate
grasslands. Soil Biology and Biochemistry 31:10DB4

14



Bedard-Haughn, A., F. Jongbloed, J. Akkerman, Al, EiD. Jong, T. Yates, and
D. Pennock. 2006. The effects of erosional and gemant history on
soil organic carbon stores in ephemeral wetlandsiofmocky
agricultural landscapes. Geoderma 135:296-306.

Bossio, D.A., J.A. Fleck, K.M. Scow, and R. FUliDO6. Alteration of soll
microbial communities and water quality in restovestlands. Soil
Biology and Biochemistry 38:1223-1233.

Bossio, D.A., K.M. Scow, N. Gunapala, and K.J. Grah1998. Determinants of
soil microbial communities: effects of agriculturahnagement, season,
and soil type on phospholipid fatty acid profils&icrobial Ecology 36:1-
12.

Christensen, B.T. 1992. Physical fractionationaf and organic matter in
primary particle size and density separates. Adeaint Soil Science
20:1-90.

Christensen, B.T. 2001. Physical fractionationmf and structural and functional
complexity in organic matter turnover. Europeanrdaliof Soil Science
52:345-353.

D'Angelo, E.M., A.D. Karathanasis, E.J. Sparks,. &R&chey, and S.A. Wehr-
McChesney. 2005. Soil carbon and microbial comnes@t mitigated
and late successional bottomland forest wetlandglands 25:162-175.

DUC. 2003. Ducks Unlimited Canada 2003 annual tej@mline]. Available at
http://www.ducks.ca/aboutduc/news/annual_reportgpa003.pdf.
(verified 28 Sept. 2009). Ducks Unlimited Canadangwall, Man.

Ecological Stratification Working Group. 1995. Atimmal ecological framework
for Canada. Agriculture and Agri-Food Canada, CGefur Land and
Biological Resources Research and Environment Gar&tdte of the
Environment Directorate, Ecozone Analysis Branctawe/ Hull.

Ehrenfeld, J.G. 2000. Defining the limits of resttion: the need for realistic
goals. Restoration Ecology 8:2-9.

Euliss Jr., N.H., R.A. Gleason, A. Olness, R.L. McQal, H.R. Murkin, R.D.
Robarts, R.A. Bourbonniere, and B.G. Warner. 2088th American

15



prairie wetlands are important nonforested lancetasrbon storage sites.
Science of the Total Environment 361:179-188.

Freeman, C., G. Liska, N.J. Ostle, M.A. Lock, SgHes, B. Reynolds, and J.
Hudson. 1997. Enzymes and biogeochemical cyclinvgeittands during a
simulated drought. Biogeochemistry 39:177-187.

Frostegard, A., E. Baath, and A. Tunlid. 1993. Shii the structure of soil
microbial communities in limed forests as revedigghospholipid fatty
acid analysis. Soil Biology and Biochemistry 25:723%).

Galatowitsch, S.M., and A.G. van der Valk. 1996g¥®tion and environmental
conditions in recently restored wetlands in ther@aothole regions of
the USA. Vegetatio 126:89-99.

Galatowitsch, S.M., and A.G. van der Valk. 1994stReng prairie wetlands: an
ecological approach. lowa State University Presses, lowa.

Gleason, R.A., B.A. Tangen, B.A. Browne, and N.MIi& Jr. 2009. Greenhouse
gas flux from cropland and restored wetlands inRtarie Pothole
Region. Soil Biology and Biochemistry 41:2501-2507.

Golchin, A., P. Clarke, J.M. Oades, and J.O. Skjathsl995. The effects of
cultivation on the composition of organic matted atructural stability of
soils. Australian Journal of Soil Research 33:993:9

Golchin, A., J.M. Oades, J.0. Skjemstad, and Prk€ld994. Soil structure and
carbon cycling. Soil Biology and Biochemistry 324B91068.

Gray, B.T., R.W. Coley, R.F. MacFarlane, A.J. PuaknD.A. Sexton, and G.R.
Stewart. 1999. Restoration of prairie wetlandsroagce bird habitat: a
Ducks Unlimited Canada perspective, p. 171-184;. Murphy and M.
Munawar, eds. Aquatic Restoration in Canada. BagkiRublishers,
Leiden, The Netherlands.

Gregorich, E.G., and B.H. Ellert. 1993. Light friact and macroorganic matter in
mineral soils, p. 397-40Tn M.R. Carter, ed. Soil Sampling and Methods
of Analysis 2nd Edition. Lewis Publishers, Ann Arpiil.

Gregory, S.V., F.J. Swanson, W.A. McKee, and K.Wmmins. 1991. An

ecosystem perspective of riparian zones. BioScidace10-551.

16



Groffman, P.M., D.J. Bain, L.E. Band, K.T. Belt,35Brush, J.M. Grove, R.V.
Pouyat, I.C. Yesilonis, and W.C. Zipperer. 2003wbdy the riverside:
urban riparian ecology. Frontiers in Ecology anel Emvironment 1:315-
321.

Gutknecht, J.L.M., R.M. Goodman, and T.C. Bals@0®& Linking soil process
and microbial ecology in freshwater wetland ecamyst Plant and Soil
289:17-34.

Hackl, E., M. Pfeffer, C. Donat, G. Bachmann, and&hmeister-Boltenstern.
2005. Composition of the microbial communitieshie tnineral soil under
different types of natural forest. Soil Biology aBmbchemistry 37:661-
671.

Hannam, K.D., S.A. Quideau, B.E. Kishchuk, S.W. @i R.E. Wasylishen.
2005. Forest-floor chemical properties are altdérgdlear-cutting in
boreal mixedwood forest stands dominated by tremglaispen and white
spruce. Canadian Journal of Forest Research 352469

lzaurralde, R.C., R.L. Lemke, T.W. Goddard, B. Mo&ey, and Z. Zhang. 2004.
Nitrous oxide emissions from agricultural toposewes in Alberta and
Saskatchewan. Soil Science Society of America J0@8t1285-1294.

Keith-Roach, M.J., N.D. Bryan, R.D. Bardgett, anB.A.ivens. 2002. Seasonal
changes in the microbial community of a salt manséasured by
phospholipid fatty acid analysis. Biogeochemistdy7G-96.

Knutsen, G.A., and N.H. Euliss, Jr. 2001. Wetlagstaration in the prairie
pothole region of North America: a literature revid SGS/BRD/BSR-
2001-0006. U.S. Geological Survey, Biological Reses Division,
Reston, Virginia.

Leckie, S.E. 2005. Methods of microbial communitgfging and their
application to forest soils. Forest Ecology and Egement 220:88-106.

Lewis, L., L. Clark, R. Krapf, M. Manning, J. Staafl. Subirge, and L.
Townsend. 2003. Riparian Area Management TR 173TJ1S.

Department of the Interior, Denver, CO.

17



Lopes de Gerenyu, V.O., I.N. Kurganova, and Y. Kakoy. 2008. Carbon pool
and sequestration in former arable Chernozems d@pgeon restoration
period. Ekologija 54:232-238.

Lowrance, R., L.S. Altier, J.D. Newbold, R.R. Schek P.M. Groffman, J.M.
Denver, D.L. Correll, J.W. Gilliam, J.L. RobinsdR,B. Brinsfield, K.W.
Staver, W. Lucas, and A.H. Todd. 1997. Water qudlihctions of
riparian forest buffers in Chesapeake Bay watershiedvironmental
Management 21:687-712.

Malakoff, D. 1998. Restored wetlands flunk real-lddest. Science 280:371-372.

Mausbach, M.J., and W.B. Parker. 2001. Backgrountthastory of the concept
of hydric soils, p. 417n J. L. Richardson and M. J. Vepraskas, eds.
Wetland soil: genesis, hydrology, landscapes, &mskification. Lewis
Publishers, Boca Raton, FL.

McKinley, V.L. 2001. Microbial biomass and activity soils from virgin prairies
compared with prairie restoration, forest and agtical sites in lllinois.
p. 107-117In N.P. Bernstein and L.J. Ostrander, eds. Procesdihthe
Seventeenth North American Prairie Conference:sémdhe future,
roots of the past, Mason City, lowa. July 16-200@(North lowa Area
Community College, Mason City, lowa.

McKinley, V.L., A.D. Peacock, and D.C. White. 2008icrobial community
PLFA and PHB responses to ecosystem restoratitallgnass prairie
soils. Soil Biology and Biochemistry 37:1946-1958.

Mentzer, J.L., R.M. Goodman, and T.C. Balsar. 200i6robial response over
time to hydrologic and fertilizations treatmentsaisimulated wet prairie.
Plant and Soil 284:85-100.

Mitsch, W.J., and J.G. Gosselink. 1993. Wetlan8Eglition.Van Nostrand
Reinhold Company, New York, N.Y.

Mitsch, W.J., and R.F. Wilson. 1996. Improving Huecess of wetland creation
and restoration with know-how, time, and self-desigcological
Applications 6:77-83.

18



Neraasen, T.G., and J.W. Nelson. 1999. Landscamiplg and management in
agro-ecosystems: the Canadian prairie experiendgllp165)n R.K.
Baydack, et al., eds. Practical Approaches to thres€rvation of
Biological Diversity. Island Press, Washington, D.C

Patterson, J. 1999. Wetlands and climate changsihiéty investigation on the
potential for crediting wetland conservation asoarsinks. Wetlands
International Special Publication 1-1999, Ottawan&da.

Peacock, A.D., S.J. Macnaughton, J.M. Cantu, V.&lePand D.C. White. 2001.
Soil microbial biomass and community compositioonal an
anthropogenic disturbance gradient within a loraj-fgne habitat.
Ecological Indicators 1:113-121.

Pennock, D. 2003. Multi-site assessment of culivainduced soil change using
revised landform segmentation procedures. Canakiamal of Soll
Science 83:565-580.

Pennock, D., T. Yates, A. Bedard-Haughn, K. Phippb<arrell, and R.
McDougal. 2010. Landscape controls ofONand CH emissions from
freshwater mineral soil wetlands of the CanadiaairierPothole region.
Geoderma 155:308-319.

Ponder, F., and M. Tadros. 2002. Phospholipid fattgs in forest soil four years
after organic matter removal and soil compactiopplfed Soil Ecology
19:173-182.

Preston, C.M. 1996. Applications of NMR to soil anijc matter analysis: history
and prospects. Soil Science 161:144-166.

Quideau, S.A., R.C. Graham, X. Feng, and O.A. Chadw003. Natural
isotopic distribution on soil surface horizons diffntiated by vegetation.
Soil Science Society of America Journal 67:15446155

Richardson, J.L., J.L. Arndt, and J. Freeland. 199dtland soils of the prairie
potholes. Advances in Agronomy 52:121-171.

Schnitzer, M., D.F.E. McArthur, H.R. Schulten, L.Klozak, and P.M. Huang.
2006. Long-term cultivation effects on the quanéibd quality of organic

matter in selected Canadian prairie soils. Geoddrddal41-156.

19



Six, J., R.T. Conant, E.A. Paul, and K. Pausti®®22 Stabilization mechanisms
for soil organic matter: implications for C-satuoat of soils. Plant and
Soil 241:155-176.

Soil Classification Working Group. 1998. The Camadsystem of soil
classification Agric. and Agri-Food Can. Publ. 1§&g&vised). NRC
Research Press, Ottawa, ON.

Stewart, R.E., and H.A. Kantrud. 1971. Classifmatof the natural ponds and
lakes in the glaciated prairie region Resource iPatibn 92. United States
Fish and Wildlife Service, Washington, D.C.

Sundh, 1., M. Nilsson, and P. Borga. 1997. Variiio microbial community
structure in two Boreal peatlands as determinedra}ysis of
phospholipid fatty acid profiles. Applied and Eronmental Microbiology
63:1476-1482.

Vestal, J.R., and D.C. White. 1989. Lipid analysisnicrobial ecology:
guantitative approaches to the study of microbaahmunities.
BioScience 39:535-541.

Wang, Z., D. Zeng, and W.H.P. Jr. 1996. Methanessiomns from natural
wetlands. Environmental monitoring and assessmzi3-161.

Wolf, D.C., and G.H. Wagner. 2005. Carbon transftans and soil organic
matter formation, p. 285-33%) D.M. Sylvia, et al., eds. Principles and
applications of soil microbiology. Pearson Prentitadl, Upper Saddle
River, New Jersey.

Yadov, V., and G. Malanson. 2007. Progress in@gi&nic matter research: litter
decomposition, modeling, monitoring and sequesmatProgress in
Physical Geography 31:131-154.

Zelles, L. 1999. Fatty acid patterns of phosphdBmnd lipopolysaccharides in
the characterisation of microbial communities iil: soreview. Biology
and Fertility of Soils 29:111-129.

Zelles, L., Q.Y. Bai, T. Beck, and F. Beese. 1%ignature fatty acids in

phospholipids and lipopolysaccharides as indicatbraicrobial biomass

20



and community structure in agricultural soils. Riblogy and
Biochemistry 24:317-323.

21



IIl. CARBON CHARACTERISTICS IN RESTORED RIPARIAN SOI LS OF
THE CANADIAN PRAIRIE POTHOLE REGION

A version of this chapter has been submitted fdalipation:

Card, S.M., Quideau, S.A., Oh, S.-W., Carbon charatics in restored and reference riparian
soils of the Prairie Pothole region in Canada. Soience Society of America Journatcepted
for publication pending minor revisions, February 27", 2010.

1. Introduction

The North American prairie pothole region (PPRA imajor non-forested
landform which covers approximately 900,000°Ki&uliss Jr. et al., 2006). More
than 67 percent of the PPR and more than 42 peotd¢mé wetland area in the
PPR occurs in Canada. Historically, land use predsas resulted in the drainage
of these wetlands, with estimates of 71-75% of avetb being converted to
agriculture throughout the Canadian PPR (Anonymd986; Patterson, 1999).
The impact of this land conversion was first redagd due to the loss of habitat
for nesting waterfowl populations and subsequetibaevas taken to achieve
continental waterfowl population goals, primaritlydugh the recovery of habitat
(DUC, 2003). The impact of wetland drainage andication on soil carbon (C)
has also been acknowledged, and estimated to ie@rtaverage loss of Mg
of C ha® (Euliss Jr. et al., 2006). However, very few gitative data are
available with regards to the potential of restquesirie wetlands to sequester soill
C.

Historically, assessing the implications of wetlaadtoration focused on
visual cues of aboveground indicators such asesogdion and plant diversity and
coverage (Mitsch and Wilson, 1996; Mummy et alQ2)0 More recently, the
implications of restoration have been examinedday$ing on the changes that
occur within the soil environment and more spealficwithin the soil organic
matter (Bruland and Richardson, 2006; Lopes deyeret al., 2008;
McLauchlan et al., 2006). While a number of studiage focused on the changes
to grassland and wetland soils following restora(io’'Angelo et al., 2005;
Galatowitsch and van der Valk, 1996; McKinley, 20DKinley et al., 2005),

none have looked at riparian soils of wetlands withe Prairie Pothole Region
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(PPR) of Canadawe chose to focus on riparian soils as they anauhyc
components of the landscape (Gregory et al., 198dijs et al., 2003), are unique
because they undergo large seasonal fluctuatiotresriperature and moisture and
finally because information on specific SOM chaeaistics in these wetland
areas in Canada is lacking.

Numerous SOM models and fractionation schemes haee developed
in an attempt to capture the heterogeneity of S@QMistinguishing among
several pools which vary in terms of decompositates or factors controlling
decomposition (Christensen, 1992; Six et al., 200&)ditionally extraction
methods using chemical solvents were used to determumic and fulvic acids,
the functionality of which has since come into dises(Oades, 1988; Tiessen and
Stewart, 1983). More recently, the importance olVs€dabilization in the context
of the physical and biological realm has been rezegl and physical
fractionation techniques have been utilized (Sialgt2002). In particular, a
combination of density and particle-size separatgmhniques can be used to
isolate various fractions. The labile light andd&a&ized fractions, which are
highly sensitive to management practices may peedltly indications of the
consequences of disturbance (Six et al., 2002) clyeand silt sized pool is
comprised of physically and chemically protectedrd is considered the slow
pool. Finally, the acid-unhydrolyzable fraction, ialinis often defined as the
passive pool (Six et al., 2002) as it contains lémgically protected C comprised
of lignin cutin and condensed tannins (Preston.e2@06).

Solid staté*C nuclear magnetic resonance (NMR) spectroscopy has
become a vital tool for examining SOM macromolecatamposition and
decomposition processes (Baldock et al., 1997; Itholet al., 1995; Preston,
1996). Studies utilizing®C NMR have focused on characterizing SOM in specifi
density and particle size fractions (Mahieu etE99; Preston, 1996), examining
the influence of environmental factors such as atarand vegetation (Baldock et
al., 1992), and, in particular, the influence afefst vegetation types on the
structure of organic matter (Hannam et al., 200dst®n et al., 1999; Quideau et
al., 2001; Zech et al., 1992). Specifically lookitgthe variation if*C abundance
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(Preston et al., 2006) combined with NMR can furthide in determining the
decomposition processes occurring in a soil.

The overall objective of this study was to exanfi@M quantity and
quality in riparian soils of restored wetlands. thermore, we determined the
return of functionality in these restored soilsrafying ages since restoration (3-
11 yrs) by making comparisons with reference weldanvhich were
representative of the pre-disturbance conditiokvesere intended to approximate
a target ecosystem. Specific objectives involveddghantification of C
distribution among physically and chemically sepede&SOM pools, and SOM
characterization through isotopic and solid statéR\analyses. Since native
prairie soil is renowned for its fertility and higgOM content (McKinley et al.,
2005), we expected that reference soils would Ihéyeer C than the restored
soils. We also hypothesized that with increasingetsince restoration the C

characteristics would become more similar to theremce soils.
2. Materials and Methods

2.1. Study sites and sampling protocol

The Canadian PPR includes approximately 480,000dd encompasses
southeastern Alberta, southern Saskatchewan arlvgestern Manitoba
(Johnson et al., 1989). The region was once coweitbdglacial drift deposits
during the Wisconsin glacial advance (Kantrud gtl#89) and the parent
material of the region consists of glacio-lacugrsediments. The topography of
this area is mostly flat to gently rolling. The PRRharacterized by warm
summers and cold winters, with snow covering tleaigd 30 to 50 % of the time.
Precipitation varies in the prairie region from 360150 mm per year
(Greenwood et al., 1995), and this region is charesed as having a negative
water balance, with evaporation exceeding predipitaTemperatures are
generally cold, with mean daily temperatures diedow 0°C for 5 months of the
year (Forcey et al., 2007). Summer air temperatimesighout the region are
similar with a July mean of approximately 18°C (&re/ood et al., 1995). Air
temperatures in the winter can drop below -60°C@ardexceed 40°C in the
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summer (Euliss Jr. et al., 1999). The PPR encorepdas® physiographic zones,
the aspen parkland and prairie or grassland (Greedwt al., 1995). The aspen
parkland is transitional between the boreal foagst prairie, where the natural
vegetation is grassland interspersed with aspermmakdluffs. The prairie or
grassland region is characterized by dry mixedsjgasl and tallgrass prairie. The
dominant soils are Udic, Typic, and Aridic BoralBoil Survey Staff, 2006), or
Black, Dark Brown and Brown Chernozems accordintheoCanadian
classification (Agriculture Canada, 1988abc; SddsSification Working Group,
1998).

Ducks Unlimited Canada (DUC) has been the primaggaoization
responsible for wetland restoration to date, witard®00 wetlands (or 1700 ha) in
Alberta, Saskatchewan and Manitoba being restoetslden 1989 and 1997
(DUC, 2003). Restoration designs are dependert@mbdifications necessary
to create the desired hydrology in the wetlanduitiog excavating the basin,
building dykes, removing tiles or plugging ditci{&alatowitsch and van der
Valk, 1994). All of the wetlands included in theepent study were restored by
installing a ditch plug. In this study restoratisrfurther defined as the
reestablishment of a wetland through cessatiomtificeal drainage. Restored
wetlands were chosen from an inventory of over®88ands based on a series of
criteria, including site accessibility, age clemsd presence of a reference wetland
within a quarter section of the restored wetlanditrAnsects were established in
2003 by Ducks Unlimited Canada to provide an extensurvey of soil organic
C storage and greenhouse gas emissions, spegiferaissions of methane (GH
and nitrous oxide (pD) from wetlands across the PPR. In total 15 refsge
wetlands and 28 restored wetlands were selectedangled in August of 2005.
Soil classification at each site was determineddbgrencing the Canada Soll
Inventory Maps for each province (Agriculture Caamati988abc), with gleyed
variants of these soils dominating the riparianemoi wenty-four of these
wetlands were located in the aspen parkland eaumeagid Black Chernozem
(Udic Boroll) soil zone of Alberta (Table 2.1). $en wetlands were located in

Saskatchewan and included wetlands in the Blackk Baay and Brown
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Chernozem (Udic, Boralfic and Aridic Boroll) soibzes as well as in the aspen
parkland ecoregion and prairie ecoregion. Fin&lwetlands were located in the
Aspen Parkland ecoregion and Black Chernozem (Bdroll) soil zone of
Manitoba.

A classification of prairie potholes was developgdStewart and Kantrud
(1971) based on diagnostic vegetation found irctreral or deepest zone of
wetland basins, reflecting differences in watemnpanence. The zones, or
wetlands classes, in order of increasing permanarecephemeral pond (Class |,
low prairie), temporary pond (Class Il, wet meados@asonal pond (Class lll,
shallow emergent marsh), semipermanent pond (Qlaskeep emergent marsh),
and permanent pond (Class V, open water). Thigydamised on wetlands
classified as either Class Il or Class IV, whére ponding duration under normal
conditions is 1-3 months to 5 months respectivalgo included in this study,
was one wetland in Southern Saskatchewan classifiedClass Il wetland or
temporary pond. The restored wetlands ranged irfrage3 to 11 years since
restoration (Table 2.1) and all were restored withplacement of a ditch plug.
After installation of the ditch plug, reseeding lwé dense nesting cover mix
(DNC), which is generally comprised of differenesfes of wheatgrasses
(Agropyron spp.), meadow brom&iomus biebersteinii) and other species of
native prairie grasses, occurred to provide eroprotection but no fertilization
took place.

Each study site included one reference wetlandghvbased on air photo
interpretation and discussion with land owners, iaicbeen purposely drained
for agricultural purposes, and one or more restaretthnds of the same
restoration age. Within a site, wetlands were ledan the same quarter section
of land (160 acres or 2.59 KmThey varied in size, but were all less than 40 h
in area (Figure 2.1). Sufficient distance betwesfarence and restored wetlands
insured their hydrological independence. A tranbact been delineated at each
wetland for a detailed greenhouse gas study thatroed at the sites from 2003 to
2005 (Dan Pennock, personal communication, 200x) s@mples for C analysis

were collected using a bulk density corer and vaken within 1 meter of the
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original transect position to the left or right éeping on trampling or
disturbance. Fresh litter and live plant materiaswemoved from the area where
the core was taken. Four sampling points were sglegithin the riparian area
through identification of hydrophytic vegetatiorg(€arex spp. andluncus spp.)
and position in relation to the basin (Figure 2F9ur cores were taken at each of
the four sampling points, composited, and placddnge Ziploc bags. The two
bags corresponding to similar positions on thesteahin relation to the basin
were further composited to yield two samples pettame. Cores were taken to a
depth of 6 cm as this is where we expected chatogesil characteristics to have
occurred over the short term interval of our st(idlgrien et al., 1999; McKinley,
2001; McKinley et al., 2005). All samples were @dadn coolers immediately
after sampling occurred.

2.2. Laboratory analyses

Fractionation techniques included both physical @meimical separation
and were applied to air-dried (<2mm) soil samp&mmnication, wet sieving based
on particle size, density separation and proxiraatdysis procedures were
modified from various methodologies (Baldock et 4892; Oades et al., 1987;
Ryan et al., 1990). For each sample, a mixturedagrhms of soil and 50 ml of
distilled water was placed on a reciprocal sha&ged fhr and then sonicated for 5
min at 60 J/crh Samples were then wet sieved through arfidnesh. Material
>53 um was further fractionated by density separatiowater by floatation,
which yielded the light fraction (LF) organic mattnd the sand associated
organic matter (Sand). Multiple fractionations ofl samples were completed in
order to obtain enough light fraction organic mattaterial for elemental
analysis and®C NMR spectroscopy. Material <538n comprised the silt and clay
associated organic matter (Silt + Clay). In additione gram subsamples from
the Silt + Clay fraction were chemically fractioedtto isolate the acid-
unhydrolyzable residue, AUR (Ryan et al., 1990)ety, 1 g of soil and 10 ml of
72% sulphuric acid were shaken in a flask for ooer fand then diluted to 2.5%
sulphuric acid using distilled water. The flask veagoclaved at 121 °C for 1 hr,
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and the acid unhydrolyzable fraction was isolatgddcuum filtration using a
0.45um glass fiber filter. Material remaining on thedil was dried overnight at
65 °C and the final weight of the acid unhydrolyieatmaterial recorded. The LF
and Sand fractions were oven dried at 50°C whi#eSiit + Clay fraction was
freeze-dried. All soil fractions were finely grounding a Brinkmann ball grinder
(Retsch, MM200) and weighed. Average recovery efdhiginal 10 g was 94.9%.

Total C and N analyses were completed on all sadtions as well as on
the whole soil by dry combustion using a CosteclsB010 CHNS-O Elemental
Combustion System (Costech Analytical Technologies Valencia, CA). All
fractions were also analyzed for C isotopic compmsi(3°C) on a Costech ECS
4010 CHNS-O Elemental Combustion System coupledRmnigan Deltaplus
Advantagé" Isotope Ratio Mass Spectrometer (ThermoFinnigaem@n
Germany). Results were expressed usingthetation, the %o variation from the
standard Pee Dee Belemnite (PDB) reference mataridlthe isotopic
composition calculated from:

§"°C = [(Rsampie/ Retandard - 1] * 1000

where Rampleand Riandardare the ratios ofC/*“C in the sample and
standard, respectively.

The LF chemical composition was further characestiasing ramped-
cross-polarisation (RAMP-CBJC NMR spectroscopy on a Bruker Avance 400
(Bo=9.4 T,v (**C)=100.6 MHz) spectrometer as previously descripedhiffault
et al. (2008). Spectra were acquired using &0° pulse width of 4.Qs, a 1 ms
contact time and 5 s pulse delay with spinning3kiHiz. The Hartmann-Hahn
matching condition was determined using the CO@adigf glycine. For each
sample 4,000-8,000 scans were collected and lim&dening set at 200Hz. The
3¢ chemical shifts were referenced relative to egthylsilane &s, = 0.0 ppm)
using adamantine as a secondary reference.

Bruker's WIN-NMR package was used to estimate #iative integrated
areas of five regions between 0 and 194 ppm. Téasancluded were: 0 to 45
ppm, attributed to alkyl C (ALK); 45 to 112 ppmirdiuted to O-Alkyl C (O-
ALK); 112 to140 ppm, attributed to aromatic C (ARQ@NA40 to 165 ppm,

28



attributed to phenolic C (PHEN), and 165 to 192 pattributed to carbonyl C
(CARB). Corrections for spinning sidebands wereligdpunder the assumption
that both sidebands of each signal have the sat@msity, and spectral divisions

were assigned based on local minima.

2.3. Statistical analyses

Differences between transect positions as welha@ng age groups were
analyzed for C concentration, distribution, C/N &f@results (all soil fractions)
using a two-way ANOVA with PROC GLM (version 9.1AS Institute Inc.).
Position will not be discussed in the remaindetheg manuscript as there were no
significant effects of position and no significamteractions between position and
age groups. Post-hoc comparisons were performed tls#¢ SNK test and
determined to be significant at p0<05. Carbon concentration data for the bulk
soil, Sand, Silt + Clay, and AUR fractions as vealIC distribution values for the
Sand and Silt + Clay had to be log transformed ¢etnthe assumptions of
normality.

Soil C characteristics in reference and restonearian soils were further
analyzed through a non-metric multidimensionalisgg{NMS) ordination
technique, followed by Multi-Response PermutatioocBdures (MRPP) using
the PC-ORD software (version 4, MjM Software Desigteneden Beach, OR).
Ordination allows items to be graphically organizsdo summarize complex
relationships and then to extract dominant pattéom many possible outcomes
(McCune and Grace, 2002). In particular, NMS ruasharous iterations from
which the best possible way to represent the datediuced to either two or three
dimensions, with the distance between the datapaoidicative of the similarity
between those points. NMS does not necessitateahatistribution of data nor
does it assume a linear relationship between Viasabhe Sorensen (Bray-
Curtis) distance measure was used for the analysis.

For the NMS analysis of the NMR data, the first ixatontained the five
integrated NMR spectral areas. Outlier analysis egaged out on the NMR data
and 7 samples were removed as 6 samples were rgiteate? standard deviations
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from the mean and one was removed as it no loragtalcorresponding
reference sample. The first matrix for analysishef C fractionation data
contained the C concentrations, C/N, &f@l values for the LF, Sand, Silt + Clay,
and AUR fractions. Data in the first matrices wegkativized by column and
standardized using the arcsine square-root funciiba second matrix contained
chosen site and soil parameters in order to majpre(® > 0.40) over the first
matrix: age group, position on transect, soil zametland class, pH, and climatic
data consisting of moisture deficit (precipitatiopotential evapotranspiration; P-
PE) and effective growing degree days (EGDD) va(B&eger and Robertson,
1965; Canadian Climate Impact Scenarios Proje@5 R0 he climate data used
here are from 10 km gridded databases which aneddifrom climate data from
actual stations and interpolated to the 10 km krh@yrid. In addition, the second
matrix for the C fractionation data contained pagters derived from the NMR
analysis, including all spectral areas as welhasratios of Alkyl/O-Alkyl C and
Aromatic/O-Alkyl C.

All parameters were tested for significance inkiéS analysis using a
multi-response permutation procedure (MRPP). MRP&rnon-parametric
procedure used to determine if there are differeaceong 2 or more groups
(McCune and Grace, 2002). Significance was detaxchirom the output of three
values: the p value, indicated overall significantéhe comparisons, the test
statistic ) indicated the separation between groups, witloeemegative T
value indicative of stronger separation and theagent statisticA), which
indicated the within group homogeneity versus #relom expectation, with a
higher A value indicative of higher homogeneityeThvalue considered

significant for inclusion of vectors was set at.0.4

3. Results

3.1. Composition of the light fractions

All light fractions (LF) isolated from soils collezd both from the restored

and reference sites exhibited remarkably similarRNgpectra. Figure 2.2
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provides an illustration of spectra from a restaeil and two reference soils, one
from a Black Chernozem (Udic Boroll) and one frofBrawn Chernozem (Aridic
Boroll). Specifically, for all samples a dominamgk was found at 74 ppm,
indicative of the C-2, C-3, and C-5 carbons foumdellulose and hemicelluloses
(Hannam et al., 2004), while the presence of alsleoat 64 ppm is indicative of
the C-6 carbons (Quideau et al., 2001). A pealatpgbm also occurred, as is
characteristic of anomeric carbons in cellulose lzgicelluloses (Gregorich et
al., 1996). In the ALK region of the spectra thesere two small main peaks at 21
and 30 ppm. The peak at 21 ppm represents termietyl groups (Mikutta et
al., 2006), while the one at 30 ppm representsrpetiiylene C in long chain
aliphatic structures, like those found in lipidslaiutin (Kogel-Knabner, 2002). A
peak at 130 ppm along with a shoulder at 115 pprsoome of the spectra was
found in the AROM region of the spectra, indicatgubstituted aromatic
carbons such as C-1 carbon of lignin guaiacyl amiaigyl units. The PHEN
region contained a small peak at 153 ppm alsoyliggking from lignin (Preston
et al., 1999). Finally, the CARB region of the spacontained a peak at 174
ppm, which may include carboxyl groups from orgaagas or amide groups
(Quideau et al., 2001).

The NMS ordination of the NMR spectral data produagwo
dimensional solution with a final stress of 6.%af0 iterations. Axis 1 and 2
explained 16 and 82% of the variation respectiviegsults from the ordination of
the NMR spectra indicated that differences foundmgnsamples were not related
to time since restoration as no significant diffexes were found among age
groups and reference sites (T= 0.1, A= -2.2 X, 1 4.8 x 1d). However,
significant differences were found when we grouffedNMR spectra by soil
zone (Figure 2.3). Specifically, significant diféerces were found between the
Black and Brown Chernozem (Udic and Aridic BoroBs)l zones (T=-10.2, A=
0.1, p= 2.0 x 10) and the Dark Gray and Brown Chernozem (Boralfi¢ Aridic
Borolls) soil zones (T= -3.6, A= 0.1, p= 6.2 X)0No significant difference was
found between the Black and Dark Gray Chernozenic(biad Boralfic Borolls)

soil zones (T=-1.8, A= 0.1, p= 0.1). Results frbra vector analysis revealed a
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relationship of the NMR data to climate, and climatriables of precipitation —
potential evapotranspiration (P-PE) and effectirangng degree days (EGDD)
were included as vectors withvalues of 0.44 and 0.49, respectively (Figure.2.3)
The direction of the P-PE vector indicated a pwesitelationship with the Black
Chernozem (Udic Borolls) soil zone, while the EGRéEXtor was positively

related to the Brown Chernozem soil zone (Aridicdis).

In view of the differences pointed out through NS analysis, further
investigation of specific differences in the spaktegions between the Black and
Brown Chernozems (Udic and Aridic Borolls) referersites was conducted
using a t-test (Table 2.2). A significant differeneas found between soil zones
for % Aromatic C (p= 2.6 x If), where Black Chernozems (Udic Borolls) had
higher amounts of aromatic C than the Brown Cheznz(Aridic Borolls). A
significant difference was also found in the % RiierC (p= 1.8 x 13) between
the soil zones. The Black Chernozems exhibiteddriginounts of phenolic C
than the Brown Chernozems. Finally, a significaffecence was found in %
Alkyl C (p= 4.6 x 109, with the Brown Chernozems having higher amotimis
the Black Chernozems. No significant differencesenfeund between the % O-
Alkyl C and % Carbonyl C or the ratios of Alkyl/OH&/l C and Aromatic/O-

Alkyl C among soil zones.

3.2. Carbon characteristics of soil fractions

The NMS ordination of the C data, including thedheentrations, C/N
ratios ands™*C for all fractions, produced a two-dimensionalsion with a final
stress of 10.07 after 92 iterations (Figure 2.&isA and 2 explained 58% and
37% of the data, respectively. Results from thednation further indicated that
these differences were indicative of time sincéor@sion as significant
differences were found among age groups and refergites (T= -8.0, A= 9.3 x
102, p= 5.7 x 10). More specifically, the strongest separation ioh@racteristics
was found between the reference sites and therkiBge restored sites (T= -5.9,
A=0.11, p= 1.2 x 18). A significant difference was also found betwées
reference sites and the 4-6 yr since restored @ites5.4, A= 0.09, p= 1.9 x 19),
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and the 7-11 yr since restored sites (T= -5.5, &50p= 1.5 x 18). Finally, a
significant difference was found between the 7-fL&igce restored sites and both
the 1-3 yrs since restored sites (T= -4.0, A= 0p354.2 x 10") and 4-6 yr since
restored sites (T=-2.9, A= 0.03, p= 1.5 ¥*L00n the other hand, no significant
difference in C characteristics was found betwéenit3 yr and 4-6 yr since
restored sites. Results from the vector analyssase did not reveal any
significant correlation wherf was set at 0.4.

Particular differences in soil C characteristioduded significant
differences in the C/N ratios among age groupsipaity in the Sand (p= 9.3 x
10°) fraction (Table 2.3). The C/N ratio in the Saratfion was significantly
higher in the 4-6 yr age group when compared viighit-3 yr, 7-11 yr and
reference groups, but no significant differencesaweund for either the bulk
soils or the other (LF, Silt + Clay, and AUR) friacts. Significant differences
were found in thé'3C values among age groups for the AUR fraction3=x
103, and although differences were not significamttfe other fractions, there
was a general trend of decreasing (more negaifv€)values with increasing age
since restoration. The LF (p= 5.7 x30n particular exhibited this trend.
Specifically,5°C were found to be more depleted in the heavigoso(more
negative) in the 7-11 yr age group compared td.tBeyr age group in the LF
fraction, while in the AUR fraction, th&C were significantly more negative in
the reference soils than in the 1-3 yr age group.

In terms of C concentrations (g Ky significant differences were found
among age groups for the bulk (p= 6.0 ),G6and (p<1.0 x If), and Silt +
Clay (p= 3.8 x 10) fractions (Table 2.3). No significant differenagsre found
in the LF and AUR fractions. The bulk fraction cained a significantly higher
amount of C in the reference soils compared td.tBeand 4-6 yr age groups.
Similarly, the C concentration was significantlgher in the 7-11 yr and
reference age groups when compared to the yourgemntl 4-6 yr age groups in
the Sand fraction. Finally, there was a significdifference in C concentration
between the reference group compared to the youtgegr age group in the Silt

+ Clay fraction.
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When C concentrations were expressed as perceoitéige total amount
of C in soils, differences in the distribution olb@came apparent among age
groups in the Sand and Silt + Clay fractions (Feg2i5). In the Sand fraction
there was a significant increase in C with agehhe reference group (47%)
having significantly higher amounts of C than th#l7yr (32%), the 4-6 yr
(23%), and the 1-3 yr (17%) age groups. Alterndyivilae Silt + Clay fraction
showed a significant decreasing trend in C distrdouwith age, from 81% in the
1-3 yr age group to 75% (4-6 yr), 66% (7-11 yr)d &éinally 51% in the reference
group. In all cases, only a small amount of tot§k@G%) was contained in the

light fraction (LF), and there was no differenceamg sites for that fraction.

4. Discussion

The chemical structure of soil organic materiadagtrolled primarily by
two factors: the chemical composition of the liftgouts, and the soill
environmental conditions (Golchin et al., 1994)olr study, the general
structure of the LF fractions as seen by the NMRyais is consistent with
composition of wheat straw and other grasses inttigesignal of aromatic
carbons representative of lignin is less promitlean in other plant samples such
as those derived from trees (Kogel-Knabner, 20@2¢dtte et al., 2009). As no
difference was found in the chemical structurehad tight organic matter fraction
among age groups, we can conclude that restordiibnot result in significant
differences in the composition of litter inputgiag sites. On the other hand,
differences in organic material composition werdiplly explained by
differences in the soil environment as revealethieymultivariate analysis
(Figure 2.3). Closer examination of the specifigioas of the spectra in reference
sites between soil zones supported this concluaioth showed that Black
Chernozems (Udic Borolls) contained significantighfer amounts of aromatic
and phenolic C (Table 2.2), but lower amounts kylaC than the Brown
Chernozems (Aridic Borolls). Furthermore, the veetoalysis revealed the
significance of the climatic variables when samplese grouped by soil zone,
with the Brown Chernozems included in this studyitig more negative P-PE
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values and a higher number of EGDD than the Bladugr@ozems. In addition,
the C/N ratios of the LF fractions were lower ie BBrown Chernozems (20.31 +
1.54) when compared to the Black Chernozems (24 D83s.e), indicating that
the Brown Chernozems were at a more advanced stafgcomposition (Otto et
al., 2005). Aromatic compounds, and specificaliyin, are not easily
decomposed under anaerobic conditions (Kogel-Kmal2@€2). The degradation
of aromatics has been found to increase with irstngesoil temperature
(Alarcon-Gutierrez et al., 2008). In our studyisitikely that the riparian zones in
the Black Chernozems, which are characterizeddybaumid climate (Soil
Classification Working Group, 1998), on averageesgignce longer periods of
saturation (i.e. anaerobic conditions) and/or cosddl temperatures than the
Brown Chernozems, which are characterized by argltmasemiarid climate,
thereby explaining why they contain higher amowrfitaromatic and phenolic
carbons. On the other hand, the preferential aatatran of lipids (i.e. alkyl C),
has been observed under both dry and anaerobimements due to inhibited
microbial activity (Otto et al., 2005). The highmercentage of Alkyl C found in
the Brown Chernozems in our study would indicate the drier environment at
these sites was either more inhibiting to the deagian of lipids than periods of
anaerobiosis in the Black Chernozems, or thatalieesvironment in these
Brown Chernozems favored the decomposition of atensampounds when
compared to lipidic moieties. In all cases, ounhssshowed that organic matter
composition in the light fractions was more semsito long-term variations in
soil forming environmental conditions (as relatedlifferent soil groups) than to
more localized variations associated with restoragiractices.

Numerous studies have examined how the quantitygaatity of soil C
are affected by land use changes, in particuléoviahg the conversion of prairie
soils to agriculture as well as following restooatiof agricultural lands once these
are no longer cultivated (Aldous et al., 2005; Goicet al., 1994; Lemke et al.,
1998; Lopes de Gerenyu et al., 2008; Schnitzek,e2@06). When cultivated
lands are allowed to revert back to natural praiegetation, soil C typically

accumulates (Lopes de Gerenyu et al., 2008). Giltim and tillage practices
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degrade soil aggregation thereby accelerating fmiakactivity and increasing
the turnover of soil C (Golchin et al., 1995). Thago increase compaction and
subsidence, and may disrupt the entire soil pr@Aldous et al., 2005). As a
result a loss of 20 to >50% of C is typically ohsst following the conversion to
cultivation (Anderson, 1995; Cihacek and Ulmer,3;99ann, 1986; McGill et
al., 1988). For instance, in their study of Bladke@ozems (Udic Borolls) in
southern Saskatchewan, Schnitzer et al. (2006 )dfthet virgin sites had higher
amounts of C than cultivated sites, 23 @ kg the cultivated soils compared to 47
g kg* in the virgin soils. In our study, it is thus reatrprising that the younger
restored sites (1-3 and 4-6 yr) that have been masntly affected by the
impacts of agricultural activities were similar yxith significantly different from
the older restored sites (7-11 yr) and referenes girable 2.3).

When looking at the impacts of restoration on €odontent, Lopes du
Gerenyu et al. (2008) found that arable soil alldwerevert back to natural
vegetation for 5 years still had lower soil C tlsa not cultivated for 11, 21 and
77 years. Similarly, agricultural land and pranmestorations have been shown to
differ from virgin prairie in terms of having leS$OM even after as much as 30
years following restoration (McKinley, 2001; McKey et al., 2005). Results of
studies that more specifically target wetland sibiég have been restored by
destroying or filling portions of tile or ditch 9gsns (Bruland and Richardson,
2006; D'Angelo et al., 2005; Galatowitsch and van\dalk, 1996) mirror these
findings, with soil C being higher in natural wettls when compared to restored
wetlands. D’Angelo et al. (2005) found that soM@s twice as high in late-
successional wetlands (>30 years) than early ssicoed wetlands (<10 years
after mitigation). In their study of hydric soils the United States portion of the
PPR, Galatowitsch and van der Valk (1996) repattieti soils 3 years after
reflooding had 3.8% soil C, compared to 10.1% itured wetlands. In
comparison to these studies, our results showedahall soil fractions,
excluding the LF and AUR fractions, the referenitesshad significantly higher
soil C than the youngest (1-3 yr) restored sitashmat the C contents in the bulk
soil and sand-sized fractions 7-11 years aftepragon were not significantly
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different from the reference sites (Table 2.3). §Ruquantity in these soils
appears to return to pre-disturbance conditiores &tl1 years, at least for C
associated with the more labile, sand-sized fractiothe AUR fraction, although
not significantly different, there was a trend mérieasing C concentration with
time since restoration. This differs from the fings of Euliss Jr. et al. (2006),
who found that restored wetlands would be ableetpsster amounts of C
comparable to reference wetlands in less than ’sy&aeir conclusions were
based on semi-permanent wetlands throughout thied)8itates, whereas our
findings included both seasonal and semipermanetiamds in the Canadian
PPR only. Climatic differences between Canada hedJnited States as well as
shorter ponding durations characteristic of sedssatiands may be the cause of
the extended time period of C storage recoverywigasee in our study.

The distribution of C among particle size fractidras been examined to
determine the effects of soil disturbance suchudtssation on SOM dynamics
(Cambardella and Elliott, 1992; Tiessen and Stevi&&3). Findings from these
studies show that cultivation results in a highmapant of mineral associated C in
tilled soils when compared to native soils (CambHadand Elliott, 1992) and a
decrease in the sand associated C due to cultiv@fiessen and Stewart, 1983).
In our study, the youngest restored sites (1-3lyas) significantly higher
amounts of C associated with the Silt + Clay fracthan the 7-11 yr and
reference sites while the reference sites hadfgignily higher amounts of C
associated with the Sand fraction than the you(lg&rand 4-6 yr) restored sites
(Figure 2.5). This indicates that the impacts dfication have included
preferential decomposition of the sand-sized oiganatter to the point where
approximately 80% of organic matter is now assedatith the finer mineral
fractions at the 1-3 yr sites. This impact is dasneg with time since restoration,
but return to reference site levels has still remuored after 7-11 years.

We observed a decrease in C/N ratios from the L%atad fraction, with
the lowest ratios occurring in the Silt + Clay tian for all age groups (Table
2.3). This decrease in C/N with decreasing parscte has been well

documented and has often been used as an indecafgosition (Schulten et
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al., 1993; Stemmer et al., 1998). In general fbagé groups in this study there,
we also saw an enrichmentd’C with decreasing particle-size (Table 2.3).
There was an enrichment&fC in the 1-3 yr age group in both the LF and the
AUR fraction when compared with the 7-11 yr ageugrand the reference age
group. The LF is the labile fraction which consistparticulate and partly
decomposed plant residues whereas the AUR fractiaotains compounds
specifically derived from lignin, cutin and condeddannins (Preston et al.,
2006). This enrichment in the heavier isotope nmalycate that the C pool in the
LF and AUR fractions of the younger restored so#s more affected by
microbial degradation than in the reference stignham et al., 2005; Quideau et
al., 2003). Specifically, microbial discriminatiagains**C during catabolic
processes; i.e. the emissionsbiC-depleted C@by microbial respiration would
result in an increase B1°C concentration in the residual soil C. It is iefging to
note that although differencesdh’C were observed among age groups, which
may be related to variation in the degree of SOkbdgosition, we were unable
to detect any differences through NMR analysis.

5. Conclusions

In this study we found that with the use'& NMR spectroscopy we
were unable to find differences between restorebraference soils as the soll
environment, impacted by climatic variables, wasghmary influence on the
chemical composition of the light fractions. Howeweith the use of ordination
and examination of specific C characteristics wected significant differences
between recently restored riparian soils (1-3 a#dy#), older restored soils (7-11
yrs), and reference riparian soils. Results fromstudy contribute to the paucity
of information on Canadian PPR wetlands and thigybf elements of
functionality, specifically C storage capacity ré&urn to pre-disturbance
conditions following restoration. Riparian soilsespically, with their extreme
fluctuations in temperature and hydrology, havedabiity to reach soil C

reference levels 7-11 years after restoration. Hewedditional studies of C
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storage potential in the Canadian PPR are necessarlyy quantify this C sink

and to develop optimal land-use strategies.
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CHAPTER Il. TABLES AND FIGURES

Table 2. 1.Soil classification, climatic variables and timace restoration for the study sites.

Province Site Name Latitude, Canadian soll USDA Time Since  Age P-PE§ EGDDY
Longitude (°N, Classificationt Classificationt Restoration Class (mm)
W) (yn) (yrs)
Ambler 53.09, -113.20 Black Chernozem Udic Borolls 9 7-11 -205 1294
Boyden 52.07,-113.18 Black Chernozem Udic Borolls 11 7-11 -265 1242
Ferleyko 53.54, -112.27 Black Chernozem Udic Beroll 3 1-3 -233 1264
Alberta Kemo 52.07,-113.18 Black Chernozem Udic Borolls 5 4-6 -265 1242
Loveseth 53.16, -111.50 Black Chernozem Udic Bsroll 4 4-6 -243 1270
Maruschak 53.18, -113.12 Black Chernozem Udic Berol 11 7-11 -205 1294
Mittlestadt 53.18, -113.13 Black Chernozem Udicdler 11 7-11 -205 1294
Rauser 53.11, -111.46 Black Chernozem Udic Borolls 10 7-11 -243 1270
Adams 51.02, -101.87 Black Chernozem Udic Borolls 7 7-11 -290 1337
Crone 52.26, -104.71 Black Chernozem Udic Borolls 5 4-6 -290 1352
Hartt 53.08, -104.54 Dark Gray Chernozem Boralfardls 8 7-11 -306 1318
Saskatchewan .
Peters 50.62, -106.93 Brown Chernozem Aridic Beroll 8 7-11 -401 1483
Sprig 50.46, -106.33 Brown Chernozem Aridic Borolls 8 7-11 -400 1481
Tataryn 51.21, -103.12 Black Chernozem Udic Borolls 3 1-3 -265 1307
Manitoba Graham 50.21, -99.74 Black Chernozem Bodiolls 3 1-3 -252 1341

TAgriculture Canada (1988abc)
¥ Soil Survey Staff (2006)

§ Precipitation — potential evapotranspiration
1 Effective growing degree days
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Table 2. 2.Distribution (% total spectral area) of carbon $egdin light fractions from the Black
Chernozems (Udic Borolls) and Brown ChernozemsdidriBorolls) as determined from the
integration of the solid-state 13C NMR spectra. iBegintegrated are Alkyl (0-45 ppm), O-Alkyl
(45-112), Aromatic (112-140 ppm), Phenolic (140-psn), and Carbonyl (165-192 ppm).

Spectral Region Black Chernozems Brown Chernozems
(% total spectral area)
Alkyl 13.3(0.3)* 14.8 (0.9)
O-Alkyl 63.4 (0.7) 61.9 (1.1)
Aromatic 12.3 (0.3)* 10.9 (0.2)
Phenolic 5.9 (0.2)* 5.2 (0.1)
Carbonyl 5.2 (0.2) 6.0 (0.3)

* Means (standard error) within the same row fokoMby the asterisk are significantly different
(P < 0.05) based on SNK test.
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Table 2. 3.Carbon characteristics in riparian soil fractiorw restored and reference sites

Age Groups
Carbon Characteristic Soil Fraction 1-3yrs 4-6 yrs 7-11 yrs Reference
Bulk 10.4 (0.3# 11.4 (0.6) 10.2 (0.2) 10.9 (0.3)
LFt 24.5 (1.9) 23.2(0.5) 23.4(0.7) 23.5(0.9)
CIN Sandt 15.4 (0.6Y" 17.2 (1.0 14.4 (0.4 14.7 (0.4
Silt + Clay§ 9.7 (0.2) 10.7 (0.5) 9.7 (0.2) 10.2 (0.3)
AURT 10.1 (0.6) 11.4 (0.4) 10.8 (0.2) 11.1(0.3)
Bulk -25.2 (0.3) -24.7 (0.6) -25.6 (0.3) -25.6 (0.3)
LF -26.3 (0.2) -26.6 (0.1) -26.7 (0.04) -26.5 (0.1)
8C Cloo) Sand -25.4 (0.5) -25.2 (0.6) -26.3 (0.3) -26.6 (0.3)
Silt + Clay -24.7 (0.2) -24.6 (0.4) -25.0 (0.2) -25.1 (0.3)
AUR -25.6 (0.13 -25.9 (0.1% -25.9 (0.1% -26.3 (0.2
Bulk 47.6 (0.3) 56.2 (0.6) 73.1 (0.6% 107.6 (1.1)
. ; LF 414.1 (1.7) 418.6 (2.0) 413.5(1.1) 418.8 (1.5)
¢ Conif:gfg:]o” @Ky sand 27.1 (0.5 43.9 (0.9) 97.3 (1.9 159.9 (2.3)
) Silt + Clay 55.9 (0.7) 65.3 (0.4} 64.2 (0.4% 89.7 (0.6)
AUR 37.9 (0.5) 40.0 (0.5) 43.4 (0.3) 63.1(0.6)

T Light Fraction organic mattep<1; >53um).

t Sand associated organic matperl( >53:m).

§ Silt and Clay associated organic matter {§53
1 Acid unhydrolyzable residue.

# Mean and standard error in parentheses (n=83oyrln=11 for 4-6 yr, n=31 for 7-11 yr and n=2% feference)

1 Means within the same row followed by the samtiel are not significantly differenP < 0.05) based on SNK test.
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Reference

Figure 2. 1.Detailed map of a site, showmg the reference \mdttmd two restored wetlands of
the same age, the transects established acrossvetlahd and the possible sampling points (as
shown at the reference wetland). All wetlands siteoccur on one quarter section of land (160
acres or 2.59 kf), with the average size of the basins generaflyha.
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Figure 2. 2.Example of RAMP-CP 13 C NMR spectrum of light fiaotmaterial extracted from a) a reference Blackr@bzem (Udic Boroll) riparian soll
b) a reference Brown Chernozem (Aridic Boroll) riga soil and c) a restored riparian soil.
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Figure 2. 3.Non-metric multidimensional scaling (NMS) ordimmatiof the RAMP-CP 13C NMR
spectra as coded by soil zone. Vectors correspmpeketipitation — potential evapotranspiration
(P-PE) and effective growing degree days (EGDD).
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I1l. MICROBIAL COMMUNITY STRUCTURE IN RESTORED
RIPARIAN SOILS OF THE CANADIAN PRAIRIE POTHOLE REGI ON

A version of this chapter has been submitted fdalipation:

Card, S.M., and S.A. Quideau, Microbial communttysture in restored riparian soils of the
Canadian prairie pothole region. Soil Biology ariddBemistry.Under review as of January 14w,
2010.

1. Introduction

Judgment of “success” in restoration projects isrofimited to visual
cues of aboveground indicators such as wildlifearse plant diversity and
coverage (Mitsch and Wilson 1996; Mummy et al.,20&ince soils respond
dynamically to stresses and disturbances, a closkrat belowground
characteristics not only offers a more completecustainding of ecosystem
dynamics, but also better determines the retuelashents of functionality in
order to gauge successful restoration efforts thare general plant and animal
surveys (Harris, 2003). The soil microbial commuistinherent in determining
the biogeochemical cycles and organic matter tugnovsoils (Zelles, 1999). It
integrates both the physical and chemical aspédtesoil environment and is
sensitive to anthropogenic activity, making it &aole indicator of overall soll
quality (Peacock et al., 2001a). The soil microb@hmunity has been used in
relation to various restoration projects to deteerthe state of the restored
ecosystems when compared to “target” ecosystemsigHa009). Nearby
undisturbed sites are often chosen as “target’ystess as they may be
considered biologically stable and representatitbe pre-disturbance conditions
(Mummy et al., 2002).

One method to examine the structural compositicth@fsoil microbial
community is phospholipid fatty acid (PLFA) analy¢Vestal and White, 1989).
Because phospholipids are rapidly degraded follgwiell death, PLFA analysis
is a good index of the living community (Bardgdtak, 1999). The measurement
of PLFAs has been utilized to examine the microbaahmunity in agricultural
soils (Bossio et al., 1998; Zelles et al., 1992) amrestored prairie soils
(McKinley et al., 2005). McKinley et al. (2005) fod that with time the soll
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characteristics and the PLFA profiles of restoredrfg soils became increasingly
similar to that of the native soils. Hence, PLFAfing may be considered a
sensitive method for determining changes in theabvmicrobial community
during land restoration. However, to date, very gudies have examined the
changes in microbial community structure of redosetlands (D'Angelo et al.,
2005) and specifically the changes that occur withparian, or hydric, soils of
these restored wetlands.

The Prairie Pothole Region (PPR) extends acrogh-gentral North
America and covers approximately 715,000*KEuliss Jr. et al., 1999) with over
67% of the PPR occurring in Canada. The Canadidaiopamf the PPR contains
80% of the agricultural land in Canada along witbrenthan 4.5 million hectares
(11 million acres) of wetlands (DUC, 2003). Lane ysessure has resulted in the
drainage of these wetlands, with estimates of b-@bwetlands being converted
to agriculture throughout the Canadian PPR (Anonysn@986; Patterson, 1999).
The loss of wetlands was first recognized due ¢ddls of habitat for nesting
waterfowl populations and subsequent action wasntas achieve continental
waterfowl population goals, primarily through trezovery of habitat. Ducks
Unlimited Canada (DUC) has been the primary orgion responsible for the
majority of wetland restorations to date, with 0980 wetlands (or 1700 ha) in
Alberta, Saskatchewan and Manitoba being restoetslden 1989 and 1997.
Restoration designs are dependent on the modditatiecessary to create the
desired hydrology including excavating the basinlding dykes, removing tiles
or plugging ditches (Galatowitsch and van der VaB94). All of the wetlands
included in the present study were restored blisg) a ditch plug. In this study
restoration is further defined as the reestablistiroéa wetland through cessation
of artificial drainage.

The overall objective of this study was to exantimemicrobial
community structure in riparian soils of restoreethands. Furthermore, we
determined the return of key characteristics linteethicrobial activity in these
restored soils of varying ages since restoratiehl(§rs) by making comparisons

with undisturbed, or reference, wetlands. Sincevaairairie soil is renowned for

57



its fertility, high soil organic matter content ahiggh microbial biomass
(McKinley et al., 2005), we expected that referesais would have higher
microbial biomass and diversity than restored s¥ile also hypothesized that
with increasing time since restoration the micrbb@ammunity would become
more similar to the reference soil microbial comitigs. Another objective of
this study was to investigate the relationshipheficrobial community structure
to carbon characteristics (total carbon conterit, &1d5'°C) of the soils.
Specifically, we were interested in separatingiigstsoil carbon pools to explore

their respective relations to microbial communities
2. Materials and Methods

2.1. Study sites and sampling protocol

The Canadian PPR includes approximately 480,000akrd runs through
southeastern Alberta, southern Saskatchewan arlvgestern Manitoba
(Johnson et al., 1989). The parent material ofdigeon consists of glacio-
lacustrine sediments (Kantrud et al., 1989) anddpegraphy of this area is
mostly flat to gently rolling. Warm summers, witin &mperatures throughout the
region being similar with a July mean of approxiematl8°C (Greenwood et al.,
1995), and cold winters, where air temperaturesdcap below -60°C (Euliss Jr.
et al., 1999) characterize the PPR. Snow covergritnend 30 to 50% of the time
and precipitation varies from 400 to 600 mm pery&he region typically
experiences a negative water balance, with evaparekceeding precipitation
(Richardson et al., 2001). The PPR encompassepliygographic zones: the
aspen parkland, and prairie or grassland regioad@vood et al., 1995). The
aspen parkland is transitional between the boorakt and prairie, where the
natural vegetation is grassland interspersed vgipieia and oak bluffs. The prairie
or grassland region is characterized by dry mixedgland and tallgrass prairie.
The dominant soils are Udic, Typic, and Aridic Bés@Soil Survey Staff, 2006),
or Black, Dark Brown and Brown Chernozems accordinthe Canadian
classification (Agriculture Canada, 1988abc; SddsSification Working Group,
1998).
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A total of 43 wetlands were sampled throughoutRR& of Alberta,
Saskatchewan and Manitoba in August of 2005. Thegkands were chosen
from an inventory of over 898 restored wetlandsdasn a series of criteria,
including site accessibility, age class, and presai a reference wetland within
a quarter section of the restored wetlands. Théanes in this study were
classified as either Class Il or Class IV, whére ponding duration under normal
conditions is 1-3 to 5 months respectively (Stevaad Kantrud, 1971). Also
included in this study was one wetland in Soutlgmekatchewan classified as a
Class Il or temporary pond. In total 15 referenetlands and 28 restored
wetlands were sampled. The classification of smilezfor each site was
determined by referencing the Canada Soil Inventbaps for each province
(Agriculture Canada, 1988abc), with gleyed variaithese soils dominating the
riparian zones. Twenty-four of these wetlands Wecated in the aspen parkland
ecoregion and Black Chernozem soil zone of Albgreble 3.1). Sixteen
wetlands were located in Saskatchewan and inclug#i@nds in the Black, Dark
Gray and Brown Chernozem soil zones as well asaraspen parkland ecoregion
and prairie ecoregion. Finally, 3 wetlands werated in the Aspen Parkland
ecoregion and Black Chernozem soil zone of Manitdib& restored wetlands
ranged in age from 3 to 11 years since restordiiable 3.1) and all were
restored with the placement of a ditch plug. Aftestallation of the ditch plug,
reseeding with a dense nesting cover mix (DNC)ctvig generally comprised of
different species of wheatgrass@gropyron spp.), meadow brom&i(omus
biebersteinii) and other species of native prairie grasses,roatio provide
erosion protection but no fertilization took place.

Each study site included one reference wetlandghvbased on air photo
interpretation and discussion with land owners, iatcbeen purposely drained
for agricultural purposes, and one or more restaretthnds of the same
restoration age. Within a site, wetlands variedize but were all less than 10 ha
in area (Figure 3.1) and all wetlands were locatethe same quarter section of
land (160 acres or 2.59 KJnA transect had been delineated at each wettand f
the detailed greenhouse gas study that occurri@ aites from 2003 to 2005
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(Pennock, personal communication, 2007). Soil sesfadr microbial community
(PLFA) determination were collected using an Odéfeorer (diameter = 3.18
cm) and were taken within 1 m of the original tactgosition to the left or right
depending on trampling or disturbance. Fresh ldtet live plant material was
removed from the area where the core would be tdkaur sampling points were
selected within the riparian area through iderdifien of hydrophytic vegetation
and position in relation to the basin (Figure 3Fur cores, approximately 30 cm
apart, were taken at each sampling point and coneglos sterile bags. Nitrile
gloves were worn by samplers and equipment wasduigt 95% ethanol
solution between positions to prevent contaminadibiine sample and cross-
contamination between samples. Cores were takamépth of 6 cm as this is
where we would expect to see most changes to Isaihcteristics over the short
term (Karlen et al., 1999; McKinley, 2001; McKinley al., 2005). Soil samples
for pH and texture determination were collectech@si bulk density corer
(diameter = 7.5 cm) and followed the same procedsreutlined above. All
samples were placed in a cooler and kept on idethay were transported to the
laboratory within a 12 hr period. Samples for PL&#alysis were stored at -86 °C

until analyzed.

2.2. Laboratory analyses

Air-dried, sieved (<2mm) soil samples from the fpositions along each
transect were composited prior to analysis and jpd @etermined on composited
samples using a 1:2 soil: 0.01M Cag@ltio and a settling time of 30 minutes
(Kalra and Maynard, 1991; Peech, 1965) on a FiSkamntific Accumet pH
meter. Loss on ignition was used to estimate sghic matter content following
the procedure outlined by Ball (1964) and Kalra &aynard (1991) using
samples from reference wetlands. Based on thetsdsoin the loss on ignition
method, pre-treatment of all samples to removerocgaatter was carried out on
soils when organic matter was determined to betgrélaan 5% wt (Gee and Or,
2002). Texture of the samples was then determiseadjuhe hydrometer method
as outlined in Gee and Or (2002) and textural chess determined using the
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Canadian System of Soil Classification (Soil Clasation Working Group,
1998).

Air-dried (<2mm) soil samples were fractionatedhgsa combination of
density p), particle-size separatiopr), and acid hydrolysis (Baldock et al.,
1992; Oades, 1987; Ryan, 1990) to yield the follayfractions: the light fraction
(p<1 g cm® and >53m), the Sand fractiop$1 g cm® and >58m), the Silt +
Clay fraction (<58m), and the acid-unhydrolyzable residue (AUR) fiact
which is the residue following digestion with$0y. Total C and N analyses were
completed on all soil fractions by dry combusti@ing a Costech ECS 4010
CHNS-O Elemental Combustion System (Costech Arayfiechnologies Inc.,
Valencia, CA). Values for C isotopic compositiai*C), again on all soil
fractions, were obtained on a Costech ECS 4010 GCBNEemental Combustion
System coupled to a Finnigan Deltaplus Advantddsotope Ratio Mass
Spectrometer (ThermoFinnigan, Bremen Germany). [Resgre expressed using
thed-notation, the %o variation from the standard Pee Belemnite (PDB)
reference material, and the isotopic compositidoutated from:

8"%C = [(Reample/ Rstandar) - 1] * 1000

where Rampleand Riandardare the ratios ofC/*“C in the sample and
standard, respectively.

Samples for PLFA analysis were freeze-dried and #malyzed according
to the procedure outlined in Hannam et al. (2008)ng a modified Bligh and
Dyer (1959) extraction, lipids were extracted fr860 mg aliquots of freeze-
dried mineral soil. A pre-packed silicic acid colurfAgilent Technologies,
Wilmington, NE), conditioned with 5 ml of chlorofor, was used to extract polar
lipids from neutral and glycolipids. Neutral fatigids were eluted from the
column by addition of chloroform and glycolipids meeluted with the addition of
acetone. The polar lipids, which include the phadipid fraction, were eluted
from columns using methanol, which was then evapdrander nitrogen.
Phospholipids were then subjected to mild alkatmethanolysis to form fatty
acid methyl esters (FAMES). Using an Agilent 68@0i&s capillary gas
chromatogaph (Agilent Technologies, Wilmington, Nfguipped with a 25m
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Ultra 2 (5%-phenyl)-methylpolysiloxne column the MMEs were separated and
guantified. Hydrogen was used as the carrier geak$were identified based on
bacterial fatty acid standards and MIDI peak idestion software (MIDI, Inc.,
Newark, DE).

Fatty acids were designated as %X, with X indicating the number of
carbon atoms, Y indicating the number of doubledspmand Z indicating the
position of the first double bond from the alipledtb) end of the molecule. The
suffixes ‘c’ and ‘t’ indicate cis and trans geonyeffhe prefixes ‘', ‘a’, and ‘me’
refer to iso, anteiso and mid-chain methyl branghand ‘cy’ refers to

cyclopropyl rings.

2.3. Statistical analyses

Based on a preliminary analysis of the data peréalto test for
differences among all restoration ages, three ag@pgngs were selected to
reflect restoration stages: 1-3, 4-6, and 7-11s/daata corresponding to similar
positions on the transect in relation to the basne combined to yield two
separate transect positions per wetland. Differehetween transect positions as
well as among age groups in the microbial commumasydefined by the
microbial indices (Table 3.2) were analyzed using@way ANOVA with
PROC GLM (version 9.1, SAS Institute Inc.). Positiwill not be discussed in the
remainder of this manuscript as there were no fogmt effects of position and
no significant interactions between position and ggups. All indices were
found to meet the assumptions of normality. Postdmmparisons were
performed using the SNK test and determined tadreficant at p_<0.05.
Microbial community structure (PLFA) patterns irielence and restored wetland
soils were further analyzed through a non-metridtisitnensional scaling (NMS)
ordination technique, followed by multi-responsenpatation procedures
(MRPP), using the PC-ORD software (version 4, Mjbftyare Design,
Gleneden Beach, OR). Ordination allows items tgita@hically organized as to
summarize complex relationships and then to exttastinant patterns from

many possible outcomes (McCune and Grace, 200articular, NMS runs
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numerous iterations from which the best possiblg twaepresent the data is
reduced to either two or three dimensions, withdiséance between the data
points indicative of the similarity between thoserts. NMS does not require
normal distribution of data nor does it assumeedr relationship between
variables. The Sorensen (Bray-Curtis) distancewsas for these analyses. All
parameters were tested for significance in the Ni&ysis using a multi-
response permutation procedure (MRPP). MRPP isi\gpacametric procedure
used to determine if there are differences betve@nmore groups (McCune and
Grace, 2002). Significance was determined fronothtput of three values: the p
value, which indicates overall significance of tmnparisons; the test statistic
(T) which specifies the separation between group$, avmore negative T value
indicative of stronger separation; and the agreemtatistic £), which indicates
the within group homogeneity versus the random etgbien, with a higher A
value signifying higher homogeneity.

The first matrix for analysis of the microbial comanity data contained all
PLFA measured and was expressed on a mol% bdsisyized by row, and
transformed using the arcsine square-root funclibie. second matrix contained
chosen site and soil descriptive variables in otdenap these vectors over the
first matrix: time since restored (yr), age groppsition on transect, soil zone,
textural class, wetland class, pH, and climati@ad@limatic data consisted of
precipitation — potential evapotranspiration (P-BR{) effective growing degree
days (EGDD) values derived from 10 km x 10 km datds (Baier and
Robertson, 1965; Canadian Climate Impact Scen&nogct, 2005). The second
matrix for the microbial community data also con&d parameters derived from
PLFA analysis, including all calculated microbiadlices. In addition, carbon
characteristics such as organic carbon (OC) coratimns, C/N ratios, anél>C
values for the bulk soll, light fraction (LF), sastted, silt-clay sized and acid-
unhydrolyzable (AUR) fractions were included.

Further analysis of the data included the use dfivawiate regression
trees (MRT) using the R package (version 2.8.0,Ri@undation for Statistical
Computing) and the mvpart library (Therneau andséin, 2005). Trees were
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constructed to compare the microbial communitycstme (PLFA) to categorical
environmental variables (De'ath, 2002). In brieRMis a non-parametric method
which can handle non-linear relationships and cempkological datasets; it
divides data into groups using least square sgdittriteria based on the
environmental variables so that the dissimilarggmeen groups is maximized
and dissimilarity within groups is minimized. Eaglit in the MRT is
represented graphically as a branch in the tregttanlength of each branch
represents the variation in the data explainedhbygplit.

The categorical environmental variables includetheyMRT analysis were age
groups (1-3 yrs, 4-6 yrs, 7-11 yrs and referenciands), position on transect, P-
PE, textural class and wetland class. The speeaiesuted were the same mol%
PLFA data used in the ordination as described abbwve groupings of PLFAs
resulting from the MRT analysis were then testedritination space using
MRPP, as described above. Indicator species asalys utilized to determine
which species characterized the soil microbial camity of grouping variables
based on MRT clusters (McCune and Grace, 2002alli¢jrihese indicator values

were tested for significance using a randomized tél@warlo technique.

3. Results

Analysis of the individual microbial indices (Tal8&2) by age groups
showed significant differences between the refezeaiies, and the 1-3 yr and 4-6
yr restored sites. Specifically, the referencesdiiad higher values for PLFA
biomass (calculated based on the sum of 96 PLFAs)ness and diversity
(Figure 3.2). No significant differences were fouretween the older restored
sites (7-11 yrs) and the reference sites for artii@indices calculated. Although
no significant difference was found in PLFA richad®tween age groups the
graph shows an increasing trend with age. A sigaifi difference in the percent
of actinomycetes was found between the referertes and the 4-6 yr age
grouping, with the 4-6 yr age grouping having axgigantly higher percentage of

actinomycetes than the reference sites (p=0.00®ptNer significant differences

64



among age groups were found for any of the otherahial indices calculated,
including those indicative of stress and sulfatiupeng or anaerobic bacteria.
MRTs with endings of five groups were consisteptigduced with
multiple cross validations and explained 54% ofwthgation in the PLFA data
(Figure 3.3). After 1000 cross validations, treethwive branches occurred 294
times. The first branching of the MRT was causedheyclimatic factor
precipitation — potential evapotranspiration (P-R#)ich explained 23% of the
variation. Groups 1 and 2 consisted of the “wetgsiwith the P-PE ranging from
-205 mm to -252 mm. These groups in the “wet” sitese split further by age
groups, which explained 29% of the variation andd#id between sites 1-3 yrs
and 4-6 yrs restored, and 7-11 yrs restored amienete sites. The “dry” sites
consisted of groups 3, 4 and 5 with the P-PE rapfyom -265 mm to -401 mm.
The groupings in the “dry” sites were split furthmrtextural class, which
explained 26% of the variation and separated e lolam (average of 33% sand
and 31% clay) and silt loam (average of 32% samd1®%o clay) soils from the
loamy textured soils (average of 42% sand and 24%9.d=inally, the last split of
the loamy soils was due to age groups, which empthb8% of the variation and
divided the 1-3 and 4-6 yr restored sites from7#Hel yr and reference sites.
The NMS ordination of microbial community structymeduced a three-
dimensional solution with a final stress of 10.&af.35 iterations (Figure 3.4).
Axis 2 (18%) and 3 (35%) represented the strong@mselation structure in the
data and provided the most interpretable ordinafite MRPP analysis for time
since restoration (Table 3.3) showed both stroparstion between groups and
strong within group homogeneity (T=-9.67, A=0.1% p10°). Significant
differences in microbial community structure betwesées of varying time since
restoration were found (Table 3.3), with the refeeeand older sites (9, 10, and
11 yrs) grouping closer in ordination space, amthé& away from the younger
sites (3 yrs). This particular ordination graph wasincluded here as a clearer
interpretation of the data set occurred after isicha of groups derived from the
MRT (Figure 3.4). When the MRPP was re-run on tfwaigings from the MRT,
larger significant differences were found (Tabl&)3In particular, the largest

65



difference based on the MRPP was associated vetblimatic variable
corresponding to precipitation — potential evapwpration (P-PE), which had
the lowest T value (-17.98), highest A value (0.449 most highly significant p-
value (1.0*10). A significant difference was also found withfretsoil microbial
community of the “wet” sites (P-PE ranging from 520m to -252 mm), as
shown on Figure 3.4, between Group 1, the youregtored sites (1-3 and 4-6
yrs) and Group 2, the older restored (7-11 yrs)raference sites. In addition, a
significant difference was found based on textalass with Group 3 (clay loam
and silt loam textures), separating from the loaexyured Groups 4 and 5.

The relationships of the microbial community stuwetto environmental
conditions including pH and soil carbon charactmsswas interpreted through a
correlation analysis, where vectors were considsigmificant at ¥=0.4 (Figure
3.4). These vectors included the organic carbon) (@GGcentrations of the sand
fraction, which was associated with the “wet” si(BsPE > -252 mm), while the
813C (13C) of the sand and silt+ clay fractions, ahtvyere associated with the
“dry” sites (P-PE < -265 mm).

Strong indicator species association values warnaddor all of the major
branches indicated in the MRT (Table 3.4). The pryrseparation in the MRT,
P-PE, was found to have two biomarkers with striodgcator species association
values for the “dry” sites, one of actinomycetagor (LOME18:0), and one of
fungal origin (18:®6:9c). Within the “wet” sites, an indicator valugsaciated
with Gram (-) bacteria (14¢i5¢) and an indicator value for fungi (18&9c)
was strongly associated with the older restoretll(¥¥s) and reference sites. The
same two biomarkers that were strongly associatédtie “dry” sites in the
primary P-PE branching, one of actinomycetal or(didME18:0), and one of
fungal origin (18:86:9c¢), were also found to be strongly associated thie clay

loam and silt loam branch of the MRT.

4. Discussion

Distinct differences in microbial community compeosh between

reference and restored wetlands of varying ages feand in this study. Results

66



from the PLFA analysis show that the microbial cammity in restored wetland
riparian soils approaches that of reference wettgratian soils after seven years
in terms of PLFA biomass, diversity, evenness, ratthess (Figure 3.2). Total
PLFA biomass has previously been found to corrgdatatively with time since
restoration in a study comparing a virgin prainiasgland with a recently (7 yr)
and older (24 yr) restored agricultural site (Mcléinet al., 2005). Total PLFA
biomass also was reported to be higher in refersaite and those that
experienced lower levels of anthropogenic distuckgPeacock et al., 2001a).
Similarly, microbial diversity and evenness wergodound to be higher in an
older created wetland (8 yr) when compared with % year old created wetlands
(Ahn and Peralta, 2009).

Results from the MRT analysis indicated that thenpry influence over
the soil microbial community composition was thieneltic variable, P-PE (Figure
3.3). Specifically, sites that had more negatiieEPvalues were significantly
different from the sites with less negative P-PRi@s, indicating that significant
differences existed in the hydrologic conditionshat sites. Moisture is a well
known determinant of soil microbial community corsjpiion as it regulates the
rates of aerobic or anaerobic processes in thesdithe resulting community
structure (Gutknecht et al., 2006). Two specifianbarkers, one of actinomycetal
origin (10ME18:0) and one of fungal origin (18@9c) were found to be
indicator species for the “dry” sites, or thosesitvith more negative P-PE
values. Flooding has been shown to decrease thelabce of fungi in an
agricultural field (Bossio and Scow, 1998) and ineshwater wet prairie
ecosystem (Mentzer et al., 2006). The finding & phesent study, that fungi are
more abundant in drier ecosystems, mirrors findingke studies mentioned
above (Bossio and Scow, 1998; Mentzer et al., 200@)gi are also known to
withstand higher levels of osmotic stress thandrécin tallgrass prairie soils
(McKinley et al., 2005), thus making them more k& prevail in dry
environments. Furthermore, a significantly highewradance of actinomycetes
was found in the 4-6 year restored riparian sodsnpared with the reference

riparian soils (Figure 3.2). Peacock et al. (20GLajlarly found that heavily
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trafficked areas contained more PLFAs associatéd agtinomycetes and
attributed this to their ability to grow conidiadathus survive harsh soill
conditions. The lower P-PE values found at thessitigth actinomycete
biomarkers as indicator species (Figure 3.3) atead consistent with a harsher
soil environment. Further, we would expect thathheshest soil environmental
conditions, increased heat and desiccation, woelddmonstrated at the younger
(1-3 yrs and 4-6 yrs) restored sites as hydrologiitions, plant community and
soil chemical properties may not have yet recovén@u the agricultural
disturbance.

The branch in the MRT that included all the “drytes was further
divided into two leaves separated based on texifiuneas found that clay loam
and silt loam soils had significantly different mabial communities than the
loamy soils (Figure 3.3). Further investigationngsindicator species analysis
(ISA) found that an actinomycetal biomarker (10MBE)&nd a fungal biomarker
(18:206:9c) were strong indicators for the clay loam aittdoam textured soils.
Although the groups 3, 4 and 5 in the MRT are afisidered “dry”, the increased
desiccation due to the higher percentage of satiteitoam soil has seemingly
resulted in the microbial community reaching anerdpnit of tolerance of
desiccation and heat, as both fungi and actinoreyeet able to withstand these
harsh conditions better than other microbes.

Within the “wet” sites, the microbial community wsglit further to show
significant differences between the younger restsites (1-3 and 4-6 yrs), and
the older restored (7-11 yrs) and reference sikggi(e 3.3). This supports our
hypothesis that with increasing time since restonathe microbial community
became more similar to the reference microbial comitg. Microbial
communities have been reported to be significatitferent between early and
late successional wetlands (D'Angelo et al., 2008iween virgin prairie,
restored prairie and agricultural sites (McKinl2901), and between agricultural
sites, recent and long-term restorations and vipgairie sites (McKinley et al.,
2005). Two biomarkers, a gram negative bacterminairker (14:b5c) and a
fungal biomarker (18:@6:9c), were found to be strong indicator specieste
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older restored (7-11 yrs) and reference sites @abt). In contrast to our
findings, D’Angelo et al. (2005) found that the saimdicators of gram negative
bacteria and fungi, both representative of aerobaobial communities, were
both more abundant in early successional wetlantl3 years since mitigation)
and attributed this to oxygen availability beingler at the early sites compared
to the late successional wetlands, which expergthggher instances of
anaerobiosis. This suggests that differences obdenvour study between the
younger restored sites, and the older restoredefactence sites (Figure 3.3) were
not primarily influenced by the hydrologic condit®at the sites. Instead, the
longer period without disturbance, found in thelryt sites, and the absence of
disturbance found in the reference sites may bedh&nating influence. Lower
levels of Gram negative bacterial populations Hasen associated with soils
more recently subjected to disturbance (Peacoak,62001a) and disturbance is
known to be extremely detrimental to fungal popola (Mummy et al., 2002).
The NMS ordination of the soil microbial commun{gigure 3.4) showed
that the vectors for pH ardd*C were strongly correlated with the “dry” and
younger restored sites (1-3 and 4-6 yrs). In aunlystdifferences i'°C may be
attributable to differences in decomposition preesssince litter inputs did not
differ among sites. ThEC enrichment of soil organic matter during
decomposition has been linked to discriminatiorirea®C during the catabolic
breakdown of organic substrates by soil microbearaccumulation of’C in
microbial biomass and in humic substances of miataligin (Quideau et al.,
2003; Hannam et al., 2005). Hence, the high#e values (i.e.; more enriched in
the heavier isotope) in the “dry” and younger resdicsites may indicate organic
material at a more advanced stage of decompositimamore highly
decomposed material and lower carbon availabitithese sites hence could have
impacted the structure of the microbial communitkiich was also lower in
biomass and lower in diversity (Figure 3.2). Midadlbiomass has been found to
decrease with increasing acidity in an agricultgedting because most bacteria
have pH optima between 6.0 and 7.5 (McKinley, 20Btbwever, in our study,
the higher microbial biomass occurs in the “wetésiwhich are lower in pH (5.8)
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than the “dry” sites (pH=6.6). It is likely thatcambination of soil moisture, pH
and carbon availability impacted the microbial commity, with not just one
factor being predominant. Also, it is interestingibte that actinomycetes, an
indicator species for the “dry” sites, have beamfibto tolerate soils with higher
pH values and be sensitive to soil acidity (Alexam@005; Frostegard et al.,
1993; Pennanen, 2001).

Composition of the soil microbial community at thider restored (7-11
yrs) and reference sites was correlated with higi@rconcentrations for the sand
fraction (Figure 3.4). It has been well documertteat cultivation practices
degrade soil aggregates and accelerate microliigitpeherefore increasing the
turnover of soil carbon (Golchin et al., 1995). Nerngus studies have shown that
with longer periods without disturbance, agricudidand allowed to revert back
to natural vegetation as well as restored wetldinaiswere previously drained
exhibit an increase in soil organic carbon (Bruland Richardson, 2006;
D'Angelo et al., 2005; Galatowitsch and van derkyab96; Lopes de Gerenyu et
al., 2008; Schnitzer et al., 2006). In agreemettt tie carbon vectors discussed
above (Figure 3.4), gram-negative bacteria have mend to increase with an
accumulation of soil carbon (Peacock et al., 200tbyur study, the gram-
negative bacteria (14abc) was found to be an indicator species for thlerol
restored and reference sites (Table 3.4).

5. Conclusions

In this study, the examination of the soil micedm@ommunity indicated
that there were distinct differences between thenger (1-3 yrs, 4-6 yrs) restored
wetland riparian soils and the older restored (%) and reference soils. These
differences were apparent even with significaniugrices of climate (P-PE) and
texture. Specifically, the microbial communitiestioé older restored soils and the
reference soils were found to have similar PLFAnmASS, evenness, and
diversity. Similar PLFA indicator species were fdun the older restored and
reference sites, demonstrating that the wetlandystem begins to recover within
this time period and overcome the effects of adical disturbance. On the other
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hand, the distinct dissimilarity between the youngstored soils and the
reference soils indicates the need for furtherstigation into the ecological
differences between the soils to determine whatagament changes could
potentially be made to accelerate the restorationgss.
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CHAPTER Ill: TABLES AND FIGURES

Table 3. 1.Soil classification, climatic variables and timace restoration for the study sites.

Province Site Name

Latitude, Canadian soll USDA Time Since  Age P-PE§ EGDDY
Longitude (°N, Classificationt Classificationt Restoration Class (mm)

W) (yn) (yrs)
Ambler 53.09, -113.20 Black Chernozem Udic Borolls 9 7-11 -205 1294
Boyden 52.07,-113.18 Black Chernozem Udic Borolls 11 7-11 -265 1242
Ferleyko 53.54, -112.27 Black Chernozem Udic Beroll 3 1-3 -233 1264
Alberta Kemo 52.07,-113.18 Black Chernozem Udic Borolls 5 4-6 -265 1242
Loveseth 53.16, -111.50 Black Chernozem Udic Bsroll 4 4-6 -243 1270
Maruschak 53.18, -113.12 Black Chernozem Udic Berol 11 7-11 -205 1294
Mittlestadt 53.18, -113.13 Black Chernozem Udicdler 11 7-11 -205 1294
Rauser 53.11, -111.46 Black Chernozem Udic Borolls 10 7-11 -243 1270
Adams 51.02, -101.87 Black Chernozem Udic Borolls 7 7-11 -290 1337
Crone 52.26, -104.71 Black Chernozem Udic Borolls 5 4-6 -290 1352
Hartt 53.08, -104.54 Dark Gray Chernozem Boralfardls 8 7-11 -306 1318

Saskatchewan .

Peters 50.62, -106.93 Brown Chernozem Aridic Beroll 8 7-11 -401 1483
Sprig 50.46, -106.33 Brown Chernozem Aridic Borolls 8 7-11 -400 1481
Tataryn 51.21, -103.12 Black Chernozem Udic Borolls 3 1-3 -265 1307
Manitoba Graham 50.21, -99.74 Black Chernozem Bodiolls 3 1-3 -252 1341

TAgriculture Canada (1988abc)
¥ Soil Survey Staff (2006)

§ Precipitation — potential evapotranspiration
1 Effective growing degree days
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Table 3. 2.Microbial indices.

Indices

PLFA marker

Total Biomass
Diversity
Richness
Evenness

% Gram (+}°
% Gram (-2

% Fungfo"

% Actinomycete's

Sulfate reducing bactetta
Sulfate reducing bactetia
Anaerobic bacterfa
Fungal/Bacterial bioma's§

Gram (+)/Gram (9

iso to anteisb

Sum of all fatty acids, in nmol/gl $BIW)
Shannon Index (H:(pi(In p))
Total number of non-zero PLFAs with totabon length <20

Measure of the variability in abundanddiftdrent PLFAs within a sample, Diversity/In(Riogss)

all:0, i14:0, i15:0, a15:0, i16:0, al7:0, i17:0tal Biomass
14:1w5c¢, 16:In5¢, 16:1n9c¢, 18:1v5c, 18:1v7c, 18:1 9¢/ Total Biomass

18:206,9c/ Total Biomass

10Me18:0/ Total Biomass

10 Mel6:0/ Total Biomass

17:18/ Total Biomass

cy19/ Total Biomass

18:206,9¢ / i15:0, a15:0, 15:0, i16:0, 16:9, 16:.5, i17:0, al7:0, cyl17:0, 17:0, 18i1, and cy19:0

all:0, i14:0, i15:0, a15:0, i16:0, al7:0, i17:@/1b5c, 16:Iv5¢, 16:19¢, 18:1m5¢c, 18:1v7c, 18:1v9¢c
i15:0, i17:0/a15:0, al17:0

aMentzer et al. (2006)

b O’Leary and Wilkinsor(1988)
°D’Angelo et al. (2005)

4 Sundh et al. (1997)

€ Wilkinson (1988)

f Lechevalier and Lechevali&t988)
9Frostegard and Baath (1996)
" Zelles (1999)

'Frostegard et al. (1993)

) Dowling et al. (1986)

“ Parkes and Taylor (1983)
'Bossio and Scow (1998)

™ Guckert et al. (1985)
"Tunlid et al. (1989)

° Degrood et al. (2005)

P McKinley et al. (2005)
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Table 3. 3.Multi-response permutation procedure (MRPP) resaltgnicrobial community
structure based on PLFA analysis, including grogpibased on MRT results reported in Figure
3.3.

Comparison Tt At P§
Time Since Restored -9.67 0.11 £10
MRT group

P-PEY 1,2vs. 3,45 -17.98 0.14 <o
Age Group lvs.2 -8.61 0.13 7.5%10
Texture 3vs. 45 -5.73 0.086 1.4*f0

T Test statisticT) which specifies the separation between groups

T Agreement statistidy), which indicates the within group homogeneityseer the random expectation
§ Indicates overall significance of the comparisons

1 Precipitation — potential evapotranspiration
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Table 3. 4.PLFA indicator species associated with the multatarregression tree (MRT) groups

as reported in Figure 3.3.
P-PE} Indicator value Monte Carlp € 0.05)
PLFA Origin Meant MRT Group
1,2 3,45
10ME18:0 actinomycete 52.2(1.77) 38 62 0.0002
18:206:9¢ fungi 52.8(2.18) 38 62 0.001
Age groups Indicator value Monte Carlp € 0.05)
PLFA Origin Mean MRT Group
1 2
14:105¢c Gram (-) 49.3(4.97) 13 73 0.0002
18:206:9¢ fungi 54.3(3.15) 29 71 0.0002
Texture Indicator value Monte Carlp € 0.05)
PLFA Origin Mean MRT Group
3 4,5
10ME18:0 actinomycete 52.9(2.31) 63 37 0.0006
18:206:9¢ fungi 53.8(2.84) 65 35 0.0006
T Means and standard deviations in parenthesdsaaesl on Monte Carlo test of observed indicatarasafor each species

based on 1000 randomizations (McCune and Grace)2002
T Precipitation — potential evapotranspiration
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Reference

Figure 3. 1.Detailed map of a site, showing the reference wdtknd two restored wetlands of
the same age, the transects established acrossvetlahd and the possible sampling points (as
shown at the reference wetland). All wetlands siteaoccur on one quarter section of land (160
acres or 2.59 kf, with the average size of the basins generaflyha.
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Figure 3. 2.Graphs of PLFA indices (mean and standard erra Wwih n=8 for 1-3 yrs, n= 11 for

4-6 yrs, n= 31 for 7-11 yrs, and n=25 for Referesites) comparing the restored wetland soils of

varying times since restoration and reference wdtkoils. Bars with the same letter are not
significantly different based on SNK test (P<0.05).
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Figure 3. 4.NMS ordination of wetland riparian soil PLFAs deated by clusters based on
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IV. SYNTHESIS

1.1. Objectives and experimental approach

This study investigated the return of elementaiotfionality,
decomposition processes and microbial communitypasition by comparing
restored riparian soils of varying ages since resitmn (3-11 yrs) to reference
riparian soils which were intended to approximatarget ecosystem.
Decomposition processes, as indicated by soil acgaatter quality and quantity,
were characterized by measuring C concentratiordastdbution,**C, and C/N
in the light (LF), Sand, Silt + Clay and AUR framtis, which were isolated using
a combination of density and particle-size sepanaichniques. The composition
of material in the light fraction was further quifiet using solid stat&’C nuclear
magnetic resonance (NMR) spectroscopy Measurenoéstsl microbial
biomass, evenness, diversity, and richness asawetieasurements of specific
microbial indices were obtained using phospholigitly acid (PLFA).
Differences between restored and reference soils siatistically analyzed using
non-metric multidimensional scaling (NMS), multiiae regression trees (MRT)
and indicator species analysis (ISA).

1.2. Soil organic matter quantity and quality

Using NMR spectroscopy, we were unable to detegid#fferences
between reference and restored riparian soils. &iawvariables were the primary
influence over the composition of organic materialgh the hotter and drier soils
of the Brown Chernozems containing higher amouhflyl C than the cooler
and more moist soils in the Black Chernozems, wharttained higher amounts
of Aromatic and Phenolic C. In this study we webbkedo differentiate between
reference and restored soils based on levels adrtienic C concentration, where
in the bulk, Sand, Silt + Clay, and AUR fractioe$aerence sites contained higher
amounts of organic C than the younger (1-3 yr 9inestored soils. The younger
restored soils (1-3 yrs) showed significantly loWeconcentrations than the
reference soils in the bulk samples and both sparaites (Sand and Silt + Clay).
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There also was an enrichmentig in the LF and acid-unhydrolyzable residue
(AUR) fractions of these younger restored soils paraed to the older restored (7-
11 yrs) and reference soils, suggesting that tlaiternal was more decomposed.
Total C concentrations in the restored soils ineedawith time. Older restored
soil (7-11 yrs after restoration) had amounts gioic C in the bulk and sand
fractions comparable to reference soils, but sigaitly less in the AUR

fractions, indicating that a longer time perioshéeded for these C levels to reach
that of reference soils.

1.3. Soil microbial community structure

The microbial community of the younger restoredss(i-3 and 4-6 yrs)
was found to differ significantly from the referensoils, with the reference soils
having higher microbial biomass, evenness, andsliye Richness was found to
have an increasing trend with age. Compositiomefdalder restored soils (7-11
yrs) was comparable to that of the reference seisults indicated the
importance of climatic factors (P-PE and EGDD) xplaining the variation
found in the soil microbial communities. Specifigalrier sites had strong
indicator species values associated with PLFAsthamycetal origin and
fungal origin. Within the wetter sites, the oldestored sites (7-11 yrs) and
reference sites had strong indicator species valsssciated with PLFAs of
Gram negative bacteria and fungal origin. Invesiigeof the relationship of the
microbial community structure to carbon charactess(total carbon content,
C/N ands™>C) of the distinct carbon pools in the soils reedahat the vectors for
pH ands™*C were strongly correlated with the “dry” and yoengestored sites
(1-3 and 4-6 yrs). Composition of the soil micrélmammunity at the older
restored (7-11 yrs) and reference sites was coecklaith higher OC

concentrations for the sand fraction.

1.4. Project limitations and future research

The primary objective of this study was not to ddbmrestorations as

successful or not, but to examine the return ahelas of functionality at the soil
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C and microbial levels. This study supports a shiftetland ecology and
management to a more ecosystem based perspeciiste f@buses on restoring
ecosystem processes (Euliss Jr. et al., 2008)gdakof each restoration and the
interpretation of “success” are defined by the skaltders. In this case, the
primary stakeholder, DUC may have determined tmatréstored wetlands had
reached targets levels of waterfowl use. Howevere needs to be a shift in the
assessment of success, which should be primafilieimced by lessons from
practice and by general theory from relevant disegs (Heneghan et al., 2008),
This is especially true as we now have startec¢tkn@vledge the important role
PPR wetlands play in the global C cycle and C gia terrestrial ecosystems.

In this study, we sampled once over the coursbestudy and this
sampling occurred in 2005, which was part of a dhduwycle in the prairie
provinces. Therefore, the findings of this studijeih were derived from a dry
phase, may not be applicable to the same wetlamuisgda wet phase (Euliss Jr.
et al., 2004). Future research should include sagphroughout the year to
capture variability due to seasonal changes. Tiseagaucity of information on
the impacts of restoration in Canadian prairie pl&hvetlands and in particular
the ability of these ecosystems to contribute &idCage capacity. Therefore, a
more extensive study of complete transects in redtavetlands would aid in
contributing to the general understanding of thexsesystems compared to
reference wetlands and would contribute to the Hakata available to determine
their C storage capacities. Our study was limited thaximum of 11 years
therefore a longer term study would determine dh@racteristics in restored
soils, specifically the distribution of C in thensband silt + clay fractions, ever
reaches that of the levels found in the refereonds.dt would also contribute to a
better understanding of long-term development stared wetland ecosystems
(Zedler, 2000).

With the use of NMR we were unable to detect défees linked to
restoration, as climate was the primary influetierefore, measurement of this
variable is not necessary to determine the retfietfeonents of functionality.

However, PLFA indices and C concentration and ithistion were useful
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indicators of changes within the wetland ecosydtetween age groups making
the monitoring of these elements important to deilee how restoration is

proceeding.

91



Literature Cited

Euliss Jr., N.H., L.M. Smith, D.A. Wilcox, and B.Browne. 2008. Linking
ecosystem processes with wetland management gbalding a course
for a sustainable future. Wetlands 28:553-562.

Euliss Jr., N.H., J.W. Labaugh, L.H. FredricksonyIDMushet, M.K. Laubhan,
G.A. Swanson, T.C. Winter, D.O. Rosenberry, and.RI€lson. 2004.
The wetland continuum: a conceptual framework fioenpreting
biological studies. Wetlands 24:448-458.

Heneghan, L., S.P. Miller, S. Baer, M.A. Callaham J. Montgomery, M. Pavao-
Zucherman, C.C. Rhoades, and S. Richardson. 20@®rating soil
ecological knowledge into restoration managemeaestétation ecology
16:608-617.

Zedler, J.B. 2000. Progress in wetland restoragmoiogy. Tree 15:402-407.

92



APPENDICES A. LEGAL LAND DESCRIPTION OF SITES

X Y LEGAL LAND
SITE PROVINCE (LONGITUDE) (LATITUDE) DESCRIPTION
Ambler AB -113.1986 53.0939 SE 31-47-22 W4M
Boyden AB -113.1764 52.0736 SE 11-36-23 W4M
Ferleyko AB -112.2744 53.5392 NE 34-52-16 W4M
Kemo AB -113.1764 52.0664 NE 2-36-23 W4M
Loveseth AB -111.5047 53.1595 NW 23-48-11 W4M
Maruschak AB -113.1207 53.1763 NW 26-48-22 W4M
Mittlestadt AB -113.1263 53.1765 NE 27-48-22 W4M
1= SE 06-48-10 W4M
Rauser AB -111.4607 53.1059 2= SW 06-48-10 W4M
Adams SK -101.8675 51.0164 E 27-023-32-W1
Crone SK -104.7099 52.2630 SW 18-038-19-W2
Hartt SK -104.5428 53.0772 S 27-47-18-W2
Peters SK -106.9336 50.6215 N 20-19-07-W3
Sprig SK -106.3314 50.4597 SE 27-017-03-W3
Tataryn SK -103.1175 51.2111 SE 06-026-08-W2
Graham MB -99.7403 50.2128 SW 28-14-17-W1
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APPENDICES B. RESULTS OF TWO-WAY ANOVAs

Table B. 1.Results of Two-Way ANOVAs for soil carbon charaidtcs

Carbon Soil Age groups x
Characteristic Fraction  Age groups Position position
Bulk p=0.092 p=0.72 p=0.53
LF p=0.91 p=0.58 p=0.96
CIN Sand p=0.0093 p=0.38 p=0.82
Silt + Clay p=0.20 p=0.35 p=0.92
AUR p=0.57 p=0.24 p=0.98
Bulk p=0.29 p=0.36 p=0.41
LF p=0.057 p=0.25 p=0.71
35C (Cloo) Sand p=0.055 p=0.32 p=0.49
Silt + Clay p=0.53 p=0.27 p=0.52
AUR p=0.0037 p=0.28 p=0.72
Bulk p=0.0006 p=0.79 p=0.70
LF p=0.99 p=0.42 p=0.79

C concentration

(g kg fraction) < Sand pf0.000l pi0.39 pi0.49
ilt+Clay p=0.0038 p=0.94 p=0.87
AUR p=0.0006 p=0.63 p=0.81

Table B. 2.Results of Two-Way ANOVASs for soil microbial indise

Age groups x
Soil Microbial Characteristic Age groups Position position
PLFA Biomass p=0.0012 p=0.87 p=0.73
Diversity p=0.0047 p=0.99 p=0.58
Richness p=0.094 p=0.86 p=0.56
Evenness p=0.0032 p=0.94 p=0.58
% Gram (+) p=0.56 p=0.26 p=0.93
% Gram (-) p=0.50 p=0.14 p=0.93
% Fungi p=0.79 p=0.57 p=0.99
% Actinomycetes p=0.012 p=0.24 p=0.49
Sulfate reducing bacteria (10Me16:0) p=0.52 p=0.49 p=0.65
Sulfate reducing bacteria (18) p=0.59 p=0.26 p=0.69
Anaerobic bacteria (cy19) p=0.77 p=0.55 p=0.85
Fungal/Bacterial biomass p=0.81 p=0.62 p=0.98
Gram (+)/Gram (-) p=0.40 p=0.20 p=0.95
iso to anteiso p=0.0052* p=0.39 p=0.97

*Note: Results of SNK test showed no significarifedences among age groups
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APPENDICES C. POTENTIAL CARBON STORAGE CAPACITY
CALCULATIONS

Table C. 1.Potential carbon storage capacity for the bulk sadtion based on a
range of bulk density values as reported in Penebek (2010).

Age Groups
1-3yrs 4-6 yrs 7-11 yrs Reference
Bulk
density* 0.78 0.93 0.78 0.93 0.78 0.93 0.78 0.93
g C/nf 2227.68  2656.08 2630.16 313596 3421.08 4078.98 35.68 6004.08
Mg C/ ha 22.28 26.56 26.30 31.36 34.21 40.79 50.36 60.04

*Pennock, D., T. Yates, A. Bedard-Haughn, K. PhjgpsFarrell, and R. McDougal. 2010.
Landscape controls on,®8 and CH emissions from freshwater mineral soil wetlandthef
Canadian Prairie Pothole region. Geoderma 155:3@8-3
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APPENDICES D. GENERAL PROPERTIES OF SAMPLES
Table D. 1.Regional and site specific properties of samples.

Regional Setting Site Specific
Years Since Position on

Sample Site name Restoration Wetland Transect Soil Zone P-PE  EGDD Textural Class pH
Adams C-4 Adams Reference Reference 4 Black -290 1337 CL 7.78
Amb C-4/9 Ambler Reference Reference 4/9 Black -205 1294 SiL 6.4
Amb C-5/8 Ambler Reference Reference 5/8 Black -205 1294 SiL 6.7
Boy C-4/9 Boyden Reference Reference 4/9 Black -265 1242 CL 5.92
Boy C-5/8 Boyden Reference Reference 5/8 Black -265 1242 SiL 5.4
Crone C-2/11 Crone Reference Reference 4/9 Black -290 1352 L 7.13
Crone C-3/10 Crone Reference Reference 5/8 Black -290 1352 L 6.59
Fer C-4/9 Ferleyko Reference Reference 4/9 Black -233 1264 SiL 5.21
Fer C-5 Ferleyko Reference Reference 5 Black -233 1264 SiL 4.63
Graham C-4/9 Graham Reference Reference 4/9 Black -252 1341 SiCL 7.58
Graham C-5 Graham Reference Reference 5 Black -252 1341 SiL 6.82
Hartt C-4/9 Hartt Reference Reference 4/9 Dark Gray -306 1318 SiL 6.97
Kem C-4/9 Kemo Reference Reference 4/9 Black -265 1242 CL 6.52
Kem C-5/8 Kemo Reference Reference 5/8 Black -265 1242 CL 6.76
Lov C-4/9 Loveseth Reference Reference 4/9 Black -243 1270 L 7.08
Mar C-4/9 Maruschak Reference Reference 4/9 Black -205 1294 SiC 5.89
Mar C-5/8 Maruschak Reference Reference 5/8 Black -205 1294 SiL 5.64
Mitt C-4/9 Mittlestadt Reference Reference 4/9 Black -205 1294 SiC 5.22
Mitt C-5/8 Mittlestadt Reference Reference 5/8 Black -205 1294 Si 5.11
Pet C-4/9 Peters Reference Reference 4/9 Brown -401 1483 CL 7.18
Pet C-5/8 Peters Reference Reference 5/8 Brown -401 1483 CL 7.12
Rau C-3 Rauser Reference Reference 4 Black -243 1270 L 6.84
Sprig C-4/9 Sprig Reference Reference 4/9 Brown -400 1481 CL 7.19
Sprig C-5/8 Sprig Reference Reference 5/8 Brown -400 1481 CL 7.2
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Table D.1.(con’t) Regional and site specific properties aihples.

Regional Setting Site Specific
Years Since Position on

Sample Site name Restoration Wetland Transect Soil Zone P-PE  EGDD Textural Class pH
Tat C-4/9 Tataryn Reference Reference 4/9 Black -265 1307 CL 7.39
Fer R1-4 Ferleyko 3 Restored 1 4 Black -233 1264 SiL 4.52
Fer R1-5 Ferleyko 3 Restored 1 5 Black -233 1264 SiL 5.28
Fer R2-5/8 Ferleyko 3 Restored 2 5/8 Black -233 1264 SiL 6.2
Graham R1-4/9 Graham 3 Restored 1 4/9 Black -252 1341 SiCL 7.22
Graham R1-5/8 Graham 3 Restored 1 5/8 Black -252 1341 SiL 7.12
Graham R2-4/9 Graham 3 Restored 2 4/9 Black -252 1341 SiCL 7.12
Tat R1-4/9 Tataryn 3 Restored 1 4/9 Black -265 1307 CL 7.13

Tat R1-5/8 Tataryn 3 Restored 1 5/8 Black -265 1307 L 7
Lov R1-4/9 Loveseth 4 Restored 1 4/9 Black -243 1270 L 5.58
Lov R1-5/8 Loveseth 4 Restored 1 5/8 Black -243 1270 CL 6.19
Lov R2-3/10 Loveseth 4 Restored 2 4/9 Black -243 1270 L 6.68
Crone R1-4/9 Crone 5 Restored 1 4/9 Black -290 1352 L 7.08
Crone R1-5/8 Crone 5 Restored 1 5/8 Black -290 1352 L 7.13
Crone R2-4/9 Crone 5 Restored 2 4/9 Black -290 1352 L 6.61
Crone R2-5/8 Crone 5 Restored 2 5/8 Black -290 1352 L 7.32
Kem R1-4/9 Kemo 5 Restored 1 4/9 Black -265 1242 CL 5.6
Kem R1-5/8 Kemo 5 Restored 1 5/8 Black -265 1242 CL 5.28
Kem R2-4/9 Kemo 5 Restored 2 4/9 Black -265 1242 CL 5.38
Kem R2-8 Kemo 5 Restored 2 8 Black -265 1242 CL 5.23
Adams R2-4 Adams 7 Restored 2 4 Black -290 1337 CL 7.25
Hartt R1-4/9 Hartt 8 Restored 1 4/9 Dark Gray -306 1318 SiL 7.04
Hartt R1-5/8 Hartt 8 Restored 1 5/8 Dark Gray -306 1318 CL 7.45
Hartt R2-4/9 Hartt 8 Restored 2 4/9 Dark Gray -306 1318 SiL 7.2
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Table D.1.(con't) Regional and site specific properties arhples.

Regional Setting Site Specific
Years Since Position on
Sample Site name Restoration Wetland Transect Soil Zone P-PE EGDD Textural Class pH

Hartt R2-5/8 Hartt 8 Restored 2 5/8 Dark Gray -306 1318 CL 7.25
Pet R1-4/9 Peters 8 Restored 1 4/9 Brown -401 1483 CL 6.46
Pet R1-5/8 Peters 8 Restored 1 5/8 Brown -401 1483 CL 6.69
Pet R2-4/9 Peters 8 Restored 2 4/9 Brown -401 1483 CL 6.84
Pet R2-5/8 Peters 8 Restored 2 5/8 Brown -401 1483 CL 6.98
Sprig R1-4/9 Sprig 8 Restored 1 4/9 Brown -400 1481 CL 6.68
Sprig R1-5/8 Sprig 8 Restored 1 5/8 Brown -400 1481 CL 6.67
Sprig R2-4/9 Sprig 8 Restored 2 4/9 Brown -400 1481 CL 6.75
Sprig R2-5/8 Sprig 8 Restored 2 5/8 Brown -400 1481 CL 5.88
Amb R1-4/9 Ambler 9 Restored 1 4/9 Black -205 1294 SiL 541
Amb R1-5/8 Ambler 9 Restored 1 5/8 Black -205 1294 SiL 5.44
Amb R2-4/9 Ambler 9 Restored 2 4/9 Black -205 1294 SiL 5.77
Amb R2-5/8 Ambler 9 Restored 2 5/8 Black -205 1294 SiL 5.19
Rau R1-10 Rauser 10 Restored 1 9 Black -243 1270 L 7.22
Rau R2-3/10 Rauser 10 Restored 2 4/9 Black -243 1270 L 5.92
Rau R2-4/9 Rauser 10 Restored 2 5/8 Black -243 1270 CL 5.6
Boy R1-4/9 Boyden 11 Restored 1 4/9 Black -265 1242 L 5.65
Boy R1-5/8 Boyden 11 Restored 1 5/8 Black -265 1242 SiL 5.17
Boy R2-4/9 Boyden 11 Restored 2 4/9 Black -265 1242 L 6.06
Boy R2-5/8 Boyden 11 Restored 2 5/8 Black -265 1242 SiL 5.28
Mar R1-4/9 Maruschak 11 Restored 1 4/9 Black -205 1294 SiC 4.83
Mar R1-5/8 Maruschak 11 Restored 1 5/8 Black -205 1294 SiL 4,94
Mar R2-5/8 Maruschak 11 Restored 2 5/8 Black -205 1294 SiL 4.85
Mitt R1-4/9 Mittlestadt 11 Restored 1 4/9 Black -205 1294 SiC 4.93
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Table D.1.(con't) Regional and site specific properties aihples.
Regional Setting Site Specific
Years Since Position on
Sample Site name Restoration Wetland Transect Soil Zone P-PE EGDD Textural Class pH
Mitt R1-5/8 Mittlestadt 11 Restored 1 5/8 Black -205 1294 Si 5.16
Mitt R2-4/9 Mittlestadt 11 Restored 2 4/9 Black -205 1294 SiC 5.2
Mitt R2-5/8 Mittlestadt 11 Restored 2 5/8 Black -205 1294 Si 4.94
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APPENDICES E. SOIL CARBON PROPERTIES OF SAMPLES

Table E. 1.Soil carbon properties of the bulk soil and thefédle and sand-sized fraction.

Soil Carbon Properties

Bulk Soil Floatable Fraction Sand-sized Frattio
Sample Years Since Position on Total % . Total Total % " Total Total % . Total
Restoration  Transect C 6C CIN C 6C C/N C 6C CIN

Adams C-4 Reference 4 8.18 -22.37 12.73 40.45 -25.68 21.49 24 4. -23.85 13.24
Amb C-4/9 Reference 4/9 18.77 -27.00 11.82 45.60 -26.48 249 2431 -27.97 12.83
Amb C-5/8 Reference 5/8 17.35 -27.04 8.40 42.56 -26.54 24.81 26.63 -28.22 11.69
Boy C-4/9 Reference 4/9 11.85 -26.81 12.28 48.23 -27.02 634.8 13.73 -27.38 15.17
Boy C-5/8 Reference 5/8 18.00 -27.13 14.00 38.64 -26.41 3.7 18.41 -27.45 16.39
Crone C-2/11  Reference 4/9 7.83 -26.27 10.37 42.25 -26.90 2781 8.73 -26.88 13.88
Crone C-3/10 Reference 5/8 9.84 -26.59 10.23 58.43 -26.52 24.10 5.55 -26.06 13.85
Fer C-4/9 Reference 4/9 16.59 -26.38 11.52 49.51 -26.63 626.8 30.86 -27.68 18.94
Fer C-5 Reference 5 11.71 -26.35 11.29 30.21 -26.63 26.37 4.733 -27.94 20.45
Graham C-4/9 Reference 4/9 10.23 -24.66 11.30 31.22 -26.19 520.6 10.44 -25.83 15.25
Graham C-5 Reference 5 15.72 -26.10 10.00 34.58 -25.88 23.00 5.012 -27.55 13.64
Hartt C-4/9 Reference 4/9 13.08 -26.09 9.00 32.61 -27.07 19.21 18.53 -26.97 11.25
Kem C-4/9 Reference 4/9 8.60 -26.18 10.59 41.82 -26.34 20.21 8.49 -26.63 14.21
Kem C-5/8 Reference 5/8 9.13 -26.62 10.45 41.63 -26.61 20.50 10.40 -26.86 13.63
Lov C-4/9 Reference 4/9 7.18 -24.20 11.42 38.31 -26.66 29.44 5.47 -24.39 11.51
Mar C-4/9 Reference 4/9 14.32 -26.26 10.03 36.93 -24.95 513.0 27.46 -27.61 16.24
Mar C-5/8 Reference 5/8 6.62 -25.59 10.29 45.99 -26.43 22.42 33.84 -27.91 16.25
Mitt C-4/9 Reference 4/9 11.12 -26.34 9.51 33.75 -26.12 26.10 25.79 -27.61 15.52
Mitt C-5/8 Reference 5/8 20.37 -26.53 10.11 57.15 -26.78 &5.2 34.17 -27.99 14.95
Pet C-4/9 Reference 4/9 2.51 -24.75 10.24 52.18 -26.79 23.73 1.59 -25.99 13.36
Pet C-5/8 Reference 5/8 3.45 -24.93 10.14 31.58 -26.55 22.04 3.10 -25.36 13.10
Rau C-3 Reference 4 2.88 -22.43 15.88 37.67 -27.26 24.92 36 3. -25.62 16.89
Sprig C-4/9 Reference 4/9 3.02 -22.97 10.40 42.96 -26.73 17.18 1.56 -22.52 16.17
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Table E.1.Soil carbon properties of the bulk soil and tleafhble and sand-sized fractions.

Soil Carbon Properties

Bulk Soil Floatable Fraction Sand-sized Fractio
Sample Years Since Positionon  Total % . Total Total % . Total Total % . Total
Restoration Transect C 5 C C/N C 5 C C/N C 5 C C/N

Sprig C-5/8 Reference 5/8 5.74 -25.53 9.35 44.47 -26.40 18.30 4.63 -25.10 13.48
Tat C-4/9 Reference 4/9 14.95 -25.24 11.54 48.31 -26.58 &6.4 18.77 -26.37 15.40
Fer R1-4 3 4 4.05 -24.79 11.35 42.17 -27.09 32.90 1.93 -25.90 .974
Fer R1-5 3 5 4.00 -25.21 10.07 49.57 -26.84 31.89 1.95 -26.13 .045
Fer R2-5/8 3 5/8 4.25 -25.11 11.51 36.47 -25.87 19.40 2.50 -26.10 .6816
Graham R1-4/9 3 4/9 6.26 -24.05 10.70 46.00 -26.20 24.64 2.51 -22.17 .747
Graham R1-5/8 3 5/8 7.27 -24.63 10.32 38.40 -26.63 21.28 4,72 -24.37 .885
Graham R2-4/9 3 4/9 7.10 -25.21 9.33 42.47 -25.62 25.65 5.24 -26.13  2412.
Tat R1-4/9 3 4/9 2.31 -25.99 10.13 41.62 -25.71 18.23 1.06 -26.08 .484
Tat R1-5/8 3 5/8 2.85 -26.31 9.91 34.60 -26.24 22.29 1.77 -26.40 316.
Lov R1-4/9 4 4/9 7.73 -26.19 10.37 33.94 -26.88 22.84 6.18 -26.42 294
Lov R1-5/8 4 5/8 7.84 -26.26 10.09 43.45 -26.85 21.09 6.27 -26.54 .134
Lov R2-3/10 4 4/9 7.96 -25.69 10.10 40.44 -25.62 22.35 6.48 -26.35 .734
Crone R1-4/9 5 4/9 3.17 -22.16 14.03 38.21 -26.37 23.65 1.90 -21.81 .4e4
Crone R1-5/8 5 5/8 2.99 -22.72 13.13 35.03 -26.67 24.87 1.55 -22.97 11
Crone R2-4/9 5 4/9 5.16 -24.93 10.65 43.26 -26.71 25.99 2.84 -25.39 .835
Crone R2-5/8 5 5/8 2.76 -20.99 15.39 43.83 -26.85 23.86 1.25 -21.32 .920
Kem R1-4/9 5 4/9 5.56 -25.27 10.23 51.87 -26.44 20.72 2.74 -26.44 585
Kem R1-5/8 5 5/8 5.16 -25.72 10.23 46.16 -26.68 21.28 1.78 -26.29 .496
Kem R2-4/9 5 4/9 6.15 -25.94 11.07 51.83 -26.80 24.32 6.90 -26.56 .115

Kem R2-8 5 8 7.30 -26.17 10.25 3251 -26.59 24.18 10.42 -26.79 6.37
Adams R2-4 7 4 7.73 -18.10 16.60 40.61 -26.13 17.56 4.01 -18.82 .7418
Hartt R1-4/9 8 4/9 4.73 -24.80 10.24 33.16 -26.80 30.36 2.55 -25.31 .482
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Table E.1.Soil carbon properties of the bulk soil and tleafable and sand-sized fractions.

Soil Carbon Properties

Bulk Soll Floatable Fraction Sand-sized Frattio
Sample Years Since Position on  Total % . Total Total % . Total Total % " Total
Restoration  Transect C 6C CIN C 6C CIN C 6C C/N
Hartt R1-5/8 8 5/8 7.34 -25.46 11.30 50.07 -27.16 36.88 7.23 -25.91 .22
Hartt R2-4/9 8 4/9 3.29 -25.49 11.15 39.00 -26.51 19.72 2.11 -25.78 .6413
Hartt R2-5/8 8 5/8 7.56 -25.65 10.40 39.37 -26.75 20.69 4,94 -26.15 .892
Pet R1-4/9 8 4/9 473 -24.96 9.88 40.93 -26.69 20.80 5.58 -26.62 0Q4z2.
Pet R1-5/8 8 5/8 5.69 -26.06 9.38 31.67 -26.45 23.32 8.03 -27.29 841.
Pet R2-4/9 8 4/9 5.46 -25.77 10.50 38.55 -26.61 24.12 6.60 -26.68 .222
Pet R2-5/8 8 5/8 6.32 -25.91 8.85 43.45 -26.52 24.11 12.37 -27.17 7812
Sprig R1-4/9 8 4/9 3.80 -24.99 9.03 43.15 -26.56 24.36 3.00 -25.55 533.
Sprig R1-5/8 8 5/8 3.64 -25.29 9.10 33.59 -26.88 21.45 3.41 -25.70 3713.
Sprig R2-4/9 8 4/9 3.48 -24.94 10.20 46.69 -26.76 28.10 4.18 -26.20 .484
Sprig R2-5/8 8 5/8 5.50 -25.54 10.24 48.08 -26.91 24.14 8.07 -27.11 .284
Amb R1-4/9 9 4/9 6.98 -26.08 10.05 43.85 -26.15 29.04 9.91 -26.15 .2415
Amb R1-5/8 9 5/8 7.32 -26.10 10.30 42.90 -26.07 28.83 11.15 -26.57 3.911
Amb R2-4/9 9 4/9 13.03 -26.47 9.14 40.92 -26.87 20.15 11.51 -27.15 1.84
Amb R2-5/8 9 5/8 11.14 -26.82 9.64 41.34 -26.73 20.82 12.10 -27.00 2.1
Rau R1-10 10 9 13.02 -26.40 9.80 34.29 -26.92 17.78 17.46 -26.46 2.324
Rau R2-3/10 10 4/9 6.58 -26.41 10.26 48.57 -26.84 18.69 6.52 -26.83 .14l7
Rau R2-4/9 10 5/8 10.59 -26.85 10.94 40.49 -26.90 17.73 13.96 -26.9814.91
Boy R1-4/9 11 4/9 3.63 -25.63 9.03 55.10 -26.94 27.64 1.87 -26.31 024.
Boy R1-5/8 11 5/8 5.89 -25.70 10.30 37.00 -26.74 23.04 2.50 -26.41 .64
Boy R2-4/9 11 4/9 6.70 -25.75 11.02 38.04 -26.85 26.45 4.47 -26.33 .635
Boy R2-5/8 11 5/8 7.18 -25.99 10.53 43.00 -26.71 26.58 5.00 -26.60 .947
Mar R1-4/9 11 4/9 19.48 -26.75 11.26 51.71 -26.42 22.37 9.77 -25.75 3.271
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Table E.1.Soil carbon properties of the bulk soil and tleafhble and sand-sized fractions.

Soil Carbon Properties

Sand-sized Fractio

Bulk Soll Floatable Fraction
Sample Years Since Position on  Total % " Total Total % " Total Total % " Total
Restoration  Transect C 6C CIN C 6C CIN C 6C C/N

Mar R1-5/8 11 5/8 6.63 -25.74 10.66 48.08 -26.41 23.08 19.97 -26.77 7.66L
Mar R2-5/8 11 5/8 7.83 -25.91 9.91 47.99 -26.54 22.64 16.46 -27.05 .05
Mitt R1-4/9 11 4/9 7.25 -25.88 9.09 30.63 -26.85 19.46 20.23 -26.44 .2816
Mitt R1-5/8 11 5/8 7.56 -25.92 8.84 36.99 -26.56 19.23 22.35 -27.27 796
Mitt R2-4/9 11 4/9 7.06 -25.09 9.74 34.43 -27.04 21.41 19.30 -26.76 .78.6
Mitt R2-5/8 11 5/8 9.28 -26.33 9.57 38.33 -26.76 23.54 25.11 -27.25 .077
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Table E. 2.Soil carbon properties of the Silt + Clay and aanthydrolyzable fractions.

Soil Carbon Properties

Silt + Clay Fraction

Acid Unhydrolyzable Fraarti

Sample Years Since Position on "
Restoration Transect Total% C §C Total C/N Total % C 5CB Total C/N
Adams C-4 Reference 4 11.61 -22.31 11.81 8.13 -24.41 13.27
Amb C-4/9 Reference 4/9 11.17 -27.02 9.74 8.76 -27.42 11.01
Amb C-5/8 Reference 5/8 11.11 -26.79 9.56 9.29 -27.51 11.30
Boy C-4/9 Reference 4/9 10.25 -26.28 10.20 7.98 -26.96 12.05
Boy C-5/8 Reference 5/8 13.51 -26.57 10.30 10.41 -27.35 413.4
Crone C-2/11 Reference 4/9 7.63 -25.22 9.79 5.26 -26.76 12.35
Crone C-3/10 Reference 5/8 8.34 -25.25 10.01 5.09 -26.58 11.44
Fer C-4/9 Reference 4/9 12.70 -25.81 10.45 8.91 -26.80 13.30
Fer C-5 Reference 5 8.38 -25.52 10.48 6.26 -26.36 12.71
Graham C-4/9 Reference 4/9 8.79 -23.95 11.36 7.01 -26.11 12.48
Graham C-5 Reference 5 10.95 -26.18 10.23 9.09 -26.63 12.86
Hartt C-4/9 Reference 4/9 12.45 -25.33 9.93 4.67 -25.89 9.32
Kem C-4/9 Reference 4/9 8.77 -25.56 9.12 5.23 -26.53 10.61
Kem C-5/8 Reference 5/8 8.66 -25.59 9.78 6.38 -26.71 10.63
Lov C-4/9 Reference 4/9 9.39 -24.14 10.76 5.53 -26.30 11.95
Mar C-4/9 Reference 4/9 6.83 -25.93 8.66 4.89 -26.58 9.44
Mar C-5/8 Reference 5/8 10.91 -26.03 9.44 8.50 -26.79 12.04
Mitt C-4/9 Reference 4/9 8.77 -25.57 8.66 6.64 -26.46 8.62
Mitt C-5/8 Reference 5/8 11.90 -25.91 9.04 9.22 -26.78 10.41
Pet C-4/9 Reference 4/9 2.83 -24.33 9.19 1.85 -25.36 9.50
Pet C-5/8 Reference 5/8 3.88 -24.54 8.42 1.89 -25.38 9.54
Rau C-3 Reference 4 3.57 -22.16 15.23 1.42 -26.46 9.90
Sprig C-4/9 Reference 4/9 3.88 -22.79 10.21 1.97 -24.57 8.83
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Table E.2.(con’t) Soil carbon properties of the Silt + Clayd acid unhydrolyzable fractions.

Soil Carbon Properties

Silt Clay Fraction Acid Unhydrolyzable Fraction

Sample Years Since Position on " "

Restoration Transect Total % C 6C Total C/N Total % C 6 C Total C/N

Sprig C-5/8 Reference 5/8 5.94 -23.91 11.33 2.96 -25.84 9.95

Tat C-4/9 Reference 4/9 11.98 -24.27 11.68 10.42 -26.10 0L1.4
Fer R1-4 3 4 4.83 -24.46 9.99 3.15 -25.45 13.05
Fer R1-5 3 5 4.82 -24.55 9.77 2.73 -25.48 12.23
Fer R2-5/8 3 5/8 6.52 -24.57 10.12 4.04 -25.40 12.90
Graham R1-4/9 3 4/9 7.20 -24.27 9.48 5.45 -25.51 10.59
Graham R1-5/8 3 5/8 7.95 -24.57 8.74 6.19 -25.51 9.85
Graham R2-4/9 3 4/9 7.01 -24.63 9.85 4.39 -25.71 9.23
Tat R1-4/9 3 4/9 3.29 -25.33 9.56 2.25 -25.83 9.08
Tat R1-5/8 3 5/8 3.08 -25.47 9.95 2.09 -25.94 9.57
Lov R1-4/9 4 4/9 7.70 -25.47 9.49 412 -26.48 10.98
Lov R1-5/8 4 5/8 8.57 -25.97 9.32 6.30 -26.58 11.50
Lov R2-3/10 4 4/9 8.97 -25.25 10.21 6.19 -25.63 10.96
Crone R1-4/9 5 4/9 5.97 -21.93 14.46 2.48 -25.45 10.72
Crone R1-5/8 5 5/8 4.61 -23.39 11.82 2.03 -25.97 12.51
Crone R2-4/9 5 4/9 5.34 -25.22 10.79 2.74 -25.97 12.13
Crone R2-5/8 5 5/8 5.08 -22.60 13.39 1.52 -25.91 13.02
Kem R1-4/9 5 4/9 6.83 -24.96 9.94 4.84 -25.59 9.69
Kem R1-5/8 5 5/8 5.85 -24.97 9.43 4.32 -25.05 9.18
Kem R2-4/9 5 4/9 6.30 -25.47 9.50 4.64 -26.18 13.48
Kem R2-8 5 8 6.67 -25.43 9.17 4.84 -26.10 11.02
Adams R2-4 7 4 11.37 -20.39 15.20 5.71 -23.82 11.48
Hartt R1-4/9 8 4/9 4.75 -24.09 11.26 3.33 -25.67 9.08
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Table E.2.(con’t) Soil carbon properties of the Silt + Clayd acid unhydrolyzable fractions.

Soil Carbon Properties

Silt Clay Fraction

Acid Unhydrolyzable Fraction

Sample Years Since Position on " ,
Restoration Transect Total % C 5 C Total C/N Total % C 5 Ct Total C/N
Hartt R1-5/8 8 5/8 9.50 -24.97 10.65 5.77 -26.07 9.76
Hartt R2-4/9 8 4/9 4.80 -24.55 10.50 2.40 -25.88 10.98
Hartt R2-5/8 8 5/8 5.39 -24.36 10.66 3.25 -26.15 13.36
Pet R1-4/9 8 4/9 5.55 -24.55 8.13 3.08 -25.87 9.19
Pet R1-5/8 8 5/8 4.47 -25.21 8.83 2.94 -26.17 10.42
Pet R2-4/9 8 4/9 4.64 -25.35 9.16 2.90 -25.89 9.72
Pet R2-5/8 8 5/8 4.09 -25.48 8.91 2.89 -25.96 9.60
Sprig R1-4/9 8 4/9 3.86 -24.85 8.86 2.65 -25.41 10.08
Sprig R1-5/8 8 5/8 3.55 -24.96 8.81 2.46 -25.48 9.73
Sprig R2-4/9 8 4/9 3.94 -24.95 9.19 2.87 -25.50 9.91
Sprig R2-5/8 8 5/8 4.30 -25.38 9.02 2.81 -25.87 9.93
Amb R1-4/9 9 4/9 6.99 -25.29 9.88 4.61 -26.08 11.63
Amb R1-5/8 9 5/8 6.28 -25.29 10.11 4.62 -26.24 13.38
Amb R2-4/9 9 4/9 9.70 -26.00 9.89 7.00 -26.89 12.17
Amb R2-5/8 9 5/8 10.22 -26.29 9.66 7.75 -27.00 12.22
Rau R1-10 10 9 9.76 -25.58 9.48 6.70 -26.29 10.71
Rau R2-3/10 10 4/9 7.28 -25.62 10.05 4.77 -26.43 9.61
Rau R2-4/9 10 5/8 9.72 -26.01 9.44 6.66 -26.22 10.81
Boy R1-4/9 11 4/9 7.74 -25.22 10.32 5.14 -25.77 10.85
Boy R1-5/8 11 5/8 7.50 -25.23 9.77 5.49 -25.84 11.48
Boy R2-4/9 11 4/9 8.40 -25.26 10.64 6.07 -25.83 11.58
Boy R2-5/8 11 5/8 7.07 -25.13 9.51 5.39 -25.95 12.07
Mar R1-4/9 11 4/9 451 -24.78 9.48 2.97 -25.70 10.95
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Table E.2.(con’t) Soil carbon properties of the Silt + Clayd acid unhydrolyzable fractions.

Soil Carbon Properties

Silt Clay Fraction

Acid Unhydrolyzable Fraction

Years Since

Position on

Sample Restoration Transect Total%eC  §CP Total C/N Total % C Yo Total C/N
Mar R1-5/8 11 5/8 5.65 -25.05 9.32 4.02 -25.67 10.52
Mar R2-5/8 11 5/8 5.29 -25.00 9.25 3.65 -25.76 10.26
Mitt R1-4/9 11 4/9 5.40 -24.96 8.94 4.11 -25.79 9.03
Mitt R1-5/8 11 5/8 6.06 -25.09 8.67 457 -25.92 10.75
Mitt R2-4/9 11 4/9 5.13 -25.11 8.95 3.61 -25.92 12.20
Mitt R2-5/8 11 5/8 6.18 -25.42 9.04 4.35 -26.19 11.78
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Table E. 3.NMR properties of the floatable fraction of eacmgte.

NMR Properties on Floatable Fraction

Sample Years Since  Positionon Ayl O-Akyl  Aromatic Phenolic Carbonyl Alkyl/

Restoration Transect O-Alkyl
Adams C-4 Reference 4 12.81 60.51 12.12 6.17 6.59 0.21
Amb C-4/9 Reference 4/9 12.31 59.69 14.34 6.98 5.58 0.21
Amb C-5/8 Reference 5/8 12.47 62.01 14.02 6.24 4.72 0.20
Boy C-4/9 Reference 4/9 12.17 64.09 11.96 6.14 4.75 0.19
Boy C-5/8 Reference 5/8 14.14 63.78 11.72 5.18 4.69 0.22
Crone C-2/11 Reference 4/9 12.89 60.98 13.07 6.38 5.58 0.21
Crone C-3/10 Reference 5/8 14.21 62.36 12.16 5.66 5.04 0.23
Fer C-4/9 Reference 4/9 13.22 65.97 11.03 5.06 4.22 0.20
Fer C-5 Reference 5 12.84 66.12 10.75 5.36 4.6 0.19
Graham C-4/9 Reference 4/9 11.96 63.71 11.85 5.88 5.58 0.19
Graham C-5 Reference 5 13.66 59.23 13.29 6.57 6.09 0.23
Hartt C-4/9 Reference 4/9 14.38 60.89 12.71 6.03 5.32 0.24
Kem C-4/9 Reference 4/9 14.81 61.49 12.57 6.07 5.1 0.24
Kem C-5/8 Reference 5/8 12.08 58.13 14.26 7.77 6.32 0.21
Lov C-4/9 Reference 4/9 20.12 52.44 12.15 4.79 9.46 0.38
Mar C-4/9 Reference 4/9 12.2 66.22 10.75 5.08 4.88 0.18
Mar C-5/8 Reference 5/8 12.09 68.19 10.91 4.8 3.86 0.18
Mitt C-4/9 Reference 4/9 14.48 61.34 12.17 5.74 5.58 0.24
Mitt C-5/8 Reference 5/8 14.72 59.69 12.35 5.98 6.1 0.25
Pet C-4/9 Reference 4/9 14.64 62.9 10.69 5.16 5.59 0.23
Pet C-5/8 Reference 5/8 16.62 59.72 10.5 5.19 6.79 0.28
Rau C-3 Reference 4 13.42 65.85 11.18 4.84 4.35 0.20
Sprig C-4/9 Reference 4/9 15.54 60.65 11.4 5.45 5.97 0.26
Sprig C-5/8 Reference 5/8 12.57 64.39 11.11 5.15 5.57 0.20
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Table E.3.(con’'t) NMR properties of the floatable fractioheach sample.

NMR Properties on Floatable Fraction

Years Since Position on ; i Alkyl/
Sample Restoration Transect Alkyl O-Alkyl Aromatic Phenolic Carbonyl O-Alkyl
Tat C-4/9 Reference 4/9 16.27 60.14 12.64 541 4.87 0.27
Fer R1-4 3 4 17.16 57.66 12.6 6.14 6.28 0.30
Fer R1-5 3 5 12.36 61.34 12.27 7.22 5.56 0.20
Fer R2-5/8 3 5/8 11.64 65.84 11.5 5.54 4.64 0.18
Graham R1-4/9 3 4/9 11.68 65.98 11.39 5 5.14 0.18
Graham R1-5/8 3 5/8 12.52 61.73 12.01 5.87 6.25 0.20
Graham R2-4/9 3 4/9 13.36 60.29 13.12 6.07 5.79 0.22
Tat R1-4/9 3 4/9 15.2 57.78 12.65 5.83 6.78 0.26
Tat R1-5/8 3 5/8 14 63.58 10.89 5.52 51 0.22
Lov R1-4/9 4 4/9 16.91 51.48 15.21 8.05 6.53 0.33
Lov R1-5/8 4 5/8 16.41 51.22 16.7 7.33 6.67 0.32
Lov R2-3/10 4 4/9 16.85 57.34 12.7 6.34 5.99 0.29
Crone R1-4/9 5 4/9 17.26 56.77 12.79 6.26 5.72 0.30
Crone R1-5/8 5 5/8 17.26 58.17 12.19 5.93 5.45 0.30
Crone R2-4/9 5 4/9 16.55 55.4 13.74 7.31 5.7 0.30
Crone R2-5/8 5 5/8 14.8 62.41 11.1 5.95 5.08 0.24
Kem R1-4/9 5 4/9 13.03 65.82 11.32 5.19 4.44 0.20
Kem R1-5/8 5 5/8 11.91 68.84 10.58 4.65 3.76 0.17
Kem R2-4/9 5 4/9 12.02 63.81 11.76 6.28 4.93 0.19
Kem R2-8 5 8 10.94 64.62 12.08 6.02 5.09 0.17
Adams R2-4 7 4 14.13 58.47 12.54 6.1 7.28 0.24
Hartt R1-4/9 8 4/9 13.95 57.3 13.91 6.17 6.97 0.24
Hartt R1-5/8 8 5/8 13.58 63.11 11.98 5.14 5.65 0.22
Hartt R2-4/9 8 4/9 14.37 57.41 13.89 6.37 6.57 0.25
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Table E.3.(con’t) NMR properties of the floatable fractioheach sample.

NMR Properties on Floatable Fraction

Years Since  Position on - - Alkyl/
Sample Restoration Transect Alkyl O-Alkyl Aromatic Phenolic Carbonyl O-Alkyl
Hartt R2-5/8 8 5/8 15.41 59.73 12.49 5.43 6.03 0.26
Pet R1-4/9 8 4/9 16.16 58.47 11.15 5.53 6.91 0.28
Pet R1-5/8 8 5/8 18.52 57.72 10.85 5.25 6.86 0.32
Pet R2-4/9 8 4/9 18.22 57.5 10.99 4.92 7.26 0.32
Pet R2-5/8 8 5/8 15.42 59.1 11.34 5.7 7 0.26
Sprig R1-4/9 8 4/9 15 60.95 11.13 5.42 6.19 0.25
Sprig R1-5/8 8 5/8 17.35 58.63 10.61 5.7 6.8 0.30
Sprig R2-4/9 8 4/9 15.83 61.6 10.56 5.21 6.11 0.26
Sprig R2-5/8 8 5/8 18.29 61.16 9.3 4.01 6.3 0.30
Amb R1-4/9 9 4/9 14.92 52.08 18.32 8.02 5.95 0.29
Amb R1-5/8 9 5/8 13.9 51.99 18.68 8.12 5.94 0.27
Amb R2-4/9 9 4/9 14.43 56.95 13.23 6.52 7.15 0.25
Amb R2-5/8 9 5/8 12.79 60.26 12.68 6.57 6.14 0.21
Rau R1-10 10 9 13.85 62.74 11.61 55 5.46 0.22
Rau R2-3/10 10 4/9 17.24 52.86 16.03 6.98 57 0.33
Rau R2-4/9 10 5/8 15.29 57.57 13.43 6.59 5.99 0.27
Boy R1-4/9 11 4/9 11.24 63.52 12.06 6.26 5.43 0.18
Boy R1-5/8 11 5/8 10.69 65.73 11.62 5.82 5.02 0.16
Boy R2-4/9 11 4/9 12.35 65.73 11.24 5.58 4.57 0.19
Boy R2-5/8 11 5/8 12.66 66.48 11.35 5.23 3.94 0.19
Mar R1-4/9 11 4/9 11.19 66.59 10.86 5.58 4.77 0.17
Mar R1-5/8 11 5/8 11.94 67.22 10.77 5.16 4.29 0.18
Mar R2-5/8 11 5/8 13.93 61.86 11.15 5.77 5.92 0.23
Mitt R1-4/9 11 4/9 14.23 62 12.32 5.64 5.07 0.23
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Table E.3.(con’'t) NMR properties of the floatable fractioheach sample.

NMR Properties on Floatable Fraction

Years Since  Position on - - Alkyl/
Sample Restoration Transect Alkyl O-Alkyl Aromatic Phenolic Carbonyl O-Alkyl
Mitt R1-5/8 11 5/8 11.79 66.01 12.02 5.21 451 0.18
Mitt R2-4/9 11 4/9 13.26 61.5 11.68 5.97 6.19 0.22
Mitt R2-5/8 11 5/8 12.28 64.21 11.54 5.46 5.24 0.19
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APPENDICES F. SOIL MICROBIAL COMMUNITY PROPERTIES O F SAMPLES
Table F. 1.Soil microbial community properties of samples agednined by phospholipid fatty acid (PLFA) anadysi

Soil Microbial Community Properties

Position % Gram
Sample Years Since on PLFA PLFA PLFA PLFA % % Fungibacterial % Gram +) % Gram (+) /
Restoration Transect Biomass Richness Diversity Evenness Actinomycetes  Fungi biomass (-) PLFA PLFA % Gram (-)

Adams C-4 Reference 4 309.26 55.00 2.69 0.67 1.65 1.75 0.04 1.013 26.11 0.84
Amb C-4/9 Reference 4/9 471.41 67.00 3.63 0.86 1.62 2.85 8 0.0 23.86 24.82 1.04
Amb C-5/8 Reference 5/8 424.92 61.00 3.31 0.81 1.01 2.71 7 0.0 28.12 23.88 0.85
Boy C-4/9 Reference 4/9 292.59 53.50 2.77 0.70 2.12 3.13 8 0.0 26.71 25.07 0.94
Boy C-5/8 Reference 5/8 272.66 57.00 2.64 0.65 2.10 3.59 001 27.56 24.37 0.89
Crone C-2/11  Reference 4/9 196.84 53.00 2.18 0.55 1.64 2.16 6 0.0 29.26 25.45 0.87
Crone C-3/10  Reference 5/8 130.05 43.00 1.60 0.42 1.57 1.93 5 0.0 28.41 26.52 0.94
Fer C-4/9 Reference 4/9 523.79 60.00 3.56 0.87 2.06 2.19 6 0.0 24.73 29.81 1.21
Fer C-5 Reference 5 594.22 65.00 4.03 0.97 2.12 1.92 0.05 0.612 31.22 1.51
Graham C-4/9  Reference 4/9 332.31 54.00 2.73 0.69 1.57 1.55 4 0.0 28.85 26.84 0.93
Graham C-5 Reference 5 527.20 64.00 3.37 0.81 0.90 1.37 0.03 7.232 26.07 0.96
Hartt C-4/9 Reference 4/9 341.96 61.00 2.94 0.71 1.44 2.04 5 0.0 30.25 24.03 0.80
Kem C-4/9 Reference 4/9 317.55 56.50 2.79 0.69 1.19 431 101 30.56 22.59 0.74
Kem C-5/8 Reference 5/8 223.42 52.50 2.28 0.57 1.46 3.23 9 0.0 27.21 24.67 0.91
Lov C-4/9 Reference 4/9 394.25 46.50 2.95 0.77 1.29 1.75 4 0.0 29.93 27.95 0.93
Mar C-4/9 Reference 4/9 502.91 58.00 3.48 0.86 2.02 2.20 6 0.0 26.38 28.18 1.10
Mar C-5/8 Reference 5/8 457.77 59.00 3.50 0.86 2.06 2.18 6 0.0 25.58 28.04 1.11
Mitt C-4/9 Reference 4/9 452.32 57.00 3.40 0.84 1.78 3.18 8 0.0 25.03 27.71 1.11
Mitt C-5/8 Reference 5/8 531.65 56.00 3.46 0.86 2.39 2.99 8 0.0 25.83 29.20 1.13
Pet C-4/9 Reference 4/9 159.73 41.00 1.84 0.50 1.99 4.85 301 33.68 22.25 0.66
Pet C-5/8 Reference 5/8 160.23 42.50 1.88 0.50 2.01 2.96 8 0.0 33.24 23.94 0.72
Rau C-3 Reference 4 127.98 35.00 1.55 0.44 1.39 3.49 0.09 1.713 20.95 0.66
Sprig C-4/9 Reference 4/9 114.03 38.00 1.48 0.41 1.98 2.54 6 0.0 33.56 24.71 0.74
Sprig C-5/8 Reference 5/8 255.60 52.00 2.54 0.64 2.00 2.33 6 0.0 32.34 25.41 0.80
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Table F.1.(con’t) Soil microbial community properties of spies as determined by phospholipid fatty acid (PLFA

analysis.
Soil Microbial Community Properties
Position % Gram
Sample Years Since on PLFA PLFA PLFA PLFA % % Fungi/bacterial % Gram +) % Gram (+) /
Restoration Transect Biomass Richness Diversity Evenness Actinomycetes Fungi biomass (-) PLFA PLFA % Gram (-)
Tat C-4/9 Reference 49 461.49 58.50 3.37 0.83 1.06 3.27 101 26.77 25.56 1.00
Fer R1-4 3 4 177.74 43.00 2.02 0.54 2.25 2.62 0.07 19.38 30.95 60 1
Fer R1-5 3 5 158.46 44.00 1.89 0.50 4.02 2.86 0.09 19.20 29.93 56 1
Fer R2-5/8 3 5/8 294.93 52.50 2.76 0.70 1.77 1.70 0.04 24.19 30.10 241
Graham R1-4/9 3 4/9 164.34 47.00 1.88 0.49 2.01 1.31 0.03 28.28 26.91 950
Graham R1-5/8 3 5/8 240.70 50.50 2.40 0.61 2.07 1.66 0.04 28.07 28.26 011
Graham R2-4/9 3 419 298.41 59.50 2.78 0.68 1.88 1.02 0.03 28.81 27.67 .96 0
Tat R1-4/9 3 4/9 124.36 41.50 1.54 0.41 1.58 5.28 0.14 34.56 19.40 56 0
Tat R1-5/8 3 5/8 97.87 38.00 1.32 0.36 1.75 3.97 0.11 30.60 22.64 75 0.
Lov R1-4/9 4 4/9 272.43 54.50 2.66 0.66 2.39 2.22 0.06 23.35 27.83 191
Lov R1-5/8 4 5/8 262.30 53.00 2.54 0.64 2.57 1.94 0.05 23.70 27.93 191
Lov R2-3/10 4 4/9 327.50 59.00 2.91 0.71 1.80 2.45 0.07 28.74 24.61 86 0
Crone R1-4/9 S 419 87.09 39.00 1.25 0.34 1.78 4.48 0.13 29.47 22.98 78 0.
Crone R1-5/8 5 5/8 83.32 39.50 1.19 0.32 1.81 3.83 0.11 27.93 23.79 86 0.
Crone R2-4/9 5 419 161.58 46.50 1.89 0.49 1.99 2.44 0.07 26.54 26.11 99 0
Crone R2-5/8 5 5/8 65.30 37.50 1.00 0.27 1.89 2.42 0.07 26.62 25.93 99 0.
Kem R1-4/9 5 4/9 170.13 48.00 2.00 0.52 2.73 2.37 0.07 31.23 22.86 730
Kem R1-5/8 5 5/8 184.19 52.50 2.08 0.52 2.13 2.25 0.06 28.50 22.89 800
Kem R2-4/9 5 4/9 346.25 57.50 2.98 0.74 2.24 2.24 0.06 25.01 27.77 151
Kem R2-8 5 8 289.35 56.00 2.70 0.67 2.12 2.34 0.06 26.30 26.23 .00 1
Adams R2-4 7 4 255.95 39.00 2.32 0.63 1.74 2.37 0.06 35.73 21.95 610
Hartt R1-4/9 8 419 141.54 44.00 1.71 0.45 1.90 3.06 0.08 34.70 22.87 66 0
Hartt R1-5/8 8 5/8 207.10 51.50 2.19 0.56 2.04 1.63 0.04 31.66 23.71 750
Hartt R2-4/9 8 4/9 127.10 43.00 1.60 0.42 2.10 2.38 0.06 36.07 23.11 640
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Table F.1.(con’t) Soil microbial community properties of spi@s as determined by phospholipid fatty acid (PLFA

analysis.
Soil Microbial Community Properties
Position % Gram
Sample Years Since on PLFA PLFA PLFA PLFA % % Fungi/bacterial % Gram (+) % Gram (+) /
Restoration Transect Biomass Richness Diversity Evenness  Actinomycetes  Fungi biomass (-) PLFA PLFA % Gram (-)
Hartt R2-5/8 8 5/8 176.36 49.50 1.99 0.51 1.95 2.24 0.06 34.39 23.58 690
Pet R1-4/9 8 419 246.81 49.50 2.47 0.63 1.90 3.08 0.08 28.91 26.59 920
Pet R1-5/8 8 5/8 209.49 4450 2.25 0.59 2.24 1.56 0.04 23.67 29.20 231
Pet R2-4/9 8 419 258.29 52.00 2.57 0.65 1.85 2.67 0.08 26.20 27.58 061
Pet R2-5/8 8 5/8 24157 52.50 2.46 0.62 1.69 2.57 0.07 24.43 25.85 061
Sprig R1-4/9 8 419 151.06 42.50 1.79 0.48 2.08 2.79 0.08 28.27 25.84 920
Sprig R1-5/8 8 5/8 133.93 31.00 1.56 0.45 2.21 3.34 0.09 26.68 28.66 081
Sprig R2-4/9 8 419 230.34 49.00 2.35 0.60 2.15 3.23 0.09 28.27 26.77 950
Sprig R2-5/8 8 5/8 296.39 57.50 2.86 0.71 2.31 3.26 0.09 25.70 27.23 061
Amb R1-4/9 9 419 368.76 55.00 2.98 0.74 1.68 2.79 0.07 25.65 26.46 041
Amb R1-5/8 9 5/8 386.99 54.00 2.98 0.75 158 2.57 0.07 24.89 25.29 021
Amb R2-4/9 9 419 347.50 50.50 2.97 0.76 1.66 3.62 0.10 26.05 25.62 031
Amb R2-5/8 9 5/8 432.93 62.50 3.48 0.84 158 2.93 0.08 20.70 27.49 341
Rau R1-10 10 9 353.03 55.00 2.96 0.74 1.05 3.76 0.10 27.50 23.80 870
Rau R2-3/10 10 4/9 318.40 56.00 2.75 0.68 1.88 9.06 0.30 22.92 23.67 041
Rau R2-4/9 10 5/8 419.15 61.50 3.22 0.78 2.16 2.24 0.06 26.70 26.93 011
Boy R1-4/9 11 4/9 198.63 49.50 2.19 0.56 2.37 2.22 0.06 29.09 25.78 890
Boy R1-5/8 1 5/8 198.17 49.50 2.18 0.56 2.17 2.99 0.08 29.30 24.76 850
Boy R2-4/9 1 419 222.47 50.50 2.32 0.59 1.90 2.56 0.07 27.13 26.00 98 0
Boy R2-5/8 1 5/8 283.65 57.50 2.77 0.68 1.92 3.19 0.09 28.34 24.40 .86 0
Mar R1-4/9 1 419 283.88 54.00 2.67 0.67 1.62 3.99 0.11 20.91 29.27 401
Mar R1-5/8 11 5/8 261.37 54.00 2.56 0.64 1.49 2.93 0.08 18.99 29.84 571
Mar R2-5/8 11 5/8 384.28 59.00 3.25 0.80 1.92 3.32 0.09 20.30 25.87 271
Mitt R1-4/9 11 4/9 282.53 53.50 2.66 0.67 1.83 4.33 0.12 23.71 26.33 121
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Table F.1.(con’t) Soil microbial community properties of spi@s as determined by phospholipid fatty acid (PLFA

analysis.
Soil Microbial Community Properties
Sample Years Since  Position on PLFA PLFA PLFA PLFA % %  Fungi/lbacterial % Gram % Gram % Gram (+) /
Restoration Transect Biomass Richness Diversity Evenness Actinomycetes Fungi biomass (-) PLFA  (+) PLFA % Gram (-)
Mitt R1-5/8 11 5/8 267.87 55.00 2.66 0.66 1.72 2.92 0.08 21.09 28.58 361
Mitt R2-4/9 11 4/9 346.99 53.00 2.93 0.74 2.05 1.59 0.04 22.66 29.38 301
Mitt R2-5/8 11 5/8 403.26 56.00 3.18 0.79 2.52 2.47 0.07 23.01 28.80 251
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